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ARTICLE INFO ABSTRACT

Keywords: In this study, the application of surface roughness on model and full scale marine propellers in order to mitigate
TiP .Vor'tex tip vortex cavitation is evaluated. To model the turbulence, SST k — @ model along with a curvature correction is
Mitigation employed to simulate the flow on an appropriate grid resolution for tip vortex propagation, at least 32 cells per
E:;llfe}ﬁl;ss vortex diameter according to our previous guidelines. The effect of roughness is modelled by modified wall
CFD functions. The analysis focuses on two types of vortices appearing on marine propellers: tip vortices developing

in lower advance ratio numbers and leading edge tip vortices developing in higher advance ratio numbers. It is
shown that as the origin and formation of these two types of vortices differ, different roughness patterns are
needed to mitigate them with respect to performance degradation of propeller performance. Our findings clarify
that the combination of having roughness on the blade tip and a limited area on the leading edge is the optimum
roughness pattern where a reasonable balance between tip vortex cavitation mitigation and performance
degradation can be achieved. This pattern in model scale condition leads to an average TVC mitigation of 37%
with an average performance degradation of 1.8% while in full scale condition an average TVC mitigation of 22%

and performance degradation of 1.4% are obtained.

1. Introduction

A hydrodynamically optimum propeller design usually does not have
an optimum hydroacoustic performance as their design restrictions are
contradictory (Sezen et al., 2016). This has even further importance for
low-noise propellers as their operating profile requires very low radiated
noise emissions mostly generated by cavitation (Kuiper, 1981). Tip
vortex cavitation (TVC) is usually the first type of cavitation that appears
on a propeller, and consequently plays a key role in initiating an overall
increasing sound pressure level, and determining the underwater radi-
ated noise (Arndt et al., 2015; Bosschers, 2018). The radiated noise is of
big importance because it can disturb marine wildlife and reduces
comfort of people on board ship. Therefore, TVC is considered as the
main cavitation characteristics to control in the design procedure.

The blade load distribution is a decisive parameter in the tip vortex
cavitation formation (Kuiper, 2001). With a highly loaded tip, vorticity
is generated at the trailing edge of a propeller blade, resulting in a stable
trailing vortex formation. With reduced tip loading, separation still oc-
curs close to the tip, while the trailing vortex is much weaker, leading to
a local tip vortex formation typical for a standard ship propeller. An
unloaded tip design forces the loading towards inner radii and at these
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inner radii, leading edge separation, and therefore a leading edge vortex,
may be formed and the trailing vortices become more evenly distributed
(Long et al., 2020; Lu et al, 2014). In this condition, effects of
non-uniform flow field (Korkut and Atlar, 2002; Pereira et al., 2016),
and blade surface roughness (Dreyer, 2015; Felli and Falchi, 2011)
should also be considered.

The start of cavitation in the tip vortex, TVC inception (TVCI), de-
termines a break point where nuisance suddenly increases. Cavitation
will occur in the core of a tip vortex only if a nucleus has enough time to
reach the core and then triggers cavitation (Boulon et al., 1997). It is
well reported that cavitating behaviour of a tip vortex depends on the
nuclei radius, its initial location, vortex circulation, and vortex velocity
(Arndt and Keller, 1992; Brianon-Marjollet and Merle, 1997; Hsu, 1991;
Ligneul and Latorre, 1993). Depending on the water quality, TVCI can be
either a sudden appearance of a continuous cavity, or an intermittent
appearance of an elongated bubble extending axially over a relatively
small portion of the tip vortex (Higuchi et al., 1989; Maines and Arndt,
1997). At the intermittent step, formation and collapse of elongated
bubbles increase noise intensity significantly compared with the fully
developed TVC (Pennings et al., 2015). Looking at vortex singing, the
tones are very different under different flow conditions and water
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quality where the vortex singing can only exist in the transferring pro-
cess between strong tip vortex cavitation and weak tip vortex cavitation
(Peng et al., 2017; 2015).

Traditional potential flow propeller design tools, in connection with
designer experience, are able to provide optimal geometries in terms of
efficiency, and to some extent capture the effects of on-blade cavitation,
but they are not suited for the assessment of negative aspects of cavi-
tating tip vortices. Apart from redesigning a propeller to redistribute
load and consequently changing TVC properties (Shin and Andersen,
2015), a few approaches has been proposed to suppress TVC, classified
as active control and passive control methods. In active control ap-
proaches, the tip vortex flow is altered by injection of a solution, e.g. air
(Rivetti et al., 2014), polymer (Fruman and Aflalo, 1989; Ryo, 2009), or
water (Chahine et al., 1993; Chang et al., 2011), into the tip vortex re-
gion. In passive control methods, the boundary layer and momentum
distribution around the blade tip are altered aiming to weaken the tip
vortex and its nuclei capture capability. Inclusion of an extra geometry
on the blade tip (Brown et al., 2015; Gim and Lee, 2013; Park et al.,
2014), drilling holes on the blade (Aktas et al., 2019), and roughening
the blade surface (Asnaghi et al., 2019¢; Johnsson and Ruttgerson, 1991;
Kruger et al., 2016; Souders and Platzer, 1981) are some examples of
passive TVC mitigation, of which the latter is the concern of this study.

Surface roughness affects the tip vortex roll-up as roughness ele-
ments promote transition to turbulence and growth of laminar boundary
layers and thereby alter the near-wall flow structures. The vortical
structures generated by the roughness elements interact with the main
tip vortex and destabilize it. If size, pattern, and location of roughness
elements are selected appropriately, the destabilization process leads to
tip vortex breakdown, and consequently to TVC mitigation. This, how-
ever, increases the losses and leads to performance degradation (Asna-
ghi et al., 2019c; Johnsson and Ruttgerson, 1991; Kruger et al., 2016).
To minimize this degradation, one has to optimize the roughened area
which itself demands a detailed knowledge on where and how the tip
vortex is formed. For propellers in behind conditions, this is even more
complex as the tip vortex location and origin vary.

In our previous study, the mechanism of tip vortex mitigation due to
roughness is investigated on an elliptical foil with focusing on how
roughness affects the boundary layer and momentum distribution close
to the tip (Asnaghi et al., 2020b). Here, the analysis is extened into
marine propellers where different flow properties are analyzed to define
effective areas in tip vortex formation and its roll-up. The selected
propeller is from a research series of highly skewed marine propellers
having a low effective tip load which is typical for yachts and cruise
ships. Previously, numerical simulations of tip vortex flows around this
propeller having smooth blades have been carried out and successfully
compared with experimental measurements (Asnaghi et al., 2018b). The
aim of the present study is to provide further knowledge about the ef-
fects of the surface roughness on the TVC and the possibility of using
roughness to delay the cavitation inception.

The turbulent flow field around the propellers is modelled by using
the two-equation SST k — @ model of OpenFOAM on appropriate grid
resolutions for tip vortex propagation, at least 32 cells per vortex
diameter according to previous studies guidelines (Asnaghi, 2018;
Asnaghi et al., 2019a). To prevent overprediction of turbulent viscosity
in highly swirling tip regions, #n; curvature correction method is
employed (Arolla, 2013; Arolla and Durbin, 2014). The roughness is
included in the simulations by employing two different approaches. In
the first approach, rough wall functions are used to mimic the effects of
roughness by modifying the turbulent properties in roughed areas
(Tapia, 2009). The second approach modifies the mesh topology by
removing cells in roughed areas to create random roughness elements.

To identify the areas where roughness has to be applied, three
criteria based on the flow properties of the smooth propeller condition
are employed. The Q-criterion is selected to identify the vortical struc-
tures and their interactions. The second criterion is the flow streamlines
close to the blade surface helping to highlight from which areas on the
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blade the vortex momentum is provided. The third criterion is the
pressure coefficient used to distinguish the areas where the cavitation
incepts inside the tip vortex. These criteria are used to find a good
roughness pattern that can lead to a proper tip or leading edge vortices
mitigation with reasonable performance degradation.

The strategy used to find the suitable roughness pattern in model
scale condition is extended to find the roughness pattern in full scale
conditions. This has been done by considering the flow properties of the
smooth propeller in the full scale condition as well. Then, the best
roughness pattern application is evaluated at three operating conditions,
i.e. J=0.82, 0.93 and 1.26. Contradictory to the model scale analysis
where a rough wall function is employed to incorporate the effects of
roughness, in the full scale analysis the roughness elements are included
as a part of computational domain. This gives the possibility of resolving
the flow around the roughness elements, and also allows to use smaller
y* for the blade surfaces.

The results contain the performance and cavitation inception charts
of the propeller in model and full scale conditions. It is investigated how
having different roughness patterns alter vortical structures on the blade
and in the tip vortex region. The roughness area is optimized by
simultaneous consideration of the tip vortex mitigation, performance
degradation and their compromise. The performance and TVC mitiga-
tion of the propeller having optimum roughness pattern are discussed.

2. Governing Equations

The OpenFOAM package, used in this study for numerical simula-
tion, is an open source code written in C++ to model and simulate fluid
dynamics and continuum mechanics (Ope, 2015). The incompressible
conservation of mass and momentum equations are solved using the
PIMPLE algorithm, a merge of the SIMPLE and PISO algorithms. The
solver has been used and validated for various marine applications
including cavitation and tip vortex analysis; see (Asnaghi, 2018; Asnaghi
et al., 2020a; Bensow, 2011; Bensow and Bark, 2010) for more details on
the modelling and the numerical setup used in OpenFOAM.

2.1. Turbulence model

The turbulence is modelled by employing the SST k — @ model along
with a curvature correction (CC) model (Asnaghi et al., 2019a). In the
selected model, the production term of the w equation is multiplied by
FTC1

Fre =1+ ai|ns] + 3auns, @
where a; = —0.2 and C, = 2.0. In this equation, 5 is a velocity gradient
invariants defined through the non-dimensional strain rate and rota-
tional rate tensors (Arolla, 2013),

m=5S, m=9%, n=n-n 2
S; =18y, Q;=1Q; 3

where the strain rate and rotational rate tensors are defined by,

< ifowm am\ ~ 1fowm om
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As can be seen, ;; represents the non-dimensional strain rate magnitude,
1, represents the non-dimensional vorticity magnitude, and 75 is a linear
combination of these two velocity-gradient invariants. The turbulent
time scale used to non-dimensionalize these tensors is calculated by
(Arolla, 2013; Arolla and Durbin, 2014; StarCCM, 2017),

1
T =max(7,7:), 7=, 7 = (7)™, (5)
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where n = 1.625. The time scale is limited in order to have a correct
near-wall asymptotic behaviour.

The modified rotational rate tensor incorporating the streamline
curvature and frame rotation is,

—mod
Q.

ij =

Q; +Qf + (C.— )Wy, (6)

where C, is the constant of the equation and depends on the CC model
(Arolla, 2013). This coefficient takes a value of 2 for bifurcation ap-
proaches. Here, Qg represents the frame rotational tensor calculated
from Qf = —e;Qf where Qf is the angular frame velocity about the
Xxi-axis. The W{} tensor which contains the effects of curvature correc-

tions in the rotational rate tensor is defined by Wallin and Johansson
(2002),

- DS,
W,/,\ = 7€i/kBkmS/)thq€pqma (7)
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where 251 is the material derivative of the strain rate tensor. Please refer

Dt
to (Arolla, 2013; Asnaghi, 2018) for further information.

2.2. Roughness modelling

The flow around the roughness elements can be either resolved or
modelled. To resolve the flow, roughness geometries have to be included
into the computational domain which leads to having finer cell resolu-
tion around them compared to the rest of the domain, and consequently
demands for higher computational resources. Modelling roughness ele-
ments requires much lower number of computational cells but as it in-
volves simplification of the roughness geometry, the flow physics may
not be correctly modelled.

In the current study for modelling roughness elements, the wall
function developed by Tapia (2009) for the inner region of the turbulent
boundary layer or the log-law region (e.g. 11 <y in OpenFOAM wall
functions) is used,

ut = %ln(Ey*) — AB, (10)

with the von Karman constant x = 0.41, the constant E=9.8, the
dimensionless wall distance y™ = u,y/v, and the velocity shift correction
AB due to the roughness elements. In this model, the nondimensional
roughness height is presented by K" = u,K;/v where K; is the roughness
height, u; = /7, /p is the shear velocity, and 7,, is the wall shear stress.
As this model only affects the viscosity of the first cell adjacent to the
wall, the height of the roughness elements should be smaller than the
height of the cells wall normal distance, i.e. K{ <y. Otherwise, the
part of roughness elements that locates outside the adjacent cells will not
be included in the modelling.

The flow regime over a rough surface depends on how roughness
elements interact with different parts of the boundary layer. If the
roughness elements are embedded in the viscous sublayer, the friction
drag is not affected by the roughness and the flow regime is smooth. In a
smooth regime represented by K < 2.5, the correction AB is set to zero
and the wall function recalls the smooth wall function.

In the case where the roughness element heights are much larger
than the boundary layer thickness, the fully rough regime forms where
the drag significantly increases. In such a condition, the pressure drag on
the roughness elements dominates and the impact of roughness becomes
independent of Reynolds number which means the viscous effect is no
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longer important. For a fully rough regime represented by 90 < K/, the
AB correction is represented by,

1
AB =i {1 + CSK:} an
K

The transition regime happens where both viscous and pressure forces
on the roughness elements contribute to the wall skin friction. In this
condition represented by 2.5 < KJ” < 90, the correction reads,

1. [Kf—2.25

AB = -In|s — =2
Kn{ §7.75

+ CsKj} sin <0.425 [In(K) —0.811]) 12)
In these equations, shape and form of roughness elements are incorpo-
rated into the modelling through the C; coefficient. However, there is no
clear guideline to adjust this coefficient. It is suggested that it varies
from 0.5 to 1 where Cs; = 0.5 corresponds to the uniformly distributed
sand grain roughness. If the roughness elements deviate from the sand
grains, the constant roughness should be adjusted by comparing the
results with experimental data.

2.3. Parameters defining the flow properties

The hydrodynamic performance of a propeller is defined by using the
non-dimensional thrust and torque coefficients, and the advance ratio,

T 0 A

= Ky=— = 13
p2D¥ "¢ pp2DS nD’ a3

Kr

where D is the propeller diameter, n is the rotational speed of the pro-
peller in rev/sec, p is the fluid density, T is the propeller thrust force, Q is
the propeller shaft torque, and V, is the mean inflow velocity towards
the propeller plane. In the current study, the inlet velocity is kept con-
stant and then the advance ratio is set by adjusting the propeller rota-
tional speed, i.e. n.

To identify vortical structures in the flow, the Q-criterion repre-
senting the local balance between shear strain and rotational tensor
magnitudes, is employed (Hunt et al., 1998; Kolar, 2007),

1/
0=5 (ergir‘ - Sz';'Sif)- as

To simplify the cavitation inception detection, the minimum pressure
criterion is employed (Asnaghi et al., 2018b). The criterion assumes that
cavitation occurs as soon as the minimum pressure in the flow reaches
the saturation pressure. Therefore, the cavitation inception point, o;, is
determined from the pressure field of the wet flow as,

6; = —Cpmin- (15)

This simple indicator can be used to compare and evaluate the tip vortex
strength in the smooth and roughened propellers. However, it cannot
provide information on how the nuclei capture property of a tip vortex
changes in different conditions. This may not be an issue in the full scale
operations where it is known that water is filled with nuclei, i.g. weak
water, but for the model scale applications where nuclei distribution has
a greater impact on the tip vortex inception the nuclei capture property
can be useful to evaluate the involving mechanisms. This demands more
advance models with the capability of tracking nuclei, e.g. (Ghahra-
mani, 2020; Ghahramani et al., 2019), or perhaps with the capability of
non-condensable gas inclusion as a part of the analysis (Cheng et al.,
2021).

3. Case description

The basic design of the propeller is from a research series of five-
bladed highly skewed propellers having low effective tip load for ves-
sels where it is very important to suppress and limit propeller-induced
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vibration and noise. The main, or first occuring source of noise, for this
type of propellers, is cavitation in the tip region. In the previous studies
conducted by the authors (Asnaghi, 2018; Asnaghi et al., 2018b; 2020a),
the computational guideline to successfully model the tip vortex flow
around this propeller having smooth surface within OpenFOAM was
investigated. In this guideline, the turbulence modelling impact, mini-
mum required spatial mesh resolution for modelling the tip vortex in the
near field region and the numerical set up that can provide low nu-
merical dissipation and high stability are discussed. Here, the same
guideline for the computational domain and mesh specifications is
employed.

The computational meshes were generated by StarCCM+ and then
converted into the OpenFOAM format. As the open water conditions was
of interest, simulation of the flow around one blade and then using cyclic
boundaries on the sides were possible. However, when the numerical
analysis of the model scale propeller was conducted, there were some
stability issues with the cyclic boundaries making it very cumbersome to
converge. Therefore, the whole propeller is modelled and in order to
keep the number of cells low enough, the tip vortex refinement was
applied on one blade only. The utility used to convert StarCCM+ mesh to
the OpenFOAM format has a limitation on the number of cells or faces
which forced using the Trimmer mesher to create the model scale pro-
peller mesh. For the full scale propeller, using the Trimmer mesher led to
some bad quality cells, e.g. wrongly oriented faces or face non-
orthogonality more than 85 degrees. This problem is believed to be
related to the low numerical precision of reading or writing the points
storing the locations of cells and faces. However, during the study it was
not possible to find out where this low reading or writing precision
occurs. At the same time as we were able to improve the stability of
employing cyclic boundaries, the polyhedral mesher is used to create the
mesh around the full scale blade.

The computational domain used for the model scale propeller is
presented in Fig. 1(a). The domain is simplified to a cylinder extending
4D upstream the propeller and 8D downstream of the propeller where D
= 0.2543 m is the diameter of the propeller. The simulations are con-
ducted at a constant inlet velocity, a fixed pressure outlet boundary and

Inlet

Rotating Region

Outlet

Outer Cylinder

(a) Computational domain

(c) Blade surface resolution
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the advance ratio of the propeller is then set by adjusting the rotational
rate of the propeller. No-slip wall boundary condition is used for the
propeller and the shaft. The outer cylinder boundary is set as a slip
boundary to reduce the mesh resolution requirements far from the
propeller. Then, in order to consider the blockage effects, the numerical
results are compared against the experimental measurements which
would provide the same velocity at the cavitation tunnel measurement
point. In order to model the moving mesh (i.e. relative motion between
the propeller and the external domain), the computational domain has
been decomposed into two regions connected to each other through AMI
(Arbitrary Mesh Interpolation) boundaries (Asnaghi et al., 2015). While
the outer region is stationary, the rotation of the region close to the
propeller where all interesting flow phenomena occur has been handled
by MRF.

Different refinement boxes are applied to provide finer resolutions
around the rotating propeller region, Fig. 1(b). The baseline mesh res-
olution on the blades gives x* and 2" < 250, with much finer resolutions
at the leading edge and trailing edge of the blades due to the high ge-
ometry curvature. Here, x" and 2z are non-dimensionalized resolutions
in x and z directions calculated similar to y* term, i.e. x* = u,Ax/v and
2zt = u,Az/v. In these definitions, Ax and Az are the cell resolution in x
and z directions, respectively. As the surface resolution close to the tip is
determined by the tip refinement boxes, even finer resolution is ach-
ieved at the blade tip and the leading edge. The prismatic layers of the
refined blade consists of 20 layers having extrusion factor of 1.15 where
the first cell wall normal resolution is set equal to y* = 35 for wall
modelling simulations, and equal to y™ =5 for resolving the flow
around the roughness elements. It should be noted that when generating
the computation grids, an estimation of y* is used to define the first cell
normal resolution. However, during the simulations as the wall shear
velocity, u,, is computed based on the flow properties, the actual value
of y* changes.

As mentioned, the tip vortex refinement is applied on one blade only
where three helical shape refinement zones are defined based on the
primary vortex trajectory. The refinement zones cover the tip of the

Rotating Region

Inlet flow Direction
—_—

—————

(b) Streamwise resolution
H1

(d) Helical tip refinement

Fig. 1. Mesh distribution of the model scale propeller.
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blade, and therefore provide more refined grid resolutions on the tip of
this blade, Fig. 1(c). These helical refinement regions provide spatial
resolutions as fine as 0.2 mm, 0.1 mm, and 0.05 mm in H1, H2, and H3
regions for the model scale propeller mesh, respectively.

The full scale propeller is constructed by the geometrical scale ratio
of 15 from the model scale propeller leading to the propeller diameter of
3.8145 m. As noted earlier, the computational domain of the full scale
propeller consists of one blade and cyclic boundaries on the sides, Fig. 2.
Similar to the model scale settings, the cells are clustered towards the
rotating region. The tip vortex refinements follow the same strategy
where three helical refinement regions defined based on the primary
vortex trajectory are considered around the blade tip to specify the
desired resolution at this region.

In Table 1, the operating conditions and normalised resolution de-
tails of the blade and tip vortex refinements are presented. As mentioned
earlier, the inlet velocity is kept constant in all of the simulations while
the propeller rotational speed is adjusted to achieve the desired pro-
peller advance ratio. Similar to the propeller surface resolution, the tip
vortex refinement resolutions are presented by the non-dimensionalized
terms, i.e. Hf =u,AH; /v, H] = u,AH,/v and Hj = u,AHs /v. In these
equations, AH;, AH, and AHj are the specified cell resolutions in the
helical tip refinement regions of H1, H2 and H3. As stated in this table,
the mesh number and its distribution in model scale and full scale
simulations are different. In each condition, the baseline blade surface
resolution, i.e. x* and 2", is selected according to our previous studies
and also the computational cost we could afford. The wall normal res-
olution, y*, is selected according to the roughness modelling strategy. In
both model scale and full scale conditions, we have used three helical
refinement regions defined based on a primary tip vortex trajectory
obtained through an initial simulation on a coarser mesh resolution.
Therefore, as the tip vortex trajectory may differ in model scale and full
scale conditions, the refinement geometries also differ in these condi-
tions. Their grid resolutions, H", also differ and depends on the esti-
mation of tip vortex radius and also on the computational cost we could
afford.

Based on our previous studies for mitigation of back side tip vortices
(Asnaghi et al., 2019b; 2019c), the tip region of the refined blade, Fig. 3,
is considered the starting point to investigate the roughness impact on
for wider operating conditions. The roughness areas highlighted in Fig. 3
are thus selected based on the flow properties of tip vortices that incept
on the tip or slightly downstream. For the propeller design considered in
this study, this type of vortices is observed at low advance ratio
numbers, e.g. J = 0.82.

The study consist of the roughness modelling on the blade tip sides, i.
e. the back side and the Front side. For one case where the roughness is
only applied on the back side tip region, BS Tip, the mesh topology is
modified by removing cells to include the roughness elements into the
simulations, Fig. 3(c). This will provide the opportunity to resolve the
flow around these roughness elements.

At higher J values, e.g. J = 1.26, the main vortex appears as a leading
edge vortex formed on the front side of the blade, and it is thus expected
the area covered with roughness is different. Therefore, the roughness

Cyclic Boundary

Rotating Region

(a) Computational domain
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pattern optimization for this vortex consists of investigation of radial
areas defined in Fig. 4(a). In order to find which part of radial areas will
have more impact on TV mitigation, also smaller areas along the leading
edge are considered, e.g. as in Fig. 4(b). The summary of evaluated
roughness patterns and arrangements are presented in Table 2.

Following our previous studies (Asnaghi et al., 2019b; 2019c¢), all of
the analysis is performed by considering a fixed value for the roughness
height, K, = 250 um in model scale condition; this corresponds to KI' =
35. The roughness height is extended into the full scale condition by
considering the geometrical scale ratio. This gives K; = 3.75 mm in full
scale conditions corresponding to K} ~ 925.

In Fig. 5, the close-up view of the roughness elements employed in
the full scale propeller simulations is presented. As can be seen, the
normal resolution applied to each roughness element is quite satisfac-
tory, and each elements contains at least 20 grid points in the normal
direction. The surface resolution, however, is limited by the finest tip
vortex refinement we could afford, i.e. H = 150.

4. Results

Open water performance of the propeller in the model scale and full
scale conditions are presented in Fig. 6. The figure includes thrust co-
efficient, Kr, torque coefficient, Kq, and efficiency, #,, at different
advance ratio values, J. The model scale results are presented by solid
lines while the full scale results are shown by dashed lines.

General accuracy of the results is satisfactory and agrees well with
the experimental measurements. The trend in the forces, however, are
predicted differently in model and full scales. In J < 1.1, the thrust and
torque coefficients of the full scale condition are predicted higher than
the model scale predictions. This is found to make a small difference on
the predicted efficiency in this range as the increase of both coefficients
cancels each other. In higher J values, i.e. 1.1 < J, the trend of thrust and
torque predictions between model scale and full scale switches where
both of forces are underpredicted in the full scale condition, although
this is more apparent for the thrust. This leads to predictions of lower
efficiency in full scale compared to the model scale results. The cavita-
tion inception prediction of the propeller for the model scale and full
scale conditions are presented in Fig. 7. Three different cavitation types
are investigated: FTV, front tip vortex; BTV, back tip vortex; and BBC,
back bubble cavitation. In this figure, the experimental measurements
are presented by solid circular symbols while numerical results pre-
dicted by the minimum pressure criterion is presented by triangular
symbols. In order to provide further data for analysis, the experimental
measurements are extrapolated to the sides of the chart, presented by
solid lines.

The overall comparison in model scale is quite satisfactory, with BTV
well predicted and BBC only somewhat smaller inception values, while
the FTV shows larger discrepancies; however the minimum point in the
bucket diagram is well captured. Comparison of the model scale and full
scale results indicate a stronger back side tip vortex and bubble cavi-
tation predictions in the full scale condition. The prediction of the front
side tip vortex is found to be opposite where a stronger front tip vortex is

Rotating region

Inflow direction
—

(b) Streamwise resolution

Fig. 2. Mesh distribution of the full scale propeller.
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Table 1
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Operating conditions and mesh specifications of the propeller in model scale (MS) and full scale (FS) conditions.

Propeller setup Blade resolution

TV resolution Total number of cells (M)

D(m) Uin (m/s) Re y+ x*, z* baseline x*, 2" refined tip H1* H2* H3*
MS 0.2543 4.2 1.07 x 10° 5 and 35 250 10 40 20 10 87.3 and 87.1
FS 3.8145 8 30.5 x 10° 50 5000 150 600 300 150 37.3

(a) Back side view

(b) Front side view

(c) Geometrical roughness

Fig. 3. (a) and (b): Roughness areas coloured black on the back side and front side of the refined blade; (c): zoomed view of the roughness elements inclusion.

Table 2
Summary of the roughness patterns tested on the back and front sides of the
blade.

Pattern Where the roughness is applied: Related figure
Smooth The blade is smooth. -
FS Front side of the blade
BS Back side of the blade
FR Both sides of the blade (fully roughened)
BS Tip Back side tip Fig. 3(a)
FS Tip Front side tip Fig. 3(b)
BS +FS Tip of the back and front sides Fig. 3(a) and
Tip (b)
R7080 Radial distance 0.7 < r/R < 0.8 on the front side Fig. 4(a)
R8090 Radial distance 0.8 < r/R < 0.9 on the front side
R90100 Radial distance 0.9 < r/R < 1.0 on the front side
R70100 Radial distance 0.7 < r/R < 1.0 on the front side
RE8090 Leading edge on the radial distance 0.8 <r/R < 0.9  Fig. 4(b)
of the front side
RE8595 Leading edge on the radial distance 0.85 < r/R <
0.95 of the front side
RE90100 Leading edge on the radial distance 0.9 < r/R < 1.0
of the front side
RE80100 Leading edge on the radial distance 0.8 < r/R < 1.0
of the front side
ORP Optimum roughness pattern = combination of BS Figs. 3(a) and

Tip and RE80100 4(b)

observed in the model scale condition.

4.1. Flow properties of model scale propeller

The flow properties at low J values where the tip vortex forms on the
back side of the blade are presented in Fig. 8. In this figure, the tip vortex
is presented by the pressure coefficient iso-surface, the flow streamlines
are presented by white lines, and the blade surface is coloured by the
pressure coefficient distribution.

As expected, at lower J values, which corresponds to higher propeller
rotational speeds, the back tip vortex becomes stronger. This corre-
sponds to more concentrated flow streamlines which feed the tip vortex
momentum. This can be noted on the back side especially close to the

trailing edge in 0.9 <r/R < 0.95. On the front side, no obvious
concentrated streamlines in any region are observed. It seems that the
flow streamlines from the front side evenly contribute to the tip vortex
roll-up downstream of the tip rather than where the tip vortex starts.
This analysis can be extended in the future study by unsteady simula-
tions of the flow to highlight the spatial-temporal development of tip
vortex and effective flow regions (Han and Tan, 2019; 2020).

In Fig. 9, distributions of vortical structures at low J values are
presented by the iso-surface of Q-criterion equal to 200. The results
clearly show that at higher rotational rate, i.e. lower J values, more
trailing vortices are formed on the blade close to the trailing edge,
especially after the blade mid-chord. More interestingly, in 0.9 < r/R <
1.0, the vortical structures distinguish a triangular area on the tip which
corresponds to the area where concentrated flow streamlines enter.

Based on the flow properties analysis of lower J values, triangular
areas on the back side and front side of the blade are considered as
effective areas in formation of the back side tip vortex. These areas are
presented in Fig. 3.

The flow properties at higher J values where the tip vortex forms as a
leading edge vortex are presented in Fig. 10. As expected, by increasing J
values, the vortex becomes stronger and incepts at lower radii, e.g. r/
R =0.7 at J = 1.26. This leads to more flow suction into the rotating
vortex region which can be noted from more concentrated flow
streamlines on the front side in r/R < 0.6. On the blade back side, the
flow streamlines indicate a clear separation line distinguished by
concentrated streamlines close to the blade trailing edge. The stream-
lines also highlight how the flow from lower radii moves towards the tip.

Distribution of vortical structures presented in Fig. 11 shows how the
leading edge vortex is formed. It is clear that the trailing vortices shed
from both back side and front side contribute to the tip vortex structures
especially after leaving the blade. However, it is not clear whether this
contribution affects the leading edge vortex strength in the region it
incepts, i.e. 0.8 <r/R < 0.95 noted from the pressure iso-surface pre-
sented in Fig. 10.

These results clarify the significance of flow structures formed in
0.7 <r/R on the vortex strength and its development. Therefore,
different roughness arrangements are considered for the front side tip
vortex mitigation based on radial distances and pressure distribution,
Fig. 4. The summary of these arrangements and their brief descriptions
are presented in Table 2.
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I R90100: 0.9<r/R<1.0
RB090: 0.8<r/R<0.9

R7080: 0.7<r/R<0.8

(a) Radial roughness patterns

Fig. 4. Roughness patterns tested on the front side of the propeller.
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(b) Radial leading edge roughness pattern

Fig. 5. Close-up view of the roughness elements applied in the propeller full scale simulations.
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Fig. 6. Open water performance of the smooth propeller in model scale and full scale conditions.

As can be noted from Figs. 8 and 10, different values of C;, are used to

present back side and front side tip vortices. This selection corresponds presented.
to the tip vortex strength and propeller load in different advance ratio

values. In highly loaded propeller, i.e. low J values, tip vortex is stronger

and therefore, cavitation incepts earlier than lightly loaded propeller, i.

e. higher J values. This can be observed also in Fig. 7 where the

4.2. Mitigation of back side TVC

cavitation inception chart over different operating conditions is

Performance of the propeller for different surface roughness condi-
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Fig. 7. Open water cavitation inception diagram of the smooth propeller in the model scale (MS) and full scale (FS) conditions represented by FTV: front tip vortex,

BTV: back tip vortex, and BBC: back bubble cavitation.

J=0.820

(b) Front side

Fig. 8. Flow properties at different back side tip vortex conditions. The blade surface is coloured by C,, distribution, the flow streamlines are presented in white, the
tip vortex is presented by the pressure iso-surface equal to C, = —4 coloured in black.

tions are presented in Table 3 where the roughness is modelled via the
rough wall function. Thrust and torque coefficients as well as the effi-
ciency are presented relative to the smooth propeller condition at J =
0.82 where the tip vortex is formed on the back side. In all of the tested
roughness arrangements, the results indicate an increase in the torque
coefficient when roughness is included. The thrust coefficient, however,
is more dependent on the roughness pattern. For the FR blade, the
maximum thrust decrease, — 13.4%, and efficiency drop, — 16.6%, are
observed. Having roughness on the FS tip leads to higher K, but it also
requires a higher K. This eventually results in a lower propeller effi-
ciency, around — 2.5%. When roughness is only applied on the BS tip,
the variation of the thrust and torque is smallest. A true quantitative
justification of these results demands uncertainty analysis, but it is

anticipated that the trends are correctly capture at this grid refinement
level. The results, however, clearly confirm that in order to minimise the
negative effects of roughness on the propeller performance, the rough-
ness area should be optimised.

In Fig. 12, the predicted cavitation inception based on the minimum
pressure criterion is presented for different roughness patterns defined
for the back side TVC at J = 0.82. As the propeller was not tested at this
operating condition, the experimental data is extrapolated to this con-
dition. As expected, the FR condition has the lowest cavitation inception
compared to other roughness patterns. The predicted cavitation incep-
tion in the BS tip and BS+FS tip patterns is close to each other, and the
difference between them is believed to lie in the uncertainty of the nu-
merical results in the current simulations.
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(a) Zoomed-view back side
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(b) Zoomed-view front side

Fig. 9. Distribution of Q-criterion iso-surface = 200 around the blade tip at low J values.

J=1.260" J=1.152

(b) Front side

Fig. 10. Flow properties at different front side tip vortex conditions. The blade surface is coloured by Cj, distribution, the flow streamlines are presented in white, the

tip vortex is presented by the pressure iso-surface equal to C, = —2 coloured in black.
J=1.260 J=1.152 J=1.111
St = \\ P T " \
N\ % d /\ % \ /\
SN R—(7\ W\ g
(a) Zoomed-view suction side
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/R :/0' : Q / /% /A
(b) Zoomed-view pressure side

Fig. 11. Distribution of Q-criterion iso-surface = 200 around the blade tip at high J values. The blade surface is divided by r/R = 0.05.
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Table 3

Variation of thrust, torque, efficiency and TVC inception relative to the smooth
propeller condition for different roughness patterns. BS: back side, FS: front side,
FR: fully rough.

Case K, (%) K,y (%) Efficiency (%) o; (%)
Smooth - - - -

BS tip - 0.8 0.2 - 1.0 -16.7
FS tip 1.2 3.8 — 25 - 8.5
BS+FS tip 2.1 4.6 — 2.4 —18.2
FR —13.4 3.8 - 16.6 - 229

Even though the TVC mitigation of BS+FS tip pattern is higher, the
BS tip pattern is selected to be the outcome of the roughness area opti-
misation for the back side TVC as it has a much lower performance
degradation. Modelling of roughness with a wall function has some
limitations, especially for the employed wall function where the
roughness pattern is included into the CFD with only two representing
values, i.e. roughness height and C;. Including the topology of roughness
elements into the computational domain is another alternative where by
resolving the flow field around them more flow physics can be captured.
These, however, demands for a finer computational resolution around
the roughness elements and also an accurate tomography of the
roughened area. As the main objective here is to discuss how results of
the roughness wall function approach related to the resolving flow field

Applied Ocean Research xxx (xxxx) xxx

approach, an arbitary roughness tomography is employed that satisfies
the same averaged roughness elements height used in the wall function
approach, i.e. K; = 250 pym.

In Figs. 13 and 14, numerical results of resolved flow around the
roughness elements are presented. The figures are the zoomed view of
the blade having the roughness elements on its suction side tip, i.e. the
BS tip pattern. The figures include the pressure iso-surface of the satu-
ration pressure colored black, and the vortical structure based on Q =
1000 presented with transparent gray color. The low turbulent viscosity
around the roughness elements indicates formation of vortical structures
around them. The location of these structures are predicted by the
curvature correction model, and then the turbulent viscosity is lowered
there to allow the flow development. As mentioned earlier, the
employed resolution around the roughness elements is limited by the
blade tip surface resolution which actually is insufficient to accurately
resolve all of the flow structures around the elements. Therefore, its is
expected form these results to only provide an estimation on the flow
properties which could be expected in the sparse roughness elements
application. Vortical structures distribution presented in Fig. 14 shows
how flow structures generated by roughness elements interact with each
other and the main tip vortices. The figure also includes the pressure iso-
surface presented in colored black. The results indicate that depending
on the topology of the roughness elements, their location and the pro-
peller working conditions, roughness can increase the risk of bubble or
sheet cavitation on the blade. As demonstrated by several research, e.g.
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Fig. 12. Variation of the cavitation inception versus different surface roughness areas, solid bar is the extrapolated experimental measurements for the smooth blade.

BS: back side, FS: front side, FR: fully rough.
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Fig. 13. Distribution of the turbulent viscosity around the roughness elements, zoomed view of the roughness elements for the BS tip roughness pattern.
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Cavitation risk regions around the roughness elements
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Tip vortex cavitation

\

B

Fig. 14. Distribution of the vortical structures around the roughness elements along with the iso-surface of pressure colored black, zoomed view of the roughness

elements for the BS tip roughness pattern.

(Asnaghi et al., 2018a; Cheng et al., 2020a; Liu et al., 2019), formation
of cavitation will affect the vorticity distribution through the dilatation
term. Especially during the condensation where dilatation leads to a
decrease in the magnitude of vorticity. Therefore, one could expect to
observe different or generally weaker vortical structures in the cavi-
tating conditions. Thus, the erosiveness analysis of these local low
pressure spots around the roughness elements has to remain for future
study where the cavitating tip vortex and mass transfer are included
modelled.

For the resolved flow around the roughness elements, the cavitation
inception is found to be around 3.28 while with wall-modelling
approach the predicted inception point is 4.53. Lower propeller per-
formance is noted for the resolved flow as well, Table 4. When con-
ducting a comparative analysis, e.g. comparing different patterns, the
large difference between the cavitation inception predictions has less
importance. But when it comes to find the balance between the cavita-
tion tip vortex and the blade cavitation, the accurate prediction of flow
around roughness elements is inevitable.

4.3. Mitigation of front side TVC

The roughness area optimization of the front side tip vortex is con-
ducted at J = 1.26 where more contributions of flow from lower blade
radii on the tip vortex formation are observed. The flow structures on the
back side are noted to affect the tip vortex properties especially down-
stream the tip where the trailing vortices interact with the tip vortex.
However, it is not clear whether this interaction would affect the tip
vortex cavitation inception on the front side of the blade. Therefore, the
analysis is started by comparing having roughness all over the front side
or back side of the blade, Fig. 15. The results of smooth condition as the
reference condition and the fully rough condition as the maximum ex-
pected TVC mitigation condition are included.

Very little improvement in TVC mitigation is observed when the
roughness is applied on BS of the blade compared to the smooth con-
dition, while the results of FS and FR conditions are found to be similar.
This clearly indicates that in order to mitigate the front side TVC,
roughness should be applied on the front side. This agrees with our
findings from the back side TVC mitigation where it is noted roughness
should be applied on the same side of the blade where TVC forms.

In order to find on which radial distance roughness should be applied
to effectively mitigate TVC, different radial patterns are considered, e.g.
R7080, R8090, R90100 and R70100. These patterns are illustrated in
Fig. 4 and described in Table 2. The TVC inception of R7080 pattern is

Table 4

Variation of thrust, torque, efficiency and cavitation inception relative to the
smooth foil condition for the BS tip roughness pattern with different modelling
approaches.

Case K (%) K,y (%) Efficiency (%) o; (%)
Smooth - - - -

Wall modelled (y* = 35) - 0.8 0.2 - 1.0 - 16.7
Roughness resolved (y* = 5) -1.9 0.1 -1.8 — 387
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found to be close to the smooth condition results noting very little
impact of having roughness on this area on TVC mitigation. Among the
tested radial patterns the lowest TVC inception belongs to R70100
where the predicted inception is very close to the results of FS and FR
patterns. This indicates the necessity of having roughness in 0.8 < r/R <
1.0 region in order to practically suppress front side TVC.

Different criteria are tested to narrow down the effective areas on the
blade front side in 0.8 < r/R < 1.0 region. Among the tested criterion,
the pressure coefficient is found to be the most effective one. Based on
the pressure coefficient distribution close to the blade, different rough-
ness patterns are created, Fig. 4(b). The performance of these patterns
relative to the smooth condition is presented in Table 5. The results show
in all of the patterns both Kr and Kq increase compared to the smooth
condition. This has led to higher efficiency in these patterns as well.
Even though the variation of efficiency is relatively small and can be
assumed to lie in the uncertainty of the numerical results, it indicates
that none of the patterns would have a negative impact on the propeller
performance. As a result, the pattern that has the highest TVC mitigation
is selected as the optimum roughness pattern for the front side TVC
mitigation, i.e. RE80100.

4.4. Optimised roughness pattern

The optimized roughness pattern (ORP) is achieved by the simulta-
neous consideration of the optimum roughness pattern of the back side
tip vortex and the optimum roughness pattern of the front side tip vortex
already obtained in the previous sections. This would provide a rough-
ness pattern that can mitigate TVC in a wide range of operations with an
overall minimized performance degradation. This ORP consists of the BS
Tip pattern and RE80100 pattern, Table 2.

In Fig. 16, the open water performance of the model scale propeller
in smooth and ORP is presented. In the presented results, the roughness
is modelled via the rough wall function. For J < 1.125, similar torque
coefficients are predicted in smooth and ORP while the thrust coefficient
is lower in the ORP. For larger values of J, the produced thrust in smooth
and ORP conditions are similar while more torque is needed in the ORP
condition. This leads to having a lower efficiency in ORP condition
across all of the operating conditions. Interestingly, the efficiency curves
are found to be similar in smooth and ORP conditions with a small shift
downward in ORP. In Fig. 17, the cavitation inception diagram of the
model scale propeller in smooth and ORP conditions are presented. The
general impression is that application of roughness leads to a wider
cavitation free bucket on the side, and the impact on the centre area, e.g.
J =1.05, is small. This is expected as in 1.0 < J < 1.1 operating con-
ditions, the dominant TVC switches from one side of the blade to the
other one. This corresponds to have a weak TVC and therefore small
impact of roughness on its strength. More detailed comparison of TVC
mitigation and performance degradation is presented in Fig. 18 for the
back side TVC and Fig. 19 for the front side TVC. For the back side tip
vortex, the experimental measurements of the roughened propeller are
included. It can be noted from the numerical results that the average
performance degradation for ORP in back side TVC mitigation is around
1.4% and the average TVC mitigation is 14% where the lowest impact of
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Cavitation inception
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Fig. 15. Variation of the cavitation inception versus different surface roughness areas at J = 1.26, FR: fully rough foil, BS: back side roughness, FS: front side
roughness, R: radial position of the roughened area on the front side of the blade.

Table 5

Variation of thrust, torque, efficiency and TVC inception relative to the smooth
foil condition for different roughness patterns on the front side leading edge at J
=1.26, y* = 35.

Case K; (%) Ky (%) Efficiency (%) o; (%)
Smooth - - - -
RE8090 2.21 1.55 0.64 — 222
RE90100 4.17 3.37 0.78 —20.3
RE8595 3.22 2.44 0.75 -29.1
RE80100 4.8 3.87 0.90 —35.2

roughness on TVC mitigation is found to be around J = 0.93. The
experimental measurements show even higher TVC mitigation with an
average of 28.5% which comes with the average cost of 2% performance

degradation. Both of the numerical results and experimental measure-
ments show the same trend in the TVC mitigation where the maximum
mitigation is observed in the highest propeller load, i.e. J = 0.82. As
mentioned previously, the discrepancy in the results can be related to all
of the possible uncertainty in the roughness properties and its applica-
tion in the numerical simulations and experimental tests.

Compared to ORP results of the back side TVC, the impact of
roughness on mitigation and performance degradation is found to be
larger in the front side TVC where the average performance degradation
is around 1.8% and the average TVC mitigation is 37%. An instance of
the experimental observation for the roughness application is presented
in Fig. 20. The presented instance is for 0 = 2 at J = 0.9 where in the
smooth condition a clear cavitating tip vortex forms on the back side of
the blade. The applied optimum roughness pattern follows the details
presented in Table 2 where only the back side roughness is visible in the
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Fig. 16. Comparison of the open water performance of the model scale propeller in the smooth and optimised roughness area conditions, y* = 35.
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Fig. 17. Comparison of open water cavitation inception diagrams of the smooth and optimised roughness pattern (ORP) conditions for the model scale propeller
represented by FTV, front tip vortex; BTV, back tip vortex; and BBC, back bubble cavitation, y* = 35.
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Fig. 18. Percentage of the back side TVC mitigation and open water efficiency drop in different operating conditions for the optimum roughness pattern relative to

the smooth propeller condition, y™ = 35.

figure. It can be clearly seen that in the roughened blade, the cavitating
tip vortex has been completely disappeared and only small bubbles can
be noted around the tip. These bubbles can be either free-stream nuclei
caught by the tip vortex structures or the small bubbly cavitation formed
around the roughness elements.

4.5. Optimized roughness pattern in full scale condition

In Fig. 21, TVC mitigation and performance degradation of the full
scale propeller at three different operating conditions are provided.
These simulations are performed on the propeller with y* = 50 where
the roughness elements having K] = 925 are incorporated into the
computational domain, Table 1. Similar to the model scale results, the
lowest TVC mitigation and highest performance degradation are found

13

to be at the design point, i.e. J = 0.93. The results indicate an average
TVC mitigation of 22% and performance degradation of 1.4% by
employing optimised roughness pattern.

Resolving the flow around the roughness elements provides the
possibility of investigating the risk of bubble or sheet cavitation for-
mation at these spots. At the tested conditions, no obvious increase in
bubble or sheet cavitation due to the roughness elements is observed.
However, further investigation of this analysis remains for future study
with models that could evaluate the cavitation erosiveness (Arabnejad,
2020; Arabnejad et al., 2019).

5. Conclusion

The results on the tested propeller in model scale and full scale
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Fig. 19. Percentage of the pressure side TVC mitigation and open water efficiency drop in different operating conditions for the optimum roughness pattern, y*© =

35.
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Fig. 20. An instance of cavitating tip vortex flows for the smooth and optimum roughness pattern in the model scale propeller, 6 = 2, J = 0.9.
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Fig. 21. The optimum roughness area results for the full scale propeller. TVC and propeller performance of each operating condition is normalised by the smooth
propeller results of that condition.

conditions show that the application of roughness on a specified and
restricted area on the blade can be a solution to improve inception
characteristics of a tip vortex while keeping the propeller performance

degradation in a reasonable range. Roughness elements interact with the
boundary layer developed on the blade and consequently alter its dis-
tribution and properties. If the area where the roughness is applied
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coincides with the area where the tip vortex forms, this interaction af-
fects the tip vortex formation leading to a less concentrated tip vortex, i.
e. tip vortex mitigation.

The negative effects of roughness on the propeller performance can
be minimized when the roughness area is optimized based on the flow
properties and structures effective in tip vortex formation and devel-
opment. For the evaluated propeller design, two distinct types of tip
vortices are observed. At lower advance ratio numbers, the vortex forms
on the tip of the blade which can incept either on the tip or slightly
downstream depending on the tip vortex strength dependency on the
roll-up process. For this type of tip vortex, application of roughness on
the blade tip region where the vortex forms is found to be effective. The
other type of tip vortex appears at higher J values as leading edge tip
vortex where roughness application on the limited area of leading edge
on the same side of the vortex roll-up is found to be effective. The
optimized pattern that can be used across different operating conditions
are obtained by simultaneous application of roughness on these two
areas.

It is noted that application of roughness leads to a wider cavitation
free bucket where its impact in the operating conditions close to the
design point is lower compared to the conditions with higher loads on
the blade. The findings show that the optimized roughness pattern in the
model scale condition leads to an average TVC mitigation of 37% with
an average performance degradation of 1.8% while in the full scale
condition an average TVC mitigation of 22% and performance degra-
dation of 1.4% are obtained

In the obtained results, no obvious indication of increasing the risk of
bubble or sheet cavitation around the roughness elements is observed.
This agrees well with our previous numerical and experimental in-
vestigations on the TVC mitigation around an elliptical foil. There are,
however, a few key factors in practical application of roughness for TVC
mitigation that demands further considerations and investigations. The
free stream turbulence variation, i.e. wake flow effect, or the roughness
impact on the cavitating tip vortex conditions are two examples of these
key factors. Even though, the numerical results presented in this paper
clearly show the capability of roughness application in mitigation of tip
vortex flows in both model scale and full scale conditions. We showed if
the roughness pattern is optimized with respect to the tip vortex flow
properties, a reasonable balance between the TVC mitigation and per-
formance degradation can be achieved.
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