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Abstract: This work addresses the effects of blade tip-rake reformation on the performance of
marine propellers using a low-cost potential-based vortex-lattice method (VLM) and the high fidelity
artificial compressibility CFD-RANS solver MaPFlow. The primary focus lies on determining whether
the low-cost VLM, in conjunction with a multidimensional parametric model for the tip-rake and
pitch/camber distributions, can produce a propeller geometry with improved efficiency. Due to the
availability of experimental and numerical data, the NSRDC 4381-82 propellers were selected as
reference geometries. Torque minimization serves as the objective function in the gradient-based
optimization procedure under a thrust constraint, which translates into efficiency enhancement at the
selected design advance ratio. The optimized 4381 propeller yields a +1.1% improvement in efficiency
based on CFD-RANS, whereas for the modified skewed 4382 propeller, the efficiency gain is +0.5%.
The performance enhancement is also evident at a region near the design advance ratio. The results
suggest that the exploitation of low-cost VLM solvers can significantly reduce the CFD simulations
required in the optimization process and thus can be effectively used for the design of propellers
with tip-rake reformation.

Keywords: propeller efficiency enhancement; blade tip-rake reformation; VLM; CFD

1. Introduction

The demand for more energy efficient vessels will continue to be of utmost importance
for shipping companies in the next years in order to comply with new IMO regulations
(see https:/ /www.imo.org/en/MediaCentre/HotTopics /Pages/Reducing-greenhouse-
gas-emissions-from-ships.aspx, accessed on 10 November 2023) and the European Union’s
Green Deal (see https:/ /www.consilium.europa.eu/en/policies/green-deal/ fit-for-55-the-
eu-plan-for-a-green-transition/, accessed on 10 November 2023) that aims to reduce emis-
sions by at least 55% until 2030. For this purpose, among other solutions including the
exploitation of marine renewables, the installation of various hydrodynamic energy-saving
devices (ESDs) is considered, especially in connection with the ship propulsion systems,
in the effort toward a more environmentally friendly maritime industry. Furthermore,
retrofitting solutions, aimed at improving the hydrodynamic performance of ships, is a
subject of intensive investigation today.

A particular class of propulsion solutions deals with stern devices controlling the
hydrodynamic flow properties, leading to drag reduction and improving the hull-propeller
interaction and the propeller performance; see, e.g., the comprehensive review by Spinelli
et al. [1]. Typically ESDs are categorized as upstream and downstream devices based on the
operation principle. Upstream devices are installed in the upstream of a propeller and by
interfering with the inflow, they aim to improve propeller efficiency. These include (i) pre-
ducts, see e.g., the work of Kinnas et al. [2], and (ii) pre-swirl stators and fins. On the other
hand, downstream devices are mounted in the wake of a propeller and improve the overall

J. Mar. Sci. Eng. 2023, 11, 2179. https:/ /doi.org/10.3390/jmse11112179

https:/ /www.mdpi.com/journal /jmse


https://doi.org/10.3390/jmse11112179
https://doi.org/10.3390/jmse11112179
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0003-1424-1924
https://orcid.org/0009-0008-3853-6085
https://orcid.org/0000-0002-2742-5258
https://www.imo.org/en/MediaCentre/HotTopics/Pages/Reducing-greenhouse-gas-emissions-from-ships.aspx
https://www.imo.org/en/MediaCentre/HotTopics/Pages/Reducing-greenhouse-gas-emissions-from-ships.aspx
https://www.consilium.europa.eu/en/policies/green-deal/fit-for-55-the-eu-plan-for-a-green-transition/
https://www.consilium.europa.eu/en/policies/green-deal/fit-for-55-the-eu-plan-for-a-green-transition/
https://doi.org/10.3390/jmse11112179
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse11112179?type=check_update&version=3

J. Mar. Sci. Eng. 2023, 11,2179

2 of 24

efficiency of the system by recovering rotational losses of the wake. Notable devices include
(i) rudder fins and (ii) propeller boss cap fins (PBCF) that mitigate losses from hub vortices.
Apart from ESDs, unconventional propellers, such as the contracted tip-loaded (CLT)
propellers and the highly-skewed KAPPEL designs, emerged via extensive experimental
and numerical studies with an aim to produce blade geometries with enhanced efficiency
and improved cavitation performance, as discussed in Carlton [3]. Each concept has its
strengths and limitations since compliance with design requirements and other aspects,
such as cavitation mitigation, low acoustic noise, maximum efficiency structural integrity,
and other techno-economic factors, are often contradictory.

The CLT designs were motivated by the idea of tip-vortex-free propellers and are
quite distinguishable from conventional geometries due to the substantial tip chord length
and the large end plates attached to the tip [4]. The end plates follow the entire tip chord
length and point toward the blade’s pressure sides. These designs are typically unskewed,
introduce mechanical strength challenges, and may be prone to certain types of cavitation,
as discussed in [5-8]. In [9], emphasis is given on the numerical investigation of winglet
effects on tip vortex cavitation (TVC). Traditional design methods may fail to produce
CLT designs that outperform conventional blades, and therefore, optimization based
methodologies may be more suitable for the preliminary design phase, as discussed in the
recent work by Gaggero et al. [10]. In their work, a CLT propeller geometry is produced via
an optimization process and is then studied in terms of open-water propeller performance,
unsteady cavitation, and induced pressure pulses to highlight the advantages of CLT
designs. The KAPPEL propeller was proposed in the early 2000s after a long development
process [3]. It stands out from the CLT design in several ways. The blade tips are lifted
and curved gradually towards the suction side of the propeller with a large amount of
skew. In that sense, the blades are non-planar lifting surfaces, differing substantially from
most conventional propellers. Sea trials with the conventional propeller and the KAPPEL
propeller have been performed and have proved an efficiency gain of 4% in favor of the
new propeller. The efficiency enhancement was attributed to lower propeller-induced
pressure fluctuations, as shown in [11].

Successful designs of unconventional propellers are proprietary or patented works,
and consequently, the blade geometry data available in the literature for bench marking is
limited. Recent work by [12] investigates the effects of various tip-rake distributions on
the performance of KAPPEL-like propellers in terms of the propulsive performance and
the mitigation of cavitation phenomena, suggesting that a 2.5% performance enhancement
is observed from the RANSE-CFD computations. Findings indicate that an increase in
tip-rake magnifies the low-pressure value and area on the suction side blade surface, which,
together with a phenomenon of the tip-vortex stretching and an inhibition of wake vortex
contraction, are beneficial to the elevation of propulsion efficiency.

Regarding the numerical methods typically used for the design and analysis of pro-
peller performance, both potential-based codes and RANSE-CFD are being used. In the
work by Brizzolara et al. [13], a systematic comparison between RANS and the panel
methods for propeller analysis is discussed to highlight the strengths and limitations of
each method. The analysis indicates that low-cost numerical tools provide results with
acceptable accuracy, in terms of the open water propeller integrated characteristics, and
substantially support multi-dimensional blade geometry optimization. In general, the
numerical solution of linearized propeller lifting-surface design problems lies in two cate-
gories. The first is the well-known vortex-lattice method, e.g., [14,15], and the second is
the family of 3D panel methods formulated on potential or velocity representations, see
e.g., [16,17], allowing also for the development of formulations that take into consideration
cavitation effects as shown in Fine and Kinnas [18]. The use of lifting-line and lifting-surface
methods for the optimization of a propeller with a tip-fin and skew reformation has been
studied by Anderson [19], where towing tank experiments confirmed the findings of the
optimization study.
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The state-of-the-art literature in multi-fidelity optimization offers a wide range of so-
lutions that exploit low- and high-fidelity solvers, such as [20]. However, since only a few
works address the topic of tip-rake propeller optimization in the literature, see e.g., [10,21,22]
and Maghareh and Ghassemi [23], it is important to investigate the limitations of using
lower-fidelity models in propeller geometry optimization prior to the exploitation of more
sophisticated multi-fidelity frameworks and approaches for propeller optimal design. Con-
sidering all the above works, existing tools for calculating the hydrodynamic performance
of marine propellers in usual operating conditions are used and extended in the present
study to account for geometry modification effects with emphasis on blade tip-reformation.

The novelty of the present work lies in the use of a low-cost vortex-lattice solver
for the modification of propeller geometry, in the sense of tip-rake, pitch, and maximum
camber distribution reformation, with emphasis on performance gain via optimization.
The optimal propeller geometries are then analyzed using viscous CFD to quantify the gain
in performance due to geometry modification effects. Vortex-lattice methods are extremely
cost effective, since each simulation requires only a few seconds on a typical personal
computer, and have been shown to be very efficient in similar problems, i.e., from the field
of bio-mimetic propulsion and scenarios of animal flight; see, e.g., [24]. The VLM has been
further extended and systematically applied to derive an optimized solution concerning
propeller blade geometry and modifications by various authors; see, e.g., [25,26]. However,
the successful application of VLM is based on the use of high fidelity CFD and experimental
fluid dynamics (EFD) in order to calibrate the parameters controlling various phenomena
such as leading-edge suction force and viscous-drag correction.

The optimization is performed with respect to the opposing torque by the propeller as
the objective function and the goal is to increase the propeller efficiency without affecting
greatly the design advance ratio of the propeller (i.e., the design point for a given vessel).
VLM is used in order to optimize an initial propeller design, using the blade tip-rake
deformation points as degrees of freedom, and the CFD solver MaPFlow [27,28] is used
to obtain results for the initial and the optimized geometry. The latter model employs
general polyhedral multi-block meshes, in which the geometries under consideration are
fully detailed. Also, near-body cells are usually highly flattened and with prescribed lateral
height, in order to formally employ eddy-viscosity models (mainly RANS), thus allowing
to resolve in highly turbulent regimes. Examples of MaPFlow applications can be found
in [27], demonstrating its usefulness for simulating the performance of marine propellers
and for other problems in ocean and marine engineering in Ref. [28].

A systematic application and verification of both methods is provided for the five-
bladed NSRDC 4381 propeller model geometry without skew, which was selected due to
the availability of experimental data. The VLM results for the NSRDC 4382 with skew are
also provided for completeness; however, the present methodology can be extended to
other propeller models of the same series, such as the skewed N4382-4 as well as other
propeller designs. The description of the propeller geometries is also included in the present
work for completeness; however, the data can be found in the original report from NSRDC
in [29] and also in Brizzolara et al. [13].

The remaining work is organized as follows: in Section 2, the numerical models
are presented. In Section 3, the proposed parametrization of the propeller blade with
tip-rake reformation is presented in detail. Information is also included regarding the
optimization problem formulation that addresses the performance enhancement of the
reference propeller operation at the design point. Section 4 contains numerical results
that consist of sensitivity analysis for both solvers, verification based on a comparison
with the open water curve experimental data, and finally, the modified propeller geometry
as deduced from a gradient-based optimization study. The final section contains the
conclusions and directions for future work.
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2. Numerical Model and CFD Code

The open water performance of a propeller can be evaluated using various numerical
tools including lifting-surface theory models and Reynolds-averaged Navier-Stokes equa-
tions (RANSE) finite-volume solvers. In the present work, the results are obtained firstly,
using a Vortex-Lattice Method (VLM), and secondly, using the CFD code MaPFlow. VLM is
based on the ideal-flow assumptions including viscous corrections that are calibrated using
available experimental data and RANS simulations.

2.1. The Vortex-Lattice Model

In VLM, the propeller blades and the wake are modelled as a surface with contin-
uous distribution of vorticity, which is classified as the bound and trailing vorticity; see
Figure 1. The fluid flow domain outside the vorticity surface is assumed incompressible,
irrotational, and inviscid. From a discrete point-of-view, this continuous distribution can
be approximated using vortex-ring elements, as shown in Figure 1a for the case of a four-
bladed, 30 deg skewed propeller with a positive blade-tip-rake (towards suction side). The
vortex-ring mesh is positioned based on the {1/4, 3/4} rule, as shown in Figure 1b; see also
Katz and Plotkin [30]. The edges of the closed ring elements consist of vortex filaments
with the same strength T'; satisfying the continuity of vorticity in the discrete sense. In the
present formulation, the mean camber surface of each propeller blade is considered; thus,
the thickness effects are neglected. The induced velocity on each control point, positioned
at the center of each vortex-ring as shown also in Figure 1b, can be calculated analytically
via an implementation of the Biot-Savart law. The induced velocity by all discrete vortex-
segments can be calculated analytically. For a linear vortex-segment, the M; M, calculation
of the induced velocity is based on the following formula,

1—'.
V(r) = 27rlh (cos By —cosby)e, (1)

where V is the velocity induced at point M., e denotes the unit vector perpendicular to
the plane formed by the three points My, Mp, M. Also, h is the perpendicular distance
from the control point M, to the line segment, and I'; the strength of the filament. The
direction of the induced velocity can be obtained from the right-hand screw rule, and for
each vortex-ring in the configuration, the above rule is applied four times.

(@) (b)
0.15 Bound vortex Control point
o4 = Leading edge (LE) g PEANS Trailing wake
% - A vortex rings
0.05 ¥ 2 <3 /
z 0. i A - ‘.

-0.05 -

0.1 ( \ 2 Camber line

0151 SSSEA o 03

o Sy = o 0.2 Trailing edge (TE)
: S ~7 01 X

0 ——
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Figure 1. (a) Vortex element mesh on propeller blades with positive tip—rake (towards suction side)
and corresponding trailing vortex wake mesh. The trailing edge of the blades is shown by using
black lines. (b) Schematic representation of the vortex—element mesh and control points on the mean
camber surface.

Regarding the boundary conditions, a flow-tangency condition is imposed on each
control point on the propeller blade mesh, as follows

(Voo + Vi + Vi) -m; =0, )
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where V, denotes the freestream velocity, Vp; is the disturbance velocity generated by
the bound vortex rings, Vyy; is the velocity induced by the trailing vortex wake, and n;
is the unit normal vector at the control point of the ith-element M; = (X, Y¢i, 2¢i)- The
modulus of the freestream velocity at each point is given by V2 = V2 + (wi’)2 and is due
to the axial flow V, and tangential flow velocity wr at each radial position r = \/y? + z2
due to propeller rotation at a constant angular velocity w = 27tngps, where ngps denote
the revolutions per second. In this setup, the freestream velocity is determined based on
the selected propeller advance coefficient | which is defined as,

] = Va/(ngpsD), ®)

where D = 2R denotes the propeller diameter and R its radius, respectively.

For the steady-flow problem treated here, an additional boundary condition, namely
the Kutta condition, needs to be satisfied at the blade’s trailing edge (TE). Within the context
of the proposed VLM, the wake mesh is generated in the sense of cylindrical surfaces,
based on the propeller’s pitch distribution. In addition, the Kutta condition is satisfied by
assuming that the vortex-ring elements on the blade mesh adjacent to the trailing edge have
the same vorticity as their neighbors in the wake. Thus, vortex-ring strengths on the wake
vary only in the span-wise direction. This assumption allows information from the TE to

“travel” in the trailing-wake direction as a consequence of Kelvin’s theorem in the discrete

sense; see, e.g., Kerwin and Greely [15]. Figure 1a shows schematically the propeller/wake
mesh used in VLM simulations. Moreover, it is important to note that the total number
of unknowns, for the ideal-flow problem introduced in this section, is determined by the
number of vortex-ring elements on the propeller blade mesh.

The vortex ring strengths on the blade surface are calculated by solving a set of linear
equations based on the kinematic boundary condition enforced at each control point,

Nel

Z Al] i= Ve -1, 4)

where I'; denotes the vortex ring strength and N,; = Nyny, is the total number of control
points, including all blades ny;. After the solution has been obtained, the mean total velocity
V= 0.5(Vy, + V) is calculated at each control point and the corresponding modulus
Vin = |Viu|. From the definition of vorticity as a velocity jump via the lifting surface and the
steady Bernoulli theorem [22], the following discrete expression for the pressure difference
on each control point is used,

8Cyi = Cue (32:61), ©
where Crr denotes a leading-edge suction force correction coefficient with typical values
within the interval {0.85-0.95}. Taking into account the symmetry between the blades in
steady flow, the open water propeller characteristics [3], namely the thrust coefficient Kr,
torque coefficient Kp, and efficiency 7 at the selected advance coefficient, are obtained via
the summation of contributions on the key blade, as follows,

nbl; o, with Ty = A;(0.5V2ACy1; — CoragVies| Vi

TPS

N C)

where 1, denotes the number of blades, T; is the thrust force developed by each vortex-ring
element on the key blade, and Cpy,, is the friction-drag coefficient. A consideration of
friction-drag effects is included using the empirical formula, Cp,,q = Cr + C, (Re)a? £ The
formula comprises of a skin-friction resistance coefficient Cr = 0.0858/ [log,, Re + 1.22]2
involving the local Reynolds number, the roughness of the blade’s surface, and a coefficient
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dependent on the effective angle of attack denoted by a, £fr S€e also [31]. Also, A; is the
vortex ring surface area, 1,; is the unit normal vector projected in the x-axis, and the same
holds for the tangent velocity component V}, ;. For the torque coefficient, it holds,

Nb ‘Q.+2Q’7”‘3
— J ]
Ko = nbljgl 2D where

@)
D
Q] = AjO.SVOZOACPj (nyjzcj + nzjycj), Q] s — AjCDmgOB‘ Vt,]‘ (—Vty,jzcj + Vtz,jycj)-
Finally, the open water efficiency is calculated as follows,
] Ky

For the numerical implementation, the NTUA in-house VLM code is used, whereas
Matlab© (ver.R2018, MathWorks, USA) is used for the pre- and post-processing of results.
At the first stage, the surface blade mesher creates the vortex ring network to approximate
the camber surface of one blade and then the solver, using rotation symmetry, takes into
account the full geometry of the propeller.

2.2. CFD Code

For the numerical part of the investigation, the present study uses the CFD code
MaPFlow (see Ntouras et al. [28]), an in-house software developed at the National Technical
University of Athens. MaPFlow can admit general polyhedral multi-block meshes and
accounts for turbulent phenomena with the use of eddy-viscosity models. In our case, the
unsteady Reynolds-Averaged Navier-Stokes Equations are solved (URANSE).

The model is capable of solving both compressible and fully incompressible flows us-
ing the artificial compressibility method for the latter. In all cases, the convective fluxes are
discretized using the approximate Riemann solver of Roe and the flow field reconstruction
is performed with a second-order piecewise linear interpolation scheme. Viscous fluxes are
discretized using a central second-order scheme, along with the use of a directional deriva-
tive to account for the skewness of cells. For the time integration, an implicit second-order
backwards differentiation formula (BDF) is used together with local time-stepping in the
pseudo-time iterations. The implicit scheme demands that the non-linear advection terms
are linearized in time using the Jacobian matrix.

The governing system of equations written in differential form consists of the continu-
ity equation and momentum vector equations,

1dp _
Bg +Vu = 0, (9a)
dou Jpu =

In the above equations, p and u denote the four unknown fields, which are the pressure,

and the three-dimensional velocity field, with p denoting the constant density field, T the
tensor of the viscous stresses, and finally, T and ¢ the fictitious and real time, respectively.
As already mentioned, the equations are augmented by the pseudo-time derivatives of the
variables. The aim of the numerical procedure is to drive these derivatives to zero, therefore
making the velocity field divergent-free and retrieving the original unsteady system of
equations. The coupling of the equations is performed during the pseudo-time, where
a relation between the density and the pressure field is assumed and controlled via the
relation g—z |r = %, where B is a free parameter.

The present study examines the flow around a propeller. The governing equations
are solved in the relative frame of reference, in which the geometric domain is rotating
with an angular velocity w. Let r = (X, y, z) be the position vector, re-writing Equation (9)
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with respect to the relative velocity vector u; = u — w X r, and after some algebraic
manipulations the following expressions are obtained:

1dp _

Bg + Vu == 0/ (10&)
dou  dpu =
o0 T op T V(euw) +Vp+ V-1 —p(w x1) =0. (10b)

It is noticed that the mass equation (augmented continuity equation) remains unaf-
fected by the variable transformation, since the mass balance is invariant to a system’s
rotation. The source term —p(w X r) expresses the Coriolis force due to rotation. By
integrating the system of Equations (10a) and (10b) over a control volume (2 with a corre-
sponding boundary interface d(2, the resulting vector equation emerges:

I [ S22+ Te [, AQ + [ (Fe = Fo)dS = [, Sqd Q. (10c)

In the above, Q is the vector of the unknown variables (pressure p, velocity u), vector
S; contains the various source terms of the equations, such as the Coriolis forces, F. and F,
are the vectors of convective and diffusive fluxes normal to a face, respectively. The two
flux vectors are given by Equation (11). By AV, we express the velocity difference between
the contravariant velocity V;,, = u-n and the grid face velocity due to the mesh motion
Ve = (w x r)-n, where n = (ny, ny,n;). The convective and viscous fluxes are

Vn O
F, — ulAV + pny F, = Tex My + TayMy + Tazlz ‘ (11)
poAV + pny TyxNx + TyyNy + Tyzz
PwAV + pn, ToxMy + TzyMy + Tezlz

The matrices I and I'. denote the artificial compressibility matrix and the transforma-
tion matrix from primitive to conservative variables, respectively,

L 0 0 0
r=|" _ |, I= =, (12)
0 p13><3 0 plsxs

where T3X3 is the 3 by 3 identity matrix. Furthermore, the viscous fluxes are computed
using the Boussinesq approximation for the turbulence modeling, as follows

_ . ou;
T =T = (1) (g: + aé) - %Pkfsif (13)

In Equation (13), u is the dynamic viscosity of the fluid, y; is the turbulent viscosity,
k the turbulent kinetic energy, and §;; is Kronecker’s symbol. The turbulence viscosity is
computed using the two-equation k-w SST model of Menter [32]. The k-w SST model is
one of the most widely used RANS models and has a verified performance in simulating
near-wall external hydrodynamic flows in the turbulent regime. Its use guarantees an
adequate representation of the blade surface distribution of pressure and shear stresses as
well as the wake structures (followed by the appropriate mesh refinement).

Usually, in open-water propeller simulations, periodic boundary conditions are em-
ployed and only one blade is modelled, with the exception of highly skewed propellers.
The far-field boundary is an adequately large cylinder spanning 5 propeller diameters
radially and 10 diameters aft of the propeller. These dimensions are chosen as a standard
ITTC practice for open water propeller simulations. Additionally, the hub of the blades
is a cylinder of the diameter equal to 1/5 of the diameter of the propeller with a semi-
spherical ending ahead of the blade. In the boundary of the hub, no-through conditions
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Periodic Surface

Far field

Propeller Blade

are applied (inviscid wall) in order to exclude the hub from the force calculation. A typical
configuration of the computational domain is presented in Figure 2.

20R 6R
Far Field
Inlet
\
10R
Ghost Periodic Surface
z L propeller blade
X
R l hub

Symmetry of Rotation Axis

Figure 2. The basic computational setup used for the CFD simulation. Typically, one blade is
modelled with a periodic boundary condition.

As far as the CFD setup is concerned, all simulations are conducted in a steady state
configuration, with the exception of the 4381 propeller in which both steady and unsteady
simulations were conducted in order to justify that the current phenomenon has a steady
state convergence. As a result, both simulations (steady and unsteady) produced a relative
maximum error of 107, which was the convergence criterion that was used throughout
the current study.

3. Parameterization and Optimization Methodology

The state-of-the-art literature in multi-fidelity optimization offers a wide range of
solutions that exploit low- and high-fidelity solvers, such as [20]. However, since only a few
works address the topic of tip-rake propeller optimization in the literature, as discussed
in [11,21,23], it is important to investigate the limitations of using lower-fidelity models
in propeller geometry optimization prior to the exploitation of more sophisticated multi-
fidelity frameworks and approaches for propeller optimal design.

In this work, we investigate whether the results of an optimization study conducted
using a vortex-lattice solver can produce modified propeller geometries that show efficiency
gain when simulated using viscous CFD. Vortex-lattice methods are extremely cost effective,
since each simulation requires only a few seconds on a typical personal computer and
have been shown to be very efficient in similar problems, see, e.g., [24]. In particular, the
methodology implemented here consists of the following steps:

1. Select a reference propeller geometry and produce the open water curves using both
computational tools. During this process, if available, the VLM coefficients (leading-
edge suction force, friction drag) can be calibrated using the available experimental
data.

2. Determine the upper/lower bounds of the selected design variables (rake, pitch,
maximum camber, etc.) and perform an optimization study using VLM. Gradient-
based methods can be sensitive to initial design vector selection and may be prone to
locate the local optima. A remedy to this, which is considered common practice, is to
solve the same optimization problem starting from different initial design vectors and
keeping the best candidate solution among the results. This approach to optimization
is implemented here.

3. Then, perform viscous-CFD simulations using MaPFlow to predict the open wa-
ter performance of the modified propeller near the design point and quantify the
performance gain due to geometry modification.
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4. Finally, calibrate VLM using available data from the viscous-CFD simulations and
predict the open water curves at | = {0.4-1}. Essentially, calibration occurs in the sense
of best fit between the CFD data and the open water curves.

3.1. Parametric Model for the Tip-Rake Reformed Geometry

The geometrical model used to represent the rake distribution consists of a combination
of linear and quadratic terms. Starting from the blade root up to a selected transition point,
the rake is linear, i.e., typical generator line rake, whereas after the transition point, the
rake distribution is quadratic. At the transition point we demand slope continuity. The two
degrees-of-freedom (dofs) for the tip-rake parameterization are the radial position of the
transition point and the maximum non-dimensional rake at the tip. In Figure 3, a schematic
representation of the 2-dof rake parametric model is provided.

1-

0.9
0.8 |
0.7 |
Loe+
0.5
04+
quadratic distribution
03+F generator line
—&—rake /R
0.2 - & A
-0.4 -0.2 0 0.2 0.4
rake/R

Figure 3. Tip-rake 2-dof parametric model, based on a linear and quadratic distribution.

The pitch and maximum camber distributions are also quantities under modification.
The reference distributions are approximated using B-Spline interpolation (fourth order),
and then the control points with a radial coordinate greater than a specified value are
multiplied with a coefficient to produce the 1-dof reformation of the curve. This model is
shown in Figure 4, where the red squares denote the activated control points of the pitch
representation that are multiplied with the coefficient. This approach ensures that the
distributions remain unaltered in the vicinity of the root section to avoid flow separation
near the hub. Taking into consideration all of the above, the modified propeller geometry
is based on optimally tuning the above 4-dof parametric model controlling the tip-rake,
pitch, and maximum camber distributions.
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Figure 4. (a) Pitch and (b) maximum camber distributions, using 1-dof parametrization and modifi-
cation based on a B-Spline interpolation. Active control points (for r/R > 0.5) are highlighted with
red squares.
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3.2. Optimization Problem

The present study is focused on enhancing the propulsive performance of the reference
propeller at the design advance coefficient by optimally tuning the 4-dofs to generate a
modified propeller geometry with a distinct blade tip-rake reformation without significant
thrust reduction at the design advance ratio. The examined optimization problem is
formulated as follows,

minf (x) = 10Kq(Ja)
such that{ (1= p)Ktreq(Ja) (Ja) < (1 + p)Krreg(Ja) (14)

< Kr
b<b, <ub

l

where J; is the propeller advance coefficient at the design point, b, = {x1,x2,x3, x4}
denotes the design variable vector that contains the geometric dofs, and p = 3.5% is a
tolerance measure for the thrust constraint. Regarding the design variables, x; denotes
the radial position of the transition point in tip-rake distribution, x, the maximum non-
dimensional rake at the tip, x3 the pitch proportional coefficient and x4 the maximum
camber proportional coefficient, as discussed in the previous Section 3.1.

It is also important to note that the propeller sections are kept the same as the exper-
iments from [29], where a NACA a = 0.8 mean line and a NACA 66-modified thickness
distribution is considered. In this regard, a similar approach from Kinnas et al. [2] is
implemented for the problem of optimal blade design using constraints targeting torque
minimization under a fixed thrust. In their work, VLM is used for the optimization studies,
whereas RANS-CFD simulations were also performed for further analysis, indicating that
the methodology presented here can also be extended for the design of propeller sections.

It is important to note here that the gain in efficiency is a result of the modification of
the resulting pressure distribution on the modified propeller blade. The effects on tip-rake
reformation, as well as the modification in the pitch or maximum camber distribution, on
the cavitation performance of the blade are non-trivial and future work will be focused on
investigating these effects. Unconventional propeller geometries, such as the CLT propellers
or KAPPEL propellers, yield efficiency enhancement but may be prone to other types of
cavitation [3].

For the solution of this optimization problem, the nonlinear programming Matlab©
(ver.R2018, MathWorks, USA) solver “fmincon” is implemented. The results presented in
this work are produced using the sequential quadratic programming algorithm via the
“sqp” option that is suitable for handling nonlinear constraints. The upper and lower
bounds are listed in Table 1. It is important to note that other gradient-based solvers might
not require the pre-definition of upper/lower bounds. The Hessian matrix is calculated
using central finite differences and all VLM numerical simulations were performed on a
system with AMD Ryzen 9 3900XT 12-core CPU, 32 GB RAM, and an NVIDIA GeForce
RTX 3080 GPU. A typical evaluation of a candidate solution requires a few seconds for a
spatial discretization per blade of NEC = 8, with NEA = 15 vortex rings in the chordwise
and spanwise direction, respectively.

Table 1. Design variable bounds (D: propeller diameter).

ID Description Lower Bound Upper Bound
X1 Rake transition point 0.30 0.90
Xo Maximum rake (Xr/R) —0.12D/R 0.12D/R
X3 Pitch proportional coeff. 0.95 1.05
X4 Max. camber proportional coeff. 0.85 1.25

Gradient-based algorithms, such as the fmincon, may be sensitive to the starting point;
therefore, the results presented and discussed in the sequel are the best solutions among
a sample of (5) solutions obtained from the optimization using different starting points.
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Matlab (ver.R2018, MathWorks, USA) provides random number generator functions that
can be used for this purpose.

4. Results

For our study case, we have selected the five-bladed 4381-82 propellers from the
tunnel experiments conducted in 1968 at the Naval Ship Research and Development
Center (NSRDC) with the data available in [13]. The NSRDC propeller series were initially
developed to investigate skew effects on cavitation; however, due to the availability of
the open water curve data, they are often used in the literature in benchmarking studies.
The geometric parameters required to reproduce the propeller blades are included in
Appendix A; see also Brizzolara et al. [29]. The 4381 model has zero skew, whereas the 4382
model has a maximum skew of 36 deg. Both propeller models have a zero generator-line
rake.

Starting with the verification of our computational tools, Sections 4.1.1 and 4.1.2
contain the results of the sensitivity analysis studies performed for the vortex-lattice
method and MaPFlow solver respectively, concerning the open water performance of
the 4381 propeller at the design advance coefficient. Then, in Section 4.2, we compare the
open water curve predictions obtained from the VLM and CFD with the experimental mea-
surements from NSRDC. Finally, Section 4.2 is dedicated to the results of the optimization
methodology and the modified propeller models.

4.1. Verification

In this section, the sensitivity analysis results for both solvers are presented and the
potential-flow model (VLM) and the viscous CFD solver (MaPFlow) are provided for the
4381 propeller at the model scale with a diameter of D = 0.305 m.

4.1.1. VLM Sensitivity Analysis

Table 2 contains indicative results concerning the open water performance of the
NSRDC 4381 propeller at the design point (] = 0.889) using sparse and dense VLM meshes
to ensure convergence and justify the mesh specifications to be used in the optimization
study. On this basis, a mesh of 15 x 8 vortex rings on each blade is selected, as shown in
Figure 5. For the analysis, the leading edge suction force coefficient Cy g and the viscous
drag Cy.qq are tuned based on the experimental data from [29]. The reference quantities
are the open water curve metrics; namely, the thrust coefficient (Kt), the torque coefficient
(10 Kq), and the efficiency ().

Table 2. Vortex-lattice model mesh sensitivity for 4381 at design J = 0.889.

Grid Mesh Sizes. Diff% Compared to Finer Grid Results

10Kq

Exp.data
0.208
0.445
0.661

(11 x 6) (13 x 7) (15 x 8) (20 x 10) (30 x 15) (40 x 20)
439 3.90 1.95 0.970 0.00 -
435 3.89 2.28 0.91 —0.22 -

—0.301 ~0.301 —0.301 —0.151 —0.151 -

4.1.2. CFD Sensitivity Analysis

Regarding the CFD simulations, a grid independence study is carried out for the
NSRDC 4381 propeller. One blade is modelled with periodic boundary conditions and
three successively refined grids are generated. The coarse one consists of 2.3 million
elements, the medium one consists of 7.5 million elements, and the finer has 12.7 million
elements. In all grids, the first layer of the wall has the same height, corresponding to a
value y+ < 1 for the whole blade region. The smallest cell size of the blade surface reaches
0.01 mm in the dense grid, starting from 0.05 mm in the coarsest grid. Table 3 summarizes
the findings of the grid independence studies, with respect to the dense grid open water
results. It is evident that the medium grid provides a grid-independent solution; thus, it is
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employed for the rest of the work. Since more than one propeller model is considered in
this work, the grids for the propellers modelled are similar to the medium grid in terms of
the spanwise, chordwise, and boundary layer resolution. For comparison purposes, Table 4
summarizes the results with respect to the available experimental data.

Figure 5. Vortex—ring element mesh 15 x 8 with cosine—spacing spanwise for propeller 4381. (a) 3D
view, (b) side view, and (c) plan view.

Table 3. MaPFlow: 4381 mesh sensitivity at design advance ratio with respect to dense mesh.

Cells (Million) Err K1 (%) Err Kg (%)
Coarse 2.3 4.7 3.42
Mid 7.5 0.72 1.127
Dense 12.7 - -

Table 4. MaPFlow: 4381 mesh sensitivity at design advance ratio with respect to experiments.

Cells (Million) Err Kt (%) Err Kq (%)
Coarse 2.3 7.01 10.08
Mid 7.5 5.00 7.19
Dense 12.7 3.90 6.40

4.1.3. Open Water Curves for Reference Propeller Models 4381 and 4382

We proceed by performing simulations for the open water curves of the 4381 and 4382
propellers using both computational tools for validation. The data required to reconstruct
the blade geometries are included in Appendix A for completeness. More precisely, simula-
tions are performed for six advance coefficients ] = {0.7, 0.75, 0.889, 0.95, 1.0, 1.1}. A wider
range of advance coefficients in the vicinity of design advance coefficient ] = 0.889 was
examined with VLM due to the lower computational cost of the method. The open-water
curve comparison shown in Figures 6 and 7 illustrate that both the VLM and CFD results
are in good agreement with the experimental data in both thrust and torque coefficient
prediction mostly near the design advance coefficient and the higher values. However, in
] where the values are smaller than 0.889, there is an observable difference between CFD
and the experiments. As a result, the efficiency (which is used for optimization) is close to
the experiments and follows the same behavior as ] increases. The ideal-flow solver is also
proven to be suitable for open water curve prediction in the vicinity of the design point,
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where accuracy is sufficient (<3%) and obtained at a fraction of the computational cost
required for the CFD simulations. In the results presented in Figures 6 and 7, VLM was
calibrated using experimental data. However, inefficient calibration of the viscous drag
and leading-edge suction force coefficient might sacrifice some accuracy when predicting
the open water curves for new propeller geometries.

1-

o Exp.
—— VLM
- -MaPFlow

0.8

0.6

0.4

4

0.2

0.6 0.8 1 1.2

Figure 6. Open water curves for 4381. Comparison between experimental data [29], vortex-lattice
results with Cp,qg = 0.0045, C g = 0.93, and MaPFlow (dashed line). Symbol characterization: thrust
coefficient (triangles), moment coefficient (squares), and efficiency (circles).

1-
o Exp.
0.8 _E_R//ILal;IFlow .
0.6 "2 S AN
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0 1 . |
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Figure 7. Open water curves for 4382. Comparison between experimental data [29], vortex-lattice
results, with CDmg =0.0050, Crg = 0.90, and MaPFlow (dashed line). Symbol characterization: thrust
coefficient (triangles), moment coefficient (squares), and efficiency (circles).

Each computational tool comes with certain capabilities regarding the post-processing
of results. To begin with, the VLM model is able to produce indicative results for the
pressure difference on the blades and the average velocity on each vortex ring as shown in
Figure 8 for the examined propeller geometries. On the other hand, CFD is able to produce
higher-fidelity pressure contours and stream traces of total velocity, which can be valuable
in interpreting the effects of geometry changes, as shown in the following section for the
reference and modified propeller geometries.
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Figure 8. Post—processing vortex-lattice results for (a) 4381 and (b) 4382. Pressure difference on the
mean camber blade surface with calculated mean velocity for J = 0.889.

4.2. Propeller Performance Improvement by Blade Tip Geometry Reformation

In this section, we present the results of the optimization studies for reference ge-
ometries 4381 and 4382. In both cases, the reference propeller is a five-bladed model with
a diameter D = 0.305 m. The design advance coefficient, for which a maximization of
efficiency is attempted via blade tip-rake reformation, is ] = 0.889. During the optimization,
the VLM viscous drag coefficient is set to zero, whereas the leading-edge suction force
coefficient is kept the same as the reference propeller geometry. This decision is justified
from the fact that changes in the rake distribution are expected to affect significantly the
viscous pressure on the blades; thus, it is omitted during the first step in the optimization
study. However, for the optimal geometry, additional simulations with CFD are used for
viscous drag coefficient calibration. Regarding the control points defining the pitch and
maximum camber distributions, for the 4381 propeller, all control points are considered
active. For the case of the 4382 propeller, control points with radial positions r/R > 0.5 are
considered active, as shown in Figure 4. Only the active control points are to be multiplied
with the proportional coefficient. It was found that for the skewed propeller, the pitch and
maximum camber distributions with no alteration near the hub, yielded better performance,
justifying the above decision.

The optimal propeller geometries where derived as the best candidates among (5)
optimization studies performed for the same problem but starting with different initial
reference geometries. The optimal design variable vectors for the examined propellers are
summarized in Table 5. Regarding the rake transition point (x;), for both propellers the
optimal value is close to 70% of tip radius R.

Table 5. Optimization results. Positive rake (suction side rake).

ID Description 4381 4382
X1 Rake transition point 0.7136 0.6430
Xp Maximum rake (Xr/R) 0.2397 0.2414
X3 Pitch proportional coeff. 0.9845 0.9862
X4 Max. camber proportional coeff. 0.9689 1.0635

Active control points all r/R>0.5

The optimal maximum rake (x;) in both cases corresponds to a suction-side rake, as
shown in Figures 9 and 10 for the modified 4381 and 4382 propellers, respectively. Finally,
the optimal pitch and maximum camber proportional coefficients are smaller than the
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corresponding value of the reference geometry. The geometric parameters for the reference
and modified propellers are provided in Appendix A. Regarding the CFD simulations
for both the initial and modified geometries, we present below the selected plots. In
Figure 9, contour plots concerning calculated velocity and pressure fields are presented on
the vertical xy plane for both the initial 4381 propeller geometry and the modified one.

Figure 9. xy—plane view of the flow domain for 4381 by means of CFD simulations at ] = 0.889:
(a,b) pressure contour (in kPa), (c,d) x—component of the velocity (in m/s), (a,c) original geometry
(zero rake), and (b,d) modified geometry (positive rake close to the tip).

Figure 10. xy—plane view of the flow domain for propeller 4382 by means of CFD simulations at
J =0.889: (a,b) pressure contour (in kPa), (¢,d) x—component of the velocity (in m/s), (a,c) original
geometry (zero rake), and (b,d) modified geometry (positive rake close to the tip).

Moreover, in Figure 11, the corresponding comparison concerning the pressure contour
on a cylindrical section at radius r/R = 0.95 is shown. In the contour of pressure (top
subplots of Figure 9), we observe the different configuration of the suction side between
the original and the modified blade (left and right subplots, respectively). The effect of the
blade tip-rake can also be seen in the structure of the wake, as observed by the increase in
the axial x-component velocity in the bottom subplots.
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Figure 11. Pressure contour (in kPa) for 4381 from CFD simulations at ] = 0.889 on a cylindrical
section at 95% of the propeller tip radius: (a) original geometry (zero rake), and (b) modified geometry
(positive rake close to the tip).

The corresponding plots concerning the initial 4382 skewed propeller geometry and
the modified one are presented in Figures 10 and 12. However, we notice that the differences
concerning the added rake effect are not so obvious in the case of the skewed propeller
4382 in Figure 10, since in this case, the skew-induced rake influences the geometric
modification of tip geometry. The comparison of the pressure contour for the initial and the
tip-rake-modified skewed propellers on the cylindrical cut at radius r/R = 0.95 is illustrated
in Figure 12. The difference concerning the locations of the hydrofoil is evident when
comparing Figures 11 and 12. A common observation from the results is that the modified
part of the blade tip geometry increases the pressure at the stagnation point. This is justified
since one of the parameters that is adjusted in the optimization process is the camber
distribution along the radial increase.

Pressure [kPa)
40

20
00

Figure 12. Pressure contour (in kPa) for propeller 4382 by means of CFD simulations at ] = 0.889
on a cylindrical section at 95% of the propeller tip radius: (a) original geometry (zero rake), and
(b) modified geometry (positive rake close to the tip).

More details concerning the velocity streamlines on the blade for the normal and
skewed blade geometries are presented in Figures 13 and 14, respectively, as obtained by
the post-processing of the CFD results.
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Figure 13. Pressure contour plot (in kPa) on the suction side and stream lines based on CFD results for
propeller model 4381, operating at ] = 0.889: (a) reference and (b) tip-rake-modified blade geometry.

Pressure [kPa] Pressure [kPa]
o 3.0

— 3.0

Figure 14. Pressure contour plot (in kPa) on the suction side and streamlines based on CFD results
for the skewed propeller model 4382, operating at ] = 0.889: (a) reference and (b) tip-rake-modified
blade geometry.

Furthermore, the pressure comparison between the original and the optimized pro-
pellers can be found in Figure 15, where the pressure coefficient is plotted over a normalized
chord parameterization for four different cylindrical sections, namely r/R = {0.3, 0.5, 0.7,
0.9}. The normalization of pressure is performed using 1/20V2,. By comparing the pressure
coefficients, we can observe how the loading of the propeller changes in various radial
positions. More specifically, at r/R = 0.3 and for both propellers, there is a difference in the
pressure coefficient values at the TE indicating a global change in the flow field of the blade,
which is also evident in Figures 13 and 14. Atr/R = 0.5, there is a drop at the pressure side
which is mitigated by the higher velocities in the suction side. Lastly, at r/R = 0.7-0.9, it is
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clear that the decrease in the suction pressure contributes to a gain in the total sectional
force and especially lift. In this setting, as suggested by Figure 16, for the modified 4381, the
total thrust will be reduced, whereas for the modified 4382 propeller, the thrust is expected
to increase.

r/R=0.3R r/R=0.3R
_________________________________ —-— 4381
0 ’ —— 4381 optimized 05
=~ 00 s 00
S 7
05 —05
-10 -0
0.0 0.1 02 03 04 05 0.6 07 08 09 1.0 0.0 0.1 02 03 04 05 0.6 0.7 08 0.9 1.0
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= e Rk S po = ———===
! —~— / B e S
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Figure 15. Calculated pressure coefficient (—Cp) at four blade sections at r/R = 0.3, 0.5, 0.7, 0.9,
between initial (dash-dot lines) and tip-rake-modified (solid lines) for (left) 4381 and (right) 4382 pro-
peller models. In the horizontal axis, 0.0 indicates the position of the leading edge.

4381, r=0.7R

- ——-4381 (MaPFlow)

—— 4381 modified (MaPFlow)
o 4381 (VLM)
o 4381 modified (VLM)

0 0.2 0.4 0.6 0.8 1
X6
Figure 16. Comparison between the pressure coefficient (—Cp) distributions obtained using viscous-
CFD and VLM for the 4381 reference and modified propellers for the radial positionr/R = 0.7.
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In addition, Figure 16 contains the pressure coefficient envelope for the 4381 study
case at radial position r = 0.7 R, as obtained using viscous-CFD and the calibrated VLM in
terms of the reference and the modified geometries. The VLM runs for this case are based
on a mesh of (11 x 6) and the coefficients are shown in Table 6 that follows, which contains
a summary of the VLM friction-drag and leading-edge suction force coefficients obtained
as a best fit to the CFD data. Typically, VLM post-processing is focused on the average
velocity and the pressure difference; however, this shows that in general, the VLM are
capable of producing additional results concerning the pressure coefficient on the upper
and lower sides that can further facilitate the design and optimization of propeller blades.

Table 6. Calibrated VLM coefficients using MaPFlow simulations.

4381 4382

Reference Modified Reference Modified

C Drag 0.0055 0.0037 0.0054 0.0041
CLE 0.90 0.97 0.89 0.97

Next, in Table 7, the relative changes between the reference and the modified propeller
geometries in terms of the open water curve coefficients calculated using vortex-lattice
and MaPFlow are presented. The ideal-flow model over predicts the gain in efficiency as
expected. This over prediction, however, is expected to be less for the full-scale propeller
geometry where Reynold’s number is significantly larger. The reduction in thrust is also
more significant in CFD simulations, suggesting that careful examination of the modified
propeller geometry needs to be performed before the optimal geometry is considered an
alternative to the reference geometry for the design advance coefficient.

Table 7. Modified propeller performance at ] = 0.889.

4381 4382

VLM MaPFlow VLM MaPFlow

dKr (%) —3.228 —4.265 —3.478 2.787
dKq (%) —3.989 —5.326 —4.637 2.308
dn (%) 1.857 1.122 1.216 0.468

Generally, for the 4381-modified propeller geometry, a performance enhancement
of 1.1% is accomplished based on the CFD results, indicating that the vortex-lattice can
facilitate the optimization study of a propeller model in the preliminary phase. Similarly, for
the case of the skewed propeller, an efficiency gain of 0.5% is predicted from the CFD results.
In practical applications, the thrust coefficient needs to be kept very close to the design
value. Particularly, the zero-skew 4381-modified geometry shows the 1.12% performance
gain with a 4% and 5% decrease in the thrust and torque coefficient, respectively. Regarding
the skewed propeller model, the modified 4382 shows a 0.5% efficiency gain based on
viscous simulations which also corresponds to a 2.7% and 2.3% increase in the thrust and
torque coefficients, respectively. It must be noted that contrary to the reduction in Kt and
Kq for 4382 obtained by using VLM, an increase in both coefficients is observed using CFD.
This observation relies on the fact that VLM is calibrated using the experimental data of the
original geometry.

The VLM results show similar trends with CFD in terms of efficiency gain, even though
the ideal-flow model over predicts the efficiency gain and under predicts the reduction
in thrust and torque. The overprediction of efficiency gain is expected, since ideal-flow
models neglect viscous effects. It is evident from the findings that special attention needs
to be paid to the optimization of skewed propellers since viscous effects are expected to be
more significant. Especially for CFD, closer examination of the sectional thrust (normal in
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the propeller plane) and the circumferential force (tangent to the propeller plane) which
affects torque can also be used to relate the final results with the details of the flow.

A comparison between the reference and the modified propeller open water curves
obtained with the calibrated VLM and the viscous-CFD results is presented in Figure 17.
In Figure 17, the MaPFlow results are included with symbols, i.e., triangles for the thrust
coefficient, squares for the moment coefficient, and circles for the efficiency. The cost-
effectiveness of the VLM allows for a denser grid for the open water curves and at a fraction
of the computational cost required for the viscous-CFD.
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Figure 17. Comparison between the reference and modified propeller open water curves obtained
using VLM and CFD for 4381 [left] and 4382 [right] propeller models.

It is important to note that the optimization studies conducted with the VLM, consider
a zero friction-drag coefficient, with results provided in Table 7. Moreover, if CFD-calibrated
coefficients are to be used for open water curve prediction, as shown in Figure 17 with the
coefficients from Table 6, then VLM shows similar trends with the viscous-CFD, as expected
for design advance ratios near the design point ] = 0.889. It is evident from Figure 17 that for
the case of the 4381 propeller, the proposed geometry modifications at advance coefficients
between 0.8 and 1.0 lead to a thrust reduction, whereas for the 4382 case study at the same
range of advance coefficients geometry modifications increase both thrust and the moment
as predicted from CFD. This distinction, between the VLM settings during optimization
and after calibration using CFD, is important for the present analysis.

However, at advance coefficients outside the range of ] = {0.8-1.0} some numerical
discrepancies are observed between the calibrated-VLM and the viscous-CFD predictions,
which can be attributed to the limitations of the VLM in terms of predicting effects of
large angles of attack and flow separation phenomena on open-water performance. This is
evident for the efficiency predictions at advance coefficients greater than 1.0 for the study
case of 4381 in Figure 17 (left). Moreover, some discrepancies are also evident for the thrust
coefficient predictions at advance ratios greater than 1.0 for the 4382 study case at Figure 17
(right).

To sum up, the calibrated-VLM is capable of providing a good compromise between ac-
curacy and computational cost in terms of open-water performance predictions at advance
coefficients near the propeller design point.

5. Conclusions

In this work, the effects of blade tip-rake reformation on the open water performance
of marine propellers are investigated using VLM and CFD. A blade geometry parametriza-
tion with multiple dofs that targets the tip-rake, pitch, and maximum camber distributions
is introduced. Two gradient-based optimization studies are performed using the aforemen-
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tioned blade parametrization and a cost-effective vortex-lattice method with the NSRDC
4381-82 propeller models as reference blade geometries. The proposed methodology ex-
plores the idea of using a cost-effective solver and a simple blade parametrization to
produce modified propeller geometries with enhanced efficiency. A viscous RANS-CFD
solver is used to verify whether the modified propeller geometries correspond to the pre-
dicted efficiency gain and also for calibrating the vortex-lattice leading-edge suction force
and friction drag coefficients. Both numerical tools are validated via comparisons against
the experimental data found in the literature for un-skewed and skewed propellers.

Gains in efficiency of the order of 1-2% are found that could be further increased by
means of the enhanced geometrical model, which is essential for the satisfaction of the thrust
constraint with a lower tolerance depending on the application. Useful improvements
regarding the present methodology include (i) the use of potential-based formulations
that also take into account the thickness effects, (ii) the further involvement of CFD in the
optimization process, and (iii) the exploitation of additional geometrical parameters as
design variables, which will be considered in future extensions. Also, it is important to note
that cavitation phenomena need to be taken into consideration in order to avoid negative
effects on efficiency, acoustic noise, and structural damage, and future work will also focus
on this direction.

Finally, the present methodology after the above extensions could support the design
of new propellers with improved efficiency based on the demands of the current IMO
regulations and EU Green Deal directives for a more efficient and environmentally friendly
maritime industry.
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Appendix A. Propeller Geometries

Table Al. Propeller model 4381, data from [13,29].

/R c/D P/D tmax/c fmax/c Os Xgr/R
0.2000 0.1740 1.3320 0.2494 0.0351 0 0
0.2500 0.2020 1.3380 0.1960 0.0369 0 0
0.3000 0.2290 1.3450 0.1562 0.0368 0 0




J. Mar. Sci. Eng. 2023, 11,2179

22 of 24

Table Al. Cont.

/R c/D P/D tmax/c fmax/c Os Xr/R
0.4000 0.2750 1.3580 0.1068 0.0348 0 0
0.5000 0.3120 1.3360 0.0768 0.0307 0 0
0.6000 0.3370 1.2800 0.0566 0.0245 0 0
0.7000 0.3470 1.2100 0.0421 0.0191 0 0
0.8000 0.3340 1.1370 0.0314 0.0148 0 0
0.9000 0.2800 1.0660 0.0239 0.0123 0 0
0.9500 0.2100 1.0310 0.0229 0.0128 0 0
1.0000 0.0100 0.9950 0.0160 0.0123 0 0
Table A2. Modified propeller model 4381. Positive rake values (suction side).
/R /D (P/D) tmax/c (fmax/c) Os (Xg/R)
0.2000 0.1740 1.3120 0.2494 0.0342 0 0
0.2500 0.2020 1.3173 0.1960 0.0358 0 0
0.3000 0.2290 1.3244 0.1562 0.0356 0 0
0.4000 0.2750 1.3369 0.1068 0.0336 0 0
0.5000 0.3120 1.3135 0.0768 0.0295 0 0
0.6000 0.3370 1.2568 0.0566 0.0234 0 0
0.7000 0.3470 1.1869 0.0421 0.0182 0 0
0.8000 0.3340 1.1139 0.0314 0.0141 0 0.0213
0.9000 0.2800 1.0454 0.0239 0.0119 0 0.1010
0.9500 0.2100 1.0122 0.0229 0.0123 0 0.1628
1.0000 0.0100 0.9795 0.0160 0.0119 0 0.2392
Table A3. Propeller model 4382, data from [13,29].
/R c/D P/D tmax/c fmax/c Os Xr/R
0.2000 0.1740 1.4550 0.2494 0.0430 0 0
0.2500 0.2020 1.4440 0.1960 0.0395 2.3280 0
0.3000 0.2290 1.4330 0.1562 0.0370 4.6550 0
0.4000 0.2750 1.4120 0.1068 0.0344 9.3630 0
0.5000 0.3120 1.3610 0.0768 0.0305 13.9480 0
0.6000 0.3370 1.2850 0.0566 0.0247 18.3780 0
0.7000 0.3470 1.2000 0.0421 0.0199 22.7470 0
0.8000 0.3340 1.1120 0.0314 0.0161 27.1450 0
0.9000 0.2800 1.0270 0.0239 0.0134 31.5750 0
0.9500 0.2100 0.9850 0.0229 0.0140 33.7880 0
1.0000 0.0100 0.9420 0.0160 0.0134 36.000 0
Table A4. Modified propeller model 4382. Positive rake values (suction side).
/R c/D P/D tmax/c fmax/c Os Xr/R
0.2000 0.1740 1.4539 0.2494 0.0426 0 0
0.2500 0.2020 1.4439 0.1960 0.0395 2.3280 0
0.3000 0.2290 1.4293 0.1562 0.0373 4.6550 0
0.4000 0.2750 1.3945 0.1068 0.0361 9.3630 0
0.5000 0.3120 1.3395 0.0768 0.0322 13.9480 0
0.6000 0.3370 1.2631 0.0566 0.0260 18.3780 0
0.7000 0.3470 1.1783 0.0421 0.0209 22.7470 0.0027
0.8000 0.3340 1.0902 0.0314 0.0168 27.1450 0.0432
0.9000 0.2800 1.0080 0.0239 0.0142 31.5750 0.1216
0.9500 0.2100 0.9680 0.0229 0.0149 33.7880 0.1751
1.0000 0.0100 0.9290 0.0160 0.0143 36.000 0.2379
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