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Utilizing the volume change of phase change materials (PCM) to realize ocean thermal energy-electric energy
conversion is a promising method. The PCM-based ocean thermal engine has the potential to solve the energy
limitation problem of underwater vehicles. In this paper, detailed numerical and experimental research on the
thermoelectric conversion process was conducted. A numerical model was proposed for thermal-mechanical and
mechanical-electrical energy conversion process; and an experimental set-up was built for system identification
and model validation. The efficiency and power density of the ocean thermoelectric generator under different
configuration were analyzed numerically. Finally, a prototype was developed and tested. Results showed that:
(1) In deep water area, the optimal pre charging pressure is 10 MPa for achieving maximum power density and
this configuration is a compromise among the efficiency, phase change time and weight; (2) In shallow area, to
achieve maximum output power, pressure range for power generation should be set to 15-20 MPa, while the
motor speed need to be set to 6000 rpm; (3) the total energy conversion efficiency and the power density of the
prototype in the lab test was 0.453 % and 21.58 mW/kg, respectively, attaining state-of-the-art performance

compared to the current literature.

1. Introduction

The ocean covers 71 % of the Earth’s surface area [1], and has
substantial influence on the global environment and human society [2].
Therefore, research in marine science is of great significance. Ocean
observation equipment serves as a crucial tool for marine science.
However, the limited battery capacity restricts the operating life of the
ocean observation equipment. Utilizing in-situ renewable energy for
energy replenishment of batteries is an effective method to break this
limitation [3].

Marine renewable energy mainly includes tidal energy [4], wave
energy [5], thermal energy, etc. Among them, ocean thermal energy is
widely distributed, structurally stable, and has abundant reserves,
making it an ideal energy source for underwater observation equipment.
Currently, for small observation equipment, the mainstream way of
harvesting ocean thermal energy is to use solid-liquid phase change
materials (PCM) [6]. Webb et.al [7] first proposed a design scheme for
underwater vehicle buoyancy regulation using PCM to harvest ocean
thermal energy. The thermal engine changed the volume of the external
bladder by the volume change of PCM, achieving the sinking and
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floating motion of the vehicle. In 1998, the thermal glider Slocum
Thermal was developed and the lake trail was conducted in Seneca Lake
where the vertical temperature difference reached 13 °C. Results
showed the feasibility of the PCM-based engine. Subsequently, Jones et.
al [8,9] optimized the wing and heat exchanger structure, and devel-
oped another two gliders, named Slocum WTO1 and Slocum Drake,
respectively. The sailing distance was further extended. Yang et.al [10]
has proposed the thermal model of the PCM-based underwater thermal
gliders, developed a prototype, and conducted the sea trial.
Subsequently, researchers proposed another improved engine: an
internal power generation system was added to the original engine, for
converting thermal energy into electrical energy and storing it in bat-
teries. Although this indirect energy-conversion method incurs energy
loss during the power generation process, the generated electrical en-
ergy can not only be used for buoyancy adjustment, but also for other
carried power consuming modules and sensors. Chao et.al [11] con-
ducted the first research on small-scale ocean thermoelectric power
generation technology based on PCM, and integrated the ocean ther-
moelectric generators into ARGO buoys, named SOLO-TREC. The
working depth of SOLO-TREC is 500 m, and the single cycle power
generation reaches 6.1 kJ, realizing the energy self-supply of the buoy.
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Nomenclature

mushy zone constant (kg/(m3-s))

buoyancy (N)

specific heat (J/(kg-K))

inertial coefficient

displacement (L)

energy (J)

gravitational acceleration (m/s?)

convective heat transfer coefficient (W/(m?K))
current (A)

off equivalent thermal conductivity of PCM—copper foam
composites (W/(m-K))

~ 09 mc;@..gsb:?

>

K permeability (m?

L latent heat of fusion (J/kg)

m mass (kg)

Py inlet pressure of the hydraulic motor (MPa)
Py outlet pressure of the hydraulic motor (MPa)
Q flow rate (L/s)

S source term

t time (s)

T temperature (°C)

U voltage (V)

U, relative uncertainty

14 volume (L)

? velocity (m/s)

Greek symbols

a scale factor

p liquid fraction

y thermal expansion coefficient of PCM (K™1)
€ porosity of metal foam

n efficiency

u dynamic viscosity (N-s/m?)

p density (kg/m>)

o absolute uncertainty of sensor measurement
® a small constant to prevent division by zero
Subscripts

a effective value

ac accumulator

bat battery

buo buoyancy

c cold end

E electrical

f fluid

F metal foam

h hot end

l liquid phase

M mechanical

s solid phase

shell metal shell of heat exchangers

T thermal

Abbreviations

PCM phase change material

MF metal foam

AC alternating-current power

DC direct-current power

PID proportional integral derivative algorithm

However, SOLO-TREC weighs up to 84 kg, which is larger in volume and
weight than traditional buoys. Besides, in deep and distant sea envi-
ronments, the energy consumption will increase, and the thermoelectric
generator will not be able to maintain self-sufficiency. Haldeman et.al
[12] developed the fourth generation of the Slocum thermal glider,
named Slocum TREC, and realized the ocean thermoelectric conversion
in glider, significantly improving the working life of the glider. The
American company Seatrac has designed a thermoelectric conversion
system SL1 for the Navis series profiler to supplement the electrical
energy of the profiler. In 2019, the system completed 42 profile exper-
iments with a maximum depth of 750 m in Hawaii. From a single profile
cycle, the thermoelectric generators can output 7920 J of electrical
energy [13].

Theoretical research on the energy conversion process of ocean
thermal engines has also made significant progress. Carneiro et al. [14]
proposed a simple dynamic model for the heat transfer between PCMs
and the environment to calculate the efficiency of the cycle of the ocean
thermal engine. Xia et al. [15] developed a heat transfer model for filling
liquid-PCM mixture, and analyzed the effects of pressure and heat
exchanger diameter on the phase change time. Wang et al. [16] used
molecular dynamics methods to calculate the PCM phase change point,
thermal conductivity, and specific heat under different temperature and
pressure. Ma et.al [17] proposed a nonlinear model of the ocean thermal
engine containing residual air, and analyzed the effects of air solubility
in PCM, system pressure, and pre charging pressure of the accumulator
on energy storage performance. Kim et al. [18] conducted numerical
study on energy allocation with various types of motion and geometry of
the ocean thermal engine. Liu et al. [19] proposed a theoretical model
for a piston type ocean thermal engine and found that the output power
of the engine system is positively correlated with nitrogen pressure, PCM
volume, seawater velocity, and gliding angle of the vehicle. Chen et al.
[20,21] conducted numerical and experimental research on the ocean

thermal energy harvesting process using PCM—metal foam composites.
Yao et al. [22] numerically analyze the phase change process of PCM in
ribbed heat exchangers.

There are various forms of PCM-based ocean thermal engines. In this
work, we mainly focuses on engines with installed power generation
systems, and refers to this power generation system as a thermoelectric
generator. Current studies on the efficiency of thermal engines primarily
rely on theoretical analysis, neglecting the distinctive attributes of real
power generation systems, and there is still insufficient modeling and
experimental work on the thermoelectric generator in ocean thermal
engines; furthermore, the existing available data of ocean thermoelectric
generators in lake and sea trail often lacks comprehensiveness for con-
ducting in-depth research on the internal energy conversion process.
Therefore, there is still a significant knowledge gap that needs to be
filled regarding the experimental characteristics of power generation
process driven by ocean thermal energy. The main contribution of this
paper is:

(1) Numerical models for the thermoelectric conversion process and
power generation systems efficiency were established and experimen-
tally validated;

(2) The power generation performance, including power density and
energy efficiency, was analyzed through numerical simulations. Power
generation strategies were proposed for different diving depths to
maximize power density;

(3) A prototype of an ocean thermoelectric generator was developed
and tested in the laboratory environment. Note that the experimental
data includes detailed information about energy efficiency and power
density, which is rare in previous literature. The power generation
performance of the prototype was analyzed through experimental
results.

The structure of this article is as follows: Section 2 introduces the
working principle of an ocean thermoelectric heat engine; Section 3
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elaborates on the numerical model of the thermoelectric conversion
process and power generation system; Section 4 introduces the power
generation experimental set-up and developed prototype system; Sec-
tion 5 presents the results and discussion of the numerical and experi-
mental study, which is mainly divided into three parts: (i) the power
generation experimental set-up is used to identify the system and obtain
the undetermined parameters in the numerical model; (ii) then, nu-
merical research on the thermoelectric conversion process under
different ocean environment is carried out, and the power generation
strategies of the ocean thermoelectric generator is optimized; (iii)
Finally, the pressure parameters of the prototype is set based on the
numerical results and experiments are conducted in a laboratory
environment.

2. Concept of PCM-Based Ocean thermoelectric generator

The schematic diagram of the ocean thermoelectric generator is
shown in Fig. 2. The whole system consists of several heat exchangers,
on/off valves, an accumulator, a generator, an external oil bladder, and
an inner hydro-cylinder. The external oil bladder is immersed in
seawater and is responsible for regulating the overall net buoyancy of
the engine to control its descent and ascent, while the other components
are distributed inside the engine. The inner hydro-cylinder is used to
store sufficient hydraulic oil. When the whole system periodically
shuttles between the warm and cold water layer, the PCM inside heat
exchangers contracts and expands repeatedly, and the oil is pumped in
and out through the heat exchangers. By this way, the ocean thermal
energy is converted to other forms of usable energy. A working cycle can
be divided into the following 5 steps:

(1) Initially, accumulator is in the high-pressure state. The system is
at the ocean surface, and the PCM is in liquid phase. By opening the
relevant valve, under the pressure of seawater, oil flows from the
external oil bladder into the inner cylinder, causing the system to sink.
(Fig. 2 (2));

(2) When reaching the cold water layer, PCM contracts due to so-
lidification and heat exchangers suck oil from the inner hydro-cylinder
(Fig. 2 (b));

(3) After the pressure inside the accumulator rises to a certain value,
the corresponding on-off valve is opened, and hydraulic oil flows into
the inner cylinder from the accumulator, driving the hydraulic motor
and generator to rotate;

(4) When the system reaches the target depth, the pressure of the
accumulator is released. Oil flows from the accumulator into the
external oil bladder, increasing the system’s buoyancy and starting to
float upwards (Fig. 2 (d));

(5) The system float up to the ocean surface, and PCM volume ex-
pands due to melting. Therefore, the accumulator returns to a high-
pressure state (Fig. 2 (e)).

3. Numerical modeling

In this section, thermoelectric energy conversion modeling is con-
ducted by combining the power generation efficiency model with the
overall working cycle of the engine. The energy conversion in ocean
thermoelectric engines can be divided into two processes: (1) Ther-
mal-mechanical energy conversion: PCM absorbs thermal energy, ex-
pands its volume, and causes the internal pressure of the accumulator to
rise; (2) Mechanical-electrical energy conversion: By operating the on/
off valve, the pressure of the accumulator is released, and oil flows out of
the accumulator, driving the motor and generator to rotate, thereby
outputting electrical energy. Based on the open-source software Open-
FOAM [23], a corresponding solver has been developed to numerically
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solve the mathematical model in this section. Our code is available on
GitHub.'

3.1. Thermal-hydraulic energy conversion model

The harvesting and storage process of ocean thermal energy occurs
during the PCM melting stage; PCM expands and squeezes oil into the
accumulator to complete energy storage. Due to the low thermal con-
ductivity of traditional PCM, metal foam is inserted inside the heat en-
gine system to increase the heat transfer rate [24]. The enthalpy-
porosity method [25] was used to simulate the phase change process
of PCM. Here, we did not describe the details of the modeling process,
but directly list the control equations describing the heat transfer pro-
cess of PCM-metal foam composites.

Continuity:
Ve V=0 (@)
Momentum
Prcyu al/+pPCM (T/~v)\7:5V2‘7—VP+§ )
e ot €2 €

where p; is the density of the PCM, y is the dynamic viscosity, ¢ is the
porosity of metal foam. The momentum source terms in the horizontal
and vertical directions are given by:

CA(=p)?  w pCrps

S P+ K" VK V‘u 3)
Am 17ﬂ2 H pC by

= st ) @

where K and Cr are structural parameters related to copper foam. A, is
the mushy zone constant which equals to 105, and w is 0.001 to prevent
division by zero. y; is the thermal expansion coefficient of PCM and f is
the liquid fraction of PCM, defined as follows:

p=0 Ty < T
ﬂ:% T, <T; <T, (5)
p=1 | Iy >T
Energy:

oT dp =
[(1 = €)pyrcor +€PpewCor ] a " 8pPCML7/[ +PsCur <V'V) T =V-(kyVT)
©

where c,r and ¢,y are the specific heat capacity of metal foam and PCM,
respectively. py is the density of copper foam, L is the latent heat of
PCM and k. is the equivalent thermal conductivity of PCM-metal foam
composites.

The bottom is set as an adiabatic boundary condition, and the upper
and side walls are set as convective heat transfer boundary conditions, as
shown in Egs. (7)-(9).

or
Zl =o )
ay =0
oT To —T
5| =T ®
Y y=H hy + Ashelt

! https://github.com/Yao-Zesheng/inconstantPressurePhaseChangeFOAM.
git.
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oT To — T
- j.a— = 1 5 (9)
Pk 5 1 L

The grid and time step independence analysis was conducted. The
pressure range during power generation was set to 15-20 MPa. Three
mesh sizes, 6400, 51,200, and 102,400 and two adaptive time step
method is employed to solve the transient processes: (i) setting 1: the
maximum Courant number is 1.0, and the maximum time step is 0.2 s;
(ii) setting 2: the maximum Courant number is 0.5, and maximum time
step is 0.1 s. As shown in Fig. 3, the results of using the three mesh sizes
and two time steps are considerably similar.

Notably, in our previous work, the corresponding verification and
experimental validation of the above numerical modeling was con-
ducted. For details, refer to [21,22].

3.2. Hydraulic—electric energy conversion model

The nitrogen gas in the accumulator undergoes polytropic process
and thus the pressure inside accumulator P, during power generation is
given by:

P.&mrr .vtart"ﬂ
a = 7’1» 10
(Voare + [ Qudt)™ a0

where, Py is the pressure at which the accumulator starts generating
electricity, Viqr is the volume of nitrogen gas at the beginning of the
accumulator’s power generation, Q, is the flow rate of oil flowing out of
the accumulator and is consistent with the input flow rate of the hy-
draulic motor, n, is the polytropic exponent. Due to the relatively rapid
pressure changes in the accumulator during the power generation pro-
cess, gas can be considered as having no heat exchange with the envi-
ronment and thus n, is set to 1.4.

The total volume of oil flowing out of the accumulator V,. during a
power generation process is given by:

PyVy™ 1 PoVy™\ 1 e
V.= e — e = edt 11
(Pend - APe) ( P:mr[ ) /0’ Q ( )

where P, is the pre charging pressure of the accumulator, V, is the
nominal volume of the accumulator, P,y is the pressure of the accu-
mulator at the end of power generation.

The power generation E, in a single cycle of the engine is given by:
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E, = ’[:1;7,5/0 (PL —P,)Q! dr 12)

where j is the power generation time, P} and P}, are the inlet and outlet
pressure of hydraulic motor, respectively.

There are two situations in the power generation process: (i) hy-
draulic oil flows into the external oil bladder through the hydraulic
motor (Fig. 1 (¢)); (ii) Hydraulic oil flows into the inner cylinder through
the hydraulic motor (Fig. 1 (d)). Situation (i) represents the buoyancy
adjusting process, and the hydraulic motor outlet has a certain pressure.
A portion of the mechanical energy in the accumulator is used to drive
the total system from a submerged state to an upward floating state,
while the remaining portion is converted into electrical energy; In sit-
uation (ii), the outlet pressure of the hydraulic motor is 0, and all me-
chanical energy is used for power generation. The amount of hydraulic
oil required for buoyancy adjustment Vi, is proportional to the
weight of the OTEng [11]:

aM
Voitbuo = — 13)

oil

where «a is the scale factor and is determined according to the following
analysis: as the dive depth increases, the density of the seawater also
gradually increases, resulting in an increase in the buoyancy force on the
OTEng. The buoyancy difference between the sea surface and target dive
depth h is:

AB(h) = [pseawater(h) _pseawmer(o) ]gv a4

Voiupuo must satisfy the Egs. (24)-(25) to overcome the buoyancy
difference caused by the change in sea water density.

B = peavater (h) Voitbuo8 = [/).yeawmer (h) ~ Pseawater (O) ]gV 15)

where V40 is the volume of the hydraulic oil flowing into the external
blader, and B is the change in buoyancy from the diving state to the
floating state. According to Egs. (22)-(25), a satisfies the following
relationship:

h) — ’
pwawuler( ) pseawarer (O) (16)
Pseawater ()P seawater (0)

Next, the power generation efficiency model was developed. The

a2 Py

[ Section 2. Concept of PCM-based ocean thermoelectric generator J

Section 3. Numerical modeling

Hydraulic
energy

Electric
energy

Thermal
energy

Prototype testing

Using optimized system
parameters

Fig. 1. The content and logical relationship of each section in this paper.
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Fig. 6. Energy flux of the ocean thermoelectric generator.

function of the power generation system is to convert the mechanical
energy stored in the accumulator into electrical energy stored in the
battery. As shown in Fig. 4, the designed power generation system
consists of a hydraulic motor, three-phase generator, three-phase un-
controlled rectifier, Buck Boost circuit, and rechargeable battery.
Through the hydraulic motor, the three-phase generator is driven by
high-pressure oil from the accumulator to output alternating-current
(AC) power. The AC power is converted into direct-current (DC)
power through a three-phase uncontrolled rectifier. The battery is
charged through a Buck-Boost circuit, which can adjust the charging
current of the battery.

The power loss of hydraulic motors is divided into two parts: volu-
metric and mechanical loss. The power loss of these two parts is char-

acterized by volumetric efficiency 5, and mechanical efficiency 7.
According to [26], n,, and 7, are given by:

21C,  27Co(AP +2Py)
—1- Bt L2 17
e apD" AP a7
1
S N— as)
eI Vo

The actual flow rate Q, of the hydraulic motor can be obtained based
on the speed n and displacement D:
nD
0 =— 19
Ny
The mechanical energy in the accumulator is converted into elec-

trical energy and stored in the battery. The definition of electric energy
conversion efficiency 7 is as follows:

U hutl bat
— Yradoar (20)
e (P 1 —P Z)Qn

where Uy, and I, denotes the charging voltage and current of the

battery.
The driving torque of hydraulic motors Ty is given by:
P, —P,)D
Ty = M’?M 21)

2n

When modeling three-phase generators, the following assumptions
are adopted:

(1) The three-phase windings of the generator are connected in a star
shape and symmetrically distributed;

(2) The air gap magnetic field of the generator exhibits a sinusoidal
distribution, and the self-inductance and mutual inductance of
each winding are constant;

(3) The following factors is ignored: the core magnetic resistance,
magnetic field saturation of the generator stator and rotor, in-
ternal eddy current, hysteresis losses of the generator, spatial
harmonics;

(4) The speed change rate during the power generation process is
significantly smaller than the current change rate inside the
three-phase generator. Therefore, the power generation process
can be regarded as a quasi-steady state process, where the speed
of the hydraulic motor and three-phase generator is approxi-
mately constant within a time interval At.

Therefore, the equivalent circuit of the three-phase generator is
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Fig. 7. (a) Diagram and (b) physical map of the power generation experimental set-up.

shown in Fig. 5:
The electromagnetic torque of the generator is:

Tow =prx 1 (22)

where p is the polar logarithm, y is the magnetic flux vector of the stator,
and I is the current vector.
And the effective value of T, can be expressed as:

Toma = Kal, (23)

where I, is the effective value of phase current I, K, is the torque co-

efficient.
Resistance torque T is given by:

TG = Toma + Tini (24)
where T, denotes the torque generated by hydraulic motors and gen-
erators due to mechanical factors.

The effective value of electromotive force generated by single-phase
winding E, is given by:

E, = 4.44fNk® = Kyn (25)

where f the frequency of the induced electromotive force, N the total
number of turns per phase of the generator’s single-layer winding in
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Fig. 8. Physical image of the (a) prototype and (b) the corresponding experi-
mental set-up.

series, k the fundamental winding factor, ® magnetic flux, and Ky is the
velocity constant.
The instantaneous value of single-phase voltage input by an uncon-

trollable rectifier ﬁa is given in Eq. (26),
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~ -~ dl,

U,=E,—I,R,— LQE (26)

where R, and L, are the winding resistance and inductance, respectively.

E, and I, denote the instantaneous values of the induced electromotive

force and phase current of the single-phase winding, respectively.
Therefore, the effective value of the single-phase voltage input to the

uncontrollable rectifier U, is:

U,=E,—I,R, = Kyn—K;l, 27)

where Ky and K; are proportional coefficients.
The voltage Uy and current I; output from the DC side of the un-
controllable rectifier are given in Egs. (28)-(29):

3
_3e,
T

Uy (28)

Iy = 76Ja 29

The conversion efficiency of the Buck Boost circuit is 55, and the

charging current of the battery is given by:
Usclachip

Iy = ———L 30
bat Ubat ( )

When the system reaches steady state, the driving torque and resis-
tance torque of the hydraulic motor are equal. Therefore, in steady state,
phase current I, and charging current of the battery I, are given by Egs.
(31)-(32):

(P, — Py)D Tii

bR TR, GD

3(Kyn — L,R,) L1,

2
Uhm (3 )

by =
Based on the above analysis, the parameterized efficiency model of
power generation system can be obtained as follows:

 kin® + (kAP + ks Py + ky)n + (ksAP + ks P + k7)°

e kgAPn + kgAP2 + (klon + kll)AP (33)

where k;-k;; are constant parameters that need to be determined
through further experiments. Eq. (33) shows that under the condition of
constant pressure, there exists an optimal speed that maximizes the
energy conversion efficiency of the energy storage and power generation
system, and this optimal working point is the maximum efficiency point.

3.3. Performance parameters

The energy conversion process of ocean thermoelectric generator is
shown in Fig. 6. Through the solidification and melting of PCM, ocean
thermal energy is converted into mechanical energy in the accumulator.
A portion of the mechanical energy is used for buoyancy regulation of
the total system, driving the system periodically shuttle through the
ocean thermocline. This part of the energy is ultimately converted into
the gravitational potential energy of the system. And the remaining
mechanical energy is converted into electrical energy through the
generator.

The total thermal energy absorbed by PCM in a single profile cycle is
given by

Er = cpsmpen(Ts = Te) +mpeL + cpmpen (Ty — T)) 34

where c,; and ¢, are the specific heat of the solid and liquid phase PCM,
respectively. Ty is the surface water temperature.

Thermal to mechanical energy conversion efficiency 7, generation
efficiency #,,; are defined in Egs. (31)-(32):
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Fig. 9. The variation curve of generation efficiency #; with pressure difference and speed under outlet pressure of 0 MPa. (a) Pressure difference within the range of
5-9 MPa, (b) Pressure difference within the range of 10-14 MPa, (c) Pressure difference within the range of 15-20 MPa, and (d) Pressure difference within the range
of 22-30 MPa.

Experimental -

-=— Simulation results

50 -o- Experimental data
40
g 30 teo®
g
< 20 A
° Simulation <
10 results S 30 14 S
o —
6000 . 1
5000 <209 123
& 101
6 O - L] T L2 T L T ) T r T 10
MPa ) 0 1000 2000 3000 4000 5000 6000
Speed (rpm)
(a) (b)

Fig. 10. Comparison of experimental data and model simulation results for outlet pressure of 5 MPa. (a) Comparison of experiments and simulations of all data, (b)
Comparison of experiments and simulations at pressure differentials of 10 MPa, 15 MPa and 20 MPa.



Y. Chen et al.
Maximum efficiency surface O
6000 ~ paan
.“---
-

]

£

=

2

o

2 ralues of optimal speed
=] vIPa outlet pressure

30
25
20
15
a)
AP (MP
Fig. 11. Optimal speed under different pressure differentials and
outlet pressures.
! T
4
Py =0.1 MPa
Py =5 MPa
0.8 Py =10 MPa 1
Py =15MPa
Py =20 MPa
g o6 .
=
2
H
=
=l
= 1
3 0.4
0.2H _
0 100 200 300 400 500
. . . . .
0 2000 4000 6000 8000 10000 12000
Time (s)

Fig. 12. Influence of pre charging pressure on the melting process under the
single power generation strategy.

10

G; Pressure range for power
=97 generation:5—10MPa
28
=
g
o 7T 1
= 2.194L 6.38 MPa
=}
gor
2 0.888 L
&5 -

0 1000 2000 3000

Time (s)
(a)

Journal of Energy Storage 89 (2024) 111686

B Wy "
™ Er  cpmpen (T — To) + mpemL + cpmpen (T, — Tp)
_E._Yng Jy (P PY)Q,di
g = e = Tl (P 36)
M i1 Jo PiQidt

Therefore, the conversion efficiency from thermal energy to elec-
trical energy is

Pl ﬁ;« (le - P;)Qimdt
cpsmpem (T — To) + mpey L + cpumpen(Te — T))

Nre = Nullve = 37)

However, the energy conversion efficiency cannot reflect the single
cycle time of the thermoelectric generator. Long cycle time is not
desirable. In addition, the overall mass of the system should not be too
large. Therefore, another index need to be introduced. We take the
average output power density P within one cycle as an index to measure
the energy performance, as defined in Eq. (38):

Ez
(mPCM + myr + mshell)(tm + t:)

Py — 38)

where t, and t; are the melting and solidification time of the PCM,
respectively. mpcy, myr and mgey are the mass of the PCM, metal foam
and the metal shell of the heat exchangers. The design of the wall
thickness of heat exchangers accords with the pressure vessel standard:
the relationship between the wall thickness §, maximum internal pres-
sure Pjnqy, maximum external pressure Penq, and the diameter of the
chamber d satisfies Eq. (39).

d Pinaxd

’ 2 - P i
\3/ mez(i,‘z) -2 2]

where E is Young’s modulus, y is Poisson’s ratio, [o] is the yield strength.
Due to the varying pressure of PCM during the melting process, take
Pinax = NPy, where n is the safety factor and P, is system pressure at the
beginning of power generation. n takes a value of 2.5.

5 > max 39

4. Experimental set-up and methods

4.1. Power generation experimental set-up and system identification
method

4.1.1. Power generation experimental set-up
The power generation efficiency model in Section 3.2 includes un-
determined parameters (k;—ki1), and system identification is needed
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Fig. 13. Variation in accumulator pressure under different power generation pressure ranges at a pre charge pressure of 5 MPa: (a) pressure range for power

generation: 5-10 MPa, and (b) pressure range for power generation: 5-15 MPa.
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Fig. 14. Variation in accumulator pressure under different power generation pressure ranges at a pre charge pressure of 10 MPa: (a) pressure range for power
generation: 10-15 MPa, (b) pressure range for power generation: 10-20 MPa, (c) pressure range for power generation: 10-25 MPa, and (d) pressure range for power
generation: 10-30 MPa.

through experiments. Therefore, a power generation experimental set- and the parameters of the components used in the experimental set-up
up was built, as shown in Fig. 7. The accumulator in actual system is are listed in Table 1.

simulated by a hydraulic pump station, which can provide a stable

pressure source for the power generation system. The inlet pressure of 4.1.2. Experimental procedure

the hydraulic motor can be adjusted of and maintained stable by the During the experiment, the outlet pressure of the hydraulic motor
hydraulic pump station. The relief valve is located between the outlet of gradually increased from 0 MPa to 10 MPa at intervals of 2 MPa. Under
the hydraulic motor and the return oil port of the hydraulic pump sta- constant outlet pressure, the speed range gradually increased from 400
tion, providing stable outlet pressure for the hydraulic motor, for rpm to 6000 rpm at intervals of 200 rpm and the inlet pressure increased
simulation of external seawater pressure. The hydraulic motor is con- from 5 MPa to 30 MPa at intervals of 1 MPa. The pressure, flow rate,
nected to the generator through a torque and speed sensor to monitor speed, torque, voltage, and current data was recorded during power
the torque and speed during the power generation process. Flow meters generation process.

and pressure gauges were installed at the inlet and outlet of the hy-

draulic motor. The generator is connected to a rectifier to convert three- 4.1.3. Error analysis

phase AC power into DC power. The actual Buck Boost circuit and The uncertainty of the power generation experimental set-up is
rechargeable batteries were replaced by a programmable electronic mainly caused by measurement errors of sensors, and the total relative
load. The electronic load was set to constant current mode to regulate uncertainty is given by:

op, 2 op, 2 09, 2 09, 2 or\2 0,\2 oy\2 o\ 2
Uc‘\/ (p—) +(p—z> *(E) +(@) () () + () + () <00 (40)

the current of the generator and output the generated voltage and cur-
rent to the controller. The controller adjusts the speed of the hydraulic

motor and generator by controlling programmable electronic loads. The The parameters and relative uncertainties of each sensor are listed in
closed-loop control of speed adopts the proportional integral derivative Table 2. The total relative uncertainty of the experimental set-up is
(PID) algorithm, and the speed can always remain stable at the set value calculated to be 1.07 %.

during the power generation process.
The physical picture of the experimental set-up is shown in Fig. 7 (b),

11
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4.2. Ocean thermoelectric generator prototype and testing methods

4.2.1. Ocean thermoelectric generator prototype design

We have developed a prototype of the ocean thermoelectric gener-
ator, as shown in Fig. 8. The prototype is equipped with various sensors
inside, which can collect rich experimental data during the working
operation. In the power supply circuit, the output end of the rectifier is

12

connected to the input end of the rechargeable battery through a Buck
Boost circuit. Relays were used as the switch for supplying power to the
electrical components, and were controlled by the microcontroller unit
(MCU). The sampling resistors are placed to monitor the generation
voltage and current, charging voltage and current, battery voltage and
current, and oil pump motor voltage and current through AD sampling.
In the power generation system, the speed value obtained by the speed
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sensor is fed back to the MCU, and the main control outputs PWM to
control the generator speed. The closed-loop control of speed is attained
through proportional integral derivative (PID) algorithm, which is same
as that in the power generation experiment set-up in Section 4.1.1.

As shown in Fig. 8 (b), the prototype test platform built in the lab-
oratory is mainly composed of a water tank, a temperature controller,
and a computer. The temperature in the water tank is regulated by the
temperature controller, and the computer is connected to the MCU in the
prototype to record data from the internal sensors.

Table 3 lists the relevant parameters of the heat exchangers and
accumulator in the prototype. The prototype was equipped onto a

13

Table 1
Parameters of the hydraulic pump station, hydraulic motor, and three-phase
generator.

Equipment Parameter Value
Hydraulic pump station Maximum pressure 63 MPa
Maximum flow 10 L/min
Power 11 kW
Hydraulic motor Displacement 0.4 cc/rev
Rated inlet pressure 30 MPa
Maximum speed 6000 rpm
Generator Maximum power 2000 W
Maximum current 43 A
Maximum speed 8500 rpm
Ky 170 rpm/V
Ka 0.042 N-m/A
Internal resistance 70 mQ
Table 2

Parameters and uncertainty of sensors used in the experimental set-up.

Sensors Range Relative uncertainty
Inlet pressure sensor 0- 40 MPa 0.5%

Outlet pressure sensor 0-25 MPa 0.5 %

Inlet flow meter 0-10.8 L/min 0.5 %

Outlet flow meter 0-10.8 L/min 0.5 %

Torque sensor 0-5 N'-m 0.1 %

Speed sensor 0-10,000 rpm 0.1%

Voltmeter 0-120 V 0.075 %

Ammeter 0-120 A 0.35%

underwater vehicle and the components of the total generator-vehicle
system were weighed with an accuracy of 0.1 kg. The mass of each
component is listed in Table 4.
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Table 3
Relevant parameters of the OTEng.
Heat Inner radius (mm) 55
exchangers Volume of the PCM 25
L
Filler Copper foam with a porosity € of 95 % and
pore density @ of 10 PPI
Accumulator Volume (L) 5
PCM Latent heat (J/kg) 199,424
Specific heat 4046/3495
capacity (J/kg-K)
Phase-change T = 0.22571P + 285.4059
region (K) T; = 0.16684P + 290.2882
Thermal expansion 0.00089
coefficient (1/K)
Volume change rate 13 %
Table 4

The mass distribution of the underwater vehicle equipped with
ocean thermoelectric generator.

Component Mass (kg)
Buoyancy material 59.45
Heat exchangers (10 pieces) 93.8
Supports 2
Hydraulic Components 27.5
End cap 8.0
Main chamber 48.8

0il 9
Total mass 251.5

4.2.2. Experimental procedure

The prototype is placed in the water tank, and the temperature
controller adjusts the temperature of the water tank to simulate the
seawater temperature environment.

Initially, PCM is in the solid phase. First, the water temperature was
set to 28 °C and maintained for 90 min to ensure complete melting of the
PCM. During the melting process, the pressure reaches the maximum
pressure, the on/off valve is opened, and the pressure inside the accu-
mulator is released. Then the water temperature was set to 12 °C and
maintained for 120 min to ensure complete solidification of PCM. Three
identical cycles were conducted in the experiment.

5. Results and discussions
5.1. Results of the power generation experimental set-up

The efficiency of the power generation system 1, is discussed and
analyzed using experimental data with an outlet pressure of 0 MPa, as
shown in Fig. 9. When the pressure difference between the inlet and
outlet of hydraulic motor AP is within the range of 5 MPa ~ 14 MPa, 1,
first increases and then decreases with the increase of speed. Hence,
there exists a peak efficiency. The peak efficiency and corresponding

Table 5
System identification results of the power generation
efficiency model.

K ~0.19
ka 490.54
ks ~19.25
ks ~996.95
ks ~0.0014
ke 0.013

ks ~0.065
ks 4.55

ko 1196.93
ko 123.46
kn —4301.46

Goodness of fit 94.08 %
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speed are positively correlated with AP. When AP is between 15 MPa
and 20 MPa, 7,z decreases with the increase of AP at the same speed.
Under the same AP, 1, is positively correlated with the speed, and the
slope of the n,,; — n curve continuously decreases and approaches zero
as the speed increases. Under high speed, #,,; changes little and is be-
tween 50 % and 55 %. Therefore, the optimal speed for achieving
maximum efficiency under AP of 15 MPa ~ 20 MPa is 6000 rpm. When
AP is greater than 20 MPa, n,,; is negatively correlated with AP at the
same speed. 1, is positively correlated with the speed under the same
AP, and the slope of the 1,,; — n curve also decreases continuously with
the increase of speed. However, the slope does not approach zero when
reaching the maximum speed of 6000 rpm. Therefore, when AP is
greater than 20 MPa, the optimal speed is still 6000 rpm. At this time,
the maximum efficiency of the power generation system is between 42 %
and 50 %.

The above experimental data under the outlet pressures of 0, 2, 4, 6,
8, and 10 MPa is used to identify the parameters in the power generation
efficiency model (Section 3.2, Eq. (33)). The system identification re-
sults based on least square method are listed in Table 5. Note that the
power generation efficiency 7, cannot be negative, and is calculated
according to Eq. (41).

e [f7 + (kAP + ksPo + ki)n - (KsAP + KePy + k)" (41)
Mg = ksAP-n + koAP? + (kiP5 + ki )AP ;

To validate the accuracy of the efficiency model, another set of ex-
periments were added: the outlet pressure was set to 5 MPa and the
power generation efficiency under different pressure differentials were
measured. The comparison between experimental data and simulation
results of the efficiency model is shown in Fig. 10. The average relative
error between two is 1.45 %, indicating the accuracy of the model.

Based on the power generation efficiency model, the optimal speed
first increases linearly with the increase of AP; When AP exceeds 13
MPa, the optimal speed remains unchanged at 6000 rpm, as shown in
Fig. 11.

5.2. Results of the thermoelectric conversion simulation

The thickness of the ocean thermocline varies in different regions
and seasons, within the range of 50-1000 m [27,28]. We divide the work
environment into two categories: deep water areas (The thickness of the
thermocline is around 500 m) and shallow water areas (The thickness of
the thermocline is near to 50 m). In deep water areas, when an ocean
thermoelectric generator descends into the cold-water area, the external
water pressure and the amount of oil required for buoyancy regulation
will increase and the energy loss for buoyancy regulation cannot be
ignored. However, in shallow water areas, the oil required for buoyancy
regulation is little and the outlet pressure of the motor is near to 0.
Therefore, the energy consumed by buoyancy regulation can be ignored.
In this section, different power generation strategies are analyzed based
on the characteristics of different working areas.

5.2.1. Power generation strategy in deep water areas

Power generation processes under diving depths of 500 m was
analyzed. Firstly, it is necessary to determine the amount of oil required
for buoyancy adjustment. The relation between sea water density and
depth refers to [29]. Therefore, according to Egs. (13)-(16), the mini-
mum oil required for buoyancy adjustment for our developed prototype
at depths of 500 m is 1.95 L. Note that the maximum volume change of
phase change materials is 3.25 L. Therefore, in order to ensure the up
and down movement of the total system, a single power generation
strategy is adopted, that is, when the system descends to the set depth,
the on/off valve is opened, and all the oil in the accumulator is used for
buoyancy adjustment, flowing into the outer oil pocket.

The working cycle under different pre charging pressures were
simulated. An accumulator with a nominal capacity of 5 L was used for
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Table 6
Simulation results under different pre charging pressures and outlet pressures.

Journal of Energy Storage 89 (2024) 111686

Outlet pressure (MPa) ~ Pre charging pressure (MPa)  Phase change time (s)  Power generation (J)  Viirpuo (L) 57 (%) e (%) 195 (%) Power density (mW/
kg)
5 5 10,184 3237 1.99 0.78 0.11 0.083 4.74
10 11,252 14,582 1.91 1.56 0.24 0.37 11.20
15 14,083 23,611 1.70 2.35 0.26 0.61 9.87
20 17,200 27,989 1.47 2.82 0.25 0.72 7.88

energy storage. The pre charging pressures of the accumulator were set
to 5, 10, 15, and 20 MPa, respectively. To simulate environments at
depths of 500 m in the deep sea, outlet pressure of hydraulic motor was
set to 5 MPa. The effect of pre charging pressure on the melting process
of PCM is shown in Fig. 12. As a comparison, the melting process under a
pre charge pressure of 0.1 MPa was additionally calculated. The melting
time is positively correlated with the pre charging pressure. The melting
times under pre charging pressures of 0.1 MPa, 5 MPa, 10 MPa, and 15
MPa are 2395.5 s, 2984 s, 4051.5 s, and 6882.5 s, respectively. The
increase in pressure significantly prolongs the melting time of PCM.
When the pre charge pressure is 20 MPa, PCM cannot completely melt
because the system pressure causes the melting point of the PCM to
increase and exceed the ambient temperature.

The simulation results are listed in Table 6. Under the same outlet
pressure, the power generation, total power generation, and conversion
power are positively correlated with the pre charge pressure, while the
volume of oil available for buoyancy adjustment and duration of power
generation are negatively correlated with the pre charge pressure. This
is because the higher pre charge pressure causes the hydraulic motor to
have a greater pressure difference between inlet and outlet during power
generation, resulting in a greater input power. However, the large
pressure difference reduces the volumetric efficiency of the hydraulic
motor, resulting in a shorter duration of power generation and a
decrease in the amount of oil flowing into the external oil bladder.

As the pre charge pressure increases, the amount of work done by the
PCM increases, causing an increase in the thermal-mechanical energy
conversion efficiency #,,. The mechanical-electrical energy conversion
efficiency n,, is relatively low, because during the power generation
process, the whole system is located in the deep sea, and there is a back
pressure of 5 MPa at the hydraulic motor outlet; From the perspective of
energy conversion, a portion of the mechanical energy in the accumu-
lator is used for buoyancy regulation, resulting in a decrease in ;. The
thermal-electrical energy conversion efficiency #q is positively corre-
lated with the pre charge pressure. However, as the pre charge pressure
increases, the power density first increases and then decreases. This is
because excessive pre charging pressure can cause an increase in the
wall thickness of the heat exchangers, resulting in an increase in the
weight; Meanwhile, the phase change time will also increase. Another
drawback of high pressure is that it can lead to a reduction in Vy; . This
means that the hydraulic oil stored in the accumulator is not sufficient to
drive the system for upward movement, so the system requires an

Table 7
Simulation results under different multiple power generation strategies.

additional buoyancy regulation system and the energy consumption of
the buoyancy regulation with increase. Therefore, from the perspective
of efficiency, the optimal pre charging pressure is 20 MPa, and from the
perspective of power density, the optimal pre charging pressure is 10
MPa. Optimizing system parameters based on power density can be
regarded as a compromise between efficiency, phase change time, and
weight.

5.2.2. Power generation strategy in shallow water areas

According to the analysis in Section 5.2.1, it can be concluded that in
a single power generation strategy, as PCM continues to melt, and the
pressure inside the accumulator gradually increases, greatly increasing
the melting point, reducing the melting rate of PCM and even causing it
to be unable to completely melt. Therefore, the pressure inside the
accumulator can be released midway through the melting process to
prevent excessive increase of pressure. This power generation strategy is
referred to as the multiple power generation strategy in this paper.
Through control program accordingly, when the pressure of the accu-
mulator exceeds a certain value, the on/off valve is opened and the
power generation process begins and the pressure of the accumulator
decreases.

In numerical simulations, the pre charge pressures are set to 5 MPa,
10 MPa, 15 MPa, and 20 MPa, respectively. The pressures for starting
power generation are set to 10, 15, 20, 25, and 30 MPa, respectively. The
relationship between accumulator pressure and time for different pres-
sure ranges with pre charging pressures of 5 MPa, 10 MPa, 15 MPa, and
20 MPa is shown in Figs. 13-16. By opening the on/off valve in a timely
manner, the pressure of the accumulator will quickly drop to the pre
charging pressure. Compared with single power generation strategy,
when the pre charging pressure is increased, the multiple power gen-
eration strategy does not significantly increase the melting time.

The simulation results are shown in Table 7. Under different pressure
ranges, 17,z does not change much, and is in the range of 37 %-41 %, itis
significantly higher than the energy conversion efficiency at a depth of
500 m. This is because buoyancy regulation hardly consumes energy.
The system has the highest power density in the power generation
pressure range of 15-20 MPa and 20-25 MPa. In our preliminary ex-
periments, we found that high pressure increases the damage rate of
Buck Boost circuit boards, and a lower range of power generation
pressure can improve the reliability of the system. Therefore, 15-20 MPa
is the optimal range of power generation pressure. Compared with the

Pre charging pressure The pressure to start power generation Phase change time Output electrical energy Nm NmE N1g Power density (mW/
(MPa) (MPa) (s) (&)} (%) (%) (%) kg)
5 10 9857 7596.40 0.52 37.35 0.20 15.60
15 9950 9780.74 0.66 38.11 0.25 15.62
10 15 10,113 15,815.40 0.95 42.57 0.41 24.86
20 10,204 17,142.70 1.04 42.07 0.44 21.83
25 10,278 18,686.10 1.17 40.83 0.48 19.88
30 10,476 20,239.15 1.32 39.30 0.52 18.14
15 20 10,533 22,955.20 1.36 43.14 0.59 28.32
25 10,703 24,416.00 1.49 41.91 0.63 24.94
30 10,666 25,036.60 1.57 40.91 0.64 22.04
20 25 10,877 28,248.60 1.75 41.36 0.72 28.39
30 10,958 29,678.70 1.90 40.08 0.76 25.62
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single power generation strategy, the power generation using an accu-
mulator with a pre charging pressure of 15 MPa and a storage pressure
range of 5 MPa for multiple energy storage has higher power generation
efficiency and conversion power, and has significant advantages in small
target depths.

5.3. Experimental results of the prototype

This section presents the experimental data of the prototype in a
laboratory environment. The experimental set-up in Section 4.2 simu-
lated the complete cycle process of the ocean thermoelectric generator
in a shallow water area. The pressure range for power generation was set
to 15-20 MPa. According to the results in Section 5.1, the speed for
power generation in the pressure range of 15 MPa to 20 MPa is set to
6000 rpm. The experimental data was shown in Fig. 17 and was
analyzed from two aspects: the thermal-mechanical and mechanical-
—electrical energy conversion process.

5.3.1. Thermal-mechanical energy conversion process

During the melting process, the pressure change of the accumulator
is shown in Fig. 17. The comparison between the experimental results
and the simulation results in Section 5.2 is shown in Fig. 18. The two
show good consistency, indicating the correctness of the energy con-
version model proposed in Section 3.

Initially, there was still a small amount of residual hydraulic oil in
the accumulator, so the accumulator pressure did not start from zero.
When the water tank temperature is set to 28 °C, the phase change
material continuously melted and the accumulator pressure first rapidly
increases from the initial value to the pre charge pressure value and then
slowly increases. Once the accumulator pressure surpasses 20 MPa, a
single thermal-mechanical energy conversion process is completed, and
the power generation system worked until the accumulator pressure
drops below the pre-charge pressure. Due to the melting of PCM still
ongoing, the accumulator pressure will quickly return to the pre charge
pressure. In a complete cycle, there are three thermal-mechanical energy
conversion processes. As the melting rate of PCM gradually decreased,
the time of thermal-mechanical energy conversion process increased in
sequence.

5.3.2. Mechanical-electrical energy conversion process

At the beginning, the displacement sensor value of the external
bladder decreased, resulting in negative net buoyancy of the system. The
PCM solidified and sucked oil from the inner cylinder. The displacement
sensor value inside the inner cylinder continued to increase. The data of
power generation process are listed in Table 8. In the shallow water
environment simulated in the laboratory, the outlet pressure of the hy-
draulic motor is near to zero. After one cycle, the output energy of the
prototype was positive, achieving the energy self supply. The experi-
mental and numerical results of the previous two power generation
processes were compared. The relative errors between the power gen-
eration in the experiment and the simulation were 8.6 % and 5.3 %,
respectively, indicating the accuracy of the power generation efficiency
model.

Based on above experimental data, it can be calculated that 7, of
the prototype is 1.128 %, 1 is 40.13 % and 7 is 0.453 %. The power
generation density is 21.58 mW/kg. Note that the maximum efficiency
of the thermal engine is limited by the Carnot theorem [30]. Under the
conditions described in Section 4.2.2, this limit is given by:

Twld

=1- =53%

(22)

r’max
hot

The experimental data on ocean thermoelectric generators in the
literature is scarce. However, reference [31] documented the power
generation of their prototype. The comparison between the prototype in
this work and that in reference is shown listed Table 9. The developed
prototype has reached international advanced levels in terms of energy
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Table 8
Experimental data of the power generation system in the prototype.

Cycle Power Output electrical Total power
generation energy (J) generation (J)
First cycle Ist 7308.93 20,975.77
2nd 6972.01
3rd 6694.83
Second Ist 7233.78 21,727.34
cycle 2nd 7120.29
3rd 7373.27
Average / 7117.18 21,351.55
value
Table 9
Comparison of the Prototype in this Study and existing literature.
Reference Power density (mW/kg) Nm (%) Mg (%) Ny (%)
Reference [31] n.d. 0.9 44 0.396
This work 21.58 1.128 40.13 0.453

efficiency and power generation density.
6. Conclusions

In this paper, detailed numerical and experimental research on the
PCM-based ocean thermoelectric generator was conducted. In the
experimental work, the parameters of the power generation system were
identified and a prototype of a thermoelectric generator was developed.
The experimental results of both the power generation system and the
prototype have validated the correctness of the numerical model. The
numerical calculation results and laboratory test data of the prototype
were analyzed through energy efficiency and energy density. The spe-
cific conclusions are as follows:

(1) There exists an optimal speed to maximize power generation ef-
ficiency ;. When the pressure difference AP between the inlet
and outlet of the motor is less than 13 MPa, 7, and AP are posi-
tively correlated; When AP is higher than 13 MPa, the optimal
speed is 6000 rpm;

(2) When the thickness of the thermocline is around 500 m, a single
power generation strategy needs to be adopted. An increase in pre
charging pressure will improve energy efficiency, but also in-
crease phase change time and system mass. From the perspective
of maximizing power density, the optimal pre charging pressure
is 10 MPa;

(3) When the thickness of the thermocline is low, multiple power
generation strategies need to be adopted. The optimal power
generation pressure range is 15-20 MPa;

(4) The developed prototype was tested in the laboratory environ-
ment, with a thermoelectric conversion efficiency of 0.453 % and
a power density of 21.58 mW/kg, attaining state-of-the-art per-
formance compared to the current literature.

The current study shows that the ocean thermoelectric generator can
achieve a positive net output power, indicating that theoretically this
equipment has an infinite working life. Therefore, ocean thermoelectric
generators have great potential and will promote the development of
long-term ocean observation technology in the future.
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