energies MBPY

Article
Magnetic Coupling for a 10 kW Tidal Current Turbine:
Design and Small Scale Experiments

In-cheol Kim !, Joji Wata 2, Watchara Tongphong 2, Jong-Su Yoon 3 and Young-Ho Lee **

1 Korea Maritime & Ocean University Research Institute of Maritime Industry, Korea Maritime and Ocean

University, Busan 49112, Korea; kic3645@kmou.ac.kr

Department of Mechanical Engineering, Graduate School, Korea Maritime and Ocean University,
Busan 49112, Korea; jvwdusrn@gmail.com (J.W.); watchara_t@outlook.com (W.T.)

Energy Environment Center, Busan, Korea Marine Equipment Research Institute, Busan 49112, Korea;
charonyjs@komeri.re kr

Korea Division of Mechanical Engineering, Korea Maritime and Ocean University, Busan 49112, Korea
*  Correspondence: lyh@kmou.ac kr; Tel.: +82-10-3862-4293

check for
Received: 14 September 2020; Accepted: 30 October 2020; Published: 2 November 2020 updates

Abstract: This paper presents a coupling design that improves water tightness of a marine current
turbine (MCT). The coupling is numerically analyzed and incorporated into the design of an MCT
from a previous study. The performance of the MCT with the magnetic coupling is compared to
the previous results in small scale turbine experiments. The results show that the new design is water
tight and has lower mechanical losses when compared with previous results. The new turbine has
increased maximum power output (from 116 W to 122 W) and hydrodynamic coefficient of power
(Previously 0.45 to 0.46). Using these results, the coupling design is scaled for a 10 kW MCT and
further analyzed by finite element analysis. The results obtained show that the magnetic coupling
is capable of withstanding the combined weight of the hub and blade assembly. The results in this
study will be used for developing a prototype for deployment in real seas.

Keywords: cylindrical air gap magnetic coupling; marine current turbine; counter-rotating turbine;
tidal current energy

1. Introduction

In 2019, South Korea launched its Third Energy Master Plan, which endeavors to achieve
sustainable growth and quality of life through energy transition. Among the steps outlined in the plan,
the Korean Government has set the goal of reaching 30-35% of power generation to be produced by
renewable energy by 2040 [1]. Park [2] provided analysis of the potential solar or wind resources
on 17 cities in Korea using a micro-grid analysis and optimization software, Hybrid Optimization of
Multiple Energy Resources (HOMER).

In addition to the solar and wind resources in Korea, there is continuing interest in the potent tidal
current energy in Korea’s coastal region near the Yellow Sea. Kim et al. [3] highlighted observational
data and numerical models used to estimate the output at several candidate sites. In Byun et al. [4],
in-situ observation data show a large concentration of high energy density sites near coastal regions in
the Jeonnam province. Hwang and Chul [5] conducted numerical simulations of water circulation on
observational data provided by the Korean Hydrographic and Oceanographic Agency. Their results
also coincide with the other studies that show sites, such as Uldolmok and Maenggol, as having
sufficient potential for tidal current energy.

At one of the potential sites, Uldolmok, Dong et al. [6] highlighted the Uldolmok Tidal Current
Power Pilot Plant that was commissioned in 2009. The pilot plant serves as a sea test facility for
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tidal current energy. A turbine, with an installed capacity of 1 MW, is being utilized for research.
Furthermore, the Korea Institute of Ocean Science and Technology (KIOST) is working together with
European Marine Energy Centre (EMEC) to develop a 4.5 MW sea test bed, the Korea Tidal Current
Energy Centre (K-TEC). K-TEC is expected to serve as real sea test bed by evaluating potential tidal
current devices in a manner similar to EMEC. This project will enable technology standardization for
the industry and encourage more development in tidal current research.

The South Korean government is funding projects that focus on the development of marine current
turbines for commercial deployment. The contents presented in this paper are part of an on-going
project to develop a high efficiency and economical floating marine current turbine. This project
focuses on integrating three technologies or components that maximize the efficiency of the marine
current turbine; a floating duct, a marine current turbine and a watertight hub. In this paper, only two
components of the project will be discussed; the dual rotor tidal current turbine and a water tight hub.
The project aims to combine the three components together and deploy a 10 kW marine current turbine
in the sea.

The first component is the turbine used for converting the available kinetic energy in a tidal
current. In literature, a variety of turbine configurations have been reported [7]. The previously
mentioned Uldolmok Tidal Current Power Pilot Plant uses a vertical Axis Turbine (VAT) for energy
conversion. More recently, pilot trials [8] are utilizing horizontal axis turbines (HAT) for conversion.

The most promising HATs resemble wind turbines in design. These turbines utilize the Blade
Element Momentum Theory (BEMT) [9] as a basis for design. The theory uses blade element and
momentum theory equations for calculating the forces on two-dimensional (2D) airfoils along the blade
profile. This allows the marine current turbine to produce lift from the marine current similar to wind
turbines. Moreover, water is 1000 times denser than air and this allows marine current turbines to
produce power in a smaller swept area than wind turbines. However, both wind and marine current
turbines are subject to the Betz limit.

The Betz limit is a well-known limit derived [10] in order to find the ideal performance of
a wind-turbine in the absence of drag. For a single rotor, this efficiency limit is 59.3%. This theoretical
limit can be increased to 64% by adding an additional rotor [11]. This increase in the theoretical limit has
led to several studies [12-16] in dual co-axial rotors for marine current turbines. Lee et al. [16] conducted
Computational Fluid Dynamics (CFD) analysis and small scale experiments on a counter-rotating
marine current turbine design. The dual rotor design was the designated marine current turbine for
the project.

The second component of the project was the development of a watertight hub. The design requires
were that the hub should be watertight and to ensure the high efficiency of the turbine by minimizing
any frictional losses. In the initial stages of this project component, there were three methods that were
proposed; an O-ring seal, a mechanical seal and the magnetic coupling. Small scale models of these
three designs were tested for water tightness and torque loss. The results showed that the all three
designs were watertight but the magnetic coupling had the lowest torque loss. Since the lower torque
loss would mean that less power is lost when the turbine is rotating, the magnetic coupling design was
chosen as the method for achieving a water-tight hub.

There are readily made magnetic couplings that are commercially available, however, these designs
have a limited torque range which was also lower than required torque of the project’s full scale
model. Moreover, it was seen that no available design had two separate components that could connect
to the blades and shaft while maintaining water tightness. Based on these factors, a new magnetic
coupling had to be designed to overcome these limitations and meet the project’s requirements.

This paper is divided into two parts. The first part will focus on small scale models of the magnetic
coupling and marine current turbine. The design, methodology, and results of the small scale numerical
analysis and experiments will be presented and discussed.

Then, the second part will discuss the numerical analysis conducted on the magnetic coupling for
the1l0 kW marine current turbine. In a similar manner to the previous part, the design of the magnetic
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coupling, the methodology and results will be shown before a summary of the final design parameters
is presented.
The following section will discuss the small scale model of the two components of the project.

1.1. Previous Work: Small-Scale Counter Rotating Marine Current Turbine

The selected marine current turbine is a counter rotating turbine that has two rotors with three
blades each. Lee et al. [16] designed the blades using the Blade Element Momentum Theory (BEMT)
methodology. Figure 1 shows the model of the counter-rotating turbine used for small scale experiments.

Figure 1. Small Scale model of the counter-rotating marine current turbine.

The small scale model turbine diameter is 0.5 m and the distance between the two rotors was set
at 0.25 m. The blade angle was set at 0° on both rotors. This configuration reported the highest power
produced and highest power coefficient.

In the previous study, the turbine used a mechanical oil seal assembly as its coupling method
at the hub. In this paper, the chosen watertight hub design is intended to replace the mechanical oil
seal coupling assembly of the turbine. The new watertight hub design is tested by experiments and
compared with the previous reported results in the following sections.

1.2. Small-Scale Magnetic Coupling Design

The watertight hub uses a magnetic coupling design which was selected based on the lower torque
losses compared to the O-ring and mechanical seal design. After selection, the magnetic coupling is
combined with the designated marine current dual rotor counter-rotating turbine. It is expected that
the lower losses will allow the turbine to be more efficient during operation.

The coupling geometry, based on the specifications by Lee [16], has an outer diameter of 80 mm,
a length of 56 mm. The allowable torque was 72 kgf cm or 7.06 Nm [17] which ensures that the coupling
does not separate while the turbine is rotating.

In addition to the geometry, the materials for the magnets are an important selection. Ferrite,
Alnico or rare earth elements are ferromagnetic and are generally used for making magnetic materials.
For this study, a sintered grade 50 M Neodymium magnet (NdFeB) was selected. This has the largest
magnetic flux density (Br = 1.4 T) for rare earth materials. The properties of the magnet are shown in
Table 1 below.
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Table 1. Neodymium (NdFeB) magnet properties.

Property Value
Recoil Permeability 1.05
Curie Temp. (°C) 310-350
Maximum Working Temperature (°C) 80-230
Reversible Temperature Coefficient Of Induction (Br) (%/°C) —0.13 to —0.09
Reversible Temperature Coefficient Of Coercivity (Hej) (%/°C) —0.70 to —0.45
Density (kg/m3) 7400-7600
Vickers Hardness (Hv) 560-600
Elasticity Modulus (kN/mm?) 140-170
Flexural Strength (N/mm?) 120-400
Compressive Strength (N/mm?) 850-1050
Coefficient of Thermal Expansion Perpendicular to Magnetization Direction (10~%/°C) -2to0
Coefficient of Thermal Expansion Parallel to Magnetization Direction (1076/°C) 4-9
Specific Electric Resistance (106(2.m) 1.3-1.6
Specific Heat Capacity (J/(kg °C)) 350-500
Thermal Conductivity (W/(m °C)) 5-15

Figure 2 shows the assembly of parts that make the magnetic coupling. The arrows also indicate
the location of each part. The bulkhead is installed in between the gap of the inner and outer
rotor. A minimum gap distance of 3 mm between the inner and outer rotors is needed to allow for
the installation of the bulkhead and necessary bearings. The bearings ensure that the outer rotor
remains aligned when rotating. Furthermore, the magnet configuration is important in ensuring
the coupling stays attached.

Inner Rotor-Bearing—Bulkhead-Bearing—Bearing—Outer Rotor

o il

Figure 2. Two-dimensional (2D) view of the parts in the magnetic coupling.

There are two main configurations that will be investigated in this paper; Type A and Type B as
shown in Figure 3. Type A uses eight magnets arranged end to end in order to fully utilizes the space
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within each rotor. However, the design of Type B takes into account the magnetic field of nearby
magnets and reduces the size of the eight magnets. By varying the size of magnets, it is possible to
produce similar magnetic strength with less material.

RN
\_/
=\

{ N
\N=y

Figure 3. Three-dimensional (3D) models of Type A and Type B arrangement of magnets.

Another two variations on Type A, namely Type C and D have an increased air gap and the back
yoke removed respectively. The purpose of these variations is to identify how these changes will
influence the strength of the magnetic coupling. These four configurations of the magnetic coupling
are summarized in Table 2 below.

Table 2. Summary of the Magnetic Coupling Configurations.

Type A Type B Type C Type D
Magnets are attached Magnets are Separated, 3 Type A design 3 mm gap
end-to-end, 3 mm gap mm gap Type A 4 mm gap Back Yoke removed

The inner and outer rotor consists of 8 separate magnets each

The magnets are made of grade 50 M sintered NdFeB

Outer Diameter: 80 mm Length: 56 mm

Back Yoke is made of 545 C steel

1.3. Combined Small-Scale Magnetic Coupling and Marine Current Turbine

Figure 4a—c shows the differences in the two small scale models. Figure 4a shows assembly
of mechanical oil seal coupling, various hub connections and key and shaft design of the previous
marine current turbine. Figure 4b shows assembly of new magnetic coupling and Figure 4c shows 3D
rendering of magnetic assembly.

The turbine’s rotating blades is connected to the external casing of the magnetic coupling via
shaft as shown in Figure 4b. The external casing closely fits and freely rotates over the fixed watertight
seal/wall labeled in Figure 4c. The seal prevents water from entering the hub. An internal shaft
also has a close fit inside the seal. A bearing within the seal ensures the internal shaft has smooth
rotation. The rotation of external housing over the seal causes the rotation of the internal shaft using
the magnetic attraction between them.
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The previous design of the oil seal (Figure 4a) had a connecting rod which was used to connect to
the internal gearbox whereas the magnetic coupling does not need a connection between the internal
and external parts. The performance characteristics of the turbine with the new coupling method are
discussed in the results section.

internal
Watertight seal

A: internal shaft with magnets(Rotating)
B: watertight seal/wall(Fixed)
C: external casing with magnets(Rotating)

(c)

Figure 4. (a) Previous Turbine’s mechanical oil seal coupling; (b) assembly of magnetic coupling;
(c) a SolidWorks rendering of magnetic coupling.

The following section will present the numerical analysis methodology of the four magnetic
configurations, the experiment procedure on a small scale model of the magnetic coupling, the test of
air and water tightness on magnetic coupling, and the experimental method used for the small scale
combined magnetic coupling and turbine.

2. Small Scale Model: Methodology

2.1. Numerical Analysis of the Small-Scale Magnetic Coupling

The four different configurations were simulated using MAXWELL, a finite element method
software capable of analyzing electromagnetic devices in ANSYS. Figure 5 below shows the tetra mesh
of all the configurations used for analysis. It can be seen that the mesh of these configurations was not
refined. While the result was satisfactory for the project, the notable difference between the numerical
and experimental result is seen as a result of the mesh.



Energies 2020, 13, 5725 7 of 20

(d)

Figure 5. The Tetra mesh of all the configurations tested in MAXWELL are presented here: (a) mesh of
Type A, (b) Type B, (c) Type C, and (d) Type D.

2.2. Small Scale Model Magnetic Coupling: Experimental Setup and Methodology

In order to measure the maximum torque of the Type A coupling, the inner rotor axis was fixed
using a power lock and the torque sensor, a CTCR torque cell (rated capacity of 10 kgf m), was used to
measure the twisting moment at the axis of rotation. An encoder (OMRON E6B2-CWZ1X, 500 pulses
per rotation) was used to measure the angle of alignment of the magnets in the rotors. The experimental
setup is shown in Figure 6.

Figure 6. The Type A magnetic coupling configuration is tested for maximum torque.

2.3. Small Scale Magnetic Coupling: Air and Water Tightness Experiment Methodology

To test air tightness, the coupling was placed in an air chamber and pressurized to 204.96 x 1072 bar
(20.496 kPa) for 30 min. A satisfactory result occurs when there is no drop in pressure within 30 min.
Any pressure variation of up to 2 x 1073 bar or 200 Pa is also acceptable.

A water tightness test was also conducted on the coupling. This was done according to Ingress
Protection (IP X8) testing procedure as per International Electrotechnical Commission (IEC) 60529 test
standards. The coupling was submerged in water within a high-pressure chamber at a pressure of
7 bar (700 kPa) for 1 h before the interior was inspected. The water tightness testing and certification
were conducted by the Korea Maritime Equipment Research Institute (KOMERI).
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2.4. Magnetic Coupling and Tidal Current Experiment Setup and Methodology

The new small scale marine current turbine model was then tested in a water tank at the Korea
Maritime and Ocean University. Overall, the water tank is 4 m long, 1.8 m wide, and 1.2 m high.
The water depth for the experiment was set at 0.9 m. Two fans circulate the water around the tank and
control the water velocity. For this experiment, the water velocity range was from 0.8 m/s to 1.4 m/s.

The model turbine and experimental setup is presented in Figure 7. The center of turbine was
located 0.35 m below the free surface. A SBB torque meter (measurement range of 0-2 kgf m) measures
the torque output from the turbine model. The rotational speed is measured by the rotational speed
sensor (measurement range up to 10,000 Rotations per minute (RPM)) included in the torque meter.
A forced air cooled type PRB-5Y3F powder brake is used for rotational speed control. The outputs from
these sensors are recorded and fed to a data logger. For this study, two experiments were conducted
using both turbines with the oil seal and magnetic coupling assembly.

* Powder brake :
PRB-5Y3F

*Torque meter:
SEB 2kgf-m

*RPMsensor:
MP-981

“V—

Figure 7. Front and side view of the turbine, measurement equipment, and water tank.

The first experiment measured overall mechanical loss produced by the oil seal hub and magnetic
coupling hub. The powder brake unit was used to apply a load on the turbine to achieve different
turbine rotational speeds. At each different rotational speed, the torque was measured. This experiment
will show how much the design of the sealing method can contribute to losses in power.

In the second experiment, the magnetic coupling turbine’s performance characteristics, such as
the power produced and the hydrodynamic coefficient, are found at different water velocities. The result
of the magnetic coupling is compared with the mechanical seal results and presented in results section.

When conducting experiments on small scale models, it is important to identify if the influence of
walls can cause a nozzle effect and increase the water velocity around the turbine. Chen and Liou [18]
conducted experiments on the effect blockage ratio on turbine power coefficients. The blockage
correction factor is dependent on the blockage ratio and Tip Speed Ratio (TSR) and found that for
blockage ratios less than 10%, the blockage correction is less than 5%. In this case, the blockage ratio of
the experimental setup was calculated to be about 12% and the appropriate blockage correction factor
was used to correct the results [16,18].

The following section will discuss the results of the small scale numerical analysis and experiments.

3. Small Scale Model: Results and Discussion

3.1. Air and Watertight Tests of the Hub Design

The airtight result is shown in Figure 8. The pressure had stabilized at 204.96 x 1073 bar (20.496 kPa)
and increased to 205.26 x 1073 bar (20.526 kPa) towards the end of the test because of the increase
in ambient temperature. The resulting increase in pressure of 0.3 X 1073 bar (30 Pa) was still within
acceptable limits and the coupling was deemed to be air tight.
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Figure 8. Air tightness test results over 30 min. A change of 0.3 X 1072 bar is within limits.

KOMERI conducted the watertight test and the coupling design was determined to be both air
and water tight. After the water tightness test, the arrangement of magnets in the coupling was tested.

3.2. Results of Numerical Analysis Using MAXWELL on 4 Magnetic Configurations

The results of the calculated torque at different angles of alignment are plotted in Figure 9 below.
For all configurations, the highest torque was observed when the alignment between the inner rotor
magnets and outer rotor magnets was 22.5°. Type A had the highest maximum torque of 25.97 Nm
followed by the Type B configuration, which was 24.85 Nm. The maximum torque for the Type C
configuration was 20.95 Nm and the lowest was Type D at 15.09 Nm. All configurations showed
a similar trend across the different angles. From these results, the Type A magnet configuration was
selected for experimental testing.
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Figure 9. MAXWELL results show the calculated torque at different magnet alignment angles for
all configurations.

3.3. Experimental Results of Small Scale Type a Configuration

The results from the MAXWELL calculations and the experiment are compared in Figure 10. For all
experimental results, uncertainty analysis was conducted according to concepts and procedures outlined
in the International Organization for Standardization (ISO) Guide to the Expression of Uncertainty in
Measurement [19]. From the MAXWELL calculations, the maximum torque was 25.97 Nm whereas
the maximum torque measured in experiments was 25.18 + 1.00 Nm with an estimated level of
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confidence of 95%. Moreover, the computed results showed that the maximum torque occurred at 22.5°,
whereas in experiments the maximum torque occurred at an angle of 25°. The differences between
the numerical and experimental results could be attributed to the coarse mesh. While the mesh was
not refined, the numerical results were deemed satisfactory for the project.

30

—+—MaxWell [Nm]

+ Torque[Nm]

Torque [Nm]

0 5 10 15 20 25 30 35 40 45
Angle [°]

Figure 10. Comparing MAXWELL and Experiment results for Type A configuration.

The Type A magnetic coupling configuration selected to be attached to the small-scale dual rotor
counter rotating tidal turbine model. This hub configuration is tested in a water tank. The results of
these water tank experiments are then compared to the previous results reported in Lee et al. [16].

3.4. Experimental Analysis of the Small-Scale Magnetic Coupling

The experimental results are reported in Kim et al. [20] and will be briefly summarized here.

Figure 11 shows the difference in the overall mechanical losses of the torque for various rotational
speeds with an estimated level of confidence of about 95%. The result shows that at all rotational
speeds, the averaged mechanical loss that occurs in the magnetic coupling setup is lower than
the mechanical oil seal setup. The average mechanical loss due to oil seal coupling is 0.343 + 0.034 Nm,
whereas it was 0.028 + 0.022 Nm for the magnetic seal coupling. This results in a reduction of about
17%. The differences in mechanical loss between the two coupling assemblies have an effect on how
efficiently the turbine can produce power.

0.050

0.045 A
0.040 -
0.035 A
0.030 A
0.025 -
0.020 A

Torque[kgf.m]

0.015 A
0.010 A

—aA— Oil seal

0.005 —O— Magnetic

0.000 T T T T T T T T T T T T T
20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

RPM

Figure 11. Oil seal and magnetic coupling torque mechanical loss.
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Figure 12 shows the averaged power output obtained from the experiments of the magnetic
and mechanical coupling setups. The Taylor Series Method for propagation of uncertainties was
used for the calculation of the experimental results [21]. In order to compare the results clearly,
the expanded uncertainty intervals were not plotted and only the mean values are plotted in Figure 10.
These results are also compared with results obtained from numerical simulations, labeled as CFD,
from the previous study.

130
120 -
110 -
100 -
90 -
80 -
70 A
60 -
50 -
40 -
30 A

20 —&— Oil seal
—B— Magnetic coupling
10 —— CFD

0 T T .
0.6 0.8 1.0 1.2 1.4 1.6

Velocity [m/s]

Power [w]

Figure 12. The power output against water velocity. Comparison between the oil seal, magnetic coupling
experimental results and Computational Fluid Dynamics (CFD) results.

The maximum power output from the previous experiment was 116.07 + 4.21 W whereas with
the magnetic coupling, the maximum power output was 122.84 + 4.84 W at an estimated level of
confidence of 95% for both results. Both the oil seal coupling and magnetic coupling setups show close
agreement with the CFD results. However, the magnetic coupling setup shows a higher average power
output than the oil seal setup.

This effect is evident when the hydrodynamic coefficient of power (Cp) for the oil seal and
magnetic coupling is calculated over the velocity measured. This coefficient is defined in Equation (1).
The numerator represents the turbine power while the denominator represents the available power of

the water:

2m
T. G0 n

_ 0 1t 1
0.5pAVoo> W

CP
where:

T is the torque measured (Nm)

n is the rotational speed of the turbine (RPM)

p is the density of the water (kg m~>)

A is the frontal area of the turbine (m?)

V. is the free stream velocity of the water (m s

These experimental results are also compared with the previous results from CFD analysis in
Figure 13 below.
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0.60
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Coefficient of power

Figure 13. The Coefficient of Power (Cp) for 3 cases are compared.

The CFD results, magnetic coupling and oil seal case show similar trends. The previous oil
seal case had reported a maximum coefficient of power of 0.45 + 0.06 which occurred at 1.15 m/s
(approximate level of confidence of 95%). The maximum magnetic coupling had a maximum C,, of
0.46 + 0.06 at 1.24 m/s. The graph shows that CFD result and magnetic coupling show good agreement
near the peak and afterwards. After the maximum point, the oil seal results show a decrease in Cp, as
the velocity increased.

From the results presented, the magnetic coupling design was seen simultaneously improve
water tightness of the turbine hub and reduce the mechanical losses compared to the previous design.
The improvement is also seen in Figure 13 when comparing the hydrodynamic coefficient of power
produced by the two experimental results. This improvement in performance would be beneficial in
larger turbines for power generation. Furthermore, the water tight hub design will be beneficial in
preventing leaks into the hub of marine current turbines regardless of whether the turbine is single or
dual rotor. These results obtained in the small scale analysis are used to design a 10 kW marine current
turbine. Several numerical studies were conducted on the 10 kW design and of these; four studies are
presented in the following section.

4. Design of a 10 kW Magnetic Coupling

As stated earlier, the project aims to combine three separately developed technologies/components
and combine these to manufacture a 10 kW marine current turbine. It is hypothesized that
the combination of the three components will allow the deployment of the system to areas with
lower current speeds and also increase the efficiency of the turbine in tidal sites of economic interest.

This section will describe the design considerations for the Magnetic Coupler for the 10 kW
marine current turbine. These will namely the magnets, bulkhead and the outer rotor. There have been
several investigations that were conducted for the design of the 10 kW model. Only the magnet design,
finite element analysis of the coupling design and vertical displacement will be covered here.

The magnet design is considered first. These are important to ensure that the design will be
able to transmit the torque and synchronization required. These factors are the allowable torque,
dimensions and the number of poles needed.

5. Methodology of the Numerical Analysis on the 10 kW Magnetic Coupling

The numerical analysis presented in the following sections was conducted using MAXWELL and
Structural Analysis software available on ANSYS.
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The first analysis used MAXWELL to optimize the design of the magnets in the coupling and also
obtain the maximum torque that the coupling will withstand. Figure 14a shows the outer diameter,
length, and the air gap of the magnet.

224|mm]

Air gap (1mm, 8 layer)

(a) (b)

Figure 14. The 10 kW-magnetic coupling design (a) shows the outer diameter and length of the magnetic
coupler; (b) shows the mesh of the coupler and air gap. The air gap is made of eight layers of
1 mm thickness.

The second numerical analysis is a finite element analysis on the structure of the coupling.
The weight of the blade and hub are taken into consideration to see if the structure of the hub will be
adversely affected.

5.1. Methodology of the Numerical Analysis of the 10 kW Design using MAXWELL

Figure 14a shows the outer diameter, length, and the air gap of the magnet. In Figure 14b, the tetra
mesh of the magnet is shown. The mesh has a total of 844,362 nodes and is refined near air gap.
The mesh in the air gap also made up of 8 layers of 1 mm thickness each. This design was tested using
MAXWELL and the result is reported in the results section.

5.2. Finite Element Analysis of the 10 kW Coupler Design Methodology

The material strength of the magnetic coupler is investigated by using finite element analysis.
The magnetic coupler consists of two parts; the bulkhead and the outer-rotor. In order to ensure
the magnetic coupler design is safe from material failure during operation, the strength of the bulkhead
wall was investigated. The bulkhead and outer-rotor are modeled as a surface body in the modeling
software, Unigraphics (UG NX), as shown in Figure 15. These models are exported to ANSYS for finite
element analysis. These surfaces reduce the complexity of the mesh needed for analysis of the wall
strength, significantly saving time.

(a) (b) (c)

Figure 15. Magnet coupler three-dimensional (3D) models of the bulkhead and outer rotor. (a) Side
view of the bulkhead and outer rotor together, (b) an isometric view of the bulkhead and outer rotor,
(c) the exploded view of bulkhead and outer rotor.
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To analyze the wall strength, the wall thickness is varied from 3-5 mm at 0.5 mm intervals for
a total of 5 cases (3, 3.5, 4, 4.5, and 5 mm). The mesh of the model for Finite element analysis of magnet
couple is shown in Figure 16. Elements were created at the surface body and the physical properties of
magnet coupler are specified. These are summarized in Tables 3 and 4.

0o 20000 A00.00 {rrim) EI'E'_:_:|E vt A o]
| —— —

10000 30000 Tocoe 29000

Figure 16. Finite element modeling and mesh of magnet coupler.

Table 3. Number of Nodes and Elements for the Bulkhead and Outer Rotor.

Part Name Body Nodes Elements
Bulkhead Surface Body 7032 6959
Outer Rotor Surface Body 6441 6378
TOTAL 13,473 13,337

Table 4. Physical properties of the magnetic coupler (bulk head and outer rotor).

Type Elastic Modulus (Pa)  Poisson’s Ratio Density (kg/m?3)
Steel (STS304) 2.00 x 1011 0.26 7850

The bulkhead base will be attached to the generator nacelle, therefore the degrees of freedom is
set to 0. The surface between the bulkhead and the outer rotor, shown in Figure 17, is set as a contact
condition. The weight of the turbine blade and hub, as shown in Table 5, are the external forces that act
on the magnetic coupling. These are applied on the region specified as the contact surface.

Table 5. The weight of blade(s) and hub specified on the contact surface.

Part Name Weight (kg) Weight (N)

Blade (1lea) 22.6 222
Blades (3ea) 67.8 666
Hub 443 434

TOTAL 112.1 1100
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Figure 17. The boundary condition is set for the bulkhead and outer rotor. (a) The red surface is

where the contact condition is applied. (b) The blue region shows where the fixed support condition

is specified.

In addition to the analysis by varying the wall thickness, this analysis was conducted in order to
study the effect of the weight of blade/hub assembly on the strength of magnet coupler. The weight of
blade/hub assembly was varied into 5 cases; 700 N, 900 N, 1100 N, 1300 N, and 1500 N.

Finally, an additional analysis was done to ensure that the vertical displacement caused by the load
would not cause interference between the bulkhead and outer rotor. The magnetic coupler design has
a 2 mm gap in between the bulkhead and the outer rotor. The purpose of the gap is to reduce frictional
losses that would occur if the two parts were in contact. The result of the vertical displacement analysis
is presented in the following section.

6. Results and Discussion on the Numerical Analysis of the 10 kW Magnetic Coupling

6.1. Results of the Numerical Analysis of the 10 kW Design Using MAXWELL

In Figure 18, the results of the initial magnet design showed leakage of the magnetic field occurring
between the north (N) and south (S) poles. A non-magnetized region between the N and S poles will
be considered to optimize the design.

ISOVAL NO_VACUUM
2.245

2.041 —
1.836 e
1.632 —
1.428
1.224
1.020
8.162x10-3
6.122x10-3
4.081x108
2.041x10°3
0.000

Magnetic flux density / Vecter in T

Figure 18. Leakage of magnetic field.

Furthermore, the torque produced at different load angles of the design was found using finite
element analysis. This value is used to determine if the magnetic coupling will decouple during
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operation. Initially the 2D analysis was conducted and the maximum 2D torque was found to be
1381 Nm. The 2D torque values are regarded as initial values for the following 3D analysis. The 3D
analysis was then conducted and the maximum torque was found to be 1190 Nm. The results are
shown in Figure 19. The design value of the coupler was 1000 Nm and the 3D torque value is
within an acceptable safety factor of 1.2. This indicates that in operation, the magnetic coupler will
not decouple.

2000

1600

E 1200 -
=
@
E]
§
2 800 +
400
—&— 2D Torque
—&— 3D Torque
0 T T T T T
0 18 36 54 72 90

Angular position of rotor [deg®]

Figure 19. Torque (2D and 3D) versus angular position of rotor.
6.2. Results of the Finite Element Analysis of the 10 kW Coupling

The results of the analysis by wall thickness and weight are shown in Figures 20 and 21.
Figure 20 shows the amount stress plotted over the different wall thickness when the weight of
the blades and hub are applied. The stress on the magnet coupler varies according to the bulkhead wall
thickness and blade/hub weight. As the thickness of the wall increases, the maximum stress decreases.
The maximum stress (2.713 MPa) occurs when the wall is 3 mm wall thick and a blade/hub weight
of 1500 N. When compared with the yield strength of the material, 240 MPa, the results show that
the material will not fail under the weight of the blades and hub. The result shows that a sufficient
safety factor was achieved even though the wall thickness of the bulkhead is 3 mm.

3.5

700N
3.0 4 —— 900N
—— 1100N
—— 1300N
2.5 4 —— 1500N

2.0

Stress [MPa]

/

1.5 4

1.0

0.5

0.0

25 3.0 3.5 4.0 4.5 5.0 55

Bulkhead thickness [mm]

Figure 20. Shows the variation of stress on the magnet coupler versus bulkhead wall thickness and
blade/hub assembly weight.
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Figure 21. Stress contour on the magnet coupler. In this case, the bulkhead wall thickness is 4 mm
and the blade/hub assembly weight 1100 N. (a) The isometric view of the stress contours. (b) The side
elevation of the model also the highest stress region occurs near the base of the bulkhead.

Figure 21 shows the stress contours on the magnet coupler for a single case. It was noted that

the highest stress occurs near the connection from the bulkhead to nacelle.
The result of the analysis of the vertical displacement caused by the load of the hub and blades is

shown in Figure 22.

~—— 700N
3x10°3 —— 900N
—— 1100N
—— 1300N
—— 1500N

2x10-3 | \

Stress[Mpa]

1x10° - - @ @000

25 3.0 3.5 4.0 4.5 5.0 5.5
Bulkhead thickness[mm]

Figure 22. Shows the variation of vertical displacement on the magnet coupler versus bulkhead wall

thickness and blade/hub assembly weight.

The graph shows that the vertical displacement of the magnet coupler also depends on bulkhead
wall thickness and blade/hub weight. As the wall thickness increases, the maximum stress on
the bulkhead decreases. For a bulkhead wall thickness of 3 mm and blade/hub weight 1500 N,
the vertical displacement was 2.29 x 1073 mm. Considering that the gap between the bulkhead and
the outer rotor is 2 mm, it can be concluded that there is no inter-component interference due to
deflection from weight of the blades and hub.

Figure 23 shows the deflection contours on the magnet coupler. The figure shows that maximum
displacement occurs at the end of the hub connection.
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Figure 23. Deflection contours on the magnet coupler for the case where the bulkhead thickness is 4 mm
and the blade and hub weight of 1100 N. (a) The isometric view of the model. (b) The side elevation of
the magnetic coupler shows the largest displacement occurring at the end of the hub connection.

6.3. Summary of Results on the Analysis of the 10 kW Coupling Design

As a result of the analysis conducted on the 10 kW Magnetic Coupling, Table 6 summarizes
the final selected design parameters for the 10 kW Model and the dimensions are labeled in Figure 24.
It is planned that a prototype will be built and tested in real seas for future studies.

Table 6. Final design parameters of 10 kW magnetic coupling.

Part Label Parameters Specifications

A. Outer Diameter [mm] 224
B. Lamination Length, [mm] 180
C. Air Gap [mm] 8
D. Permanent Magnet Thickness [mm] 10
E. Back Yoke Thickness, E [mm)] 9

Number of Pole 18

Type of Permanent Magnet NdFeB with a remanent field of 1.25 tesla (T)

C =8 [mm] — E = 9 [mm]

A=224[mm]

D =10 [mm]

E=9 [mm]

Figure 24. Final Design parameters of the 10 kW Magnet coupler. The dimensions from Table 6 are
labeled here.
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7. Conclusions

This paper presented the design of a magnetic coupling for a marine current turbine. The paper
presented small scale experiments and CFD analysis on a 40 W model then additional analysis on
the 10 kW design.

Four different configurations of the magnetic coupling were initially tested and the Type A
configuration was selected. The magnetic coupling design was compared to the mechanical oil seal
design in a previous study of the counter-rotating marine current turbine. In addition, the two
experimental results were compared with the results of a CFD analysis of the turbine.

The magnetic coupling setup showed an increase of about 5% power output of 122.84 + 4.84 W
compared to 116.07 + 4.21 W from the previous study. The magnetic coupling design also had reduction
of about 17% in mechanical losses. The magnetic design had power coefficient of 0.46 + 0.06 compared
to 0.45 + 0.06 obtained by the oil seal assembly. Furthermore, the magnetic coupling case was also in
close agreement with the CFD results and had a more gradual decrease in the coefficient of power (C;,)
values as the velocity increased.

This paper then presented four numerical analysis conducted on the 10 kW magnetic design:

e  The first analysis used MAXWELL that determined that a magnetic leak occurred across adjacent
magnets. A non-magnetic region will added to optimize the design.

e  The second analysis was a 3D finite element analysis also showed that the design over varying
load angles had maximum torque of about 1190 Nm. This value is within the safety factor and is
expected that the magnetic coupler will not decouple during operation.

e  The third analysis tested the strength of the material by varying the bulkhead wall thickness
and weight of the blades and hub. The maximum stress of 2.713 MPa occurs when the wall is
3 mm wall thick and a blade/hub weight of 1500 N. When compared with the yield strength of
the material, 240 MPa, the material is expected to withstand the load.

e  The final analysis presented showed that the maximum deflection of 2.29 x 1073 mm will not
interfere in the 2 mm gap between the bulkhead and outer rotor.

The magnetic coupling fulfilled the project’s requirement of watertight design for the hub.
The design also had the advantage of lower torque losses and this design can be applied to other
marine current designs, whether single or dual rotor.

The findings will be applied to design and manufacture a 10 kW prototype that is expected to be
tested in real seas in the future.
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