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In this study, a new design of a hydroturbine was developed, modelled, and 
constructed. The unique features of this turbine design required a thorough 
investigation and optimization process to enhance hydroturbine performance. The 
paper discusses numerical and experimental results obtained on the hydroturbine. The 
optimal angle of attack for the inlet flow direction has been computed from numerical 
modelling. Consequently, data on velocity, pressure, lift, and drag forces along the 
blade have been obtained. The study also takes into account the operation of the 
hydroturbine under non-rotating and rotating rotor modes. Performance metrics such 
as head, torque, hydraulic power, hydroturbine power, and efficiency were then 
calculated based on water discharge. These performance calculations were conducted 
using COMSOL Multiphysics, employing Direct Numerical Simulation and k-epsilon 
methods. Numerical calculations offer a cost-effective approach to reducing the 
financial burden associated with material costs for manufacturing hydroturbine 
prototypes. 
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1. Introduction 
 

The significance of this scientific research is closely tied to the advancement of renewable energy 
sources, particularly within the domain of hydroturbines, which play a crucial role in the realm of 
renewable energy. 

This hydroturbine distinguishes itself from existing designs due to its unique features, 
necessitating an investigation and optimization process to improve its performance. The 
distinctiveness of the hydroturbine design makes it challenging to directly compare the obtained 
numerical and experimental results with those of other authors' works. Therefore, the results derived 
from this study are specific and exclusive to this particular hydroturbine design. The goal of numerical 
modelling and experimental testing on the hydroturbine is to improve its performance. 
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1.1 Literature Review 
 
Hydropower, both large and small, remains the primary global renewable energy source for 

electricity. According to Dametew [1], small hydroelectric power plants, often known as "run-of-the-
river" installations without dams, prove to be both cost-effective and environmentally friendly. They 
are particularly effective for rural electrification in developing countries and are also viable options 
for expanding hydropower projects in developed nations. Onyemaechi et al., [2] highlighted that 
small hydro technology exhibits remarkable resilience and is recognized as one of the most 
environmentally friendly energy technologies currently available. Igbinovia et al., [3] noted that 
during the 20th century, the expansion of hydropower was linked to the building of large dams. While 
these dams offered substantial benefits such as electricity supply, irrigation, and flood control, they 
also led to the submersion of fertile land and the displacement of local populations. In many 
instances, dams quickly accumulate silt, diminishing their effectiveness and lifespan while also 
causing environmental issues due to substantial disruption of river flows. Small hydraulic systems, 
typically "run-of-river" setups, consist of small dams or dams with limited or no water storage, as 
depicted in the research by Musa et al., [4].  
 
2. Methodology  
2.1 Hydroturbine Overview 

 
The hydroturbine operates in the following manner: the water enters from the inlet and passes 

through the swirler, which rotates the water direction to the blades. The water flows then act on the 
blades and create lift and drag forces, which rotate the rotor along the z-axis, after which the water 
exits through the outlet (Figure 1(a) and 1(b)). Due to the rotation of the magnets, which are located 
in the rotor, the hydroturbine produces electricity in its magnet wire.  

 

 

 

 
(a)  (b) 

Fig. 1. (a) Transparent view (b) Selected domain 
 
2.2 Modelling of a Two-Dimensional Domain 

 
The Navier-Stokes equations presented in the following works [5-10] are used to solve a two-

dimensional domain under the laminar flow mode: 
Conservation of mass equation: 
 

                                     (1) 
 

Momentum equation: 

0=×Ñ u
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                      (2) 

       
here  denotes the velocity,  is the density,  is the dynamic viscosity, and  is the pressure.  

The direct numerical simulation method is employed for a two-dimensional domain, offering 
enhanced accuracy in comparison to alternative approaches. 

When solving a task, the part of the rotor where the blade is located was chosen for two-
dimensional calculations (Figure 1(b)).  

Figures 2(a) and 2(b) show the boundary conditions and mesh distribution of the two-dimensional 
domain, respectively.  

 

 

 

 
(a)  (b) 
Fig. 2. (a) Boundary conditions (b) Mesh distribution 

 
Two methods exist for altering the angle of attack of the swirler. One method entails rotating the 

blade itself, whereas the alternative method involves maintaining the blade in a fixed position but 
adjusting the flow direction at the inlet, as demonstrated in the paper [11]. In the numerical 
computation provided, the latter method is employed. Modifying the velocity direction at the inlet is 
much simpler in this scenario, as there is no requirement to remesh the task for each angle of attack. 
As depicted in Figure 3(a), the blade remains fixed while the arrows illustrate the flow at an angle of 
attack of 450 due to the altered inlet velocity direction. 

The rectangular domain measures 50 mm in length and 30 mm in height. As for the blade, its 
length is 28.25 mm, and its height is 2 mm. The velocity field at the inlet is specified in the x and y 
directions as  and , correspondingly. The magnitude of  is 1 m/s and 
the values of  consist of 00, 150, 300, 450, 600, 750, and 900. The "Periodic flow conditions" are 
applied to the lower and upper boundaries of the domain due to the influence of water velocity 
variations on both the lower and upper blades of the selected blade. The no-slip boundary condition 
is chosen for the blade wall. The outlet is specified with a pressure condition. The dynamic viscosity 
value is 0.001  and the density value is 999.62 .  

The two-dimensional model is considered as non-stationary. The calculation continued until 
repeatable results were obtained, which required 10 seconds. The calculation results were recorded 
every 0.1 seconds.  

Figure 3(a) displays the water flow passing the blade at a 450 angle of attack. The surface plot 
shows the magnitude of velocity, represented by arrows. The deep blue water colour indicates the 
presence of vortex and cavitation, whereas the deep red water colour indicates a significant increase 
in velocity. Figure 3(b) depicts the distribution of pressure, with a change in water color from deep 
blue to deep red signifying a noticeable pressure increase. 
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(a)  (b) 

Fig. 3. (a) Velocity value (m/s) (b) Pressure distribution (Pa) 
 
2.2.1 Computing lift force and drag force 

 
When a fluid flows around an object, it applies a force to the surface. Illustrated in the figures 

below, the force component perpendicular to the flow direction is termed as lift force, while the 
force component parallel to the flow direction is referred to as drag force. Figures 4(a) and 4(b) 
provide schematic representations of lift force and drag force, respectively. 

 

 

 

 
(a)  (b) 

Fig. 4. (a) Fluid flow at 00 angle of attack (b) Fluid flow at 450 angle of attack 
 
In many cases, the geometry may not align perfectly with the flow direction. The angle formed 

between the centre reference line of the geometry and the incoming flow is known as the angle of 
attack. In aerospace engineering, the angle of attack is commonly utilized, as it represents the angle 
between the chord line of the air foil and the free-stream direction. 

Lift and drag forces have two primary components — pressure and viscous forces. The pressure 
force, also known as the pressure-gradient force, arises from the pressure difference across the 
surface. On the other hand, the viscous force results from friction and opposes the flow direction. 
In 2D fluid flow, lift force and drag force expressions discussed in the references [6,7,11] are 
represented by Eq. (3) and Eq. (4), respectively: 

 

                                      (3) 
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                                      (4) 

 
Where  is the unit normal vector in the x direction,  is the unit normal vector in the y 

direction, and  is the boundary of the blade.  
Figures 5(a) and 5(b) depict graphs showing variations in lift force and drag force over a 10-second 

timeframe resulting from alterations in water direction. The oscillations' frequency and amplitude in 
the figures below are attributed to flow perturbations induced by the vortices. 

 

 

 

 
(a)  (b) 

Fig. 5. (a) Lift forces at different angles (b) Drag forces at different angles 
 

In the calculations, the maximum lift force value was observed when the water flow direction was 
at 450. At angles of attack of 00 and 900, no lift force is present because water does not impact the 
lower surface of the blade. Between 750 and 900, a stall occurs due to a decrease in the lift force 
generated by the blade as the angle of attack increases. This phenomenon occurs when the blade's 
critical angle of attack is surpassed. Figure 5(b) shows that the maximum drag force is reached at a 
00 angle of attack. Likewise, as seen in Figure 5(a), the drag force value at a 900 angle of attack is also 
zero. This occurs because there is no flow velocity present in the domain.  

The definitions of lift and drag coefficients, as well as the results of these coefficients, are 
thoroughly explained in the previous study [12]. 

 
2.3 Modelling of Hydroturbine Performance 

 
By conducting numerical computations on the 3D model of the operation of the hydroturbine, it 

becomes possible to observe the influence of water flow on the blades and the rotation of the rotor. 
The use of the 3D model for the hydroturbine renders the processes more realistic and achievable 
compared to the 2D model.  

At a water flow direction of 450, the lift and drag forces reach their maximum and minimum 
values, respectively, as depicted in Figures 5(a) and 5(b). In this context, the swirler directions are set 
at 450, aligning with the angle of attack of the flow directed towards the blades at the same degree 
value. 

To decrease the computation time, the following simplifications were implemented: the bearing, 
shaft, and fasteners were not taken into consideration for the task.  

The inlet and outlet diameters of the hydroturbine are 0.1 m. The maximum diameter and length 
of the hydroturbine are 0.29 m and 0.65 m, respectively.  

The fluid properties are identical in both the 2D and 3D models. 
In the 3D model, the k-epsilon turbulence model was applied to solve the rotating and non-

rotating modes of the hydroturbine rotor. The k-epsilon model stands out as one of the widely 

dSpnn
n
uF xy

S
D )( -

¶
¶

= ò µr

xn yn
S



Journal of Advanced Research in Applied Sciences and Engineering Technology 
Volume 47, Issue 1 (2025) 81-93 

86 
 

adopted turbulence models in industrial contexts. This model includes the standard k-epsilon model, 
which is detailed in the works [8-10,13] and introduces two additional transport equations that 
operate with two dependent variables: the turbulent kinetic energy, denoted as , and the turbulent 
dissipation rate, denoted as .  

The transport equation is as follows: 
 

                             (5) 

 
Here the production term, , is modelled as:  
 

                            (6) 

 
The turbulent viscosity, , is described as: 
 

                                 (7) 

 
The transport equation, , is written in the following form: 
 

                           (8) 

       
The constants of the k-epsilon model in Eq. (5), Eq. (7) and Eq. (8) are defined based on the 

experimental data, and their values are provided in Table 1. 
 

Table 1 
The values of constants 

     

1.0 1.3 0.09 1.44 1.92 
 

2.3.1 Modelling of the non-rotating rotor mode 
 
The Reynolds number is calculated based on the inlet velocity and diameter, which in this instance 

are 0.79067 m/s (the eighth experiment in Table 3) and 0.1 m, respectively. 
 

                                         (9) 

  
Where  is the inlet velocity,  is the inlet diameter. 
The high Reynolds number is a clear indicator of turbulent flow, necessitating the application of 

a turbulence model for accurate representation. 
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With the exception of the inlet and outlet boundaries, all other boundaries of the hydroturbine 
are walls. The walls have a no-slip boundary condition. 

Figures 6(a) and 6(b) show the velocity streamlines and pressure distribution when the rotor is 
not rotating. The ribbon type was chosen to display the streamlines. The streamlines are color-coded 
based on the velocity magnitude, and their thickness is proportional to the turbulent viscosity, as 
shown in Figure 6(a) and 8(a). The broad lines suggest a high level of mixing. Mixing appears relatively 
weak at the front of the hydroturbine, but the plot indicates that it increases noticeably towards the 
rear of the hydroturbine. In addition, the velocity flow streamlines show that the swirler changes the 
direction of water flow. Initially, the direction of water flow velocity is perpendicular to the inlet 
boundary, after passing the swirler it changes its direction and swirls.  

Bernoulli's principle states that an increase in fluid velocity leads to a decrease in pressure, and 
conversely, a decrease in velocity results in an increase in pressure. The solution clearly demonstrates 
that the observed pressure distribution aligns with this principle, as shown in Figures 6(b) and 8(b). 

 

 

 

 
(a)  (b) 

Fig. 6. (a) Velocity streamlines (m/s) (b) Pressure distribution (Pa) 
 
2.3.2 Modelling of the rotating rotor mode 

 
The frozen rotor approach was used to solve the rotating mode. The frozen rotor method is a 

cost-effective and time-efficient steady-state approximation in which distinct zones are assigned 
different rotational speeds. The moving reference frame equations are employed to solve the flow 
within each of these zones. Essentially, this approach involves fixing the motion of the moving part 
in a specific position and then examining the resulting flow field with the rotor held in that fixed 
position. 

The Navier-Stokes equations in the frozen rotor approach, which are detailed in the COMSOL 
Multiphysics User's Guide [10], will be in the following form:  

Continuity equation: 
 

                               (10) 
 

Momentum equation: 
 

                         (11) 
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Here  denotes the velocity vector,  the angular velocity vector,  the identity matrix,  the 
viscous stress tensor,  the volume force, and  the position vector. 

All eight experiments listed in Table 3 were computed in the rotating mode. The calculations were 
performed for the head, torque, power, and efficiency of the hydroturbine (Table 2). 

For a Newtonian fluid, the impeller Reynolds number defined by Paul et al., [14] is as follows: 
 

                               (12) 

 
Where  is the rotations per second,  is the impeller diameter.  
The head, which represents the difference in pressure head and velocity head between the inlet 

and outlet of the hydroturbine as water flows through it, as defined in the review papers by the 
authors [15,16], is given by the following expression: 

 

                         (13) 

 
Where  denotes the total pressure difference between inlet and outlet boundaries,  the 

gravitational constant,  the inlet static pressure,  the outlet static pressure,  the inlet velocity, 

and  represents the outlet velocity. 
The efficiency formula for the hydroturbine, as defined in the following works [17-19], is as 

follows: 
 

                               (14) 

 
Here  denotes the hydroturbine power,  is the hydraulic power input. 
The hydroturbine power is defined by  
 

                               (15) 
 
Where  represents the angular velocity vector,  the torque. 
The angular velocity is defined by 
 

                                           (16) 
 

The torque is determined by 
 

                                           (17) 
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Where  is the surface area of the rotor, T is the total stress, r is the point {x, y, z},  is the 
direction of the rotation axis. 

The hydraulic power input is determined by 
 

                                            (18) 
 
Where  is the water flow rate. 
Figure 7(a) displays the head of the hydroturbine. Two plots are used to monitor the mass flow, 

one at the inlet and the other at the outlet. Figure 7(b) illustrates that the mass flow rates at the inlet 
and outlet are equal, indicating successful mass conservation. The dots represent the velocity values 
at the inlet. 

 

 

 

 
(a)  (b) 

Fig. 7. (a) Head (m) (b) Mass flow (kg/s) 
 

Table 2 shows the computed results of the Reynolds number, impeller Reynolds number, head, 
torque, hydraulic power, hydroturbine power and efficiency. 

 
Table 2 
The calculated values of hydroturbine performance 

No. Inlet 
Velocity 

Reynolds 
Number 

Impeller 
Reynolds 
Number 

Head 
 

Torque
 

Hydraulic 
Power 

 

Hydroturbine 
power 

 

Efficiency 
 

1 0.16579 16573 8692 0.042545 0.041041 0.53995 0.12034 22.287 
2 0.22955 22946 17073 0.13114 0.12950 2.3045 0.74588 32.367 
3 0.28056 28045 21109 0.20069 0.19437 4.3103 1.3841 32.112 
4 0.35708 35694 24834 0.29521 0.27574 8.0695 2.3101 28.627 
5 0.38258 38243 29490 0.38889 0.36833 11.389 3.6643 32.173 
6 0.53562 53541 37250 0.67207 0.61057 27.556 7.6726 27.843 
7 0.63764 63739 46563 1.0151 0.91938 49.551 14.442 29.145 
8 0.79067 79036 48115 1.2364 1.0867 74.834 17.639 23.571 

 
To visualize the rotating mode of the hydroturbine rotor, the eighth experiment from Table 3 was 

selected, in which the velocity at the inlet is 0.79067 m/s and the rotor rotates at 155 revolutions per 
minute at the z-axis. Figure 8(a) illustrates the flow direction using the streamlines. As the streamlines 
traverse the rotor, they experience alterations due to circulation, which intensifies towards the 
rotor's end, eventually forming vortices. These vortices, in turn, trigger the cavitation process, leading 
to damage across the entire surface of the hydroturbine. In the rotating rotor mode, the width scale 
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factor for the streamlines was reduced by 10 times compared to the non-rotating rotor mode. If the 
width scale factor is not reduced, the streamlines will cover the entire domain of the hydroturbine. 
The pressure values at the end part of the hydroturbine are lower because the velocity values are 
higher at this part (Figure 8(b)). 

 

 

 

 
(a)  (b) 

Fig. 8. (a) Velocity streamlines (m/s) (b) Pressure distribution (Pa) 
 

Figures 9(a) and 9(b) show the velocity slices for the non-rotating and rotating modes of the 
hydroturbine rotor, respectively. 

 

 

 

 
(a)  (b) 
Fig. 9. (a) Velocity slices (m/s) (b) Velocity slices (m/s) 

 
3. Results  
3.1 Experimental Studies 

 
Figure 10(a) illustrates a general view of the hydroturbine used in the experimental tests. Figure 

10(b) shows the experimental setup used during the studies. The experimental setup consists of the 
hydroturbine, reservoir, magnet wire, pump, ball valve, tachometer, ammeter, multimeter and pipes. 
The pump draws water from the reservoir and conveys it to the hydroturbine through the pipe. The 
water flow drives the rotation of the hydroturbine rotor, and the water that has traversed the 
hydroturbine is then returned to the reservoir through the pipe.  
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(a)  (b) 

Fig. 10. (a) Hydroturbine (b) Experimental setup 
 

Table 3 shows the results of the experimental studies conducted on the hydroturbine. As the 
experimental study shows, the hydroturbine functions continuously through the complete range of 
alterations in water flow rate. Table 3 illustrates that by increasing the water discharge from 0.005 
to 0.0062 , the rotation speed changed only by 5 revolutions. This means that the hydroturbine 
reaches its peak performance in the eights experiment. A further increase in water discharge can lead 
to vibrations, and in some cases even to a hydraulic shock. By adjusting the water flow rate using a 
ball valve, the tachometer is employed to measure the amount of the rotation of the hydroturbine 
rotor. The electric power generated by the rotation of the hydroturbine rotor is defined according to 
Ohm's law, as described by Griffiths [20]. 

 
Table 3 
Hydroturbine performance data related to water flow rate 

No. 
Flow 
rate

 

Velocity 
 

Revolutions 
Per minute 

Angular 
velocity 
Rad/s 

Electric 
power 

 
1 0.0013 0.16579 28 2.93215 0.5 
2 0.0018 0.22955 55 5.75959 0.7 
3 0.0022 0.28056 68 7.12094 1.4 
4 0.0028 0.35708 80 8.37758 4.5 
5 0.003 0.38258 95 9.94838 5 
6 0.0042 0.53562 120 12.56637 6.2 
7 0.005 0.63764 150 15.70796 8 
8 0.0062 0.79067 155 16.23156 8.1 

 
4. Conclusions 

 
This paper presents a comprehensive analysis involving numerical calculations and experimental 

studies aimed at defining the optimal parameters of the hydroturbine.  
Direct Numerical Simulation was used in a two-dimensional domain to analyse the blade design 

and determine the angle of attack of the flow. After determining the angle of attack of the flow, the 
direction of the swirler was set accordingly. The numerical calculation was used to determine the 
velocity magnitude and pressure distribution, as well as the lift and drag forces for different angles 
of attack of the flow. 

The k-epsilon model was selected to simulate the three-dimensional mode. In the non-rotating 
mode, the water velocity was depicted using streamlines and slices to showcase the flow behaviour 
around the swirler and rotor. The streamlines clearly indicate a change in the direction of water flow 
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after passing around the swirler. The pressure distribution demonstrates a proportional decrease in 
pressure as the velocity value increases. 

For modelling the rotating mode, the frozen rotor approach was chosen. This method was used 
to calculate performance parameters such as head, torque, hydraulic power, hydroturbine power, 
and efficiency numerically. 

During the experimental studies, performance data for the hydroturbine concerning water flow 
rate was gathered. These experiments involved adjusting the water flow rate using a ball valve, 
conducted across eight different experiments. The optimal operational state for the hydroturbine 
was determined during the eighth experiment, marking its peak performance. However, increasing 
the water flow rate beyond this optimal point could potentially lead to vibrations and a decrease in 
the rotor speed. For each flow rate, the revolutions per minute and angular velocity of the rotor were 
established. Additionally, the electric power generated in the magnet wire of the hydroturbine was 
calculated. 

Numerical modelling allows for the determination of optimal parameters for the hydroturbine, 
thereby offering a way to reduce the financial costs associated with developing experimental 
prototypes. Simultaneously, the conducted 2D and 3D modelling and calculations can validate the 
effectiveness of the designed prototype. This innovative design is particularly valuable in tropical 
climates where water remains unfrozen, enabling these devices to operate throughout the year. 
Additionally, this hydroturbine aligns with modern global trends that prioritize environmentally 
friendly practices, as it avoids ecosystem disruption caused by activities like dam construction. 
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