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ABSTRACT 

Frazil ice is a phenomenon that takes place in cold regions when the water of rivers, 

lakes or oceans is cooled under 0ºC. Several times during winter, frazil ice can appear at 

river Ätran, where Träbena hydropower plant is held by the company Wetterstad 

Consulting AB. Frazil ice particles contained in the flowing water are extremely sticky 

and adhere to any object placed in the water. Trash racks are used by the power plant at 

the water intakes to prevent any strange object to go into the turbines. However, frazil 

ice particles stick to the trash racks creating an ice blockage that interrupts the water 

inflow. In this situation, the power plant has to stop the production even for several 

months, due to the lack of water that reaches the turbines. In order to solve this problem, 

the company has installed a heating system on the trash racks that prevent the adhesion 

of frazil ice particles. This system is manually operated, and it is turned on or off based 

on the experience and predictions of the company. This heating system is very power 

consuming and every time it is turned on unnecessarily the company loses money. 

An automatic frazil ice detection system that turns on the heating system when needed 

is to be created. For that, several options have been analysed, and finally a capacitor-

based sensor has been developed as a solution. The sensor consist of two steel plates 

coated with semi-transparent polycarbonate submerged underwater parallel placed in 

the space between the trash racks’ bars, forming this way a parallel plate capacitor. The 

capacitance of a capacitor depends exclusively on its geometry and the dielectric 

material between the plates. Hence when the water temperature is low enough, frazil ice 

particles stick to the plates of the capacitor and its capacitance will vary indicating that 

the accretion of frazil ice may block the water inflow. This variation is registered and a 

signal is send to the heating system to start operating. This way, the heating system is 

completely automated; no human intervention is needed at all.  
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1. BACKGROUND AND PROBLEM DESCRIPTION  

Träbena power station is a small water power plant at the river Ätran, located in south 

Sweden. The station is owned and operated by the company Wetterstad Consulting Ltd. 

and is shown in Fig. 1.1. It consists of two turbines of 60 kW and 20 kW and a solar cell 

installation of 3.7 kW. The turbines of the power plant generate an average of 250 000 

kWh per year, under normal circumstances. This means that the average generation of 

energy per day is about 1400 kWh, taking into account that the maximum power 

generation is expected during half of the year. The turbines are of Francis type which 

means that the propeller shaft is mounted vertically.  

 

Figure 1.1: General view of Träbena power station (Wetterstad, 2014) 

Upstream, before the turbines, aluminium trash racks are mounted. These trash racks are 

used to prevent leaves, stones, and fish or other objects going into the turbines. They 

can be clearly seen in Figure 3.7.  During winter, problems with frazil ice may occur. 

Frazil ice particles are extremely sticky and they easily get stuck to the trash racks of 

power stations. If this happens, it can completely stop the water flow and thereby the 

power generation.  

In order to prevent frazil ice getting stuck on the trash racks, some of the trash racks are 

equipped with an electrical heating system. This system is of 9 kW and is efficient 

enough to prevent ice blockage in the power plant and it is manually activated. The 

main disadvantage with the heating system is that it requires a lot of energy, so the net 

energy generated by the power plant is significantly decreased when the heat is turned 

on. By not turning on the heat on, or turning the heat on to late, may case a total ice 

blockage that will stop the power generation for months. Due to this, a system to 

determine the need for turning on and off the heat this system is desired by the owner of 

the plant.   
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1.1. Purpose and Goal  

The main goal of this work is to provide a better understanding of the problem that 

frazil ice causes on hydropower plants and to suggest a system to detect it. The purpose 

with this system is to avoid any unnecessary usage of the heating system in order to 

increase the net efficiency of the power plant.  

1.2. Specifications of the detection system 

The owner of the power plant has some desires and requirements of the frazil ice 

detection system. Both of them are listed here:  

 Price 

It is desired that the total cost of the detection equipment not exceed 5000 SEK. The 

company wants an effective solution as cheap as possible in order to cut down the 

losses caused by the frazil ice blockage. 

 Effectiveness 

It is required that the detection system is able to detect effectively the accretion of 

ice over the surface of the trash rack’s bars, taking care of leaves, dirt, or any 

strange objects contained in the water.  

 Compatibility 

Required is that the solution has to be compatible with the power plant resources, 

such as the warming system of the bars. It has to be designed according to all the 

specifications, for instance trash rack design, flow of the river, speed of the water… 

 Automatic 

The system has to work automatically, that is to say without any human 

intervention, this is of course an important requirement. When the presence of frazil 

ice is detected, the system should turn on the electrical resistances in the trash racks 

in order to warm them. 

 Useful for future work 

Another desire of this project is that it should serve as a guide for a future laboratory 

work, which will be performed by two Halmstad University students in 2015. 

It will be seen how all these requirements are fully fulfilled in the next chapters. Also 

the desire of the price is just an indicative figure given by the company. 
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2. DESCRIPTION OF THE POWER PLANT 

Ätran river comes down near to the power station, but just before the power station it is 

divided into three different ways. One of these branches of the river passes through the 

power plant, as can be seen in Figure 2.1. The energy generated by the power plant is 

used by the owner for his own consume, but the remaining energy is sold to an electrical 

company. 

 

Figure 2.1: Intake of Träbena hydropower station (Wetterstad, 2014) 

The generators of the two Francis turbines are visible in Figure 2.2. If the flow is not 

enough to generate 80 kW, one of the turbines can be switched off and use only the 20 

or 60 kW turbine for generating energy. For that, the company has a control panel 

which indicates the power that is generating each turbine in every moment, and can be 

managed depending on the power generated.  

 

Figure 2.2: Generators of Francis turbines of 20 and 60 kW (left and right side respectively) (Wetterstad, 

2014) 
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The aluminium trash racks has a special profile shape, which can be seen in Figure 2.3. 

The separation between the bars of the trash rack is 20 mm. 

 

Figure 2.3: Aluminium profiles (Wetterstad, 2014) 

The trash racks are provided with a mechanical rake which can be programmed to clean 

the trash rack every certain time, to remove all the dirt accumulated in the racks. This 

rake moves up and down dragging all the dirt out of the water and then throws it to a 

conveyor belt which sends the dirt again to another branch of the river. The mechanical 

rake can be seen in Figure 2.4. 

 

Figure 2.4: Mechanical rake and conveyor belt (Wetterstad, 2014) 

As visible in the Figure 2.5, some of the bars are hollow and the empty space in the 

middle of it is used to insert some electrical resistances. These ones allow the bars to get 

heated in order to prevent frazil ice getting stuck.  
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Apart from the hollow, the outer shape is also not common compared with the profiles 

of the bars used in other power plants. Some years ago the company had rectangular 

shape profiles, but after a research they decided to substitute the trash racks. The new 

ones with the profile of Figure 2.5 are proved to be better against accretion of frazil ice.  

 

Figure 2.5: Cross section of the aluminium profile (Wetterstad, 2014) 

Next to the trash rack, there is a gate which can be opened when the water level is 

getting too high. This gate, which is visible in Figure 2.6, is opened with a power screw 

driven by an electric motor.  

 

Figure 2.6: Water flowing out through the evacuation gate (Wetterstad, 2014) 

The gate is opened when a water level sensor detects that the level of the river is getting 

too high. This way, the gate opens and lets the water flow out from the power station, 

preventing the water from overflow the barrier. The sensor is shown in Figure 2.7. 
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Figure 2.7: Water level sensor (Wetterstad, 2014) 

Apart from all these elements, the power station also possesses a mountable gate for 

stopping the whole flow of the water in the canal. This gate is usually used once a year 

for cleaning purposes.  

All the sensors and motors are connected to the automation system, which can be 

controlled from inside the building. In the building the turbines can be switched off or 

on, the power generated is shown, the trash rack rake and the evacuation gate motor are 

controlled, and the water level sensor is connected to this system as well. The heating 

system is also controlled from there, so it turns on or off whenever the company thinks 

it is necessary. The control panel is shown in Figure 2.8. 

 

Figure 2.8: Electrical and control panel (Wetterstad, 2014) 
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In this chapter a general description of the elements integrated in the power plant has 

been done. The carefully study of some of these element will lead the project to the 

development of an effective and compatible solution for the power plant. 

2.1. Problems of Träbena hydropower plant 

Several times a year frazil ice can block the trash racks of Träbena power station. In 

order to solve this problem, a deep research was made (Wetterstad, 2014) and the best 

option to solve the problem was to use a warming system for the racks. However, this 

solution has also serious drawbacks, relating to power consumption. Considering that 

the power station has a maximum of 80 kW of power and the fully used warming 

system consumes 9 kW. This means that one eighth of the power generated can be 

consumed just by the warming system, if the turbines are working at maximum 

capacity, which is not always the case.  

Although the warming system is effective, it is at the same time quite expensive. For 

that reason, a detection system of frazil ice that regulates the activation of the electrical 

resistances is essential. This would turn out in an efficient mode of operation of the 

whole power plant, reducing the losses of power consume, and therefore the loss of 

money. 
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3. LITERATURE STUDY: FRAZIL ICE 

In this part a general analysis of what the frazil ice is in general will be done, in order to 

get a better knowledge of behaviour and how it could be detected. The analysis of the 

frazil ice will be separated in three points. 

3.1. General description of frazil ice 

Frazil ice is a phenomenon that takes place in super cooled (water cooled under 0ºC) 

and turbulent water, as oceans, rivers or lakes. The term frazil ice refers to very small 

ice crystals, usually between 1 mm and 15 mm, that is the reason why it is so difficult to 

detect (Andersson, 1992). Frazil ice created in rivers is not exactly the same as the one 

created in oceans or lakes, so this report will focus in frazil ice in rivers. The main 

difference between the river and other type of frazil ice is that the velocity and 

turbulence changes the behaviour of the frazil ice particles themselves (Ashton, 1998). 

The frazil ice is to be formed when the temperature of the water is just few hundredths 

of degree below 0ºC. In addition, apart from the temperature of the water, the air 

temperature is also an essential factor in ice frazil generation, usually lower than -6ºC 

and frequently in clear nights (Andersson, 1992). If these conditions are fulfilled, it is 

probable that frazil ice will appear, but it is not completely certain. On the other hand, if 

the surface of the river gets completely frozen, even with just a thin layer, frazil ice 

generation will not occur, and the water under the ice layer will not have frazil ice 

particles. This is because the ice cover isolates the water flowing under it, preventing 

from super cooling. 

 

Figure 3.1: Frazil ice flowing in a river (Donnelly, 2011) 

When the flow is turbulent, frazil ice particles are mixed over all the length of the river, 

not just in the top as it could be the case of lakes. Besides, frazil ice can get very sticky, 

so it can stick to almost any surface very easily. It can stick to some material easier than 

to other ones, but it usually sticks to almost any conventional material. The temperature 

or the geometry can be some factors to take into account in order frazil ice not to stick 

so easily. 
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The formation of frazil ice occurs thanks to the nucleation around foreign particles 

when they fall into the water of the river. These foreign particles are called seeding 

particles and are essential to form frazil ice. They can be organic particles, ice fragments 

or even snow (Andersson, 1992).  

Particles which are already contained in the water do not form frazil ice, because they 

are not super cooled enough. They are approximately at the same temperature than the 

water, so the water cannot form ice around them. Besides, the ice growing around the 

seed is dendrite shaped and can be fractured by a collision with another particle or a 

solid boundary. Then a new ice particle is created and more ice can accrete around it. 

 

Figure 3.2: Evolution of the shape of frazil ice particles along the time (Andersson, 1992) 

The shape of frazil ice particles can be quite different in the first stages of creation, but 

usually they quickly evolve into disk like forms and therefore flat disk is the most 

common shape in rivers. This evolution of frazil ice particles can be observed in Figure 

3.2. 

3.2. Problems that frazil ice generates in hydropower plants 

Frazil ice can generate several problems, but the problems that will be analysed in this 

report will be just the ones which could affect a hydropower plant. Some power plants 

suffer from water intake blockage by frazil ice accretion, since frazil ice particles are 

very sticky, they easily get stuck to the trash racks of the hydropower stations.  

Frazil ice particles start to accumulate on the upstream face of the trash rack’s bars. If 

the accretion of ice continues it finally bridges over the bars in a few hours and end up 

blocking the inflow of water to the turbine (see Figure 3.3 for a better understanding). In 

addition the distance between the bars has to be taken into account, obviously, the 

closer the distance between the bars, the faster the blockage of the water intake is 

reached. The distance between the bars is regulated by the Swedish law for ecological 

purposes, such as avoiding the fish to enter into the turbines. This distance is set to 15 

mm for all hydropower stations. In Träbena power station the bars are separated 20 mm 

because it was designed according to the previous law, so the company has several 

years to change them. 
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Figure 3.3: Frazil ice evolution (Daly, 1991) 

Also the frazil ice particles usually start to accumulate on the upper part of the racks, 

where the free surface of the water is closer. Then it gets progresses downwards all 

along the length of the bars. This means that there is more ice accretion on the surface 

of the bars close to the free surface of the water than in the bottom part, as Figure 3.4 

shows: 

 

Figure 3.4: Ice accumulation pattern along the length of a single bar (side view) 

Water Flow 

Water level 
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If this blockage process occurs, the power station has to shut down, because no water is 

reaching the turbines. Then the ice can be removed by several methods. This problem 

can take place many times in a year in the same power plant. 

Ice blockage caused by frazil ice makes the electrical Swedish industry lose from 6 to 

12 million SEK every year (Andersson, 1992). The energy that is not created because of 

this problem has to be generated with non-renewable energy sources, having a larger 

impact on the environment. 

3.3. How those problems are solved? 

In this work, it is required the use of heat as a solution but as a literature study, some 

other solutions are presented. There are several methods of removing or preventing the 

adhesion of frazil ice on the trash rack’s bars. In this section some of them are 

explained: 

3.3.1. Mechanical removal 

This is probably the most used method of removing the accumulation of frazil ice at 

water intakes (Daly, 1991). As said earlier, before the accretion of ice progress all along 

the deep of the racks, the manual mechanical removal of ice is a relatively simple 

solution. One kind of manual removal rake is seen in Figure 3.5. 

 

Figure 3.5: Manual rake (Wetterstad, 2014) 

Since the formation of frazil ice is difficult to predict and the conditions and cost of a 

person carrying out this task are pretty expensive, this solution is usually substituted by 

an automatic mechanical rake. 
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Figure 3.6: Automatic mechanical rake lifting the dirt (Wetterstad, 2014) 

Anyways, this kind of rakes, like the one shown in Figure 3.6, would be only useful 

when the formation of frazil ice is in an early stage. If the accretion of ice is larger, the 

force needed to move the rake also increases and it could exceed the power of the 

motor. 

3.3.2. Using heat 

Warming up the trash racks is also a very useful method to prevent from frazil ice 

accumulation. Once the quantity of ice stuck is large enough, this solution is not so 

effective for melting the ice, therefore, it can be said that heating the bars is a prevention 

system rather than a removal one. By warming the bars, its temperature increases and 

consequently the surrounding water is no longer super cooled (Daly, 1991). 

Sometimes, these kinds of power stations produce some subproducts consisting on 

refrigerants, lubricants, and etcetera. Those products are usually at high temperatures, 

hence, they can be used to warm up the trash racks. 

Apart from the previous case, also electrical resistances placed inside the bars can be 

used for the same purpose. In Figure 3.7 an example of it can be seen. In order to 

improve the heat transfer from inside the hole to the exterior of the bar, a fluid (like oil) 

could fill the hole to reduce the necessary power to warm the trash racks. 



LITERATURE STUDY: FRAZIL ICE  

13 

 

 

Figure 3.7: Warming system of trash racks (Wetterstad, 2014) 

It could be thought that the bars need to be warmed up to an elevated temperature, but in 

reality a temperature of 0.1ºC would be enough to prevent frazil ice accretion. However 

it is recommended to maintain the bars temperature between 1ºC and 1.5ºC to prevent 

the adhesion (Wetterstad, 2014). 

3.3.3. Coating and alternative materials 

The trash racks of hydropower stations are mainly made of steel, and a few of 

aluminium. The problem with steel is that it gets easily rusted under freezing conditions. 

When that happens, the adhesion of ice is extremely favourable. Besides, the resistance 

of the structure for supporting distributed load (water, ice, leaves) also decreases when 

the steel gets rusted. 

Other materials like plastics or fibre glass could also be considered but it is necessary to 

take into account that they must support the loads properly. Changing the material could 

be an improvement, because the accretion of ice could be reduced but not completely 

eliminated, since no material is known to which ice will not adhere (Ashton, 1986). 

Instead of changing the whole material of the bar, coating is also an option. Coatings 

which have been used until now are epoxies or heavy-duty marine-type paint. These 

types of coatings require a previous preparation of the surface like cleaning or polishing.  

Some experiments have been done with coatings and alternative materials many years 

ago (Daly, 1991), but nowadays new coating technologies are available in the market. 

One of them is Ultra Ever Dry, from the company UltraTech, which uses 

nanotechnology on this product. This product is a super hydrophobic and oleophobic 

coating that is able to repel almost any kind of liquid. It uses nanotechnology to create a 

cover of air on the surface where it is applied; avoiding any liquid getting stuck (Ultra 

Ever Dry, 2013-2014).   

 



LITERATURE STUDY: FRAZIL ICE  

14 

 

 

Figure 3.8: Ultra Ever Dry test with two bolts (Ultra Ever Dry, 2013-2014) 

Figure 3.8 shows two bolts that have been submerged into some kind of sticky oil, and 

as can be seen the left bolt, which has been treated with Ultra Ever Dry, remains clean 

while the other one is completely dirty. The company also proposes this product for 

anti-icing cases, when the pressure and velocity of the fluid is not very high over the 

treated surface (Clancy, 2014). To know if it can be a good solution for treating the 

trash racks of the power plant, the durability and the effectiveness of it under the 

required conditions should be tested. Since no further tests have been performed in this 

area, the application of this product is not completely reliable.  

A laboratory experiment should consist on the coating of a portion of bar with the same 

shape and material used in the power station. After applying the coating properly, the 

bar should be submerged underwater and some frazil ice particles should be created as 

well. Extremely severe conditions have to be simulated, in order to see if the bar can 

repeal the sticky ice particles and how long it would last. Anyway, a good option could 

be also to test it directly in the power plant, to see if it works or not. If it does not work, 

it would be some money lost, but in case it works, it probably would be a very good 

investment. 

3.3.4. Formation of ice cover 

If all the surface of the river or lake is frozen, the formation of particles of frazil ice 

under this ice cover is not permitted. This is because the ice layer isolates thermally the 

water flowing under it, this coverage is at 0ºC and the frazil ice is generally formed 

when the air temperature is much lower. If the speed of the water at the surface is 

decreased it will be much easier to create an ice layer, which will avoid the generation 

of frazil ice (Daly, 1991). 
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Figure 3.9: Long floating buoy (Wetterstad, 2014) 

For decreasing the speed of the water at the surface and make the flow laminar, the 

mainly used device is a long floating buoy, which can be seen in Figure 3.9. 

3.3.5. Vibration 

Vibration has been proved to be an effective solution on prevention and removal of 

accumulated ice. According to some tests the minimum vibration acceleration has to be 

of 15 g in order to successfully remove the adhered ice (Mussalli, 1987). 

Electrical or pneumatic vibrators can be easily found, but the adaptation of those to 

underwater and freezing operation conditions could become an important issue. It is just 

a concept that could be developed, but nowadays its use is not widely spread. 

3.3.6. Blasting with explosives 

The use of explosives such as dynamite can be used under very severe conditions, for 

instance where the amount of ice is that big that cannot be removed with any other 

method. Of course, this method possesses a lot of disadvantages, like damaging the 

racks or the environment. In addition the amount of explosive and its placing has to be 

carefully calculated which is a difficult task. Because of these reasons, this method is 

completely discarded as a usual solution against frazil ice (Daly, 1991). 
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4. ANALYSIS OF POSSIBLE SOLUTIONS FOR FRAZIL ICE 

DETECTION 

Knowing how the hydropower plant works and the properties of frazil ice particles, a 

detection system is to be determined. The detection system must be compatible with the 

characteristics of the power plant, such as the heating system of the trash racks. For that 

purpose, multiple solutions will be analysed in order to have a wide scope to choose 

from. Anyway, maybe not just one solution will be chosen, since some of the solutions 

here presented can be complementarily used. To choose the best solution a comparison 

will be done. 

4.1. Capacitor 

A typical parallel plate capacitor could be used to detect frazil ice accretion in the river. 

The capacitance of the capacitor will vary due to the change of the material between the 

plates. A capacitor is a device constituted by two electrical conductors, usually called 

plates, separated by a dielectric which does not drive the electricity (air, glass, 

plastic…), as can be seen in Figure 4.1. The capacitor is used to storage electrostatically 

energy. When a difference of potential is established between the plates, they get the 

same electrical charge but with different sign, considering the positive plate the one 

connected to the bigger potential and the negative to the smaller one. 

 

 

Figure 4.1: Parallel plate capacitor  

The capacitance of a capacitor, C, is defined as the relation between the charge of one of 

the plates and the potential difference that exists between that plate and the other one 

(see Equation 3.1). It is a positive magnitude which is measured in farads (F) in the 

International System (1 Farad= 1 Coulomb/Volt). 

  
 

     
 

(3.1) 

 

The charge acquired by the plates is Q, and the difference of potential between the 

plates is represented by      . 
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Since the potential difference between the plates is proportional to the charge of the 

correspondent plate, the capacitance of a capacitor depends only on its size, shape, 

geometrical disposition and the properties of the dielectric material between the plates. 

Applying this knowledge to the detection problem, a cleverly mounted capacitor would 

be a good solution for this problem. If the shape, size and geometrical disposition 

remain constant and the material between the plates is changed, the capacitance will 

vary as well. So if water is flowing permanently between the plates, a constant 

capacitance can be measured; but if frazil ice starts to accrete on the surface of the 

plates, the material between the plates will be ice instead of water, and consequently, 

the value of the capacitance of the capacitor will vary. This change could be measured 

and therefore the variation of capacitance would be used to alert that frazil ice is getting 

stuck. 

4.2. Capacitive sensor 

This kind of sensor is used in industry to measure the proximity of different objects and 

it can be seen in Figure 4.2. Its operating principle is the same as the capacitor, but 

varying the position and shape of the plates. Then, it sends a signal when it detects a 

material depending on the dielectric properties of the material. 

 

Figure 4.2: Disposition of a capacitive sensor (Design World Staff, 2014) 

The capacitive sensor creates an electric field in front of the face of the sensor. When a 

dielectric material enters in this field, the capacity of the capacitor that is creating that 

field increases. This kind of sensors can detect metallic and non-metallic materials, but 

if a metallic material is placed in front of it, it cannot detect anything behind the 

metallic material. However, if a non-metallic material, for example plastic, is placed in 

front of the sensor, the object behind it can be detected.  

One option would be to place the sensor in the hole of one of the trash racks, pointing 

toward the upstream face of the bar. Since the material of the trash racks of the power 

plant in consideration is aluminium, the placement of this kind of sensors can become 

an issue since the operation of the sensor goes wrong if a metal is close to it. The other 
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option could be to locate it underwater with the front face of the sensor pointing the 

upstream face where the ice tends to accumulate.  

 
   Figure 4.3: Possible locations of the capacitive sensor 

Figure 4.3 shows the possible location of this sensor. Nevertheless, common sensors are 

not designed for working underwater (Martín, 2014). Anyway, some special sensors can 

operate underwater, although their cost is usually much higher. Therefore, this device 

could also be used to detect ice in power stations whenever it is located far from a 

metallic part. 

4.3. Underwater camera and image processing 

An underwater camera with a waterproof enclosure taking pictures of the trash racks 

every certain time could also be a detecting solution. These pictures could be processed 

by image processing software, for example Matlab Image Processing Toolbox. Firstly, a 

program for processing the image would be necessary. This program identifies the 

difference of the colour between the trash racks and the ice forming over them. After, 

the image is transformed into a binary matrix with just two types of values, black and 

white. Then, the amount of white values in the matrix is stored in a variable called for 

example a. Previously, an image of the trash racks in normal conditions without ice has 

to be taken and the same procedure explained before is followed, and the amount of 

white values in the matrix is also stored in another variable, called b. Finally, both 
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variables (a and b) are compared and the result from this comparison would reveal if ice 

is forming or not on the surface of the trash racks. 

 

Figure 4.4: Ice accumulation detection using image processing 

Figure 4.4 shows a little example of what the image processing method can achieve. If 

this powerful method is used to solve the problem of Träbena power station, it could be 

achieved using an Arduino microcontroller in combination with Matlab. The camera 

would send the images to this microcontroller, in which Matlab has been previously 

installed, and then the processing of the image would be done. A control signal could be 

sent from the microcontroller to the heating system when the comparison of the pictures 

reveals that ice is forming on the trash racks. Besides, since the phenomenon of frazil 

ice usually takes place in clear nights, the lightness of the area recorded is an important 

factor. For that reason, a light should be also installed pointing to the area where 

pictures are being taken, probably a LED lamp which has low consumption. This can be 

an effective method to detect ice accretion on the bars, and this solution will also be 

compared later with the other ones.  

4.4. Temperature  

Measuring the temperature of the water and air is not a reliable detection method for 

detecting frazil ice. That is why it can be used just as a complementary tool for other 

methods. For example, the temperature of the water can be measured, and in case of 

being out of the range of formation of frazil ice, the use of the other detection system is 

not necessary, so it would be turned off. The same procedure could be followed for the 

air temperature, as it is known that the frazil is just form when the air temperature is 

lower than -6ºC. Therefore, this method would be a way of optimization of the complete 

detection system, resulting in a more efficient operation.  

4.5. Meteorology 

At first sight, it could be thought that using meteorology is a possible way to detect the 

formation of frazil ice, since all the parameters of forming it are known. However, since 

the nature of the frazil ice very random, it is not a trustful method. Apart from the 

random nature of this phenomenon, the risk of the meteorological forecasts to be wrong 

is also a weak point for this method. 
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4.6. Other solutions 

Apart from these main solutions, some others have been discussed too. For example the 

use of a flow meter to measure the inflow of water to the turbines could be used. If this 

is giving a stable value and suddenly a big difference of water inflow is measured, it 

means that the trash racks are getting blocked and that the water from the river cannot 

flow into the power plant properly. Nonetheless, it could be too late for the heating 

system to melt down the ice of the trash racks. Besides, the flow of the river can be 

changing randomly, so it could start the heating system when there is no need for it (for 

example when less water is flowing to the turbines). 

Another possible option to detect the frazil ice could be the use of a thermographic 

camera. This type of cameras uses infrared radiation as its operating principle, allowing 

the detection of different temperatures, as Figure 4.5 shows. It is commonly used in 

casting operation in industry, military purposes, night vision and medical operations. It 

could be used for detecting ice in the river, when the trash racks reach a certain 

temperature. Nonetheless, the way to connect this camera to the heating system would 

be very complex, and besides the price of these cameras is too high. 

 

Figure 4.5: Overheated electric motor (Luxia, 2013) 

To measure the pressure of the water when flowing between the trash racks could be 

also a detection system of the accumulation of ice. When no ice is in the trash racks, the 

pressure between two bars would reach one value, but when ice forms in front of them, 

the flow would change and probably the pressure too. So a pressure sensor between the 

trash racks could be useful if the previous theory were valid. Anyway, as the flow meter 

option, it is not probably valid because of the continuously varying behaviour of the 

river itself. 

These last solutions are not going to be compared in the chapter 5, since they are clearly 

not as good as the others and the comparable solutions would be too many.  
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5. COMPARISON OF DETECTION SYSTEMS 

Since all the suitable solutions are to be compared, firstly the most adequate comparison 

method has to be chosen. For that, firstly some comparison methods are to be analysed 

and once the best one is selected, it will be used to conclude with the most suitable one 

for the power plant.  

5.1. Comparison methods  

As there are many options to choose from, a comparison method will be used to pick up 

the solution that better fulfils all the requirements. For that, some of the most relevant 

evaluation methods have been analysed. 

5.1.1. Strong and weak points 

This method consists on highlighting the strong and the weak points of each solution. It 

is very simple and easy to use, but it has some limitations as well. For example, it does 

not provide final results saying which solution is the best one. Another drawback of this 

method is that it makes no difference between subcategories of each solution, and 

therefore, all the strong and weak points have the same value, which is not totally true. 

5.1.2. Evaluation matrix 

Another comparison method is to use an evaluation matrix, which is a very complete 

tool. It consists on dividing each solution into subcategories and giving them a number 

in a specified range, for example from 1 to 10. Then, when all the subcategories have 

been valued, they get multiplied and after summed, and a final result is obtained. Each 

subcategory can be multiplied by a weighting factor, in case that not all the 

subcategories have the same importance. This gives a final score to each solution, and 

therefore it is clearly seen which one is the best option overall, because all the 

subcategories have been taken into account (Calgary University, 2010). This method is 

similar to the strong and weak points, but it has a qualitative scoring scale for each 

category and a final result for each solution. 

5.2. Comparison of possible solutions 

As there are several possible detection systems, they are going to be compared using an 

evaluation matrix. This matrix will provide some overall results for each solution, 

taking into account some categories such as price, maintenance or effectiveness. These 

categories are going to be scored from 1 to 10, as a weighting factor. This way, not all 

the categories will have the same importance. Then, each detection system is evaluated 

using a number in each category and finally summing all the values the final overall 

score for each detection system is achieved. 

The categories analysed when comparing the solutions are: overall price of the detection 

system, compatibility with the heating system, simplicity, detection effectiveness taking 

into account dirt, leaves, etc, maintenance required, and ease of installation. The ideal 

solution should cost less than 5000 SEK corresponding to 562 € with the exchange 

course 0.11 (XE Currency Exchange, n.d.). It should be 100% compatible with the 
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actual configuration of the power plant, and of course it has to be as effective and 

simple as possible. According to the maintenance, it should require a low level of 

inspection every long period of time. Besides, the ease of the installation process is a 

factor to take into account. The single asterisk in Table 5.1 means that it is not 

compatible with the heating system the company already has, but it could be useful even 

without using that system. The two asterisks in the effectiveness category mean that the 

effectiveness of the coating in this concrete application has not been tested yet. Table 

5.1 shows the evaluation matrix: 

Table 5.1: Evaluation matrix of possible detection systems 
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Price x8 7 5 2 8 10 1 

Compatibility x10 10 10 10 10 1 10* 

Simplicity x5 9 8 3 10 5 10 

Effectiveness x9 8 5 10 2 1 10** 

Maintenance x5 9 9 7 7 10 3 

Installation x3 7 7 1 7 10 3 

  339 308 259 288 204 272 

 

Regarding Table 5.1, it is observed that the best solution is the capacitor. The price of 

the capacitor is clearly higher than temperature and meteorology options. Nevertheless, 

it is cheaper than the camera and the coating solutions, so its score in this category is 

quite high. According to the compatibility of the solutions, all of them are fully 

compatible with the power station, excepting the meteorology, because it cannot be 

easily integrated into the power station. The capacitor is an extremely simple solution, 

together with the temperature and coating solution, which are not complex at all. Due to 

the necessity of a computer for processing the images of a camera and the weather 

forecast, these two solutions are scored with low values. The most effective solutions 

for detecting frazil ice are the image processing camera and the coating, followed by the 

capacitor. The capacitor solution is a new idea that has never been tested. For that 

reason, its effectiveness has not been proved yet, but in theory it would work properly. 

The other three solutions are clearly not as effective as the first ones, because of the 

reasons explained in chapter 4. The maintenance of all the possible detection systems is 

not a problem, except for the coating. The problem of the coating is that should be 

tested, and probably, it should be re-applied frequently. The score of the capacitor, the 

sensor and the temperature sensor in the installation category is the same, because they 

just have to be placed in the proper underwater position. Since the meteorology solution 

does not involve placing anything underwater, it has a higher score. For the coating and 
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camera solutions, it is recommended to drain the canal, which will take a long time and 

effort. 

As the overall results show, probably temperature and meteorology are not the best 

option for detecting frazil ice by themselves, but they could serve as a useful 

complementary tool for the final solution. 

The single asterisk means that it is not compatible with the heating system the company 

already has, but it could be useful even without using that system. The two asterisks in 

the effectiveness category mean that the effectiveness of the coating in this concrete 

application has not been tested yet. 

In the next chapter, the chosen solution is going to be developed, that is to say, the 

parallel plate capacitor and the thermometer as a complementary solution. 
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6. DEVELOPMENT OF THE SOLUTION 

The final solution for detecting frazil ice is going to consist on the use of a two plate 

parallel capacitor and a temperature sensor. The theory and the calculations of the 

capacitor and its location and the location of temperature sensor will be explained. Also 

the installation and the connection to the heating system will be treated. 

6.1. Theory and calculations 

The theoretical background for the development of the sensor is based in the theory of 

capacitors and dielectrics. The capacitor and the dielectric materials are going to be 

explained in this chapter, in order to know how to apply it properly to the case of ice 

detection. 

6.1.1. Theory of the capacitor 

 A parallel plate capacitor is constituted by two metallic parallel plates of the same area, 

separated by a small distance in comparison with their dimensions. In these conditions, 

the effects of the electric field on the edges are neglected, because of the leaks of 

electric field in those areas. Therefore, when the capacitor is connected to the power 

supply, most part of the charge accumulates on the face of the plate closer to the other 

plate, creating an electric field, E. The electric field modulus created by just one of the 

plates is σ/2ε0, where σ represents the density of charge and ε0 represents the 

permittivity or the electric constant of the vacuum (for this demonstration, the space 

between will be vacuum). This case is illustrated in Figure 6.1: 

 

Figure 6.1: Parallel plate capacitor charged (Carretero Rubio, 2011) 

In the region between the plates, the electric field would be defined by equation 6.1: 
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The difference of potential between the plates would be calculated as equation 6.2 

dictates: 
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Consequently, the capacitance of the capacitor would be defined as equation 6.3 states: 
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Where S is the intersection area on one of the two plates and the projection on the other 

one, changing the value of S the capacitance of the capacitor can also vary (Carretero 

Rubio, 2011). With this equation, it is very clear that changing the dielectric material 

between the plates the capacitance of the capacitor would also change.  

6.1.2. Theory of the dielectric 

A non-conducting material is called dielectric. Faraday discovered that when the space 

between the plates of a capacitor was filled completely by a dielectric material, the 

capacity of a capacitor increased by a factor εr. This factor is characteristic of each 

material and he called this factor dielectric relative permittivity. Let us suppose a two 

plate parallel capacitor, with an area S and separated by a distance d, charged and 

isolated, as shown in Figure 6.2: 

 

Figure 6.2: Example capacitor with essential data (Carretero Rubio, 2011) 

If by introducing a dielectric material between the plates the capacitance increases in a 

factor of εr the potential difference between the plates should decrease in the same 

factor, since the charge of the plates has not changed (because the capacitor is isolated). 

Then, if the potential difference decreases, the electric field between the plates has to 

decrease in the same proportion because of equation 6.2. This phenomenon can be 

explained regarding at the molecular polarization of the dielectric material. Supposing 

that the molecules of the dielectric are polar (permanent electric dipolar moment), the 

dipolar moments initially are randomly oriented, as visible in Figure 6.3(a). In presence 

of an electric field, the dipoles suffer a moment that tends to line them parallel to the 

external electric field, as it can be seen in Figure 6.3(b), producing at the same time an 

additional electric field Ei, which is opposite to the previous one. Then, it is said that the 
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dielectric has been polarized; this kind of polarization is known as an oriented 

polarization, which depends on the intensity of the external electric field (that favours 

the polarization) and also on the temperature that prevents from the polarization.  

 

Figure 6.3: Polarization of the dielectric material due to an applied electric field (Carretero Rubio, 2011) 

In case of non-polar molecules, the electric field also induces a separation of the mass 

centre of positive and negative charge. Then, induced dipoles are created and oriented in 

the electric field direction; this is called displacement polarization.  

In both cases, the orientation of the dipoles creates an opposite electric field that 

opposes the one created for the plates of the capacitor. With this, it is demonstrated that 

the capacitance of a capacitor varies when introducing a dielectric material between the 

plates. 

6.1.3. Operation of the capacitor underwater 

Generally, the two plates of a capacitor are separated by a dielectric material. This 

dielectric material serves for various purposes, as mechanical separation between the 

plates and usually it increases the capacitance of the capacitor. In this case, since the 

capacitor would be submerged underwater, the “dielectric” material would be water. 

However, the natural water flowing on a river cannot be considered as a dielectric, 

because it contains salts that make the water become a conductor material. Therefore, a 

simple two metallic plates would not work properly underwater. In order to solve this 

problem, the two metallic plates will be coated using an isolating material, such as 

rubber, plastic or any other non-conductive material.  

If this device is used as a detection system, the basic mode of operation would be based 

on the variation of the capacitance of the capacitor when ice gets stuck to the surface of 

the plates.  
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6.2. Calculations of the capacitor for ice detection 

Once knowing the theory behind a two plate parallel capacitor, it is going to be applied 

to the case of the detector of ice. In this part, which material and the dimensions of the 

plates are going to be analysed. For that, it is essential to know the disposition of the 

materials that constitute the capacitor, which can be seen in Figure 6. 4. The red lined 

part represents the metallic plates, the green one the dielectric isolating material, and the 

blue one represents the ice stuck to the surface. The white space between the ice layers 

is completely filled with the water of the river: 

 

Figure 6.4: Disposition of the capacitor 

The dielectric material covering the plates serves for isolation purposes, and over this 

material the ice accretion would start. The two plates can be made of any conductor 

material, such as steel, copper or aluminium, but since the price of the steel is much 

lower than the other ones (Fast Markets, 2014), steel is chosen for this purpose. 

Referring to the dielectric material that will be covering and isolating the steel plates 

from the water, it has to be a good electric isolating material, which can be any kind of 

plastic. Plastic is easy to install and manufacture, and besides completely waterproof. 

The plastic for covering the steel plates should be resistant to low temperatures, easy to 

manipulate or handle and probably for the manufacturing process it would be 

convenient that the plastic were possible to get melted. 

Supposing that the detector is installed underwater, and the ice accretion starts on the 

surface of the plastic, the scheme of the electric field generated in system is shown in 

Figure 6.5. 
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Figure 6.5: Scheme of the different electric fields created in the capacitor 

In the picture above it can be seen how the induced electric fields on the plastic, ice and 

water (Ed, Eil, Ew and Eir) are contrary to the electric field created by the capacitor (EC). 

Then, the resultant electric field would be ET, which can be obtained using equation 6.4: 

 ⃗    ⃗      ⃗    ⃗     ⃗     ⃗   6.4 

 

With the integration of this electric field expression, along the line that separates both 

plates, the difference of potential between them can be known. Then, if the potential is 

known, the capacitance of the capacitor can be calculated using equation 6.3: 

To calculate the capacitance difference between two cases, with ice formation and 

without ice, equation 6.5 will be used: 

      
 

 
 

6.5 

 

Where    is the relative permittivity of the material between the plates. Equation 6.5 is 

the general equation for a parallel plate capacitor to calculate the capacitance. 

Nevertheless, since there are several materials between the plates, equation 6.5 cannot 

be used directly. Then, this problem can be approximated for a serial association of 

capacitors, as it can be seen in Figure 6.6: 
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Figure 6.6: Serial association of capacitors 

The resultant capacitance of this association is calculated with equation 6.6: 
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Therefore, the capacitance of each material has to be calculated and then use this 

equation to sum them all and get the total capacitance of the system. To calculate the 

capacitance of each sub-capacitor, equation 6.5 is used, so the relative permittivity of 

the different materials, the dimensions of the plates and the thickness of them have to be 

known.  

The dimensions of the plates have to be compatible with the dimensions of the trash 

racks. Also, the bigger the surface of the plates, the bigger the capacitance, so then, it is 

easier to detect a change in the capacitance. An estimation has been done and finally it 

has been concluded that with an area of 5000 mm
2
 is enough for measuring significant 

capacitance. For that, rectangular shaped plates are going to be designed, with a section 

of 100x50 mm, which suits the dimensions of the trash racks. 

Referring to the distance between the plates, it must be small if compared with the 

dimension of the plates themselves. This distance of course must fit between the 

separations of 20 mm, which is the distance between each bar of the trash racks.  The 

distance between the steel plates has been selected to be 10 mm, and the plastic coating 

has a thickness of 2 mm on each side. 
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The relative permittivity of each material is shown in table 6.1 (Rikkers, 2003): 

Table 6.1: relative permittivity of materials 

Material Relative permittivity    

Ice 3.2 

Water 80 

Plastic 3.4 

 

Once all the parameters are known, the equivalent capacitance of the capacitor can be 

calculated, using for that equation 6.7.  

 

 
 ∑

 

  

 

   

 
 

 
 
 

   
∑  

 

   

 
   
  

 
6.7 

 

In order to see how the equivalent capacitance of the capacitor varies when the frazil 

ices start to accumulate on the plastic coating surface of the plates, the equivalent 

capacitance is going to be plotted against the percentage of ice between the plates. This 

variation can be observed in Graph 6.1. 
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Graph 6-1: Variation of the capacitance with the percentage of ice accretion 

In the graph above, it is possible to see how the capacitance of the capacitor changes 

when the ice accumulates between the plates. When there is no ice between the plates, 

just water is flowing between them, the capacitance has a value around 35 pF. 

Nonetheless, if the space between the plates is completely filled up with ice the 

capacitance decreases until a value of almost 15 pF. This means that the capacitance has 

been reduced in a 43%.  
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The capacitance decreases continuously, which means that small variations can be 

easily detected. For instance, if the detector is working in regular operation and there is 

no presence of frazil ice, 35 pF will be detected, if only the 20% of the space between 

plates is filled with ice the capacitance will descend until 27 pF. This change will 

indicate that frazil ice is formatting and the electric resistance in the bars must be turned 

on.  

Nevertheless, when performing the calculations of capacitance variation, some 

idealizations has been done. The relative permittivity of the materials probably will not 

match with the ones measured on the materials of the power plant, for instance the 

relative permittivity of the water varies with the temperature, so this factor has been 

neglected. Then, test on the specific materials that are going to be used in reality (like 

plastic, river water and frazil ice) are recommended.  

Besides, a uniform layered pattern of ice accretion over the plates has been supposed. 

Although this pattern is not too far from reality, the ice accretion will not be that perfect, 

and the upstream face of the plates will be covered with ice before the downstream part.  

In order to solve this problem a laboratory test has to be performed. In this test, the 

capacitor should be submerged in water in a refrigerated flume filled with water with 

similar characteristic of the river. Small ice particles will be sprinkled on the water for 

the formation of frazil ice and then, the accumulation pattern over the surfaces of the 

capacitor will be observed; with this procedure the sensor can be calibrated. It will be 

possible to see how the capacitance changes with a real accumulation pattern and 

therefore Graph 6.1 can be redrawn for a more accurate capacitance variation. 

6.3. Thermocouple 

The use of the thermocouple will be very helpful for the whole detection-heating 

system. The water temperature of the canal during most of the year will not be near 0ºC, 

and therefore, the sensor should not be operating. When the temperature reaches values 

close to 0ºC, the capacitor will start to work because there is a risk of frazil ice 

formation.  

Consequently, a good temperature measurement is needed, and for that, a good 

thermocouple is essential. The thermocouple to use has to be able to work underwater 

and to register temperatures between at least -5º and 30ºC, with a precision of 0.1ºC. For 

that reason the model RS K type mineral insulated thermocouple with miniature plug 

has been selected, which fulfils all these requirements (see Figure 6.7 and Appendix A). 
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Figure 6.7: K type Thermocouple (RS Online, 2014) 

It will be integrated in the heating and detecting system, to optimize the whole operation 

of the plant, which will be explained in chapter 6.6. 

6.4. Location of the detection system and thermocouple 

Once knowing how the sensor works, it is essential to choose the best location for it. It 

is very important to select a proper location for the detection system, because the dirt, 

leaves, water speed and frazil ice accretion pattern are factors to take into account. Also, 

the experience of the company has to be considered. To analyse the behaviour of the 

water flow in the canal, a flow simulation will be done, using for it the software 

SolidWorks. The module to use will be the one called Flow Simulation, which is used to 

simulate fluids in different applications. In this case, firstly the canal previous to the 

trash rack will be modelled and afterwards a water flow simulation with a certain 

temperature and velocity will be run. In Figure 6.8 a model of the canal in three 

dimensions can be seen, and in Figure 6.9 a top view with all the dimensions: 

 

Figure 6.8: Three-dimensional model of the canal 

Flow direction 
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Figure 6.9: Dimensions of the top view of the canal (Wetterstad, 2014) 

The walls of the canal have been modelled and also the trash racks. The materials have 

been selected to be concrete and aluminium respectively, in order to do a completely 

realistic simulation, considering the friction effects of different materials. After doing 

the model, the simulation has been run using a water temperature of 0ºC, initial speed of 

1 m/s and air pressure, as the company has checked before. The results of the simulation 

are shown in Figure 6.10 and 6.11, which are the velocity and the total pressure of the 

water respectively. Total pressure is defined as the sum of the static and dynamic 

pressures. 

 

Figure 6.10: Velocity results of the flow simulation 

Depth: 1.6 m 
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Figure 6.11: Total pressure results of the flow simulation 

As it is visible in the results, the overall velocity of the water is higher in the middle of 

the canal, because there is no friction with the walls. Every time the water finds a wall 

because of the geometry change of the canal, it forces the water to be redirected, 

decreasing its velocity. It is also clear that just where the trash racks are placed, and 

where the water goes into the turbines, is more or less 1 m/s speed in the major part of 

it, but the speed of the water is higher in the left part of the canal, and lower than the 

initial velocity in the right part. Another factor to take into account is that the velocity of 

the water is not constant all along its depth, as Figure 6.12 shows: 

 

Figure 6.12: Side view of the velocity results flow simulation 

Side view 
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Figure 6.12 shows the velocity results, but from a side view, just where the water flows 

over the trash racks. The layered flow shown in Figure 6.12 is because of the options 

chosen when running the simulation. These options can be changed to improve the 

results and give a more uniform pattern. However, this would take too long and the 

numerical results would be almost the same ones. Figure 6.12 shows clearly that the 

water in the top of the flow will go much faster (1 m/s) than the water which is some 

centimetres lower than the top (0.75 m/s), so this is a factor to take into account, apart 

from the width of the canal. At the same time, it is visible that the water in contact with 

the wall will flow slower as well.  

In Figure 6.13 the pressure distribution is observed. It shows the results of the total 

pressure of the water along the canal. If the water flow trajectory is taken as reference, 

the lowest water pressure is in the right part of the canal, and it is higher in the opposite 

part of it. Anyway, where all the trash racks are, the pressure is more or less constant, 

with a low value, so there is no problem with the pressure. This simulation can be useful 

for detecting where to locate a thermocouple. A very good place would be where the 

water pressure is the lowest, as the red ellipse shows in Figure 6.13. 

 

Figure 6.13: Top view of the pressure results 

In this case, it is obvious that the water pressure will also be lower on the top of the 

flow, while it will be higher on the bottom, because there is more water above it (see 

Figure 6.14). 



DEVELOPMENT OF THE SOLUTION  

36 

 

 

Figure 6.14: Side view of the total pressure results 

Therefore, the best location to place the capacitor would be where the velocity of the 

water is lower. As it can be seen in the previous pictures, this position corresponds to 

the right top part of the canal, but it would be better to have it some centimetres deeper 

than the top water surface. Figure 6.15 shows the location of the capacitor (red) and the 

thermocouple (yellow). 

 

Figure 6.15: Location of the capacitor and the thermocouple 

The capacitor could be located more or less 25 cm deeper than the top surface of the 

water, which would be good because the velocity would be lower and most part of the 

leaves can be avoided, because they are usually floating on the water. The best position 

for the thermocouple is the low pressure zone shown in Figure 6.13, approximately 50 

cm deep for avoiding floating objects. 

6.5. Installation 

In this chapter, the installation of the detection system is to be analysed. For that, 

several aspects are going to be taken into account, as the way of assembling, the exact 

dimensions or the materials used for it.  
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6.5.1. Assembly and manufacturing process of the capacitor 

Once frazil ice is detected and the heating system is turned on, the frazil ice is still stuck 

on the plates and it is necessary to remove it. To solve this problem, some small 

electrical resistance will be attached to the side of the plate opposite to the ice accretion. 

For that, a heating foil of 95x50 mm can be attached to the back side of the plates 

(Conrad, 2014), as visible in Figure 6.16. 

 

Figure 6.16: 50x95 mm heat foil for steel plates 

Since the capacitor is working underwater, the steel plates are going to be coated with a 

plastic layer. For this isolation, there are many options like sprays, special paints or 

immersion in hot melted plastic. With any of those methods the final shape can be 

achieved. However it is very important that the plate and the welded cable attached to it 

are completely waterproof because if at any moment there is contact between the plates 

and the water a short circuit will take place. The cheapest way would be to use a spray 

or a painting for coating the plates, but probably the immersion in hot melted plastic 

will provide more accurate results (thickness of the coating layer). Figure 6.17 shows a 

steel plate coated with a semi-transparent plastic layer of polycarbonate: 

 

Figure 6.17: Steel plate coated with semi-transparent polycarbonate  



DEVELOPMENT OF THE SOLUTION  

38 

 

Once the plates are coated with the proper dimensions, they are to be attached to the 

trash racks; this task is going to be performed using and adhesive joint. This option has 

been chosen after a deep analysis of different possibilities. It is essential that the joint is 

done between the plastic coating of the plate and the trash rack of aluminium, because 

the metal plates of the capacitor cannot be in contact with any other metal. First of all, 

screws were thought as a good solution; however, due to the reduced space between the 

trash racks and the impossibility of fastening them properly (it is physically impossible 

to access the hollow part of the trash rack) this option was discarded. Another option 

was to use rivets, which are easier to fasten and equally effective. Nevertheless, the 

head of the rivets are too big for the small space between the plate and the trash rack 

and also for the hollow part. Finally, an adhesive material which can work properly 

underwater and is strong enough for joining metal and plastic has been elected. Figure 

6.18 shows a coated steel plate attached to a single trash rack: 

 

Figure 6.18: Single coated steel plate attached to a bar of the trash rack 

The glue used for this, will be CT1 Sealant and adhesive (see Appendix B), which is a 

suitable option for this case. It is easy to use and it can work properly underwater, so it 

is enough to create a joint between the plastic coating of the metallic plates and the 

aluminium trash racks. Of course, it can attach without any problem metallic materials 

and plastics, so there are no problems when using this product. Concerning to the cables 

welded to the plate, since it will be coated also with the plastic, it will go out of the 

water next to the trash rack up to the needed connection system. These cables will be 

both one for the signal of the capacitor and the other one for the electrical resistances of 

the capacitor which will be used to melt the frazil ice when it gets stuck to the plates. 

Figure 6.19 shows the complete assembly between two trash racks: 
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Figure 6.19: Complete assembly of the detector to the trash racks 

In Figure 6.19 a simple example of the assembly can be seen, taking into account that 

the plastic coating will be made of semi-transparent plastic in order to see the metal 

plates inside. 

Besides, there is an important advantage on using adhesive to attach the plates, which is 

it can be easily removed and relocated in another position that can be more suitable than 

the provisional one with no need of further assembly operation, such as drilling or 

welding. When trying the detection system, if it is seen that the chosen position is not 

the most proper one (because of leaves, impacts…), it can be easily relocated in another 

position. Furthermore, since this glue can be applied even underwater, there is no 

necessity of draining the whole canal for placing the detector. 

6.5.2. Structural analysis 

The capacitor will be located between two trash racks, but it is essential to know if it 

will hold the forces of the water. The most critical factor in this installation is the 

resistance of the adhesive material, because if it does not hold the loads resulting from 

the water flow, the plates would fall off. For that, the force that the water will apply in 

that location is needed, which can be calculated using a new flow simulation using just 

one plate and a velocity of 4 m/s. With this new simulation (see Figure 6.20), the drag 

and pushing forces that it would suffer in a critical case are calculated. These forces are 

needed if a finite element structural analysis is to be done. 
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Figure 6.20: Water flowing over the plate 

The resultant forces that a single plate would suffer because the water flow, would be 

the ones shown in Table 6.2: 

Table 6.2: Forces suffered by a single coated plate 

 

Goal Name Unit Value 

Resultant Force  [N] 11.97 

Force (X axis)  [N] -10.76 

Force (Y axis) [N] 0.19 

Force (Z axis) [N] 5.24 

These forces have been calculated supposing that the water is flowing on both sides of 

the plate. However, when installed next to the trash racks, just one face of the plate will 

be exposed to the fluid. This means, that the force over the plate will be reduced 

approximately to one half. Anyway, as Table 6.1 shows, the resultant forces that the 

water generates are very low compared to the resistance of the adhesive used and the 

material itself (see Appendix B). Besides the velocity of the water flow was set to 4 m/s 

and normally the velocity of the river is 1 m/s. For that reason, no structural simulation 

is needed, because it clearly will hold these loads. 

However, for an optimal operation of the capacitor, it is recommended to place the 

plates close to the joints between the bars. This is because the stiffness of the trash racks 

is much higher close to these joints. On the other hand, if the plates are placed far away 

from this point, the water flow could cause some distance variation between the trash 

racks, and therefore, a variation of the distance between the plates. This could cause a 

variation of the capacitance of the capacitor, and some incorrect results would be 

measured. 

6.6. Connection and automation 

The last part of the development of the detection system is the connection to the whole 

system that the hydropower plant already has. The detection system must be effective 
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and at the same time, send a signal to the whole system, when the turning on of the 

heating system is needed. Consequently, if this connection is well done, the result will 

be a detection-heating automatic system, that will operate perfectly without any human 

interference.  

To coordinate all the signals and orders of the detection system, a microprocessor can 

be a very good option because of its price, size, simplicity and effectiveness. Besides, if 

new sensors are to be added to the power plant (not necessarily related with the frazil 

ice detection system), they can be also connected to the microprocessor and their signals 

can be processed using it.   

The general mode of operation of the detection system is explained using a Grafcet 

flow-chart, as visible in Figure 6.21. In this kind of charts, there are two important 

elements: boxes and horizontal bold lines. The boxes represent states, which perform 

actions, and the bold lines represent transitions, which are basically conditions. 

Therefore, if a line condition is given, the process will continue its order to the next box. 

The natural flow goes from the lower number to the higher one. 

 

Figure 6.21: Grafcet chart explaining the operation of the whole detection system 

The Grafcet chart starts at box number 0, which resets the timer to 0 every time the 

system is turned off. Whenever the operator switches on the key of the system, three 

actions take place, which are shown in box 1: a light turns on indicating that the system 

is working, the timer is reset and the temperature sensor turns on. The light will 

continue on until the system is turned off and the temperature sensor will be waiting for 

the next condition, which is to reach temperature T1 or lower. This temperature is 
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recommended to be set to 1ºC, although it can be changed easily since it is a variable to 

choose. Once the temperature measured is lower or equals T1, the capacitor circuit and 

the timer will start to work.  

Afterwards, there is an OR branch, so the process can take one of two ways: if the 

capacitor measures C1 capacitance or lower, it means that ice is forming, and the 

process will go over the left branch. If during 15 minutes frazil ice is not detected by the 

capacitor (the capacitance does not reach C1), the process will continue by the right 

branch of Figure 6.21.  

If left branch is observed, it can be seen that after the capacitance C1 is measured, the 

heating system is turned on, and after 60 minutes, the capacitor is turned off and the 

process goes again to the box number 1. If the right branch is observed, it means that if 

after 15 minutes measuring the capacitance does not reach the desired value, it means 

that frazil ice is not forming even with that water temperature, and it will continue to 

box 1, to carry on measuring the capacitance if the temperature is lower than T1. In the 

left branch case, if after 60 minutes, the conditions of frazil ice remain (the temperature 

is lower or equal to T1 and the capacitor measures the needed capacitance), the heating 

system will turn on again. If not, the heating system will be turned off and it will be 

waiting until the temperature is T1 or lower and the ice is getting stuck to the capacitor. 

With this Grafcet chart it is easier for a programmer to understand how the automation 

system has to work. All the signals coming from the sensors (capacitor or 

thermocouple) are processed to be suitable to enter in a microprocessor. This 

microprocessor should fulfil the following specifications: an analogic-digital converter, 

at least two analogic inputs and one digital output for the heating system. For that, the 

model Arduino Leonardo can be used, which is a simple and easy to set up 

microprocessor (Arduino Home Page, 2014). Figure 6.22 shows the suggested 

microprocessor: 

 

Figure 6.22: Arduino Leonardo microprocessor (Arduino Home Page, 2014) 
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To connect the temperature sensor and the capacitor to the microprocessor in order the 

system to work automatically, an electronic circuit is needed for each sensor. They can 

be found in Appendix C for further information. 

 

6.7. Possible problems of this detector 

The development of the whole detector is theoretically finished, but anyway, it will 

probably have some possible problems, since the river itself can create some issues that 

have not been taken into account. The main possible problems this detection system can 

have are the big amount of leaves or any kind of dirt, which could make the sensor not 

to work well. If too many leaves are piled, the capacitance of the capacitor could vary in 

a big way, and the automatic system could interpret that frazil ice is forming between 

the trash racks, and maybe it is not that case. Therefore, leaves can be a very big 

problem for the operation of the whole detection-automation system. Nevertheless, this 

problem can be avoided or at least reduced if the capacitor is cleverly located. The best 

way of avoiding the leaves is to locate it deep enough in the water, since most of the 

leaves are floating on the surface.  

Another possible risk for this detector system is that it can hit by big stones or ice 

blocks, which could cause serious damages in the capacitor, or even destroy it. This 

problem is not as likely as the leave accumulation, but it keeps being a possible 

problem. However, the position of the plates have been selected in a way that if, for 

instance, a big piece of ice hits the trash racks, the trash racks would suffer  the impact 

but not the plates, because it is in a protected position (see Figure 6.23). 

 

Figure 6.23: Top view of the detector assembly 

All the solutions or suggestions done in this chapter (CT1 adhesive, Arduino 

microprocessor, RS thermocouple) are some recommendations for the company, which 

are not definitive solutions. These solutions have been chosen after a deep engineering 

analysis, but the experience of the company can be a very important factor to take into 

account in some topics, such as the location, installation, automation and etcetera.  



BUDGET OF THE SOLUTION  

44 

 

7. BUDGET OF THE SOLUTION 

As a desire of the company for developing a method for detecting frazil is not to exceed 

a cost of 5000 SEK, a very simple and preliminary budget has been done. The mainly 

used materials and products are going to be analysed, to see if they would fit in the 

desired budget. Anyway the cost related to the work time needed for building, 

manufacturing, assembling and even programming the microprocessor has not been 

taken into account. Therefore, this budget shows just the cost of the necessary materials. 

All the prices are rough estimation that can vary depending on the place where they are 

bought, the quantity or even the currency exchange.  

The capacitor is made of two steel plates of steel with a heating foil attached to each 

one. They are coated by a thin plastic layer and assembled to the trash racks using a 

specific adhesive. An approximation of the prices of these parts (materials and 

manufacturing) is shown in Table 7.1: 

Table 7.1: Estimated cost of the detection system 

 Product/Service  Units Cost per unit Sub-total cost 

Coated capacitor  2 400 SEK* 800 SEK 

Heat foil (Conrad, 2014) 2 59 SEK 118 SEK 

CT1 adhesive (290 ml) (Sparky 

Direct, 2014) 

1 150 SEK 150 SEK 

RS K type mineral insulated 

thermocouple with miniature 

plug (RS Online, 2014) 

1 220 SEK 220 SEK 

Electronic circuitry 1 250 SEK* 250 SEK 

Arduino Leonardo Micro 

(Arduino Home Page, 2014) 

1 180 SEK 180 SEK 

Total price 1718 SEK 

 

The total estimated price of the solution is 1718 SEK, so it does not exceed the desire of 

the company of 5000 SEK. Referring to the asterisk of the coated capacitor and 

electronic circuitry, it means that the price can vary a lot depending on the quality and 

method to obtain the final result.  
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8. CONCLUSIONS AND FUTURE WORK 

As stated, frazil ice is a quite undiscovered and very complex phenomenon, and for that 

reason its detection is so difficult. However, an effective and successful solution has 

been developed, which would work perfectly under ideal conditions. Firstly, an analysis 

of frazil ice was done, and based on it different solutions have been considered. 

Afterwards, a comparison and selection process was carried out to go on with the most 

suitable one and finally it has been deeply developed. 

Although the project is finished in theory, there are some aspects than can be improved. 

The most important and almost essential task to do is to build the capacitor as designed 

in theory, assemble it in the trash racks of the power plant and finally, check that it 

really works. For that, the sensor has to be properly calibrated, using a real ice 

accumulation pattern with real dielectric constants. This should be done in a laboratory 

with a refrigerated flume and particles to create frazil ice. Once the assembly is tested 

and calibration is done, the effectiveness of this detection system can be calculated. In 

theory, it is proved that the system will work correctly, but since it is a solution for a 

real case, it is necessary to test the sensor in the real scenario to prove that it is truly 

effective. 

Some other tests can be also performed, for example try Ultra Ever Dry, the coating 

which uses nanotechnology (see chapter 3.3.3), to see if it would work properly. It can 

be proved directly in the river of the power plant, but since it is difficult when frazil ice 

will be, it is not a very good way of checking out the effectiveness of this product. That 

is why it is reasonable to do a laboratory test, with super cooled water and some frazil 

ice particles, to see if it would work properly as an anti-icing solution, repealing the 

water and also the ice particles. 

The programming of the microprocessor is also an important part in order to coordinate 

the whole detection-automation system. The code would be very simple since there are 

not many variables to take into account (there are just 2 input signals and one output) so 

any person with some basics in programming could perform this task. Besides Arduino 

programming language is rather simple and easy to understand. 

The main reason of these parts of the work have not been done is that they were not a 

specification of the project, but if possible it would be very interesting to work in these 

topics deeper. Another interesting factor is that even if the capacitor could have been 

built and assembled, it would have been for nothing, because during this year (2014) the 

winter has not been very cold, and the frazil ice did not form. For that reason, it would 

be good to build it before the frazil ice season, and try it when frazil ice is forming. A 

drawback is that if it does not work, and another detection system is developed, it 

should wait until next frazil ice season, that is to say, next winter to try it in real 

conditions.  
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APPENDIX A: Thermocouple Datasheet



  

 

 

APPENDIX B: CT-1 adhesive datasheet 

 



  

 

 

APPENDIX C: Signal conditioning circuits 

The signal conditioning circuits used for the capacitor and thermocouple are explained 

and justified here.  

C.1. Signal conditioning circuit for the capacitor 

In this part the circuit used to register the variation of the capacitance of the capacitor is 

going to be explained and shown in Figure C.1.  

Basically the change of capacitance creates a variation of the sinusoidal signal of 

voltage that powers the circuit (VG1). Afterwards the signal that is in AC is rectified to 

DC to a continuous signal using a diode (1N1183), a capacitor (C2) and a big resistance 

(R2). The two extremes values are 1 and 0.4 V, corresponding to 0% of ice between the 

plates and 100% respectively.  

Then that signal is buffered with a voltage follower build with an operational amplifier 

IOP2, inverted with IOP4, and shifted between 0 and 5 V. When there is no ice between 

the plates, a continuous signal of 5 V is the output of the system (VF1), however if ice 

get stuck to the plates and fulfills completely the space between the plates the voltage 

decreases to 0 V.  

These values (0 and 5 V) are not randomly chosen, they are exactly the standard values 

of an analog signal that the chosen microprocessor accepts (Arduino Leonardo). This 

signal is connected to the analog input of the microprocessor. The values of the 

resistance and capacitors used in this circuit are chosen in a way that the output signal is 

in that range of voltage. If the voltage range is desired to be changed the values of those 

parameters (resistances and capacitances) must be cleverly recalculated.  

During a possible future laboratory test the amount of ice that should turn on the heating 

system will be chosen. Then the capacitance of the capacitor with that amount of ice 

will be measured as well as the output voltage of the circuit of Figure C.1. Then that 

critical value will be stored in the microprocessor. When the sensor starts working, the 

output voltage of the circuit will be compared continuously with that critical value, and 

when they match, the microprocessor will send a signal to turn on the heating system.   



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.1: Circuit that registers the variation of capacitance depending of ice accumulation. The output VF1 is connected to the microprocessor 



  

 

 

C.2. Signal conditioning circuit for the thermocouple 

The circuit that is used to connect the thermocouple to the microprocessor is similar to 

the previous one. The thermocouple will provide a continuous signal that depends on 

the measured temperature. The two critical temperatures that are going to be considered 

are 20 and -3ºC. Water temperatures of rivers out of this range are extremely weird in 

Sweden during winter. 

Firstly the limit temperature (ice accretion) has to be chosen and the numerical value of 

the voltage corresponding to that temperature has to be introduced into the 

microprocessor for future comparisons. The authors recommend setting this temperature 

to 1ºC. The optimal temperature should be 0ºC but imprecise measurements are very 

usual and besides frazil ice could have been formed upstream in the river where the 

water is super cooled and reach the trash racks afterwards.  

Then, when the chosen thermocouple registers 1ºC, the output voltage will be 437 mV. 

The maximum possible temperature that the thermocouple would measure is 20ºC that 

corresponds to 1.203 V and the minimum is -3ºC that in terms of voltage is -663 mV. In 

order to make the programming process of the microprocessor easier, these two extreme 

values should be shifted to be 5 and 0 V. The circuit of Figure C.2 performs that task. 

 

 

 

 

 

 

 

 

 

 

 

The value V2 represents the voltage provided by the thermocouple, and VF1, the output 

signal of the circuit that should be connected to the microprocessor. If 20ºC or -3ºC are 

Figure C.2: Conditioning circuit for the thermocouple 



  

 

 

measured the output of the circuit would be 5 or 0 V respectively.  If the thermocouple 

provides 1ºC the output voltage of the circuit would be almost 3 V.  

The microprocessor is constantly comparing the voltage in VF1 with the reference value 

(3 V) and when it reaches that value, it means that the water is at 1ºC. 

 

 

 


