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Abstract
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In a lead-cooled fast reactor (LFR), small bubbles (in the order of one mm or less) may enter
the coolant from a leaking steam generator. If such a leakage is undetected the small bubbles
may eventually coalesce into a larger bubble in local stagnation zones under the active core. If
such a bubble or void releases and passes through the core, it could drive the reactor into prompt
criticality. It is therefore desirable to be able to detect the initial stages of such void formation.

In this thesis, a methodology to detect such leaks is presented together with a study on void-
induced reactivity effects in various LFR's. The methodology developed is based on information
from two fission chambers positioned radially outside the core. The fissile content of the fission
chambers consist either of 235U or 242Pu making them sensitive to different parts of the neutron
spectrum. It is shown that the information from the fission chambers can be used to obtain an
early indication of the presence of a small leak within typically a month. Furthermore, it is
shown that for all but the smallest LFR’s, prompt criticality due to voids passing the core cannot
be excluded.

One conclusion is that the methodology may form an attractive complement to the general
monitoring system of future LFR’s but, as is noted, it has potential for further developments.
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1. Introduction 

Mankind’s energy consumption has been steadily increasing and in particu-
lar since the industrialization [1]. As an example, the power consumption in 
Sweden (fig.1) has increased from 10 PJ to 35 PJ over a period of 200 years.  

 
Figure 1. The energy consumption in Sweden between 1800 and 2000 [2]. 

It seems that there is a strong correlation between the Gross Domestic Prod-
uct (GDP) and the energy consumed. The countries with least poverty are 
also the countries with the most energy consumed. For example, both the 
evolution of power consumption and GDP in India showed an exponential 
increase between 1950 and 1996 (fig. 2). Worldwide, the total primary ener-
gy consumption has risen from 238 quadrillion BTU (quads) to 520 quads 
[3] only between 1980 and 2011. 
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Figure 2. Per capita GDP and per capita electricity consumption in India [3]. 

The world’s carbon emission is currently a huge concern and the Copenha-
gen accord [4] underlines that the climate change is one of the greatest chal-
lenges of our time and that the increase in global temperature should be kept 
below 2 degrees relative to pre-industrial levels in order to avoid severe im-
pacts on ecology and economy. To reach this goal, human CO2 emissions 
must peak within a decade and then drop to 15-50 % [5].  

While the CO2 emissions must be lowered, it is also predicted that the 
world’s energy demands will increase from todays 520 to 840 quads by 
2050. Consequently, energy sources that have little CO2 equivalent emissions 
are needed to reach the target of the Copenhagen accord.  

Although the carbon emission levels from nuclear power during operation 
are very low, studies performed on the integrated life-cycle emission levels 
(LCE) vary largely [7,8] depending on, e.g., type of enrichment process 
(centrifuge / diffusion) used for the fuel, reprocessing of the nuclear waste 
and what local energy-mix that was used during manufacturing of the fuel 
and plant construction. Fig. 3 shows carbon emission levels representative 
by most LCE studies and as can be inferred from the figure, the lowest emis-
sion per power unit comes from nuclear power. 
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Figure 3. Comparison of CO2 emissions for various energy sources [6]. 

While low-level emission options like nuclear and some renewables exist, 
the expected evolution for sources of electricity generation show that the 
largest polluters of CO2 - coal and gas - will continue not only to grow but 
also grow at a higher rate compared to nuclear power and other renewable 
energy sources (fig. 4). 
 

 

Figure 4. The development of the world electricity generation by energy source 
(billion kWh) [9]. 

To reach the goals of the Copenhagen accord, it seems imperative to expand 
nuclear power and renewables at the expense of fossil fuel and in a higher 
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rate than currently planned for. However, the perceived danger of nuclear 
power may form an obstacle for this to happen. 

1.2. Nuclear power at present 
Virtually all commercial reactors presently in operation are light-water reac-
tors (LWR’s), specifically Boiling Water Reactor (BWR) and Pressurized 
Water Reactor (PWR). These reactors exhibit a thermal neutron spectrum 
and are thus also referred to as thermal reactors. 

Today, there are 435 nuclear reactors in operation worldwide. Another 72 
are under construction, 174 are planned for operation within 10 years and 
another 299 are proposed for operation mostly within 15 years [10]. Howev-
er, the Fukushima-Daiichi Event in 2011 has led to an uncertain path [11] for 
the nuclear program in Japan, Germany and Switzerland, with planned for 
shut down of most of all Nuclear Power Plants (NPPs). Nevertheless, Chi-
na’s post Fukushima energy-policy [12] includes plans for over 50 new reac-
tors and another 118 proposed – on top of 29 reactors currently under con-
struction - potentially expanding the nuclear energy production from todays 
12 GWe to 60 GWe by 2020 and 200 GWe by 2030. 

Some of the planned reactors are so called Generation III+ reactors [13], 
with more advanced safety features over previous generations, e.g., re-
sistance against impact of an airplane crash, longer (60+ years) operating 
time, 20 times lower risk of core meltdown compared to previous genera-
tions and higher burn-up of fuel allowing for a reduced relative amount of 
high-level waste. 

1.2.1 The fuel cycle 
Uranium is present in, e.g., seawater (0.003 ppm), sedimentary rock (2-3 
ppm) and in ore of various concentrations (100 - 200 000 ppm). Usually, 
uranium is mined, refined and converted to UF6 while still having the natural 
235U enrichment of 0.71 %. Commercial nuclear fuel is enriched to no more 
than 5 % and converted to UO2. Finally the material is sintered into pellets to 
be used in LWR fuel. 

In Swedish reactors, the fuel resides in the core for about five or six years 
and after reloading is let to cool in an on-site temporary storage-pool of wa-
ter for about one year. The fuel is then transported to the intermediate stor-
age, CLAB in Oskarshamn, where it will stay 30 to 40 years for further cool-
ing before encapsulation. The Swedish back-end concept, KBS-3, implies 
finally a deep geological storage with a proposed location at the Forsmark 
site [14]. 
 



13 

The fuel cycle described above is called the once-through cycle, see 
fig. 5. Now, this cycle uses in the order of one present of the actinide energy 
content. A more efficient option exist, namely the closed fuel cycle, fig. 5, 
where the spent fuel is sent to reprocessing in order to extract the plutonium 
that has been created by transmutation of 238U during reactor operation. The 
reprocessed material is sent back for fuel fabrication where it is used to pro-
duce mixed-oxide fuel (MOX fuel). The inclusion of a reprocessing step 
increases the fuel energy utilization factor by 20-30 %. 

Because LWR’s are operating by using slow neutrons, the long-lived ac-
tinides created during reactor operation, cannot be “burned”. This implies 
that even by utilising reprocessing, the waste stream will contain long-lived 
actinides. Another consequence of the present reprocessing technology is 
that plutonium is separated in free streams and thus poses a safeguards issue. 
Therefore, only countries possessing nuclear weapons have hitherto repro-
cessed spent nuclear fuel. However, the nuclear facility in Rokkasho in Ja-
pan is scheduled to start reprocessing at end of 2014 [15]. 
 

 
 
 

 
 
 
 
 
 
 
 
 
Figure 5. The present day fuel cycles, with the reprocessing step (closed fuel cycle) 
marked with dashed arrows. 

Despite that only 0.6 % of the energy content of natural uranium is used in 
the present day fuel cycles, 1 kg of nuclear fuel corresponds to a remarkable 
energy-content equivalent of 100 000 kg of combustion oil. The low utiliza-
tion factor is also the root cause of many of the issues connected to present 
day nuclear power utilization, e.g., potential proliferation of fissile material 
and at least 100 000 years of waste “isolation”. In an attempt to address this 
issue, the Gen-IV fuel cycle has been proposed, which is described below. 

Mining LWR

Reprocessing 

Waste Spent 
fuel 

U, Pu 

FP, MA 

Spent fuel 
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1.3. The future of nuclear power - Generation IV 
To address the factual and perceived issues of today’s nuclear technology, a 
set of concepts have been proposed that comprises reactors, recycling of 
high-level waste, waste storage and comprehensive safety and security 
measures; Generation IV (Gen-IV). 

The Gen-IV international forum (GIF) [16] - has set up design goals for 
the most advanced reactors yet to be built, the Gen-IV type NPPs. The de-
sign goals cover broad areas including [17] 

 
 Sustainability  

o Spent fuel from today’s NPP’s can be used as fuel 
o The uranium resources will be utilized 100 times better 
o Thorium, which is four times as abundant as uranium, can 

be used as fuel in one of the GIF concepts 
o The nuclear waste is minimized in mass 
o The required spent nuclear storage time drops to 500-1000 

years 

 Economics 
o Having a life-cycle cost advantage over other energy sources 
o Having a financial risk comparable to other energy sources 

 Safety and reliability 
o Low likelihood and degree of core damage thanks to, e.g., 

passive safety systems and seismic protection 

 Proliferation resistance and physical protection.  
o Gen-IV NPP’s can convert nuclear warheads into civil ener-

gy 
o The reprocessed stream of plutonium contains minor acti-

nides and uranium, rendering it unattractive as weapons ma-
terial 

Many of the Gen-IV goals are accomplished through the Gen-IV fuel cycle, 
fig. 6. An inherent advantageous property of the Gen-IV reactors is the use 
of a fast neutron spectrum; allowing long-lived MA’s to burn and provide 
energy during reactor operation. At the same time as the MA’s are burned, 
new MA’s are created (bred) due to neutron capture in fertile materials. For 
example: 
 

→	   
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The spent fuel is taken out of the reactor and MA and plutonium are ex-
tracted together, recycled and reused as fuel. Eventually, the spent fuel sent 
to final repository contains fission products and only traces of actinides. 
Thus, the radiotoxicity of the spent fuel from the Gen-IV fuel cycle is re-
duced to low levels within 1000 years or less. 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
Figure 6. The fuel cycle of Gen-IV. 
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2. Fast reactors 

The fission neutrons born in each fission event have a mean energy of about 
2 MeV each. While the LWR quickly lower the neutron energy to thermal 
levels at around 0.025 eV as the neutron collides with hydrogen nuclei in 
water, the coolant of a fast reactor e.g. lead or sodium essentially allows the 
fast neutrons to keep their high energy. Thus, the mean neutron energy in a 
fast reactor is about 500 keV. The maintained neutron energy allows fission 
to occur in e.g., natural uranium and long-lived MA. This property is essen-
tial in order to achieve the sustainability goal set for Gen-IV.  

The following Gen-IV type reactors are envisioned by the GIF to be 
commercially available by 2030 [13]: 
 

 Gas-Cooled Fast Reactor System (GFR) 
 Lead-Cooled Fast Reactor System (LFR) 
 Molten Salt Reactor System (MSR) 
 Sodium-Cooled Fast Reactor System (SFR) 
 Supercritical Water-Cooled Reactor System (SCWR) 
 Very-High Temperature Reactor System (VHTR) 

2.1. Reactor concepts proposed by ESNII 

In 2008, The European Union adopted the Sustainable Energy Technology 
Plan (SET-Plan) [18, 19] in order to establish an energy technology policy 
for Europe, and in 2010 The European Sustainable Nuclear Industrial Initia-
tive (ESNII) was launched in order to demonstrate the Gen IV concepts in 
Europe. Three of the Gen IV concepts, the LFR, GFR and SFR (which are 
briefly described below), have been chosen by ESNII as reference systems. 

 

2.1.1. The GFR 
The GFR [20], fig.7, uses helium as coolant operating in a Brayton cycle, 
and is a fast neutron spectrum type reactor.  The high coolant outlet tempera-
ture of 850°C allows for a high thermal efficiency and efficient hydrogen 
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production. The reference fuel assemblies have hexagonal geometry. The 
mixed carbide fuel pins have ceramic silicon carbide cladding. 

Using helium as coolant has advantages over the metal-cooled reactors, 
e.g., no corrosion and radio-toxicity issues (c.f. LFR’s) [21], it is chemically 
inert (c.f. SFR’s), the coolant is in a single phase and cannot boil. Drawbacks 
include rapid heating of the coolant in case of loss of forced cooling and 
safety issues related to loss-of-coolant accidents (LOCA) due to the neutron 
transparency of helium [20]. 
 

 
Figure 7. The gas-cooled fast reactor [16]. 
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2.1.2. The SFR 
SFR’s are the most common type of fast reactor with about 20 constructed 
reactors. In fact, the world’s first nuclear power plant, the sodium-potassium 
eutectic cooled EBR-I (fig. 8), was powering four 200 W light bulbs already 
in 1951. 

 

 
 

Figure 8. The world’s first nuclear power plant, the sodium-potassium cooled EBR-
1 at Idaho National Laboratory, is now a museum open for visitors (Photo: Henrik 
Liljenfeldt) 

France has been running three SFR’s; Rapsodie, Phénix [22] and the large 
decommissioned 3000 MWth super-Phénix and are aiming to build France’s 
first Gen-IV SFR demonstrator, ASTRID [23].  

In India, the MOX fuelled Prototype Fast Breeder Reactor (PFBR) locat-
ed near the beach of Kalpakkam (fig. 9), south of Chennai is planned to 
reach its first criticality during 2014.  

The December 2004 tsunami flooded the construction site by 4.1-4.8 me-
ters of water. 
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Figure 9. Prototype Fast Breeder Reactor construction site near the beach of Kal-
pakkam, east-coast of India, November 201 (photo: the author). 

This event raised concerns about the safety of the reactor and a 5.1 meter 
above Mean Sea Level (MSL) protective wall was constructed. Following 
the 11 mars 2011 Fukushima incident, the height was raised to 9.6 meters 
above MSL. 
 
Figure 10 shows, schematically, the SFR. 
  

 
 

 
 

Figure 10. The Sodium Cooled Fast Reactor [16] 
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The disadvantages of the SFR include sodium’s chemical reactivity with 
water, that it is opaque, has a low boiling point (1156 K), and the need of an 
intermediate heat-exchanger (which adds to the overall cost). Passive cooling 
by means of natural convection also requires a large pin pitch-to-diameter 
(P/D~1.8) which in turn gives a large sodium void worth [24]. 

The advantages of the SFR include a fast neutron spectrum, excellent  
thermal hydraulic properties of sodium allowing for tight pin lattices, opera-
tive experience and low melting temperature. 

Russia has a successful history running SFR’s with about 147 reactor- 
years of experience in 4 plants. The largest, BN-600 SFR, has been operating 
since 1980 in Zarechny and has a load factor history of 74.4 %. BN-600 was 
initially plagued by sodium leakages but has been running without leakages 
since 1993. While BN-600 has been fuelled with UO2, the next SFR in Rus-
sia, the MOX fuelled BN-800, reached criticality in June 2014 and is ex- 
pected to go online in October 2014. The BN-800 is the first of a kind since  
it will use MOX fuel containing plutonium, thus having the ability to burn 
material from nuclear weapons disarmament. 

2.1.3. The LFR 
Eight small to medium sized lead-bismuth eutectic (LBE) cooled nuclear  
submarine reactors were used by the Soviet Union. 

The major disadvantages with LFR’s include the high melting tempera- 
ture of 601 K (freezing of coolant), that it is opaque, high density (sensitivity  
for seismic activity), low heat removal capacity due to the low coolant veloc-
ity, which, in return, is related to lead erosion issues of protective oxide lay- 
ers [25], limited maximum operating temperature of 870 K (or even as low  
as 720 K, due to erosion issues), build-up of 5.3 MeV α-emitting 210Po 
(T1/2=138 days) in particular for the LBE coolant option. 

Major advantages include a fast neutron spectrum, the high boiling point 
(2023 K), possible passive cooling in case of Total Loss Of Power (TLOP) 
(due to large heat expansion coefficient of lead combined with the large pin-
to-pin pitch ratio of ~1.6) [24], low neutron leakage due to neutron reflection 
properties and chemical inertness to water and CO2 (no need for intermediate 
heat exchanger). 

Current proposed LFR designs are, e.g., the Swedish European Lead-
Cooled Training Reactor (ELECTRA) [26], The European Advanced Lead 
Cooled Fast Reactor Demonstrator (ALFRED) [27], the European Lead 
Cooled Fast reactor (ELFR), the U.S. supported Small Secure Transportable 
Autonomous Reactor (SSTAR) [28] and the Russian BREST 300. 

SSTAR designs are either of a small long-lived single cassette type core 
which is replaceable, or of a sealed system type. It uses natural convection  
for cooling. The design is scalable up to 180 MWe and SSTAR is intended  
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to be used, e.g. at remote locations that require a stable power supply with 
low maintenance requirement (refuelling every 15-30 years, for example). 
The small scale of the reactor makes it possible to transport the entire con-
struction to remote locations. 

ELECTRA is a small (~0.5 MWth) training reactor design studied under a 
project called Generation IV research In the Universities of Sweden (GENI-
US). ELECTRA (fig. 11) will be cooled by natural convection and the cur-
rent design proposed consists of a single fuel assembly with an active core 
height of 30 cm. The reactivity is controlled by rotating steel- and boron-clad 
control drums similar to what can be found in space rocket reactor technolo-
gies such as NERVA [29]. Shut-down of the reactor is accomplished by 
inserting boron-carbide shut-down rods inside the rotating drums. 
  

 
Figure 11. ELECTRA top cross-sectional view 

ALFRED [30], fig. 12, will be a first of a kind if built. It is a 300 MWth LFR 
using MOX fuel. The Nuclear Island (NI) will be protected by seismic isola-

90 cm 
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tors, such as the widely used High Damping Rubber Bearing (HDRB) used 
in civil applications, as designed within the SILER project [31].  
 

 
Figure 12. The Lead-Cooled Fast Reactor [13] ( ALFRED) 

In this thesis ELECTRA and ALFRED were chosen as reference designs and 
will be described in some detail below. 
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3. Scope of the thesis 

The high requirements on safety and security set for Gen-IV reactors imply 
that various issues that regard reactor operation must be addressed. One such 
issue for metal-cooled fast reactors is the relatively large reactivity increase 
in the case of voids entering the primary system. If such voids are undetected 
a reactor may quickly run into a state far from nominal. Two questions were 
raised within the framework of this thesis: 1) how do such voids affect reac-
tor operation and 2) can they be detected? 

Coolant void in the shape of small bubbles may enter the core from, e.g., 
a leaking heat exchanger which is located inside the reactor vessel. The bub-
bles may accumulate in the core without escaping to the plenum. This accu-
mulation may occur over a period of time if the leak is unnoticed, and be-
cause of the large volume of gas compared to the mass of the leaked water, it 
may be difficult to detect by means of pressure measurements inside the 
steam-generators (SG’s). 

Because of structural materials and local stagnation zones of coolant flow 
inside the vessel, the bubbles may coalesce and get stuck. Such a bubble can 
accumulate in size and eventually be released in a transient process, passing 
through the active region of the core and may cause severe damage due to a 
sudden increase in power. 

This thesis presents a method to detect such a leak by using fission cham-
bers. The bubbles will induce a shift in the neutron energies that will take 
different shape in different regions of the reactor core. Therefore two differ-
ent fission chambers sensitive to slow, and to fast neutrons, respectively, are 
used. By combining the two detector signals a direct response to the bubbles 
should be obtained. This method may detect a leak in its early stages, before 
a large bubble is allowed to form below the active region of the core. 

The work in this thesis has been performed by using Monte Carlo based 
neutron transport codes MCNP6 [32] and SERPENT [33]. To that end, a 
number of restrictions on reactor dynamics and multi-physics aspects have 
been set: 
 
-the simulations performed are non-dynamic; the movement of the coolant 
was not considered in the calculations of the detector response, 
-signal noise such as in cables that are connected to the detectors was not 
considered, 
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-an in-depth study of detector performance degradation in reactor environ-
ments has not been performed, 
-no lead-cooled fast reactors are operational today, it has therefore not been 
possible to conduct experiments to validate the findings, 
-the design of the reactors studied is not final, 
-uncertainties in the cross-sections used have not been a subject for closer 
scrutiny, 
-very limited studies performed on leaking steam generators in lead envi-
ronments have been done hitherto, 
-a simplified treatment of the bubble distribution in various types of void has 
been used. 

The method is, at least in the case of detection of distributed very small bub-
bles (here called void), depending on steady-state conditions where meas-
urements will be performed over relatively long periods of time, such as 
minutes, hours or even days. Noise in the detector signal on the time scale of 
seconds or less is therefore not a significant issue. Furthermore, the signifi-
cant degradation of the detectors is also occurring over relatively long peri-
ods of time such as months, but here the solution is the opposite – the meth-
od uses comparisons of two sets of signals, which are separated in time by 
hours or days; magnitudes shorter than the timeframe of significant detector 
degradation. 

3.1 Some theoretical considerations 
In this section, some basic quantities are presented in order to facilitate the 
understanding of the phenomena of void and how it may be detected. 

3.1.1. Reactivity and coolant void 
A reactor which is run during steady state operation has a neutron multipli-
cation factor keff = 1, meaning that for every neutron born in the fission pro-
cess, exactly one new fission will occur. Since on average ~2.5 neutrons are 
born in the fission process, not all neutrons will cause fission but will, e.g., 
leak out of the core, getting captured by construction materials or transmut-
ing isotopes. A deviation in keff from unity will cause either an increase or 
decrease in reactor power, and the time it takes for the reactor to reach a new 
power level is dependent on the magnitude of the deviation. Consequently, 
one has defined the reactivity, , as 

 
 Eq. 1  
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As long as the reactivity is below what is called the effective delayed neu-
tron fraction, , the rate of change in reactor power is governed by the 
timescale of the delayed neutrons which are being released from fission 
products. Typical values for  ~ 350 pcm. Without the delayed neutrons, 
which are released some tenths of a second to a minute after an actinide has 
fissioned, it would be impossible to control a reactor in a safe manner. This 
is because the majority of the neutrons – the prompt neutrons - are released 
immediately (~10-14 s) after the fission. This means that if the total reactivity 
is increased beyond , the reactor power will correspondingly increase 
almost instantly. 

A convenient unit of reactivity is when it is expressed normalized to  
. For a change between reactor states, 0 and b, this is expressed as: 

 
∆ 	 $  , Eq. 2 

 

A change in reactivity of 1$, is thus when the reactor time period becomes 
dominated by the prompt neutrons. 

The reactivity is closely related to the neutron lethargy [34] defined as: 
 

, Eq. 3 

where EM is the highest neutron energy in a system and E is the energy of a 
particular neutron. The lethargy is convenient to use in reactor calculations 
when calculating average neutron energy loss per collision. 

The change in lethargy per collision for a neutron colliding with an atom 
with atomic mass A is given by: 
 

1  Eq. 4 

The (average) value of  in a water-cooled reactor is approximately 0.920, 
while for SFR’s and LFR’s it is 0.0825 and 0.0096, respectively.   

The change in lethargy, , before and after collision is therefore equivalent to 
the difference: 
 

 Eq. 5 
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which leads to: 
 

 Eq. 6 
 

Consequently, neutrons will thermalize quickly for LWR’s compared to 
LFR’s and SFR’s and this is the reason why Metal-Cooled Reactors 
(MCR’s) are referred to as fast (neutron) reactors. 

Bubbles present in the coolant will shift the neutron spectrum to higher 
energies because of lowered neutron moderation. As can be inferred from 
fig. 13, such a shift will increase the fission probability for fertile isotopes 
such as 238U. 

 

 
 

Figure 13. The (JEFF 3.1) microscopic fission cross-section of 238U compared to a 
typical LFR neutron spectrum (ELECTRA; simulated results).  

Since 238U is present in large quantities in the fuel, void has a significant 
positive impact on reactivity. This effect is counterbalanced by the neutron 
leakage. Furthermore, the negative Doppler effect - which is dominated by 
the resonant neutron absorption in 238U with typical values ranging between -
0.2 pcm/K to -1 pcm/K for metal and for oxide fuel, respectively – will fur-
ther contribute to the overall behaviour of the reactor. 
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Consequently, depending on the axial and radial location of the bubble, 
the leakage may contribute more or less to the change in reactivity, and it is 
therefore necessary to study reactivity effects for various bubble locations. 

3.1.2. Formation of bubbles in LFR’s 
Possible known sources of coolant bubbles in LFR’s include fission gas 
leakage from leaking fuel pins or gas leaking from the steam generators. In a 
Computational Fluid Dynamics (CFD) study performed by Jeltsov and 
Kudinov [35], bubbles escaping the heat-exchanger in the ELSY design have 
a probability to accumulate in the core and in particular if the location of the 
leakage is present in the lower parts of the steam generator. The size of the 
bubbles depend on e.g., the geometry of the leak and the bubble dimensions 
that may accumulate in the core and primary system are either bubbles 
smaller than 0.5 mm or larger than 1.0 mm in diameter, respectively. 

The bubbles may coalesce and get stuck in local stagnation zones such as 
at fuel spacers, at the core inlet or other internal parts. The stuck bubble will 
eventually be released, passing once through the core in a transient process, 
which may cause severe criticality issues. 

In this work, the aforementioned scenarios of bubbles can be separated in 
two distinct cases. The first case is when the bubbles are small and spreading 
evenly with the coolant. The second case is the coalesced larger bubble. 
Both these two cases have been studied in this thesis. 

3.1.3. Modelling coolant void in Monte-Carlo based codes 
The total neutron macroscopic cross section ∑T for a material constituting of 
i isotopes, with densities ρi and with total microscopic cross sections σT,i , is 
given by 
 

, ∬ ,,  Eq. 7 

 for lead at typical reactor temperatures is shown in fig 9.  
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Figure 14.  ΣT for lead in the reactor as calculated by SERPENT. 

as can be inferred from fig. 14, the neutron mean free path length of lead, 
1/ΣT, is typically 2-5 cm’s. Since the mean free path length for neutrons in 
lead is many times the typical dimension of small bubbles, this type of void 
was called distributed and was treated as a homogeneous density change of 
the coolant. Correspondingly, the simulations of demarcated bubbles larger 
than about 1 cm have been performed by modelling the bubbles individually 
and not as an overall density change. 

3.2. Changes of the neutron spectrum due to coolant 
void 

3.2.1. Studies of a small LFR 

Paper I 
The first part of the work comprising this thesis was to perform a study of 
the changes to the neutron spectrum in ELECTRA due to the two different 
bubble types. ELECTRA was chosen as reference reactor because it has the 
potential to become one of the first small LFR’s to be built and also because 
of its close relation to research and training. The work presented in paper I 
was focused on how and by what magnitude the core bubbles would perturb 
the neutron spectrum. 
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First a model of the ELECTRA geometry was modelled using SERPENT. 
To sample the neutron spectrum, five sampling volumes were placed in or 
near the core as can be seen in fig. 15. 
 

 

Figure 15. The fuel assembly of ELECTRA, together with the five neutron sampling 
volumes. 

The neutron spectrum was resolved into 256 equal-lethargy energy bins and 
six different bubble sizes were simulated. These were all 14 cm in height, 
but with different radius; covering from a few up to all fuel pins of the fuel 
assembly, respectively (see e.g., fig. 16) 
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Figure 16. ELECTRA side view and top view, respectively, together with one of the 
bubble sizes simulated. Two of the detector volumes are marked with the arrows. 

Distributed void were simulated by assuming an even distribution of very 
small bubbles so that this type of void was approximated by a change of the 
average lead density. These changes corresponded to lead density changes of 
2, 5, 10 or 30 %, respectively 

The study showed that ELECTRA has a negative void coefficient for all 
types of bubbles studied.   This is related to the small physical size of the 
core with an inherent large neutron leakage. The possibility remains, howev-
er, that a very small bubble, centred in the core could cause a positive reac-
tivity insertion < 1 cent. 

Finally, the change of the neutron spectrum due to various bubble sizes 
was studied (fig. 17). 
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Figure 17. The relative change in the number of neutrons in each energy bin due to 
various bubble dimensions. The energy regions considered in the analysis is shown. 

To quantify this change, a ratio Q between the two energy regions was de-
fined as: 

 

   
5 MeV 500 keV

2 MeV 50 keV

Q N E N E    Eq. 8 

where N(E) is the number of neutrons in each energy bin. 
The relative change in the Q-values for the types of voids simulated was 

studied and the results for distributed types of void are presented in fig. 18. 
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Figure 18. The change in the ratio Q due to distributed types of void, ranging from 
2 % to 30 % change of coolant density. 

As can be inferred from fig. 18, sampling number 5 located outside the core 
gave the largest shift in the neutron energy spectrum for a distributed homo-
geneous type of void. The result was interesting, because it suggested that 
out-of-core detector positions would be beneficial from a detection point of 
view. 
 

Paper II 
In Paper II a new set of simulations was performed but this time the neutron 
sampling volumes were located also further away from the core (fig 19). 
Instead of sampling the neutron spectrum, the reaction rates: 

 
S	 ∝ σ r, E ϕ r, E d rdE			 Eq. 9 

were calculated where σ r, E  is the total fission cross section of either 242Pu 
or 235U, respectively, and ϕ r, E  is the neutron flux. 
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Figure 19. The sampling volumes marked with a dot, as simulated in Paper II, along 
radial position  

Simulations were performed for 0 % (nominal condition), 2 %, 5 % or 10 % 
distributed void. 

The change in response for the fissile isotopes 235U and 242Pu, respectively, 
vs. position along the x-axis was quantified by defining the ratio: 

 

R   Eq. 10 

 
where m is the fissile isotope, and N and V are the nominal and void-
ed case, respectively. The result is shown if fig.20. 

 
 

Figure 20. The responses for 235U, and for 242Pu, respectively. 

Now, the magnitude of the signal from a fission chamber depends on the 
flux and on the shape of the neutron spectrum. This means that the ratio be-
tween the signals coming from two different fission chambers will be power 
independent, unless the neutron spectrum has a strong dependency on power 
level. Consequently, if a drift of the ratio between two different fissile 
chambers is monitored, it would be an indication that the neutron spectrum 
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has been perturbed. As can be inferred from fig. 20, the 235U response close 
to the reactor core is not changed much when varying the lead density. The 
242Pu response on the other hand, has a stronger sensitivity to void because 
of the increased fission rate when the neutron spectrum is shifted to higher 
energies. Therefore, by positioning one 235U chamber close to the core and 
one 242Pu chamber as far away as possible would, in principle, yield a signal 
ratio that drifts due to the presence of void. In Paper II the ratio Q0 between 
the signals during nominal operation and during voiding was defined as: 

 

Q
R
R

1 ∙ 100  

∙ 1 ∙ 100    [%] Eq. 11 

 
The resulting Q0 values for distributed voids are presented in fig. 21. 

 
Figure 21. The Q0 values for 2 % and for 10 % distributed void, respectively. 

The results presented in Paper II show linearity between the amount of dis-
tributed void present and the resulting Q0 values. 

Finally, studies how Q0 was influenced due to fuel burn-up, control drum 
rotation and water content was performed. The results of these studies 
showed that the variation of Q0 was within the statistical uncertainties of the 
simulations. 

A possible contributor to drifts, except void, in Q0 is fission chamber 
burn-up and the associated change in isotopic content of the fissile coating. 
This must potentially be taken into account and in particular for detectors 
located in areas with large neutron fluence. This was studied more extensive-
ly in Paper V, described below. 
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3.2.2. Studies of large LFR’s 

Paper III 
Larger types of LFR’s have better neutron economy compared to ELECTRA 
because of less neutron leakage. As a consequence, the coolant void worth 
may become positive. The countermeasure is to limit the height of the active 
part of the core so that axial neutron leakage increases. In the study per-
formed in Paper III, reactivity effects due to large transient in-core bubbles 
were studied for three different sizes of LFR’s; 50 MWth, 300 MWth and 
1200 MWth (fig. 22).  

 

 
 

 

Figure 22. The three sizes of LFR’s studied in Paper III; a 50 MWth, a 300 MWth 
(ALFRED) and a 1200 MWth, respectively 

The bubbles were modelled by removing the coolant inside an assembly. 
The heights of the bubbles studied were between 10 cm to 60 cm. An exam-
ple of a bubble modelled inside the 50 MWth reactor is presented in fig. 23. 

 

 
Figure 23. An example of one of the bubbles simulated in the 50 MWth reactor. The 
bubble, dark in colour, has been placed in the central fuel assembly and occupying 
the lower third portion of the active part of the core. 

100 cm 165 cm 240 cm 



  

36 

The results for a transient bubble in the smaller 50 MWth reactor show that 
the reactivity becomes positive only when the bubble is passing through the 
symmetry axis of the core. Unless such a bubble is very large, i.e., covering 
more than 7 assemblies out of 34 fuel assemblies, the reactivity insertion is 
limited below 1 $ (fig. 24).  
  

 
 

Figure 24. Reactivity change due to a transient bubble in the 50 MWth reactor. 

For ALFRED (fig. 12), a bubble 20 cm in height causes a positive reactivity 
when it has fully entered the core. The positive reactivity insertion is, how-
ever, a quarter of that of the 50 MWth reactor for the same bubble sizes. The 
changes in reactivity as function of bubble width for axially centred bubbles 
are presented in table 1. 
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Figure 25. Reactivity change due to a transient bubble in the 300 MWth reactor 
ALFRED. 

 

Table 1. Reactivity insertion per assembly for ALFRED, when covered by a 20 cm 
tall bubble located in the axial centre of the affected assemblies. 

 
Bubble size 
[assemblies] 

∆ρ/assembly 
[$] 

Uncertainty 
[$] 

1 0.014 0.049 
7 0.038 0.007 
15 0.037 0.003 
33 0.037 0.001 
57 0.037 0.001 
 

Paper IV 
A Point Kinetic (PK) study on the effects of the transient bubbles passing 
through the ALFRED core was performed in Paper V. By using the neutron-
ic parameters obtained in the Monte Carlo simulations (Table 2), the maxi-
mum temperature increase in the fuel and cladding during transient bubbles 
was calculated (see fig 26). 
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Table 2. Overview of the neutronic parameters obtained with the Monte Carlo mod-
el of the ALFRED core. 

 
Coolant (pcm/K) 

Doppler Void worth EFF 

in core above core  fissile part  
0.1 pcm -0.2 pcm -555 pcm 670 pcm 335 pcm 
 
 

 
Figure 26. (a) Snapshot (t = 0.77 s) of the axial temperature profile in a voided sub 
channel during a transient with bubble = 1.1$. See text for details. (b) Snapshot 
(z = 30 cm and t = 0.77 s) of the radial temperature profile of a fuel pellet during a 
transient with bubble = 370 pcm, or 1.1$. See text for details. 

Fig. 26a shows a snapshot (t = 0.77 s) of the axial temperature profile in a 
voided sub channel during a transient with bubble = 1.1$ (bubble covering 7 
assemblies). The coolant temperature, peak fuel temperature and cladding 
temperature are shown in blue, red and green, respectively. The dashed lines 
correspond to the initial temperature profiles before the transient. In fig. 26b 
a similar snapshot as in fig. 26a but for z = 30 cm and t = 0.77 s of the radial 
temperature profile of a fuel pellet during a transient with bubble = 370 
pcm, or 1.1$. Voided and un-voided channels are shown in solid-red and 
broken-blue, respectively. The dashed-green line corresponds to the station-
ary profile before the transient. 

It was found that for a bubble covering 33 assemblies, the cladding tem-
perature increased to 1800 K, which is close to the melting temperature of 
stainless steel, while the fuel temperature increased to 2800 K; 200 K below 
melting temperature. 

Finally, even larger bubbles was studied for the 1200 MWth reactor and it 
was concluded that only bubbles 20 cm in height and covering 100 assem-
blies radially would lead to prompt criticality. 

Paper V 
The study performed on detection of distributed coolant void in ELECTRA, 
Paper II, together with the possible prompt reactivity excursions studied in 
Paper III and Paper IV gave motivation for a continued study of the detec-
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tion methodology but for ALFRED. Here, it was decided that the geometry 
of the fission chambers should be modelled in greater geometrical detail and 
that realistic compositions of the fissile coatings should be taken into ac-
count. 

The simulations for ELECTRA had taken approximately 1-2 days per 
case (a total of ~100 different cases were simulated) on a computer cluster 
with (at the time of writing) 96 high-end CPU’s. Due to the increased detail 
of the simulated detectors and due to the higher geometrical complexity of 
ALFRED compared to ELECTRA, e.g., a factor 171 more fuel assemblies, it 
would be impossible to get simulation data with uncertainties low enough 
within an acceptable time frame.  

Another issue was that SERPENT, which uses the Woodcock tracking 
method [36], is inefficient for thin materials such as the fissile coating in the 
fission chambers. To speed up the calculations, homogenized versions of all 
assemblies were created which had previously been modelled on the pin 
level. Therefore, another Monte Carlo code, MCNP6, was used to simulate 
ALFRED and the realistic detectors. This code uses the track-length-
estimate of the neutron flux, which is more practical in this context. 

The reference detector geometries that were chosen to be used were the so 
called CFUZ and CFUM11 fission chambers [37] with the basic geometric 
properties presented in table 3. Both detector types were simulated in order 
to investigate if there was a difference in performance. 

 
Table 3. The geometrical properties of the modelled fission chambers. From ref. 
[37] 
            CFUZ CFUM11 

Part outer radius 
[cm] 

outer radius [cm] 

Filling gas 0.035000 1.0000 

Anode cylinder with fissile coat-
ing 

0.035005 1.0006 

   

Cathode 0.065 1.2 

Elongation (height) of active part 
of the anode 

1.2 22.7 

 
Two additional permutations of the detector types were also created; one 
with a metallic composition and one with an oxide composition, respective-
ly. The detectors were distributed symmetrically outside the core geometry 
as presented in fig. 27, with the radially expanding dots / circles being one 
type of detector 
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Figure 27. The locations of the detectors modelled according to the CFUM11 and 
CFUZ geometry. Another 12 CFUM11 detectors were located inside the active re-
gion of the core, in 6 control assemblies. 

Another set of detectors were non-intrusive Monte Carlo sampling volumes 
distributed over the whole core. These were modelled as radially expanding 
cylinders in radial increments of 10 cm (fig. 28) with a sampling height of 40 
cm. 
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Figure 28. The boundaries of two out of thirty cylindrical non-intrusive sampling 
volumes are illustrated. 
 
The R values due to 30 % distributed void for the CFUM11 detector type is 
presented in fig. 29. 
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Figure 29. The parameter R of the radial out-of-core CFUM11 detectors as function 
of radial distance from the core centre for 30 % distributed void. 

The result suggests that the U-Pu detector pair should be radially located at 
about 200 cm and at 280 cm, respectively, in order to maximize the sensitivi-
ty. At these positions the Q0-value became approximately	40	%	 fig. 30). 
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Figure 30. The Q0 values for the CFUM11 metallic version. 

To achieve more data points, the simulations were repeated by using sam-
pling volumes instead of simulating actual detectors. This approach is much 
faster and also allowed for calculations using 5 % distributed void with ac-
ceptable statistical uncertainties. The results, RPu and RU for the cylindrical 
sampling volumes, are presented in fig. 31. 

 

 
 

Figure 31. The results for RU (left) and RPu (right) for the 30 cylindrical sampling 
volumes. For comparison, the results of the CFUM11 detectors are also present. 

 
As can be inferred from fig 31, the results from the cylindrical sampling 
volumes coincide with the results of the CFUM11 detectors. The (expected) 
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exceptions are the two innermost CFUM11 detectors at r = 30 cm and r = 90 
cm, which are located in empty control assemblies and therefore surrounded 
by lead. The calculations using sampling volumes were used for a finer mesh 
representation of the Q0 values for CFUM11, as presented in fig. 32. 
 

 
Figure 32. The Q0-values for 5 % and for 30 % distributed void, respectively. 

The maximum Q0 value obtained (RPu = 290 cm, RU = 130 cm) in fig. 32 is 
approximately 2.5 % per percent distributed void. This is a larger Q0 value 
compared to the CFUM11 detector due to the finer positional resolution of 
the sampling volumes. 

Figure 33 shows a comparison between all permutations of CFUM11 / 
CFUZ detectors simulated. No significant differences due to which fissile 
coating or detector type (CFUZ or CFUM11) use could be observed. 

 

 
 

Figure 33. A comparison between the signals of the CFUM11 and CFUZ detectors 
and for the oxide version and the metallic version of the fissile coatings, respective-
ly. 

To address the issue of detector burn-up, SERPENT was used to perform 
a calculation of the change of the fissile coating for a specific pair of detec-
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tors; 235U at r=180 cm and 242Pu at r=290 cm. The detector material was 
burned in steps of 30 days from BOL to 24 months. The isotopic matrix in 
the fissile coating was let to evolve by keeping 256 of the most abundant 
isotopes. The Q0 value was then calculated for a distributed void correspond-
ing to a density change of 30 % and for time steps BOL, 30 days, 12 months 
and finally 24 months, respectively.  

An illustration of the drift in Q0 due to deterioration of the fissile material 
during operation is shown in fig. 34.  The response of Q0 due to rapid chang-
es of the coolant density, e.g., by timescales less than a few days, would not 
be significantly affected even when not considering burn-up compensation. 
If BOL is to be used as reference when calculating Q0 then the signal would 
give a false positive to void. Consequently, the signal must be burn-up com-
pensated for, if reference values for calculating Q0 are stored over a longer 
period than a few weeks. 
 

 
Figure 34. The drift in Q0 during two years of operation due to changes in the iso-
topic content of the fission chamber. 

 

3.2.3. Detector positions above the core 

A limited study on the possibility of axial detector locations was performed. 
Depending on the design of a particular LFR, the distance between the top of 
the active part of the core to the SG inlet might be significantly longer com-
pared to the radial distance available (fig. 35). 
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Figure 35. The LFR [16] 
 
Simulations performed show that axial RPu have a significantly larger re-
sponse compared to radial positions for the same distances counting from the 
end of the active part of the core. To determine the cause, a simulation with 
the radial core barrel removed (replaced with lead) showed that the radial 
core barrel lowered RPu by 40 % (cf. fig. 31 and fig. 36). Because of the pos-
sible free path for lead between the top of the core and the SG inlet, com-
bined with the longer available axial distance, Q0 values were improved, e.g., 
with the 242Pu detector at z=400 cm and 235U close to the core resulted in Q0 
=12 % per percent void. 
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Figure 36. RPu for axial positions above the core, compared to a case where the 
radial core barrel was replaced with lead. 

3.2.4. Detection time considerations 
A fault in the steam generators of an LFR, the size of ALFRED, may result 
in an accumulation rate in the order of 10 litres per day [38]. Assuming a 
detection limit of Q of about 1 % (corresponding to a 0.4 % change in cool-
ant density) and a lead inventory in the order of 106 kg, it can be inferred 
from fig. 32 that a leak may be detected within 10 days with the proposed 
methodology. If axial detector positions are used, the detection time, howev-
er, may be reduced. 

Conclusions 
This thesis presents a methodology to detect a leak from e.g. steam genera-
tors in a lead-cooled fast reactor, by means of neutron measurements using a 
set of fission chambers loaded with either 235U or 242Pu, respectively. The 
work has been carried out using Monte-Carlo based simulation techniques. 
The results show that the perturbation in the measured quantity here defined 
as the Q-value is equal to a few percent per percent distributed void if the 
235U and 242Pu detectors are located radially close to the active core, and far 
from the active core, respectively. This sensitivity corresponds to detecting a 
leak within a few days (ELECTRA) up to about a month (ALFRED). 
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Discussion 
Alternative measuring geometry 
It may be reasonable to argue that the detection methodology for distributed 
void proposed in this thesis could benefit through the use axial detector posi-
tions instead of radial positions.  Not the least due to the larger vertical dis-
tance available above the core. A preliminary study indicates that this possi-
bility is not only of practical importance but also that the sensitivity of the 
methodology may be improved. It is therefore advisable to further investi-
gate the benefit one may gain by using this kind of measuring geometry. 
 
Relevance of the methodology 
The relevance of the proposed methodology is perhaps best formulated in 
Paper V: “a large bubble can be created by either of two ways: a large and 
sudden rupture of the primary system or a coalescence of small bubbles into 
a large one. In the first case one faces an immediate and severe problem 
while the second case suggests a possibility by simply not letting it occur in 
the first place. It is in this context the methodology presented here has its 
merit, i.e. it has potential to constitute an “early warning system”.” 
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Sammanfattning på svenska 

De flesta av dagens kärnkraftverk, tillhörande så kallade generation II och 
III, använder vatten för att kyla kärnbränslet under drift. De två till tre neu-
troner som föds vid varje kärnklyvning har en energi på ungefär 2 MeV var-
dera, men bromsas snabbt ned till termiska energier (”långsamma neutro-
ner”) på grund av vattnet. Att dagens vattenkylda reaktorer drivs med lång-
samma neutroner gör att man inte kan klyva de långlivade aktinider vars 
fissionströskel kräver snabba neutroner. Detta innebär i sin tur att man måste 
slutförvara det utbrända bränslet i 100 000 år innan radiotoxiciteten har gått 
ned till bakgrundsnivåer, samt att man endast kan utnyttja i storleksordning-
en en procent av energiinnehållet i bränslet. 

  
Framtidens kärnkraft tillhör den så kallade 4:e generationens kärnkraftsy-
stem där förutom avfallsåtervinning även reaktortyper där de två ovan 
nämnda problemen är lösta. Detta tack vare att bränslet kyls med t.ex. fly-
tande bly som inte bromsar neutronerna utan dessa förblir snabba. Detta 
medför dock ett annat problem nämligen det att om det kommer in bubblor i 
kylmediet från t.ex. en läckande ånggenerator riskerar reaktorns effekt att 
förändras på ett oönskat sätt. Forskare på KTH har studerat hur en sådan 
läckande ånggenerator skulle kunna få bubblor att distribueras i blysmältan.  
I en studie som ingår i denna avhandling visar det sig att om en större bubbla 
skulle ansamlas under reaktorhärden och plötsligt lossna för att därefter 
transporteras förbi kärnbränslet kan reaktoreffekten öka till mer än vad de-
signen tillåter. 
  
Arbetet i den här avhandlingen har därför centrerats på att föreslå en meto-
dik för att upptäcka ett sådant läckage av småbubblor i blykylda reaktorer. 
Metodiken bygger på att placera två s.k. fissionskammare som indirekt mäter 
neutronernas hastighet på två olika platser nära reaktorns aktiva härd. I hän-
delse av att småbubblor från t.ex. en läckande ånggenerator kommer in i 
reaktorn så reagerar den ena fissionskammaren mer än den andra på grund 
av att den aktiva delen i respektive fissionskammare är belagd av antingen 
235U eller 242Pu. Dessa två isotoper är känsliga för olika neutronenergier och 
därmed känsliga för den förändring i neutronenergin som inträffar på grund 
av bubblorna. I avhandlingsarbetet har det visats att det kan gå att upptäcka 
ett läckage från en spricka i en ånggenerator inom en tidsperiod om typiskt 
någon månad för de största reaktorerna. Metodiken har potential att utveck-
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las och kan komma att utgöra ett attraktivt komplement till den allmänna 
övervakningsutrustningen i en blykyld kärnreaktor. 
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