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Abstract

Ocean current energy is the kinetic energy of seawater flow and is a low-cost, low-carbon, clean, and renewable energy
ource. Ocean current energy is mainly captured by the Ocean Current Turbine (OCT). However, as the depth of the water
ncreases, the flow rate of the water decreases significantly. The main purpose of this paper is to study the low efficiency of
urrent turbine capture due to low current velocities, with the main objective of achieving the effect of gathering and increasing
he speed of low current energy. Firstly, this paper investigates the mechanism and mathematical model of the concentrated
nd accelerated flow of the diffuser shroud. Secondly, the velocity and pressure flow fields of the basic diffuser shroud are
imulated and analyzed under different low flow velocity conditions (flow velocity below 1.0 m/s), different aspect ratios, and
ifferent diffusion opening angles. This paper further investigates the effect of speed increase for four different airfoil sections
f diffuser shroud. Finally, measurements and verification are carried out with Particle Image Velocimetry (PIV) circular water
ole experiments. The experimental results demonstrate the concentrated and accelerated results of the diffuser shroud. The
asic diffuser shroud has a 39% increase in flow field velocity. The airfoil section diffuser shroud has a better velocity increase
n the flow field than the basic diffuser shroud. The flow field flow rate increased to 58%. The optimum location for the speed
ncrease is near the inlet and less than 0.5 times the inlet diameter. Compared to the simulation results, the experimental results
f the PIV circulating water hole show an average error of less than 4%. The results of this paper provide a research basis for
he efficient capture of current energy in deep-sea low-flow waters and a theoretical basis for the design of low-flow current
nergy turbines.
2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The gases produced by burning fossil energy sources such as coal and oil not only cause extreme weather
uch as haze, but they also upset the ecological balance and contribute to the greenhouse effect, which can lead
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to an economic and ecological collapse in severe cases [1–3]. Moreover, excessive dependence on fossil energy
sources can produce a homogeneous form of the energy mix, while leading to the fragility and instability of state
power [4–6]. Amongst other things, clean and sustainable ocean energy is the main focus of renewable energy
researchers [7,8].

Ocean energy is a renewable resource found in the ocean, with abundant reserves and wide distribution [9]. One
of the most important forms of ocean energy is ocean current energy. Ocean current energy is the kinetic energy
of seawater currents, and also is an almost ubiquitous and inexhaustible source of marine renewable energy [10].

The main form of ocean current energy capture is the ocean current turbine [11,12]. OCT can be classified into
two main types according to rotor configurations: horizontal axis ocean current turbines and vertical axis ocean
current turbines [13], as seen in Fig. 1. The main form is the horizontal axis current energy turbine [14].

Fig. 1. Ocean current energy converters. (a) twin turbine horizontal axis device. (b) cross-flow device. (c) vertical axis device. (design by
REL).

However, for current energy, the maximum current velocity in most waters is only 2 m/s at water depths less than
00 m, and 0.5 m/s at 1000 m, while the average current velocity is much less than this value. Current velocities are
enerally low in most waters, and as water depth increases, current profile velocities drop rapidly and flow direction
hanges are complex, limiting the efficiency of current energy capture.

If the ocean energy can be locally concentrated, the power output of the OCT can be significantly increased
15,16]. Currently the speed and power of the OCT is mainly increased by means of a diffuser mounted at the end
f the rotor [17], as shown in Fig. 2.

Fig. 2. Diffuser-augmented ocean current turbine.

Particle Image Velocimetry (PIV) enables flow field measurements to be made on the diffuser shroud. For
research and diagnostics into flow, turbulence, microfluidics, spray atomization, and combustion processes, PIV
is a non-intrusive laser optical monitoring tool [18].

The main research of this paper includes the following aspects. Firstly, the mathematical model and hydrodynamic
characteristic equations of diffuser shroud are established. Secondly, the velocity and pressure flow fields of the
diffuser shroud at different flow velocities, different aspect ratios, different diffusion opening angles and different
airfoil cross-sections are simulated by the CFD simulation software Fluent. Finally, in order to verify the simulation
results, flow field experiments were carried out on the 3D printed diffuser shroud at low flow velocity of 0.7 m/s

through a PIV recirculating water cave.
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2. Diffuser shroud flow acceleration mechanism

In this paper, the velocity of a local flow field is increased by designing a flow field velocity increasing structure.
The basic idea is to increase the velocity of the local flow field by changing the area of the fluid flowing through
the cross section to achieve a change in pressure in the flow field. The fluid gains energy from being pushed by
pressure as follows:

F1s1 − F2s2 = p1 A1v1∆t − p2 A2v2∆t (1)

According to the law of conservation of energy, the energy gained by the fluid due to the force + the energy
lost by the fluid due to the work done by gravity = the kinetic energy gained by the fluid.

p1 A1v1∆t − p2 A2v2∆t + ρg A1v1∆th1 − ρg A2v2∆th2 =
1
2
ρ A2v2∆tv2

2 −
1
2
ρ A1v1∆tv2

1 (2)

In the area with the smallest cross-sectional area, the static pressure reaches its minimum value, resulting in a
ressure differential that leads to an increase in flow velocity in this area. Based on these findings, a diffuser shroud
ith a small inlet area and a large outlet area can be designed. diffuser shroud is used as a flow field velocity

ncreasing structure to increase the flow velocity at the inlet, as shown in Fig. 3.

Fig. 3. Schematic diagram of the flow field around diffuser shroud.

3. Diffuser shroud design and analysis

The Basic diffuser shroud is a diffusion profile that increases the velocity of the fluid by means of an inlet
diameter smaller than the outlet diameter. The diffuser achieves high performance by adjusting parameters such as
the length-to-diameter ratio (L/D), the diffusion opening angle (a) and the shape of the cross-section to achieve a
high-performance flow velocity increase, as shown in Fig. 4.

Fig. 4. Flow field of the diffuser shroud at L/D = 4. (a) velocity contour; (b) pressure contour.

.1. The effect of L/D on the flow field

The length-to-diameter ratio L/D of the basic diffuser shroud is the basic parameter of the diffuser shroud.
nder the condition that the inlet diameter of the deflector D = 170 mm and the diffusion opening angle a = 9◦

re constant, the flow field is simulated and analyzed for four different aspect ratios (L/D = 0.5, 1, 2, 4). As an
xample, the simulation results for L/D = 4 are shown in Fig. 4.

For comparison purposes, the flow velocity and pressure flow field simulation results of the diffuser shroud are
ompared for four aspect ratios, as shown in Fig. 5. X/L represents the axial position ratio of the diffuser shroud.
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Fig. 5. Velocity and pressure curves for basic diffuser shroud at different aspect ratios. (a) velocity curves; (b) pressure curves.

As shown in Fig. 5, the optimum location for the incremental velocity of the basic diffuser shroud convective
eld is near its inlet region (i.e. near X/L = 0.2 to 0.3). The optimum coefficients of increase for the diffuser

shroud to flow field velocity are 1.2187, 1.2746, 1.3023 and 1.4939 for L/D = 0.5, 1, 2 and 4 respectively.

3.2. The effect of diffusion opening angle on the flow field

The diffuser shroud inlet diameter D = 170 mm and the length-to-diameter ratio D/L = 1 are fixed, but the
value of the diffusion opening angle a is changed in this paper. CFD simulations are carried out for a = 7◦, 9◦,
10◦, 15◦ and 25◦. We can obtain five separate sets of flow field pressure and velocity distributions. In this paper,
the simulation results for a diffusion opening angle of 15◦ are shown as an example in Fig. 6.

Fig. 6. Flow field of diffuser shroud at a = 15◦. (a) velocity contour; (b) pressure contour.

As shown in Fig. 7(a), the basic diffuser shroud has the best speed increase at a diffusion opening angle of 15◦.
t an X/L position of 0.1331, the speed increase factor can reach 1.3882. Similarly, as shown in Fig. 7(b), at an

nclination angle of a = 15◦, the diffuser shroud has the lowest pressure at the X/L position of 0.1331. As the
iffuser opening angle increases, the effect of the diffuser shroud velocity increase does not necessarily increase.

.3. The effect of airfoil cross-section on flow field

In this paper, a simulation study is carried out on a diffuser shroud with a NACA airfoil cross-section. The
ey structural factor that determines the shape of this diffuser shroud is the airfoil parameter. This key structural
actor influences the shape of the airfoil cross-sectional, as well as the effect of the diffuser on the velocity increase
f the local flow field and the location of the velocity increase. The flow field of a diffuser with four different
irfoil cross-sections is discussed for an inlet diameter of L = 170 mm, a length-to-diameter ratio of D/L = 2

and a diffusion opening angle of a = 15◦. The four wing sections are NACA4412, NACA2412, NACA1412 and
NACA2410. The simulation results for the NACA2412 wing section are shown in Fig. 8 as an example.

The velocity profile and pressure profile on the centerline of the diffuser shroud for different airfoil sections
are shown in Fig. 9. the NACA4412 airfoil section achieves a speed increase coefficient of 1.627 at X/L = 0.221.
the NACA4412 airfoil has a high lift to resistance ratio characteristic, which may explain its large speed increase
88
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Fig. 7. Velocity and pressure curves for basic diffuser shroud with different diffusion opening angles. (a) velocity curves; (b) pressure curves.

Fig. 8. Flow field of the diffuser shroud of the NACA2412 airfoil section. (a) velocity contour; (b) pressure contour.

Fig. 9. Velocity and pressure curves for diffuser shroud with different airfoil sections. (a) velocity curves; (b) pressure curves.

oefficient. Due to the more complex airfoil parameters, the speed increase and pressure drop coefficients show
reat fluctuations from one airfoil to another.

. Diffuser shroud PIV cycle water hole experiment

.1. Introduction to experimental equipment

As shown in Fig. 10, the experimental setup includes a circulating water tank, a PIV measurement system and

power control system. The circulating water tank mainly consists of an inlet tank, a contraction section, an
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Fig. 10. (a) structural layout diagram of the PIV circulating water hole; (b) laser emission measurements.

experimental section, an expansion section, an outlet tank, pipes, an electromagnetic flow meter, a water pump
and other components.

4.2. Experimental procedure

This paper first measured the flow velocity of the experimental section by means of an LS300-A flowmeter. The
result shows 0.723 m/s, with an error of 3% within a controllable range. Therefore, it can be determined that the
circulation tank and the flow meter have a good reliability.

The working flow velocity was set to 0.7 m/s and the flow field velocities were measured separately for the
different types of diffuser shroud on the centerline. As there are fluctuations in the velocity of the flow controlled,
the velocity of the flow field near the diffuser shroud is measured before measuring the velocity of the flow field
away from the diffuser shroud. After measuring the flow velocity at the entrance to the water hole, the flow velocity
at each point on the centerline of the diffuser shroud is measured by means of a flow velocity meter according to
the flow field velocimetry experimental protocol. The experimental procedure is shown in Fig. 11.

Fig. 11. Measuring the effect of diffuser shroud speed increase through the PIV recirculating water hole.

.3. Experimental results

For the basic diffuser shroud, the flow rate growth rates on the centerline of the diffuser are compared and
nalyzed for four different diffusion opening angles (a = 7◦, 9◦, 10◦, 15◦) at a flow velocity of 0.7 m/s, an inlet
iameter of D = 170 mm and a length to diameter ratio of D/L = 2 for the diffuser. This is shown in Fig. 12(a–d).
hese four sets of experimental data are in general agreement with the simulation results. The diffuser has the
90
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Fig. 12. Comparison of experimental and simulation results. (a) the velocity at diffusion opening angle 7◦; (b) the velocity at diffusion
opening angle 9◦; (c) the velocity at diffusion opening angle 10◦; (d) the velocity at diffusion opening angle 15◦; (e) the velocity at
NACA2412; (f) the velocity at NACA4412.

best velocity increase effect on the flow field when the diffuser diffusion opening angle is 15◦. The experimentally
measured velocity increase coefficient can reach 1.39, and the best velocity increase position X/L = 0.45.

For the wing section diffuser, the flow rate growth rate on the centerline of two different wing section diffusers
(NACA4412, NACA2412) were measured experimentally under the conditions that the inlet diameter D = 170 mm
and the length-to-diameter ratio D/L = 2 was fixed, as shown in Fig. 12(e) and (f). The experimental data can verify

the simulation results of the airfoil section diffuser. The experimental results show that the growth rate coefficient
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of the NACA4412 wing section diffuser reaches about 1.58 and the optimum growth rate position X/L = 0.50,
which is an improvement of about 13.67% compared to the fundamental diffuser.

5. Conclusion

(1) Under low-flow current kinetic conditions, the flow velocity is critical to the energy capture efficiency of an
ocean current energy turbine. diffuser shroud can increase the flow velocity in the local flow field, thereby increasing
the energy capture efficiency of the OCT.

(2) In the CFD flow field simulation, the basic diffuser shroud can achieve a velocity increase factor of 1.49
for the velocity flow field, and the optimum location for the velocity increase is X/L = 0.245. The airfoil section

iffuser shroud can achieve a velocity increase factor of 1.63 for the velocity flow field, and the optimum location
or the velocity increase is X/L = 0.221.

(3) During experiments in the PIV circulation water hole, the basic diffuser shroud can achieve a velocity increase
actor of 1.39 for the velocity field, with the optimum location for the increase being X/L = 0.450. The diffuser
hroud with an airfoil section can achieve a velocity increase factor of 1.58 for the velocity field, with the optimum
ocation for the increase being X/L = 0.500.

(4) Through the experimental study of the effect of the diffuser shroud on the velocity increase of the flow field,
verall, the experimental measurement data and simulation data fit with an average error of less than 4%.

(5) In this paper, through the design and optimization of the aggregated flow augmentation for low-flow ocean
urrent energy, we can achieve efficient power generation from low-flow ocean current energy and improve the
apture efficiency and utilization of ocean current energy. In the future, we will further study the effect of multiple
ets of ocean current wake to further improve the energy capture efficiency of distributed ocean current turbines.
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