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In a boiling water reactor, thin films of liquid water around the fuel rods play a
very important role in cooling the fuel, and evaporation of the film can lead to
fuel damage. If the thickness of the water film could be measured accurately the
reactor operation could be both safer and more economical.
In this thesis, the possibility to use neutron tomography, to study thin water
films on fuel rods in an experimental nuclear fuel set-up, has been investigated.
The main tool for this has been a computer simulation software.
The simulations have shown that very thin water films, down to around 20 pm,
can be seen on fuel rods in an experimental set-up using neutron tomography. The
spatial resolution needed to obtain this result is around 300 pm.
A suitable detector system for this kind of experiment would be plastic fiber
scintillators combined with a CCD camera. As a neutron source it would be possible to use a D-D neutron generator, which generates neutrons with energies of
2.5 MeV.
Using a neutron generator with a high enough neutron yield and a detector with
high enough detection efficiency, a neutron tomography to measure thin water
films should take no longer than 25 - 30 minutes.
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1

Introduction

With approximately 100 BWRs (Boiling Water Reactors)in operation, the reactor
type represents about one fourth of the commercial nuclear reactors in the world.
Inside a BWR the rods containing the nuclear fuel are surrounded by boiling water.
Even at full power, when much of the water is present in the form of steam, a thin
film of liquid still covers the surface of the fuel rods. This water film plays a very
important role in cooling the fuel, and evaporation of the film can lead to fuel
damage. Since this must be avoided it constitutes a limiting factor for the reactor
power.
If the thickness of the water film could be measured accurately the reactor operation could be both safer and more economical. Such a measurement is virtually
impossible to undertake within a power reactor in operation. Therefore, experiments to study the boiling environment in a BWR are performed in dedicated fuel
mock-up facilities. One example is the FRIGG facility at Westinghouse, Västerås,
Sweden. At FRIGG, metal rods with the same dimensions as commercial reactor
fuels are heated electrically to simulate the conditions inside a BWR. One idea
for measuring the films at FRIGG has been to use gamma tomography. Unfortunately, gamma rays are not optimal when it comes to detecting small amounts
of water since they are much more likely to interact with heavy atoms, such as
metals. Neutrons, on the other hand, have a high probability to be attenuated by
hydrogen, so they should be more suitable for studying water.
The purpose of this thesis is to investigate whether neutron tomography can be
used to study thin water films on fuel rods in an experimental nuclear fuel set-up.
If successful, the results should indicate what film thicknesses can be measured
and how fast the procedure can be. The main tools for this work are computer
simulation programs, where the tomography procedure is simulated.
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2
2.1

Theoretical background
Boiling and dry-out in a BWR

In a BWR the water boiling takes place inside the reactor and the produced steam
is led to steam turbines. After condensation of the steam, the water is again led
into the reactor where the boiling continues. When the water boils in the reactor
a two-phase flow occurs, i.e. a flow of both liquid water and steam. The properties
of two-phase boiling depend on the gas flow rate through the liquid. The amount
of steam present in a reactor increases upwards in a BWR where more water has
evaporated, so the properties of the boiling will be quite different at different levels
of the reactor.
The sub-cooled water enters the reactor vessel through the bottom inlet and
higher up in the vessel steam bubbles begin to form close to the hot fuel cladding.
As the temperature rises the boiling increases, the small bubbles unite and form
larger bubbles and further up the steam occupies the entire centre of the channel
between the rods. On the fuel cladding surface water is still present as a thin film.
This state, called annular flow, is what is desired around the fuel in a reactor. The
film thickness decreases downstream when water evaporates and small drops are
torn loose from the film. If the steam flow rate is high enough, or in a reactor if
the power is high enough, the film will eventually disappear completely, which is
called dry-out [1].

Figure 1: Boiling at dry-out in a BWR [1].
The water film has a very important function in that it transports the heat
from the fuel to the flow channel. When the film disappears the cooling of the fuel
will decrease, whereupon the temperature will rise drastically (point 1 in Figure 2).
After a while the temperature falls as the steam flow rate increases because of the
evaporated water, causing the fuel to temporarily cool off (point 2). When all the
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water has evaporated the fuel temperature will once again rise rapidly (point 3)
[1].

Figure 2: Temperature along the fuel at dry-out [1].
The enhanced temperature can damage the fuel cladding or the fuel itself causing radioactive release in the reactor vessel. Since this is important to avoid, the
surface temperature, and thus the power production, is limited by the risk of dryout occurring [2]. Dry-out during a short period of time can however occur without
damaging the fuel [3].

2.2

Neutron tomography

Tomography is a technique for reconstructing images of items that are not transparent to visible light. The technique is today widely used for medical applications
and studies of materials.
By irradiating an object from a single direction a two-dimensional projection
can be made of that object. This is possible because the radiation is attenuated
in the material as it passes it. For neutrons the transmission of particles through
the material is
I(x) = I0 e−Σx

(1)

where I is the intensity of the outgoing beam, I0 is the intensity of the incident
beam, Σ is the total macroscopic cross section (probability to interact) of the
material and x is the material thickness. Hence, the outgoing intensity can give
information about the material and structure of the object. The result is a twodimensional (2D) image, a projection of the target, and this imaging method is
called radiography.
To perform tomography the set-up is rotated to enable the creation of multiple
projections from different angles. By advanced back projection algorithms a threedimensional (3D) image can be reconstructed from the many projections.
Tomography can be performed with other types of radiation than neutrons, for
instance gamma rays, which are used in medical radiographic methods. There are
4

however considerable differences between the physical properties of neutrons and
gamma rays, which affect the tomography. Gamma rays interact with the electrons
of the atom and therefore the cross section to interact increases for heavier atoms,
which have more electrons. This means that gamma rays are likely to interact
with metals but not with lighter atoms such as hydrogen and oxygen and this is
not optimal for detecting small amounts of water. Neutrons, on the other hand,
are uncharged particles that only interact with the nuclei of the atoms. They
have different cross sections for each element and isotope. The probability to
interact with hydrogen is high whereas it is low for most metals. This means that
neutrons can penetrate deeply in metals and interact with the hydrogen in the
water. Neutron tomography should therefore be very suitable for detecting thin
water films on fuel rods. The difference between neutron and gamma ray imaging
is illustrated in Figure 3.

Figure 3: Radiographic images of a camera created using neutrons (left) and gamma rays
(right). The neutrons penetrate the metal but interact with the hydrogen in the plastics, which
is clearly shown. The gamma rays, on the other hand, are strongly attenuated by the metal
casing [4].

The basic experimental set-up for tomography includes a neutron source, a
collimator and a detector. The collimator is a device that forms the beam to a
desired shape. Collimators can also be used in front of detectors to make sure that
only incident neutrons perpendicular to the detector are detected, thus suppressing
scattered neutrons.
There are only a few possible neutron sources to choose from when it comes to
commercial applications [5]. One is to use a nuclear reactor, but because of their
considerable size they are impossible to use for tomography situations, where the
neutron source needs to be moved around the target. The present application is
such an example; rotating the object is impossible because it would perturb the
boiling.
Another solution is to use radioisotopes as neutron source, i.e., substances
like Cf-252, which undergo spontaneous fission, thus emitting neutrons. A major
disadvantage with radioisotopes is the fact that they cannot be turned on and off,
which gives rise to some safety issues and requires them to be kept within heavy
shielding at all times. This issue, together with the fact that the energy spectrum
5

of the emitted neutrons is quite broad, makes isotopic sources rather unsuitable
for tomography [6].
A better alternative in this respect is to use an accelerator-based system, which
uses deuterium-deuterium (D-D) or deuterium-tritium (D-T) reactions to produce
neutrons. In these systems deuterium ions are accelerated onto either a deuterium
or tritium target to obtain the following reactions:
D+D →

3

D+T →

4

He + n, En ≈ 2.5 M eV
He + n, En ≈ 14 M eV

(2)

(3)

Reactions (2) and (3) give monoenergetic neutrons with energies of approximately
2.5 MeV and 14 MeV, respectively. Another possibility is to use a D-D source
and moderate neutrons to a lower energy before using them. These slow neutrons
are strongly attenuated by the hydrogen in the water but can easily pass through
heavy materials. Since low-energy neutrons are also easy to detect this would in
some respects be an optimal choice. One problem is that moderation will give
neutrons in a broad energy spectrum, but if the neutrons are moderated all the
way to 0.025 eV (thermal neutrons) they will appear in an extremely narrow energy
spectrum. These energies - 14 MeV, 2.5 MeV and 0.025 eV - are what is reasonable
to consider when performing neutron tomography.
The choice of detectors is dependent on the neutron energy and the requested
spatial and time resolution. In general, improvement of spatial resolution is done
at the expense of time resolution [4].

2.3

Previous work in the field

In March 2006 John Loberg, Department of Neutron Research at Uppsala University, presented his diploma thesis Investigation of void effects in boiling water
reactor fuels using neutron tomography [7]. The subjects dealt with in that thesis are in many ways similar to the contents in this thesis. This project can be
said to be a continuation of Loberg’s work and a step further in the field of using
neutron tomography for nuclear fuel studies. Loberg’s project included defining
a method that could be used for reconstructing images of a nuclear fuel bundle,
showing the fuel rods with the surrounding water. The method was then used to
investigate how well the void in water could be estimated. In the simulations a
spatial resolution of approximately 1 mm per pixel was used and different number
of projections were tried in the tomography. In short, the conclusions in the thesis
are that the void can be measured very accurately, with an error of about 0.1 %,
but that higher resolution is needed for better accuracy and for studies of thin
water films.
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3

Software

The work for this thesis has mainly been done with the help of two computer
codes. M CN P has been used to simulate the neutron physics of the tomography
and Octopus has been used for image reconstruction.

3.1

MCNP

MCNP (Monte Carlo N-Particle) is a particle transport code for neutrons, photons
or electrons and has been developed by Los Alamos National Laboratory (LANL).
It treats particle interaction with many different isotopes and for a wide range
of energies (for neutrons between 10−11 MeV and 20 MeV). The program uses
libraries of cross sections for different interactions and isotopes and the process is
based on the selection of random numbers, analogous to throwing dice in a casino,
hence the name Monte Carlo [8].
3.1.1

Physics in MCNP

MCNP simulates the physics by following each particle from its source throughout
its life and to its death, determining every step in its life. Based on the rules
of physics (cross sections for each interaction) and the Monte Carlo technique
the outcome of each step of the way is randomly selected. As an example, for
a simulated neutron that enters the system its track length (distance between
collisions) is first determined, then the type of interaction is determined (i.e.,
scattering or absorption) and if the neutron is scattered its scattering angle and
its new energy is defined. When the particle has left the studied system, or been
terminated by the program, its history is complete and the program moves on
to follow other particles. As more and more such particle transport histories
are followed the particle distributions become better known and the result in the
output gets more reliable.
3.1.2

Input and output for MCNP

Before simulating in MCNP the user must create an input file, in which the problem to be simulated is defined. The contents of the input file should be presented
in the following way:

7

Problem title
Cell Cards
Surface Cards
Data Cards
The first row contains a title or a problem description, which the user is free
to specify. The cells specified in the cell cards define geometric volumes, which
together make up the model set-up that will be used in the simulation. The cell
cards contain information about the cell geometry, the material inside each cell
and the material density. They also contain information about what particle type
that is of importance in each cell. The surface cards define all surfaces when it
comes to position and shape. The surfaces themselves are invisible and contain no
material but are used to define the shape of the cells.
The data cards contain most of the information about the simulation itself.
Necessary information is for example the source position, the emitted particle type,
the particle energy, the number of particles started, the material composition and
how and what to detect. The detection, which will give the data that is truly of
interest for the user, is specified with the help of tallies. Tallies gather information
that is then presented in the output. In MCNP there are tallies for detecting
particle flux, particle current and energy deposition. Tallies are normalized to be
per started particle (with a few exceptions). The data cards can also contain a
random number seed, which is used in the random number generator that controls
the Monte Carlo simulation. If two identical input files with the same random
number seed were used for two different simulations the result would indeed be
identical, although that should not be the case in reality.
Another important feature in MCNP is the use of variance-reducing techniques.
Variance reduction reduces the computer time required to obtain results of sufficient precision [8]. This is done by disregarding events that are of little importance.
Although it might be advantageous, variance reduction should be used carefully
since it might have consequences for the result that are not obvious. Examples of
useful methods are ”energy cutoff” and ”time cutoff”, which terminates particles
when their energy falls below a certain level and after a certain time respectively.
The quality of the results from MCNP can be evaluated from the relative
error, which is presented in the output. The relative error, R, is defined as one
estimated standard deviation of the mean, Sx , divided by the estimated mean,
x. For a generally reliable result the relative error should not be larger than 0.1
and larger error than that will cause MCNP to print a warning in the output file.
For a well-behaved tally R will be proportional to √1N , where N is the number of
histories [8].
The efficiency of the simulation can also be evaluated. This is done from the
8

figure of merit (F OM ), which is defined as R12 T where T is the computer time in
minutes. The more efficient the Monte Carlo calculation is, the larger the F OM
will be because less computer time is required to reach a given value of R [8].

3.2

Octopus

After performing the simulations in MCNP the results must be processed so that
images of the target are obtained. This image reconstruction is made using the
Octopus software. Octopus is a commercial software package for 2D or 3D tomography reconstructions. It performs reconstructions from gamma ray or neutron tomography data and can use several different beam geometries. Within the
graphical user interface there are several tools for image analysis [9].
3.2.1

Image reconstruction

The first step in the reconstruction is to normalize the projections by dividing the
projection data by an open beam projection. The open beam projection is created
by removing the target and letting the detectors register the contribution straight
from the source. This normalization compensates for possible anomalies in the
detector geometry or the source intensity profile.

Figure 4: Example of a sinogram from one of the simulations made in this project.
Now the normalized data is reorganized into a sinogram. A sinogram is a
matrix where the columns hold results from each detector and the rows represent
each projection. In other words, stacking the projections from each projection
angle on top of each other creates the sinogram. Any beam passing through a fix
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point in the target will be registered as a sinusoid curve since the set-up rotates,
hence the name sinogram.
The sinogram is used to create a 3D image from the 2D projections or, as in
this case, a 2D image from the 1D projections. By entering the beam geometry, the
set-up geometry and the properties of the target rotation, Octopus reconstructs
the final image ready to be used for analysis.
3.2.2

Image analysis

After the reconstruction the image can be exported to the Octopus viewer, where
it can be studied further with image analysis tools. Profiles of the intensity distribution can be created as well as the profile between different points in the image.
The image can also be exported to other programs, for example Matlab, where the
numerical value for each pixel can be examined and new images can be made.
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4
4.1

Model description and set-up
BWR fuel model

In the MCNP simulations two basic models for the nuclear fuel are used. The first
model, used for the simulations presented under chapter 5.1 - 5.3, is a simplified
model of a SVEA 96 BWR fuel bundle. The fuel bundle consists of four subbundles, each one contained inside a box of metal and holding 24 fuel rods. The
test model is a corner of such a sub-bundle (see Figure 5), containing 3 rods
with surrounding water. By using only this small model the resolution can be set
higher without increasing the data processing time, which is very important since
computing time quickly can become a limited resource for large simulations.

Figure 5: BWR fuel model for simulation. To the right is a SVEA 96 BWR fuel bundle [10].
It contains four sub-bundles from which a corner, shown to the left, is used in simulations.

The 3 rods are contained inside a box with a side of 3.3 cm. This virtual box,
however, is there only to keep the water inside it and its walls do not contain any
material, hence making it invisible in the tomography.
The diameter of the fuel rods is 1.225 cm with spacing between each rod of
0.405 cm. The rods in the model are made of iron, since it is assumed that a real
experimental model of nuclear fuel would have iron rods (or a metal or alloy with
similar properties when it comes to neutron attenuation).
The space between the rods is occupied with light water. To simulate different
degrees of void the density is set lower than pure water, e.g. 40 % of the density
of water means 60 % void. When investigating the ability to detect water films on
the rods the void is set to 60 %, which would be a reasonable void in the upper
part of a BWR where the threat of dry-out exists. Around each rod a thin film of
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water is added. Initially, the water film is 1 mm thick and its thickness is gradually
reduced to study thinner films.
Once water films can be detected in the small model with satisfactory results,
the second model, a full scale model with 24 rods, is used for the simulations
(chapter 5.4 - 5.6). The model used here is from a particular experimental set-up
that actually exists, the FRIGG facility at Westinghouse, Västerås. The set-up,
a model of a BWR fuel sub-bundle, has 24 heating rods containing electrically
heated thermo elements. The rods are enclosed by box walls and the device is
placed inside a pressurized water tank connected to a circuit through which the
heated water circulates. The properties of the set-up, when it comes to materials
and its geometry, has been copied as exactly as possible.

4.2

Simulation set-up in MCNP

The neutron source is placed 8 cm from the centre of the target. The detectors are
placed behind the target along a curve with equal angular spacing between them
so that the distance between the source and each detector is 16 cm (for the larger
fuel model the distances are 25 cm and 50 cm respectively). The length of the
curve on which the detectors are placed is adjusted to match the size of the fuel
box as it rotates.

Figure 6: Basic simulation set-up.
Initially, the number of detectors is set to 100 and in order to improve the
results the detectors are increased to 200 and 300. More detectors will increase the
resolution in the images of the BWR fuel returned from the simulation, but will also
increase the simulation time. The computer time needed for the simulation is more
or less proportional to the number of detectors squared, since doubling the number
of detectors also requires doubling the number of projections to keep the statistics
12

good. In this particular case 100 detectors give a resolution of approximately 0.47
mm/pixel, while 200 and 300 detectors give resolution of 0.23 and 0.16 mm/pixel
respectively.
The detectors used are point detectors, which means that they only exist in a
point and have infinitesimal area. Since a single point will not offer any variance in
position it will result in good statistics in MCNP. The detectors measure neutron
flux around its position, but contributions to the detector are made at every source
or collision event by calculating the probability for a neutron to take on a trajectory
towards the detector. This means that neutrons do not actually have to pass the
detectors to make a contribution. This feature makes the simulations faster and
provides better statistics, but it is important to realize that a real experiment would
require more neutrons to obtain the same result. The result from the simulation is
presented both as direct and total contribution. The direct contribution is from the
neutrons that are created by the source in MCNP, while the total contribution also
includes the contributions from collision events. Using only the direct contribution
means assuming perfect collimation and disregarding all scattered neutrons.
To reconstruct an image several projections are required. The projections are
created by rotating the target a certain angle until it has completed a rotation
of 360°. In real-life experiments it is, however, more likely that the source and
detectors are rotated around the target, since moving the target would disturb the
boiling. Moreover, the target may be too large and bulky to move. The number of
projections used in these simulations are determined from the theoretical requirement of N · π/2 projections for N detector elements [11]. For 100 detectors the
number of projections is set to 160 over 360°(angular increment for each projection of 2.25°) and so on. More projections will improve the statistics, but will not
increase the resolution.
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5
5.1

Simulations and results
Selection of neutron energy

The first decision to make is to establish a suitable neutron energy to use in
our MCNP-simulations. For reasons earlier explained in chapter 2.2 there are in
practical applications only three different energies to choose from, i.e. 14 MeV, 2.5
MeV and 0.025 eV. The model consists of three iron rods with water in between
and one region where the water density is lowered to 40 % that of water (simulating
60 % void).

Figure 7: Model for simulation with different energies.
The tomography is simulated in MCNP to determine which neutron energy can
give the best numerical approximation of the water density, but also to study how
well the three elements (iron, water and void) can be distinguished. The density
is calculated by taking the ratio between the intensity value in the void region
and the value from pure water. The values used are means from 81 pixels within
a specific region and the errors presented are the standard deviations for these
values. All simulations used 100 detectors, thus a resolution of 0.47 mm/pixel.
5.1.1

Results

The graphical results of the simulations for different neutron energies are shown
in Figure 8 below.
The colors in the images represent how much the neutrons have been attenuated
in each material, where a lighter color means more attenuation. In the first two
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images the attenuation has been largest in the iron, because of its high density,
and lowest in the void.

Figure 8: Images from simulation with 14 MeV (left), 2.5 MeV (middle) and 0.025 eV (right).
As seen in the pictures, the 14 MeV and 2.5 MeV simulations yield a fairly
good result where the different elements can easily be seen and the edges between
them are quite sharp, whereas the thermal neutrons give a distorted picture with
blurry edges. This is due to the fact that the neutrons have such a low energy that
they have difficulties penetrating the material, i.e., the attenuation is extremely
large for this neutron energy. Since the picture from thermal neutrons simulation
is so blurred it is an easy decision not to use this energy for further investigations.
Instead the two other possibilities are compared by looking at numerical data.

Figure 9: Estimated values of water density using 14 MeV and 2.5 MeV neutrons.
When using the numerical values to calculate the water density in the small void
15

region, where the density is set to 40 % of that of water, the 14 MeV simulation
estimates the water density to 36.9 ± 1.7 % while the 2.5 MeV simulation estimates
it to 37.5 ± 0.6 %.
The lower energy seemingly gives a better result here, even if the difference is
not significant. However there are several other advantages with the lower energy.
Even though the neutron yield from a D-T source is higher, most detectors have a
larger cross section for reacting with 2.5 MeV neutrons than with 14 MeV neutrons,
which makes detection easier and will give a better resolution in tomography.
Moreover, the contrast is better. When it comes to safety issues it is an easier task
to shield low energy neutrons and the use of radioactive tritium is avoided, which
would be the case for a D-T source. It was therefore decided at an early stage that
further simulations should be performed with 2.5 MeV neutrons.

5.2

Detecting water films

For studying water films on fuel rods the same MCNP-model is used as above, but
the box is filled with 60 % void and a thin film of water is added around the rods.

Figure 10: Model for simulation with water films around the rods.
Initially, the water film around the fuel rods are set to a thickness of 1 mm. The
number of detectors is kept at 100, thus not changing the simulation set-up from
the previous experiment. The film thickness is gradually reduced while the number
of detectors is increased to improve the resolution. Only the direct contribution is
taken into account, i.e., good collimation is assumed to make sure that scattered
neutrons do not distort the tomographic images.
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5.2.1

Results

As seen in Figure 11, a 1 mm film cannot be seen using 100 detectors or a resolution
of 0.47 mm, while the 200 detectors, which give a resolution of 0.23 mm, are enough
to quite distinctly show the film around the rods. A 0.5 mm film can, however,
not be seen with 200 or 300 detectors (Figure 12), the latter case with a resolution
of 0.16 mm.

Figure 11: Images from simulation with a 1 mm water film using 100 detectors (left) and 200
detectors (right).

Figure 12: Images from simulation with a 0.5 mm water film using 200 detectors (left) and 300
detectors (right).
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5.3

Detecting water films by subtracting background information

The conclusion from the results above is that it takes a resolution of approximately
1/4 of the film thickness to clearly see the water. To be able to detect water films
thinner than 100 µm the resolution would have to be around 25 µm. With this
method the number of detectors would have to be increased considerably, which
would lead to simulations that are extremely time consuming. Moreover, that kind
of resolution would probably not be possible for real detector systems.
The method used so far requires the film to have dimensions that are at least
larger than the resolution so that it can fit inside a pixel. Nevertheless, the presence
of a water film will contribute to the value in some pixels, even if the difference
cannot easily be seen. There are, however, a few factors in this case that will
make it possible to distinguish the film anyway. First of all, the location of the
water films is known. They will always be on the surface of the fuel rods; it is not
some random phenomenon that can occur anywhere. Second, it is known what the
images would look like if the water was not there, so these images can be compared
to determine if there is any water or not.
As a background image, a simulation is made with only fuel rods surrounded
with 60 % void. The reconstructed image of the background is subtracted pixel
by pixel from the images of the simulations with water films. To make sure that
the two images are indeed the results of two independent Monte Carlo simulations
a different random number seed is used for the background image. If this is not
done the simulations might be very similar which could result in unrealistically
good statistics when the results are compared.
In these simulations the detectors measure the total contribution; both scattered and unscattered neutrons. This will create a somewhat more blurred image
than using only direct contribution, but will give a more realistic result. To limit
the scattered contribution an energy threshold is set to 0.1 MeV to prevent detection of the most scattered (with lowest energy) neutrons. The number of neutrons
started will be 150,000 per projection, meaning that 72 million (7.2 · 107 ) neutrons
have been used when the simulation is over.
5.3.1

Results

Reconstructed images from the results of the simulations are created like above.
The result is now presented like 3D images where the intensity value (with arbitrary
unit), which is connected to the material in the model, is presented as height in the
figure instead of as colors as before. Figure 13 a shows the result from a simulation
with a 0.5 mm water film and b shows the result when the film has been removed.
The difference between the figures is barely noticeable, but subtracting b from
a pixel by pixel should yield the difference between them. This is indeed the
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case, shown in c. The ring shaped, volcanotop-like figure is there because of the
difference in density between water and the water/steam mixture and it is enough
to reveal that the water film is present around the rods.

(a)

(b)

(c)

Figure 13: Demonstration of how to detect water films by subtracting background; a) result
from simulation with 0.5 mm film, b) background image without water film, c) the water films
appear when subtracting b from a.

The picture above is for a 0.5 mm water film and the result is very clear. It
should therefore be possible to see even thinner films. Figure 14 shows the results
from 250 µm, 100 µm and 10 µm films. All of them can be seen quite easily.
It is also obvious that the detected intensity, or height in the figure, becomes a
measurement of the film thickness. When results from several simulations are put
together a clear relation between the thickness and the intensity can be seen (Figure 15). This means that once the relation is determined for a real life experiment
set-up the film thicknesses can be determined with good accuracy.
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(a)

(b)

(c)

Figure 14: Simulation results for thinner films; a) 250 µm film, b) 100 µm film, c) 10 µm film.

Figure 15: The relation between film thickness and the image intensity with standard deviations
as errors. Only the relative intensity value between different points is of importance; the absolute
intensity value itself is not relevant.
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5.4

Detecting water films on a full scale model

This experiment is basically performed as in 5.3 but a larger model with 24 rods is
used. A larger model means that there is a lot more material for the neutrons to
penetrate. This will cause more scattering and will influence the results negatively.
The simulation starts with a film thickness of 100 µm and it is then decreased as
before.
There is a limit as to how thin objects can possibly be detected and the limiting
factor is the image resolution. That limit seemed to be around 10 µm for the
smaller model, but since the resolution has now increased from 0.16 mm to 0.32
mm, twice as much, it is reasonable to expect that the limit is around 20 µm
for the large model. A successful measurement of a 20 µm film will therefore be
satisfactory and the simulations afterwards will be used to investigate how fast a
20 µm film can be measured, i.e., how many neutrons are needed in the simulation.
To start with 7.2 · 107 neutrons will be used and the number is decreased to find
the limiting number of neutrons, where the film can be detected. What that
number of neutrons means when it comes to performing the experiment in reality
and estimating the time needed for it will be addressed in chapter 6.4. To limit
the time needed for experiments is very important, not only to keep the cost of the
experiments down but also because boiling is a dynamic process and water film
properties can change rapidly.
5.4.1

Results

The 100 µm film can be seen quite easily in Figure 16 (a) and the simulation is
therefore proceeded with 20 µm films in (b). Here the water is more difficult to
detect. The reason for that is found in (c) where the result is seen from the side.
The image noise due to statistical uncertainties is now of the same order as the
contribution from the water. But when studying the result from above (d) even
the 20 µm film can be seen easily.
Now the number of neutrons used can be decreased to find the minimum
number of neutrons required. The reconstructed images from simulations with
7.2 · 106 , 1.44 · 107 and 2.88 · 107 neutrons (15,000, 30,000 and 60,000 per projection) are shown in Figure 17.
The limit as to when the water films can be distinguished seems to be at
1.44 · 107 neutrons or somewhere in that vicinity. The image is however rather
blurry and the texture of the rings is somewhat rough. The image from the
2.88 · 107 neutrons simulation is better in that respact. Hence, a reasonable
number of neutrons to use seems to be in the order of 2 · 107 .
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(a)

(b)

(c)

(d)

Figure 16: Images from simulation on the full scale model; a) 100 µm water film, b) 20 µm
water film, c) result from b but seen from the side, d) result from b but seen from above.
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(a)

(b)

(c)

Figure 17: Images from simulation with a 20 µm water film using 7.2 · 106 (a), 1.44 · 107 (b)
and 2.88 · 107 (c) neutrons.

5.5

Changing the number of projections

So far 480 projections has been used, which is about π/2 times the number of
detectors (in this case 300) according to the rule of thumb outlined in chapter 4.2.
Although that number of projections is desirable for good statistics it might make
experiments faster to use more or fewer projections. Decreasing the number of
projections will undoubtedly mean that more neutrons per projection are needed
and vice versa, but the question is if the total number of neutrons required are more
or less. One way to examine this is to use the same number of neutrons previously
used (2.88 · 107 ) and to distribute them over a new number of projections and
compare the result with the images from chapter 5.4.1. Here doubling, halving
and quartering the number of projections will be investigated.
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There is another reason why fewer projections are interesting. One idea for
performing fast and cheap tomography is to use a few stationary sources instead
of one that moves. Not only would this mean that no circular track needs to be
built around the target but it might also be faster since no movement is needed and
multiple sources can produce neutrons simultaneously. The images will certainly
look worse, but pictorial perfection is not necessary here as long as the water
films can be detected. However, for this method to be useful it is important
that decreasing the number of projections will not require an unreasonably large
increase of the neutron flux. If that is the case it would be more time consuming
than the ordinary method and there would not be much point of using it. This is
why changing the number of projections is interesting.
5.5.1

Results

(a)

(b)

(c)

(d)

Figure 18: Results from simulations with 120 (a), 240 (b), 480 (c) and 960 (d) projections.
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The reconstructed images are shown in Figure 18. Image a is for 120 projections
and 240,000 neutrons per projection, image b is for 240 projections and 120,000
neutrons for each projection, image c is for 480 projections and 60,000 neutrons
per projection and d is for 960 projections and 30,000 neutrons. Each result from
the simulation was compared to a background image made from an equal number
of projections.
The difference between some of the images is not substantial. A closer look
shows, however, that the c image has more visible water rings and a clearer structure than the others, even though the same total quantity of neutrons were used.
Especially far away from the centre of the image the result gets worse when decreasing the projections. The optimal choice of projections seems to be somewhere
around 480 and apparently using N · π/2 projections is an applicable rule also when
it comes to performing tomography with as few neutrons as possible.
This represents a major obstacle for the plan of using stationary sources. Already when reducing the projections to 120 it is considerably harder to detect any
water films. This might be compensated for by using even more neutrons, the
question is how many more that are needed.
The question will have to be left unanswered for now, but obviously using very
few projections will be afflicted with some difficulties. This does not necessarily
mean that such an approach is impossible. But it seems like using very few projections for neutron tomography leads to worse statistics, which makes clear images
more difficult to produce. If it would be accepted to use more neutrons or to study
thicker objects the conclusion might be different.

5.6

Decreasing the accuracy in the detector geometry

So far the detectors have been positioned so that they form an arch with equal
spacing between them and with equal spacing from each detector to the source.
The position has been calculated and indicated in the input file with 10 significant
digits. That kind of accuracy in position will not be possible for an experimental
set-up. A more reasonable accuracy to expect is around 0.1 mm and the question
is how that will affect the results. There might be problems with reconstructing
the image when there is a geometry anomaly and it might be difficult to see water
films in the order of 10 - 100 µm. The simulation from chapter 5.4 is therefore
repeated, using 60,000 neutrons per projection, but all numbers after the second
decimal is removed so that the coordinates are given only with an accuracy of 0.1
mm.
5.6.1

Results

The results are surprisingly similar to the ealier results where detector position
was indicated more exactly. In fact, it is hard to even tell one image from another.
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Figure 19: Images from simulation with detector position indicated with 2 decimals (left) and
8 decimals (right).

Before the projections of the target are made, an open beam projection is
made without the target. The projections later made are normalized against the
open beam image and geometry defects are, apparently, compensated for very well.
That kind of calibration will of course have to be made also for real experiments.
In simulations only one projection angle is used to create the open beam image,
since every projection is identical when no target is present. In real experiments
an open beam image must be made for every projection angle, since rotating the
set-up might cause the geometry to change.
When making the background image the same set-up is used, so when comparing the image of interest with the background image any discrepancies will be of
little significance.
The results show that with good calibration most defects in detector geometry
can be compensated for so that nanometer precision is not needed when mounting
the detectors and rotating the source and detectors. This is necessary if this kind
of experiment should ever be possible to perform outside the simulated world.
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6

Summary and discussion

In this thesis the possibilities to detect and study thin water films around fuel rods
using neutron tomography has been investigated. The purpose was to evaluate this
method to be used on an experimental set-up where an annular flow is created by
electrically heating rods. By studying the boiling and the water films, more can
be learned about how different parameters affect the boiling and void level and
when there is an imminent risk of dry-out.
It was assumed that neutron tomography would be suitable for this purpose
and this was simulated using MCNP and the result was used to reconstruct images
with Octopus.
First the choice of neutron energy was investigated and it was determined
that both 2.5 MeV and 14 MeV neutrons were possible to use, but that further
simulations would be made using 2.5 MeV. Then simulations on a small model
were done and it was seen that rather thick films could be detected but that a
better resolution would be needed to see thinner films.
The method to use background images to see the water films was introduced.
It was now seen that films in the order of 10 - 100 µm could be detected and that
there was a clear relation between film thickness and the intensity in the result.
The simulations were then continued with a full scale reactor fuel model. It
was determined that films with a thickness of 20 µm was possible to detect, even
though the spatial resolution of the detector system was much more, around 300
µm. The number of neutrons needed to achieve this result was estimated in order
to determine how fast the tomographic experiment could be performed.
Before drawing the final conclusions from the result there are a few things
that should be further clarified and discussed. Below the differences between
simulations and reality, some issues of practical implementation and the question
of how fast the tomography can be done will be discussed.

6.1

The level of agreement between simulation and reality

It must be remembered that there are several things that differ from a simulation
and a real life experiment that might be of importance for the results. For instance,
the simulations are made on a static model where geometry and materials remain
unchanged throughout the simulation. In reality, boiling is a dynamic process and
the water film changes in position and thickness during the boiling. Making the
tomography as fast as possible is thereby of importance in order to obtain clear
images. Also, some assumptions have been made as to what void to expect around
the fuel rods in the upper parts of the reactor. Another choice of void level could
change the neutron behavior and also change the image contrast between water
and void.
The detectors in the simulations are, as mentioned earlier, ideal in the sense
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that they detect all neutrons and do so regardless of their energy. Also, since they
are point detectors with infinitesimal area, there will be no variation in position.
In real detectors there are one or more steps between the neutron interaction and
the actual detection. This means that though two neutrons hit the same point
they may be regarded as having slightly different positions.
Another phenomenon that has not been taken into account is ”crosstalk” between detectors. In the simulation the neutrons are detected without any physical
interaction with the detector; the neutron passes through the detector without being affected by it and is immediately detected. In reality this is of course impossible
since a neutron can only be observed by interactions. After detection, particles
and gamma rays created in one detector can reach another detector nearby and
contribute to its yield with reduced accuracy as a result. This interference is called
crosstalk and is remedied, e.g., by isolating the detectors from each other or by
more advanced analysis techniques.
When it comes to reconstructing images where the water films can be seen, it
is very important that it is possible to create a background image that is as similar
as possible to the image containing the water films. This can be done easily in
simulations but might be more difficult in reality. This will be further discussed
in the next chapter.

6.2

How to create a good background image

Many of the results in this thesis have been based on the possibility of creating
background images, without the presence of water films around the fuel rods,
which can be used for comparisons with images where water films are intended to
be present. To be able to perform these tomographic experiments in reality, it is
of crucial importance that these background images can really be created and so
far nothing has been mentioned on how to do that.
One possibility is to simply try to achieve a state where the water films have
disappeared and create tomographic images from that. By increasing the power
from the heating rods the boiling will intensify and the water surrounding the rods
will eventually evaporate and causing dry-out. One potential problem with this
method is that the rods might be damaged if the dry-out state is to be kept long
enough to create good images. Another problem is that increasing the boiling will
yield a void level that differs somewhat from that before dry-out has occurred. This
discrepancy will affect precision of the measurements and might cause a problem
when measuring really thin films. There is, however, a possibility that the void
result can be manually adjusted to match the desired level.
Another method is to try to reconstruct a background from images that are
easier to acquire. The simplest way to get images is to perform measurements
first with cool water and then with only air by emptying the tank from water.
The advantages with these measurements are firstly that these are two steady
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states and secondly that the true values are known in advance. Since the desired
background state, with a uniform void of around 60 %, is something between pure
water and air, density wise, it should be possible to construct a good background
image by taking a weighted average between the two results. This method has
been tested for this thesis with fairly good results. As seen in the picture below
the water films can be seen from simulations with the small model, even if the
result is not as clear as before.

Figure 20: Image of water film in the small model but with a background image created from
results from water and air simulations.

The problem with this method is that the reconstructed images seem to get
lower intensity values close to the centre of the image. It is not obvious from
where this error originates but the extent of the problem differs depending on the
material density. This means that the image from water cannot simply be rescaled
to fit an image for 60 % void. If this is done the value will either be too low in the
centre or too high near the edges of the image. With larger objects, for instance
the full scale model, the problem with dependence on the distance to the centre
gets even graver. In his thesis, Loberg [7] came across the same phenomenon and
he found that increasing the number of projections could to some extent rectify it.
Either way, once it has been studied how the position affects the error the problem
could probably be compensated for.

6.3

Detector considerations

As mentioned in chapter 2.2, the choice of detector depends on several factors. In
this case the decisive factors for what detector type to use are spatial resolution,
which should be around 300 µm, and detection efficiency which of course should
be as high as possible to make the experiments fast. Below, an example of how to
choose a suitable detector system will follow.
Neutrons are generally difficult to detect since they are uncharged and thereby
do not interact with the electrons of the atom. The method to detect neutrons is
therefore to let neutrons collide with the nucleus of an atom to release a charged
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particle, which is easy to detect. One of the oldest and most useful techniques
for detection of ionizing radiation is to use scintillation in certain materials and
measure the light output from the process [12]. The method is quite fast and
suitable for continuous real-time measurements.
There are several materials to choose from for a scintillator, but plastic scintillators are very useful since they are easy and inexpensive to fabricate and contain
much hydrogen, which is good for neutron detection [12]. To get a good spatial
resolution it is common to use scintillating fibers. Plastic fibers can be fabricated
with very small diameters and they ensure that the light will be transported in
the right direction without escaping on the way.
The detection process in a plastic fiber scintillator system is as follows. The
neutrons enter the plastic material of the scintillator where some neutrons will
produce proton recoils. The protons, which are positively charged, will quickly
interact with the material causing some excited molecules. The de-excitation of
the molecules will then in some cases involve the emission of light photons with
an emission spectrum that for plastics is generally peaked around a wavelength
of 420 nm [12]. The light is transported through the fiber and because of the
high refractive index in the fiber material, total internal reflection will keep the
light from escaping. The light is registered by a CCD (charge-coupled device)
camera, which is much more sensitive than an ordinary camera. Before reaching
the camera the light passes through a lens, which concentrates the beam to the
camera, and a mirror, which alters the direction of the light beam. This means
that the camera can be placed outside the neutron beam, which would otherwise
damage the equipment.

6.4

How fast the tomography can be performed

It has already been established that it takes around 2 · 107 neutrons to get a
clear image of the water films, but that is for an ideal detector system with 100 %
efficiency and without considering lost neutrons in the experiment.

Figure 21: Basic set-up for real experiments.
The number of particles started in the simulation is, however, not very relevant
here, since the simulated particles do not behave as real particles would. Instead,
the neutron flux at the detectors and the relative error, from the simulation where
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the water films can just about be seen, is used to determine how fast the tomography can be performed. It is not a very accurate method, but it will give some
idea as to how fast it can be done. Now, consider a real source/detector system
as in Figure 21.
The source has a neutron yield Y [n/s] uniformly in all directions and is placed
at some distance from the detector, which has an area AD [cm2 ]. This will result
in a neutron flux, Φ [n/cm2 ], per started particle, which reveals what fraction of
the started neutrons that reaches the detector. When reaching the detector only
some of the neutrons will be detected due to the detector efficiency, ε, being less
than 1. If the elapsed time is t [s], the expression for the detected neutrons, N ,
will be
N = Y · Φ · AD · ε · t

(4)

and the time needed to detect N neutrons will be
N
.
(5)
Y · Φ · AD · ε
The number of neutrons needed to get a good result can be derived from the
error, R, which comes with the result from each detector point. For statistical
events of this type it can be shown that the error is approximately √1n , where n is
the number of events. The limiting error, for when water films can be detected, is
around 1 % in each detector point. Thus, the number of neutrons needed to hit
each detector point, n, is about 104 . The detectors are moved to a new position
for each projection, here 480 positions, so the total number of neutrons needed for
each detector point, N , is 480 · 104 .
The neutron yield is different depending on the choice of neutron generator and
whether D-D or D-T mode is used. A representative generator would be GENIE
35 from SODERN [13], that emits up to 108 n/s in D-D mode. The length of
the generator tube is just under 1 m and it weighs 25 kg, making it easy to move
and appropriate for tomography. Thus, in accordance with the GENIE 35 neutron
generator, Y is set to 108 n/s.
The neutron flux, Φ, at the detectors is in the simulations on average around
4.5 · 10−4 n/cm2 per started particle.
To match the size of the target, the detector would need to have a length
of about 20 cm. If 300 detector points should be fitted within that length, the
fiber diameter will be around 0.65 mm. The height of the detector can probably
be around 10 cm. Making this dimension larger will create a larger detector
area, which decreases the time needed for the measurements. On the other hand,
measuring the water film with a 10 cm high detector will imply measuring the
average thickness over that length. Measuring over a longer part of the object will
therefore create better precision but less accuracy. However, for this example a 20
t=
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× 10 cm2 detector will probably do, which means that each detector point has an
area of 0.065 × 10 cm2 = 0.65 cm2 .
The detection efficiency, ε, is mainly dependent on the neutron conversion efficiency, meaning the probability for the incident neutrons to interact with a proton.
This efficiency depends on the scintillator thickness and the neutron energy. For a
1 cm thick plastic scintillator it is about 10 % [14] for 2.5 MeV neutrons. Thicker
screens will increase the efficiency but will make it possible for incident neutrons
to interact within a larger area, thus having a negative effect on the position resolution. The recoiling protons have a mean free path (average distance between
interactions) in the order of 100 µm, so practically no protons will escape the scintillator, although some protons will enter a nearby fiber and cause some distortion
of the result. Molecules excited by the proton interaction will de-excite and emit
photons, which are detected by the CCD camera. The total detection efficiency
can here be said to be ε = 0.10. Using the given values for each variable in equation
5 will give
4.8 · 106
≈ 1640 s ≈ 27 min.
(6)
108 · 4.5 · 10−4 · 0.65 · 0.10
Thus, the method is limited to studies of conditions relatively stable in time,
or to time averages of dynamic processes.
t≈
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7

Conclusions and outlook

The simulations have shown that very thin water films, down to around 20 µm,
can be seen on fuel rods in an experimental set-up using neutron tomography. The
spatial resolution needed to obtain this result is around 300 µm.
A suitable detector system for this kind of experiment would be plastic fiber
scintillators combined with a CCD camera. As a neutron source it would be
possible to use a D-D neutron generator, which generates neutrons with energies
of 2.5 MeV.
Using a neutron generator with a high enough neutron yield and a detector with
high enough detection efficiency, a neutron tomography to measure thin water films
should take no longer than 25 - 30 minutes.
Though it was concluded in chapter 5.1.1 that the results from a D-D and a
D-T source would be very similar and that a D-D source would work very well for
this application, there is still a reason to consider whether a D-T source would not
be more suitable to use. As mentioned earlier a D-T source has a higher neutron
yield than a D-D source. In fact, the yield is about 100 times larger for D-T. The
detection efficiency for higher-energy neutrons is lower, but not that much lower.
As an example, the neutron generator mentioned in chapter 6.4 has a yield of up
to 1010 n/s in D-T mode [13]. The detector efficiency for a plastic fiber scintillator
at 14 MeV would be around 3 % [14]. This would mean that the experiment,
that for a D-D source takes 27 minutes, would take about 55 seconds given that
no other problems arise at 14 MeV. There might be other factors that affect the
outcome and are of importance when choosing the source, but whether a D-D or
a D-T source should be used is a subject for further discussions.
Another subject for further investigations is whether it will be possible to use a
few stationary sources to reconstruct images, as was suggested in chapter 5.5. This
is of even greater relevance if a D-T source is to be used, since the tomography
might be so fast that the movement of the source/detector system will be the time
limiting factor. The result, when reducing the number of projections, was that
if the total number of neutrons was kept the same, the image result got worse.
This could probably be compensated for by using more neutrons per projection,
but perhaps not for very few projections. Unfortunately, using just two or three
projections could not be simulated since the image reconstruction program required
more projections to function properly.
The work done here has been concentrated on reconstructing images of one
level in the reactor. Future projects may involve measurements at multiple levels
simultaneously and even creations of 3D images of the fuel set-up.
How great of an impact the techniques presented in this thesis will have on the
nuclear industry, only time can tell. But learning more about processes involved
in boiling and water film properties are without doubt of great importance and
something that can help to operate reactors more efficiently and with less risk of
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fuel damage. Considering that there are around 100 BWRs in the world, most of
them with an electrical power production of around 1000 MW, there are substantial
economic profits to be made even for a very small increase in power.

”And Lord, we are especially thankful for nuclear power,
the cleanest, safest energy source there is.
Except for solar, which is just a pipe dream.”
Homer Simpson
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A

Appendix - The MCNP input file

The MCNP input file contains information about the problem geometry, the source
and the materials involved. An example of the input files that have been used in
the present study is shown below. The input file is divided into cards. The Cell
card and the Surface card define the geometry of the problem. The Data card contains all other information that needs to be defined in an MCNP problem like the
definition of the source and the materials. See the MCNP manual [8] for details.
Here are some explanations to the entries in the Data card:
mode
nps
sdef
pos
rad
vec
dir
erg
sin
spn
mn
cut
TR

type of particles that are to be simulated,
number of particles in the simulation,
source definition,
position of the source,
radius of the source,
direction vector of the particles,
direction of flight relative to vec,
energy of particles from the source,
source information,
source probability,
material definition, n is the material number,
problem cutoff,
coordinate transformation,

An example of an MCNP input file for the tomography setup:
c ---------------------------------------------------------------c Cells
c ---------------------------------------------------------------1 1 -7.874 -1 -6 u=3 imp:n=1 $iron rod
7 2 -1 ]1 u=3 imp:n=1 $water in film
11 0 -10 -6 fill=3 u=2 trcl=(-0.815 0 -0.815) imp:n=1 $water film shape
3 2 -0.4 ]11]12]21 u=2 imp:n=1 $void between rods
2 0 -6 fill=2 u=1 imp:n=1 $definition of box
4 0 ]2 u=1 imp:n=1 $outside box
6 0 -7 -8 9 trcl=1 fill=1 imp:n=1 $tube around box
5 0 -3 4 -5 ]6 imp:n=1 $outside tube
12 like 11 but trcl=(-0.815 0 0.815) $second rod with water film
21 like 11 but trcl=(0.815 0 -0.815) $third rod with water film
100 0 3:-4:5 imp:n=0 $outside the studied system
c
c
c
1

---------------------------------------------------------------Surfaces
---------------------------------------------------------------cy 0.6125 $cylinder to define rod
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3 cy 90 $cylinder to define studied system
4 py -1802 $plane to define studied system
5 py 1802 $plane to define studied system
6 box -1.65 -1800 -1.65 3.3 0 0 0 3600 0 0 0 3.3
7 cy 6 $cylinder to define tube
8 py 1801 $plane to define tube
9 py -1801 $plane to define tube
10 cy 0.6225 $cylinder to define water film

$box to define fuel box

c ---------------------------------------------------------------c Data
c ---------------------------------------------------------------TR1 0 0 0 0 90 90 90 0 90 $coordinate transformation
m1 26000 1 $material 1, iron
m2 1001 0.667 8016 0.333 $material 2, water
mode n $type of particle simulated
nps 10000 $number of particles started
cut:n j 0.1 j j $energy cutoff at 0.1 MeV
sdef pos=0 0 -8 vec=0 0 1 rad=d1 dir=d2 erg=2.5 $the source
si1 0.1 $radius of source
si2 0.93 1 $direction of flight
sp2 0 1 $particles uniformly sampled in the volume
print $print output
prdmp 2j 1 $print and dump cycle
F5:N 4.477264224 0 7.36079767 0 $tallies that serve as detectors
F15:N 4.448115262 0 7.369263828 0
F25:N 4.41895029 0 7.377674672 0
F35:N 4.389769415 0 7.386030173 0
F45:N 4.360572742 0 7.394330299 0
F55:N 4.331360374 0 7.402575022 0
F65:N 4.302132419 0 7.410764311 0
F75:N 4.27288898 0 7.418898137 0
F85:N 4.243630163 0 7.426976471 0
F95:N 4.214356073 0 7.434999284 0
F105:N 4.185066816 0 7.442966546 0
F115:N 4.155762496 0 7.45087823 0
F125:N 4.126443221 0 7.458734306 0
F135:N 4.097109094 0 7.466534747 0
F145:N 4.067760222 0 7.474279524 0
F155:N 4.038396711 0 7.481968609 0
F165:N 4.009018665 0 7.489601975 0
F175:N 3.979626191 0 7.497179594 0
F185:N 3.950219394 0 7.50470144 0
F195:N 3.92079838 0 7.512167484 0
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