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Abstract: In the end of third quartile of 2020, 98.9% Indonesia’s national electrification ratio has 
been reached. The obstruction of 100% electrification is occurring in remotes areas. It is caused by 
demographical factors, including small population and incomes, accompanied by geographic and 
economic restriction on installing conventional power plant. To overcome this problem, gravitational 
water vortex turbine power plant can be an alternative to generate electricity even in most remotes 
area since it offers low cost in operating and maintenance as well as easy to manufacture compared 
to other type renewable energy power plant. It can generate electricity up to 5 kW capacities with 
low head and flow rate. In order to optimize the turbine performance, a study arranged to evaluate 
the effect of blade size and depth onto efficiency of the turbine. The study conducted numerically 
using Ansys Fluent within assumption of 1.03 m head and 0.16 m3/s flow rate. There are nine 
configurations in this study with varying rotor size of 200 mm, 350 mm, 500 mm and turbine depth 
of 270 mm, 340 mm, 410 mm. Result of study leads to conclusion that largest size and upper top 
position give highest performance of the turbine. 

Keywords: numerical study; renewable energy; gravitational vortex; hydro turbine; depth-rotor 
ratio; efficiency 

1. Introduction
Indonesia is known as one of the largest archipelago 

country which has more than 17.000 islands spread over 
the nation. The geographical condition sets an obstacle in 
progress of national electrification in many remote areas 
across the country. The country is targeting 100% 
electrification ratio implemented by 2025. Meanwhile, in 
the end of third quartile of 2020, Indonesian ministry of 
energy and natural resources stated that 98.9% national 
electrification ratio has been reached with Nusa Tenggara 
Timur regency being the least electrificated with 85.54% 
ratio1). The obstruction of electrification in remotes areas 
is caused by demographical and geographical factors, 
including small population and incomes accompanied by 
geographic and economic restriction on installing 
conventional power plant2). To overcome this problem, an 
easy to install and renewable energy-based power plant 
can be a solution. A pico hydro power plant can be an 
alternative to generate electricity even in most remotes 
area since it offers low cost in operating and maintenance 
as well as easy to manufacture compared to other type 

renewable energy power plant3)4)5). It is estimated that 5% 
of the global small scale hydropower has been harnessed 
while its total potential capacity could reach 200 GW6) 

Pico hydro power plant can generate electricity up to 5 
kW capacity with low head and flow rate. There are many 
types of pico hydro turbines could be implemented in 
remote areas, which one of the most effective is 
gravitational vortex water turbine. The turbine utilizes the 
gravitational force and basin geometry for vortex 
formation which followed by energy extraction by blades. 

There are several research had been conducted in 
gravitational vortex turbine in order to improve the 
efficiency of the turbine. Study done by Dhaka et al.7), 
investigates the basin geometry role in vortex formation 
and several basin design parameters are discussed. The 
study concluded that conical basin has higher efficiency 
over cylindrical shaped basin. Strong vortex formation in 
the basin of cylindrical configuration happens at the 
recommended ratio of orifice diameter to basin for low-
head and high-head sites is 14%–18%, respectively8). 
Christopher et al.9), conducted a study on comparison of 
straight blade over curved blade. The result showed that 
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there is no significant improvement of power extraction 
with curved blade gives higher efficiency. The research of 
Shabara and Yaakob 10) related to using the CFD method 
to investigate the optimum configuration of water vortex 
formation, which showed that by reducing the outlet 
diameter, the velocity increased. The numerical modeling 
of a fluid dynamics problem implicates first a precise 
reading of the physical phenomena. All the relevant 
features of interest should be indicated at that first step, 
including geometry, materials, boundary conditions, to be 
defined in the simplest way, but without introducing 
extreme errors with the hypothesis. Nevertheless, a 
number of simplifications is always accepted, and is 
inevitable in order to model properly fluid dynamics 
problems . Another study on basin geometry is conducted 
by Muadz9), which investigates the effect on ratio of 
orifices diameter to basin diameter. The study leads to 
conclusion that higher efficiency is achieved using smaller 
orifices diameter. Moreover, the study also implies the 
smaller orifices diameter generates smaller turbulent 
intensity. Suntivarakorn11), clearly claimed baffle plate 
installation could improve efficiency of the turbine and 
stated that the increase in number of blades is related to 
the increase of efficiency with five blades is the optimum 
configuration. Subsequent increase in number of blades is 
followed by decrease in efficiency. The multi-stage 
gravitational vortex turbine research is conducted 
elaborately research is conducted elaborately by Ullah et 
al12). The draft tube (mostly elbow type) is an essential 
component of a reaction turbine for a high efficiency. 
Kumar13) argue that use of draft the can increase the 
efficiency of turbine. The main function of the draft tube 
is the conversion of excessive kinetic energy (KE) at the 
runner exit to pressure energy. About 80% of the total 
recovery of the pressure takes place in the draft tube cone, 
which is around 10% of the total draft tube length20). The 
study discusses design parameters including ratio of rotor 
diameter and rotor position in multi-stage configuration 
along with the effect of number of stages on power 
generation. Then several performance parameters are 
measured, such as rotational speed (RPM), torque, and 
shaft power. The study declared that best output 
parameters occurred in the condition where all the blade 
in contact with the vortex which the x`blade surface is at 
the same height of the vortex surface. Study by Sritram 
showed that the number of blades and baffle plates 
attached to the blades turine affect the efficiency of turbne. 
It was seen that turbine with top and bottom baffle was 
6.59% higher than that without baffle plate. The studies 
mentioned above are vary. Yet, the study of the blade size 
which allows optimum efficiency is still limited. There is 
a study conducted by Power et al regarding the mass of 
the blade14). The result of study shows that large mass 
runner is more efficient. However, after optimum mass 
there is decrease in power output. But the study didn’t 
explore the relationship of size of blade and dept of 
submergence of the turbine. This study investigates the 

effect of size of blade on turbine performance with 
varying depth of turbine submergence. 

Figure 1 : The Geometry of Basin 

Table 1. Parameters value of channel and basin. 

2. Methodology
2.1  Basin Geometry 

A channel used in this study was given by previous 
work of Muadz 9). The difference between the Muadz 
study and this study is the dimensions of the blades and 
the position of the blades. The dimension of the blade that 
is changed is the diameter of the blade tip. In this study, 
the blade tip diameter was varied into 3 variations. Then, 
each different diameter variation will be placed in 3 
different positions, so that in this study there are a total of 
9 case variations. The dimension of the channel can be 
seen in Table 1. Then Figure 1 below visualizes the 
channel and basin geometry used for this study. 

Blade tip diameter (Dtip) is varied with sizes of 200 mm, 
350 mm, and 400 mm so that the rotor-basin ratio are 0.2, 
0.35, and 0.5, respectively. Depth of submergence of the 
turbine also being varied with distance of 270 mm (H1), 
340 mm (H2), and 410 mm (H3). Rotor- basin ratio can be 
seen in eq 1 below. 

2.2  Simulaion Setup 
Numerical simulation in this study is carried out by 

using Computational Fluid Dynamics (CFD) software 
ANSYS FLUENT 18.115). The numerical simulation using 
Computational Fluid Dynamics (CFD) can be one of the 
tools which could provide a robust aerodynamics 
performance analysis. Nonetheless, the improvement 
could be very tricky with the optimization procedure and 
sizing technique16). The study conducted in 3-
Dimensional analysis and using Multiple Reference 
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Frame (MRF) method. The multiple reference frame 
method was chosen due to existence of static cell zone and 
moving cell zone in this case, basin and turbine 
respectively. In multiple reference frames, rotation was 
dependent variable which include the variable as 
boundary condition17). In this study, rotation is varied into 
7 variations which are 10, 30, 50, 70, 90, 110, and130 rpm. 
The variation of rotation is in order to find the optimum 
performance of turbine rotational speed. 

The simulation is conducted using pressure-based 
solver assuming the flow is incompressible. Meanwhile, 
for turbulent transport model sensitivity, the turbine model 
is simulated using renormalized group (RNG), shear stress 
transport (SST) and standard k-ω. Ashwindran et al., 
reported that (SST) and standard k-ω exhibited trivial 
dissimilarities and stable numerical oscillationIntense 
inflation layers were applied to the elements adjacent to 
the model surface18). 

The numerical study in this study used the governing 
equations which were the mass conservation and 
momentum conservation19). The Navier-Stokes equation o 
be solved through CFD are as follow20)21) . 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑑𝑑𝑑𝑑𝑑𝑑(𝜌𝜌𝜌𝜌) = 0   (2) 

𝜌𝜌(𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

) = −𝛻𝛻𝑃𝑃 + 𝜌𝜌𝜌𝜌 + 𝜇𝜇𝛻𝛻2𝑉𝑉 + 𝑆𝑆𝑚𝑚  (3) 

There are three stages in CFD, namely (1) pre-processor, 
(2) solver, (3) post-processor. Pre-processing stage
include 3D geometry creation, meshing, simulation setup.
Solver stage includes numerical solving the equation by
mean of numerical computation22). In this stage, computer
solve the eq 2 and eq 3 using finite volume method. Post-
processor stage includes looting the data from solver. At
the stage of pre-processing, a 3D geometry is created
using 3D CAD application. The geometry that had been
created then is imported into fluent. In fluent, the
important boundary faces and cell zones were being
named in order to the parts being defined in the
subsequent steps. This step is called name selection. Then
grid generation was done to divide the geometry into
chunks so that finite volume method could be carried out.
Turbulent model of k-ε is applied to simulate the three
dimentional flow23). The turbulent inlet intensity
was in the value of 5%, considering that the blade
is

2.3  Independency Test 
The independency test is done to verify the number of 

mesh elements which is also called verification. 
Verification is method to find the minimum error resulting 
from discretization of space. To do this, the number of 
meshes is varied. Generally, the higher the number of 
meshes, the more accurate the numerical calculation 
results will be. However, it also causes the calculation to 
take longer. Therefore, the percentage error in each 
variation in the number of meshes will be calculated so 

that the number of meshes is found which no longer gives 
a significant error. The CFD mesh for the flow domain 
was generated on the basis of unstructured hybrid 3D 
elements. Intense inflation layers were applied to the 
elements adjacent to the model surface. The value of y+ 
for the first cell above the model surface was conserved at 
below 1 (y+ <1) to capture the effect of boundary layer20). 

After finding the number of appropriate mesh, the final 
pre-processing step was setting up the boundary 
conditions and fluid properties. The boundary condition 
used for this study are mass flow inlet with 160 kg/s of 
water, pressure outlet with 0 Pa, and symmetry on above 
side of channel. For distinction, figure 2(a) and figure 2(b) 
visualize the geometry and mesh used in this study. 

(a) 

(b) 

Figure 2 : (a) Geometry and boundary condition, (b) 
visualization of 4,478,843 elements 

The simulation was done using steady, single phase, 
incompressible fluid and the turbulence model SST k-ω. 
This turbulence model was chosen because it can cover a 
standard bypass flow transition in a low free stream 
environment24).  

3. Results And Discussion
3.1  Independency Test Result 

The mesh independency test was done using 
Richardson extrapolation 25). The test achieved a result of 
mesh which were 2847785, 3283394, and 4478843 
elements Torque at each number of elements was 
calculated to analyze the appropriate number of elements 
with GCI calculation method. The GCI calculation results 
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are shown in Table 2 where the best number of elements 
is 4478843. 

Table 2. Mesh Independence Test 

3.2  Turbine Performance 
The turbine performance shown in this study is the 

power and efficiency of the turbine. Turbine power (Pin 
and Pout) and efficiency is obtained based on the 
following equation. 

𝑃𝑃𝑖𝑖𝑖𝑖 = 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌    (4) 

𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 = 𝜏𝜏𝜏𝜏    (5) 

𝜂𝜂 = 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜
𝑃𝑃𝑖𝑖𝑖𝑖

𝑥𝑥100%       (6) 

Figure 4 shows the hydraulic efficiency vs RPM of the 
9 configurations of study. Figure 4a, 4b, 4c are 
distinguished by the tip of the blade diameter of 200 mm, 
350 mm and 500 mm. From the figures can be seen that 
the highest performance is achieved when the turbine with 
diameter of rotor of 500 mm and depth of submergence of 
210 mm with the value of the efficiency is 40.22%, while 
the lowest performance occurred on turbine having the 
smallest diameter of rotor of 200 mm and depth of 
submergence of 410 mm with the value of 1.12%. In 
addition, it can be seen that the blade position greatly 
determines the blade performance. The higher the depth 
of the blade, the lower the efficiency. At depth of 
submergence of 0.1Ht(270 mm), 0.2Ht (340 mm), and 
0.3Ht (410 mm) from the water level the efficiency is 
40.22%, 35.39%, and 3.87%, respectively. It also can be 
concluded that as the diameter of the rotor increases, the 
efficiency of the turbine is increased. 

(a) 

(b) 

(c) 
Figure 3. Efficiency vs Rpm, a) Dtip= 200 mm, b) Dtip= 350 

mm, c) Dtip= 500 mm 

3.3  Discussion 
The phenomenon above can be analyzed by 

investigating the pressure contour of the turbine. Figure 4 
– 6 show pressure contours for each configuration. Based
on the figure can be seen that there is pressure distribution
from the basin wall to the core of the vortex. As the vortex
flow gets closer to the vortex core, the local pressure
decreases. The velocity increase as the flow closer to the
core is accounted for the decrease in pressure. In order to
fulfill the conservation of angular momentum, the flow
velocity near the vortex core has to be higher than the
further one. The phenomenon above creates pressure
distribution across the basin and the turbine.

In Figure 4-8 it can also be concluded that the smaller 
diameter blade has a more significant pressure distribution 
than the other two rotor sizes, so it can be concluded that 
the size of the rotor diameter and turbine position affect 
the vortex flow pattern. The larger pressure value on the 
smaller diameter rotor occurs because the water flow has 
a low speed because the area of water flow between the 
blade and the basin is quite large. In larger diameter rotors 
the pressure at the inlet side of the flow is quite low 
because the area of water flow between the blades and the 
basin wall is relatively small compared to before so the 
velocity is higher. Because kinetic energy is the main 
energy component that can be absorbed by the blades, the 
low that has a higher velocity can be extracted more 
energy by the blades than those with a higher velocity. 
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(a)   (b) 

(c) 
Figure 4. Pressure contour (a) H1, (b) H2, (c) H3 at rotor 

size = 200 mm 

(a)   (b) 

 (c) 
Figure 5. Pressure contour (a) H1, (b) H2, (c) H3 at rotor 

size = 350 mm 

(a) (b)

(c) 
Figure 6. Pressure contour (a) H1, (b) H2, (c) H3 at 

rotor size = 500 mm 

Figure 7-9 visualizes the tangential velocity of the flow 
in the basin. The results inform that the smallest tangential 
velocity is occurred on the blade profiles which implicitly 
shows that the kinetic energy of the vortex flow is 
transferred fully into the blade. Also from the figures can 

be concluded that as the depth of submergence of the 
turbine gets deeper that the velocity of the flow imparting 
the turbine is decreased. The pressure difference of water 
flow at rotor level and the flow under the rotor is 
responsible for the difference in flow velocity imparting 
the turbine. This pressure difference generates suction 
effects so that the flow is accelerated while it flows 
directing to the exit through the orifice. Due to this 
phenomenon the turbines located in depth of 210 mm give 
better performance compared to other turbines installed in 
different location regardless the size of rotor turbine. The 
above results share similar trend with a study conducted 
by Muadz, which concluded increase in depth of 
submergence of turbine leads to performance drop. 

(a) (b)

(c) 
Figure 7. Velocity Contour (a) H1, (b) H2, (c) H3 at rotor size 

= 200 mm 

(a) (b)

   (c) 
Figure 8. Velocity Contour (a) H1, (b) H2, (c) H3 at rotor size 

= 350 mm 
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  (a)  (b) 

   (c) 
Figure 9. Velocity Contour (a) H1, (b) H2, (c) H3 at rotor size 

= 500 m 

Larger size of rotor results in better performance of the 
turbine due to large area of the blade being imparted of 
momentum by water. This transfer momentum is followed 
by transfer and transform kinetic energy of fluid into 
rotational energy in blade of the turbine. From the figure 
9 can be seen that the rotor is too small, thus only small 
area of the blade being struck by water which lead to small 
power output is achieved by rotor with size of 200 mm 
regardless of the position of the turbine. Larger size of 
rotor also has larger moment of inertia which giving better 
performance since the torque generated will be higher.  

As a summary, table 3 shows the peak efficiency of all 
the cases. It shown that the highest efficiency is at point 
of Dt 500 mm and H 270 mm. However, the lower 
efficiency is at point Dt 200 mm and H= 410 mm. 

Table 3. Peak efficiency at all cases 

Based on table 3, it can be seen that the larger the blade, 
the better the turbine performance and vice versa, the 
higher the blade depth, the lower the blade performance. 
Other studies show the same phenomena which larger size 
of rotor diameter gives higher power output11). In case of 
varying submergence of the turbine, this study gives 
similar results with the study of Dhaka et al. which 
showed that in conical basin vortex turbine, the 
performance of the turbine will decrease as the depth of 
submergence increased 7). 

4. Conclusion
In this study, ratio of diameter of rotor-basin and depth 

of submergence of the gravitational vortex hydro turbine 
is investigated numerically using computational fluid 
dynamics (CFD). The steady simulation was conducted 
with multiple reference frame method. The performance 

and flow characteristics of the 9 configurations has been 
calculated  and analyzed. Based on numerical result, 
rotor size and depth of submergence affect performance of 
the turbine. Turbine with largest ratio of diameter of rotor-
basin gives better performance than the smaller ones with 
the efficiency of 40.22%. Then the turbine positioned at 
depth of submergence of 210 mm or top in this study 
results higher efficiency than those positioned at depth 
below the aforementioned. 
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