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ABSTRACT

Wind-assistance for ships has seen a resurgence of academic and commercial interest recently driven by
stricter regulations on atmospheric pollution from their engines and encouraged by advancements in new
wind-assistance technologies which can significantly reduce fuel consumption on many shipping routes. The
power available from the wind is sporadic and does not necessarily match a ship’s operational profile.
Considering this, additional flexibility may be offered when capturing wind energy by combining wind-
assistance and energy recovery, such as via the propeller acting as a hydrokinetic turbine with the generated
output being connected to the ship’s electrical power system. As such, during periods when the wind power
exceeds the propulsion demand, the excess energy may be captured and stored. A wing kite and a fixed pitch
propeller has been considered for a ship application, with different operational profiles applied under the
assumption of a uniform distribution of wind headings. The thrust generated by the wing kite has been
modelled together with ship resistance and propeller performance to characterise the potential for energy
recovery. Without attempting any improvements to the propeller design, the results have indicated a good
level of reduction in fuel consumption when using wind-assistance, which is significantly further improved
using hydrokinetic energy recovery.
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INTRODUCTION

In the ever-changing geopolitical climate, reliance on foreign countries for energy is increasingly becoming conflicted with a
nation’s strategic interests. Governments are reliant on the energy provided by other nations to support their own military, and
the volatility of oil prices, reliance on individual or small groups of nations, and reducing oil reserves make this model of
energy unsustainable in the long run (O’Rourke, 2006). It is therefore desirable for the military to operate in a leaner energy
fashion, minimising oil requirements as much as possible and increasing the use of domestic and renewable energy sources
(Gougoulidis, 2015).

The Royal Navy is increasingly conducting Operations Other Than War (OOTW), such as patrols, counter-piracy and counter-
smuggling, humanitarian aid, and escorts. While the necessity still exists to be able to operate in a high-threat situation, these
non-war-fighting scenarios allow the ships to operate in a greener, more eco-friendly and fuel-efficient manner.

Of the many options for energy efficiency technologies, wind power is often shown to have significant benefits to ships
(Buckingham, 2010; Pawling et al., 2016). It has seen a resurgence of interest, similar to that seen in the 1970/80's, then caused
by an oil embargo with the middle east, and today caused by growing concern for climate change. Where commercial vessels
generally have well defined and relatively simple operational profiles, and possibly have the autonomy to alter course slightly
if it offers a cheaper overall transit, naval vessels must remain prepared for high-threat situations and must often place tactical
and strategic goals above fuel efficiency. The integration of wind-assistance may therefore be more easily facilitated in a naval
vessel by offering additional flexibility in the manner in which it can be operated. To this end, hydrokinetic energy recovery
may offer a way to compound the benefit provided by wind assistance, by allowing excess wind energy to be harnessed and
stored for later use. This would be achieved by operating the propeller as a turbine when wind conditions are favourable,
thereby allowing the propulsion system to generator power and maximise the benefit of the wind when suitable.

Figure 1 shows a mock-up of the intended solution, in this case using a commercially available wing kite (SkySails, n.d.) on a
Type 45 Destroyer (Shipbucket, 2018), and indicating the bi-directional flow of mechanical power at the propeller. The purpose
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of this study is to investigate how such a solution of using hydrokinetic energy recovery can allow conventional warship
propulsion systems to be supplemented by wind-assistance to improve energy efficiency.

Figure 1 - Mock-up of Wind Assisted Warship with Hydrokinetic Turbine

WIND POWER

Available wind power is proportional to three things: the apparent wind speed relative to the device, the characteristic size of
the device, and the efficiency of the device. The apparent wind speed is a function of true wind speed and induced wind speed
and is shown in Figure 2. What can be observed from Figure 2 is that as the ship velocity increases, and therefore so does the
induced wind, the apparent wind velocity will also change.
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Figure 2 - Various Apparent Wind Vector Diagrams

Wind-assistance devices have a number of impacts on any ship, with some of these impacts being more significant in a military
vessel. Perhaps the most significant of these is the deck space requirement, as the top deck of a warship is a tightly packed
ecosystem, with the risk of interference with weaponry arcs-of-fire, VLS missile launches, and radar coverage all adding
additional requirements to the design. Further issues specific to warship design include the visual and radar signature associated
with most wind-assistance devices, and the high likelihood of disturbed wind flow such that flight ops (including UAVs) are
put at risk or rendered impossible.

The four main types of wind-assist device are wind turbines, wing kites, wingsails, and Flettner rotors, of which kites eliminate
many of the survivability issues associated with wind-assist devices. Wing kites are large parafoils, on the order of up to
hundreds of square metres in size, which are anchored to the bow of the ship and operate at over 100m in the air, exploiting the
generally higher and less turbulent wind speeds found at greater altitudes. They have a cross-sectional area similar to that of an



aerofoil and with the same operating principle, forcing air to flow faster over one side than the other, thereby producing lift,
which is transferred via a tether to the ship to provide additional thrust.

They are fully retractable when not in use and require a proportionally smaller deck area than other devices, making them
particularly suitable for a warship design, where deck area and signatures are key drivers in design. The fact that they operate
at such high altitudes may offer the additional benefit of allowing its' presence to deter illegal activity in far greater areas, which
may be suitable for counter-drug/counter-piracy operations. This high operating altitude also poses the additional benefit to
potentially increase sensor range, as demonstrated by a collaboration between SEAI and the Irish Naval Service, whereby a
relatively modest sized kite is installed to supplement propulsion, while also carrying a number of sensors to facilitate beyond-
the-horizon monitoring capabilities (Colm Gorey, 2015).

As the tether cannot support a bending moment, there is no impact on ship stability when using a kite, and since the tether
attaches to the ship in the same place that a ship tow would be attached, there are no additional structural requirements. The
length of the tether permits operation far above the deck, meaning there is much less risk of equipment interference and the
impact on flight ops should be minimal, though it would still be necessary to consider the presence of the tether, as collision
could be catastrophic, especially for smaller UAVs.

A drawback of kites is that they are known to have a narrower envelope of suitable wind directions compared to Flettner rotors
and wingsails, though when the wind is in the ideal direction, they are able to provide the highest amount of thrust for a given
deck space envelope. It is unclear at this stage if a greater maximum thrust or greater range of suitable wind headings will
provide a greater overall benefit to a warship, however considering the characteristics and impacts of wing kites, the study
herein assumes a wing kite design is implemented as the wind assist device for the nominal ship design.
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Figure 3 - Operations (left) and Transit (right) Arleigh-Burke Time-Speed Profiles (Smith et al., 2013)

Figure 3 shows ship operational profiles during both operations and transit, as presented by (Anderson, 2013), whereby the
operational profile of the Arleigh-Burke Class of the US Navy was investigated. Of particular note is that these warships spend
a significant portion of their time at sea at lower speeds, approximately 46% of the time below 8 knots. As noted by Smith et
al. (Smith et al., 2013), potential fuel savings are a function of ship speed: the slower the ship transits, the greater fuel savings
can be made when compared to the same ship transiting at the same speed but without wind assistance. Considering this
suggests that naval vessels may be well suited to wind-assistance based on their operational profile.

It is not clear if self-noise was a concern for the ship at each data point, but there are often times where slow speeds are
accompanied by a requirement for a low acoustic signature, which makes wind propulsion a very attractive option. In the case
of conducting an Anti-Submarine Warfare (ASW) mission, the reduction of self-noise generated by prime movers and
propulsion machinery through the use of wind propulsion could benefit the mission. However, it is noted that even if the
conventional propulsion system can be switched off under wind power, there is still the need to provide the service load, which
would require prime movers to be running, or have power provided by energy storage, which would be limited in duration.



HYDROKINETIC ENERGY RECOVERY

Hydrokinetic turbines are seeing increasing use in rivers and tidal streams, as they offer a renewable energy source in low-head
locations and with minimal environmental impact when compared to hydroelectric dams, which can disrupt flow and local
ecosystems(Giiney & Kaygusuz, 2010; Khan et al., 2009).

7 Figure 4 - Example Hydrokinetic Turbine at Low-tide (Quarata, 2020)

While most instances of hydrokinetic turbines are stationary applications, there are gadgets on the market for smaller sailing
vessels. These Commercial-Off-The-Shelf (COTS) products are small turbines designed to be dropped over the stern and
dragged for electrical power to provide a few amps of current to support charging of batteries and to power various electronics
on board (Nicholson, 2003; WaterLily, 2019).

Concept studies looking at attaching purpose-built turbines to vessels to harvest wind energy typically do not focus on propeller
dynamics at all, while the turbine is often modelled by predicting the power coefficient based on blade geometry (Kim & Park,
2010; Ouchi & Henzie, 2017; Terao & Sakagami, 2014). Julia (Julia, 2019) looks at a dual-mode propeller/turbine, also
predicting turbine power coefficient based on geometry, however modelling propeller dynamics in propulsion mode by using
propeller series data. This disjoint in propulsion/regeneration modelling is avoided by Apsley (Apsley et al., 2007) by using
multi-quadrant propeller series data throughout the operating range to understand potential for recovering kinetic energy during
a crash stop for a naval vessel instead of an energy producing ship. Series data is useful for such studies as only the torque and
thrust are needed to understand the power performance of the propeller, there is less need for a more detailed understanding of
flow characteristics.

INITIAL INVESTIGATION

The initial investigation is focussed on developing a model representative of a wind-assisted ship with a dual-mode
propeller/turbine to understand the benefit of combining wind-assistance and energy recovery. This will be achieved by
developing MATLAB models to represent the ship, propeller, and kite characteristics, based on mathematical models of each.
The models will then be combined and have a typical operational profile applied to draw early conclusions of the possible
benefit of the concept.

Ship Resistance

The focus of this study is not hull design, nor is the model intended to eliminate generality, therefore it is deemed acceptable
to use a basic resistance model which is not strictly based on an existing design. Instead, it shall be indicative of a typical
surface combatant, in this case the US Navy Combatant DTMB 5414 unclassified design, shown in Figure 5, similar to the hull
form of the in-service DDG-51(Simman, 2008). The ship particulars are shown in Table 1. These were used with the UCL in-
house Ship Resistance Calculator, based on a simplified Holtrop Regression Formula, to provide a bare hull resistance estimate,
and the predictions are commensurate with ships of a similar size and design.



Table 1 - Ship Characteristics

Characteristic Value Units
Length 142 m
Beam 19 m
Draught 6.15 m
Block Coefficient 0.507 -
Prismatic Coefficient 0.618 -
Displacement 8500 te
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Figure 5 - US Navy Combatant DTMB 5414 Hullform (Simman, 2008)
Propeller Modelling

Design details of current state-of-the-art propellers are proprietary, and in the case of military vessels it is considered sensitive,
meaning that performance data and detailed geometry is not publicly available. As such, the standardised Wageningen propeller
series data is used for this study.

Table 2 shows the propeller geometry characteristics used for this study. The characteristics are based on the design used by
FORCE Technology for manoeuvring tests in model scale of the DTMB 5415 hull form (Simonsen, 2004), however the
diameter is set to 6.15m, in line with the DTMB 5415 design. The FORCE Technology tests also use a blade area ratio of 0.58,
however owing to the limited data available for the multi-quadrant propeller series, the value used here is 0.7. It should be
noted that the FORCE Technology tests used a propeller with 4 blades, while the DTMB 5414 design assumes a 5 bladed
propeller, however the number of blades is known to have less of an impact on propeller performance (Carlton, 2012).

Table 2 - Propeller Characteristics

Characteristic Value Units
Blade Number 4 -
Blade Area Ratio 0.7 -
Pitch/Diameter Ratio 1.4 -
Diameter 6.15 m

The advance angle, B, represents the relative speed of the propeller and the ship and is defined by Equation [1], where V, is the
ship speed of advance, and N and D are the propeller rotation frequency and diameter, respectively. The torque and thrust
coefficients, Cqr, are defined using Equation [2], where Aqr and Bqr are coefficients read from a lookup table for the K term
of a Fourier series describing the propeller characteristics.
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The torque and thrust coefficients can be used to calculate the propeller torque and thrust using Equations [3] and [4],
respectively, where p is the density of seawater, Ay is the blade disc area, and V; is the relative advance velocity, defined by
Equation [5].

Co=7qy —— [3]



V2 = V2 + (0.72ND)? [5]

Kite and Wind Model

The kite model is based on the zero-mass model developed by Wellicome & Wilkinson (Wellicome & Wilkinson, 1984) and
implemented later by Dadd (Dadd, 2013).The model does not consider the kite position vector changing with time, rather it
assumes the onset velocity vector changes to account for the varying kite and ship speeds. It therefore provides a prediction for
onset velocity based on flight trajectory, acrodynamic characteristics, and wind condition, without considering the time domain
and assuming gravity and inertial effects are negligible compared to aerodynamic forces and that the tether is straight. Because
the kite and tether are assumed massless the system will find equilibrium instantaneously and the net aerodynamic and tether
forces remain collinear. Reynolds number effects have also been neglected. The zero-mass model allows the onset velocity of
the kite to be predicted according to Equation [6], based only on the kite position, apparent wind speed relative to the ship, and
the drag angle of the kite, assuming constant aerodynamic properties during flight.

_v (cos(e) cos(q)))

sin(e)

(6]

It is assumed the kite path sits on the surface of the flight envelope and can be thought of as the intersection of a cone extending
from the kite attachment point on the ship and a sphere with a radius equal to the tether length, centred at the anchor point of
the kite to the ship. The trajectory is defined by the average elevation angle and the maximum deviations of the azimuth and
elevation angles of the tether from the average position.
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Figure 6 - Kite Coordinate System (left) and Vector Diagram (right)

Owing to boundary layer effects, at higher altitudes there are greater wind speeds and so in general it is beneficial to operate
kites as high as possible to maximise line tension. However, in the case of a towing kite the only useful component of line
tension is that which acts in the direction of ship motion, meaning that a generally lower elevation angle is ideal. The true wind
speed is assumed to vary with altitude according to the logarithmic law as shown in Equation [7].
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Figure 7 shows the relative thrust experienced by the ship depending on elevation angle, where relative thrust is defined as the
ratio of thrust at a given elevation angle to the thrust at the ideal elevation angle. Based on the change of wind speed with

altitude defined in [7], it can be seen that maximum thrust is achieved at an elevation angle of approximately 20 degrees, while
increasing the elevation angle reduces the amount of line tension acting in the direction of ship motion.

TWSy, = TWSp,, * [7]




The kite characteristics are shown in Table 3. They are based on the experimental set up provided by Dadd (Dadd et al., 2010)
and represent a mid-size design based on options available from SkySails (SkySail, 2018; SkySails, n.d.).

Table 3 - Kite Characteristics

Characteristic Value Units
Kite Area 320 m’
Tether Length 350 m
Lift Coefficient 0.776 -
Drag Angle 9.55 degrees

A Weibull distribution has been used to represent the true wind speed distribution. For the purposes of this study the wind
direction is assumed to have a uniform distribution, however it is noted that this would not be case in a real-world scenario,
partly owing to the fact that the ship may follow particular routes more than others, and also owing to the fact that in higher
wind speeds the ship must align with the wind to avoid excessive roll and broadside wave strikes, which will skew the wind
direction relative to the ship (Ship Structure Committee, 1999). Equation [8] shows the formula for the Weibull distribution,
where the probability of wind speed Vy, is a function of the shape factor, k, and scale factor, c.

k
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Selecting appropriate values for the Weibull distribution is of significant importance because the energy consumption when
using wind-assist is very sensitive to the assumed wind conditions. For this study, the shape and scale factors used are 2 and
10, respectively. The parameters are based on a prediction method provided by Mao and Igor (Mao & Rychlik, 2017) and are
relevant to the Pacific Ocean as an average of the year. Different regions will have different parameters and these values will
change depending on the time chosen.
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Figure 7 - Relative Thrust vs. Elevation Angle



Results - Propeller Power

Figure 8 shows the power/speed curve for the energy recovery condition. The figure shows the mechanical power either
consumed or provided at the propeller when the true wind comes from directly astern and in winds speed of 0 to 20 m/s in steps
of 5 m/s. Of note is the ‘regeneration zone’ observed in Figure 8, whereby the propeller power is negative, indicating reverse
power flow as the propeller is acting as a turbine. The magnitude of the reverse power flow increases to a maximum at a
different ship speed for each wind speed, above which, the reverse power flow reduces until the propeller begins acting in a
propulsion mode and sending power into the water.

Results - Energy Consumption

Figure 9 shows the relative energy consumption over the operational profile, based on the information shown in Figure 3. The
energy consumption of the baseline ship with no wind assistance is compared to the scenario of using wind-assistance only,
and to the use of energy recovery.

The benefit of using wind-assistance is most significant at lower speeds, as it can be seen the energy consumption reduces with
the use of wind-assistance, with the effect reducing above approximately 15 knots. The use of energy recovery further reduces
energy consumption, more so at speeds up to 18 knots, though with reducing effect at higher ship speeds. Above 18 knots there
is no discernible difference between the wind-assist only and energy recovery conditions.

Power/Speed Curve with Energy Recovery
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Figure 8 - Power/Speed Curve with Energy Recovery

Figure 9 assumes that the ship travels at exactly the speed demanded based on the original operational profile, however, as can
be seen in Figure 8, transiting faster in higher wind speeds allows increased reverse power flow in some conditions. In a real-
world scenario it is unlikely for a ship to transit slower when it would be beneficial to go faster (unless flow noise is a concern,
for example). As such, it is interesting to understand the benefit if the ship makes full use of available wind energy. Figure 10
shows the relative energy consumption under this more relaxed operating philosophy, whereby the ship is allowed to transit
faster if it reduces energy consumption to do so. As with the original profile, the impact of wind-assistance is more prominent
at lower speeds, decreasing gradually at higher speeds. The additional use of energy recovery at lower speeds produces a net
production of energy for 1, 2, 3, and 4 knots. The additional impact of energy recovery over wind-assist reduces at higher
speeds, becoming almost identical at 21 knots and above.



Table 4 - Reduction in Energy Consumption

Original Relaxed
Philosophy | Philosophy
Wind-Assist Only 5.86% 6.14%
Energy Recovery 7.17% 10.26%
Improvement w/ HKER +22.35% +67.10%

The change in energy consumption in the various conditions is summarised in Table 4. The use of energy recovery improves
the wind-assist only energy reduction by 22.35% using the original profile, and by 67.10% using the modified profile.
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Comparison of Operational Profiles
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IMPACT ON SHIP OPERATIONS

Figure 11 shows how the operational profile would change if a minimum speed requirement were adopted rather than an exact
speed requirement, for wind-assist and energy recovery. Figure 12 shows the percentage change of time spent at each speed
for both wind-assist and energy recovery.

The average speed increases in both cases, with time spent at ship speeds 1 - 5 kts all decreasing. The wind-assist only condition
sees a greater occurrence of higher ship speeds, above 12 kts, than the energy recovery condition.

For the wind-assist only condition, the propeller provides minimal reverse thrust to the overall force balance, resulting in an
increase in ship resistance to counteract the kite thrust, and therefore a higher ship speed. In the case of the energy recovery
condition, the propeller provides considerable reverse thrust while taking energy out of the water, meaning that, for a given
kite thrust, the ship will travel slower.

This poses an interesting challenge in terms of operation of the ship and propeller/turbine. This is best highlighted by
considering Equation [9] which shows turbine power is proportional to the cube of the ship speed, where C, is the power
coefficient and V; is the ship speed. This concept herein differs drastically from normal turbines, as the presence of the turbine
actually has an impact on the free stream velocity of the fluid within which the turbine acts. Whereas typical hydrokinetic
turbine installations will impact the local fluid velocity, the free stream velocity is governed by the tide or river. In this mobile
turbine application, the greater the power drawn from the turbine, the greater the proportion of reverse thrust applied by the
propeller and therefore the slower the ship is capable of sailing, for a given propeller geometry. There therefore exists a trade-
off between maximum ship speed while the propulsion is provided entirely by the wind device, and the maximum reverse
power from the propeller.

1
Prrbine = ECppAtVs3 [9]

Considering Equation [9] again also highlights the effect of propeller geometry on turbine performance. The power coefficient
describes the efficiency of the turbine at converting the kinetic energy of the fluid flow into mechanical energy at the turbine,



and is known to be a function of the turbine geometry and the tip speed ratio (Narasimalu & Chellaiah, 2017; Nigam et al.,
2017), which therefore highlights the impact of propeller design and blade angle on the power coefficient.

The initial results have indicated that the propeller acts very inefficiently in turbine operation, with the magnitude of the reverse
power flow being much smaller than the magnitude of forward power flow when in propulsion operation. This is in agreement
with observations made by Apsley (Apsley et al., 2007) and is a consequence of the fact that the blades are designed for
propulsion, meaning the majority of the lift generated by the blade is in the direction of ship speed. However, the propeller will
act most effectively as a turbine when lift is being generated in the direction of propeller rotation, as this will equate to maximum
power take off for a minimal impact on ship speed. Operating in a more efficient turbine mode would require a rotation of the
blades about the propeller hub, i.e. with the use of a controllable pitch propeller. Multi-quadrant propeller series data does not
publicly exist to characterise propeller performance in this condition.

CONCLUSION

The study herein implemented propeller series data in a novel application to predict propeller performance when acting as a
turbine in a wind-assisted ship. The ship resistance model has been based on a nominal warship design and a kite has been
assumed as the wind assist device, allowing the propeller to generate reverse power flow under the right conditions.

The wind model has assumed uniform distribution of wind headings; however, this assumption can be improved upon by
considering likely ship headings taken in strong winds. It may be worth investigating how sensitive energy recovery is to wind
heading and investigating if reasonably small operational changes could have a significant impact on energy consumption.

The investigation thus far has demonstrated that wind assistance offers significant energy savings, especially to a warship
owing to their operational profile. This is further improved, and by a significant factor, with the use of energy recovery, even
with no changes made to ship operations. If operations can be altered, i.e. by changing ship speed or heading, the benefits of
both wind assistance and especially energy recovery can be greatly improved.
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