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Abstract
In this thesis, neutronics and some relevant transient
analyses of the European Lead-Cooled Training Reactor
(ELECTRA) are analyzed. ELECTRA is a low-power
lead-cooled fast reactor intended for training purpose.
The design concept aims for the total nominal power
of 0.5 MWth to be fully removed by natural circulation
of pure lead, eliminating the need for pumps. A very
small compact core with (Pu0.4Zr0.6)N fuel, which re-
lies on neutron reflector to achieve criticality, results in
unique reflector dominant neutronic characters. More-
over, a very hard neutron spectrum due to the choice
of the fuel and the coolant leads to nearly zero Doppler
feedback, relatively small effective delayed neutron frac-
tion as well as short prompt neutron reproduction time.
Nevertheless, dynamic stability and safety performance
during unprotected transient scenarios are shown to be
inherently ensured by the other reactivity feedbacks in-
cluding the negative coolant temperature. Furthermore,
the nature of the natural circulation provides favorable
conditions during the studied accident cases.
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Introduction

The world’s first man-made nuclear reactor reached criticality in December 1942.
Since then this ”new” type of energy source has been developed and used. Currently,
there are 435 operable commercial reactors with installed capacity of approximately
372 GWe in the World. Besides that, there are more than 600 research reactors
which are or had been used for various types of research. Moreover, nuclear reactors
are used even in space satellites, submarines and ships. Hence, there is certainly a
variety of reactor designs and types.

Nevertheless, newer innovative reactor designs are still of interest to be devel-
oped for improving operational safety and meeting sustainability. By the latter is
meant both breeding of fissile fuels from fertile resources, as well as recycle of long-
lived high-level waste present in spent fuel. In order to achieve such an ambitious
goal, one may need to improve the characteristics of the fuels, coolants, materials
as well as safety approach. Alternatives to the well established existing reactor
concepts with oxide or metal fuel technology are presently under investigation for
the future generation reactors. These include the use of lead coolant and nitride
fuels. As these technologies are less mature, small demonstration and test facilities
are required to be constructed and operated to prove their feasibility. Nevertheless,
the origin of the technology may still rely on existing experience and knowledge.
Thus historical design ideas have been reviewed firstly.

In the following chapter some of the existing types of reactors, and in particular,
certain small reactors, which inspire the currently presented design of a low power
lead fast reactor with inert matrix fuel, are summarized. In the further chapters,
choice of the coolant type as well as the description of the design are explained.
Chapter 4 focuses on the neutronic modeling of the system, including a summary
of the neutronic characteristics of the system. Chapter 5 describes the transient
analysis tool as well as the modeling approach for selected transients. In Chapter
6, a few final remarks are made.
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Chapter 1

Non-Commercial Reactors

”Non-commercial reactor” is here referred to as a reactor which is not designed for
electricity production only. In this chapter, a variety of nuclear reactor applications
as well as design adaptations to unique purposes are shortly summarized. Certain
design ideas are focused on, while not attempting to cover all alternative applica-
bility of nuclear power. The designs discussed here give certain inspiration to the
development of the presented design of ELECTRA.

1.1 Research Reactors

Research reactors are used not for energy production purposes; they primarily pro-
vide neutrons for various researches, and are used for training young professionals.
The characters of research reactors differ by their intended purposes. Though,
they may be categorized into four main types: zero-power mockup facility, material
testing reactor, fundamental research reactor (neutron beam supplier), and safety
dedicated research reactors. Generally, research reactors are much simpler than the
commercial power reactors, and enhanced safety is assured when used for training.
Moreover, they operate at low temperature to avoid temperature effects, and use
very few fuel assemblies. In order to reach criticality with a compact core consisting
of such a few fuel elements, some research reactors employ highly enriched uranium.
However, due to nuclear proliferation issues, nowadays it is not allowed to use more
than 20 % enriched fuel even in research reactors outside of the nuclear weapon
states.

The most common type of research reactor is the pool type reactor which is a
core placed in a water pool. A common type of such reactor is TRIGA. The TRIGA
reactor has a very negative temperature feedback which enables it to handle a pulsed
reactivity insertion of up to 2.5 $ [1].

Besides the water pool reactors, there are also heavy water or graphite moder-
ated research reactors. Note that the first Swedish reactor was a heavy water cooled
research reactor (R1), which got critical in 1954. Very low neutron absorption cross
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CHAPTER 1. NON-COMMERCIAL REACTORS

sections of graphite and heavy water allow the reactor to achieve criticality with
natural uranium fuel, which was important in early days when enrichment technol-
ogy was not available.

However, unlike thermal reactors, very few types of fast research reactors exist.
Though, the first fast neutron reactor, CLEMENTINE, got critical already in late
1946. It was a mercury cooled tiny reactor with metal alloy fuels [2].

1.2 Submarine Reactors

Nuclear power started being used in submarines earlier than for commercial elec-
tricity applications. In fact, the concept of commercial PWR design is adopted
originally from submarine reactor design [3]. Furthermore, some of the modern
light water type SMR designs such as VBER-150, VBER-300, and NP-300 are
directly based on submarine or naval reactor experience [4][5].

As a matter of fact, nuclear power is particularly suitable for sea vessels that
need to operate without refueling for long periods. The large amount of energy
produced by a small nuclear reactor allows a submarine to operate at high speed
for long periods of time. In order to deliver a large amount of energy from a small
core, a submarine reactor typically uses highly enriched uranium (more than 20 %),
and employs uranium-zirconium or uranium-aluminum alloys. The core lifetime is
normally longer than 10 years. However, newer French naval fuel has as low as 7.5
% enrichment to stay below the 20 % limit [6].

There are several design differences between submarine reactors and land reac-
tors. Firstly, marine reactors do not produce more than a few hundred megawatts,
whereas land reactors may produce thousands of megawatts. Secondly, the system
is required to operate under vibrating, pitching and non-straight conditions without
relying on gravity. Moreover, the reactors must be able to operate with minimal
maintenance. In addition, the operating principle of submarine reactors is slightly
different due to military reasons. For instance, the power is allowed to rise with
doubling time as short as few seconds, in order to be able to survive in a sea battle
condition, whereas it is against the safety culture of land reactors, and thus would
cause SCRAM (emergency shutdown).

While differing in such aspects, naval reactors (except Soviet ”Alfa” class reac-
tors) are mostly pressurized water type. Nevertheless, the US had a submarine with
a liquid sodium reactor, which was replaced by a PWR after 2 years of operation
due to some operational difficulties [7].

Soviet Lira submarine or named as Alfa in NATO reports had a unique type of
reactor which operated with heavy liquid metal coolant. The reason for adoption of
heavy metal was to enable the submarine to be highly maneuverable and fast. The
coolant type was lead-bismuth eutectic, and the fuel type was ∼90 % enriched U-Be.
Thanks to such a design, the Alfa class was the fastest naval submarine ever. The
submerged speed was estimated to be over 40 knots (Source: Guinness book). An
additional advantage of the coolant was high cycle efficiency and adequate radiation
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1.3. SPACE REACTORS

shielding upon solidification.
However, lead-bismuth coolant causes corrosion of the reactor components, and

radio-activation production of 210Po. Nonetheless, a low concentration of Po (10−8

at.%) in the coolant forms thermodynamic compound with Pb which would decrease
Po volatilizing by eleven orders of magnitude in respect with pure metal Po [8].
In addition to that, personal radiation protection methods apparently prevented
external irradiation of the staff. Moreover, a special technology to filter impurities
in the coolant, and control system to ensure chemical reduction of a lead oxide for
solving the corrosion issue were adopted. Steel alloys were provided with protective
films, and the necessary level of oxygen in the coolant was maintained [8]. In
addition, some effort was needed to prevent coolant solidification during shut-down.
Nevertheless, since the 70’s until 1996, more than 80 years of operational experience
had been accumulated. Currently, all Alfa reactors are decommissioned.

However, technology development of heavy liquid metal reactors has not stopped.
The russian small reactor SVBR [9] is basically an adapted design of alfa class sub-
marine reactors. Furthermore, all other heavy liquid metal based reactor designers
learn from Russian submarine reactors.

1.3 Space Reactors

Nuclear reactors not only have reached to the sea bottom, but also traveled into
deep space. The Soviet Union has used over 30 fission reactors in space, whereas
the USA used so far only one. Nevertheless, NASA announced that a fission power
system will be used for Mars expeditions. Apart from fission reactors, radioisotope
power sources are commonly used in space. For example, Voyager spacecraft1 is
powered by a radioisotope decay generator. In general, radioisotopes are suitable to
provide up to 5 kWth for long term, however they are not adequate to supply larger
power, since the total mass of the source divided by the total power produced
becomes impractical considering that the efficiency of the convertor is as low as
∼3-10 %. Note that the mass of the spacecraft results in significant cost when
launching. On the other hand, a fission reactor is more cost advantageous than
a radioisotope source when large power is needed. It is because more energy can
be extracted from a lighter source. A space reactor can provide more than 10 kW
power for nearly unlimited period of time with cost benefit (Source: Los Alamos
National Laboratory). Moreover, extractable power from a fission reactor can be
dynamic.

A space reactor should fulfill strict requirements of high reliability, long time
operation without any maintenance and refueling, minimal mass and size as well
as reasonable costing. In this respect, various types of fuels are employed with
both thermal and fast neutron spectrum. Moreover, unlike other land reactors,
due to the nature of their purpose, space fission reactors may use thermoeletric or

1Voyager spacecraft is a human-made object which reached furthest distance from the Earth.
It has been on space travel in last 2 decades and is believed to continue in next 20 years.
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CHAPTER 1. NON-COMMERCIAL REACTORS

thermionic static convertor to produce electricity [10]. Since the thermoelectric and
the thermionic devices do not have moving parts, they are considered to be highly
reliable, though very inefficient.

Soviet Union’s first space reactor Romashka was a fast spectrum reactor using
90 % enriched uranium carbide fuel. Later, the thermionic design TOPAZ followed,
which was an idea of the USA, and developed in the Soviet. TOPAZ I operated
in space from 1987 for a couple of years. Later TOPAZ II (refered also as Yenisei
[11]) was designed, and sold to the USA. TOPAZ II reactor used 96 % enriched
uranium oxide fuel, and was cooled by liquid NaK. The core was surrounded by Be
reflector, and control drums which is a common option for space reactors [12]. The
reason was that the surrounding reflector improved neutron economy, and reduced
total mass of the fuel to achieve criticality. Furthermore, rotating control drums
enable to accommodate sufficient amount of excess reactivity to be used for long
term reactor operation. The top view of the TOPAZ II reactor is shown on Figure
1.1. Note that the control drums configuration of the ELECTRA design concept
presented in this thesis is similar to TOPAZ II ones.

Figure 1.1. Top view of the TOPAZ II reactor [11]

The Soviet requirements on TOPAZ II design were to provide 6 kWe at 27 V with
operating life of 3 years with 95 % reliability, and to be able to operate in gravity
free condition avoiding to start operating before reaching the orbit. Moreover,
coolant freezing was required to be prevented, which was achieved by preheating
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1.4. TRANSMUTATION AND FAST REACTORS

the coolant.
The reactor contained 37 single fuel elements, and 12 control drums, 3 of which

were dedicated as safety drums. Since inadvertent criticality was needed to be
avoided reflectors were held together with steel bands. With respect to safety,
the most serious design basis event of inadvertent criticality was considered when
void space was filled with water, which is the case relevant to landing in a water
medium. The issue was solved by keeping some of the fuel elements unloaded until
the satellite reached its orbit [11].

1.4 Transmutation and Fast Reactors

It is widely known that management of nuclear spent fuel is a concern of the public.
The idea of a geological repository to keep the highly radiotoxic spent fuel for several
hundred thousands of years underground raises strong arguments. The particular
reason for such a long term storage is radiotoxic contributors: plutonium and minor
actinides or so called transuranic elements [13][14]. As an alternative option, an
idea was born to separate these transuranic elements from the spent fuel, and use
them as fuel in reactors [14].

Plutonium can be burnt in typical LWRs, though minor actinides are not effi-
ciently burnt, and bring safety troubles (particularly americium) [15]. Therefore, a
special design of reactors, which are called transmutation systems, is needed to be
developed for burning minor actinides. Studies showed [16] that suitable systems
for transmutation are fast reactors and accelerator driven systems (ADS). These
systems are all operated in fast neutron spectrum. The reason is that in nuclei such
as Pu240, Am241, Am243 and Cm244 with even number of neutrons, which makes
the nucleus rather stable, the probability of absorbing thermal neutrons, and un-
dergoing for fission by compound mechanism is low, hence more likely to produce
higher actinide nuclei. However, when an energetic fast neutron hits the nucleus of
a transuranic element, the probability of fissioning become much higher due to a
direct nuclear reaction instead of a compound reaction. As a consequence, a fast
reactor produces lower amount of Cf252 (neutron source), and lower equilibrium
inventory of curium (alpha heating source), which must be favorable when dealing
with its spent fuel.

Comparing the above mentioned transmutation systems, accelerator driven sys-
tems are considered to be particularly suitable for americium transmutation [17]
[18] [13]. The reason is that ADS is a sub-critical system, hence positive reactivity
feedbacks induced from americium would not result in critical issues in such a sys-
tem. However, technical solution for accelerators are troublesome, and the initial
cost of an ADS is so high that it might not be covered by selling its electricity
[19][20].

On the other hand, fast reactors seem to be economically better than ADS.
Though, safety problems challenge transmutation fast reactors as it happens for
LWRs. The presence of americium degrades the Doppler, and coolant temperature
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CHAPTER 1. NON-COMMERCIAL REACTORS

feedbacks, and reduces the delayed neutron fraction. Noting that the coolant tem-
perature feedback, and the void worth is balanced via neutron spectrum and core
leakage, if the latter is high, decent negative feedbacks of coolant can be achieved
to ensure the safety of the reactor, which is desirable for severe accident condi-
tion. Therefore, a small core size of a fast reactor is preferable for transmutation
purposes.

Besides the transmutation, fast reactors may be used to breed fuel, which may
be the solution to fuel shortage in nuclear industry. It is estimated that the current
uranium based sources will run out in less than a hundred years. Hence, a breeder
is needed to convert non-fissile uranium into fissile plutonium elements. A fission
induced by a fast neutron releases more neutrons than a fission induced by a thermal
neutron. The larger surplus of neutrons can be used for breeding. However, due to
the lower fission cross section at high energy, a larger critical mass is required than
in thermal reactors. It means that a breeder fast reactor will incorporate plutonium
or highly enriched uranium.

So far the fast reactors have been used various types of fuels: oxides, metallic
fuels, nitrides and carbides and liquid metal coolants: sodium, sodium-potassium
and mercury to avoid moderator materials such as water. Lead-bismuth eutectic
was never used in fast reactors so far, since submarines had epi-thermal spectra
thanks to the Be moderator in the fuel.

Generation IV concepts include three types of fast reactors allowing to imple-
ment the closed fuel cycle option: helium cooled (not a liquid metal), sodium cooled
and lead/lead-bismuth cooled fast reactors. The helium coolant option requires de-
velopment of new fuels, and materials capable to tolerate temperatures above 1000
K. Moreover, poor thermal characteristics of helium give a low thermal inertia of
cooling during a depressurization event, which can thus severely increase fuel and
cladding temperatures. To cope this issue, some reactors (for instance, GFR2400
[21]) apply pressurized sphere container to prevent depressurization. However, de-
signing an inherent cooling method for decay heat removal and loss of coolant
accident is still challenging.

Among the latter coolant options, sodium is fairly popular, and considered to be
a mature technology. However, sodium is known to be chemically extremely active,
which could lead to unpleasant consequences during accident scenarios. Further-
more, another drawback of sodium coolant is its low boiling temperature (1156 K
at atmospheric pressure) compared to other liquid metals. Improving passive safety
is therefore considered to be a major challenge for sodium reactors. A recent study
[22] showed that transmutation of americium degrades the survival of the sodium
cooled core during transient scenarios, thus power penalty is required to ensure the
safety. On the other hand, lead-bismuth eutectic coolant is chemically inert with
water. However, bismuth is a rare element, and neutron absorption of bismuth
leads to a large source term in case of release of coolant from the primary circuit.

The remaining option, pure lead, will be discussed in details in the following
chapter since it was chosen as a coolant option in the presented design.
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Chapter 2

Lead Coolant

As discussed in the previous chapter, pure lead is one of the options for generation
IV fast reactors. Compared with other coolants, lead does not react with water
and air or produce activation products, and there are no issues of depressurization
as in a helium cooled reactor. Due to its chemical inertness, heat exchanger can be
placed in the primary system, eliminating intermediate loop, which is necessary for
the sodium case. From the neutronics point of view, the cross section of neutron
inelastic interaction is higher in lead than in sodium, which worsens the neutron
economy. However, due to its high atomic number, lead moderates neutrons less
than sodium, and consequently can provide harder neutron spectra which is desir-
able for transmutation. In addition, the neutron economy becomes much better
in pure lead than in lead-bismuth due to no absorption of neutrons in bismuth.
Furthermore, lead is an excellent neutron reflector, which may reduce the neutron
leakage.

Noting the other properties of lead, it is known to be an excellent radiation
shield for gamma rays, which can provide biological protection. Moreover, it tends
to chemically interact with iodine, which is biologically one of the most hazardous
fission products. Hence, in case of core damage, released radioactive iodine can
be retained in the coolant. A EUROTRANS project study [23] predicted that less
than 0.01 % of iodine would be released into the cover gas atmosphere at 1200 K
temperature in case of a severe accident scenario.

However, there are several material issues to be solved for lead technology. In
particular, a suitable technology is needed to prevent cladding corrosion, and pump
impeller blade erosion. Standard steel can be fully corroded in lead environment in a
very short time scale. The corrosion rate in lead mainly depends on nature of steel,
temperature, lead velocity, and dissolved oxygen concentration [24]. In order to
overcome this issue, an optimized steel composition and low oxygen control system
(< 2 ppm) are required [25][26]. Moreover, during normal operation, the coolant
temperature should be limited to below 850 K. A recent study showed that [27] [28]
problems related to cladding corrosion appear to have been solved by application
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CHAPTER 2. LEAD COOLANT

of a surface coating with Fe-Cr-Al alloy, creating a highly corrosion resistant layer
of aluminum oxide. However, pump materials able to withstand erosion at high
relative velocities (∼10 m/s) still have to be validated. It is known that the life
time of conventional steels at typical relative velocities of above 3 m/s in lead is
very short due to erosion. Study of fretting is also an important aspect to be
investigated. Nevertheless, when these material issues are solved, the lead coolant
technology would be favorable.

2.1 Thermophysical Properties of Lead

Metallic lead melts at 600.6 K, and boils at 2022 K at atmospheric pressure. Note
that the melting point is relatively high (as a comparison, the melting temperatures
of sodium and lead-bismuth eutectic are 371 K and 396.6 K respectively), which
requires prevention from freezing in the reactor. In severe accident cases, there is a
risk of channel blockage. Hence, specific steam generator designs which do not allow
lead to freeze, or heating systems during low heat release conditions are necessary.
Moreover, lead has a higher volume expansion upon melting than lead-bismuth
eutectic. On the other hand, a boiling temperature higher than the cladding melting
point is an advantage, since the reactor does not suffer from coolant boiling, which
is not the case for the sodium cooled reactor.

The major thermophysical properties are shown in Figure 2.1 as a function of
temperature [29].

It is noted from Figure 2.1 that the heat capacity is lower than for sodium, which
is ∼ 1270 J/kg K. However, it is compensated by the higher density of lead (liquid
sodium density is ∼ 850 kg/m3, whereas liquid lead density is ∼ 10500 kg/m3

at the operational temperature), since the total heat removal capacity would be
determined by the multiplication of density and heat capacity. As a metal, lead
has a high thermal conductivity which guarantees a rather uniform temperature
distribution inside the pool. In addition, the high diffusivity of lead favors an
efficient cooling of the core during transients.

It is necessary to note that the absolute change of lead density is significant
when temperature varies (see Figure 2.1). It gives an excellent thermal expansion
coefficient, which causes a large density difference between the core inlet and outlet
plena, and therefore, a large gravity pressure head. Thus the high thermal expan-
sivity of lead is favorable for inherent safety. Simulations showed that a lead cooled
core can have a residual flow up to 40 % of the nominal flow during a losses of
pumping power accident, whereas this value is reduced to only 5 % for the case of
sodium [30] [31].

A simplified gravity head can be expressed as follows:

Pgravity = ρcold(zHX − zinlet)g − ρhot(zHX − zoutlet)g (2.1)

In Equation 2.1, ρcold/hot refers lead density at the inlet/outlet of the core, zHX to
the effective thermal center of the heat exchanger, zinlet/outlet to the elevation of
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2.2. THERMAL HYDRAULICS AND FLOW STABILITY OF A POOL TYPE LEAD
FAST REACTOR
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Figure 2.1. Thermophysical properties of lead vs temperature: density; heat ca-
pacity; viscosity; heat conductivity

the core inlet/outlet and g to the gravity constant.

2.2 Thermal Hydraulics and Flow Stability of a Pool Type Lead
Fast Reactor

All the existing lead cooled reactor concepts are pool type reactors. A pool type
design offers simplicity for engineering, and moreover, can reduce the risk of lead
freezing. The large thermal inertia due to the presence of a pool increases the safety
margins. Nevertheless, to ensure an effective cooling by natural circulation, several
key phenomena such as gas entrainment, thermal stratification and thermal mixing
of the flow distribution need to be carefully investigated. For instance, thermal
stratification may occur when the flow rate is low, and it can induce unstable
thermal interfaces and, consequently the surrounding structures may suffer from
thermal fatigue [32]. Furthermore, stagnant zones must be avoided to prevent
the solidification of lead. Unfortunately, current system codes usually suffer from
simplified treatment of above mentioned phenomena, CFD codes are often preferred
for such study.

Another concept relevant to hydraulics is represented by flow oscillations in
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CHAPTER 2. LEAD COOLANT

the lead pool under a natural circulation regime. The good natural convection
capability of lead can become ineffective due to an unstable flow-regime. This
should be prevented in order to avoid flow reversal, and temperature peaks leading
to clad rupture. One type of oscillations is the U-tube like coupled oscillation
between two free surfaces (see Figure 2.2) [33]. Loop type of oscillations may

Figure 2.2. Hot leg and cold leg free surface area, where a U-tube like coupled
oscillation can occur.

also occur under certain conditions [34]. According to the one dimensional linear
analysis by Wu and Sienicki [34], if the Reynolds number and friction drop are
low, the flow can be unstable for asymmetrically heated loops, and decrease to a
minimal value or induce a reverse flow.

Furthermore, fuel assembly heat transfer and pressure drop correlations need to
be still widely investigated, as they actually depend also on grids spacers, deposits
and cladding aging. A heat transfer correlation which is valid within the pitch-
to-diameter ratio of 1.1÷1.95 and Peclet numbers of 30÷5000 was proposed by
Mikityuk [35]:

Nu = 0.047(1− e−3.8(x−1))(Pe0.77 + 250) (2.2)

Where, Nu indicates the Nusselt number, Pe the Peclet number, and x the pitch-
to-diameter ratio.

The pressure drop due to flow friction in the channel can be estimated by the
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FAST REACTOR

following Equation 2.3:

∆pfric = ffric ∗ (L/D) ∗ 0.5 ∗ ρ ∗ v2 (2.3)

Where, ∆pfric is the pressure loss, L is the tube length, D is the hydraulic diameter
of the tube, ρ is the coolant density and the v is the velocity. The friction factor
ffric in a smooth pipe for a turbulent single phase flow can be estimated by Blasius
correlation (Equation 2.4):

ffric = 0.316 ∗Re−0.25 (2.4)

where, Re is Reynold’s number. Besides, there are number of friction factor corre-
lations for the spacer loss. Rehme’s model for a wire-wrapped fuel bundle [36] by
Bubelis’ interpretation [37] is shown in Equation 2.5:

ffric = ( 64
Re

F 0.5 + 0.0816
Re0.133F

0.9335)Nrπ(Dr +Dw)
St

(2.5)

where, F = ( Dr+1.0444Dw

Dr
)0.5 + [7.6 (Dr+Dw)

H ( Dr+1.0444Dw

Dr
)2]2.16 and Nr number of

fuel pins, Dr is the rod diameter, Dw is wire diameter, St total wetted perimeter
and H wire lead length.

In the presented transient simulations, correlations 2.2 and 2.4 were imple-
mented for the Paper I and II and 2.2 and 2.5 was adopted for the later publica-
tions. The lead pool model treatment is described further in section 5.1.
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Chapter 3

ELECTRA

European Lead-Cooled Training Reactor (ELECTRA) is a part of a proposed
project named ELECTRA-fcc (ELECTRA-fuel cycle center), which consists of the
reactor and fuel fabrication and recycling centers. The entire complex is meant as
a test bed for lead fast reactor (LFR) technology, training and education of LFR
operators, engineers, and research on fast reactor dynamics as well as development
of fuel recycling and manufacturing.

A reference design of ELECTRA has been presented [38] that has the follow-
ing merits: a very small compact core enables negative safety coefficients, and the
suggested full nominal power of 0.5 MWth is completely removed by natural circu-
lation, thus allowing to test the LFR technology at an early stage without waiting
for pump materials development. In order to rely completely on natural circulation
of the coolant, the reactor would necessarily have small pressure drop. Designing a
power reactor with small pressure drop would require significant reductions of both
coolant velocity and coolant channel height. Such a small core design is achieved
by employing inert matrix (Pu0.4, Zr0.6)N fuel. The reason of the fuel choice is
explained in section 3.2.

The main parameters of the reference design are shown in Table 3.1 and a
cross section of the reference core model is shown on Figure 3.1. For the detailed
description of ELECTRA design, author refers to Paper I and II.

3.1 General Description of the Core

There are totally 397 fuel pins placed as a single channel in the core. The number
of the pins are chosen so that the core still reaches criticality at the end of the
life when all control drums are rotated away from the core. The height of the fuel
column is adjusted to be approximately equal to the equivalent diameter of the
core. The plenum is located below the fuel to minimize the gas temperature.

Absorber elements are placed outside the core assembly to improve the neutron
economy. Instead of control rods, enriched B4C absorbers are placed in the segments
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- fuel 

- gas plenum

- lead

- absorber

- steel

- air 

- concrete

Figure 3.1. ELECTRA reference model axial and radial cross section.

of totally 12 rotating drums, which are located around the core assembly. These
control drums can compensate totally 24 $ reactivity, which enables ELECTRA to
have a long core lifetime to avoid refueling. Initially, 6 big rotating drums with
safety shutdown assemblies to be inserted in the internal space of the drums were

16



3.2. FUEL

Table 3.1. General parameters of ELECTRA

Parameters Value Units
Global data
Thermal power 0.5 MWth

Vessel outer diameter ∼1.0 m
Vessel total height ∼3.5 m
Elevation of lead free surface from the core bottom ∼2.5 m
Thermal center distances ∼1.5 m
Core data
Hexagon flat-to-flat distance 28.2 cm
Coolant inlet temperature 673 K
Coolant outlet temperature 773 K
Total number of pins 397 -
Pin pitch/diameter ratio 1.1111 -
Fuel pin data
Pin pitch 14.0 mm
Cladding inner/outer diameter 12.6/11.6 mm
Gap thickness 0.05 mm
Fuel pellet density 9.44 g/cm3

Fuel column height 300 mm
Lower gas plenum height 130 mm
Total pin height 480 mm
Control drums data
Total number of drums 12 -
Drum outer/inner diameter 55/35 mm
Radius to center of drum 225 mm
Absorber segment angle 90 ◦

Absorber material B4C -
10B enrichment 90 %

proposed in Paper I. Later in Paper II the design has been revised eliminating
the shutdown assemblies, instead introducing 12 smaller drums in which, 3 of them
would be used as safety drums.

3.2 Fuel

For fast reactors with small cores, it is possible to reach criticality only by using
highly enriched uranium or plutonium based fuels. The first option is not available
for civilian reactors nowadays. When using low-enriched uranium or standard MOX
fuel, the core size necessary to reach criticality is, however, very large and leads
to a more costly system of full heat removal by natural convection [39]. On the
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other hand, pure plutonium oxide fuels have a high risk of fuel-cladding chemical
interaction due to their high oxygen potential. Inert matrix (Pu,Zr) metal fuel
might be considered as a suitable option; however, it is dissolved into liquid lead,
resulting not compatible with lead coolant. Furthermore, one of the ELECTRA-
fcc goal is to fabricate innovative fuel for the LFRs. It is noted that zirconium
inert matrix nitride fuels were recently fabricated and tested under irradiation in
Russia, Japan, the USA, and the European Union with good performance [40–
43]. Moreover, properties of nitride fuels such as high thermal conductivity, low
swelling, low gas release and good compatibility with lead fit perfectly with the
mentioned design merits. Furthermore, (Pu,Zr)N fuel shows better stability at high
temperature than pure plutonium nitride. Concerning the recycling of irradiated
nitride fuels, they feature a good solubility in nitric acid. Therefore (Pu,Zr)N fuel
is selected as the reference fuel for ELECTRA.

Experimental data correlation of the (Pu0.4Zr0.6)N with 90 % theoretical density
[44] is expressed in Equation 3.1, and is implemented in the transient simulations.

k = 2.4274 + 0.02546 · (T − 273.15)− 5.9991 · 10−6(T − 273.15)2 (3.1)

where, k is the fuel thermal conductivity and T is the temperature in Kelvin.
The plutonium isotope vector in this thesis is assumed from spent pressurized

water reactor UOX fuel with a burnup of 43 GWd/t, allowed to cool for 4 years
before reprocessing, and 2 years of storing before loading to the core. The actinides
vector content is shown on Table 3.2.

Table 3.2. ELECTRA fuel actinides vector

Actinide % (Pu238/239/240/241/242/Am241)
Paper I - V 3.5/51.9/23.8/11.7/7.9/1.2

3.3 Primary System

The primary system design has a merit of having steam generators located in the
cold pool while not having any primary pump during the nominal operation. As it
relies on the natural circulation the pressure drop distribution as well as the thermal
centers elevation must provide the desired stable flow [33]. Moreover, the cold pool
free surface area is required to be larger than the hot leg area as it reduces the flow
oscillation behavior. The dimensions of the current primary system are included on
the Table 3.1. However, the dimensions must be considered preliminary that may
change in the future, thus only approximate values are given. At the current stage
of development, the secondary system of ELECTRA yet has not been defined in
details.
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Neutronic Analysis of ELECTRA

4.1 Simulation Tools

A deterministic code may not always be an adequate tool for modeling innovative
reactor concepts, since it requires pre-processing of data and validation. Hence,
traditionally Monte Carlo methods are preferred as neutronics simulation tools for
the design of innovative reactors.

For the case of ELECTRA, the presence of rotating absorbers outside the core
assembly adds complexity to the geometry, and introduces streaming effect, which
are challenging to treat with deterministic neutron transport tools. Nevertheless, an
attempt of employing the deterministic code ERANOS for the modeling of ELEC-
TRA has been pursued by Bortot et al. [46, 47], but significant discrepancies in the
effective multiplication factor are found compared to the Monte Carlo results due to
both the geometry simplifications and the homogenized assembly approximation.
Moreover, issues of the neutron flux convergence in the lead reflector region are
reported.

In this thesis, all neutronic calculations of ELECTRA are performed by using
Monte Carlo codes. Most of the calculations are carried out using the Serpent
code versions 1.1.13 (for the Paper I), 1.1.16 (for the Paper II) and 1.1.18 (for
the Paper III and later) [48]. MCNP5 is used only for part of the Paper III
simulations. For the nuclear cross section data, JEFF3.1, JEFF3.1.1 and ENDF/B-
VII libraries have been used.

4.1.1 The Serpent Code
Serpent is a universe-based, two or three dimensional code, which is initially de-
veloped for lattice physics calculations in particular. It allows to model three-
dimensional complicated geometries, hence it is also a suitable code for full-core
reactor physics, and burnup calculations of reactors. Compared with the popular
Monte Carlo code MCNP, Serpent offers several advantages: firstly, the calculation
time is reduced, and in particular, burnup calculations are much faster thanks to
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the implementation of unionized single energy grid for the cross section data. Sec-
ondly, several important parameters can be directly obtained from the calculation
output together with their statistical uncertainty. Moreover, license agreement is
granted to a whole organization which enables the author to avoid from dealing
with bureaucracy.

Neutron transport calculations are based on Woodcock’s delta-tracking method
[48]. The principle of the method is to maintain the total cross section in all
material regions by creating virtual collisions, eliminating the need of mean free
path calculations as well as the estimations of the surface distances. The method is
efficient when the neutron mean free path is long compared to the material geometry
of a modeled system, which consequently makes the code suitable for fuel assembly
calculations, however not efficient for dosimetry calculations.

Collision estimate of neutron flux is calculated by a special user-defined estima-
tor ”Detector”. The estimator is well suited for lattice physics calculations, however,
efficiency becomes poor when reaction rates are calculated inside small or optically
thin volumes located in regions of low collision density.

The earlier version of the code applied the transmutation trajectory method
to solve Bateman equations for the burnup methodology. Later Serpent versions
(since version 1.0.5) adopted a numerically more accurate method: the Chebyshev
matrix method [49].

As mentioned earlier, Serpent reconstructs continuous-energy cross section li-
braries from unionized single energy grids. It advantages speeding up the calcula-
tions, however a drawback coming from it is the large usage of computer memory.
Especially, when a burnup or a reactor end of life cycle calculation is considered, the
memory demand can be huge even for a decent computational cluster. The memory
demand is multiplied for a parallel computation. To overcome this issue, code users
often raise the fractional reconstruction tolerance grid into larger ones for reducing
the memory demand. The code developer team claims that when the tolerance is
as low as 10−3, no major discrepancies occur [50]. This is however, not valid for all
types of calculations. For instance, the author noticed during her personal experi-
ence, that in some cases increased tolerance resulted in a positive Doppler feedback
trend at the periphery of a large fast reactor, which is eliminated by further refining
of the reconstruction tolerance. Nevertheless, the memory demand is not an issue
for a small reactor model as ELECTRA, hence energy reconstruction tolerance is
used with a minimal grid for the simulations.

4.1.2 MCNP
In this thesis, MCNP5 is used for simulating a particular problem only, thus the
special feature employed for performing the needed simulations is explained here,
without a general description of the code. MCNP has the capability to perform
Monte-Carlo simulations with time as an explicit variable. Hence, the growth or
decrease in neutron population can be tallied, including estimates of statistical
uncertainties. In the case of positive reactivity, a time cut-off is introduced to
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avoid divergence of the neutron population. The author has used this cut-off (the
”cut:n” card of MCNP5) to estimate the alpha-eigenvalue. The methodology of the
card usage is further explained in the section 4.2.4.

4.2 Modeling Methodology

The cross section of the reference ELECTRA model implemented in Serpent is
presented in Figure 3.1. The model includes detailed specification of core assem-
bly, spacers, control drums, lead coolant/reflector, core barrel, vessel and concrete
shielding around the vessel. The supporting steel structure around the core is
modeled in a simplified fashion.

In the current section, technical details related to the code usage for the gener-
ation of the neutronic parameters of the ELECTRA are discussed.

4.2.1 Reactivity Feedback Coefficients
The feedback coefficients are calculated by imposing small perturbations of geom-
etry and material definitions in the input file. A feedback coefficient (α) over a
certain parameter X is calculated in general by the following formula:

αX = ρref − ρperturbed

δX
(4.1)

where, αX is the feedback coefficient over the parameter X, ρref is the reference
state reactivity, ρperturbed is the perturbed state reactivity, and δX is the pertur-
bation. For instance, the fuel axial expansion feedback coefficient is estimated by
decreasing the fuel density, and increasing the fuel height corresponding to the fuel
temperature enhancement.

Note that the radial expansion feedback is dependent on the core structure
design, and is a complicated phenomenon due to flowering or bowing effects of
the core, which are not straight-forward to model in Serpent. Hence, a simplified
approach to estimate the radial feedback coefficient is followed by changing the
pitch size in the lattice.

Calculated main feedback coefficients of the initial reference design (Paper I)
are shown on Table 4.1.

4.2.2 Nodalized Reactivity Coefficients for the Transient Analysis
The neutronic parameters of the system are further used for the subsequent tran-
sient analyses. In this work, the necessary input data for the point kinetic module
of SAS4A are calculated by the Serpent code. In SAS4A/SASSYS-1, feedbacks
given by material density changes, i.e.; fuel and cladding axial expansion as well as
the coolant temperature, are computed based on the provided material reactivity
worth, which is required in a channel-averaged axial node-wise format (see section
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Table 4.1. Reactivity feedback coefficients of ELECTRA

Feedback BOL EOL Unit
Doppler constant −6± 3 −11± 8 pcm
Axial expansion coefficient −0.41± 0.04 −0.44± 0.02 pcm/K
Coolant temperature coefficient (core) −0.43± 0.03 −0.38± 0.07 pcm/K
Coolant temperature coefficient (global) −1.84± 0.04 −2.48± 0.08 pcm/K
Radial expansion coefficient −1.54± 0.04 -1.34± 0.02 pcm/K

5.1). The axial worth distribution of the Doppler feedback is required as well; how-
ever, the Doppler effect is negligible for the case of ELECTRA, hence, the axial
variation of the feedback is neglected for the transient simulation.

The node-wise reactivity worth tables are generated by marginally perturbing
the material densities of the corresponding axial nodes. Similar to the general
feedback coefficients, the reactivity worth (αX) per unit mass of the material X in
the node z is estimated by the following formula:

αX(z) = ρref − ρperturbed(z)
δm

(4.2)

where, δm is the perturbed mass of the node. However, this kind of calculation
neglects the neutron transport from and to the neighboring axial nodes, which
might affect macroscopic cross sections in the neighboring nodes. The latter effects
can lead to a non-accurate estimation of the node-wise worth table. Nevertheless,
unlike thermal reactors, fast reactor macroscopic cross sections are less sensitive to
such phenomena. Moreover, the amount of perturbation is kept minimal to avoid
such an effect.

4.2.3 Burnup Calculations

For the fuel burnup calculations, Bateman equations are solved by employing the
Chebyshev matrix method option. Though, cumulation of activation products due
to (n, α) or (n, p) reactions in the fuel are estimated by the reaction rate of the
”Detector” option. Moreover, due to the nature of the Serpent code, which does
not allow burnup calculations for certain geometries, a special method is applied for
the depletion calculations of the drum absorber material by using the ”Detector”
option as well. In order to realistically model the rotation of the drums, each drum
is discretized into segments, and the position is rotated after a certain amount of
burnup steps. For that purpose, in each burnup calculation, the 20 most important
fission products for fast reactors [51] are taken into account in the fuel material in
the next burnup.
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4.2.4 Kinetic Parameters
The kinetic parameters of a critical system may or may not be straight forward to
calculate in Monte Carlo codes. In terms of the effective delayed neutron fraction,
the Serpent code provides the parameter in the direct output of the code, which
is estimated based on the fraction of fission reactions caused by delayed neutrons
[48]. The technique is validated for various benchmarks including fast reflected crit-
ical benchmarks [52]. On the other hand, the prompt neutron reproduction time
appears to be extremely sensitive to the surroundings of the core for the case of
ELECTRA (The issue is discussed in the next section). At the time of this work
Monte Carlo codes do not have the capability to provide directly this parameter;
moreover, there are no rigorous methods to estimate it indirectly. Paper III en-
tirely focuses on the methodology to evaluate the reproduction time of ELECTRA.
The outcome is that the dynamic simulation of ELECTRA may need to consider a
two-region kinetic model for some cases.

A point kinetic simulation can be represented by a single parameter called dy-
namic reproduction time [53]. The dynamic reproduction time is estimated in
MCNP5 using the time-dependent technique, and is explained below.

If the α-eigenvalue is known, the prompt neutron reproduction time (Λeff ) can
be estimated as follows:

leff = kp − 1
α

= keff (1− βeff )− 1
α

(4.3)

Λeff = leff

keff
(4.4)

where, leff is the effective prompt neutron lifetime, kp is the prompt multiplication
factor, keff is the effective multiplication factor, and βeff is the effective delayed
neutron fraction. Furthermore, by definition α can be estimated by the tallies of
the asymptotic change in neutron population over time as:

α = lnN1 − lnN2

t1 − t2
(4.5)

where, Ni is the population of neutrons in the system at time ti.
Using the ”loss to fission” parameter (ft) provided by MCNP5, one may write

the growth of the neutron population as a function of time as Eq. 4.5. The ft

is an integral value of arbitrary power raise over time. The time derivative of the
ft represents the neutron population growth over time, and may numerically be
approximated as:

Nt−T/2 = ft − ft−T

T
(4.6)

where, Nt−T/2 is the arbitrary neutron population at time t − T/2, and T is the
time step of the cut-off technique.

By repeatedly using the ”cut:n” card of MCNP, the alpha-eigenvalue can be
estimated by the asymptotic slope of the Nt−T/2 over time t. Note that for this
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calculation the ”source mode” must be used instead of the ”k-code mode” because
the correct spectrum is not available from the SRCTP file at the beginning of the
keff cycle. If one wants to follow the neutrons cycle by cycle, it appears that the
consecutive cycle fission neutron spectra may be correct. What one looses is the
time distribution of these neutrons, and hence it will be difficult to de-convolute
the neutron population growth by time.

The reproduction time estimated by employing the above explained technique
has been used in the transient simulations for the Paper II, IV and V.

4.3 Reflector Dominance in ELECTRA

One of the characteristics that distinguishes ELECTRA from other fast reactor
systems is that it has a very high amount of neutron leakage from the core. In the
current reference design, about 71 % of the neutrons born in the core leak out of
the assembly region. Thus the criticality of the system depends on the fraction of
neutrons returning from the reflector that affects certain neutronic behavior of the
system. To evaluate the reflector impact on the neutronics of ELECTRA, let us
arbitrarily subdivide the neutronic model into two-regions: the core, which includes
only the fuel assembly part, and the reflector, which includes everything else outside
the core. Using the definition by Spriggs at el. [53], the reflector returning fraction
(f) is defined in Eq. 4.7. The physical meaning of the parameters is the fraction
of neutrons returned to the core after having leaked into the reflector.

f = 1− kc

keff
(4.7)

where, kc is the bare core multiplication factor and keff is the effective multiplica-
tion factor of the system. For the reference design, the above mentioned parameters
are kc=0.77316±4 pcm and f=0.23 (when keff is one).

Furthermore, for the understanding of the reflector role, a simpler neutronic
model of ELECTRA is created as shown on Figure 4.1: the fuel assembly of ELEC-
TRA placed in a large lead pool. Let us assume that there is 50 cm lead above and
below the assembly, and the outer radius of the pool varies parametrically. Table
4.2 shows how the reflector returning fraction as well as the effective multiplication
factor vary when the reflector size changes.

It can be seen that the reproduction time and the coolant temperature coefficient
depend on the reflector size as well. Especially, the neutron reproduction time
steeply increases by the reflector radius until ∼ 100 cm. The reproduction time is
about ∼ 300 % longer for the reflector radius of 100 cm than of 30 cm. However,
when the reflector radius becomes larger than 100 cm, the effective multiplication
factor and the other neutronic parameters no longer change dramatically. It is
because when a neutron travel distance in the reflector is larger comparing to its
mean free path, the probability of returning to the core becomes lower, and even if
it returns, its importance to contribute to the next fission is reduced since the next
generation neutrons have already been produced in the core before it returns.
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Figure 4.1. Simple model of ELECTRA fuel assembly in a lead pool for the reflector
impact study.

Table 4.2. Reflector impact of ELECTRA (estimated with ENDF/B-VII cross
section library).

Reflector outer
radius, cm

keff , - f , - System
leakage
via outer
boundary,
%

Reproduction
time, ns

Coolant
coefficient,
pcm/K

none (keff = kc) 0.77316± 4 pcm 0 71 20± 4 −0.5±0.06
30.0 0.99083± 4 pcm 0.22 62 36± 4 −3.1±0.05
50.0 1.06525± 4 pcm 0.27 57 84± 4 −3.8±0.05
70.0 1.09338± 4 pcm 0.29 54 96± 5 −4.0±0.06
100.0 1.10725± 4 pcm 0.30 50 104± 4 −4.1± 0.1
130.0 1.11038± 8 pcm 0.30 47 107± 4 −4.2± 0.1
200.0 1.11111± 8 pcm 0.30 45 108± 4 −3.9± 0.1
ELECTRA (ab-
sorbers faced
away)

1.04166± 3 pcm 0.26 0.2 69± 2 −1.8±0.04

ELECTRA is initially designed to rely on the neutron reflector as it is the key
to reach criticality for such a small core size. Moreover, negative global coolant
coefficient and void worth are achieved by enhancing the core leakage and the
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reflection effect. As a consequence, certain neutronic parameters, as the prompt
neutron reproduction time become very sensitive to the core surrounding regions.
Note that the reproduction time is affected by the position of the drum absorbers
[47], which can be expected as they are placed in the near vicinity of the assembly.
Furthermore, any design update in the core surrounding regions may result not
only in a change in the kinetic parameter, but also in a significant shift in the
critical position of the control drums; consequently, affecting the core lifetime. In
addition, calculation uncertainties on the reflector appear to be important for the
design study.

4.4 Summary of the Neutronic Analysis

The neutronic analysis of the first version of ELECTRA has been broadly discussed
in Chapters IV, V and VI of the Paper I. The main results are summarized hereby.
A very hard neutron spectrum of the core leads to practically zero Doppler feedback.
The absence of a prompt negative reactivity feedback is compensated by the fuel
axial expansion feedback, for which the time constant is determined by the speed
of sound. Moreover, the fact that all other reactivity coefficients are negative may
guarantee safety during e.g. transient overpower accidents. A preliminary neutronic
stability analysis of the core performed by Bortot et al. shows the system is stable
in all power ranges [54].

The effective delayed neutron fraction appears to be relatively small. It is partly
due to the uranium-free fuel composition, and partly due to the hard neutron
spectrum. The sensitivity of the prompt neutron reproduction time with respect to
the reflector size has been discussed in the previous section. Moreover, its absolute
value is about one order of magnitude less than the typical values for fast reactors.
The reasons could be the compactness of the core as well as the hard neutron
spectrum. We note that the impact of the reproduction time uncertainty during
a transient overpower accident simulation is shown to be negligible [47], which is
possibly due to the fact that the reproduction time is short enough that the transient
power overshoot mainly depends on the speed of reactivity feedback mechanisms,
and on the reactivity insertion rate.

Note that the concept is intended as a training reactor not a burning reactor,
thus the reactivity loss is slow, with a significant contribution from the beta-decay
of 241Pu into 241Am. Moreover, it is expected that the reactor may not be operating
at full power constantly. For the latest design, considering an average operating
availability of 50 %, the core life extends to about 30 years totally [45]. During this
period, irradiation damage in the material seems to remain within the limits since
the linear power is only 4 kW/m (Paper I).

In the neutronic analysis, the uncertainties introduced by the cross section li-
brary data indeed have not been included except the Paper III. In the Paper III,
the JEFF3.1.1 and the ENDF/B-VII libraries are compared against each other for
simulating experimental critical benchmarks. The author points out that the effect
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of the cross section library selection on the effective multiplication factor is of the
order of a few hundred pcm, which indicates a necessity of uncertainty evaluation
on the neutronics calculations of ELECTRA. Nevertheless, such a work is currently
being carried out at Uppsala University [55].
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Chapter 5

Transient Analysis of ELECTRA

To verify if the proposed conceptual design is safe and reliable to operate for its
intended usage, a series of transient analyses of postulated accident scenarios need
to be performed. At the current stage of the concept development the transient
analyses are performed with the main aim to catch the main dynamics of the system,
and its qualitative transient responses for further design improvements rather than
to perform a safety assessment. Moreover, sufficient safety margins must be assured
before finalizing the reactor configuration, which should be then confirmed by safety
codes.

5.1 Simulation Tool

The author has used the SAS4A/SASSYS–1 versions 3.1 and 5.0 severe accident
system code [29]. The SAS4A and SASSYS–1 coupled codes benefit from ad-hoc
developed models for design-basis and beyond design basis accident analyses of
liquid metal cooled reactors, which are well validated against experimental data
from shutdown tests of EBR II reactor. A general overview of the code features
employed for implementing the ELECTRA primary system model is given in the
following subsections.

5.1.1 Point Kinetics Model

The neutronics simulation capabilities of the code are based on the point kinetic
approximation, since space-time kinetics is still under development, and requires
a separate license. One of the main approximations of the point kinetics is the
elimination of the spatial dependency of the neutron flux. However, considering the
size of the core, neutron spectrum and absence of absorbers in the active core, such
an approximation seems to be reasonable to be adopted in modeling ELECTRA.

In SAS4A, time-dependent reactivity is calculated by summing the net effects
of nine components including user-programmed, control system reactivities and the
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feedbacks. Reactivity feedback components include Doppler, fuel and cladding axial
expansion, coolant density or voiding, core radial expansion, control rod expansion,
fuel relocation as well as cladding relocation.

The Doppler feedback is computed assuming a 1/T temperature dependence on
the Doppler constant, which is interpolated from user-defined values calculated in
nominal and voided conditions of the core. Moreover, an axially weighted distribu-
tion of the Doppler effect has to be provided by the user.

As far as material density-related feedbacks are concerned: the fuel and cladding
axial expansion and the coolant expansion are calculated by linear approaches. The
corresponding material (fuel or coolant etc.) reactivity worth per unit mass along
the axial nodes needs to be given in the input file (see section 4.2.2). The feedback
during a transient is calculated based on the estimated change of total density as
shown below.

δk(t) =
N∑

i=1

z∑
j=1

ρi,j∆mi,j(t) (5.1)

∆mi,j(t) = mi,j(t)−mi,j(0) (5.2)

where, δk is the reactivity contribution at the time t, N is the number of channels,
z is the number of axial nodes, ρ is the user-provided reactivity worth per unit
mass of the material in the node, and m is the mass of the material in the node.
For the fuel axial expansion, the model ignores the total fuel height increase due to
expansion. In large cores the effect is negligible. However, for a small core it can
be sizable. It should be artificially compensated by providing fuel worth data in
the upper node of the active fuel region.

In SAS4A, if the cladding expansion is faster than the fuel one, the axial feedback
is modeled as a free expansion, since the fuel can expand inside the gap space
without interruption. The thesis simulations have considered the free expansion
model of the fuel.

In terms of expansion in the radial direction, the code has both a simplified
and a detailed option of radial expansion modeling. The core radial expansion
phenomenon is indeed strictly dependent on the design of the restraining structures,
which is not completely ready for the case of ELECTRA at the moment. Thus, it
is not yet possible to implement the detailed radial expansion model, and therefore,
the simple model is used in the current simulations. The simplified model of radial
expansion is based on Huebotter’s model as shown below [29]:

δkradial = Cradial(∆Tin + XMC

XAC
(∆Tabove −∆Tin) (5.3)

where, δkradial is the radial expansion feedback, Cradial is the user-provided radial
expansion coefficient, Tin is the temperature of the inlet coolant or the inlet plenum
structure, XMC is the distance from the nozzle support point to the midplane,
XAC is the distance from the nozzle support point to the above core load pad,
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and ∆Tabove is the average temperature change of the above core load pad. In
Huebotter’s model, the radial growth of the core is determined by the expansion of
the lower structure and the expansion of the duct wall above the core load pads.
The model does not explicitly take into account subassembly bowing or flowering
effects; however, the user can introduce arbitrary values to simulate these effects.

Note that the simple model should be implemented differently in different tran-
sient accident simulations. For the loss of heat sink type of simulation, the lower
core pad expansion is dominant. A sudden increase of the inlet coolant may lead
to an unrealistic core compaction at the top of the core region when the simple
expansion model is used. Hence, XMC/XAC ratio is set to zero to allow uniform
expansion for the loss of heat sink type simulations of ELECTRA.

The other types of expansion-related feedbacks as cladding or drum expansions
are considered negligible, and neglected for the simulations of ELECTRA transient
behavior.

5.1.2 Channel Thermal Hydraulics
The thermal hydraulics treatment of the code for the core assembly includes cal-
culation of temperatures as well as coolant flow rates and pressure distributions.
Severe accident cases of coolant boiling and fuel and cladding relocation are imple-
mented within the code capacity as well. Multi-channels can be defined, in which
each channel represents an average pin of one or several channels, similarly to other
system codes. Furthermore, channels are divided into axial zones and segments.
Each axial segment is divided into radial nodes for heat transfer and temperature
calculations.

During steady state initiation, the code uses user-specified mass flow rate,
coolant inlet temperature, exit pressure and power in each nodes to solve the chan-
nel thermal hydraulics equations. Firstly, the coolant temperature and pressure,
then the fuel temperature starting from the cladding outer node and proceeding in
the inward direction, and finally, the core structure temperatures are calculated.
When time-dependent calculations start, the code firstly calculates the coolant flow
rates; then, depending on the flow direction, the radial node temperatures are si-
multaneously calculated in the axial flow direction order.

SAS4A/SASSYS–1 adopts Fink’s correlations [29] for molten lead thermophys-
ical properties. The correlations are shown in Equations 5.4:

Cp = 36.287− 10.28 · 10−3T − 3.158 · 105T−2 + 4.113 · 10−6 − 4.35 · 10−10T 3

ρ = 10587− 1.2220(T − 600.6)
k = 15 + 0.75 · 10−2(T − 54)
µ = 8.75536 · 10−4 + 0.328473T−1 − 358.0T−2 + 482262T−3 (5.4)

Where, Cp is the specific heat capacity (J/mol·K) for 600 K < T < 3600 K , ρ
is the density (kg/m3), k is the thermal conductivity (W/m·K), µ is the viscosity
(Pa·s) for 600 K < T < 1300 K and, the T is the temperature (K) respectively.
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The channel friction factor (ffric) is estimated as below:

ffric =
{
AfrRe

bfr , if Re ≥ ReLAM

AfLAM/Re, if Re < ReLAM

(5.5)

where, Afr, bfr and AfLAM are user-provided correlation coefficients, Re is the
Reynolds number and ReLAM is the Reynolds number for the laminar-to-turbulent
transition. Rehme’s friction factor correlation for a wire-wrapped fuel used in Pa-
per IV and V (see section 2.2) is implemented by fitting the values of Afr and
bfr in Eq. 5.5.

5.1.3 Primary System Model
The primary and intermediate coolant system modeling of SAS4A/SASSYS–1 in-
cludes heat exchangers, pumps, pipes, valves, pools and other components. The
model uses a generalized or simplified geometry for the loop thermal-hydraulic cal-
culations. Hydraulic elements such as pipes, heat exchangers and pumps, which
are connected in series, are connected to liquid pool volumes called ”Compressible
volumes”, creating a loop in this way. The ”Compressible volumes” are charac-
terized by single-node pressure, volume, mass and temperature data, and provide
hydraulic inertia of a liquid metal pool to the loop model. Hydraulic elements are
treated one-dimensionally.

The primary system module of SASSYS–1 receives outlet temperatures and
mass flows from the channel modeling unit for each core channel, and returns inlet
and outlet plenum pressures and temperatures.

For an early design phase of a reactor, simplified hydraulic elements can be used
in the SASSYS–1. These include a tabular heat exchanger model and a tabular
pump model, where the steady-state nominal temperature drop or the pressure
head can be internally estimated by the code, and the relative temperature drop or
head can be given as tabular functions of time.

One of the main drawbacks of SASSYS–1 is that the code is incapable of treat-
ing some pool hydraulic phenomena such as thermal stratification. In order to
properly treat such phenomenon, the code should be coupled with a CFD code
or substituted by another code. Nevertheless, for designing purposes of new con-
cept, SAS4A/SASSYS-1 can be adequate for certain design basis transient analyses.
Moreover, CFD codes would require more complete and detailed design of the pri-
mary system, which is not available at this moment for ELECTRA.

5.2 ELECTRA Model

The general hydraulic loop model of ELECTRA in SAS4A/SASSYS–1 is illustrated
in Figure 5.1. A primary circuit model is created, which consists of a single core
channel, a heat exchanger and a primary pump, which are connected via lead pools.
In Paper I and II, the primary system is modeled without any pump, as there
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Figure 5.1. ELECTRA primary system model in SAS4A/SASSYS–1.

is no pump in the system. However, SASSYS is originally developed for forced
circulation, thus it is not certain that the code properly treats natural circulation
when pump data are not specified. Hence, for the later simulations, a primary
pump with nearly zero head is added to the model, and is switches off shortly after
the simulations begin to enable the natural circulation in the system. The hydraulic
parameters of such a fictitious component are adjusted to minimize the pressure
drop over the component.

In Paper V, radiative heat loss through the primary vessel is considered. The
corresponding SASSYS model implies a heat contact of the cold pool wall with an
external constant temperature boundary condition.

The active fuel region is subdivided into 21 axial nodes and 10 radial nodes.
However, in Paper IV, a simplified model with a single axial node and two radial
nodes in the fuel zone is additionally used for benchmarking purposes. Note that
the compressible volumes and the hydraulic element parameters have been updated
over time, thus not all the models developed during the thesis are identical.

5.3 Transient Accident Scenarios

A set of transients under design-basis and design-extension conditions (DBC and
DEC) are generally evaluated for safety assessment of a reactor design. DBCs are
classified as having a single initiating event whereas DEC events are categorized
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in three different sub-classes: complex sequences, constituting of DBC events com-
bined with failure of mitigating systems such as SCRAM system and the decay
heat removal systems; limiting events, for which probability of occurrence cannot
be assigned; severe accidents, where severe core damage is combined with loss of
off-site power.

In this thesis, two types of complex sequences are considered, namely: UTOP
and ULOHS.

A UTOP is defined initiated by an unprotected withdrawal of the most valu-
able control rod with regular withdrawal rate. In general, it can be initiated by
other mechanisms such as a change in the core configuration. However, control
rod withdrawal is anticipated to occur with a certain probability. For the case of
ELECTRA, the UTOP can be caused by an inadvertent drum rotation. Thus, the
amount of external reactivity to be inserted in the system is considered to be equiv-
alent to a single drum rotational worth. Moreover, the speed of insertion should be
defined by the engineering design of the drums.

The ULOHS is a transient induced by the steam turbine being tripped and
isolated, resulting in the loss of heat rejection capability at the steam generator
while the SCRAM system fails to activate. For this type of accident analysis, the
secondary system is necessary to be designed and modeled. However, due to the
incomplete design of heat exchangers and secondary system at the current stage
of development, a detailed secondary-system-failure-related scenarios are not ana-
lyzed in this thesis. Instead, a simplified heat exchanger model, where temperature
drop is given as a function of time has been used. Moreover, SASSYS is originally
developed for sodium cooled fast reactors, which require intermediate coolant sys-
tems: Hence, the possibility to implement a detailed steam generator model in the
primary coolant system is at all questionable.

5.4 Summary of the Transient Analysis

The UTOP analysis is discussed both in Paper I1 and Paper II. Based on the
UTOP transient performance in Paper I, a new configuration incorporating 12
absorber drums instead of 6 as in the reference design by Wallenius was proposed
to reduce the reactivity worth of a single drum. Following this idea, Paper II
primarily focuses on such a new drum configuration, and on the Serpent model of
the new design with 12 absorber drums. The new drum configuration shows that the
safety margin against the cladding failure limit has significantly increased during an
inadvertent drum rotation accident. Hence, it is used as a reference configuration in
the subsequent works. Moreover, Paper IV includes some analyses of both UTOP
and ULOHS. In Paper IV, it can be seen that the power and the flow stabilizes
within 3000 s after initiating a 0.2 $ UTOP. The trend of stability remains the same
during a -20 % nominal temperature drop at the steam generator for the ULOHS
simulation.

1Note that the transient analysis calculations were not performed by the author in Paper I.
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In Paper V, ULOHS is analyzed considering a heat loss through the primary
vessel. The transient analyses have showed that the concept is stable, and both
coolant freezing and core failure is avoided during such scenario. An interesting
finding is that when there is a heat loss higher than the decay heat, which reduces
the coolant temperature to a certain level, the strong negative reactivity feedback
mechanism of the system as well as the natural circulation of lead bring the system
to a new critical state. The raise of power due to re-criticality brings the strong
advantage of preventing from coolant freezing. Moreover, the reactor might sustain
its criticality by relying on pure natural phenomena without human intervention
to shut-down.

As far as protected transients are concerned, the publications do not cover
the topic. However, a coolant temperature trend is depicted in Figure 5.2 for a
protected loss of heat sink transient in the same scenario as the Paper V. As it
can be expected, radiative heat loss higher than the decay heat eventually leads
the coolant to freeze. Thus, a system to prevent the coolant freezing as well as
careful estimation of both the heat loss and the decay heat must be considered for
the further designing work.

Note that the transient cases studied here do not cover all the transients to be
investigated during the designing process. The amount of work is beyond the thesis
scope.
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Figure 5.2. Coolant temperature time evolution under PLOHS conditions consid-
ering a parametric radiative heat loss via outer vessel of ELECTRA. Dashed lines
are the freezing point of lead.

36



Chapter 6

Final Remarks

In this thesis, a preliminary primary system design of European Lead-Cooled Train-
ing Reactor is studied. Analyses shows that the design is suited for its intended
purpose: by which is meant the achievements of long core lifetime, negative feed-
back coefficients as well as stable response during the investigated transients.

However, to show that the conceptual design fulfills the safety requirements
of a real reactor, a complete design of primary and secondary systems should be
made , permitting to carry out detailed performance analyses using neutronics and
transient codes.

Furthermore, understanding the limitation of one-dimensional system codes
such as SAS4A/SASSYS–1, the complicated thermal hydraulic behavior concomi-
tant with natural circulation in the reactor pool should be studied by CFD simu-
lations and/or in a experimental mockup facility.
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