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In Malaysia, rural communities rely on fossil fuel-powered generators for electrification. A small-scale Archi-
medean Screw Turbine (AST) can be utilized to generate pico-hydropower for potential clean energy generation.
However, no study focuses on investigating the strength and torque of 3D printed AST with Polyethylene
Terephthalate Glycol (PETG) polymer. Hence, the aim of this work is to investigate the mechanical strength and
torque generation of 3D printed PETG AST through Ultimate Tensile Strength (UTS) test and experimental test.

UTS test results show that 37.10MPa is the highest tensile strength obtained while 0.0195Nm is the optimum
torque generated through AST experimental test.

1. Introduction

In Sarawak, Malaysia, 20 % of rural communities in that state still
suffering electric poverty [1] that cause majority of villagers still de-
pends on fossil fuel-powered generators for electrification [2]. Instead of
using fossil fuel-powered generators, renewable energy technology
should be adopted as it can assist in reducing pollution and improving
environmental quality [3]. In Malaysia, the potential renewable energy
to be used is hydropower as it has lots of river especially in Sarawak
which most of the rivers in Sarawak operates in low flow velocity [2].
Therefore, Archimedean Screw Turbine (AST) would be one of the al-
ternatives to develop pico-hydro plant (generate power below than
5KW) as it is capability to operate under low flow [4]. Thus, objective of
this work is to study the feasibility of small-scale AST to generate
pico-hydropower energy.

2. Literature review
2.1. Archimedean Screw Turbine (AST) design
Archimedean Screw Turbine (AST) can be utilized as pico-

hydropower generator which was able to generate power below than
5kW utilizing low head level (difference between upper water and lower
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water level elevation at less than 10 m) and low flow rate (below 10
m®/s). However, the performance of the AST was influenced by its ge-
ometry [4] as shown in Fig. 1.

For AST designs, there are various research work performed to study
the performance of this turbine to harvest energy. Table 1 shows the
summary of the AST research contributions.

From the findings, it indicates that lack studies in the performance of
the diameter ratio of AST to generate the torque. This is because ma-
jority researchers used only one fixed value of diameter ratio. Thus, in
this work, the study focusses to investigate the performance of the
diameter ratio in influencing the generation of torque.

2.2. Archimedean Screw Turbine (AST) fabrication methods for pico-
hydro power generations

Complex geometry of AST makes fabrication difficult, which slows
the adoption of this technology. Currently, the process to fabricate AST
using steel (traditional manufacturing process) is complex and lengthy
as it involves bending and welding process [10]. Therefore, the current
method is not environmentally friendly as this process consumes lots of
energy and less energy efficiency [11]. Due to this, it encouraged re-
searchers to explore different methods and materials to fabricate AST.
Complex geometries are impossible or very difficult to produce using
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traditional manufacturing process [12]. Furthermore, additive
manufacturing process is environmentally friendly with low energy
consumption [13] and less material waste generated [12]. This process
also was widely being used in aerospace, automotive and medical in-
dustry [12].

Generally, additive manufacturing is a process where the parts are
created layer by layer deposition which is digitally controlled. Additive
manufacturing also known as 3D printing process or rapid prototyping
process [12]. In this manufacturing process, the common polymer ma-
terials used are Polyactic Acid (PLA) and Polyethylene Terephthalate
Glycol (PETG) [14].

In AST fabrication, 3D printing process also was used by other re-
searchers to investigate their AST performance. As an example, Lee et al.
[15] utilized 3D printing process to fabricate AST using PLA material to
validate the geometric of controllable pitch Archimedean Screw Tur-
bine. In conducting the experimental test, Zitti et al. [16] also applied 3D
printing process in their work and PLA was used to investigate the
performance of their AST.

From the above findings, majority of the researchers focus on vali-
dating the geometric of the AST’s model with PLA material. However, no
further investigation on the strength of 3D printed AST to validate the
feasibility to generate torque. Hence, this work focusses to study the
strength and torque of 3D printed AST utilizing PETG material as po-
tential clean energy generation. Instead of using PLA material, PETG
material was selected due to its water resistance characteristics [17].

2.3. Effect of infill density on 3D printed components’ strength

The final products of 3D printed parts do not only depend on the
material itself but also have been influenced by the printing parameters
[18]. Infill density defines as the percentage of volume inside of the
object that filled by the extruded filament material. If there is no ma-
terial filled within the inner volume, air will take this space. The value of
infill density is in a range of 0 %100 %. 0 % infill density represents that
the inner volume is hollow meanwhile the 100 % infill density shows
that the inner volume totally filled [19].

Parameters of infill density mainly effects the mechanical properties
of the 3D printed products. Ambati and Ambatipudi (2022) [19] also
conduct a study on investigating the mechanical properties of PLA
polymer by varying the infill pattern and infill density. 60 %, 75 % and
90 % infill densities has been tested in this research work. The results
shows that infill density of 90 % has the highest strength. In accordance
with a study conducted by Maszybrocka et al. (2022) [20], the strength
properties raised as the filling density increased. According to Farbman
and McCoy, filling density can be altered according to the intended use
of the application of product (Farbman & McCoy,2016) [21].
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Table 1
Summary of the AST research contributions.

References Main Contributions

Lee and Lee [2] e Performed experimental test used 1 number of blade of
AST with fixed diameter ratio of 0.5 at low flow rate from
0.3 to 1.7 L/s by varying angle at high inclination angle
from 30° to 90°.
45° was optimum inclination angle at all flow rate and
generated the highest torque of 0.9 N.m at 100L/min flow
rate.
Erinofiardi et al. [5] e Conducted test used 1 blade of AST at flow rate 1.2 L/s by
varying inclination angle at 22°, 30° and 40°.
22° was optimum inclination angle and generated the
highest torque at 0.13 N.m.
Syam et al. [6] e Conducted experimental test for AST at 30° inclination
angle by varying flow rate at 3, 9 and 20 L/s using their
AST with geometry of N = 1 and diameter ratio = 0.54.
AST generated the highest torque of 4 N.m at 20 L/s.
Performed experimental test for AST at 30° inclination
angle by varying flow rate at 4.4, 12.5 and 25 L/s using
their AST with geometry of N = 2 and 0.54 diameter ratio.
Findings indicates that at high flow rate of 25 L/s
generated the highest torque at 5 N.m.
In designing Archimedean screw, he suggests that the
dimension of the diameter ratio needs to be 0.45 to 0.55.
Abd Rahim, N.S. e AST’s optimum design was 3 blades and an inclination
etal. [9] angle of 38° to generate highest torque at 0.046 Nm from
flow velocity of 0.06 m/s.

Maulana et al. [7]

Nagel [8]

In this work, infill density that will be employed for PETG polymer in
a range of 50 %-80 % with steps of 10 % in order to investigate how this
parameter affects the strength of AST.

2.4. Effect of printing speed on 3D printed components’ strength

Miazio (2019) [22] has studied the strength of PLA polymer by
varying printing speed of 3D printer. The speed was varied from 20 to
100mm/s. The research shows that increasing the printing speed will
reduce the strength of samples. To print PLA polymer, range of 50-80
mm/s are the best printing speed values as it indicates the strength of
specimens remains at constant level. The average of breaking force for
printing speed of 50, 60, 70 and 80mm/s are 0.56KN, 0.57KN, 0.55KN
and 0.55KN respectively. Nevertheless, printing speed that above than
80mmy/s, it shows that the strength of samples declines significantly.

Hsueh et al. (2021) [23] has performed research on the effect of two
different printing parameters which are printing speed and printing
temperature on PLA polymer and PETG polymer. The printing speed for
PLA polymer was varied from 35 to 45 mm/s while for PETG polymer
was varied from 25 to 35mm/s. The research indicates that the strength

7
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Symbol Parameters
N Number of flights/blades
D, Outer Diameter
D; Inner Diameter
P Pitch
L Length of the screw
B Inclination angle from
horizontal
) Diameter ratio

Fig. 1. Archimedean screw turbine parameters.
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of PLA polymer is increasing with increasing of printing speed mean-
while for PETG polymer, it indicates vice versa.

Therefore, in this work, printing speed that will be employed for
PETG polymer in a range of 20-60 mm/s in order to investigate how
printing speed will influence the strength of AST.

3. Methodology

Overall methodology of this work is shown in Fig. 2.

From Fig. 2, this work was divided into two tests which are strength
test and AST experimental test. Details of each test was discussed in
section 3.1 and 3.2 respectively.

3.1. Strength test

Ultimate tensile Strength (UTS) test was carried out to study the
mechanical strength of 3D printed PETG polymer. Details of the strength
test for 3D printed PETG was discussed in section below.

3.1.1. Experimental setup for Ultimate Tensile Strength (UTS) test for 3D
printed PETG

Ultimate Tensile Strength (UTS) experimental test was performed to
investigate the mechanical strength of 3D printed PETG. The specimen
needs to be designed according to the ASTM D638- Type 1 standard
using SolidWorks software. Then, the specimens were fabricated via 3D
printing process using different parameters settings. The parameters
settings are Printing Speed (mm/s) with values of 20, 30, 40, 50 and 60
respectively and Infill density (%) with values of 50, 60, 70 and 80
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respectively. Three specimens were printed for each variable parameter.
Ultimaker Cura 5.5.0 software was used to slice specimens according to
the parameter’s settings as shown in Table 2.

Creality Ender Pro Max 3 printer, with 0.8 mm hardened steel nozzle
was used to print these specimens. PETG filament (manufactured by e-
sun) with diameter of 1.75 mm was used in this work. Next, the fabri-
cated samples were used for UTS test to investigate the effect of printing
speed and infill density on tensile strength. Ultimate Tensile Machine
was used to perform tensile strength on 3D printed specimens as shown
in Fig. 3.

Fig. 3 illustrates the process to perform UTS test which is the spec-
imen needs to be placed within the UTS machine gripper.

3.1.2. Data analysis using the two-factor Analysis of Variance (ANOVA)
and tukey test for infill density and 3D printing speed parameters

To analyze the data obtained, two-factor ANOVA was performed
using confidence level = 95 % to validate the significance of the output
data as there are two independent factors (infill density and printing
speed parameters) in the experiment [24,25]. The observed data were

Table 2

Printing parameters settings.
Parameters Settings Values
Nozzle temperature (°C) 240

Bed temperature (°C) 70

Infill density (%) 50,60,70,80
Printing speed (mm/s) 20,30,40,50,60
Infill pattern Cubic

STRENGTH TEST

Post-Hoc Test:

Are the various printing
speed and infill density Tukey test
parameters significant?

Criteria:

I
I
Literature I 3D print three Perform
review on AST : specimens of Ultimate
geometry, 1 ASTM D638- Type Tensile
fabrication |1 ,| 1standard for | | strength
and 3D : each parameters (UTS)
printing | using PETG test.
1 polymer material.
parameters. |
I

j AST EXPERIMENTAL TEST

P-Value = 0.05

|
|
|
Measure the 3D print the | Determine the
Setup the Assemble the . 1 .
flow rate of A . AST using the | optimum
the river usin experimental AST using glue i e taraile B
€ le— test of AST at and 500mm P 1
water flow diver chaft length strength . strength of 3D
sensor. ' B obtained. \ printed PETG.
]
I
]
No l |
|
Calculate the !
i |
Measure the Post-Hoc torque using DeterrTune the :
rotational Are the various diameter ratio Test: Equation di optimum . 1
speed of and inclination angle Tukey > below. > |:n?et;a.r r:.tlo :
turbine using parameters significant? B and inclination |
tachometer. - test peQH=Tw angle. |
Criteria: |
P-Value = 0.05 :

Fig. 2. Flowchart of Experimental Test of strength for 3D printed Archimedean Screw Turbine using PETG material.
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UTS
Machine
gripper to
. hold the
3D printed specimen
PETG ASTM during
D638 test.
specimen.

Fig. 3. Ultimate Tensile Test of ASTM D638 Type 1 for 3D printed PETG.

tabulated based on Table 3.

Then, after ANOVA was performed, post-hoc test was performed to
further investigate the interactions between the significant factors at
confidence level = 95 %. Tukey test was conducted in this experimental
work using Minitab software.

3.1.3. Determine the optimum infill density and 3D printing speed
parameters

From the data obtained through the UTS experimental test, it is
important to determine which parameters need to be used to fabricate
the AST. To develop AST model, it is necessary to apply the optimum 3D
printing parameters to fabricate the turbine to ensure the AST’s strength
is sufficient.

3.2. AST experimental test

AST experimental test was conducted to study the feasibility of 3D
printed PETG to generate sufficient torque utilizing low water flow rate
at Pusu river. Details of the work was discussed in below.

3.2.1. Experimental setup for 3D printed PETG Archimedean Screw
Turbine (AST) test to obtain rotational speed of AST

Three different AST’s diameter ratio were designed using Solidworks
software and later, the turbines were printed by using the optimum 3D
printing parameters obtained. Detail parameters of the AST was shown
in Fig. 4.

From Fig. 4, it can be seen that details parameters of AST used in this
experimental test. Three different AST parameters were designed which
each designed have different diameter ratio (0.36, 0.4 and 0.44). After
the turbines were completely printed, the screw turbine were glued and
assembled with the 500 mm shaft length. After the turbine was
completely printed, the screw turbine was glued and assembled with the
500 mm shaft length. Next, to conduct the AST’s experimental test,

Table 3
Data for two factor experimental design for UTS test.

Printing Speed (Factor B)

Infill Density 20 rpm 30 rpm 40 rpm 50 rpm 60 rpm

(Factor A)

50 % Y1 Y215 oo Yizis oo Y415 oo Yis1y oo
Y110 Yi2n Yi3n Yi4n Yisn

60 % Ya11, - Yaz1, s Ya31s Yoa1, Vo515 oo
Yain Yaon Ya3n Ya4n Yasn

70 % Y3115 oo Y3215 -0 Y3315 -eos Y3415 oo Y3515 -eos
Y3in Y320 Y33n Y34n Y3sn

80 % Yais - Ya21s o Yazis oo Yaqrs o Yas1s oo

Yain Ya2n Yazn Yaan Yasn
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location of the experimental area was selected as shown in Fig. 5. In this
work, Pusu river was selected to carried out the AST experimental test as
currently, this river is facing sand sediments issue which cause the depth
of river to be shallow [26]. Due to this issue, the flow rate of river also
being affected which lead to the low water flow rate of river.

Next, before the rotational speed of the turbine data can be taken,
water flow rate of the river was measured using calibrated water flow
sensor. Process to measure the flow rate of water is shown in Fig. 6.

Fig. 6(a) shows the process to measure the water flow rate of Pusu
river using water flow sensor while Fig. 6(b) illustrates the result of
water flow rate of Pusu river obtained from the measurement process.
From Fig. 6 (b), the results indicates that water flow rate measurement
of Pusu River for day 1, day 2 and day 3 were 8.8L/min, 8.8L/min and
6.7L/min in respect. Through this water flow rate measurement, it can
be stated that Pusu River water flow rate has similarity with Sarawak
River, which both rivers have low water flow rate. Based on research
work conducted by Lee and Lee [2], they tested their AST using mini-
mum water flow rate of Sarawak River at 20L/min. Since the water flow
rate of Pusu River is slightly lower than Sarawak River, it can be said
that this AST model are feasible to be applied at Sarawak River. After the
flow of the water was measured, experimental test was set up as shown
in Fig. 7.

Fig. 7 (a) illustrates AST schematic setup to carried out the experi-
mental test while Fig. 7 (b) shows the details parameters setup used to
conduct the AST works. Then, for Fig. 7 (c), it illustrates the AST
experimental setup conducted at inclined angle while Fig. 7 (d) shows
the experimental setup of AST at 0° inclination angle. Next, by using the
calibrated digital laser tachometer, the rotational speed of rotating
turbine was measured. During the experimental test, 16 samples of
AST’s rotational speed data were collected. This data collection step was
repeated for each turbine’s diameter ratio (0.36, 0.40 & 0.44) to obtain
the median of the rotational speed.

3.2.2. Data analysis using the two-factor Analysis of Variance (ANOVA)
and tukey test for diameter ratio and inclination angle parameters

To analyze the data obtained, Two-factor ANOVA was performed
using Minitab software using confidence level = 95 % to validate the
significance of the output data. This test was conducted by investigating
two factors which were diameter ratio and inclination angle of AST. The
collected data were tabulated based on Table 4.

After ANOVA was performed, post-hoc test was performed to further
investigate the interactions between the significant factors at confidence
level = 95 %. Tukey test was conducted in this experimental work using
Minitab software.

3.2.3. Torque calculation

From the AST experimental result, the readings that display on
tachometer is the rotational speed in rotation per minute (rpm) unit.
Hence, the calculation of torque using rotational speed output can be
calculated using Eq. (1) [2].

pgQH = Tw @

Where p = density of water (998kg/m®), g = gravitational acceleration
(9.81 m/s?), Q = volume flow rate (m%/s) and H = elevation of the
system (m), T = torque generated (N/m) and » = rotation of the turbine
shaft (rad/s).

3.2.4. Determine the optimum diameter ratio and inclination angle
parameters

From the data obtained through the AST experimental test, it is
important to determine which parameters need to be used to obtain high
torque to generate sufficient clean energy.
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0.36 Diameter Ratio

Length of Screw Turbine, L

Inner :

Diameter, D; \\\ \\\ \\\ |

R;=18 :

stios | R,=50 o Outer Diameter, D, | S / \/ \/

0.4 Diameter Ratio B

Pitch, P
—18.0¢
Parameters Values
Number of Blade, N 1
Outer Diameter, D, (mm) 100, 90, 81.82
R;=18 mm .
R,=45mm Inner Diameter, D; (mm) 36
0.44 Diameter Ratio Diameter Ratio (D;/D,) 0.36, 0.4, 0.44
R 18.00 -
— Pitch, P (mm) 100, 90, 81.82
Number of Pitch 4
Length of Screw Turbine, L (mm) 400, 360, 327.28
R;=18 mm
R |= 40.91 R,=40.91 mm

Fig. 4. Design Parameters of AST for 0.36, 0.4 and 0.44 Diameter ratio.

() calipan of & %
koe) © & o
’
AST’s experimental test
conducted at this area.
f : ‘© I it o : " (i)
> i3
- . ,Q? nt nal Islami
Yo <L
(a) Pusu River Google Map (b) Pusu River Live Location

Fig. 5. Location to conduct AST’s experimental test.

3.3. Assumption towards limitation encounter during experimental test water was taken. Based on the reading the maximum difference is

between + 0.8 L/min per day which is an insignificant difference in

During experimental test, the below assumption was taken. the water flow rate.

e Overall, the water flow rate of the river is assumed to be consistent
during the whole time of the experiment after the data flow rate of
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(a) Process to measure Pusu’s river flow rate

Day Date Flow rate (L/min) Average Flow
Rate (L/min)
1 3 September | 8.8 9.0 8.6 8.8
2024
2 6 September | 8.8 9.2 8.5 8.8
2024
3 13 September | 7.1 6.7 6.3 6.7
2024

(b) Pusu’s river flow rate data for Day 1, Day 2
and Day 3.

Fig. 6. (a) Process to measure water flow rate of Pusu river using water flow sensor and (b) Water flow rate of Pusu’s river data for Day 1, Day 2 and Day 3.

Archimedean
Screw
Turbine

Parameters Value
Average Flow 8.8, 6.7
Rate, Q (L/min)
Inclination Angle, 0°,102,20°2,30°
B ()

Height of Elevation B= 0°, H= Do/z .

System, H (m) B>0°,H=Lsinp

Length of shaft, L 0.5
(m)

(c) Experimental setup of AST at inclined angle

(b) Experimental parameters setup

0.36 Diameter
Ratio of AST

o ' -\ 0.4Diameter |
- : V& Ratio of AST |

- — g

" 4 e e
(d) Experimental setup of AST at 0° inclined angle

=4 ]
wal

Fig. 7. (a) Schematic setup for AST Experimental test (b) AST parameters setup (c) Experimental setup of AST at inclined angle (d) Experimental setup of AST at

0° inclination angle.
4. Results and discussion
4.1. Strength test results and discussion

Ultimate Tensile Test (UTS) test was performed to investigate the

tensile strength of PETG polymer material. Fig. 8 shows the final
outcome of 3D printed PETG after UTS experiment.

Fig. 8(a) shows the fractured 3D printed PETG tensile specimens
(physical outcome from UTS test experiment) while Fig. 8(b) illustrates
UTS experimental test results for printing parameters of 80 % infill
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Table 4
Data for two factor experimental design for AST experimental test.

Inclination Angle (Factor B)

Diameter Ratio 0° 10° 20° 30°

(Factor A)

0.36 Y1115 -+ Yi21s s V1315 -ees Y1415 oo
Yiin Yi2n Y13n Y14n

0.4 Y115 oo Yao1s - Ya31s oo Yoars o
Yain Yaon Ya3n Ya4n

0.44 Y3115 -+os Y3215 s V3315 -ees V3415 -eos
Y31in Ya2n Y33n Y34n

density and 20 mm/s printing speed. From Fig. 8(b), the average tensile
strength of the specimen is 36.5995 MPa.

Fig. 9 illustrates the trend of the graph of tensile strength of 3D
printed PETG (MPa) by varying infill density (%) and printing speed
(mm/s). From the graph, the optimum tensile strength is 37.10 MPa
which was achieved using parameters of infill density of 80 % and
printing speed of 20 mm/s. This tensile strength using 3D printed PETG
polymer is sufficient in turbine application. This is because in wind
turbine application, 3D printed PLA polymer [27] have minimum tensile
strength of 26.989 MPa [28].

From Fig. 9, the trends of the graph indicate that increasing of the
infill density will also increase the strength. This is because there is
direct correlation between an increase infill density and a decrease in
the porosity level within the specimen [29]. According to Karad et al.
[29] the main cause of failure in the Fused Deposition Modelling is
porosity. Thus, the greater the porosity, there is high chance of the
failure can be formed from large pores and pore clusters. Due to this, at
infill density of 80 %, less pore was been created compared to the infill
density of 40 % which cause the high strength of the specimen.

Besides, from the graph, it can be seen that decreasing of printing

Case Studies in Chemical and Environmental Engineering 11 (2025) 101048

speed leads to increasing the strength of the 3D printed PETG. This is
because at the higher printing speed, porosity and void is expected to be
increased within the material [30]. As reported by Loskot et al. [31], the
possible reason is because at the higher speed, no sufficient material has
been supplied through nozzle. Therefore, the extruded path is thinner
which cause the molten material at the extruded path is not overlap. Due
to this, porosity and void are induced at the higher speed. Kim et al. [30]
mentions that voids can adversely affect the interfacial strength between
the neighboring paths, which could have a negative impact on me-
chanical properties of the finished product, which comprises ultimate
tensile stress/Young’s modulus. Similar findings were reported in the
work of Pazhamannil et al. [32], which correlated large voids induced at
rapid printing speed to a reduction in the printed PLA’s mechanical

Tensile Strength of 3D Printed PETG (MPa)
by Varying Infill Density (%) and Printing Speed (mm/s)

39.00
£ 37.00 36.24 36.18
z B S ’g%%%i\ 3373
£ 3500 347 s :
P3300 3294 32,14 \\\%;; 31.20 31.70
& 31.00 : -30.1
: a7
% 29.00 29.96 29.83
c
& 27.00

25.00

20 30 40 50 60

Printing Speed (mm/s)

—=50% ===60% ——70% 80%

Fig. 9. Tensile strength of 3D printed PETG (MPa) by varying infill density (%)
and printing speed (mm/s).

(a) Physical outcome

Name Young Modulas Tensile Strength Yield Strength Max Force
Calc. at Entire Calc. at Entire

Parameters Force 10 - 20 N iraars 02% AV
Unit MPa MPa MPa N

41 1038.37 5 599 | 34.6852 | 1522.54

Average 1038.37 | 34.6852 | 1522.54
Standard Deviation - - | - - | -

Maximum 1038.37 36.5995 1 34 6852 1522 54

Minimum 1038.37 36.5995 | 34 6852 1522 54

Range 0.00000 0.00000 | 0.00000 0.00000

Median 1038.37 36.5995 | 34 6852 1522 54
Varnation -- | - -
3Sigma - | - | -

(b) UTS experimental test result

Fig. 8. Final outcome of UTS experimental test.
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strength. The ANOVA test was carried out to validate the significance of
the infill density and printing speed parameters on tensile strength
output.

Fig. 10 illustrates the results of two factor ANOVA analysis for tensile
strength of 3D printed PETG. The calculation was carried out at the
significance level of P-value = 0.05 using Minitab software. From
Fig. 10, it can be stated that infill density and printing speed parameters
are significant towards the tensile strength output as P-value for infill
density and printing speed are 0.000. Since the parameters are signifi-
cant, further investigation towards the infill density and printing speed
factors were performed using Post Hoc Tukey test using Minitab soft-
ware. Fig. 11 illustrates the post hoc Tukey test results for infill density
and printing speed.

Fig. 11(a) illustrates tukey test results for infill density while Fig. 11
(b) shows tukey test results for printing speed. From Fig. 11(a), it can be
seen that all the pairwise are significant excepts interaction pairwise of
infill density (%) of 60.00-50.00 and 70.00-60.00. This is because both
the parameters have the p-value above 0.05. Subsequently, in Fig. 11(b),
tukey test results shows the all the interactions are significant except for
interactions of printing speed (mm/s) for pairwise 30-20, 50- 40 and 60-
50. This is because the p-value of the above printing speed are more than
0.05.

4.2. AST experimental test results and discussion

Further investigation of the 3D printed models was studied through
the Archimedean Screw Turbine’s capability to generate torque using
low water flow rate of Pusu river. Fig. 12(a) and (b) and (c) show
rotational speed of the turbine at different diameter ratio (0.36, 0.4 and
0.44) and inclination angle (0°,10°,20° and 30°) at Day 1, Day 2 and Day
3 respectively. From Fig. 12, it shows that the high water flow rate will
have high turbines’ rotational speed at the three diameter ratios inves-
tigated. Furthermore, the maximum rotational speed of the turbine at
different diameter ratio was summarized at Table 5.

From Tables 5 and it can be stated that at all diameter ratio, at 8.8L/
min water flow rate, the turbine rotates at high speed compared to water
flow rate of 6.7L/min. This is because an increase in the water flow rate
will lead to increasing in the kinetic energy, which cause the turbine to
rotate faster. The result is aligned with Lee and Lee [2] research which
reported that increase in water flow rate causing an increase in rota-
tional speed of turbine.

From Table 5 also, increasing in diameter ratio led to increasing the
rotational speed. At all water flow rates, 0.44 diameter ratio rotates at
high speed followed by 0.4 and 0.36 diameter ratio respectively.
Therefore, an increase in diameter ratio will decrease the outer diameter
blade surface. Thus, it will cause a decrease of the volume of the water
trapped between the blades [33]. Hence, the turbine can rotate faster
due to the less volume of water trapped between the blades. However, a
decrease in diameter ratio, the outer diameter blade surface will in-
crease, causing the increase of the volume of water trapped between the
blades [33]. Due to this, the turbine rotates slowly as the heavier weight
of the water trapped between the blades.

From Fig. 12(a) and (b) and (c), it can be seen that, at all water flow
rate and diameter ratio of the turbine, it indicates that at 0° inclination

Analysis of Variance

Source DF AdjSS AdjMS F-Value P-Value
Infill Density 3 12976  43.254 32.14 0.000
Printing Speed 4 17443 43609 3241 0.000
Infill Density*Printing Speed 12 20.27 1.689 1.26 0.282

Error 40 53.82 1.346

Total 59 37829

Fig. 10. Results of two factor ANOVA analysis for tensile strength of 3D
printed PETG.
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angle, the turbine rotated at the slowest rotation speed while at 30°
inclination angle, the turbine rotated at the highest rotation speed. This
is because at the inclination angle of 0°, there is absence of the hydro-
static force. Therefore, the rotations of the screw turbine only depend on
the kinetic force from the flowing water [34]. At the 10°,20° and 30°
angle inclination, the turbine rotated more faster than 0° due to the
occurrence of hydrostatic force. Hydrostatic force occurs when there is
difference in a head level between water inlet (higher elevation) and
water outlet (lower elevation) due to the assistance of the gravity to push
the water trapped between the blade to the water outlet.

Two factor Analysis of Variance (ANOVA) was used to validate the
significance of the two variable parameters (diameter ratio and incli-
nation angle). The summary of results of two factor ANOVA using
Minitab software are illustrates in Fig. 13.

Based on Fig. 13(a), (b) and (c), the results show that the P-value for
diameter ratio and inclination angle are 0.000 and 0.000 in respect for
all water flow rate. Thus, it indicates that diameter ratio and inclination
angle are significant parameters in this work as the p-value is less than
0.05. Since the diameter ratio and inclination angle are significance
towards the rotational speed output, further analysis was carried out
using Tukey test. The results of the Tukey test for diameter ratio and
inclination angle for water flow rate of 8.8L/min (Day 1), 8.8L/min (Day
2) and 6.7L/min (Day 3) are shown in Fig. 14.

From Fig. 14, it can be seen that all the pairwise for all water flow
rate are significant excepts for the interaction pairwise of inclination
angle (°) of 30-20 for day 1 and interaction pairwise of inclination angle
(°) of 20-10 for day 3. This is because the p-value of the above pairwise
are 0.276 and 0.126 which is larger than the p-value of 0.05.

By using Equation (1), the torque value can be calculated by
substituting the data within Fig. 7(b). Torque data for river water flow
rate 8.8L/min/8.8L/min and 6.7L/min are shown in Fig. 15(a),(b) and
(c) respectively.

From Fig. 15(a) and (b) and (c), it can be observed that decreasing in
diameter ratio led to an increase in the torque value. From this graph, at
all water flow rates and inclination angle, it can be concluded that 0.36
diameter ratio generated the highest torque while 0.44 generated the
lowest torque. Results from this research work are similar to the research
outcome by Erinofiardi et al. [5] which stated that the increase the
rotational speed of the turbine causing decrease in torque. From Fig. 15
(a), (b) and (c), it can be stated that 30° inclination angle is the optimum
inclination angle as it generated the highest torque. The result is aligned
with research [6,7] which reported that 30° is the common angle used to
install the turbine. Based on the experimental results data of Lee and Lee
[2], they varied the inclination at high inclination angle which are 30°,
45°,60°,75° and 90° in their work and the finding indicates that 30°
angle is generating the second highest torque output.

5. Conclusion

In this work, a pico-hydro power turbine (AST) made using PETG
material was designed to work in low water flow rate river for clean
energy generation. Ultimate Tensile Strength (UTS) test was carried out
to investigate the tensile strength of the 3D printed PETG polymer ma-
terial. Two variable 3D printing parameters were utilized, infill density
and printing speed. The final outcome indicates that 80 % infill density
and 20mm/s printing speed were the optimum parameters to obtain the
highest tensile strength at 37.10MPa. Three prototypes with different
diameter ratio (0.36,0.4 & 0.44) were designed using SolidWorks soft-
ware and fabricated using the optimum 3D printing parameters ob-
tained. Experimental test was carried out at Pusu river, Selangor,
Malaysia to study the feasibility of 3D printed AST to generate sufficient
torque using river flow rate. The average water flow rate of Pusu river
are 8.8L/min, 8.8L/min and 6.7L/min, respectively for each day. At the
8.8L/min water flow rate, all the diameter ratio of AST generated high
rotational speed of turbine compared to the 6.7L/min flow rate. From
the output obtained, it can be stated that at all water flow rates and



N.S. Abd Rahim et al.

(a) Tukey Simultaneous Tests for Differences of Means

Difference of

Infill Density Difference SEof Simultaneous 95% Adjusted
Levels of Means Difference Cl T-Value  P-Value
60.00% - 50.00% 1.025 0424 (-0.110, 2.160) 242 0.030
70.00% - 50.00% 2.038 0424 (0.903, 3.173) 481 0.000
80.00% - 50.00% 3.982 0424 (2.846, 5.117) 940 0.000
70.00% - 60.00% 1013 0424 (-0.122, 2.148) 239
80.00% - 60.00% 2957 0424 (1822 40%2) 6.98 0.000
80.00% - 70.00% 1944 0424 (0809, 3079 459 0.000

Individual confidence level = 98.94%
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Fig. 11. Tukey test results (a) Infill Density (b) Printing Speed.

(a) Rotational Speed of 3D Printed PETG (RPM)
by Varying Diameter Ratio and Inclination Angle (°)
at Average Flow Rate of 8.8 L/min
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Difference of
Printing Difference SEof Simultaneous 95% Adjusted
Speed Levels  of Means Difference Cl T-Value  P-Value
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40-20 -2424 0474  (-3777,-1.071) -5.12 0,000
50-20 -3647 0474  (-5.000, -2.294) -7.70 0,000
60 - 20 -4.340 0474  (-5.693,-2.988) -9.17 0.000
40-30 -1948 0474  (-3301,-0.595) -4n 0.002
50 - 30 31N 0474  (-4524,-1.819) -6.70 0.000
60 - 30 -3.865 0474  (-5.217,-2512) -8.16 0.000
50 - 40 1224 0474  (-2.576,0.129) -2.58 0.093
60 - 40 -1917 0474  (-3270,-0.564) -4.05 0.002
60 - 50 -0693 0474  (-2.046, 0.660) -146 0.591
Individual confidence level = 99.32%
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Fig. 12. Rotational speed of 3D printed PETG for various diameter ratio at average water flow rate of 8.8L/min (a), 8.8L/min (b) and 6.7L/min (c).

diameter ratio, at 30° inclination angle, turbine rotate rapidly while at
0° inclination angle, the turbine rotates slowly. From the experimental
results, at all water flow rate and inclination angle, it can be observed

that 0.44 diameter ratio, the AST rotated at maximum rotational speed
of 268.05 rpm. However, from the torque calculated, at all water flow
rate and inclination angle, 0.36 diameter ratio, the AST generated the
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Table 5 maximum torque at 0.0195 N.m while 0.44 diameter ratio, the AST
Maximum Rotational speed of turbine at 0.36, 0.4 and 0.44 diameter ratio. generated maximum torque at 0.0128 N.m. From the torque output, it
Day Flowrate RPM of 0.36 RPM of 0.40 RPM of 0.44 can be observed that 0.36 diameter ratio generated more torque
(L/min) diameter ratio at diameter ratio at diameter ratio at compared to the 0.44 diameter ratio. This is because torque and rota-
p = 30° p = 30° p=30° tional speed is inversely proportional to each other which increase in
1 8.8 175.6 230.85 268.05 rotational speed of the turbine will cause decrease in torque. From the
2 8.8 176.9 217.15 267.4 output results, 3D printed AST utilizing PETG material are able to
3 67 151.1 188.8 190.35 generate sufficient torque for pico-hydro energy generation for rural
electrification in Malaysia. To ensure this AST model can be applied in
() | Analysis of Variance (b) Analysis of Variance
Source DF AdjSS AdjMS F-Value P-Value Source DF AdjSS AdjMS F-Value P-Value
Diameter Ratio 2 9888 4pa4 7616 [0.000] Diameter Ratio 2 186561 93281 17603
Inclination Angle 3 578021 192674 302.92 0.000 Inclination Angle 3 317567 105856 199,76
ED'ameter Ratiofincination Angle 182 1?2:3: 52?2 1% 100 Diameter Ratio*inclination Angle 6 26771 4462 842
rror
Total 191 819897 Error 180 95385 530
Total 191 626285

(c) Analysis of Variance

Source DF AdjSS AdjMS F-Value P-Value
Diameter Ratio 2 41443 20722 2036 [0.000]
Inclination Angle 3 219530 73177 71.89 000
Diameter Ratio*Inclination Angle 6 18813 3135 3.08 0.007
Error 180 183228 1018

Total 191 463014

Fig. 13. Summary of ANOVA results for water flow rate of Pusu river at (a) 8.8L/Min, (b) 8.8L/min and (c) 6.7L/min.

. . - . . .
Day | Flow rate (L/min) Tukey test result for diameter ratio Tukey test result for inclination angle
Tukey Simultaneous Tests for Differences of Means Tukey Simultaneous Tests for Differences of Means
Difference of Difference of
Diameter Diff SEof 95% j o D SE of 95% Adjusted
Rutic Levels of Mesns Difference a T-Value P-Value Angle Levels of Means Difference < T-Value  P-Value
040-036 2175 446 (1223228 48 0000 120 azs el I Ll Lo
1 8.8 044-036 5465 446 (44.12.65.19) 1226 0,000 20-0 12497 s;s '\:116! :153?) 2427 0.000
044-040 3290 a6 237,44 738 0000 -9 e 1o ks e il s
20-10 na 515 (57.87,8459) 1384 0.000
Individuol confidence level = 98.07% 30-10 8051 515 (67.15,93.87) 1564 0000
30-20 928 515 (-4.08,2264) 180
Individual confidence level = 98 96%
& . Tukey Simultaneous Tests for Differences of Means
Tukey Simultaneous Tests for Differences of Means Y
_ Difference of
Difference of linati Diff SE of 95% Adjusted
Diameter Diff SE of I 95% Adjusted Angle Levels of Means _ Difference cl T-Value  P-Value
Ratio Levels of Means _Difference cl T-Value  P-Value 10-0 25.68 470 (1349, 37.88) 547 0.000
2 8.8 040-036 4783 407 (3822 5744) 175 0.000 20-0 7478 470  (62.59,86.98) 1591 0.000
044-036 7546 407 (6585,8507) 1854 0.000 30-0 104.00 470 (91.80,116.19) 2213 0.000
044-040 2763 407 (18023724 679 0.000 20-10 49.10 470 (36.90,6129) 1045 0.000
30-10 7831 470 (66.12.90.51) 16.67 0.000
Individuol confidence level = 98.07% 30-20 2921 470 (17.02, 41.41) 622 0,000
Individual confidence level = 98 98%
Tukey Simultaneous Tests for Differences of Means Tukey Simultaneous Tests for Differences of Means
Differsnica’or Difference of
¥ : " , Inclination  Difference SE of Simultaneous 95% Adjusted
Diameter  Difference SE of Simultaneous 95% Adjusted Angle Levels _of Means Difference <l T-Value P-Value
Ratio Levels _of Means Difference <l T-Value P-Value 10-0 51.44 651 (34,54, 63.34) 7.90 0.000
3 6 7 040-036 15.39 5.64 (2.07, 28.71) 273 0019 20-0 65.79 6.51 (48.89, 82.69) 10.10
0.44-036 35.87 564 (22.55,49.19) 636 0,000 30-0 92.99 651 (7609, 109.89) 14.28
0.44- 040 2048 564  (7.16,33.80) 363 0001 20-10 1435 651  (-2.55,31.25) 220
30-10 4155 651 (24,65, 58.45) 638
Individual confidence level = 98.07% 30-20 2720 651  (10.30, 44.10) 418
Individual confidence level = 98.98%

Fig. 14. Tukey test results for diameter ratio and inclination angle for flow rate of 8.8 L/min (Day 1), 8.8L/min (Day 2) and 6.7L/min (Day 3).
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(a) Torque Value of 3D Printed PETG (N.m)
by Varying Diameter Ratio and Inclination Angle (°)
at Average Flow Rate of 8.8 L/min
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(b)

Torque Value of 3D Printed PETG (N.m)
by Varying Diameter Ratio and Inclination Angle (°)
at Average Flow Rate of 8.8 L/min
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(c) Torque Value of 3D Printed PETG (N.m)
by Varying Diameter Ratio and Inclination Angle (°)
at Average Flow Rate of 6.7 L/min.
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Fig. 15. Torque of 3D printed PETG for various diameter ratio at average water flow rate of 8.8 L/min (a), 8.8 L/min (b) and 6.7 L/min (c).

Sarawak River, the turbine must have a proper mounting stand for each
model. A proper mounting stand need to be developed to ensure the
turbine can hold the AST as expected. In the future works, it is recom-
mended to perform future investigation different materials for AST
fabrication utilizing additive manufacturing technology as 3D printing
manufacturing creates less material waste which is good for the
environment.
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