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Abstract

Underwater vehicles are currently the most effective equipment for exploring ocean mineral resources,
whose movement performance been paid more attention by many scholars. According to the underwater
vehicle integrating with 19A/Ka4-55 type ducted propellers, this paper researches the hydrodynamic
characteristics of the overall vehicle in water under different movement states by leveraging CFD
method. Combining structural grids and non-structural grids, an underwater vehicle model with
19A/Ka4-55 ducted propellers is constructed according to the designed propeller arrangement. A
specific test rig is set up to verify the accuracy and effectiveness of the CFD method. Finally, the
hydrodynamic performance of the integral underwater vehicle carrying the ducted propeller under
different working conditions is further analysed. The result suggests that the vehicle still has sufficient
propulsion at the inflow velocity of 1 m/s in the forward direction. Under ascending condition, the
maximum running speed of the operating vehicle is around 0.5 m/s. It also has shown the feasibility and
necessity of hydrodynamic performance analysis.
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1. INTRODUCTION

As a crossed research realm involving ocean engineering and robotics, the underwater vehicle
is an effective equipment for exploring ocean mineral resources. Suffering from insufficient
motivation, poor sustainability, and poor ability to resist emergencies and restricting vehicle
performance, the underwater vehicle is always the research hotspot of many scholars [1, 2].
Owing to superior hydrodynamic performance and high work efficiency, the ducted propeller,
an improved form of the propeller, has been preferred in modern ships and underwater robots
The surrounding catheter is adopted as a drainage device. The restriction of shape aggravates
the disturbance of the fluid velocity caused by the rotation of the propeller. The ducted propeller
can improve the propulsion performance, accelerate or decelerate the device, and also work as
a rudder on small ships. A ducted propeller, for its superior performance characteristics, has
been widely used in ocean engineering equipment [3].

Early research on propellers was an appendage and extension of the development of the
shipping industry. The design of ducted propellers was firstly proposed and verified to
effectively increase the thrust of high-speed heavy ships Subsequently, the method of propeller
theory with the potential flow theory was gradually developed. The guiding theories mainly
include lifting line theory, lifting surface theory, and panel method [4, 5]. These methods have
contributed to analysing the hydrodynamic performance of propellers, however, regardless of
the fluid viscosity, they still have limitations to a certain degree.

Nowadays, depending on the development of computational fluid dynamics (CFD),
Reynolds Average Navier-Stokes (RANS) equation used to calculate the viscosity and test
verification, has become the main analysis method of hydrodynamic property and motion
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characteristics for conventional propellers [6-9]. These methods apply equally to ducted
propellers. In general, the influence of Reynolds number on the torque of ducted propellers is
relatively higher and is quite necessary to pursue research on ducted propellers based on the
RANS equation [10]. By changing the geometry parameters of the ducted propeller, numerical
investigations were carried out to explore the effects of the geometry structure on the
hydrodynamic performance with high efficiency, high quality and low cost [11, 12]. Compared
traditional propellers and ducted propellers in terms of propulsive force, hydrodynamic
properties and geometry parameters, some scholars discussed the structural characteristics,
functional advantages and applicable occasions via CFD methods [13, 14]. By leveraging
numerical analysis, the geometry structure of ducted propellers and related components could
be optimized [15, 16]. Scale effects comparable for a ducted propeller is a useful guide for full-
scale design [10, 17]. Bhattacharyya et al. [18] developed a scaling method for ducted propellers
based on CFD method. Some studies have performed numerical and experimental analysis on
the vortex and interaction of ducted propellers [19, 20].

However, the ducted propeller is inseparable from an underwater operation vehicle. Most
of the recent research focus has been on the isolated ducted propeller, not considering the travel
performance of the overall underwater vehicle with a ducted propeller. This paper aims to
bridge this gap. The CFD method is effectively used to simulate the situation of deep-sea
operation vehicles underwater [21, 22]. And it is also widely used to analyse the influence of
moving objects on the surrounding flow field [23, 24]. In this paper, the CFD method was tested
and verified, and a simulation model of the overall underwater vehicle is established. The
numerical investigation on the hydrodynamic performance of the overall underwater vehicle
carrying the 19A+Ka4-55 ducted propeller under different working conditions is conducted.

2. THEORY AND VERIFICATION

The hydrodynamic performance of the propeller is related to the interaction force with the
surrounding fluid. Varying rotation speed, the mutual influence relationship between different
inlet and outlet velocities can be obtained and usually expressed as a dimensionless coefficient
to avoids the disturbances of the shape and size of the propeller. The following formulas are the
characteristic coefficients of the propeller to reflect its hydrodynamic performance.

Advance coefficient:

J= Y 1)
Propeller thrust coefficient:
Ky, = % )
Duct thrust coefficient:
s, =pnT—D ©)
Total thrust coefficient:
Ko =ms @)

where Ty, is the propeller thrust, Tp is the duct thrust, T denotes the total duct propeller thrust; n
is the propeller speed, D is referring to the propeller diameter, p represents the water density,
Va is the propeller advance speed.

The underwater operation vehicle is subjected to lift due to the pressure difference.
However, during low-speed driving, the lift force relative to its own gravity is negligible, so it
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can be regarded as a turbulence problem. The turbulence in the forward and sinking directions
of the underwater operating vehicle can be simplified as:

V2
Fo=Ca o Ay ©)
where Cr is the total drag coefficient, and Ar is the total shape coefficient.

Turbulence of the water appears under the action of the ducted propeller. Proper handling
of turbulence is critical to the hydrodynamic analysis of ducted propellers. Viscosity is the basic
property of fluid media, and the Reynolds Average Navier-Stokes (RANS) equation adds an
additional viscosity term to deal with this issue. The turbulence model contains a common term:
turbulent kinetic energy k. By defining the parameter turbulent energy dissipation rate ¢, the
common standard k-¢ model is developed. The RNG k-¢ model (Re-Normalization Group k-¢)
is based on the standard k-¢ model to improve the viscosity problem of low Reynolds number,
mainly to correct the distortion state. Compared with the standard k-¢ model, the accuracy value
is generally improved, the vortex in the turbulent flow is considered, and the turbulent viscosity
is corrected. Therefore, the RNG k-¢ model is selected for CFD calculation in this paper.

In view of the overall underwater vehicle integrating with the ducted propeller, it requires
simultaneous processing of multiple rotating surfaces, so the sliding mesh technique is
exploited to address the movement of the propeller blade in water. The computational domain
of the flow field needs to be divided into two parts: the internal zone wrapping the propeller
blade is set to the rotating region, and the speed is the same as the spindle speed of the propeller;
The external zone is set to of the static flow field. An intermediate between the two is used to
deliver field data. Considering the complexity of the ducted propeller, the rotating calculation
domain is meshed in the unstructured grid. To improve the calculation efficiency, the external
zone is divided into a small area and a large area. The small area is a small piece of the static
flow field in the periphery of the motion model, and in contact with the duct and operation
vehicle, and is also meshed in the unstructured grid. The large area of external areas is meshed
in the structured grid. As for the flow of low Reynolds, the local grids of the hub, blade leaf tip,
the duct wall, and the operation vehicle model housing are refined.

Difficulty accessing a real underwater operating vehicle, this study uses a representative
propeller of a certain ship to build a specific test rig to verify the feasibility and veracity of the
CFD method. The propeller is connected to the aluminium alloy fixed mount by a hinge. The
propeller is driven via a motor, the speed is adjusted by a 12A DC speed regulator, and the
generated thrust force is monitor by spring dynamometers fixed on the aluminium alloy mount.
The specific test rig is as shown in Fig. 1. The dimension of the water tank is 1.2 m long, 0.6 m
wide and 0.6 m high.

Dynamometer

Dynamometer Hinge (forward rotation)

(reverse rotation)

Propeller Simulated water area

a) Schematic diagram

Figure 1: Propeller thrust test platform scheme.
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Changing the motor speed, the change laws of thrust versus the propeller speed can be
obtained. The motor speed is set to 800 rpm, 1000 rpm, 1500 rpm, and 2000 rpm, respectively.
The experimental and numerical thrust of the for-ward-rotating blades and the reverse-rotating
blades at different speeds are compared in Fig. 2 below.
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Figure 2: Change laws of thrust versus the propeller speed.

According to Fig. 2, under the condition of forward rotation, for the experimental and
numerical thrust, the change trends are consistent. Both have almost coincided at low speed,
and the experimental value is slightly smaller than the numerical result at high speed. When the
propeller rotates in the reverse direction, there is a relatively small deviation between the
experimental data and the numerical result. As the thrust is relatively small when the propeller
is reversed, it is inevitable that partial backflow will occur in the limited test tank, and have a
certain influence on the experimental results. In a word, the experiments are basically consistent
with the CFD simulations value, it is indicated that the CFD method in this study is reliable and
effective.

3. METHODOLOGY

3.1 Propeller layout design

Underwater operation vehicle should have basic functions of floating and walking in water, and
realize various movements such as forward, steering, backward, floating and sinking. As the
power source, the propeller's layout directly affects the direction of thrust and operating
performance. The underwater operating vehicle needs to be equipped with a variety of operating
equipment, requires a relatively large propulsive force. Designed for underwater operations, the
operating vehicle can rotate in the state of landing, so the steering performance requirements in
water can be appropriately reduced. The selected layout of the propellers is shown in Fig. 3 a,
this arrangement can provide sufficient thrust in the main forward direction and heave direction,
and have quite good trim and heel performance. The operating speed of the underwater vehicle
usually does not exceed 1 m/s. Therefore, the Ka 4-55 type propeller blade matched with the
conventional 19A duct is selected as the ducted propeller. According to the selected propeller
layout, the three-dimensional model of the underwater operation vehicle integrating with the
ducted propellers is developed as shown in Fig. 3 b, the length, width and height of the model
are 1.1 m, 0.9 m, and 0.65 m respectively.
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Buoyant material

Propeller

K / Vehicle frame  Central module  Track system
a) Propeller arrangement b) Integral underwater vehicle

Figure 3: Schematic diagram of the model.
3.2 Numerical setup and grids

Affected by the complex propeller, the main body of the underwater vehicle, and underwater
resistance, the hydrodynamic performance of the overall vehicle would be complicated. Moving
forward and ascending are common movement states of deep-sea underwater operation
vehicles. According to the numerical setup and grid described above, the combination of
structured grid and unstructured grid is adopted.

The external region away from the operating vehicle is the static calculation domain, and
meshed in the structured grid to reduce the number of grids. The internal computational domain
wrapping the vehicle is meshed in the unstructured grid. The rotation of ducted propeller blades
is realized by adopting the sliding mesh method, as in section 2. The grid graph of the vehicle
with ducted propellers in the forward condition is shown in Fig. 4 a. The total number of grids
IS 4.04 million. The average value of the grid skewness is 0.267, and the maximum value is
0.86. The grid graph in the ascending condition is shown in Fig. 4 b. The total number of grids
is around 4.48 million. The average skewness of the grid is 0.205, and the maximum skewness
is 0.856.

'b) Ascending condition
Figure 4: Grid graph of operating vehicle with ducted propellers.
4. RESULTS AND DISCUSSION

4.1 Forward condition

The underwater operating vehicle is driven by the ducted propeller, the thrust generated is
related to its speed co-efficient, and affects the forward and turning speed of the operating
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vehicle, the change of the rotation speed also means the change of the resistance from the
surrounding water. Therefore, propeller thrust is an important parameter for evaluating the
movement. The thrust generated under different working conditions could affect the
hydrodynamic performance of the operating vehicle with the ducted propellers. In this analysis,
the change rules of thrust in the steady state versus inflow velocity under the forward condition
are obtained via CFD method. The velocity contours of the deep-sea operating vehicle at
different inflow velocities are obtained, as shown in Figs. 5, 6, and 7 (i.e. the front view, vertical
view, and left view of the velocity contours, respectively.). In the process of moving forward,
the resistance produced by the incoming flow has an obvious influence on the interaction
between the deep-sea operation vehicle and the surrounding water.
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Figure 5: Front view of the velocity contours of the operating vehicle versus inflow velocity.
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Figure 7: Left view of the velocity contours of the operating vehicle versus inflow velocity.

From the velocity contours, at low inflow velocity, the incoming flow has fewer effects on
the fluid field surrounding the underwater vehicle, except for the complex flow around the high-
speed rotating propeller. The propeller could pull in low-speed water to accelerate the flow near
the entrance, and push out water to re-acceleration at the exit of the propeller along its direction,
this shows a good hydrodynamic performance of the ducted propeller. As the inflow velocity
is 1 m/s, the flow field characteristics of the operating vehicle are extremely stronger than that
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of the low speed at 0.5 m/s, the fluid flow is not only propelled by the propeller, but also
significantly impacted by the inflow velocity. As shown in Fig. 5, the propeller accelerates the
inhalant water and produces a thrust. As can be seen from Fig. 6, the flow velocity on the back
is relatively small due to the flow guiding effect, resulting in a large pressure difference and
plenty of water flows in and out through the duct. See Fig. 7, the influencing each other between
two propellers is weak at low inflow velocity 0.5 m/s, whereas the effect has become clearer at
1m/s, indicating that two propellers may cause nonuniform flow once the inflow velocity
reaches a critical value, so it is necessary to control the maximum travel speed. In addition, it
is noted that the flow field near the sharp edges of the operating vehicle is more severe, so the
geometry structure of the operating vehicle should be optimized to make it have a better
hydrodynamic performance.
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Figure 8: Thrust of ducted propeller versus inflow velocity.

When the rotating speed of the ducted propeller is 2000 rpm, Fig. 8 provides the blade thrust
and duct thrust with and without the underwater vehicle at different inflow velocities. From
Fig. 8 a, the generated blade thrust is low at low inflow velocity, reaches its peak when the
velocity is 0.5 m/s, then gradually decreases, the curve exhibits a parabola relationship. It shows
that an appropriate inflow velocity contributes to accelerating the speed rate of water flow
through the blades, thereby increasing the blade thrust. Once reaching the peak, increasing the
incoming flow will produce resistance. In the case of the operating vehicle, as the inflow
velocity is not exceeding 1 m/s, the vehicle body has a blocking effect on the incoming flow,
the peak has not been reached within the range, and the thrust is increasing with the increase of
the incoming flow. As for Fig. 8 b, both ducts with and without the underwater vehicle produce
great thrust at low inflow velocity, the duct thrust decreases as the inflow velocity increases.
The duct thrust without the operating vehicle is greater than that produced with the vehicle
body, have the main effect catheter under the condition of flow velocity increasing thrust to
slow. Owing to the vehicle body, the deceleration of the duct thrust with the vehicle body is not
significant.

Fig. 9 illustrates the change trends of the total thrust of the ducted propeller with and without
the operating vehicle. At low inflow velocity, there is a little difference between the two. With
the increase of the velocity, the total thrust of the propeller with the operating vehicle is
increasing, while that without the vehicle body increases at first and then decreases. At inflow
velocity 1m/s, the thrust of the ducted propeller without the vehicle body is obviously affected
by the incoming flow. It indicates that at low inflow velocity, the propeller mainly generates
thrust to overcome the fluid flow movement around itself, but with the increase of the velocity,
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the vehicle body blocks the incoming flow, thereby the propeller is conducive to providing a
greater thrust and power for the operation vehicle.
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Figure 9: Change trends of the total thrust of the ducted propeller.
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Figure 10: Total thrust and resistance against the running speed.

Moreover, the total thrust produced by two ducted propellers and running resistance from
the underwater vehicle in the forward direction at different running speeds are also analysed.
As illustrated in Fig. 10, the resistance increases quickly with the running speed, while the total
thrust is relatively stable and tends to grow slightly larger at the speed is less than 1 m/s. The
incoming flow could increase its thrust property, and the total thrust is twice the running
resistance at the maximum speed, indicating that the running speed can be further increased,
and the underwater vehicle has sufficient power in the forward direction.

4.2 Ascending condition

The thrust in the upward direction of the underwater vehicle is also one of the critical parameters
to measure its hydrodynamic performance and determines whether the vehicle rises or sinks.
The weight of the operating vehicle in water has been described in section 3. To achieve free
float and sink without considering the tow rope, the total thrust of the propeller must be greater
than the sum of gravity and resistance. In this analysis, with the rotating speed of the propeller
is 2000 rpm the change rules of thrust in the steady state versus ascent rate under the ascending
condition are obtained via CFD method. The front view and left view of the velocity contours
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of the deep-sea operating vehicle at different ascent velocities are obtained, as shown in Figs.
11 and 12.
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Figure 11: Vertical view of the velocity contours of the operating vehicle versus ascent velocity.
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Figure 12: Left view of the velocity contours of the operating vehicle versus ascent velocity.

At a low ascent rate, the fluid flow field is mainly affected by the high-speed rotating
propeller. The suction of the water significantly changes the fluid velocity near the upper end.
Blocked by the vehicle body, most streamlines in the wakefield of the lower end of the propeller
are offset. Its hydrodynamic force has a great influence on the operating vehicle. At a high
ascent rate, the overall vehicle is not only affected by the high-speed rotating propellers, but
also influenced by the incoming flow, especially at the sharp point. There are some low-speed
regions occur under the floating body on the back of the forward direction, under the tracks and
under the electronic chamber, this is due to insufficient time for the fluid below flowing in.
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Figure 13: Total thrust and resistance against the running speed under ascending condition.
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Furthermore, the total thrust produced by four ducted propellers and running resistance from
the underwater vehicle under ascending condition at different running speeds are also analysed.
As shown in Fig. 13, the total resistance of the operating vehicle increases with the speed, and
it becomes more apparent when the speed exceeds 0.4 m/s. The total thrust of the propellers
increases slightly as the speed is no more than 0.5 m/s, while at 0.5 m/s, the total thrust becomes
smaller due to the negative effect of the incoming flow. The horizontal axis of the intersection
of the curves is 0.5 m/s, after this the total resistance of the vehicle gradually increases while
the thrust is relatively insufficiency. Those indicate that the maximum floatation speed with the
propeller 2000 rpm is 0.5 m/s.

5. CONCLUSION

By leveraging the CFD technique, this paper investigates the hydrodynamic characteristics of
the overall underwater vehicle carrying with 19A+Ka4-55 ducted propellers under forward and
ascending conditions. The flow field distribution and thrust of the propeller have been analysed,
and the vehicle resistance and the total thrust of the propeller are also compared. Moreover, a
specific test rig of a common marine propeller has been set up to verify the research method of
hydrodynamic performance. The following conclusions are obtained:

Under forward condition, the thrust of the propellers with and without the underwater
vehicle at different incoming velocity is compared in this work. Within 1 m/s, the thrust has not
yet reached the peak of the ducted propeller, it is proportionate to the incoming velocity. As the
incoming velocity is 1 m/s, the thrust is 2 times the total resistance.

Under ascending condition, by comparing the total thrust of the propellers with the total
resistance in the direction of rising, the maximum rising speed is determined to be about 0.5 m/s.
Meanwhile, it is found that there is a large deviation between the theoretical resistance and the
numerical results of the operating vehicle and reflects the feasibility and necessity of
hydrodynamic characteristics analysis. Via CFD method, this paper provides theoretical
foundations and technical support for the hydrodynamic performance evaluation and design
optimization of the underwater vehicle carrying with ducted propellers.
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