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Abstract

Cancer treatment is one of the largest and fastest growing fields in medical physics and

technology. Particle therapy is considered a significant improvement for treating certain

types of cancer and particle therapy facilities are being built all over the world. Several

projects are developing proton computed tomography to drastically increase the treatment

accuracy of particle therapy.

In this thesis, we look at the mechanical support design, thermal properties and cooling

systems of the tracking layers of the proton CT prototype being developed by the Bergen

pCT collaboration. We have investigated which types of tools we can use for designing and

modeling these, to calculate and simulate heat transfer in the tracking system and to create

benchmark tests for an ideal model. This has been compared to experimental results to see

how well we can expect these models to hold up compared to the real prototype.

The process of designing the mechanical support and air cooling system is described in

detail. We have investigated the various limitations and constraints on this system and

explained the features that is implemented in the designs in light of this. The final designs

provides us with a mechanical support which can be used as a stand-alone setup and a

flexible air cooling system which can adapt to future changes to the pCT.

The results from the calculations and simulations are consistent and give us reason to

believe that the combination of water and air cooling that is planned for the pCT is sufficient

for keeping the operational temperature of the tracking system low enough, although we have

not considered the additional thermal resistance from mechanical contact and coupling. All

of these results suggest that the maximum temperature of the carbon sheets will stay below

26°C, before we have considered the additional thermal resistance from mechanical contact

and coupling. The experimental measurements indicates that the temperature difference

given by the calculations and simulations is higher than the real system, but further conclu-

sions would require a cooling test setup more similar to the pCT tracking system with water

and air cooling.
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Chapter 1

Introduction

The Bergen pCT collaboration was established to design and build a new prototype proton

CT scanner, used as both tracking and energy/range detector. This is an improvement on

previous designs, using a new type of pixel detector chip developed at CERN which made

this feature posible. My work on this project has been focused on the mechanical properties

of the tracking layers, i.e. the design of the mechanical support and the thermal properties

with regard to heating of the chips and mechanisms for cooling.

Since proton CT is developed to be used in cancer treatment, there will be an introduction

about what kind of diseases cancer is, the basic biology of cancer and some key numbers

from the latest statistics, which show why this is one of the big subjects in the development

of new medical technology. My work is a part of a bigger project that can greatly benefit

the field of cancer treatment in the future but to get a sense of why that is, it is important

to understand how these diseases work and how they are treated.

1.1 Cancer

Cancer is a group of diseases involving abnormal cell growth with the potential to invade

or spread to other parts of the body. These contrast with benign tumors, which do not

spread. Cancer is an umbrella term that includes about 200 different diseases. These can

be quite different, but they all have in common some kind of uncontrolled cell division. In
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most cases, changes in cell division activity are due to mutations in the genes that encode

cell cycle regulator proteins. These mutations can be the result of any number of known

and unknown reasons. The mutated cancer cells differ from healthy cells in ways that make

them divide uncontrollably, bypassing the mechanisms that usually make cells stop dividing.

Cancer cells are also able to expand into surrounding tissue (invasion) or migrate to other

parts of the body through a process called metastasis, making the disease particularly hard

to keep track of and treat properly.

Cancer is one of the leading causes of death in the developed world today. In Norway,

there were 34 979 new cancer cases reported in 2019. 11 049 people died of cancer and by

the end of the year, 294 855 people were alive after having had at least one cancer diagnosis

at some point, according to the newest data available [10]. Even though these diseases kill

a lot of people each year, their mortality rates keep declining as advances in medicine and

technology are made (see fig 1.1). There are several different treatment modalities for cancer,

chemotherapy, immunotherapy, surgery and radiation therapy, the last of which is the main

focus in medical physics.

2



Figure 1.1: Age-standardized(Norwegian standard) mortality rates per 100 000 person-years
for selected cancers [10]

Source:Cancer in Norway 2019

1.2 Radiation Treatment

Classical radiation therapy as cancer treatment is using high intensity x-rays, usually pro-

duced with a linear particle accelerator (linac). The linac works the same way as an x-ray

tube, where electrons are accelerated from a cathode to an anode, hitting a target with a

high atomic number, e.g. tungsten, to produce photons. What makes it different is the mid-

dle part where electrons are accelerated from about 50 keV up to several MeV, producing

ionizing radiation with much higher energy than what is required for imaging. This ionizing

radiation is used to damage or destroy cancer cells.
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The photon beam has its highest dose deposition a few centimeters after entering the

tissure as one can see from the dose distribution graph below (figure 1.2). Also, we know

that there is a correlation between ionizing radiation to healthy tissue and the development

of a new cancer later on. This leads us to the question regarding treatment planning, how

one would deliver the required dose to the target while minimizing the dose delivered to

healthy tissue.

Figure 1.2: Depth dose curves for different types of radiation treatment [1]

Source: https://www.researchgate.net

The optimization of dose distribution, giving as much dose as prescribed to the tumor and

as little as possible to healthy tissue, is achieved through computer simulation of the treat-

ment plans. The dose planning software is a very intuitive interface for medical physicists.

After importing CT images of a patient, one can program the linac by simple parameters

like beam energy, movement of the gantry (linac head) to get complicated intensity mod-

ulated radiotherapy (IMRT) programs. The dose plan is then used by the linac to control
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gantry movement and multileaf collimator (MLC), moveable metal leafs for blocking parts

of the beam, for a highly complex dose distribution optimized for the previously mentioned

purposes. This is illustrated in figure 1.3 below.

Figure 1.3: IMRT and MLC movement in different positions [7]

Source: openmedscience.com

1.3 Ion therapy

Proton/ion therapy destroys cancer cells with, as the name suggests, protons or heavier ions

like carbon. This has been tested and in use for a while now, and it is getting available in

more and more facilities around the world. Heavy particles need a larger particle accelerator,

like a synchrotron, to achieve the required energies and these are expensive and take up a lot

of space. In Norway, patients in need of particle therapy have been travelling to Heidelberg

in Germany for a while, but now proton treatment centers in both Oslo and Bergen are on

the way in a few years.
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As of July 2020 there are 104 operating particle therapy facilities world wide, according

to the Particle Therapy Co-Operative Group [6].Advances and improvements concerning this

type of cancer treatment is worked on by physicists and engineers all over the world, since

this is one of the best options to treat many types of cancer. Because of the promising

results from this kind of treatment, there are more facilities planned and currently under

construction.

Due to the high accuracy of the dose delivery and there being a lot less radiation to

surrounding tissue, the results of treating cancer situated deep inside the body and/or near

organs at risk can be much better with proton/ion therapy than with traditional radiother-

apy. Protons and ions lose some of its energy along the way but after a set distance (decided

by the energy of the beam) and the rest of the energy is deposited locally. This means we get

almost the entire dose delivered at this given distance (figure 1.2), and this in turn makes it

a lot easier to reduce the dose to surrounding tissue drastically. The total doses delivered to

healthy tissue when the has received its full dose are compared in the dose volume histogram

below (figure 1.4). In this case one is treating a tumor, the planning target volume (PTV),

and the histogram illustrates how much dose is delivered to the surrounding organs at risk.

The PTV dose was 59.40 Gy for the IMRT plan and 59.40 Cobalt Grey equivalent (CGE) for

the proton plan. CGE is the equivalent biological dose for proton therapy using a weighing

factor. Normal-tissue exposures for the proton plan were 32% for the right kidney and 28%

for the liver. Normal-tissue exposures for the IMRT plan were 98% for the right kidney and

55% for the liver [3].
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Figure 1.4: Dose-volume histogram (DVH) data for a proton plan (delivered) and corre-
sponding optimized intensity-modulated radiotherapy (IMRT) plan.

Source: researhgate.net

The peak of the depth dose curve is called the Bragg peak, and is located at the depth

where the particle stops and deposits its energy. The location of the Bragg peak is depend-

ing on the energy of the particle and the stopping power of the material that the particle

passes through. Due to this dose distribution, accuracy becomes important in this type of

cancer treatment. Without a way to deliver the dose with sub-mm precision, one would risk

delivering a quite large dose to the healthy tissue surrounding the target, and in turn would

destroy the entire case for a better dose distribution than photon treatment.

One of the main challenges with accuracy in particle therapy is the imaging modalities

available for creating a treatment plan. X-ray computed tomography (CT) is the go-to

for mapping the stopping power in tissue when planning dose delivery because of the good

resolution and contrast one can achieve in three-dimensional pictures of a patient. For
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classical radiotherapy this is working well because the photon absorption that is mapped in

the CT image is the same as for the radiation used in the treatment, for photons that is,

thus it translates directly from plan to treatment.

Also, because the dose distribution for photons is quite “spread out” to begin with, the

range uncertainty for the dose plan is not dependent on sub-millimeter precision. With ion

radiation treatment on the other hand, a small difference in the position of the Bragg peak

could result in a huge difference in dose delivered to healthy tissue or organs. Because of

the stopping power depending on other factors for ions than photons, the necessary stopping

power conversion results in errors up to 3.5%, corresponding to up to 4 mm of possible

misplacement of the Bragg peak at 10 cm water equivalent range in the patient [4].

Another thing to consider with the accuracy of particle therapy is range straggling. Due

to the statistical nature of the energy loss process, there is a small variation in the depth of

the end point of each ion. A mono-energetic proton beam will therefore have an extended

Bragg peak area compared to a single proton [9].

1.4 Proton Computed Tomography

As explained in the previous section, the location of the Bragg peak, i.e. where the particle

deposits a large fraction of its energy, is determined by the particle’s initial energy. For

particle therapy this would be somewhere inside the patient’s body. If we use significantly

higher energies, the Bragg peak will be somewhere on the other side of the patient (figure

1.5) and if we can detect the particle’s residual energy, we can use this to reconstruct an

image. This would produce a two dimensional image, so by rotating the beam and detector,

we would be able to reconstruct a 3D image of the body, just like a regular x-ray CT.

Most proton computed tomography (pCT) prototypes are constructed with tracking lay-

ers and a detector. The tracking layers are important for reconstructing the path of the

individual particles. It is common to have tracking layers upstream of the beam, on the

opposite side of the patient from the detector, but the one we will be looking at only has

tracking layers downstream like in figure 1.5. After passing the tracking layers, which we

will come back to as they are the main subject of my thesis, we have a detector. This is
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where the particles deposit the rest of their energy and are absorbed. An example of this

can be seen in fig 1.5 below.

One of the detectors that can be used for this is the digital tracking calorimeter (DTC),

a detector with sufficient material to stop the protons. The DTC is designed for tracking

and measuring the range and energy of individual protons in a proton beam. It consists of

multiple layers of silicon semiconductor pixel sensors with a digital readout. Between the

layers of sensors, there are layers of passive absorber material for energy degradation [9]

Figure 1.5: pCT detector schematic

Image courtesy of George Coutrakon, Northern Illinoi University

With this new and for now only experimental modality of medical imaging, the pro-

ton stopping power of the tissue can be measured directly and there is no need for any

approximate conversion that can degrade the accuracy of the radiation treatment.
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1.5 Bergen pCT prototype

Figure 1.6: The general structure of the Bergen pCT system

Bergen pCT collaboration

In my work on this thesis, I have been a part of the Bergen pCT group, an international

collaboration of physicists and engineers working on making a new version of the proton CT

scanner.

The most distinctive feature of the prototype design is the employment of a digital

tracking calorimeter (DTC), which can be seen in figure 1.6 as the main part with the

41 layers. Previously, a calorimeter with such features was built and successfully tested

with particle beams showing very good performances despite a number of imperfections,

most notably a large fraction of dead or otherwise unusable pixels. The Bergen pCT is an

evolution of the described prototype: a novel DTC specifically designed and optimized for

pCT, used as both tracking and energy/range detector [4]. This improvement is thanks to a

new chip for particle detection called ALPIDE.
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1.5.1 Calorimeter layers

The prototype currently being made by the Bergen pCT group is a 41 layer calorimeter

detector. Each layer consists of a 1.5 mm aluminium absorber plate situated between two

aluminium carrier plates of 1 mm thickness for a total 3.5 mm of aluminium per layer. The

carrier plate is made up from a top and bottom “slab”, each 290 mm wide and 100 mm in

height. On the carrier plates, we glue flex cables with 9 sensor chips each, called a “string”,

three strings per slab. The top and bottom slabs make up one half layer for a total 54

sensors, covering approximately half the plate (see fig 1.7 of carrier plate below).

The second half layer is placed on the opposite side of the absorber plate, with the flex

cables pointing in the other direction. This makes it possible to fit all the cables and readout

electronics in the detector. The sensors on this half layer are positioned parallel to where the

flex cables of the first layer are, making the whole area in one full layer covered by sensors.
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Figure 1.7: (A)Half a layer consisting of a top slab and a bottom slab. Each of the slabs is
built by gluing three strings of ALPIDE sensors to a aluminium carrier. (B) Schematic side
view of two layers in the calorimeter (left), and half a layer with details (right) [4]

.
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1.5.2 Electronics and sensor chips

The six flex cables are then connected to a transition card which in turn connect the frontend

electronics to the readout unit using FireFly cables. The readout unit is placed somewhere

outside of the area with high radiation.

The chips we are using are monolithic active pixel sensors (MAPS) named Alice pixel

detector (ALPIDE), produced for upgrading the inner tracking system in the Alice detector

at CERN. These measure 15 mm x 30 mm and are made up of commercial CMOS transistors.

One chip contains a matrix of 512 x 1024 pixels with its own built in electronics. For minimum

ionizing charged particles, a spatial resolution of 5 µm and detection efficiency of 99.99 %

and background probability less than 10−5 event/pixel was achieved with ALPIDE. These

features make the ALPIDE chip an ideal candidate for the DTC[4].

1.5.3 Carbon tracking layers

Proton CT prototypes typically have tracking layers on both sides of the patient, upstream

and downstream. Our prototype only has the downstream tracking layers, in front of the

calorimeter. The carrier plates have the same area as the calorimeter layers, but they are

extremely thin to minimize the amount of material, each measuring 290mm × 200mm ×
0.225mm. These tracking layers consist of two double layers of carbon fleece/carbon paper

sandwich with a 5 cm gap in between. These also have 54 ALPIDE chips per half layer,

mounted in the same way as the calorimeter layers, the only difference being one single sheet

makes up half a layer and not top and bottom “slabs” as were the case with the aluminium

layers. One carbon sheet consists of 3 layers of graphite sheet, with thickness of order 25 µm

and two layers of carbon fleece, carbon fiber tissue of density 8 g
m2 [5]. These have similar

thermal conductivity as an aluminium plate of the same dimensions. Because the carbon

sheets have to be very thin, they are mounted in an aluminium frame as they do not have

the stiffness to stand on their own. Why this is required will be brought up again in the

next chapter.

The function of these layers is to track the position and direction of incoming protons

before they enter and deposit their energy in the calorimeter.
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The fact that the carbon sheets are so thin also makes them very fragile and vulnerable.

The same goes for the other parts of the tracking layers, that is the ALPIDE chips and the

flex cables they are mounted on. This will be considered in the following chapters as one of

our main considerations, especially in the design of the mechanical support and air cooling.

This part of the proton CT, the carbon tracking layers, is the main subject of this thesis.

In the next chapter there will be a description of how the mechanical support for the layers

have been designed, both as mounted in front of the calorimeter in the detector and as

a stand-alone experimental setup for beam tests. This will be presented as solutions to

different potential challenges we might face in the future and will introduce features that

might be useful for testing, calibration, research and clinical use of the proton CT.
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Chapter 2

Mechanical support for the carbon

tracking layer

I have been concerned with the mechanical properties, design and cooling of the tracking

layers in front of the calorimeter. Therefore, only the thermal and mechanical aspect will be

the subject of this thesis. More details about things like Monte Carlo simulation, electronics

and programming can be found in the other theses and papers published by the Bergen pCT

group, some of which are cited here.

The tracking layers should be mounted in front of the calorimeter in some way, and

we would also need a stand-alone test rig for the tracking layers when they are assembled

and ready. Since the mechanical setup for the calorimeter part, transition cards and readout

system was being developed simultaneously, by different teams in the project, the constraints

were changing and the design needed to be updated. Here I report how my design changed

over time with changing design constraints.

The designs of the mechanical support and of the air cooling system in chapter 3 are

all made using the computer aided design (CAD) software CREO Parametric. After this

overview of the design process has been presented, I will explain the different functions and

the purpose they serve more in depth.
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2.1 Limitations, constraints and trade-offs

Before getting into the description of the design itself, we must address the potential chal-

lenges we will have to face regarding the mechanical properties of the detector. When we

eventually take our design from the drawing board into the real world, one would like to

have considered as much of this as possible. This process makes up the foundation for the

decisions I have made and is therefore at least as important as the design itself. Even though

the final prototype is not ready, I have tried to think as far ahead as possible and consider

every aspect from early testing to clinical use. I should also mention that not all of the

challenges I bring up here are directly addressed in my design, and that the solution to some

of them are still open-ended questions.

2.1.1 Amount of material in front of detector

The tracking layers are the first layers of the detector that are hit by the incoming protons.

To make the particle tracking, and in turn the path reconstruction, as precise as possible

we would like to have as little scattering as possible. This would imply that we try to keep

the amount of material in front of this first layer to a minimum, which is the reason why we

have chosen the thin carbon sheets for the tracking layers, to minimize scattering.

To implement a few things that we thought could be useful, we may have opened up for

more scattering from the support structure. Especially to make a mechanical support that

can be used as a stand-alone tracking layer setup.

2.1.2 Mechanical stability and physical protection

In the early stages, testing will be in relatively controlled environments. This means, with

regards to mechanical stability, we do not have to be too worried about our setup. The

structure will be standing still during tests and will be used only by people associated with

the project, that knows how fragile it is and how it should be handled.
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At some point, we might see our detector in quite different circumstances, that is, inside

a moving gantry, in a clinical setting with patients and hospital workers. In this case, there

are a few things that may become more important.

Stability in x-, y- and z-direction: if there is any chance that the tracking layer structure

experiences any external forces, this stress and strain should be expected and accounted

for. On the one hand gravity, if the layers are not fixed in all three directions, can be an

issue if the support is attached to a moving structure. On the other hand, more transient

forces like someone pushing it (be that on purpose or by accident) could damage or destroy

something even though the structure is fixed in all directions. We should at least be certain

that these scenarios would not destroy the tracking layers or cause big problems like the

need to recalibrate the software.

Physical protection overlaps to some extent with the challenges regarding stability. In

a clinical environment, something might easily poke a hole through a 0.2 mm thick carbon

sheet. How to physically protect the front end of the detector without being a huge disad-

vantage with regards to scattering is a potential challenge down the line. This was taken

into consideration for the first design but for the later ones, the focus has been on more

immediate concerns like implementation of air cooling and conversion layers, all of which

I will get back to. The physical protection will be addressed at a later point, when this

becomes more important.

2.1.3 Weight and complexity

Another restriction regarding the amount of material is the total weight of the support

structure. All the parts are made from Aluminium, and with the final design the weight of

the frame alone is 1.42 kg. It is in no way a minimalist approach to a support structure for

the tracking layers, there is a conscious choice to make a robust mechanical support, as this

is one of the main trade-offs in the design in this part of the detector. This overlaps a lot

with the other limitations.

This design is an idealized model that would need some refining if it were to be produced

but it would be a very good test module for the tracking layers that takes into consideration

a lot of the things that I will discuss in the rest of this chapter. This justifies the design

complexity. Some of the limitations discussed in this section will be revisited later in this

chapter for further discussion.
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2.1.4 Plastic and tungsten foil - conversion layers

We want to have conversion materials between the two tracking layers, to be able to detect

neutrons and photons. In short, the particles detected by the second tracking layer that

were not detected by the first, are the particles converted by the layer in between.

The mechanical support of the tracking layers is not just supposed to hold two thin layers

of carbon, but also two layers of different materials. A slab of plastic of 1-2 cm thickness,

polymethylmethacrylate (PMMA) for example, and a sheet of some element with a high

atomic number, in our case tungsten foil, would be inserted between the tracking layers.

These each have a specific function of converting particles into charged that the ALPIDEs

can detect.

The PMMA layer converts fast neutrons to fast protons, to be detected by the ALPIDE

chips. This way we can detect the amount of neutrons passing through a phantom or patient

as a result of our proton beam, before and after the plastic layer.

The tungsten foil converts photons to electrons or positrons, so that the amount of

photons can be passively detected by the calorimeter.

2.2 The mechanical support design

This section is describing the design process, my ideas and the motivation behind each step.

I will go through the different design ideas and I will evaluate my choices for each feature of

the final result, in light of the constraints and limitations that have been presented, in the

next section.
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2.2.1 First design ideas

Figure 2.1: The first mechanical support design, with nine identical slots for the tracking
and convection layers

.

This was the first suggestion as a mechanical support. The idea was making two identical

plates like this, one on top and one at the bottom. It covers the whole width of the calorimeter

and is bolted onto the front of the calorimeter through the four holes. This way, the two

plates are just suspended in the air and the tracking layer frames would be part of the

mechanical structure. There are nine slots for inserting the layers with variable distance and

in any order. The rectangular hole in front is to insert a protective sheet.

This first design is quite simple but a lot of the same ideas are developed further in the

next design.
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(a) Empty frame (b) Assembled

Figure 2.2: Pictures of the second design, empty and fully assembled with tracking layers
with water cooling pipes and conversion layers(blue and yellow) in between

The first design was simple and had some flaws, as well as some features that were not

needed at this point. It was not mechanically stable on its own or possible to assemble

independently from the calorimeter. Also, the water cooling pipes on the tracking layer

frames would not fit with this design. The additional slots and the protective sheet are not

needed at this point.

These are the features of the second design:

• Two identical plates(top and bottom) with two grooves for the carbon layers and two

for the scintillator plastic and tungsten foil to slide in from the side. Four cylinders,

one in each corner of the plates is used to hold the structure together.

• The assembly is pretty simple, carbon layers with frames are clamped in place between

the two plates. Once the top and bottom plates have been fastened to the cylinders,

the carbon layers cannot move due to the water cooling pipes on each side. The plastic

and tungsten can slide in and out after assembly.
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2.2.2 Final design

(a) Empty frame (b) With tracking and conversion layers

Figure 2.3: Pictures of the third and final design

Two possible ways to attach the tracker to the calorimeter:

• Holes in the top and bottom plate for bolts to attach the whole support structure to

the calorimeter, like in the first design.

• Two thinner bolts on each side are attached directly to holes in the spacer of the carbon

layers.
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Figure 2.4: The final design fully assembled, complete with bolts/rods for attaching to the
calorimeter and side plates. The left side plate has an opening for moving the conversion
layers in and out.

Improvements/additions to the previous design:

• Elevated grooves for conversion layers, the two middle ones. This is to have the option

of sliding the layers in and out, if we choose to also use the rods through the spacers

for extra stability.
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• Openings/slits in both plates, above and below the carbon layers, allows for imple-

mentation of air cooling. The idea is to have moderate airflow on each side of each

layer for heat convection, to contribute to keeping the ALPIDE chips within optimal

operational temperature.

• Added plates at each side, to enclose the whole structure. Everything should be fixed

and mechanically stable in every direction, except for the plastic and tungsten layers

sliding out one of the sides. This would have to be fastened with a hinge or something

similar. These plates should also keep the air from the cooling flowing through the

support structure and not escaping out the sides, resulting in loss of cooling effect.

Figure 2.4 displays is the final design fully assembled. At this point there was no more

features to implement in the design and no reason to complicate things further. I will

now discuss the implemented features more in-depth in the next section before drawing a

few conclusions regarding its potential use and comparing this to an alternative mechanical

support design.

2.3 Features of the design and their implementations

based on future needs in research and clinic

2.3.1 Stability

In the x-direction (vertically) this should be very stable. The four pillars joining the top

and bottom plate in each corner are very stable. In the y- and z-direction it would be

stable for all intended use of the detector or as a beam test setup. With enough force, the

top and bottom plates could probably be shifted relative to each other. This is unless the

structure is bolted onto something, e.g. the calorimeter, as was intended in the final design.

In hindsight, it seems like this design might not be the best for this purpose and that it is

better as a stand-alone support. This will be discussed in the next section. In that case, the

stability and how much force will be applied to the structure will have to be evaluated for

the intended use.
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2.3.2 Modularity

The idea for mounting the plastic layer, the tungsten foil and the two carbon tracking layers

was to make the design as modular as possible, with easy access for inserting/removing

the conversion layers when needed. The first design has 9 grooves for these layers, all the

same size. This way, all the layers could be placed in whichever order we want at different

distances. At this point, the distances between the tracking layers and the placement of

the plastic and Tungsten layers were not decided, and as such the mechanical support was

designed so that they could be moved around. Also, the tracking layers did not have their

cooling pipes, which means they were able to slide in and out. This design was made to keep

all options available.

When the simulation team had decided that 5 cm between the carbon layers was ideal

for tracking, the next design had the position of the tracking layers fixed. The thick slab

of plastic and the thin tungsten foil also had designated slots of corresponding thicknesses

between the tracking layers. The most important thing is that the conversion layers can be

inserted and removed at any time, and this is a feature of the final design as well.

2.3.3 Implementation of air cooling

In investigating the cooling of the carbon sheets, which will be explained in greater detail

in chapter 4, we discovered the limits of the effect of water cooling on the carbon sheets.

In short, the thermal conductivity of the carbon tracking layers that are available for the

prototype makes it so that the water cooling pipes are not sufficient to carry away the heat

produced by the ALPIDE chips in a worst case scenario. We have to make sure to keep the

heating of the chips to a minimum, and with the calculated temperature difference in the

tracking layers being too high, air cooling will be implemented as well. In the final design,

the top and bottom plates in the support structure are opened up for air to flow through on

each side of the carbon layers.

The design of the air cooling system will be discussed in the next chapter.
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2.3.4 Protecting the tracking layers in a clinical situation

As mentioned earlier, physical protection of the tracking layers, i.e. the front of the detector

can become necessary. The carbon sheets, which is shown in figure 2.5, are very fragile and

shielding them physically could be necessary already at the stage of testing the prototype,

but especially in a clinical setting with patients around and other things outside of our

control.

The simplest version of this would be a metal sheet that covers the front of the first

tracking layer, that would be removed before use. For the time being, i have not included

this in the design but it would be quite simple to make. Eventually, this cover would ideally

be automated and an integrated part of the detector, but that is not necessary for the

purpose of our prototype.

Figure 2.5: One of the carbon sheets which will be used as a sensor chip carrier for the
tracking layers. Thickness: 225 µm.

Image by A. van der Brink
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2.4 Comparing the two mechanical support designs for

the tracking layers

In addition to the design i made, we have a simpler setup for the tracking layers which is a

part of the pCT model made by A. van den Brink at Utrecht University, where the layers

are supported by thin rods attached to the calorimeter (see figures 2.6 and 2.7 below). This

has the absolute minimum of material needed to keep the tracking layers in place.

Figure 2.6: pCT design by A. van den Brink, Utrecht University. Tracking layers mounted
onto the calorimeter support structure by the green rods, circled in red, through holes in the
aluminium spacers. The layers are kept in their positions by nuts on the rods.
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Figure 2.7: Simple mechanical support seen from the front.

Now I want to compare the design that I presented in this chapter to the mechanical

support made by A. van der Brink. Some advantages of his design:

• Very little material in front, only what is needed for cooling and mounting the carbon

sheets.

• Flexible, more potential to adjust to future changes in the pCT.

• The conversion layers can hang from the rods as well.

• Open in top and bottom, which makes it easy to implement air cooling.

The design that I have made (figure 2.8) also has some advantages to it:

• Robust design that protects the tracking layers.

• Conversion layers fixed in every direction.

• Good mechanical stability in every direction.

• Can be used as a stand-alone support.

• Easy to attach physical protection of the carbon sheets.
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Figure 2.8: My mechanical support design, with holes for attaching to the calorimeter

With these two designs available to us, it seems like the most flexible solution by van der

Brink will stay in the pCT design and my design will be used for only the tracking layers

as a stand-alone support. This means we can adjust the setup of the tracking layers with

regards to any changes to other parts of the detector. We will keep in mind this flexibility

also in the design of the air cooling of these layers.
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Chapter 3

Air cooling design

Now we will look at the different attempts to design an air cooling system for the tracking

layers. I will give a short presentation of this work, as it is not as complex a design as for

the support structure. Also, the final design is made by A. van der Brink but my designs

have been a part of this process.

There are two parts to this design process which are overlapping and interdependent of

each other, the tracking layer cooling for the pCT and for the air cooling test setup made

in Utrecht. Geometrically, with regards to the air cooling, the two are very similar so this

design should work for both cases.

3.1 The design task

Most of the air cooling system looks the same for the two different cases. I will explain what

the test setup looks like, but first of all I would like to present the general idea of the air

cooling system as a whole, and what part my design has in it.

The air cooling starts with an air supply or ventilation in the back of the pCT. This is

connected to a round adapter which in turn is connected to a 225mm x 25mm rectangular

vent which is split in four. This can be seen in figure 3.1 below. The rectangular vent then

sits underneath the calorimeter in the pCT. These parts are standard industrial vents which
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can be ordered and does not require any design or manufacturing on our part, which is why

we have chosen this as a starting point.

Figure 3.1: Standard air vents which connects to a round air supply tube

The part we need to design is the custom end piece for the air flow onto the carrier

sheets of the tracking layers. The air cooling of the transition cards in the calorimeter part

is much simpler, and we can make do with the industry standard vents that are available.

The carbon sheets in the tracking layers are very fragile, and thus need a more sophisticated

air supply method so that we can very carefully control the exact velocity of the air that

hits them. This means we have to design a slit or nozzle for directing the air stream onto

the carbon sheets.

In addition to the pCT, we need ti design this air cooling system for the test setup made

in Utrecht. This is a setup for two tracking layers using Al1050 aluminium instead of carbon,

which has very similar thermal properties to the carbon material we are using. This test

setup will be used to test the total cooling effect with both the water cooling blocks and air

flow on the tracking layers, like they will be configured in the pCT.
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3.1.1 Constraints and challenges

The big physical constraint is the support pillar which connects the pCT to the base plate

and makes it sit on top of the vents (see figure 3.2). This is absolutely essential to the

mechanical design, and we need to find a way to work around it. Flexibility of positioning

of the end piece/slits is also an issue here. There might still be changes to the positioning of

the layers, as was one of the changes during the design process of the mechanical support,

and since we are looking at a precise air flow, the air cooling will have to be flexible and

adjust to similar changes.

Figure 3.2: pCT base plate with vents and support pillars, all of which sits below the
calorimeter

3.1.2 Design ideas

The first design of an air cooling end piece that circumvents the support pillar of the pCT is

shown in figures 3.3 (a) and (b). Figure 3.4 shows how they attach to the ventilation system

of the pCT prototype.
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(a) Design 1

.

(b) Design 2

.

Figure 3.3: Two early attempts at designing the end pieces for the tracking layer air cooling.
A: One big slit covers both tracking layers with one stream of air. B: four slits which directs
the air towards each side of both layers
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Figure 3.4: First air cooling design attached to the main vent at the bottom of the calorime-
ter, circumfering the support pillar

The next design has four straight vents coming out of the four openings in the 225mm

x 25mm vent and connecting to a separate end piece. The end piece directs the air flow

towards the tracking layers, covering both layers from both sides. In this version, the four

connect to one big vent that bends towards the carbon layers (see figure 3.5).The middle

part of the vent is sealed with insulators, and this makes the gap for the support pillar in

between.
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Figure 3.5: The second air cooling design

The final version is a refinement of the previous design. The four vents and end pieces

are made to extend to the two carbon layers separately, directing the air towards each layer

from below and providing even airflow on both sides of each layer. You can see this design

with and without the carbon layers in figures 3.6 and 3.7.

Figure 3.6: The third and final air cooling design and how they attach to the main vent
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Figure 3.7: The final design with carbon plates
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3.2 Finalizing the design

This design process was in collaboration with A. van der Brink at Utrecht university, who is

in charge of the design of the pCT. After i completed the design in figure 3.7, van der Brink

finished the design and implemented features that improved the functionality and flexibility

a lot. The result is a box with four slits/nozzles, one for each carrier plate, tilted a bit

towards its corresponding plate. These slits are also movable in the y-direction (front to

back) which makes it flexible in case of changes later in the process. This design can be seen

in figure 3.8.

Figure 3.8: Final air cooling design for tracking layers
. Design by A. van der Brink, Utrecht University

The duct that connects to the end piece with the moveable slits is the same for the pCT

and the test setup (figure 3.9). This is because we want to test how the air cooling works

with the exact same conditions, how the airspeed out of the slits relates to the volumetric

air flow from the fan or ventilation and what kind of cooling effect we will see as a result of

this.
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Figure 3.9: Test setup for cooling of the tracking layers
. Design by A. van der Brink, Utrecht University
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Chapter 4

Cooling of carbon sheets - a

theoretical model

The second part of my thesis is regarding the heat transferred into and out of the carbon

carrier sheets of the tracking layers, and to look at the effect of water and air cooling

respectively and combined. In this chapter I will present the theory and empirical formulas

that I have used to model the carbon tracking layer and experimental test setups. The

carbon layers have been described in detail in the previous chapters.

There are two test setups for cooling experiments. One is a small aluminium plate with

a heating tape which I have assembled in Bergen with help from some of the engineers on

the pCT project. The other one is a full scale aluminium model of the tracking layer that

has been assembled in the workshop in Utrecht and are going to be sent to Bergen.

The temperature difference across the carrier plate and how it varies with certain pa-

rameters is the main subject of this section. There are also some other simple calculations

which are mentioned, the air volume flow from our cooling system, the frictional force on

the plates from the air flow, the cooling noise and vibration frequency from the air cooling

supply/fan. This makes a foundation for the reasoning behind some of the choices we have

done in designing and ordering parts for the pCT. This also hopefully gives us a look ahead

at what to expect when tests are run on the prototype. These other subjects are somewhat

outside the scope of my thesis and will not be investigated further.
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Several parameters goes into these thermal processes, some of which we can control and

some that are inherent in the materials, and it all adds up to a complex thermodynamic

system. We will therefore evaluate these to the extent that we can, given the information

and the techniques available. Some of this will be idealized situations and some will employ

empirical formulas that seem to work in cases similar to ours, all of which will be introduced

in the start of this chapter.

This system has been simulated using the student version of the CAD/simulation software

ANSYS. We use a steady-state thermal simulation to look at the temperature distribution

in the carbon sheets and a fluid simulation for comparison, to look at the air flow and how

its velocity will affect the temperature based on different parameters. The experimental test

setup for the air cooling in the next chapter has also been simulated and the goal is to see

some patterns between the experimental measurements, calculations and the simulations.

4.1 Thermal conduction and convection - formulas and

equations

Before getting into the specific case of the cooling system for the pCT tracking layers, we

will look at some general background and theory which is used for the calculations in the

next section. This will provide an overview of the equations and formulas that are referred

to, and will explain how these apply to our situation.

4.1.1 General heat conduction equation

∆U = Q−W (4.1)

U Internal energy of thermodynamic system
Q Heat
W Work
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The general heat equation is derived from applying the first law of thermodynamics

(equation 4.1), the principle of conservation of energy in a system, to a small volume. The

sum of heat conducted in and out of a volume, and the heat generated inside that volume,

equals the rate of change of energy inside of said volume. This gives us the equation that

says that the sum of the conduction in each direction of the Cartesian coordinate system

and the internally generated heat equals the total change in the energy of the system. This

is the general heat conduction equation, or the Fourier-Biot equation:

∂
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(4.2)

T Temperature
k thermal conductivity
qv Heat generated in the volume
ρ Mass density
c Heat capacity

For a model of the carbon sheet with ALPIDE chips, the chips are generating heat that

in turn is transferred into the carbon material and we can consider the heat generated by

the ALPIDEs as internal volumetric heat generation that is uniform throughout the carbon

plate. This uniformity is one of the assumptions that the derivation of the general heat

equation makes, and one possible source of uncertainty. Still, it simplifies the problem to a

manageable number of parameters for relatively simple calculations.

In the next section, we will apply boundary conditions to further simplify this equation,

to investigate how certain parameters like thermal conductivity and the thickness of our

carbon carrier sheets influence the temperature of the sheet. With the top and bottom

edges of the sheet cooled with water, this will give us information on whether we will need

additional cooling, like air cooling. When we derive this for our case specifically, we go on

to do further simplifications of the heat equation which will be discussed then.

4.1.2 Fourier’s law of heat conduction

Fourier’s law of thermal conduction states that the time rate of heat transfer through a

material is proportional to the negative gradient in the temperature and to the area. The
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proportionality constant obtained in the relation is known as thermal conductivity(k) of the

material, and this equation is how it is defined.

q = −k∇T (4.3)

q heat flux
k Thermal conductivity
T Temperature

If we look at heat conducted in one dimension in a material with thermal resistance R

(analogous to resistance in an electric circuit), we can write Fourier’s law as

∆T = QR (4.4)

T Temperature
Q Total heat generation
R Thermal resistance

∆T is the temperature difference as a result of the sheets being heated by the heat

flux from the ALPIDEs through an area, Q, and conversely the heat being carried away

by mechanisms that constitutes the total thermal resistance. In our case these thermal

resistances are mainly conduction in the x-direction (vertically) from water cooling and

convection over the area of the sheet from air cooling.

The total thermal resistance is the reciprocal of the overall heat transfer coefficient. This

is a heat property and a measurement of how much an object or a material resists heat flow,

as a result of different heat transfer mechanisms.

The reciprocal of the total thermal resistance is the sum of the reciprocals of the contri-

butions of thermal resistance, so they are added as such:

1

Rtot

=
1

R1

+
1

R2

+ ... (4.5)
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In our case this is thermal resistance from conduction and from convection:

Thermal resistance from conduction:

Rcond =
1
2
d

kAcond

(4.6)

1
2
d Average distance to the heat source

k Thermal conductivity
Acond Cross sectional area of conduction

Thermal resistance from convection:

Rconv =
1

hAconv

(4.7)

h Convection coefficient
Aconv Area of convection

Here we will use two different convection coefficients for stationary air and for moderate

air flow from the air cooling system.

Thermal resistance from radiation is also a factor, but I will show why that can be

neglected in this case. Contributions from the additional material between the chips and the

carrier plate, like glue and flex cable material, is constant and can be added later [2].
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4.1.3 Air convection coefficient

Figure 4.1: Illustrating free and forced air cooling convection in a double carbon tracking
layer

.

A tracking layer consists of two carbon sheets with ALPIDE chips, which means that each

carrier sheet has one side with ALPIDE chips facing the ALPIDEs on the other sheet. This

is shown in figure 4.1, where you can see the two sheets and the air gap in between them.

For the stationary air in the air gap inside the tracking layer we use a convection coefficient

of 8 W
m2K

. The other side of the carbon sheets, the outside of the layer, is hit by the forced

airflow coming from a slit below the tracking layers, as described and illustrated in the air

cooling design chapter. This convection from forced air is more complicated and we rely on

empirical formulas to get an estimated value.

We have used an approximation of forced air convection that is derived from a wind
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tunnel experiment by Nusselt and Jürge [8].

h = 5.8 + 3.94v (4.8)

v Speed of air flow

The experiment looked at a 50cm× 50cm copper plate in a wind tunnel. This empirical

formula assumes homogeneous laminar flow and is valid for moderate air speeds. We want

to achieve a convection coefficient of 20 W
m2 K

for the air cooling, and this corresponds to an

air speed of 3.6 m/s, so that is the convection coefficient and/or air speed we have used in

the following calculations and simulations.

4.2 Other important formulas and equations

There are a few other theoretical concepts that should be mentioned which are closely con-

nected to the subjects of this thesis but will not be investigated as thoroughly as the thermal

properties.

4.2.1 Air volume flow and air speed

The convection from air cooling is dependent on air velocity, but to decide what kind of air

cooling system to buy or build, we need to know the required volumetric air flow. Fans move

a certain volume of air and the air speed is then dependent on the duct that it is connected

to, the cross sectional area that it flows through. In the tracking layer-end of our air cooling

system, the air exits through a slit or a nozzle, and this is where we need to control the

airspeed to get the desired cooling effect.

When trying to decide what would be required for a test setup and later, the prototype,

we want to find an air supply with the right volume flow. This will then be able to supply

us with the right air speed onto the carbon plates.

V = v × Aairflow × 3600s [
m3

hour
] (4.9)
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V Volumetric flow rate
v Speed of air flow
Aairflow Area of ventilation opening-cross sectional area of air flow

4.2.2 Frictional force on carbon sheets

Moving away from the subject of heat for a second, there is one mechanical issue that is of

immediate interest. As mentioned in the mechanical support chapter, these carbon sheets

are extremely fragile and we want to anticipate as much as we can regarding the mechanical

stress that they will be subject to. This is why we want to investigate approximately how

much force will be put on the sheets as a result of shear stress from the air flow, to ensure

that they are not damaged.

The frictional force from the fluid is

Ff = τwAf (4.10)

τw Shear stress
Af Area affected by the fluid

The shear stress τw is the force per area:

τw =
1

2
ρv2Cf (4.11)

ρ Mass density of air
v Air speed
Cf Coefficient of friction

The overall coefficient of friction for laminar flow around a plate is

Cf =
1.328√
ReL

(4.12)
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ReL is the global Reynolds number over the entire air path length along the plate:

ReL =
vL

ν
(4.13)

v Air speed
L Air path lenght
ν Kinematic viscosity of air

4.3 Calculations based on conduction and convection

4.3.1 Preliminary calculations of the effect of water cooling: gen-

eral heat equation

For the first calculation, one of our objectives was to look at the values of certain parameters

of the carbon sheets in order to decide what kind of material properties we would need

for our tracking layers, the effect of water cooling on this material and whether this water

cooling would be sufficient heat transfer. The thermal conductivity and the thickness of the

sheet are of particular interest, and are parameters that we have certain constraints on. The

reason for this is to make sure that the heat produced by the ALPIDEs do not result in a

temperature that would be problematic for the readout from the ALPIDEs themselves.

Here, I have made a simple model of temperature distribution throughout one carbon

sheet in one dimension. That is, how much the temperature changes in x-direction (verti-

cally) when a heat load is applied evenly over the whole volume of the sheet and the edges

are kept at a constant temperature. Of course this is our absolute worst case scenario where

all the chips are active and deliver their maximum power for long enough time that the

system reaches equilibrium. This is a highly unlikely case, but it is a good place to start

evaluating the thermal properties of our system.

These temperature difference calculations are derived from the heat conduction equation

(equation 4.2), as was explained in the previous section. This equation is modified and

simplified by the following boundary conditions.
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• dT
dt

= 0 - Steady state condition, no variation over time.

• k = constant - The material is homogenous and isentropic. The thermal conductivity

does not have any spatial dependency.

• ∂T
∂y

= ∂T
∂z

= 0 - One dimensional heat conduction. One of the unique properties of the

carbon fleece/paper sandwich.

This leaves us with the following equation, the Poisson equation in one dimension, which

is relatively easy to integrate:

∂2T

∂x2
+
qv
k

= 0 (4.14)

qv Heat generated inside the volume
k Thermal conductivity

Solving this for T (x) gives us

d2T

dx2
= −qv

k
= 0 (4.15)

dT

dx
= −qv

k

w
dx = −qv

k
x+ C1 (4.16)

Evaluating this at the middle of the sheet x = 0, where T (x = 0) = Tmax due to the

symmetrical arrangement, shows that dT
dx

= 0 −→ C1 = 0

T (x) =
qv
k

w
xdx = −qv

k

x2

2
+ C2 (4.17)

Then, to solve for C2 we evaluate T (x) at the water cooled edges at x = ±Lx

2
with coolant

temperature T0. Lx is the height of the sheet.

T (x =
Lx

2
) = − qv

2k
(
Lx

2
)2 + C2 = T0

−→ T (x) = − qv
2k
x2 +

qv
2k

(
Lx

2
)2 + T0 (4.18)
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The maximum temperature is at x = 0:

Tmax =
qv
2k

(
Lx

2
)2 + T0 (4.19)

This gives us the temperature difference between Tmax and T0:

Tdiff = Tmax − T0 =
qv
2k

(
Lx

2
)2 =

qvL
2
x

8k
(4.20)

qv is the volumetric heat generated in the entire carbon sheet. This is given as

QA ×NA

Lx × Ly × Lz

(4.21)

QA Power generated by one ALPIDE chip 202 mW
NA Number of ALPIDE chips in one half layer 54
Lx Heigth of carbon sheet 200 mm
Lz Width of carbon sheet 290 mm
Ly Thickness of carbon sheet Variable

Inserting these values for qv into equation 4.20 with variable thickness Ly and thermal

conductivity k, gives us the formula used for the calculations explained in the following.

Tdiff is the temperature difference between the edges of the sheet, which have a constant

temperature from the water cooling, and the max temperature in the middle of the sheet,

x=0. We want to evaluate Tdiff to see if our worst case scenario is within our tolerance or if

additional cooling will be needed, provided we have restrictions on our material properties.

The maximum temperature is T (x = 0) = Tmax = Tdiff +T0. The minimum water cooling

temperature we can use is 18°C. This is to ensure that there will be no condensation on the

pipes that could damage the sensitive electronics in our scanner. We have to make sure that

the water cooling temperature is above the dew point for any realistic clinical environment,

with some margin.

The solutions of this equation are presented in figures 4.2 and 4.3, describing some of

the relations we were interested in investigating for the maximum power generated by all 54
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ALPIDEs. The first graph (figure 4.2) is the temperature difference as a function of thermal

conductivity for a few different values of sheet thickness. In the real prototype there are

constrictions on the thickness to keep in mind, to affect the particle beam energy as little

as possible in the tracking layers. The assumption is that the sheets will be approximately

0.2mm thick, but I have included a few values outside that just to see the relationship

between these parameters.

There is also a question of material availability when it comes to the larger values of k.

Carbon material with thermal conductivity of these larger values is quite hard to get for a

project of our scale, considering the budget and the small amount we would need. Therefore,

thermal conductivity of much more than 200 W
m K

is unlikely but again, larger values are

included for the sake of seeing this dependency. As is shown in this graph, the larger values

of k result in a smaller temperature difference, i.e. smaller maximum temperature as a

result of better heat conduction. The thickness of the sheet has a huge effect on temperature

difference for lower thermal conductivity values, in the range that are of interest to us.
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Figure 4.2: The temperature difference, Tdiff in a carbon sheet of different thicknesses Ly,
as a function of the thermal conductivity k

.

The second graph is describing the sheet thickness as a function of selected values of

temperature difference. This is plotted for different values of the thermal conductivity k.

We want to keep the ALPIDE chips from exceeding temperatures of 40°C. If we assume

the constant temperature as a result of the water cooling to be 18°C then this would mean

that Tdiff should not be more than 22°. This is not a hard cap on the function of the chips,

but the noise and threshold will increase with the temperature. Therefore we have this

tentative maximum temperature. Ideally we want to keep it much lower, as low as possible.

It is very clear from the figures that based on these calculations, all these constrictions and

considerations are hard to satisfy at the same time with only water cooling. If we were to

assume a thermal conductivity of 200 W
m K

and sheet thickness 0.2 mm, Tdiff is 23.5°.
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Figure 4.3: Sheet thickness Ly as a function of the temperature difference, plotted for dif-
ferent values of the thermal conductivity k

.

These calculations were made first for the aluminium layers in the calorimeter [11] and

then for the carbon tracking layers, before the air cooling was introduced. The results

presented in these graphs shows that some sort of additional cooling would be needed to

achieve the values of Tdiff that we need for the tracking layers to be working optimally.

With sufficient cooling effect from additional air cooling, the restrictions on carbon sheet

material are not a significant concern and this lets us stay within the range of acceptable

temperatures, even in the worst case scenario. This depends on what kind of results we see

from the air cooling effect.

We know the actual properties of the carbon fleece/paper sandwich that has been pro-
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duced. It has a thermal conductivity of about 220 w
M k

and a thickness of 0.225 mm, ap-

proximately the values we anticipated, and we can confirm that we do need mechanisms for

lowering the temperature of the carrier plates to be sure that the temperature will not cause

any problems for the ALPIDE readout. For this case, Tdiff is 19°.

4.3.2 dT from Fourier’s law: power density and thermal resistance

We have seen that the water cooling on the top and bottom of the carrier plates is not nec-

essarily sufficient for the cooling effect that our system requires. Because of this, we saw the

need to implement air cooling. This makes the heat transfer in our system more complicated

than what we derived directly from the general heat equation in the previous subsection,

and we need to calculate the combined effect of both heat conduction and convection from

air cooling.

The heat is conducted from the middle of the plane to the cool edges, like in the heat

conduction calculation. Fourier’s law (equation 4.4) says that the temperature difference

is the product of the combined thermal resistance of the entire system and the total heat

generated. The thermal resistance from heat conduction between the middle of the sheet

and the cold edge is formulated such that we are considering one half sheet of the carrier

plate with the power from 27 ALPIDE chips, because of the symmetrical arrangement of the

system, as illustrated in figure 4.4. For the thermal resistance from convection we use half

the convection area, as the same argument of symmetry applies.

Figure 4.4: Illustration of different areas of the thermal resistance calculations and axis of
symmetry for said calculations
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In this case, the temperature difference is between both water and air/room temperature,

T0, and the maximum temperature of the plate, Tmax. This is the temperature when we reach

the stable state with heating Q and cooling from as a result of total resistance Rtot. There is

no way for us to decouple the water and air temperatures, so this is one simplification of our

system which we will come back to. From Fourier’s law for heat conduction, we can express

the temperature difference as a function of the heat flux through the plane and the thermal

resistance of the plane. We will refer to this temperature difference as ∆T , to separate it

from the similar Tdiff from the previous calculation:

Tmax − T0 = ∆T = QRtot (4.22)

Q Total power generated
Rtot Total thermal resistance

The total thermal resistance is given by the formula

1

Rtot

=
1

Rcond

+
1

Rconv1

+
1

Rconv2

+
1

Rrad

+
1

Rconst

(4.23)

Rcond Thermal resistance from conduction
Rconv1 Thermal resistance from natural/free convection
Rconv2 Thermal resistance from forced air convection
Rrad Thermal resistance from radiation
Rconst Constant thermal resistance from glue, cable material etc.

The respective thermal resistances are calculated in the following. For conduction through

a cross-sectional area A, from equation 4.6, we insert these values:

1
2
d 50mm

k 220 W
mK

Acond 290× 0.225mm2

Like our previous calculation of the conductive plate with water cooling, the maximum

temperature will be in the middle of the sheet, at x = 0. The average distance from the
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cold edge to the heat source is half the distance from the middle to the edge, from x = 0 to

x = Lx

2
. This gives us

Rcond = 3.48
K

W

Thermal resistance from free and forced convection is found by inserting the following

values into equation 4.7:

h1(free convection coefficient) 8 W
m2K

h2(forced convection coefficient) 20 W
m2K

Aconv 274× 85mm2

The area cooled by convection is 274mm x 170mm. This is because the spacers that

constitute the frame for the tracking layers and the support for the water cooling pipes

envelops a few centimeters of the carrier plates, as shown in figure 4.4. We use half of this

area as our convection area in this calculation.

Rconv1 = 5.37
K

W

Rconv2 = 2.15
K

W

Thermal resistance from radiation, derived from Stefan-Boltzmann’s law:

1

ε · σ · Arad(T 2
alpide + T 2

0 )(Talp + T0)
(4.24)

ε Emissivity(we assume black body radiation) 1
σ Stefan Boltzmann’s constant 5.67× 10−8 W

m2·K4

Arad Radiative surface, surface of ALPIDE chips 450 mm2 × 27
Talpide Temperature of ALPIDEs(using 40°C for worst case scenario) 313 K
T0 Room temperature 293 K

Rrad = 13.03
K

W
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Thermal resistance from constant factors, Rconst, is not included at this time. This results

in a constant temperature difference which can be added at a later time when this has been

investigated further.

Table 4.1: Results from thermal resistance calculations. Contribution from each
cooling effect, their reciprocals and the running total resistance.

R 1
R

Rtot

Conduction 3.48 0.29 3.48
Free convection 5.37 0.19 2.11
Forced convection 2.15 0.47 1.07
Radiation 13.03 0.08 0.98

In table 4.1 we have calculated all the individual thermal resistances and their reciprocals,

which are added to find the total thermal resistance (equation 4.23). The third column is the

running total thermal resistance from top to bottom. As we can see from this, the thermal

resistance from radiation contributes very little to reducing the total thermal resistance and

can be neglected in our case.

Now that we have the total thermal resistance, we can put it back into the formula based

on Fourier’s law. The power consumption of each ALPIDE chip is estimated to be 202 mW

for the most common operating conditions of a pCT scan [12]. For our half sheet with 27

chips, this makes for a total power of 5.45 W.

The calculated temperature differences for different scenarios of cooling mechanisms are

written in table 4.2 below

Table 4.2: Results for ∆T

Cooling mechanism ∆T
Conduction 19
Conduction with free convection 11.52
Conduction with free and forced convection 5.81

The temperature difference with only conduction from the edges cooled by water, is

the same as the previous calculation we did. If we add the free convection, this should

be a slightly more realistic model of the scenario without air cooling. ∆T with all three
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contributions to thermal resistance, including convection from forced airflow, is my final

calculation for this model of the system and my best estimate of what the temperature

difference will look like with air cooling. We know that there are some of assumptions and

limitations to these calculations, but so far the temperature are within the acceptable range

of values.

I have also calculated ∆T for natural and forced convection without the water cooling

conduction. These calculations are not as interesting at this point and we will come back to

them later when looking at fluid simulations and the experimental test setup.

The last graph (figure 4.5) shows the relation between ∆T and air cooling speed, with

conduction and both free and forced convection present. This shows us how the air speed

affects the temperature difference while the contribution from conduction and free convection

stays constant. What should be noted about this relation is that this estimated air convection

(equation 4.8) does not necessarily hold for the higher air speeds, but it shows how this

empirical formula for the convection coefficient depends on the speed of the air flow.

Figure 4.5: The temperature difference in the carbon carrier sheet as a function of air speed,
with conduction from water cooling, free convection and forced convection from air cooling

.
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4.4 Other important calculations

4.4.1 Air volume flow

The volume flow of the cooling system is a simple, but important calculation. The air coming

out of the slits in our cooling system is 28 m3

hour
, if we want an air speed of 3.6m

s
onto the

tracking layers. Because of this, we should have an air supply that can give at least 60 m3

hour
,

taking into consideration the uncertainties we have in our current model of the air cooling

system. There is pressure drop and friction in the vents, turbulence and a lot more on the

subject of fluid dynamics which is outside the scope of this thesis.

4.4.2 Frictional force

In the previous section, we presented the frictional force from laminar air flow on a plate

in equation 4.10. Inserting the convection area and the following constants to calculate the

shear stress (equations 4.11, 4.12 and 4.13):

Area affected by fluid 274× 170 mm2

Air density 1.225 kg
m3

Air speeed 3.6 m
s

Length of air path 170 mm

Kinematic viscosity of air 15.06× 10−6 m2

s

This gives us the frictional force on the carbon sheet:

Ff = 0.00244 N

4.4.3 Fan noise and vibration

This is not a direct calculation, but we have investigated what kind of fans are available for

our intended use. Assuming that there is some uncertainty in the volumetric flow calculation,

we need a fan that delivers double the volume flow that we have calculated to achieve the
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required air speed. This means we want at least 0.93 m3

min
. The fans that are the closest to

these specifications have a max volume flow of 1 m3

min
at 4000 rpm. The noise from these is

supposed to be 40.6 dB, and the fan speed indicates that the frequency of this noise is 66.7

Hz.

This is a representative example but it is too early to tell which kind of ventilation or fan

will be used as air supply for the pCT. This thesis focuses primarily on the thermal aspects

of the cooling system, and therefore will conclude any further on this subject.

4.5 Simulations

Another method we use to model the thermal properties of the tracking system is simulations.

The student version of a sophisticated simulation/CAD software called ANSYS was the

best option available for this. The results from these simulations gives us another set of

temperature calculations for comparison and provides us with better visualizations of our

model and its temperature distribution. ANSYS has a modular interface, in which you work

from a virtual Workbench environment which implements and combines different software

for data input, simulation, CAD drawing and more. We will only be looking at the specific

functions of the software used for the simulations in question, but the interface with its

variety of components is demonstrated in figure 4.6 below.
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Figure 4.6: An example of how the Workbench interface looks in ANSYS student version
.

We look at results from two different simulation modules in ANSYS. In both cases, the

models for the simulations have been made in a CAD software called DesignModeler. The

first one is a steady-state thermal simulation that takes in boundary conditions and thermal

properties to solve for e.g. temperature or heat flux over the area of the plate. For the

second type of simulation, we use Fluent, a fluid simulation that physically models the flow

of air and how it affects the model. In this case, the speed of the air flow itself is entered as

input instead of a thermal property like convection. In each case we will look at comparisons

between the simulation results and calculations from the previous section. These methods

will be compared to experimental measurements in chapter 5.
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4.5.1 Simulation models

There are three different models that we want to simulate:

• The carbon tracking layer model is an aluminium sheet of 290mm×200mm×0.225mm

with a thermal conductivity of 220 W
m K

.

• Aluminium (Al1050) model for cooling tests, made in Utrecht with dimensions

290mm × 200 × 0.2mm. Al 1050 has thermal properties that are quite similar to

our carbon material.

• The third model is a smaller aluminium plate that was built in the lab in Bergen to

test the effect of air cooling on a heated aluminium plate. This is a smaller, simpler

setup consisting of a plate with heating tape on the backside, air flowing onto the front

of the plate and no water cooling. With this model, we can compare simulation results

to real-life measurements, to get a sense of how realistic these simulations are. This

experimental setup will be described more in-depth in chapter 5.

4.5.2 Steady state thermal simulations

For both the carbon layer and the aluminium cooling test layer I have used a thermal

conductivity of 220 W
m K

, a total heat load of 10.9 W, which corresponds to 54 chips that

produce 202 mW each. In figure 4.7 below, you can see the setup for the simulation case

that is closest to the calculations. Here, the heat load is distributed over the whole surface

and the water cooling and air has the same temperature, T0. In this case T0 is 25 °C but the

actual value of T0 does not affect the calculation of the temperature difference.
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Figure 4.7: An example of how the setup for the first set of steady-state simulations look
.

Figure 4.8: Steady-state simulation of temperature of the carbon carrier plate with water
cooling and heat load distributed over the whole plate
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The simulations for this heat distribution is run first with conduction from water cooling

only, then with free convection and at last, forced convection from air flow corresponding to

a convection coefficient of 20 W
m2 K

. We can look at the temperature distribution but even

more importantly, the total temperature difference. An example of what the simulation

results looks like is displayed in figure 4.8.

These simulations shows a temperature difference of 19, 11.28 and 5.48 degrees for the

different thermal resistances. This is very close to the calculated values, which are shown in

table 4.3. This means that the results of the calculations are comparable to the simulations

results. When we narrow in towards a more realistic model of the carrier plate, we will see

how our assumptions in the more idealized calculations differ from the real system.

Table 4.3: Comparison of calculated values to simulation results

Calculated ∆T Simulated ∆T
Water cooling only 19 19
Water cooling and free convection 11.52 11.28
Water cooling, free convection and air cooling 5.81 5.48

The same type of simulation is run for the heat generated inside areas resembling the

9-chip ALPIDE strings. Both of these have been run with the same temperature for water

and air cooling, like the calculations, and 18°C water temperature and 20°C air/ambient

temperature. This has all been repeated for the Utrecht cooling test model as well which

will give us some information about the plate thickness dependency and can be compared

when tests are run on this setup.

The results from these simulations compared to their corresponding calculations, using

Fourier’s law (equation 4.22) calculating the temperature difference ∆T in the previous

section, are shown in the graphs below in figures 4.9 and 4.10.
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(a) Same temperature for water and air

(b) Minimum water temperature we can use

Figure 4.9: Comparison of the calculated values to the simulations using the carbon tracking
model for the pCT
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(a) Same temperature for water and air

(b) Minimum water temperature we can use

Figure 4.10: Comparison of the calculated values to the simulations using the cooling test
model made in Utrecht
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These results show that we can generally expect the temperature difference for the 9-chip

string setup to be a bit lower than the calculated values. Also, when the water temperature

is lower than the ambient temperature, the temperature difference is a bit higher than the

corresponding calculated value. This is because T0 is lower, which makes (Tmax−T0) higher,

even though the maximum temperature is lower than in the calculations.

The Utrecht model shows very similar results to the pCT model, except for the slightly

higher temperatures when the water cooling is present. This is because of the sheet thickness

dependency which we investigated in the preliminary calculation using the heat conduction

equation (equation 4.20).

The biggest difference between the simulation results and calculated values is for the free

convection only, which may indicate that our natural convection coefficient is too low. We

will keep using this value for the coefficient, and see if these errors are consistent with the

other results before concluding anything.

4.5.3 Fluent - fluid simulations

Using the Fluent simulation software, the effect of air flow on the temperature distribution

of the carrier plate has been simulated. This simulation is solved in a different way than

the thermal simulation, modeling the physical properties of the fluid. The inlet and outlet

for the flow in a volume of fluid is defined geometrically, and the fluid flow speed into the

volume inlet is set by the user. This way, the air speed determines the cooling effect directly

and not the value of the convection coefficient. That means that we get to see how well the

empirical formula for the convection coefficient of forced air(equation 4.8) holds up for our

model, since we are using the air speed value which is derived from an estimated convection

coefficient.

In this simulation, the material of the carrier plate is aluminium and the fluid is air.

The physical properties of these materials are built into the software, but we can change the

thermal conductivity of our aluminium to be 220 W/m*K to match the properties of our

carbon layer.

In these fluid simulations, the walls of the model have an initial temperature, but it is

not kept constant. This is a feature of our calculations and steady-state simulations which

differs from the real-life model, the constant boundary conditions.
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In figure 4.11 below, the heat load of 54 ALPIDE chips, 10.9 W, is evenly distributed

over one face of the carrier plate with a laminar air flow through a volume on the other side.

This fluid volume has a thickness of 2mm corresponding to a 2mm slit in a vent below the

tracking layer. The air flow covers the surface of the plate, which is our convection area.

The part of the plate which is covered by the frame, i.e. not affected by convection, is not

considered here.

Figure 4.11: An example of how the setup for the fluid simulations look
.

The result when we apply the heat generation and air flow is displayed graphically in

figure 4.12, as a colour contour of the interface between the fluid volume and the solid

plate. The temperature of the air flow is set to 20°C. The minimum temperature of the

plate is approximately 299K, but the temperature of the system ranges from the ambient

temperature of 293K (blue) to 300.8K (red), which gives us a temperature difference of 7.8

degrees.
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Figure 4.12: Temperature contour of the fluid-solid interface of the carrier plate for only
convection on the pCT carbon sheet model

.

We can probe the temperature of a specific coordinate on the plate, which gives us the

approximate minimum temperature of the plate. We can see from the temperature contour

that the interface and the solid plate itself does not go down to the minimum temperature

of 20°C, so it could be interesting to see what the temperature difference across the plate

itself is. The small black ring on the plate in figure 4.12 is the area being probed and

the black lines on the temperature scale shows the temperature range inside the probed

area. The minimum temperature of the plate is 299.3 K, as none of the edges have constant

temperature boundary conditions in this case.

This fluid simulation has been run for the pCT and Utrecht models with water tempera-

tures 20°C, equal to the air temperature, and 18°C like we anticipate the real water cooling

temperature will be, as initial temperatures of the top and bottom edges. The results from

these simulations are shown in figure 4.13.
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(a) Bergen pCT carbon carrier sheet model

.

(b) Aluminium 1050 cooling test model made in
Utrecht University

.

Figure 4.13: Comparison of the calculated values to the Fluent fluid simulations
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4.5.4 Comparing calculations to results from simulations

Now we have seen the results from the calculations and simulations for the pCT carbon

tracking layers and the Utrecht aluminium tracking layer test model. There are many un-

certainties to consider as a result of the limitations of the calculations and the simulation

software.

We know that these results are different from what we can expect to see when this

complex system of mechanical and thermally coupled parts is tested in reality. We will look

into the general results from the calculations and simulations and sum up the most important

uncertainties from this modeling. There are also some things that should be mentioned for

the continued investigation into the modeling of the tracking layers beyond the scope of this

thesis.

From the results of this chapter, we can conclude:

• The key numbers from the calculations seem to agree with the simulation results. The

calculations are not very far away from the much more sophisticated calculations made

by the simulation software.

• The biggest difference is the calculations vs simulations of the case with only free

convection. This is not a vital result for us in and of itself but it indicates that our

calculation of the value we use for natural convection coefficient might be wrong in

this case.

• Generally, the temperature differences and maximum temperatures are lower in the

simulation results than the calculations.

With all this said, some big uncertainties still prevail. The simulations and calculations

are both very idealized scenarios so naturally there are some things that are not considered

here at all.

• The convection coefficient calculation assumes laminar air flow, the same goes for the

fluid simulation in Fluent. This makes sense, seeing that the fluid simulation results

match our calculated values. In the real life case, on the other hand, we have reason

to believe that the flow will be turbulent to some degree. There is no way of knowing

how these results will look before assembling the test setup, as turbulence makes the

modeling of fluid dynamics more complicated.
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• There is thermal resistance that I have summed up in the calculation as a constant

thermal resistance due to mechanical coupling between the cooling water, pipes, solder,

cooling block and onto the carrier plate. Also there is a difference in the convection

capabilities of laminar and turbulent water flow. This is not a significant problem with

the calculations, as it contributes a constant temperature difference that can be added

later on [2].

• When modeling the cooling systems, both air and water supply with tubes, soldering

and cooling blocks, there are several unknown factors like pressure drop due to friction

and turbulence. These things can be modeled, but it is outside the main subjects of

this thesis and have thus only been mentioned in passing. These things are important

when it comes to anticipating how much the experimental measurements will differ

from our results.

4.6 Summary and conclusions

The results from the calculations and simulations can be summed up as follows:

• The calculation derived from the general heat equation indicated that water cooling

was not sufficient for optimal operation and readout of the ALPIDEs.

• The calculation based on Fourier’s law (equation 4.22) which factored in other sources

of thermal resistance, most importantly air cooling, showed that with a convection

coefficient of 20 W
m2 K

the temperature difference would be kept low enough even for the

maximum heat generation possible.

• The steady-state simulations confirmed that our calculated values were representative

for the system that we wanted to model.

• The fluid simulations showed that our modeling of the air convection and cooling was

a good approximation.

4.6.1 Comparing simulations to experimental results

Moving forward, we would like to compare these models to experimental measurements. In

the next chapter we look at an experimental setup and temperature measurements from
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this experiment. The setup has its own inherent flaws and this will be discussed in light

of corresponding calculations and simulations, how these things relate and deviate from

each other. The discussions in this section will then be brought back up in light of these

comparisons going into the last chapter.
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Chapter 5

Experimental results

For the final part of this thesis, we have an experimental setup for temperature measurements

that may give us some insight into how the simulations hold up compared to the reality of

the cooling of the pCT. Ideally we would like to measure the real carbon tracker layer, or

the aluminium tracker layer made in Utrecht for this exact purpose. Unfortunately, due to

travel bans and lockdowns during the Covid-19 pandemic, everything has taken more time

than expected and the Utrecht model has not yet come to Bergen for testing.

We made a small scale test setup for air cooling only to have some measurements to

compare to the calculations and simulations. This means that we have to compare this to

another set of calculations and simulations, for the small-scale air cooling test model. We

will look back on the issues we presented with the simulations and calculations from the

previous chapter in light of this comparison.

5.1 Experimental setup

Equipment:

• Two plates of Aluminium 6062, dimensions 121mm × 52mm × 0.5mm, thermal con-

ductivity 170 W
m K

.
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• One heating tape, 100mm× 25mm, max power 4W at 12V according to factory refer-

ence.

• One fan, mounted on a metal stand.

• Cardboard and tape for a makeshift “vent” with a slit for air flow.

The setup and assembly is quite simple. The heating tape is glued onto one of the

aluminium plates, as you can see in figure 5.1a. With four small plastic screws, one in each

corner, this is attached to the second aluminium plate. This makes an air gap of about 1.5

cm on the side that has the heating tape to make it stand up, because we want to blow air

from below, parallel to the heated plate.

The fan is sitting in the bottom of a cardboard vent/funnel, as seen in figure 5.1b. This

way it is blowing air upwards towards the slit. The airflow at different positions above the

fan is very uneven, so the funnel was an attempt to even that out a bit. We will get back to

how successful that proved to be. The fan has a max voltage of 12 V. Later we will look at

how this translates to different air speeds in the different positions across the outlet.

(a) Aluminium plate with heating tape

.

(b) Fan sits at the bottom of the cardboard vent

.

Figure 5.1

At the top of the cardboard funnel there is a slit, approximately 120mm long, which

can be seen in figure 5.2a. The width of the slit is corrected with black tape, so that it is
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approximately 3 mm over the whole length. This is resembling one of the slits in the air

cooling system we designed, which blows air onto the tracking layers. We aim to get a similar

effect and to create a “fluid volume” in front of the plate, like one would model in the fluid

simulation.

(a) The slit in the cardboard vent/funnel (b) Aluminium plates sitting on top of the air
outlet

Figure 5.2

Next, the two plates are placed on top of the cardboard structure. The plates are posi-

tioned so that the air coming out of the slit hits the side of the aluminium plate opposite of

the heating tape. The back plate, without the heating tape, is fastened with regular tape

so that the heated plate can just sit on top of the black tape, on the edge of the slit. This

can be seen in figure 5.2b. The paper in front of the plate is for temperature measurements,

which will be explained later.
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5.2 Measurements

To measure the airspeed, I have used a testo Smart Probe anemometer. An anemometer is a

device used to measure air velocity. This particular probe is a hot wire anemometer with an

adjustable shaft with a hole perpendicular to the shaft, that has a conducting wire inside it.

The wire is heated by electrical current and when the hot wire is placed in the air stream,

the heat is transferred from the wire to the fluid. The resulting resistance of the wire is used

to measure the flow rate of the fluid.

The anemometer is mounted on a stand, measuring the airflow at 12 different positions

along the slit with 1 cm intervals, 1.5 cm above the outlet, as can be seen in figure 5.3.

Figure 5.3: Air speed measurements above the outlet
.

The result from these measurements can be seen in fig 5.4. The temperature is measured

for fan voltages ranging from 6V, as low as possible, in 2V intervals up to 12 which is the

max voltage of the fan. As is apparent from this graph, there is a big variation of air speeds

across the slit so I will use the average speed for each voltage when trying to model this for
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the calculations and simulations. The issues and challenges with this will be discussed when

we evaluate the results.

This variation is due to air speed variation at different positions above the fan and the

vent/funnel did not even out the airflow as much as I had hoped. Also, the airflow is

turbulent and even if we put some material inside the funnel to diffuse and even out these

variations, the resulting cooling effect would be approximately the same.

Figure 5.4: Measured air speed along the slit (z-direction), 1.5 cm above the outlet. Measure
for four different voltages on the fan

.

5.2.1 Temperature measurements

The FLUKE 80T-IR infrared (IR) temperature probe connected to a multimeter has been

used to measure the temperature of the plate. This probe is pointed by hand at an object

and reads out the black-body radiation emitted by the object as a temperature in degrees

Celsius, when we apply a voltage from the multimeter. This can be seen in figure 5.5a. One
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issue with the IR probe is when pointing it at a highly reflective surface like an aluminium

plate it does not register any emitted infrared radiation, so one would have to put some

non-reflective material in front to solve this issue. I have used white paper in front which is

fastened with kapton, heat resistant tape, to minimize the effect this has on the heat transfer

effect.

(a) Temperature measurement with IR probe

(b) Test setup aluminium plate with paper in
front and position markers

Figure 5.5

The temperature was measure at five different locations on the plate, to see if there was

any significant spatial variation in the temperature. The z-coordinates (horizontally) that

are marked are at 2, 4 and 6 cm and at the 6 cm mark, the x-coordinates (vertically) are

1.5, 2.5 and 3.5 cm. You can see the approximate dimensions of the plate and the marked

positions on the assembled test setup in figure 5.5b.

Each position has been measured five times for each setting, to cancel out some measure-

ment uncertainty. The process has been as follows:
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• Turn on the heating tape with voltage 4, 8 or 11.8 volts.

• Turn on the fan on the lowest setting, 6 volts. Wait until the temperature stabilizes.

• Measure five times for each position.

• Repeat for the remaining fan settings.

There are several sources of uncertainty in this experiment. We will have a brief look at

what they are before we start discussing the results from the measurements.

5.2.2 Sources of uncertainty

There are some factors of uncertainty in comparing the experiment to a theoretical model

or simulation:

• The airspeed is very uneven and the airflow is far from laminar.

• The IR-probe is hand held and therefore subject to human error.

• There are a lot of unknown thermal resistances which are hard to model. The way the

heating tape is glued onto the aluminium plate, the contact between the plate and the

material it is standing on, the paper in front of the plate for measurement are at least

some of them.

5.3 Results

The results from the measurements are gathered in a table, like in figure 5.6. Here, T0 (T0)

is the ambient temperature and the initial temperature of the plate and T max (Tmax) is the

stable temperature in the middle of the plate, with the heat load generated by the heating

tape at the given voltage. The temperatures are measured five times for each coordinate on

the plate.
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Figure 5.6: Example of table of measured temperatures [°C] from the air cooling experiment.

The position dependency was negligibly small and very inconsistent, and therefore we

look at the average temperature of the plate for each fan and heating tape setting. This

makes the data a lot easier to present and further evens out the uncertainties that arise from

me manually measuring with the probe with 25 measurements per setting. The measured

temperatures for the respective heating tape voltage settings are presented as the blue lines

in figures 5.7 a), b) and c), as a function of the fan voltage. Fan voltage 0V is refers to the

stable maximum temperature of the plate for that heat load, with no air flow present. The

red lines are the difference between measurement and ambient temperature of 24°C.
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(a) 4V voltage on heating tape

(b) 8V voltage on heating tape

(c) 11.8V voltage on heating tape

Figure 5.7: Measured temperature of aluminium plate and temperature difference from
ambient temperature, averaged over five different positions.
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5.3.1 Observation from measurements

The cooling effect of an air stream onto the aluminium plate is significant, as seen in the

temperature difference from 0V to 6V on the fan. The effect of further increasing the voltage

on the fan, and in turn the air speed, is not as big as we would expect from the measurements

of the air speeds and the convection coefficient we calculate from that. This effect is also a

bit inconsistent, for the 4V heating tape setting, the temperature increases a bit when we

increase the air speed, opposite of what we would expect. This is due to the relatively small

differences in temperature and uncertainties in measurement.

5.3.2 Expectations from future measurements

When the tracking layer replica model from Utrecht is assembled, we can expect to see a

bit more consistent results and get measurements that fit our calculations and simulations

better. The layers will be mounted properly with the spacers and water cooling, suspended

on rods and not touching anything else that might affect the thermal resistance. Also, the

heat conduction from water cooling should be easier to predict than convection because the

behaviour of the fluid is harder to predict than the plate material. The proper test setup

will have an air cooling system similar to the one we designed for the pCT. This will make

the air flow more controlled, less turbulent and closer to the simulated model.

5.4 Comparing measurements to calculations and sim-

ulations

For comparison, all the calculations and simulations that I did in the previous chapter

has been modified for my experimental model. These results are presented as graphs and

compared to the corresponding results from my measurements.These will be presented in

the same order as before, first the calculations, then the steady state simulation and lastly

the fluid simulation.
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5.4.1 Calculations with Fourier’s law

The first calculation is Fourier’s law (equation 4.22) with resistance from free and forced

convection, without any conduction or radiation. This is shown in figure 5.8. A voltage of

12V on the heating tape gives its maximum of 4W power according to the data sheet from

the manufacturer. When applying 11.8V on the heating tape, it is drawing 0.35A of current.

This means that the actual power drawn by the heating tape for this setting is 4.13W. With

8V voltage it is drawing 1.92 W and for the 4V setting, 0.48W.

There is no constant temperature as boundary conditions, only convection. For fan

voltage setting 0V I have used free convection on both sides of the plate, while for the other

fan settings there is one side with free convection and one side with coefficient calculated

from forced convection previously, in chapter 4 with equation 4.8.

The heating tape measures 100mm × 25mm which is approximately the area of 5.5

ALPIDE chips. Drawing a maximum of 202mW each, this means that the corresponding

area of ALPIDEs would draw 1.11W. This is somewhere between the 4V and 8V setting on

the heating tape we have used.

We see immediately that the temperatures are higher than the measured values, with the

temperature difference for the highest power setting being 43.8 degrees. This would mean

that the temperature of the plate is 67.8 degrees. This was expected, as there are several

sources of thermal resistance that we did not consider in this case.
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Figure 5.8: Results from calculations for only convection, power generation corresponding
to heating tape experiment

.

Figure 5.9: Results from calculations with convection including contribution from radiation
.
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When we include the thermal resistance from radiation, calculated as described in the

chapter 4, we can see that it accounts for some of the temperature difference (figure 5.9).

The heating tape covers a large part of the area of the aluminium plate, so it makes sense

that the contribution from radiation is larger in this case, than for the tracking layer.

The last calculation includes a constant resistance, to see approximately the magnitude

of the unknown thermal resistance. With a constant resistance of 58, the temperature

differences without air cooling(fan voltage 0V) match our measured values quite well but the

slopes of the curves remain the same. This can be seen in figure 5.10.

This thermal resistance value is about as big as the contribution from the radiation.

This means that the contribution from the unknown factors, contact resistances etc., is quite

significant.

Figure 5.10: Results from calculations including a tentative constant resistance accounting
for all unknown thermal resistance

.

Comparing these graphs to the measured temperature difference in figure 5.11, the slopes

of the temperature difference curves are quite different. The slope going from free convection

(no air flow) to the lowest fan setting of 6V is a lot steeper for the measured values. It does

however flatten out more for the smaller heat loads as is the case for the calculations. This
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may be due to the calculated convection coefficient assuming laminar flow and thus the

contribution from forced convection in our calculations being wrong in this case. Another

possibility is that the convection coefficient for free convection that we use for the calculations

is wrong.

Figure 5.11: Measured temperature difference for the heat loads corresponding to the calcu-
lations of this section.
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5.4.2 Simulations

For further comparison, we have simulated this experimental setup in ANSYS. The first

simulation is a steady-state thermal simulation with the heat load distributed over an area

corresponding to the area of the heating tape. We have applied free convection to both sides

and then changed the convection coefficient on one side to match the forced convection from

our different fan voltage settings, same as for the calculations. The solution to one of the

simulations is shown in figure 5.12.

Figure 5.12: Example of steady state simulation solution, for 4.13W heat load and convection
coefficient h=17.6

.

Here we have also used the forced convection coefficient that is calculated from the

measured airspeed. The temperatures in this case are also higher than our measured results

and looks very similar to our calculation without radiation and additional resistance (figure

5.8). The results from the steady state simulations for the different heat loads are shown in

the graph in figure 5.13.
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Figure 5.13: Results from steady state thermal simulation for the experimental setup model
.

The second simulation is the fluid simulation using Fluent. This simulates more ac-

curately the physics of the airflow itself and does not rely on the empirical formula for

convection coefficient which I have used in the other comparisons. The results from this

simulation are shown in the graph in figure 5.14.

The temperatures here are a lot higher, partly because there is no way to include the

free convection on the side of the plate opposite the air flow (where the heating tape is).

Apart from this and the missing constant resistances, which would lower the temperatures

considerably, these results look a lot like our measured values and seem to model the air flow

and cooling better than the other tools we have used.
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Figure 5.14: Results from fluid air flow simulation for the experimental setup model
.

We have now seen how the methods we have used for predicting the thermal properties of

the tracking layers compares to measurements from a simple air cooling experiment. These

results will be discussed in broader terms in the last chapter.
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Chapter 6

Conclusions/summary

In this last part, the discussions and points that have been made throughout the different

chapters will be repeated and summed up. This is divided into two parts, the mechanical

design part and the thermal properties and cooling part, as these are quite different.

6.1 Mechanical support and air cooling design

As many considerations and limitations as possible has been included in the designs presented

here. Some of the things that have not been considered were not explicitly stated during the

design process and has therefore not been the main priority, like the amount of material in

the design. Also, parts of the pCT have changed during this time and the designs have not

necessarily been flexible enough to change accordingly.

The designs made by A. van der Brink are flexible to new adjustments and are therefore

the current designs for the pCT and cooling test setup. The design processes described here

has been collaborative and my air cooling designs have been a part of making the design

currently in use. Also, my mechanical support design has its own advantages and is useful

for these reasons.

In a design process like this one is made aware of the designs’ flaws and what they lack

and this has in turn been a way to discover new limitations and trade-offs that have to be

made. One does not necessarily have the bigger picture of a project like the pCT from the

start, and this trial and error is essential to the process as the project is changing all the

time.
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6.2 Cooling of carbon sheets and experimental mea-

surements

To sum up the work in these two chapters:

• Calculation of the effect of water and air cooling on a simplified model of a carbon

sheet and later for a similar aluminium sheet, the cooling test setup from Utrecht.

• Simulation of these same conditions with both a steady state thermal simulation and

a fluid simulation to check the calculations. Some more realistic conditions are im-

plemented for comparison, with the right water and air temperatures and heat load

distribution similar to the 9-chip ALPIDE strings, to compare to the simpler model.

• Assembly of a small test setup with a vent/slit for air cooling and an aluminium plate

with a heating tape. The temperature of the plate was measured to see the effect of

the air cooling.

• Calculation and simulation of the effect of air cooling on my test setup model for

comparing to the results of the measurements.

6.2.1 Calculations

The calculations showed us, first of all, that there would be a need for air cooling of the

tracking layers. This was the purpose of the first heat conduction calculation and it showed

clearly that in a worst case scenario, with all the ALPIDEs generating maximum heat, the

temperature would be too high for optimal operation of the pCT. The alternative ways to

lower the temperature were if we could use carbon sheets that were thicker and/or ones

that had much higher thermal conductivity. Since we want the tracking layers to affect the

particles as little as possible, thicker carbon sheets are not an option and higher thermal

conductivity is not available due to our budget and the small quantity we need.

The next set of calculations was based on the thermal resistances of the different cooling

mechanisms, most importantly air cooling. The only thing not considered here was the

constant resistance from mechanical coupling, glue, flex cables etc. Here we showed that if

we achieve a convection coefficient of 20 W
m2 K

, which corresponds to a laminar air flow with

3.6m
s

air speed, that would lower the temperature difference sufficiently.
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6.2.2 Simulations

Simulating the conditions that we used in the calculations, both in a steady state simulation

and a fluid simulation, confirmed that the calculated values seem reasonable. The weakest

link would then be our model and how it differs from the real-life system. For the next set

of simulations, the water cooling temperature was lower than the temperature of the air, as

low as we can do without condensation. Then, the heat distribution area was changed to

resemble the 9-chip strings of ALPIDEs. Both of these changes resulted in slightly lower

temperature.

The last factors that make these models differ from a real system are the properties of the

air flow and the constant resistances. These are hard to simulate, since they are depending on

a lot of mechanical coupling of parts and simulating a very complex system. Therefore, the

best thing to do when investigating this further is to get some experimental measurements

compare this to the theoretical models.

6.2.3 Experiment

We would have liked to set up the cooling test model made in Utrecht with water cooling

and the proper air cooling design, but unfortunately this was not possible to do within

the time frame of this thesis. Because of this, we decided to use a simpler air cooling test

setup without water cooling. The results from these measurements shows that there is a

significant cooling effect from the air flow, though it is quite turbulent so our estimated

convection coefficient might not be the best approximation for this case. The results from

this experiment have been compared to the calculations and simulations, to see how our

models hold up when compared to experimental measurements.

When using the power drawn by the heating tape as the generated heat, like we did

for the ALPIDEs in the tracking layer model, we saw that the temperatures were higher in

the calculations and simulations than what we had measured. This means that the contact

resistances that we have not included in our model, e.g. between the heating tape and

the aluminium plate and between the aluminium plate and the cardboard, has a significant

impact on the temperature. By adding a non-specified thermal resistance as a substitute for

the constant resistance from e.g. contact resistance, I brought the maximum (free convection)
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temperature down to my measured values. The slope of the temperature from no air flow to

the 6V fan speed is wrong, which means that value for free convection and/or the empirical

formula calculating the forced convection is wrong in this case.

When simulating these same conditions, the results from the steady state simulations are

similar to our calculated values. The absolute temperature difference is higher because we

have not considered the additional resistances in the simulations. For the fluid simulations

on the other hand, the slopes of the graphs are very similar to the measured results, except

that it is missing a large contribution of constant thermal resistance from various sources.

The fluid simulations made for a much better model than the calculations in this case.

When modeling the carbon layers in chapter 4, we had a large contribution from the water

cooling as the constant temperature boundary conditions. This is easier to anticipate the

effect from than the air flow. In that case, the fluid simulations, steady state simulations and

calculations gave similar results. When modelling the experimental setup, the temperature

difference is relying mostly on the air cooling convection and the simple calculation does not

hold up as well.

These experimental results and corresponding simulations makes me confident that my

results from the calculations and simulations of the tracking layer is a good first estimate

for the temperature difference and distribution. While we do not know the exact values due

to the uncertainties that have been mentioned, we have an idea about the general trends

that these cooling mechanisms will follow. I think that the water and air cooling that is

planned for the tracking layers will be more than sufficient for the optimal operation of the

tracking system for the pCT, even when the ALPIDEs are producing as much heat as they

possibly can. Comparing this experiment to the simulations on the tracking layer model, it

seems like we have considered an absolutely worst case scenario and that the temperatures

will be lower than expected, rather than higher. Concluding anything more certainly than

this would require further testing with a more advanced model that is similar to the real

tracking layers.

6.3 Looking forward

My designs will be useful in the future development of the pCT, and can be changed to fit

further changes if needed. The model I have made is a good estimate for the general trends
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of the cooling effects, but it is still lacking the constant thermal resistance. The next step

would be to continue testing to figure out the specifics of the air cooling system and the

actual effect of the water cooling. With a proper aluminium replica of the tracking layers,

a more sophisticated experiment and the air cooling design and water cooling in place, we

would get results that are close to the real prototype.

There are also a few things that has been mentioned, which will be important subjects to

investigate further. The fluid dynamics and mechanical properties of the air cooling system

includes air volume flow and pressure loss in ducts, which I have not looked at. The frictional

force from the air flow onto the fragile carbon sheets has been calculated but the impact

of this and the amount of shear stress that the carrier sheets can withstand has not been

looked into. The noise and vibrational frequency of a fan in relation to its volume flow has

also been calculated. This relation and the resonant frequencies of the carbon sheets are an

important subject for further research.
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List of Acronyms and Abbreviations

ALPIDE Alice pixel detector.

CAD computer aided design.

CGE Cobalt Grey equivalent.

CT computed tomography.

DTC digital tracking calorimeter.

IMRT intensity modulated radiotherapy.

IR infrared.

linac linear particle accelerator.

MLC multileaf collimator.

pCT proton computed tomography.

PTV planning target volume.
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