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Abstract: With the continuous improvement of people’s interest in ocean exploration, research on
deep-water profiling floats has received more and more attention. Energy supply is the key factor
that restricts the working hours of deep-water floats. For this consideration, a marine current energy
converter for deep-water profiling floats is proposed in this paper. A spiral involute blade is designed
so that energy can be captured in two directions. Specifically, in the shallow sea area, the energy of
the radial current is captured, and in the deep-sea area, the axial relative flow energy of the floats’
autonomous up and down motions is captured. This captured energy is then converted into electrical
energy to charge the battery and extend the working time of the floats. The novel spiral involute blade
has unique hydrodynamic characteristics. The turbine’s self-starting performance and its capacity
coefficient are the main research topics studied using the computational fluid dynamics technique.
Through numerical analysis and simulation, the self-starting response range and energy capture
were obtained. This paper verifies the feasibility of this innovative idea using a theory analysis and
provides the basis for future prototype testing and further applied research.

Keywords: marine current energy; spiral involute blade; hydrodynamic analysis;
numerical simulation

1. Introduction

Since entering the 21st century, many countries have shifted their strategic focus to the oceans.
United States proposed the establishment of Integrated Ocean Observing System (IOOS) [1,2],
the European Union proposed the “Leader SHIP 2020” initiative [3], the United Kingdom proposed
the “Oceans 2025” plan [4], and China implemented the “Strengthening Marine Powers” strategy [5],
and so on. The implementation and realization of these marine strategies cannot be separated from the
three-dimensional observation of oceans with marine observation equipment. As of 2016, there were
more than 20 types of profiling floats in normal operation, mainly designed by the United States and
France [6], and their maximum profile depth was mainly concentrated at about 2000 m.

However, the vast ocean far from the mainland has a depth of more than 2000 m, and the
average depth of the global ocean reaches 3850 m. In the North Atlantic, the temperature and salinity
relationship at 2000 m changes rapidly, and it is very difficult to use a delay mode correction for the
data obtained from the profiling floats [7]. It can be seen that it is necessary to extend the observation
depth of the automatic profiling floats to obtain deeper observational data. At present, the international
deep-sea automatic profiling floats mainly include Deep Sounding Oceanographic Lagrangian
Observer (Deep-SOLO), developed by the Scripps Institution of Oceanography, and Autonomous
Profiling Explorer Deep (APEX-Deep), developed by Teledyne Webb [8,9], with a maximum dive depth
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of 6000 m. In 2017, our team successfully developed the 4000-m deep-sea Argo profiling float and
conducted a sea trial in the Mariana Trench (as shown in Figure 1).
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However, as the operational depth of floats increases, the required energy increases significantly,
and due to the corresponding increase in the environmental pressure, the wall thickness of the float
shell must be increased in order to meet the pressure requirements, resulting in an increase in mass and
volume. As a result, the energy consumption of the device is increased. Traditional battery systems
are large and have limited capacity. Lithium batteries also have the potential risk of contaminating
the marine environment. Therefore, we have adopted high-efficiency hydraulic pump buoyancy
drive technology and proposed an innovative concept for integrated ocean current energy generation.
We have also added a marine energy conversion device to our existing float. The energy of the ocean
current is converted into electricity to charge the battery and the working time of the buoy is extended.

The specific design concept uses a two-way energy-absorption turbine on the top of the float
(as shown in Figure 2). In different water depths and sea areas, the horizontal movement of the current
and the vertical movement of the float in the vertical direction can drive the rotation of the blade and
convert the kinetic energy into electrical energy. In the shallow sea areas where ocean current energy
density is high, the rotation of the blades is mainly driven by the horizontal currents; in the relatively
calm deep-sea areas, the motion of fluids caused by the float’s autonomous bobbing and submerging
movements drives the blades to rotate. To the best of our knowledge, the use of wave energy to power
floats has a definite application basis, the main working principle is that the buoy of the wave energy
converter vibrates up and down under the action of waves, which is then stored and converted into
electrical energy sufficient for marine lighting [10–12]. These ocean energy converters are usually not
less than two meters in diameter. We have not yet seen relevant research results on the application of
ocean energy in deep-sea profiling floats, and its volume is relatively small, the characteristic diameter
of the cylindrical profiling float mentioned in Figure 1 does not exceed 0.4 m. Moreover, the two-way
energy capture of the turbine is also a major innovation in this paper.

This paper will mainly introduce the design and analysis of the motion and the force of the
marine energy converter blades used for profiling floats and will describe a numerical simulation of
the hydrodynamics to determine the feasibility and applicable conditions of the innovative application.
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2. Blade Design and Analysis

As the energy capture device, the turbine blades are the most important components that need
to be studied and designed. They are also the focus of this paper. Presently, there are mainly two
types of turbines used in ocean energy utilization technology, classified as the horizontal axis type
and the vertical axis type, according to the relative position of the flow direction and the rotation
axis [13–15]. The blades needed in this paper can achieve energy capture in both the horizontal and
vertical directions, that is, self-starting rotation and energy conversion can be realized in both the
horizontal and vertical directions, so can the existing two forms of turbines be combined? To answer
this question, a spiral involute blade has been designed.

2.1. Blade Design

The Indian Institute of Technology studied the helical Savonius rotor for the purpose of alleviating
the problem of uneven blade torque [16]. The tidal current rotor has good self-starting characteristics
and the maximum energy efficiency is about 0.18. Gorlov proposed a new spiral blade [17,18] and
the Gorlov Helical Turbine Company introduced the GHT vertical axis spiral tidal turbine. The spiral
blade has a specified torsion angle, good self-starting performance, and smooth operation. Ocean
Renewable Power (Portland, ME, USA) has developed spiral vane turbines that adapt to different
environments, such as RivGen, TidGen, and OCGen [19]. Some of these spiral vane turbines have been
field-tested. All of the above previous research work applied to a vertical axis tidal current energy
conversion device [20]. In our design, taking into consideration the particularity of the turbine’s
bidirectional flow drive, the vertical shaft spiral involute blade was designed. The schematic diagram
of the design scheme is shown in Figure 3. According to the overall size of the connected buoy,
the diameter D2 of the rotor shaft is designed to be 60 mm, the radial outer diameter D1 is 300 mm,
th axial arc length is 310 mm, the rotation angle is 30 degrees, and the involute base circle radius is
r0 = 0.233D1. The involute equation is:{

X = r0·(t0·sin(t0) + cos(t0))

Y = r0·(sin(t0)− t0· cos(t0))
(1)

where t0 is the extent of the flare angle of the involute.

2.2. Movement and Stress Analysis

Taking the blade cross section as the analysis object, according to the radial flow and the axial
relative flow, the force and motion analysis coordinate systems of the blade are established.
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The axial relative flow conditions are shown in Figure 4a. The center point of the axis of rotation
is the origin of the coordinates, and the global coordinate system OXY is established. The blade
rotates counterclockwise around the axis of the turbine rotation, where the stable rotation speed is ω1,
the radius of rotation is R1, and the positive direction of the X-axis coincides with the incoming flow
direction. The local coordinate system oxy is established in the direction of the radial direction of the
blade section, as shown in Figure 4a. The origin o of the local coordinate system can be determined by
the radius of the blade and the angle of the blade rotation, which can be expressed as:

(X, Y)o = (R1 cos θ, R1 sin θ) (2)

where θ reflects the position of the entire blade in rotation. At any time t, there is: θ = ω1t. Supposing
the distance between any point on the blade p to o is r, then the included angle between p and the
x-axis is ϕ and the angle between the negative direction of the x-axis and the positive direction of the
X-axis is β, which is called the elevation angle. The position of any point on the blade is:

(X, Y)p = (R1 cos θ − 2r cos(β + ϕ), R1 sin θ − 2r sin(β + ϕ)) (3)

The combined velocity of the blades relative to the flow is VR1. The flow velocity V and the
rotation speed of the blades around the turbine axis satisfy the following expression:

⇀
VR1 =

⇀
V +

⇀
ω1R1 (4)

The angle between the combined speed VR1 and the x-axis is the angle of attack α. Therefore:

VR1 =

√
V2 + (ω1R1)

2 + 2ω1R1V sin θ (5)

α = arc tan(ω1R1 sin(β− θ)−V cos β/ω1R1 sin(β− θ)−V cos β) (6)

Similar to the previous analysis process, for radial flow conditions shown in Figure 4b, the section
perpendicular to the axis of rotation is taken as the analysis object in order to establish the coordinate
system O’X’Y’, and the center point of the rotation axis is taken as the coordinate origin. Then the
coordinate position of any point is:(

X′, Y′
)

p =
(

R2 cos θ′ − r2 cos
(
θ′ − ϕ′

)
, R2 sin θ′ − r2 sin

(
θ′ − ϕ′

))
(7)

and the combined velocity is:

VR2 =

√
V2 + (ω2R2 cos θ′)2 + 2Vω2R2 sin θ′ (8)

Generally, the direction of the drag force D in relation to the blade is the same as the direction
of the combined velocity VRi. The lift force L is perpendicular to the drag force D, and the drag and
lift are:

D = CD·
1
2

ρVRi
2S (9)

L = CL·
1
2

ρVRi
2S (10)

where CD and CL are the drag coefficient and the lift coefficient, respectively, and the values of the two
are related to the position of the material of the blade and the shape and position of the blade. ρ is the
density of the fluid and S is the inflow area of the blade. The vector expression of the resultant force of
a single blade is: ∫

∆p(V, ω, θ)dS = D + L (11)
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where ∆p(V, ω, θ) is the pressure difference between the upstream and the back surface of the blade
and the differential pressure value varies with the flow velocity V, the turbine rotation speed ω, and the
position angle θ. The average torque of the blade in one cycle is:

MF =
1

2π

∫ 2π

0
T(θ)dθ (12)
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3. Hydrodynamic Performance Analysis

3.1. Hydrodynamic Equation

At a specific flow velocity, in addition to the hydrodynamic torque MF, the turbine is connected
to the load and the movement of the turbine can be controlled through the change of the load; this is
called the load moment MA. The turbine is also subjected to the system’s frictional resistance moment
Mf. According to the D’Alembert principle and Newton’s second law of motion, the hydrodynamic
equation of motion is:

MF −MA −M f = J
dω

dt
(13)

where J is the rotational inertia of the turbine and the effect of the frictional resistance torque is ignored
in the numerical simulation. The load torque is generated by the motor and acts on the rotating shaft
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in the form of damping torque. According to the empirical value, the load torque is linearly related to
the square of the rotational speed. The proportional coefficient of the two is represented by the load
factor b.

Since the load torque and rotational angular speed of the turbine are not constant, the output
power is also a function of time:

P = ∑
t

Mt·ω (14)

The energy utilization rate, Cp, is used to measure the turbine’s efficiency in extracting energy
from currents:

Cp =
P

1
2 ρvV3S

(15)

3.2. Numerical Models Establisment

The motion model equation was calculated and solved using the three-dimensional incompressible
unsteady Reynolds-Averaged Navier-Stokes equation and the standard k-ε turbulence model [21].
The Reynolds average momentum equation can be expressed as follows:

∂ui
∂xi

= 0

ρ
(

∂ui
∂t + uk

∂ui
∂xk

)
= − ∂p

∂xi
+ ∂

∂xj

(
u ∂ui

∂xj

)
+

∂Rij
∂xj

(16)

where i, j = 1, 2, 3, denotes the three spatial coordinates of xyz. The Reynolds stress tensor is defined as:

Rij = uT

(
∂ui
∂xj

+
∂uj

∂xi

)
− 2

3
ρkδij (17)

Several authors have proven that the standard k-ε turbulence model is suitable for solving
problems involving rotating blades [22,23]. Therefore, we used this model in the present investigation.

A turbine driven by a flow current can be defined with two types of cases. In a shallow sea area,
the turbine is subjected to the impact of the horizontal current, while the buoy maintains a constant
velocity of 1.0 m/s. In a nearly calm deep-sea area, the turbine only moves vertically along the buoy.

A hexahedral structure grid was used to divide the grid. After the grid quality check and the
grid convergence verification, the total number of final elements was 4,866,240. The grid partitioning
is shown in Figure 5. In order to capture the translation and rotation response simultaneously and
facilitate the mesh update, the computational domain is divided into two zones: an accompanying
moving zone and a dynamic mesh zone. The accompanying moving zone around the structure is a
cylindrical surface, which can follow the translational and rotational motion of the system. The rest
of the computational domain is defined as a dynamic mesh zone, whose grids deform and perform
any needed adaptation during the calculation. Data is transferred between the overlapping interfaces
of the two zones. A User-Defined Function (UDF) was used to control the movement of the buoy
and the pressure changes as the depth decreased. The specific functions are shown in Appendix A.
The left and the top sections of the fluid domain are set as the velocity inlet. The left side flow velocity
simulation range is set to 0.1 m/s~2.0 m/s and the upper flow velocity is kept constant at 1.0 m/s
according to the designed operating speed of the profiling float. The right and the bottom sections
of the fluid domain are set as pressure outlets. In order not to affect the full development of the flow
field behind the turbine and reduce the flow field boundary effect, the computation domain used for
simulation is a cuboid region with size of 30 D1 × 30 D1 × 80 D1. Table 1 shows the computational
information. The Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm was used
for pressure-velocity coupling. All of the transport equations were discretized using the finite-volume
method with a second-order upwind scheme for all transport equations [24].
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moments that are experienced during operation will become smaller than they were initially. 
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Table 1. Analysis conditions.

Description Analysis Condition

Working fluid Water (1025 kg/m3)
Left side velocity inlet 0.1~2.0 m/s

Upper flow velocity inlet 1.0 m/s
Pressure outlets Relative pressure = 0 Pa

3.3. Method Validation

The numerical method used in this work has been validated against the numerical and
experimental results of the study on the performance of tidal current turbines in our earlier studies [25].
In the numerical studies, tidal current turbines designed by our team compared with the experimental
results observed by Pascal and Bahaj [26,27], and the free-to-rotate tidal turbine was compared with
the experimental results reported in their results. The comparison of the results under the same
variable parameter settings is shown in Figure 6. The numerical results coincided well with the
experimental data, and the numerical method was verified to be capable of solving such a complicated
issue regarding rotation and translation simultaneously.
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4. Numerical Simulation Results Analysis

4.1. Self-Starting Analysis

The initial state of the turbine is static. With the impact of the incoming flow, when the torque
of the water flow is greater than the load torque, the turbine can start to rotate. This is also the point
at which the turbine suffers the largest resistance moment. Once the turbine is started, the resistance
moments that are experienced during operation will become smaller than they were initially.
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Figure 7 shows the time history curve of the turbine rotation angular velocity for different radial
flow velocities. It can be seen that an increase of the incoming flow velocity can effectively increase the
starting torque of the turbine, shorten the time of the starting phase, improve the self-starting capability,
and stabilize the turbine at a higher rotational speed. When the radial flow velocity is V = 0.8 m/s,
the steady rotation speed can reach 6.5 rad/s. When the flow velocity decreases to V = 0.45 m/s,
the start-up time is longer, about 8 s, the impeller rotation cannot reach the periodic stable state,
and the rotation changes irregularly. However, when the flow velocity is less than 0.3 m/s, the turbine
is only disturbed by the water flow and has no self-starting characteristics.
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Figure 8 shows the time history curve of the turbine rotation angular velocity for different load
factors at flow velocity of 0.1 m/s. Different load damping coefficients mean different load moments.
As can be seen from the Figure 8, the smaller the load damping coefficient, the earlier the turbine starts
to stabilize. In addition, the larger the load damping coefficient, the smaller the angular velocity at
which the turbine can reach the steady phase. When b = 0 N·ms2/rad2, it means that there is the ideal
state without load, and the angular velocity is also maximum at this time; when b = 0 N·ms2/rad2

to b = 1 N·ms2/rad2, the angular velocity decreases obviously. And then with the increase of b,
the angular velocity value decreases slowly. It can be seen that the load plays an important role in
limiting the speed of the turbine.
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In addition, considering the profiling float in the actual working process, the wave and the current
impact will cause the body to tilt, so that there is an angle between the turbine shaft and the direction
of the flow, which will affect the self-starting performance of the turbine. Figure 9 shows the time
history curve of the impeller rotation angular velocity corresponding to a flow velocity V = 0.8 m/s
and body motion inclination angles β of 5◦, 10◦, 15◦, and 20◦, where the black curve represents the
result of no inclination as a comparison. Due to the presence of the angle of inclination, the effective
speed at which the turbine rotates is reduced, and the self-starting of the turbine at the same flow
velocity is more difficult. The angular velocity variation of each rotation cycle of the impeller is greater,
and the variation of the angular velocity in one cycle reaches about 5 rad/s. There are two angular
velocity peaks in one rotation cycle. The calculated results show that when the range of the inclination
angle does not exceed 20◦, the initial self-starting velocity of the turbine is 0.43 m/s.
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According to the above analysis, the higher the flow velocity, the smaller the load factor, the smaller
the buoy inclination angle, the better the self-starting performance as well as the higher rotary angular
velocity of the turbine. However, the load fluctuation is greater. If the turbine’s own moment of inertia
is large and there is no effective braking capacity, the start-stop process will cause great damage to
the structural strength of the turbine. In actual work, the braking performance of the turbine needs to
be considered, and the excessive load will not be conducive to the rotation of the turbine, so the load
and the speed need to find the best fit to ensure the relative stability of the self-starting and rotating of
the device.

4.2. Energy Utilization Analysis

The curves of the lift L and the resistance D of the turbine can be obtained by numerical calculation.
According to the calculation formula of the second part, the resulting curve of the total hydrodynamic
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torque and the load moment can be obtained. Figure 10 shows the results of flow velocity V = 0.6 m/s.
Since the dynamic characteristics of the system are periodic, the integral of inertia of the right side of
the motion balance Equation (13) should be zero within one revolution,

∫ 360
◦

0◦
J

dω

dt
dθ = 0 (18)

At this point, the average hydrodynamic torque acting on the blade during one revolution of the
turbine should be equal to the average load moment at the output MF = MA.

It can be seen from Figure 10 that after the turbine enters a steady state, both the hydrodynamic
torque and the load moment pulsate up and down around 0.08 Nm. The pulsation frequencies of the
two are essentially the same. For the severity of pulsation, the hydrodynamic torque is significantly
higher than the load torque. The pulsation amplitude of the hydrodynamic torque can reach 0.17 Nm
or more, while the load torque is only about 0.11 Nm.
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The velocity ratio λ = ωR/V and the energy utilization coefficient Cp corresponding to the
different velocity ratios are calculated as shown in Figure 11. It can be seen that as the velocity ratio
increases, the energy utilization rate first increases and then decreases. Near the speed ratio λ = 2,
Cp reaches the maximum value of 0.208.
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The relationships between the energy utilization coefficient and velocity ratio when the incoming
flow inclination angles are 10◦ and 20◦ are as shown in Figure 12. The results show that the energy
utilization decreases with the increase of the inclination angle, and the peak inflection point is advanced.
The maximum value is 0.169 when the inclination angle is 10◦ and the corresponding velocity ratio
is about 1.8. The maximum value is 0.148 when the inclination angle is 20◦ and the corresponding
velocity ratio is about 1.7.Energies 2018, 11, x 11 of 14 
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Considering that the wind turbine already has more mature research results, Figure 13
compares the results of this paper with the empirical curve of the four-blade fan energy utilization
coefficient [28,29]. It can be seen from the figure that the numerical results are very close to the
empirical curve of the fan. In the future, the energy utilization effect will be further optimized by
changing the number and the parameters of the blades.
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5. Conclusions

A marine current energy converter for deep-sea profiling floats is proposed in this paper, and the
helical involute blade is designed to harness energy from the radial current and the axial relative flow.
The blades are analyzed using computational fluid dynamics technique to determine its motion and
hydrodynamic performance. This paper not only provides a specific theoretical research basis for the
application of ocean energy resources on profiling floats, but also expands the new ideas of ocean
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energy utilization technologies for different scales and different application environments. The main
findings of the present work are summarized as follows.

Through the analysis of fluid structure interaction, the minimum self-starting velocity of the
turbine is about 0.3 m/s, the minimum flow velocity during steady operation is 0.6 m/s, and the
maximum energy utilization coefficient is 0.208. When the profiling float is inclined by the current,
the minimum self-starting flow velocity is 0.43 m/s within 20◦, and the energy utilization coefficient is
about 0.15. According to China’s existing ocean energy resource data [30], the self-stating requirements
of the turbine can be met, thus ensuring the feasibility of this innovative application. By comparing
with the empirical curve of the energy utilization coefficient of the fan impeller, the numerical results
are also considerable.

In future research, an overall experimental test will be conducted in order to further optimize the
structural parameters and ensure the reliability and adaptability of the device, so as to fully prepare
for the final engineering application.
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Nomenclature

Parameter Symbol
Turbine diameter (mm) D1

Rotor shaft diameter (mm) D2

Involute base circle radius (mm) r0

Rotational speed (rad/s) ωi (i = 1, 2)
Rotational radius (mm) Ri (i = 1, 2)
Position angle (◦) θ, θ’
Elevation angle (◦) ϕ, β, ϕ’
Combined velocity (m/s) VRi (i = 1, 2)
Flow velocity (m/s) V
Attack angle (◦) α

Drag/lift force (N) D, L
Drag/lift coefficient (N) CD, CL

Fluid density (kg/m3) ρ

Inflow area (m2) S
Hydrodynamic torque (N·m) MF

Load moment (N·m) MA
Resistance moment (N·m) Mf
Rotational inertia (kg·m2) J
Load factor (N·ms2/rad2) b
Output power (W) P
Energy utilization rate Cp

Reynolds stress tensor Rij

Appendix A

User defined function:
#include “udf.h”
#include “dynamesh_tools.h”
static real omega_x=0.0;
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DEFINE_CG_MOTION (or,dt,vel,omega,time,dtime)
{int s_id=7;

real zx=1448.6e-6;
real domega_x;
#if! RP_HOST
face_t f;
cell_t c;
real f_glob [ND_ND], m_glob[ND_ND],x_cg[ND_ND],dv_x,dv_y,dv_z,domega_y,domega_z;
real total_m=0.0;
Domain *domain;
Thread *tf1;
int i;
domain=Get_Domain (1);
tf1=Lookup_Thread(domain,7);
for (i=0; i<ND_ND;i++)
x_cg[i]=DT_CG (dt)[i];
Message0(“%fn”, x_cg [0]);
Compute_Force_And_Moment (domain, tf1, x_cg, f_glob, m_glob,0);
total_m=m_glob [0];
domega_x=dtime*(total_m/zx);
omega_x+=domega_x;
omega [0] =omega_x;
vel [0] =-1.0;
#endif
node_to_host_real(vel,ND_ND);
node_to_host_real(omega,ND_ND);}
DEFINE_PROFILE(p_h,thread,position)
{real x[ND_ND];
real h;
face_t f;
begin_f_loop(f,thread)
{F_CENTROID(x,f,thread);
h=3.365-x [0];
F_PROFILE(f,thread,position)=998.1*9.81*h; }
end_f_loop(f,thread) }
DEFINE_CG_MOTION (ve,dt,vel,omega,time,dtime)
{vel [0] = -1.0;}
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