
Karlstad University 651 88 Karlstad 
Phone 054-700 10 00 Fax 054-700 14 60 

Information@kau.se www.kau.se 
 

 

 

 

Faculty of Health, Science and Technique 

Environment and energy systems 

 

Amanda Ulvmyr 

Potential risks and prospects of 
protections of a hydrokinetic turbine 
implemented in the Amazon River, 

Colombia 

A theoretical and practical study 

 

 

Master Thesis 30 ECTS 

Master of Science, Environmental and Energy Engineering 

 

June 2016 

Supervisor: Wamei Lin  

                  Kamal Rezk 

Examiner: Roger Renström  



II 
 

  



III 
 

Abstract 
Electricity has been proved to be a crucial factor to achieve an economic and social 
development in emergent countries and is seen as a necessity to deplete the world’s 
poverty. As energy resources are getting scarce, a higher implementation of renewable 
electricity generation, such as hydropower, is a necessity.  

Hydrokinetic turbines, which use slow flowing water as a source of energy, are to be 
installed in the Amazonas River in Colombia.  

The Amazon River has high amount of sediment and flowing objects due to the large 
quantity of vegetation in the area. This leaves the turbine exposed to a higher degree of 
erosion on the blades and a higher risk of getting clogged. The efficiency will decrease and 
the turbine will have an impending risk of getting damaged. By adapting the hydrokinetic 
turbine for the conditions prevailing in the Amazon basin, the efficiency can be improved 
and a longer lifetime for the turbine is given. 

A field study was conducted to attain the velocity and amount of sediment in the Amazon 
River through measurements. The collected data was analyzed and used as input values 
during simulations of a turbine model by the Computational Fluid Dynamics program 
COMSOL. 

Areas on the turbine exposed to the water with a high velocity, and containing a high 
concentration of sediment, were examined and proposals for protection were given. Also 
the necessity and consequences of installing a protective grate in front of the turbine were 
investigated. 

The turbine will be exposed to almost a factor of 12 000 higher erosive wear in the 
Amazon River than in Swedish water as of the higher amount of sediment. The 
investigation states that areas on the tip of the blade’s rear side and the area close to the 
rotating center are most exposed to erosion and will be in need of protection in form of a 
harder surface. A grate will be necessary to provide a longer lifetime for the turbine, but 
will result in a decreased power output from the turbine by up to 46 %.  
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Sammanfattning 
Elektricitet har bevisats vara en viktig komponent för en ekonomisk och social utveckling i 
utvecklingsländer och ses därför som en nödvändighet för att minska fattigdomen i 
världen. Energikällorna är dock hårt utnyttjade och en högre andel förnyelsebar elektrisk 
generering, genom bland annat vattenkraft, är en nödvändighet.  

Hydrokinetiska turbiner, vilka producerar el på långsamt flödande vatten, ska 
implementeras i Amazonfloden i Colombia.  

Amazonfloden har en hög andel sediment samt flytande objekt i floden på grund av den 
höga andel vegetation i området. Detta ger en ökad erosion på bladen samt risk för 
igentäppning av turbinen efter implementering. En lägre effektivitet samt hög risk för 
skada på turbinerna erhålls. Genom att adaptera den hydrokinetiska turbinen för 
förhållanden som råder i Amazonasfloden kan verkningsgraden förbättras och en längre 
livslängd på turbinen kan erhållas. 

En fältstudie utfördes där mätningar över vattenhastigheter, mängd sediment samt större 
objekt i floden genomfördes och analyserades. Data användes sedan som indata vid 
simuleringar över en uppbyggd modell av turbinen i Computational Fluid Dynamics-
programmet COMSOL Multiphysics. 

Områden på turbinen utsatta för sedimentfullt vatten med en högre hastighet undersöktes 
och skyddsåtgärder föreslogs. Även behovet av ett skyddande galler framför turbinen 
granskades. 

Det visades att turbinen kommer utsättas för nästintill en faktor på 12 000 högre erosion i 
Amazonasfloden jämfört med i svenska vatten. Undersökningen visar att yttersta delarna av 
bladets baksida samt ett område nära det roterande centret är i behov av ett extra skydd i 
form av en hårdare yta. Ett galler kan bli nödvändigt för att uppnå en längre livstid för 
turbinen, men resulterar i en sänkt elproduktion med upp till 46 %.   
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Nomenclature 
Latin characters 

A Cross sectional area of inlet [m2] 
c Concentration sediment  [mg/l] 
D Diameter [m] 
F Force [N] 
f Rotational frequency [rotation/s] 
g Gravitational coefficient [m/s2] 
h Vertical drop of the water [m] 
I Unit matrix - 
m Mass [kg] 
P Generated effect [W] 
 p Pressure [Pa] 
R Radius of big turbine [m] 
r Radius of prototype [m] 
Re The Reynold number - 
s Particle size [m] 
t Operational time of turbine [hours] 
u  Velocity field [m/s] 

 Volume flow of water [m3/s] 
v Velocity [m/s] 
W Erosive wear [g/((g/m3)s)] 
 

Greek symbols 

λ  Tip speed ratio - 
 Density [kg/m3] 

ω  Angular velocity [rad/s] 
τ  Shear force [Pa] 
η  Turbine efficiency - 
µ  Dynamic viscosity of water [Pa ⋅ s] 

 The kinematic viscosity of water [m2/s] 
 

Subscripts 

c critical  
p particles  
t turbine  
w water  
D Drag   
b Body   
* Frozen step  
 

Abbreviations 

CO2 Carbon dioxide  
CFD Computational fluid dynamics  

V!

ρ

υ
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FEM Finite element method  
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1. Introduction 
The highest placed target on the list of the “Sustainable Development Goals”, an initiative 
made by the United Nations, is the elimination of poverty by the year 2030 (United 
Nations 2015). The achievement of this goal is associated with the access of electricity as it 
is an important factor for economic and social development of emergent countries 
(Sanchez-Loor, Zambrano-Monserrate 2015). 

”If we expand the electricity grid, we also improve the conditions for economic growth, social development 
and poverty reduction” says Maria Berlekom, head of development cooperation, SIDA (Sida 
2014). 

Today, the exploitation of energy drains the already declining resource assets. A larger 
proportion of renewable energy production is an alternative that is necessary to prevent 
this tendency.  This is possible through a bigger utilization of the potential energy that is to 
find in hydropower. (Rahman 2003). 

1.1. Background 
A Swedish company by the name Jabe Energy Ab has developed a turbine that generates 
electricity from slow flowing water. The turbine is to be implemented in the Amazon River 
in Colombia to electrify rural areas disconnected from the electrical grid. The suitability of 
the turbine’s construction for the Amazon River is to be investigated.  

1.2. Hydropower 
Hydropower projects and suitable turbines are often classified by size, water level, water 
velocity as well as prospects for damming. The water velocity has the biggest influence 
when selecting turbine as it has the biggest impact on the conceivable power generation of 
the turbine. The magnitude of the velocity is in turn determined from the height of the 
water drop, the higher the drop the higher generated velocity. (Kaunda, Kimambo et al. 
2012, Yaakob, Ahmed et al. 2014, Nasir 2014).  

Conventional hydro power plants use large reservoirs to build up an artificial difference in 
water level to increase the potential energy in the water. The energy is later utilized by 
allowing the water to fall down through a turbine system where electricity is generated. 
This is called hydrostatic power (Khan, Bhuyan et al. 2009, Khan, Iqbal et al. 2008, Dhakal, 
Timilsina et al. 2015). The power delivered from the hydrostatic turbines, P, is explained in 
(1) where the flow of the water is established from (2) (Patil, Verma et al. ). The equation is 
calculated with the density of the water, 𝜌, the water velocity, v, and the efficiency of the 
turbine, 𝜂!. The height of the water level is represented by h, and g represents the 
gravitational coefficient. The volume flow entering the turbine is explained by the usage of 
the area of the turbines inlet, A.  

𝑃 = 𝑉ℎ𝜌!𝑔𝜂!     (1)   

AvV w=!       (2) 

Water reservoirs in forms of dams have a large effect on the nearby environment. Fish’s 
and other marine animal’s movement patterns are disrupted. Temperature, marine 
biodiversity and chemical consistence of the water are all factors that will be affected by the 
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presence of an artificial dam. The ecological life will be affected remarkably along the 
downstream river. Reservoirs also require large areas, which could lead to loss of 
agricultural land and delocalization of residents in the area. (Hoq, Nawshad et al. 2011). 

1.3. Hydrokinetic turbines 
A water level below 1.5 m also contains energy, but is challenging hydropower to exploit. 
This is an impulsion for further development and improvement of techniques to utilize the 
kinetic energy in flowing water where no difference in water level is available, hydrokinetic 
hydropower. Hydrokinetic turbines are defined by the US Department of Energy as “Low 
pressure run-of-the-river ultra-low-head turbine that will operate on the equivalent of less 
than 0.2 m of head” (Khan, Bhuyan et al. 2009). The turbines are used to take advantage of 
the energy in rivers, tidal and ocean currents. For implementations in rivers, hydrokinetic 
turbines are an attractive alternative for small scale hydropower where the environmental 
effects from dams can be avoided. The turbines are also a cheaper alternative as investment 
costs are low and less maintenance work is necessary. (Khan, Bhuyan et al. 2009, Khan, 
Iqbal et al. 2008, Dhakal, Timilsina et al. 2015, Fernandes, Rostami 2015).   

The power generation from hydrokinetic turbines, P, is calculated by (3), where the 
potential energy of the water is replaced by the kinetic energy according to (4) (Anyi, Kirke 
et al. 2012).  

𝑃 = !
!
𝜌!𝐴𝑣!!𝜂!      (3) 

g
v

h w

2

2

=       (4) 

A schematic over hydro power potential is shown in Figure 1. The different 
implementation areas for hydro turbines are visible where hydrokinetic turbines are 
implementable at low to non-existent head and where hydrostatic turbines extract energy 
from the large hydraulic head. It is visible that the hydrokinetic turbines extract energy that 
would otherwise be wasted.  
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Figure 1: Potential Hydro Power (Khan, Bhuyan et al. 2009). 

Hydrokinetic turbines are easy to transport and relocate. Therefore, this is an attractive 
alternative for electricity generation to rural areas disconnected from the electrical grid 
(Ponta, Dutt 2000).   

The placement of the hydrokinetic turbine in the river has a large impact on the amount 
generated electricity. Possible power output from the turbine depends on the potential 
kinetic energy in the rivers, which varies widely depending on local conditions such as 
topography and weather conditions (Bertsch 2009). Also the fluctuating flow of the water 
in rivers can complicate the usage of hydrokinetic turbines, as the electrical demand can be 
hard to fulfill during dry periods. The flow of the water, and the electrical need, should be 
thoroughly examined and planned in order to control that the demand is possible to oblige. 
The broad and fast variation of possible areas of implementation complicates the location 
of them and could be a time consuming process to investigate, according to Sornes (2010). 

Hydrokinetic turbines are yet not commercially used because of the limitation of a high 
installation cost related to the possible amount of generated effect (Rostami, Fernandes 
2015). According to Vermaak, Kusakana et al. (2014), the biggest barrier to a larger usage 
of hydrokinetic hydro power plants, especially in rural areas, is lack of research and 
information about the benefits that is possible, both economic and environmental.  

The most common mentioned hydrokinetic turbines are the vertical and horizontal axis 
turbines, shown in Figure 2. Most turbines can be summarized under these two types of 
turbine systems (Khan, Bhuyan et al. 2009, Bertsch 2009). Both turbine types are 
submarine turbines that are driven by flowing water that forces the blades to rotate 
(Bertsch 2009). The main difference between the turbines is that the vertical axis turbine 
utilizes mainly the drag force on the blades and the horizontal axis turbine the created lift 
force (Khan, Bhuyan et al. 2009). 
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Figure 2: A horizontal axis turbine (L) and a vertical axis turbine (R) (Akimoto, Tanaka et al. 
2013). 

Vertical axis turbines have a simple design and a low construction cost which simplifies 
further studies and researches on the turbines (Khan, Bhuyan et al. 2009). 

In this report the emphasis will be to clarify the utilities of a Savonius turbine. 

1.4. Savonius Turbine 
Savonius turbine is a type of vertical axis turbine, having the rotating axis perpendicular to 
the water flow and where the generated drag force on the blades is utilized as a source of 
rotation (Khan, Bhuyan et al. 2009). A typical Savonius turbine is shown in Figure 3.  

 

Figure 3: Classical design of Savonius turbine (Khan, Iqbal et al. 2008). 

The Savonius turbine has a simple construction of semi-circles operating as rotating blades. 
Concave blades result in a higher value on the drag coefficient compared to plain or 
convex ones, which forces the rotor to rotate when installed in flowing water. The turbine 
blades are of high solidity, which gives the turbine a higher starting torque than turbines 
with blades of low solidity at the same applied force from the river. The Savonius turbine is 
hence self-starting and is capable of providing a high torque at low speeds. Turbines that 
utilize the lift force from the blades attain a higher efficiency compared to turbines 
exploiting the created drag force. Hence, the Savonius turbine has a slightly lower 
efficiency compared to horizontal axis turbines. (Gao, Pudur 2013). 

Akwa, Vielmo et al. (2012) has summarized research in the area of Savonius turbines and 
has established that the efficiency of the turbine can vary between 0.05 – 0.30 depending 
on the configuration of the specific turbine. The Savonius turbine has a simple 
construction and a low price of manufacturing. 
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1.5. Amazon Basin 
In the Amazon basin, small villages are often disconnected from the electrical grid because 
of lack of economic resources. Long extensions of the grid, only contributing small rural 
areas with electricity, are not economically beneficial. The government’s temporary solution 
for the disconnection is to contribute with diesel-generators. These have become common 
for remote electricity distribution because of their quick installation and mobility. However, 
the high expenses of the fuel for the diesel generators, along with the challenging fuel 
transportation because of the scarce to non-existing infrastructure, are not a sustainable 
solution for electricity distribution in the rural areas (Anyi, Kirke et al. 2012). Furthermore, 
diesel generators are noisy, have a high CO2 emission and often fail after a few years 
because of poor manufacturing and lack of maintenance (Vine 2008). The Colombian 
government is aware of the inconvenient effects of the electricity generation from the 
diesel generators, and has created the Rational and Efficient of Energy and Unconventional 
Sources Program, PROURE (Programa de Uso Racional y Eficiente de Energía y Fuentes 
No Convencionales), where goals have been established to help the promotion and 
penetration of renewable energy resources (Morales, Álvarez et al. 2015). 

Rural areas in rainforests, like areas in the Amazons basin, are inefficient areas to 
implement solar panels or wind generators because of the inconvenient climate with few 
sun hours and low wind. Because of the heavy rainfalls that often occur the areas are 
suitable for hydropower generation (Anyi, Kirke et al. 2012, Stickler, Coe et al. 2013). 
However, the sufficient amount of hydro-energy potential is not utilized because of the 
lack of elevation difference that is required for generating hydropower through 
conventional dam building. Instead flat areas can apply hydrokinetic turbines (Anyi, Kirke 
et al. 2012).  

Smaller particles in the water, such as soil sediments, will increase the erosion on the 
hydrokinetic turbine and flowing debris in the rivers may cause damages and the turbine’s 
lifetime will be decreased. The Amazon basin carries a large amount of vegetation, which 
leads to high quantities of debris in the river during floods. Without proper protection, the 
turbines will be damaged or clogged and the power output of the turbines will decrease or 
even leave the turbines unusable. (Neopane, Sujakhu et al. 2012, Anyi, Kirke 2015).  

1.6. Erosion 
Sediment erosion is caused by the stroke of sediment in the flowing water making an 
impact on the solid surface. It is seen as an immense problem for hydropower operators, as 
the erosion reduces the efficiency of the turbine and decreases its life (Gohil, Saini 2014). 
The sediment causes damage to exploited segments of the turbine and will result in 
alteration of blade profile, increased vibration, fatigue damage, inefficient operation and 
system failure (Padhy, Saini 2008). It is stated that the effect of erosion is dependent on the 
characteristics of the particles and also the operating conditions of the turbine, such as the 
flow of the water (Neopane 2010). The condition of the material is important to decrease 
the effect of erosion as materials with manufacture defects tend to have an increase in 
weight loss due to erosion (Neopane, Sujakhu et al. 2012). The rate of increased effect 
from erosion from sediment is also increasing with the concentration of the sediment 
(Padhy, Saini 2009). 

The actual effect of erosion is very complex because of the many different factors affecting 
the result (Padhy, Saini 2008). The phenomenon is almost impossible to simulate with the 
accuracy of the actual flow of the river. However, experimental trials have been conducted 
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to determine the erosive wear on a Pelton turbine buckets by Padhy, Saini (2009). From the 
trials, a simple equation, determining the amount of erosion per unit of water discharge as a 
function of current conditions, could be established, W, which shows in (5). s represent the 
silt size, c the sediment concentration, v the water velocity and t the operation time. 

( ) ( ) ( ) ( )tvcsW w
79.32267.10567.0121002.4 −⋅=     (5) 

Another study, conducted by Neopane (2010), investigated the erosive wear in a test rig by 
experimental trials. The study’s result showed a higher risk of erosion on the pressured side 
of the blades, the side facing the flow. 

Erosion on the blades of the turbine can be prevented by different methods: 

• Dam and de-silting chambers are used to redirect the water flow to a large dam. A 
decreased velocity is attained, allowing the sediment to settle before exiting the 
dam. The initial velocity is later regained before entering the turbine.  

• By monitoring the sediment concentration. Installation of sensors that monitors the 
concentration of sediment in the water and allows for shut-off of the turbine when 
a set limit of concentration is reached. 

• By applying a hard surface, a coating, on the blades, leave them less vulnerable for 
erosion. The coating can consist of ceramic pastes, ceramic paints or hard facing 
alloys. 

• Material selection will affect the amount of erosive wear on the turbine. The harder 
material, the less erosive effect from the sediment. Hardened stainless steel is 
commonly used as a choice of material while constructing water turbines. (Dorji, 
Ghomashchi 2014, Thapa 2004). 
 

The amount of sediments in the water is highly connected to the current amount of 
discharge and thereby to the current water level as Kong, Miao et al. (2015) showed in 
earlier studies from the Yellow River, China. The research stated that during drier seasons 
less soil would erode from the ground to the river, which resulted in less sediment in the 
water. This correlation between amount sediment and water level can be seen in Figure 4. 
The season during which measurements are made, will have an impact on the results 
attained as the water level varies significant during different seasons. 
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Figure 4: Sediment and amount of water in the Yellow River Delta (Kong, Miao et al. 2015). 

1.7. Debris 
Water transports objects from flooded areas into the river that might collide with the 
turbine or attachment device and thereby cause immediate damage on the installation. This 
will result in a lower efficiency and a decreased life of the turbine. To protect the 
hydrokinetic turbines, a grate can be used as a protection from flowing debris. However, it 
is important that the grate minimally affects the flow of water, as it is stated that the power 
output from the turbine is largely affected by a change in velocity, according to (4). A 
denser grate will remove debris and damaging objects from the water, but will also decrease 
the velocity of the water. (Anyi, Kirke 2015). 

1.8. Turbine 
A Swedish company by the name of Jabe Energy AB has developed a type of Savonius 
turbine that can electrify rural areas from nearby slow flowing water. Jabe Energy AB’s 
focus is on developing and implementing technologies for locally produced sustainable 
electricity. In cooperation with the Swedish volunteer organization Ankarstiftelsen, Jabe 
Energy AB is aiming to electrify schools in small villages located in the Amazon basin, 
Colombia. There has also been a memorandum of understanding with the Colombian 
government to broaden the implementation of the hydrokinetic turbine to electrify 
additional rural areas located in the same area. The turbine to be implemented has a 
diameter of 1.5 m and will be installed in sections placed on top of each other where each 
section has a height of 0.4 m. There is no axis in the centre, but the sections are jointed at 
the top and bottom of the blades. Thereby, all sections attain the same rotational velocity 
during operation. The number of sections is yet not determined. Each section consists of 6 
blades. A schematic of the turbine shows in Figure 5. The turbine has the ability to 
generate 1.5 kW during optimal conditions. (Jabe Energy 2015). Specific values and 
dimensions of the blade will be avoided as of patent issues. 
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Figure 5: A schematic from above over the hydrokinetic turbine from Jabe AB. 

The turbine is constructed in steel. The turbine also consists of a shield covering a fourth 
of the turbine’s perimeter to hamper the water from forcing the blades in the wrong 
direction. The shield has a distance of 3 cm to the turbine. (Jabe Energy 2015).  

The turbine has an optimal rotational frequency depending on the current velocity of the 
water. The tip speed ratio, 𝜆, explains the relation between the angular velocity and the 
velocity of the water, (6). The optimal tip speed ratio is achieved at the optimal frequency 
and is dependent on the configuration of the turbine and the blades (Yurdusev, Ata et al. 
2006, Ragheb, Ragheb 2011). Therefore it is assumed that turbines with the same design, at 
the same velocity, will achieve the same optimum value on the tip speed ratio independent 
on the turbine size. In (6) represents 𝜔 the rotational velocity, r the radius of the turbine 
and f the frequency. 

𝜆 = 𝜔𝑟
𝑣𝑤 =

2𝜋𝑓∙𝑟
𝑣𝑤      (6) 

Measurements were carried out on a prototype of the turbine with a diameter on 0.5 m by 
Nordqvist (2016), and the optimal tip speed ratio was established at a specific velocity of 
1.0 m/s. 

Since the turbine has been developed in Swedish water, it is not optimized nor adapted for 
the physical conditions that are to find in the Amazon River. An investigation will be 
conducted on potential effects on the turbine from the large amount of sediment and 
debris in the water.  

1.9. Numerical Calculations 
Previous simulations have been conducted on other types of turbines in Computational 
Fluid Dynamics programs to analyze the flow characteristics through the turbine (Kang, 
Borazjani et al. 2012). COMSOL Multiphysics® is a program suitable for CFD simulations, 
in which the Finite Element Method (FEM) is used for finding approximate solutions to 
boundary value problems for partial differential equations. The program solves coupled 
physics phenomena simultaneously. Equations are solved until the converged criterion is 
reached (COMSOL 2012). 
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1.10. Objective and Goal 
The objective of the project is to support the purpose for implementation of the turbine 
developed by Jabe Energy AB, as less regular maintenance is required and a longer lifetime 
can be provided with adequate protections. 

The goal of the project is to establish potential hazards for the turbine and prospects of 
protections to hinder damage and thereby contribute to a higher accessibility to electricity 
in remote areas.  

The objectives and goals are determined by investigate the areas on the turbine most 
exposed to erosion as of the high amount of sediment in the water, to understand how the 
turbine can be reinforced to prevent fatigue at an earlier stage than necessary. An 
investigation will be done to establish if a grate will be necessary to protect the turbine. The 
consequences of an installation of the grate will also be studied. 
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2. Method 

2.1. Field study 
Data were collected during the field study in Colombia. Measurements were carried out to 
establish the velocity of the water in the Amazon River. Samples of water were collected to 
determine the amount of sediment in the water. Simulations were conducted on the 
turbine, using the collected water velocity and sediment concentration, to determine areas 
of the turbine that are more exposed to erosion. Subsequently, suitable means of protection 
was investigated. 

2.1.1.  Study Area 
The Amazon River is the largest system of rivers in the world, considering the average 
discharge at 209,000 m3/s. The river runs through Brazil, Ecuador, Peru and Colombia and 
the source of water is primarily from the Andes mountain chain (Parsons 2014). A field 
study was executed in the Amazon Basin in the southern part of Colombia close to the 
border to Brazil and Peru, see Figure 6. Small rural communities, where schools have been 
constructed by Ankarstiftelsen, are the primary objectives for electricity distribution by the 
hydrokinetic turbines constructed by Jabe Energy AB. Therefore, and also because of the 
uncertainty of the final installation of the turbine, measurements were carried out in the 
river outside the small communities Macedonia, Zaragoza and Puerto Triunfo, marked in 
Figure 7. The schools in these communities have either no electricity or are poorly 
electrified solo by diesel generators, and the access to electricity is limited from 10.00 to 
13.00 and from 17.00 to 22.00. There are no ventilation nor source of light in the 
classrooms, which during the rainy periods gets very dark (Pastor Delfino 2016). The areas 
are reachable by boat from the small town of Leticia. 
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Figure 6: Area of study along the Amazon River, Colombia (Google maps 2016). 

 

Figure 7: The small community of Macedonia located along the Amazon River. Photo: Amanda 
Ulvmyr. 
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During the field study in the Amazon River, presence of the rainy season led to higher 
water levels than normal. 

2.1.2.   Measurements  
The velocity of the flowing water in the river was measured by three different methods:   

• A sonar, Humminbird Helix 5 with a beam set to 200 kHz, was used to indicate the 
velocity of the water by letting the water pass through a complemented water 
wheel. The sonar was also equipped with a GPS that could establish the 
movements of the boat where measurements were taking place, and was thereby 
used as a source of error during the measurements. This method measures the 
velocity at the depth at which the sonar is submerged, in this case the velocity of 
the surface water. 

• By using a small torpedo consisting of moving blades that rotates with the water 
velocity when submerged, seen in Figure 8. Every spin of the blades is counted, and 
with the help of a complemented equation, (7), the velocity of the water was 
calculated. The device had the possibility to be used at different depths and was in 
this case used to measure the velocity at surface level, submerged at 1 m and at 2 m. 
At each depth at respective locations, a minimum of four measurements was 
conducted to establish more accurate results. 
 

100
1

6075
200

⋅⋅=
turnsvw

    (7) 
 

 
Figure 8: The velocity measuring torpedo. Photo: Amanda Ulvmyr. 

• Measurements were also made at each location where the time was taken for a 
floating object to reach a specific distance in the water. This method registered the 
velocity of the surface water. A minimum of five measurements was made at each 
location. 
 

Multiple methods to measure the velocity were used to ensure the results. A mean value of 
the velocity was calculated to achieve as general results as possible. 
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To collect information about the sediment, water was sampled from specific depths and 
afterwards analysed. The water was sampled by a simple construction of a plugged bottled 
attached to a stick. The plug was disconnected and the bottle was filled with water from the 
river when submerged to a specific depth. The equipment and its area of application can be 
seen in Figure 9 and 10. Water was collected at three different depths at each location: at 
surface level, 1 and 2 meters down. This to establish if there is any dispersion of the 
sediment concentration, depending on the depth. Three samples per depth were collected.  

 

Figure 9: Equipment of water sampling. Photo: Amanda Ulvmyr. 

 

Figure 10: Sampling of water. Photo: Erik Nordqvist. 
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The collected water was pored through a glass micro fibre filter with particle retention in 
liquids at 1.6µ m. The filters had been dried for 4 hours at 100 °C and weighed before the 
trip to Colombia. With the help of an applied vacuum pressure, the majority of the water 
from the samples could be removed. The vacuum pressure was created from the suction 
force attained from water running from a connected tap. Because of the low pressure in the 
water pipes at the location of the study, the vacuum pressure was not convincing. An 
additional suction was applied that was created manually. Afterwards, by adding heat, the 
samples could become completely dry. Because of lack of an operational oven, the samples 
were gently heated in a carefully cleaned frying pan to remove the water that was left. 
Because of the lack of an accurate enough scale at the location of the field study the 
samples were carefully bagged in sealable bags and brought back to the university in 
Sweden. The samples were once again dried for 4 hours at 100 °C and weighed after 
returning. The additional weight to the filters after the filtration of the water established the 
weight of the sediments in the water. The result was divided with the amount of filtrated 
water to reach the amount of particles per ppm weight, mg/l. Because of the fact that the 
samples were not weighed immediately after they had been dried, organic materials would 
have had the time to decompose. Organic materials have no erosive effect on the turbine 
and are not of interest in this study. Thus, they were irrelevant for the results. A total of 36 
samples were collected, dried and weighed. The result was compared to the amount 
sediment in a comparable Swedish river. 

The information of the collected extent of sediment in the water was used as inlet data of 
moving particles in fluid flow during simulations of the turbine. The mean concentration of 
the sediment from the different depths were used to give an applicable result as the depth 
of implementation was not yet determined. The amount of sediment at the different depths 
could indicate whether the erosion on the turbine might differ depending on the depth, or 
not, which should be considered when determine the depth of implementation. 

Same sonar used to measure the velocity was used to establish the amount and frequency 
of big objects in the river. The sonar’s fish-finder was activated to react on denser objects 
in the water. The frequency of the different sized objects was analysed during a time 
interval of 3x60 seconds, covering a cone shaped area of 20° from the boat, at each 
location. The size of the objects was categorized to small, medium and large. The 
categorization of the sizes of the objects was made manually as no actual size of the 
detected objects in the river was given. In collaboration with Humminbird Service (2016), 
an assumption was made that the small fishes had a size of 10-20 cm, medium 20-50 cm 
and large 50 cm and above. The sensitivity of the sonar controls how much detail is shown 
on the display. The higher value on the sensitivity, the weaker the signals that will be 
displayed. The sensitivity of the sonar was set to 10 of 20, to avoid the effect from smaller 
particles in the water, and the fish-finder to 5 of 10 to only display the stronger signals 
detected. An example of the practice of the sonar is seen in Figure 11.  
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Figure 11: The sonar used during analyses of the water content. Photo: Amanda Ulvmyr. 

Seaweed is difficult for the sonar to detect. Therefore, an analysis was conducted by using a 
hoop-bag to collect flowing objects close to the surface. The hoop-bag had an inlet area of 
35x48 cm2. The holes in the net only allowed objects larger than 4 cm2 in area to be 
collected. The bag was kept at surface level and at 1 meter down in the river at 60 seconds 
at each depth and the procedure was repeated three times at each location. With the area of 
the hoop-net’s inlet along with the measured velocity the amount of water examined during 
each sample was established.  

The majority of the equipment used during the measurements in field were easy to build 
and hence easy to repair. This was intentionally to ease unexpected situations on site. Also, 
easy techniques simplify the future means of analyses of the water and of the turbine’s 
efficiency, and make it possible to be conducted by local villagers.  

Simulations cannot determine a potential amount of erosion on the turbine. By using (5) 
established from Padhy, Saini (2009), a prediction was made on how much material loss 
that could occur as a result of erosion from the general velocity of the water and the 
amount of sediment in the river. The result was divided with the amount of water entering 
the turbine, (2), to attain the amount weight of erosion per weight sediment, (8). The inlet 
area was calculated for two turbine segments on top of each other, with a height of 0.8 m. 
The result was then compared to the amount of erosive wear in Swedish water. As the size 
of the particles was unknown, it was set to 1, and a percentage difference between the 
different waters was established per hour of operation.  
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The established amount of sediment in the water was used to attain a result of mg 
erosion/l water according to (9). 
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2.1.3.  Socia l  acceptence  
The acceptance of the implementation of the turbine among the inhabitants in the small 
communities is important for success. Persons in the small communities were asked 
questions about the current electricity generation and what the ideas were of potential 
implemented kinetic hydropower. The answers were collected and a collective perspective 
on the ways of electricity distribution was given.  

2.1.4.  Validat ion o f  measurements  
To validate the laboratory conducted in field, one sample of water from each depth 
sampled from near the community of Puerto Triunfo was taken to Sweden. The filtration 
was then executed in the laboratory at the university. The results on the amount of 
sediments in the samples were compared to the one conducted in Colombia, to see 
whether there was any alteration in result depending on the quality of the laboratory and 
equipment used, or not.  

2.2. Simulations 
Simulations were conducted in the commercial software COMSOL Multiphysics® 
v5.2.0.220. The converged criterion was set to below 10-3. 

2.2.1.  System Descr ipt ion Turbine 
The Reynolds number, Re, for water passing a circular shaped object was calculated by (10) 
to be 1.74 ∙ 10!, which stated that the flow was located in the transitional area between 
laminar and turbulent flow when passing the turbine (Sunden 2011). However, laminar 
flow was used during simulations. In (10), Dc represents the critical diameter the water 
passes and υ  the kinematic viscosity of the water. 

υ
cwDv=Re       (10) 

A model over the turbine was built in 2D. A schematic section over the system is shown in 
Figure 12. 
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Figure 12: Schematic over large system of the turbine. 

2.2.1.1.  Governing equat ions turbine 
Frozen rotor was used as a stationary calculation when simulating the turbine. Then, 
rotation of the domain is accounted for by centrifugal and Coriolis forces as the position of 
the rotating parts are frozen. The result given by the stationary calculation was used as the 
initial conditions for the dynamic calculations. 

Navier Stokes equation for conservation of momentum for the water flow is shown in (11), 
where the left hand side represents the advective forces and the right hand side represents 
surface forces and body forces. There are no body forces acting in this case, which result in 
Fb=0.  

( ) ( ) ( )( ) ( ) bw
T

wwwww
w pI
t

FIuuuuu
u

+⎥⎦

⎤
⎢⎣

⎡ ⋅∇−∇+∇+−∇=∇⋅+
∂

∂
µµρρ
3
2

*
  (11) 

A specified angular velocity determined the angular movement of the rotating domain, (12) 
and (13), where the dislocation is established by the radius, angular velocity and time. The 
rotation axis was set in the center of the turbine. 

( )tdd bp ,,ωrxx =      (12) 

fw
dt
d

π
ω 2−==      (13) 

The equation for conservation of mass, the continuity equation, is shown in (14). Because 
of steady state condition there is no change of mass in the system, which sets the equation 
equal to 0.   

!!!
!!∗

+ ∇ 𝜌𝒘𝒖𝒘 = 0     (14) 
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Particle tracing for fluids was used to compute the movements of particles in the water by 
accounting Newtonian formulations. Rough calculations of the Reynold number for the 
particles in the fluid stated that Stokes Law was suitable for the current conditions. The 
particle movement was thereby set driven by drag forces according to Stokes Law. Stokes 
law is valid for small particles in a viscous fluid set in a laminar state and for low Reynold 
numbers. The frictional force acting on the interface between the surface of the particle 
and the fluid is calculated as the particles are exposed to the drag force, F , shown in (15). 
𝒖𝒘 and 𝒖𝒑 represent the velocity field of the water and the particles and mP the mass of the 

particles. Pτ  represent the shear force acting on the interface, (16), where the density and 
diameter is  parameters for the particles, and the kinematic viscosity properties for the 
fluid.  

𝑭𝑫 =
!
!!
𝑚! 𝒖𝒘 − 𝒖𝒑      (15) 

𝜏! =
!!!!

!

!"!
      (16) 

2.2.1.2.  Boundary condi t ions turbine 
A smaller system of the turbine and the boundary conditions are shown in Figure 13 and a 
close up on the blade in Figure 14. The boundary conditions are explained below. 

 

Figure 13: A schematic over the model of the turbine in COMOSL with the boundary condition. 

 

Figure 14: Blade of the turbine. 

1) Inlet with the mean water velocity of the river along with inlet of sediment in the water.  
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2) Outlet. 

3) Rotating interior wall with no slip condition. 

4) Rotating domain. 

5) Stationary wall with no slip condition. 

The simulations are made for installation of one turbine. The remaining boundaries are 
simulated as open boundaries to avoid the effect of nearby limitations and thereby 
represent the condition of a large riverbed. The distance from the inlet to the center of the 
turbine was set to 2.5 m and the simulated area also covered an area of 4.5 m downstream. 
The total height of the simulated area was set to be 4 m. 

The majority of the particles are assumed as sand, hence the particles properties were set to 
have a density of 2.020 kg/m3 (The Engineering Toolbox ).  

The rotating domain was applied to allow movement of the turbine. The velocity of the 
moving turbine was based on an equation depending on the current velocity of the water 
entering the turbine, established with an applied probe close to the inlet. To achieve an 
optimal rotational frequency for the turbine, the result from measurements conducted by 
Nordqvist (2016) on Jabe Energy AB’s prototype was used. The optimal rotational 
frequency for the prototype had been established to be 0.28 rotations/sec at a velocity of 
1.0 m/s. An optimal tip speed ratio, 𝜆, was established according to (6).  An assumption 
was made, in which the optimal tip speed ratio was the same for both the prototype and 
the turbine itself, and the value was used to calculate the new optimal rotational frequency 
of the turbine, (17). As the optimal tip speed ratio is dependent on the current velocity, the 
value will alter slightly with the velocity.  

𝑓 = 𝜆𝑣𝑤
2𝜋𝑅      (17) 

To be able to simulate the model over the turbine, the inconsistent stabilization needed to 
be applied and adjusted to 0.07. Inconsistent stabilization is used to create a broader 
boundary layer, hence ease calculations. The results will be slightly altered during using the 
stabilization.  

To attain an indication of the sediment’s effect on the turbine blades, the velocity of the 
water was measured at a distance of 5 mm from the blades on both sides. The particles 
were assumed to have the same velocity as the water, and the higher the velocity of the 
water hitting the turbine, the higher impact on the turbine from particles. The areas on the 
blades which achieve the highest velocity were determined as the most vulnerable areas as 
the majority of the erosive effect will occur at these areas.  

2.2.2.  System descr ipt ion grate  
The large collected objects in the water were analyzed to see how large the grid of the grate 
needs to be to protect the turbine from the most damageable objects, at the same time as 
the velocity is minimally affected. Simulations were conducted on the grate case to establish 
the potential drop in velocity. 

A schematic over the grate in the water is shown in Figure 15.  
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Figure 15: A schematic over the model of the grate in COMSOL. 

2.2.2.1.  Governing equations grate  
The governing equations used in simulations of the grate were the same as the one used for 
simulations of the turbine, except for the rotating machinery and the particle-tracing 
module, which was excluded.  

2.2.2.2.  Boundary condi t ions grate  
The boundary conditions can be seen in Figure 15. 

1) Inlet with a water velocity established from measurements in field. 
2) Outlet. The exiting water will be entering the hydrokinetic turbine. 

 
The distance between the grid’s rods is established by the minimal size of objects that 
needs to be reduced according to the investigations conducted in the river. The simulations 
are made for installation of one grate. The remaining boundaries are set as open boundaries 
to represent the condition of a large riverbed. The upstream distance was set to 1 m and 
downstream distance to 2.2 m. The grate covered an area of 3 m2. The grates rods are 
estimated to be 2 cm in diameter. The simulated are also covered 1.5 m above and beneath 
the grate.  

The Reynolds number for this system was calculated according to (7), to establish the type 
of the flow passing the rods. A value of the Reynolds number at 2,300 stated that the flow 
was laminar. 

The mesh used in simulations of the grate contained 624,682 domain elements, 12,590 
boundary elements and 4,938 edge elements.  

2.2.3.   Assumptions 
Because of limitations in the simulated model, the force from the water was not able to 
create the rotation of the turbine. The applied rotating domain needed a specified angular 
velocity as initial condition, independent from the effect of the flowing water. The 
extraction of energy that occurs from the rotating blades as a result of the pressure of the 
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water was then not able to copy. The rotational velocity was instead established as a 
function of the water velocity and the turbine’s optimal tip speed ratio. 

The 2D simulations are assumed representative for a real turbine as the model represents a 
segment in the middle of the turbine seen from above. Thereby, an extra dimension is not 
necessary. 

The flow was simulated as laminar. The velocity indicates that the flow is located in the 
transition area between laminar and turbulent. However, because of limitations in the 
model, laminar flow was used in the model. 

The weight per particle was not measured in field and was thereby assumed to 6101 −⋅  and 
used as inlet data for the simulations. 

2.2.4.   Sensi t iv i ty  analys i s  s imulat ions 
The velocity of the water in the river will in reality not be constant. The used velocity was 
an average value from measurements in the river. The inlet velocity was altered to see 
whether the result on the particles behavior in the turbine was depended of the speed of 
the water, or not. The velocity hitting the blade, and also at what section of the blade, was 
compared to see whether the result was altered, or not.  

2.2.5.   Mesh independent analys i s  
The element size of the mesh used during the simulations of the turbine was set to 
predefined extra fine, containing 228,290 domain elements and 4,940 boundary elements. 
The mesh used is to be seen in Figure 16. 

 

Figure 16: The mesh used during simulations. 

The influence of the element sizes on the result was controlled by a sensitivity analysis, 
where the element sizes was varied, and the distribution of highest particle velocities on the 
blades was compared. As a finer mesh results in more accurate calculations, the errors were 
compared to the finest mesh analyzed. 

The mean velocity hitting the blade was the criterion investigated during the mesh 
independent analysis. The result is shown in Table 1.  
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Table 1: Result from the mesh analysis.  

 Domain 
elements 

Boundary 
elements 

Change in average velocity 
hitting the blades front side 

Change in average velocity 
hitting the blades rear side 

Extra Fine 228,290 4,940 - - 
Fine 141,987 4,073 + 37.2 % +13.8 % 
Normal 139,900 4,740 +31.2 % +13.8 % 
Coarser 161,749 6,885 +31.2 % +6.8 % 
 

Using a coarser mesh indicates that the blade will attain an increased average magnitude of 
the velocity the particles hits the blade with. There are no big changes in the distribution of 
the most vulnerable areas when changing the mesh as seen in Figure 17. The different 
sections of the blades are explained in Figure 18. However, the front tip of the blade is 
slightly more exposed when simulating with coarser mesh, which could have led to an 
additional area in need of protection, and a change in result. Therefore, the model is 
noticeably sensitive to mesh, and finer mesh is to be preferred during simulations. A mesh 
with a fine distribution of the elements was used during simulations, which ensures the 
results given. 

 

Figure 17: Average velocity of the particles hitting the blade during mesh analysis. 
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Figure 18: Explanation of sections on blade. 
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3. Results and Discussions 
Measured velocities and sediment concentrations along with possible amount of erosion 
will be presented. Simulations of the turbine with the collected average data used as inlet 
values will show the areas most vulnerable on the turbine, and means of protections will be 
given. The amount of larger objects in the river will be analysed to see if implementation of 
a protective grate will be necessary. The effects from an installed grate on the turbines 
electricity generation will be presented. 

The collected data are shown in Appendix 1. 

3.1. Measurements 
The velocities measured at the locations in the Amazon River are shown in Figure 19. 

 

Figure 19: Velocities of measurements in the Amazon River. 

As the strong current made it difficult to be stationary at one location during 
measurements of the velocities in Zaragoza and Puerto Triunfo, the results were corrected 
by subtracting a drifting factor attained from the sonar of 0.15 m/s. The velocity measured 
in Zaragoza with the sonar’s complemented water wheel was adjusted by subtracting a 
drifting factor of 0.3 m/s. Because of a too high force from the current in the river, the 
measurements of the velocity of the water at a depth of 2 meters at the community of 
Macedonia could not be executed.  

The overall mean velocity of measurements in the Amazon River was calculated to be 1.14 
m/s, and it was used during simulations of the turbine.  

As mentioned by Sornes (2010), the velocity of the water varies considerable depending on 
where in the river the measurements are taking place. This was confirmed during the field 
study,. The water level also varies widely in the Amazon River depending on seasons. 
Because of the portability of the turbine it is however easy to move to an area deep enough 
during dryer periods. However, a change in location will lead to different conditions 
regarding water velocities and new measurements could be necessary. As the final position 
of the turbine was yet unknown, the conducted field study had the aim to provide general 
result for a possible alteration of location of the turbine. 
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3.2. Erosion 
Collected data of sediment in the water at the different depths are shown in Figure 20. 

 

Figure 20: The dispersion of particles depending on depth. 

The mean concentration of sediment in the water could be calculated to be 183.6 ppm in 
weight [mg/l]. 

The average concentrations at each depth were used to establish an equation for the 
amount sediment depending on the depth. A relationship between the amount sediment 
and current depth was not convincing, and the equation was assumed only adaptable 
between the measured depths. More measurements at more depths would have been 
necessary to establish an equation valid for the whole depth of the river. Thus, the amount 
sediment was assumed to be distributed evenly through the river and will not be a main 
indication of at what depth it is optimal to install the turbine.  

The mean concentration of silt in a Swedish river was found to be 3.4 ppm in weight 
[mg/l] and the velocity was measured to 1.0 m/s. 

The condition of the water in the Amazon River, using (5), gave an erosive wear of 
8.49 ∙ 10!! mg erosion/l. The conditions in the Swedish waters will result in an erosive 
wear of           7.17 ∙ 10!!!mg erosion/l. The erosive wear on the turbine will be a factor 
of almost 12 000 times larger in the Amazon River than in the Swedish water. 

The amount of erosion that may occur was established by an equation given by Padhy, 
Saini (2009). This equation is explaining the effect of erosion on a different turbine than 
the one in this report. The equation may not be adaptable to a hydrokinetic turbine with 
lower water velocities, and it may result in incorrect results. In lack of a more adaptable 
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equation, the result may be seen as guidance of potential erosion for the implemented 
turbine. Other equations were investigated, but they were even less suitable for the 
prevailing conditions.  

The amount erosive wear as of the water velocity is negligible compared to the erosive 
wear as of the high concentration of sediment. However, the sediment in the water makes 
the areas that are exposed to the high velocities even more exposed to a higher degree of 
erosion than other areas of the turbine. Thereby, the velocity is an important factor to 
detect the most vulnerable areas of the turbine. 

The level in the rivers alters significantly depending on seasons. When the water level 
varies, the concentration of sediment also varies. A more useable result would have been 
given if the changes in particle concentration in the river were studied during a whole year, 
at the same time as the level of the water was taken into consideration. Then the level of 
the water could be an indicator of the possible amount sediment in the river. Because of 
limitation in time for the field study, the measurements were only conducted during a 
period of rain season. As the water level in the Amazon River was at the highest, the 
amount of silt was high as well. However, the turbine should be adapted to withstand even 
these levels, which ensures the used concentration during simulations. 

3.3.  Validation of measurements 
The laboratory conducted, during questionable conditions in Colombia, was validated by 
comparing three samples filtered, dried and weighed in a laboratory in Sweden. The result 
is shown in Figure 21. The three samples are in the area of proliferation of the result 
achived in Colombia, and the results achieved in the field study are ensured for useage. 

 

Figure 21: Dispersion of sediment in the river compared to measurments done in a laboratory. 
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3.4. Social acceptence  
The small interviews held with inhabitants of the communities showed a great acceptance 
of the turbine as a source of electricity. The need of light and ventilation in the classroom 
was immense and all source of electricity was welcome. In two villages that were subjects 
for investigations had already installed solar panels as soure of energy to the schools as a 
trial by the government in cooperation with the PROURE-programe. These communities 
were satisfed and measurements were never conducted in the area as implementations of 
turbines were not expected. 

3.5. Simulation of turbine 
As erosion is a complex phenomenon and almost impossible to simulate, the focus in this 
report has been to determine the vulnerable areas of the turbine, where most sediment will 
hit. Simulations determine the areas exposed to higher velocities of the water containing a 
high amount of sediment. 

The established mean velocity and average amount of sediment in the water were used as 
inlet values for the model of the turbine, 1.14 m/s and 183.6 mg/l.   

The optimal tip speed ratio for the prototype was calculated to be 0.4. It was used to 
calculate the rotational frequency for the full sized turbine as a function of the velocity of 
the water, (17), and it was used as input data for the rotating frequency of the rotating 
domain in the model. No alteration of the tip speed ratio was necessary, as the velocity in 
the Amazon River was similar to the one during measurements of the prototype. 

In reality it is the velocity of the water that forces the turbine to rotate. This action was not 
possible to represent during the simulations. When the model in COMSOL was built, a 
specified angular velocity for the turbine was compulsory to specify. The rotating velocity 
was set as a function of the inlet velocity to achieve as much similarity as possible to a real 
case. A better result would have been given if the simulations could take account of the 
interaction between the pressure of the water pushing the blades and the rotation. 
Simulating the movements inside an operational turbine is very complex and difficult 
because of these limitations. 

Figure 22 shows the average velocity measured at a distance of 5 mm from the blades on 
both sides during one turn of the turbine, a simulation of 10 seconds. It displays that the 
rear part of the blade attains a higher velocity on the water hitting the blade, than the front 
part. Thus the rear part of the blade is more exposed to erosion than the front part. As the 
turbine utilizes mainly the drag force exerted on the blades, the result seems trustworthy as 
the rear side is the one exerted to drag force and the front side to the pressure. 
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Figure 22: The average water velocity exterted on the different sides of the blades. 

Also a visual indication was used to establish more exactly where the highest water velocity 
interacts with the turbine blades. These are shown in Figures 23-25. The areas with the 
densest lines indicate the highest change in velocity where water with a higher velocity hits 
the solid blade. Thus, these areas are affected by particles hitting the blade with a higher 
velocity.  
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Figure 23: Time=2.1 s, Contour: Velocity magnitude (m/s). 
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Figure 24: Time=2.59 s, Contour: Velocity magnitude (m/s). 
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Figure 25: Time=3.5 s, Contour: Velocity magnitude (m/s). 

As seen in Figures 23-25 the tip and middle part of the drag side of the blades, the rear 
side, are exposed to sediment with a high velocity as they accelerate the contaminated water 
before it releases from the tip.  

Also the rear part of the shield is exposed to accelerating velocities, Figure 26, and it will be 
in need of protection to avoid erosion. 
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Figure 26: Time=2.1 s, Contour: Velocity magnitude (m/s). 

Figure 27 shows the dispersion and the magnitude of the average velocity exerted at the 
different sections of the blade during a simulation period of 10 s. The sections are 
explained again in Figure 28.  

 

Figure 27: The water velocity exterted on the different areas of the blades. 
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Figure 28: Explanation of sections on blade. 

The results confirm that the rear tip and middle parts are exposed to higher velocities, and 
they are thereby more exposed to the effect of erosion. 

The increased pressure forcing the blades to move decreases the velocity of the water on 
the pressure side of the blade, which results in a higher velocity exerted on the rear part of 
the blade than compared to the front side.   

A visual analysis indicates that an area on the blade close to the rotating centre is exposed 
to water with a high velocity. This is shown in Figure 29.  

 

Figure 29: The high velocity exerted on the inner part of the blades. 

The water attains a high velocity during flowing through the narrow middle opening inside 
the turbine. However, the average velocity measured in this area, front inner, indicated a low 
velocity. Thereby, the area closest to the rotating centre on the front side was set as an own 
area of measurements, measured 20 cm from the centre and out towards the tip. The result 
is shown in Figure 30 where it is clear that the small area close to the rotating centre is 
exposed to a high velocity as well.  
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Figure 30: The water velocity exterted on the different areas of the blades. 

The used average velocities of the different parts of the blade can result in errors, as areas 
exposed to high velocities gets overlooked because of the lower velocities in the nearby 
areas. A visual indication, as used in this case, could be a necessity as compliment to 
numerical calculations at similar analyses to detect the most vulnerable areas.  

Of the different combating methods for erosion on the turbine, only two seems adaptable 
to the current setting because of their simplicity. Reinforcement by the usage of coating on 
the exposed surfaces or by changing material to a harder composite. As the turbine already 
consists of steel, a coating on the most exposed areas appeared to be the best solution.  

According to simulations, it would be recommended to add a coating on the back of the 
blades tips and middle part and also on the inner part of the front side of the blades, as 
these are the areas most exposed to a high velocity and thereby a high concentration of silt. 
Recommended areas of coating are shown in Figure 31. 
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Figure 31: Areas recommended for reinforcement established from simulations. 

The achieved result differed from the one established by Neopane (2010), as the most 
exposed side of the blade differed. This could be explained by the different types of 
turbines that have been analyzed. The one investigated in this report is a hydrokinetic 
turbine, working with low velocities compared to the commercial hydro turbines used for 
high head and high water flow. With a low velocity of the water, the pressure will be low 
on the pressurized side of the blade, the front side. As the hydrokinetic turbine utilize 
mostly the drag force exerted on the blades, it seems logical that the rear side is more 
exposed to a higher velocity.  

3.6. Debris 
The Amazon River is a river with a high flow and many connecting rivers. Therefore, there 
are a lot of floating debris in the river as seen in Figure 32.  

 

Figure 32: Image of floating debris in the Amazon River. Photo: Amanda Ulvmyr. 
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The result from the sonar can be seen in Figure 33. The result showed multiple objects 
flowing underneath the surface. Measurements of big objects in the river by using sonar 
were not achievable at the small community of Macedonia.  

 

Figure 33: Total amount of bigger objects in the river at different depths and samples. 

The sizes of the objects were categorized at three different spans, whereas two were found 
in the river, small and large. The majority of detected objects were small, 10-20 cm, 89.8 %. 
The amount of objects found that was categorized to large, 50 cm and above was 10.2 %. 
The covering angle of 20° along with the local depth, 14 m, resulted in a cross sectional 
area of approximately 70 m2 where measurements took place, covering an amount of water 
of 79 m3/s. An average of 8.2 bigger objects was found flowing in the river every 60 
seconds at the covered area, and a volume of 4,740 m3 water was examined at each sample. 

The result from the sonar shows a high concentration of bigger objects in the river 
between the depths of 1 to 7 meters. As this area is the most accessible for installation of a 
hydrokinetic turbine, a grate is a necessity to increase the turbine’s life.  

The sonar was configured to react on denser objects flowing in the water. There is no 
possibility to know what the found objects will be as it could be dense parts of tangled 
seaweed, parts of sunken trees or fishes. It was established that all objects detected could 
be a possible danger to the turbine.  

Sonar only receives the echo strength given from the sent out signal, and the actual size of 
the fish or object is estimated from the signal intensity. Thereby, the actual size of the 
detected object is an uncertainty. A possibility would be to catch one of the objects shown 
by the sonar to establish the range of the sizes shown. This was however not done in this 
case, and an assumption was made on the range of the size of the objects detected. 

By using the hoop-net, seaweed could be collected at the surface and at a depth of 1 meter. 
The size of the hoop-bag 35x48 cm2 along with the velocity of the water allowed a total of 
11.7 m3 water to be examined at each 60 seconds sample.  

The content of debris at surface level varied along the different times of sampling, both in 
sizes and amount of debris collected. The measurement gave a result on a total of 25 
objects that were collected, ranging in size between 5 and 60 cm in length. Every 60 
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seconds there is in average 3 objects with an average size of 20 cm floating on the rivers 
surface. In addition there were big objects in the river, unable to be caught in a hoop-net, 
such as large trees and small islands of grass, which will be of grave danger for the turbine. 
All these were seen at surface level and were assumed to have no more penetration than 50 
cm down in the river. The result stated what can easily be seen in Figure 32, that an 
installation of the turbine at surface level would result in a clogged turbine in a short 
amount of time. There was no collected debris at the depth of 1 m, in all samples. If the 
turbine was to be placed at the surface of the river, the possibility of getting clogged or 
damaged is high. A placement of the turbine at the depth of 1 m and further down seemed 
justified.  

The majority of instruments used were constructed singly by the usage for this field trip, no 
margins of errors for the instruments were able to be established. However, the manual 
errors contained during the measurements are likely to have bigger effect on the results 
than the ones from the equipment that contained margin of errors. Hence, the margins of 
errors for equipment have not been investigated.  

3.7. Simulation of grate 
From the size of the objects found in the river, a distance between the rods of the grate 
was set to 20 cm. Any obstacle bigger than 20 cm is to be removed by the grate. All objects 
smaller than the specific size will not be affected by the grate and will continue into the 
turbine. 

The simulation of the grate seen from above is shown in Figure 34. 

 

Figure 34: The decrease in water velocity when applying a protective grate. 

By installing a grate in front of the turbine, the velocity will be decreased according to 
Table 2. The decrease in turbine power output is represented in the table as well. 
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Table 2: The decrese in velocity for water passing the protective grate. 

Distance behind grate [m] Velocity [m/s] Decrease in velocity Decrease in power 
1    0.918 19.5 % 48 % 
2   0.917 19.6 % 48 % 
3   0.922 14.9 % 47 % 
 

The result indicates that the water reaches a higher velocity the further away from the grid 
it is installed. Because of the high influence from the water velocity on amount generated 
power from the turbine, a small decrease in velocity will result in a higher percentage 
decrease in generated effect. A high velocity as possible is to strive for. However, the 
decrease in generated power differs negligible at the distance from 1 to 3 meters behind the 
grate, and a placement closer to the grate will lead to higher protection. A longer distance 
between the grate and placement of turbine was not investigated, as an increased distance 
also increases the risk of already diverted objects reentering the flow towards the turbine.  

A grate will be necessary to protect the turbine from flowing bigger objects that are 
presented in the river and a longer lifetime can be given. A lower velocity will also result in 
a lowered effect from erosion. In general, the turbine will be less damaged when installed in 
water with lower velocities. However, a lower velocity will result in a decreased power 
output. As the objective of a hydro turbine is to generate electricity, it will be the primary 
objective when choosing a suitable location for implementation. It will be up to the buyer 
of the turbine whether a possible extra lifetime of the turbine will be worth a decreased 
power output during the time of operation, or not. 

A grate will also be clogged from seaweed and similar objects in the river. When 
constructing the grate the simplicity of maintenance should be considered.  

3.8. Sensitivity analysis simualtions 
Simulations with the extreme velocities measured during the field study showed 
insignificant differ in distribution of the most vulnerable areas on the turbine’s blades as 
shown in Figure 35. 
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Figure 35: Average velocity of the particles hitting the blade using different velocities. 

This ensures the result even with an altered velocity as of relocation, changes in season or 
an additional installation of a grate.  

It can also be seen that a higher velocity will expose areas otherwise seen as unexposed 
during lower velocities. However, it will still be focused on the areas exposed to the highest 
velocities, as these parts will reach a fatigue state before the other areas. There is always the 
alternative to add protection for the whole turbine, but only adding coating to the most 
vulnerable areas will reduce the costs of the extra protection at the same time as enough 
protection is given. 

The result from this study is specific for the current turbine. Turbines with different 
constructions implemented in the same area will need new simulations, as the distributions 
of the areas most affected by erosion differ with the design. The measurements conducted 
can be seen as a guide for investigations at new areas of interest.  

The efficiency of hydrokinetic turbines is classified as small hydro power plants, which 
indicates a small amount of electricity generated. Large hydro power plants with built-up 
dams will not be ousted by the hydrokinetic hydropower, but it will still be a necessity to be 
able to cover the large base load demand. Therefore, the electrical extraction from 
hydrokinetic hydropower will probably only be seen as a complement to the already 
existing hydropower. To an area with small electricity demand, hydrokinetic hydropower 
could be an alternative to fully meet the demand, which greatly indicates that electricity 
distribution of rural areas in developing countries probably will be the turbines dominating 
implementation area. Thereby, the location of the conducted field study is an appropriate 
first implementation area of the turbine. Also the simplicity regarding installation and 
maintenance of the turbine are crucial incitements for success. The local residents should 
not need to be dependent on external assistance at arisen errors. The Savonius turbine 
investigated in this report fits this requirement, as the design is simple and a more 
sustainable solution will be reached. 
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4. Conclusions 
Hydrokinetic turbines, which generate electricity from slow flowing water, are to be 
installed in the Amazon River. However, the turbines will be exposed to erosion from the 
high amount of sediments, and there is a high risk for the turbine to be damaged from 
flowing objects in the river. Therefore, ways to protect the turbines were investigated. 

Measurements were carried out during a field study in Colombia where water velocity, 
amount sediment and flowing debris in the water were analyzed. A model of the turbine to 
be implemented was simulated in the program COMSOL Multiphysics and the collected 
information of the flow in the Amazon River was used as the input data for simulations. 
Areas of the turbine where sediment-full water hits the turbine with a high velocity were 
detected and proposals for protection were given. Also the consequences of installing a 
protective grate in front of the turbine were examined. 

It shows that the turbine will be exposed to almost a factor of 12 000 higher erosive wear 
in the Amazon River than in Swedish water. The tip of the rear side of the blade is exposed 
to high particle velocities, and a protective surface is recommended. The usage of a grate 
will be necessary for protection, but it will decrease the water velocity entering the turbine 
by up to 19.6 % and a decrease in efficiency with up to 48 % depending on the distance 
between the grate and turbine.  

The turbine type investigated is suitable for the investigated location and situation because 
of simplicity in construction and maintenance.   
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5. Further studies 
Because  of the difficulties of simulating erosive wear on hydro turbines, real experimental 
trials could be conducted where a similar approach as Padhy, Saini (2009) is tested. Trials 
on the current hydrokinetic turbine should be conducted, where different concentrations 
and sizes of silt is altered along with the water velocity and the amount erosive wear is 
analysed. An equation adapted for this specific turbine could then be developed. This 
method is both costly and time consuming, but it would give more accurate results. 

Further studies could include a bigger focus on the design and construction of the grate. 
Special emphasis could be to design a grate strong enough to manage large forces from 
hitting objects, at the same time as the velocity is minimal affected. This could be simulated 
in CAD program where forces could be applied on the solid grate and the materials ability 
to absorve the force, or not, is observed. Investigations on what materials that will give the 
best protection, by using the same constructions in different materials, exposed to the same 
conditions. Suggestions on simple installations, to ease the maintainence of the grate, is also 
an important factor that needs to be considered. 
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I. Appendix I 
 

Macedonia 

Torpedo (number of spins during 60 seconds measurements) 

Table 1: Measurements from small torpedo, Macedonia. 

 Before After  
Surface  238,300 241,264 
 241,300 244,533 
 244,500 247,857 
 248,500 251,663 
 251,600 254,961 
   
Submerged 1 m 216,000 219,508 
 219,500 224,693 
 224,700 230,078 
 230,100 234,546 
 234,600 238,275 
 

Floating object flowing a distance of 4.19 m.  

Table 1: Time for floating object. 

Time [s] 
2.64 
2.86 
3.27 
3.5 

3.02 
2.69 
3.41 
3.66 
3.71 
3.71 

 

Velocity measured by GPS: 1.25 m/s. 

 

 

 



 
 

Zaragoza 

Torpedo (number of spins during 60 seconds measurements) 

Table 2: Measurements from small torpedo, Zaragoza. 

 Before After  
Surface  289,000 291,862 
 292,000 294,938 
 295,000 297,948 
 298,000 300,553 
   
Submerged 1 m 300,600 303,690 
 303,700 306,326 
 306,400 309,040 
 309,040 311,525 
   
Submerged 2 m 311,600 314,324 
 314,300 317,449 
 317,500 320,253 
 320,300 322,900 
 

Floating object flowing a distance of 4.15 m.  

Table 3: Time for floating object. 

Time [s] 
3.39 
3.56 
3.6 

3.34 
3.58 

 

Velocity measured by GPS: 0.95 m/s. 

 

 

 

 

 

 



 
 

 

Puerto Triunfo 

Torpedo (number of spins during 60 seconds measurements) 

Table 4: Measurements from small torpedo, Puerto Triunfo.  

 Before After  
Surface  258,000 260,457 
 260,500 263,051 
 263,000 265,422 
 265,400 267,767 
   
Submerged 1 m 267,800 270,379 
 270,400 272,978 
 273,000 275,309 
 275,300 277,733 
   
Submerged 2 m  277,800 280,400 
 280,400 282,753 
 282,800 285,389 
 285,400 287,725 
 

Floating object flowing a distance of 4.15 m.  

Table 5: Time for floating object. 

Time [s] 
3.88 
4.03 
3.37 
3.53 
4.2 

 

Velocity measured by GPS: 1.1 m/s. 

 

 

 

 

 



 
 

 

 

Data from measurements taken in field. Velocities and concentrations.

Table 6: Frequency of bigger objects flowing in the river. 

Time 
[s] 

Zaragoza 
[m] 

Zaragoza 
[m] 

Zaragoza 
[m] 

Puerto 
Triunfo 
[m] 

Puerto 
Triunfo 
[m] 

Puerto 
Triunfo 
[m] 

5 6.1 1.2 5.9 1.3 6 3 
10 5.3   7 1.5 2.5 
15 2.6   13 4.6 4.9 
20 2.5 4.9  3.6 3.7  
25 1.5   3.4 3.8  
30 3.3   8.2 4.3  
35 4.6   9.1 4.3 9.4 

 8.1  9.4 1.8 5.2  
40    3.6 1.5  
45    3.4 4.4 5.6 
50  3.6  9.4 4.4 8.2 

    6.4 6.1  
55   2 6.5  8.3 
60   1.9 1.6  6.5 

 

Samples of sediment is shown in Table 8 

Table 7: Sediment measurements and analysis. 

Nr filter Weight before 
(g) 

Weight 
after (g) 

Weight 
particles 

Weight / 
100 ml 

Amount 
water 

1 0.1235 0.1516 0.0281 0.01873333 150 ml 
2 0.1213 0.1499 0.0286 0.01906667 150 ml 
3 0.125 0.151 0.026 0.01733333 150 ml 
4 0.1233 0.1501 0.0268 0.01786667 150 ml 
5 0.1257   0  
6 0.1193 0.1511 0.0318 0.0212 150 ml 
7 0.1267 0.1622 0.0355 0.02366667 150 ml 
8 0.1211 0.1552 0.0341 0.02273333 150 ml 
9 0.1253 0.1598 0.0345 0.023 150 ml 

18 0.1255 0.1345 0.009 0.015 60 ml 
19 0.1282 0.1324 0.0042 0.007 60 ml 
20 0.1268 0.1336 0.0068 0.01133333 60 ml 



 
 

21 0.1274 0.1474 0.02 0.02 100 ml 
22 0.1232 0.1444 0.0212 0.0212 100 ml 
23 0.1275 0.1491 0.0216 0.0216 100 ml 
24 0.1269 0.146 0.0191 0.0191 100 ml 
25 0.1252 0.1439 0.0187 0.0187 100 ml 
26 0.1276 0.1391 0.0115 0.0115 100 ml 
27 0.1276 0.1423 0.0147 0.00735 200 ml 
28 0.1264 0.163 0.0366 0.0183 200 ml 
29 0.1252 0.1529 0.0277 0.01385 200 ml 
30 0.1285 0.1478 0.0193 0.00965 200 ml 
31 0.1257 0.1571 0.0314 0.0157 200 ml 
32 0.1255 0.1625 0.037 0.0185 200 ml 
33 0.1254 0.1516 0.0262 0.0131 200 ml 
34 0.1282 0.1667 0.0385 0.01925 200 ml 
35 0.1275 0.1628 0.0353 0.01765 200 ml 
36 0.1268 0.1644 0.0376 0.0188 200 ml 
37 0.1256 0.1739 0.0483 0.02415 200 ml 
38 0.1248 0.1566 0.0318 0.0159 200 ml 
39 0.1262 0.171 0.0448 0.0224 200 ml 
40 0.1279 0.1711 0.0432 0.0216 200 ml 
41 0.1269 0.1736 0.0467 0.02335 200 ml 
42 0.1266 0.1423 0.0157 0.0157 100 ml 
43 0.1252 0.1439 0.0187 0.0187 100 ml 
44 0.1262 0.142 0.0158 0.0158 100 ml 
45 0.1262 0.1599 0.0337 0.02246667 150 ml 

      
KAU lab       

46 0.1261 0.1482 0.0221 0.01105 200 ml 
47 0.1276 0.1628 0.0352 0.0176 200 ml 
48 0.1264 0.1672 0.0408 0.0204 200 ml 

      

Alster      
1 0.1275     
2 0.1252 0.1264 0.0012 0.0004 300 ml 
3 0.1276 0.1284 0.0008 0.00026667 300 ml 
4 0.126 0.1271 0.0011 0.00036667 300 ml 

 


