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the turbine. Expensive price of seeding particle leads to find the solution for this PIV
method. The objective of this study is to use a cheap seeding particle from cheaper
materials, mainly resin and rhodamine B. Besides that, in this study, PIV measurement
is compared to 2D computational fluid dynamics (CFD) with multiphase volume of fluid
model. From the results, several phenomena can be observed at both of the methods

Keywords: (PIV and CFD) such as separation in the blade tip. Therefore, this study showed that an
Crossflow; banki turbine; pico-hydro; inexpensive material resin and rhodamine B as a seeding particle has a potential and
Particle Image Velocimetry ability to represent flow inside pico-hydro cross-flow turbine.

1. Introduction

One of the solutions to overcome the lack of electricity problem in rural area is Pico-hydropower.
Pico hydropower systems are capable to producing up to 5kW of electricity. The output of pico
hydropower depends on the head and flow rate of the stream, which the stream need to fulfil the
turbine characteristic to ensure the turbine to generate enough power as required [1]. The capacity
of micro and pico-hydro have significant contribution in electrification program and off-grid
settlements [1].Compared to the large, medium, and micro scale, pico- hydro turbine requires low
cost and has several advantages such as eco-friendly, easy to build, high efficiency, and mobile [2],
[3]. Based on the previous study by [4] pico-hydro cross-flow turbine is recommended for an
independent power plant in rural area. Moreover, cross-flow type pico-hydro turbine can be used in
various head conditions and economically made with simple design [5].
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In improving cross-flow turbine performance, understanding fluid phenomena is needed. Particle
image velocimetry (PIV) measurement is one of the methods used to visualize the fluid flow
phenomena inside the turbine. PIV processing can be defined as comparing the seeding particles
from two successive images of an illuminated plane in the flow [6]. Nishi et al., used PIV to investigate
internal flow structure of small axial hydro turbine [7]. Duquesne et al., investigated flow separation
in a diffuser of bulb turbine using PIV [8]. Iliescu et al., measured velocity profiles in side draft-tube
using PIV [9]. Pedersen et al., [10] investigated an impeller with fluorescent polymer particles in PIV
measurements with 1.5 g/cm?3 density [10]. Dupont et al., [11] performed PIV measurements on a
shockwave induced separation on a Mach 2.3 wind tunnel. Furthermore, a PIV measurement in cross-
flow turbines require a high amount of seeding particle. Due to expensive price and the highly needs
of the seeding particle in this study requires an alternative to substitute the seeding particle itself.
Development on an alternative seeding particle required to press the budget and make this study
efficient to visualizing cross-flow turbine by a cheaper material. One option is to use mixture of
rhodamine B and resin as an alternative seeding particle in PIV measurement. Therefore, the purpose
of this study is to analyze the application of rhodamine B and resin as an alternative material of
seeding particle in crossflow turbine PIV measurement.

2. Methodology
2.1 Seeding Particle Alternative

A good seeding particle is a seeding particle that has non-toxic, non-corrosive, non-abrasive, non
volatile, and chemically inert properties [12]. Several types of material seeding particles can be
described in the following Table 1.

Table 1
Seeding particle in a fluid flow [12]
Material dp (um)Laser CW power Light sheetReference
or w ot
energy, time(mm) (mm)

TiO2 3 Nd:YAG [13]
Al203 9.5 Ruby 2J,30ns 100 0.8 [14]
Conifer pollen 50-60 Arion 1-2W [14-16]
(=1000 kg m3)
Polymer 30 Arion 0.5-5W 0.5 [15],[16]
(=1030 kg m3)
Phosphorescent80 Arion 5W 1 [17]
polymer
Fluorescent 50 Nd:YAG [18]

20 Cu vapour45 W 1 [19]
Polystyrene 500 [20]
(=1050 kg m=3) 15 Ruby 25mJ, 20 ns [21]
Thermoplastic 6 Nd:YAG 50 2 [22]
(=1020 kg m™)
Reflective 60 Ar ion 18 W [23]
(=1010 kg m™3) 30 Arion 12-18W 200 [24]
Metallic coated 4 Arion 2W 2 [25]

14 Arion 1 [26]
Microspheres <30 Arion [27]
(=700 kg m3)
H2 bubbles Arion 1w 0.3 [28]
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Seeding particle used refers to the type of laser, laser power output, and also the thickness of the
light sheet in the experiment. However, the thickness of the light sheet can be ignored. In addition,
the properties of the seeding particle must be adjusted to the working fluid. The particles chosen in
this experiment have a density value close to the working fluid, which is water. Furthermore, the
particles can move to follow the flow of water. The time interval of particles to follow the flow of
working fluid is made by a condition of whether or not the seeding particle is. The smaller the time
interval for responding, the greater the ability of particles to follow the direction of flow [29].

Furthermore, several materials can be used for seeding, according to [28], hydrogen bubbles can
be used too for seeding. However, the buoyancy of the hydrogen bubbles make it float. Moreover,
spherical glass can be used for seeding too.

The objective of this study is to use a cheap seeding particle from cheaper materials, mainly resin
and rhodamine B. The chosen materials rhodamine B which found in many shops, commonly used as
tracer dyes. The making of this seeding particle consists of several steps, first of all, Rhodamine B
with 0.1% of the overall weight mixed with commercial grade liquid polyresin which regularly used
in fiberglass or carbon fiber making. The 0.1% of concentration selected to minimize the amount of
dye. The solid block of resin and rhodamine B then grinded to obtain the powder, then we used 200
mesh of sieve to get the smaller particles of 65um or finer.

2.2 PIV Experiment Set Up

In this experiment, we used the Fluid Mechanics Laboratory facility, namely Dantec PIV System
and Computer (Figure 1). Dantec PIV System consist of four major parts, first is the double cavity
Nd:YAG laser itself with pulse energy up to 800mJ, the laser power supply, the computer itself which
running with dantec dynamic software and the CCD camera with 532nm filter, to capture the
emissions from the seeding particles. The area captured has 1600x1200 pixel of resolution, with 20
cm x 20 cm of area captured. The camera aperture was f/20 with 532nm filter which depends on the
lightning in the laboratory.

High Speed
Camera

Water from —"

tank reservoir
Laser powe
supply

Fig. 1. PIV setup experiment

Then, the crossflow turbine was placed in the middle of the system with the laser was placed
above the interrogation area. This crossflow turbine test model has previously been made using
acrylic glass. In addition, a black cloth is given behind the model to reduce noise in the image results.
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The model itself used from the geometry of previous study by [30]. The geometry of this crossflow
turbine shown in Table 2 below (See Figure 2).

Table 2

Cross-flow turbine geometry

Description Value Unit
Number of blades (Z) 20 blades
Blade length (L) 142 mm
Inner diameter (Din) 117 mm
Outer diameter (Dout) 180 mm
Blade's angle of attack (a) 22 °
Water tangential velocity (Vt) 1.1 m/s
Inlet Velocity (V) 0.01167 m3/s
61 42 °
Tangential velocity (U) 1.1 m/s

Fig. 2. 2D model of the blade [2]

2.3 Calibration Method

This experiment's flow velocity calibration method was done twice: software calibration and the
device setup calibration. This study used PIV Lab software to determine the reference distance per
pixel in the photos captured. A ruler shows a second base reference stuck at the experiment model.
After that, this study determines the time-step related to camera settings and specifications. The
resulting length per pixel in the camera captured images shows 1px= 0.00017 m.
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2.4 Simulation Setup

ANSYS TM Fluent 18.1® academic version is used in this study to fulfil the computational data.
This simulation performed in 2D domain with multiphase volume of fluid model. Implicit volume
fraction and body force was chosen based on the real conditions with two phase, air and water.
Furthermore, multiphase volume of fluid (VoF) combined with implicit volume fraction and body
force was used, this is the same as the simulation set up in a previous cross-flow turbine study [3,16].
The k-€ RNG viscous model also used because based on assessment this model is optimally for this
case [4,17]. The following is Figure 3 about the boundary conditions and mesh used in this study.

I

Blade

Inlet

Outlet I_.

(a) (b)
Fig. 3. (a) Meshing and (b) Boundary condition

This study's boundary conditions used a pressure inlet valued at 9810 Pa in the inlet and 0 Pa in
the outlet. 0 value of outlet pressure means equal to atmospheric pressure on the system. The rpm
value was 0, causing the turbine rotation didn't rotate. The purpose of using this setup since the
experimental setup didn't turn as well.

2.5 Mesh Independency

To get the appropriate number of elements, a comparison of the independence test mesh was
performed on the geometry by conducting several simulations. After this independence test mesh
process, the number of elements was obtained. Some variations in the mesh number of elements
valued from 18996, 32484, 64450, and 128848. The number of mesh elements was chosen to get the
exact ratio for choosing the appropriate mesh. Grid Convergence Index (GCl) by Richardson
extrapolation was used to calculate error in this simulation, which was calculated based on the
equation below [32].

1 Tp—Tq
Ta T'abK—l

GCl,, = H x 100% (1)

where, H defines the safety factor, and r is the grid refinement ratio which shown in the equation
below

ra = (1) @
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Furthermore, after choosing the exact value of mesh, 128848 elements chosen for this simulation
setup. The torque generated from mesh independency test was 2.69838 Nm, since the torque
generated from the Richardson extrapolation method was 2.701 Nm. From the calculated torque,
GCI value was 0.015628%. The conclusion, mesh with 128848 elements was good enough to this
simulation setup. Table 3 shows the mesh independency result.

Table 3

Grid convergence index

Normalized grid spacing  Grid Normalized grid spacing Torque GClI (%)
2.60 18996 2 225.6876 0.062162
1.99 32484 5 255.0654 0.085515
1.41 64450 7 266.5926 0.027838
1.00 128848 14 269.838  0.015628

Then, the simulation setup process started. At this stage, the boundary conditions are set
according to the actual conditions. In this stage, the flow rate, inlet velocity, multiphase and so on
will be determined. Flow patterns, torque, pressure and others can be seen on the CFD-Post menu.

3. Results
3.1 Static Seeding Particle and Calibration

Compared to alternative seeding particle which made by [33], with the same laser specification
used (wavelength 864 nm, and 532nm lens which showed in Figure 3. Relatively, the diameter of
seeding particles in this experiment varied from 10-75 microns. Fluorescent particles with 75 micron
in diameter fulfilled Hiu Hu recommendation in his lecturer with 10-100 micron in diameter and 1.03-
1.05 kg/cm3in density value [34]. The laser light reflection can be seen clearly in this experiment. On
the other hand, unequal particle diameter causes sedimentation at the bottom of the channel. Figure
4 below is a comparison of seeding particle between Pedocci et al., experiment and the experiment
in this study.

(a) (b)
Fig. 4. Static seeding particle (a)This study (b) [33]
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The result of calibration in this study is compared to the flow-meter calculation result.
Furthermore, the comparison of Flow-meter results and PIV result can be seen in Table 4 below.
Uncertainty value is 0.011576, this value is below 5% which means this experiment satisfy the rules
for uncertainty method [35].

Table 4
Grid convergence index
No Flowmeter Piv
Mean (m/s) Mean (m/s) Uncertanity
1 1.439 1.147 0.0115768131

3.2 Velocity Distribution

Seeding particle testing in this study was conducted by comparing the results of PIV and CFD. In
this study, water magnitude velocity measurements were made at two positions; at the end of the
nozzle and on stage in front of the blade (see Figure 3(b)). Figure 5 below is a velocity profile at the
end of the nozzle (orange line in Figure 3(b)).

—— Velocity Magnitude (P1V)
= Polynimoal Fit (PIV)
1.2+ Velocity Magnitude (CFD)
Polynomial Fit (CFD)

1.0 +
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Fig. 5. Velocity magnitude at inlet nozzle

Based on Figure 5, it can be seen that the velocity distribution at the nozzle tip has a similar
patternin PIV and CFD. Following Figure 3 where the starting point was calculated at the bottom wall
of the nozzle, the fluid velocity increases until it reaches the peak in the middle of the nozzle, then
decreases again until it reaches the top wall of the nozzle (see Figure 5). The decreasing of fluid
velocity in the nozzle wall indicates the boundary layer's influence, where in the nozzle wall, the
velocity is to zero. In addition, although the velocity profile pattern at the nozzle tip is similar, but
guantitatively the velocity value in the area has a difference with the average value of XYZ.

In addition, the distribution of velocity in the area in front of the nozzle was also observed. The
following is a picture of the velocity distribution in the area at the blade inlet or stage 1 (see Figure
3(b), green line).
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Similar to Figure 5, Figure 6 also shows the speed distribution on stage 1 has a similar pattern
although it is quantitatively different. The difference percentage from both methods caused by
uneven amount of light from the laser, since, the nozzle area was just too far from the laser light
itself. Seeing the losses that have not been defined in those conditions in the crossflow turbine
simulation method, so the average velocity value in the computational method results is greater than
the experimental method. Lack of cross-correlation between two seeding particles leads to a
miscalculation of the experimental velocity value even though the resin and rhodamine B have the
potential to reflect the laser light [36] .
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Fig. 6. Velocity distribution at stage 1 crossflow turbine

3.3 Separation

Several phenomena can be observed at both methods (PIV and CFD), such as separation in the
blade tip, as we see in the blade tip. This phenomenon caused by the fluids that flows around the
solid bodies will generate back flow builds turbulence [37]. Furthermore, separation caused by
pressure loss because of kinetic energy in the turbulence area which follows the flows cannot be
reattached. The Separation phenomenon in the blade is seen in the Figure 7 below.

In Figure 7 both of the phenomenon basically shows similar separation phenomenon in the end
of blade tip. Computational method could possibly shows the phenomenon compared to PIV method
in this experiment.

Besides its phenomenon in the blade area of cross flow turbines, reflections on the seeding
particle depend on the laser emissions and seed material. Seeding particle reflections depends on the
types of laser, laser power output and lights sheet thickness. However, the light sheet thickness can
be ignored. Besides that, seeding particles property must be followed by the working fluid density
and characteristics. So, the particles can move follow the flow of the working fluid.
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Fig. 7. Separation phenomeon in blade tip

4. Conclusions

This study showed that an inexpensive material resin and rhodamine B as a seeding particle can
represent flow inside pico-hydro cross-flow turbine compared to the CFD method. From the results,
although an increase in accuracy is still needed in relation to the measurement of flow discharge at
the inlet nozzle, several phenomena can be observed at both methods (PIV and CFD), such as
separation in the blade tip.
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