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Abstract 

A large part of electricity in Sweden is produced by hydropower plants, which are a safe and 

pollution-free source for electricity production. In the cold season, when the temperature of water 

decreases to below zero, water can be frozen and different types of ice will be generated. Frazil Ice is 

one type of ice that is made by turbulent water. This type of ice flows into rivers and blocks trash 

racks.  Trash racks prevent the entrance of different things such as leaves, woods, stones and fishes 

into the turbines, but when they are blocked by the ice, water cannot go through them, thus turbines 

cannot work. 

Träbena is a hydropower station located at the Ätran River in south Sweden, and it suffers from frazil 

ice problems during the winter. To solve  this problem, a heating system has been installed on the trash 

rack to melt frazil ice. Currently, the heating system works manually, but for energy saving, an 

automatic switch has been designed with a capacity sensor to detect the frazil ice thus turning the 

heating system either on or off. A test rig should be designed to test  the sensor’s performance as well 

as to discover the best program for that sensor. 

In this research, following certain constraints such as cold store and trash rack dimensions, a test rig 

has been designed to test the frazil ice detector, using different variables such as temperature and water 

flow. The model of the test rig has been evaluated by static analysis, and water flow has been 

simulated to show how the water becomes turbulent in the test rig. 
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1 Introduction 

Sweden is one of the nations that use and produce the most hydropower in the world. Swedish 

hydropower produces about 65 TWh of electricity (about 45% of Swedish electricity) 

(Brändström, 2013). Träbena power station, owned by Wetterstad Consulting AB, is a small 

water power plant at the Ätran river, in south Sweden, that consists of two turbines (60 kW 

and 20 kW) (Figure 1). 

 

Figure 1. Träbena Power station (Wetterstad, 2014). 

In the winter, frazil ice problems occur when the water is supercooled and turbulent. 

The frazil ice is composed of many small crystal ices.  When the water flow is high and the 

water surface loses heat rapidly, the generated ice is like a dynamic slush (it is not a 

monolithic ice). It looks like snow floating in the river, but it is soft and unconsolidated 

(Figure 2). 
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Figure 2. The frazil ice floating in rivers. 

The frazil ice blocks trash racks of the Träbena power station in the winter, and this is a 

common problem for most hydropower stations (Figure 3). Trash racks are vertical bars that 

are installed in the way of the flowing river, before the turbines, to prevent entrance of fishes, 

leaves, woods, stone or other objects into the turbines. 

 

Figure 3. Frazil ice blockages of intake trash racks (Daly, 1991). 

To resolve this problem a resistant heater is used, and an automatic heating system is 

suggested in order to economize the energy consumption, as well as to automatically operate 

the heating system whenever frazil ice is formed.  

To examine the performance of the automatic heating systems, a capacitor sensor for different 

performances and a test rig should be designed (Artola & Garceran, 2014). 

Some different test rigs were designed and created  previously, with their own specifications. 

These test rigs come in many forms and can be used within a broad spectrum of  industries. 
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1.1 Background 

The Träbena power station generates about 200,000 kWh energy per year. The turbines are 

Francis type, with vertical propeller shafts (Figure 4). 

 

Figure 4. Francis turbine. 

In the winter, frazil ice occurs when water is supercooled (the temperature of the water will be 

below 0°C), and trash racks are blocked by frazil ice. Frazil ice sticks to the trash racks and 

accumulates until it stops the water flow and power generation. Ice blockage in trash racks 

occurs in "run of the river" hydropower plants. In the Träbena, frazil ice forms periodically 

every winter, but when they block trash racks, the power station is stopped for months until 

the ice is melted. Other hydropower stations also face this kind of problem (Andersson, Frazil 

ice at water intakes, 1997). 

Variability of ice type depends on how ice forms. Different ices can be classified into 

different groups: 

 Blue Ice: In calm rivers and lakes, blue ice grows on all water surfaces. This ice is 

named Blue ice because it is thin and clear to see the water underneath (Figure 5). 

 

Figure 5. Blue ice. 



4 
 

 White ice: In dynamic rivers, white ice is formed on ice surfaces by snow flooding. 

This ice is named white ice because of air bubbles in the ice (Alberta, 2013)      

(Figure 6). 

 

Figure 6. White ice. 

 Jam ice: The ice jam is a type of ice that grows where the river transitions from steeper 

to milder.  It is also created when moving ice meets an intact ice cover at the point of 

outflow into a lake or on the edge of a glacier or ice sheet. The strength and quality of 

this ice is similar to frazil ice (Rafferty, 2009) (Figure 7). 

 

Figure 7. Jam ice. 

 Frazil ice: Frazil ice is a natural phenomenon, and it looks like snow crystals that have 

been created in the winter in supercooled and turbulent water (Andersson, Frazil ice at 

water intakes, 1997) (Figure 8).  
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Figure 8. Frazil ice crystals. 

Frazil is derived from the French word "cinders," due to its resemblance. Frazil ice evolution 

is an important factor that should be considered for the construction and operation of 

hydropower plants.  

The most common shape of frazil ice in rivers is similar to flat disks (Figure 9). 

 

Figure 9. Evolution of the shape of frazil ice particles (Daly S. F., 2004). 

In 1997, research was done on two rivers in Sweden (one in the North and another in the 

South), and underwater video cameras were installed to record the ice deposition pattern and 

accumulation. The velocity was measured by using an electromagnetic velocity meter. 

The head losses at the trash rack were recorded by cameras in the water, upstream of the 

hydropower plant and downstream of the trash rack. One of the results that were recorded 

about ice accretion showed that ice accretion started from the upper portion of the bars close 
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to the free surface of the water, and the accretion was greater there than at the lower part of 

the bars (Andersson, Frazil ice at water intakes, 1997) (Figure 10). 

 

Figure 10. Ice accumulation pattern along the length of a single bar (side view) (Artola & 

Garceran, 2014). 

From the tests that were carried out on several shapes of bar cross sections, it was concluded 

that the bar’s shape had no effect on frazil ice formation, while the space between bars had a 

significant effect on the ice blockage. When the space between bars increases, the blocking 

process will be slower. According to Swedish regulations for environmental purposes as well 

as to prevent fishes entering the turbines,  the distance between the bars has been set to a 

maximum of 15mm for all hydropower stations. In Träbena power station, the distance 

between bars is 20mm, and it has been designed according to previous regulations. (Artola & 

Garceran, 2014). 

In the Träbena power station, trash racks are equipped with an electrical heating system in 

some sections to prevent clogging of the trash racks by frazil ice. The heating system requires 

lots of energy to remove ice blockage from trash racks. Currently, a manual switch and also a 

water level switch are installed for turning on and off the heater. Since it is a manual switch 

and is controlled by operators, sometimes the heater works unnecessarily. 

To resolve this problem, an automatic heating system (by the constructors of the power mill) 

with a capacity sensor for controlling the functionality of the system has been suggested 

(Artola & Garceran, 2014), and a test rig should be designed to analyze this automatic system. 
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1.2 Problem statement 

As mentioned before, Träbena power station had a frazil ice problem, and the problem has 

been solved by installing a heating system, with a manual switch for controlling it, but this 

manual system is costly. This heating system needs an automatic system to detect frazil ice, as 

well as to order the heating system to work when the frazil ice accretes. In the year 2014, two 

students from the University of Skövde in Sweden (Losu Carrera Artola and Alejandro 

Lucena Garceran) devised an instrument to detect the frazil ice generation in water at the 

upstream by mounting a capacitor in the trash racks. They considered that when the frazil ice 

comes into the space between the plates of the capacitor, its capacitance will vary indicating 

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

signal is sent to the heating system to start the operation (Artola & Garceran, 2014)       

(Figure 11). 

 

Figure 11. Single coated steel plate attached to a bar of the trash rack (Artola & Garceran, 

2014). 

For a better understanding of the problem that is caused by frazil ice on hydropower plants, 

and to evaluate the performance of the automated system suggested for detecting frazil ice 

accretion, a test rig should be designed according to previous test rig designs. Previous test 

rigs did not have any capacity sensor, so a capacity sensor should be considered in the project. 
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The direct development of this system in the water stream of Träbena power station would be 

too difficult due to the few days of frazil ice occurrence in a year. The test rig should be 

placed and used in a cooling container.    

The problem of frazil ice formation is a complex process because of the many factors 

involved in this phenomenon. In order to have comprehensive laboratory measurements of 

frazil ice, the following factors should be considered: 

 Heat transfer rate from inflowing water  

 Salinity of the water 

 Seeding rate in the water 

 Flow speed  

 Degree of turbulence 

 Degree of sediments 

 Degree of supercooling 

Several institutions and research centers like LTU Luleå, NTNU Trondheim, and CRREL 

Main USA have devised and constructed test rigs for frazil ice formation in order to approach 

a better perception from parameters and factors that affect the phenomena of frazil ice 

crystallization. The test rig is an elaborate unit including several test criteria in order to show 

the operation of water flow and conditions as real as natural river water (Figure 1Figure 12). 

 

Figure 12.  A sample of test rig that had been designed at Hamburgische Schiffbau-

Versuchsanstalt (HSVA) Environmental Basin (Hammar L., o.a., 2002). 
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1.3 Goal and purpose 

The goal of this master’s thesis project is to design a new test rig with all cold equipment such 

as a flat water channel, photo detection and sensors, as well as the capacity sensor that was 

previously designed by Artola and Garceran. This capacity sensor is a new component that 

did not exist in the previous test rig. For this project, modern simulation and design tools 

should be used, which will give a better perception of the phenomena of frazil ice formation, 

so that the research would provide a reference for upcoming research in this field. 

To achieve the goals of this project, the following objectives were defined as follows: 

 Design a complete test rig with the entire drawing and specification list based on the 

required achievement of this test rig. 

 Perform a static analysis of the test rig. 

 Perform a flow analysis of the test rig for turbulent flow. 

The test rig should be able to test the automated heating system according to the following 

specifications: 

 Total size of test rig 

 Material of test rig  

 Position of trash racks 

 Flow generation 

 Pressure, velocity, degree and height of water 

 Number and position of cameras  

 Number and position of thermometers 

The purpose of the test rig is to analyze the performance of frazil ice detection systems 

according to different variables. The performance of capacity sensors and the location of 

components will be clarified by such analyses. The goals which we specify in this project are 

interesting for many research centers and institutions because the frazil ice blockage of trash 

racks is costly to many sectors of industry, navigation, and military, and devising a reliable 

method or detection system which can work automatically would provide very big savings in 

money, labor and malfunction elapsed time. 

The firms and associations which are concerned with this research are as follows: 
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 International Association for Hydro-Environment Engineering and Research (IAHR) 

 Small hydropower mills, of which there are more than two thousands of in Sweden 

 Big power stations in Sweden Vattenfall, E.ON, Fortum, Statkraft and Svensk 

Vattenkraftförening 

 Universities and institutions that are concerned with frazil ice researches 
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2 Literature review 

In this section, some features of frazil ice such as the size of frazil ice and frazil concentration 

will be reviewed, and the effects of turbulence, flow and temperature on frazil ice will be 

explained.  

Afterward, some specifications about a test rig that had been designed previously will be 

explained.  

As mentioned, frazil ice looks like snow crystals that have been created in supercooled and 

turbulent water. Because of the following reasons, the frazil ice accumulation initially occurs 

on the surface of the water, near the trash rack (Andersson & Daly, 1992): 

 Low temperature may increase adherence between trash rack bars and frazil ice.                                                                                     

 Because of buoyancy of the frazil ice crystals, they accumulate on the surface more 

than other locations. 

 Before the trash racks are blocked by frazil ice, minute variations could coat them with 

a thermally grown ice at the water line. 

A series of results about frazil ice were obtained from previous researches: 

 Ice accretion develops on the upper portion of the bars close to the free surface of the 

water more than on the lower part of the bar. 

 The accumulation pattern and blockage  of trash racks are similar for different shapes 

of trash racks’ bars. The distance between the bars has the most important influence on 

the blocking process. The greater the distance, the longer the time the blocking 

processes take.  

 Frazil ice forms in turbulent water, and the water flow is high in the areas that frazil 

ice accumulates (Figure 13). 

 Frazil ice is accumulated with uniform porosity (Annika & Daly, 1992). 
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Figure 13. Frazil ice form in turbulence water. 

 

2.1 Size and model of frazil ice 

According to previous researches, the size of frazil ice depends on the level of heat transfer 

between ice crystals and water flow, and the level of heat transfer is dependent on turbulence 

intensity (Hammar & Shen, 1991). 

The size of frazil ice evolution is divided into 10 diametrical size groups, and seed crystals is 

placed in the first group. The following data was presented by Hammar and Shen (Table 1) 

(Hammar & Shen, 1991). 

 

Group 

number 
1 2 3 4 5 6 7 8 9 10 

Size (mm) 0-0.5 0.5-1 1-1.5 1.5-2 2-2.5 2.5-3 3-3.5 3.5-4 4-4.5 4.5-5 

Table 1. Sizes of frazil ice. 

The size of frazil ice was assumed as the minimum size, like the size of a water molecule 

(Figure 14). The larger crystals’ size was related to the greater intensity of turbulence. 
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Figure 14. Frazil ice crystals, the diameter of the glass plate is 90 mm (Mc Guinness, 

Williams, Langhorne, Puride, & Crook, 2009). 

 

The growth time of frazil ice varies with the thickness of frazil ice (Figure 15) (Mc Guinness, 

Williams, Langhorne, Puride, & Crook, 2009).  

 

Figure 15. The difference between thin sea ice and thick sea ice to growth time of frazil ice 

(Mc Guinness, Williams, Langhorne, Puride, & Crook, 2009). 

Different features of frazil ice dynamics have been characterized with different models. One 

dynamic model, which describes a heat balance equation that is nonlinear, was offered by 

Daly in 1994. In the same year, the mathematical model of frazil ice dynamics was offered by 
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Omstedt and Svensson (Ye & Doering, A model for the vertical distribution of frazil ice, 

2003). 

Mercier used the Monte Carlo technique for a kinetic model of frazil evolution and captured 

imagery of frazil formation in 1984 (Mercier, 1984). 

Another model is one of two dimensional turbulence. According to thermal increase, the 

evolution of frazil ice was examined and modified, and this model was presented by Hammer 

and Shen in 1995 (Ye & Doering, Frazil Size and Flow Turbulence, 2011). 

To analyze the evolution of frazil ice, a 3-D Eulerian multiphase model combined with the high 

Reynolds number k–ε turbulence model has been presented (Xiaoling, Ziqiang, Tao, & Juan, 2009). 

Dynamic features of frazil ice can be modeled and described using the aforementioned methods.  

2.2 Water turbulence and water flow  

The turbulence kinetic energy is the kinetic energy per unit mass of the turbulent fluctuations 

in a turbulent flow. (Turbulence kinetic energy, 2011), and it can be measured by the water 

flow average (Figure 16). 

Spectral sub regions of velocity fluctuations can be divided into three regions: 

1. Wall region: this region corresponds to the ‘inner layer’ of classical boundary-layer 

treatments. 

2. Free-surface region: in this region, external variables control turbulence, by impacting 

max main way velocity (U max) and flow depth (h). 

3. Intermediate region: this region is not strongly influenced by either the wall properties 

or the free surface; instead it corresponds loosely to the inertial subrange of the 

spectral distribution (Ye & Doering, Frazil Size and Flow Turbulence, 2011). 

 

Figure 16. Development of river frazil ice (Burgi & Johnoson, Sep 1971). 
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The K-ε turbulence model was simulated by Hammar & Shen, which has been explained in 

appendix 5 (Hammar & Shen, 1991). 

Turbulence prevents the forming of static ice crystals on the surface water. In a vertical 

direction, an equation can be used for fluctuating velocities: 

 

Where σv ' is the square of the turbulent or fluctuating intensities in the vertical direction. 

The size of eddies is smaller than frazil ice diameter, and they have  no affect on mixing of ice 

particle size. Andreasson calculated the maximum size of particles close to the surface as well 

as the minimum size of ice on the layer of water surface. 

According to Daly and Colbeck’s observation, the ratio of the diameter/thickness in frazil ice 

is 8/1, therefore the ration of the radius/thickness is 4/1. The volumetric shape factor (Kv) is 

calculated by this equation (Figure 17): 

 

 

Then, 

 

 

Figure 17. Assumed frazil ice crystal morphology (Ye & Doering, 2003). 

When frazil ices are in the flow, the vertical forces consist of the drag force (Fd), the self-

weight of an ice particle (W), and the buoyancy force (Fb) (Figure 18). 
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Figure 18. Imposed forces to a frazil ice crystal. 

 

 

Where                                                               

                                                

 

                                                                             

Cd is the drag coefficient,  is the density of ice,  is the density of water, and g is gravity. 

The size of frazil ice was assumed as the minimum size, like the size of water molecule  (Ye 

& Doering, Frazil Size and Flow Turbulence, 2011). 

Wang Xiaoling and his colleagues studied frazil ice evolution in a diversion channel of a 

hydropower station. They defined four flow equations for their 3-D Eulerian two-phase model 

to simulate frazil ice evolution in the diversion channel of the hydropower station.  

In appendix 5, some turbulence flow equations are presented which have be used in previous 

researches. 

The increasing of sediment and river bed deformation are effective factors on breaking the 

ice. In rivers, sediment is carried by water flow and ice. The concentration of sediment is 

increased because of different factors (Sayma, 2009):  

 Increased soil drift of river banks 
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 High level of water 

 The interplay between the bed banks and ice because of soil drift 

 Increasing velocities of flow during ice jam distribution 

Velocity can be obtained from the difference between upstream and downstream water 

surface elevation (Δh): 

 

Where C is the discharge coefficient and g is the acceleration due to gravity. 

 The Darcy's Law can be used to measure permeable flow: 

v=KΔh/l 

Where l is the length of the flow path and K is the hydraulic conductivity of the porous 

medium (Figure 19) (Axelson, February 1990). 

 

Figure 19. Orifice flow and permeable flow (Axelson, February 1990) 

When the turbulence of water is strong enough, ice can go to the bottom and attach to 

sediment and underwater objects. Current velocity and water level are two effective factors on 

water flow (Figure 20). 
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Figure 20. Strong turbulence transfers frazil ice and sediment from the surface and bottom. 

 

In the 1880s, Osborne Reynolds presented a non-dimensional equation to solve flow in a pipe: 

 

Where U is the average velocity in the pipe and D is the diameter that presents the ratio 

between viscous (μ) and inertia (ρud) forces. For pipe flow, D is the diameter of the pipe, and 

for open-channel flow, D is the hydraulic radius. 

If the Reynolds number is low, flow will be laminar, molecules will move forward, and layers 

will not mix together. If the Reynolds number is high, flow will be turbulent and layers will 

mix together (Sayma, 2009) (Figure 21). 
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Figure 21. Fluid Flow Regimes as a Function of Reynolds Number (Hypertextbook, 1998). 

 

The flow in a tube is: 

Laminar – when Re <2300 

Transient – when 2300< Re <4000 

Turbulent – when Re >4000 

(ToolBox, 2014) 

2.3 Temperature 

The forming size of ice crystals has been determined by the heat transfer of turbulent water 

flow and can be predicted by the Nusselt number. The Nusselt number represents the ratio 

between the actual turbulent heat transfer rate and the heat transfer rate through conduction 

alone. The turbulent heat transfer rate, q, can be calculated by the equation: 

 

Where, in this equation, h is the heat transfer coefficient, Tw is the temperature of ice surface, 

and Ti is the temperature of ambient water. Since the heat transfer rate through conduction 

should be calculated by , the Nusselt number equation can be calculated from  
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Where l is turbulence length scale appropriate for frazil discs and kw is water thermal 

conductivity. The Nusselt number represents the ratio between the actual (potentially 

turbulent) heat transfer rate and the heat transfer rate through conduction alone.  

If Nu=1, then frazil ice will suspend in static water. 

If Nu>1, then the size of frazil ice will be smaller than eddies, and heat convection and 

relative velocity will increase. 

If Nu<1, then the size of frazil ice will be larger than eddies, and heat transfer will increase 

(Holland, Feltham, & Daly, 2006) (Figure 22).  

 

Figure 22. Heat transfer. 

One of the important factors for producing frazil ice is the level of water heat loss (the surface 

heat transfer rate) that is calculated by this equation:  

 

φ is heat transfer rate, dTw is variation of water temperature during time t, Cp is heat capacity, 

y is depth of water, dTw/dt is rate of water temperature change, and ρw is density of water 

(Ettema, Chen, & Doering, June 2003). 

A temperature equation was used to simulate frazil ice evolution in the diversion channel of a 

hydropower station in China. The heat transfer among ice, water, and air is considered in the 

temperature equation: 
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Where xi is the Cartesian coordinate (i = 1, 2, 3) (m), Sb is surface heat fluxes (W/m), ui is the 

absolute fluid velocity component in direction xi, ρ is density (kg/m3), gi is the gravitational 

acceleration component in direction xi , Tk is the ice temperature (K), k is the turbulence 

kinetic energy (N.m), WT is water temperature, Sf is latent heat of frazil ice (J/g), and t is the 

time (Xiaoling, Ziqiang, Tao, & Juan, 2009). 

In one experiment performed in China on frazil ice, water and ice temperature distributions 

were measured along the channel (Figure 23). 

 

 

Figure 23. (a) Water temperature distribution along the channel (b) Ice temperature 

distribution along the channel (Xiaoling, Ziqiang, Tao, & Juan, 2009). 

The results show that: 

 The water temperature decreased along the channel, and the lowest temperature was -

0.02 at 34Km from the beginning of the channel. 

 The ice temperature decreased at the beginning of the channel, and at a distance of 100 

m along the channel the temperature became stable. 

 The heat conductivity between the ice and water was the cause of the difference 

between ice temperature and water temperature. 

Another result shown in the experiment was that ice concentration increased rapidly in the 

same depth and in the middle of the channel. In the beginning of the channel, ice distribution 

was widespread from 0 to 34408 meters of the channel, but ice concentration increased 

rapidly after that point (Xiaoling, Ziqiang, Tao, & Juan, 2009). 
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2.4 Frazil ice concentration 

To calculate the volumetric concentration of frazil ice formed in the water column, the 

volume of frazil ice that blocks the trash racks will be divided by the volume of flow that is 

going through the trash racks. 

 

Where Cv is volumetric concentration; Volice+water is the total volume of the frazil ice and 

water entering the intake; Volice is the volume of the collected frazil ice; Q is the discharge of 

the intake; T is the time period; Mice is the mass of the frazil ice collected on the mesh in the 

period T; and ρice is the density of frazil ice (Figure 24). 

 

Cn is frazil ice concentration, in terms of number of particles: 

   

 

 

The frazil concentration number in surface turbulence and depth turbulence is dependent on 

two factors (Ettema, Chen, & Doering, June 2003): 

1. The temperature of water (how much water  is supercooled). 

Distribution of frazil ice over the water depth. Over the water depth, turbulence caused frazil 

ice to be uniform which  was the cause the large amount of frazil ice attracted to intake. 
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Figure 24.Uniform-sized frazil ice crystals on collection mesh (Ettema, Chen, & Doering, 

June 2003) 

 

2.5 Previous test rigs 

Many test rigs were designed and assembled previously by different institutions in different 

countries like NTNU of Trondheim, LTU of Lulea, HSVA, and CRREL of America. For 

example, one test rig made in Canada had four propellers upstream of the flume to generate 

the flow, with a 5.5 kW electric motor with a nominal r.p.m of 1400.  

Propellers adjusted discharge in the channel, and the revolution of propellers was controlled 

by frequency variation. The other side of the flume was used as the test section, measuring at 

22 meters long. The bed of the test rig was covered with rough plastic mats to increase the bed 

roughness as well as to prevent the formation of anchor and frazil ice in the test section. The 

test rig had two pressure transducers for measuring water depth and an Acoustic Doppler 

Velocimeter (ADV) to record the flow velocity at different discharge settings during the tests.  

The water temperature and air temperature over the depth were measured by a set of ten high 

precision PT100 ceramic sensors with 0.06 °C accuracy and 0.01 °C resolutions. 

One aluminum and glass test rig was designed and built in the USA (named Creel). It was a 

refrigerated flume with a 36.6 m length, a 1.2 m width, and a 0.61 m depth. It consisted of a 

flume, three centrifugal pumps, heat transfer equipment, a reserve storage sump pump, 

manual and automatic valves, and in-line electromagnetic flow meters, all of which were 

located in a refrigerated room with air temperatures between -12 and - C. A snow density 
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kit was used to measure the porosity of the frazil ice, and an electromagnetic flow meter was 

used to measure the water velocity. The water depth and water levels were measured by 

manual point gauges with ± 1/2 mm accuracy. 

To record frazil ice accumulation tests, two underwater video cameras were used. One color 

camera (with configurable focal length) and one black and white video camera (with fixed 

focal length and configurable focus) were installed on a tube. One 12 mm color video camera 

was also used to record tests from above (Andersson & Daly, Laboratory Investigation of 

Trash Rack Freezeup by Frazil Ice, 1992). 

Another test rig was designed in China with a 36m length, 0.5m width, 0.6m depth, 1.5m 

radius of curvature, and a transparent tempered glass wall with a  bend. The growing 

frazil ice mass density was 903 kg/ . In the upstream flume, a hopper was located to 

discharge frazil particles to the flume. Two pumps delivered water with 150 L/s maximum 

recirculating flow to the flume. A velocity-stage meter measured velocity, and a photo-

electrical meter measured jam thickness and water level (Sui J. , Wang, Balachandar, Sun, & 

Wang, 2008)(Figure 25). 

 

Figure 25. Plan view of the entire flume used for experimental studies (Sui J. , Wang, 

Balachandar, Sun, & Wang, 2008). 

A Plexiglas test rig was designed by Michel in 1963 in Canada to study frazil ice with a 30.5 

cm depth, 6.7m length, and 30.5 cm width, and in 1966, another small recirculating test rig 

was designed by Carstens with a 30 cm depth, 20 cm width, and 600 cm length, located in a -

10°C cold-room. The walls of the test rig were insulated, and water inside the flume was 

cooled by a fan. The height of the water was 20 cm, and the water was propelled in the flume 

by variable propellers (Daly S. D., August 1994). 
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2.6 Computational fluid dynamic or CFD 

CFD or computational fluid dynamics is one of the arms of fluid dynamics that simulates real 

flows by using the governing equation for Newtonian fluid equation (the Navier-Stokes 

equation). The governing partial differential equation was changed with an algebraic equation 

by computational technology. 

The main purpose of CFD methods is to find the value of flow at many points that are named 

as mesh or grid in the system and to connect them together. 

The purpose of flow simulation is to find a behavior of flow for a set of inlet and outlet 

conditions (boundary conditions) of a system. An affiliation of flow between the points and 

next points is shown by a system of differential equations that is converted to a system of 

algebraic equations. 

For example, to increase the temperature of water in a boiler, temperature and velocity of the 

water coming out of the boiler should be calculated. The distribution of temperature and flow 

patterns can be calculated to decrease the boiler's energy lost from the walls. 

The basic equation for modeling fluid motion is the Navier-Stokes equation. The laws of 

motion are the same for solids and liquids with a major difference, which is that fluid inflects 

to all directions. The forces applied to the fluid and the solid is the same. Body forces (like 

gravity and electromagnetism), pressure forces, viscosity forces, and rotation forces are the 

forces which apply only to liquids. The Navier-Stokes is taken from fluid element dynamic 

equilibrium, which considers surface and body surface balance as the performance of internal 

forces on fluid dynamics.  

The continuity equation is: 

 

 

The Navier-Stokes equation is: 
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The energy equation is: 

 

 

That is a statement representing that matter is protected in a flow. 

 is the dissipation function that  is given by 

 

 

 

Where T is temperature;  is specific heat at constant pressure; u, v, and  are the velocity 

components in the x,y, and z directions; p is pressure; ρ is density; and  is viscosity. 

The continuity equation is useful for all fluids for the protection of matter at every point in the 

fluid. 

If temperature and density are constant, the equation will be facilitated. 
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The energy equation must be solved to obtain the temperature variation for incompressible 

flows. 

The Navier–Stokes equations are the fundamental basis of almost all CFD problems. In this 

project, the Flow Simulation application from the SOLIDWORKS software program (which 

uses CFD analysis methods) has been used for simulation of fluid flow in the test rig. 
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3 Research methodology and project plan 

Research methodology shows how to solve a problem, and it clarifies the research procedure. 

There are many research methods that have been defined for researching. Briony defines six 

types of strategies for research in her book (Oates, 2006). The first research methodology type 

is the survey. In this type of research, the researcher uses different survey tools such as 

questionnaires, web surveys, documents, interviews, and observations. This method can be 

used when a researcher is interested in cause and effect. The second strategy is the 

experiment, and for this strategy, the researcher tests a hypothesis. The third type is the case 

study. With the case study strategy, a researcher can learn from a defined situation. Action 

research methodology is the next one, which  is used when the researcher implements the 

findings in a real environment, such as the factory, and develops the research according to 

those implementation results. The ethnography is another strategy for researching and in this 

strategy, the researcher lives in the relevant situation. The last methdology that could have 

been used for this project is design and creation. In this research method, an artifact is built. 

The artifact can be software, a technique, a model or other kinds of artifacts (Oates, 2006).  

For this project, the Vaishnavi model has been used for the design of the research method 

(Vaishanavi & Kuechler, 2008) (Figure 26). For the knowledge base, the previous test rig 

design should be studied. The frazil ice and its behavior should be clarified, and the current 

situation of trash racks should be specified. The knowledge about sensors, the cold store for 

testing, flow, and turbulent water, as well as other related knowledge about the project must 

be studied.  

For the environment side of the methodology, the SolidWorks software has been used. This 

software can be used for design and development as a part of the method. It also has a 

simulation application that will be used for simulating the test rig and evaluating how the test 

rig’s static situations are. The SolidWorks’ flow simulation application will be used to 

evaluate the design of the turbulence  and flow.  

   Designing a test rig is the problem for this project, and the work flow in this method starts 

with this problem.  Proposed suggestions about the design and the knowledge base have been 

used to develop a design for the test rig. After that, the design will be evaluated using 

simulation applications in the SolidWorks program. Finally, the conclusion of this project will 

be explained. 
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Figure 26. Design research methodology (Vaishanavi & Kuechler, 2008). 

Figure 27 shows the gantt chart of this project. According to this project plan, the project of 

designing the test rig should be finished in six months. The project must start with project 

planning and specification requirements. The literature review will be started in the second 

month, and after two months of literature review, the test rig can be designed. Literature 

review will continue during the design period to provide all necessary information and 

knowledge. After designing the test rig, the design should be analyzed and drawing should be 

prepared once the design has been validated. Preparing the project report should proceed from 

the early stages of the project until the end. 

 

Figure 27. Gantt chart of the  project plan. 
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4 List of requirements 

Before starting to design a rig, the customer’s requirements should be specified.  It should be 

clear what the customer wants and what the customer needs. Ullman divides customers into 

three types, and for each type, he defines different needs and requirements. The first group is 

consumers who want a product with a long lifespan. The product should both be easy to 

maintain and include many features. The second group consists of production customers who 

want a product that they can produce easily with available resources and standards. It will also 

be good if they can use existing facilities. The last type of customers are marketing or sales 

customers. Such customers want a  required product, and it should be easy to pack, store, and 

transfer (Ullman, 2010).  

Since in this project only a single specific product is going to be produced, the production 

customer and the consumer are the same person. 

In this project, the customer’s requirements have been collected via interview as well as 

through studies of test rigs that were designed before.  

According to the collected information and from a production customer’s perspective, the test 

rig should be produced easily. It should also be produced with available methods and tools. 

From the consumer perspective, the test rig should be easy to transport and assemble. It 

should be flexible, meaning that the test rig should handle different variants such as 

temperature and water flow. These requirements can be listed as follows: 

 For the production customer: 

o Easy to produce (using standard methods and processes) 

o Available materials and parts 

o Using existing facilities 

 For the consumer: 

o Easy to transport 

o Easy to assemble  

o Possible to use in available cold stores 

o Possible to generate frazil ice 

o Possible to test different parameters’ changes 
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o Capturing and measuring different outputs 

o Easy to disassemble 

o Sustainable product and easy to maintain  

By identifying the customer’s requirements, the engineering specifications can be determined. 

In the next chapter, the engineering specification’s for this project will be explained. 
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5 Engineering specifications 

Customers explain their requirements, and these requirements should be converted into the 

engineering specifications. These engineering specifications are certain parameters that show 

the designers how they can meet the customer’s requirements. To achieve the above 

requirements, the following specifications have been defined: 

 Easy to produce: The test rig should be designed in such a way that the producer does 

not need special tools or resources. Product parts should be designed as simple as 

possible. For example, the curvature part should be used as infrequently as possible in 

the test rig. 

 Available materials and parts: Standard parts and materials should be used. For 

example, standard and available metal sheets, profiles, nuts, and bolts should be used.  

 Using existing facilities: If there are existing facilities, they should be incorporated 

into the design, such as existing trash rack blades.  

 Easy to transport: Since the test rig is big and heavy, it should be designed and 

produced in smaller parts. This can help make its transportation easier and cheaper. 

 Easy to assemble: There are many different types of joining processes, such as 

welding, gluing, and using bolts and nuts. Using bolts and nuts is one of the easiest 

ways of joining, and it is also easy to disassemble. Therefore, joining should be 

designed by bolts and nuts as much as possible. 

 Possible to use in available cold stores: The test rig size should be smaller than the 

cold store size (L: 12m, W: 2.5m, H: 3.5m). 

 Possible to generate frazil ice: The aim of creating this test rig is to test a capacity 

sensor in frazil ice. The test rig should be designed in a way that can be filled with 

water and generate turbulence. The design should be evaluated such that it can be 

stable in frazil ice generation and in the generation of turbulent water. This can be 

analysed by flow simulation and finite element analysis. Stress and strain analysis 

should be used as a tool to confirm that the test rig will withstand loads. The analyses 

should also show weak points and strong points of the structure against forces. The 

safety factor is the ratio of the maximum stress generated and the maximum stress 

that the part or assembly can resist, thus it should be analysed for this design. In this 

design, the minimum safety factor of 1 will be acceptable. The safety factor of 1 is a 
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high number, but since it is a product for testing and providing assurance, this safety 

factor has been selected. 

 Possible to test different parameters’ changes: Two main parameters in the frazil ice 

creation are water velocity and temperature. The test rig should be designed in a way 

that these two parameters can be adjustable. The temperature can be adjusted with the 

cold store cooling system, and water velocity can be adjusted by using an engine with 

adjustable propeller speed, such as a boat engine.  

 Capturing and measuring different outputs: In this design, connections of different 

measurement systems such as the thermometer should be flexible. It means that users 

can place these measurement systems in any part of the test rig he/she needs. 

Designing a flexible connection is one of the design's specifications.  

 Easy to disassemble: Disassembly of the test rig should be as easy as assembly . An 

outlet should be designed in the test rig for drainage and using nuts and bolts, making 

disassembly much easier.  

 Sustainable product and easy to maintain: Using an electrical boat engine can help 

make the product sustainable. Whenever the test has been finished, the engine can be 

used for other purposes. Boat engines are also easy to assemble and maintain.  

Defining and clarifying the above engineering specifications will help the designer know the 

work scope. The design should be done according to the above specifications, and these 

specifications should be implemented as much as possible. In the next chapter, design of the 

test rig will be explained, and some of the above engineering specifications will be explained 

with more details in the design and evaluation chapters. 
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6 Designing the test rig 

Different designing software programs are available for designing an artifact. For this project, 

the SolidWorks software program has been used for designing the test rig.  

SolidWorks software is used for computer-aided design (CAD) and computer-aided 

manufacturing (CAM). This software was developed by Dassault Systemes Company, and it 

is very useful for creating 3D models. It also has other features such as visualization, 

simulation, product data management, technical communication, and electrical design. This 

software was founded in 1993, and more than 3,073,600 designers and engineers are using it 

in their jobs. SolidWorks has been used by many different industries, such as aerospace, 

automotive, construction, high tech, industrial machinery and heavy equipment, and many 

other types of industries (Dassault Systèmes SOLIDWORKS Corp).  

The test rig is an experimental instrument that will be used to study the formation of frazil ice, 

an automatic heating system with a capacitor, and other subjects dependent on cold region 

hydraulics. 

Before designing the test rig, all constraints and variables should be identified. The first issue 

concerning test rig design is the test rig dimensions. Dimensions should be specified 

according to certain constraints. The first constraint is the size of the container. For this 

project, many searches were undertaken to find the biggest available container for the frazil 

ice test. The dimensions of the selected container are:  

Length: 12 meters 

Width: 2.5 meters 

Height: 3.5 meters 

The test rig should be designed in a way that can be assembled and worked in this container.  

The second constraint is the trash rack dimensions. In order to get accurate result from the test 

rig, the trash rack should be the same size as trash racks in the river at the site. The size of 

frazil ice crystals is the third constraint.  
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Figure 28. The channel position in the container. 

The length of the channel was designed 8000 millimeters long for each straight side of the 

channel. This design makes available 1000 millimeters of free space on each side of the 

channel in the container.   

Figure 28 shows the position of the test rig in the container. In this figure, the container has 

been specified with the blue lines, and the test rig’s position is designed in the center of the 

container. According to the aforementioned constraints, the width of the channel was 

considered as 800 millimeters. The trash rack that will be assembled in the channel should be 

designed as the real one at the river, and it should include blades that are 9.3 millimeters wide, 

with 20 millimeter intervals between them (Figure 29). 

 

Figure 29. Cross-section of the aluminum profile (Wetterstad, 2014). 
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It is not possible to design the trash rack blade’s height the same as the real one, because of 

the space constraints of the container, but this does not affect the test situation or results. The 

frazil ice formation starts from the surface and is not unified, thus it is possible to design the 

test rig with a lower height. For finding the best height, the design should be done in a way 

that the channel has the best hydraulic section.  The cross-section with the minimum wetted 

perimeter is the best hydraulic cross-section with the same area since lining and maintenance 

expenses will reduce substantially. Figure 30 shows a cross-section of an open channel.  

Area  

Perimeter  

 

Perimeter should be minimum for this area, therefore the derivative of P with respect to y is:   

 

 

 

 

 

Figure 30. Cross-section of a rectangular open channel. 
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According to the above equation, the height of the water should be half of the width of the 

channel, and since the width is 800 millimeters, the height of the water should be 400 

millimeters. The channel has been designed with 500 millimeters of height.  

The body of the test channel or flume has been designed in four separate parts. This 

segmentation is because the production, transportation, and assembly of the channel will be 

easier and more flexible. These parts should be assembled together to make the body of the 

channel. According to the company’s request, the design has been done with two types of 

materials. The test rig can be produced with aluminum or Plexiglas, and the company can 

choose any of these materials for making it according to accessibility and cost. The thickness 

of the aluminum was 5 millimeters, and the thickness of Plexiglas was 10 millimeters in this 

design.   

Right side: The right side part is a straight channel as shown in Figure 31. The right side is 

very simple because the water flow starts on this side. The length, the width, and the height of 

this part are respectively 8000, 800, and 500 millimeters as mentioned before.  

 

Figure 31. Right side part of the test rig. 

Left side: The left side part is identical to the right side with one difference. The trash rack 

will be placed on the left side, thus four holes have been designed for screwing the trash rack 

to the test rig channel. The dimensions of the left side are exactly the same as the right side.  

Curvature up: This curved part is placed at the end of the cold storage (Figure 32). The 

shape is semicircular and transfers the water from the right side to the left side. 
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Figure 32. The curvature of the test rig. 

The radius of the outer circle is 1000 millimeters, and the radius of the inner circle is 200 

millimeters.  

Curvature down: This part has the same geometric properties as the upper part, except that a 

hole has been designed for drainage of water. The diameter of a standard hole is 88.9 

millimeters, and different drainage equipment can be attached to it.  

M16 screws should be used for connecting different parts of the channel, and sealing rubber 

should be placed between the joints (Figure 33).     

 

Figure 33. The connection of two parts of the channel. 
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This structure has been placed on the base. The base structure makes the assembly of the 

channel much easier and also makes a space between the bottom of the channel and the 

surface of the cooling store. With this space, the air is in contact with all sides of the channel, 

and the cooling procedure will be more constant. It is also  possible to insulate the bottom and  

the sides of the channel as well as rivers in the natural environment. Another reason for 

putting the channel on the base is to allow the use of thinner sheets for the channel. Vertical 

bars of the base hold the channel’s walls, and if those bars have been eliminated, thicker 

sheets should be used. 

The base structure has been divided into four parts. It has two side parts as well as two parts 

for curvature parts of the channel. In Figure 34, the bases have been shown for the left and the 

right sides. The left and the right sides of the channel are placed on these bases.   

 

Figure 34. Left side (Left) and right side (Right) bases. 

Both bases are similar with only one difference. Since the engine should be assembled on the 

right side, the profile size is different at the middle of the base. As shown in Figure 35, for all 

base parts the square section profiles should be used. Standard profiles are 80 millimeters, 

with a thickness of 5 millimeters. 

 

Figure 35. Base's profile section. 
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The profile’s material is AISI 1020 Carbon Steel. In this design, the engine will be installed 

on the base structure with one stand. Figure 36 shows the stand and its situation with the base 

structure.  

 

Figure 36. Left: calculation of the stand height. Right: the stand overview. 

The stand and the base connection are sliding in type. The height of the stand has been 

calculated according to the height of the selected engine and the height of the test rig. The 

stand should be constructed such that the propeller is in the center of the channel. This design 

is based on the selected engine, and it should be changed according to the engine type. 

One of the most important parts in designing the test rig was to choose the water flow 

generation system. In previous test rigs, many different systems have been used. In some test 

rigs, an engine and propeller have been used. In some others, a pumping system has been 

used. Using an outboard boat engine is suggested for producing water flow and turbulent 

water. There exist some electrical boat engines in the market with enough power for 

generating turbulent water (Figure 37). There are many advantages to using the boat engine. 

With the boat engine, the water flow can be generated at different rates. This gives an 

important flexibility to the user. Another advantage of the boat engine is that it is easy to 

assemble, use, and maintain. In addition, it is reusable and sustainable. After testing, the 

engine can be used for other purposes, and this helps the environment by reusing the products.   
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Figure 37. Aqua Watt electrical boat engine. 

For this project, an electrical boat engine from Aqua Watt Company has been selected. The 

Green Thruster model with 22 kW power was used for water flow generation. Detailed 

information about this engine is available in appendix 1. As shown in Figure 36, the 

horizontal part of the stand has a 12 degree difference from the vertical axis due to the 

engine’s fastening shape. As mentioned before, the stand and the base are assembled to each 

other with the sliding mode. The profiles’ dimensions are different from other parts. The 

stand’s profiles should go inside the base’s profiles. Figure 38 shows the dimensions of 

profiles’ sections. The left picture shows the stand’s profile section, and the right picture 

shows the base’s profile section. The stand and base profiles should be completely affixed to 

each other. 

For the curvature parts of the channel, two base parts have been designed as shown in the 

Figure 39. The curvature parts are placed on these bases at the beginning and the end of the 

test channel. 

 

Figure 38.Left: Stand's profile section, Right: Base's profile section. 
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Figure 39. The base for the curvature channel parts. 

After finishing the design of the test rig’s main body, the trash rack’s and sensor’s 

connections to the channel should be designed. The trash rack is exactly the same as the real 

trash rack that is used in the Träbena River. According to the width of the channel, the trash 

rack can have 26 blades. The height of the blades is 500 millimeters, and there is a 20 mm 

space between the blades as in the real one. Blades are connected to each other and to the 

channel’s walls from two sides, as shown in Figure 40. In this design, the trash rack is placed 

on the left side of the channel, with about a 350 mm distance from the center of the left side. 

For capturing the temperature during the test, two thermometers should be assembled in front 

of and behind the trash rack. An artifact has been designed for attaching the sensors to the test 

rig as shown in the Figure 40 (Right). With these attachment components, the sensor’s 

position became flexible and could be changed for different tests. Artola and Garceran 

suggested that the capacitive sensors be connected to the trash rack blades by the glue, but if 

needed, the thermometer bases can be used for capacity sensors also (Artola & Garceran, 

2014). 

 

Figure 40. Left: Trash rack, Right: Sensor’s base. 
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Figure 41 shows the complete view of the test rig. The position of the trash rack, engine, and 

sensors are specified in the picture. Two water-proof and freeze-proof cameras can be used 

for recording the test procedure from both sides. In appendix two, information about one type 

of freeze-proof camera is available. Normal tripods can be used for positioning those cameras. 

All 2D drawings of the test rig are available in appendix three. Those drawings can be used by 

the suppliers to construct the test rig.. 

 

Figure 41. Overall view of the test rig. 

In the next chapter, the design will be evaluated by fluid analysis and static analysis. For these 

analyses, the SolidWorks software has been used. 
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7 Evaluation 

This chapter is divided into two sections. In the first section, the test rig will be analyzed 

according to the fluid dynamics. In the second section, static analysis will be done on the test 

rig. For both analyses, the SolidWorks software’s simulation features will be used. 

7.1 The fluid dynamic analysis 

In this project, the most important thing in fluid dynamic analysis is turbulent flow. It should 

be proved that the turbulent flow will be generated in the channel. As a first step, the 

appropriate speed of the water in the channel should be calculated for producing the turbulent 

water.  

Figure 30 shows the cross-section of the rectangular open channel. As mentioned before, the 

wetted perimeter (  is  and area (  In this case: 

 then  

 then  

The  and the kinematic viscosity is around  for the water under 

normal conditions ( and about  is the water viscosity at  (Kestin, 

Sokolov, & Wakeham, 1978). 

         then           

      then             then             

    

For producing a turbulent flow in the open channel, the Reynolds number should be >> 1. 

Singh wrote in his book that if the Reynolds number is less than 500, then the flow will be 

laminar, and if it is bigger than 1000, then the flow will be turbulent. He mentioned that in 

practice 2000 is often taken as the limit for turbulent flow (Sarbjit, 2012). 
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In other references like Chow’s book, the limit for the Reynolds number was stated as 12500 

(Chow, 1988). In this design, the highest Reynolds number has been selected to ensure  

generation of turbulent flow.   

If, in above equations, the Reynolds number is considered as 12500 then: 

   then      then      

This means that the speed of the water in the channel should be at 0.133 meters per second for 

having a turbulent water flow.  

The flow simulation has been used to calculate the water speed in the test rig. Flow simulation 

is one of the SolidWorks software’s features.  

There are some limitations for simulating the test rig with SolidWorks that should be solved 

in certain ways. The first limitation concerns simulating an open channel. It is not possible to 

simulate an open channel in the software. Therefore, two different boundary conditions have 

been defined for the software. Two sides of the channel and the bottom of the channel have 

been defined as real walls for the boundary condition. Concerning surface of the water, since 

SolidWorks does not have open channel possibilities, an ideal wall without any friction has 

been defined. The ideal wall is a wall without friction, and the fluid flows on that with the 

constant speed.  

The second limitation of the SolidWorks software is that users cannot define a closed channel. 

For solving this problem, the channel has been cut before the propeller as the place for water 

inlet and outlet (Figure 42).    

 

Figure 42. Assumed inlet and outlet sections. 
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Since the inlet and outlet sections are close to each other, the channel can be considered as a 

closed one. These sections have been defined as boundary conditions. The software requested 

the discharge rate for these sections. Since the only producer of the water flow is the 

propeller, no discharge has been defined here for these sections. In this situation, the 

atmosphere pressure and the fluid pressure on the channel walls are considered and added to 

the software. The atmospheric pressure, Patm, is equal to: 

 

The hydrostatic pressure on the wall should be calculated to find the fluid pressure on the 

wall. The hydrostatic pressure on the wall is distributed in a triangular shape. The maximum 

pressure is at the bottom, and in each level it is equal to . The minimum pressure (equal to 

0) is at the surface (Figure 43). 

 

Figure 43. Fluid pressure distribution on the wall. 

Since, it is not possible to define non-uniform pressure in flow simulation, the pressure on this 

wall can be considered as the average of pressures on the wall at different levels.  The 

pressure at the surface is zero thus the average pressure is equal to half of the maximum 

pressure on the wall (Chaudhry, 2008). The maximum pressure is , and since water 

density is 1000 kg/m3 and y is 0.4 meters, the maximum pressure is 30920 and the average 

pressure, p, will be:  

   then         then        
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The total pressure is equal to the summation of those pressures  

 

Then 

 

This total pressure has been assigned to the assumed sections.  

The propeller is the only source for water flow in the channel, and it has been defined as a 

rotation region with an angular velocity of 250 radians per second (Figure 44). According to 

the engine’s specification (appendix 1), the engine’s propeller has 2500 rpm, and it is equal to 

261.8 radians per second.  

 

Figure 44. Rotation region with the velocity of 250 rad/s. 

Figure 45 shows the model of flow simulation in the test rig, and as it simulates, the water 

flow speed is more than 0.133 meters per second. Therefore, the flow will be turbulent.   
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Figure 45. The test rig flow simulation result. 

The SolidWorks software does the flow simulation by simulating different trajectories. For 

the simulation of the test rig flow, 21 trajectories were simulated, and for each trajectory, 

around 1000 points were calculated. Figure 46 shows the graph of trajectories’ velocities 

versus their lengths. The minimum velocity is 0.25 meters per sconed, but the majority of the 

points (more than 97.5 %) had a velocity higher than 1 meter per second.  

According to these results, the flow in the test rig will be turbulent. 
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Figure 46. Flow trajectories velocity graph. 

According to these results, the flow in the test rig will be turbulent.   

7.2 Static analysis 

For static analysis, a finite element analysis was used. Before any action was undertaken, the 

units were selected. Afterward, the material properties were selected; loads and fixtures were 

added to the model; and a suitable meshing was done. The stress and strain analyses that were 

performed will be explained, followed by the measurement of displacement. The safety factor 

was the last part of these analyses that will be explained in this section. 

7.2.1 Units 

For this project, the SI (MKS) unit system was selected. The length/displacement was 

measured in millimeters; the temperature unit was kelvin; the angular velocity was measured 

in radians per second; and the pressure was measured in Newtons per cubic meter. 

7.2.2 Material 

The unit selection, the next step was selecting the material of the test rig. The AISI1020 

carbon steel was selected for the base of the test rig. For the channel, the 1060 alloy was 

selected, and the properties of these materials were selected as shown in Figure 47. 
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Figure 47. Base and channel properties. 

7.2.3 Load and Boundary conditions 

Various terms are used to describe the essential boundary conditions: fixtures, restraints, 

supports, etc. In the SolidWorks Simulation, the term is “fixtures.” For defining the fixtures in 

the software, the contact points between the channel and the base were considered. Here in 

this design, the channel and the base have twenty-eight contact faces, and these faces can be 

defined as fixtures in the software (Figure 48). 

 

Figure 48. Fixtures and loads definition. 

Figure 48 also shows the loads that were defined in the software for the test rig. For the 

bottom of the channel, if the load is the load of water gravity, then: 

    then     then  
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This load was assigned to four faces because the channel was designed in four parts.  For 

calculating the loads on walls, as mentioned before, the pressure that is calculated for the 

bottom should be divided by two. Therefore, the defined load on the walls was 1960 pascals, 

and it was assigned to eight entities.  

According to the engine’s specifications (Appendix 1), the weight of the engine is 100 

kilograms, and its maximum trust is 3000N. These two forces also were added as loads to the 

design.  

The SolidWorks software has the functionality to import the fluid pressures from the fluid 

dynamic analysis to the static analysis. That pressure also was added to the model. 

Before meshing the test rig, contacts information must also be specified. Since all parts are 

contacting with each other, a global contact was defined for the whole structure (channel and 

base). 

For the global contact, the compatible mesh was selected, meaning that the program merges 

coincident nodes along the common interface.  

7.2.4 Mesh 

With the Finite Element Analysis (FEA) Method, the engineer can predict the model’s 

behavior, and after the creation of the geometrical model the designer should subdivide the 

model into small pieces of simple shapes (elements). Those elements are connected to each 

other at common points (nodes). For analysis, software programs collect the information from 

each element and combine them with each other.  

Two main types of meshing can be done in the SolidWorks software: “Solid Mesh” and 

“Shell Mesh.” The solid mesh is used for bulky models, and the shell mesh is used for very 

thin parts.  

For meshing the test rig, the solid mesh was selected (as the rig is not very thin), with the 

high-quality mesh option selected. With high-quality mesh option, elements are generated 

automatically by the software, and they are the parabolic tetrahedral in type. A linear solid 

element has four corners, and there is a node at each corner. These nodes are connected to 

each other by six straight lines. A parabolic element is the same as a linear one, but it has six 

mid-side nodes, on its edges (Figure 49).   
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Figure 49. Linear and Parabolic solid elements. 

The results of FEA for parabolic elements are more accurate, because parabolic elements 

represent curved boundaries more accurately and produce better mathematical approximations 

(Dassault Systèmes SOLIDWORKS Corp).  

For this project, curvature-based mesh was selected to have better meshing at the curved 

places, with a maximum element size of 200 millimeters and a minimum size of 40 

millimeters. Figure 50 shows how the test rig was meshed. 

 

Figure 50. Test rig meshing for FEA. 

For this meshing, the software generated 295436 elements with total 565660 nodes. As shown 

in the figure, meshes are coarse at the straight parts and fine at curved parts. 

The software suggested fine meshing for curvature parts, and to specify the finer mesh, two 

mesh control parameters were defined for those two curvature parts with an average mesh size 

of 60 millimeters.   



53 
 

7.2.5 Stress, strain and displacement 

After meshing the structure, a simulation was run for the model, and the results of the finite 

element analysis were achieved. 

Figure 51 shows the stress and strain models of the test rig after running the simulation. As 

seen in the figure, vertical bars of the base tolerated the highest stress in the test rig structure. 

 

Figure 51. Stress and Strain results of the simulation. 

Figure 51 also shows the strain results of the simulation. It shows that the joints of the walls 

of the channel and the bottom of the channel have the highest strain. After studying the plots 

and adding a displacement plot, it was shown that (Figure 52) the structure could handle all 
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forces, and there were not any critical points with high stress or strain. The displacement plot 

is shown in Figure 52, and according to this plot, edges of the test rig’s channel have the 

highest displacement.   

 

Figure 52. Displacement plot of the test rig. 

Checking deformation is a good way to verify if results are reasonable. The deformation that 

will happen according to the displacement plot is considered an expectable one. Vertical bars 

prevent the displacement of the channel walls at the connecting faces, so channel walls, 

between two bars, have the highest displacement. The highest displacement of the test rig is 

about 0.69 millimeters, which is very small compared to the test rig dimension.   

7.2.6 Factor of safety 

The ratio of the maximum stress tolerated by the part or assembly to the maximum stress is 

the factor of safety. If the safety factor of a region is smaller than a specific value, then it 

means that the material at that location has failed. In this design, the minimum factor of safety 

was considered as 1, according to the software manual’s suggestion.   

Figure 53 shows a factor of safety distribution on the test rig. It is visible that all test rig 

components have a high safety factor. The minimum safety factor is 1.898, which is more 

than 1, indicating that the structure is safe. 
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Figure 53. The factor of safety plot. 

Above analyses confirm that the designed test rig can withstand the pressures, and it will be 

safe. The fluid dynamic analysis shows that with the suggested engine, enough water flow 

speed will be generated for creating frazil ice. The full report of results from the SolidWorks 

software has been given in Appendix 4. 
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8 Conclusion and future works 

Hydropower has been used in Sweden for more than 100 years, and it supplies about half of 

the total energy in Sweden. Hydropower plants are safe and emission- free, and they are 

producing renewable electricity by running water through turbines.  

Most hydropower plants have problems with the freezing of water because of the weather 

conditions in Sweden and the long cold season. Frazil ice is one type of ice that is formed 

during the winter when the temperature decreases below 0° C in turbulent water. When frazil 

ice arrives at a hydropower plant, it accumulates behind intake trash racks and blocks them. 

These trash racks prevent the entrance of different things such as leaves, woods, stones, and 

fishes into the turbines, but when they are blocked by the ice, water cannot go through them. 

Thus, the turbines cannot work. 

Träbena Power station is one of the hydropower stations located at the Ätran river in south 

Sweden with two turbines for generating electricity. This power station also has problems 

with frazil ice in the winter. To solve this problem, some electrical heaters are placed on the 

trash rack to heat some sections of the rack, in order  to avoid ice crystals sticking to the 

blades in those sections. Otherwise, the whole trash rack is blocked, and the turbine stops 

running. For this reason, the whole power station is frozen and stopped for weeks. For turning 

on and off that heater, a manual switch has been used, but it is not efficient. To solve this 

problem, a capacity sensor was designed by previous researches, but it should be tested on a 

test rig. The test rig should be able to analyze the performance of the frazil ice detection 

system according to different variables. 

Some studies have been done on frazil ice and its features to design the test rig, and the design 

of previous test rigs has been investigated. All constraints have been specified before 

designing the test rig, such as cold store and trash rack dimensions.  

Details of the design have been explained in the design section, and an electrical boat engine 

has been suggested for generating water flow. Using a boat engine has some advantages. It is 

easy to assemble and use, and it can generate water flow at different speeds. After finishing 

tests, it can be used for other purposes as well.  

For evaluating the design, two types of analysis were performed on the model. The first one 

was fluid dynamic analysis. The SolidWorks software program has been used for simulating 

the water flow in the test rig, and the result showed that the water flow is sufficient enough to 
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produce a turbulent water flow. For generating frazil ice, producing turbulent water is 

necessary. 

The test rig was also analyzed by a finite element analysis method. It was meshed and 

analyzed after defining materials, loads, and boundary conditions for the model. The analysis 

showed that the test rig can withstand the maximum stress, and the design is safe. Because of 

the scope of the project, the test rig was not evaluated according to the temperature. 

For future works of this research, a complete and comprehensive test method should be 

developed. This method should identify settings of different variables, such as temperature, 

flow, and procedure time in order to test and analyze the performance of the capacity sensor.  
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Appendixes  

Appendix 1: Out board boat engine 
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Apendix 2: Freeze proof camera 

 

 

Features 

GZ-R450B Everio Quad Proof Full HD Camcorder 

The GZ-R450B takes stunning AVCHD Progressive video, and is ready for everything. A Quad Proof 

design makes it water proof, dust proof, shock proof & freeze proof. 32GB Built-In Memory and an Auto 

LED Light provide added convenience and performance. A five hour battery means you can continue 

recording far longer than a typical camcorder. Take this camcorder places you would never take a normal 

camcorder for videos that are unlike anything possible with a normal camcorder. Rain, Snow, Swimming 

Pools, Off-Road, Amusement Parks—you name it. 

Look forward to legendary JVC video quality with a high performance HD zoom lens, zoom microphone 

and advanced image stabilizer—all features that are not available from a typical smart phone or tablet. 

Quad Proof 

16.4 Feet Water Proof (IPX8 & IPX6) 

4.9 Feet Shock Proof 

Dust Proof (IP5X) 

14°F Freeze Proof 

Picture Quality 

Dual Mode Recording System 

AVCHD Progressive 1920x1080/60P recording at up to 28Mbps 

AVCHD 1920x1080/60i recording at up to 24Mbps 

1080/60p Output 

Auto LED Light 
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2MP/10MP Digital Still Mode 

Advanced Image Stabilizer 

Intelligent Auto Record 

Face Detection 

Lens 

KONICA MINOLTA HD LENS 

40X Optical Zoom/60X Dynamic Zoom 

F1.8 Maximum Aperture 

Sound Quality 

Zoom Microphone 

K2 Record 

Auto Wind Cut 

Connection 

HDMI 

USB 

AV Out 

SDXC Card Slot 

Convenience 

32GB Built-In Memory 

3”, 230k Pixel Touch Screen LCD Monitor 

5 Hour Internal Long Life Battery/Quick Charging 

Compatible with Portable Battery and USB Charging 

Creativity 

Close-up Sub-window 

Special Effects Recording 

Time Lapse 

Everio Media Browser Software (for Windows) 

Easy Upload to You Tube/Facebook (HD Compatible) 

Works with iMovie/Final Cut Pro X 
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Appendix 3: 2D Drawings 
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Appendix 4: Solid Works report for test rig 

simulation
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Appendix 5: Turbulence flow equations 

The K-ε turbulence model was simulated by Hammar & Shen, and this model is a common 

model in fluid dynamic to simulate mean flow and transport in channel: 

 

 

 

 

 

 

      

     

Where ρ is density of mixture, P is pressure, νt is kinematic eddy viscosity, gi is gravity, σt is 

Prandtl number (or Pr, the ratio of diffusion of momentum to diffusion of heat in a fluid 

(Shires, PRANDTL NUMBER, 2011)), σc is Schmidt number (Schmidt number is the ratio of 

diffusion of momentum to the diffusion of mass in a fluid (Shires, SCHMIDT NUMBER, 

2011)), T is temperature of water, Ck is frazil volumetric concentration, ωk is frazil buoyant 

velocity, Sf is source condition of heat increase during frazil evolution, Sb is source condition 

during heat decrease, Sc is source condition during frazil occurs, Ui is component of the mean 

velocity (Hammar & Shen, 1991). 

These are some turbulence flow equation that used in previews researches: 

Continuity equation 

 

Momentum equation 
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Turbulence kinetic energy equation 

 

 

 

Turbulence dissipation rate equation 

 

 

 

Where t is the time, Xi is the Cartesian coordinate, Ui is the absolute fluid velocity component 

in direction Xi, ρ is density, Gi is the gravitational acceleration component in direction Xi, k is 

the turbulence kinetic energy, Tw is water temperature, Tk is the ice temperature, Sb is surface 

heat fluxes, and Sf is latent heat of frazil ice. These equations can be used for studying of 

frazil ice evolution (Xiaoling, Ziqiang, Tao, & Juan, 2009). 

 

 


