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Abstract

Several agricultural areas in Indonesia are classified as underdeveloped rural areas, and challenging to acquire electricity
from the primary grid. On the other hand, some pico hydropower potentials can be found in agriculture, especially at the
irrigation dam spillway flows. However, no such technology can convert the energy inside the water open-channel flow
through dam spillways into electricity. Crossflow turbines (CFT) are expected to utilize dam spillways’ power due to their
ability to convert the kinetic energy of water. Prior studies found that airfoil profile could slightly increase CFT efficiency
and affect the interaction between water and turbine. Using planar two-dimensional computational fluid dynamics (CFD)
numerical simulation analysis, the current study investigated the energy conversion phenomenon inside different open-
channel CFT blade profiles. This study simulates CFT working at 3 meters of total head and 0.04 m3/s of water discharge
put into the dam spillway’s downstream. The turbine blade profiled with the National Advisory Committee of Aeronautics
(NACA) standard airfoil numbered 9405, 9503, and 9506 are being compared and investigated in the present study. CFD
numerical analysis results show that the forward direction NACA airfoil profiled blades deliver better efficiency than the
reversed one. These findings contradict the prior study’s results which tested airfoil profiled CFT working as usual with
nozzle. This phenomenon indicated differences in the energy transfer process between open channel CFT and the ordinary
CFT with a nozzle. Furthermore, current work finds that forward NACA-9503 CFT has a higher efficiency than other tested
airfoil profiles, with 57.05% efficiency. In addition, the present study finds that the NACA-95XX airfoil has a more suitable
chamber curve with the original CFT blade’s curve than the NACA-94XX airfoil by velocity triangle analysis. Then, the
NACA-9503 profile is thinner than the NACA-9506 profile, which eases water flowing through the turbine blades.
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1. INTRODUCTION

Based on Indonesia’s Center of Statistics (BPS), there are still more than 13,000 villages in Indonesia
classified as underdeveloped rural areas in 2018 [1]. Most of those villages depend on their economy in
agriculture [2]. There is some irrigation grid inside those villages for the need of the agricultural area [3]. The
irrigation grid is filled with water from one or more small dams [4]. The water level difference between the
upstream and the downstream irrigation dam creates potential energy [5]. This energy could be classified as
pico hydro potential as the tiniest hydropower scale.

On the other hand, some underdeveloped rural areas are still not covered by on-grid electricity for some
reasons [6]. The off-grid electricity scheme is one of the proven answers to the electricity problem in isolated-
underdeveloped areas [7]. Utilizing pico hydro potential on irrigation dams as a pico hydropower can be a
suitable solution for isolated, underdeveloped agricultural regions. Unfortunately, no hydropower turbines
work for utilizing kinetic energy inside high-velocity open channel flow (OCF) like in the dam’s spillway.
Undershot waterwheel, which works on medium-velocity OCF, still uses the potential power of water by
damming up the flow[8], [9].

As an impulse turbine, a crossflow turbine (CFT) can theoretically utilize high kinetic energy water
flow [10]. Moreover, CFT has a higher specific speed than other impulse turbines among all impulse hydro
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turbines [11]. That means CFT uses more water discharge and needs a lower hydraulic head than other impulse
turbines [12]. That working condition is suitable with the characteristic of OCF at the irrigation dam’s spillway,
which usually has not more than seven meters tall [13]. This fact supports the hypothesis that CFT has an
excellent compromise to utilize kinetic energy in the spillway OCF discharge.

In the final project research, Arvian et al. [14] tried to simulate the CFT placed downstream of the
spillway OCF to harvest its kinetic energy using CFD simulations. These tests were resulting that the CFT
could utilize about 86% of water Kinetic energy at the spillway. On the other hand, Budiarso et al. [7] found
that the reversed NACA-6712 profile applied on the CFT blade could increase this turbine’s efficiency. That
result made Adanta et al. [15] try other shapes of NACA airfoil and found that NACA-6509 has a better
performance to be applied on CFT. This study, moreover, attempts to apply NACA profiled blades using prior
studies’ approach to the spillway OCF CFT in Arvian et al. study.

2. MATERIALS AND METHODS
2.1  Crossflow Turbine Theory

In 2013 Sammartano et al. conducted research on crossflow turbines, then continued further research in
2016 to produce optimal results using several crossflow turbine parameters, as shown in Table 1.

Table 1. Crossflow turbine parameters

Parameter Value Symbol
Impeller outer diameter 160 mm D,
Impeller inner diameter 104 mm D,

Number of blades 35 Ny,
Angle of attack 22° a

In a crossflow turbine, to find out the efficiency using equations 1 to 3

Pr=1tw = TZ;T—OH 1)
Py = pgQH = mgH 2
=T (3)

_PH

Where efficiency is obtained from equation 3, where Py is the turbine output power (watts) obtained
from equation 1, where T is torque (Nm), w is the blade speed (rad/s), n is the number of revolutions (rpm).
Meanwhile for Py is the hydraulic power (watts) obtained from equation 2, where p is the density of water
(kg/md), g is the acceleration due to gravity (m/s?), Q is the water discharge (m®s), H is the head (m), and m"
is the mass flow rate (kg/s) obtained from multiplying the density of water by the water discharge.

2.2 Velocity Triangle Theory

Figure 1. Banki crossflow water turbine’s speed triangle

The velocity triangle studies the basic kinematics of the water flow when it hits the water turbine blades.
Based on Figure 1. The velocity triangle has several known notations that v is the absolute speed of the water,
U is the tangential speed of the turbine, W is the relative speed, a is the angle of inlet water or the angle between
the absolute velocity of the water (v) and the tangential velocity of the turbine (U), and the last B is defined as
the angle of the blade or the angle between the relative speed (W) and the tangential speed of the turbine (U).
So there are notations 1 and 2, with each note stating points for the inlet and outlet sections of the blade at the
top of the turbine. Then there are also notations 3 and 4, with each notation stating points for the entry and exit
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sections of the blade at the bottom turbine so that when the turbine rotates, point 1 will reach point 4 and point
2 will reach point 3; therefore it can be seen that [16]:

Absolute speed of water V=V 4)
Circular speed DU =U,; Uy, =Us (5)
Relative speed W =W W =W, (6)
Blade angle D B+ By=pB,+ B3 =180° @)

The absolute speed of air entering the turbine can be calculated using the equation between the head
and the velocity coefficient of the Crossflow turbine, as in equation 8 below.

Vv =./2gH (8)

After obtaining V, determine the tangential velocity of water (V1) in the Crossflow turbine using
equation 9 [17].

Vi =V cos(a) 9

The turbine’s efficiency can be calculated based on the speed triangle method using equation 10.

RAERAS

" (10)

n

2.3 Open Channel Flow Theory

In open flow, an energy equation is commonly used, this equation is the same as the Bernoulli equation,
but several parameters are only found in open flow, so there are some changes to the usual Bernoulli equation.
The energy equation for canal flow is stated in equation 11 [5].

2 2

U1 7]
Z1+)’1+Z=Zz+)’z+z (11)

Where z is the height, y is the depth or depth, and v is the velocity on the open channel, while notation one is
the initial point condition and two is the notation for the endpoint.

2.4 Placement of the Airfoil Concept on the Turbine

The airfoil geometry that will be applied to the Banki crossflow water turbine must be adjusted so that
the trailing edge is placed facing 90° to the tangential velocity of the turbine. But for this, the trailing edge
angle of the airfoil must be known in advance using equations 12 and 13 so that later the airfoil chord can be
placed correctly on the turbine.

d_y= 2M
dy (1-P)?

P-1 (12)

Or = tan™! (Z—y) (13)

X

Where dy/dy is the gradient of the chamber line, M is the maximum chamber slope at 100% of the chord
or divided by 100, P is the maximum chamber position at 10% of the chord or divided by 10, and 0+ is the
trailing edge angle. After that, the angle chord can be obtained using equation 14.

GC = 900 - sin_l(e'r) (14)

Then a scheme for placing the airfoil concept on the Banki crossflow water turbine blades is
produced, as shown in Figure 2.
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Figure 2. Schematic of crossflow water turbine blades with airfoil concept

25 CFD procedure
1. Pre-processing

Pre-processing is the initial stage that must be carried out before the simulation process, such as
preparing the model to be simulated, meshing stages, determining condition limits, determining condition
boundary values, and controlling fluid properties. In this study, the meshing steps used a quadrilateral mesh
type because this type of mesh can be structured in an orderly and orderly manner, making it easier to read the
mesh connectivity, and it is hoped that structured mesh will dominate. Therefore, in addition to the mesh type,
the mesh size is released with two stages of mesh verification, including verification of skewness quality which
aims to check the slope directly related to checking the structured mesh where the slope is the main factor to
determine the quality of the structured mesh, as for the quality of the skewness mesh that must be met, as
shown in Figure 3. Then, to adjust the value of the skewness quality, the mesh settings, especially in sizing,
should be changed.

Mesh Quality

Mesh quality recommendations
Skewness mesh metrics spectrum

Excellent Very good Good Acceptable Bad Unacceptable
0-0.25 0.25-0.50 0.50-0.80 0.80-0.94 0.95-0.97 0.98-1.00

Figure 3. Standardization of skewness mesh quality measures

Further verification of grid independence To carry out the grid independence stages, the simulation
process must be carried out several times with different mesh sizes starting from the largest to the smallest.
After obtaining the simulation results, compare them with the previous results of each simulation. At the grid
independence stage, there is the grid convergence index (GCI) method which is commonly used to solve grid
independence using equations 15 to 18. [18]

This method finds convergent points by simulating three times using different mesh sizes but the same
mesh reduction ratio. Meanwhile, to determine this ratio using equation 15 below.

earlier number of elements
= (15)
newer number of elements
While the convergence point is sought by the following equation 16.
(hit+/2)
e —_— = 16
fn=0 f1+R1’—1 (16)

Where f is the discrete solution, and h is the grid spacing so that fi-o is the continuum value at zero grid
spacing. The p-value is calculated using the following equation 17.

_ (2=%) (17)
In R
The GCI value must be below 1% [6]. GCI is calculated by the following equation 18:
fa—fo
GCly = Rpf 2 7X100% (18)
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Where f; is the result of calculating the convergent point while fy is the result of a simulation of the
mesh point that has been used, mesh independence using GCI is done by varying the number of mesh elements
with almost the same ratio and then using equation 18 to determine the GCI value; this value must be close to
1% but still below it can be used for the simulation process. as for the results of the calculation of the
independence mesh.

Table 2. GCI Calculation Results

Test Element Ratio Torque Convergent Order (p)  f(h-=0) GCI
1 14069 1,4 148,511 -2,5 4,61 %
2 27927 1,4 145,487 -2,5 133.98 1,97 %
3 55355 1,4 134,622 -2,5 133.98 0,84 %
4 108587 14 134,085 -2,5 0,14 %

Based on Table 2, there are two data for the number of elements that meet the requirements for a GCl
value of <1%, namely the number of elements 55355 and 108587. In this study, the element value will be
55355 because the simulation is more efficient regarding time and memory on the computer, so the mesh results
are presented in Figure 4 (a).

In addition to the mesh verification process, boundary conditions are identified using data that is already
known or can be assumed to be the location of specific parts and the magnitude of the value. The results of the
identification of boundary conditions in this study are presented in Figure 4 (b).

(@

Figure 4. (a) Mesh results; (b) Identification Boundary conditions
Based on Figure 4 (b), these boundary conditions have different types, as shown in Table 3.

Table 3 Boundary condition parameters

ID Category Type
A Inlet Velocity inlet
Outlet air Pressure outlet
Outlet water Pressure outlet
Channel Wall
E Interface stator Interface
F Interface rotor Interface
G Blade Wall

2. Processing

Processing is the main stage in the simulation by calculating the conditions applied to the Pre-processing

stage. This simulation uses the transient method, which uses a time-step basis. For example, with a time step
size of 0.0005 s, the number of time steps or time steps used is 500, so the resulting observation time is 0.25 s,
and the maximum iteration is 150 iterations. The Courant Number method is needed by using equation 19 with
the Courant number value being less than one to ensure that no grid in the mesh is skipped during the simulation

process to produce a good quality simulation.

vs.At

Cr=-— (19)
A
A, = ( rea ) (20)
Number of Elements
_ Li.Ey L.
VST L L, L+ L, (21)
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Where the value of vs is the average speed in the simulation, At is the time-step used in the simulation
and Ax is the average distance of each grid, L is the area, E is the number of elements, and there is notation 1
denotes stator, and 2 denotes rotor. The parameters from the simulation results are presented in Table 4.

Table 4. Courant number calculation parameters

Section Area (m?) Velocity (m/s) Element Area / Element
Stator 0,1139 5,88 10723 1,06 x 105
Rotor 0,0191 3,07 44632 4,28 x 107

The calculations using payments 19 to 21 show that the resulting Cr is 0.823. The result means it meets
the standard, which must be less than one.

3. Post-processing
Post-processing is the data collection stage, which is the completion of the simulation with convergent
simulation results. This stage uses CFD post with saved time step data and selects the 500.cdat file or the last
time step of the simulation. The data obtained are contours and graphs, which can later be exported into Excel
data.

3. RESULTS AND ANALYSIS
3.1 CFD Simulation

After the simulation, get some data such as torque, mass flow rate, and volume fraction of contour water.
Some of these data are then entered into data processing so that the efficiency of turbine power can be known,
and some other data with variations in the application of airfoils on turbine blades.

3.1.1 Torque turbine

Based on the simulations that have been carried out on the Banki crossflow water turbine, with
variations in the shape of the blades, the airfoil concept shows that the differences in the shape of the blades
and variations in the rotational speed of the turbine affect the torque produced, as shown in Figure 5 which is
generated from the table of data from the simulation results.

©—9405R
140 é
130 9405 F
120 \6\ 9503 R
5 110 ‘ N *— 9503 F
@ .
g 100 § %— 9506 R
S 90 ~
= S O— 9506 F
80 ™
70
o o)
100 200 300 400 500 600

Rotational Speed (rpm)

Figure 5 Graph of torque to turbine rotation speed

Based on Figure 5 shows the relationship between the turbine torque value and the turbine speed value
obtained at each variation of the airfoil blade. Based on the graph, which shows that the greater the rotational
speed of the turbine produced, the smaller the value of the torque generated. This condition is because when
the incoming airflow with loading occurs on the turbine runner, the turbine’s rotational speed slows down and
increases the force resistance; this force resistance affects the value of the turbine torque produced. It was found
that the highest torque value was obtained at 200 rpm, with the NACA-9506 reverse airfoil type of 143.98 Nm,
while the lowest torque was at 500 rpm, with the NACA-9506 reverse airfoil of 64.19 Nm.

3.1.2 Power turbine
Furthermore, from the torque results, turbine power data is obtained using Equation 1. Finally, the data
processing results are presented in Figure 6, obtained from the turbine power calculation results table.
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Figure 6. Graph of power to turbine rotational speed

It is based on Figure 6, which shows the relationship between the resulting turbine power and the
turbine’s rotational speed, which is obtained from each variation in the shape of the airfoil blade. The power
value of the turbine is very dependent on the torque generated. It is known that the highest turbine power value
in this study was obtained at a rotational speed of 400 rpm, with the NACA-9503 F airfoil type with a total
turbine power of 4.04 kW, while the smallest turbine power value occurred at a rotational speed of 200 rpm,
with the NACA type -9405 R Produces a turbine power of 2.83 kW. And it can be seen that the most undersized
power for all variations is found at 200 rpm turbine rotation, while the most significant power is generated at
400 rpm turbine rotation.

3.1.3 Turbine efficiency
Then, from the results of the obtained power, it is processed, and turbine efficiency data is obtained

using equation 3. Finally, the processing results for each variation of the airfoil blade are presented as shown
in Figure 7, which is obtained from the turbine efficiency calculation results table.

60

55 8 O 9405R
9405 F
9503 R

o N
50 g NOX
\Q %— 9503 F

45 / *x— 9506 R

Efficiency (%)

9506 F

O

40
100 200 300 400 500 600
Rotational Speed (rpm)

Figure 7. Graph of efficiency to turbine rotational speed

Figure 7 shows the relationship between the resulting turbine efficiency and the turbine’s rotational
speed, which is obtained from each variation of the shape of the airfoil blade. The value of the turbine power
depends on the torque and hydraulic power value. The data processing results can be obtained for the NACA-
9405 R airfoil blade variation to get the highest efficiency of 52.89%, then for NACA-9405 F to obtain the
highest efficiency of 56.82%, then NACA-9503 R obtained the highest efficiency of 55.78%. At the same time,
NACA-9503 F brought the highest efficiency of 57.05%, and then NACA-9506 R brought the highest
efficiency of 53.72%. The last for NACA-9506 F obtains the highest efficiency of 54.78%, and it can be
obtained that the highest efficiency of the turbine is found in the variation of the NACA-9503 F airfoil blade
at a turbine rotational speed of 400 rpm of 57.05%, while for the lowest turbine efficiency found in the NACA-
9405 R variation with a 200 rpm turbine rotational speed of 40.04%. This Efficiency result is relatively smaller
than other studies’ results [19][20][21]. However, this study is more efficient than another study that utilizes
crossflow turbines without a nozzle [22].
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3.2  Discussion of the water fraction contour
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Figure 8. The contours of the rotation variation results

Based on Figure 8, it is found that for all variations in the shape of the airfoil blades, with a turbine
rotational speed of 200 rpm and 300 rpm, the thickness of the water flow inside the turbine or when it exits
from the upper blades enters the lower blades of the turbine is relatively small when compared to speed 400rpm.
This phenomenon is because the thickness of the water flow that passes through the turbine at this speed has a
thicker velocity, which is an advantage. Because the wider the water flow that rotates the turbine, the better
energy conversion on the turbine blades is produced, so the force generated will also increase based on the
energy conversion that occurs. However, if you look at the turbine’s rotational speed of 500 rpm, even though
it has a reasonably good thickness of water flow, it can be seen that there is a flow of water coming out of the
top blades of the turbine, resulting in the energy of the water flow not being fully converted resulting in a
smaller force. Compared to the turbine rotational speed of 400 rpm.

3.3  Simulation Validation

Validation is carried out to check whether the simulation results are close to valid or not close to correct
by comparing the simulated data with theoretical or experimental data. This study uses the error validation
method for the simulation validation process, and theoretical data is taken as comparative data, where the
theoretical data is taken from the velocity triangle method for crossflow water turbines. The speed triangle
method can be seen in Figure 9.

(a) T

Figure 9 Airfoil blade velocity triangle (a) Upper blade (b) Lower blade

From these data and then processed using equations 4 to 14, the resulting efficiency for NACA-9405
blades is 58.96%, NACA-9503 is 59.25%, and NACA-9506 is 58.55%. So to produce an error value on
efficiency, results can be calculated using the following equation 22.

Error = NTheoretic="Simulation .100% (22)
NTheoretic

Then the error value is generated, as shown in the table below

Table 5. Error calculation results

NACA NTheoretical (%0) Nsimulation (%) Eror (%)
9405 58,07 56.82 2,15
9503 59,25 57.05 3,71
9506 58,55 54.78 6,44

Based on Table 5, using the equation above and the simulation data taken is the highest efficiency. The
NACA-9405 airfoil, with a simulation efficiency of 56.82%, produces an error value of 2.15%. The NACA-
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9503, with an efficiency of 57.05% based on the CFD result, creates an error value of 3.71%, and NACA-9506,
with an efficiency of 54.78%, produces an error value of 6.44%. From the error validation calculations results
from some of the data, it makes a value of less than 10%. Therefore, it can be concluded that the simulations
carried out are close to valid.

4. CONCLUSIONS

The effect of applying the shape of the airfoil blade on the performance of an open-flow crossflow
turbine has been simulated and compared. The result is that the NACA-9405 R blade has the highest power
value of 3.74 kW. The highest efficiency is 52.89%, the NACA-9405 F blade produces the highest power of
4.02 kW with the highest efficiency of 56.82%, then on NACA-9503 R it obtains the most elevated power
value of 3.95 kW and the highest efficiency of 55.78%, for NACA-9503 F it produces the highest power of
4.04 kW with the highest efficiency of 57.05%, this variation is a variation with delivers the highest data of all
variations. In comparison, NACA-9506 R obtains the highest power of 3.80 kW with the highest efficiency of
53.72%, and finally, NACA-9506 F produces the highest power of 3.88 kW and the highest efficiency of 54.78
%. All variations that deliver the highest power and efficiency are obtained by varying the turbine rotational
speed of 400 rpm.
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