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Underwater gliders (UGs) are becoming popular in ocean exploration. However, the main limitation for their
development is their supply of energy. This paper proposes a novel energy harvesting mechanism for an un-
derwater glider equipped with a thermal buoyancy engine. The thermal buoyancy engine changes the buoyancy
of the glider, due to the difference of temperature of the ocean, and it drives the glider up and down in the water.
These manoeuvres drive a turbine behind to harvest energy. Based on this harvesting mechanism, first, a new
type of thermal buoyancy engine with high ballast capacity is presented. Secondly, a dedicated turbine, mounted
behind the glider, is optimally designed based on the Blade Element Momentum Theory (BEMT). In order to

consider the un-uniform inflow generated by the wake of the glider, an upgraded version of the BEMT model has
been developed. With the results obtained in this paper, enhanced energy efficiency for a self-sustainable un-
derwater glider can be achievable.

1. Introduction and background

Oceans play an increasingly important role in the global economy.
Hence, ocean monitoring is crucial to expand our knowledge and protect
the wealth of oceans (Falcao Carneiro and Gomes de Almeida, 2018).
For centuries, oceanographers relied on ships to get data and make
observations during the cruise. In fact, a body of knowledge, that in-
volves ocean circulation, plate tectonics, global ocean productivity,
climate-ocean coupling, etc., was gathered through ship observation
(Schofield et al., 2007). However, ships cannot provide sufficient spatial
and temporal resolution. Furthermore, they incur in very high operating
costs. Therefore, underwater gliders (UGs) have become one of the
major alternatives in ocean exploration because of their low operational
cost.

Gliders, in contrast to ships, have a more limited payload capacity.
Hence, it is important to design energy efficient gliders that can operate
long hours in the ocean. Hence, in this work, we present a glider that is
powered by a buoyancy engine, which can generate a buoyancy change
to drive the glider up and down in the water. As the glider ascends or
descends, the hydrofoils of the hull control the angle of ascend/descend,
allowing the UG to move in a sawtooth trajectory, as shown in Fig. 1.

Companies and organizations have already developed several com-
mercial UGs with electrical buoyancy engines, such as Slocum, Seaglider
(Eriksen et al., 2001), Spray (Sherman et al., 2001) and Petrel (Xue et al.,
2018). To extend the operation of gliders in the ocean, the use of ocean
thermal energy to drive a thermal buoyancy engine in a glider has been
proposed as a solution (Wang et al., 2020; Webb et al., 2001; Yang et al.,
2016; Ma et al., 2016). As an alternative to the electrical buoyancy
engine that relies on battery power, the thermal buoyancy engine can
harvest thermal energy of the ocean to increase the voyage of the glider
by 3-4 times (Davis et al., 2002b). For example, the pioneering Slocum
glider, developed by Webb Research Corporation and equipped with a
thermal buoyancy engine, covered a distance of 40,000 km (Webb et al.,
2001).

However, thermal gliders are still limited by the battery power which
provides energy for their onboard payloads and attitude control systems.
Furthermore, both electrical and thermal gliders are limited by low
speeds, with maximum speeds of 1knot, which often requires additional
thrusters if high-speed cruising is required. Therefore, for a thermal
glider, it would be ideal to convert thermal to electrical energy, to assist
with the electrical payload of the glider. Current technologies focus on
hydraulic-based systems, which use a mini generator in the high-
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pressure oil pipeline to recover energy during the ballasting and de-
ballasting stages when the thermal engine is pumping hydraulic oil. In
2016, the technology, SOLO-TREC, was developed based on this prin-
ciple (Chao, 2016). The Teledyne Webb Research consortium built the
Slocum Thermal E-Twin engine, with a similar energy harvesting system
for gliders (Jones et al., 2014). Tianjin University also developed the
OTEC-PCM engine, based on a similar operating principle (Wang et al.,
2019). The advantage of this hydraulic energy harvesting system is that
it is simple and compact. The disadvantage is that it is limited in energy
output. For example, the energy yield of the Slocum-TREC glider with
10 kg phase change material (PCM) is around 6.5 kJ per working cycle
when the working depth is 1200m (Haldeman et al., 2015a). Further-
more, the hydraulic generator runs at high pressure with a low volume
oil circuit which results in low efficiency and high failure rate.

Therefore, this research proposes a new-type ocean thermal energy
harvesting mechanism that can be applied to UGs aiming for high energy
yield. The mechanism uses a thermal buoyancy engine and a foldable
turbine. The latter is mounted behind the hull of the glider.

In this work, when the glider is in power-generation mode, the
thermal buoyancy engine uses the thermal energy to change its buoy-
ancy and drive the glider vertically with the assistance of an attitude
adjustment unit. During the ascend and descend, the foldable turbine
behind the hull opens and harvests energy. To maximize the power
output of the energy harvesting system, this study designs a new-type of
thermal engine with high ballast capacity in order to provide a large
driving force. Followingly, this study develops a mathematical model
based on Blade Element Momentum Theory (BEMT) to design and
optimize the turbine geometry. The mathematical model can also be
used to estimate the capacity of the energy harvesting system. The model
shows that when the glider uses the new-type of thermal engine and runs
with the optimized turbine, the energy harvested is about 24.2 kJ of
energy per descent-ascent cycle. This is considering a working depth of
1000 m. Noteworthy, 24.2 kJ of energy can support the energy con-
sumption of the glider in about 4 descent-ascent cycles (Falcao Carneiro
and Gomes de Almeida, 2018).

Hence, the main purpose of this paper is to introduce the principle
and the optimization method of the novel energy harvesting mechanism,
demonstrate the effectiveness of this mechanism at the hydrodynamic
level, and find the design philosophy of the turbine in this energy har-
vesting mechanism. This paper is organized as follows. Section 1 pre-
sents the introduction. Section 2 introduces the concept of power
generation through the turbine. Section 3 introduces the design of the
novel thermal buoyancy engine. Section 4 describes the design and
optimization of the turbine based on BEMT by constructing a mathe-
matical model. Section 5 analyzes the results of the mathematical model.
Finally, Section 6 concludes this study by summarizing the main con-
clusions drawn in this work.

2. Design for energy efficiency and energy harvesting

As mentioned above, this research proposes a new-type of energy
harvesting mechanism. Hence, the UG is designed to have two operating

Ocean Engineering 278 (2023) 114310

modes: the gliding mode and the energy harvesting mode.

In the gliding mode, the UG is driven by the thermal buoyancy en-
gine and moves in a saw-tooth trajectory (see Fig. 2). In this condition,
the thermal buoyancy engine uses part of its ballast capacity to glide in
an energy-efficient manner. To minimize the resistance, the energy
harvesting turbine is folded behind the hull of the glider, as shown at the
inset of Fig. 2.

When the UG turns into energy harvesting mode, the thermal
buoyancy engine harvests thermal energy and use its maximum ballast
capacity to drive the UG at maximum speed. The motion of the UG is
perpendicular to the water surface with the assistance of an attitude
adjustment unit. In this operating mode, the foldable turbine unfolds
and spins under the drive of the fluid to harvest energy, as shown in
Fig. 3.

Note that the efficiency of the thermal buoyancy engine and the
turbine directly affects the amount of energy that is harvested. There-
fore, improving both the operation of the engine and the turbine are key
to the success and usefulness of this technology.

3. Thermal buoyancy engine for energy harvesting

The temperature of seawater drops rapidly from 20 to 30 °C to
generally 4 °C when the water depth exceeds 200 m due to the ocean’s
thermocline (Kong et al., 2010). The temperature difference between the
sea surface and deep water creates thermal energy in the ocean (Ma
et al., 2016). The thermal buoyancy engine is a device that can harvest
ocean thermal energy through a phase change material (PCM). The
engine uses thermal energy and the properties of the PCM, to change its
buoyancy and to drive the UGs up and down (Yang et al., 2016; Javaid
et al., 2014).

Because the thermal engine drives the energy harvesting system, i.e.
the turbine, the engine determines the upper limit of the harvestable

Fig. 2. The gliding mode.

Fig. 1. The sawtooth trajectory of an UG.
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Fig. 3. Energy harvesting mode.

kinetic energy. The traditional thermal buoyancy engine design is
tailored to provide the UG the ability to glide rather than to harvest
energy. Hence, the engine is generally designed to have a small ballast
capacity. In this paper, in order to provide more kinetic energy to the
energy harvesting turbine, a conceptually new-type of thermal buoy-
ancy engine is proposed to increase the ballast capacity without
increasing the volume of PCM. The traditional thermal buoyancy engine
and the new concept are introduced in the following sections.

3.1. Traditional thermal buoyancy engine

Fig. 4 shows the schematic of the traditional thermal engine system.
The engine has two chambers referred to as Chamber 1 and Chamber 2.
Chamber 1 is the heat transfer unit. In this chamber, the working fluid is
the phase change material (PCM). The PCM expands and squeezes hy-
draulic oil into Chamber 2, as it harvests thermal energy and melts.
Chamber 2 is a mechanical energy storage accumulator with high-
pressure gas, usually nitrogen (N2).

The working cycle of the thermal engine can be divided into four
main steps. In step 1, when the UG is on the sea surface, the PCM in
Chamber 1 starts to melt and expand. As it expands, it squeezes oil from
the heat transfer unit into the accumulator. The check valve prevents
backflow of the oil.

In step 2, the oil in the external bladder is squeezed into the inner
bladder by the atmospheric pressure when the 3-way valve opens. Then,
the buoyancy decreases, resulting in the descent of the UG. With the
increase of the diving depth, the temperature falls rapidly. The liquid
PCM in the heat transfer unit starts to solidify and contracts. This

¢ p

Inner
ch:?'\'ber 1 Chamber 2 bladder
g Oil
PCM N2
]
oil (o]]] L
:‘O_l lﬁﬁ—_] e
— valve
Check valves
Glidef hull ﬁ External
bladder

Fig. 4. Schematic of the traditional thermal engine system (Webb et al., 2001).
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contraction causes the oil in the internal bladder to flow into the heat
transfer unit.

In step 3, the UG reaches the target depth, the 3-way valve opens and
the oil in the accumulator is pushed into the external bladder. Then, the
buoyancy increases, and the AUV starts ascending. Lastly, in step 4, the
AUV reaches the sea surface and the next cycle starts (Webb et al.,
2001).

The advantage of this type of heat engine is its simple structure and
reliability. However, its disadvantage is that the ballast force is very
limited. For example, the Slocum thermal E-twin with two heat transfer
units provides only about 1000 cc of working pressurized oil. This is
equivalent to 10 N of buoyancy force (Jones et al., 2014). The reason is
that the PCM mass is limited and its expansion rate is low. In this work,
the limited ballast force offered by the traditional thermal engine cannot
provide the turbine behind the hull with enough kinetic energy to
extract energy.

3.2. The new-type buoyancy engine

To provide more kinetic energy to the turbine in the energy har-
vesting mode, we propose a new-type of thermal buoyancy engine. A
patent for the engine has been applied. The new engine amplifies the
ballast capacity without increasing the mass of the PCM (Shi et al.,
2022). The principle of the new-type of buoyancy engine of this paper is
to take full advantage of the high pressure that the PCM can generate.

In a traditional buoyancy engine, the working pressure of the PCM is
very low compared to the pressure that the melting PCM can generate.
The required working pressure of the PCM in the traditional thermal
engine is only slightly higher than the working pressure of the UG in
deep-sea which is normally 10 MPa. The highest pressure of melting
PCM or nitrogen in the accumulator is 11-12 MPa (Ma et al., 2016).

However, the maximum pressure generated by melting PCM can be
much higher than the working pressure of the UG. For example, the
volumetric expansion rate of paraffin wax can reach 9% in the phase
change process when the pressure is 60 MPa (Klintberg et al., 2002).
When the n-pentadecane is used as PCM in the heat transfer unit, the
highest thermodynamic efficiency will be obtained when the working
pressure reaches 90 MPa (Falcao Carneiro and Gomes de Almeida,
2016). This shows that the pressure of the melting PCM in the heat
transfer unit is too low for the PCM to release all its potential power and
working efficiency for the thermal engine.

Inspired by the above property of the PCM, in this work, a concep-
tually new-type of thermal engine is proposed to fully use the high
pressure that the PCM can generate. This will amplify the ballast ca-
pacity of the buoyancy engine.

The workflow of the thermal engine consists of 2 steps. The first step
is to increase the pre-charge pressure (Pp) of the gas in the accumulator
according to the thermodynamic properties of the PCM. The high
working pressure will enable the PCM to work with high thermody-
namic efficiency.

The second step is to use a hydraulic pressure transfer cylinder which
is shown in Fig. 5 to convert the high pressure in the accumulator to low
working pressure in the external bladder for greater ballast capacity.
This assembly consists of a high-pressure double-acting cylinder with a
small cross-sectional area, a low-pressure single-acting cylinder with a
large cross-sectional area, and a hydraulic rod connecting the pistons in
the two cylinders.

When the piston in the hydraulic pressure conversion unit is pushed
to move by the oil from the accumulator, the high oil pressure in the
double-acting cylinder will be transferred to low oil pressure in the
single-acting cylinder, the intake of oil volume in the high-pressure
cylinder is amplified in the low-pressure cylinder because of the in-
crease in cross sectional area. In other words, the hydraulic pressure
transfer cylinder is a buoyancy amplifier for the thermal buoyancy en-
gine. The buoyancy magnification (M,) is the ratio between the cross-
sectional area of the low-pressure cylinder (A;) to that of the high-
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Fig. 5. The schematic of the new-type thermal buoyancy engine.

pressure cylinder (Ay). With the same amount of PCM, the new-type of
buoyancy engine can amplify the buoyancy change by a factor of M.
This will provide more kinetic energy to the turbine. The schematic of
the new-type of thermal buoyancy engine is shown in Fig. 5.

4. Design and optimization of the turbine

The turbine is used for converting kinetic energy, due to the motion
of the glider, into dynamic output and electricity. Hence, the geometry
of the turbine determines the efficiency of the system. To design and
optimize a turbine geometry for maximizing the energy yield, this paper
develops a mathematical model based on Blade Element Momentum
Theory (BEMT). The mathematical model is also used to estimate the
energy harvesting capacity of the system. Before introducing the
mathematical model computations, the traditional BEMT method is
modified to accommodate the wake of the glider as inflow condition, as
well as to incorporate the effect of the Reynolds number (Re) in the
turbine.

4.1. Modified BEMT in this paper

4.1.1. The principle of traditional BEMT

Although computational fluid dynamics (CFD) has experienced sig-
nificant development in the last few decades and has higher fidelity, it is
still costly in terms of computational resources and time (Liu and
Janajreh, 2012). In comparison with computational fluid dynamic (CFD)
of underwater turbines, although the accuracy of the BEMT code might
be lower to predict the loading on the turbine, it still a useful tool to
determine the optimal turbine geometry and operating conditions
(Khchine and Sriti, 2017). Most importantly, the time and computa-
tional cost of BEMT is much lower than the CFD method.

The Blade Element Momentum Theory (BEMT) combines blade
element theory and the momentum theory. The blade element theory
divides the turbine blade into several individual segments. This assumes
that forces acting on the blade segments are only determined by the lift
and drag coefficients of the foil cross-section (Bangga et al., 2018). The
momentum theory is used to calculate the change of flow momentum
and angular momentum around the blade. The changes in axial and
angular momentum are equated to the computed blade element thrust
and torque, respectively. Then, the loads on the blades are calculated
(Liu and Janajreh, 2012). The BEMT is based on the assumptions of
steady, inviscid, incompressible flow without radial and circumferential
dependency (Sultania and Manuel, 2010). Since these assumptions lead
to accuracy problems, some corrections are used in practical application
to obtain solutions with higher fidelity (Manwell et al., 2010), such as tip
loss correction (Shen et al., 2005), 3D correction (Chaviaropoulos and
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Hansen, 2000), etc.

The BEMT can be used to design a turbine, like the one used in the
UG of this work. The velocity triangle on a section of the blade in the
frame of reference of the turbine is shown in Fig. 6. In the figure, U, is
the inflow velocity of the freestream. W is the relative velocity, a is the
angle of attack of foil, # is the twist angle of blade element, & is the
inflow angle, a is the axial induction factor which indicates the frac-
tional drop in axial flow velocity between the freestream and the turbine
rotor, a is the tangential induction factor which indicates the fractional
increase in tangential flow velocity. Here, we use A to define the tip
speed ratio, which is the ratio of the turbine tip velocity to U, R is the
radius of the turbine and r is the local radius of the blade element.

According to BEMT, a turbine will reach its maximum efficiency
when the a is § because the highest extractable power for a turbine can
be achieved by reducing the flow velocity through the turbine plane to
two-thirds of its upstream value (Manwell et al., 2006). With the optimal
a, d can be calculated with Eq. (1)., such that

. a(l—a)

a =———5—+ Eq. 1
/‘Lde.\'ignzﬂz

where the Agegn is the design tip speed ratio which is the optimal
operating TSR desired at the design stage. In Eq. (1), u is the ratio of the
local radius of a blade element to the total radius (f).

Once a and d are known, @ is calculated with Eq. (2), such that:

1—a
tang =———————— Eq. 2
an }\design * H(l +a ) d
Then, f is calculated with Eq. 3
P=¢—a Eq. 3

Then, the torque at each sectional radius calculated with blade
element theory is equated to the torque calculated with momentum
theory. This relationship yields Eq. (4), such that:

c— 87 esignpt®a (1 — a)RUZ,
" N(Cy sin@ — Cy4 cos@)W?

Eq. 4

where C is the optimal chord length, C;, is the lift coefficient, C; is the
drag coefficient, N is the blade number. Using Eq. (4), the optimal chord
length can be calculated.

In this paper, we also use BEMT to analyse the hydrodynamic per-
formance of a turbine. The analysis part of BEMT uses iteration to
determine the a and a' of the blade element to calculate the load on the
foil. At the start of the iterations, a and d are set to zero as the initial
condition. Then the inflow angle (¢) is calculated by Eq. (2) replacing
JAdesign With the operating tip speed ratio (Agperating)- Then, by Eq. (3), the
angle of attack (a) is calculated which is used to find the C; and Cp for
each foil segment. Subsequently, the normal coefficient (C,) and the
tangential coefficient (C;) of each foil segment is calculated with Egs. (5)

and (6), such that.
C,=Cp cos@ + Cp sin@ Eq. 5

and

®-1)"n

Rotor plane /
/

> r
- MWep—=0+a
R( a')

Fig. 6. Velocities relating to the turbine blade.
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C,=Cy sin@ — Cp cos@ Eq. 6
Then, the chord solidity (s,)is calculated by Eq. 7
NxC
* Eq. 7

Ty

Where N is the blade number.
With C, and C;, the axial and tangential induction factor are deter-
mined using the Egs. (8) and (9).

1

[l —
sin” @ 1
6,Cy +

Eq. 8

d __(=deC a)o‘,.C,z Eq. 9
A operatinght Sin” @

Then, the calculation replaces the previous a and a with the newly
calculated a and da' and the procedure is restarted. The iteration stops
when the residual of a and d is less than 0.01.

Once the iteration procedure is completed, the torque (6T,,) and the
thrust (6T) for each blade element is evaluated using the Egs. (10) and
(11), such that.

1
8T, ==xpx W« NxCxrxC, x6r

Eq. 10
3 q

5Th:%*p*W2*N*C*Cn*6r Eq. 11
where C; and C, are the result of iteration.

Considering the idealization of the BEMT, there are several kinds of
common corrections to the BEMT analysis in real application. Including
the tip loss correction (Shen et al., 2005), turbulent wake state correc-
tion (Buhl, 2005), and 3D correction (Chaviaropoulos and Hansen,
2000).

4.1.2. BEM model validated versus experimental literature data

We present a validation of the BEM model versus experimental data
available in literature. We consider the experimental data from Shi et al.
(2019). The experimental data shows the Cp and Ct curves of a
pitch-adjustable tidal turbine with a radius of R = 0.2 m. The blade
section consists of a S814 section profile. The geometry of the turbine is
shown in Fig. 7, the chord length and twist angle of cross sectional
sections of the blades, located at r/R, are shown in Table 1.

The experiment was carried out at a basically constant Re number
(142000-170000). The test was conducted in the towing tank of the
Kelvin Hydrodynamic Lab (KHL). Further details of the test and facility
are available in (Shi et al, 2019). The uncertainty level of the

Fig. 7. The turbine in the experiment (Shi et al., 2019).
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experiment was 0.3% for the TSR, 1.1% for the Cp and 0.2% for Ct/10
which were computed statisfically, based on 7 individual tests at TSR =
4 (Shi et al., 2019).

The details of the turbine and of the experimental conditions are
imported into, the hydrodynamic BEMT code. Hence, the Reynolds
number (Re) considered in our simulation is the same as that of the
experiment. Then, the hydrodynamic performance of the turbine is
analyzed at different TSRs. Figs. 8 and 9 show the comparison between
experiment and BEMT simulation. It can be seen that a satisfactory
agreement (generally under 5% difference) is achieved. Some high dis-
crepancies appear in the low TSR region as the turbine is experiencing
stall. This is because the BEMT code based on Xfoil simulation can not
predict the stall accurately. But as the following research is mainly
focusing on the maximum efficiency, BEMT shows great accuracy in
predicting the turbine performance.

4.1.3. Modifications to traditional BEMT

Different from the conventional applications of BEMT with uniform
free stream conditions, the working condition of the turbine in this study
has two characteristics. The first one is that all the blade elements work
in a strong wake behind the hull. The second one is that the blade ele-
ments may work at low Reynolds number (Re) range which is less than
50,000 in some cases. These two characteristics will influence the design
of the turbine. To account for the two special working conditions, this
work modifies the BEMT for both wake and Reynolds numbers.
Although the modifications will alter the results of the traditional BEMT
model, the core of the model remains the same, and results are expected
to be a valid physical representation of a turbine operating behind the
wake of a glider. We explain the modified BEMT model in the next
sections.

4.1.3.1. Modification for wake behind the hull. The traditional BEMT
assumes that the incoming flow velocity is uniform, while the incoming
flow in this work is the wake of the UG hull, whose velocity is non-
uniform. This non-uniform velocity will render the traditional BEMT
uniform flow assumption invalid and lead to some inaccurate pre-
dictions. For example, with the non-uniform incoming flow, the design
angle of attack (@) of the blade element at which the foil has optimal
hydrodynamic performance changes, and the traditional BEMT model
does not account for this change.

To adjust the BEMT model for non-uniform inflow conditions, this
work modifies the BEMT inflow based on a CFD simulation of the wake
behind the UG hull. Results are shown in Fig. 7(a). We note that the
thermal engine can be made into an interlayer-type to avoid influencing
the shape of the UG (Zhang et al., 2009). Therefore, the CFD simulation
does not consider any geometric influence of the thermal engine. The
wake distribution located at 5% of the hull length (L) downstream of the
UG is shown in Fig. 10. Fig. 10(a) shows the zx-plane, showing a top
view of the glider. Fig. 10(b) shows the xy-plane, showing the back view
of the glider.

As shown in Fig. 7(b), the wake is approximately axial symmetric.
This is because the wings of the UG have a reduced influence on the
wake. Hence, we assume a symmetric wake, as highlighted with the dot-
dash lines in Fig. 10(b). We note that changes in wake distribution
caused by the interaction between hull and turbine are not considered in
this work. Hence, under these assumptions, the inflow velocity distri-
bution in front of the turbine is shown in Fig. 11(a). The velocities on a
section of the blade, located in plane A-A, in the frame of reference of the
turbine is shown in Fig. 11(b). Note that plane A-A is also indicated in
Fig. 11(a).

In Fig. 11(b), Wy is the wake factor expressed by Eq. (12), such that

Vivate

W= Eq. 12

where the U, is the incoming velocity.
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Table 1

The detailed geometry of the turbine.
/R 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Chord length (mm) (mm) 64.4 60.1 55.8 51.5 47.2 42.9 38.6 34.3 30
Twist angle (deg) 27 15 7.5 4 2 0.5 —-0.4 -1.3 -2

Then, Aeguivatent in Fig. 11(b), can be expressed by the Eq. (13), such

0.45
—e— Experiment value ' ) ) ) ) that

0.4 H-=BEMT analysis i

A

0.35F - /‘Lequivalznt = Wf Eq. 13

Comparing Figs. 11(b) and Fig. 6, we note that the blade elements

0.25F g behind the wake operate at Aeguivaien- SO, in the BEMT design process

shown from Eq. (1) to Eq. (4), Adesign is converted to Aequivatens With Eq. (13).

This allows us to recalculate the twist angle and chord length for the

0.15F T turbine behind the glider. In the BEMT analysis, denoted from Eq. (4) to

01k ] Eq. (9), the Adgperating is also converted into Aeguyvaiene With Eq. (13). Hence,

Optimal operation TSR we can recalculate @, o, a, d. Finally, W in the wake is calculated and

used to determine the real power and thrust of the turbine.

3?5 "1 475 ; This modification can eliminate the influence of wake on the pre-

TSR assumptions of the traditional BEMT, allowing BEMT to work properly
in the special operating conditions of this work.

Cp

0.2 1

0.05F

BN
N
o
N
N
o
R femm—

Fig. 8. The C, of the expriment value and the BEMT analysis.

4.1.3.2. Modification for low Reynolds number. In the design and anal-
- ‘ r ysis part of traditional BEMT, the lift coefficient (C;) and the drag co-
iig’éﬁg’"&ﬂ;ﬁ"e - efficient (Cp) curves do not consider the influence of a varying Reynolds
‘ number (Re) on the turbine hydrodynamic performance. In this work,
/ this approach may no longer be appropriate. Considering the low

moving speed of the whole system and the influence of the wake, the
turbine blades sometimes work at low Re (Re < 50,000). In this range,
1 the hydrodynamic performance of the blade element deteriorates and is
sensitive to Re (Deters et al., 2014; Li, 2013). To consider the influence
04t | of Re we show the influence of Re in the Cl/Cd ratio versus a of a NACA
0015. The ratio is plotted as a 2-D contour plot in Fig. 12. In the figure,
ranges from 0 to 17°, in the vertical axis, and Re ranges from 10.000 to

-

0.8 b

0.6

Ct

o2r Optimal operation TSR | 170,000, in the horizontal axis. The functions of C; and Cp in this work
are obtained by calculating and interpolating the hydrodynamic per-

= e o Py T i 4 @ . formance of the NACA 0015 under different Re and « with the software
TSR Xfoil. Fig. 12 shows that the Cl/Cd ratio drops as the Reynolds number

decreases. Hence, it is an important consideration in our modified BEMT

Fig. 9. The C, of the expriment value and the BEMT analysis. model.

In the design part, the geometry of the turbine is unknown, and so is
Re. In this work, we use an iteration procedure to determine Re and the

Fig. 10. The typical wake distribution behind the UG.
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Fig. 11. Velocities relating to the turbine blade in wake a) the side view b) the foil section view.
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Fig. 12. The lift-to-drag ratio of NACA 0015.

final geometry of the blades of the turbine based on BEMT.

The design process is shown in Fig. 24 in appendix A. At the start of
the process, a, R, Agesign, and Wy are provided as the input to the modified
BEMT code. Then, Aeguivatene is calculated with Eq. (13). This Zequivatent iS
used to replace the A4 in the traditional BEMT, when calculating the
a and the chord length (C). After calculating d, the inflow angle (@)
and the twist angle (f) are calculated with Eq. (2) and Eq. (3), respec-
tively. Then, the relative velocity W, shown in Fig. 11(b), is calculated.
Then, we input the C;, and Cp functions of Re. Next, an initial Re which is
set as 100,000 is used to start the iteration. The C; and Cp, is recalculated
according to the Re that results from the iteration. With C; and Cp, the
chord length is calculated with Eq. (4). Since the chord length in the loop
has been determined, the new Re can be calculated. The iteration con-
tinues until the residual of Re is below 1000 which can only cause very
marginal foil hydrodynamic change even when the Re is very low.

4.1.3.3. Benchmarking the modified BEMT model. In this Section, we
compare the modified and unmodified BEMT models.The modified
BEMT model analyses the turbine operating behind the wake of a hull.
Hence, the turbine experiences a nonuniform inflow and a low Re near
the hub caused by the concave shape of the wake (see Fig. 10(a)). The

result of the comparison are shown in Figs. 13 and 14. It can be seen that
both the C, and C; drop approximately by up to 16.5% and 7%.

The drop of C, qualitatively similar to the results of a wind turbine
located in the second row of an wind farm array (Barthelmie et al.,
2009). This provides confidence, that the modified BEMT model shows
in fact physically realistic data, and accounts for the effect of a turbine
operating behind a blockage, in this case the hull of the UG.

The drop of turbine performance, in the modified BEMT model, is
caused by three main reasons. Firstly, due to the deficit in wake energy.
Secondly, due to the lower Re number behind the wake as opposed to the
Re number in open water. Lastly, and thirdly, the difference between
turbine design conditions (open water) and working conditions (wake),
which modifies the angle of attack of the blade elements. We quantiy the
first effect, the energy deficit E4, as follows. We divide the area within
the radius of the turbine into 500 equal-width rings of different radiuses.
Then, the energy on each ring is computed and added. Hence, the energy
deficit can be defined with Eq. (14), such that:

500
Y ip(Us = Wf,.)32ﬂr,» * Ar

E,=1-2 Eq. 14
‘ 1PULTR !

where the Wy, is the wake factor of the i th ring, the r; is the radius of the i
th ring. Ar is the wide of each ring (&5).
Behind the hull, E; is around 13%, which is similat to the estimated

= BEMT
~e- BEMT with modification|

Optimal operation TSR

3.5 4 45 5

T (O o

=
=~}

Fig. 13. The C, in the BEMT with and without modification.
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power drop of Fig. 13 (approximately 16.5%). Therefore, it can be seen
that the drop of C, is mainly due to the drop of energy available in the
wake. The lower Re caused by wake and the not ideal angle of attack of
some blade elements can influence the hydrodynamic performance of
the turbine, but their effect does not seem to be that significant.

4.2. Design considerations of the UG

In this section, we present some of the design considerations for the
UG as the preconditions for the mathematical model to design the ge-
ometry of the turbine for optimum energy extraction. The detailed
flowchart of the mathematical model is introduced in the following
section. Prior to introducing this flow chart, we describe four steps that
are considered, as part of the design considerations of the UG.

Step 1 : Input the working environment of the UG. In this case, the
working depth of the UG (d,,) is 1000 m, the water temperature at the
surface (Ty) is 28 °C, the water temperature at working depth (T}) is 4
°C, (Ma et al., 2016). At d,,, the working pressure of the UG (Pyorking)
is approximately 10 Mpa which is the hydrostatic pressure at a depth
of 1000 m.

Step 2: Input the information about the UG hull. In this case, a typical
UG hull geometry is chosen. The UG length (L) is 2 m, and the radius
(Rg) is 0.095 m, as shown in Fig. 15.

Then, the wake distribution and the resistance of the hull from the
CFD STAR CCM + simulation is input into the mathematical model in
function form. The radial wake distribution, located 0.05 L downstream
of the UG, is expressed by the wake factor (Wy) in Eq. (15). Since the
wake distribution varies limitedly with cruising speed, it is considered to
be independent of the cruising speed, and only dependent on the radial
coordinate r. The relationship between hull resistance (Ry) and cruising
velocity V can be expressed with Eq. (16).

Fig. 15. The geometry of the UG in this study.
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Wr= —0.01617* 4 0.3652r° — 1.2394/% 4 1.5293r 4 0.32 Eq. 15

R, =2.0681V> +1.2188V — 0.279 Eq. 16

Step 3: Input the information about the thermal buoyancy engine.
There are two assumptions about the thermal engine in the mathe-
matical model: (a) The hydraulic components are considered ideal.
(b) The temperature of N, in the accumulator is considered constant.
The PCM in the engine in this case is n-Pentadecane whose PVT re-
lationships, which relate pressure(P), volume(V), and temperature
(T) of the PCM, are expressed with Eq. 17a-b (Falcao Carneiro and
Gomes de Almeida, 2016), such that (Falcao Carneiro and Gomes de
Almeida, 2016):

1
Vpew, =1.198 — (5> (Pocys % 0.0143 — 0.0408 % (Tpey +5.5))  Eq. 17(a)

1
Vpew, = 1.3195 — <ﬁ) (Ppcy * 0.1817 — 0.2733 # (Tpey — 30))

Eq. 17(b)

where the Vpeu,, Veeu, are the volume of PCM in solid, and liquid phases
respectively.

The volume of PCM (V) is 12 L (about 9.7 kg) in solid phase which
is compatible with the payload capacity of existing UGs (Falcao Carneiro
and Gomes de Almeida, 2016). The pressure in the hull (Pj,) is set as
0.1 Mpa. The maximum gas pressure in the accumulator (P), when all
the PCM has melted, is 90 Mpa, at which the Pentadecane obtains its
highest thermodynamic efficiency (Falcao Carneiro and Gomes De
Almeida, 2016). The pre-charge pressure (Pp) in the accumulator is 85
Mpa. The maximum gas volume in the accumulator is 10 L. The buoy-
ancy magnification (M) is 8.5.

Step 4 : Calculate the ballast force (By) that the thermal buoyancy
engine generates. Firstly, we input T, and Py, into Eq. 17 (b) to
calculate the unit volume of PCM in liquid phase (Vpcy, ), then we
input T; and Pjr into Eq. 17 (a) to calculate the unit volume of PCM
in solid phase (Vpcum,). Then, we use the Eq. (18) to calculate the
ballast force, in this case, the By is 25 N.

* Ve * Aﬂ

2

_ VPCM, - VPCMX

B Eq. 18

Vecwms
This force is significantly different and greater than typical ballast
forces obtained with conventional thermal engines with the same
amount of PCM.

4.3. The construction of the mathematical model

Once the design considerations of the UG have been determined, the
next step is to construct the mathematical model to design the turbine
for optimum energy extraction. The mathematical model is built to
optimize Agesign and radius (R) based on the modified BEMT of Section
4.1. We show the procedure in the flowchart shown in Fig. 16.

The flowchart shows that the mathematical model consists of three
loops. The core part or inner loop consists of step 4 to step 8. Rather than
starting the description of the flowchart from top to bottom, we start
from the inner (core) loop to the outside loop. This enables us to show
how the more intricate part of the model connects to the outside
considerations.

The innermost part is the core part from step 4 to step 8. After
receiving a specific A4esign, design radius (R), the operating tip speed ratio
(Aoperating) and the moving speed of the UG (V), this part will automati-
cally design a turbine and analyse it based on the modified BEMT. We
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Fig. 16. The second part of the mathematical model.
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describe in detail steps 4 to 8, as follows:

Step 4: Once step 4 receives a moving speed of the UG (V), it com-
putes the wake distribution and hull resistance (Ry,) based on V using
Eq. (15) and Eq. (16).

Step 5: In this case, we select a NACA0015 foil section which is
shown in Fig. 17. The C;, and Cp of this foil at different Re and «a is
input into the mathematical model in function form. The number of
blades of the turbine is 3.

Step 6: Determine the turbine geometry. Once step 6 receives the
Adesigns R, V, Cr, Cp and the wake distribution, it designs the turbine
based on the modified BEMT. The detailed turbine design process is
shown in the appendix of Fig. 24.

Step 7: Analyse the turbine based on the modified BEMT. Once step 7
received Agperating, V, the wake distribution and the turbine geometry,
the mathematical model will analyse the turbine’s power coefficient
(Cp), power (P), thrust coefficient (C,), thrust (T,), the energy yield of
the turbine in each descent-ascent cycle (E,) using

_Pxd,x2

y Eq. 19
: U q

Step 8: Compute ballast force with Eq. (18). Check the force equi-
librium state equation given by Eq. (20), such that:

In summary, the first loop is implemented by step 4 and step 8 and it
aims to find the real moving velocity of the system (V,.y) that will satisfy
the condition imposed by Eq. (20). We recall that results obtained from
step 7 are the results at a certain velocity, but this velocity is not
necessary the V,, of the whole energy yield mechanism which is
currently unknown.

It is known that if an object is stable at a certain velocity, the external
forces acting on the object balance each other. In this study, the whole
mechanism consists of a turbine and a UG hull. For this system, the force
equilibrium equation, Eq. (20), states that the sum of the resistance of
the UG hull (Ry) and the turbine thrust (T;) equals to the ballast force
(By). Therefore, the inner loop will input different V values to find Vi.q
that satisfies Eq. (20). We illustrate this procedure in Fig. 18.

The second loop is a counting loop implemented between step 2 and
step 9. Step 3 and step 9 provide the mathematical model with possible
operating tip speed ratios (Aoperaring)- This range is specified around the
value of one specific Agesigr. To specify the range of Agperaring, the lower
limit is set as 25% of Agesign and the upper limit is set as 200% of Agesign-
Although each turbine in this mathematical model has its own A4esign, the
turbine does not necessarily reach the highest energy yield E, when
running at A4esign. Hence, the second loop uses the inner loop (step 3 to
step 8) to find E, for each Agperaiing, and then we find the optimal E, of a
specific turbine.

Step 10, which is an intermediate step between the second loop and
the outermost loop, obtains the optimal E, among all Agperasing Of @
specific turbine. This indicates the energy harvesting capability of a
turbine. The Ayperaiing With the optimal E, is defined as Apeimal-

Finally, the outermost counting loop implemented from step 1 and
step 11 feeds the mathematical model different sets of A4, and R, to

= NACA 0015

Fig. 17. The NACA0015 foil section.
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Fig. 18. The function of the first loop.
explore the influence of A4, and radius on the energy harvested (E,).
The aim is to find the values of A4 and radius with the highest E,.
Since the optimal tip speed ratio for tidal turbines is around 4, and a very
low Agesign can lead to oversized generators and power take-off mecha-
nisms (Encarnacion et al., 2019), the range of Agesg, is set from 2 to 6.
Considering that a very small radius can lead the turbine to operate in a
very strong wake, and a very large radius turbine is not foldable and is
disproportionate with regards to the size of the UG hull. Hence, the
radius ranges from 0.06 m to 0.15 m.

Finally, after finishing the calculation of all loops, the mathematical
model will output the optimal turbine geometry with the highest E, in all
Adesign and R values.

5. The result of the mathematical model and the analysis
5.1. An optimal turbine

Once the flowchart of Fig. 19 is completed, the mathematical model
will output the optimal E, of turbines at different A5, values and ra-
diuses (R). This is shown in Fig. 19(a). The output corresponds to the
turbine with the highest E, which is the optimally designed turbine with
the mathematical model. The geometry of this optimal turbine is shown
in Fig. 19(b). We can observe the turbine has very wide chord. This is
because the math model finds that a low TSR leads to the highest E,.

5.2. Guidelines of mathematical model for turbine design

The result of Fig. 19(a) can be used to guide the design philosophy of
the turbine in this study. The Fig. 19(a) shows that the E, increases with
increasing R and decreasing Agign. Note that E, increases as the radius
increases because the larger radius will enable the turbine to capture
more energy in competition with the hull. As shown in Fig. 20(a), during
the entire energy harvesting process, the system is moving vertically in
the water. We can simplify the hull into a virtual disk that absorbs the
kinetic energy in the flow, similar to the virtual actuator disc of the
turbine; because it blocks the incoming flow. Hence, a part of the kinetic
energy in the incoming flow is captured by the hull and the rest part is
captured by the turbine. We can regard the process as a competition
between the hull and the turbine for kinetic energy because of their
tandem relationship shown in the Fig. 20(b).

Also note that E, decreases as Agesign because the Re number becomes
smaller. We recall from Fig. 12, that at low Re, the hydrodynamic per-
formance of the turbine deteriorates.

Fig. 21 shows Re computed at 0.9 r/R of the turbine blade length and
how it changes with different R and Agesign. We chose 0.9 r/R, because in
this section, the Re asymptotes to the highest in the entire blade. In fact,
the typical Re distribution along the radius of the turbine blade is shown
in Fig. 21(b). Furthermore, note that the blade element at 0.9 r/R con-
tributes most to torque production.
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Fig. 19. a) The E, of turbines with different sets of radius and Agesg. b) the optimal turbine.

Fig. 20. a) the velocity of the flow b) the competition of kinetic energy.

Result from the mathematical model of a single case also shows that,
a high C, to C; ratio (C,/C;) should be pursued for a turbine design in this
energy harvesting mechanism. Fig. 22(a) shows E, and Fig. 22(b) shows
Cp, C; and C,/C; versus Agperaring, for a turbine whose R is 0.15 m and
whose Agesign is 4. Results are plotted over a range of 2 < Agperating < 6.
The G, /C; curve in Fig. 22(b) shows the strongest correlations to E, from
Fig. 22(a). In fact, E, and C,/C; reach their maximum value at Agperqring =
3, while C, peaks at Agperating = 4-

For this novel turbine, C,/C; reflects the pattern of E, more accu-
rately than C, because the working principle of the turbine is funda-
mentally different to more traditional tidal turbines.

The C, can no longer reflect the energy harvest ability because higher
C, may appear together with higher Ct, as shown in Fig. 22(b). A high Ct
will decrease the moving velocity of the system which is also the
incoming velocity of the turbine. Hence, it will also decrease the power
and energy yield of the system. In contrast, when a high C,/ C; occurs,
the turbine can yield a high C, and avoid a low inflow speed caused by a
high C;. Hence, a high C,/C; leads to a high power and energy yield.
Therefore, in the design process of a single turbine in this energy

11

harvesting mechanism, the pursuit of higher C,/C; is the priority.

The multiple analysis of turbines with different sets of R and Agesign
also shows the same conclusion. Fig. 23 shows the comparison between
the C,/C;, the C,, and the power output (P) in figure (a), (b), (c)
respectively at different values of Agesg, and R. Compared to the C, and
the P of the turbine, C,/C; shows a much more similar trend and stronger
correlations with the E, from Fig. 19(a). Hence, the highest C,/C; yields
the highest E,. This correlation contrasts the typical operation of a
traditional turbine which pursues the highest C, or P to maximise the
harvested energy only, without any consideration of thrust.

Following this finding, the mathematical model will be further
developed in future work. In the meantime, it should be pointed out that
these conclusion are based on this specific UG hull in this case and they
may change when choosing another hull with a higher C;. A UG hull with
a higher C; may get more energy when competing with a turbine for
energy, resulting in a decrease in the E, of the turbine and influencing
the optimal C,/C; of the mathematical model.
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5.3. The energy harvesting capacity of the system with the optimal turbine

The mathematical model shows that this system can hydrodynami-
cally harvest about 24.2 kJ of energy in one descent&ascent cycle in the
energy harvesting mode when using the optimal turbine with 12 L
(about 9.7 kg) of n-pentadecane. Considering that the power con-
sumption of a typical UG of each descent&ascent cycle in gliding mode is
about 6 kJ of energy (Davis et al., 2002a, Falcao Carneiro and Gomes De
Almeida, 2018), it can be estimated that the energy harvested by the
energy harvest system in 1 cycle can support the energy consumption of
the UG in 4 cycles of the gliding mode.

The hydrodynamic energy conversion efficiency (7;,) of the mecha-
nism is defined as the efficiency from the hydraulic energy output of the
thermal buoyancy engine to the hydrodynamic energy output of the
turbine. 5, can be calculated by Eq. (21).

EV

= Eq. 21
By xd,, x2 d

My

As mentioned above, the ballast force of the thermal buoyancy en-
gine (By) is 25 N, the working depth (d,,) of the buoyancy engine is 1000
m, the energy yield (E,) in one descent&ascent cycle in the hydrody-
namic level is 24.2 kJ; therefore, the 7, of the energy harvesting system
is about 48%.

On the other hand, Wang reviewed the existing PCM-based energy
harvesting mechanisms applied on UGs (Wang et al., 2020), showing the
energy harvesting capability of SOLO-TREC, Slocum-TREC glider (Hal-
deman et al., 2015b) and OTEC-PCM(Wang et al., 2019). The proposed
energy harvesting system has the potential to harvest more energy than
the existing energy harvesting mechanisms with the same PCM loading.
However, it is worth noticing that the energy yield in this study calcu-
lated from the hydrodynamic forces, which has not yet included the
efficiency of the generator (varying from 60% to 90%) and the me-
chanical transmission losses of the system.

6. Conclusion

This work investigates a new-type of energy harvesting mechanism
applied to a UG. The energy harvesting mechanism uses a novel thermal
buoyancy engine and a turbine behind the hull to harvest energy. The
following conclusions can be drawn:

1. A new-type of thermal buoyancy engine is developed, with patent
applied. The new-type thermal buoyancy engine can fully use the
pressure that the phase change material (PCM) can generate and
amplify the ballast capacity to provide more kinetic energy to the
turbine without increasing the mass of PCM.

2. The energy provided by the thermal engine is harvested by a turbine
behind the hull of the UG. To have an energy efficient conversion of
energy between the engine and the turbine, a mathematical model is
developed based on the BEMT.

3. The mathematical model of BEMT was modified to consider the wake
distribution behind the UG and the low operating Reynolds number.
The mathematical model optimises the turbine in design tip speed
ratio (Agesign) and radius (R). The mathematical model shows the
trend that the energy yield of the turbine will increase with the
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decrease of Agesign and the increase of R. The model also shows the
turbine should pursue higher C,/C; in the design process rather than
pursuing higher C, or P like the traditional turbine design. These
observations can be used as a guideline for turbine design and can be
used to further develop the mathematical model to design the
optimal turbine.

4. The result of the mathematical model indicates that the hydrody-
namic energy conversion efficiency of the energy harvesting mech-
anism is 48% when the working depth is 1000 m. The energy yield of
24.2 kJ in each cycle can support the energy consumption of the UG
in 4 cycles in the gliding mode. This would allow the UG to be self-
sustainable. This is a promising outlook for exploratory and rescue
tasks in the ocean.

In future work, the hydrodynamic interaction between the hull and
the turbine and the motion of the system in six degrees of freedom will
be considered in a fully resolved CFD simulation. And further experi-
mental investigations can be conducted to explore the challenges and
opportunities to realise this technology.
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