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Abstract 

With increased awareness about the human impact on the environment, the number of wind 

turbines has increased worldwide, including countries that experience a cold climate. With the 

cold climate, the risk of icing on the wings increases which in turn increases the risk of both 

production losses and damage on both products and humans. Sensors are designed to detect 

icing early so that the ice can be removed as quickly and safely as possible. Therefore, many 

companies have chosen to invest in the development of de-icing systems and ice sensors. 

This report describes the thesis in Industrial design engineering at Luleå University of 

Technology that concern the design of an enclosure to a new variant of an ice sensor for ice 

detection. Studies about wind turbines, cold climate and icing hazards are made early and are 

ongoing throughout the project. Focus groups are conducted for greater insight in the creative 

process at the same time as many creative methods is carried out. Simple FE-calculations are 

made during the project in order to get an indication of the strength of parts and components. 

During the detailed design phase, the concept and dimensions are specified while CAD models 

are developed. Then a prototype is 3D-printed for tests of icing on the top part and for testing 

how well the entire concept works. Throughout the projects progress, material and 

manufacturing possibilities to the final product are also investigated. 

A final result is presented and described where there is four main parts; the top-part, the middle-

part, the rubber cylinder and the component box. The icing test gives an indication of how the 

final result should be further developed and that some icing is attracted to the enclosure. The 

conclusion from the test of the mounting onto the blade of the wind turbine is that the concept 

ought to work. The project results in a prototype, drawings, material descriptions, product 

visualizations and animations which are delivered to the clients.  
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Sammanfattning 

I takt med ökad insikt kring människans miljöpåverkan har antalet vindkraftverk ökats över hela 

världen, även i de länder som upplever ett kallare klimat. I det kalla klimatet ökar risken för 

isbildning på rotorbladen, som i sin tur ökar risken för både produktionsförluster och skador på 

såväl produkter som människor. Sensorer är utvecklade för att detektera isbildning tidigt så isen 

kan avlägsnas så fort som möjligt. Därför har många bolag valt att investera i utveckling av 

avisningssystem och is-sensorer.  

Denna rapport beskriver det examensarbete i Teknisk design vid Luleå tekniska universitet som 

har berört design av kapsling till en ny variant av is-sensor för isdetektering. Undersökningar 

kring vindkraftverk, kallt klimat och isbildningsfaror görs tidigt och löpande under hela 

projektet. Fokusgrupper genomförs för ökad insyn i den kreativa processen samtidigt som 

många kreativa metoder används. Även enkla FE-beräkningar görs under projektets gång för att 

få en indikation om hur delar och komponenter håller. Under detaljkonstruktionen utvecklas 

konceptet och dimensioneringen klargörs samtidigt som CAD-modeller utvecklas. Därefter 3D-

printas en prototyp till tester för isbildning vid topp-delen och för tester över hur bra hela 

konceptet fungerar. Under hela projektets framfart undersöks även material och 

tillverkningsmöjligheter till den slutgiltiga produkten. 

Slutresultatet presenteras och beskrivs, med fyra huvuddelar; topp-delen, mellan-delen, 

gummicylindern och komponentboxen. Isbildningstestet ger en indikation på hur slutresultatet 

borde vidareutvecklas och en viss isbildning kunde observeras på kapslingen. Slutsatsen från 

testet av monteringen på vindkraftverkets vinge är att konceptet borde fungera. Projektet 

resulterar i en prototyp, ritningar, materialbeskrivningar, produktvisualiseringar och animeringar 

som lämnas över till uppdragsgivarna. 

 

 

 

NYCKELORD: Is-sensor, kapsling, isskydd, vindkraftverk, vindenergi 

 

 

  



 
 

Table of contents 

1 INTRODUCTION 1 

1.1 BACKGROUND 1 

1.2 RESEARCH QUESTIONS 1 

1.3 PROJECT STAKEHOLDERS 2 

1.4 PROJECT OBJECTIVES AND AIMS 2 

1.5 PROJECT SCOPE 2 

1.6 THESIS OUTLINE 2 

2 THEORETICAL FRAMEWORK 3 

2.1 WIND TURBINES 3 

2.1.1 PRODUCTION LOSSES 3 

2.1.2 THE BLADES 4 

2.1.3 WIND FARMS 4 

2.2 WEATHER 4 

2.2.1 ICING 4 

2.2.2 TEMPERATURE 6 

2.2.3 WIND 7 

2.3 ICING HAZARDS 7 

2.3.1 ICE LOAD 7 

2.3.2 ICE THROW 8 

2.4 SIMILAR SOLUTIONS 8 

2.4.1 MARKET STUDY 9 

2.4.2 ICING ON AIRCRAFTS 9 

2.4.3 ICING ON OFFSHORE PLATFORMS 10 

2.5 ERGONOMICS 10 

2.5.1 ANTHROPOMETRY OF THE HANDS 10 

2.5.2 WEIGHT 12 

2.6 MATERIAL SCIENCE 12 

2.6.1 CES EDUPACK 12 

2.6.2 PES (30% CARBON FIBER) 12 

2.6.3 PET (45% GLASS FIBER) 12 

2.6.4 EPOXY SMC (GLASS FIBER) 12 

2.6.5 POLYCARBONATE 12 

2.6.6 STAINLESS STEEL 13 

2.6.7 ALUMINUM 13 

3 METHOD AND IMPLEMENTATION 15 

3.1 PROCESS 15 

3.1.1 THE DEVELOPMENT PROCESS 15 

3.2 PROJECT PLANNING 16 

3.3 CONTEXT 16 

3.3 RESEARCH 17 

3.3.1 MARKET STUDY 17 

3.3.2 SURVEY 17 

3.4 FEM STUDY PRISM 17 

3.5 PRODUCT SPECIFICATION 18 

3.6 IDEA DEVELOPMENT 18 

3.6.1 RANDOM WORD LIST 18 

3.6.2 FOCUS GROUP 18 

3.6.3 SORTING OUT IDEAS 20 

3.7 CONCEPT DEVELOPMENT 20 

3.7.1 PRISM PROTECTION 20 

3.7.2 PRISM MOUNTING 20 

3.7.3 BLADE MOUNTING 21 

3.8 DETAIL DESIGN 21 

3.8.1 FINAL ADJUSTMENTS 21 

3.8.2 DIMENSIONS 22 

3.9 MATERIAL STUDIES 22 

3.9.1 MATERIAL SELECTION 23 

3.10 FEM STUDY TOP-PART 23 

3.11 TESTS 23 

3.12 ANIMATIONS 23 

3.13 RELIABILITY AND VALIDITY 24 

4 RESULTS 25 

4.1 SURVEY 25 

4.2 PRELIMINARY RESULTS FE-ANALYSIS PRISM 25 

4.3 RESULTS OF IDEA DEVELOPMENT 27 

4.3.1 RANDOM WORD LIST 27 

4.3.2 FOCUS GROUPS 27 

4.4 RESULTS OF CONCEPT DEVELOPMENT 29 

4.4.1 PRISM PROTECTION 29 

4.4.2 PRISM MOUNTING 31 

4.4.3 MOUNTING ONTO THE BLADE 33 

4.5 RESULTS OF DETAIL DESIGN 34 

4.5.1 FINAL ADJUSTMENTS 34 

4.5.2 DIMENSIONS 34 

4.5.3 SCREWS 34 

4.5.4 KEY 35 

4.5.5 DOOR 35 

4.5.6 MOUNTING OF THE COMPONENTS 35 

4.5.7 HEATING OF THE PROTECTION 35 



 
 

4.6 RESULTS OF MATERIAL INVESTIGATION 36 

4.6.1 MANUFACTURING METHODS 37 

4.7 FINAL RESULT 37 

4.8 PRELIMINARY RESULTS FE-ANALYSIS, TOP PART 41 

4.9 RESULTS TESTS 43 

4.10 ANIMATIONS 45 

6.7 EVALUATION OF THE FINAL PRODUCT 48 

5 DISCUSSION 51 

5.1 PROCESS AND PROJECT PLANNING 51 

5.2 RESEARCH 51 

5.3 PRISM FEM 51 

5.3.1 PROTECTION OF THE PRISM 52 

5.4 IDEA DEVELOPMENT 52 

5.4.1 FOCUS GROUP 52 

5.5 DETAIL DESIGN 52 

5.5.1 FINAL ADJUSTMENTS 52 

5.5.2 DIMENSIONS 53 

5.5.3 SCREWS 53 

5.5.4 KEY 53 

5.5.5 DOOR 53 

5.5.6 MOUNTING OF THE COMPONENTS 54 

5.5.7 HEATING OF THE PROTECTION 54 

5.5.8 MOUNTING ONTO THE BLADE 54 

5.6 MATERIAL STUDIES 54 

5.7 TOP-PART FEM 54 

5.8 TESTS 55 

5.8.1 ICING EVENTS ON THE TOP-PART 55 

5.8.2 FUNCTION OF THE MOUNTING 56 

5.9 ANIMATIONS 56 

5.10 EVALUATION OF THE FINAL PRODUCT 56 

5.10 RECOMMENDATIONS 57 

5.11 REFLECTIONS 58 

6 CONCLUSIONS 59 

6.3 RESEARCH QUESTION 3 59 

6.4 RESEARCH QUESTION 4 59 

6.1 RESEARCH QUESTION 1 59 

6.2 RESEARCH QUESTION 2 59 

6.5 RESEARCH QUESTION 5 60 

6.6 PROJECT OBJECTIVES AND AIMS 60 

REFERENCES 61 

 

 

 

  



 
 

 List of Figures 

FIGURE 1, PRODUCTION LOSSES DURING A 36-HOUR FORECAST (SMHI, 2015) 3 

FIGURE 2, LOW TEMPERATURE CLIMATE (IEA, 2011). 5 

FIGURE 3, ICING DAYS PER YEAR MAP IN EUROPE WITH DATA FROM 1991-1996 (LAAKSO, T. ET AL, 2009). 6 

FIGURE 4, AVERAGE TEMPERATURE IN SWEDEN FOR 2010 (LEFT) AND 2013 (RIGHT) (SMHI, 2014) 7 

FIGURE 5, OBSERVED FRAGMENTS (SEIFERT ET AL., 2003) 8 

FIGURE 6, HOW DIFFERENT KINDS OF ICE IS THROWN WHERE; RED: CLEAR ICE, BLUE: RIME ICE, GREEN: WET SNOW 

(CATTIN ET AL., 2007) 8 

FIGURE 7, HOLOOPTICS TO THE LEFT (HOLOOPTICS, 2014), LABKOTEC TO THE RIGHT (LABKOTEC, 2014). 9 

FIGURE 8, NON-INTRUSIVE ICE SENSOR (LEFT), INTRUSIVE ICE SENSOR (RIGHT) (MINGIONE ET AL., 1997). 9 

FIGURE 9, PROBE-STYLE SENSOR (RYERSON, 2010). 10 

FIGURE 10, ANTHROPOMETRY OF THE HAND IN MM (PHEASANT & HASLEGRAVE, 2006). 11 

FIGURE 11, ANTHROPOMETRY OF THE HAND VISUALIZED (PHEASANT & HASLEGRAVE, 2006) 11 

FIGURE 12, VISUALIZATION OF THE CUSTOMIZED PRODUCT DEVELOPMENT PROCESS 15 

FIGURE 13, SIZE OF THE PRISM 16 

FIGURE 14, FOCUS GROUP 19 

FIGURE 15, PICTURE SHOWN IN THE SECOND FOCUS GROUP 19 

FIGURE 16, SKETCHES FROM THE SORTING OF THE IDEAS 20 

FIGURE 17, PRINCIPLE OF A RUBBER EXPANDER 21 

FIGURE 18, DIMENSIONS OF THE BOX 22 

FIGURE 19, FEM PRISM, FORCE ON THE SIDE 25 

FIGURE 20, FEM PRISM, FORCE ON THE SIDE EDGE 26 

FIGURE 21, FEM PRISM, FORCE ON THE TIP 26 

FIGURE 22, RANDOM WORD LIST FOR PROTECTION OF THE PRISM 27 

FIGURE 23, RANDOM WORD LIST FOR MOUNTING THE PRISM 27 

FIGURE 24, SOME OF THE DRAWINGS MADE FOR THE PROTECTION OF THE CUBE 27 

FIGURE 25, SOME OF THE DRAWINGS MADE FOR THE MOUNTING OF THE ENCLOSURE 28 

FIGURE 26, PICTURES OF THE CHOSEN CONCEPT FOR PRISM PROTECTION 29 

FIGURE 27, PICTURES OF THE CHOSEN CONCEPT FOR PRISM MOUNTING 31 

FIGURE 28, CONCEPT OF THE MOUNTING ONTO THE BLADE 33 

FIGURE 29, IDEA OF FURTHER DEVELOPMENT OF THE CONCEPT 33 

FIGURE 30, DIMENSIONS OF THE SLICE 34 

FIGURE 31, IDEA FOR RE-DESIGN INSTEAD OF A KEY 35 

FIGURE 32, THE TOP-PART SEEN FROM THE TOP ERROR! BOOKMARK NOT DEFINED. 

FIGURE 33, THE TOP-PART 37 

FIGURE 34, THE MIDDLE-PART 38 

FIGURE 35, THE COMPONENT BOX 39 

FIGURE 36, THE FINAL RESULT 40 

FIGURE 37, STRESS ON TOP PART - MOUNTING SLICE 1 41 

FIGURE 38, STRAIN ON TOP PART - MOUNTING SLICE 1 41 

FIGURE 39, STRESS ON TOP PART - MOUNTING SLICE 2 42 

FIGURE 40, STRAIN ON TOP PART - MOUNTING SLICE 2 42 

FIGURE 41, PICTURE OF THE 3D-PRINTED PROTOTYPE 43 

FIGURE 42, PICTURE OF THE ICING TEST 44 

FIGURE 43, PICTURE OF THE MOUNTING TEST 44 

FIGURE 44, PICTURES FROM THE FIRST STAGE IN THE ANIMATION 45 

FIGURE 45, PICTURES OF THE SECOND STAGE IN THE ANIMATIONS 46 

FIGURE 46, PICTURES OF THE THIRD STAGE IN THE ANIMATIONS 47 



 
 

FIGURE 47, PICTURES OF THE FOURTH STAGE IN THE ANIMATIONS 48 

FIGURE 48, FREE BODY DIAGRAM PRISM 51 

FIGURE 49, PICTURE OF RIME ICE ON THE PROTOTYPE, ICING TESTS 55 

FIGURE 50, TEST FOR MOUNTING HELD UPSIDE DOWN 56 

FIGURE 51, RENDERED PICTURE OF THE FINAL PRODUCT 57 

 

Appendices 

II. Concept from “Designteam 2014” 

III. Gantt chart project 

IV. Gantt chart report 

V. Product specification 

VI. Idea development 

VII. FE-analysis prism 

VIII. Concepts prism protection 

IX. Concepts prism mounting 

X. Material diagrams 

XI. Material information sheet 

XII. Visualizations 

XIII. Drawings 

XIV. FE-analysis top-part 

XV. Pictures of the prototype 

XVI. Pictures of the icing  

XVII. Pictures of the mounting 

  



 
 

 

  



 
 
 

1 
 

1 Introduction 
This master thesis, Ice sensor, is performed during the time period of November-April for 

Industrial Design Engineering at Luleå University of Technology. The thesis is based on 

designing an enclosure for a new innovation within detecting icing on wind turbines. 

1.1 Background 
With the increased awareness of the environment and the human influence, many electrical 

companies choose to generate their electricity through wind turbines. The number of wind 

turbines and the amount of electricity they generate is steadily increasing throughout Europe 

where Sweden itself increased its production by 724 MW in 2013 (The European Wind Energy 

Association, 2013) 

Since the north of Sweden has harsh weather conditions during the winter months, icing on the 

blades of wind turbines occurs. Many simulations and tests have proven the production loss due 

to the icing (Elforsk, 2012). Therefore, the need to detect icing early to remove it quickly has 

come to attention and several methods for ice detecting have emerged. 

A study of six measuring instruments showed that they did not meet the requirements necessary 

to operate the existing wind turbines (Wickman, 2013). One of the problems that came to light 

was the functionality of the sensor when covered with ice itself, which affected the results or 

completely destroyed the sensor  

Lintech-Embedded AB, Norrvision AB and Casselgren Innovation AB have developed a new, 

innovative sensor that solves many of the discovered problems. The sensor prevents the 

deviations of the results due to icing as the previous sensors were affected by.  

Through a project by “LTU Business” and their summer project “Designteam 2014” a concept 

for mounting the sensor on the blades of the wind turbine was developed. This concept will 

form the basis for the thesis where the parts may be transformed during the project. The 

concept is shown in Appendix I.  

1.2 Research questions 
The project is initiated since the clients need an enclosure that not only protects components as 

a prism, but also mounts them safely. This thesis will answer the following questions regarding 

the design: 

 What material is best suited for the harsh weather in the north? 

 How will the enclosure be simple to handle regarding the assembling, disassembling and 

maintenance? 

 How will the prism be mounted? 

 How will the prism have the same temperature as the environment? 

 How will the enclosure protect the prism from falling ice? 

 How will the mounting of the enclosure work? 

 How will the design affect the functions of the sensor? 
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1.3 Project stakeholders 
The primary stakeholders in this project are the clients Jerry Lindblom from Lintech-Embedded 

AB, Jens Sperens from Norrvision AB and Johan Casselgren from Casselgren Innovation AB 

since the project will develop their product. Other stakeholders are the operating personnel 

which performs maintenance of wind turbine parks, such that their work will be carried out 

smoothly.  The electrical companies that use wind turbines are stakeholders as well since the 

project can affect their production of electricity.  

1.4 Project objectives and aims 
The purpose of the project is to develop an enclosure for the sensor that protects it from 

external influences, such as weather conditions. The aim is to deliver a suggestion for the design 

of the enclosure for the given sensor. The enclosure must also solve some of the problems 

related to the weather conditions that have been identified by previous studies. The project will 

in turn result in a solution that will help the new sensor to reduce the icing on the blades of the 

wind turbines, which increases the production of electricity. A prototype of the enclosure, 3D-

visualizations, drawings and material descriptions will be delivered to the client. 

1.5 Project Scope 
The thesis is carried out over 20 weeks with 40 hours a week. The work concerns design of 

mounting and protection of the prism. If there is enough time, the mounting onto the blade will 

be studied and further developed. Simple FE-calculations is carried out, although they are not 

deeply analyzed due to low knowledge. Not any cost calculations or selection of manufacturing 

methods is carried out. 

1.6 Thesis outline 
This thesis contains an overall understanding of the process. The three first chapters give the 

basic understanding to the project and Chapter 4 and 5 describe the work process and its results. 

The two last chapters give a reflection over the results and its connection to the first three 

chapters.  

Chapter 1 – Introduction, gives the introduction to the problem, the background of the area 

and the basis of the project.  

Chapter 2 – Theoretical framework, gives the theoretical framework of the project. The 

theoretical data within the area that is needed to understand and solve the problem is presented 

in this part.  

Chapter 3 – Method and Implementation, gives the method and process where explanations 

of the usage of methods described in chapter 2 are shown.  

Chapter 4 – Results, contains the results of the used methods and the final result is presented.  

Chapter 5, Discussion, gives a discussion regarding the results given in chapter 4 in 

comparison to the theory presented in chapter 2. The discussion gives a critical analysis 

regarding the work and a reflection over what the work contributes to within the area. 

Recommendations regarding future work are also given in this chapter.  

Chapter 6 – Conclusions, gives the conclusions where the research questions are answered and 

an analysis how well the project objectives and aims have been fulfilled.  
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2 Theoretical framework 
This chapter will present and describe the theoretical framework that is used in the project. At 

first, information regarding the wind turbines, the weather and icing hazards are described for 

an overall understanding of the studied area. In the end of this chapter, the ergonomics and 

material science is described. 

2.1 Wind turbines 
To investigate the surroundings of where the enclosure will be placed, the production losses, 

blades and wind farms are studied. The towers are often made of steel or concrete, but the 

blades are made from fiberglass, reinforced polyester or wood-epoxy. The turbines are painted 

light grey to make them discrete under most light conditions. They are non-reflective to reduce 

the amount of reflected light (EWEA, 2014). 

2.1.1 Production losses 

According to researches, the highest production losses occur while deicing the wind turbines 

(Elforsk, 2012). The deicing is made while the turbine is stopped so a helicopter can spray hot 

water on the ice. A summary of the highest risk for production losses was made during a 36-

hour forecast that started on January 31, 2015 (SMHI, 2015). 

   

Figure 1, Production losses during a 36-hour forecast (SMHI, 2015) 

The map shows which parts in Scandinavia that has the highest risk of production losses. 

According to Figure 1, Production losses during a 36-hour forecast, the highest risk lies around 

Finland and north-east of Sweden. There are also some parts in the middle of Sweden that have 

high losses.  
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2.1.2 The blades  

Wind turbines work through aerodynamic designed blades (EWEA, 2014). With some help 

from the wind, these blades spin a shaft which makes the generator produce electricity. The 

stronger the wind, the more energy is produced. Wind turbines are operating between wind 

speeds of 4-25 meters/second and the turbine is stopped if the wind passes 25 meters per 

second (m/s). A larger radius of the blades generates more energy. If the radius is doubled, four 

times more power can be produced.  

The largest turbines today have 60 meter long blades from the root to the tip and the average 

size is 50 meters (EWEA, 2014). Turbines usually have two or three blades and it depends on 

what the turbine has to generate. Most of the modern wind turbines today have three blades, 

since it produces the optimal amount of power. The noise increases when the turbine has two 

blades, which makes them less attractive on the market even though they produce almost as well 

as three blade turbines.  

2.1.3 Wind farms 

The area where wind farms are placed should be as wide and open as possible in the current 

wind direction (EWEA, 2014). There should be as few obstacles as possible to make sure the 

wind moves correctly. The use of fewer, larger turbines are visually better than many small ones. 

Of course, the turbines must be easy to access for maintenance and the noise level must be kept 

down. The „wake effect‟ must be taken into account, which means how the wind turbines affect 

each other. The wind conditions, locations, local or national rules and how the park is easily 

accessible for transport make a foundation for choosing the right type of turbine. 

2.2 Weather 
When constructing and designing an enclosure for such usage as measurements on wind 

turbines the extreme weather has to be considered. Due to icing and extreme winds, the 

enclosure must withstand high strains.  

2.2.1 Icing 

Wind turbines in e.g. northern Europe is exposed to a cold climate (CC) which is defined by two 

periods called “Low temperature climate” (LTC) and “Icing climate”(IC) (International Energy 

Agency, 2011). The LTC has temperatures below the operational limits of wind turbines which 

according to Figure 2 are below -20˚ Celsius (˚ C). When the temperature goes down below -

25˚C there is rarely any icing and in some areas wind turbines are only exposed to one of the 

periods, LTC or IC. 



 
 
 

5 
 

 

Figure 2, Low Temperature Climate (IEA, 2011). 

Two types of atmospheric icing events may affect wind turbines (IEA, 2011). Atmospheric icing 

is when ice or snow is gathered on surfaces while exposed to the atmosphere. One of the types 

is called in-cloud icing, where rime ice or glaze ice is mainly represented and the other is called 

precipitation icing where freezing rain and wet snow is mainly represented. 

Rime ice is when cooled liquid water droplets are transported by for example clouds or fog and 

hits a surface, then immediately freezes (IEA, 2011). This type is normally formed at 

temperatures between 0˚C and -20˚C. It is white and snow-like and can be hard to remove. 

Glaze looks like a transparent ice layer and is usually formed at temperatures between 0˚C and -

6˚C. It is caused by freezing rain. Wet snow is melted snow crystals with mostly liquid water in 

it. It is normally formed at temperatures between +3˚C and 0˚C. 

The meteorological communities in Europe have done several studies about the climatic data 

which is very useful to the wind energy progress (Laakso et al, 2009). To proceed with the 

development of ice sensors and their enclosure it is important to assess the climate within a 

certain area. In Figure 3, a map over Europe and its icing days per year rate is shown. Since 

there is a limited amount of measuring stations, the maps should only be considered as an 

indication. 
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Figure 3, Icing days per year map in Europe with data from 1991-1996 (Laakso, T. et al, 2009). 

2.2.2 Temperature 

In Sweden the average temperature per year is somewhere between -6˚C and 10˚C depending on 

the location which shows that there are varying temperature changes during the year (SMHI, 

2014). In Figure 4 the average temperature per year is presented. The cold record in Sweden is 

related to cool wind flowing in from the north or north east and the lowest recorded 

temperature is -52.6˚C in Vuoggatjålme, northern Sweden. 
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Figure 4, Average temperature in Sweden for 2010 (left) and 2013 (right) (SMHI, 2014) 

2.2.3 Wind 

The wind can move in all directions and occurs with pressure differences in the atmosphere 

(SMHI, 2014).  The air moves from places with high pressure to places with lower pressure and 

a higher difference gives a higher wind velocity. The highest measured average wind velocity in 

Sweden is 40 m/s and in the mountains this velocity goes up to 47 m/s (SMHI, 2014). 

2.3 Icing hazards 
Due to the icing, hazards towards humans and products occur frequently. To design a 

protection for a sensor that will not be damaged by falling ice, the ice behavior must be studied. 

According to Jörgen Svensson, Skelleftekraft, pieces of ice that fall of the wind turbines can 

come up to a mass of several kilograms and they can be thrown several hundreds of meters 

from the turbine. The blades are occasionally hit by falling ice and ice can detach from the entire 

blade. 

2.3.1 Ice load 

Measurements of the ice load on wind turbines were made in Sweden during three winter 

seasons with the Ice Monitor from Combitech. Due to various reasons, such as the growing ice 

may „lift‟ the rod, the measurements should be considered with an open mind (Bergström et al, 

2013). The reason for this statement is that this type of collection of measurements is relativity 

new.  

In the northern part of Sweden, 78 meters above ground level, the maximum ice load was 

measured during the winter season 2009-2010 to 13 kg/m and during the winter season 2011-

2012 the measurements reached 12 kg/m (Bergström et al, 2013).  
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2.3.2 Ice throw 

A way to easily understand the behavior of ice throw is to use the following simplified empirical 

equation (Seifert et al.,2003):   

             

Where d is the maximum throwing distance, D is rotor diameter and H is hub height, all in 

meters. This equation should only be used as an indication of how the ice is thrown off the wind 

turbine. A chart showing observed ice fragments is shown in Figure 5. 

 

Figure 5, Observed fragments (Seifert et al., 2003) 

According to Figure 5, bigger ice fragments of more than 1kg are thrown at a maximum 

distance of 100 m and smaller fragments of 250-500g is thrown at a maximum of 120 meters. 

The ice is thrown in different directions regarding to what kind of ice it is (Cattin et al., 2007). 

This is illustrated in Figure 6. 

 

Figure 6, How different kinds of ice is thrown where; red: clear ice, blue: rime ice, green: wet snow (Cattin 
et al., 2007) 

2.4 Similar solutions 
Since the icing problem is not a new problem, similar solutions are on the market both within 

the wind energy area and within other areas such as aircrafts. These areas are investigated and 

compared to the problem given in this project. 
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2.4.1 Market study 

Two of the sensors on the market were studied to give an overall view of what kind of products 

there are on the market today. HoloOptics T44 is an ice sensor that is useful in every wind 

direction (HoloOptics, 2014).. The sensor is designed to sit on e.g. weather stations, ships and 

wind power. Holooptics is made in stainless steel and is designed as a solid body. 

LID-3300IP (Labkotec) is an ice sensor that is specially designed for wind turbines in arctic 

conditions (Labkotec, 2014). The sensor can be mounted on all turbine models, even older ones. 

It is even used on airports in Finland and the used material is polycarbonate. Pictures of both 

products are shown in Figure 7. 

 

Figure 7, HoloOptics to the left (HoloOptics, 2014), Labkotec to the right (Labkotec, 2014). 

2.4.2 Icing on aircrafts 

One of the biggest hazards within aircrafts is icing, where every exposed frontal surface is within 

the danger zone (Zou et al., 2013). Icing is one of the most common reasons for aircraft 

accidents. Three types of accreted ice are the most regular recurrent: glazed ice, rime ice and 

mixed ice.  

An ice sensor system on aircrafts is classified due to different factors such as usage, external 

shape, working philosophy and used technology (Mingione et al., 1997). In his thesis the only 

relevant classification is the external shape, since the external shape is the design of the 

enclosure. The external shape is based on two classifications. Intrusive, the sensor is outside the 

wall of the plane and can affect the local flow of air, Figure 8. Non-intrusive, the sensor is 

inside the wall and does not affect the aerodynamic flow, Figure 8.  

 

Figure 8, Non-intrusive ice sensor (left), intrusive ice sensor (right) (Mingione et al., 1997). 
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2.4.3 Icing on offshore platforms 

Icing on offshore platforms is a threat to the safety and effective tempo (Ryerson, 2010).. The 

icing events will most likely contribute to more severe accidents in the future. Most of the 

hazards that were identified 25 years ago still exist today.  

There are various technologies that detect ice on offshore platforms and many of them are 

applied in aviation and highway ice detection (Ryerson, 2010). There are mainly four ice 

detection technologies; imaging, remote, conformal and probe. To use the image-style sensor, a 

camera is placed and gives imaging information about icing. The remote style-sensor indicates 

the existence and thickness of the ice. The conformal style-sensor is an embedded sensor on 

the surface. The probe style-sensor is the most common within e.g. aviation and wind turbines 

applications, Figure 9. 

 

Figure 9, Probe-style sensor (Ryerson, 2010). 

2.5 Ergonomics 
One of the differences between humans and other species is the usage of hands. When 

assembling and disassembling the enclosure the installer uses its hands with precision. 

Therefore, the enclosure must be designed to fit the hands of an adult human.  

2.5.1 Anthropometry of the hands 

In anthropometry the dimensions and proportions of the human body are analyzed (Bohgard et 

al, 2008). In this project a guideline called “design for the average individual” will be used where 

the intended target group is general. The group consist both women and men where the 

dimensions are customized after the average value. The anthropometric data for a human hand 

is shown in Figure 10 and visualized in Figure 11.  

Approximately 10% of the population is left-hand dominant, which means that the right-hand 

has a majority. Individuals can use their non-dominant hand for simpler tasks (Pheasant & 

Haslegrave, 2006). 
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Figure 10, Anthropometry of the hand in mm (Pheasant & Haslegrave, 2006). 

 

Figure 11, Anthropometry of the hand visualized (Pheasant & Haslegrave, 2006) 
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2.5.2 Weight 

Based on studies the maximal recommended weight for precision tools is 1.75 kg (Bohgard et al, 

2008). The mass distribution is important when handling the enclosure where the center of 

gravity should lie as close to the wrist as possible. 

A study showed that with higher weight or a grip-diameter greater or lesser than five to seven 

cm, the grip force increases (Kinoshita, H., 1996). It also showed that the more fingers used 

while grasping, the lesser grip-force was needed. 

2.6 Material science 
Since the enclosure will be placed where harsh weather conditions prevail, the choice of material 

is crucial. The requirement of the material is so harsh that it gives limited options due to e.g. 

temperature.    

2.6.1 CES edupack 

CES edupack is a program that contains a large database of material information (Grantadesign, 

2015). The program is made for education and can be used as a base for material choices. To 

use CES edupack, it is important to know several data in advance to exclude materials that are 

not fitted to the context. The database is linked to sources as MatData, ASM International etc. 

and gives a great opportunity to explore the material world. The following information 

regarding the materials is found in CES edupack in the time range December 1 and March 20. 

2.6.2 PES (30% carbon fiber) 

Polyethersulfone is a polymer called PES and is a material used within e.g. electronic 

components and photographic components (CES edupack). The PES is filled with 30 % carbon 

fiber and gives a density of approximately 1470 kg/m3. It is a relatively expensive material that 

costs between 139-161 SEK/kg. It has a minimum service temperature of -75˚C and a 

maximum service temperature of 399˚C. 

2.6.3 PET (45% glass fiber) 

Polyethylene Terephthalate is a polymer called PET and is commonly used for e.g. electrical 

fittings, and bottles (CES edupack). The PET is filled with 45% glass fiber and has a density of 

approximately 1720 kg/m3. The price is between 16-22 SEK/kg. It has a minimum service 

temperature of -58˚C and a maximum service temperature of 201˚C. 

2.6.4 Epoxy SMC (glass fiber) 

Epoxy SMC is commonly used in e.g. ships and car components(CES edupack). The price is 

between 33-42 SEK/kg and has a density of approximately 1800 kg/m3. It has a minimum 

service temperature of -58˚C and a maximum service temperature of 201˚C. 

2.6.5 Polycarbonate 

Polycarbonate is a polymer called PC, it is a hard thermoplastic that is often used within 

engineering due to its e.g. impact resistance and wide temperature range (CES edupack). 

However, hot water can cause a chemical decomposition which contributes to a loss in the 

impact resistance. 

The PC (30% glass fiber) is commonly used for e.g. instrument casings and business machine 

casings (CES edupack).. The price is between 32-36 SEK/kg and has a density of approximately 

1430 kg/m3. It has a minimum service temperature of -47˚C and a maximum service 

temperature of 127˚C. 
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PC (40% carbon fiber) is commonly used for e.g. instrument casings and business machine 

casings (CES edupack). The price is between 95-105 SEK/kg and has a density of 

approximately 1380 kg/m3. It has a minimum service temperature of -47˚C and a maximum 

service temperature of 127˚C. 

2.6.6 Stainless steel 

Stainless steel contains at least 10.5% chromium and shows good resistance to corrosion(CES 

edupack). The material is commonly used for e.g. trucks and jet-engine parts. The price is 

between 36-40 SEK/kg and has a density of approximately 8100 kg/m3. It has a minimum 

service temperature of -272˚C and a maximum service temperature of 1820˚C. The property 

values are in this case general for all sorts of stainless steels, which is the reason for the large 

variations. 

2.6.7 Aluminum 

Aluminum 336.0 (T551) is commonly used for e.g. cylinder heads and gear housings (CES 

edupack). The price is between 17-19 SEK/kg and has a density of approximately 2740 kg/m3. 

It has a minimum service temperature of -273˚C and a maximum service temperature of 200˚C. 

Aluminum 3105 (H18) is commonly used for e.g. domestic electrical appliances (CES 

edupack). The price is between 13-15 SEK/kg and has a density of approximately 2730 kg/m3. 

It has a minimum service temperature of -273˚C and a maximum service temperature of 150˚C. 
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3 Method and implementation 
This chapter will present and describe the used process, methods and the approach of the 

project. It also includes a presentation of how it has come to be useful during the work. This 

will be done in the same order as the rest of the thesis where the process determines the 

structure. At first, the process is presented before the project planning and research. Then the 

methods used for solving the research questions are presented before the material studies and 

the process of the tests are presented.    

3.1 Process 
Many different kinds of product development processes can be used while designing a product. 

In this project a generic product development process within platform products used as a base 

for the customized process. A platform product is designed around a previous existing technical 

system and in this case the enclosure will be designed as a complement to the new sensor 

(Eppinger & Ulrich, 2012). The phases in the generic product development process are 

planning, concept development, system-level-design, detail design, testing & refinement and 

production ramp up. During the project, constant meetings are being held with the clients for 

discussions and decisions.   

3.1.1 The development process 

A picture of the customized product development process is shown in Figure 12. In this thesis 

the process starts with a planning phase where the project plan and time schedule is developed 

and the selection of product development process is made. Since it is an iterative process, the 

research phase starts before the planning phase ends properly and the phases are carried out 

simultaneously. During the research phase all relevant theory regarding the areas industrial 

design and wind energy are collected for investigation throughout e.g. literature studies. The 

phase is ended by a first draft of a product specification. 

 

Figure 12, Visualization of the customized product development process 

The design development phase is initiated at the end of the research phase, even though the 

process goes back to investigate further areas and problems that turns up during the design 

development phase. At first the idea development proceeds before the concept development 

begins. The idea development is the part of the phase that as many ideas as possible is generated 

and during the concept development the ideas are sorted out and the best ideas are further 

developed and investigated. During the detail design phase, the dimensioning of the product 

is determined and a 3D-model constructed. The issues that come to light are investigated and 

solved. At the end of this phase a first draft of the final product is completed.  
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After completing the first draft, a prototype is produced for the testing phase. The testing is 

the foundation of the products reliability and if any problems are discovered, the detail design of 

that part has to be remade. After testing the final product, an analysis is made to get a further 

understanding of the process, product and tests.  

3.2 Project planning 
To make sure that the project is delivered before deadline a project plan is made. In the project 

plan a time schedule is presented for both the project and the report. In the start-up of a project 

the time schedule is developed in such way that the work can be smoothly executed. In this 

thesis a gantt- chart is used where the chart is designed as a coordinate system with the different 

phases along the y-axis and time along the x-axis (Johannesson et al, 2004). Each phase has their 

own planning and together they form the entire project planning.  

The phases that are used in this gantt-chart is planning, specification, prestudy, data collection, 

concept development, concept choice, detail construction, dimensioning, material choice, 

manufacturing choice, 3D-visualization, FEM-calculations, prototype, tests, evaluation, report 

and presentation preparations. Thisgeneral plan is followed throughout the project and each 

phase is followed individually as well. The gantt-chart is presented in Appendix II and the gantt-

chart for the report is presented in Appendix III. 

3.3 Context 
A sensor is a product which collects signals or data within an area. The clients‟ product is 

designed to detect icing on the blades of the wind turbine and includes several components, 

which will not be described fully due to confidentiality. One component, a prism, is placed on 

the surface of the blade together with a collimator and a terminator. The components are 

connected with the rest of the components in the product by cords. A picture of the prism with 

a ruler is shown in Figure 13 to give a higher understanding of the size. 

 

Figure 13, Size of the prism 
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3.3 Research 
Early in projects, researches regarding the theory needed are gathered. The information gives 

the basic understanding for the entire project and gives the information needed to move the 

work forward. During this project a 2MW wind turbine with a 50 m blade is approximated and 

used as reference while researches are made for the sensor. 

3.3.1 Market study 

An important first step in a product development process is to do a market study, where a 

product that is already on the market is studied through various areas; design, function, material 

and selling price (Johannesson et al., 2004). The icing problem is not a new problem and other 

solutions exist on the market. This is studied for an overall understanding and inspirations for 

the creative process. Materials used in the market are also studied for the material study. The 

icing problem on wind turbines is similar to the problem on aircrafts and oil rigs and is therefore 

also studied.  

3.3.2 Survey 

A survey is a subjective method where the users are asked to answer a questions sheet (Bohgard 

et al 2008). No personal contact is needed and the user answers anonymously without pressure. 

The survey can be seen as a structural interview where the users answer the same questions and 

can give a big number of participants. Since there are problems with obtaining drawings and 

information regarding the dimensions of the blade of the wind turbine, a survey is created. This 

survey is sent to selected persons that attended at the conference Winterwind 2015 in Piteå, 

which could have appropriate information.  

3.4 FEM study prism 
A good way to calculate boundary value problems is to use Finite Element Method (FEM), 

which also can be referred as Finite Element Analysis (FEA) (Hutton, 2004).  To enter variables 

such as materials, forces and constraints that can affect the model, the program calculates where 

e.g. the highest stress or dislocation is located. A triangular grid is applied on the model to 

evaluate the e.g. stress in the nodes. Nodes are the points where the edges of the triangle are 

placed. Smaller triangles give room for more nodes and give a more detailed solution. This gives 

more pressure on the program and gives a longer solving time  

To evaluate if the prism takes any harm by falling ice and to what extent the protection should 

be designed, a FE- analysis is made. The analysis on the prism is made in Siemens NX where the 

force is approximated, material data is given by the client and all solutions are fixed at the 

bottom of the prism. Siemens NX is a software program which is based on CAD-modeling 

(PLM, 2014 ). The possibility to deliver drawings, FEM, CAM and CAE makes this program 

efficient to use within product development and engineering.  
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3.5 Product specification 
After analyzing the problem and its context it is beneficial to make a specification for the 

product (Bohgard et al, 2008). The specification state what the product needs to accomplish and 

sets up all the demands that it has to satisfy. It is not allowed to show any ideas of how the 

problem can be solved and the specification is allowed to get modified during the process as 

details are thoroughly constructed.  

The specification states what demands that the product has to satisfy while the concept states 

ways to determine how the demands will be satisfied (Johannesson et al, 2004). The demands 

can also be specified by criteria or a factor which helps later on in the process with e.g. concept 

selection. In this thesis the product specification is divided into ten demands, where each 

demand has been produced after discussions with the clients. To easily understand which 

demand the clients see as the most important the demands are graded in a nine digit scale where 

1 is the lowest rank and 9 is the highest. The product specification is presented in Appendix IV 

and is used as a basis in the evaluation of the final product that gives a ratio of fulfillment. 

3.6 Idea development 
With the aim to create as many creative ideas as possible, some methods are used in the idea 

development phase. During this phase a quantity is preferred over quality and all ideas are seen 

as good ideas.  

3.6.1 Random word list 

A method used for individually creative problem solving is “the random word list” where a list 

of random words from e.g. a book is made (Johannesson et al, 2004). Then the participant goes 

through the list and takes notes to the associations given from the words. It is important to only 

note the first spontaneous associations. In this thesis a version of the “random word list” is 

used, where the words are taken from a book by an external person and written on notes. The 

notes are then put in two piles where the words on the top of each pile are combined and ideas 

associated with this combination are written down. The words used in this method are: 

compass, federal state, handle, chemistry, politics, pull on, perform, straw hat, medicine, frame 

and passing. This method is used since only one participant is needed.  

3.6.2 Focus group 

A focus group is a subjective method which can be seen as a group interview with 

approximately 6-10 participants and a moderator (Bohgard et al, 2008).. The group discusses 

certain areas which is presented by the moderator and can be about a product, a system or how 

a task could be solved. A focus group should be unstructured in such way that it promotes 

creativity. Two variants of focus groups are made to get a larger insight to the problem and the 

design process, pictures of one of the focus groups are shown in Figure 14. The focus groups 

are structured different from each other and are focusing on different parts of the enclosure. In 

the first group, 3 participants are asked to use a variant of the 6-3-5 method that also is called 

brainwriting.  

The 6-3-5-method is where 6 participants generate 3 ideas within a given area for a couple of 

minutes before shifting sheets with each other (Johannesson et al, 2004). The participants are 

now supposed to generate 3 new ideas based on the ideas given from the previous participant. 

This is done 5 times so that every participant has been generating ideas on each sheet.  
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The first problem is presented as “protect the sensitive cube from falling ice” and the second 

problem is “You have a product that looks like Figure 15 and is being mounted on a wall where 

the wires are connected on the other side of the wall. How do you mount it?”. They each get 3 

minutes to come up with as many ideas as possible before their sheet is sent to the next 

participant as the usual 6-3-5 method. When the participants get their first sheet back they go 

through the solutions together and discuss what is best for 15 minutes. Alongside the moderator 

records the events and the discussions.  

  

Figure 14, Focus group 

In the second group, five participants are asked to use a usual brainstorming method. 

Brainstorming is the most commonly known method to generate quantitative ideas 

(Johannesson et al, 2004). A group of 5-15 participants should generate as many ideas as 

possible without being critical, to produce ideas outside the box. Together the participants 

discuss and develop each other‟s ideas. 

The participants are given the problems in an interval of maximum 10 minutes and it‟s up to the 

moderator to get the discussion going. If the group is out of ideas, the next part of the problem 

is presented. Problem 1: You have product that looks like Figure 15 and is being mounted on a 

wall where the wires are connected on the other side of the wall. How do you mount it? 

Problem 2: It should be easy to dismount. How will you do? Problem 3: You are not allowed 

to make more than one hole in the wall, how do you do? Problem 4: The product is not 

allowed to be turned around its own axis, how will you do?  

 

Figure 15, Picture shown in the second focus group 
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3.6.3 Sorting out ideas 

All the generated ideas are subjectively sorted out and combined throughout a creative session 

with a customized brainstorming and random word list. The customized brainstorming is just as 

the one presented before, but fitted for one participant. These ideas are later shown to the 

clients to see which ones should be considered during the concept development phase. Some of 

the developed ideas are shown in Figure 16 and all the ideas shown to the clients are presented 

in Appendix V. 

 

Figure 16, Sketches from the sorting of the ideas 

3.7 Concept development 
After sorting out the ideas generated in the idea development phase and a discussion with the 

clients another round of creative methods, such as brainstorming and random word list, is used. 

The random word list is customized so that the ideas are on the notes instead of random words, 

so the different ideas might be combined.  Concepts for each part of the enclosure are generated 

and further designed in Alias Automotive. Alias studiotools automotive is a software program 

which is based on CAID-modeling and is suited for e.g. sketching and visualizations (Autodesk, 

2014). The program is commonly used by industrial designers. Four concepts are developed for 

the protection of the prism, four concepts for mounting the prism and one concept for 

mounting on the blade. 

3.7.1 Prism protection 

The main inspiration for protecting the prism is a helmet and a cap often worn by kids. These 

are designed to protect certain sensitive body parts from various things as falling on the ground 

or sunbeams. After investigating how the ice falls around the wind turbines, the 

recommendation is to develop the protection around the entire prism. The discussions with the 

clients at the end of the idea development process give an indication of in which direction the 

concept development should go. 

3.7.2 Prism mounting  

To mount the prism, the inspiration is taken from the existing solutions available for this 

specific prism. The existing solutions pins the prism onto place, without affecting its purpose. 

This inspiration along with the idea development process gives a basis for discussions with the 
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clients. The discussions give an indication of in which direction the concept development 

should go.   

3.7.3 Blade mounting 

Discussions regarding the mounting on the blade have reached to the conclusion that it will be 

complicated to handle the concept from “Designteam 2014” since the concept is based on 

screwing from both the inside of the blade as on the outside, on the same time. When the 

product is mounted on the blade and the blades are on the turbine, it will be hard for both 

maintenance and dismounting. Therefore, the concept is further developed and the main 

inspiration is expandable screw, where a screw expands rubber when screwed into it. The rubber 

is pressed upwards and presses out on the sides, since there is no more space upwards, Figure 

17. This concept is developed to have two parts, a middle-part and a component box. 

 

Figure 17, Principle of a rubber expander 

3.8 Detail design 
To join the parts together and to develop a whole design, a detail design process is initiated. 

This is partly made with further developments and dimensioning the final concept. The detail 

design phase is ended with final 3D-models.  Electronic 3D-modelling can mainly be done in 

two ways, solid modeling (Computer Aided Design, CAD) and surface modeling (Computer 

Aided Industrial Design, CAID) (Johannesson et al, 2004). Both types are ways to build models 

in which the design can be analyzed. Solid modeling is best suited for sustainability tests. 

3.8.1 Final adjustments 

During the detail design process, many problems are revealed. These problems are solved with 

another round of creative discussions with the clients. The problems that are solved in this 

phase are: 

 How the top part of the enclosure, with some of the sensitive components, won‟t be 

able to turn around its own axis due to cords.  

 How the top part of the enclosure will be fasten onto the rest of the enclosure. 

Further investigations regarding the screws, key for the mounting, door, mounting of 

components and heating of the protection is made. 
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3.8.2 Dimensions 

The components of the clients‟ solution control the final dimensions. The component box 

needs to look like Figure 18, seen from the top with two beams along the length for mounting 

the opening. This has been a request from the clients. 

 

Figure 18, Dimensions of the box 

The diagonal in the square can be calculated through the Pythagorean Theorem,         . 

This gives the dimensions of how the component box and the hole in the blade are supposed to 

have since the diagonal of the square controls the diameter of the hole. 

A slice is designed for the mounting of the prism onto the enclosure and to calculate the angle 

of the slice, estimations have to be made for the distance pressed together by the prism. The 

angle is calculated throughout simple trigonometry.  

3.9 Material studies 
Since the enclosure will have to endure a harsh climate, it is critical to make a proper material 

selection. To investigate which materials that should be best suited for the enclosure, data is 

entered in CES Edupack. The data presented in Table 1 is an estimation of what the material 

will have to endure.  

Table 1, Properties entered in CES Edupack 

Properties Minimum Maximum Unit 
Price 0 300 Sek/kg 

Young’s modulus 0.1  - GPa 

Yield strength 100 200 MPa 

Tensile strength 200 400 MPa 

Compressive strength 100 200 MPa 

Bulk modulus 0.1 1 GPa 

Maximum service  temperature 50 - ˚C 

Minimum service temperature - -50 ˚C 

 

Another way to find proper materials is to investigate the products found in the market study 

and the recommendations from the “Designteam 2014”. The materials used in those products 

are browsed in CES edupack for further investigation. 
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3.9.1 Material selection 

First comparisons between the materials are made to make the material selection easier. This is 

partly made by a table, where each parameter is set next to each other and partly through 

discussions with the clients. In this table, the maximum values from CES edupack are presented 

and compared. 

3.10 FEM study top-part 
To evaluate how the concept for mounting the prism will function, a FEM- analysis is made for 

two variants of the idea. The analysis is made in LS Dyna where the surfaces of the slice are 

forced together. LS Dyna is a program that is focused on FEM-calculations and simulations 

regarding deformations (Dynamore, 2015).   

One of the ideas of protection and mounting of the prism are modeled in NX and are analyzed 

with FEM-calculations. The function of the idea is given by a slice in the geometry that is 

pressed together to pinch the prism onto place and the slice can be placed along the entire 

model. Therefore, two variants of the slice are developed and calculated in LS Dyna with a force 

dragging the surfaces together. The assigned material is the mean value for Epoxy SMC (glass 

fiber) that is given from CES edupack. 

3.11 Tests 
The prototype is 3D-printed from the models designed in NX and exported to a STL-file 

format before it is sent to the 3D-machine. Complete prototypes that are called “zero series” are 

made for production in series that can be analyzed in the right context (Johannesson et al, 2004).   

Physical prototypes are made as an approximation of the final product (Eppinger  et al, 2012). It 

is supposed to look as close to the final product as possible for testing and evaluation. If any 

adjustments are required, the process need to go back a step and if the prototype works in its 

context the production ramp is initiated. 

The top-part is sprayed with refrigerated water and is inserted in a freezer that varies between -

19 ˚C and -21 ˚C. The prototype is placed the freezer for 48 hours and the water is sprayed on 

irregularly. The amount of water that is sprayed is different between the time points.  The 

rubber cylinder is created by porous foam that is glued into a cylinder by hot glue. This cylinder 

slides onto the middle-part before the part of the component box is placed and the middle-part 

is turned.  

3.12 Animations 
Animations are made to simply show a function of a product and to visualize the product so 

that they are easier to understand. This is made in Alias automotive with a lower level of quality 

for a shorter rendering time and smaller file. The animation is set on 25 frames/second and is 

processed in adobe premiere. 
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3.13 Reliability and validity 
In order to deliver results to the clients, repeated meetings is carried out through the entire 

project to verify that the thesis is headed in the right direction. The process that is used as a base 

for the customized process is commonly used within this kind of product developments and the 

method is experienced as helpful. However, the process is performed in a more iterative way 

than first predicted, since new problems were discovered throughout the entire project and the 

process had to return to an earlier stage. Since most companies have confidentiality on their 

projects in the area, it is challenging to access sensitive data such as wall thickness of the blades. 

This made the data collection process more challenging than expected and slowed down the 

work process. 

Many of the creative methods used in the process are originally designed for multiple 

participants and are in this thesis customized for one.  However, they have given a rewarding 

input in the design process and generated a wide range of ideas, which is the main intention of 

the creative phase.  Because of the tight time frame, many of the new discovered problems are 

not solved. However, the main focus on the enclosure is kept.  
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4 Results 
This chapter will present and describe the results of each phase. This is presented in the same 

order as the process of the thesis to make the results easier to follow. At first, the results 

regarding the survey and some of the FEM-calculations are presented before the results of the 

idea development phase are initiated. The results of the concept development and the detail 

design phases are described before the material investigation and final result is presented. At the 

end, the final results of the FEM-calculations and the tests are presented.  

4.1 Survey 
Most of the persons that the survey was sent to answered that they did not have the information 

that was asked for and one participant answered the survey. The result is presented below: 

1. What is the thickness of the blade? 

“Blade thickness is not the same over the entire blade and in some area also with balsa tree. But 

often from 5 to 15 mm.” 

2. What is the radius of the blade, at the leading edge? 

“Again – from nearly 1 cm to huge.” 

3. Where on the blade does the icing formation start? 

“at the leading edge” 

4. What contact do you have with the blades in your work? 

“I have developed Siemens De-icing system” 

4.2 Preliminary results FE-analysis prism 
The FE-analysis is done according to the details in Appendix VI and the preliminary results are 

presented below.  

Solution 1: In the first solution, the force is structured as a straight force placed on the side of 

the prism. The total displacement goes up to 2.3   10-8 mm, Figure 19.  

 

Figure 19, FEM prism, force on the side 
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Solution 2: In the second solution, the force is structured as a straight force on the side edge of 

the prism. The total displacement goes up to 2.9   10-6 mm, Figure 20.   

 

Figure 20, FEM prism, force on the side edge 

Solution 3: In the third solution, the force is structured as a straight force on the tip of the 

prism. The total displacement goes up to 7.4   10-7 mm, Figure 21.   

 

 

Figure 21, FEM prism, force on the tip 
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4.3 Results of idea development 
During the idea development phase all kinds of ideas are constructed. The ideas are allowed to 

be as unreal or real as possible and no negative thought regarding the ideas are allowed. In this 

part of the thesis, the results of the used methods are presented. 

4.3.1 Random word list 

During the method combinations as straw hat – chemistry, medicine – federal state and handle-

compass was used. Associations regarding these combinations were drawn and many ideas were 

created. Some of the sketches and ideas for protection and for mounting the prism are shown in 

Figure 22 and Figure 23.  

 

Figure 22, random word list for protection of the prism 

 

Figure 23, random word list for mounting the prism 

4.3.2 Focus groups 

Focus group 1: For the first problem (“protect the sensitive cube on the plate (Figure 15) from 

falling ice”) the participants came up with ideas as a small roof, a cap, a ramp for descending 

things, the plate bulges out on the top so that the ice hits the edge, the entire plate bulges with 

the cube in the middle, bars around the cube, spikes, spikes that catch ice which in turn protects 

the cube, a protective cone. Some of the ideas are shown in Figure 24. 

 

Figure 24, Some of the drawings made for the protection of the cube 
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For the second problem, “You have product that looks like Figure 15 and is being mounted on 

a wall where the wires are connected on the other side of the wall. How do you mount it?”, the 

participants came up with many  ideas. Examples are double-sided tape, magnetic plates, 

grooves with nails on the wall, mounts that smoke alarms have, rotation mounting with spikes, a 

screw cap solution, as a lens cover clicks and a button that is pushed and withdrawn to mount 

and dismount the enclosure. Some of the ideas are shown in Figure 25. 

 

Figure 25, Some of the drawings made for the mounting of the enclosure 

Focus group 2: The discussion went on about to mill grooves, electrical outlets, to screw, to 

use glue, duct tape, clips and fittings. One discussion was about having a hole in the wall and 

then two hooks that hooks together, as the way e.g. spotlights are mounted. Another idea was to 

have a solution as buttons that pop out when they are pushed on.  

Another idea which was highly discussed was to rotate the plate which has a locking mechanism 

in three places. They wanted the plate to only fit in the hole in one direction so it is fitted into 

right place immediately. If the plate is shaped as the surface of the wall then it won‟t be able to 

turn around.  

Another idea was to put the plate in the wall so it is hidden. A banana plug was an idea to 

mount it. They had an idea about using bearings as an inspiration where the one with cables 

doesn‟t rotate and the outer one does. 

Discussions about using springs went on and an idea about the battery solution was produced. 

If the plate was made in a soft material it should be easy to push through a hole in the wall from 

the outside.  
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4.4 Results of concept development 
During the concept development phase, the ideas from the idea development phase are further 

developed. In this part of the thesis, the results of the concept development are presented and 

the concepts are described.  

4.4.1 Prism protection  

Four concepts are generated within the part prism protection where each concept is designed to 

protect the prism and to maintain its primary use. The first one called “Wallie” is basically three 

walls places by each sensitive edge. These walls are angled at the root to make sure that the ice 

falls off and away from the sensitive areas of the enclosure. 

The second concept, called “R2D2” is a spherical, but slightly cone-shaped geometry with three 

windows. The windows are placed on the less sensitive surfaces to protect the vulnerable edges. 

The third concept is called “The castle” is a cylindrical, angled wall placed around the prism with 

the main purpose to direct the ice away from the prism. The fourth concept is called “The screw 

head” is a spherical geometry with a notch along it. The surface is designed to direct the ice 

away from the prism.  In Table 2, line-pictures of the concepts, the benefits and the 

disadvantages are listed. Pictures of the concepts are presented in Appendix VII. 

To evaluate which concept that is most suited for the clients, they are evaluated regarding safety 

for the prism, function of the prism and the amount of icing it could attract. Discussions with 

the clients gave the result of choosing “R2D2”, since it gives a protection that feels safe.  The 

windows will probably be enough to maintain the function of the prism and the icing hazard 

should be further evaluated and solved. Pictures of the chosen concept are shown in Figure 26. 

  

Figure 26, Pictures of the chosen concept for prism protection 

 

  



 

30 
 

Table 2, Prism protection 

  Benefits Disadvantages 

“Wallie” 

 

Protects 
the most 
sensitive 
parts. 
Open for 
the 
function of 
the prism.  

Doesn‟t protect 
the entire prism. 
Doesn‟t steer 
off sliding ice 
from all sides. 
Might not be 
strong enough.  

“R2D2” 

 

Steer off 
sliding ice 
from all 
sides. 
Open for 
the 
function of 
the prism. 
Protects 
the entire 
prism. 
Strong. 

There might 
form icing on 
the walls. 
Smaller pieces 
of ice might go 
through the 
windows. 

“The 
castle” 

 

Steer off 
sliding ice 
from all 
sides. 
Protects 
the bottom 
well. Open 
for the 
function of 
the prism. 

Doesn‟t protect 
the top. Doesn‟t 
protect the 
prism from 
falling ice. 

“The 
screw 
head” 

 

Good 
protection 
around the 
entire 
prism.  

Closed, the 
function of the 
prism might be 
affected.  
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4.4.2 Prism mounting 

Four concepts are generated within the part prism mounting. The first one is called “The pinch” 

and it‟s basically a chopped cylinder with a screw that pulls it together. This will pinch the prism 

onto place. The second concept is called “The double pinch” and is similar to the first concept. 

This concept is however divided into two parts which are screwed together to place the prism 

onto place.  

The third concept is called “The notch” and it is a hole on a plate that has a round notch along 

the hole. In this notch glue is placed before the prism which keeps the prism in place.  The 

fourth concept is called “The screw” and is based on the concept for mounting on the blade 

from the “designteam 2014”. Instead of a solid screw there is a notch along the screw and over 

the placement of the prism. When the screw is screwed into place the top part is pressed 

together which holds the prism onto place. In Table 3, line-pictures of the concepts, the benefits 

and the disadvantages are listed. Pictures of the concepts are presented in Appendix VIII. 

To evaluate which concept that is most suited for the clients, they are evaluated regarding safety 

for the prism, function of the prism and simplicity for the usage. Discussions with the clients 

gave the result of choosing “The screw”, since it gives a smooth mounting that can easily be 

integrated into the rest of the enclosure and design. Pictures of the chosen concept are shown in 

Figure 27. 

  

Figure 27, Pictures of the chosen concept for prism mounting 
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Table 3, prism mounting 

  Benefits Disadvantages 

“The 
pinch” 

 

Pinches the 
prism onto 
place. Easy 
function and 
only one 
thing to do 
when 
mounting. 

High forces on 
one side. A small 
screw that might 
be hard to access 
and use.  

“The 
double 
pinch” 

 

Pinches the 
prism onto 
place. The 
forces are 
divided to 
two places. 
Easy 
function.  

Small screws that 
might be hard to 
access and use. 

“The 
notch” 

 

Will probably 
hold the 
prism onto 
place safely.  

The prism is 
stuck when 
mounted, cannot 
be dismounted. 

“The 
screw” 

 

The force is 
even around 
the prism. 
The prism is 
stuck while 
fastened 
onto the 
mounting of 
the blade. 
Easy to 
access. Easy 
to mount 
and 
dismount. 

The prism and 
components 
turns around its 
own axis and the 
cords might 
break.  
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4.4.3 Mounting onto the blade 

The main idea is to have the middle part (2) on the outside of the blade wall so that the top part 

(1) can be attached to the mounting. One part of the middle-part is placed in a hole in the wall 

together with a rubber cylinder (3). The component box (4) in screwed onto the middle part and 

presses the rubber cylinder in the hole. A picture of the concept is shown in Figure 28. 

 

Figure 28, concept of the mounting onto the blade 

The concept is further developed throughout discussions at the end of the project, since there 

will be sensitive parts with cables going out from the component box through the blade. To 

minimize the hazard of cords twisting and breaking, the component box should be fixed so it 

can‟t be turned. The new idea is to have the middle part (2) on the outside of the blade wall so 

that the top part (1) can be attached to the mounting. One part of the middle-part is placed in a 

hole in the wall together with a rubber cylinder (3), just like the main idea. There is a new part 

(4) that presses the rubber cylinder in the same way as the main idea, but the component box is 

placed through the entire enclosure and has an 8-edged part in the top so that it won‟t turn. A 

picture of the idea is shown in Figure 29. 

 

Figure 29, idea of further development of the concept 
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4.5 Results of detail design 
During the detail design, new problems are detected and the final adjustments are made. The 

dimensions necessary for production are also determined in this phase.  

4.5.1 Final adjustments 

During the final adjustments, two problems are detected and solved. How the top part of the 

enclosure, with some of the sensitive components, won’t be able to turn around its own 

axis due to chords. To make sure that the top part with the components doesn‟t turn around 

its own axis the bottom part is designed with an 8-edge. This 8-edge is the part that is pressed 

into the middle part that connects the top part to the mounting on the blade part. When the top 

part can‟t rotate about its own axis, there is less risk of the cords to twist and break.  

How the top part of the enclosure will be fasten onto the rest of the enclosure. The top 

part is screwed onto the middle part with three screws trough the protection part. Since there 

are three points where the top part is fastened, the risk of the top part to twist out of the 

threading and fall off is as small as possible.  

4.5.2 Dimensions 

The total side length needs to be 51 mm according to the clients‟ and the equation is √      

after calculations of the Pythagorean Theorem. The calculations made gives d=72,12 mm and 

because the box has to fit into the hole in the blade, this gives the diameter of the hole.  

The estimated dimension of the distance between the edges that are pressed together by the 

prism is set to 1 mm. The radius of the prism is 12.7 mm. A visualization of half the slice is 

shown in Figure 30. This gives an equation of    ⁄       (
   

    
) and the angle of the slice is 

calculated to a=4.509149932˚. 

 

Figure 30, Dimensions of the slice 

The wall thickness is estimated to 2mm along the entire enclosure, based on discussions with 

the clients. After sending out a survey to people who work within the area, the wall thickness of 

the blades is estimated to between 5-15 mm. This gives the dimensions of the rubber cylinder 

which affects the entire enclosure. 

4.5.3 Screws 

To mount the prism onto the top-part, a screw is screwed on the outer part. This screw is 

estimated to an M4, with a drilling diameter of 3.3 mm.To mount the top-part onto the 

mounting-part on the blade, three screws are placed along the circular design. These screws are 

estimated to M6, with a drilling diameter of 5 mm. 
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4.5.4 Key 

Since the middle-part is too wide to be handled by a human hand, the mounting should be 

controlled by a key. The already existing keys on the market are torx- and hex keys. Both the 

torx key and the hex key have a maximum point- to point of approximately 22 mm. An idea is 

to make a re-design that makes the middle-part smaller (2), so that a human hand can manage it 

and screw it onto the bottom-part. The top-part (1) is designed to cover the middle-part, Figure 

31.  

 

Figure 31, Idea for re-design instead of a key 

4.5.5 Door 

On the “components box”, there has to be an opening for an easy access for maintenance, this 

will be placed on one or two sides. Two main ideas are developed and presented: 

Idea 1: The door is mounted on two beams that are placed along the box. In these beams, holes 

are pre-drilled and threaded for fastening the door with screws. 

Idea 2: The door is designed as the opening on e.g. remote controls or cameras.  

4.5.6 Mounting of the components 

The collimator that is placed in the middle, right under the prism, can be mounted the exact 

same way as the prism. This is a way to use the function to squeeze around both the prism and 

the collimator at the same time.  

4.5.7 Heating of the protection 

Etched foil heated elements: To make sure that the protection of the prism doesn‟t attract 

icing itself, heating foil is applied on the surface. The heating elements come from printed 

circuit elements and are protected by two insulating sheets (Zoppas industries, 2015).  This 

makes the heaters thin and flexible which makes them easy to apply on the surfaces that need to 

be heated.  
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Several companies produce these foils and have different types of foils (Mod-tronic, 2015). 

There are mainly 4 types; Mica, Silicone, Polyimide and Polyester. According to mod-tronic, 

temperature sensors can be integrated in the foils and the different types has the following 

properties, Table 4. 

Table 4, properties of foil heated elements (Mod-tronic, 2015) 

Material Temperature range 
(˚C) 

Maximum size 
(mm) 

Maximum resistance 
density (Ω/cm2) 

Mica -150 to 600  560 x 1168 3.9 

Silicone -45 to 235  560 x 2285 31 

Polyimide -200 to 200  560 x 1065 70 

Polyester -55 to 120  280 x 569 185 

4.6 Results of material investigation 
The four diagrams produced in CES edupack and are shown in Appendix IX. The eight 

materials that were found is PES (30% carbon fiber), PET (45% glass fiber), Epoxy SMC (glass 

fiber), PC (30% glass fiber), PC (40% carbon fiber), Stainless steel, Aluminum 336.0 and 

Aluminum 3105. The materials are compared to each other throughout a table, Table 5. 

Table 5, Material comparison 

 Density 
(kg/m3) 

Price 
SEK 

Minimum 
service 
temperature 
(˚C) 

Maximum 
service 
temperature 
(˚C) 

Yield 
strength 
(MPa) 

Tensile 
strength 
(MPa) 

PES (30% 
carbon fiber) 

1480 161 -75 190 166 207 

PET (45% 
glass fiber) 

1720 22.2 -58 201 165 206 

Epoxy SMC 
(glass fiber) 

1800 42.4 -123 190 193 241 

PC (30% 
glass fiber) 

1430 36.3 -47 127 110 138 

PC (40% 
carbon fiber) 

1380 105 -47 126 132 165 

Stainless 
steel 

8100 40 -272 820 1000 2240 

Aluminum 
336.0 

2740 18.6 -273 200 203 260 

Aluminum 
3105 

2730 14.5 -273 150 205 236 

 After discussions with the clients, the three metals; stainless steel, aluminum 336.0, aluminum 

3105 is discarded since there is a risk of condensation. This is not preferably since the 

components are sensitive to moist and the condensation will contribute to icing on parts that 

can affect the functions of the sensor.  

After discussions, three materials are further investigated and analyzed for the clients. The 

material information sheet is shown in Appendix X. 
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4.6.1 Manufacturing methods 

PET (45% glass fiber): The material can be processed by injection molding, extrusion and 

thermoforming (CES Edupack). The polymer extrusion energy is 5.8-6.41 MJ/kg and the 

polymer molding energy is 18-19.9 MJ/kg. 

PC (30% glass fiber): The material can be processed by injection molding, extrusion and 

thermoforming(CES Edupack). The polymer extrusion energy is 5.93-6.55 MJ/kg and the 

polymer molding energy is 21.7-24 MJ/kg.  

SMC Epoxy (glass fiber): The Epoxy is generally suitable for most thermoset processing 

techniques and is excellent for contact molding, pultrusion, resin injection and transfer 

molding(CES Edupack). The SMC Epoxy has a molding pressure range of 3.44-13.8 MPa and a 

compression molding energy of 3.33-3.68 MJ/kg.  

4.7 Final result 
The top- part is mainly designed for protection of the prism where the walls are intended as a 

helmet with three windows for helping the functions of the clients‟ solution. This wall is placed 

approximately 70 mm from the center and gives the entire top part a diameter of approximately 

140 mm. Since the components have cords that should not be able to rotate about its own axis, 

an 8-edged part is placed on the bottom. A hole is placed along the centerline through the entire 

part for the collimator and a shorter hole on the upper surface for placement of the prism. A 

hole from the bottom surface that does not go through the entire solid body is placed for the 

terminator. 3 holes for the thermometers and 2 for the heating foils are placed along the entire 

part. The thermometers are placed on the prism, on the blade and on the protection wall.  

Three holes for screws are placed between the windows, and are made for mounting onto the 

middle-part. A slice is placed between one window and one screw for mounting of the prism 

and a screw is placed for screwing the surfaces of the slice together. Line-pictures are shown in 

Figure 32. 

 

 

Figure 32, The top-part 
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A middle-part is designed for the mounting onto the blade. The top surface has an 8-edged 

hole for the placement of the top-part. The collar is as wide as the top-part for a reduced risk 

for icing and threads are placed along the bottom hole. The width is smaller than the hole on 

the blade, since a long rubber cylinder is placed around it for the function of the mounting. 

Three holes for the screws from the top-part, which does not go through the body, are placed 

on the collar. A line-picture is shown in Figure 33. 

 

Figure 33, The middle-part 
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The component-box is designed to fit the components on the bottom. The bottom is designed 

as a square and the top is designed as a circle. The geometry between them has a smooth 

transition between them and the inside is designed exactly the same way. The circle geometry on 

the top of the component box is as wide as the hole on the blade and there is a smaller cylinder 

on top of it with treading on the outside for screwing the component box onto the middle-part. 

There is a hole through the enclosure so that the cords are able to go between the components. 

A line-picture is shown in Figure 34. 

 

Figure 34, The component box 
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The middle part is screwed from the outside of the blade which makes the component box to 

press upwards. This presses the rubber cylinder to the collar of the middle-part and the rubber 

presses out under the wall of the blade. This allows the mounting to fasten in the hole. A line-

picture of the entire final result is shown in Figure 35. The visualizations made in Autodesk 

Alias are presented in Appendix XI and drawings in Appendix XII. 

 

 

Figure 35, The final result 
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4.8 Preliminary results FE-analysis, top part 
A FE-analysis is done according to the details in Appendix XIII and the preliminary results are 

presented below. The first slice is over one of the windows, since it is opposite to one of the 

screws. The stress can be seen in Figure 36 and strain in Figure 37.   

 

 

Figure 36, Stress on top part - mounting slice 1 

 

Figure 37, Strain on top part - mounting slice 1 
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The second slice is between the screw and the window to avoid any openings and weak parts 

that can break. The stress can be seen in Figure 38 and strain in Figure 39. 

 

Figure 38, Stress on top part - mounting slice 2 

 

Figure 39, Strain on top part - mounting slice 2 
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4.9 Results tests 
A prototype is 3D-printed, seen in Figure 40, the top-part and the middle-part is printed as they 

were designed. For the component box, only the top is printed, since no tests are made on that 

part. By this, less material is used and the prototype is cheaper. Pictures of the 3D-printed 

prototype are shown in Appendix XIV. 

 

Figure 40, Picture of the 3D-printed prototype 

The test of the icing on the top-part is based on observations. A lot of ice is accumulated on the 

top, where the prism is supposed to sit. The hole for the prism and the collimator is completely 

covered and the surface is covered with 0.5-1 cm thick ice. The ice is overflowed and is dripping 

from the windows, Figure 41. 

The entire wall is accumulated with ice, with thicker portions on the sides. The underside of the 

top-side of the wall has a thinner ice formation than the rest of the wall. Some ice is dripping 

from the hole on the top of the wall. The geometry for the screw housing attracts icing and the 

holes for the screws are completely covered. There is also a thick ice formation around the 

outside of the wall. The ice is mostly white, but also transparent in some parts. Pictures of the 

icing on the top part are shown in Appendix XV. 
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Figure 41, Picture of the icing test 

The printed prototypes of the middle-part and the component-box are tested together with a 

porous foam cylinder, Figure 42. The foam is a little bit pressed to the sides, especially by the 

glue. Pictures of the function of the mounting are shown in Appendix XVI with descriptions of 

the test. 

 

Figure 42, Picture of the mounting test 
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4.10 Animations 
The animations are made in 4 stages and then processed in adobe premiere where the stages are 

set together and the sound is combined with the animation. The first stage is designed as Table 

6 and pictures from the stage are shown in Figure 43. 

Table 6, The first stage of the animations 

 Description Time duration 

1 Empty 1 sec 

2 The middle-part flies up from the bottom and stop  2 sec 

3 The view is still 1 sec 

4 The rubber cylinder flies up from the bottom and slides in 
the middle-part 

2 sec 

5 The view is still 1 sec 

6 The component box flies up from the bottom and stops at 
the bottom of the middle-part and the rubber cylinder 

2 sec 

7 The component box is screwed on the middle part with 2 
revolutions 

2 sec 

8 The view is still 1 sec 

9 The middle-part, rubber cylinder and component box moves 
downwards 

2 sec 

 

 

 

Figure 43, Pictures from the first stage in the animation 
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The second stage is designed as Table 7. The camera for this stage moves from the top of the 

wall towards the bottom to make sure that the viewer understands the function of the 

mounting. Pictures from stage 2 are shown in Figure 44. 

Table 7, The second stage of the animations 

 Description Time duration 

1 The mounting moves from the top and is placed on the wall 2 sec 

2 The view is still 1 sec 

3 The middle part is turned around its own axis so that the 
component box presser upwards and the rubber cylinder are 
deformed in the hole. 

3 sec 

4 The view is still 2 sec 

 

 

 

Figure 44, Pictures of the second stage in the animations 
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The third stage is designed as Table 8 and pictures are shown in Figure 45. 

Table 8, The third stage of the animations 

 Description Time duration 

1 The top-part is in the middle of the view and it is still 1 sec 

2 The prism, collimator and terminator flies up from the 
bottom and down from the top on the top-part. 

2 sec 

3 The view is still 1 sec 

4 The top-part, prism, collimator and terminator moves 
downwards 

1.5 sec 

 

  

Figure 45, Pictures of the third stage in the animations 

The fourth stage is designed as Table 9 and the pictures are shown in Figure 46. 

Table 9, The fourth stage of the animations 

 Description Time duration 

1 The mounting and wall is seen and the top-part moves from 
the top onto the mounting. 

2 sec 

2 The view is still 1 sec 

3 The screws moves from the top and is placed in their holes 2 sec 

4 The screws are screwed on the top-part and into the middle-
part 

3 sec 

5 The view is still 2 sec 
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Figure 46, Pictures of the fourth stage in the animations 

6.7 Evaluation of the final product 
The final product is evaluated to see if the product specification that was set up early in the 

project is fulfilled. The product gets a gets a number between 0-9 to evaluate if the demand has 

been fulfilled. The number is then multiplied with the specification factor in the product 

specification and all the values are added together to give the final value. The evaluation is 

shown in Table 10. The maximum total value possible is 621 and the total value of the product 

is 528. This gives an 85 % ratio of fulfillment. 
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Table 10, Evaluation matrix of the final product 

Demand Specification 
factor 

Evaluation value Explanation for the 
evaluation value 

Final value 

The prism has to be 
protected from 
falling ice 

5 8 The protection 
protects around the 
entire prism, but the 
wall thickness has not 
been further analyzed 

40 

The prism has to be 
mounted without 
any impact 

9 8 Since the mounting is 
similar to the ones on 
the market due to 
pinching the prism 
onto place, the 
impact is low 

72 

The mounting 
/attachment has to 
be safe 

6 6 Since the mounting is 
similar to the ones on 
the market due to 
pinching the prism 
onto place, the 
mounting should be 
considered safe. 

36 

The product should 
not be able to turn 
(because of chords) 

4 6 The top-part can‟t be 
turned in the final 
solution.  

24 

The prism has to 
have the same 
temperature as the 
environment 

9 9 The temperature 
gauges and heating 
foil will fulfill this 
demand 

81 

Mounting, 
dismounting and 
maintenance has to 
be managed 
smoothly 

5 9 The maintenance of 
the enclosure is 
simple since it can be 
handled only from 
the outside of the 
blade.  

45 

The product has to 
be dimensioned 
and anthropometric 
dimensions of a 
human hand 

7 8 The enclosure is 
designed after the 
anthropometric data 

56 

The product has to 
tolerate between -50 
˚C and 50 ˚C 
 

9 9 The materials chosen 
fulfill this demand. 

81 

The product has to 
withstand forces of 
at least 30N 

9 7 More evaluation 
should be made for 
this demand. 

63 

The product has to 
maintain a low cost 

6 5 The materials chosen 
maintain a low cost, 
but the 
manufacturing 
methods have not 
been evaluated 

30 
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5 Discussion 
In this chapter the theory presented in chapter 2 will be compared to the process and results 

throughout a discussion. This will be done in the same order as the rest of the thesis where the 

process determines the structure. First the process in general will be analyzed before details of 

each phase. In the end the recommendations for further work is presented. 

5.1 Process and project planning 
Since every project is unique, the process has to be customized to fit the purpose of the given 

project. In this project the customized process was supposed to move iteratively forward, which 

it was. This made the research phase to range over a longer period of time than predicted. This 

resulted in a feeling of falling behind on the time schedule, even though the deeper 

investigations were important.  

I fell behind on the time schedule, the solution was not completed to the extent that I would 

have wished. However, the results given to the clients‟ are according to agreement.  

5.2 Research 
Most of the areas that experience icing as a problem use similar techniques and apply it in 

various ways. It seems like most of the sensors in various areas works without an enclosure for 

protection. That means that this thesis will be one of a kind and can probably not be compared 

with similar designs. 

The survey sent out did not result in a high participation rate, since only one participant 

answered the survey. The reason may partly be because I didn‟t do enough investigations 

regarding their knowledge base and partly because the questions weren‟t enough developed.  

The answer gained was given by a person with a high knowledge surrounding the area, which 

makes the survey dependable. The answer is not suited for statistic purpose and instead the 

survey got turned into a structural, anonymous interview. 

5.3 Prism FEM 
The FE-calculations on the prism is carried out in order to investigate what would happen if ice 

falls on the prism without any protection. A static force is applied to the prism at three different 

locations to simulate three different scenarios of ice falling on the prism. The applied force is an 

assumption of a large ice-block falling with no resistance, accelerated by gravity, hitting the 

prism at a very concentrated spot. The investigation aims to show how the prism is affected by 

different load situations in order to design a cover that protects the prism where it is needed. A 

picture of the free body diagram is shown in Figure 47. 

 

Figure 47, Free body diagram prism 
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What the FEM-calculations shows is that the static force affect the prism, even if the affect is 

small. The highest influence on the prism is on the tip and the edges of the side. Therefore, the 

protection should mainly cover these parts. The FE-calculations has only been made once with 

assumed satisfaction regarding element size and discretization. No stability calculations have 

been made, meaning that the magnitude of potential errors is unknown. 

5.3.1 Protection of the prism 

There have been discussions regarding the protection of the prism from the very start of the 

project. The big question has been if the prism must be protected from all directions or if the 

ice throwing hazard only applies from one direction. The first suggestions were that ice throws 

from the root of the blade out to the tip. After asking people in the business and finding studies 

regarding ice throw and ice load it was determined that it is close to impossible to anticipate 

where the ice falls from or from what direction it will fall. This made a big difference to the 

project since after finding out that the prism had to be protected to some extent.  

5.4 Idea development 
Since I have executed the thesis alone, I have not been able to use many of the creative methods 

available. Some methods can be used alone and these have been very helpful. However, the lack 

of colleagues to discuss ideas and solutions with has made the idea and concept development 

phase longer and slower than it probably could have been.  

5.4.1 Focus group 

The participants in the two focus groups gave ideas and solutions that not always fitted the 

problem since they only was given part of the real problem. This was because of the secrecy 

about the components of the product. This results in a lot of solutions that can directly be 

discarded. Some of the solutions can be put together to give an overall good inspiration for the 

idea and concept development processes that follows.  

Unfortunately there weren‟t enough participants that were able to join the two focus groups 

according to what is needed. But since the method were modified from the theory into a 

compromise the results should be considered as useful. 

5.5 Detail design 
During the detail design, many problems are detected that has to be solved for a complete 

product. Since the thesis has a limited time, many of these problems is not solved. The 

problems are superficially analyzed and some ideas are presented below.  

5.5.1 Final adjustments 

The 8-edge is an estimation of a design, but no investigations regarding which shape that is 

optimal has been done. The main function of the shape is to avoid the rotation around the axis 

of the enclosure and any non-circular shape is good enough for this purpose. However, the 

shape has to be compatible with the selected key. 

There might be a risk for the screws that places the top-part onto the rest of the enclosure to 

unscrew and fall off due to vibrations of the blade on the wind turbine. This could be avoided 

with screws with a stop-function. 
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5.5.2 Dimensions 

The dimensions are based on the discussions and information given from the clients. No 

tolerances are taken into account during the dimension-setting or 3D-modelling. The thickness 

of the entire enclosure is only estimated and no tests have been made regarding which thickness 

that is optimal.  

As soon as any component that is placed in the component box is re-designed and have other 

dimensions than given during this thesis, the dimensions for the entire enclosure will change. If 

the further developments are based on the second idea, presented in chapter 4.4.3, the diameter 

of the hole needs to increase. No studies have been made regarding what impact the hole makes 

on the blade and the wind turbine. 

5.5.3 Screws 

All the screws used in the enclosure are estimated after visualization considerations of the size. 

No calculations have been done in order to know if it will be strong enough or work. The 

screws also have to be long enough to go through the top-part as well as a part of the middle-

part. The holes for the screw head have to be further developed for the screws that are chosen.  

The holes made in the 3D-models are designed after the drilling diameter and no threads have 

been designed.  

5.5.4 Key 

According to chapter 2.5.1 under the theoretical framework, the maximum functional spread for 

the 50th percentile is 142 mm for a man and 127 mm for a woman. This is not an optimum way 

to handle the enclosure regarding an ergonomic point of view. Since the middle-part is 

estimated to 140 mm wide, it is too big to be managed with a human hand. This gives the 

conclusion of using a key for the mounting onto the blade, since the middle-part has to be 

screwed into the bottom-part.  

Researches regarding already existing keys were made and since none of them had the right size 

for what is needed for the top-part, two ideas of possibilities were developed. One is to re-

design the middle-part and top-part, so that the middle-part is smaller and easier to handle by 

hand, Figure 31. The problem with this is that the thickness still is too small and the fingers 

would probably not have the right grip for the force needed when screwing the mounting. The 

other idea is to produce a special key for the mounting for this product. There has been no time 

to further investigate or design a key.   

5.5.5 Door 

The first idea for a door on the component box, the one with screws can be difficult to manage 

since many small pieces are used. These pieces can easily be dropped during the maintenance 

and that can be increased since human fingers can experience stiffness due to the cold weather. 

The second idea for a door, the one that should look like the opening for e.g remote controls or 

cameras, can be designed to not fall off. This could be done with some kind of hinge, made in 

the same plastic material as the rest of the product. There has been no time to further 

investigate or design the door for access to the components in the component box.  
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5.5.6 Mounting of the components 

Since no calculations regarding the pressure and the impact of the functions on the collimator 

are made, the idea cannot be applied directly without further investigations. There has been no 

time to further investigate or develop ideas for the mounting of the terminator.  

5.5.7 Heating of the protection 

During the project, two main ideas have been discussed regarding heating the protection of the 

prism. One is to apply a heating foil on the inside of the protection. The other one is to have a 

thin surface of carbon fiber and to take advantage of the fact that it leads electricity. There has 

been no time to further investigate the idea for a carbon fiber surface, only the foil has been 

lightly investigated.   

5.5.8 Mounting onto the blade 

The first concept and the final result could work as it is, but there is a risk that the mounting 

and component box turns around its own axis, which makes the cables turn and they might 

break. This is solved with the further developments during the discussions described in 4.4.3, 

but there has been no time to apply it further in the final result. 

5.6 Material studies 
During the project, several material studies have been done to get an overall understanding of 

what is needed in the tough climate. The materials that were found through market studies and 

research of the wind turbines doesn‟t have the same properties as the values inserted in CES 

edupack. This is the reason why those materials didn‟t appear in the program while searching for 

materials that could fit the purpose. The temperature that were chosen in the product 

specification to control the material selection, were set to between -50 ˚C and +50 ˚C. This was 

based on the temperature investigation made early in the project and discussions with the 

clients. 

5.7 Top-part FEM 
Calculations for the protecting cover are made for just one material configuration from a 

selected material database. The calculations are also made without the prism, which probably 

affects results due to the absence of pressure gained by the contact after the closure. The aim 

for these calculations is to investigate the closure of the slice and how stresses are distributed 

within the top-part. The force needed to close the gap is another potential result to get from the 

simulations. However, in these calculations the focus is on how the gap is closed and where the 

cover is most likely to break.  

The results for slice 1 indicate that the surfaces will not be able to press together tightly enough 

along the whole slice. The highest stress is found at the center, where the prism is placed, and 

along the slice. Plastic strains are found along the slice, far over the yield limit and mainly along 

the center hole by the prism. The high stress and strain values are found at a few exposed 

elements and should be considered with high precaution.  

The results for slice 2 indicate that the surfaces will press together along the whole gap. The 

highest stress is found in the center, where the prism is placed, and by the window closest to the 

slice. There are some elements with very high plastic strain in the middle, same as before. These 

calculations are made with the assumption that the element size and discretization do not entails 

significant errors. There is no stability calculation done for the calculations.  
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The highest stress result in the first slice is 4.2 GPa and for the second slice 2.9 GPa. The yield 

strength of the applied material is 151.5 MPa, which is about 20 times less than the results given. 

This is unreasonable, but this is localized to a few elements and should be seen as a fault in the 

model.  

5.8 Tests 
Two kinds of tests are made for testing both icing events and functions. The prototype had to 

be grinded at the 8-edge because I set the edges on the exact same dimensions and no tolerances 

were considered.  

5.8.1 Icing events on the top-part 

The printed prototype has a rough surface compared to what the possible materials will give. 

Therefore some icing might be attracted onto other surfaces and areas than if the surface is as 

smooth as the chosen materials. This could have been avoided if there had been more time to 

grind and to level out the surface.  

The bottom surface, where the prism is mounted is flat instead of curved. This made the ice to 

form mainly in the middle, where the prism is placed. This could have been avoided if the 

surface is designed as a curved surface to lead the water and ice away from the prism. This has 

not been considered during the designing process. A curved surface could increase the icing in 

the edges and in the surface of the wall or the water and ice will fall off through the windows. 

The prototype was placed on the 8-edged part during the tests and in real life, the enclosure will 

be placed on the side and it will be rotated with the blades. This could also affect the results and 

give other observations. 

The ice formed in the tests was mainly white and the water is sprayed on during the temperature 

of -19˚C and -21˚C. This indicates of that it is rime ice that is built on the enclosure during the 

tests, according to the theory presented in chapter 2. How other kind of ice forms around the 

enclosure has not been tested due to the limited time and that the spring has arrived in Luleå 

and the required weather conditions has been before the prototype was printed. It was hard to 

see through the white ice when the prototype is white itself, but the observations made gives an 

indication of what can be expected in the created context. A picture of the white ice on the 

white prototype is shown in Figure 48. 

 

Figure 48, Picture of rime ice on the prototype, icing tests 
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5.8.2 Function of the mounting 

The porous foam cylinder made for the testing are not any close to the material used in the final 

product. This test is just an indication of what will happen when pressing it together. This foam 

is pressed together and is slightly pressed on the sides, because there is too much air in the 

material. The place where the glue sits is pressed out more, due to a less porous material. This 

gives an idea of how the real material will act. The correct diameter of the drill for drilling the 

hole in the so called wall was not available at the time, so the hole is about 3 mm to wide. A 

picture of the test held upside down in is shown in Figure 49. 

 

Figure 49, Test for mounting held upside down 

The printed parts in this test are unfortunately not truly adjusted to each other. A miss was 

made in NX, so that the threads on the component box are slightly smaller than the threads on 

the middle-part. However, the pitch size is the same and the threads can be used, even though 

the threads in the component box fits loosely. The test indicates that the concept of function of 

the mounting will work as planned.  

5.9 Animations 
The animations do not concern the mounting of the prism, because there was simply not 

enough time. The quality of the renderings is set on lower than I would have if I had the time to 

let the rendering to go on for a longer period of time. However, the chosen format in adobe 

premiere often lowers the quality in which case a better quality of the pictures might not make 

any difference. That specific format was chosen to lower the file size. Overall, the animations 

visualize the functions as they are supposed to do. 

5.10 Evaluation of the final product 
When evaluating the final product in the result chapter, both the evaluation value and the 

specification factor are subjectively selected. The ratio of 85% should therefore not be 

considered as a final truth. The final product of the enclosure is a first version of the product 

and will be further developed. This product will contribute to decrease the production losses 

since the product can detect icing earlier than other products on the market. This thesis 

contributes to both the safety and mounting of the components in such way that it assists the 

features of the total product.   
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The total product will contribute to a more sustainable environment, since the wind turbines can 

be used even during the most harsh winter conditions. This could help the electric companies to 

focus on renewable energy that is considered as environmental. The decreased production losses 

will give a lower cost to produce energy and this will not only gain the electric companies, but 

also the entire population. A picture of the rendered final product is shown in Figure 50. 

 

Figure 50, Rendered picture of the final product 

5.10 Recommendations 
There has been a limited time during this project, which has left some parts for future work. 

Further developments regarding the mounting on the blade should be carried out, since I didn‟t 

have enough time for more tests and developments. More calculations and developments of the 

holes intended for mounting of the top-part on the middle-part should be carried out since the 

mounting of the prism makes the holes move. This has not been considered while designing the 

3D-models in NX since there simply has not been enough time. 

Continued investigations regarding the stress on both the screws and the enclosure while 

mounting the prism and mounting the top-part onto the middle-part needs to be done. 

Investigations regarding the stress and impact from falling ice on the enclosure while mounting 

the prism should also be carried out. Further investigations regarding the temperature gauges 

and the holes for them should be carried out. No deep studies have been made about how these 

are supposed to work. Also, studies regarding the heating of the surface should be made more 

deepened.  

More developments should be carried out for the mounting of the terminator and the 

collimator. No investigations regarding how the collimator can handle the suggested mounting 

have been made and no suggestions have been given regarding the terminator. Further 

investigations regarding the door on the component-box should be carried out and designed. 

Investigations regarding how the mounting on the blade can be screwed together easily should 

be made as well. Investigations regarding the size and material for the rubber expander part 

should be carried out and tested with the mounting on the blade. Further investigations 

regarding the manufacturing methods should be carried out. 
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5.11 Reflections 
In the beginning of this project, the project scope should have been more carefully designed 

since there were many moments that were difficult to narrow down the project. This made the 

project more stressful than it had to be. For me, a project with a scope of “do one part and the 

second if there is time”, makes me really want to deliver both parts even though there simply is 

no time for it.  There were also moments in the project where it was difficult to narrow down 

what really was relevant for the thesis. The investigations and theory could have been both 

smaller and larger than it became. I experience that the investigations took more time than I 

originally thought it would take. The project and thesis have not only taught me the importance 

of planning and limit myself early, but also that it is difficult to stick to the plan when there is a 

need of doing more than expected in the beginning.   

I am satisfied with the work that I have put in this project and I believe that the thesis will 

contribute to develop an effective sensor for ice detection on wind turbines. Even though I 

have found parts of the project difficult and challenging, I have delivered more results than what 

the clients originally asked for.  
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6 Conclusions 
In this chapter all the research questions stated in the beginning of this thesis will be answered. 

In the end of this chapter, an analysis regarding the objectives and aims in the project and the 

fulfillment of them will be made.  

6.3 Research question 1 
What material is best suited for the harsh weather in the north? 

During the project, many investigations regarding the material choice have been made. But since 

the final design for the entire enclosure is not completely finished, the final material choice has 

not been made yet. Three materials that are suited for the weather conditions and the current 

design have been analyzed and summarized in a material information sheet. The final material 

choice is dependent of the future design developments and manufacturing methods that the 

clients‟ want to use. The three materials are PET (45% glass fiber), PC (30% glass fiber) and 

SMC epoxy (glass fiber) due to their mechanical and thermal strengths and the price (SEK/kg).  

6.4 Research question 2 
How will the enclosure be simple to handle regarding the assembling, disassembling and maintenance? 

The concept developed from designteam 2014 is mainly focused on the mounting onto the 

blade and needs to be managed from both the inside and the outside at the same time. During 

the project a design of a mounting that can be handled only from the outside of the blade wall is 

developed. The design makes the assembling, disassembling and maintenance easy to use even if 

the blades are mounted on the wind turbine. 

6.1 Research question 3 
How will the prism have the same temperature as the environment? 

Since the prism in the clients‟ product needs to maintain the same temperature as the blade, two 

temperature gauges are placed on each surface. The temperature is supposed to be the same on 

both surfaces, for the product to maintain its purpose. Because of the risk of icing on the 

protection of the prism, a third gauge is placed on the wall surface on the protection for the 

same purpose as for the first two. In this way the icing can be monitored through the 

temperature, if it is falling or increasing. Heating equipment is placed on the surfaces to steer the 

temperatures and to make sure that they retain the same temperature. 

6.2 Research question 4 
How will the enclosure protect the sensor from falling ice? 

A wall is placed around the prism for protection and it is shaped as a helmet to steer ice away 

from the prism if it slides on the blade. The enclosure is designed in a material that can manage 

high stress and external influences. The prism is mounted in such a way that it is attached and 

secured on the surface.  
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6.5 Research question 5 
How will the design affect the sensor? 

The protection of the prism can attract icing itself, which affects the purpose of the product. To 

make sure that the beneficial icing that is needed is created, four openings are designed on the 

protection. One is placed on the top, the other three are placed along the wall as windows. Since 

there have been no investigations regarding what stress the mounting of the prism can create on 

the prism, no conclusions have been made about how the design of the mounting can affect the 

sensor. 

6.6 Project objectives and aims 
The purpose of the project is to develop an enclosure for the sensor that protects it from external influences, such as 

weather conditions. 

Early in the project, discussions regarding the need of protection for the prism were executed, 

which resulted in several investigations necessary to answer the question. After finding out that 

the prism needs to be protected from falling ice, the protection was designed to enclose it. 

Studies regarding the mounting of the prism were made so that the prism is fixed to the surface 

without any high theoretical risk of non-advantageous external influences. The project resulted 

in an enclosure that, in theory, protects the external components from falling ice and additional 

icing.  

 The aim is to deliver a suggestion for the design of the enclosure for the given sensor. The enclosure must also solve 

some of the problems related to the weather conditions that have been identified by previous studies. A prototype of 

the enclosure, 3D-visualizations, drawings and material descriptions will be delivered to the client. 

A suggestion for a design of the enclosure has been delivered. The prism needs to be exposed to 

some of the weather conditions to maintain its purpose, which is the reason of the windows on 

the protection.  The project resulted in a 3D-printed prototype, 3D-vizualisations, drawings, 

material descriptions of three potential materials and an animation that shows the functions.  
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Appendix I – Concept “Designteam 2014” 

This appendix presents the concept developed during the Designteam 2014 for mounting the enclosure 

on the blade. Figure 1 show all the parts and Figure 2 shows it mounted on the wall of the wind turbine. 

 

Figure 1, All the parts in the concept 

 

Figure 2, The concept mounted on the wall 
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APPENDIX II – Gantt chart 

This appendix presents the gantt chart for the process. A gantt chart, Figure 1, for the process is designed 

for an overall help during the project. 

 

 

Figure 1, Gantt chart 
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APPENDIX III – Gantt chart report 

This appendix presents the gantt chart for the report. A gantt chart, Figure 1, for the report is designed for 

an overall help during the project. 

 

Figure 1, Gantt chart for the report 
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Appendix IV – Product specification 

This appendix presents the product specification. The product specification is designed to understand 

which parts of the project that is more crucial and to help both the design process and the selections. A 

specification factor is given to each demand for an overall view of the more crucial demands. The product 

specification is shown in Table 1. 

Table 1, Product specification 

 

  

Demands Specification factor 
9=highest, 1=lowest 

The prism has to be protected from falling ice 5 

The prism has to be mounted without any impact 9 

The mounting/attachment has to be safe 6 

The product should not be able to turn (because of cords) 4 

The prism has to have the same temperature as the 
environment 

9 

Mounting, dismounting and maintenance has to be managed 
smoothly 

5 

The product has to be dimensioned after anthopromethic 
dimensions of a human hand  

7 

The product has to tolerate between -50˚C and + 50˚C 9 

The product has to withstand forces of at least 30N 9 

The product has to maintain a low cost 6 
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Appendix V – Idea development 

This appendix presents the ideas that are generated from the idea development phase, made by several 

creative methods. In the end of the idea development process, the following sketches, Figure 1, are 

presented to the clients.  

 

 

 

Figure 1, Sketches from the idea development process 
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Appendix VI – FE-analysis prism 

This appendix presents the calculations and FE-analysis made for the prism. The following calculations 

are made to estimate the force applied on the prism. This is made throughout general formulas to get an 

indication of the event. 

        

      .  

Assumptions:              , the ice only falls downwards without other influences.  

                          .  

                           

Data:              (Nordling & Österman, 2009, p 33)1 

Calculations:                              

                       .  

A safety margin;        gives                          

                            

                        .  

A safety margin:        gives                        

The material data that were given by the client is assigned in NX is shown in Table 1. 

Table 1, prism material data 

Properties Value Unit 
Density              

Tensile strength 49 MPa 

Young‟s modulus 73.1 GPa 

Shear modulus 31.4 GPa 

Poisson‟s ratio 0.17 - 

 

With the calculations made above, the force in all the following solutions is estimated to 30N. The force is 

static and a time-variation is applied. The force increases from 0 N to 30 N in 0.5 seconds and is on the 

prism for one second before it decreases during 0.5 seconds, however the material properties are not time 

dependent. The tetrahedral element has 4 nodes and the size of each element is set on 1 mm. There are a 

total of 4112 elements in the mesh. A picture of how the element looks like is shown in Figure 1. 

                                                   
1 Nordling, C., Österman, J. (2009). Physics handbook; for science and engineering. Lund; Studentlitteratur 
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Figure 1, The tetrahedral element with 4 nodes 

Three forces are applied separately and the free body diagram is shown in Figure 2. The first force is 

applied in the side surface, (1). The second force is applied on the edge between the side surface and the 

angular surfaces, (2). The third force is applied on the tip of the prism, (3). 

 

Figure 2, free body diagram for the prism 
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Appendix VII – Concepts prism protection 

This appendix presents concepts of the protection of the prism and the following pictures are simple 

renderings of the concepts. 

Wallie, Figure 1, is designed to have walls faced only to the sensitive edges of the prism. The walls are 

angled for protection of sliding ice, so that the ice slides off the blade and the enclosure due to the angles. 

 

Figure 1, Wallie 

R2D2, Figure 2, is designed as a helmet with 3 windows and a hole in the top. The helmet is angled for 

protection of sliding ice, so that the ice slides off the blade and the enclosure due to the angles. 

  

Figure 211, R2D2 
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The castle, Figure 3, is designed as a wall around the prism, as a wall designed around a castle for 

protection. This concept is mainly designed for protection of sliding ice, so that the ice slides off the blade 

and the enclosure due to the angles of the wall. 

 

Figure 3, The castle 

The screw head, Figure 4, is designed as a half sphere around the entire prism with an opened slice along 

one side. The sphere is for protection of sliding ice, so that the ice slides off the blade and the enclosure 

due to the angles, as well as for falling ice directly on the enclosure. 

 

 

Figure 4, The screw head 
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Appendix VIII – Concepts prism mounting 

This appendix presents the concepts of the mounting of the prism and the following pictures are simple 

renderings of the concepts.  

The pinch, Figure 1, is designed to pinch the prism onto place with a single screw. This is a way to 

simplify the solution on the market and to integrate it more easily with the rest of the enclosure. 

 

Figure 1, The pinch 

The double pinch, Figure 2, is designed to pinch the prism onto place with two screws. This is a way to 

simplify the solution on the market and to integrate it more easily with the rest of the enclosure. 

 

Figure 2, The double pinch 
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The notch, Figure 3, is designed to mount the prism without possibilities of dismounting it.  This is a way 

to mount the prism without any impact of the design of the enclosure. 

 

Figure 3, The notch 

The screw. Figure 4, is designed with a slice along the flat head of a screw that goes down a bit on the 

screw. When the screw is screwed onto place, the slice is pressed together and the prism is set on place.   

 

Figure 4, The screw 
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Appendix IX – Material diagrams 

This appendix presents the material diagrams that were constructed in CES edupack, Figure 1 and Figure 

2.  

 

Figure 1, Diagrams of materials 



Appendix 

 9/16 

 

 
 

 

 

Figure 2, Diagrams of the materials 
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Appendix X – Material information sheet 

This appendix presents the material information sheet that is delivered to the clients. 

Material information 

During the project some materials were detected as possible choices for the enclosure. All information 

below is gathered from CES edupack in the time range December 1 and March 20. 

Epoxy SMC (glass fiber) 

The composition of this material is Epoxy and glass filler. The composition is divided into 50-85% 

polymer and 15-50% glass fiber and because of the various ways to combine the polymer and glass fiber, 

the properties of the material varies.  

Epoxy: The epoxy is a polymer with the class thermoset plastic and the polymer’s full name is Epoxy Resin. Epoxy has a 

very good creep resistance and electrical insulation properties. The material has a high resistance to cracking when used to 

encapsulate metals. The epoxy is often used as a matrix for advanced fiber composites and is easy to mold. Most thermoset 

processing techniques are suited for epoxy. When unfilled, the epoxy has a poor machinability, but when filled the 

machinability is very easy. The surface is very suitable for painting.  

The price is estimated and varies between 33.5 and 42.4 SEK/kg and the density varies between 1500 and 

1800 kg/m3. In Table 1, the mechanical properties are listed. 

Table 1, Mechanical properties of Epoxy SMC (glass fiber) 

Mechanical properties Minimum Maximum Unit 
Young‟s modulus 13.8 27.6 GPa 

Yield strength (elastic limit)* 119 193 MPa 

Tensile strength 138 241 MPa 

Elongation 0.5 2 % strain 

Compressive modulus* 13.8 27.6 GPa 

Compressive strength 138 207 MPa 

Flexural modulus 13.8 20.6 GPa 

Flexural strength (modulus of rupture) 345 483 MPa 

Shear modulus* 5.21 10.4 GPa 

Bulk modulus* 18.2 19.1 GPa 

Poisson‟s ratio 0.313 0.342  

Shape factor 11   

Harness – Vickers* 33.1 57.8 HV 

Hardness – Rockwell R* 130 135  

Fatigue strength at 107 cycles* 55.2 96.4 MPa 

Mechanical loss coefficient (tan delta)* 0.00392 0.00637  
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In Table 2, the thermal properties are listed. 

Table 2, Thermal properties of Epoxy SMC (glass fiber) 

Thermal properties Minimum Maximum Unit 
Glass temperature* 67 167 ˚C 

Heat deflection temperature 0.45 MPa* 286 343 ˚C 

Heat deflection temperature 1.8 MPa 261 316 ˚C 

Maximum service temperature* 170 190 ˚C 

Minimum service temperature* -123 -73 ˚C 

Thermal conductivity 0.6 0.7 W/m. ˚C 

Specific heat capacity 891 909 J/kg. ˚C 

Thermal expansion coefficient 21.2 22 µstrain/ ˚C 

According to CES edupack, the properties marked with a * is an estimation and no warranty can be given 

for the accuracy. The durability against both fresh water and salt water is excellent. The durability against 

weak acids is acceptable and against strong acids is unacceptable. The flammability is slow-burning. The 

processing properties are given by the linear mold shrinkage that is between 0.091-0.11% and the molding 

pressure range is between 3.44-13.8 MPa.  

PC (30% glass fiber)  

The composition of this material is polycarbonate and glass filler. The composition is divided into 70% 

polymer and 30% glass fiber.  

Polycarbonate: Polycarbonate is often used for safety helmets and housings for power tools. It is a tough and impact-

resistant material and is possible reinforce with glass fibers which gives better mechanical properties at high temperatures. 

Polycarbonate is often called as one of the “engineering thermoplastics” due to its high mechanical properties compared to 

cheaper polymers. 

The price is estimated and varies between 31.8 and 36.3 SEK/kg and the density varies between 1400 and 

1430 kg&m3. In Table 3, the mechanical properties are listed. 

Table 3, Mechanical properties of Polycarbonate (30% glass fiber) 

Mechanical properties Minimum Maximum Unit 
Young‟s modulus 8.62 9.65 GPa 

Yield strength (elastic limit)* 105 110 MPa 

Tensile strength 131 138 MPa 

Elongation 2 5 % strain 

Compressive modulus 8.72 9.16 GPa 

Compressive strength* 124 138 MPa 

Flexural modulus 7.38 7.75 GPa 

Flexural strength (modulus of rupture)* 183 193 MPa 

Shear modulus* 3.18 3.55 GPa 

Bulk modulus* 10.4 10.9 GPa 

Poisson‟s ratio* 0.35 0.364  

Shape factor 7.3   

Harness – Vickers* 31.4 33.1 HV 

Hardness – Rockwell R 113 125  

Fatigue strength at 107 cycles 36 40 MPa 

Mechanical loss coefficient (tan delta)* 0.00818 0.00886  
 

In Table 4, the thermal properties are listed. 



Appendix 

10/16 

 

 
 

Table 4, Thermal properties of Polycarbonate (30% glass fiber) 

Thermal properties Minimum Maximum Unit 
Glass temperature 142 158 ˚C 

Heat deflection temperature 0.45 MPa 149 152 ˚C 

Heat deflection temperature 1.8 MPa 146 149 ˚C 

Maximum service temperature* 112 127 ˚C 

Minimum service temperature -47 -37 ˚C 

Thermal conductivity 0.29 0.32 W/m. ˚C 

Specific heat capacity* 1370 1420 J/kg. ˚C 

Thermal expansion coefficient 39.6 41.4 µstrain/ ˚C 

According to CES edupack, the properties marked with a * is an estimation and no warranty can be given 

for the accuracy. The durability against both fresh water and salt water is excellent. The durability against 

weak acids and strong acids is also excellent. The flammability is self-extinguishing. The processing 

properties are given by the linear mold shrinkage that is between 0.1-0.2% and the molding pressure range 

is between 69-206 MPa.  

PET (45% glass fiber) 

The composition of this material is polyethylene terephthalate and glass filler. The composition is divided 

into 55% polymer and 45% glass fiber.  

Polyethylene Terephthalate: Polyethylene Terephthalate is a thermoplastic and is mostly used for blow-molded drinks 

or food containers. The PET has high strength and stiffness, and has a poor machinability. It is mostly suited for blow-

molding and injection molding. Extrusion and vacuum-forming can be difficult. The surface is very suitable for painting. 

The price is estimated and varies between 16.3 and 22.2 SEK/kg and the density varies between 1680 and 

1720 kg&m3. In Table 5, the mechanical properties are listed. 

Table 5, Mechanical properties of polyethylene terephthalate (45% glass fiber) 

Mechanical properties Minimum Maximum Unit 
Young‟s modulus* 14.1 14.8 GPa 

Yield strength (elastic limit)* 150 165 MPa 

Tensile strength 187 206 MPa 

Elongation 1.86 2.15 % strain 

Compressive modulus* 14.1 14.8 GPa 

Compressive strength* 180 198 MPa 

Flexural modulus 14.1 14.8 GPa 

Flexural strength (modulus of rupture) 296 326 MPa 

Shear modulus* 5.26 5.52 GPa 

Bulk modulus* 14.6 15.4 GPa 

Poisson‟s ratio* 0.333 0.347  

Shape factor 7.7   

Harness – Vickers* 31.4 33.1 HV 

Hardness – Rockwell R* 110 125  

Fatigue strength at 107 cycles* 68.9 89.6 MPa 

Mechanical loss coefficient (tan delta)* 0.00607 0.00627  

 

In Table 6, the thermal properties are listed. 

Table 6, Thermal properties of polyethylene terephthalate (45% glass fiber) 
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Thermal properties Minimum Maximum Unit 
Glass temperature 60 84 ˚C 

Heat deflection temperature 0.45 MPa* 231 282 ˚C 

Heat deflection temperature 1.8 MPa 206 255 ˚C 

Maximum service temperature* 183 201 ˚C 

Minimum service temperature* -58 -38 ˚C 

Thermal conductivity* 0.548 0.607 W/m. ˚C 

Specific heat capacity* 1200 1250 J/kg. ˚C 

Thermal expansion coefficient* 28.7 29.3 µstrain/ ˚C 

According to CES edupack, the properties marked with a * is an estimation and no warranty can be given 

for the accuracy. The durability against both fresh water and salt water is excellent. The durability against 

weak acids is acceptable and against strong acids is unacceptable. The flammability is highly flammable. 

The processing properties are given by the linear mold shrinkage that is between 0.2-0.9% and the 

molding pressure range is estimated between 55-82.5 MPa.  
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Appendix XI – Visualizations 

This appendix presents the rendered pictures made in Alias automotive. In Figure 1, visualizations for the 

top-part and the entire mounting is shown and in Figure 2, visualizations of the final product is presented. 

 

Figure 1, Visualizations top-part and mounting 
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Figure 2, Vizualisations final product 
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Appendix XII – Drawings 

This appendix presents the drawings generated in Siemens NX. The first drawing is with the top-part, the 

second is with the middle-part and the third is with the component box. 

 



Appendix 

12/16 

 

 
 

 



Appendix 

12/16 

 

 
 

 



Appendix 

12/16 

 

 
 



Appendix 

13/16 

 

 
 

Appendix XIII – FE-analysis top-part 

This appendix presents the calculations and FE-analysis made for the top part. The material assigned 

is the mean value for Epoxy SMC (glass fiber) that is given from CES edupack, Table A. Note that 

the data may not be found on an existing material since they are picked out from a wide range.  

Table A, Material data for the calculations on the top-part 

Properties Value Unit 
Density 1650        

Yield strength 151.5 MPa 

Young‟s modulus 20.7 GPa 

Shear modulus 7.805 GPa 

Poisson‟s ratio 0.3275 - 
 

One side of the slice is fixed where the hole for the screw is, the other side is given a forced 

displacement to close the gap. The distance between the two surfaces on the outer perimeter is 

measured and applied on the displacement. . The surfaces are constrained so that the surfaces do not 

go through each other, so that they stop when touching. The tetrahedral element has 4 nodes and the 

size of each element is set on 1 mm. There are a total of 668097 elements in the mesh. A picture of 

how the element looks like is shown in Figure 1. 

 

Figure 1, The tetrahedral element with 4 nodes 

The free body diagram is shown in Figure 2.   

 

Figure 2, free body diagram for the top-part 
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Appendix XIV – Pictures of the prototype 

This appendix presents the pictures taken of the prototype. Only the top of the component box is printed 

since the component box is not fully developed and only the top is needed in the further tests.. Figure 1 

and Figure 2 presents the top part, Figure 3 the middle-part and Figure 4 shows both the component box 

and the middle-part. Figure 5 shows the mounting and Figure 6 presents the final product. 

 

Figure 1, Picture of the top-part 

 

Figure 2, Picture of the top-part seen from the top 
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Figure 3, Picture of the middle-part 

 

Figure 4, Picture of the middle-part and the top of the component box 



Appendix 

14/16 

 

 
 

 

Figure 5, Picture of the mounting 

 

Figure 6, Picture of the final product
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Appendix XV – Pictures of the icing 

This appendix presents the pictures of the icing on the top-part during the tests made. The tests are made 

to evaluate whether the icing on the enclosure affects the prism and if it need to be redesigned. The tests 

last for a total of 48 hours and the freezer is set on between -19˚C and -21˚C. Figure 1, 2 and 3 shows the 

icing after 24 hours. 

 

Figure 1, Icing seen from the top, in the freezer, after 24 hours 

 

Figure 2, Icing after 24 hours 
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Figure 3, Icing after 24 hours 

Figure 4, 5, 6 and 7 shows the icing after 48 hours. 

 

Figure 4, Icing after 48 hours 



Appendix 

15/16 

 

 
 

 

Figure 5, Icing after 48 hours 

 

Figure 6, Icing efter 48 hours 
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Figure 7, Icing after 48 hours
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Appendix XVI – Pictures of the mounting 

This appendix presents the pictures of the mounting of the enclosure onto the blade of the wind turbine. 

The test is made with the middle-part and the part of the component box that were printed and a cut out 

piece of porous foam. The wall that the mounting is tested on is a piece of wood that has a hole carved 

out. The wood is supposed to symbolize the wall of the blade in the wind turbines. The first picture, 

Figure 1, shows the glued edge. 

 

Figure 1, The glued, porous cylinder 

The second picture, Figure 2, shows the mounting before the middle-part is screwed. 

 

Figure 2, Mounting before the test 
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The third picture, Figure 3, shows the mounting before the middle-part is screwed, when it is in the hole if 

the wall. 

 

Figure 3, Mounting before the test together with the wall 

The fourth picture, Figure 4, shows the foam when the mounting is pressed together as far as it goes. 

 

Figure 4, The mounting during the test 
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The fifth picture, Figure 5, shows the inside of the wall when mounted. 

 

Figure 5, The mounting during the test 

The sixth picture, Figure 6, shows the outside of the wall when mounted and held upside-down. 

 

Figure 6, The mounting during the test 

 


