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Abstract. In 2019 to 2028, Indonesia will build power plants by utilizing new and
renewable energy with 9.5 GW comes from hydro power plants [5]. One of the
realizations of the small hydro power plant in Indonesia is a power plant located
on the Minahasa Peninsula, North Sulawesi, Indonesia that uses two runners with
5 MW generated from each runner. In this research, the suitable Kaplan runner
will be designed complete with the spiral casing, guide vane, and draft tube with
a desired capacity of 5 MW and flowrate of 39 m%/s. The research was started by
designing the runner geometry, draft tube, spiral casing, and guide vane and
simulated using RANS Computational Fluid Dynamics at steady state in various
variation. Variations used in this research are runner blade angle and guide vane
angle. The results of the variation of the guide vane angle at each runner blade
angle show the increase of hydraulic efficiency until it reaches a certain peak point
before decrease. The configuration that produces the highest efficiency at 150
RPM operating rotational speed achieved at -2.5° blade angle and 39.5° guide vane
angle with 6.49 MW hydraulic power and 84% efficiency.

Keywords: computational fluid dynamics; draft tube; guide vane; hydroelectric power

plant; kaplan runner; spiral casing.

Nomenclature

n = runner rotational speed (RPM)
P = runner hydraulic power (kW)
H = head (m)

Ns = runner specific speed

N’ss = runner power specific speed
Dip = runner tip diameter (m)

Dwo = hub diameter (m)

N = hub dan tip diameter ratio

Q = flowrate (m%s)

1) = rotational speed (rad/s)

€ = runner glide angle (rad)

g = gravitational acceleration (m/s?)
7s = draft tube efficiency
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nn = runner theoretical efficiency

s” = chord length (m)

t* = distance between blades (m)

Vi = inlet water velocity (m/s)

Cu = tangential absolute velocity (m/s)

Vu = meridian absolute velocity (m/s)

Ui = blade velocity at leading edge (m/s)

U, = blade velocity at trailing edge (m/s)

Vi = relative velocity at blade inlet (m/s)

Viu = tangential relative velocity at blade inlet (m/s)
S = blade inlet angle (°)

B> = blade outlet angle (°)

Vi = relative velocity at blade outlet (m/s)

V2 = tangential relative velocity at blade outlet (m/s)

1 Introduction

Electrical energy is a basic human need, which continues to increase in direct
proportion to the level of welfare. In 2030, Indonesia's population is predicted to
reach 296 million people [1]. Population increase is followed by an increase in
energy needs, including electrical energy. Indonesia's per capita electricity
consumption in 2030 it is expected to reach 3,201 MWh/capita [2]. Therefore, it
is necessary to add adequate power plants. Currently, the most widely used power
plants are fossil fuel plants including in Indonesia which is dominated by steam
power plants with 49.85% [3].

The usage of fossil-based power plant is less profitable considering the limited
amount of fossil fuels and the resulting pollution is not good for the environment.
For this reason, the community is required to find unlimited and environmentally
friendly energy sources called renewable energy. There are several types of
renewable energy that can be converted into electrical energy including hydro
power [4]. In 2019 to 2028 power plants will be built by utilizing new and
renewable energy with a total capacity of up to 16.7 GW. Among the total
capacity, 9.5 GW of which comes from hydro and micro hydro power plants [5].

The essential part of converting hydro power into electricity is the runner. There
are several types of runners such as Kaplan, Francis, and Pelton. Types of runners
have different geometry and best operating conditions based on the net head, flow
rate, and specific speed [6]. Table 1 shows the runner type and the suitable
operating head range in meters. In addition to the runner, there are several other
parts to support the energy conversion system of water flow into electrical energy
including spiral casing, guide vane, and draft tube.
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Table 1 Head range on each runner type [6]

Runner Type Head (m)
Kaplan and Propeller 2<H<40
Francis 10<H <350
Pelton 50 < H <1300
Michell-Banki 3<H<250
Turgo 50 <H <250

Several studies already conducted in small hydropower system design including
energy generation potential and component design. Leon et al. stated that water
use can be optimized if the ratio of the net head does not exceed 15% gross head
[7]. In draft tube design, Fulzele et al. stated that elbow draft tube type with
circular inlet and rectangular outlet has efficiency range from 60% to 80% [8]. In
the runner design, Zhang et al proposed series of equation for Kaplan runner. The
equation proposed combined the geometric design with the dynamic operation to
validate runner design and CFD simulations [9]. Abeykoon et al. developed the
design and analysis of Kaplan runner wheel for 6 meters head and 5 m3/s flow
rate and analyse the design using CFD analysis. According to CFD result, there
is significant difference between the theoretical calculation efficiency and the
simulation result efficiency where the theoretical efficiency is 94% and the
efficiency of the simulation results is 50.98% [10]. Min also developed design
for 50 kW Kaplan runner with the different flow condition from research
conducted by Abeykoon et al. with the runner design result have different
operating condition especially in guide vane opening angle and blade angel to
achieve desired power shaft output [11]. The runner design may be varied due to
the different flow characteristic between one region and another therefore runner
design must be proposed for certain power output, head, and flowrate according
to the potential that exists in the runner installation area.

One of the realizations of the small hydro power plant in Indonesia is a power
plant located on the Minahasa Peninsula, North Sulawesi, Indonesia. The total
power generated is 9.9 MW uses two runners with 5 MW generated from each
runner. Water discharge for one runner is 39 m®/s. The water reservoir used on
the runner comes from dam located on the Bone River, North Sulawesi. The water
level in the dam has a range of 94 to 96 meters above sea level with the runner
installation system placed at a height of 78 meters above sea level and the
minimum tail race water level is almost parallel to the runner installation height.
According to the water level at the dam and tailrace, the head obtained is at a low
head with the suitable runner type is the Kaplan runner.
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In this study, a Kaplan runner was designed complete with a spiral casing and a
draft tube with a capacity of 5 MW and a flow rate of 39 m?%s with various
variations, such as varying the angle of the guide vane and varying the angle of
the runner. The variation intended to obtain the performance characteristic in the
water runner in form of power and efficiency. The results of the design through
analytical methods will be validated using Computational Fluid Dynamics
(CFD)-based software, namely RANS Computational Fluid Dynamics.

2 Methods

The method used in this study begins by determining runner parameter from the
given case study and continues with the design of the runner. The runner design
process begins with developing the runner design continued with designing the
guide vane, spiral casing, and draft tube. After all components have been
designed, assembly is carried out using the design components to be simulated in
RANS Computational Fluid Dynamics to obtain the characteristics and
performance of the designed water turbine.

2.1  Runner Design

The operating conditions on the turbine are used to calculate runner specific
speed. The operating parameter for runner is shown in Table 2. The value of the
specific speed as a function of power (ns) and power specific speed can be
calculated using Eq. (1) and Eqg. (2). With n is rotational speed, P is hydraulic
power, and H is net head.

_ NP
ng = nHS/4 (1)
' nv1.341P
=—F" 2
sd [3.28H]5/4 (2)

Table 2 Operating Parameter for Runner

Parameter Value Unit

Hydraulic power (P) 5 MW
Rotational speed design 200 RPM
Rotational speed operation 150 RPM
Net head (H) 14.5 Meters

Water Flowrate 39 m3/s
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The draft tube that will be used is elbow type with circular inlet and rectangular
outlet. The efficiency of the draft tube with this type is in the range of 60% to
80% [8]. In this study, the draft tube is assumed to have an efficiency of 67.5%.
The airfoil used is NACA 6409 with angle of attack 5°. The diameter of the runner
will be determined using Eq. (3) and Eq. (4) [12]. N is the ratio of Dy and Dnub
with the value of 0.4 and number of blades 5 [12], Q is the flowrate, o is rotational
speed in rad/s, g is gravity acceleration, nsis draft tube efficiency, and ¢ is the
glide angle in rad.

1 3
_ 1-ns \7(_Q Y7
Deyp = 1,155 (KOwE;H) (1—N2) (3)
_2_,(1-N?
Ko =3 (1-N3) (4)

The velocity triangle will be used to determine the shape of the blade
theoretically. A velocity triangle review is carried out on a cross section of the
blades in five different radial distances measured from the centre of the hub. The
five distances will be named R1, R2, R3, R4, and R5 with equation Eq. (5). The
velocity triangle in the cross section of the blade can be seen in Figure 1. Further
calculations for each parameter in velocity triangle will be carried out using Eqg.
(6) until Eg. (14) where i are 1,2,3,4, and 5 [14]. The relative velocity of the
tangential direction, relative velocity, and angle to the horizontal at the centre of
the blade will be determined using Eq. (15) until Eq. (17) [10]. From the equation,
the subscript 1 is indicated the value of respective variable at the inlet and
subscript 2 is at the outlet. V and U is water velocity and blade velocity due to
rotation. C, and Vs is tangential and meridian absolute velocity. V. and Vy is
relative and tangential relative velocity. P is the blade angle and a is the angle
between inlet water velocity and blade velocity due to rotation.

The ratio between the chord length and the distance between the blades will be
set to 0.75 for the hub diameter section and 1.3 for the tip diameter section [10].
The distribution of the value of s”/t”” and the value of t” is based on Eqg. (18) and
Eq. (19) with s” is the chord length and t” is the distance between blades. The
value of B1 must first be adjusted to the optimal blade angle that has been
determined previously for the NACA 6409 airfoil, which is 5°. After adjusting to
the 5° blade angle, then the Brotion Will be defined which is the rotation value in
the form of twist angle that must be given to the NACA 6409 airfoil profile. Brotation
will be calculated based on Eq. (20).

i—1 (D¢ijp—D
Re=e e () ®
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Va Y

Angle of attack
Camber line
Ve=V:
=Uz
Figure 1 Cross section of blade and speed triangle [13]
_ Q
vfl - %(DtiPZ_DFZLub) (6)
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tan B, (i) = RORAG) (10)
v = [o + U0 = Cu®)? 11)
V(1) = /Uﬁz + (U2()? (12)
N -1(_Yf1
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Cuo (i) = 2202 (14)
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Vrn(®) = | Cruen()? + 712 (16)
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B (i) = tan (vmw) a7

s" i—1
(F)i = 0.75 + 0.55 (T) (18)
£'(0) = —— (19)

Number of Blades
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Brotation(®) = 180° — B, (@) +5° (20)

2.2  Guide vane, spiral casing, and draft tube design

NACA 2.5411 airfoil type is selected for guide vane profile. Several parameters
will be assumed for the guide vane design including the chord length (L) 0.75
meters, guide vane height (H) 1 meter, the outer diameter (Dgy) of the guide vane
circuit is 3.92 meters, and the number of guide vanes is 16.

Spiral casing is the component that provide uniform flow to the guide vane with
cross-sectional area of the flow should decrease gradually along the
circumference of the spiral casing [15]. The dimensions used in the design of the
spiral casing are based on Figure 2. Furthermore, the cross-section of the flow
area used is based on the places of runner is coincidence with the spiral casing
according to Figure 2. The shape of the draft tube with elbow type can be seen in
Figure 3 with the dimension for the draft tube are calculated using Eq. (21) until
Eqg. (30) with Dy is the tip diameter and ns is the specific speed.
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Figure 2 Spiral Casing Dimension (left) and Cross-sectional area of flow in
Spiral casing (right) [15]



Design and Analysis of 5 MW Kaplan Runner Wheel

// >
AT
{——1 ( Y o
\~< ™ ~
\ >
\\\
T i .

Figure 3 Elbow Type Draft Tube [15]
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2.3 Numerical Simulation

The numerical simulation process is carried out using the RANS Computational
Fluid Dynamics software. The simulation used is steady state single phase
simulation with k-o SST turbulence model. k- SST has the advantage of
predicting flow near the wall and away from the wall [16].

The spiral casing, guide vane, and draft tube components will be given a water-
liquid type of fluid without any frame motion. The runner component will be
given a water-liquid type of fluid with a frame motion in the form of rotation on
the y-axis with a rotational speed of 150 RPM. Runner blade and runner hub wall
condition converted into a moving wall in the form of rotation with a rotational
speed of 0 RPM relative to the appropriate cell condition and the axis of rotation
is on the y-axis.

At the outlet and inlet, the boundary conditions used are pressure outlet and inlet.
The inlet pressure is determined by hydrostatic pressure according to net head.
Turbo topology in RANS Computational Fluid Dynamics is defined to determine
the topology of turbo engine applications so that the special post processing
features of turbo topology can be used to see the performance of the designed
runner.

2.4 Mesh independency test

Mesh independence test aims to determine the smallest number of meshes needed
to ensure that the simulation shows results that are not much different when the
number of meshes is varied. The parameter that will be seen in the mesh
independence test is the average mass flow rate at the inlet and outlet with the
error will be determined by (31). The smallest number of meshes that show mass
flow rate errors less than 1% will be used in the simulation.

pPrevious . current
avg avg
. current
Mavg

%Error = X 100% (31)

3 Results and Discussions

The result of design feature calculation according to the case study given in Table
2 are shown in Table 3. Data from Table 3 is used for calculation using Eq. (5)
until Eq. (20) to obtain the theoretical calculation parameters of the blade. The
calculation result for blade theoretical parameters is shown in Table 4. The data
from Table 4 will be used to determine the runner airfoil coordinates in each
segment. The result of the component assembly is shown in Figure 4.
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Table 3 Design Feature Calculation

Parameter Value Unit
ns design 500 -
ns operation 375
N’sq design 130 -
N’sq¢ operation 98
Efficiency [17] 95 %

Number of blades 6 -

N 0.45 -
Ko 0.58766 -
D 2.53 m

Table 4 Theoretical Calculation Parameters of Blade

Parameter R1 R2 R3 R4 R5
D (m) 1,14 1,49 1,83 2,18 2,53
R (m) 0,57 0,74 0,92 1,09 1,26

Vi (m/s) 1208 1208 12,08 12,08 12,08
U@m/s) 11,94 1558 1923 2287 2651
Cu(mfs) 1131 8,67 7,03 5,91 5,10
Cur (M/s) 566 4,33 3,51 2,95 2,55
() 4688 5434 5981 6394 67,12
B (°) 8701 6022 4473 3547 2944
B2 (%) 4533 37,79 3215 27,85 24,51
B (°) 6251 4705 3756 3125 2676

st 1,30 1,16 1,02 0,89 0,75
t* (m) 059 0,78 0,96 1,14 1,32
s* (M) 078 0,90 0,98 1,01 0,99

Brotation (%) 97,98 124,78 140,27 149,53 155,56
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Figure 4 Components Assembly

The value of the mesh used for mesh independency test started from 700 thousand
mesh to 2.9 million mesh. The results of the mesh independence test in Figure 5
shows that the number of meshes with the error value of the mass flow rate below
1% starts at 1.7 million meshes so that the number of meshes used as a reference
for the simulation is 1.7 million.

55000
52500 @,
50000

47500

Mass flow rate (kg/s)

45000
500000 1000000 1500000 2000000 2500000 3000000

Number of Meshes

Figure 5 Mesh Independency Test

The variations of the guide vane angle show a tendency to decrease the mass flow
rate when the guide vane angle is increased. The decreased mass flowrate is in
accordance with the condition of the guide vane which shows that the larger the
angle of the guide vane, the smaller the area around the guide vane that may pass
the water, so that the mass flow rate will decrease as shown in Figure 6.

Runner hydraulic power at a certain guide vane angle in various variations of
runner blade angle can be seen in Figure 7. For each variation of the blade angle,
increasing the angle of the guide vane will cause the runner hydraulic power to
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increase until it reaches a certain peak before finally decreasing. The simulation
results show that the smaller the value of the runner blade angle, the greater the
hydraulic power. This increasing hydraulic power is accompanied by a decrease
in the operating range of the guide vane angle that can be given. In this study, the

target output hydraulic power of 5 MW can be achieved for every blade angle
variation.

At each varying blade angle, the value of efficiency will increase as the angle of
the guide vane increases as shown in Figure 8. This increase in efficiency lasts
until it reaches a certain peak before finally decreasing. The highest efficiency of
84% is obtained from the operating conditions of the guide vane angle of 39.5°
and blade angle of -2.5°. The simulation conditions with the closest results to the
runner design parameters with a flow rate of 39 m%/s and a power of 5 MW were
obtained with a blade angle configuration of 5° with a guide vane angle of 44.5°

75000
70000 Q"--a,,h
65000 By,
60000 g@':%.
55000
50000 .
45000

33,00 3500 37,00 39,00 41,00 4300 4500 47,00

Guide vane angle (°)

Mass flow rate (kg/s)

o Runner 5 Degree  mRunner 2,5 Degree

¢ Runner 0 Degree  ARunner -2,5 Degree

Figure 6 Mass flow rate calculated due to guide vane angle

700

- DA

< 600 LA ®

g aBT 00 o oo
2500 o0 e

g | T -

24,00 N
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Figure 7 Runner hydraulic power
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Figure 8 Efficiency versus guide vane angle

The pressure contour and wall shear contour on the blade is shown in Figure 9.
Pressure contour indicates that there is cavitation that occurs in the area near the
leading edge of the blade. The emergence of cavitation in the simulation results
occurs because the conditions of the simulation settings at the outlet are assumed
to be at atmospheric pressure while in operating conditions the Kaplan runner
generally has an outlet channel below the tailrace water level. The wall shear
contour shows that there are several region that have quite small wall shear values
on the suction side of the blade. Evaluation of the velocity contour on the Figure
10 shows that in the area on the suction side of the blade, there are region where
the velocity has decreased drastically while outside the area, the velocity value is
relatively high indicated by the orange color on the contour. The velocity contour
indicates that there is a flow separation caused by the non-adjusted thickness of
the airfoil in the segment near the runner tip.

Pressure Wall Shear
Contour 1 Contour 2

H 5.183e+05 3 2.261e+03

38116405 = 2.036e+03
|+ 24380405 i 1.810e+03
- 1.066+05 1.585¢403

[ -3.069e+04 ™ 1.359e+03

16796405 s 1.134€403
-3.0526+05 { 9.087e+02
4.424e405 6833402

-5.797¢+05 4.579e+02
-7.169e+05 2.325e+02

-8.542e+05 7.132+00
[Pa] [Pa)

Figure 9 Pressure contour on the runner blade (left) and wall shear contour on
the runner blade (right)
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Velocity

Contour 4
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0.000e+00
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Figure 10 Velocity contour on the blade

Conclusions

The designed Kaplan runner has an outer diameter of 2.53 meters and a hub
diameter of 1.14 meters with the number of runner blades used is 6 blades with
the airfoil profile used is NACA 6409. The number of guide vane blades used is
16 blades with a chord length of 0.75 meters and a height of 1 meter and uses a
NACA 2.5411 airfoil. The spiral casing design has a semi-spiral type and the type
of draft tube used is elbow type. Target output hydraulic power of 5 MW can be
achieved for every blade angle variation. The cavitation may occur at the suction
side’s leading edge of the blade due to flow separation therefore design
optimization may conduct to minimalize the cavitation potential at the runner.
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