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Abstract 

 

Many people around the world still lack access to a reliable electricity grid. Supplying 

electricity to remote off grid areas like villages around Leticia, Colombia is often interrelated 

with high costs and geographical limitations. Today most of the electricity demand is met 

through the usage of diesel generators. The generators are easy to use and have a relatively 

reliable functionality. However, fuel is expensive and there are other negative aspects as 

fumes and sound pollution. In order to provide a cleaner, more reliable and cost efficient 

alternative the company Jabe Energy AB has in cooperation with the volunteer organization 

Ankarstiftelsen developed a new type of hydrokinetic turbine (slow moving none damming 

turbine).  

Previous studies have shown that there is potential for hydrokinetic turbines to increase 

their power output simply by their relative placement (coupling potential). That is, it might 

be possible to extrude more power from a system where two hydrokinetic turbines are 

placed in a close relation rather than being completely separated.  

Since the turbine investigated is newly developed there have been no previous studies 

regarding its specific coupling potential. To investigate this potential given the conditions in 

the Amazon basin, a field study is conducted where measurements on water velocity at 

different heights in the water column is collected. The data is later used as input conditions 

for a turbine model developed in the program COMSOL.  

The aim is to use simulations in order to determine whether a turbine is sensitive for its 

relative placement to a former (coupling potential) and furthermore to investigate a possible 

optimal turbine coupling position.  

The results will show that the turbine is coupling sensitive and that there exists more 

advantageous placements. Comparing the best and worst case of the coupling study displays 

an 11.87% difference in possible energy output. The conclusion is that further empirical 

studies are necessary in order to validate the results. Finally a suggestion on how these 

studies should be conducted is presented and discussed.   
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Sammanfattning 

 

Många människor runt om i världen saknar tillgång till ett tillförlitligt elnät. Att leverera 

elektricitet till avlägsna områden som byarna runt Leticia, Colombia är ofta kopplat till höga 

kostnader och även geografiska begränsningar. Idag tillgodoses den mesta av elen av 

dieselaggregat som är sammankopplade med generatorer. Dieselaggregaten är lätta att 

använda och relativt tillförlitliga i drift men bränslet är dyrt och det tillkommer andra 

negativa aspekter i form av rök- och ljudföroreningar. För att ge ett renare, säkrare och mera 

kostnadseffektivt alternativ har företaget Jabe Energy AB i samarbete med 

frivilligorganisation Ankarstiftelsen utvecklat en ny typ av hydrokinetisk turbin 

(långsamtgående icke dämmande turbin). 

Tidigare studier har visat att det finns potential för hydrokinetiska turbiner att öka sin effekt 

genom deras relativa placering till varandra (kopplingspotential). Det vill säga, kan det vara 

möjligt att få ut mera kraft från ett system där två hydrokinetiska turbiner är placerade i 

varandras närhet istället för att vara helt separerade. 

Eftersom den undersökta turbinen är nyutvecklad finns inte några tidigare studier om dess 

specifika kopplingspotential. För att kunna undersöka denna potential med de förhållandena 

som råder i Amazonas, genomförs en fältstudie där hastigheten mäts på olika djup i 

vattenkolumnen. Dessa data används senare som ingångsvillkor för en turbinmodell som 

utvecklats i programmet COMSOL. 

Syftet är att använda simuleringar för att avgöra om en turbin är känslig för dess relativa 

placering till en tidigare (kopplingspotential) och dessutom för att undersöka om ett 

eventuellt optimalt turbinkopplingsläge existerar.  

Resultaten visar att turbinen är känslig för koppling och att det finns mer fördelaktiga 

placeringar. I en jämförelse mellan bästa och sämsta kopplingen framkommer att det skiljer 

11,87% i möjlig elproduktion. Slutsatsen är att empiriska studier är nödvändiga för att 

validera resultaten. Slutligen presenteras och diskuteras ett förslag på hur dessa studier ska 

genomföras.  
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Nomenclature 

 

 

Latin Characters 

   

A Area [m2] 

𝑪𝒑 Power coefficient  [-] 

d Distance between the turbine-

axis and the scale  

[m] 

F Force [kg∙ m2
/s

2
] 

f Frequency [1/s] 

g Gravitational acceleration [m/s
2
] 

H Turbine height [m] 

P Power output  [kg∙ m2
/s

3
] 

Re Reynolds number [-] 

r Radius turbine [m] 

S Fractional distance [-] 

V Velocity [m/s] 

x Arbitrary value  

z Height [m] 

 

Greek Symbols 

𝜽 Relative rotation between the 

turbine geometries 

[-] 

𝝁 Dynamic viscosity [kg/m∙s] 

𝝊 Kinematic viscosity  [m
2
/s] 

�⃗⃗�  Velocity in x or y direction [m/s] 

𝝆 Density [kg/m3] 

𝝉 Torque [kg∙ m3
/s

2
] 

𝝎 Angular velocity [1/s] 

 

Subscripts 

avg Average  

i Index number  

max Maximal  

new Newly created  

S Static  

T Test turbine  

1 Radius 1  

2 Radius 2  
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1 INTRODUCTION  

1.1 Background  

Access to energy is correlated to the development of the living conditions in developing 
countries, this fact has been proven many times. For example in an article researching the 
link between energy demand and human development, the following conclusion is made; 
  
“Access to energy is inextricably linked to improved welfare and human development. 
Modern energy is an indispensable factor for the social and economic development of 
societies, since modern energy like electricity has a direct impact on productivity, health, 
education, and communication”(Demirbas, Demirbas 2007).  
 
In big parts of the world electricity is inaccessible, in fact more than 1.2 billion people around 
the world have never been touched by the electric grid and another 3 billion people have 
intermittent or limited grid connectivity(Cherukupalli 2015). Supplying electricity to remote 
villages can often be a problem. This problem is in most cases solved by the implementation 
of diesel generators. These generators present a reliable source of electricity and can easily 
be turned on and off in-between usage. However, as a by-product they emit CO2(Lloyd, 
Cackette 2001) and there is also a sound pollution problem. Furthermore the transportation 
of fuel is often associated with costs and troublesome transportation(Demirbas, Demirbas 
2007). There is also impending threat of increasing fuel prices and growing trade 
deficits(UNIDO 2013). 
 
An alternative and/or complement present itself in the form of renewable energy sources: 
wind, solar and hydro. When deciding on which one of these to implement, one has to 
consider the geographical limitations. For example along the Amazon River, high forestation 
and relatively rugged terrain makes for gusty winds with low velocity causing the wind 
turbine to be redundant. Solar or none damming hydro presents itself as an attractive 
alternative.        
 
Small scale hydropower is one of the most suitable renewable energy sources for rural 
electrification, this because of the simple construction and mature technology connected to 
it. Furthermore it has a low electricity generation price and is very flexible towards 
geographical and infrastructural circumstances(UNIDO 2013). 
 
In Colombia around 1.8 million people still live without a reliable electricity connection. To 

cope with this problem, legislations as The Program on Rational and Efficient Use of Energy 

and other forms of Non-Conventional Energy (PROURE) have been implemented. This 

legislation gives high prioritization to alternative energy sources like hydropower. 

Furthermore, due to the low investment cost and its suitability to supply off grid electricity, 

hydropower is seen in Colombia as an attractive potential electricity source(UNIDO 2013).  
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A Swedish company by the name Jabe Energy AB has developed a water turbine which has 

proven to produce a stable electric current. The company has received a pre-order from the 

Swedish volunteer organization Ankarstiftelsen to supply schools along the Amazon with 

electricity. These schools are mainly built for the native population but also for the children 

within the slums (Ankarstiftelsen). Furthermore there has also been a memorandum of 

understanding with the Colombian government to supply electricity to indigenous people 

within the Amazon basin (Jabe Energy AB ). 

Since the turbine has been developed in Swedish waters and hasn’t been sufficiently tested 

in Colombia, a pilot study of the physical conditions of the Amazon River needs to be 

conducted. That is to fully utilize the turbine there will be a field study on water movement 

i.e. the kinetic energy. This study will be conducted in two locations in Viskan, Sweden and in 

Amazonas, Colombia. The data will then be used in a CFD-model where alteration easily can 

be made.  

Even though there has been research on the general principals regarding turbine coupling 

there has been no research in the optimally cluster positioning for this specific test turbine. 

That is how to optimally utilize the streaming of the water around a former. The hypotheses 

is that this specific turbines power output is dependent on its relative placement to a 

former.  

Due to geographical and technical aspects, three villages were deemed of interest; Mocagua, 

Zaragosa and Puerto triunfo. In connection to these villages tests on the velocity were 

carried out, Figure 1.  

Figure 1. The different locations were measurements were carried out. 

 

1.2 Aim and Significance  

The aim is to determine whether the specific turbine is sensitive for relative placement and 

localize a possible optimum position (coupling) or not. The significance of this project is to 

increase the power output of the turbine systems and thereby improve the overall electricity 

production. 
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1.3 The hydrokinetic turbine -a short introduction 

A first division of hydrokinetic turbine is made by the categorization of horizontal and 

vertical axis types(Behrouzi, Maimun et al. 2014). As can be deduced from their names, they 

differ in the placement of the rotating axis. The horizontal turbine has an axis that is parallel 

to the fluid flow and the vertical turbine has axis perpendicular to the fluid flow(Khan, 

Bhuyan et al. 2009). Horizontal hydro turbines are often used to extract ocean energy, 

utilizing the tidal effects. Their geometrical shape is often similar to that of the standard 

wind turbine(Behrouzi, Maimun et al. 2014),(Khan, Bhuyan et al. 2009),(Md Tanbhir. Hoq, et 

al. 2011). Some of the basic vertical hydro turbines as well as a basic horizontal turbine is 

presented in Figure 2. 

 

 

Figure 2. Different vertical hydro turbine models and one basic horizontal turbine model(Behrouzi, 

Maimun et al. 2014). 

 

This paper will investigate a turbine type which shares geometric similarities with the 

Savonius Turbine, the Savonius turbine is depicted in Figure 2. The Savonius turbine was 

developed in 1927 by Finnish inventor Sigurd Johannes Savon. It’s a vertical axis turbine that 

can be made up by two or more rotor blades and the basic force driving the Savonius turbine 

is the drag(Golecha, Eldho et al. 2011). 

1.3.1 The physical aspect of the turbine 

Water flows over a turbine and the resulting force acting on the turbine blades makes the 

turbine rotate around its axis(Md Tanbhir. Hoq, et al. 2011, Verma 2015). By this process the 

mechanical energy within the river is transformed to useful work(Cimbala 2010). If the 

amount of energy within the water is multiplied with the turbine power coefficient(Cp) the 

power output can be calculated by Equation(1)(Gao, Pudur 2013). Where Cp is defined as 
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the extracted power divided by the available power in Equation(2). The power coefficient 

can newer exceed the value of 0.593, this limit is known as the beltz limit.  

P =
1

2
AρV3Cp                     (1) 

 Cp =
W ̇  rotor shaft output

W ̇ available
=

Pmax

0.5ρAV3                    (2) 

One can increase the efficiency for a specific turbine in two ways, either by increasing the 

velocity of the fluid or by improving the rotor profile. In other words the coefficient of power 

for a Savonius turbine is a function of the rotor shape and the flow parameters(3)(Kamoji, 

Kedare et al. 2009),(Akwa, Vielmo et al. 2012). As the focus for this paper lies within the 

turbine positioning the velocity becomes the parameter that is altered for increased 

efficiency.   

CP(rotor configuration, flow parameters)                                                  (3) 

The aspect ratio (H/D) describes the relation between the height of the turbine in relation to 

its diameter. This relation is used to find the optimal squared area perpendicular to the fluid 

flow, Figure 3.  

 

Figure 3. The cross section area depicted by red rectangle, the height divided with the diameter gives the 

aspect ratio. The depicted turbine is a modified picture from (Patel C.R. et al. 2013). 

Given a fixed aspect ratio it is possible to divide the rotor-area into several stages with the 

help of end plates. These stages can then be rotated in relation to each other, this rotation is 

called relative phase shift. This results in a more consistent torque at the expense of the 

efficiency(Mahmoud, El-Haroun et al. 2012). In Figure 4, a Savonius turbine is divided into 

one, two and three stages.  
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Figure 4. The different Savonius turbine models with 1-3 stages given a fix aspect ratio.(Verma 2015). 

1.4 Velocity deviation 

The output power that may be extracted from a hydrokinetic turbine is the flow velocity 

cubed, Equation(1). This means that small changes in velocity leads to significant fluctuations 

of generated power (Ponta, Shankar Dutt 2000). In order to increase the efficiency and life 

span of a hydrokinetic turbine it is important to reduce the turbulent fluid movement within 

and around the turbine. Vibrations can affect the support structure and transmission, if they 

coincides with the natural frequency of the material it can lead to structural failure(Kirke, 

Lazauskas 2011). A fast stable laminar flow is therefore the preferred state for this kind of 

turbine. 

1.5 Turbine coupling 

A way to increase the effectiveness of a turbine is to utilize its position compared to a 

former. This is due to the fact that there will be an increased velocity in the water passing on 

the outer sides of a turbine. Coupling can use this to enhance the output of power in an 

individual turbine (Shaheen, El-Sayed et al. 2015, Golecha, Eldho et al. 2012).   This can be 

proved by rewriting the Bernoulli Equation(4) for two arbitrary points PS1 and PS2 to a 

velocity state(5). It is clear that the pressure difference divided by the density of the 

fluid(∆PS/ρ) is a term that will add to the fluid velocity(V2).   

𝑃S1

ρ
+

V1
2

2
+ gz1 =

𝑃𝑆2

ρ
+

V2
2

2
+ gz2                               (4) 

V2 = V1 + √
2(PS1−PS2)

ρ
                                       (5) 

It is important to test variations of the coupling both in theory and practice since a correct 

turbine coupling may lead to a positive correlation that is enhanced power output. However, 

an incorrect placement can reduce the power output (Golecha, Eldho et al. 2012).  

Some of the normal three coupling systems are displayed in Figure 5. In this paper however 

the coupling system investigated is structured of two turbine geometries only. 
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Figure 5. Some of the most common turbine coupling systems for three turbine systems(Shigetomi, Murai 

et al. 2011). 
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2 METHOD 

Firstly there will be an introduction on the different velocity measuring methods that were 

used in the field study. This part is followed by a short presentation of the test turbine and 

the theory behind the torque and power measurements. In the later parts of the method the 

theory behind COMSOL CFD-analysis, the model and the different simulations are explained. 

There is also a part covering the exportation of data between COMSOL and MatLab.  

 

2.1 Field study  

2.1.1 Velocity measurements 

•Floating device 

This velocity measurement consists of letting an object travel along a predetermined 

distance and at the same time clocking the elapsed time, thereby resulting in a [m/s] 

measurement.   

•Sonar  

By using the velocity measurement tool attached to the sonar device and manually reading 

of the screen a mean velocity measurement is obtained.  

•Torpedo 

This is a tool provided by the university, shown in Figure 6. While lowered in to the fluid the 

end part of the torpedo rotates. This end part is connected to a counter within the torpedo 

body. After one minute the turbine is taken out of the water and the number is then 

registered on the counter, after which Equation(6) is used to convert the measurement to a 

velocity[m/s].  

First the number of turns is divided by 60 resulting in counts per second (cts/sec). Afterwards 

the factor (8/3) is a liner function transforming the number of turns into (cm/sec) and finally 

it is converted into (m/s) by the factor(1/100). 

V =
Number of turnes

60
∙
8

3
∙

1

100
                         (6) 
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Figure 6. The torpedo instrument used to measure the velocity(General Oceanics ). 

2.1.2 Real case test turbine  

This turbine consists of three stages with a relative phase shift of 60°, has a dimeter of 0.5 m, 

a height of 1.3 m giving it an aspect ratio(H/D) of 0.38. In front of the turbine(0,03m) there is 

a quarter circle shield which aims to reduce the force working against the rotational 

movement from the water stream. The turbine is fixed in a steel case structure and the 

turbine axis is connected to the frame by two bearings placed on the top and bottom. On 

top of the turbine there is a gear box which aims to increase the rotational speed needed for 

a connected alternator.  

This turbine is a smaller test version, the turbine which is to be placed within the Amazon 

River has a diameter of 1.5 m and a height of 2.5 m. The simulations are based on the bigger 

model and the analytical measurements on the smaller test turbine. 

2.1.3 Turbine Power 

In order to calculate the turbine Power(P) it is necessary to measure the torque(𝜏) and the 

rotational frequency(f) as shown Equation(7).  

P = τ ∙ 2πf                            (7) 

The rotational frequency(f) for the turbine is measured by analytically studying a mark on 

top of the turbine, in this case a piece of tape. As it rotates the time is measured and finally 

the frequency is calculated through Equation (8). 

f =
Number of rotations

elapsed time
                                      (8) 

In order to evaluate the torque, special equipment was constructed by using oak wood, a 

gluing tool, a fishing scale and finally a piece of rope. The oak wood was formed and fitted to 

the gluing tool. In both of the oak pieces, a half circle was created in order to fit the turbine 
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axis. The oak pieces are used as brake pads. At a measured distance the scale is placed and 

fixed perpendicular to the turbine structural frame, this by the usage of rope. Given a fixed 

resistance acquired by alternating the tension between the oak and the rotating turbine axis 

the “weight”-value is recorded as shown in Figure(7). When the weight is multiplied with 

9.81 the force is obtained. And finally when the force(F) is multiplied with the “scale to axis” 

– distance(d) the torque(τ) is acquired, Equation(9).  

τ = F ∙ d                         (9) 

 
Figure 7. The tool that was constructed in order to measure the torque 

2.2 Model contexture 

2.2.1 COMSOL 5.2 

COMSOL 5.2 is the program that is used for the simulations, it uses numerical methods and 

the finite element method in order to find a solution for physics-based problems(COMSOL-

documentation) which are formatted as partial differential equations. This process will 

continue until the solution converges. 

2.2.2 System description 

The 2D-system contains a fluid area 10x7 m2 with a flow from the left hand side, the inlet 

velocity is 1.16 m/s as shown Figure 8. The upper and lower parts of the boundaries are 

“open” meaning that they won’t affect the water stream. A condition stating no backflow 

and a reference pressure is placed on the right boundary. Placed within the flow domain 

there is a rotating domain containing a turbine and in front of the turbine 30 mm, there is a 

quarter circle shield as shown in Figure 9. The turbine is structured by rotors depicted by 
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moving solid boundaries; they rotate with a specific calculated frequency which aims to 

make sure the turbine works at an optimal effect.  

Due to the complexity of the system two separate studies needs to be conducted. The first 

one is called “Frozen Rotor”, this study keeps the rotor in a static state while at the same 

time expose the water in the dynamic area to rotational forces, that is centrifugal and 

coriolis -forces. The second study “Rotating Machinery Laminar Flow” uses the solution from 

the frozen rotor study as a qualified guess in order to interpolate a solution for the more 

complex simulation where the rotors are moving.  

The density and viscosity of the water are given by predefined material data in COMSOL. For 

all simulations an Extra fine mesh setting is used displayed in Figure 10. The rotating domain 

i.e. the turbine uses a mesh that works as a rotating body where both the frequency and the 

rotational direction can be controlled. 

The Reynolds number(10) is used in order to determine the flow regime. If the value of the 

Reynolds number is between 2 ∙ 105 < 𝑅𝑒 < 3,5 ∙ 106 the flow is in a transition region 

between laminar and turbulent flow(Thermopedia 2011).  

Re =
Inertial forces

Viscous forces
=

VavgD

υ
=

ρVavgD

μ
                                (10) 

 

 
Figure 8. The simulated system containing the 10 x 7 [m^2] water stream area and the rotating domain 

housing the turbine. 
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Figure 

9. The rotating domain, the quarter circle shield(blue) and the rotor profile with clarified inlet and outlet. 

There is also a close up on the rotorblade. 

 

Figure 10. Extra fine Mesh with 30330 domain elements and 3640 boundary elements, to the right the 

enlarged area around the turbine. 

2.2.3 Governing Equations  

Momentum equation 

The Navier Stokes equation describes the movement of a viscous fluid. It arises from 

applying Newton’s second law of motion and at the same time assuming that the stress 

within the fluid is the sum of the diffusing viscous term (proportional to the gradient of 

velocity) and pressure. This equation is solved for the entire domain. A more detailed 

description of the Navier Stokes Equation(11). From the left,  the first term describes the 

local time derivative of the velocity field, the second one the advection transport of 

momentum. On the right side of the equal sign are the terms describing the pressure and 

surface forces.  

𝜌
𝑑𝑢

𝑑𝑡
+ 𝜌(𝐮 ∙ 𝛁)𝐮 = 𝛁 [−P𝑆𝐈 + 𝜇(∇𝐮 + (∇𝐮)T) −

2

3
𝜇(∇ ∙ 𝐮)𝐈]                  (11) 
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In extension to the Navier Stokes Equation, the rotating domain also uses an equation 

governing the angular displacement(12), the negative value is a result of the rotational 

direction (which is clockwise).  

𝜕𝜔

𝜕𝑡
= −2𝜋𝑓                       (12) 

Continuity equation 

The continuity equation (13) is equal to zero indicating that there is no change in the mass 

relative to the space and time, i.e. incompressible flow. This equation is applied in the entire 

fluid domain. 

𝑑𝜌

𝑑𝑡
+ ∇(𝜌𝐮) = 𝟎                    (13) 

2.2.4 Boundary conditions 

The boundary condition placed on the inlet, Figure 8, is described by Equation(14) stating 

that the velocity is directed inwards and normal  to boundary.   

𝐮 = −𝑈0𝒏                         (14) 

The boundary condition placed on the upper, lower and outlet boundary, Figure 8, states 

that pressure and sheer forces continues over the boundary(15). The outlet has in extension 

to this condition also a condition suppressing the backflow. 

[−p𝐈 + 𝜇(∇𝐮 + (∇𝐮)T) −
2

3
𝜇(∇ ∙ 𝒖)𝐈] = −P𝑆𝒏                        (15) 

 

Interior boundary conditions   

The shield and the rotors inside of the turbine is governed by a no slip condition. 

The boundary which separates the rotating domain mesh from the stationary mesh is 

governed by a Flow Continuity condition which ensures that the flow field continues over the 

border. This lets the fluid in the dynamic area interact with the rest of the fluid in the 

system. 

2.2.5 Exporting data  

Dynamic studies on the velocity and turbine profile are problematic since the time 

dependent study displays different profiles for every time step. Wakes occur when water is 

streaming over an object, Figure 11 and transient velocity changes occur due to turbine inlet, 

outlet interactions with the surrounding water stream. In order to locate a high velocity area 

with low turbulence, a velocity fluctuation analysis is conducted. 

In COMSOL there is no command that can display an exact average velocity or turbulence 

profile, the frozen rotor only gives an approximate solution. However, there are commands 

that can calculate the mean velocity and standard deviation(SD) in a specific point over a 
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selected time interval. Two line grids are therefore introduced. One grid is made up by 19x31 

non solid lines which are placed 0.1m from each other both parallel and horizontal. The grids 

are graphed on both the upper- and lower side of the turbine as shown in Figure 12. The 

lines have no interaction with the fluid. However, two lines connecting results in a point, 

making a system total of 1178 points, or 598 per grid. These points are then used as 

measuring points which enables the gathering of the mean velocity and SD. The information 

is exported, sorted and analyzed in the program MatLab. The data is collected under a time 

interval of 10-20 seconds, the starting point at second 10 is an analytically chosen value for 

what is considered to be repetitively flow.  

Figure 11. The different velocity fields for two different time steps; left 10s, right 20s. The inlet velocity is 

set to 1.16 [m/s]. 

Figure 12. The system and the two netgrids containing the 1178 points that is used for sample 

measurements. 
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2.2.6 Velocity fluctuations  

In order to study the velocity fluctuations, two analysis are made, standard deviation(SD)(16) 

and a plot of the  transient velocity alteration in two points. Both these analysis will use data 

from the Rotating machinery study over the interval 10-20 seconds.  

There is an operation in COMSOL called Standard deviation that is used to calculate the 

mean SD for all the grid measuring points. The standard deviation(16) is a measurement of 

the variation/distribution around a mean value(17). As a final step the mean value SD is 

graphed in MatLab. 

𝜎 = √
1

𝑁
∑ (𝑥𝑖 − 𝜇)2𝑁

𝑖=1                       (16) 

𝜇 =
1

𝑁
∑ 𝑥𝑖

𝑁
𝑖=1                     (17) 

As mentioned, complimentary to the SD study there is an analysis on the transient flow on 

the upper and lower side of the turbine. This is done by plotting the transient flow in the two 

points(red) depicted in Figure 13. The reason behind the transient study is that the SD 

analysis tells us that there exist values differing from the mean value but not how often this 

occurs.  

 

Figure 13. The two arbitrary points(red) chosen to display the timely variations. 

 

2.2.7 Turbine coupling 

In order to find the optimum two turbine coupling system a new geometry needs to be 

added to the system. For simplicity the newly introduced geometry consists of a simple 
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cylinder(D=0.78[m]) with a no slip condition. This cylinder aims to mimic the streaming 

profile round the turbine at the same time as it reduces the complexity of the system.  

The coupling configuration that will be investigated is displayed in Figure 14. The two 

geometric bodies will be altered so that distance between them will vary in fractions of the 

diameter(S) (18) and angle(𝜃). The tested fractions range on the interval [0,2:0,2:1,0] and 

the tested angles are 0°,20° and  40°. 

𝑆 = 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ∙ 𝐷                                  (18) 

 

Figure 14. The coupling system containing the cylinder, and the turbine at two different distances S. The 

figure also depting the radiotional alteration described by the dashed lines.  

2.2.8 Energy Flux 

The parameter used to assess the different coupling position is the total percentage energy 

reduction over the system boundary(19). Where ∆𝐸 contains terms derived from dynamic 

energy and static pressure, Equation(20).  The negative sign is to reverse the normal 

direction into the geometry since COMSOL always defines the normal direction out of the 

system boundary.  

The idea is to localize the optimum coupling by analyzing the difference between  inlet and 

outlet energy over the surrounding boarder. By alteration of the interior geometries(the 

cylinder and the turbine) the interaction between the turbine bodies and the fluid will 

change.  A greater interaction implies greater possible energy extraction i.e. electricity 

production and is therefore preferred.   

𝐸(%) =
∆𝐸

𝐸𝑖𝑛
                        (19) 
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𝐸 = −1(P𝑆 + 𝜌
𝑉2

2
) ∙ 𝑣 ∙ �⃗�                                          (20) 

2.2.9 Sensitivity analysis 

●Exportation of data: In order to validate the exportation and data assortment between 

COMSOL and MatLab, the frozen rotor study is used. Since the frozen rotor solution has a 

known velocity profile based on a stationary approximation, it can be used to cross check the 

velocity profile created in MatLab to the once presented in COMSOL. 

●Pressure point constraint: The reference pressure is as mentioned set on the outlet 

boundary. Since the model uses this pressure as a reference to find a solution and since the 

static pressure is one of the terms in the energy equation. There is motivation to explore 

how an alteration will affect the energy of the system. In order to validate the pressure 

sensitivity in the model, the location of the reference pressure is changed to the upper most 

right corner. 

●Mesh sensitivity: Since the physic based problem with in COMSOL is solved for a complex 

geometry, there is a mesh sensitivity analysis conducted. This is done by altering the mesh 

while the rest of the geometries and parameters in the model are kept constant. The 

parameter used for assessment is the resulting energy reduction. 

Table 1. The mesh alteration that was tested 

Mesh setting  Domains  Boundary elements 

Extremely fine 41983 1347 
Extra fine* 27417 1193 

Finer 14418 845 

*The standard mesh that was used for simulations 

2.2.10 Assumptions used in the method 

Frequency 

The turbine rotors in COMSOL doesn’t move as a result of the streaming water. That is, the 

force acting on the turbine blades are not responsible for the rotational movement of the 

turbine. Instead the movement is a result of a set rotational frequency.  

To get a reliable rotational movement a field study is carried out in Viskan, Sweden where an 

optimal frequency(𝑓𝑇) is obtained for the smaller test turbine. Because of the size difference 

between the smaller test turbine and the simulation model, the optimal frequency needs to 

be scale adjusted. This is done by the usage of the tip to speed ratio(21). Since the tip speed 

ratio depends on the geometric of the turbine(Ragheb, Ragheb 2011, Yurdusev, Ata et al. 

2006), an assumption is made that the tip speed ratio for the optimal frequency should be 

similar for a larger turbine and is therefore set as a constant. The final scale adjusted 

function for the frequency(𝑓𝑛𝑒𝑤)  then becomes(22) where the scaling factor is the turbine 

radius.  
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𝜆 =
𝑇𝑖𝑝 𝑠𝑝𝑒𝑒𝑑 

𝑆𝑡𝑟𝑒𝑎𝑚𝑖𝑛𝑔 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦
=

𝑓𝑇𝑟12𝜋

𝑉
                   (21) 

𝑓𝑛𝑒𝑤 = 𝜆
𝑉

𝑟22𝜋
  where r1 = 0.25 and r2= 0.75 m depending on turbine size         (22) 

Laminar flow 

When the Reynolds number is calculated based on the turbine diameter 0.75 m, the mean 

velocity 1.16 m/s, the dynamic viscosity of 1.002 ∙ 10−3  kg/m∙s and the density of 998 

kg/𝑚3 (Yunus A. Chengel, Afshin J. Ghajar 2011) the Re-value is 1.733 ∙ 106 i.e. a value in the 

transition region.   

The model in COMSOL solves the Navier Stokes equation for laminar flow, the Reynolds 

Number however indicates a fluid flow in the transition region. When a study solving for 

turbulent flow is used, COMSOL fails to iterate a solution. Therefore, an assumption is made 

that the laminar flow analysis is sufficient.    

Energy Flux 

In a real case scenario water isn’t restricted to move sole in two dimensions. However 

simulating a 3D flow is more complex than a 2D flow, therefore there is no accounting for 

water interaction and velocity changes in vertical direction. Furthermore, the energy 

converted to heat by friction is assumed to be small compared to the mechanical and 

pressure terms. This means that gravitational and thermal energy conversions are neglected. 
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3 RESULTS 

The results are presented in the same chronological order as the method. At first the field 

measurements; velocity, torque and effect curve are displayed. This is followed by the 

different COMSOL simulation results where the first part presents the velocity field and its 

deviations around a single turbine, finally the coupling outcome is presented in a plot.  

3.1 Field study 

3.1.1 Velocities 

The velocity results obtained from the field study in the Amazon basin are presented in Table 

2. This table is a compellation of the measurements from the Appendix, Figures 26-28. A 

column displays values based on the different measurement techniques and depths, the 

final column displays a mean value. The rows indicate in which location/village the 

measurements were collected. Note that the inlet velocity 1.16 m/s, which is used as inlet 

velocity for the simulation, is a collective mean value for all the locations and 

measurements.   

 

Table 2. The mean velocities from Marcedonia(2016-04-06), Puerto Triunfo and Zaragoza(2016-04-12). 

All the measurements were carried out 20-40 [m] out from land and at a depth of at least 10 m.  

 

 
Torpedo 

Surface  

[m/s] 

Torpedo  

Depth 1  

[m/s] 

Torpedo  

Depth 2  

[m/s] 

Floating 

Device 

[m/s] 

Sonar 

 

[m/s] 

Total 

mean value 

[m/s] 

       

MARCEDONIA 1.43 1.97 ** 1.31 1.25 1.49 

       

PUERTO 

TRIUNFO 

0.95* 0.95* 0.94* 0.93* 0.95* 0.94 

       

ZARAGOSA 1.10* 1.06* 1.10* 1.04* 0.95* 1.05 

 

ALL AREAS      1.16*** 

*These values have been corrected for boat movement, this by GPS-readings 

**Current to strong  for measurements deaper then 1 m 

***Mean value used for simulations 

 

3.1.2 Torque and Power 

The torque and power measurements for the test turbine(diameter 0.5 m, height 1.3 m) in 

the river Viskan 2016-02-24 is displayed in Figure 15. The turbine has an optimal rpm of 15 = 

frequency of 0.25 1/s. These measurements are based on a free streaming velocity of 0.9 

m/s. Through Equation(21) a tip-speed ratio(𝜆) of 0.4 is obtained. 
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Figure 15. The measurment of tourqe for different rpm and the plotted power curve.                

(Test turbine, viskan 2016-02-24, V=0.9 m/s). 

3.2 Simulations 

3.2.1 Standard deviation and transient fluctuations 

The SD-profile is based on an inlet velocity of 1.16 m/s. The dark blue square in the middle of 

the picture is the place between the grids where the turbine is located, for simplicity this 

area is given the SD value of 0 [m/s]. By studying this plot it’s possible to conclude that there 

is greater variation in the SD on the upper side of the turbine. In other words, as result of the 

shield there are lesser mean value fluctuations along the lower side of the turbine, Figure 16.  

The SD-field is further highlighted when the same plot is extracted to a 3D graph in Figure 

17. In this figure it becomes clear how much the SD is affected by the shield. 
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Figure 16. The standard deviation(SD) profile around the depicted turbine(red) with shield(green), this 

SD-profile is based on the inlet velocity 1.16 m/s. 
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Figure 17. The standard deviation(SD) profile in 3D around the depicted turbine(red) with shield(green), 

this SD-profile is based on the inlet velocity 1.16 m/s. 

The transient velocity from the two points described in Figure 13 are plotted in Figure 18, 

the green line is the velocity variation in the upper point and the blue line in the lower point. 

There is a slightly higher mean velocity in the upper point however there are also greater 

value differences in the timely variations. 
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Figure 18. The velocity deviations in the upper(green) and lower(blue) point, inlet velocity 1.16 m/s.  

Both the SD and the transient velocity analysis show that there is a higher velocity 

fluctuations on the upper side, since there is no shield reducing the rotor influence.  

3.2.2 Velocity filed over single turbine  

When the mean velocity grid profile is plotted in MatLab, it becomes clear that there is a 

minor difference in the mean velocity profile between the upper and lower side is detected 

in Figure 19. This result is conclusive with the previous transient variation study.  
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Figure 19. The velocity field depicted around the turbine(red) with shield(green), this velocity profile is 

based on the inlet velocity 1.16 m/s. 

Since the premises is to place a second turbine at the highest possible velocity and in the 

same time account for the turbulence, the main focus  for a second turbine is set to the area 

covered by the lower grid. 

3.2.3 Implementation of a second turbine  

The results show that there is a difference in the potential energy extraction for the different 

coupling systems. The highest percentage reduction of 46.27% is found at fraction distance 

S= 1.0 at an angle of 40° and the lowest 34.43% at S= 0.8 and angle 0° as shown in Figure 20.   
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The graphed values are found in Table 4, Appendix. This coupling study is based on the inlet 

velocity 1.16 m/s.  

 

Figure 20. The percentage reduction of the systems inlet energy, the three different color lines indicate 

different angles and the x–axis describes the fractional distance S,  inlet velocity 1.16 m/s.  

In order to further investigate the worst and best case scenario, the velocity field from the 

frozen rotor case is analytically studied.  

The velocity profile for the worst case coupling displays an average turbine inlet velocity of 

0.87 m/s and a relatively small wake behind the turbine as shown in Figure 21. The best case 

scenario however, has an average turbine inlet velocity of 1.16 m/s and a much larger wake 

behind the turbine, Figure 22. The larger wake indicates greater disturbance of the fluid 

movement which in extension means that there have been great interaction between the 

turbine and the streaming water. In the close up of the best and worst -case scenario, 

Figures 23 and 24 it is easier to derive the differences between the two cases.  

30%

32%

34%

36%

38%

40%

42%

44%

46%

48%

50%

0 0,2 0,4 0,6 0,8 1 1,2

Diameter fraction 

Angle 0°

Angle 20°

Angle 40°



 

25 
 

 

Figure 21. The velocity profile for the worst case using frozen rotor study, inlet velocity is 1.16 m/s and the 

coupling is; S=0.8 and with an angular rotation of 0°.   

 

Figure 22. The velocity profile for the for the best case using frozen rotor study, inlet velocity is 1.16 m/s 

and the coupling is; S=1.0 and with an angular rotation of 40°.  
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Figure 23. The close up of  the worst case scenario velocity profile for the frozen rotor study, turbine inlet 

velocity is 0.87 m/s and the coupling is S=0.8 and with an angular rotation of 0°.   

 

Figure 24. The close up the best case scenario of the velocity profile for the frozen rotor study, turbine 

inlet velocity is 1.16 m/s and the coupling is S=1.0 and with an angular rotation of 40°.   
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3.3 Sensitivity Analysis 

3.3.1 COMSOL to MatLab 

The result in Figure 25 shows that the sorting and plotting in MatLab gives a somewhat 

pixelated but presentable image of the velocity profile, this indicates correct data 

assortment. As an extra control, the five highest velocity’s(white dots) are plotted and cross 

checked as shown in Figure 25 

 

Figure 25. The position of the five highest mean velocity values for the frozen rotor study, to the left in 

COMSOL, to the right in MatLab, based on an inlet velocity of 1.16 m/s. 

3.3.2 Pressure point constraint  

If the pressure point constraint is placed in the upper right corner instead of being placed on 

the outlet line, there is less than 1% difference in the net energy flux. This indicates that the 

model isn’t sensitive for alternation of the pressure constraint. This was tested for the 

previously described best case and worst case scenario. 

3.3.3 Mesh sensitivity  

The result in Table 3 shows that the model is sensitive for mesh settings. The energy 

reduction for the best case scenario was tested for different mesh settings. The results show 

that the energy reduction over the system boundary varies depending on what mesh is used.   

Table 3. The energy reduction over the system for three different mesh settings, tested for the optimal 

placement case. 

Mesh 
setting  

Domains  Boundary 
elements 

Energy 
reduction 

Extremely 
fine 

41983 1347 47,10% 

Extra fine 27417 1193 46,27% 
Finer 14418 845 51,91% 
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4 DISCUSSIONS 

4.1 Field study and practical measurements  

There is always going to be unwanted parameters affecting results when a field study is 

conducted. This parameters might arise from the broken or wrongly calibrated equipment, 

the measuring technique used or the human factor.  If only one type of measuring method is 

used there might be a continues fault throughout the measuring series. As a way to reduce 

these kinds of measuring techniques errors three separate velocity measuring where used. 

To reduce the “human factor” the results are based on a mean value. All these precautions 

should give reliable velocity measurements.  

The equipment used to measure the torque is self-made and has not been tested for this 

measurement before so there is no way to tell the possible correlated measuring errors.  

Furthermore the fitted functions used to approximate the torque and power -curves are only 

based on five different measurements carried out at one location, this being in Viskan, 

Sweden. All these things considered greater research on the effect and torque is needed, 

this to validate the torque and power curves.  

However, since the absolute numbers of the torque and power is within reasonable physical 

values, the conclusion is made that the results are sufficient enough to be used as a base for 

the rotational frequency(𝑓𝑛𝑒𝑤). 

4.2 The model 

The validity behind using the scaled frequency function(16) as a method to control the 

rotation of the dynamic area should be discussed. It is important to understand that a torque 

and power curve for a specific turbine is dependent on the free streaming velocity. If the 

velocity of the streaming water changes a new torque and power optimum exist. This means 

that when the turbine inlet velocity is lesser or higher than 0.9 m/s (velocity on which the 

fitted curves are obtained) the torque and power curves changes. This is a problem since the 

turbine inlet velocity, which is controlling the rotation function, constantly changes due to 

the different couplings tested. However since the velocity is assessed to be in the near 

region of the velocity from which the function is derived, the rotation will be in the nearer 

region of the optimum range. That is using the optimal frequency function should give a 

good approximation of the interaction between the turbine and the streaming water. 

However it should be stated that the movement is not exactly the same. Since the model 

doesn’t use a fluid force movement model the optimal positioning is found through 

percentage reduction instead of absolute numbers. This means that there is no way to be 

sure in absolute values how much the turbine system could increase its effect output. 

However it is possible to compare the different cases and determine where the system has 

its optimum coupling position. These simulations should therefore work as a base for further 

empirical studies.   
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There has been no sensitivity analysis on how well the cylinder approximation of a second 

turbine works. The greater wake should have a similar pattern that is the fluctuations in the 

water due to the passing of object of this size should be similar. However, for the cylinder 

there are no rotational forces and the inlet and outlet is none existent. This cylinder 

simplification is a necessity, due to the complexity of the system COMSOL fails to iterate the 

model when more than one rotating domain is used. This simplification is another reason 

not to look at the absolute values of the energy balance but at the percentile reduction 

instead.  

The model works on a two dimensional basis meaning that the three dimensional flow is 

neglected in the simulation. How this will affect the result is unclear but in a real case the 

fluid movement in a third dimension should be some effect on the turbines rotation. 

However an argument can be made that this three dimensional effect should have an equal 

influence over the whole turbine body and therefore strengthen the assumption that a two 

dimensional simulation is sufficient. 

4.3 Results 

The torque and power -curves are fitted through analytical estimations, a least square 

analysis might display that even closer approximations is possible. However, for the 

approximation needed in this paper they are deemed sufficient.    

The mean value SD results, Figures 16 and 17 display great differences around the turbine 

implicating that there is great variations around the mean value. When this analysis is 

compared to the transient variations, Figure 18 it becomes clear that there is greater 

turbulence in the upper region. This is why the focus of the report is the potential of 

coupling on the lower side. However in extension to the higher turbulence there is also a 

slightly higher mean velocity in the upper grid area. This result is conclusive with the mean 

value velocity profile, Figure 19. Therefore there should be some further studies on the 

solidity of the turbine material and construction. If the turbine has the possibility to 

withstand this turbulence there might be even greater coupling potential on the upper side 

than on the investigated lower side.    

The results from the coupling study displays that there is variation between the different 

systems in the percentage energy reduction over the boarders indicating that this new 

turbine is sensitive for relative placement i.e. coupling. 

The different coupling cases display similar percentage energy reduction when the two 

turbine geometrics are in a closer relation, as shown Figure 20. As the fractional distance(S) 

is increased the angle(𝜃) becomes more important. Since the power output continues to 

increase with a greater angle it is possible that an even higher angle value might lead to even 

greater power output. However, at some point the wake of the forward turbine will have a 

negative impact. It is noteworthy that all of the results have a percentage reduction under 
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the beltz limit, which means that the model works within the reasonable physical 

constraints.  

The results from the conducted sensitivity analysis display that the sorting algorithm is 

working and that MatLab is able to represent a reasonable approximation of the mean 

velocity profile, as shown Figure 25. The image is less precise than the one presented in 

COMSOL and it would be possible to make it even more exact by increasing the number of 

measuring points used. However this is only approximatively analyses and therefore the 

precision of the grid is deemed sufficient.  

The pressure point constraint displays that the model isn’t sensitive for where the reference 

pressure is set nor if it’s based on a mean value over the outlet boarder line or based on a 

point pressure. This strengthens the reliability for the results.  

The mesh sensitivity analysis shows that the model is sensitive for alteration in the mesh. 

However, since the result for the relative placement are based on percentage reduction 

instead of absolute values of effect, the conclusion is that the mesh shouldn’t affect where 

the optimal relative placement is found. Furthermore a result alteration of only five percent 

is considered to be a low influence in CFD-models.  

4.4 Source Criticism 

The references used in this report are in most cases of a scientific format however they do 

differ in citations and publication date. Furthermore some of the references used are 

webpages with anonym authors which in some cases lack in presenting latest publication 

date; they are however associated to companies or organizations which are personally 

assessed as reliable sources.  
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5 CONCLUSIONS 

Previous research show potential for increased energy output when hydrokinetic turbine 

systems use coupling. That is there might be a potential to extrude more power from a two 

based turbine system then by two separate turbines.  

This specific turbine lacks former research in this area and an aim two clarify if it’s sensitive 

to coupling and two find an optimal coupling position is set.  

In order to answer the question at issue a field study is conducted to gather information on 

current velocity conditions in the regions around Leticia. These values are along with an 

empirical based frequency function, used in a simulation where different coupling positions 

are tested.    

The results display different percentage energy reduction for different coupling systems, 

meaning that the turbine is sensitive for relative energy through a turbine to turbine 

placement. Furthermore a best case scenario system is found at S=1.0, 𝜃=40°. Between the 

researched best and worst case there is almost a 12% difference in reduced energy.       
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6 FURTHER STUDIES  

By using the result presented in this paper as guidelines there should be continues field 

studies, this in an effort to validate and fine tune the optimal positioning of the farm.  

Every time a body is added to a fluid system the velocity, pressure and turbulence -profiles 

gets altered. Altering the rotation of a turbine, which is needed in order to find the optimum 

power output, will also affect the fluid flow. This means that an iteration process of rotation 

and placement would be necessary in order to find the maximal power output for a coupling 

system.  

A floating device which would make it possible to easily alter the relative turbine placement 

is presented in Figure 26. In this, both of the turbines are able to move on a rail system. The 

first one in the stream wise direction and the second one in the cross stream direction. This 

would make it possible to test a wide range of different coupling systems.  

The iteration process would then use the constructed torque measuring apparatus and the 

efficiency calculation equation(13). Slowly altering the different turbines rotational 

resistance until the total system has reach is maximum power output. This process would 

have to be carried out every time a new coupling placement is tested. 

Figure 26. The raft on which the turbines can be moved in relation to each other. 

All the results and conclusions work under assumption that the turbine has a fixed 

constructional geometry. If it were possible to alter the geometric shape of the turbine then 

the furthered studies could be extended in a variety of different ways; parameters as 

different shield placement, rotor angles and coupling systems containing turbines with 

different orientations could be tested.  
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8  APPENDIX 

8.1 Measurements from the field study 

8.1.1 Marcedonia (10-50 m out from land) 

At this location the mean velocity at the surface was measured to 1.32 m/s and at a depths 
of one meter to 1.97 m/s, Figure 27.  

 

Figure 27. The different velocity measurements at different depths for Marcedonia   (2016-04-06). 

 

8.1.2 Puerto Triunfo (40 m out from land)  

At this location the mean velocity at the surface was measure to 0.95 m/s, at a depths of one 
meter to 0.95 m/s and at two meters to  0.94 m/s, Figure 28.  
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Figure 28. The different velocity measurements at different depths for Puerto Triunfo    (2016-04-12). 

 

 

8.1.3 Zaragoza (ca: 20-40 m out from land)  

At this location the mean velocity at the surface was measured to 1.10 m/s, at a depths of 
one meter to 1,05 m/s and at two meters to 1.10 m/s, Figure 29. 
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Figure 29. The different velocity measurements at different depths for Zaragoza                      (2016-04-12). 
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8.2 Results on Coupling Simulations 

Table 4 Total percentage energy reduction in the different simulation cases and the energy flux over the 

different boarders. 

Fractional 
distance 
(S) 

Inlet 
 

[W/m^2] 

Upper 
boarder 

[W/m^2] 

Lower 
boarder 

[W/m^2] 

Outlet 
 

[W/m^2] 

Diff        
 

[W/m^2] 

Total energy 
reduction  

[%] 

Angle 0°       

S   =   0.2 1362.1 -352.09 -310.86 -92.345 606.81 44.55% 

0.4 1317.6 -253.64 -235.43 -225.37 603.16 45.78% 

0.6 1258.8 24.908 15.675 -864.35 435.033 34.56% 

*0.8 1240.2 51.749 -53.756 -811.25 426.943 34.43% 

1 1231.6 -160.73 -168.7 -405.89 496.28 40.30% 

Angle 20°       
 

S   =   0.2 1438.3 -356.29 -321.5 -128.61 631.9 43.93% 

0.4 1401.1 -255.05 -219.71 -291.34 635 45.32% 

0.6 1349.6 -68.138 -1.59 -732.69 547.18 40.54% 

0.8 1332.5 -23.545 -15.56 -773.22 520.18 39.04% 

1 1335.9 50.355 -54.593 -838.57 493.09 36.91% 

Angle 40°       

S   =   0.2 1445.8 -276.04 -307.78 -252.07 609.91 42.18% 

0.4 1448.8 -273.86 -252.18 -256.04 666.72 46.02% 

0.6 1433.5 -122.6 15.36 -738.83 587.43 40.98% 

0.8 1483.8 -122.24 -33.20 -643.21 685.15 46.18% 

**1 1568.1 -47.173 -16.8 -778.51 725.62 46.27% 
  

*The worst case scenario with a total energy reduction of 34.43% (S=0.8 and 𝜽=0°) 

**The best case scenario with a total energy reduction of 46.27% (S=1.0 and 𝜽=40°) 


