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ABSTRACT

The design of a floating, innovative device for river water aeration and conversion of mechanical energy to electrical 
energy required the analysis of a number of geometrical and dynamic features. Such an analysis may be carried out on 
the basis of existing methods of numerical fluid mechanics. Models of pressures, forces and torques characteristic for 
the conversion of watercourse energy were developed for two basic concepts of innovation. These pressures, forces and 
torques were calculated, designed, and experimentally determined for the variable geometric form and dimensions 
of the designed working elements of the innovative roller-blade turbine rotor.
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INTRODUCTION

For the need of energy and water aeration on the 
rivers Tigris (length of 1900 km) and Euphrates (length 
of 2,700 km) (Turkey, Syria, Iraq), an innovative floating 
turbine has been designed. 98% of Iraqi water comes from 
rivers Tigris and Euphrates. The design of the floating device 
used in the process of river water aeration and conversion 
of mechanical energy to electricity required the analysis of 
a number of design features. This analysis may be carried 
out on the basis of the existing methods of numerical fluid 
mechanics [1–3]. 

Despite a relatively simple geometry of the system, the 
flow in the water wheel area is characterized by considerable 
complexity. The analysed physical phenomenon is the 
unsteady  two-phase flow [4].

Modelling of flows in rotor machines, with the interaction 
between rotating and stationary elements, is a known issue 
[5–9], and a number of models were developed to analyse it. 
However, the analysis of the water flow in the wheel area 

requires not only taking into account the movement of the 
blades, but also their work in different media: water and air, 
which makes it necessary to apply methods of modelling the 
interface separation [10, 11].

The complexity of such a model requires time-consuming 
calculations, including the motion of blades in both media 
[12–15]. In the light of the identified issues, the specific 
objectives of the reported research-design work were as 
follows:
• Developing the model of pressures, forces and torques 

characteristic for the conversion of watercourse energy, 
as well as developing the concept of geometric features and 
parameters of the main working elements of a roll turbine 
aerator to be used in construction design, manufacturing, 
and implementation in working components of the 
innovative power-process unit.

• Experimental recording of pressures, forces and torques 
in a geometric form having the dimensions of the main 
working elements of the innovative power-process unit 
roll turbine aerator.
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Fig. 1. Calculation area – concept 1A 

Fig. 3. Calculation area – concept 2A 

Fig. 5. Calculation grid – variant 1A 

Fig. 7. Calculation grid – variant 2A 

Fig. 4. Calculation area – concept 2B 

Fig. 6. Calculation grid – variant 1B 

Fig. 8. Calculation grid – variant 2B 

Fig. 2. Calculation area – concept 1B 
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CHARACTERISTICS OF THE 
CALCULATION MODEL

GEOMETRIC FEATURES  
OF THE SOLUTION CONCEPTS

The calculations were made for 4 selected concepts of the 
innovative solution, the configuration of which is shown 
in Fig. 1 – Fig. 4 [16]. Each figure shows the calculation 
area with the fragment of the paddle-wheel. Fig. 1 and 
Fig. 2 show variants 1A and 1B, in which a single blade is 
mounted in the paddle-wheel. In variant 1A, the blade (2) 
is seated in the roller (1) being a closed surface, while in 
variant 1B, the wheel has an openwork structure to allow 
the medium to flow through it. The geometry shown in 
variants 2A and 2B (Figures 3 and 4) makes it possible to 
analyse half of the wheel with all blades installed. Like in 
variants 1A and 1B, the wheel geometry has the structure 
with closed surface in variant 2A, and openwork structure 
in variant 2B. Comparing the calculation results for the 
above variants enables the evaluation of the performance 
of a single paddle blade located in the lower position and 
the effect of its interaction with the neighbouring blades, 
in terms of forces and moments.

The calculations were performed for the diameter of 
wheel (1) equal to 1 m and the length of blade (2) equal 
to 0.6 m. It was assumed that the wheel is half submerged 
in water. Moreover, 12 blades evenly distributed on the 
wheel perimeter were assumed in variants 2A and 2B. 
The calculation grids were made for the two-dimensional 
flow model. Examples of calculation grids for each variant 
are presented in Fig. 5 – Fig. 8. In different configurations, 
a different number of grid elements was generated as a result 
of the necessity of its sufficient grid thickening in certain 
perimeter areas. Variants 2A and 2B are characterized by 
larger number of grid elements than variants 1A and 1B due 
to the presence of a larger number of blades.

CALCULATION OF FLOW PARAMETERS

The equations used to calculate the flow parameters are 
the mass conservation equation, Eq. (1), and the momentum 
conservation equation, Eq. (2) (Table 1). After applying the 
Newton’s hypothesis to the stress tensor, Eq. (3), the momentum 
conservation equation can be rewritten to the form of Eq. (4). 
The equations Eq. (1) and Eq. (4) constitute a closed system 
of 4 scalar equations with 4 unknowns: ux, uy, uz, p, assuming 
constant density and viscosity of the medium. This equation 
system allows to obtain a solution taking into account all spatial 
and temporal scales in the turbulent flow. However, it appears 
that the minimum number of N grid nodes required to include 
the vortices at the level of the Kolmogorov scale is proportional 
to the Reynolds number, Eq. (5), and the number of iterations 
needed to simulate the flow in a machines rotor (Re≈105) is  
beyond the capabilities of modern supercomputers.

The analysis of turbulent flows is most often based on the 
Reynolds hypothesis, according to which the fluid motion is 
treated as the superposition of the stationary, averaged motion 
and the unsteady, fluctuating motion.

According to this principle, the value of an arbitrary physical 
quantity characterising the flow can be presented in the form of 
Eq. (7). After decomposing the velocity vector u and pressure 
p into stationary and unsteady parts, and then substituting 
them to Eq. (7), the Reynolds equation, Eq. (8), is obtained. The 
Reynolds equation including the mass conservation equation 
(for incompressible fluid), Eq. (9), is a system of 4 equations with 
unknowns x,  y, z,  , and the turbulent stress tensor (Reynolds 
tensor), ρR. This system, Eq. (10), is not closed. Closing the 
Reynolds equation system requires additional equations 
determining the components of the turbulence tensor, which 
is subject to turbulent flow modelling. The method of turbulent 
flow modelling for which the starting point is the Reynolds 
equation system belongs to class of RANS (Reynolds Averaged 
Navier-Stokes) equations, most frequently used in flow analyses. 
Depending on the formula for the adopted turbulent stress 
tensor, the following turbulence models can be named [17–20]: 

Tab. 1. Calculation of design parameters of flow aerator in turbine

Design characteristics Model equation No.

Equation of mass conservation (1)

Equation of momentum conservation (2)

Newton's hypothesis for stress tensor (3)

Equation of momentum conservation (4)

Minimum number N of calculation grid nodes required  
to account for vortices at the Kolmogorov scale level –  

proportional to Reynolds number
N ~ Re9/4 (5)

Decomposition of arbitrary physical  
quantity characterizing the flow u =  + u' (6)



POLISH MARITIME RESEARCH, No 4/2019 127

1.  Models using the concept of turbulent viscosity characterizing 
the relationship between the turbulence stress tensor and the 
tensor of medium deformation rate. An example maybe the 
Boussinesq hypothesis based on linear dependence between 
the variables, Eq. (11).

   Further modelling consists in determining the dependence 
for turbulent viscosity vt. For this purpose, additional 
quantities are introduced to the system of equations, followed 
by additional equations which allow to determine viscosity 
and turbulent stresses

   The scalar transport equation f within one- and two-equation 
models takes the form of Eq. (12). On the left-hand side 
of Eq. (12), there is the evolved substantial derivative, on 
the right – terms that determine the diffusion coefficient 
D and positive and negative sources of the given scalar. 
The equations contain a number of constants, experimentally 
determined and optimized for several typical flow classes. 
The turbulence models which are most commonly used now 
include one-equation models [21] and two-equation models: 
k-ε [22, 23], RNG k-ε [24], k-ω [25], k-τ [24], k-ω SST [26]. 

2.  Models introducing an additional equation for the Reynolds 
stress tensor of each component: 
2.1.  Algebraic Reynolds stress models (ASM-Algebraic 

Stress Models), in which the Reynolds stress tensor 

components are described by algebraic equations, 
supplemented with the scalar transport equations, 
e.g. k and ε [27].

2.1.  Models of stress transport (RSM – Reynolds Stress 
Models), which introduce Rij as new variables, with 
the equations of their transport derived in the form 
of Eq. (13) from Navier-Stokes equations. 

   In these models, individual terms on the right-hand side 
describe successively production, diffusion, and pressure-
velocity correlation of deformation and dissipation. These 
models require an additional transport equation for ε in 
order to close the system. Therefore, in the case of three-
dimensional flow, additional 7 partial differential equations 
are added to the system of Reynolds equations [28].
This project uses the two-equation SST k-ω turbulence 

model. In this model, the kinetic energy of turbulence and 
the rate of its dissipation are calculated according to Eq. (14) 
and Eq. (15), where Gk – generation of turbulence kinetic 
energy; Gω – characteristics of the intensity of rotary motion; 
Γk – diffusion coefficient of turbulence kinetic energy k; Γω – 
diffusion coefficient of ω; Yk – dissipation of k; Yω – dissipation 
of ω; Dω – term characterizing cross-diffusion.

The system of differential equations describing the fluid 
motion can be converted to algebraic equations using different 

Design characteristics Model equation No.

Equation of momentum conservation  
(Navier-Stokes) for incompressible fluid (7)

Reynolds equation after decomposition of velocity vector u  
and pressure p, and substituting them into Eq. (7) (8)

Mass conservation equation for Reynolds equation  
(incompressible fluid) div  = 0 (9)

System of 4 equations with unknown x, y, z,  and turbulent  
stress tensor (Reynolds tensor) ρR – not closed (10)

Boussinesq hypothesis based on linear dependence between  
velocity gradients and Reynolds stress tensor elements (11)

Transport equation scalar ϕ within single model  
and two-valued form (12)

Transport equations of new variables derived  
from Navier-Stokes equation (13)

Kinetic energy of turbulence and specific rate  
of its dissipation into internal thermal energy (14)

(15)
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methods [5, 29, 30]. The computational model used in the 
project is based on the finite volume method. This method 
uses a form of integral equations of conservation, which is 
its main characteristic.

The first step of the method is to divide the computational 
area into sub-areas (control volumes). The calculation points 
at which the values are unknown functions are placed at 
the centre of gravity of the control volume. The next step 
is discretization of partial differential equations, that is, 
converting them into algebraic equations by integrating 
after each control volume. The obtained nonlinear algebraic 
equations are linearized, i.e., nonlinear elements are treated 
explicitly or implicitly [31–33]. The final stage is interpolation 
of convective elements and diffusion and source units in the 
differential schemes. It consists in expressing the average 
values on the surface of the control volume through the values 
of the unknown function at the calculated points.

MODEL PARAMETERS  
AND BOUNDARY CONDITIONS 

The calculations were made using the code Ansys/Fluent 12 
and a two-dimensional flow model, assuming its stationarity. 
The Fluent algorithm is based on the finite volume method, 
in which transport equations are written in the integral form. 
The “pressure-based” type solver was used. The convective 
terms in transport equations were approximated by the 3-rd 
order MUSCL scheme. The flowing medium was water with 
constant viscosity of 0.001 kg/m·s, whereas the SST k-ω model 
was used to describe the turbulent motion.

The assumed boundary conditions are shown in Fig. 9. At the 
inlet to the computational area, the “Velocity Inlet” condition 
was assumed, with the flow velocity value corresponding to 
the midstream velocity. Additional parameters concerning 
the turbulence model were the turbulence intensity of 1% and 
the turbulent-to-laminar viscosity ratio equal to 10. At outlet, 
the “outflow” condition was assumed. The lower boundary, 
representing the bottom of the river, was described by the 
boundary condition “Wall”. In contrast, on the free surface, 
the symmetry condition was assumed, which means that 
the medium is not transported through this surface, but 
only slips along it. 

Such a set of boundary conditions is a strong simplification 
of the real situation, especially near the water wheel. However, 
such an assumption is considered acceptable taking into 
account the purpose of the analysis, which is to determine 
forces and moments acting on the blade.

DISCUSSION OF RESULTS 

The above presented calculation model was used to 
determine flow characteristics and forces acting on the blade 
in the examined variants. Below are given selected results 
for variants 1A and 2A (full wheel), obtained assuming the 
flow velocity of 0.1 m·s-1 and the depth of 2 m. The latter 
parameter is the distance of the blade tip from the bottom 
of the river. Fig. 10 and Fig. 11 show, respectively, pressure 
and flow velocity distributions, with alluvial power lines 
for geometry 1A, whereas Fig. 12 – Fig. 14 show the same 
distributions for geometry 2A. The pressure values are shown 
as relative values, where the reference pressure is the ambient 
pressure. The images of flow velocity and power lines indicate 
high differentiation of the flow structure and velocity values 
obtained using different calculation models for a single blade 
and the complete system of blades.

Fig. 9. Scheme of computational area and boundary conditions

Fig. 10. Static pressure – variant 1A

Fig. 11. Velocity and power lines – variant 1A

Fig. 12. Static pressure – variant 2A

Fig. 13. Velocity – variant 2A
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In each variant, the calculations were performed for 3 flow 
velocity values: 0.1 m·s-1, 2.7 m·s-1 and 5.5 m·s-1. Moreover, 
for each case the rotational velocity of the roller blade unit 
(Fig. 15) was chosen to meet the following condition: 

ulop / u = 1        (16)

where:
u – flow velocity,
ulop – linear velocity of a blade at 2/3 of its length.

The resulting rotational speeds of the cylindrical turbine-
roller models which met condition (16) for the assumed 
flow velocities were: 1.06 rpm, 28.6 rpm, and 58.4 rpm. 
The performed flow calculations allowed to determine the 
values of moments and forces acting on a single blade or the 
complete blade system. 

In variants 1A and 2A, determining the moment of force is 
relatively easy and can be obtained from pressure integration 
over blade surface. These variants are characterized by the 
existence of a stable solution and stabilized force values in 
successive steps of the iterative process. Selected time-history 
of fluctuations of the moment of force recorded during the 
calculations for variant 1A is shown in Fig. 16. However, 
determining forces in the presence of unsteady flow in 
variants 1B and 2B (openwork structure) is more difficult, as it 
requires unsteady calculations, with further pressure integration 
not only in space, but also in time. Figs. 17–19 present the 
time-histories of fluctuations of the moment of force acting 
on one blade during the calculation process for variant 1B at 
two different water flow velocities and two water depths. In 
the case of low flow velocity, the amplitude of fluctuations is 

relatively small and decreases with increasing depth. On the 
other hand, when the flow velocity is higher, of 5.5 m·s-1, this 
amplitude reaches as much as 50% of the average value, which 
means very large blade load changes and the need to take into 
account changes in time.

Fig. 14. Velocity and power lines – variant 2A

Fig. 16. Moment of force acting on the blade: variant 1A, 
depth 2 m, water flow speed 0.1 m·s-1

Fig. 17. Moment of force acting on the blade: variant 1B, 
depth 0.2 m, water flow speed 0.1 m·s-1

Fig. 18. Moment of force acing on the blade:  variant 1B, 
depth 2 m, water flow speed 0.1 m·s-1

Fig. 19. Moment of force acting on the blade: variant 1B, 
depth 0.2 m, water flow speed 5.5 m·s-1

Fig. 15. Turbine roller: constructional form of the cylinder 
with seven blades (L = 10000 mm) 
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The exact values of moments of forces recorded for particular 
variants are collated in Table 2. Each time, the moment of 
force was determined for the unit width of the blade equal 
to 1 m. The values marked green in variants 1B and 2B were 
determined as averages of the calculation process. It should 
be emphasized again that obtaining accurate values required 
performing unsteady flow calculations.

A significant difference can be observed between the values 
of the moment of force acting on the isolated blade and when 
it is part of the blade system. In variants 2A and 2B, for larger 
depth G, a negative value of the moment acting on the lower 
blade was obtained (with a positive torque value for the entire 
system), which is the effect of the earlier presented pressure 
distribution.

Larger moment fluctuations are caused by the effect of 
depth (distance of the blade from the bottom). For a smaller 
depth, the values are significantly overestimated due to the 
boundary condition of the non-deformable free surface.

For comparison purposes, Table 3 collates the calculated 
values of the resistance force and moment acting on a plate 
having the dimensions of the analysed blade and oriented 
perpendicular to the flow direction. The force was determined 
from Eq. (17), where the resistance coefficient cd was assumed 
equal to 2 (as appropriate for Reynolds numbers Re>105):

Fd = cd0.5ρu2A        (17)

The moment of force was determined from Eq. (18), 
assuming that the centre of thrust in this case coincides with 
the centre of the plate. This configuration is most similar to 
variant 1B, except the effect of the distance to the bottom 
and top surfaces of the tank:

Md = Fd(0.5L + R)     (18)

There are many solutions, known in the world as small water 
turbines, which have the form of reaction and reaction turbines, 
or wastewater, backloading, and backhoe water wheels. The 
analysed construction of a floating power plant with water 
turbine consists of a self-supporting, floating roller filled with 
air. A shaft is placed at the centre of rotation, while coils forming 
the blades are placed on the circumference of the roller, along 
the helix. The whole construction is enclosed by a perforated 
body. The diffuser intensifies taking over the energy from the 
watercourse. Only some known solutions of the conversion 
of watercourse energy into the energy of rotational motion 
were carried out in accordance with the idea of displacement, 
i.e. the ability to float on the surface or at some favourable depth 
of the watercourse during energy conversion. In all known 
solutions, there is a problem with low efficiency [34, 35]. The 
system collecting the torque from the watercourse is built in 
such a way that the rotary motion of the positive displacement 
cylinder is transmitted through the shaft and the mechanical 
gear to the working unit of the electric power generator. The 
entire functional system is longitudinally and transversely 
trapped on the watercourse by blocking it on both sides with 
anchored ropes. The direction of rotation of the displacement 
roller with blades results directly from the winding direction of 
the rotor blades mounted on it. The electric energy generated 
in the generator is discharged to the users by an electric wire. 
The water turbine with energy conversion devices, developed 
according to the presented concept, is characterized by simple 
and compact structure, which is its unquestionable advantage 
compared to conventional solutions described, among others, 
in [36, 37]. The presented structure allowed to eliminate load-
bearing units, e.g. as it was used in the solutions presented in 
[36–38]. The use of a roller with helical blades protects against 
the destruction of living organisms, including fish, fry, and 
other aquatic animals. It also generates high torque, according 
to the Stokes equation, and multiple helices with high coil angle 
cause low resistance according to Reynolds’ dependence, which 
is an advantage over both the known multi-blade solutions with 
straight blades, and standard rotors with two and three helical 
blades [39]. The geometric shape of the working surfaces of 
the rotor screw coils causes additionally the Magnus effect, 
which results in the efficiency increase compared to the known 
solutions of turbines with helical blades [40]. The presented 
solution may be applied in watercourses as an unconventional 

Tab. 2. Moments of force (Nm)

Flow velocity 0.1 m·s-1 2.7 m·s-1 5.5 m·s-1

Rotational speed 1.06 rpm 28.6 rpm 58.4 rpm

Depth 0.2 m 2 m 0.2 m 2 m 0.2 m 2 m

Variant

1A 252 10 183738 7543 763403 31253

1B 22.5 6.2 16176 4490 89761 24160

2A 1.55 
95 (1 blade)

0.2 
-2.3 (1 blade)

2132
69636 (1 blade)

147
-1704 (1blade)

7416
278940(1 blade)

707
-7227 (1 blade)

2B 9.5 
9 (1 blade)

4.2 
-0.6 (1 blade)

10468
6500 (1 blade)

2800
-2000(1 blade)

41000
25000 (1 blade)

3400
-2300 (1 blade)

Tab. 3. Resistance force and moment acting on flat plate

Flow velocity, m·s-1 0.1 2.7 5.5

Resistance force, N 6 4374 18150

Moment of force, N·m 4.8 3500 14520
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source of renewable energy, especially in places of scarcity and 
lack of access to the power grid. This device can be used to 
drive machines and devices without the use of other energy 
sources, e.g. pumps, and, as a water vehicle propulsion unit, 
also for educational purposes and popularizing water energy 
converters.

SUMMARY 

For the selected calculation models of the innovative 
blade-roller unit, models of pressures, forces and torques 
were developed to model the conversion of watercourse energy 
in two basic geometrical design concepts and determine 
new operational parameters of the main elements of the roll 
turbine aerator. This is important for the needs of detailed 
pre-implementation design, construction and manufacturing 
of working elements of the innovative roller-blade unit. The 
pressures have been determined experimentally, making 
the basis for calculating forces and torques for a variable 
geometrical form and dimensions of the projected working 
elements of the rotor of an innovative roller-blade turbine 
assembly (for example Fig. 15). In the design concept 1A 
(Fig. 1), a single blade (2) was mounted on a roller (1) being 
a closed surface, while in variant 2A (Fig. 3), the wheel had an 
openwork structure to allow the medium to flow through it. 
Determining the moment of force was relatively easy for 
these two cases and was obtained from pressure integration 
over blade surfaces. These variants are characterized by the 
existence of a stable solution and stabilized force values in 
successive steps of the iterative process. For the selected 
design concepts, forces and moments were determined 
for individual configurations in assumed flow conditions, 
which was the preparation stage for implementation of the 
roller-blade assembly in the conditions of the Tigris and 
Euphrates rivers. The obtained results of calculations will 
enable determination of the flow through the structure and 
the assessment of its effect on the system of forces in the roller 
blade. These results were used for initial assessment of basic 
construction parameters, being the starting point to further 
more advanced calculations using complex physical models. 
The calculations were made for the concept of a full roll (roll 
surface) and open-work structure (without a roll). In both 
cases the analysis was carried out for a single blade and the 
complete blade system, assuming two channel depths and 3 
watercourse speeds. The results of the calculations lead to 
the following specific conclusions:
1.  The calculation model of two-dimensional, stationary and 

single-phase flow with the assumption of a non-deformable 
free surface well reflects the reality only in variants 1A 
and 2A, provided that the channel has a sufficiently large 
depth, i.e. the distance of the lower blade tip from the 
bottom.

2.  In variants 1B and 2B, the flow past blades from the side 
of the lower and top channels causes the formation of the 
flow structure which requires the use of a non-stationary 
flow model.

3.  The determined forces and moments indicate the significant 
effect of the depth of the channel on the obtained results. 
The moment of force increases with decreasing depth.

4.  The structure of the flow indicates the need to analyse 
the entire blade system to determine forces acting on it. 
The analysis of a single blade can be useful in the design 
and evaluation of its float. But the difference in the 
structure of flow and the recorded force values between 
the simplified configuration and the full blade system will 
grow with the increase of blade length and the decrease 
of channel depth. These values can differ by one or, for 
small depths, two orders of magnitude, which makes 
the single-blade calculation results useless for design 
purposes. 

5.  The analysis of the designed flows, leading to a quantitative 
assessment of the effect of construction parameters of the 
floating power roll and aeration, requires time-consuming 
calculations with the unsteady two-phase model taking 
into account the motion of roll elements.

6.  In variants 1A and 2A, the use of an innovative hydroelectric 
turbine with the aeration option refers to watercourse 
conditions with a sufficiently large channel depth, i.e. the 
distance of the lower blade tip from the bottom. 

    The determined forces and moments indicate a clear influence 
of channel depth on the obtained values. The torque increases 
with decreasing depth.

7.  The flow structure indicates the need for extending the 
calculation and for devising drum solutions with a single, 
preferably oblique, canopy forming the roll/drum. 
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