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Abstract

Unmanned Surface Vehicles (USV) and Autonomous or Remotely Operated Underwater vehicles (AUV, ROV) are developing and
spreading rapidly in various industries. A common feature of these vehicles is that they are propelled by small plastic (or metal)
propellers in most cases. Additive manufacturing can offer an excellent opportunity for rapid prototyping and the development of
new models. This paper aims to investigate the fundamental aspects to be considered in the geometric design and manufacturing
of small (diameter less than 100 mm) PLA (Polylactic acid) propellers 3D-printed using Fused Filament Fabrication (FFF) technology.
In-service deformation of 3D-printed PLA ducted propellers with average geometry was investigated to determine the effect on the
thrust and torque on the blades. For this purpose, one-directional FSI (Fluid Solid Interaction) simulations were performed using CFD
(Computational Fluid Dynamics) and structural simulations. The propeller CAD geometries were generated using an in-house MATLAB
script. The variable parameters of each version are the thickness, skew, and rake of the propeller blades. For the structural simulations,
it was considered that the material properties of PLA parts printed with FFF technology depend on the print orientation. The results
of the simulations show that except for extreme geometries (e.g., thin blades, skew, or rake more than 10°), the deformation of small
PLA ducted propellers is not significant. CFD studies of the deformed geometries have shown that the resulting deformation has no
significant effect on the thrust and torque of the propeller and thruster.
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1 Introduction

Nowadays, Unmanned Surface Vehicles (USVs), USVs and ROVs are equipped with thrusters, as in studies

Autonomous Underwater Vehicles (AU Vs), and Remotely
Operated Vehicles (ROVs) are becoming increasingly
common, providing a great help for safe, sustainable, and
cost-effective marine and inland waterway operations.
Typical tasks, based on the studies so far, include seabed
and river bed mapping [1], water quality measurement
and monitoring [2], current velocity and sediment volume
measurement [3], underwater environment monitoring,
construction, maintenance and monitoring of underwa-
ter structures [4], which are dangerous, costly, boring or
impractical (e.g. human presence interferes with measure-
ments). These surface or underwater vehicles are almost
always propelled by small marine propellers (average
diameter 100 mm), which can be ducted. In most cases,

such as [5—7]. An interesting development has been carried
out by [8], in which a small size and high-efficiency plastic
counter-rotating thruster has been implemented to propel
ROVs. Direct drive ducted propeller has been investigated
on AUVs, for example [9], or a free propeller has been
used, for example [10]. In [11], a positive buoyancy diving
autonomous vehicle was fitted with a ducted thruster to
combine the features of a USV and an AUV. These pro-
pellers are typically made of plastic, as metal propellers
are much more expensive and difficult to manufacture.
If propellers for prototypes or small series USVs, ROVs or
AUVs need to be manufactured, there is an opportunity to
use additive manufacturing (AM). There are many exam-
ples of USVs being equipped with 3D-printed propellers.

Cite this article as: Kiss-Nagy, K., Simongati, G., Ficzere, P. "Investigation of 3D Printed Underwater Thruster Propellers Using CFD and Structural
Simulations", Periodica Polytechnica Mechanical Engineering, 68(1), pp. 70-77, 2024. https://doi.org/10.3311/PPme.23795


https://doi.org/10.3311/PPme.23795
https://doi.org/10.3311/PPme.23795
mailto:kiss-nagy.krisztian@edu.bme.hu

For example, [12] used an innovative PLA propeller for
a 3SCH (Three Slender Cylinders Hull) USV, which gave
the USV higher speed. A small-scale, low-cost water
quality measurement USV was developed by [13] using
3D-printed underwater thrusters. Additive manufactur-
ing technology is also becoming popular in other areas.
For example, [14] investigated small 3D-printed LW-PLA
(Lightweight polylactic acid) propellers and compared
the thrust of surface-treated and untreated PLA propel-
lers. In [15], a study on material selection of drone pro-
pellers was conducted based on a strength analysis com-
parison of 3D-printed propellers made of ABS, PETG and
PLA materials. As a result of this research, PETG material
was selected. Useful research has been carried out by [16]
with 3D-printed PLA propellers to investigate the effect
of printing settings on strength and propulsion properties.
As a result of the research, with the right print settings,
the propulsion properties will be close to those of conven-
tional injection molded propellers, but the strength prop-
erties will be less, making this technology good for initial
prototype testing but not yet suitable for mass production.

This paper investigates the fundamental aspects to be
considered in the geometric design and manufacturing of
small PLA propellers 3D-printed using Fused Filament
Fabrication (FFF) technology. The study will investi-
gate the impact of in-service deformation of 3D-printed
PLA ducted propellers on the thrust and torque acting on
the blades. For this purpose, CFD (Computational Fluid
Dynamics) analyses and structural simulations have been
carried out, considering the anisotropic (orthotropic) prop-
erties of PLA parts printed with FFF technology.

There are many methods for CFD analysis of propellers.
Forexample, [17] used SM-Sliding Mesh (or AMI- Arbitrary
Mesh Interface) to model the propeller of an underwater
thruster and could simulate the maneuverability of an AUV
with good results. Another study [18] compared the MRF-
Moving Reference Frame and SM methods and concluded
that the SM method provides more accurate data on the pro-
peller but requires more computation time.

Coupled fluid flow and strength simulations (FSI-Fluid
Solid Interaction, or Hydroelastic) on composite propellers
have been performed by [19-21], highlighting that com-
posite propellers suffer higher deformations than metal
ones, but their application can drastically reduce vibra-
tion. In [22], a design method has been developed that uses
bidirectional FSI simulation to perform geometric optimi-
zation of propellers to increase thrust and strength.
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To perform a strength simulation based on the CFD
results, it is necessary to know the properties of the pro-
peller material, which considers not only the PLA filament
strength characteristic but also the specificities of the FFF
technology. For this purpose, PLA test specimens have
been investigated in [23-25] to determine the material
properties of parts printed with FFF technology by con-
sidering that the material properties depend on the print-
ing orientation. Similar studies were performed by [26]
with the addition of comparing the properties of con-
ventional PLA and PLA-CF (carbon fiber reinforced fila-
ment) test specimens and concluded that PLA-CF is stron-
ger at certain orientations and print settings but weaker
than conventional PLA at other settings or orientations,
and therefore only offers an advantage in special cases.
An interesting topic was investigated in [27], where finite
element analysis of 3D-printed components was carried
out with special attention to their inherent strains.

2 Geometry

The geometry of the investigated propellers has been gen-
erated using an in-house developed MATLAB [28] code.
Following the recommendations of [29], the program uses
a modified NACA 66 profile thickness distribution, and
a camber distribution marked @ = 0.8. The parameters that
can be varied during the automatic profile generation are
the chord length (c), the maximum thickness (z_ ), and
the maximum distance of the camber line from the chord
(f,,,.)> as shown in Fig. 1:

Diameter (D = 2R), pitch ratio (P/D), blade area ratio
(4,/4,), number of blades (z), Rake and Skew can be
adjusted as shown in Fig. 2. The radial distribution of
the propeller characteristics can be adjusted by moving
the control points of the Bézier curves for parameteriz-
ability, ease of adjustment and continuous transitions.
This allows the creation of 6 functions which set the fol-
lowing parameters:

» Each profile's pitch along the radius normalized by
the "global" pitch (P /P).

fmax
tmax

Fig. 1 Propeller blade profile parameters
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Pitch (P)

Fig. 2 Pitch, Rake and Skew parameters

» Each profile's rake along the radius normalized by
the "global" rake (Rake /Rake).

e Skew of each profile along the radius in degrees
(Skew).

» Radial distribution of profile chord length (c) nor-
malized by the propeller width coefficient (W ).

» Radial distribution of the maximum profile thick-
ness (¢ ) normalized by the blade tip maximum
profile thickness (ttip) (. tﬁp).

» Radial distribution of the maximum profile thickness
(z,,.) normalized by the maximum profile deflection

(fmax) (tmax/fmax)'
The propeller width coefficient /¥, is defined in Eq. (1).

W = Width, xLx 4, /4, x D (1)
z

Where Width, = 1.972 is a dimensionless constant. Seven
different propeller geometries were investigated to estimate
the deformation dependence of FFF 3D-printed PLA propel-
lers on the basic geometric parameters. The changing param-
eters were the maximum profile thickness measured at the
maximum diameter (ttip [mm]), the ("constant") rake of the
propeller (in degrees), and the maximum skew of the pro-
peller (in degrees). Apart from these, all remaining propel-
ler characteristics were constant. The three variable param-
eters were examined separately, not their combined effect.
Considering this, the cases shown in Table 1 can be defined.

Table 1 Parameters of the propeller variations

Propeller No. 1 2 3 4 5 6 7
D [mm] 65

A,/4,[-] 0.4

P/D[-] 0.8

z[-] 3

t,, [mm] 2 1.6 1.2 2 2 2 2
Rake [deg] 0 0 0 10 20 0 0
Skew [deg] 0 0 0 0 0 10 20

Fig. 3 shows the radial distribution of the propeller
parameters, and since all parameters are dimensionless
except for the skew of the propeller, they remain the same
for all geometries. The comparison of the skew of the pro-
pellers is also shown in Fig. 3, together with the control
points of the Bézier curves. The MATLAB code generates
3D blade section coordinates, which can be imported into
the Rhinoceros software [30] to create the 3D CAD model
of the propellers, as illustrated in Fig. 4.

Since the thrusters of USVs and ROVs are almost
always equipped with ducted propellers, the propeller
models were all tested in a nozzle with NACA6518 profile.
The flow simulations also considered the electric motor
housing and the supporting struts of the nozzle.

The dimensions of the computational domain and
the propeller environment used for the CFD simula-
tions are shown in Fig. 5. The MRF method was used
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Fig. 3 Distribution of the propeller parameters along the radius
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Fig. 5 Computational domain and MRF region dimensions

for the simulations (more details later), so the propeller
and its surroundings were placed in a separate region
(MRF Region).

3 Mesh
An unstructured tetrahedral mesh was used for the CFD
simulations, illustrated in Fig. 6. The cells behind and
around the thruster were refined. The No. 1 propeller was
investigated with three different cell numbers (0.8 million,
1.5 million, and 4 million), and the results showed that the
medium cell number of 1,441,762 is sufficient for accurate
but cost-effective simulations.

For strength simulations, an unstructured tetrahedral
mesh was also used. The cell size on the propeller surface
is the same as the CFD mesh. The mesh is shown in Fig. 7,

with an average cell number of about 50,000.

Fig. 6 XZ section views of the mesh

Fig. 7 Structural FEM mesh of propeller No. 1
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4 CFD model

During the CFD tests, the propeller speed was constant at
4000 rpm, and the advance speed was 0 m/s in all cases.
Although this is not the typical operating condition of the
propeller (since propellers on a USV are rarely used and
only for short periods without the vessel moving), it was
investigated because it is the most crucial case. This is the
case when the highest thrust on the blades is applied, and
therefore, the highest deformation is expected and the eas-
iest to perform validation.

The simulations were carried out using Ansys Fluent
CFD software [31]. Based on the related literature, the MRF
method was used to model the propeller rotation because
it provides a shorter simulation run time with sufficient
accuracy compared to the Sliding Mesh or Overset Mesh
methods. The SST k-w turbulence model was used for tur-
bulence modelling, and the time step was set to 0.005 s.
The turbulence model applicability was checked using y+.
The inlet of the outer (stationary) cylindrical flow field was
defined as velocity inlet (flow velocity 0 m/s), the outlet as
pressure outlet, and the cylinder wall was defined as sym-
metry boundary condition. The surface roughness of the
propeller, nozzle, and motor casing was not considered.

It is very important to highlight that this study aims
not to calculate the exact data of a specific propeller but
to investigate the effect of the thrust and deformation
on FFF 3D-printed PLA propellers with different geom-
etries. Although 1.5 million cells may not be enough to
accurately simulate propellers with high rotational speed,
it has been used to ensure the cost-effective use of com-
puter resources. The validation of the CFD model and
the deformation values due to the hydrodynamic forces is
planned and will be further investigated. A difficulty is to
ensure proper surface quality since the surface of thin FFF
3D-printed propeller blades is very rough (stepped), but
excessive surface treatment (e.g., epoxy coating and sand-
ing) can affect the deformation.

5 Structural simulations

Ansys Mechanical software [32] was used for the strength
(and unidirectional FSI) simulations. As a result of the litera-
ture research carried out in Section 1, it can be concluded that
for accurate strength studies, it is essential to perform proper
measurements for a given 3D-printer and material (PLA fil-
ament) to determine the material properties of PLA parts
3D-printed with FFF technology. It is important to emphasize
that the present study aims not to obtain accurate deforma-
tion values but to characterize the expected changes in thrust
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and torque of the propeller due to deformation based on aver-
age FFF 3D-printed PLA material properties. Considering
that the layer thickness is 0.1 mm, the orthotropic material
properties shown in Table 2 were used in the structural sim-
ulations. Poisson's ratios and shear elastic modulus were
estimated from [33-36]. From Table 2, the material proper-
ties depend on the printing direction, whose dependence is
mainly manifested in the tensile strength. The construction
direction in the present case is the x-axis because when print-
ing a propeller with more than two blades, the propeller axis

Table 2 Material properties of FFF 3D-printed parts (building direction: x)

Property Unit Value
(Layer height) mm 0.1
Density kg/m? 1.24
Young's modulus X direction MPa 2444
Young's modulus Y direction MPa 2864
Young's modulus Z direction MPa 2864
Poisson's ratio XY - 0.35
Poisson's ratio YZ - 0.35
Poisson's ratio XZ - 0.35
Shear modulus XY MPa 1040
Shear modulus YZ MPa 1040
Shear modulus XZ MPa 1040
Tensile strength X direction MPa 234
Tensile strength Y direction MPa 49.6
Tensile strength Z direction MPa 49.6
CFD - original prop.

Structural FEM

Surface

stl fili

must coincide with the construction direction. Otherwise, the
strength properties of the blades would be different due to
the slicing. The propeller load is the surface pressure distri-
bution resulting from the CFD calculations, which the soft-
ware interpolates to the structural mesh. An additional load
is the constant angular rotational velocity of the propeller.
As a constraint, the tapered bore for fixing the propeller to the
motor shaft is fixed in all directions (Fixed Support).

6 Results

The individual propellers were first tested with the orig-
inal geometry using CFD, and then the resulting surface
pressure distribution was used as the load for the structural
analyses. The resulting deformed geometry was exported
to stl format, and the deformed CAD model (step format)
was created using Rhinoceros software [30]. The deformed
geometry was then re-examined using CFD with the same
settings, resulting in a comparison of the resultant thrust on
the thruster, thrust on the propeller, moment on the propel-
ler, and maximum deformation and stress on the propeller
for each propeller geometry. The steps in the process are
illustrated in Fig. 8. The results are shown in Table 3, com-
paring the characteristics of the original and the deformed
(def)) propeller. To show the differences, the relative devia-
tions are shown in the diff. column. To illustrate the defor-
mations, the distribution of the deformation of No. 1 and
No. 7 propellers are shown in Fig. 9.

pressure
|

—~

Thruster total thrust
Prop. thrust
Prop. torque

Max. deformation
Max. stress

.

-

Rhino - rev. eng. CFD - deformed prop.

.step file

L

—~

Thruster total thrust (def)
Prop. thrust (def)
Prop. torque (def)

.

Fig 8 Workflow of the one-way FSI simulations

Table 3 Comparison of original and deformed propellers' thrust, torque, deformation and stress

Thruster total thrust [N] Propeller thrust [N] Propeller torque [Nm] Max. deformation  Max. stress

def. diff. def. diff. def. diff. [mm] [MPa]
No. 1 23.94 24.13 +0.79% 10.21 10.39 +1.76%  —0.131 -0.134  +2.29% 0.36 6.44
No. 2 22.67 23.17 +2.22% 9.64 9.96 +3.27%  —0.118 —0.123 +4.85% 0.58 8.67
No. 3 21.53 2291 +6.44% 9.04 9.95 +10.08%  —0.105 =0.119  +12.94% 1.15 12.75
No. 4 24.17 2473 +2.34% 9.75 9.96 +2.20%  —0.129 —0.133 +2.89% 0.41 6.85
No. 5 23.34 24.61 +5.45% 10.52 10.65 +1.25%  —0.133 —0.138 +3.77% 0.54 776
No. 6 24.70 24.26 -1.78% 10.40 10.44 +0.33%  —0.133 —0.133 -0.22% 0.44 6.78
No. 7 24.83 23.38 —5.83% 10.50 10.28 -2.14%  —0.131 -0.127  -3.64% 0.67 6.93
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Fig. 9 Deformation of No. 1 and No. 7 propellers

It is important to note that since only unidirectional FSI
tests have been performed, the obtained deformations are
unrealistic since if the pressure distribution on the pro-
peller blades changes due to the deformation, it will also
affect the deformation.

Two-way FSI simulations would be needed to investi-
gate this accurately, but due to lack of time, this will be
part of a future study. The obtained deformation values
show that the thinner the blade, the higher the deforma-
tion. It is worth noting that the stress (12.75 MPa) due to
the deformation of the No. 3 propeller shown in Fig. 10 is
comparable to the tensile strength (23.4 MPa) in the x-di-
rection, so this is not a fortunate design, not to mention
that the No. 3 propeller is very difficult to 3D-print due to
the thin leading and trailing edges.

It is interesting to note that in almost all cases, the
thrust generated on the propeller increased due to the
deformation, which may be because the undeformed
geometry is not optimized for this operating condition
(e.g., P/D 0.8 is too high) and the forward tilt of the pro-
peller blades improves this. It is important to note here
that torque also increases due to deformation as thrust

V:prop_3
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 15

2023, 06. 08 21:06

12,754 Max
E 1,337
99202

t~ 85035

7,0868
I 5,6701

B 42534

2,8367
I 1,4201
0.0033701 Min

Fig. 10 Equivalent (von-Mises) stress distribution of No. 3 propeller
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increases. A further observation to consider, illustrated
in Fig. 11, is that the deformation of No. 5 propeller due to
the geometry design reduces the gap between the nozzle
and the propeller blades, which could lead to collision/
damage in the worst case.

This is why the thrust of the overall thruster increased
by 5.45%, an increase not only produced by the propeller.
For the skewed propellers (No. 6 and No. 7), a reduction
in thrust and torque is observed due to the twisting of the
profiles at larger diameters. Overall, it can be stated that
apart from extreme geometries (e.g., No. 3, No. 5, No. 7),
the deformation of PLA propellers 3D-printed with FFF
technology is not significant (max. 0.58 mm under the
present design and material properties). CFD studies of
the deformed geometries have shown that such deforma-
tion has no significant effect on the thrust and torque of the
propeller and thruster.

As pointed out by [20], although the strength charac-
teristics of FFF 3D-printed PLA propellers are adequate,
ensuring the proper surface roughness is difficult. Without
surface treatment, the torque demand of the propellers
will be much higher, and the propeller's efficiency will be
drastically reduced, even though the strength and geomet-
ric characteristics are satisfactory. If we look at the slic-
ing of individual propellers, we can see that the amount of
Rake and Skew strongly influences the arrangement of the
layers and, thus the surface quality of the propeller blades.

7 Conclusion

This study investigated the in-service deformation of small
PLA propellers 3D-printed using FFF technology and its
effect on thrust with different input geometries. Seven
different propeller geometries were investigated with the
variable parameters of blade thickness, rake and skew.
The results of the CFD and structural FEM simulations

L.

Fig. 11 Deformation of propeller No. 5 (Orange: undeformed;

Grey: deformed)
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showed that the deformation of small (diameter less than
100 mm) PLA propellers 3D-printed with FFF technology,
rotating in a nozzle, is not significant, except for extreme
geometries (e.g., thin blades, rake or skew greater than
10°). CFD studies of the deformed geometries have shown
that the resulting deformation has no significant effect
on the thrust and torque of the propeller and thruster.
An important result is that the orthotropic material prop-
erties resulting from the FFF technology are not a problem
for conventional geometries but rather the arrangement of
the fibers formed during the lay-up process, which greatly
impacts the surface roughness.

Future research plans include testing larger size and
higher performance FFF 3D-printed propellers with bi-
directional FSI simulations in multiple operating condi-
tions. It would be good to investigate the impact on the
propeller efficiency of the surface roughness due to the
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