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discovered in 1903 and is still developing; however, the study of the physical phenomena
of flow due to the blade number on the energy conversion process has yet to be
comprehensively depicted. Therefore, this study aims to analyze the effect of the blade's
number of runners on CFT performance using the computational fluid dynamics (CFD)
method. The CFD method can visualize the flow field more detail than analytical and
experimental. The CFD method is run with a moving mesh feature (transient) and
pressure-based solver with a head condition of 3 m. The blades number studied were 16,

Keywords: 18, 22, 24, 26, and 30. Based on the results, the relationship of the CFT efficiency to blade
Crossflow turbine; pico hydro; number is described using a second-order multiple regression polynomial, and runner
computational fluid dynamic; energy rotation is parabolic. Based on the performance curve, the CFT with 26 blades has the
conversion; low head highest performance for low-head conditions.

1. Introduction

In the last few decades, developing countries have realized that micro and pico-scale hydropower
is important in economic development in remote areas, especially mountainous areas [1]. Therefore,
micro and pico-scale hydropower technology development continues to be carried out to meet
energy needs in remote areas [2-9]. Utilizing water energy on a pico scale requires a combination of
efficiency, economy, and compactness. Some engineers suggest that CFTs are appropriate turbines
for remote areas as pico-scale hydroelectric power systems. CFT has several advantages, namely

* Corresponding author.
E-mail address: ismailthamrin@ft.unsri.ac.id

https://doi.org/10.37934/arfmts.118.2.112



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 118, Issue 2 (2024) 1-12

simple construction, good performance in various flow variations, operation at low head (< 5 m)
conditions, and a relatively more straightforward fabrication process [10-13].

The feasibility of CFT being applied at the pico scale continues to be developed. The CFT research
that has been carried out previously is divided into two, namely experimental and numerical-based
research. Experimental CFT research was first carried out by Mockmore and Merryfield [14] and
succeeded in proposing empirical equations to determine the crossflow turbine runner and nozzle
geometry (runner outer diameter and nozzle discharge angle) through head (H), discharge (Q), and
specific speed ( NS). This was followed by Desai and Aziz [15], who proposed the ratio of the inner
diameter (d) and outer diameter (D) of the CFT runner of 0.65.

In a numerical case study, efforts to improve CFT performance were carried out by Acharya et al.,
[16], who investigated runner speed, flow characteristics, and turbine geometry optimization. Then,
Aliman et al., [17] used a 2-D steady-state approach to evaluate nozzle efficiency. They suggested
using the CFD method to study the flow field CFT because it is more efficient than analytics and
experiments.

From numerical and experimental studies, angle of attack (a) and blade angle (B1 for inlet and B2
for outlet) are important geometries in improving performance. It is noted that three studies discuss
in detail the geometry of CFT blades for low head (< 5 m) conditions, as shown in Table 1.

Table 1

Summary of CFT feasibility researchers for low-head

Authors o1 B1 B2 z n

De Andre et al., [18] 16 120 90 24 71%
Sammartano et al., [12,19], Sinagra 22 38.9 90 35 85.6%
et al., [20,21]

Adhikari and Wood [22,23], 22 39 90 30 88%
Adhikari [24]

The CFT design uses a velocity triangle approach to determine ai, B1, Ci, and Ui until the
momentum change process (due to the impact of water hitting the blade). However, the velocity
triangle approach cannot accommodate the number of blades. Achebe et al., [8], and Mockmore and
Merryfield [14] proposed a formulation to determine the blade number CFT using a constant k
between 0.075 to 0.1. However, the optimum k for each CFT depends on the design and geometry.
Mathematically, the CFT blade number is between 16 and 30 blades. So far, determining the blade
number uses experimental methods, considered expensive and time-consuming. Hence, the CFD
method is to find the optimum number of blades for the low-head. Therefore, this study aims to
investigate the effect of the blade number of pico-scale CFT using the CFD method.

2. Methodology
2.1 Analytical Method

The character of CFT is that the conversion process occurs twice. The CFT design uses velocity
triangle analysis, so that approach is applied at both stages. Figure 1 shows a detailed CFT design
algorithm.

The initial boundary conditions of designing a CFT determine the angle of attack (a1), outlet blade
angle (B2 and Ba), head (H), and tip speed ratio (U1/C1x or ¢). The inlet absolute velocity (Ci) is a
function of H and head loss in the nozzle (k), assuming a k of 5% (0.95). Therefore, C1 becomes:

C,=kJ2-g H (1)
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Fig. 1. Flowchart designing CFT
Then, convert C; to tangential axis (C1,x) using
Crx = Cy - cosay (2)
The following equation is fulfilled to get the maximum efficiency of CFT
2-tana; = tanf3; (3)

B1 is the inlet blade angle formed by the relative velocity (W1) to the tangential velocity of the
runner (Ui). After U; determine, then calculate the runner diameter (D)

U=w-0.5D (4)
0.5D is runner radius (r). w is used to calculate runner rotation (n). It is assumed that there is an

energy loss of 5% due to water rubbing against the blade walls so that W;=0.95-W. Further, U is a
function of n. Therefore, the C; can be predicted using the Phytagorean theorem, and C,x analyzed
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using trigonometry concepts where the function of B2 and C,. In the second stage, there are no losses
from the first stage to the second stage, so the component of 3 is similar to 2. Therefore, B1= B4,
Ui1=Us, and W4=0.95-Ws.

After analyzing the energy conversion using the velocity triangle approach, the next is to
determine the geometry of the CFT runner. The following is an equation for calculating the radius of
the blade (rpiage) and the angle of blade curvature (6).

RZ-r?
Tblade = Jpcospe (5)

§ __ cosfy
tanz - T/p+sin By (6)

Then, the blade number (z) is calculated based on the empirical equation proposed by Achebe et
al., [8], and Mockmore and Marryfield [14]
D jD

Z=—;s=
s’ sin B,

;j =0.075—0.1 (7)

Figure 2 shows the CFT design results. Based on Figure 2, the outer runner diameter (D) of 100
mm, inner runner diameter (d) of 65 mm, nozzle height (So) of 30.6 mm, nozzle width (B) of 60 mm,
turbine width (w) of 60 mm, plade radius of 18.56 mm, a; of 22°, B1 of 40°, B2 of 90°, and inlet discharge
angle (A) of 90° [14,17,25]. The z based on calculation using Eq. (5) is 16, 18, 22, 24, 26, and 30 blades;
it is similar to previous study uses 18, 20, 25, and 35 [12,20,22,25-27].

Ci
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|y

First stage

o\

Second stage

Runner

Fig. 2. A CFT case study design
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2.2 Numerical Method

The simulation is run using commercial CFD software where continuity equations are employed

%, dou  dpv _
at - ox 6y_0 (8)

Then, Reynolds-averaged Navier-Stokes (RANS) is run as a numerical calculation of momentum

dpuv | dpuv ap n OTyy—pu'v’

Tor Toy T ax T ey TP ©)
-pu’v’ is Reynolds stress

2
—pu'v' = u+ ] [k+uta]6xy (10)

Turbulent flow prediction uses a 2-equation turbulent model, namely standard k-€. For k

d(pk) , d(pku) _ i dpk
oo T —ax<(“+ak) >+Gk+Gb+ps+YM+Sk (11)
For €:

d(pe) | d(pew) _ 0 9 :
o Tt = a((wﬁ—g) 5) + Cre (Gi + C35Gp) = Coep oo+ Se (12)

Cie is Bachelor’s constant, and Cz is Kolmogorov's constant. The Kolmogorov's constant
represents the turbulent spectrum process occurring, and Bachelor's r constant epresents the
turbulence and mixing produced by flow fluctuations [28,29]. Figure 3 shows a boundary condition
employed for the CFT simulation.

Based on Figure 3, the simulation was run in 2 phase conditions, assuming the water from the
inlet is 100% (no air) and the turbine domain is 100% air (initial condition, no water). The prediction
of the physical phenomenon of air and water interaction using the volume of fluid (VoF) approach

Zall phase m My — rhnm (13)

(anpn) + (anpnanvn)
The mixture calculation of air and water for density (p) and viscosity (u)

P = AwPw T OgPg; 1 = Aywhy + Az, (14)
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Fig. 3. Boundary conditions
2.3 Mesh Independence Test

The mesh independence test uses three mesh numbers: 249k normalized to 1 (fine), 206k to 1.1
(medium), and 185k to 1.16 (coarse). The grid convergence index (GCl) method is used to determine
the optimum mesh numbers; the details of the GCI calculation method refer to Adanta et al., [30].
Based on the simulation, the fine mesh has a force (F) of 70.22 N-m, medium of 66.82 N-m, and coarse
of 59.18 N-m. Then, the exact value (Fexact) by extrapolation calculation for mesh goes to the
continuum of 70.84 N-m. Figure 4 shows a summary of the GClI calculation results. Figure 4 shows the
error GCl for mesh fine to medium of 1.094% and for medium to coarse of 7.508%. Therefore, the
simulation was run using a 249k mesh number since it has an error below 3%. The visualization of the
249k mesh number can be seen in Figure 4.
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Fig. 4. Calculation of grid convergency index results

3. Results
3.1 Results

Figure 5 depicts the relationship of torque (t) and mechanical power (Pmech) towards n; a is T
towards n, and b is Pmech towards n). Based on Figure 5(a), the relationship of t and n is linear, with
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the lowest T produced by 24-blades of 3.85 N-m at 800 rpm. In contrast, the highest t of 10.56 N-m
is produced by 26-blades at 300 rpm. Then, based on Figure 5(b), the relationship of Pmech and nis a
parabola curve. The lowest Pmech produced by 18-blades is 285.46 W at 300 rpm. Meanwhile, the
highest Pmech produced 26 blades of 389.69 W at 500 rpm.
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Fig. 5. The relation of T and Pmech toward n: (a) T toward n; (b) Pmech toward n

Figure 6 depicts the relation of n toward n and Ns; a is n toward n, and b is n toward Ns. Based on
Figure 6, the relation n toward n and Ns is a parabolic curve. Based on Figure 6(a), the runner of 16-
blades, 18-blades, and 30-blades produces lower efficiency than 22-blades of 0.75, 24-blades of 0.76,
and 26-blades of 0.76. The 26-blade runner configuration has an efficiency of 0.75 - 0.76 at 500 to
700 rpm- the 26-blades are considered better than the 24-blades, which have an efficiency of 0.76 at
600 — 700 rpm because their operational range is wider than others. Based on Figure 6(b), the Ns
range for 26-blades is more profitable than 24-blades. With the Ns of 110 to 120, the efficiency of the
24-blades drastically decreases, unlike other configurations. At 300 to 600 rpm (low rotation) or Ns
of 42 to 95, the 26-blade configuration is the best compared to 24-blade, 22-blade, 30-blade, 16-
blade, and 18-blades.
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Fig. 6. The relation of n toward n and Ng: (a) n toward n; (b) n toward N
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3.2 Discussions

Figure 7 shows CFD results for 26-blade, a for streamline velocity, and b for pressure contour. As
shown in Figure 7(a), the water velocity increases from the inlet towards the blade, indicating that
the water's potential energy at the inlet is slowly being converted into kinetic energy at the nozzle.
Figure 7(a) indicates that the designed nozzle works as it should (design nozzle verified). Based on
Figure 7(b), the water pressure will decrease along the nozzle, indicating it is moving towards
atmospheric (ambient) pressure. Pressure decreases are based on Bernoulli's theorem: pressure is
inversely proportional to velocity and vice versa.

Velocity Pressure
Streamiine 1 Contour 1
7.000 26873.959 N
24504486
22135014
19765.543
5.250 17396.070
15026.598 <

B 3500 N 7918.180
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Fig. 7. Visualization CFT results for 26-blades: (a) Velocity streamline, (b) Pressure contour

Figure 8 depicts the contour of water flowing from the inlet, hitting the turbine blade, and finally
leaving the turbine, a for 16-blade and b for 24-blade. Based on Figure 8, runners for configuration
of 16-blades have nine active blades, and 24-blades have 13. The active blade number affects the
runner in absorbing water energy; the more it is, the better. Therefore, the runner with 24-blades
produces greater mechanical power (Pmech) compared to the 16-blades, according to the simulation
results. However, increasing the blade number further inhibits water flow, so it is only sometimes
accompanied by increased CFT performance, which is the maximum point.
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Fig. 8. Visualization of water volume fraction: (a) 16-blades, (b) 24-blades

Figure 9 depicts the analysis results using multiple polynomial regression order 2 of the efficiency
relationship to the number of blades and specific speed. The multiple regression polynomial order 2
allows determining the influence of mechanical power, turbine head, and number of blades on CFT
performance.

n = —35.82+3.367 -z + 1.559 - Ny — 0.067 - z2 — 0.007 - N> — 0.0075 - z - N (15)

Based on multiple regression polynomial order two calculations, the coefficient of determination
(R?) is 0.977, indicating that around 97.7% of CFT efficiency is influenced by specific speed and blade
number. The results of calculating the root mean squared error (RMSE) for Eqg. (15) of 1.03%; the
prediction result category has good accuracy. Table 2 shows an analysis of variance for the relation
of efficiency toward blade number and specific speed CFT for the low head (< 5 m).

Table 2

Analysis of variance results for the relation of efficiency toward blade number and specific speed CFT
Degrees of freedom Sum of squares Mean squares F Significance F

Regression 5 1627.244 325.448 238 1.24E-23

Residual 30 38.2519 1.275

Total 35 1665.49
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4. Conclusions and Future Work

This work investigated the effect of the blade's number of pico-scale CFT using the CFD method.
The blade number based on calculation is 16, 18, 22, 24, 26, and 30 blades; it is similar to the previous
study using 18, 20, 25, and 35 [12,20,22,25-27]. Based on the simulation results, a pico scale CFT with
a configuration runner using 26 blades is more profitable than 16, 18, 22, 24, and 30 blades; this is
because 26-blade has an efficiency of 0.75 - 0.76 at 500 to 700 rpm; this operational range is wider
than other. In addition, for low rotation (300 to 600 rpm), the 26-blade configuration is the best
compared to the 24-blade, 22-blade, 30-blade, 16-blade, and 18-blade. As a recommendation, the
results of this study necessary validation from experimental data.
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