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Abstract: In this research paper, the relationship between a crossflow turbine and propeller turbine
size changes and the pond size in a free vortex power generation system was investigated. This
relationship can be written in the form of a new mathematical equation using the principles of the
response surface methodology (RSM) method. This study aimed to compare the efficiency of a
crossflow turbine and propeller turbine to enhance a micro power plant from free vortex. The pond
size in a micro power plant from free vortex was 1 m in diameter and 0.5 m in height with a 0.2 m
outlet drain at the bottom. All turbines were tested at different water flowrates of 0.2, 0.3, 0.4, 0.5,
and 0.6 m3/s to identify the rpm, water head, voltage, and electric current to access the waterpower,
power output, and overall efficiency. At a 0.02 m3/s water flowrate, the crossflow turbine had greater
overall efficiency than the propeller turbine, reaching 9.09% efficiency. From the comparison of the
results of the two turbines used in the 0.5 m high cylinder-shaped generator pond, the turbine type,
turbine size (height and diameter), number of blades, and water flowrate are key factors that affect
the overall efficiency. The crossflow turbine can achieve greater efficiency than the propeller turbine
in this generator system.

Keywords: power plant; free vortex; hydro turbine; response surface methodology

1. Introduction

Environment management is one of the key aspects of hydro-power development in
acquiring sustainable energy [1]. According to modern studies, situations, and problems of
power consumption from around the world, there will be power shortages and massive
impacts from pollution in the near future. Hence, alternative sources of power are urgently
needed. Hydropower, for instance, is one of best choices for alternative energy. It is also
considered to be “clean energy” without any harms to the environment. The environmental
impacts from small hydro-power plants were investigated and evaluated by use of the
matrix of impacts. It provides guidelines for selecting the most appropriate action model
proposed and proposing preventive, eliminating, minimizing, and offsetting the impact of
the proposed activities on the environment. The results were used as parameters in order
to maximize the benefit of these kinds of power plant [2]. There are also many studies and
developments on hydroelectricity, innovations in the transportation business and power
industries, such as research on the development of a hydropower turbine using seawater
from a fish farm [3].

Since 71% of the Earth’s surface is covered with water, hydroelectricity has recently
become one of the most interesting technologies for harvesting unlimited power from
natural water sources, in addition to harvesting power from the sun and the wind. More-
over, water is one of the cheapest sources of power that emits 0% carbon dioxide [4]. A
micro generator system can be designed from waterpower to generate enough power
for houses, a plantation, and a small village [5]. One important advantage of this micro-
power generator system is that the electric power output can be predicted via weather
forecasting [6], and it has a positive impact on the environment [7]. This has promoted
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wide interest in seeking the most efficient technology to gather power form water sources.
Although there are several large practical hydroelectric power plants around Europe, they
are still considered harmful to the environment [8]. Hence, harvesting electric energy
from small and all-year free-flow water sources is an alternative way to find clean energy.
Currently, there are two ways to produce electric power from small water sources: the
bypass method and the open canal method. The bypass method channels or bypasses
water from an irrigation canal into a power generator system. The open canal method
is to install a power generator system into a canal. The advantage of the bypass method
is that the expelled water from the system directly returns to the canal and can later be
consumed or used. Many researchers and inventors are now interested in this method.
They are now applying the free-flow vortex pattern as a source of kinetic power to drive
the generator. Kinetic power is generated from the vortex that flows vertically from above
the gravitational vortex power turbine in a cylinder-shaped housing with drainage at the
bottom. This system can speed up the water flow and transform it into kinetic power to
propel the turbine [9,10]. In this field of study, Franz Zotloterer was the first to develop a
vortex-powered generator [11]. He built the low-head power plant driven by kinetic power
from a free-flow vortex through a cylinder-shaped hydroelectric generator. Free vortex
flow current is a kind of mechanical energy generated from the fluid rotation force. In this
system, the whole fluid mass rotates either due to the gravity or fluid pressure itself and
the fluid mass rotates without any external impressed contact force. The free vortex-type
water turbine, which mainly comprises a tank and a runner [12–15], generates electricity
by introducing a flow of water into the tank and using the free vortex generated when the
water drains from the bottom of the tank [12]. Therefore, it involves a water turbine used
in the GWVPP (gravitation water vortex power plant) [11], which generates electricity with
a low flowrate and a low water head [14]. Due to the compact structure, simple design,
and the possibility of local fabrication, it can benefit rural areas for off-grid supply [12]. A
gravitational water vortex power plant generates power by inducting free vortex flow of
water into turbine electric generators. Many commercial companies have claimed 50–60%
efficiency in productivity ranged from 200 W to 20 kW, whereas researchers have officially
identified around 20–30%. However, there is still insufficient research and studies on the
efficiency and performance of this system. There is still insufficient literature available
for the technology to proceed beyond the prototyping stage [13]. The aim of this study
was to enhance a micro hydroelectric generator system driven by kinetic power from a
free-flow vortex. Two types of turbines (propeller and crossflow) were designed for the
system and tested to identify their efficiencies. The bypass method was applied to feed
the free-flow vortex to the system [11]. The researcher designed a system that controls the
waterflow activity for the generator. To induce a higher waterflow speed to the system, an
inlet (water path) with a narrowed-angle end was designed (see Figure 1). The generator
had a cylinder-shaped housing that was 1 m in diameter and a round-shaped drainage
(0.2 m in diameter). This design has been proven to induce a vortex at the fastest speed [14].
With the design of the waterflow activity, the Earth’s gravity was also applied to boost up
the vortex speed inducted from low-head water sources [16,17]. This created sufficient
kinetic energy to propel the turbines tested in the system.

There has been extensive research on factors that affect the hydroelectric power
generator system from the free-flow vortex [18], such as studies regarding (1) the turbine
housing design [19,20]; (2) the proper turbine type for free-flow vortex [21,22], the best
turbine materials [23], the number of propeller blades (five blades) that achieves the
most efficiency [21]; and (3) other factors involving fluid dynamics studies that affect
the generator system efficiency [24–26]. A study on the efficiency comparison between
two types of turbine blades used in a hydroelectric power generator system is a practical
addition to enhance the system for better outcomes.
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voltage, and electric current to access the waterpower, power output, and overall effi-
ciency.  

Figure 1. Working diagram.

2. Materials and Methods

This research was performed by creating a free-flow vortex numerical simulation with
a reservoir as a water source. The water inlet was designed to channel the water from a
water tank and create a vortex force in the generator [21–26]. The cylinder-shaped turbine
housing was 1 m in diameter and the height was 0.5 m, with a 0.2 m round-shaped drainage
at the bottom. The water flowrate of the system, which ranged from 0.2 to 0.6 m3/s, was
administered by an adjustable water pump (see Figure 2). The series of turbines of each
type were hooked up to a transmission that linked to a power generator and a device that
can read power output. The turbine testing procedures were performed as follows:
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(1). In total, 12 propeller turbines with 5 blades were created (see Figure 3). They
were divided into three different heights of 0.2, 0.3, and 0.4 m. At each height, there were
four different turbines according to their diameters (0.4, 0.5, 0.6, and 0.7 m). Then, the
12 propeller turbines were installed in the numerical simulation. All turbines were tested at
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different water flowrates of 0.2, 0.3, 0.4, 0.5, and 0.6 m3/s to identify the rpm, water head,
voltage, and electric current to access the waterpower, power output, and overall efficiency.
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Figure 3. The propeller turbine tests.

(2). The crossflow turbines were created. All 4 turbines in the initial design stage had
24 blades. Each one was different in diameter (0.4, 0.5, 0.6, and 0.7 m), with a 0.1 m blade
width [27] and a 0.3 m turbine height. The four turbines were installed in the numerical
simulation. All turbines were tested at different water flowrates of 0.2, 0.3, 0.4, 0.5, and
0.6 m3/s to identify the rpm, water height, voltage, and electric current to assess the
waterpower, power output, and overall efficiency. When the size of the most efficient
crossflow turbine was identified, a series with the number of blades varying across 12,
18, 24, 30, and 36 blades was created. Then, they were tested using the same method to
identify their efficiency (see Figures 4 and 5).
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Figure 4. Numbers of turbine blades used in the test.
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The most efficient turbines from each type were identified at this point. They were
tested and evaluated in the same setting with the same factors to clearly observe their
performances.

The response surface methodology (RSM) was applied in this research to find ap-
propriateness in the process. The RSM is renowned and widely used in many laboratory
experiments to determine the correlation between independent and dependent factors by
forming equations to numerical simulate the experiment. Moreover, it can better provide
levels and degrees of independent factors with satisfactory accuracy.

The appropriateness of the blade number was identified by the RSM second-order
model, which is less complicated and less intricate than other RSM models [28,29]. The
equation is as follows:

y = β0 +
k

∑
i=1
βixi + ∑k

i=1 βiix
2
i + ∑k−1

i=1 ·∑k
j=i+1 βijxixj + ε (1)

where y is a dependent factor; xi is factor i, for i = 1, 2, 3, . . . , k; k is the total number of
factors; β0 is the y intercept, ∑k

i=1 βixi is the Linear Effect; ∑k
i=1 βiix2

i is the Quadratic effect;
and ∑k−1

i=1 ·∑k
j=i+1 βijxixj is the cross-product effect.

From research on the hydroelectric generator system driven by the vortex force [21–26],
the waterpower equation [30–32] is as follows:

Pi = ρgQH (2)

The power output equation [31] is as follows:

Pe = EI (3)

The values from each equation above were processed to verify the corelated system
efficiency by the equation [31], as follows:

η =
Pe

Pi
(4)

where E is the voltage (volt, V), I is the current (Ampere, A), Pe is the electrical power
(Watts, W). ρ is the density of the water (kg/m3), g is the acceleration due to gravity
(m2/s), Q is the flow rate (m3/min), N is the rotation of the shaft (rpm), and H is the water
head (m).



Energies 2021, 14, 7961 6 of 13

3. Results
3.1. Propeller Turbine

The results for the 12 propeller turbines tested at different water flowrates ranging
from 0.2 to 0.6 m3/s are shown as follows.

The most efficient turbine (12.47% efficiency) with a 0.5 m diameter had a 0.4 m height.
It was tested at the water flowrate of 0.4 m3/s.

The most efficient turbine (12.62% efficiency) with a 0.6 m diameter had a 0.3 m height.
It was tested at the water flowrate of 0.3 m3/s.

The most efficient turbine (13.92% efficiency) with a 0.7 m diameter had a 0.4 m height.
It was tested at the water flowrate of 0.2 m3/s.

The most efficient turbine (13.35% of efficiency) with a 0.8 m diameter had a 0.4 m
height. It was tested at the water flowrate of 0.2 m3/s.

The data from Tables 1–4 show that the propeller turbine with a 0.7 m diameter and
0.4 m height had 13.92% efficiency at a water flowrate of 0.2 m3/s. Increasing the turbine’s
height and diameter between 0.5 and 0.7 m creates more blade surface area. With more
blade surface area, the turbine can handle a greater force and flow speed of the vortex [21].
This increases the efficiency of the system. Although the propeller turbine with a 0.8 m
diameter had the most blade surface area, there was an amount of resistant force from the
housing wall against the turbine. This was due to the closer gap between the edge of the
blade and the housing wall. Therefore, the propeller turbine with a 0.8 m diameter and
0.4 m height had less efficiency than the turbine with a 0.7 m diameter at the same height
(see Figure 6).

Table 1. Test results for a turbine with a diameter of 0.5 m.

Q
(m3/s)

Efficiency (%)

H = 0.2 (m) H = 0.3 (m) H = 0.4 (m)

0.02 7.1 9.56 9.93
0.03 9.47 11.33 10.57
0.04 11.2 12.47 12.08
0.05 9.47 9.9 10.05
0.06 8.83 8.98 8.81

Table 2. Test results for a turbine with a diameter of 0.6 m.

Q
(m3/s)

Efficiency (%)

H = 0.2 (m) H = 0.3 (m) H = 0.4 (m)

0.02 10.12 10.49 11.79
0.03 10.75 11.2 12.62
0.04 12.07 12.08 12.15
0.05 9.75 9.54 9.83
0.06 8.62 7.81 7.96

Table 3. Test results for a turbine with a diameter of 0.7 m.

Q
(m3/s)

Efficiency (%)

H = 0.2 (m) H = 0.3 (m) H = 0.4 (m)

0.02 12.49 12.53 13.92
0.03 11.67 11.96 12.99
0.04 10.83 10.13 10.14
0.05 8.49 8.02 7.87
0.06 7.43 6.94 6.1
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Table 4. Test results for a turbine with a diameter of 0.8 m.

Q
(m3/s)

Efficiency (%)

H = 0.2 (m) H = 0.3 (m) H = 0.4 (m)

0.02 13.04 13.07 13.35
0.03 12 11.8 11.59
0.04 9.79 9.35 8.74
0.05 7.67 7.4 6.7
0.06 6.29 6.06 4.9

Energies 2021, 14, x FOR PEER REVIEW 7 of 13 
 

 

Table 2. Test results for a turbine with a diameter of 0.6 m. 

Q 
(m3/s) 

Efficiency (%) 
H = 0.2 (m) H = 0.3 (m) H = 0.4 (m) 

0.02 10.12 10.49 11.79 
0.03 10.75 11.2 12.62 
0.04 12.07 12.08 12.15 
0.05 9.75 9.54 9.83 
0.06 8.62 7.81 7.96 

Table 3. Test results for a turbine with a diameter of 0.7 m. 

Q 
(m3/s) 

Efficiency (%) 
H = 0.2 (m) H = 0.3 (m) H = 0.4 (m) 

0.02 12.49 12.53 13.92 
0.03 11.67 11.96 12.99 
0.04 10.83 10.13 10.14 
0.05 8.49 8.02 7.87 
0.06 7.43 6.94 6.1 

Table 4. Test results for a turbine with a diameter of 0.8 m. 

Q 
(m3/s) 

Efficiency (%) 
H = 0.2 (m) H = 0.3 (m) H = 0.4 (m) 

0.02 13.04 13.07 13.35 
0.03 12 11.8 11.59 
0.04 9.79 9.35 8.74 
0.05 7.67 7.4 6.7 
0.06 6.29 6.06 4.9 

 
Figure 6. Efficiency from different diameters of turbine blades. 

The propeller turbine size that can achieve the highest efficiency from free-flow vor-
tex was determined by the following RSM equation: 

Y = −27.2516 + 645.7888x  + 32.579x  + 71.024x  − 0.0030649x  − 0.1x  − 29.667x  − 301.25x x  
− 643.433x x  − 29.56x x  

(5)
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The propeller turbine size that can achieve the highest efficiency from free-flow vortex
was determined by the following RSM equation:

Y = −27.2516 + 645.7888x1+32.579x2+71.024x3−0.0030649x2
1−0.1x2

2−29.667x2
3−301.25x1x2

−643.433x1x3−29.56x2x3
(5)

where Y is the overall efficiency, x_1 is the water flowrate, x_2 is the blade’s height, and
x_3 is the turbine’s diameter.

From the RSM equation result, Figure 7 indicates that the best blade surface providing
the most efficiency comes from the propeller turbine with a 0.78 m diameter and 0.4 m
height at the 0.02 m3/s water flowrate. The dark red area shows the highest value. The
proper diameter length and proper water flowrate within the system can clearly increase
the overall system efficiency. Comparing the values obtained from the real test and the
predicted values of the regression equation to confirm the results of the mathematical
model. The best blade surface obtained from the predicted value of the regression equation
was 0.312 square meters and the experiment was 0.28 square meters. Both values were
calculated for bias or bale values of 10.26%. The accuracy of model predictions was 89.74%.
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3.2. Crossflow Turbine

In total, four crossflow turbines with 24 blades and the same height (0.3 m) were tested
at water flowrates ranging from 0.02 to 0.06 m3/s. Their diameters were 0.4, 0.5, 0.6, and
0.7 m, respectively, and the overall efficiency is shown in Table 5.

Table 5. The 24-blade crossflow turbine at a height of 0.3 m.

Q
(m3/s)

Efficiency (%)

D = 0.4 (m) D = 0.5 (m) D = 0.6 (m) D = 0.7 (m)

0.02 21.91 21.78 9.17 4.05
0.03 19.63 12.00 5.18 2.49
0.04 18.35 9.79 3.62 1.68
0.05 15.7 8.24 3.14 1.43
0.06 13.05 7.34 2.99 1.39

Table 5 indicates that the 24-blade crossflow turbine with a 0.3 m height and 0.4 m
diameter can achieve 21.91% efficiency at the 0.02 m3/s water flowrate. This can be
attributed to the generator configuration. The turbine housing was laid vertically so the
water flowrate was boosted by the Earth’s gravity. The design of the water flow activity
within the system also increased the water flow speed, as the speed of water flowing
through the drainage was faster than the speed of water flowing through the middle part
of the generator. The turbine was mounted 0.02 m above the drainage to allow the turbine
to obtain the full impact from the vortex. Moreover, the height of the turbine and vortex
head were equal, allowing the vortex to cover all the blades’ surface (see Figure 8).

A series of five crossflow turbines with a 0.3 m height and 0.4 m diameter was tested
with differing numbers of turbine blades (12, 18, 24, 30, and 36). They were all tested at
water flowrates ranging from 0.02 to 0.06 m3/s. The result is shown in Figure 9.
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Figure 9 reveals the correlation between the overall efficiency and water flowrates
ranging from 0.02 to 0.06 m3/s. The 18-blade crossflow turbine achieved the highest
efficiency (23.01%) at the 0.02 m3/s water flowrate. From the testing, the result shows
that the number of blades affect the overall efficiency of this vortex-driven generator [21].
Adding more blades to the crossflow turbine decreases the overall efficiency. Although
more blades provide more impact to the surface, the water flow is limited by the close
distance between the blades. When the number of blades was set at 12 and 18, the turbines
had greater distance between the blades. In conclusion, the 18-blade crossflow turbine
could achieve the highest efficiency because the distance between the blades matched with
the water flowrate.

The crossflow turbine size that can achieve greatest efficiency from the free-flow vortex
was determined by the following RSM equation:
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Y = −91.1990 + 949.5214x1 + 169.555x2 + 5.1196x3 − 82.1500x2
1 − 6.40499x2

2 − 640.5000x2
3 (6)

where Y is the overall efficiency, x_1 is the water flowrate, x_2 is the blade’s height, and
x_3 is the turbine’s diameter.

From the RSM equation result, Figure 10 indicates that the best blade surface providing
most efficiency comes from the crossflow turbine with a 0.4 m diameter and 0.3 m height
at a 0.02 m3/s water flowrate. The dark red area shows the highest value. The proper
diameter length and proper water flowrate within the system can clearly increase the
overall system efficiency. The comparison of values obtained from the experiments has
shown the correlation between predicted surface size from the regression equation and
the one from the experiments. The best blade surface from the prediction was 0.12 square
meters while the experiments have proved 0.12 square meters is the best. We identified 0%
bias and the prediction accuracy was 100%.
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3.3. The Comparison

In total, four crossflow turbines with 24 blades and the same height (0.3 m) were tested
at a water flowrate ranging from 0.02 to 0.06 m3/s. The diameters of the turbines were 0.4,
0.5, 0.6, and 0.7 m, and the overall efficiency is shown in Table 5. Testing all turbines in
the same setting (vortex-driven generator system) revealed that the five-blade propeller
turbine with a 0.4 m height and 0.7 m diameter [21] achieved the highest efficiency of
13.92% at the 0.02 m3/s water flowrate. On the other hand, the 18-blade crossflow turbine
with a 0.3 m height and 0.4 m diameter achieved the highest efficiency of 23.01% at the
0.02 m3/s water flowrate (see Figure 11).
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4. Discussion and Conclusions

Verifying the right turbine size that matches the turbine housing design significantly
affects the overall efficiency of a hydroelectric generator system driven by a vortex. In
this study, we found that the 5-blade propeller turbine with a 0.4 m height and 0.7 m
diameter achieved 13.92% efficiency at a 0.02 m3/s water flowrate, whereas the 18-blade
crossflow turbine with a 0.3 m height and 0.4 m diameter achieved 23.01% efficiency at
the same water flowrate. At a 0.02 m3/s water flowrate, the crossflow turbine had greater
overall efficiency than the propeller, reaching 9.09% efficiency. From the comparison of
the results of the two turbines used in the 0.5 m high cylinder-shaped generator housing,
the turbine type, turbine size (height and diameter), number of blades, and water flowrate
are key factors that affect the overall efficiency. The efficiency equation is determined by
the relation of input power value, water density, gravitation force, water head, and the
water flowrate. The input power of both turbine generator simulations is equal, whereas
there are variations in turbine sizes and numbers of blade. Obviously, power outputs are
different regarding types and sizes of turbine as well as the numbers of blades deployed
in the simulation systems. The output power value comes from voltage multiplied by
current from the electrical load in the systems. Then, the efficiency is processed from the
output power divided by the input power multiplied by one hundred percent in each
generator simulation system. The crossflow turbine can achieve greater efficiency than the
propeller turbine in this generator system. The study reveals that the diameter of the water
turbine blades and the number of blades affect the efficiency of water turbine in each type.
Consistent with Sritram et al. [21], this proves that a water turbine with five blades is the
most appropriate to use and the right distance between the blades of the turbine could
maximize the exertion of water flowrate. In the test, there was an overflow of water at the
top edge of the whirlpool. The height of the well was 0.5 m. As a result of such events, the
efficiency of the power generation system from the free-flow vortex decreased. Considering
past research that has tested the power generation system with free-vortex energy, a loss of
swirl energy resulted from the overflowing water. Sritram et al. [23], Wanchat et al. [24] and
Suntivarakorn et al. [26] used a propeller turbine without overflowing water from the well,
which had a higher efficiency than the overflow from the well. Moreover, the test results of
the crossflow turbines were the same when considering the free-flow characteristics of the
vortex flow in the well of the turbine blades. The free flow of the vortex is characterized by
a swirl down the Earth’s gravity. This swirl is not a characteristic that sends the energy to
flow as a stream of water to affect the turbine blades. Instead, the swirl sends the energy to
flow in a similar way to the electricity generated from the hydropower of the crossflow
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turbine. From the test, it was found that water overflowed from the top edge of the well.
As a result, the total efficiency the free-vortex power generation system was 23.01% with a
water height of less than 0.5 m.
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