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Abstract. In response to the high maneuverability demands of kelp harvesting
vessels during row-changing operations, this study employs a screw propeller
instead of traditional propellers as the propulsion device. To ensure that the screw
propeller meets the requirements for kelp harvesting vessels, the study investi-
gates the influence of structural parameters of the screw propeller on its propul-
sion performance. Using computational fluid dynamics (CFD) in combination
with orthogonal experimental design, this study systematically investigates the
effects of structural parameters on the hydrodynamic performance of the marine
screw propeller. By analyzing the impact mechanisms of four factors—blade
height (175-250 mm), lead (430-580 mm), number of helices (1-3), and number
of turns (1-4)—on propulsion efficiency, the significance of each parameter is
ranked as follows: number of helices > blade height > lead > number of turns.
The optimal parameter combination is found to be a blade height of 450 mm, a
lead of 430 mm, and a single-turn, single-helix structure, resulting in a propulsion
efficiency of 27.26%. The findings provide a theoretical basis for the engineering
optimization of marine screw propellers.
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1 Introduction

Kelp farming is a vital pillar of China's marine economy [1]. With the expansion of
farming scales, traditional manual harvesting methods can no longer meet the demands.
Consequently, kelp harvesting vessels have become essential equipment [2]. Conven-
tional ship propulsion systems, such as propellers and paddle wheels, offer relatively
high propulsive efficiency. However, in the context of kelp farming, their large turning
radii limit the maneuverability of harvesting vessels. In contrast, the screw propeller,
with its parallel arrangement of two counter-rotating helices, can achieve zero-radius
turns and omnidirectional movement, significantly enhancing maneuverability and
steering responsiveness. It thus represents an ideal choice for kelp harvesting vessels.
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At present, domestic and foreign scholars have conducted many studies on screw
propellers. For example, Seo [3] found through orthogonal experiments that the propul-
sive performance is optimal when the inclination angle is 35 degrees and the blade
height is 14 mm. Li [4] pointed out that the best traveling performance of the propulsion
vehicle is achieved when the helix angle is 30° and the number of helices is 2. Xu [5]
discovered through experiments that the thrust is maximized when the submersion
depth of the screw cylinder is 0.9 times its diameter, and by optimizing the blade height
and pitch, the propulsive efficiency can be increased to 34.09%.

Existing research has indicated that the structural parameters of a screw propeller,
such as blade height, pitch, number of helical lines, and number of turns, have a signif-
icant impact on propulsion efficiency [6]. However, these studies have primarily fo-
cused on feeders and amphibious vehicles, with relatively little research on marine pro-
pellers. This research gap means that when designing the parameters of marine screw
propellers, there is a lack of a systematic theoretical basis, and design often relies on
experience. This experience-driven design approach not only consumes a significant
amount of time and material resources but also tends to result in propellers with low
efficiency that fail to meet practical requirements. This, in turn, restricts the technolog-
ical advancement of kelp harvesting vessels.

Therefore, this paper employs the Computational Fluid Dynamics (CFD) method
and designs orthogonal experiments to systematically investigate the effects of blade
height, number of helical lines, pitch, number of turns, and rotational speed of the screw
propeller on thrust, torque, and propulsion efficiency of kelp harvesting vessels travel-
ing at a speed of 0.5 m/s [7]. The aim is to provide a scientific basis for the design of
helical propellers, optimize the parameter combinations to enhance propulsion effi-
ciency, reduce operational costs, and thereby improve the economic benefits of the kelp
farming industry.

2 Establishment of the Numerical Model for the Screw
Propeller

The screw propeller mainly consists of a frame, a drive shaft, and helical blades, as
shown in Figure 1(a). Among these components, the helical blades, which serve as the
primary thrust-generating elements of the propeller, have a decisive impact on the pro-
pulsion performance. This paper analyzes the structural parameters of the helical
blades, mainly including blade height (H), lead (K), number of helices (N), and number
of turns (Z), while keeping the diameter of the drive shaft (D) constant. Figure 1(b)
shows a simplified structural diagram of the screw propeller with these parameters.
The screw propeller is to be applied to a kelp harvesting catamaran, with its size and
thrust required to meet the operational needs of the harvesting vessel. The vessel is
known to have a length of 12 meters, a width of 11 meters, a draft depth of 0.5 meters,
an operating speed of 0.5 meters per second, and a travel resistance of 164.3 Newtons
81, Based on the hull dimensions and power requirements, a prototype of the screw
propeller has been preliminarily designed with the following structural parameters:
blade height of 200 millimeters, helix number of 1, lead of 500 millimeters, and number
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of turns of 1. At a rotational speed of 26 radians per second, it meets the travel require-
ments. To systematically investigate the influence of various factors on the propulsion
performance of the spiral propeller while reducing the number of experiments, an or-
thogonal experimental design is employed. The experimental factors include blade
height, helix number, lead, number of turns, and rotational speed, with the levels of
each factor selected around the prototype parameters. The specific values are shown in
Table 1:

frame drive shaft helical blades

D]\/\/\/ |
AVAVAVAY

Fig. 1. Model of a screw propeller and schematic diagram of its structure.

Table 1. A table of orthogonal test parameters.

Blade height. Lead Helices Turns Rotational speed
A/mm B/mm C D E/rad/s
1 200 480 3 1 21
2 175 530 1 1 26
3 250 430 2 3 36
4 225 580 4 2 31
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Based on the orthogonal test table, SolidWorks software was used to establish 16
models of the screw propeller. The diameter D of the drive shaft was uniformly set to
100 mm. The blades were constructed by lofting two helical 3D sketches, ensuring that
there were no gaps between the blades and the drive shaft. The 16 models are shown in
Figure 2.

Fig. 2. Screw propeller simulation model.

3 Numerical Simulation Test

3.1 Computational Domain and Meshing

Based on the geometric shape of the screw propeller, the computational domain is de-
signed as a cylinder to ensure simulation accuracy and computational efficiency. To
avoid interference from the computational domain boundaries on the simulation results
while reasonably conserving computational resources, the diameter of the computa-
tional domain is set to six times the diameter of the screw propeller (6D). The inlet
boundary is positioned 4D from the leading edge of the screw propeller, and the outlet
boundary is positioned 6D from the trailing edge, ensuring fully developed flow and
minimizing boundary effects on the results. To simplify the computational model and
improve efficiency, a physics-based suppression method is employed to ignore the solid
part of the spiral propeller, retaining only its wall surfaces as computational boundaries.
The specific layout of the computational domain is illustrated in Figure 3(a).

The mesh is automatically generated through Workbench. To avoid errors during the
moving mesh solution process, the mesh orthogonality quality should be greater than
0.2. The global mesh size is set to 350 mm, and local mesh refinement is applied to the
blade and its edge regions, as shown in Figure 3(b).
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Fig. 3. Computational domain and meshing.

To investigate whether the number of mesh affects the simulation results, a mesh
independence verification is required. The number of mesh directly impacts the accu-
racy of numerical simulations: too few mesh can lead to inaccurate results, while too
many increase computational costs. For RANS (Reynolds-Averaged Navier-Stokes)
simulations, the presence of turbulence models means that once the mesh density
reaches a certain level, the results tend to stabilize, and further refinement does not
significantly enhance accuracy[9]

Therefore, it is necessary to choose an appropriate number of mesh for calculations.
Based on different meshing schemes, four models with varying numbers of mesh were
generated and simulated. The converged thrust and torque results, along with their re-
spective meshing schemes, are listed in Table 2. It can be seen from the table that there
are no significant differences in the results among the four meshing schemes. To ensure
computational accuracy while saving computational resources, the second meshing
scheme was adopted for all simulations in this study.

Table 2. A table of mesh refinement scheme and results.

Size Adjustment  Size Adjustment  Number of Thrust (N) Torque (Nm)

(bian/mm) (blade/mm) mesh.
1 27 32 200,000 438.86 42.31
2 25 15 300,000 433.76 41.92
3 14 14 400,000 429.38 41.66
4 13 10 500,000 436.67 42.24
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3.2 Controlling Equations and Turbulence Model

In order to reduce the complexity while ensuring the computational accuracy, the Reyn-
olds Averaging Method (RANS) is used to describe the fluid motion. The RANS
method is widely used in engineering to efficiently simulate the working process of a
screw thruster by decomposing the flow into averaged and pulsating quantities.

To close the RANS equations, a turbulence model is introduced to calculate the
Reynolds stresses. In this study, the SST k-w turbulence model is used, which combines
the advantages of the k-« and k-¢ models, using the k-@ model for the near wall and
the k- model for the far wall, combining both high accuracy and wide applicability.

3.3  Boundary Conditions and Moving Mesh Settings

The fluid in the flow field is set as water, with velocity inlet and pressure outlet bound-
ary conditions applied. The moving mesh is activated, with smoothing and remeshing
options selected. A UDF is used to control the rotation of the screw propeller around
the Z-axis. The center of gravity is positioned according to the model dimensions, and
the cell height in the adjacent region is set to 350 mm. The PISO method is chosen for
pressure-velocity coupling, and the spatial discretization of pressure is set to PRESTO.

4 Test Results and Analysis

4.1  Screw Propeller Blade Pressure Analysis

Taking the 1st, 2nd, 3rd, and 4th groups of tests as examples, the pressure on the blades
of the screw propeller is analyzed. Figure 4(a) shows the pressure contour of the suction
side of the screw propeller, while Figure 4(b) shows the pressure contour of the pressure
side. The suction side refers to the blade surface facing the direction of motion, while
the pressure side is the opposite side of the blade.
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Fig. 4. Pressure distribution contours of the suction and pressure surfaces of a screw propeller.

As can be seen from Figure 4, the suction side of the screw propeller experiences
negative pressure, while the pressure side experiences positive pressure. The pressure
difference between these two sides is the source of the thrust generated by the screw
propeller. As the rotational speed of the screw propeller increases, the pressure differ-
ence between the suction side and the pressure side also increases, thereby generating
greater thrust.

For screw propellers with multiple helical turns, the first turn of blades facing the
direction of motion experiences a higher-pressure load, meaning that the thrust is pri-
marily generated by this first turn. Increasing the number of helical turns does not sig-
nificantly enhance the thrust of the screw propeller.

For a single turn of the screw propeller blades, the outer part of the blades experi-
ences a higher-pressure load. If the blade height is increased, the area at the blade edge
will be enlarged, ultimately leading to an increase in thrust. Increasing the number of
helices means that the pressure is generated collectively by all the blades. However,
there is some interference between the blades, which results in a reduction in overall
thrust. Additionally, an increase in the number of blades will lead to an increase in
torque, which will ultimately reduce efficiency.

4.2  Orthogonal Test Analysis

The numerical simulation was conducted on the 16 models of the screw propeller, mon-
itoring the thrust T and torque Q generated on the blades of the screw propeller. The
propulsive efficiency n under each parameter combination was calculated using Equa-
tion (1), and the results are presented in Table 3.

=TV4 % 100%
Qn

(M

n



Research on the Propulsion Performance of Screw Propeller for ...

927

In the formula: T- Thrust, N; Q- Torque, Nm; Va-Speed, m/s; n- Rotational speed,

rad/s
Table 3. A table of orthogonal test parameters.
Tes Blade height ~Lead Helices Turns  Rotational Thrust Torque  Efficiency
A/mm B/mm C D speed E/rad/s T Q n
1 200 480 3 1 21 435.69 41.92 24.75%
2 200 530 1 1 26 505.02 53.13 18.28%
3 200 430 2 3 36 1167.85 136.37 11.89%
4 200 580 4 2 31 1521.73 170.08 14.43%
5 175 480 1 2 31 514.07 50.79 16.32%
6 175 530 3 2 36 1361.47 146.35 12.92%
7 175 430 4 1 26 671.14 62.16 20.76%
8 175 580 2 1 21 321.77 31.98 23.96%
9 250 480 2 2 26 910.22 106.27 16.47%
10 250 530 4 3 21 975.1 142.58 16.28%
11 250 430 3 1 31 1360.94 126.66 17.33%
12 250 580 1 1 36 1629.18 161.13 14.04%
13 225 480 4 1 36 2154.18 205.73 14.54%
14 225 530 2 1 31 1567.34 151.42 16.70%
15 225 430 1 2 21 290.01 31.06 22.23%
16 225 580 3 3 26 1224.08 166.88 14.11%

Conduct an extreme difference analysis on the thrust and torque of the propeller, and
present the results in Figure 5. The numbers above each bar in the figure represent the
level values of each factor, while the height differences between the bars reflect the
degree of influence of each factor on thrust or torque. The greater the height difference,
the more significant the influence. From the chart, it can be observed that the thrust and
torque of the propeller increase with the increase in pitch, number of helical turns, and
rotational speed, and they first increase and then decrease with the increase in blade
height, with a peak existing between 200 mm and 250 mm. However, an increase in the
number of helixes will lead to a decrease in thrust but an increase in torque. The order
of influence of each factor on thrust and torque is as follows: rotational speed > number
of helical turns > blade height > pitch > number of helixes.
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Figure 6 presents the range analysis of the efficiency of the screw propeller. When
efficiency is used as the indicator, a higher value indicates better propulsive perfor-
mance of the screw propeller. It can be seen from the figure that the efficiency of the
screw propeller decreases with the increase of blade height, lead, number of helices,
and rotational speed, while the number of helical turns has no linear impact on it. The
order of influence of each factor on the propulsive efficiency is: rotational speed >
number of helices > blade height > lead > number of helical turns. The overall propul-
sive efficiency is highest when all factors are at their lowest levels, that is, when the
blade height is 175 mm, the lead is 430 mm, the number of helical turns and the number

S. Zheng et al.
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Fig. 5. Histogram plot of the effect of each factor on thrust and torque.

of helices are both 1, and the rotational speed is 21 rad/s.
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Fig. 6. Pressure distribution contours of the suction and pressure surfaces of a screw propeller.

Based on the parameter combination of the optimal efficiency solution, a screw pro-
peller model was established, as shown in Figure 7(a). The same numerical simulation
was performed, and the changes in thrust and torque were recorded, as shown in Figure
7(b). The data from 9 to 10 seconds were taken as the effective values. Under this pa-
rameter setting, the thrust of the screw propeller was calculated to be 168.4 N, and the
torque was 14.7 Nm, which meets the requirements for the ship's propulsion. At this

time, the propulsive efficiency was 27.27%.

(@)

Fig. 7. Optimally structured screw propeller and its simulation results.
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This paper investigates the propulsive performance of the screw propeller by varying
five parameters—blade height, lead, number of helical turns, number of helices, and
rotational speed—using orthogonal test design under given operating conditions. The
propulsive efficiency is used as the criterion to select the optimal parameter combina-
tion, leading to the following conclusions:
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(1) The influence of each parameter on the propulsive efficiency of the screw pro-
peller, in descending order of significance, is as follows: rotational speed > number of
helices > blade height > lead > number of helical turns. The optimal combination is:
blade height of 175 mm, lead of 480 mm, one helical turn, one helix, and rotational
speed of 21 rad/s. Under this combination, the highest efficiency is achieved at
27.26%.This finding provides a clear optimization direction for the design of screw
propellers, especially in application scenarios that require efficient propulsion, such as
underwater robots and ship propulsion systems.

(2) The propulsive efficiency of the screw propeller decreases with higher blade
height, lead, number of helices, and rotational speed, while the number of helical turns
has no linear effect. Increasing lead, helical turns, and rotational speed, however, boosts
thrust and torque. This allows designers to balance efficiency and thrust based on needs.
For high-thrust applications like heavy transport or emergency rescue, sacrificing some
efficiency for greater thrust holds significant practical value.

(3) The results of this study not only provide a theoretical basis for the optimal design
of spiral propellers, but also provide new ideas for further exploration of parameter
optimization under different operating conditions in the future, in addition, these find-
ings can be applied to other propulsion systems such as air propellers and wind turbines,
which have a wide range of engineering applications.
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