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Abstract

A unique tidal turbine, "Hydro-Spinna", is introduced. The Hydro-Spinna consists of
three cardioidal blades spiralling around a common horizontal shaft. A 500 mm
diameter model was manufactured and its performance investigated in the towing tank
facility of Newcastle University. The main objective of these experiments was to
investigate the hydrodynamic efficiency of Hydro-Spinna with a view to improving the
design by collecting data for use in numerical optimisation. Considering its flexible
operating characteristics the model turbine was tested at different immersion depths
and in the half-submerged condition. The power coefficient of the turbine reached a
value of almost 0.3 at a tip speed ratio of 2.2 in the fully submerged condition. The
turbine had a higher power coefficient in shallow immersion and half submerged
condition. The drag coefficient on the whole system decreased with increasing TSR
contrary to conventional turbines. The turbine was observed to start rotating at low
flow velocities, down to 0.15 m/s. In the study, although the turbine presents a
relatively low power coefficient compared to that of competitive turbines, its unique
adaptability of immersion depth, including the partially submerged condition, low
starting flow velocity and rotational speed offer an interesting prospect for a range of

applications.
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1. Introduction

Persisting environmental concerns along with the volatile nature of the fossil fuel
economy reinforce the need to search further for sustainable alternative energy
resources. The world’s oceans which cover 71% of the earth’s surface offer an array
of marine energy opportunities with the potential to be exploited. In the UK alone, wave
and tidal energy resources have been identified as being able to meet 20% of the
energy requirements [1]. Tidal energy offers more opportunities due to its high
predictability; unlike the less predictable waves, tides result from the regular

gravitational interaction between the earth and the moon.

The traditional way of harvesting energy from tides is by means of a tidal barrage,
exploiting the potential head available in the water and operating similar to a
hydropower plant [2]. An alternative method is to extract the kinetic energy from the
flow using tidal current turbines. The wind energy industry has been successful in
establishing the generic design of horizontal axis turbine as the optimal configuration
for energy extraction. Due to the similarity of wind and tidal flow, both being fluids, the
horizontal axis turbine concept is the most commonly adopted format in the tidal

energy industry.

A horizontal axis turbine is used to extract energy from the kinetic component of a
moving fluid and the design of the turbine blade plays a very important role in the
efficiency of the turbine. Tidal ranges and velocities vary depending on geographical
location, land and seabed topography, with a peak velocity between 2 to 3 m/s
considered as an economically viable site for extracting tidal energy [3]. Typically at
such a site the tidal velocity ranges between 2 to 2.5 m/s during neap tide and 3.5 to
4 m/s during spring tide [4]. At certain locations, tidal velocities can reach up to 5 m/s
as the tidal flow is amplified by geographical constraints such as narrow straits or
headlands [5].

The maximum limit on the power that can be extracted from the fluid flow is 59%
according to the Betz Theory [6]. The power available in the fluid flow is shown in

equation (1).

P,, = -pAU3 (1)
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where p is the density of the fluid, A is the swept area of the turbine and U is the flow

velocity.

Wind turbines require relatively large diameters to extract the energy effectively
from the flow however, the density of water is approximately 800 times higher than
that of air, hence tidal turbines would have significantly smaller diameters for the same
power rating. The power available in the flow is proportional to the velocity cubed, as
shown in equation (1), so a fluctuating flow velocity will greatly affect the power.
However, the tidal velocity is more predictable and fluctuates less compared to wind
velocity. The velocity of a tidal stream is lower than the velocity of wind, therefore tidal
turbines operate at slower rotational speeds as the energy content is greater in a tidal
flow than in wind, a tidal turbine is subjected to higher loading than a wind turbine

which requires a robust system.

Operation of tidal turbines can generate noise that may disturb the acoustic balance
of the natural environment they are deployed in [7]. In the case where they are installed
near the seabed, in shallow waters, they may increase the risk of scouring as reported
in [8]. In addition, tidal turbines are prone to cavitation, that may be increased by the
action of wave particle motions, causing the turbine blade to erode as well as radiating
noise hence compromising its hydrodynamic integrity and further impacting on the
marine environment [7,8]. On a similar note free surface effects due to waves and the

turbine’s own operation affect its energy production [9-11].

Most established tidal current devices are based on the conventional horizontal axis
turbine generally adopted in the wind industry. Established horizontal axis tidal current
energy, such as SeaGen [12] put the emphasis on the reliability and adaptability of
such a design for tidal energy. Various other devices are also being tested at the
European Marine Energy Centre (EMEC) reflecting the steady progress in the marine
energy industry in the region. A significant amount of work has been done to study the
performance of tidal current turbines at various working and flow conditions as well as
the wake profiles [9,13—15]. Vertical axis tidal turbines and other unconventional tidal
current devices have also been developed and investigated to harness the energy
from tides [1,16—19].

A working novel marine current turbine design is presented in this paper including

an experimental investigation into the power extraction capability of this turbine. The
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“Hydro-Spinna”, which is the name given to the device by its inventor based on his
wind spinner activity and observation [27], offers an innovative horizontal axis concept
design for the tidal current energy industry. The unique design of the Hydro-Spinna is
presented in Section 2 including its geometrical definition through analytical equations.
The experimental set-up and tests for the evaluation of the power extraction
performance are presented in Section 3. The performance results are investigated at
different immersion depths over a range of operating tip speed ratio (TSR) and results

are discussed in Section 4. Finally, Section 5 reports on the conclusions of the study.

2. Hydro-Spinna turbine

2.1. Turbine design

The Hydro-Spinna is a three cardioidal helicoidal bladed turbine which extracts energy
from the tidal stream by aligning itself in the direction of the flow. A cardioid is a
geometrical shape that follows the polar x-y coordinates of a circle. However, in the
case of a circle where the radius is constant at every swept angle 6, the radius of the
cardioid varies with angle, as presented in Figure 1, and is defined as r = a(1 — cos 8)
where a is the scaling factor and 0 < 8 < 2m. The plan form of the blade in the x-y

direction is formed by creating two concentric cardioids as shown in Figure 2.

Two generations of the Hydro-Spinna turbine have previously been designed,
maintaining the basic cardioid leading edge design of the blade [20,21]. The first
generation developed has a cardioid leading and trailing edge with equal chord length
throughout the blade circumference while the second generation exhibits a circular
trailing edge profile. The third generation turbine investigated in this paper is a

modified version of the first generation and is further defined in the following.
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Figure 1. The basic cardioid geometry and comparison of the cardioid shape (scaling

factor a = 5) with a circle of radius = 5 for 0 < 6 < 2.

The third generation turbine has cardioidal leading and trailing edges. The design
of the turbine is developed in a mathematical form for simplicity of design and
construction. The scaling factor ratio of the trailing to the leading cardioid is 1.5. The
offset of the leading and trailing cardioid surfaces are given in equations (2 — 4), while

pitch angle, B, of the surface at any radius is given by equation (5).

x =a(l —cosB)cosf (2)
y =a(l—cosB)sinf (3)
z=pb (4)
p = tan™! [AA—f (5)

where a is the cardioid scaling factor, 6 is the swept angle, p is the pitch length of the
turbine, AZ is the axial distance between the trailing and leading edge, and Al is the

chord length,
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Figure 2. The planform view of a Hydro-Spinna blade. The chord length of the blade,
Al, is the length from the leading to trailing edge at the same angle 6 from the

designated centre x.

As each blade is spiraled around the hub along its longitudinal axis (z-axis), the
blade meets the hub at two points, named the upstream and downstream end. The
pitch length of the turbine (p) is the distance between the upstream and downstream
end of the hub where the blade completes one helicoidal cycle in the axial fluid flow
direction along the z- axis. The hub radius of the third generation device is 20% of the

turbine diameter as illustrated in Figure 3.

2.2. Hydro-Spinna model

The Hydro-Spinna has a unique design and key parameters need to be clearly
defined. The diameter of the turbine (D) is defined as the diameter of the cross
sectional area swept by the turbine. The pitch length (p) and chord (Al) as described
earlier are shown in Figure 3 while the blade shape for the third generation device
used an aerodynamic NACAO015 profile cross-section for its symmetrical and thick

profile that will give structural stability to the blade.
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186

187 Figure 3. Hydro-Spinna parameters defined.

188

189 The Hydro-Spinna model tested in the towing tank has a diameter of 500mm with a

190 pitch to diameter ratio of 0.42 and hub diameter of 100mm. The model was
191  manufactured from polymers using a 3-D printer as shown in Figure 4. The radial
192  distribution of the blade section details are given in Table 1:

193

194
195 Figure 4. The 3-D printed Hydro-Spinna turbine

196
197
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Table 1. Specification of the Hydro-Spinna model with the pitch angle and chord

length defined at each cardioid radius.

Cardioid Angle, Pitch Angle (°) Chord (mm)
0 Cardioid Radii(mm) 8 Al
0 0 50.2 65.1
30 16.7 41.8 62.5
60 62.5 31.1 64.4
90 125.0 23.0 64.0
120 187.5 16.8 57.6
150 233.3 10.1 47.3
180 250.0 0 41.7
210 233.3 -10.1 47.3
240 187.5 -16.8 57.6
270 125.0 -23.0 64.0
300 62.5 -31.1 64.4
330 16.7 -41.8 62.5
360 0 -50.2 65.1

3. Experimental set up and tests
3.1. Test facility and limitations
Tests were carried out in the Towing Tank facility at Newcastle University. The tank

has the following dimensions while its further details can be found in [22]:

Tank length 37m
Width 3.7m
Depth 1.25m
Maximum carriage velocity 3m/s

Although the towing carriage can be driven up to a maximum speed of 3 m/s, the
rotational speed of the turbine was regulated by a 1 Nm Magtrol HB-140M-2 magnetic
brake . The turbine model therefore was tested up to a maximum carriage velocity of
0.9 m/s including tests at 0.5 and 0.7 m/s. This was due to the limitation of the brake
capacity of 1 Nm that was insufficient to control the turbine rotation for lower TSR at
higher flow velocities. A full range of tip speed ratio tests was only obtained at the

minimum carriage velocity of 0.5 m/s.
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3.2. Test set up

The Hydro-Spinna was supported by a front and back (main) struts to distribute the
weight of the turbine as shown in Figure 5. The front strut was introduced to support
the weight of the turbine as well as to strengthen the entire assembly against the
unsteady effects of the thrust and torque on the blades. Mechanical power was
transmitted from the turbine via a pulley system to a shaft drive above the water level

attached to the carriage rig.

Coupling
] Fullay
— Torque & Bel
| ransducar Sysatem

Fronl Support Turbine Main Support

Figure 5. lllustration of the turbine set up for the towing tank test

As shown in Figures 5 and 6, the shaft drive was connected to the 1Nm rated brake
and a torque transducer to control the rotational speed of the turbine, and measure
the torque and rotational speed, respectively. The thrust on the turbine alone was not
measured. However, the overall turbine system was attached to a carriage equipped
with load cells to measure the total drag force of the turbine and both front and main
supports.

Experimental data was recorded every 0.01 seconds where 10 seconds of data

were taken giving a total of 1001 samples. A total of 3 runs were carried out for each
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condition. The standard deviation and standard error with 95% confidence level for the

carriage velocity, turbine rotational speed and torque are defined in Table 2.

Table 2. Experiment data standard deviation and standard error

Standard Deviation | Standard Error
Carriage Velocity (m/s) 0.13 + 0.008
Rotational Speed (rpm) 2.45 +0.1
Torque (Nm) 0.02 1+ 0.001

Figure 6. The Hydro-Spinna experimental set up in the towing tank facility.

3.3. Brake calibration

The hysteresis brake controlled the rotational speed of the turbine based on the
amount of voltage supplied. The voltage and current have a linear relationship and the
relationship of either to the resulting torque is linear above approximately 2.5V as
shown in Figure 7 below. Since it was easier to regulate the voltage than the current,
a control box with a trigger mechanism was used to regulate the voltage supplied to
the brake for each run. Hence, voltages were regulated between 2.5V and the

maximum voltage of 5V by increasing the voltage in each case.
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258 Figure 7. The voltage and torque relationship of the hysteresis brake calibrated
259 with increasing voltage.
260
261  3.4. Towing tank tests
262 The aim of the tests was to investigate the performance of the Hydro-Spinna turbine

263 at four different depths of immersion. The range of immersions tested was as

264  described in Table 3 and shown in Figure 8.

265

266 Table 3. Range of immersion depth of the towing tank test

267
Immersion Depth Distance

(turbine tip to water surface)

0.36D (submerged) 180 mm
0.2D (submerged) 100 mm
0.0D (submerged) 0 mm (Blade tip at the water surface)
-0.5D (partially -250mm (half of the turbine is
submerged) underwater)

268

269

270 The water depth from the bottom of the tank to the shaft centre of the turbine was

271 470mm. At a turbine immersion level of 0.36D, the total water depth in the tank was
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900mm. The depth of tip immersion was changed by draining the water out of the
towing tank maintaining a constant level of water between the turbine and the bottom
of the tank.

0.36D (Deep)

S ——————————._ A

Figure 8. lllustration of different depth of immersion for the test

4. Test results and analysis
4.1. Energy conversion theory

The power generated by the turbine is defined in the non-dimensional power
coefficient. Similarly, the thrust coefficient describes the thrust experienced by the
whole system as listed in equations (6-7). The performance of turbine is generally
presented in plots represented by these coefficients against the tip speed ratios (TSR).
TSR is defined as the ratio of the angular velocity at the blade tip to the axial flow

velocity as given in equation (8).

Q0

Power Coefficient Cp = o5 pal? (6)
- T

Thrust Coefficient Cr = 05 pAl? (7)

Tip Speed Ratio TSR = % (8)
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where p is the density of the fluid, R is the turbine radius, A is the swept area of the
turbine, U is the flow velocity, T is the thrust, Q is the torque and Q is the angular

velocity.

4.2. Test results and discussions

The power coefficient of the turbine at fully submerged level of tip immersion 0.36D
is presented in Figure 9(a). The graph shows the limitation set by the 1Nm brake in
getting the full speed range for velocities higher than 0.5 m/s. The turbine produce a
maximum power coefficient of 0.275 at an optimal TSR of 2.2. The power performance
of the Hydro-Spinna is lower than conventional horizontal axis tidal turbines where a
contra-rotating turbine might typically generate a power coefficient of about 0.45
between TSR of 4 and 8 [23]. In another study conducted [9] the performance of the
800 mm diameter tidal turbine generated similar power coefficients with a maximum
of 0.46 at TSR of about 6.

almfs

&1myfs

o 0.9m/fs o a0 5 0.9 mys

o 0.7 mfs . a1s - 207 m/s|

2 0.5mfs

20.5m/s |

[i]
00 1.50 200 250

@  wm o

Figure 9. Performance of the Hydro-Spinna (a) power coefficient and (b) drag
coefficient at flow velocities from 0.5 up to 1 m/s.

The range of the operational tip speed ratio of the Hydro-Spinna model is lower than

that of common horizontal axis turbines where operational tip seed ratio is up to a

maximum value of 12. The range of operation of the Hydro-Spinna reaches a
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maximum of just below TSR = 4. Although this seems to be a major disadvantage at
the outset the higher blade efficiency may not be the most important criteria for tidal
turbines designed to operate for geographical areas with higher tide velocities. In
contrast, the low operational TSR range of the Hydro-Spinna indicates that the turbine
operates optimally at a much lower rotational speed compared to a conventional tidal
current turbine [14,24,25]. This will be an important advantage for removing the
possible risk of cavitation and hence associated erosion damage on the blade sections
as well as reducing the level of underwater radiated noise that could disturb the marine

environment.

It is also observed that the Hydro-Spinna does not require high fluid velocity to
overcome its starting torque where it takes a minimum flow of 0.15 m/s for the turbine
model to start operating. Even though the Hydro-Spinna doesn’t extract as much
power as a conventional tidal turbine, its low start up flow velocity makes it operable
at speeds below those at which conventional turbines usually start generating. Hence,
it is capable of generating power over a longer duration than a conventional turbine.
In addition higher blade efficiency may not necessarily be the prime importance for
turbines operating in relatively high tidal velocities and designed based on the stall

regulation.

The drag of the whole system includes the thrust subjected on the turbine and the
supports by the fluid flow. The drag coefficient of the whole turbine system was

measured and is presented in Figure 9(b) and defined in equation (9).

D
" 0.5pAgU?2

(9)

Cp

where D is the drag force and Ay is the projected area of the system perpendicular

to the flow direction.

The results show a decreasing trend in the drag coefficient and hence thrust as the
rotational speed of the turbine increases. The drag coefficient is the highest at the tip
speed ratio where the turbine starts to rotate and as the tip speed ratio increases, the

drag coefficient decreases.
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Figure 10. Thrust coefficient profile for a NACA 63-618 three bladed horizontal

axis turbine showing the increasing trend of the thrust coefficient with TSR [24].

The decreasing drag coefficient of the Hydro-Spinna with increasing TSR (or
reducing flow speed) demonstrates a contrasting observation in the thrust coefficient
trend produced by other horizontal axis tidal current turbines. Generally, the thrust on
the tidal turbine increases with the rotational speed as presented in other studies
[9,24,26,27]. For comparison, the thrust coefficient on a common horizontal axis
turbine is extracted from Luznik [24] and reproduced in Figure 10 but note that this
turbine operates over a higher TSR range than the Hydro Spinna. The distinct drag
coefficient profile of the Hydro-Spinna may be due to the nature of the turbine itself as
it is extended in the axial dimension. The blade pitch angle in the front half of the
turbine is positive, while the pitch angle of the rear half of the turbine is negative, where
the direction of the resultant velocity seen by each half will be different. It is suggested
that the trend is produced due to the interactions of the resultant forces on the blades
of the Hydro-Spinna. The behaviour of the drag coefficient needs to be further
investigated. The decreasing drag indicates a lower loading mooring system can be
employed for the Hydro-Spinna turbine, which is likely to be a floating device, than the

equivalent conventional device.

The performance of the turbine at 0.36 immersion level was compared against the
half submerged performance as shown in Figure 11; the results present a unique
finding in the performance of the turbine when the turbine is half submerged. At half
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submerged condition the Hydro-Spinna was found to generate half the power of that
at the 0.36D immersion level. However, the Hydro-Spinna is only extracting power
from half of the turbine swept area hence the power coefficient is 5.5% higher at a
TSR of 2.25 than when the turbine was fully immersed at 0.36D. Where in the former
case, the power available in the flow is calculated only for the area of the turbine which
is submerged in the water i.e. half of the turbine area. The power available in the air
for the section of the turbine above the water level is assumed insignificant and its

contribution neglected in the calculation.

0.35
03 W K, X
M.’ = ~>?<. E.X X
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2T B e
X
0.25 2 A
o
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0 | |
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TSR

Figure 11. Power coefficient of the Hydro-Spinna turbine at different flow velocity

at deep immersion and half submerged condition

The performance of the Hydro-Spinna at shallow immersion and in the half
submerged condition was also compared, as shown in Figure 12(d). The
performances of the Hydro-Spinna in both cases are graphically identical with only a

shift of the tip speed ratio operation in the half submerged case.

When the turbine is located right below the water surface, the close proximity of the
surface does not affect the performance of the turbine significantly. In the surface
condition, the Hydro-Spinna generated a higher power coefficient at higher TSR than
for the 0.36D case, as shown in Figure 12(b). However, as the turbine is close to the

Page | 17



396
397
398
399
400

402
403
404

405
406
407
408
409
410
411
412
413

cp

Cp

surface, the turbine blade appears to cut through the downstream disturbance from
the front strut generating obvious surface vortices. This effect is more apparent at low
tip speed ratios as the slowly rotating turbine cuts across the disturbances and the

generation of vortices is more prominent.

cp

+  Half Submerged
o Q360

(@) (c) : b
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»  Half Submerged
= 02D

(b) ' - (d) : TSR

Figure 12. The power performance graph of the Hydro-Spinna at different

immersion depths

It was observed that the front strut seemed to cause more disturbances downstream
to the flow rather than the turbine operation itself and this ultimately disturbed the flow
seen by the turbine, as shown in Figure 13(a). The front strut distorted the unperturbed
profile of the flow approaching the turbine as well as creating a surface wave. In fact
due to their proximity, the turbine in fact saw both the turbulence and downstream
wake of the front strut. As shown in Figure 9(b), as the flow velocity increases and
hence Reynold’s Number, the drag coefficient on the whole system also increases.
The turbulence in the flow crucially increased the thrust experienced by the turbine
and overall drag on the system as the flow velocity increases. The combined effect of
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the front strut wake and rotation of the turbine created vortices on either side of the

downstream flow.

Figure 13. The Hydro-Spinna turbine during testing just below the surface condition

(a) The wake generated downstream of the system (b) Point X where the turbine

cuts across the wake of the front strut creating surface vorticity downstream

This phenomenon is more obvious with decreasing immersion depth especially at
low tip speed ratio. As presented in Figure 13(b), the slowly rotating turbine cut across
the wake created by the front strut i.e. point X, creating visible surface vortices on
either side of the downstream flow i.e. points V. The power performance of the Hydro-
Spinna was affected at low tip speed ratio for the surface condition with the power

coefficient being lower than anticipated due to the vortices generated.

The disturbance caused by the front strut can be minimized by employing a more
streamlined profile to reduce the disturbance or even by removing the attachment
entirely. However, an installation of the turbine in practice would potentially require a
similar arrangement and therefore the experimental results are representative of the
operation of the turbine in a real situation. As it may be considered as an integral part
of the system, even in a full scale application, the effect of the front strut on the
performance of the Hydro-Spinna could be investigated in the future.

The increased performance of the Hydro-Spinna with decreasing immersion depth

presents a unique result as conventional horizontal axis tidal current turbines produce

lower power coefficient as the immersion depth reduces [9,14]. Furthermore, the
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Hydro-Spinna is found to be operable in the half submerged condition. Not only does
the Hydro-Spinna performance improve with decreasing depth of immersion, but its
ability to generate power under such conditions merits further investigation of the flow
profile across the turbine as well as the wake profile downstream of the turbine. The
immediate practical implications of the above findings can be the potential of near
surface or in surface locations of such devices that could offer huge savings in terms

of logistics and maintenance related costs.

5. Conclusions

A novel horizontal axis tidal current turbine called “Hydro-Spinna”, was introduced
and its operations and performance were investigated based on the scaled model tests
conducted in the Newcastle University towing tank. The new concept turbine has
interesting features including its adaptability to operate in shallow waters and even in
partially submerged conditions. The model tests were aimed at investigating the power
performance of the Hydro-Spinna at different immersion depths as well as to collect

data to support computational modelling for developing the concept further.

Based on the investigations it was found that:

e The power coefficient of the current model Hydro-Spinna varied between
0.275 and 0.3 at an optimum TSR of 2.2 for the deeply submerged condition
and shallow submerged condition, respectively. These values are low
compared to the power coefficient of typical conventional horizontal axis
turbines (HAT).

e However, in contrast to conventional HATSs, the power coefficient of the
Hydro-Spinna displayed an increasing trend with decreasing depth of
submergence. It was also interesting to note that the turbine can operate at
a partially submerged condition with a power coefficient higher than in the
fully submerged condition.

e The drag forces acting on the Hydro-Spinna also displayed an opposite
trend to the drag characteristics observed with conventional HATs. As the

TSR increased the drag force coefficients were reduced.
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The maximum power coefficients were observed at lower TSR (e.g. around
2.2) as opposed to typically higher TSR values for conventional HATs
Optimal operations at smaller TSRs and hence rotational speeds suggest
remote risk of cavitation and the associated undesirable effects of blade
erosion and underwater radiated noise

The Hydro-Spinna also displayed earlier starting characteristics compared
to typically higher values of conventional HAT’s

Despite relatively lower power coefficients, which can be increased further
by numerical optimization, the Hydro-Spinna concept may offer greater
flexibility for operations at shallower water depths and even in free surface
conditions and hence provides improved prospects for logistic and
maintenance cost savings in addition to the easy starting of the device and

potentially low impact on marine environment.
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