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Abstract

Ocean current energy is a promising and reliable resource that offers sustainability and predictability in realizing green future needs. 
A diffuser-augmented horizontal-axis turbine is utilized to generate ocean current energy. A numerical study on the impact of diffuser 
angle variations on the power coefficient has been carried out in the previous research. To elucidate the fluid dynamics aspects and further 
validation of previous computational results, the experimental investigation on the optimal design of tidal turbine with 20.04° diffuser aug-
mentation is presented in this study. The study was conducted in a flowing tank with a current velocity of 0.7 m/s. The maximum power 
coefficient of 20.04° is 0.436 experimentally, which is a little smaller than the numerical value. Moreover, to reinforce the 20.04° result, a 
diffuser with an angle of 10.43° was also manufactured and tested experimentally. The maximum power coefficient of 10.43° is 0.303 ex-
perimentally, which is 3% smaller than the numerical value. It was concluded that the numerical approach might be considered satisfac-
tory and represent similar phenomena to the experimental investigation in an application for modelling of multi-objective optimization.

Graphical Abstract

0.6

0.5 Maximum
efficiency at

43.6%
0.4

0.3C
p

0.2

0 1 2
TSR

Experimental result of 20.04°

3 4 5

0.1

0.0

0.4

0.3

C
p 0.2

0 1 2
TSR

Experimental result of 10.43°

3 4 5

0.1

0.0

Maximum
efficiency at

30.3%

1 2
TSR

3 4 5

0.4

0.5

0.3

C
p

0.2

0.1

0.0

20.04° num

10.43° num 10.43° exp

20.04° exp

8

11

10

9

10.43 20.04

The numerical approach might be
considered satisfactory represent a

similar phenomenon as experimental
investigation on an application for

modelling of multi-objective optimization

The difference between numeric and
experiment of 20.04° and 10.43° diffusers

are 4.7% and 3.1% respectively

In the previous research, a numerical study on
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Introduction
Renewable energy is expected to play a significant role in meet-
ing green future needs while reducing environmental pollution 
and climate change [1]. Since ~70% of Earth’s surface is covered 
by oceans, ocean current is a promising resource to generate 
large amounts of energy [2] with an estimated 307 GW by 2050 
[3]. There are several different ocean renewable energies: wave 
energy, tidal energy and ocean current energy [4]. Ocean current 
technology is one of the most recent forms of renewable energy 
to be developed as it offers sustainability and predictability [5]. 
Moreover, the implementation of ocean current energy would 
support sustainable growth by lowering the negative impact on 
the biosphere while remaining environmentally friendly [6]. Many 
devices are being studied for ocean current energy conversion al-
though most are designed around the underwater turbine [7].

There have been a few published studies concerning the ex-
ploitation of tidal turbines around the world both numerically and 
experimentally. Some studies even claimed that to increase the 
turbine power output, a diffuser augmentation is an excellent op-
tion in both wind and tidal turbines [8–10]. The power produced 
by a tidal turbine is directly proportional to the cube of the in-
coming current velocity; thus, even a slight increase in velocity 
increases the power significantly [11]. The augmentation available 
from ducting comes from an increased mass flow rate, which in-
creases the flow velocity at the rotor plane. The main mechanism 
for increasing the mass flow rate is a reduction in the pressure, 
at both the rotor plane and the diffuser exit, to below that which 
would be possible to be sustained for a bare turbine. This pressure 
reduction causes the additional flow to be drawn into the duct. 
Since the cross-sectional area of the duct is fixed at the rotor, con-
tinuity means that an increase in the mass flow rate causes an 
increase in the flow velocity [12]. The pressure drop available for 
a ducted turbine depends on the duct shape and the flow through 
and over it. If the duct has a shape like a diffuser, it attracts more 
fluid through it and intensifies the available pressure drop over 
the turbine by restoring some of the velocity head downstream as 
the pressure head [13]. Thus, a diffuser acts as a flow amplifica-
tion device by increasing the mass flow rate, thereby accelerating 
the incoming current velocity, which results in an appreciable in-
crease in the power output for extraction by the rotor. Therefore, 
the turbine efficiency is remarkably advanced by a diffuser [14]. 
Mehmood et al. investigated a study of NACA 0015 for diffuser de-
sign in tidal current turbine applications and concluded that dif-
fuser augmentation increased the inlet velocity by ~165%, from 
1.2 to 3.18 m/s [15]. In a separate report, Mehmood et al. also ex-
plored a study of a diffuser-augmented tidal turbine with NACA 
0028. The work reported that the inlet velocity increased by ~141%, 
from 1.5 to 2.9 m/s [16]. Elbatran et al. examined a prototype of a 
four-blade augmented-diffuser tidal turbine applying NACA 0014 
and found that the power coefficient increased by ≤1.7 times with 
the maximum power output increasing from 166 to >249 W [13]. 
Shahsavarifard investigated the effect of a shroud on the per-
formance of horizontal-axis hydrokinetic turbines and concluded 
that the maximum power increased by 91% over the unshrouded 
turbine [17]. Through numerical and experimental analysis of a 
diffuser-augmented micro-hydro turbine, Song et al. verified that 
the diffuser-augmented turbine enhanced output power by ~27% 
with respect to the bare turbine [18]. Sun and Kyozuka clearly 
found that the diffuser-augmented turbine achieved a maximum 
power coefficient of ≤2.5 times that of the bare turbine [19, 20].

Yet, there are several principal differences in the modelling, such 
as in the design of the diffuser augmentation, and the working of 

the turbine design amongst those studies, which would demand 
further research and investigation. By applying multi-objective op-
timization, Ambarita et al. computationally declared that a diffuser 
angle of 20.04° was the optimal diffuser-augmented tidal turbine de-
sign [21, 22], which was in accordance with the study by Sakaguchi 
and Kyozuka [23]. Ambarita et al. applied the governing equations 
carried out by Zhang et al. [24, 25], which were experimentally pre-
sented by Bahaj et al. [26, 27]. To elucidate the fluid-dynamic aspects 
and further validation of previous computational results [22], this 
current study will experimentally investigate the performance of a 
tidal turbine with 20.04° diffuser augmentation. This test is carried 
out in a flowing tank with artificial currents and several approaches. 
It investigates the effect of the diffuser on the inlet velocity before 
hitting the rotor blades. The difference in the power coefficient be-
tween numerical and experimental results is also discussed.

1 Numerical method
Since the computational method has been presented in a previous 
report, only the summary is explained here. Further details can be 
found in Ambarita et al. [22]. Computational fluid dynamics (CFD) 
was used that was based on the Reynolds-averaged Navier–Stokes 
(RANS) equations for the conservation of mass and momentum. 
The CFD model refers to the governing equations of simulation con-
ducted by Zhang et al. [24, 25]. A 1/2 scale model with three blades 
based on the NACA 4616 airfoil and a rotor diameter of 0.3 m was 
numerically examined in a steady-state and k-epsilon (k-ε) turbu-
lence model [22]. The turbine model is shown in Fig. 1a and the 3D 
model for better visualization in Fig. 1b, in which θ represents the 
diffuser angle of 20.04°. The modelled inlet velocity was 0.7 m/s with 
a tip speed ratio (TSR) ranging from 1 to 5.  The multi-reference-
frame model was used for the CFD model in which individual cell 
zones can be assigned different rotational speeds [28].

The adapted numerical method was based on a combination 
of the CFD model and multi-objective optimization. The CFD 
model was used to analyse turbine performance by considering 
the power coefficient and cavitation inception that caused it. 
The multi-objective optimization was utilized to discover the 
optimal diffuser angle design of the tidal turbine that has the 
maximum power coefficient and the minimum cavitation risk.

In a previous study, the tests were carried out on the diffuser 
with seven angles, namely 10.43°, 15.34°, 20.04°, 24.46°, 28.6°, 
32.44° and 35.97°. It was concluded that the larger the diffuser 
angle, the higher the power coefficient, yet the higher the cavita-
tion risk. The diffuser angles with the highest and lowest power 
coefficients corresponded to diffuser angles of 35.97° and 10.43°, 
respectively [21, 22]. By multi-objective optimization, the opti-
mal design of a horizontal-axis tidal turbine corresponded to a 
diffuser angle of 20.04°, which was in agreement with the study 
by Sakaguchi and Kyozuka [23]. Therefore, in this study, the  
optimum diffuser angle of 20.04° and the turbine device were manu-
factured to be tested experimentally to validate the power coeffi-
cient of the numerical study. Moreover, the diffuser angle of 10.43° 
was also manufactured and tested to reinforce the result and valid-
ation of 20.04°. The angle of 20.04° was chosen as the optimal design 
and the 10.04° angle was selected as the smallest angle to simplify 
the manufacturing and experimental process in terms of low cost.

1.1 Rotor geometry
The rotor geometry was created to be representative of previous 
work [19–23] whilst remaining as simple as possible for ease of 
modelling and construction. A 0.3-m rotor diameter with three 
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blades was manufactured. The blades were developed from a 
NACA 4616 blade section as shown in Fig. 2. The lift and drag 
coefficients against the angle of attack at a Reynolds number of 
5 × 105 obtained through Xfoil are shown in Fig. 3. The details of 
the blade design, with the ratio of the blade length (r) and total 
blade length (R), can be seen in Table 1. This current study is only 
focused on one type of airfoil. A  different airfoil type of rotor 
blade is in the process of investigation, which will be reported in 
a separate study.

1.2 Diffuser geometry
The diffuser geometry was designed following previous works [22, 
23] by multi-objective optimization using a genetic algorithm-
artificial neural network (GA-ANN). The inlet and outlet diam-

eters of the 10.43° diffuser are 0.3 and 0.4 m, respectively, whereas 
in the 20.04° diffuser, the inlet and outlet diameters are 0.3 and 
0.5 m, respectively. Fig. 4 shows the final experimental geometry 
in cross section along the shaft length. A view of the combined 
rotor and diffuser in design can be seen in Fig. 1.

2 Experimental procedure
2.1 Test facilities
The experiments were conducted in the flowing tank as seen in 
Fig. 5 at the fluid mechanic laboratory, Universitas Indonesia, 
with a water level of 0.8 m. The maximum blockage in the flowing 
tank, when the rotor and diffuser were run together, results in a 
channel wall blockage of 0.206 for the 20.04° design and of 0.176 
for the 10.43 ° design. These blockages due to the limited facilities 
have been considered for analysing the turbine performance [29].

The inlet velocity was metered using a current meter, which 
was of the propeller type. This meter utilizes propellers to sense 
velocity that is rated by dragging them through tanks of still 
water at a known speed. The accuracy of the current meter is 
estimated to be ±5%. The measurement of the inlet velocity was 
conducted in two locations, namely in the front and inside the 
diffuser-augmented device, to investigate the effect of the diffuser. 

DiffuserA B
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Fig. 1: (a) The geometry model of a horizontal-axis tidal turbine; (b) 3D model with the diffuser’s thickness [21, 22].
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Fig. 2: NACA 4616 (source: http://airfoiltools.com).
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Fig. 3: Lift and drag coefficients of NACA 4616 at a Reynolds number of 
5 × 105.

Table 1: Blade geometry details for the experimental blade sets

r/R Angle of attack  
(degrees) 

Stagger angle  
(degress) 

Twist 
(degrees) 

0.1 23.48 23.53 0

0.3 20.37 45.95 17.56

0.5 14.09 60.36 36.83

0.7 10.34 65.02 40.16

1.0 7.51 69.96 45.43
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While measuring, the position of the propeller hub must be per-
pendicular to the inflow, then the current velocity in m/s will be 
read on the screen of the current meter.

To create the artificial current, two ship propellers driven 
by a 2.2-kW electric motor were used that were coupled by a 
pulley-and-belt system as seen in Fig. 5 with legends 3, 6 and 
7. The rotating propellers also led the current to circulate from 
the large area to the narrow area of the flowing tank as indicated 
by the red arrow in Fig. 5, thereby avoiding backflow. Water flow-
ing through propellers will hit the turbine blades resulting in a 
rotating rotor. A straightener with a channel diameter of 10 mm 
was set 0.2 m in front of the turbine to straighten the flow before 
hitting the turbine. Across the flow field domain of this experi-
mental set-up, the uniformity of upstream flow has an average 
inlet velocity of 0.72 m/s with a deviation of ±0.2 m/s, which is 
believed to be sufficiently representative for the measurement of 
the power coefficient and comparable enough to justify numer-
ical results.

2.2 Models
The general arrangement of 20.04° and the turbine rig can be 
seen in Fig. 6. The blades were fabricated using a 3D printer with 
a printing layer thickness of 0.1 mm. The filament was polylactide 

(PLA) plastic. To achieve the surface finish perfectly, the blades 
were polished using sandpaper until smooth. The final geometry 
of the rotor blades follows the design. The hub was made of alu-
minium with a front diameter of 60 mm and a rear diameter of 
15  mm. The diffusers of 10.43° and 20.04° were manufactured. 
Both diffusers were made of 4-mm plywood that was laser-cut 
and resin was added to shape the diffuser, which was then col-
oured using oil paint.

2.3 Experimental set-up
The key features of the experimental set-up can be seen in Fig. 
7. To avoid any measurements in the water, the power transmis-
sion system is conducted through a pulley and belt. This system 
with a V-belt type A has an efficiency of 75% [30], which has been 
taken into account for evaluating the turbine torque. The pulley 
under the water is coupled to the turbine hub. The other pulley 
over the water is coupled to another shaft. Those two pulleys are 
connected by a V-belt. The measurement is carried out on the 
shaft over the water. The shaft is linked to a breaker and load 
cell sensor. A breaker is used to vary the rpm at the desired TSRs 
according to the numerical method. The load cell sensor is con-
nected to the computer using NI USB-6211. The test is conducted 

10.43 20.04

Fig. 4: Cross section of the diffuser shape along the shaft length. (a) 10.43°; (b) 20.04°.
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Fig. 5: Visualization of the flowing tank.
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to evaluate the power coefficient of the turbine with variations of 
TSR. As a numerical method, TSR ranged from 1 to 5 resulting in 
variations of the blade angular speed from 44 to 222 rpm.

2.4 Data collection process
This method utilizes three measuring tools, i.e. a tachometer to 
read rpm, a load cell to measure the torque and a current meter to 
measure the flow velocity. The contact tachometer type works by 
bringing a freely spinning wheel into direct contact with the rotat-
ing object. The DT-6236B tachometer has autoranging with 0.05% 
accuracy.

The torque measurement uses a load cell with the maximum 
load of 500 g, a load cell amplifier, NI USB-6211, using a 16-bit 
microcontroller and a power supply. NI USB-6211 is simpler and 
less inexpensive for this work. Since the voltage generated by the 
load cell is low, an amplifier is required to increase the voltage. 

The power supply uses as a resource the load cell amplifier. The 
layout of the measuring instruments for collecting data is pre-
sented in Fig. 8.
As the load cell produces voltage and NI USB-6211 is able to read 
the voltage, then the use of NI USB-6211 is suitable for this work. 
To obtain the result in torque (Nm) as shown in Equation 1, the 
relationship between voltage and various masses is used: 

τ = F.r = m.g.r (1)

where τ represents the torque (Nm); and m, g and r represent the 
mass (kg), gravitational acceleration (m/s2) and radius (m), re-
spectively.

For the data collection, first the turbine device and the meas-
urement tools are set up in the proper position as seen in Fig. 9 
with the legend described in Figs 5 and 7. The electric motor is 
plugged into the power source to drive the two ship propellers  

X

Y

Fig. 6: Details of the turbine device displaying the geometry and assembly of 20.04. (a) Computer-aided design model; (b) the manufactured 
photograph.

8. Diffuser
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10. Turbine foundation

11. Pulley and belt system

8
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10

9

X
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Fig. 7: The experimental set-up.
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resulting in the artificial currents, then the current is allowed to 
stabilize. The current meter is utilized to measure the flow vel-
ocity located between the straightener and the turbine. Next, 
the data collecting process is started. The turbine shaft is braked 
using a breaker until the desired rpm is reached. The rpm is meas-
ured using a tachometer. On the computer, the NI software is run 
then the voltage data read by NI USB-6211 is saved. The voltage 
data are converted to the mass using the calibration equation 
that has been presented. In the end, the torque can be calculated 
using Equation (1). To find the power coefficient graph, the steps 
above are repeated with variations of rpm.

For a given average flow velocity, the torque (τ) and rotational 
speed (ω) are used to calculate the power coefficient (Cp), which 
can be determined and mathematically expressed as:

CP =
τ ω

0.5ρAV3 (2)

where A represents the cross-sectional area of the turbine (πR2) 
and V represents the inlet velocity (m/s). In the experimental 
method, an uncertainty analysis is required. Each measuring tool 
has its own uncertainty (u), namely load cell of 2.56%, tachometer 
of 2.5% and current meter of 2.5%.

3 Results
3.1 Diffuser characteristics
To understand the behaviour of the combined diffuser and 
turbine device, it is first necessary to understand the flow 
through the empty diffuser. Due to a narrowing of the area 
before hitting the turbine, the current velocities ahead and 
 inside the diffuser are significantly different. The current 
flowing before and through the diffuser was experimentally 
measured to check the effect of the diffuser. The current 
meter was utilized for the direct measurement of the current 
velocity. Fig. 10 shows the locations at which the current vel-
ocity was measured before entering the diffuser. These data 
are not taken at the same time but are measured alternately 
from point to point.

The value for each position is also shown in Fig. 10 and the aver-
age velocity is 0.72 m/s. Then the current velocity inside the diffuser 
was experimentally measured up to 1 m/s. Since the cross-sectional 
area of the diffuser was fixed at the rotor, continuity means that 
an increase in the mass flow rate causes an increase in the flow 
velocity.

3

1
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2. Power supply
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4. Amplifier

5. NI USB-6211

6. Computer

Fig. 8: The layout of measuring instruments for collecting data.
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Fig. 9: The schematic of the experimental set-up.
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3.2 Power coefficient
The experimental result for the power coefficient (Cp) to a base of TSR 
for the horizontal-axis tidal turbine with a diffuser angle of 20.04° in 
the flowing tank with a current velocity of 0.7–0.8 m/s is shown in 
Fig. 11. The data collection was carried out five times, which means 
15 000 data points for every data retrieval. The result shows an in-
crease and decrease in Cp as TSR is advanced. The experimental TSR 
values were 0.9, 1.8, 2.69, 3.59 and 4.49. When the angular speed was 
40 rpm at a TSR of 0.9, a Cp of 0.126 was obtained. When the angu-
lar speed was increased up to 120 rpm at a TSR of 2.69, the Cp also 
increased to the maximum of 0.436. An angular speed of >120 rpm 
displayed a decrease in Cp. The maximum angular speed of the tur-
bine was 200 rpm at a TSR of 4.49 whose Cp was 0.197.

The measurement of the power coefficient uses three 
measuring tools that have their own uncertainty affected by each 
value, therefore each point on the graph has different uncertain-
ties. For the power coefficient, the uncertainties were 1.6%, 4.7%, 
5.37%, 5.29% and 4.91%, respectively. Meanwhile, the uncertain-
ties of the TSRs were 3.25%, 6.43%, 9.6%, 12.8% and 16%, respect-

ively. By all means, the maximum power coefficient of 20.04 can 
be between 0.459 and 0.413 at TSR values between 2.95 and 2.43 
due to uncertainties of the measuring tools.

Moreover, to reinforce the previous results, the diffuser with an 
angle of 10.43° was also manufactured and tested experimentally. 
The diffuser with an angle of 10.43° was tested for five different TSR 
values as seen in Fig. 12. The TSR values in this experiment were ad-
justed to be close to the values found in the numerical experiment, 
which were 1.00, 2.00, 3.00, 4.00 and 4.75. The TSR values obtained 
were 0.96, 1.91, 2.48, 3.39 and 4.1. If converted into rotational speed 
values, then the values are 43, 85, 110, 151 and 184 rpm, respect-
ively. The power coefficient (Cp) value obtained tends to increase 
from a TSR of 0.96 to a TSR of 1.91 and decrease from a TSR of 1.91 
to a TSR of 4.1. At a TSR of 1.91, the power coefficient (Cp) reaches its 
maximum value at 0.303, whereas the minimum power coefficient 
(Cp) value is found at a TSR of 4.1 and is 0.02.

The value of the power coefficient in this experiment is also 
influenced by the uncertainty of the measuring instrument. The 
uncertainty of measuring instruments is the possibility of errors 
that occur in the data collection process. Each measuring instru-
ment has a different uncertainty. The uncertainty value is also 
influenced by torque and angular velocity. Therefore, at different 
values of the power coefficient (Cp) and TSR, the uncertainty val-
ues will also be different. The uncertainty values obtained in the 
power coefficient (Cp) are 1.77%, 3.75%, 4.03%, 4.03% and 4.09%, 
respectively. Meanwhile, the uncertainty values obtained in the 
TSRs are 3.49%, 6.83%, 8.83%, 12.10% and 14.75%, respectively. At 
the highest power coefficient (Cp), the uncertainty value is 3.75%. 
This shows that the power coefficient (Cp) can be 3.75% smaller or 
larger than its original value.

Fig. 13 describes that the graph of this experimental result 
follows the trend of previous studies on horizontal-axis tidal  
turbines with three blades that have been tested experimentally. 
It implicitly explains that the methodology of the current work 
is on the same track as previous works. Batten and Bahaj have  
published several papers, especially on the experimental study of 
marine current turbines. An 800-mm rotor diameter with three 
blades based on NACA 63-8xx sections was experimentally tested 
with a 1.73-m/s velocity inlet by Batten and Bahaj. From the 
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graph, it can be seen that the turbine could generate a rotation 
of ≤250 rpm at a maximum Cp of 0.45 [26, 27, 31]. Besides, Xu et al. 
have developed a 60-kW horizontal-axis marine current power 
system. A rotor diameter of 7.2 m with three blades of NACA 63-4 
series foil was experimentally tested with a 2-m/s current velocity 
by Xu et  al. The graph showed that the maximum Cp is 0.43 at 
60 rpm [32].

Even though these two studies above are valid for a bare tur-
bine, this study proposed a diffuser-augmented turbine. However, 
through the graph in Fig. 13, it can be seen that a diffuser-
augmented turbine with a small rotor and low free-stream velocity 
can produce more rpm to achieve the maximum power coefficient.

4 Comparison between experimental and 
numerical methods
The key finding of the experimental campaign was the validation 
of the computational fluid-dynamic model for the estimation of 
the power output of a diffuser-augmented device. The model has 
been shown to represent the power coefficient of the device well 
for both efficiencies tested.

The limitations of the current model have been solved with 
some approaches. Even though the artificial currents were cre-

ated by rotating two ship propellers using an electric motor drive, 
a straightener located in front of the turbine was utilized to 
straighten the flow before hitting the turbine. A simple correction 
for the tank length of 2.44 m, which is categorized as short, to the 
reverse flow in the flowing tank has been corrected by building 
the circulating current. It should be noted that the accuracy of 
the section data is the prime driver of the model fidelity as with 
any CFD model. It is therefore of significant importance to ensure 
as far as possible that the data are accurate for the flow condi-
tions that will be experienced by the rotor at all points.

The CFD method was shown to predict the optimum design 
of the diffuser-augmented horizontal-axis tidal turbine. The work 
was to compare the turbine performance with seven diffuser an-
gles. This was primarily due to shortening the processing time; 
the simplest CFD model was applied as a prediction result of the 
turbine performance in the numerical method. It is therefore re-
commended that further work on a more complex model be con-
ducted to ascertain the turbulence structure generated within 
the diffuser by the turbine. An empirical relation can then be 
arrived at to represent the complex turbulence model with un-
steady state within the CFD model. The model, despite its limita-
tion, has been shown to be accurate for the prediction of device 
performance at the design stage.

The results seen in this section show that both diffusers can 
maintain device performance at an inlet velocity of 0.7 m/s. Both 
diffusers are able to increase the current velocity by ≤1 m/s. Fig. 12 
displays the comparison of numerical and experimental  outputs 
on a diffuser with a 20.04° angle. It displays that the experimental 
Cp value for a diffuser angle of 20.04° approached the numerical 
values for TSR values of ≤2 then became slightly lower than the 
numeric values. At a TSR of 1, both start from a Cp that is insignifi-
cantly different. The numerical Cp result here is not the normalized 
Cp to the peak Cp, but the real one instead. The maximum Cp values 
of the numerical and experimental results are 0.485 and 0.436, 
respectively. The maximum rpm of the numerical result occurs 
at a TSR of 5 with 222 rpm. Meanwhile, the maximum rpm of the 
experimental result occurs at a TSR of 4.5 with 200 rpm.

For the diffuser with an angle of 10.43°, both numerical and 
experimental values have the same tendency as seen in Fig. 15, 
which tends to increase from TSR values of 1.00 to 2.00 and de-
crease from TSR values of 3 to 4.75, referring to the numerical 
values. The inflection points of the two graphs are also the same, 
located between TSR values of 2.00 and 3.00, which refers to the 
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Fig. 12: The power coefficient of the experimental result as a function 
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numerical values. The highest and lowest values also exist at the 
same point, which is located at TSR values of 2.00 and 4.75, but 
the values obtained are not identical. The maximum power coeffi-
cients (Cp) of the numerical and experimental results are 0.334 at 
89 rpm and 0.303 at 85 rpm, respectively. The maximum rotational 
speed of the numerical results can reach 212 rpm, whereas for the 
experimental results, the maximum rotational speed is 184 rpm.

The smallest data difference in the two studies occurred at a 
TSR of 2.47 with a power coefficient (Cp) of 0.026 (8.21%). But, when 
compared with numerical data for a TSR of 3.00, the difference 
between both TSR values is a little too large. As a more accurate 
comparison, the second data can be used as a reference because 
the difference between the TSR in the numerical and experimen-
tal methods is only 0.09. So, in the second data, the difference 
obtained is 0.031 (9.3%) and can be said to be the smallest differ-
ence in these experimental data. In the fourth-to-last data, the dif-
ference between the numerical and experimental values is 0.019 
(9.67%) at a TSR of 3.39 and 0.005 (19.35%) at a TSR of 4.13. Overall, 
the values obtained in the experimental investigation tend to be 
smaller than those of the numerical investigation. However, this 
does not happen when the TSR is close to 1.00, referring to the nu-
merical investigation. As the numerical approach to a TSR of 1.00, 
the experimental value is slightly higher by 0.01 (9.28%) compared 
to the numerical value. However, this can still be said to be reason-
able because the value of the difference is quite small.

Comparing the difference between the numerical and experi-
mental results at an angle of 20.04° with 10.43° can evaluate the 
accuracy of the experimental process carried out as shown in Fig. 
16. At TSR values of 2.00–5.00, the two angles have  differences with 
a similar tendency. The experimental results produced at each 
angle are always smaller than the numerical values. The smallest 
difference equally occurs in the second TSR. For a diffuser angle 
of 10.43°, the difference between the numerical and experimental 
values is 0.031, whereas for a diffuser angle of 20.04°, the differ-
ence between the numerical and experimental values is 0.047. At 
the third-to-last TSR, the difference tends to increase. In the first 
to second TSRs, both the experimental angles of 10.43° and 20.04° 
have greater experimental values. For the diffuser with an angle of 
20.04°, the difference is so small that the two lines almost touch, 
whereas for the diffuser with an angle of 10.43°, the difference is 
slightly larger and intersects the numeric line.

From the comparison of data on the two diffusers, it can be 
said that the greater the angle of the diffuser, the greater the ef-
ficiency obtained, which is in an agreement with the computa-
tional study [21, 22]. This can be caused by the larger mass flow 
rate at an angle of 20.04°. The larger mass flow rate is due to the 
larger pressure difference. This causes the water to flow faster for 
the diffuser with an angle of 20.04° and makes the diffuser with 
an angle of 20.04° have better efficiency.

The efficiency difference of the diffusers in experimental and 
numerical results can be attributed to several possible factors. In 
the current experiment, mechanical losses caused by friction be-
tween the bearing and turbine shaft and the existence of bearings, 
pulleys, diffuser foundation and turbine foundation that reduce 
the efficiency were not taken into account in the computational 
work. The presence of diffuser and turbine foundations can inter-
fere with the fluid flow, which will generate different results from 
the velocity profile shown in the numerical results. Moreover, the 
uncertainty of measuring instruments cannot be neglected. The 
limitation of the test area as presented in the blockage ratio is one 
of the obstacles in this experiment.

5 Conclusions
The experimental method was conducted to validate the nu-
merical model. Diffusers with angles of 10.43° and 20.04° were 
manufactured and tested in a flowing tank with an inlet velocity 
of 0.7  m/s. The power coefficients were compared between the 
numerical and experimental results. With all limitations and 
some approaches, on the diffuser with an angle of 20.04°, it was 
found that experimentally the maximum efficiency of the tidal 
turbine was 43.6% with 120 rpm, whereas numerically the max-
imum efficiency could reach ≤48.5% with 133 rpm. The difference 
between the numerical and experimental results for the 20.04° 
diffuser angle was 4.7%; for the diffuser with an angle of 10.43°, 
the maximum efficiency was ≤30.3% with 85 rpm, whereas in the 
numerical results, the maximum efficiency could reach ≤33.4% 
with 89 rpm. The difference between the numerical and experi-
mental results for the 10.43° diffuser angle was 3.1%.
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1 2

TSR

3 4 5

0.4

0.5

0.3

C
p

0.2

0.1

0.0

20.04° num

10.43° num 10.43° exp

20.04° exp

Fig. 16: The comparison of power coefficients in numerical and 
experimental results as a function of the tip speed ratio at both diffuser 
angles.

D
ow

nloaded from
 https://academ

ic.oup.com
/ce/article/6/5/776/6786002 by Pacific N

orthw
est N

ational Laboratory user on 14 N
ovem

ber 2022



Experimental study on the optimum design of diffuser-augmented horizontal-axis tidal turbine | 785

The test programmes carried out at Universitas Indonesia on 
the diffuser-augmented horizontal-axis tidal turbine model and 
the developed numerical model have presented great suitabil-
ity with experiments. In conclusion, the CFD model with the 
k-epsilon turbulence model in the steady state is considered to 
be able to represent similar phenomena to the experimental in-
vestigations in terms of applying the numerical results for pre-
liminary design investigations and parametric studies. However, 
to further advance the agreement between numerical and ex-
perimental results, it requires several improvements in boundary 
conditions and consideration of mechanical losses such as the ex-
istence of bearings, pulleys and foundations as occurred in experi-
mental methods. Nevertheless, by observing the trend in Fig. 14, 
it is  concluded that this numerical approach might be considered 
satisfactorily representative an application for the modelling of 
multi-objective optimization carried out by Ambarita et al. [21, 22].
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