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Sammanfattning 
 
Utvecklingen inom textilindustrin går ständigt framåt med utveckling av nya och bättre textiler, 
vilket ofta innebär användning av icke naturliga material som polyester. Då detta inte går i linje 
med det övriga arbetet runt om i världen mot en förbättrad miljö, fanns en idé att använda lin 
fibrer istället för polyester som förstärkningsmaterial tillsammans med bomull. Idén var att 
använda flax, vilket är lin av lägre kvalitet, som anses vara en restprodukt och avfall vid 
produktionen av högkvalitativt lin och linolja. Detta lin av låg kvalitet måste separeras innan det 
kan användas i spinnmaskiner för bomull och Fireball 2 är just en process för att separera flax 
fibrer genom att behandla dem med en teknik kallad elektrohydraulisk urladdning.  
 
Examensarbetets mål är att utvärdera Fireball 2 processens förmåga att separera lin fibrer. För att 
kunna göra detta beskrivs processen, vilka fenomen som behandlar flax fibrerna och hur dessa 
uppkommer, samt systemets uppbyggnad med de olika komponenterna. Mycket av arbetet 
involverade tester av olika elektroder, då det visade sig att just elektroden bidrog starkt till 
urladdningens egenskaper som är väldigt viktig för systemets förmåga att behandla flax. 
 
Fireball 2 marknadsförs som en miljövänlig teknik då den inte kräver några kemiska tillsatser för 
separeringen, det ända som behövs är flax, vatten och elektricitet. För att den ska anses vara 
miljövänlig måste effektiviteten vara hög, därför behandlar rapporten urladdningens effektivitet.  
 
Resultatet från fibersepareringstesterna visar att Fireball 2 processen separerar flax med goda 
resultat, både i form av analyser av separerade fibrer som energi effektivitet. Mätningar under 
utförda tester har visat att effektiviteten är hög, nära 100 procent av energin lagrad i systemet 
används för att behandla flax fibrerna, vilket är nära optimalt. Samtidigt visar analyser gjorda på 
De Montfort Universitetet i Leicester att det behandlade flaxet är väl separerat. 
Vad det gäller arbetet med elektroden så har en tillfredställande utformning av elektrodens 
ledande del hittades under utförandet av detta examensarbete, dock krävs fortsatt arbete med att 
hitta ett isolationsmaterial som kan motstå de höga påfrestningar som plasma kanalen 
åstadkommer. 
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Abstract 
 
The development within the textile industry is always ongoing with development of new and 
better textiles, which often mean the use of non-natural materials like polyester. This doesn’t line 
up with the work shared around the world against an improved environment, so the idea came to 
use a form of linen fibers instead of polyester as the reinforcing material together with cotton. 
The idea was to use flax, linen of low quality, which is seen as a waste product and garbage in 
the production of high quality linen and flax seed oil. This flax of low quality needs to be 
separated before it can be used in cotton spinning machines. Fireball 2 is just that, a process to 
separate flax fibers through the treatment of a technique called electrohydraulic discharge. 
 
The thesis works goal is to evaluate the Fireball 2 process ability to separate flax fiber. To 
achieve this goal the process is described, which phenomenon that treat the flax fibers and how 
they arise, as well as the components included in the system. Much of the work involves tests of 
different electrodes as it shows that the electrode strongly contributes to the discharge property, 
which is very important for the systems ability to treat flax.  
 
Fireball 2 is marketed as an environmental technique as it doesn’t require any chemical additives 
for the separation; the only thing needed is flax, water and electricity. For it to be considered 
environmentally friendly is has to be efficient, therefore the thesis rapport discuss the discharge 
efficiency.  
 
The result of the fiber separation tests show that Fireball 2 separates flax with good results, both 
in the form of analysis of separated fibers as well as energy efficiency. Measures under 
performed tests have shown that the efficiency is high, close to 100 percent of the energy stored 
in the system is released during treatment of the flax. Analysis made at De Montfort University 
of the treated flax show that the flax is well separated.  
When it comes to the electrode an satisfactory design of the electrodes conductive part have been 
found during this thesis work, although more work is required to find an isolation material that 
can withstand the high strain that the plasma channel cause.   
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1. Introduction 
 
This chapter starts with a brief explanation about the background to the problem, it then continuous 
with a more detailed problem definition and requirements specification. After that the method is 
discussed. 

  
1.1 Background 
 
Flax has been used to make linen and other commodities as far back in time as the Stone Age 
[1]. They have found flax remnants in dwellings in Switzerland and from the ancient Egypt.  
We can assume that the flax they used in the Stone Age was of a fairly low quality. This is the 
case even today, with one exception. Farmers who produce solely for the linen industry have 
higher quality flax then traditional flax farmers. But their flax is also more expensive than the 
lower quality flax, and here someone saw an untapped market. If you can use the lower quality 
flax and spin it in the existing production systems used to spin cotton today, you have a potential 
high value market.  
 
The problem comes when you want to spin the flax in cotton systems and make clothes out of it, 
with the same structure and softness as cotton. Then you need to cottonise the flax, which means 
that you need to separate the fiber bundles inside the flax stem into individual fibers, and there 
are a few different ways to go. Some are better than other, both regarding costs and 
environmental impacts. These are presented below with some comments [2]. 
 

• Chemical Means – Process involving separations of the flax fibers with the use of 
different chemicals, like hot alkali (NaOH) and sodium carbonate. The process is 
environmentally unattractive because of the water consumption, energy and disposal 
costs of the waste. 

• Enzymatic Methods – Separation of the fibers using enzymes that acts like the 
natural microbial retting process, but in a more controlled manner. Unattractive 
because of the overall cost of the process. 

• Ultrasound – Ultrasound treatment induces molecular vibrations in water, which in 
turn causes cavitations and pressure waves which treats the fibers. The process is 
operating, commercially producing fiber for the German automotive industry. 

• Steam Explosion – The fibers are submerged in a solution of sodium hydroxide and 
other chemicals and then treated with steam in an autoclave. The pressure is reduced 
a little after about 20 minutes, and then suddenly released. This causes a explosive 
decompression which separates the fibers. The process can produce highly separated, 
cottonised, fibers, but has not found its way to the commercial market. 

 
To measure the effectiveness of the fiber treatment a value of the Degree of Cottonisation (DC) 
[2] is calculated. This value represents how good the fiber separation is and it can be calculated 
with equation (1.1). 
 
      (1.1) 
 
where 
 

( ) ( ) ( ) ( ) ( )( )∑ ×+×+×+×+×= 54321 54321 NNNNNNTotal    (1.2) 

 

Total
N

DC 10000=
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In equation (1.2) N1 represent the number of ultimate fibers, fibers that are completely separate 
and single. In the same manner N2-N4 represent bundles that contain 2, 3 and 4 ultimate fibers. 
N5 is a little different; here all bundles that contain 5 or more ultimate fibers are presented.  
 
To get the number of ultimate fibers and bundles as well as the DC-value of the treated flax 
sample, 10000 fibers are measured with the Sirolan Laserscan Method [19] by the personnel at 
De Montfort University in Leicester. It measures the relative diameter of 10000 fibers and the 
result of this method is a histogram like the one in Figure 1.1. The histogram displays the 
number of fibers for each diameter, which in this case is measured in µm. These results can then 
be used to estimate the number of ultimate fibers and bundles.  
 
The Degree of Cottonisation varies from 0,2, when all bundles have five or more ultimate fibers, 
to 1,0, when all fibers are fully separate into ultimate fibers. 
 

 
Figure 1.1 Distribution of relative fiber diameter [2] 

 
This is where this thesis work comes in, to evaluate a new technique of cottonisation of flax 
fibers, that is said to be better than the existing ones. It originates from a Russian patent and uses 
a technique called Electrohydraulic discharge (EHD), where you use a spark discharge in a water 
tank to separate the flax fibers. Thus circumventing the use of chemicals and other inefficient 
techniques as described earlier, that can be either bad for the environment or costly.  
 
There was a complete fiber production machine in Russia (Fireball 1), that later was moved to 
England, which produced cottonised flax. But they hade problems with failing equipment, often 
due to surges in the wiring that resulted in destroyed electronics. The result was a machine that 
broke fairly often and was unable to perform the separation tests needed to please the investors. 
Therefore ABB AB Corporate Research (CRC) got the task to reconstruct the process with new 
and better high voltage pulse equipment.  
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1.2 Purpose and limitations 
 
The overall purpose of the thesis is to evaluate the new method for separation of flax fibre 
clusters called Fireball 2. To be able to achieve this, there are a few sub-aims that need to be 
carried out. The first one is that the new process equipment needs to be put together according to 
the basic schematic in Figure 1.2, which was supplied by Frans Dijkhuizen at CRC into a 
working set-up.  
 

 

Figure 1.2 Basic schematic of Fireball 2 circuit 

 
The main circuit consists of high voltage power supply, a capacitor, a thyristor switch pack and 
the spark-gap which is modelled as a series resistor. The circuit is controlled by the ABB AC 
800PEC and the 800xA automation system. The system will run on 400 VAC, and the power 
supply will transform that to voltages up to 30kV before it charges the capacitor. During this 
stage support will be given by people with different experts skills within the Research 
organisation.  
 
The use of these high voltages raises a few questions regarding safety features, which off course 
has to meet the standards and regulations set by different organisations and governments. This is 
another sub-aim of the thesis, to construct the circuit and the installation with appropriate safety 
features so that it will meet the standards and regulations. 
 
There will also be some investigation around the electrodes and the overall design of the spark 
gap. This will be done so that an efficient discharge method can be found and a continuous 
treatment can be achieved. 
 
After initial function tests, large scale fibre separation experiments together with end-customer 
will be conducted. During these experiments a process-optimizing and evaluation step will be 
carried out, and samples will be sent to chemical labs both in- and outside ABB. This will be 
done to confirm that the fibres get separated as they should be and that the result is to the 
customer’s satisfaction. 
 
The thesis work will not include calculations, and similar, that may be done to choose different 
electrical components in the circuit. This will be done by the employees of CRC, which have 
experience with high voltage systems and circuits.  
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1.3 Requirements specification 
 
Main task:  

• Assembly and test of equipment for energy efficient flax fiber production. 
 
Sub-tasks: 

• Find, order or build parts that are not present to complete assembly 
• Assemble and position the different parts within the test room. 
• Ensure that the set-up meets the required laws and regulations. 
• Research around the electrode and spark event. 
• Participate in the programming of the controller. 

 
Overall purpose of thesis:  

• Evaluate the new technology for energy efficient flax fiber separation. 
 
 
1.4 Method 
 
The thesis work will initially start with a gathering of knowledge surrounding the upcoming 
assembly, both regarding the process-/experimental equipment and the different laws and 
regulations that regulate electrical construction. Literature regarding the spark event and 
efficiency will also be gathered. During this phase, the aim of the thesis work will be set and the 
reference literature list will take form.  
After the appropriate literature is read and a basic understanding of the process equipment and 
spark event in hand is accumulated, the actual assembly will begin. This will include both the 
assembly of pre existing equipment and some equipment that needs to be manufactured by hand. 
There will also be some safety features constructed and installed, so that the installation meets 
the required regulations. During this phase, the work will be supervised and assisted by people 
with expert skills in high voltage circuits.  
 
When the equipment is assembled and functioning the process needs to be tested. To ensure a 
fairly efficient execution, a test plan will be drawn up in advance. This plan will then be carried 
out and data from the different tests, with different process parameters, will be gathered. During 
the tests, samples of the processed flax fibres will be collected and sent to chemical labs for 
testing. This is done so that the fibre characteristics can be verified. When the rapports from the 
chemists are completed, it is hopefully clear which process parameters is the best. Otherwise the 
tests will continue until the right flax fibre characteristics are fulfilled or the end time of the 
thesis work is reached. 
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2. Fireball 2 treatment process 
 
This chapter will begin with an explanation of the basic set-up behind the Fireball process, with the 
different main components and how they are intended to work and interact. After that the assembly 
part of the work will be presented, including the changes that were made between the initial and the 
final circuit. And finally how the measurements were made and how they look for different spark 
events. 

 
2.1 Fireball 2 main components 
 
The basics of the set-up can be displayed by the simple representation in Figure 2.1.  
 

 
Figure 2.1 Simple representation of Fireball set-up [2] 

 
The figure shows the four main parts of the process assembly and how they are connected. The 
assembly consists of the control system, high voltage generator, switch and the reactor. The one 
main part that is missing in this representation is the energy storage device, the capacitor. These 
subsystems, including the capacitor, will be explained in more detail below. The final process 
set-up, with all its different components, will be discussed under chapter  
 
2.1.1 Control system 
 
The control system includes the AC 800PEC, distributed I/O S800 and the overall automation 
program 800xA, all products from ABB. The 800PEC, with the PPD 103 processor module, is 
the heart of the system. It is from here most of the programming will run.  
The programming of the system is done in both Matlab/Simulink as well as ABB Control 
Builder M Professional. The use of two programming languages, or platforms, is necessary 
because of the design of the 800PEC. The 800PEC’s inner functions consist of three levels, all 
with different cycle times, as seen in Figure 2.2.  
 
The top level is the slow application, written in the industrial standard for programming 
Programmable Logic Controllers (PLC), IEC 61131. It consists of the five programming 
languages below, 
 

• Sequential Function Charts (SFC) 
• Ladderdiagram (LD) 
• Instruction List (IL) 
• Function Block Diagram (FBD) 
• Structured Text (ST) 
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The programming of the top level is made in Control Builder, and programs written in this level 
is capable to reach cycle times down to a few milliseconds (1-5 ms). 
 

 
Figure 2.2 AC 800PEC software topology [3] 

 
The second level, which includes fast applications like state machines and protection, is 
programmed in Matlab/Simulink. The fast applications can achieve cycle times down to 100 
microseconds (100 µs) within the software inside the AC800 PEC. 
 
The third level is the programming on the Field Programmable Gate Array (FPGA). Here the 
application is written in Very high speed integrated circuit Hardware Description Language 
(VHDL). It is a language that describes how the hardware is going to handle and route incoming 
and out going signals. The cycle time can be as low as 25 nanoseconds (25 ns). 
 
Between all of these levels there is communication, for example between the first and second 
level a parameter, signal and event (PSE) exchange can take place. This means that parameters, 
signals and events can be sent to and from each level so that necessary information can be used 
in both levels.   
 
On top of these three programming levels the automation program, 800xA, is used. From here all 
the graphics, or the Human Machine Interface (HMI), are made. There is also several 
management capabilities included in the 800xA, but in this initial stage focus will be on 
controlling the process. 
 
To be able to send and receive analog as well as digital signals modules from the distributed I/O 
S800 family is used. The specific modules used for this process is shown in Figure 2.3. 
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Figure 2.3 S800 modules mounted on a DIN-rail. 

 
From the left we have the TB840 which is an optical cluster modem that handles the 
communication between the AC 800PEC and the different I/O modules. It is a redundant 
modem, which means that it consists of two identical modules so that one can take over if the 
other one fails. The second module is the DI810, which stands for Digital Input and it have 16 
input channels. The third module is the analog input, AI810. It has 8 channels and can read both 
current and voltage sources with a 12 bit resolution. The fourth module is the digital output, 
DO810, which can send digital signals of 24 V dc at maximum 0,5 A for all 16 channels. The 
last module is the analog output, AO820. It has 4 channels of either current (0-20mA) or voltage 
(0-10 V), and it has a resolution of 12 bit.  
 
The S800 I/O family is used because of its flexibility, which will come in hand in the feature. 
When this evaluation is completed a flax treatment plant is planed to be built so production can 
start, then fifteen tanks will run in parallel and produce treated flax. The idea is to use a single 
AC 800PEC to control all fifteen tanks, but then more I/O-channels than the four present 
modules can handle might be needed. That’s why the S800 was chosen; because to every S800 
I/O station, like the TB840 mentioned above, 12 I/O modules can be added. So expanding the 
I/O is not a problem. 
 
2.1.2 Power supply 
 
To supply the correct voltage a high voltage generator, or power supply, is needed. The power 
supply transforms the three phase 400 volts (V) from the outlet to the desired output voltage, 
ranging from 0 to 30 kV. The power supply will be used to charge the capacitors in the circuit, 
and not directly used in the reactor. The powers supply have two modes, it can both be used 
manually and triggered remotely. The later mode will be used during control from the 800PEC 
and 800xA.  
 
The remote triggering is done through a D-sub 25 pin cable that connects the S800 modules 
shown in Figure 2.3 to the power supply. The signals sent to the power supply during the scope 
of this thesis work is only the on/off signal, programmed voltage and the inhibit signal. How 
these signals are connected through the cable and to which S800 module can be seen in 
Appendix II. S800 to power Supply cable.  
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The on/off signal is used to turn the charging of the capacitor on, it them takes the programmed 
voltage sent from the S800 and charges the capacitor to this preset value. The programmed 
voltage signal is an analog signal of 0-10 V, which corresponds to a percentage of the maximum 
voltage (30 kV). The inhibit signal shuts down the charging when it is time to fire the thyristor, 
this is done for two reasons; because it is unnecessary to charge the capacitor when it is intended 
to discharge and for protection of the power supply. 
 
2.1.3 The capacitor 
 
During the initial tests two capacitors, connected in parallel, with the combined capacitance of 
0,5 µF was used. Later these were changed to a single capacitor with a capacitance of 5 µF, made 
by NWL[21]. There is also the possibility to install two 5 µF capacitors, either in series or in 
parallel, if a different capacitance is wanted. This was never done because the single 5 µF 
capacitor performed well enough.  
 
2.1.4 Thyristor switch 
 
The switch systems main part is the thyristor valve stack, consisting of twelve Integrated Gate 
Commutated Thyristors (IGCT), see Figure 2.4, in series connection. The reason why there are 
twelve thyristors in series is that they can only withstand maximum 4,5 kV each, to ensure safe 
working conditions 12 thyristors have been chosen. They are mounted in two stacks of six. The 
switch is fired by optical signal, and to get the same signal at the same time to all twelve 
switches a light distribution box is used. It takes one optical input and duplicates it into thirteen 
identical optical output signals. The thirteenth output signal is used for monitoring purposes. The 
light box also sees to it that the switch is turned on for a preprogrammed time, initially minimum 
500 µs and maximum 2000 µs. This was later changed to 120 ms, for both minimum and 
maximum timings, due to longer than expected oscillations in the circuit. The light distribution 
box also sees to it that the switch has a long enough time to recover between shots, which are 
important for continued functionality.  
 

 
Figure 2.4 IGCT with Gate Unit 

 
2.1.5 The reactor 
 
What is called the reactor in the simplified picture above is actually a tank which holds the 
electrode and is filled with water and it can be seen in Figure 2.5. Inside this tank you put the 
flax fibers which are going to be treated. The flax is treated by spark discharges that will be 
created between the electrodes, by a technique called electrohydraulic discharge (EHD). How 
this treatment works and the physics behind it will be explained in the next section. 
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Figure 2.5 Tank with lid mounted. 

 

2.2 Fireball 2 assembly 
 
Before the assembly started some special attention about safety hade to be taken into account. 
Because of the high voltage, the set-up needs to be up to code regarding the different laws and 
regulations surrounding electrical installations. Not only to please the governing bodies, but also 
to ensure the safety of the people that is going to work with the set-up. What these regulations 
states, and how this set-up is built to meet them, will be presented below. The changes to the 
initial Fireball 2 circuit, which were displayed in Figure 1.2, will be explained together with the 
function and intention of the different components. 
 
2.2.1 Safety regarding electrical installation  
 
To meet the laws and regulations surrounding the installation and operation of electrical test 
equipment documents from both departments in Sweden and the European Union (EU) needs to 
be reviewed. In Sweden it is Elsäkerhetsverket, or the Swedish National Electrical Safety Board, 
that is the authority responsible for safety questions regarding electrical installations. They work 
as a part of the Ministry of Enterprise, Energy and Communications in the Swedish government.  
In the EU it is the European Committee for Electrotechnical Standardization (CENELEC) that 
issue the standards regarding electrotechnical issues that the member countries need to follow.  
 
For this assembly the Swedish National Electrical Safety Board constitution [12], the European 
Standard EN 50191 [11], the High power regulation [10] and the Electricity law [13] will be 
reviewed. How these sources affected the assembly and construction of the process equipment 
will be presented below. 
 
The main point to think about regarding an electrical installation is the safety of the people that 
are going to perform both the installation and the work or tests. The first thing is that there 



 22 

should be at least one qualified person present during the installation to see to it that the 
installation is performed right and according to the standards. There should also be an inspection 
of the installation before such voltage and current that is harmful to humans gets applied and the 
installation is turned on [12].  
 
One of the most important aspects of the security is the protection from the dangers that come 
with electricity, especially if the voltage is over 25 V DC (Direct Current) or 60 V AC 
(Alternating Current) if the frequency is less than 500 Hz and with discharge energy higher than 
350 mJ. If the electrical properties of the circuit reach or surpass these values, additional security 
features are required [11]. The people that are working with the equipment should not be able to 
come in contact with any part of the circuit that could become electrically live and conduct 
electricity [11,12]. The safety features should be constructed in such a manner that a person 
couldn’t touch live parts, either by isolating the parts or in some way shield it with obstacles and 
safe distances. In our case this is taken care by the fence, presented in Figure 2.7 as the dashed 
blue line surrounding the circuit and can be seen in Figure 2.6. This fence separates the circuit 
from the working area and there is no possibility to come in contact with live parts. As seen by 
Figure 2.7 the power supply (P) is outside the fence, this is fine because of the grounding of the 
power supplies chassi, which makes it safe to touch under operating conditions.  
 
The installation should also have sufficient number of warning labels that show the dangers 
surrounding the circuit and emergency stop buttons that cut the power to the circuit [11,12]. 
There should also be a device that is used to discharge any energy that is left in the circuit in a 
safe way, before entering the restricted area. For the Fireball 2 circuit there are two of these 
devices, one is the S1 switch in Figure 2.7, which is used to burn of energy stored in the capacitor 
over some resistors. The second one is named S2 and is a grounding hook used to make sure that 
exposed parts, like the tank and lid that are going to be touched when emptying the flax, have 
ground potential and therefore are safe. 
An interlock system is also implemented, which is a 24 V circuit that has to be closed before the 
main circuit can be power up. Figure 2.6 shows how the Interlock looks like when the door into 
the electronic equipment is closed.  
 

 
Figure 2.6 Door into the electrical equipment with Interlock-cable (black) and warning label. 



 23 

 
These were the main parts surrounding the safety features that have to be met according to the 
governing bodies and how the Fireball 2 circuit is constructed to meet them. It is far from all 
rules and suggestions stated in the documents, but includes the most important features needed to 
keep the personnel safe during the test procedure that are going to be performed.  
 
2.2.2 Fireball 2 circuit and components 
 
When the assembly started, the circuit hade been changed from the circuit shown in Figure 1.2 to 
the circuit shown in Figure 2.7. 
 

 
Figure 2.7 Schematic over final Fireball 2 circuit [10] 

 
The changes made to the circuit are made for some different reasons, the purpose is explained 
below.  
 

• R1: 100 Ω resistor that will protect the power supply. The resistor is used to limit the 
peak voltage and current that is generated during the oscillations created by the spark 
event. The resistor can be seen in Figure 2.8, mounted in the top position. It was added in 
accordance with the power supply manual [26]. 

 
• Diode: Situated in parallel with the power supply between the two resistors R1 and R2. 

Used to protect the power supply from voltages of reversed polarity that is created due to 
oscillations in the circuit when firing the thyristor. If these negative voltages were applied 
over power supply, it could damage or destroy it. The diode is a Behlke FDA 640-300 
[22], it can withstand 64 kV and 3000 A. It can be seen in the middle of Figure 2.8. It 
was added in accordance with the power supply manual [26]. 

 
• Dump switch (S1): In parallel with the capacitor (C) there is a resistor and a switch in 

series. This switch is manually used to burn of the energy stored in the capacitor, either if 
something goes wrong or at shut down to be sure that the capacitor is empty when you 
want to enter the process area. The switch connects the capacitors positive pole to 
ground, through a series of resistors, so that the energy gets burned of in a controlled 
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manner instead of an electrical discharge in form of a spark. The switch and the resistors 
can be seen on the bottom, below the diode, in Figure 2.8. 

 
• Security grounding (S2): The connection S2 is a grounding hook that is used to make sure 

all exposed circuit parts is discharged. This is done before touching any equipment inside 
the fence, to make sure that it is safe.  

 
• R3: 2700 Ω resistor that make sure that the voltage dividing circuits (12x500 kΩ) inside 

the thyristor stack gets enough voltage. This was added after consultation with ABB 
Semiconductors in Switzerland, after the first assembly was made. The thyristor have to 
have at least 3 kV over the entire stack before it can be used, this was not the case before 
the resistors were added. The thyristor stack saw it as an open circuit; the water gap 
didn’t provide enough conductivity to “close” the circuit. But when the resistors were 
added, the circuit is closed and the current can flow through the resistors until the spark 
gap is ignited and starts to conduct. When the spark gap ignites, it has much lower 
resistance than the resistors. Therefore the majority of the current will flow through the 
spark gap, as intended. 
The resistors also make sure that the energy stored in the capacitor is fully discharged, 
during the 120 ms the thyristor is firing, if not the spark gap is ignited. It is important that 
the current in the discharge circuit is lower than 10 A when the thyristor breaks the 
circuit, otherwise the thyristor switch can be damaged. The firing time, 120 ms, is 
calculated so that a 5 µF capacitor at 30 kV can be completely discharged during that 
time.  

 

 
Figure 2.8 100 Ω resistor, protective diode and resistors for controlled discharge of capacitor. 
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• R2: 15 Ω resistor that will protect the diode from high peak voltage and current. This 

resistor hade to be hand made by connecting pairs of two resistors in parallel, in a series 
of 12 pairs, so that it would withstand the high voltages and currents. The resistor can be 
seen in Figure 2.9.  

 
 

 
Figure 2.9 15 Ω resistor 

 
• RV: The varistors was added in parallel with the resistor R3 to limit the peak voltage and 

protect the thyristor. The varistors block the voltage peaks over 40 kV. 
 
• Inductor: The inductor (L) was moved from the negative side of the spark gap (G) to the 

positive side. This change was made so that the current hade to take the way through the 
inductor, and thus limiting the current, if a short circuit happened before the spark gap 
fired. Because of the high frequencies of the oscillating current after a spark discharge the 
skin-effect needed to be taken into account. This means that most of the current will 
travel on the surface of the conductor, instead of a uniform distribution through out the 
whole conductor. With this in mind, the inductor was made by hand from normal 
insulated copper tubing. The result can be seen in Figure 2.10. 
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Figure 2.10 Inductor made by isolated copper tubing. 

 
The inductors values were calculated by CRC personnel within the program Winductance, as 
seen in Figure 2.11. The calculated inductance was 6,65 µH for the copper tubing wounded 
on the160 mm drum shown in Figure 2.10. But an inductance measurement made after 
completion, showed an inductance closer to 8 µH. 
 

 
Figure 2.11 Calculations for inductor made in Winductance. 
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There are also three measurement points in the circuit, which can be seen in Figure 2.7 as V1, V2 
and I. What they measure and with what device the measurements are made are explained below. 
  

• V1: Voltage measurement of the capacitors positive side relative to the ground, made by 
a high voltage probe. 

• V2: Voltage measurement of the spark gaps positive side relative to ground, made by a 
high voltage probe. 

• I: Current measurement on the negative side of the spark gap, in other words the current 
running through the spark gap, made by a Rogowski coil [16].  

 
All these measurement were collected and presented on a LeCroy oscilloscope or taken out in 
raw data format and processed in Matlab. A standard measurement of a discharge can be seen in 
Figure 2.12.  

 
Figure 2.12 Raw data of a proper discharge collected with LeCroy oscilloscope and plotted with Matlab.  
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The first graph represents the voltage measurement V1, over the capacitor. This can be 
recognized because it starts on a high voltage, in this case 22 kV.  
 
The second graph represents the current measurement I, on the negative side of the spark gap. 
One can see that the maximum current is approximately 10 kA after 25 µs. 
 
The third graph represents the voltage measurement V2, over the spark gap. This graph starts on 
zero volts and jumps to 22 kV, or higher, the moment the thyristor switch fires. One can also see 
that it takes some time before the spark gap ignites, represented by the almost vertical section 
following the initial voltage peak. When the spark gap ignites, and the plasma channel is formed, 
the voltage fairly quickly dissipates with little oscillations. The time it takes to discharge the 
capacitor, with a proper discharge, is around 100 µs. This can be compared to the “bad” 
discharge in Figure 2.13, which has longer oscillations. 
 
The fourth graph represents the firing pulse, as seen by the thyristor switch. It is collected from 
the monitor out put of the light distribution box. It is when that signal goes “low”, that the 
thyristor fires and the capacitor is discharged over the spark gap and resistors. 
 
In Figure 2.13 one can see the behavior of the circuit when a “bad” discharge happens. What 
designates this discharge as “bad” in relation with the previous one is the sound generated at the 
spark event. The sound and pressure waves have much lower amplitude, which is very easy 
detected even without the use of oscilloscopes with voltage and current graphs. It could be seen 
that there were a distinct correlation between the sound of the spark event and the form of the 
voltage and current graphs. The “bad” discharge acts like a short circuit, and the resistance in the 
spark gap is lower, so it takes more oscillations to burn of the energy stored in the capacitor. 
Therefore it takes longer time for the energy to dissipate, in this case approximately two times 
(250 µs) longer than the proper discharge, and the result is a more oscillating behavior. One can 
also see that the current is higher, 12kA, and that the pre-breakdown time is longer. 
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Figure 2.13 Raw data of a "bad" discharge collected with LeCroy oscilloscope and plotted with Matlab.  

 
2.3 Summary and conclusions 
 
During this first part of the project, assembly, construction and reconstruction of the process 
equipment was performed so that a satisfactory result regarding the spark event could be 
achieved. The construction is made to fulfill the regulations discussed in the section regarding 
safety so that the circuit and equipment is safe to work with. 
 
Although the electrode arrangement was the week point during this stage, some problems 
regarding the electronics were solved. Before the consultation with ABB Semiconductors, that 
resulted in the implementation of the resistors R3 in parallel with the spark gap, the circuit hardly 
worked. The thyristor stack hade to have at least 3 kV over its poles so that the voltage dividing 
circuits could divide enough voltage over the twelve IGCT’s before they worked properly. When 
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this was solved and the length of the firing time in the light distribution box was changed to 120 
ms, the only problem was the electrode design. 
 
Along the development of the electric circuit the control system evolved, with the AC 800PEC 
and S800 I/O as the main parts controlled by a HMI made in the control system 800xA.  
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3. Pulsed spark discharge 
 
This chapter will begin with a brief explanation about the electrohydraulic discharge (EHD) and 
how the plasma channel is formed. Then the work surrounding the electrode design will be handled 
along with the different approaches and problems during that phase. At the end the energy 
consumption and efficiency of the Fireball 2 process will be calculated, both with theoretical 
equations and from measured value collected during experimental tests. 
 
3.1 Electrohydraulic discharge 
 
When you apply enough energy over two electrodes, and they are fairly close to each other, you 
can get a flash over. You get a spark between the electrodes, like a lightning or a static electricity 
discharge. In the case of an electrohydraulic discharge you get the spark in water or other 
aqueous solution, like the water/flax solution used in Fireball treatment. 
 
There are two types of electrical discharges in water according to Locke et al. [24]; one is 
classified as a partial discharge where the discharge current flows from one electrode without 
reaching the other electrode. The current is transferred by ions and causes a phenomenon called 
corona discharge. The other type is the spark and arc discharge and here the current is transferred 
by electrons and reach the other electrode. According to Locke et al. these two discharge types 
require relatively high electric breakdown fields in water, which corresponds to short electrode 
gaps. The reason will be explained below when the different breakdown theories are presented. 
 
There is no single theory explaining the liquid breakdown unanimously accepted. According to 
Butcher, M. there is three theories that dominate, bubble theory, suspended particle theory and 
electronic theory [25]. These three will be briefly explained bellow.  
 
3.1.1 Bubble theory 
 
Breakdown according to the bubble theory starts with formation of a bubble at the tip of the 
electrode. The bubble formation can be caused by different methods, like local heating, 
cavitation or electrical stress due to a strong electrical field. Which of these phenomenon’s that 
dominates depends on the specific fluid and its properties. 
Inside the bubble an electron avalanche begins, which is fueled by either injection of more 
charges from the electrode or by field ionization in the bubble as a result of an increased 
electrical field. When the bubble is formed and the avalanche have finished it might look like 
Figure 3.1. 
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Figure 3.1 Illustrations of "crack" development at cathode surface. [25] 

Where the bubble or region of lower density have created a “crack” that stretches towards the 
anode, represented as (b) in Figure 3.1. This procedure then restarts again and again on the tip 
closest to the anode, point (c) and (d) in the figure, until the anode is reached and the spark or arc 
is formed. 
 
3.1.2 Suspended particle theory 
 
This theory requires suspended particles that are polarized or charged in the liquid. This is highly 
likely because it is very difficult to maintain a pure liquid, free from foreign particles, in 
practical situations. During this project, a pure liquid is out of question because of the flax fiber 
that is going to be put in the water. 
The charged or polarized particles will move when under influence of the electrical field. The 
particles will either move towards the cathode or anode and there act as an extension of the 
electrode. This will shorten the gap and make it a bit easier to achieve breakdown.    
 
3.1.3 Electronic breakdown 
 
There are two ways for the electronic breakdown to occur, with cathode or anode initiation. For 
cathode initiation electrons need to be injected into the liquid as a column of electrons from a 
micro-protrusion on the electrode. That will cause the electrons to collide with molecules and 
locally heat the liquid. The heating in turn locally reduces the density of the liquid which allows 
the electrons to achieve higher velocity before colliding with more molecules. This will go on 
until the anode is reached.  
Anode initiation works through something called resonance tunneling from molecule to 
molecule, which basically means that a tunnel propagates through the liquid until it reaches the 
cathode. Once their, electrons will use the tunnel or path to travel in the opposite direction 
towards the anode, completing the spark or arc. 
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When the plasma channel is formed, with one of the three methods explained above, it becomes 
highly conductive. Current starts so flow over the spark gap and the energy stored in the 
capacitor is released as heat and radiation. The initial current peak will further ionize the water 
on the surrounding edge of the plasma channel, and making it grow. This growth causes a 
pressure wave to travel through the water [5]. The effects of these events will be explained later. 
 
3.2 Electrode design 
 
After the process equipment was assembled and the initial tests were started, it was found that 
the electrode arrangement was one of the key components. It was also discovered that the design 
and material selection affected the performance of the system very strongly.  
 
The goal was to make a system that can deliver a good spark event, like the one presented in 
Figure 2.12, every time a discharge happens. This was not always the case. Many, if not most, of 
the sparks during the initial tests were more like the “bad” spark displayed in Figure 2.13 or 
worse. 
 
In the beginning there were two different electrode designs; the one in Figure 3.2 designed like 
an electrode used in the early tests in Russia, and the new design in Figure 3.3 made by Kinna 
Automatic [23]. 
 
The Russian design uses a coaxial design, were the positive pole of the capacitor is connected to 
the threaded stainless steel rod running through the center of the larger pipe. The large pipe and 
the circular metal shape surrounding the smaller threaded rod, is connected to the negative or 
grounded side of the capacitor. The spark is intended to go from the threaded center rod to 
vertical tap on the surrounding metal circle. The distance between the rod and the tap can be 
adjusted manually so that the correct spark length can be found.  
 

 
Figure 3.2 Electrode made from the Russian design 

 
The second electrode uses two almost identical stainless steel rods, with the only difference that 
one of them has slightly oval discs so that the distance between them can be changed. The rods 
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are connected to the positive and negative side of the capacitor, and the spark should come 
between one of the four horizontal discs welded on the rods.   
 
 

 
Figure 3.3 New electrode designed by Kinna Automatic. 

 
Both of the electrodes hade the same fault; what was thought to be current dissipating to the 
water from the bare metal parts, to the extent that the energy in the capacitor was to low once the 
plasma channel ignited. The result was an insufficient pressure wave and a bad fiber treatment.  
It was then the idea came to isolate the electrodes positive side, in hope to minimize the current 
dissipation. This increased the number of good shots, but the isolation didn’t last vary long due 
to the high forces and heat generated by the plasma.  
 
Other problems that occurred were surface discharges and discharges inside the larger tube in 
Figure 3.2. During surface discharges the spark and current travels along a surface between the 
two electrode poles instead of in the spark gap, even if the discharge distance becomes much 
longer. This is possible due to the much lower resistance along this path than in the spark gap.  
 
The problem with discharges inside the larger tube, or negative electrode pole, in Figure 3.2 
resulted in the destruction of the internal isolation. The result can be seen in Figure 3.4, were the 
isolation has been destroyed due to internal sparks between the positive threaded electrode rod 
and the negative electrode tube. When the isolation didn’t isolate inside the tube, this became the 
shortest distance between the two poles and the energy discharged here instead of in the spark 
gap. 
 



 35 

 
Figure 3.4 Destroyed internal isolation inside the negative electrode tube. 

 
These problems resulted in a totally new direction regarding the electrode arrangement. The new 
arrangement used the tank as the negative or ground potential, and discharges the spark between 
a positive rod and the tank bottom. Initially this worked better, and the arrangement can be seen 
in Figure 3.5. 
 

 
Figure 3.5 Electrode and lid on the left and tank bottom on the right. 

 
The first electrode arrangement that released the discharge to the bottom of the tank, like in 
Figure 3.5, used a 16 mm threaded rod with 35 mm bare metal in the end. This was to long and 
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hade the same problems as earlier tests, with dissipating current that affected the spark discharge. 
So even here additional isolation was added. The isolation used was shrink tubing, that was 
shrink fitted to the positive electrode rod and decreased the bare metal length from 35 mm to 15 
mm. Initially this worked very well, and a proper discharge rate of 80-90 percent was achieved.  
But the additional isolation only lasted approximately 500 discharges before it was destroyed, so 
a more permanent solution needed to be found. Therefore other isolating materials were tested, 
but no other performed as good as the shrink tubing and could withstand the forces and heat from 
the plasma. 
 
So the question that rose was; why did it work so well with shrink tubing? 
 
Yushkov, A et al. [9] states that at the triple point, where the electrode isolator, electrode metal 
surface and the conductive medium intersects, is a very likely point of origin for discharges. One 
reason why the spark starts from this point, although it is farther from the ground electrode, is 
that the electrical field may be concentrated or distorted there. 
 
Björn Hellström, an employee at CRC, did some simulations regarding the electric field 
surrounding the positive electrode rod. This was done so a better understanding why the shrink 
tubing enhanced the performance of the discharges could be achieved. To illustrate how the field 
changed simulations were made in Ace and the simulation shows the electrical field strength (E). 
 
Figure 3.6 shows the electrical fields strength around the electrode without additional isolation. 
The field strength is highest on the edges of the conducting electrode rod; which is to be 
expected because of the sharp edges. Further it is noticeable that the field strength is weakening 
the farther away from the edges you get, and the field size is small. The maximum field strength 
is higher than in the case with the isolated electrode, but that doesn’t seem to affect the 
discharges in a positive manner. As seen in Figure 3.6, the area were the field strength is high is 
fairly limited. That might by an explanation to way the discharges are unstable. 
 

 
Figure 3.6 Electrical field strength around electrode without additional isolation. [15] 
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Figure 3.7 represent the electric field strength around the electrode with additional isolations. 
The isolation in this case is made of polyurethane and is of the same kind as the isolation that 
covers the rest of the metal rod.  
The figure shows that the field strength is higher over a much bigger area than in the previous 
case. The area between the rod tip and bottom of the tank has a more uniform field than the 
electrode without the additional isolation. You can also see that the field strength is higher along 
the protruding rod, all the way up to the thick isolation.  
 
Yushkov, A et al. discussed the importance of the triple point as an origin for discharges, and in 
Figure 3.7 you can see that in just that point the field strength is at its highest value. This is 
consistent with the result obtained during the electrode tests performed with the Fireball 2 set-up. 
The discharges favor the triple point, or near it, resulting in the destruction of the isolating 
material. At least during the Fireball 2 test when the isolating material consisted of shrink tubing 
or a thin layer of polyurethane. But it is difficult to know whether the destruction of the shrink 
tubing is caused by the spark it self or by the acoustical waves that generate pressure waves.   
 
The tests have shown that the electrode with the additional isolations performed better than an 
electrode without. This might be contributed to the more uniform electrical field or the 
concentrated field strength in the triple point.  

 
Figure 3.7 Electrical field strength around electrode with additional isolation. [15] 

 
The problem with lasting electrodes was also discussed because if a soft material like copper is 
used it will fairly quickly be worn down. To solve this problem harder materials, like tungsten, 
were fitted at the tip of the electrode rod to minimize the mechanical wear as can be seen in 
Figure 3.8. 
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Figure 3.8 Electrode rod with a tungsten tip 

Unfortunately no electrode with both superior discharge rate of good sparks and an isolation that 
could withstand the forces from the spark event were found during the scope of this thesis work. 
But electrodes that performed well with regard to a stable discharge rate, close to 90-95 % good 
sparks, were found in the electrode with the tungsten insert.  
 
The main problem is the isolation material; it has to withstand the forces generated by the spark 
event without damaging its surface. Because once the surface has been damaged, further damage 
comes much more quickly. The material also has to be able to isolate the high voltage and 
current in the electrode rod from the surrounding water, as well as not absorb water. It has 
proven difficult to find such a material and a design that fulfill all the parameters. More research 
is needed surrounding the design of the electrode before the treatment process can be taken into 
production. 
 
3.3 Energy efficiency of the spark discharge 
 
According to previously stated sources, this technique of flax fiber treatment suppose to be a 
more environmentally friendly process than other flax treatments. One aspect of this, if you 
disregard chemical additives and such things as water consumption, is the use of electrical 
energy. It is important to know just how efficient the process, in this case the spark event, is. 
How much of the capacitors energy are really released during each spark, and where. How much 
is wasted on resistance in cables and resistors. 
 
Values of the energy released are calculated for two different stages. The first stage is the pre-
breakdown stage (τd), which occurs between the time the thyristor switch is fired (ttf) and the 
plasma gap is created (tpc). The second stage is the time between the creation of the plasma gap 
and the termination of the plasma (tpb). 
 
Energy values for these two stages are then compared with energy calculations based in 
measured values taken from the experimental set-up.  
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3.3.1 Energy release during pre-breakdown stage 
 
Due to the uncertain nature of the spark event, inside the tank, it can be interesting to find out 
how much energy is released during the pre-breakdown stage. To calculate this the length of the 
pre-breakdown stage, which stretches from the time the thyristor fires and applies voltage over 
the electrodes, to the time the plasma channel is formed. 
 
Kuretz, V. et al. [7] has stated that the pre-breakdown delay time (τd) can be broken down in to 
two parts, the time of pre-leader stage (tpl) and the time of discharge evolution (tl). And the pre-
breakdown time can be calculated according to equation (3.1). 
 

       (3.1) 
 
One of the more important factors regarding the pre-breakdown losses is the delay time, so it is 
important to design the electrodes so this stage is as short as possible. 
 

 
Figure 3.9 Voltage over the spark gap during the pre-breakdown stage 

 
With the single electrode rod and ground potential in the bottom of the tank the pre-breakdown 
time can be approximately 8 µs for this projects parameters as can be seen in Figure 3.9. This 
pre-breakdown time fits quite well with theoretically calculated values, both from Kuretz V. et 
al. [7] in equation (3.7) that will be presented later and equation (3.2) [5, 27].  
 

      (3.2) 
 

 
where Fmb is the maximum breakdown field in MV/cm, τd the breakdown time in µs, A the area 
of the electrode expressed in cm2 and κ is a constant for water (0,3). A voltage of 22 kV over a 
16mm gap, with an electrode that has a diameter of 16mm, equation (3.2) gives a time of ~3 µs.  
According to Kuretz V. et al. a pre-breakdown time of ~9 µs is calculated. 
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As seen Kuretz V. et al. equation basically gave the same time as measured in the process, but 
the plasma channels nature is very chaotic. And the pre-breakdown time differs quite a lot 
between different shots, due to differences in density, conductivity and presence of bubbles in 
the water, which can be seen in Figure 3.10. The voltage and electrode distance is exactly the 
same, but still the pre-breakdown time differs.  
 

 
Figure 3.10 Voltage over the spark gap during the pre-breakdown stage 

 
This only shows that the theoretical values for the pre-breakdown time is more an estimation 
than a fixed value, you can get an idea about how long the pre-breakdown time is but not 
accurately calculate and model it.  
 
Still, a value is needed to be able to calculate the losses during the pre-breakdown stage, so the 
value calculated by equations provided by Kuretz V. et al. will be used. To calculate the losses 
during the pre-breakdown stage (Wl), the sum in equation (3.3) [7] is used. 
 

       (3.3) 
 
where Wl is the losses during the creation of the overheat instability in the potential electrode 
zone, W2 losses due to currents dissipating from the bare part of the potential electrode, W3 
losses for leader formation in the spark gap, W4 is the losses due to currents dissipating from the 
bare part surface of the potential electrode and leader development in the spark gap. 
 
The first two energy losses, Wl and W2, takes place from the time the thyristor fires (t=0) to the 
time of leader formation (tpl). And the last to, W3 and W4, represent the losses during the time 
from leader formation to the creation of the plasma channel. 
 
The electrode set-up, and the different parameters needed to calculate the losses, can be seen in 
Figure 3.11.  
 

4321 WWWWWl +++=
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Figure 3.11 Electrode geometry and used parameters. [7] 

 
The electrode set-up parameters are tank diameter (D), electrode diameter (d), electrode 
rounding radius (r1), gap length (lg), electrode bare length (l0), resistance of medium between 
electrode and ground (R1) and resistance of medium between electrode and tank wall (R2). 
 
To calculate the energy losses during the first stage, development of the overheat instability; one 
can use equation (3.4). 
 

     (3.4) 
 

 
Which can be simplified, under the following condition: t<<R0C and R0=constant, to equation 
(3.5). 
 

     (3.5) 
 

 
To be able to solve the equation (3.5), it is necessary to find the integration limits and the value 
of the system resistance. According to [7] the time (tpl) can be approximately calculated through 
the growth rate of the overheat instability with equation (3.6). 
 

      (3.6) 
 
and  
 

     (3.7) 
 

 
Where γ is the density, Cp the heat capacity, dσ/dT0 = 2·102σ0 for the temperature dependence of 
the liquid conductivity, λ* is a dimensionless growth rate (~2-2,5), E0r is the electrical field near 
the potential electrode. For short gaps E0r ~(0,9U0/l)[(1+r1)/r1], and for long gaps E0r ~(0,9U0/ r1). 
 
Before the value of the energy losses can be calculated the resistance (R0) needs to be found. The 
resistance is comprised by two zones (R1 and R2), the first zone under the electrode and the 
second zone between the electrode and the wall. The total resistance can then be calculated from 
equation (3.8). 
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      (3.8) 
 
And the two zone resistances from the following; 
 

    (3.9) 
 
 

 
Then the total resistance, R0, becomes; 
 

     (3.10) 
 
 

 
The energy loss during pre-leader stage (Wpl) can then be estimated by equation (3.11).  
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Here the second term represents the losses that occur because of the current dissipation due to 
the bare electrode.  
 
Even during the development of leaders stage the energy losses consists of two parts; losses in 
the formation and motion of leader system and losses due to current dissipation from the bare 
electrode part and leader surface. 
The total energy loss during this stage can be represented by the following sum, 
 

      (3.12) 
 
The duration of this stage is set by the rate of leader development (Vld). The value of this rate 

varies between different authors, from 5101⋅ to 6105,2 ⋅ cm/s, but according to Kuretz, V. et al. a 

value of 5105,2 ⋅ cm/s can be used. 

 
To calculate the losses due to formation and development of leaders equation (3.13) can be used. 
 

      (3.13) 
 
 

 

Where Ecr ~ 6104 ⋅ V/m is the critical field strength that allow leader development. 
 
The energy losses due to current dissipation from bare parts and leader surface can be calculated 
by the following equation: 
 

     (3.14) 
 
 

 
With expressions for both parts of the losses during the leader development stage the sum can be 
presented. 
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   (3.15) 
 
 

 
The parameters used for all calculations and the Matlab-program to do the calculations can be 
found in Appendix I. Matlab-program.  
 
The energy required to form the plasma channel calculated with Kuretz et al. equations result in 
a very low value, less than 1 J. To verify this, the pre-breakdown energy consumption during the 
first 8 µs was calculated according to the same procedure as for the energy release in the plasma 
channel that is presented in chapter 3.3.3. According to that calculation the energy consumption 
is 27 J during this stage, which is a couple of times bigger than the theoretical value. This 
calculation have the same problem as the one in chapter 3.3.3, with variances in the measured 
values that can result in a higher or lower value for the energy consumption. With this in mind 
energy consumption in the order of 1-30 J might be accurate with respect to both theoretical and 
experimental values. This can be seen as low, as it at most corresponds to 2,5 percent of the total 
energy stored in the capacitor. This works in favor of verifying this process as an energy efficient 
production system.  
 
 

3.3.2 Energy release during plasma channel stage 
 
Carleton, J. [5] states that the energy released in a spark gap ( gE ) can be calculated with the 

following equation: 
 

      (3.16) 
 
where I is the current, t is the time of the discharge and GV  is the voltage over the spark gap after 

the plasma channel is formed. Because of the low resistance of the plasma channel, only 100-200 
V is applied across the gap. This is apparently a fairly constant value for firing spark gaps [5]. 
 
Equation (3.16) can then be integrated over time to calculate the amount of energy released in 
each spark: 
 

     (3.17) 
 

 
To be able to calculate the energy released during each spark you need to know how long the 
spark event is. According to [5] you can calculate the theoretical time it should take to discharge 
the capacitor by equation (3.18) 
 

      (3.18) 
 

 
where VC is the capacitor voltage when the plasma channel breaks down, V0 the initial capacitor 
voltage, R is the resistance in the circuit including the plasma channel and C is the capacitance.  
 
To calculate the discharge time you need to know both the resistance and at which voltage the 
plasma channel terminates. Both of these values are uncertain, but values round a few hundred 
volts have been used by others [5] for the termination voltage. Regarding the resistance it is a bit 
more difficult, for two reasons. For one, the plasma channel has what is called negative 
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resistance. The resistance decreases when the current flowing in the channel increases. So the 
resistance will start on a higher value and then decrease as the channel forms and the current gets 
higher. The second reason is that the values found in earlier work varies, and a definitive value 
hasn’t be found. It might also depend on the distance between the electrodes, as well as the 
voltage applied. To get an idée of the magnitude of the resistance a few different methods will be 
used and they are presented bellow. 
 
One way is to calculate the resistance with Ohm’s law, equation (3.19), 
 

      (3.19) 
 
It is unclear if this equation is valid during these conditions, but it will give an estimation of the 
spark resistance. With values measured during a spark, a resistance of 2-4 Ω is calculated.  
 
Another way is to calculate the resistance with the Warrington formula [18], equation (3.20), or 
the plasma channel resistance formulas derived by Terzija, V.V. and Koglin, H.-J. [18], equation 
(3.21-23). 
 
      (3.20) 

 
 

      (3.21) 
 

 
      (3.22) 

 
 

     (3.23) 
 
 

 
In all equations above I is current, L is length of the arc in meters. In equation (3.21-22) the first 
numerical value corresponds to the value of the electrical field called the voltage gradient Ea 
[18], which is either 1200 V/m or 1500 V/m in the two equations. 
 
The value changes with the current and the length of the spark gap, for a gap of 16 mm the 
resistance changes according to the graphs in Figure 3.12.  
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Figure 3.12 Log-plot over equation (3.20-23). 

 
The values calculated from equation (3.20-23) varies between 4,6-7,2 mΩ for the mean value of 
the absolute current (2985 A). These equations were initially meant to be used for calculating the 
arc resistance for discharges between two points in air. Therefore the values found can not be 
seen as hundred percent accurate; instead they can be used as a guideline in determining an 
actual or more likely value derived from alternative sources. 
 
One alternative is to use the current measurements taken from the process and calculate the mean 
value of the total circuit resistance with the exponential function in equation (3.24) 
 

       (3.24) 
 

 
With the data from Figure 3.13, were I is 1,6 kA and I0 is 10 kA, you get a mean resistance of the 
circuit of 6 Ω with the time (t) of 55,5 µs and the capacitance 5 µF. 
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Figure 3.13 Current measurements from circuit and data points for resistance calculation. 

 
All these values land within the values presented in other articles [6,7,8] and will be regarded as 
possible. If you take in to account the parallel resistors of 2700 Ω, the resulting resistance only 
varies approximately 0.1 percent from the plasma channel resistance. Therefore only the plasma 
channels resistance will be used during the calculations. 
 
The time it takes to discharge the capacitor over the spark gap, with the resistance 2-6 Ω and a 
termination voltage of 300 V, is calculated from equation (3.18) to 42-128 µs. These values are 
similar to the time it took for the discharge in Figure 2.12. The same curve can be seen in Figure 
3.14 but with a time scale that is a bit narrower. Here it shows that the total time, from the firing 
of the thyristor to the termination of the plasma channel, is approximately 100 µs. So equation 
(3.18) gives a fairly correct value of the discharge time, in relation to the reality, with a plasma 
channel or circuit resistance of 2-6 Ω. 
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Figure 3.14 Capacitor voltage collected with LeCroy oscilloscope and plotted with Matlab. 

 
With these values the energy released during each spark can be calculated with equation (3.17). 
The resulting value is calculated to 16 J. The total energy stored in the capacitor can be 
calculated with equation (3.25). 
 

      (3.25) 
 

 
where C is the capacitance and VC is the full capacitor voltage. 
 
The total energy stored in the capacitor when the charging is completed is calculated to 1210 J 
with equation (3.25). And the energy released in the plasma channel according to Carleton, J. [5] 
is in this case only 16 J. Because of the low energy consumption during the pre-breakdown 
stage, basically all the capacitor energy is unused when the plasma channel is formed. That 
means that only 1,3 percent of the stored energy is released in the plasma channel.  
 
Although the value of 100-200 V is accepted by Carleton, J. for voltage over a plasma channel, 
higher values are more likely and fit the calculations better in our case. The theoretically 
calculated values change linearly with the voltage over the spark gap, so if a voltage of 1500 V 
instead of 150 V is assumed an energy release of 160 J is achieved. The voltage probe situated 
on the positive side of the spark gap shows a voltage much higher than 100-200 V, which can be 
seen in Figure 3.15.  
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Figure 3.15 Spark gap voltage collected with LeCroy oscilloscope and plotted with Matlab. 

 
When considering that there are no additional resistors that burn of energy in the circuit, the 
energy has to be released in the spark gap. Which require that higher voltages than 100-200 V 
are applied over the spark gap. One alternative is to calculate the energy released with values 
measured during tests, so that a better understanding of what happens can be achieved. This will 
be done in the next section. 
 
 
3.3.3 Energy release calculated from measured values 
 
In contrast with the calculated value of released energy that was theoretically achieved in the 
previous section, a value based on measured data will be presented here. The energy released in 
the spark gap (ESG) in form of the plasma channel will be calculated from the measured current 
and voltage over the spark gap, presented in Figure 2.12. Samples between 10 and approximately 
150 µs will be used, because the energy released in the plasma channel is the desired value. It is 
only within this time interval the plasma channel is formed.  
 
To calculate the energy equation (3.26) is used, were u(t) is the voltage and i(t) is the current. 
 
      (3.26) 
 
This equation can be simplified to equation (3.27), 
 
      (3.27) 

 
were U and I is the absolute values of the measured voltage and current over the spark gap. ∆t is 
the time difference between the measured values and is equal to 0,1 µs. 
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With equation (3.27) the calculated energy release during a spark event equals to approximately 
all the energy stored in the capacitor, ~1,2 kJ.  
 
The high resolution and sensitivity of the measuring probes and oscilloscope causes variances in 
the measured values. These variances can be seen in Figure 3.9 and 3.10, as the ripple in the 
graph. This can cause the area under the graph, which corresponds to the integrated value, to 
become larger or smaller than the real values represent. In turn it translates to a higher or lower 
amount of energy released in the plasma channel, which can cause false conclusions about the 
efficiency. But it is clear that almost all of the energy is released in the plasma channel. 
 
 
3.4 Reactions generated by the EHD 
 
All reactions inside the tank start with the formation of the plasma channel. As described in 
previous sections, the plasma channel rapidly grows during the first time after it is created. This 
happens because of the fast increase of current flowing through the channel and the result is that 
the channel expands rapidly. This generates an acoustic shock wave [3], which results in a 
pressure wave that travels in the surrounding water.  
 
There are basically two treatment aspects that will contribute to the treatment of flax fibers inside 
the tank. The first one is the actual pressure wave that will mechanically treat the fibers with 
force, with separation of the flax fibers as a result. The second treatment is caused by 
sonochemistry, which is the application of acoustical oxidative reactions in liquids [4]. That 
means that the pressure wave will cause cavitation in the water, which will treat the fibers. 
 

 
Figure 3.16 Pressure amplitude of an acoustical wave and it's affect on compression (c) and rarefaction (r) [4] 

 
When an acoustic wave travels through water it exerts positive and negative pressure on its 
surroundings, as Figure 3.16 shows. Here ”c” represents the compression part of the affect from 
the acoustic wave, and how it relates to an increase of pressure (P). In the same manner, “r” 
represents the rarefaction part, or expansion, caused by the negative pressure.  
 
It is this phenomenon that will create the cavitation, with one requirement. There has to be 
dissolved gas present in the aqueous solution, in this case the water. This gas is usually oxygen 
and it exists in the form of small bubbles in the water. How the cavitation transformation works 
can be seen in Figure 3.17. 
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Figure 3.17 The transformation from gas to bubbles in water during affects by a pressure wave. [4] 

 
Figure 3.17 represent the transformation of the gas that is dissolved in water. As the pressure 
wave spreads in the water it initially affects the gas, represented by “A” with positive pressure. 
This doesn’t cause the cavitation. It isn’t until the negative pressure hits the dissolved gas that 
something happens. The bubble starts to form when the negative pressure reaches the vapor 
pressure of water, shown by “B” in Figure 3.17. When the pressure drops further, the bubble 
increase in size until it reaches its maximal size represented by “C”. The pressure has now 
reached its lowest value, and begins to increase. When this happens the bubble starts to decrease 
in size, until it hits “F” where it collapses.  
This procedure goes on throughout the whole tank as the pressure wave expands from the plasma 
channel, until its energy has dissipated and the pressure is lower than the vapor pressure.  
 
Cavitation is only possible if the pressure from the acoustical wave is greater than the difference 
between the nominal (Pa) and vapor pressure (Pv), shown in equation (3.28). 
 

      (3.28) 
 
During the collapse of the bubbles, under high pressure, energy is released. This energy in turn 
creates free radicals by splitting water into hydroxyl and hydrogen radicals [4].  
When the implosion occurs, temperatures up to 5000 K and pressures of 300 atm can be reached 
in the center of the imploded bubble. Figure 3.18 shows how the pressure wave travels outward 
from the plasma channel and the resulting cavitation bubbles.   

vaw PPP −>
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Figure 3.18 Plasma channel created between the electrodes and the resulting shock wave. [4] 

 
The main treatment in this case comes from the mechanical forces generated by the acoustical 
waves. According to Harwood et al. [2] the pressure literally rips the stem apart by rupturing the 
pectinaceous middle lamella of the fibers. When studying the result of the treatment with the 
SEM-pictures presented in Appendix IV. SEM-pictures of flax fibers, one can se that more 
pulses generate a cleaner fiber with less debris. The pressure waves have more or less dislodged 
the debris from the fibers and transferred it to the water.  
Even though the free radicals might play a small role in the Fireball 2 process on the paper, the 
radicals may react with the binding substances that hold the flax fibers together and further 
contributing to the separation of the fibers. Further research is required before any contributions 
surrounding the free radicals can be validated. 
 
The result of the flax fiber treatment can be seen in chapter 4.1 Results of the initial Fireball 2 
flax treatment.  
 

 
3.5 Summary and conclusions 
 
When high voltages are applied over the electrodes a strong electrical field starts to ionize the 
water between the two electrodes and which of the three breakdown theory’s that apply just in 
this case is hard to say. But the end is the same, a plasma channel is formed and a high current 
starts running through the channel from the high potential electrode to the ground potential. 
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During the initial formation the channel expands rapidly and creates a high pressure wave, which 
treats the flax fibers and separates them. 
 
For the spark event to take place, with sufficiently high pressure wave, it was found that a well 
designed electrode arrangement is needed. There were difficulties regarding the electrodes 
during the initial tests and a proper discharge was hard to achieve. So the focus changed from the 
early Russian design to an arrangement where the ground potential was the tank. This technique 
worked much better, but an isolation material that could withstand the high forces or 
temperatures created by the spark event were hard to find. Additional research on the area is 
required. 
 
One of the main benefits of this treatment form is that it is energy efficient in comparison with 
other flax treatment techniques. To verify this, the energy efficiency was calculated both 
theoretically and with data collected during experimental tests. The results from the theoretical 
calculations show an energy release in the plasma channel that linearly corresponds with the 
voltage over the spark gap. This voltage is said to be in the order of 100-200 V, but this seems 
unlikely. Measurements made in experimental tests show a voltage much high than that. 
According to calculations made with the measured values, ~1,2 kJ of energy is release in the 
plasma channel in comparison to 16 J with the theoretical approach. Only a couple of joules, 
approximately 1-30 J, are consumed during the formation of the plasma channel. This leads to an 
efficiency of 97 percent, regarding the use of the stored energy in the capacitor during the spark 
event, which is close to optimal. 
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4. Results and conclusions 
 
In this chapter the results from the earlier chapters will be summarized and presented as well as 
some conclusions regarding the results. It starts with the results from the initial flax fiber separation 
tests, goes on to the energy consumption and efficiency and finishes it off with the results 
surrounding the electrode design. 

 
4.1 Results of the initial Fireball 2 flax treatment 
 
During the initial test samples of the treated flax were taken at the same intervals from different 
batches so that the treatment effectiveness could be tied to the different number of sparks that the 
flax was exposed to. These samples were then sent to De Montfort Uiversity in Leicester for 
analysis. During the tests three different kind of flax were used, one from the UK and two from 
Belgium.  
 
The fiber distribution diagrams and some SEM-pictures (Sweep Electron Microscope) from the 
first tests, with flax from the UK, can be seen in Appendix III. Flax fiber distribution for UK flax 
and Appendix IV. SEM-pictures of flax fibers. One can see that the fiber distribution is centered 
round a relative diameter of 15-17, which represent single or double ultimate fibers. One can also 
see from the last diagram, were the number of fibers per diameter for 2000 pulses have been 
subtracted from the one with 400 pulses, that the diameter of  the fibers shift towards smaller 
values for more number of pulses. The negative values in the diagram corresponds to the fact 
that there are more fibers with smaller diameters in the sample that hade been treated with 2000 
pulses than in the one with 400 pulses. The opposite is true for positive values.  
 
Although the fiber distribution diagrams show that the treatment works and the SEM-pictures 
support that claim, only 5000 fibers were measured during the analysis. According to Harwood, 
R. this is not enough to give statistically valid results. The DC-value for the UK flax doesn’t 
show values that one would expect, with a higher DC for more number of pulses. Instead the 
DC-value differs according to table 4.1. 
 

Number of shots DC - UK flax 

400 0,52 

800 0,54 

1000 0,47 

1200 0,53 

1600 0,50 

2000 0,49 

Table 4.1 Degree of Cottonisation for different number of shots for UK flax. 

  This variance is strongly related to the low number of measured fibers and if more 
measurements would have been made, a more accurate distribution of the DC-value would have 
been found. Still a DC-value of 0,5 is expectable, as that is the minimum value of the target 
according to Harwood et al. [2]. 
 
 
4.2 Results of the efficiency calculations 
 
To calculate the energy efficiency the energy release during the different stages needed to be 
calculated. The different stages will be explained below and in Table 4.2 the calculated energy 
released during the stages will be presented.  
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The first stage is the pre-breakdown stage, with equations from Kuretz V. et al. the energy used 
to form the plasma channel were estimated. The energy consumption of the different pre-
breakdown stages, (W1-W4) will be presented along with the total energy consumption (W). This 
value is then compared to the value calculated from measured values of the voltage and current 
over the spark gap. 
 
The second stage is the stage when the plasma channel is formed and how much of the energy is 
released in the plasma. The theoretical value of the released energy depends strongly on the 
voltage over the spark gap and according to Carleton, J. that voltage is between 100-200 V. With 
those values 16 J is released in the plasma channel. The measurements made during tests show a 
significantly higher voltage over the spark gap, so a value as low as 100-200 V seems unlikely. 
With a voltage of 5200 V, which is the mean value of the absolute voltage during the first 100 
µs, you get an energy value of 560 J. On the other hand, with the calculations made with the 
measured value approximately 1200 J were released in the plasma channel. 
 

Stage Theoretical [J] Measured [J] 

Pre-breakdown (WTotal = W1+ W2+ W3+ W4) 0,522 27 

Development of the overheat instability (W1) 0,144 x 

Current dissipation from bare parts (W2) 0,0950 x 

Formation and development of leaders (W3) 0,184 x 

Current dissipation from leader surface (W4) 0,0989 x 

Plasma channel 16 (560) ~1200 

Table 4.2 Table over the energy consumption during different stages. 

 
With these values for the energy consumption during plasma build-up and energy release in the 
plasma channel, an efficiency of 46-97% percent regarding the spark event is achieved. 
Depending on which values that are considered right, the theoretical or the measured. It is more 
likely that the energy release calculated from measured values is more correct than the 
theoretical value. Therefore approximately 97 percent of the stored energy inside the capacitor is 
released during the spark event, as light, sound, pressure and heat. This is energy that actively 
helps treat the flax, which proves that this treatment process for low quality flax is indeed energy 
effective.  
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5. Discussion 
 
In this chapter a discussion about the main goal of this thesis work will be presented along with 
some ideas and advice for feature work or studies. 

 
5.1 Evaluation of the Fireball 2 treatment process  
 
As can be seen by the results from both the flax fiber treatment tests and the energy efficiency 
calculations the Fireball 2 treatment process is a success. The fiber separation works very well 
and the results show well separated samples were higher number of shots or pulses increase the 
number of ultimate fibers. At this point it is difficult so draw any conclusions in reference to the 
Degree of Cottonisation because of the limited number of sample taken from the UK flax. 5000 
samples is not enough to draw any statistically valid conclusions, as it is seen that the DC-value 
fluctuate round 0,5 and a higher number of pulses results in a lower DC-value. This is unlikely as 
more pulses should result in a better degree of cottonisation. 
 
Regarding the fact that the Fireball 2 process and the new circuit layout is an energy effective 
treatment process is also true. Depending on which method and which parameters used for the 
calculations an efficiency of minimum 50 percent, probably higher, is achieved. With the 
measured values an efficiency of 97 percent were calculated, which can be considered an optimal 
result. The main reason for the wide range of the value of the efficiency is the debate about how 
high the voltage over a spark gap is. Some sources say that only 100-200 V are applied over the 
gap, which according to measurements performed during tests sounds very low. The 
measurements show a voltage oscillating from approximately 22 kV down to minus 10 kV as it 
dissipates over the spark gap. The minimum value of 50 percent is achieved with equation 
presented by Carleton, J., one of the sources that use 100-200 V across a spark gap, but with a 
mean voltage of 5200 V. If Carleton’s equation is used with 150 V and the other parameters 
from the process only 16 J is released in the spark gap, which is unreasonably low.  
 
Despite which efficiency value you use, the result is the same. The process produces treated flax 
of a high quality and separation with minimum affect on the environment. There are no 
additional chemical additives or other harmful products used in the treatment process, only tap 
water and electricity. As seen by the efficiency calculations almost all of the energy used to 
charge the capacitors in the circuit is released in the plasma channel and used to treat the flax. 
These two points prove that the Fireball 2 process and the new circuit layout is an 
environmentally friendly and effective way to treat flax fibers.  
 
Only one area of the process equipment proves difficult to solve, that is the electrode 
arrangement. The design and form of the electrodes have proven to be an important part of the 
treatment machine and to choose the right parameters for the electrode have strong ties to the 
rate of good discharges. It is proven that the way to go is the electrode arrangement with a single 
electrode and the ground potential in the bottom of the tank. But still, finding an isolation 
material and design of the lower part of the electrode, the part that have to withstand the forces 
generated by the spark event, has proven difficult. This area needs more research and 
development before this process is ready to be taken into production. Once you have solved the 
problem with lasting electrodes you are more or less ready to start production. 
 
In summation, the Fireball 2 treatment process and the new circuit layout have proven to be a 
fully functioning fiber separation machine with high efficiency and good results. The only thing 
missing is an electrode that can withstand the forces created by the spark event. 
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5.2 Further studies 
 
The main area during further studies surrounding the Fireball 2 treatment process needs to be the 
electrode arrangement, to find a design that can withstand the forces created by the spark 
discharge and at the same time keep the discharge rate up. The research can take two paths, the 
first one is into different isolation materials with the right properties that can be used in the same 
way as the polyurethane used today. With one difference, the new material needs to be able to 
withstand the forces of the spark discharge without breaking down during a significant period of 
time. The second area of research could be to find an alternative solution to the electrode design, 
one that doesn’t require the soft polyurethane to be exposed to the harsh environment near the 
spark discharge.  
 
Other areas that are worth looking into are the development of the control system, with more 
sensors and similar to get a better understanding on what is happening inside the tank during 
treatment. The sensors in mind might be pressure sensors to measure the pressure waves 
generated by the spark event and see if the waves are evenly distributed throughout the tank. 
Other sensors might be temperature sensors to measure the water temperature during fiber 
separation so that the temperature doesn’t reach over certain preset values.  
 
Further it might be an idea to investigate if other parameters, like frequency and temperature, are 
affecting the efficiency regarding the separation of the flax fibers. To make the treatment process 
effective in a cost/earnings perspective a frequency higher than the single hertz, used in the tests 
during this thesis work, needs to be implemented. Although an increase in frequency is easy to 
achieve, how this will affect the separation of the flax fibers is unclear at this point and needs to 
be further studied.  
 
When implement this process in a factory setting, 15 or more of these machines will produce 
treated flax in parallel, as a part of a bigger treatment line. Before this can be done some studies 
needs to be done to see if the programming and the control system made during this thesis work 
can be scaled up to control all of the machines within the whole treatment line. One alternative is 
to have distributed control, with a controller at every machine, which communicates with a 
master controller that gives processing commands and gathers information for presentation to the 
person running the plant.  
 
As seen there are several ways to go in the feature, with lots of alternatives for further studies 
before this process is fully developed and perfected. 
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Appendix I. Matlab-program 
 
%------------------------------------------------------------- 
%                       Matlab-program 1 
%------------------------------------------------------------- 
  
  
clear all; 
clc; 
format short; 
  
%------------------------------------------------------------- 
%   Pre-breakdown time according to J.C. Martin 
%------------------------------------------------------------- 
  
t_martin = (0.3/(0.0138*2.0106^(1/10)))^(1/3); 
disp('Time before breakdown of water [us]: '); 
disp(t_martin); 
  
%------------------------------------------------------------- 
%   Energy losses during pre-breakdown stage 
%------------------------------------------------------------- 
  
%   Parameters 
%------------------------------------------------------------- 
gamma = 998;                   %density [kg/m3] 
C_p = 4.1855*10^3;             %heat capacity [J/kg*K] 
sigma = 3*10^-2;               %conductivity [S/m] 
lambda_ast = 2;                %dimensionless growth rate 
rau = 3*10^3;                  %resistivity [ohm m] 
U_0 = 22000;                   %Initial voltage [V] 
l_0 = 3.6*10^-2;               %electrode bare length [m] 
D = 48.5*10^-2;                %inner diameter of tank [m] 
d = 1.6*10^-2;                 %diameter of electrode [m] 
r_1 = 10*10^-2;                %radius of electrode [m] 
l_g = 1.6*10^-2;               %distans between electrode and ground [m] 
E_cr = 4*10^6;                 %Critical field strength [V/m] 
V_ld = 2.5*10^3;               %Leader development rate [m/s] 
  
  
%   Calculations 
%------------------------------------------------------------- 
  
%electric field for short gaps 
%E_or = ((0.9*U_0)/1)*((1+r_1)/r_1);     
  
%electric field for long gaps 
E_or = ((0.9*U_0)/r_1);                      
  
%Temperature dependent liquid conductivity 
d_sigma = sigma*(2*10^2);                    
  
%Growth rate of the overheat instability 
lambda_n = (1/(gamma*C_p))*(E_or^2)*d_sigma*lambda_ast; 
  
%Time of the overheat instability development 
t_pl = (1/lambda_n);                         
  
disp('Time of pre-leader stage according to Kuretz et al. [us]: '); 
disp(t_pl*10^6); 
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%Resistance of zone 1 
R_1 = (rau/(2*pi))*((2*l_g-d)/(l_g*d)); 
  
%Resistance of zone 2 
R_2 = (rau*(log(D/d)))/(2*pi*l_0); 
  
%Total operating gap resistance 
R_0 = (R_1*R_2)/(R_1+R_2); 
  
disp('Total resistance of operating gap [ohm]:'); 
disp(R_0); 
  
%Energy loss due to overheat instability 
W_1 = (((U_0^2)*2*pi*t_pl)/rau)*((l_g*d)/((2*l_g)-d)); 
disp('Energy losses W_1 [J]: '); 
disp(W_1); 
  
%Energy loss du to current dissipation from bare part 
W_2 = (((U_0^2)*2*pi*t_pl)/rau)*((l_0)/(log(D/d))); 
disp('Energy losses W_2[J]: '); 
disp(W_2); 
  
%Energy loss from leader formation and development 
W_3 = (((U_0^2)*l_g)/(V_ld*R_0))*log((E_cr*l_g)/U_0); 
disp('Energy losses W_3[J]: '); 
disp(W_3); 
  
%Energy loss due to current dissipation from bare part and leader surface 
W_4 = (((U_0^2)*2*pi*(l_0+l_g))/(rau*log(D/d)))*(l_g/V_ld); 
disp('Energy losses W_4[J]: '); 
disp(W_4); 
  
%Total energy loss during pre-breakdown stage 
W = W_1+W_2+W_3+W_4; 
disp('Total energy loss W [J]: '); 
disp(W); 
  
%------------------------------------------------------------- 
%   Energy released in plasma channel 
%------------------------------------------------------------- 
  
%   Parameters 
%------------------------------------------------------------- 
C = 5*10^-6;        %Capacitance [F] 
V_c = 300;          %Volts remaining in capacitor after shot [V] 
V_0 = 22000;        %Initial volts in capacitor [V] 
R = 6;              %Resistance in spark circuit [ohm] 
I_max =V_0/R;       %Theoretical max current [A] 
V_g = 150;          %Volts over the plasma channel [V] 
  
%   Calculations 
%------------------------------------------------------------- 
  
%Calculate time of plasma channel according to Carleton, J. 
t = -((log(V_c/V_0))*R*C); 
disp('Time of plasma channel [us]: '); 
disp(t*10^6); 
  
%Energy released in plasma channel  
delta_E = I_max*V_g*((-R*C*exp(-t/(R*C)))-(-R*C*exp(-0/(R*C)))); 
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disp('Energy released in plasma channel [J]: '); 
disp(delta_E); 
  
%Energy release in plasma channel with numerical evaluation (quad) 
Y = @(x) exp((-x)/(R*C)); 
delta_E_numerical = I_max*V_g*quad(Y,0,t); 
disp('Energy released in plasma channel with numerical evaluation [J]: '); 
disp(delta_E_numerical); 
  
%------------------------------------------------------------- 
%Plasma channel resistance with Warrington formula 
%------------------------------------------------------------- 
I = [10:1:10000]; 
  
R_w = (28688.5./(I.^1.4))*l_g; 
disp('Resistance with Warrington formula [ohm]: '); 
disp(R_w (991)); 
  
%------------------------------------------------------------- 
%Plasma channel resistance with Terzija and Koglin formulas 
%------------------------------------------------------------- 
  
R_1_1200 = (1080.4)*(l_g./I); 
 disp('Resistance with Terzija and Koglin formula 1 (E=1200) [ohm]: '); 
 disp(R_1_1200(991)); 
  
R_1_1500 = (1350.5)*(l_g./I); 
 disp('Resistance with Terzija and Koglin formula 1 (E=1500)[ohm]: '); 
 disp(R_1_1500(991)); 
  
R_2 = ((855.3./I)+(4501.6./I.^2))*l_g; 
disp('Resistance with Terzija and Koglin formula 2 [ohm]: '); 
disp(R_2(991)); 
  
semilogx(I,R_w,'b-'); 
hold on; 
grid on, 
semilogx(I,R_1_1200,'g-'); 
semilogx(I,R_1_1500,'c-'); 
semilogx(I,R_2,'m-'); 
xlabel('Current [A]'); 
ylabel('Resistance [ohm]'); 
title('Log-plot over resistance'); 
  
%------------------------------------------------------------- 
%   Plasma channel resistance with mean values  
%   of the absolute current during first 100us 
%------------------------------------------------------------- 
  
% Mean value of the absolute current during first 100 us calculated in 
% Matlab-program 2 
I = 2985;         
  
%Plasma channel resistance with Warrington formula 
R_w_mean = (28688.5./(I.^1.4))*l_g; 
disp('Resistance with Warrington formula [ohm]: '); 
disp(R_w_mean); 
  
%Plasma channel resistance with Terzija and Koglin formulas 
R_1_1200_mean = (1080.4)*(l_g./I); 
disp('Resistance with Terzija and Koglin formula 1 (E=1200) [ohm]: '); 
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disp(R_1_1200_mean); 
  
R_1_1500_mean = (1350.5)*(l_g./I); 
disp('Resistance with Terzija and Koglin formula 1 (E=1500)[ohm]: '); 
disp(R_1_1500_mean); 
  
R_2_mean = ((855.3./I)+(4501.6./I.^2))*l_g; 
disp('Resistance with Terzija and Koglin formula 2 [ohm]: '); 
disp(R_2_mean); 
  
%-------------------------------------------------------------------- 
%       Plasma channel resistance calculated with  
%   exponential curve equation from current measurements 
%-------------------------------------------------------------------- 
  
delta_t = (80-24.5)*10^-6; 
R_exp=(1/C)*(-delta_t/(log(1.6/10))); 
disp('Resistance with exp-curve from measured current [ohm]: '); 
disp(R_exp); 
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%---------------------------------------------------------------------- 
%                           Matlab-program 2 
%---------------------------------------------------------------------- 
clc; 
clear all; 
clf; 
  
%---------------------------------------------------------------------- 
%Importing data from txt-files including measurements 
%---------------------------------------------------------------------- 
Data_A = importdata('STA000.TXT');  %Capacitor voltage  
Data_B = importdata('STB000.TXT');  %Current through spark gap 
Data_C = importdata('STC000.TXT');  %Voltage over spark gap 
Data_4 = importdata('SC4000.TXT');  %Optical trigger signal 
  
%---------------------------------------------------------------------- 
% Calculating the mean value of the absolute current  
% for the time that the plasma chanel is formed 
%---------------------------------------------------------------------- 
  
mean_I = mean(abs(Data_B(252:1252,2))*4000); 
disp(' Mean of absolute values of current during the first 100 us [A]: '); 
disp(mean_I); 
  
%---------------------------------------------------------------------- 
% Plotting the measured values within the appropriate time intervall 
%---------------------------------------------------------------------- 
  
%subplot(4,1,1); 
figure(1); 
plot(((Data_A(:,1))*1000000),(Data_A(:,2))/1000); 
axis([-1*10^1  1.5*10^2 -15  30]) 
xlabel('Time [us]') 
ylabel('Voltage [kV]') 
title('Capacitor voltage') 
grid on; 
  
figure(2); 
%subplot(4,1,2); 
plot(((Data_B(:,1))*1000000),(Data_B(:,2).*4)); 
axis([-1*10^1  1.5*10^2  -6  15]) 
xlabel('Time [us]') 
ylabel('Current [kA]') 
title('Current running through spark gap') 
grid on; 
  
figure(3); 
%subplot(4,1,3); 
plot(((Data_C(:,1))*1000000),(Data_C(:,2))/1000); 
axis([-1*10^1  1.5*10^2  -15  30]) 
xlabel('Time [us]') 
ylabel('Voltage [kV]') 
title('Voltage over the spark gap') 
grid on;80 
  
figure(4); 
%subplot(4,1,4); 
plot(((Data_4(:,1))*1000000),Data_4(:,2)); 
axis([-1*10^1  1.5*10^2  -1  6]) 
xlabel('Time [us]') 
ylabel('Voltage [V]') 
title('Optical trigger signal') 
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grid on; 
  
%---------------------------------------------------------------------- 
% Energy released during spark event calculated as the sum of U*I 
%---------------------------------------------------------------------- 
  
figure(5); 
subplot(2,1,1); 
plot((Data_B(337:1220,1)*1000000),abs(Data_B(337:1220,2).*4000)); 
xlabel('Time [us]') 
ylabel('Current [A]') 
title('Current measurement ground for energy calculations') 
grid on; 
  
subplot(2,1,2); 
plot((Data_C(337:1220,1)*1000000),abs(Data_C(337:1220,2))); 
xlabel('Time [us]') 
ylabel('Voltage [V]') 
title('Voltage measurement ground for energy calculations') 
grid on; 
  
sum_UI = sum((abs(Data_C(337:1220,2))).*(abs(Data_B(337:1220,2).*4000))); 
delta_t = 1*10^-7; 
E_sg = sum_UI*delta_t; 
disp('Energy released during spark event [kJ] : '); 
disp(E_sg/1000); 
  
%---------------------------------------------------------------------- 
% Energy released during pre-breakdown calculated as the sum of U*I 
%---------------------------------------------------------------------- 
  
figure(6); 
subplot(2,1,1); 
plot((Data_B(258:337,1)*1000000),abs(Data_B(258:337,2).*4000)); 
xlabel('Time [us]') 
ylabel('Current [A]') 
title('Current measurement ground for energy calculations') 
grid on; 
  
subplot(2,1,2); 
plot((Data_C(258:337,1)*1000000),abs(Data_C(258:337,2))); 
xlabel('Time [us]') 
ylabel('Voltage [V]') 
title('Voltage measurement ground for energy calculations') 
grid on; 
  
E_pb = sum(abs(Data_C(258:337,2)).*(abs(Data_B(258:337,2).*4000)))*1*10^-7; 
disp('Energy released during pre-breakdown [J] : '); 
disp(E_pb); 
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Appendix II. S800 to power Supply cable 
 
Pin Signal  Color  Description    S800         
 
8 On/Off  Orange  15V = On, GND or open = Off Relay DO1 (A1, C1) 
22 V Program Green  0-10V     AO2 (B2, C2)  
7 Inhibit  Yellow  5-15V inhibits    AO4 (B4, C4) 
 
12 GND  Red  Control circuit return.   
24 GND  Black  Control circuit return.  
14 +15V  Grey  15V through 100 Ω series resistor To Relay 
 
17 Interlock led White  Open collector 
10 HV On LED Blue  Open collector  
 
 
DO1 – Digital Output channel 1 
AO2 – Analog Output channel 2 
AO4 – Analog Output channel 4  
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Appendix III. Flax fiber distribution for UK flax 
 
UK flax after 400 shots: 
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UK flax after 800 shots: 

STC-UK1-800

0

50

100

150

200

250

300

350

400

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69 71 73 75 77 79

 
 
 
 



 67 

UK flax after 1000 shots: 

STC-UK1-1000
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UK flax after 1200 shots: 
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UK flax after 1600 shots: 

STC-UK1-1600

0

50

100

150

200

250

300

350

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69 71 73 75 77 79

 
 
UK flax after 2000 shots: 
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Chart that shows how the distribution shifts towards smaller diameters of the fibers with an 
increased number of pulses. The blue dotted line shows the distribution of 400 pulses minus 
2000 pulses, and the black line shows the moving average of 3 samples. 
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Appendix IV. SEM-pictures of flax fibers 
 
SEM-pictures from Fireball Treatment of UK Flax (25/08/09) with notes from Harwood, Ray. 
[20] 

 
The UK flax sample was heavily contaminated with residual shive. The sample was well-retted 
and therefore a significant proportion of single fibers were observed in the untreated sample. 
Only a few SEM-pictures (Sweep Electron Microscope) were taken; those shown below focus on 
fiber bundles present. 
 

 
UNTREATED - Some bundles completely un-separated and inter-fiber cement present 

 

 
UNTREATED - Some bundles separated, debris adhering to fibers 
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1000 PULSES - Bundles separated, some debris on fiber surfaces 

 
 

 
1000 PULSES 
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2000 PULSES - Bundles separated, less evidence of debris on the fiber surfaces 

 
 
 

 
2000 pulses 

 


