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Abstract

A Gravitational Vortex Water Turbine (GWVT) is an appropriate device to harness the kinetic energy of water to convert
it into rotational mechanical energy in low-head. The water flow is directed into a circular basin, which can produce a
vortex and can rotate the turbine blades. Turbine performance is influenced by the shape of the blade, so an optimal blade
shape is required. Turbine performance is influenced by the shape of the blades, which can rotate optimally. This study
aims to determine the effect of adding baffle plates in the blade on the performance of two-stage GWVT using experimental
methods. The variation used is the proportion of baffle plate on the runner in the first stage with variations without baffle
plate, 25%, 50%, 75%, and 100%. The data taken in the test is the torque and rotation at each additional blade plate. Torque
measurement uses a rope brake system, and rotation measurement uses a tachometer. The results of the study showed that
the addition of a 50% baffle plate in the first stage can capture the energy of the water vortex more optimally. A baffle
plate can increase efficiency by up to 23.15% compared to the blade without the addition of a baffle plate.
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1. Introduction

Indonesia has a target of providing renewable energy as a source of electricity of 31% by 2050 and zero emissions
by 2060 [1]. Hydropower is a sustainable energy option used for years, with the working principle of converting kinetic
energy into electricity [2, 3]. This environmentally friendly resource has various advantages, including its cleanliness,
affordability, and positive impact on environmental ecology [4]. It is especially important for areas with hills or
proximity to rivers and lakes that have a vital role in ensuring a sustainable future [5-7]. The use of hydropower as a
renewable energy source is highly recommended for academic studies related to water management and sustainable
development [8, 9]. VVortex turbines are innovative devices that harness the power of vortex water to generate electricity
[10, 11]. The use of vortex turbines offers a sustainable and efficient solution for generating clean energy from low-
head water sources [12, 13]. The use of vortex flow was first initiated by Viktor Schauberger, but research on GWVT
began to be glimpsed by the world after Zotloter used it in the Obergrafendor River, Austria, which can produce a power
of 10 kW in 2006 [14]. The advantage of the vortex turbine is that it can operate without a dam and can operate on river
flows with a small flow rate [15].
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Various studies have been carried out to improve the performance of water turbines in optimizing the potential
available in an area [16, 17]. The configuration design of the Vortex turbine plays a crucial role in maximizing its
efficiency [18]. Other parameters on vortex turbines, such as inlet velocity, basin shape, basin height [19], and mass
flow rate [20], the efficiency of the vortex turbine can be significantly influenced [21, 22]. Many of these have
highlighted the need for more research on this topic due to the improvements in vortex turbine technology [23].
Additionally, the applicability of smart vortex turbines that incorporate a motor in the form of a generator has been
established to harness electrical energy from mechanical power attained from a water vortex [24]. This makes the
number of blades become a parameter that influences the performance and efficiency of a vortex turbine [25, 26]. The
efficiency of the water turbine is known to be positively affected by a rise in the number of blades used; this normally
results in a direct relation between the number of blades and the torque produced [27]. This is because the blade is
made up of a larger surface area, and therefore more blades mean that the water can exert more force on the blades,
hence transferring more kinetic energy to rotational energy [28]. The choice of a specific configuration of blades for
a vortex turbine significantly defines its parameters, efficiency, and performance [29]. The use of the profile of the
blade defines the flow dynamics and interaction with the vortex leading to the effects on the efficiency and
performance of the turbine [30]. Contrary to assumptions about the shape of blades, the flow of the vortex and the
abilities of the turbine to use the energy within the vortex can differ [31]. It is also necessary to note that the specifics
of the formation and stabilization of vortices in a turbine are realized concerning detailed characteristics of the blade
profile, dimensions, and curvature [32].

Blade profiling with higher curvature and generally more compact shapes produces stronger vortices that improve
energy conversion efficiency. In addition, the aspect ratio and inclination of the blades are crucial in deciding the
effectiveness of the vortex turbine [33]. Various essential parameters define the performance of a two-stage vortex
turbine. Such factors involve the efficiency of the turbine under partial load [34]. The performance of the turbine is also
greatly influenced by design parameters, which include the rotor ratio, offset distance between neighboring runners, and
intra- and inter-staging configurations of the turbine. Also, the profile of the blades of upstream runners alters the vortex
distortion and therefore influences the power capacity of downstream runners [34-36]. To get a deeper insight into the
operating principles of a two-stage vortex turbine and to obtain maximum efficiency, detailed theoretical and
experimental studies are indeed required from the previous analysis. These investigation details should include
examining the influence of design parameters [37, 38], load conditions [39], and blade profiles [39, 40] on rotational
speed, torque [41], and power turbine [42].

Sritram & Suntivarakorn [43] conducted a study on the effect of the number of spoons used on GWVT. They
conducted trials with different numbers of spoons. As a result, a turbine that uses 5 blades produces the maximum torque
value and efficiency. Sritram et al. [11] also conducted experiments on the effect of additional baffle plates with a
proportion of 50% area on turbine blades. Based on research conducted by Sritram et al. [11], the addition of a baffle
plate can increase the torque and efficiency of the turbine. Previous research about baffles was conducted by Wichian
et al., who tested the effect of adding baffle plates to water turbines to improve the performance of GWVT using the
CFD method. Wichian et al. used a runner with a diameter of 45 cm, a height of 32 cm, and several blades of 5 blades.
This test simulates with several variations, namely runners without the addition of baffle plates, and additions with an
area proportion of 0%, 25%, 50%, 75%, and 100%. As a result of the simulation carried out, the most optimal addition
of baffle plates is the proportion of 50% area. Runners with an additional 50% baffle plate have the highest torque value
of 37.41 Nm, and efficiency reaches 32.79% higher than runners that do not use an additional baffle plate [44].
Modifying the blade in each type of turbine has been proven in various studies to improve performance [45, 46]. In
2015, Jeon et al. [47] conducted a study on the effect of baffle plate size on Savonius wind turbines. As a result of the
research conducted, the baffle plate was able to increase the power coefficient (Cp) and torque coefficient (Ct) [47].
Another study related to the function of the baffle plate was conducted by Kassab et al. [48] who examined the baffle
plate effect on Savonius turbine with the CFD method. The study showed the baffle plate serves to direct the flow of
wind that propels the turbine so that it can increase power and torque.

This study fills the research gap on vortex turbine configurations. Firstly, the velocity distribution in the vortex flow
inside the conical basin has been revealed in the study of Dhakal et al. [12]. Another supporting research is the use of a
baffle plate in a single-stage vortex turbine that can increase turbine efficiency [44]. Based on this literature, it is
necessary to develop the use of a baffle plate configuration to optimize the fluid velocity distribution within the conical
basin with a double-stage vortex turbine configuration. Moreover, the lower turbine utilizes the additional baffle plate
configuration to harness the co-axial vortex flow after the upper turbine impacts. To see the effect of adding the best
baffle plate, this study will examine the variation in the proportion of baffle plates that increase maximum performance
for the GWVT double stage. The variations used are spoons without baffle plates; the proportion of baffle plates is 25%,
50%, 75%, and 100%.
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2. Experiment Method
2.1. Blade Design

The curvature of the blade is chosen to obtain optimal efficiency. Previous studies have concluded that blade
curvature influences turbine performance. In this study, a curvature of 35° and 5 blades were used in the first stage [11].
Dhakal et al. state that the curvature of the turbine blade affects efficiency [49]. Septyaningrum et al. [50] study that a
runner with 5 blades is the optimal number for a double-stage turbine that generates the highest mechanical power and
efficiency. Figure 1 provides details of the blade design utilized in this investigation.
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Figure 1. (a) Curvature (b) Size blade

The stage-2 turbine design has an inclination angle that has the same configuration in all this experimental set-up.
According to Handoko et al., the inclined turbine has a relatively good receiving amount of momentum water, which
has an angle when rotating within the basin [16]. Physically, when the turbine has the same inclination to the vortex
angle, flow can harness superior power output and systems efficiency. The stage-2 turbine dimension is provided in
Table 1.

Table 1. Runner Stage 2 Geometry

Parameters Value
Inlet angle 30°
Outlet angle 45°
Radius of curvature 35 mm
Blade width 90 mm
Blade height 180 mm
Thickness 2 mm
Blade number 5
Hub diameter 120 mm

Turbine material Aluminium

The additional baffle is installed at the stage-1 turbine, which has a possible enhancement in efficiency and power
output that was considered in the previous single-stage vortex turbine conducted by Sritram & Suntivarakorn [43].
Related to his findings, a 50% baffle proportion with top and bottom baffles generated the highest efficiency, 43.83%.
In this context, the additional baffle results in more catching momentum that leads the efficiency to be higher. The study
examined variations of the runner design with and without baffles in a double-stage vortex turbine configuration, using
25%, 50%, 75%, and 100% baffle proportions, as shown in Figure 2.

(b) d) (e

Figure 2. Baffle Plate Runner (a) without, (b) 25%, (c) 50%, (d) 75%. (e) 100%
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2.2. Apparatus Test

The experimental device used during the test was a low-speed water tunnel to form sufficient low head. That water
tunnel constructed from steel has dimensions of 2.2 meters in width, 1.9 meters in height, and 4.4 meters in length, with
a capacity of 1 cubic meter in the bottom reservoir. Its device was designed to get low speed and natural vortex with
uniform flow. The study selected a conical basin for its superior performance over a cylindrical basin [51]. Figure 3
shows the apparatus test and conical basin dimension used in this study.

Output pump

Upper
reservoir I T

Centrifugal
pump l

SCALETTIO

Inlet pump l i

Lower reservoir

Figure 3. Low-speed water tunnel and conical basin design

The parts and functions of the testing tool are as follows:

e The lower reservoir functioned as the water accommodation chamber.

The inlet pipeline in centrifugal pumps functioned as a suction channel for transferring water to the upper channel.

The centrifugal pump is used for continuously pumping the water from the bottom to the upper tunnel.

The outlet pipe is a channel for exiting water transferring from the bottom tunnel.

A honeycomb located in the upper reservoir closed with the outer transferring pipe has the functionality to
stabilize the water.

The upper tunnel has the functionality to collect the entering water from the bottom tunnel and guide it to the
conical basin.

e The basin is designed in a conical shape with different inlets and outlets to generate a natural vortex flow.

The low-speed water tunnel operates on the principle of creating a vortex flow within a conical basin. The water
from the bottom tunnel is pumped to the upper tunnel using a centrifugal pump. Water that exists at the outlet flows
through the upper tunnel and the honeycomb. It must be considered that the honeycomb has the functionality to reduce
the wave and streamline the flow with constant height in the upper tunnel. After that, the water gradually flows to the
conical basin and forms a vortex flow, which is harnessed by the turbine. This experiment uses a constant flow rate of
9.5 I/s, conditioned with the bypass valve channel. To ensure the continuous flow rate, we use ultrasonic flow meter
sticks on the outer surface of the exit pipe. The definitions of blade position were presented in stage-1 (bottom turbine)
and stage-2 (upper turbine). Considering the distance between each turbine, it becomes critical to consider that it also
influences the turbine's performance. The very close distance between the two stages creates a destructive flow, reducing
the turbine's ability to harness the energy. According to research conducted by Sinaga et al. (2023) [51], the optimal
distance between the first and second stages, which minimizes vortex distortion caused by the second-stage runner and
maximizes flow energy conversion, is 10 cm, as presented in Figure 4-a.

The torque measured by using a rope brake system is shown in Figure 4-b. The load on stage 1 is varied between 1-
1.75 kg, while the load on stage 2 is kept constant at 1 kg. The load is varied to analyze the mechanical power and
efficiency generated under different rotations, as shown in Table 2. The turbine rotation speed is measured on the turbine
shaft using the tachometer. We took measurements under steady flow conditions and repeated those three times to
achieve more accurate results. Measurements were taken when the flow conditions were steady and repeated three times
to get more accurate results. Figure 5 is the flow chart of the experimental procedure.
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Figure 4. (a) Runner Position, (b) Rope Brake System [52]

Table 2. Test load variations

Load on stage 1 (kg) Load on stage 2 (kg)
0.75 1.00
1.00 1.00
1.25 1.00
1.50 1.00
1.75 1.00
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Literature Review
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and Mesurement tools

¥

‘ Preparation Low Speead Water

Tunnel and Mesurement tools
+ Noted : Stage-2 constant Load 1
Kg while the stage-2 was varied

baffle portion and load
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Figure 5. Flow Chart of the methodology
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2.3. Equation

The input power is power stored by flowing fluid that generates a turbine [21].

Pin = ngHv (1)
where p is density of water (1000 kg/m?), g is acceleration gravity (9.81 m/s?), Q is water flow rate (m%s), dan H,, is
vortex height (m).

The mechanical torque of a turbine can be defined by (T) is calculated by the following equations.
T =Fr 2

The rotational speed of the turbine defined by (®) can be calculated by the following equations:

2N

The turbine mechanical power is generated by the rotation speed and torque of the shaft. It can be calculated as:
P,=Tw 4

Efficiency describes the performance of variations in adding buffer plates. The magnitude of this value results from
the comparison of mechanical power with input power which can be calculated by the following equations.

P, m

In

n =2 % 100% (5)

3. Result and Discussion
3.1. Torque

Torque is one of the parameters for evaluating turbine performance. It represents the rotational force generated by
the turbine, which allows for the measurement of power and the turbine's ability to convert fluid flow energy into
mechanical energy. The generated torque can be calculated by multiplying the braking force/load (F) from the rope
brake system by the radius or pulley radius (r) [21].

Figure 6 shows the torque values for different baffle proportions in stage 1. The 50% baffle proportion achieves the
highest torque at a load of 1.75 kg, with values of 0.71 Nm at 168 rpm and 0.46 Nm at 210 rpm under a 1 kg load.
Baffles with 25%, 75%, and 100% proportions yield larger torques compared to a turbine without baffle plates, with
respective peak values of 0.62 Nm at 160 rpm, 0.70 Nm at 150 rpm, and 0.66 Nm at 145 rpm. These results indicate that
the addition of baffle plates can hold more water, thus increasing the amount of water that hits the turbine blades. The
turbine with a 50% baffle produces the highest torque because it can hold the water that hits the blades. Additionally,
the co-axial flow vortex after hitting stage-2 is maximally harnessed by the baffle plate in stage-1. At a load of 1.75 kg,
turbines with 75% and 100% baffles exhibit unstable rotation, while the 50% baffle is more stable. Therefore, the 50%
baffle turbine achieves the maximum torque. On the other hand, the turbine without baffles has the least torque, with a
maximum value of only 0.6 Nm at 155 rpm. This shows that adding a baffle plate can increase torque, with a maximum
increase of 18% at a 50% baffle proportion.

0.75 Load symbols:
0.71
0.70 O ! ke
.25 kg
0.70 0.67 A 125k
0.66 <> 1.5 kg
QO 175kg
0.65 0,62
0.60
—— e
0.60 L 0.58
0.58 0.56
—_ 0.57
£
Z 055
- 0.53
v 0.52 055t
T 0.50
S 050
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0.45 0.464
0.40 0.42.0-39
0.41 0.37
0.35
140 150 160 170 180 190 200 210 220
RPM
-e—Baffle 0 Baffle 25 Baffle 50 Baffle 75 Baffle 100

Figure 6. Stage 1 Torque
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The turbine's performance between stage 1 and stage 2 influences each other. That statement is strengthened by
Figure 7, where stage 2 has the same geometry, but the torque is gained differently under the varied baffle portions in
stage 1. However, this significant effect of baffle in Stage 1 to Stage 2 is not revealed in all variations; for example, the
torque produced in Stage 2 when Stage 1 is using no baffles, 25%, 50%, or 75% baffles has the same value of 0.28 Nm.
On the other hand, when it uses a 100% baffle, the value is slightly higher at 0.29 Nm. The same condition has also been
observed in their rotational speed, which is 135 rpm in Stage 2 under 25%, 50%, or 75% baffle portions in Stage 1,
compared to 132 rpm for the 100% baffle plate. The best performance was generally generated by 50% baffle with 0.46
Nm at 114 Nm. There is a significant difference in torque and rpm results when stage 2 is paired with a 75% baffle
variation and a 100% under starting load of 1.25 kg. This significant difference in torque and rpm is due to the vortex
height being greatly reduced when the load is 1.25 kg, resulting in less water hitting the blades at stage 2.

0.50
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£
=z 0.40’\
]
T 0.35
5
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0.30
0.30 W 0.29
0.29 0.28
0.27 0.29 0.28
0.28 -0.28
0.25
60 70 80 90 100 110 120 130 140
RPM
-8-Baffle 0 Baffle 25 Baffle 50 Baffle 75 Baffle 100

Figure 7. Stage 2 Torque
3.2. Mechanical Power

Mechanical power is measured by multiplying the turbine's torque and angular velocity. This calculation represents
how much fluid flow energy is converted into mechanical energy, so mechanical power is the fundamental parameter
used to measure how optimally a turbine works.

Figure 8 shows the results of experiments conducted with 4 load variations: 1 kg, 1.25 kg, 1.5 kg, and 1.75 kg. The
turbine with a 50% baffle produces a maximum power of 13.69 watts at 194 rpm when the load is 1.5 kg. This is followed
by a 75% baffle turbine, which reaches its maximum power of 11.03 watts at 150 rpm at a load of 1.75 kg. Turbines
with no baffles and 25% baffles display a similar trend to the 50% baffle turbine, reaching their maximum power at a
1.5 kg load - 10.88 watts at 195 rpm for the no-baffle turbine, and 10.78 watts at 184 rpm for the 25% baffle turbine.
The smallest maximum power among the baffle variations is 10.06 watts at 145 rpm, observed in the 100% baffle turbine
ata 1.75 kg load. Of the 5 baffle variations, the turbines with no baffles, 25% baffles, and 50% baffles exhibit a similar
power curve that peaks at a 1.5 kg load, while the 75% and 100% baffles reach their maximum power at lower speeds
when the load is 1.75 kg. The power generated is influenced by the addition of a baffle plate that functions to hold water
which can increase torque. The increase in torque will also increase the mechanical power.
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Figure 8. Stage 1 Mechanical Power
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Figure 9 presents the results of the stage 2 mechanical power when paired with 5 variations of the stage 1 turbines.
In this test, the stage 2 turbine had a constant load of 1 kg. The stage 2 turbine produces the highest mechanical power
of 5.46 watts at 114 rpm when paired with a stage 1 turbine with a 50% baffle variation and a 1.75 kg load. When
paired with a stage 1 turbine variation without baffles, 25% baffle, and 50% baffle, the difference in speed and power
on stage 2 is not very significant when stage 1 is still under a load of 1-1.5 kg. However, a significant difference is
observed in the yield power of stage 2 when paired with stage 1 using 75% and 100% baffles, where the power
decreases as the load on stage 1 increases. The graph shows that when paired with stage 1 with a 75% baffle, the
maximum power produced only reaches 4.31 watts at 126 rpm. When paired with stage 1 using a 100% baffle, the
maximum power is lower, at 3.97 watts at 132 rpm. This significant decrease is caused when stage 1 with a 75% baffle
and 100% vortex height drops dramatically, causing the vortex air core to increase in size, resulting in less water
contact with the stage 2 turbine.
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i ~3.00
S L
LF]
Z 7 :
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2.2
174
1.7 e
60 70 80 90 100 110 120 130 140
RPM
-e-Baffle 0 -o-Baffle 25 -o-Baffle 50 Baffle 75 -o-Baffle 100

Figure 9. Stage 2 Mechanical Power

The total power of all the stages has an effect on each other. The stage 1 turbine with a 50% baffle variation produces
the most total power across all variations and load conditions, with a maximum total power of 18.08 watts. Figure 10
shows the total power produced by the two-stage GWVT with different baffle plate variations on the first stage.

20
18.08 18.01
18 16.61
16 12961509 15.55 15.54
“ : . 13.69 14.08
- ’ - 12.57
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o
6
A
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S11kg & S2 1kg S11,25kg & S2 1kg S11,5kg & S21kg S11,75&S21kg
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HBaffle0 mBaffle 25% m Baffle 50% Baffle 75% W Baffle 100%
Figure 10. Total Power of Double-stage GWVT
3.3. Efficiency

Turbine efficiency is the ratio between the mechanical power produced and the power input. Efficiency demonstrates
how optimally the turbine converts the available energy from water into usable power output.
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Figure 11 shows the efficiency generated by the stage 1 turbine. Turbines without baffles have the highest efficiency,
reaching 13.65% at 195 rpm, although this drops to 12.44% at 155 rpm. Turbines with 25% baffles achieve a slightly
higher maximum efficiency of 13.69% at 184 rpm. The 50% baffle turbine reaches the highest overall efficiency,
peaking at 16.79% at 194 rpm with a 1.5 kg load, before declining to 16.13% at 168 rpm with a 1.75 kg load. In contrast,
the 75% baffle turbine has a maximum efficiency of 14.70% at 150 rpm when loaded with 1.75 kg, while the 100%
baffle turbine reaches 14.11% at 145 rpm with the same 1.75 kg load.
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Figure 11. Stage 1 Efficiency

The graph in Figure 12 shows the efficiency of the stage 2 turbine when paired with different variations of the
stage 1 turbine. The 75% and 100% baffle turbines exhibit the same trend as shown in Figure 9, with the efficiency
decreasing as the load on the stage 1 turbine increases. When paired with a 100% baffle turbine, the maximum
efficiency reaches only 4.71% at 132 rpm. Similarly, when paired with a 75% baffle turbine, the highest efficiency is
5.28% at 126 rpm. In contrast, the maximum efficiency when paired with 50% baffles reaches 7.02% at 114 rpm,
which is the highest efficiency of stage 2 compared to the other stage 1 variations. When paired with a 25% baffle,
the maximum efficiency reaches 6.33% at 116 rpm, while for turbines with no baffle, the maximum efficiency is
slightly lower at 6.19% at 117 rpm.
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Figure 12. Stage 2 Efficiency

The total efficiency of each baffle variation at Stage 1 is shown in Figure 13. The double-stage GWVT turbine
reaches its maximum total efficiency of 23.15% when Stage 1 with a 50% baffle variation at 1.75 kg load is combined
with the Stage 2 turbine at 1 kg load. The Stage 1 turbine with a 50% baffle is the most efficient combination across all
loadings. In contrast, when the Stage 1 turbine uses no baffles, its highest overall efficiency is only 19.52%. This
demonstrates that the addition of a 50% baffle can increase the efficiency of the two-stage GWVT by 3.63%.
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3.4. Research Comparison

Vortex turbines are micro-pico hydro scale turbines that work with an average head of 0.7 - 2 m [33]. In comparison
with several other types of turbines, the vortex turbine's efficiency is approximately 30—35% higher than the Savonius
turbine [14]. This is significantly lower than the efficiency performance of the Francis turbine [53], around 93%, and
the Kaplan turbine [54], which ranges from 87% to 90%. However, vortex turbines offer significant advantages for
application, such as uncomplicated construction, ease of maintenance, and cost-effectiveness for installation in low-
head areas [52]. In practical application, vortex turbines necessitate the selection of suitable materials to ensure an
extended lifetime of use. Sritam's study indicates that Al turbines outperform Fe turbines in performance [11]. While
turbines made of light materials have better-starting torsion, using denser materials in the flywheel energy storage system
makes the kinetic energy much more stable during rotation, especially when a lot of power is needed [55]. Its baffle
structure indirectly augments the turbine's weight, hence enabling its commercial application to achieve a substantial
flywheel effect. The research undertaken is a laboratory-scale experiment with notably low-efficiency values, ranging
from 14.40% to 23.50%. Table 3 presents a comparative analysis of prior research alongside the double-stage baffle
vortex turbine study.

Table 3. The comparison of the present study to earlier vortex turbine studies

Ref. Variations Configuration Performance
o Without: 25.22%

i i o Top Baffle: 22.21%
[56] The Baffle Plgte effe;ct with varying top, bottom, double, and Single-stage p 0
no baffle configurations. « Bottom Baffle: 32.33%
o Double Baffle: 32.39%
. o .
[44] Effect of baffle proportion 0%, 25%, 50%, 75%, and 100% Single-stage g?eﬁe’ztn:atlo is 50%, with 32.79% efficiency and torque of
Present Effect of baffle proportion %, 25%, 50%, 75%, and 100% on The best baffle configuration is achieved at a flow rate of 9.5
stud two-stage vortex turbine configuration at constant flow rate Double-stage L/s by a proportion of 50% baffles with the most significant
Y and loading rate output of 18.08 W at a load of 1.5 kg

The runner with RB=0.6, located near the outlet basin, has an

[57] Effects of runner diameter ratio (RB) and installation position Three-Stage efficiency of approximately 80%.

Testing vortex turbines with single-stage, two-stage, and

. . Multi-stage Inter-stage increases in torque: 0.27 Nm, 0.41 Nm, 0.44 Nm.
three-stage configurations

[34]

3.5. Statistical Analysis

This double-stage turbine experiment uses a constant flow rate and the same S2 configuration; therefore,
confounding factors like turbulence vortex flow are not detail considered and are assumed to be a research limitation.
Based on the earlier works, the fluid's flow structure is uniform since entering the basin and changes after being extracted
by the turbine [33]. Correspondingly, the fundamental assumption of fluid flow characteristics after harnessing by S2 is
uniform because of its same geometrical configurations along the different S1 blade proportions. Co-axial flow caused
by the S2 turbine is the fundamental idea behind developing the baffle to harness the available flow characteristic within
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the basin and maximize efficiency. Since the confidence interval is 5%, the Pyt between S1 and S2 for all configurations
is evaluated using a double-factor variance analysis (provided in Table 4). It is found that the baffle variable has a
significant influence on the double-stage vortex turbine's performance since the result of the P-value (0.02) is less than
0.05. If we look more closely at Table 4, the P-value load also significantly influences the turbine's performance; thus,
we can use Equation 6 to get the effective contribution (SE). According to the linear regression statistical analysis, the
lcor-load IS 0.289, and the reor-gariie is 0.344, whereas the Bioad and Peasfie Values were 0.272 and 0.357, respectively. The
results for the effective contribution between load and baffle are 12.28% and 7.86%, respectively. That's even more than
79.86%, an undefined variable that highly influences the working vortex turbine. Based on the literature, it can be the
effect of vorticity and flow characteristics [17]. In conclusion, the baffle proportion plays a crucial role in this study,
demonstrating a notable impact of 7.86% under constant flow rate conditions, while a 50% baffle proportion represents
an optimal power output of 23.15 Watt.

SE(X) = By X Topr—x X 100% (6)
Table 4. Analysis of VVariance

P-total SS df MS F P-value F crit
Baffle Portion 13.29124 3 4430413 4720398 0.021256  3.490295

Load 34.40004 4 860001 9.162909 0.001243 3.259167

Error 11.26281 12 0.938568

Total 58.95409 19

Statistical analysis of experimental data is highly useful in confirming that the examined and analyzed data have an
acceptable distribution from which to conclude. In this section, the turbine's torque, mechanical power, and efficiency
data are analyzed and classified using variables, namely 0%, 25%, 50%, 75%, and 100% blade baffle proportion. The
statistical study used the Mean Square Error (MSE) established by Coleman et al., in which the experimental data is
compared to previously predicted data produced by the linear regression approach [52]. Equations 7, 8, and 9 show the
revised formulas for MSE torque, mechanical power, and efficiency.

1
MAE; = Nzllv|Texp - TPred| (7)
1
MAEp,, = ﬁZﬂPexp - PmP‘red| (8)
1
MAE’I = ;le\l nexp ~ Mprea (9)

Figure 14 depicts the MSE analysis results for comparing the distribution of experimental data to predicted data. The
prediction data used is derived from the standardized prediction of the statistical linear regression test findings in
Equations 10 to 12, where X1 represents the prony brake load variation and X2 represents the baffle blade proportion
variable. The distribution of experimental data has a good match, with no more than +10% data error. This allows for
the comparison of results and conclusions.

Tprea = 0.0678X; + 0.3250X, + 0.0005 (10)
PMpyeq = 2.7337X, + 0.2466X, + 0.0196 (11)
NMpyog = 4-4453X; + 0.0058X, + 6.6751 (12)
1 prd 16 T T T T 7
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091 | @ 25%paffle A 1al| ® 25%Bafme e e
®  50% Baffle e ®  50% Baffle ] L
0.8 O 75% Baffle - O 75% Baffle s [ X
O 100% Baffle P 12| O 100% Baffle e o
0.7 Regression Line - b Regression Line v ,"
————— Error +10% P ‘ —=—==Error +10% , ,-"
06 [=-=-= Error -10% o 4 Ll p— Error -10% % -
3 2 I.O . o
£os z 8 Ry
- o W -~
# 4
”
0.4 6 Py o
Pl lne
s
0.3 e
4 e
Cd
02 P
A
0.1 :
0 ‘ ‘ ‘ . 0 . ‘ ‘ . ‘
0 0.2 04 0.8 0.8 1 0 2 4 6 ] 10 12 14 18
Texp Pexp
@ (b)

590



Civil Engineering Journal Vol. 11, No. 02, February, 2025

16 ‘ : : : —
'l
© 0% Baffle ~
14| @ 25%Barme oA ® .
® 50% Baffle , o
O  75%Baffe ~® o
121 | O 100%Baffle # m&'
Regression Ling P ol
N Error +10% Va4
————— Error -10% Vs o
- - ,'I
2 < -~
= 8 I L
hT] ,‘, ”"
. 4
,' td
6 gy /’
o’ ’-
S
4 e
'/ 0’
2 "
2t 7
0 :
0 2 4 6 8 10 12 14 16

©
Figure 14. Distribution of MSE data from experimental results compared to predicted data for (a) Torque, (b) Mechanical
power, and (c) Efficiency

The analysis indicates that a double-factor variance analysis test, conducted with a 5% confidence interval, reveals
a significant impact of baffle proportions. Additionally, the data collected during the experiment exhibits a £10% error
margin. The acceptability of this interval distribution error is notably high, particularly in experimental areas. To
strengthen our argument, we analyzed the propagation error of the 0% baffle data sample at each loading variation. The
data collected at each load, along with the proportion of baffles, can be defined from each data collection. A significant
propagation error (PE) can be determined and calculated using the formula. PE = vVAB? + AR?. The error of the
experiment can consist of bias (AB) and random error (AR). The calculation of bias AB relies on the precision of the
measuring instruments, specifically the load cell and tachometer, which have accuracies of 0.01 and 0.01 respectively.
The calculation of random errors in load and RPM data collection is expressed as AR = ¢ X (t/df) where o represents
the standard deviation, t denotes the t-table value, and df indicates the degree of freedom. The simultaneous formulas
for AB; and ARy are presented in Equations 13 and 14, where r represents the radius of the turbine. Meanwhile, AB,
and AR; are determined using Equations 15 and 16. The analysis of propagation error indicates that the error intervals
for load, RPM, T (Torque), and P (Power) data are 2.39%, 0.41%, 0.75%, and 9.67%, respectively. The results align
with the MSE prediction data distribution, approximately within a maximum range of 10% (Table 5).

ABr = /(7 X DByaq)? (13)
ARy = /(r + ARypqa)? (14)

ABp = /(AP X AB1)? + (AP X ABgpy)? =

ARp = /(AP X AR7)? + (AP X ARgpy)? (o)

Table 5. Uncertainty Analysis

Parameters F (Load) T RPM P
Mean 13.30 0.37 22.58 8.26
Standard Deviation 0.072 0.002 0.021 0.051
n-data 3 3 3 3
df 2 2 2 2
Cl 95% 95% 95% 95%
o 5% 5% 5% 5%
AR 0.010 0.009 0.010 0.112
t-table 6.21 6.21
AB 0.317 0.029 0.091 0.791
PE 0.317 0.003 0.092 0.799

Error Estimation 2.39% 0.75% 0.41% 9.67%
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4. Conclusion

Experimental analyses on using baffle plates in a double-stage vortex turbine with varied loads have been completed.
The results elaborate that installing baffle plates in stage 1 influences the total power output. It is concluded that the best
baffle configuration is achieved at a flow rate of 9.5 L/s by a proportion of 50% baffles with the most significant output
of 18.08 W at a load of 1.5 kg. The data obtained varies and has a small gap; therefore, we conducted statistical analysis
to confirm that baffle proportion has a significant effect. The considerable effect of the baffle is supported by the result
of MSE with the margin range data error of +10% between experimental data and predicted data. The propagation error
also shows that the confidence interval and margin error for the measurements of load, RPM, torque, and mechanical
power are 2.39%, 0.41%, 0.725%, and 9.67%, respectively. These results show that this research has a small error
distribution and can be considered scientifically. Even the power and efficiency are still relatively small because this
research is done on a laboratory scale with a radius of 91 mm. These laboratory-scale results hold promising potential
for application in larger-scale conditions. The experiments have not described the fluid flow characteristics in the basin,
which limits this research. Therefore, this research has great potential for further development through numerical
computational and software-based simulations to obtain detailed and fundamental vortex flow characteristics.
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