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Abstract:

This study aims to investigate the effects of biofouling-related roughness on a propeller’s
hydrodynamic and underwater radiated noise (URN) performance. Selected benchmark INSEAN
E779A propeller operated in uniform & open water flow under non-cavitating and cavitating
conditions. The hydrodynamic flow field around the propeller was first solved using RANS (Reynolds-
averaged Navier Stokes) solver. The Schnerr-Sauer cavitation model, based on reduced Rayleigh-
Plesset equation, was used to model the sheet cavitation on the propeller blades and tip vortex
cavitation (TVC) in the propeller’s slipstream. A vorticity-based Adaptive Mesh Refinement (AMR)
technique was employed for the observation of TVC. The porous form of the Ffowcs-Williams
Hawkings (P-FWH) equation, which is coupled with the RANS solver, was used to predict the URN (or
hydroacoustic performance) of the propeller. The propeller performance characteristics, including
cavitation, were validated with the available experimental data. Following that, the roughness
functions representing the different roughness configurations obtained from the literature were
employed using wall function model of Computational Fluid Dynamics (CFD) solver. The results
showed that roughness has detrimental impacts on the propeller’s performance characteristics. That
is to say that the propeller’s thrust decreases while the torque increases with increasing severity of
the roughness. Hence, the efficiency loss of the propeller at the most severe roughness condition can
be as high as 30% and 25% at J=0.795 and J=0.71 & 6=1.763, respectively. Unlike its detrimental effects
on the hydrodynamic performance, the roughness had some positive effects by reducing the
cavitation volume, especially for the TVC and hence on the propeller underwater radiated noise (URN).
The results also indicated that the URN levels might be reduced up to 10dB between 1 kHz and 2 kHz.
Besides, 2" and 3™ BPF values decrease between 1 and 7dB under varying roughness configurations
in comparison to the smooth case. The study reported the effect of a particular biofouling roughness

on the URN levels of a propeller for the first time in model-scale and using the CFD simulations.
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1 INTRODUCTION

Marine biofouling has been identified as one of the essential problems in both aspects of economic
and ecologic by IMO. Biofouling causes degradation in hydrodynamic performance of ships by
increasing the hull resistance, which in turn increases the fuel oil consumption and greenhouse gas
(GHG) emissions.

Although the effects of biofouling roughness on the ship hull performance have been investigated
profoundly in the literature [1], [2], [3], [4], [5], [6], [7], there is a lack of literature for the roughness
effect on propeller hydrodynamic performance [8]. According to the American Bureau of Shipping
(ABS) [9] report, fouling accumulates on a propeller within a year show a wide range of diversity
including slime, algae and even barnacles and tube worms. Fouling accumulation over a year of
operation on a propeller can be seen in Figure 1 as an example. The ITTC [10] suggested that new
methods and strategies need to be developed to understand the effect of coatings and biofouling

roughness on overall ship performance, including the propeller.

Figure 1 Biofouling after a year of operation on a propeller

While the concern is the efficiency and hence the fuel consumption for the shipping industry, the

effects of roughness on the propeller cavitation and underwater radiated noise (URN) are also



important for the naval vessels, passenger comfort in cruise vessels and the possible impact of on
marine fauna.

The URN characteristics of naval vessels (e.g. submarines) have always been the primary concern for
their designs and operations due to the strict requirements for the stealth mode of operations.
However, recently, the attention has also moved towards the environmental impacts of the URN
induced by commercial vessels [11] as a result of continually increasing volume of shipping traffic in
the world’s oceans. The increased URN levels of the commercial vessels, mainly associated with the
cavitating propeller, have been considered as a major threat to the marine ecosystem, especially for
the well-being of the marine animals in terms of their communication, navigation and hunting [12];
[13]. As a result, international associations and classification societies have included this issue in their
agendas and advised the industry to take precautions to decrease its detrimental effects on marine
fauna [14]. In this regard, the international non-mandatory rules such as Det Norske Veritas-
Germanisher Loyd (DNV-GL) QUIET class, Royal Institution of Naval Architects (RINA) DOLPHIN
notations are becoming widespread to minimise the noise emission in the oceans. Moreover, IMO has
also pointed out this issue as a high priority and published a non-mandatory guideline to reduce the
URN mainly induced by commercial ships [15]. Consequently, several concerted efforts have been
spent to measure, predict and mitigate the URN thereby aiming at 3 dB in 10 years and 10 dB in 30
years [16] through numerous collaborative EU and international projects, e.g. [17], [18], [19], [20],
[21].

Limited numerical and experimental research studies have been conducted in the literature for the
prediction of propeller hydrodynamic and hydroacoustic performance under non-cavitating and
cavitating conditions. However, the effects of roughness on the propeller's hydrodynamic
performance in the presence of sheet and tip vortex cavitation (TVC) have not been investigated
adequately using CFD, and hence its impact on the URN characteristics of a propeller is totally
unknown. Hence, this study aims to explore this gap by adopting a numerical method by using a state-
of-the-art commercial CFD tool with a modified wall function approach using the experimental
roughness data.

In this study, the initial step is to validate the propeller global performance characteristics (i.e. thrust,
torque and efficiency) with the available experimental data under non-cavitating conditions for a well-
known benchmark propeller, INSEAN E779A. After that, the Schnerr-Sauer cavitation model, which is
based on the reduced Rayleigh-Plesset equation, is employed to model the sheet and TVC. A vorticity-
based Adaptive Mesh Refinement (AMR) technique is implemented for better modelling of the TVC in
the propeller’s slipstream. The hydrodynamic results, including cavity pattern, are validated with the

experimental data. Following this, the hybrid method, which combines RANS and porous form of the



Ffowcs Williams Hawkings (P-FWH) equation, is used to predict the hydroacoustic propeller
performance. The numerical hydrodynamic and hydroacoustic pressures are compared with each
other in the near field to show the reliability of the numerical solution. The numerical model is then
modified to account for the roughness effects on the propeller’s hydrodynamic performance under
non-cavitating and cavitating conditions, and URN under cavitating conditions. The effect of the
different roughness levels on the thrust, torque, efficiency, cavitation patterns and URN
characteristics of the propeller for various operating conditions are explored, and results are
discussed. The study explored the effect of a particular biofouling roughness on the URN levels of a
propeller for the first time in model-scale and using the CFD simulations.

Within the above framework, the following section of the paper presents a literature survey
associated with the limited investigations into the effect of roughness on the propeller performance,
cavitation and URN characteristics. This is followed by the theoretical background of the numerical
model used in this study, including fundamental equations for the hydrodynamic and hydroacoustic
models as well as the roughness in Section 3. Section 4 presents the application details of the
numerical modelling, including computational domain & boundary conditions, grid structure with
Adaptive Mesh Refinement (AMR) technique, and solution algorithm. The numerical results and
discussions for the non-cavitating and cavitating conditions are given in Section 5. Finally, the

conclusions are presented in Section 6.
2 LITERATURE REVIEW

This section provides a general literature review for the studies investigating the effects of biofouling
on overall ship performance in the broad aspect, but with a keen interest in the propeller
performance. There are many studies conducted in the literature focusing on the penalties caused by
biofouling on ship hulls such as [1], [22], [23], [24], [25]. HowevVer, it is important to note that since it
is a very distinctive subject, there are limited researches performed for investigating the effect of
roughness on propeller performance, cavitation and noise.

Townsin et al. [26] drew attention on penalties caused by propeller roughness due to biofouling.
Moreover, a cost-efficiency analysis was conducted in order to compare hull and propeller cleaning
operations. Additionally, Mosaad [27] highlighted the energy loss per unit area due to the rough
propeller condition and how important it is in comparison with the hull roughness. Atlar et al. [28]
investigated the influence of foul release coatings on a propeller and showed that the propeller blade
roughening causes significant penalties in ship performance due to the changes in torque and thrust
produced by the propeller. In the following study, Atlar et al. [29] conducted a similar analysis showing
the efficiency loss in higher speed vessels such as military craft. In their study, the analysis showed

that preventing biofouling on propeller blades of high-speed vessels have a higher potential of



increasing the efficiency than slower vessels propeller. As stated in the study of Atlar et al. [29],
Anderson et al. [30] conducted a study and found that clean propeller has the favourable cost benefits
compared to a roughened propeller. Seo et al. [31] developed an algorithm and investigated the
impacts of biofouling on a propeller performance in open water. The authors’ results showed that
biofouling present on the propeller increases the torque with increasing fouling rate and therefore, a
loss of efficiency is experienced.

With an increasing interest in Computational Fluid Dynamics (CFD), Kriiger et al. [32] investigated the
effects of roughness on open water propeller performance under non-cavitating conditions using
RANS and LES (Large Eddy Simulation) coupled with roughness model. The main aim of the study was
to investigate the effects of propeller tip roughness and application area on the tip vortex pressure.
First, the sand grain roughness and structured dimples were employed by modelling only one blade
of the propeller. The results showed that suction-side roughness is the most effective solution to keep
the propeller efficiency as high as possible by increasing the pressure inside the tip vortex. Owen et
al. [8] investigated the impacts of fouling on the performance of a Potsdam Propeller Test Case (PPTC)
by using CFD. In their study, the authors stated that their research results could be regarded as a proof
for which the CFD is a very practical way to predict the penalties caused by fouling accumulation on a
propeller based upon the numerical results. Asnaghi et al. [33] investigated the probability and
effectiveness of varying roughness characteristics, such as the roughness height and roughness
coverage area, to mitigate tip vortex flows using CFD for elliptical foil. This study demonstrated that
cavitation inception could be delayed with the application of roughness. Another CFD based study was
conducted by Song et al. [34]. In their study, Song et al. [34] investigated the deteriorating effects of
biofouling on ship propeller by proposing a CFD model depending on Demirel et al. [6]. The very recent
and comprehensive numerical and experimental study was conducted by Asnaghi et al. [35] for
elliptical foil. This study explored the mitigation of tip vortex cavitation inception by applying different
roughness configurations. The results showed that the application of roughness on a small area of the
foil section can prevent the performance degradation and a decrease in the inception of tip vortex
cavitation can be achieved around 33% compared to the smooth condition.

There are limited studies in the literature investigating the impacts of the roughness on propellers in
terms of noise and cavitation characteristics. One of the earliest studies was conducted by Van der
Kooij [36] with a comparison between roughened and smooth propeller blades. In Van der Kooji’s
study [36], cavitation bubbles were generated by electrolysis currents varying from 0 to 2.4 A for the
smooth blades. Additionally, the artificial roughness was used together with an electrolysis current of
2.4 A on the leading-edge part of the propeller blades for the roughened blades case. Furthermore,

generated noise fluctuations through increasing cavitation bubble densities were investigated in



model scale. Results showed that with the rising number of bubbles at the beginning, there is an
increase in the noise; however, there is a remarkable drop when the numbers of bubbles become
larger for both roughened and smooth cases until 63Hz. Kriger et al. [32] stated that Philipp and
Ninnemann [37]'s study showed the application of roughness on a small area at the suction side of
the blade close to the trailing edge could destabilise the tip vortex formation, hence its early
breakdown. Cong et al. [38] conducted an experimental study and tested the cavitation characteristics
of a composite coating on a propeller. Besides, they used the coating in full-scale ship propellers for
more than a year. Their results presented that there was not a significant impact on thrust and torque
characteristics of the propeller and the biofouling accumulation was able to be removed easily with
high-pressure water. Korkut and Atlar [39] conducted an experimental study to investigate the
differences between a coated and uncoated propeller in terms of hydrodynamic efficiency, cavitation,
and noise characteristics at model scale. In their study, the first step was to compare the coated and
uncoated propeller efficiencies in open water tests. The experiment results showed a good agreement
with the uncertainty level of the open water tests, which was 3%, similar to Mutton et al. [40]. After
that, cavitation inception measurements were conducted for the coated and uncoated propeller
blades in both uniform and non-uniform flow cases. The results, remarkably, indicated that there is
no marked difference between coated and uncoated propellers cavitation characteristics. When noise
levels were compared between coated and uncoated propeller, the results showed that while coating
decreased the noise levels at higher advanced coefficients, at lower advance coefficients, noise levels
were increased.

In addition to the studies mentioned above, there are also other studies related to cavitation and
turbulence in the literature. Ji et al. [41] investigated the unsteady cavitation turbulent flow around
the conventional marine propeller in a non-uniform wake. In the numerical calculations, k-w SST
turbulence model and sliding mesh approach were used to predict the excited pressure fluctuations.
The results showed that acceleration caused by cavity volume changes is the main source of the
pressure excitations induced by the propeller. Long et al. [42] studied verification and validation
procedures for the URANS simulations of the turbulent cavitating flow around a Clark-Y hydrofoil.
Density Corrected Model (DSM) was used to simulate the unsteady cavitation flow with the Zwart
cavitation model. Different Richardson extrapolation-based uncertainty methods were explored for
cavitating flow simulations. It was found that predicted velocity distributions, the transient cavitation
patterns and the effects of the vortex stretching are strongly influenced by the grid resolution. Long
et al. [43] simulated the cavitating flow around the highly-skewed propeller behind the hull condition
using RANS and homogenous cavitation models. The relative vorticity transport equation was used to

examine the influence of cavitation on the vorticity transport. The results showed that the relative



vorticity distribution was affected by the leading-edge vortex, mass transfer and side re-entrant jet.
Long et al. [44] simulated the cavitating flow around the Clark-Y hydrofoil using LES approach. This
study was the first practical application of LES together with the Verification and Validation (V&V) in
cavitating flow. The time evolution process of the periodic cavity shedding was predicted with the
numerical simulations and the results were compared with the experimental data. The requirement
of the grid resolution was comprehensively discussed for V&V study using LES method. In the study
of Long et al. [45], cavitating flow both around the conventional marine propeller (CP) and a highly
skewed marine propeller (HSP) was solved using LES. In the computations, LES V&V was performed
for two propellers with a simplified three equations method. In addition to this, the cavitation-vortex
interactions were investigated using the relative vorticity transport equation. The crucial flow
structures including the tip vortex, leading edge vortex, trailing vortex and internal jet were

successfully simulated with the LES simulations.
3 THEORETICAL BACKGROUND
3.1 Hydrodynamic Model

The hydrodynamic simulations are performed by using the commercial computational fluid dynamics
(CFD) solver; Star CCM+ [46] under non-cavitating and cavitating conditions using the unsteady RANS

solver. The CFD method is based on the discretisation of the Navier-Stokes equations.

Cavitation is a phase change, and it occurs when the static pressure at a particular location within the
liquid falls below the saturation vapour pressure in the forms of cavitation bubbles which consist of
cavitation nuclei filled with either vapour, gas or a combination of them. The adopted solver (i.e. Star
CCM+) uses the homogeneous seed-based approach for cavitation and gas dissolution models.
Moreover, it is assumed that seeds are spherical and uniformly distributed in the liquid, and all seeds

initially have the same radius [46].

The unsteady RANS equations are solved for a homogeneous mixture with a phase change (i.e. liquid

and vapour) to impose the cavitation. The physical properties of the mixture can be written as follows;

Pmix = XPvapour T (1- a)pliquid (1)
Hmix = Clypapour T (1- a).uliquid (2)
Umix = AQUpgpour T (1- a)uliquid (3)

where, p is the density, u is the dynamic viscosity, a is the gas volume fraction, and u is the velocity.

The final form of the continuity and momentum equations under incompressible assumption can be



rewritten by introducing the volume fraction and additional source term on the right-hand side of the

equations to explain the evaporation and condensation process as shown in following equations,

V. (Umix) = < ! - ! >m “

pliquid pvapour
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Here, T, is the Reynolds Stress Tensor and it is calculated using the turbulence closure equations, F
is the additional momentum sources, and m is the mass flow rate per unit volume. In the solver, the
Schnerr Sauer Cavitation Model, which is based on the reduced Rayleigh Plesset equation, is used with
VOF (Volume of Fluid) approach to model the sheet and tip vortex cavitation. The cavitation model
neglects the influence of the bubble growth & collapse rates, viscous and surface tension effects [46].
In the solver, the cavities are identified using the vapour fraction (i.e. both liquid and water phases)
and governed by same equations of motions. Using the n, (number of seeds per unit volume of liquid)
and R (local bubble radius), the mass transfer rate per unit volume m, to solve Equation 4 and 5, is

obtained as follows:

2
= Pliquid Pvapor (1 _ 0() E 3 (p o lelPOT) (6)
R Pliquid

3.2 Hydroacoustic Model

The potential or viscous based solvers are firstly applied for the determination of the hydrodynamic
flow field around the propellers. Due to the higher computational cost of the Direct Numerical
Simulations (DNS) and their inherent incapabilities for the sound propagation under the
incompressibility assumption, the hybrid approach (i.e. hydrodynamic solver + acoustic analogy) are
commonly employed for the prediction of the URN. In this approach, the source field is firstly
identified using the incompressible solver. Later, the acoustic analogy is adopted for the noise
propagation to the desired locations in the far-field. The most commonly used acoustic analogy is the
Ffowcs Williams-Hawkings (FW-H) equation [47] which is the extended formulation of Lighthill’s
equation [48]. It is to be noted that the FW-H equation was initially developed for aeroacoustic
calculations [49]. However, it has started to be used in maritime applications by taking the
contribution of non-linear noise terms into account.

FW-H equation is the rearranged form of the continuity and momentum equations into wave
equations [47]. The different noise generation mechanisms are identified in the right-hand side of the

equation using three various noise sources such as monopole (which is also called thickness), dipole



(loading term), and quadrupole (non-linear) terms. The contribution of the monopole and dipole noise
terms are evaluated by solving the surface integrals on the noise source. However, the quadrupole
noise term needs volume integral solution. In the aero-acoustics field, the quadrupole noise term
becomes important, especially at high supersonic or transonic regimes. Outside this specific domain,
the flow field is generally dominated by linear noise terms (monopole and dipole) in most aeronautical
problems which enables the evaluation of radiated noise by taking only two linear terms into account.
Thus, this form of the FW-H equation is also known as Farassat 1A solution [50]. However, due to the
contribution of vorticity and turbulence (i.e. non-linear noise terms) on underwater pressure fields,
especially in the far-field, the quadrupole noise sources need to be included in the calculations [51],
[52]. Thus, instead of solving the integral volume terms which are computationally expensive and
more sensitive to the accuracy of the input data, the porous or permeable formulation of FW-H
equation (P-FWH) becomes attractive since it includes all relevant non-linear noise sources induced in
the propeller’s slipstream [51]. The P-FWH equation was first implemented by Williams and Hawkings
[47] and proposed as a possible solution of the FW-H equation by Di Francescantonio [53].

In the P-FWH approach, which was implemented in this study, two new variables are introduced as
modified velocity (U) and modified stress tensor (L) as given in Equation 7 and 8. It should be noted
that the monopole and dipole noise terms of Farassat 1A [50] lose their original physical meaning.
Thus, they become ‘pseudo monopole’ and ‘pseudo-dipole’ terms, and also include the contribution

of the quadrupole (non-linear) term.

p 7
Uy = u + (&= D (= ) 7
Po
Li = Pljﬁj + pPU; (un - Un) (8)

Where u; and v; are the fluid and surface velocity components, respectively. P;; represents the
compressive stress tensor (4P;; = P;; — pod;;), n indicates the projection along the outward normal
to the surface, and 71 is the unit vectors in the normal direction. For stationary integration domain and

incompressibility assumption, the porous FW-H formulation can be written as [53];

U L L
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where, 7 is the distance between the noise source and the receiver, ¢ is the speed of sound, p is the
acoustic pressure, subscripts  and n define the dot product of a quantity with a unit vector either
radiation or normal directions, respectively. The last term of Equation 9 represents the non-linear

contribution of the noise sources outside of the integral surface in the fluid domain. It is considered



that the extension of the integral surface encompasses all possible relevant non-linear noise sources;

thus, the non-linear contribution outside of the porous domain can be neglected.
3.3 Roughness Model

The flow regime over a rough surface can be correlated with the interaction between the roughness
elements and the boundary layer regions. If the roughness elements are small and hence, the linear
sublayer contains these roughness elements, the flow regime is considered hydraulically smooth. In
this case, fluid viscosity damps out the perturbations generated by the roughness elements, and hence
there is no additional form drag due to roughness elements. If some part of roughness elements
penetrates beyond the linear sublayer, they cause form drag and eddy shedding. The flow regime is
called ‘intermediate or transitional regime’ where turbulent eddies generated by roughness elements,
form drag on the elements and viscous drag affect the overall skin friction. If most of the roughness
elements penetrate beyond the linear sublayer, the viscous sublayer vanishes, and form drag on the
roughness elements becomes the dominant parameter on the momentum deficit. The flow regime is
called fully rough in which skin friction becomes independent of Reynolds number, and viscous effects
are no longer important [54], [55]. As shown in Figure 2, the given roughness conditions are assumed
to imply that the flow is in the fully rough regime. Therefore, the velocity distribution in the log-law
region can be described by Equation 10.
Ut =%ln(y+)+B—AU+ (10)
where, k is the von Karman constant, y+ is the non-dimensional normal distance from the boundary,
B is the smooth log law intercept. Roughness causes a downward shift in the velocity profile, which is
commonly shown as AU*, as shown in [56]. The roughness function can be written as a function of
the roughness Reynolds number as given in Equation 11.

_kU: (11)
a v

k+

where U, is the friction velocity, k is the roughness length, and v is the kinematic viscosity. It is
important to note that roughness function vanishes for the smooth case (AU* = 0), whereas it is
determined experimentally for the rough cases. In this regard, Uzun et al. [25] conducted an extensive
series of towing tank tests of flat plates which are covered by 3D printed barnacle tiles in varying sizes,
coverages and settlement patterns. Test configurations include three different barnacle sizes,
percentages of coverage area ranging from 10% to 50% and two different settlement patterns.

First, AU*, and corresponding k* values, provided in Uzun et al. [25], were utilised in the wall function

of the CFD software. After that, CFD simulations were performed based on the modified wall function



of CFD model to predict the effect of roughness on the propeller blades. It is important to note that
the roughness is homogenously distributed along with the propeller blades.

Table 1 tabulates the roughness length scales of the rough surfaces and Figure 2 illustrates the
roughness functions along with the proposed roughness functions of Grigson [57], loselevich and
Pilipenko [58] and Demirel et al. [6]. As seen in Figure 2, the roughness functions show excellent
agreement with the Colebrook type roughness function of Grigson [57]. Further details on the

roughness functions and the experiment can be found in Uzun et al. [25].
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Figure 2. Roughness functions for various test surfaces, adapted from Uzun et al. [25]



Table 1. Roughness length scales of test surfaces, adapted from Uzun et al. [25]

Surface Barnacle Representative
Test Surfaces Height h roughness height
Coverage (%)
(mm) kg (um)
Mix 10 5,2.5,1.25 94
NS Mix 10 5,2.5,1.25 136
Mix 20 5,2.5,1.25 337
NS Mix 20 5,2.5,1.25 408

It should be noted that resolving the flow around the roughness parameters, in which roughness
elements need to be modelled physically in the computational domain, gives a more realistic solution,
but it requires high computational power. The alternative approach is to model the flow around the
roughness elements, which requires comparatively lower computational power. Although this
approach simplifies the geometry of roughness elements and the physic of the flow is not precisely

modelled, it is more effective in terms of applicability and computational source [35].
4 NUMERICAL MODEL
4.1 Geometry and Test Cases

The benchmark INSEAN E779A propeller geometry [59] was selected for the investigation of roughness
on propeller hydrodynamic characteristics, cavitation, and hydroacoustic performance. The main
particulars and general view of the four-bladed marine propeller can be seen in Table 2 and Figure 3,
respectively.

Table 2. The main particulars of the propeller.

Number of Blades Z 4
Diameter (m) D 0.227
Pitch Ratio (P/D) 1.1
Expanded Area Ratio (Ag/Ay) 0.69

Figure 3. Back and side views of the INSEAN E779A propeller



Table 3 tabulates the selected tests cases for the investigation of the roughness on the open-water
(OW) hydrodynamic performance, cavitation and URN characteristics. In non-cavitating OW
simulations, the propeller rotational rate (n) was kept constant around 12rps in correspondence to
the experiment and inflow velocity (V) was set according to the advance ratio (/). In cavitation
simulations, the propeller rotational rate was set to 36rps as in experimental conditions, and vapour
pressure was kept constant (Py) as 2337Pa. The hydroacoustic performance of the propeller was
predicted under cavitating conditions. The four different roughness configurations (M10, M20, NSM10

and NSM20) were implemented for each case under non-cavitating and cavitating conditions as given

in Table 3.
Table 3. Description of the test matrix
Non-cavitating cases Cavitation and URN cases
Condition Ji Ji o
Smooth
Rough 0.397; 0.498; 0.596; 0.795 0.71 1.763

4.2 Computational Domain and Boundary Conditions

A cylindrical computational domain was utilised for the numerical simulations. The domain length was
set as 3D and 7D from the upstream and downstream of the propeller centre, respectively. The radial
extension was set as 8D. The computational domain was divided into three parts as a static, rotating
and noise region, as shown in Figure 4. The transition between the regions was provided by sliding
interfaces. The wall with a no-slip condition was imposed on the propeller blades and hub to satisfy
the kinematic boundary condition. The positive X direction was defined as velocity inlet, whereas the
pressure outlet was defined in the negative X direction. The remaining surfaces of the computational
domain were identified as symmetry planes. The detailed information about the boundary conditions
is given in Table 4. It is to be noted that the same computational domain was used for non-cavitating

and cavitating simulations.



Figure 4. Representation of the computational domain

Table 4. Boundary Conditions

Boundary Conditions Type
Inlet Velocity Inlet
Outlet Pressure outlet
Sides of the domain Symmetry
Propeller blades and shaft Wall

4.3 Grid Structure and Adaptive Mesh Refinement (AMR) Technique

The adaptation of the suitable grid structure can be considered as one of the challenges in most of the
CFD applications, which is closely linked to discretisation errors in the numerical solvers. Thus, it needs
to be appropriately defined to increase the accuracy of the solution. As it is known, the flow around
the propeller blades is a complex phenomenon and sensitivity of the grid structure can considerably
affect the numerical results. Due to the further complexity of the cavitation phenomenon and its
dynamics, the interaction between the turbulent and cavitating flow becomes even more complicated
compared to the interaction with non-cavitating flow. Thus, once the grid is sufficiently enough on the
propeller blades, it can be considered that the grid structure for the prediction of global performance
characteristics (i.e. thrust and torque) is less sensitive than the cavitation and URN simulations [60].
Besides, one of the challenges of these simulations is to model the tip vortex cavitation (TVC) (i.e.
prediction of minimum pressure in the vortex cores), which is directly related to the numerical

method, grid size & grid properties in the vortex core regions and boundary layer resolution. Thus, in



this study, two different mesh algorithms were used for the non-cavitating and cavitating flows and
associated URN simulations.

It is a well-known fact that the use of fine grid application in the entire propeller slipstream region
increases the total cell number and computational time. This enforces the simulations become
unfeasible for most of the practical applications. In order to bring a practical solution to this problem,
recently, various special meshing techniques, such as Adaptive Mesh Refinement (AMR), are locally
employed in the propeller’s slipstream to resolve the TVC better as reviewed in the following.

The AMR mesh technique is a dynamic method that refines or coarsens cells in the specified regions
of the computational domain based on the adaptive mesh criteria. In this technique, the solution
guantities are automatically interpolated to the new adapted mesh. The application of the AMR
technique is not easy because of the difficulties in the determination of refinement criterion, which
can be generally selected as either pressure or vorticity. As a pilot study, the first application of the
AMR technique was conducted using the pressure as the refinement criterion in our test cases.
However, as the pressure field looks similar to Gaussian function in the transversal direction of the tip
vortex, which is clearly stated in the study of Yvin and Muller [61], it is hard to determine whether the
minimum pressure is always located in the center of the tip vortex or not. As stated in the study of
Yvin and Muller [61], a refinement criterion should not be based on the pressure itself, and hence
other criteria, e.g. vorticity-based (Q-Criterion), can be useful. Besides, the total element count can be
lower using the vorticity-based refinement criterion when compared to the pressure-based.
Therefore, the vorticity was selected as a refinement criterion in this study to observe the TVC.
Additionally, by considering the cell size (or bubble radius) in the tip vortex region, it is vital to define
the bubble radius sufficiently for the observation of TVC. Within this framework, Asnaghi [62] and
Asnaghi et al. [63] conducted a comprehensive numerical study for accurate solution of tip vortex for
foil section using different cell numbers in the vortex cores. Also, the series of cavitation tests using
different model scale propellers were conducted by Kuiper [64] for the investigation of the bubble,
sheet and tip vortex cavitations. Kuiper [64] investigated the relationship between cavitation index
(o) and core radius (a.). According to experimental results, the core radius at the inception was
measured around 0.25mm. Therefore, by taking the crucial suggestions of the studies (e.g. [62], [63],
[64]) as well as the authors experience, the bubble radius (or mesh size) in the vortex core was kept
as 0.2mm in this study. The different forms of the AMR technique were implemented in the literature
for TVC observations in the propeller’s slipstream, either modelling only one blade (e.g. [65]) or all
blades (e.g. [66]) by using different refinement criterion.

The proposed AMR technique composed of two main steps; namely 1% and 2" AMR, to make the

simulation more computationally affordable. At the 1** step, once the flow field converges using the



initial mesh (i.e. without AMR), the cavitating tip vortex areas can be visualised using the threshold
value of vorticity-based Q-criterion. When the field of interest for the TVC was determined, the 1%
AMR was adopted using the field function refinement table in all directions (Q-; = 190.000 1/
s2 in our case). The refinement table utilises the vorticity magnitude as an AMR refinement criterion.
In this way, the desired cells were created in the specified areas where the magnitude of vorticity is
higher than the threshold value (i.e. user-specified value). At the 1% stage, the trajectory of TVC was
determined using a relatively coarse grid size in the vortex cores. After that, the 2" stage of AMR was
implemented to observe the final extension of TVC (Q¢; = 2.500.000 1/s? in our case).

From the hydroacoustic point of view, the requirements of the suitable grid structure were discussed
in the 27" ITTC discussion forms [67]. On the contrary to traditional hydrodynamic simulations, the
application of high-quality mesh was suggested for accurate prediction of the URN. Besides, the ITTC
recommended more studies to be conducted in this research field for verification and validation.

In the numerical calculations, two main criteria should be met by the adopted grid structure for
hydroacoustic simulations [46]:

. The grid should be sufficient to resolve or model the sound generating turbulence scales as
well as cavitation dynamics.

. It should be able to resolve the propagation of acoustic waves towards the locations of the
desired distance in the far-field.

Furthermore, the numerical hydroacoustic solvers suffer from numerical noise which is mainly
attributed to sliding interfaces or mesh transitions in the noise region. Thus, any mesh change inside
the noise region was prevented to avoid the numerical noise or spurious noise as much as possible
during the simulation [46]. The unstructured grid was used to discretise the computational domain by
using trimmer mesh approach. An automated mesh, which is coupled with the AMR technique, was
adopted to consider both hydrodynamic and hydroacoustic perspective. Figure 5 shows the grid
structure implemented at the 1%t and 2" stages of AMR in addition to the general view of the grid

structure around the propeller blades.
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Figure 5. Visualisation of 1°t and 2" AMR regions and general mesh view



Table 5 indicates the total element counts with and without AMR for cavitation and noise simulations.
As it can be seen clearly, in the presence of AMR, the total element count increased around 5M by
modelling all propeller blades. If the 2" stage of AMR were directly implemented for the simulation
with smaller grid sizes, the total element count would be around 36M, which would not be practical
for CFD applications in engineering.

Table 5. Calculated cell properties and total element count
Surface size in the Refinement Number of Cells

vortex core (mm) Factor (Million)
Without AMR 0.007D - 12.188.667
1 AMR 0.00175D Cell Size/4 16.001.134
2" AMR 0.000875D Cell Size/8 16.942.008

It should be noted that the threshold value of the vorticity-based Q criterion depends on the operating
condition of the propeller, and it needs to be set for each condition before creating cells using the
refinement table. Additionally, the procedure for the observation of TVC can be repeated 3 or 4 times.
However, from our experience and some internal test studies, implementing the above procedure
more than two times does not give any benefit in terms of the extension of TVC in model scale. In
contrast, the total element count increases as the new specified vorticity region (i.e. tip vortex region)
extends beyond the region which is created in the 2" stage of the AMR. Therefore, it is suggested to

apply the procedure two times.
4.4 Solution Algorithm

In the numerical calculations, the RANS method with k-w SST turbulence model was used for both
hydrodynamic and hydroacoustic simulations using all y* wall treatment methodology. The second-
order scheme was used for the convection term and temporal discretisation. The segregated flow
model was used with SIMPLE type algorithm between continuity and momentum equations.

Two different models were used for modelling the propeller rotational motion, namely Moving
Reference Frame (MRF) and Rigid Body Motion (RBM or sliding interface). In the MRF approach, the
governing equations are written in the rotating coordinate system of the propeller. It uses absolute
velocities for the numerical solution. On the other hand, RBM refers to rotation of the computational
domain with the same propeller rotational rate; thus, the governing equations are integrated in real
times [68]. The MRF approach is generally preferred for the investigation of non-cavitating
hydrodynamic performance of the propellers. In contrast, RBM is used to obtain the unsteady features
of the flow field, cavitation, and hydroacoustic simulations. In this study, MRF and RBM were utilised

for hydrodynamic and hydroacoustic simulations, respectively.



The non-cavitating hydrodynamic simulations were conducted in a steady manner to obtain the global
performance characteristics (i.e. thrust, torque and efficiency). In contrast, unsteady simulations were
performed for the investigation of cavitation and hydroacoustic performance using 1 degree of
propeller rotational rate (i.e. around 7.7*107). The simulations were performed using 40-cores of the
super computer system (ARCHIE-WeSt). The total solver elapsed time and CPU time is 57.77 hours and
2253.42 hours, respectively for each cavitating and noise simulations.

In order to include the effects of roughness on the numerical calculations, the selected y* value needs
to be higher than 30 and higher than k* values recommended by Star CCM+ [46]. In other words, the
distance of the first grid node to the wall must exceed the roughness height; otherwise, the roughness
effect cannot be imposed on the numerical calculations.

The Schnerr-Sauer cavitation model was employed with the VOF approach to model the phase change
in the cavitation simulations. The customisable cavitation parameters such as seed diameter and
density are available in the facilities of Star CCM+ [46]. The number of nuclei might be significant for
cavitation dynamics, and it is desired to have as same as with the experiment. However, it may not be
possible to obtain properly from the experimental studies. Therefore, different commercial CFD
solvers have their default values. The effects of the number of seed diameter and density were
investigated comprehensively using Star CCM+ by Gaggero et al. [69] who found some minor
difference in the TVC formation, but the consistency of the default values was presented. Thus, in this
study, the default values provided by the commercial solver were selected as 10™° and 102 for seed

diameter and density, respectively. The flow chart in Figure 6 summarises the numerical steps, which

was applied in this study.

v v
Non-cavitating Condition Cavitating Condition
Solution of the flow around the Initialization of the simulation with
propeller with MRF approach in MRF approach in steady manner.
steady manner. ‘
l Convergence of flow field with RBM
- h;
Derivation of global performance fppmac
e Unsteady
characteristics. D ° ;
Timestep: 1° of propeller rotation

*Inner iteration:8

!

Once the flow field converges, the
implementation of 1% and 2™ AMR
consecutively.

Activation of P-FWH equation.

Derivation of acoustic pressures and
global performance characteristics.

Figure 6. Flow chart for the numerical calculations



5 NUMERICAL RESULTS
5.1 Uncertainty Study

The GCI (Grid Convergence Index) technique, which is suggested for the CFD validation studies in ITTC
procedure [70], was employed to determine the uncertainty level of the numerical solution and
sufficient grid spacing for the simulations. The GCI method based on Richardson extrapolation [71]
was first proposed by Roache [72] and has been implemented in several studies in the literature.

In this method, the refinement factor (r7) was selected as 21/2 which is generally employed in CFD
applications. Three different solutions are desired to make an assessment of the uncertainty of the
solution due to the spatial discretisation [72]. Therefore, three solutions were used for both
hydrodynamic and cavitation + hydroacoustic simulations. The difference between solutions scalars

(&) can be computed as in following;

€21 = P2 = P1, E32 = P3— P2 (12)
Here, ¢4, ¢, @5 indicate the fine, medium, and coarse mesh grid solution, respectively. In this study,
the solution scalars were selected as the thrust and torque coefficients. The convergence condition
(R) of the numerical solution can be checked using the following formulation and assessed for the
range of R values for the determination of the solution type [73];

p =2t (13)
€32

e Oscillatory convergence: -1<R <0
e monotonic convergence:0<R <1
e oscillatory divergence: R < -1

e monotonic divergence: R > 1

The extrapolated value can be calculated using the following equation;

§0ext21 = (Tfpofpl - (Pz)/(rfpo -1) (14)

The approximate and extrapolated relative errors are also calculated as in following;

P1— P2

?1

21 — Igoextlz - (pl | (15)
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Finally, the uncertainty level of the numerical solution can be calculated by;

1.25¢,21 (16)

GCl,.. 2t=_—""a
flne Tf21po _ 1

where po is the apparent order of the method. The detailed procedure of the applied method can be

found in the study of Celik et al. [74].

Table 6 shows the total element counts and solution scalars for the uncertainty study of non-cavitating
hydrodynamic simulations. Here, N;, N, and N refer to element counts of fine, medium and coarse
meshes, respectively. As a result of the uncertainty study, fine mesh was selected for the rest of the

analysis under non-cavitating conditions both in smooth and rough cases.

Table 6. Spatial converge study for non-cavitating hydrodynamic simulations at ]=0.397

Kr 10K,
N, 6.725.353
N, 2.962.544
Ns 1.121.426
1 0.380 0.646
® 0.376 0.645
®3 0.369 0.637
Ta1 1.314
Tf3z 1.382
€21 -0.004 -0.001
€32 -0.007 -0.008
po 1.613 7.518
q -0.196 -0.196
S 1 1
eyt 0.010 0.0015
Coxt’" 0.019 0.0002
Qoxt’t 0.387 0.646
R 0.517 0.125

GClpng (%) 2376 0.028

Table 7 tabulates the total element counts and solutions of different grids for the uncertainty study of
cavitation and hydroacoustic simulations. It should be noted that the uncertainty study of cavitating
and hydroacoustic simulations was conducted using initial mesh (i.e. without AMR) to decrease the
computational cost. This is because the TVC does not affect the propeller global performance
characteristics in the numerical calculations as in experiments. Similarly, a lack of effect of TVC on
thrust and torque coefficients was found in the studies of Krasilnikov [75] and Gaggero et al. [69].
Consequently, the fine grid structure was selected only for cavitation and hydroacoustic simulations

both in smooth and rough conditions.



Table 7. Spatial Converge study for cavitating and hydroacoustic simulations

Kr 10K,
A 12.188.667
N, 4.641.416
Ny 1.842.196
@1 0.2380  0.4340
@, 0.2384  0.4353
@3 0.2389  0.4616
Tt21 1.379
Tt32 1.360
€21 0.0004  0.0012
€32 0.0005  0.0263
po 0.817 9.600
q 0.051 0.051
S 1 1
eq?! 0.0017 0.0028
Coxt’" 0.0056  0.0001
Ooxt’t 0.237 0.434
R 0.80 0.05

GClpng (%) 0.698 0.016

5.2 Hydrodynamic Results
5.2.1 Non-cavitating Condition
5.2.1.1 Smooth Case

Figure 7 shows the validation of numerical open water test results with the experimental data for
several advance coefficients in smooth condition. In this figure the propeller advance coefficient (J),
thrust coefficient (Kr), torque coefficient (Kj) and open water efficiency (1) are defined as;

Va T Q ] Kr (17)

=— Kr=— K, =———, = ——
J nD T pn2D4’ " T pn2pSs o 2m K

where V, is propeller advance speed (this is ground speed or incoming flow at infinity upstream)
(m/s), nis the propeller rotational rate (rps), T is thrust (N), Q is propeller torque (Nm), p is the density

of water (kg/m3). The Reynolds number of the propeller at 0.7R section is defined as;

) - (18)
Co.7R VA + (O7T[nD)

Re =
Y

Here, ¢y is the chord length at 0.7R (m) and Vv is the kinematic viscosity of water (m?/s). In the

numerical calculations, Reynolds numbers (Re, 7z) ranged from 2.5x10°— 3.5x10°.



Figure 7 suggests that there is a satisfactory agreement between numerical and experimental results
in spite of the underestimation of K; and hence ngyvalues at higher J. The absolute differences

between CFD and experiment are also given in Table 8.
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Figure 7. Validation of global performance characteristics in smooth condition

Table 8. The absolute differences between CFD and experiment for thrust, torque and efficiency
values.

/ Kr (%) 10K, (%) 10 (%)
0.397 1.809 0.724 2.514
0.498 1.722 0.025 1.697
0.596 1.670 0.073 1.598
0.695 2.388 0.429 1.967
0.795 3.885 0.860 3.051
0.895 5.920 0.913 5.053
0.995 5.980 2.232 3.833

5.2.1.2 Rough Case

Figure 8 and 9 show the change in the propeller global performance characteristics under different
roughness conditions, which are given in Table 1. In the figures, zero roughness height indicates a
hydraulically smooth condition. As it is expected, the presence of the roughness, depending on its
height, will influence the boundary layer and hence will have significant impact on the hydrodynamic
characteristics of propeller blade sections, including the drag and lift. Propeller roughness leads to an
increase in the drag coefficient of the blades sections while reducing the lift coefficient. The reason
behind the decreasing of the lift is the reduction in the circulation distribution around propeller blades
due to roughness which consequently results in a reduction of thrust coefficient, as shown in Figure

8. The decrease in the K values were predicted between around 5% and 18% at different advance



coefficients due to the roughness. It is to be noted that the percentage decrease in the thrust
coefficient remained almost similar (i.e. between 5% and 11%) at first three advance coefficients. In
contrast, the maximum decrease was observed at the highest advance ratio due to the relatively

smaller K value in smooth condition.

1 —
i N=0.397
i J=0.498
B o J=0.506
0.95 4=0:795
z I
3
2 09
= i
3 |
e,
4 |
o L
2
2085
¥ [
0.8
0.755 100 200 300
Roughness Height (..

Figure 8. Change in K values with different roughness conditions

Figure 9 indicates the change of the torque coefficient with different roughness heights. It should be
borne in mind that the prediction of the torque strongly depends on the accurate estimation of the
viscous forces in the boundary layer [76]. Since the roughness directly contributes to the shear and
viscous forces in the linear sublayer, it causes an increase in torque. Additionally, the increase of the
drag in the propeller section increases the torque, whereas it reduces the thrust. The increase in the
K, values were predicted between around 4% and 18% at different advance coefficients with an
increase in roughness height. Similarly, the increase of torque changes approximately from 4% to 12%
at / =0.397, 0.498, and 0.596 with different roughness heights, while the maximum increase was

computed at / =0.795 and more severe roughness condition (i.e. around 18%).
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Figure 9. Change in 10K, values with different roughness conditions

Without a doubt, an increase in torque and a decrease in thrust values cause a detrimental impact on
propeller efficiency. The loss of propeller efficiency due to roughness can be seen in Figure 10 for
different advance ratios and rough conditions. Depending on the roughness severity, the roughness
increases the efficiency loss due to the increased viscous friction effect. Therefore, it is crucial to keep

the propeller blades as smooth as possible from the efficiency point of view [77], [78].
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Figure 10. Efficiency loss due to roughness at different advance coefficients



The scaling laws of the roughness strongly depend on the wall shear stress velocities at the propeller
blade tips. The differences in wall shear stress velocities between the model scale and full scale cause
significantly extended roughness height in model scale [32]. In order to replicate the same roughness
impact on the model scale, the roughness height must be nearly the same order with the full-scale
propeller. Since the geometric and hydrodynamic roughness similarity cannot be achieved together
between the model and full-scale propeller, as stated in the study of Kruger et al. [32], the full-scale
propeller efficiency is expected to be less influenced by the viscous effects than for the model scale
propeller.

The significant loss can also be expected in propulsive efficiency due to the decrease in propeller
efficiency in the presence of roughness. Therefore, the required precautions should be regularly taken
by ship operators for the propellers. However, it may not be suitable because of the dry dock times,
places, and the cost [27]. Instead of cleaning or polishing the propeller, the propeller coating
applications can be favourable to minimise or completely prevent the efficiency loss. Since coating
can control the fouling growth, it provides a smooth surface condition [28].

Figure 11 shows the non-dimensional pressure contours at different sections of the propeller at
J =0.397. The great majority of the thrust is commonly generated between the non-dimensional radius
of r/R=0.3 and r/R=0.8 for fixed pitch propellers. Thus, it is appropriate to investigate the impact of
the roughness on the pressure distribution of these sections. As the surface roughness accelerates the
transition of the laminar boundary layer into the turbulent flow, it results in more frictional losses [33].
The transition of the boundary layer also changes the pressure distributions at all propeller blade
sections, which causes a decrease in thrust. As it can be seen in Figure 11, the roughness influences
the pressure distributions both at the back (suction) and face (pressure) sides until r/R=0.7 which
results in the change of the lift and hence thrust generated by the propeller blades. The effects on the
pressure distribution are more prominent towards the trailing edge (TE) of the sections starting
somewhere from the 1 quarter of the chord for both the suction and pressure sides. This can be
attributed to the increasing boundary layer thickness activity toward the tail ends depending upon the
shape and location of the maximum thickness of the sections. These latter parameters also reflect on

the pressure coefficients of the outer blade sections (i.e. r/R=0.7 - 0.8).
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Figure 11. Pressure distributions at different sections at J=0.397




5.2.2 Cavitating condition
5.2.2.1 Smooth Case

In modelling propeller cavitation, types of cavitation (i.e. TVC, sheet, bubble) and their inceptions are
critical, and the boundary layer development plays an essential role in predicting and analysing these
characteristics, especially for particular types, e.g. TVC. The change of the near-wall grid properties
(i.e. boundary layer) influences both propeller performance characteristics (i.e. thrust and torque) and
development of cavity bubbles. The prediction of TVC depends on the accurate solution of the flow

field inside the vortex core by reducing the numerical diffusion. [69].

As explained in Section 4.3, by implementing the AMR technique locally with a proper resolution of
boundary layer properties, the helical structure of the cavitating tip vortex becomes visible at the
propeller blade tips. Then, the roll-up phenomenon, which may occur due to the trailing vortex sheet
as well as the interaction between the sheet and tip vortex cavitation, can be predicted. During this
process, it should be noted that the initial tip vortex evolution and roll-up phenomenon are very

sensitive to the boundary layer resolution, especially for the RANS based solvers [79], [80], [81], [69].

Bearing in mind the above background information, for the cavitating propeller in smooth condition,
the first grid point was shifted to the viscous sublayer (i.e. around y*=1) by increasing the number of
prism layers for better modelling of the boundary layer (i.e. resolving the boundary layer without wall
function). The remaining properties of the grid were kept constant, including the AMR procedure. In
this way, the capabilities of the proposed AMR technique can be proven with the experimental

observation.

In Figure 12, the results of the simulations for the cavitation patterns of the INSEAN benchmark
propeller is shown in comparison with the experimentally observed cavitation patterns for the smooth
condition. The comparison suggests that the sheet cavitation was slightly over predicted, while the
prediction of the hub vortex cavitation was quite good, including the simulation of the roll-up
phenomenon as observed in the experiments. It can be seen in Figure 12 that the accurate prediction
of the roll-up phenomenon enables the extension of TVC further downstream. It should also be noted
that the more stretched TVC extension can be simulated using more advanced numerical models (e.g.
DES or LES). Since the standard RANS models produce a higher amount of turbulent viscosity in the
vortex cores, this consequently causes failure to stretch the extension of TVC when compared to
advanced numerical models [82]. Nevertheless, the standard RANS models can be considered as a
reliable, practical, and more computationally affordable approach for the prediction of TVC with

adequate grid and boundary layer properties, particularly in the design stage [69].
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Figure 12. Comparison of cavity shape with the experimental observation (a =0.1, [=0.71, 6=1.76)

5.2.2.2 Rough Case

The strength and fluid properties of vortex core (such as velocity and pressure) are determined by
close interaction of boundary layers on the suction and pressure sides of the propeller in addition to
trailing vortices [33]. As stated above, the evolution of tip vortex formation strongly depends on the
boundary layer development on the propeller blades [80], [79], [81], [69]. Thus, the flow around the
smooth propeller was resolved again using the determined near wall-properties (i.e. y*>k™) to make
a fair comparison between smooth and rough cases. For this reason, the number of prism layer was
decreased, and the average y* value was tuned from y*=1 to around y =280 to satisfy the criteria
of wall function model (i.e. y*>k*) in smooth condition by taking the biggest roughness height into
account. The reason behind this was to show the effects of roughness on the cavitation phenomenon,
especially for TVC, since the boundary layer modelling is considerably important for the initial
formation of TVC and its extension. It must be born in mind that the y*=280 was used in the smooth
condition for uncertainty study for cavitation and noise simulations in Section 5.1. Hereafter, the
simulations were conducted by using the near-wall properties (i.e. y*=280) for cavitation and
hydroacoustic part unless it is specified.

Table 9 shows the validation of the performance characteristics of the benchmark propeller under the
cavitating conditions in comparison with the experimental data in smooth condition. The influence of
the roughness on the propeller hydrodynamic performance is also given in the same table. As shown
in Table 9, the difference between the CFD and experimental was found around 5% for thrust and
torque coefficients.

As far as the effect of the roughness is concerned, similar to the non-cavitating case, the roughness
has a degradation impact on the propeller performance as such the thrust coefficient reduces with

increasing roughness while the torque coefficient increases.



Table 9. Validation and influence of roughness on the propeller of propeller performance
characteristics (J]=0.71, 0=1.763)
Roughness Type Kr 10K, Mo
Experiment (Smooth) 0.255 0460 0.626
SMOOTH (y* = 1) 0.242 0.438 0.624
SMOOTH (y*=280) 0.238 0.434 0.619

M10 0.214 0.467 0.517
NSM10 0.210 0.474  0.502
M20 0.202 0.491 0.464
NSM20 0.201 0.497 0.458

Figure 13 shows the cavitation patterns, both in the smooth and rough conditions. As stated in the
previous chapter, the change of cavitation pattern in the smooth case (top sub-figure of Figure 14) in
comparison to Figure 12 can be considered due to the different boundary layer resolution. The
cavitating volume decreases since the tip vortex, and sheet cavitation become thinner for the rough
propellers in comparison to the smooth propeller. Since the roughness stimulates the transition of the
boundary layer from laminar to turbulent and changes the near-wall flow structures, it leads to the
deterioration of the tip vortex strength. The turbulence triggered by the roughness can destabilise the
tip vortex formation and causes its breakdown, which consequently results in a decrease of TVC in
comparison to a smooth condition. Having said that the roughness on the propeller blades also causes
a slight decrease of the sheet and hub vortex cavitation. As can be clearly seen in Figure 13, with the
increase of the roughness heights, the cavitation volume reduces mainly due to the reduction of the

TVCin Figure 13.
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Figure 14 shows the change of vorticity and velocity distribution in the propeller’s slipstream both in
the smooth and rough conditions. The roughness has considerable influence on the vortex strength
and velocity field. Due to the additional viscous stresses between the roughened tip surface and tip
vortex, the circumferential momentum of the vortex structure is converted to turbulence kinetic
energy. Hence, turbulence kinetic energy and dissipation rate considerably increases due to the
roughness [32]. Consequently, the significant amount of vorticity in the propeller’'s slipstream
disappear with an increase of the roughness height. Besides, due to the considerable momentum loss

stem from the roughness, the pressure inside the vortex core increases.
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Figure 14. The change of vorticity and velocity fields with different roughness conditions at |=0.71
and 6=1.763 (Q, = 4000 1/s2)



5.3 Hydroacoustic Results
5.3.1 Cavitating Condition
5.3.1.1 Smooth Case

Following the hydrodynamic simulations, the next is the simulation of the hydroacoustic performance
of the benchmark propeller both in the smooth and rough conditions. For this purpose, as described
earlier in Section 3.2, a hybrid approach, where the P-FWH equation, which is a state-of-the-art
hydroacoustic analogy tool coupled with the CFD-based hydrodynamic solver, is used. The equation
has its origin in the aeronautical field, but its use has been recently spread in the maritime community
for the marine applications (e.g. [83], [52], [84], [85]).

As explained in Section 3.2, the porous formulation of FW-H equation, which is a relatively new
formulation, is utilised to predict the propeller URN. In this approach, the integral domain is placed
around the propeller region, which encompasses relevant non-linear noise sources which are mainly
represented by vorticity and turbulence-induced in propeller’s slipstream. In this way, the non-linear
effects can be included in the calculations since their contribution can be significant in the presence
of cavitation, especially for the far-field noise estimations.

In the hydroacoustic simulations, the acoustic pressures are computed in the time-domain on the
selected noise surface and transferred to the frequency domain by using the Fast Fourier Transform
for each receiver. Then, the Sound Pressure Level (SPL) can be calculated using the following equation.

p (19)

SPL = 20log (—)
pref

Here, p is the acoustic pressure; Pa, p;. is the reference pressure (1u) for water; Pa.

Figure 15 shows the integral noise surface around the benchmark propeller, which is extended to
around 3D downstream along the propeller slipstream to cover the relevant noise sources as much as
possible. This surface should be located inside the fine grid region to calculate direct hydroacoustic
pressure fluctuations from the noise sources such as vortices and cavitation bubbles to avoid any risk
of information loss [84]. Otherwise, i.e., if the noise surface is located far away from the propeller,
where the vorticity field may still exist, and in relatively coarse grid region, the prediction of the URN
results would be unreliable. This inaccuracy is due to the numerical noises which are attributed to the
sliding interfaces and numerical dissipation related to the grid resolution. Nevertheless, there is no
practical guideline for the integral surface location and dimensions in the maritime field and still open

to discussion in the literature [52], [83].
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Figure 15. The representation of integral surface for URN predictions (Q. = 4000 1/s?)

The hybrid approach used for the hydroacoustic prediction of the benchmark propeller can be
considered as the post-processing of the hydrodynamic solution using the acoustic analogy, which
provides the evaluation of the URN in the far-field. Since there is no available experimental noise data
for the selected benchmark propeller, the consistency of the numerical solution can be proved by a
comparison of the hydrodynamic pressures obtained directly solving the Navier-Stokes equations and
the hydroacoustic pressures provided by acoustic analogy in the near field. Thus, the reliability of the
numerical solution gives confidence for the accurate evaluation of the URN in the far-field.

In order to conduct the above-mentioned comparison, Figure 16 and Table 10 are shown the
representation and location of the receivers in the near field, respectively. Receiver 2 (R2) is located
at the propeller plane, whereas receiver 1 (R1) and receiver 3 (R3) are located both upstream and

downstream, respectively.

<

Figure 16. Representation of near-field receivers (Figure is not scaled)



Table 10. Location of the near- field receivers

Receiver X (m) Y (m) Z (m)
1 0.06 0 0.1704
2 0 0 0.1704
3 -0.04 0 0.1704

The verification of the near-field pressures is shown in Figure 17 by the comparison of the predicted
pressures both by the hydrodynamic solver, and the hydroacoustic analogy. Since the receivers are
located in the vicinity of the propeller, the overall shape of the signal is smooth and purely
characterised by the Blade Passage Frequency (BPF) (i.e. four peaks associated with the four blades).
Besides, the contribution of the monopole and dipole (linear) noise terms of the FW-H equation is
higher than the quadrupole (i.e. non-linear) noise term for the near-field receivers. The agreement
between the hydrodynamic (RANS based) pressures, and the porous FW-H based pressures is quite
good at three different locations. As expected at R2, which is located at the propeller plane, the
pressure fluctuations are higher than the remaining receiver locations since the blade harmonics are
more dominant. In this receiver location, the hydrodynamic (RANS based) pressure might be used to
evaluate the hydroacoustic performance of the propeller at this operating condition. However, as one
moves far away from the propeller, the hydrodynamic pressures tend to suffer from numerical
dissipation. Hence, the acoustic analogy by the FW-H equation is needed to yield better noise

estimation in the far-field.
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Figure 17. Verification of hydrodynamic and hydroacoustic pressures in the near field

5.3.1.2 Rough case

Having conducted the simulations for the smooth case in cavitating condition, this Section presents
the simulations for the rough propeller case in cavitating condition.

As it was studied in Section 5.2.2, the hydrodynamic simulations with the rough propeller under the
cavitating conditions displayed a significant change in the cavitation volume and maximum change
was observed with the NSM20 roughness type, which also has the maximum roughness height.
Therefore, the CFD simulations are conducted for the NSM20 roughness type, and its effects on the
propeller URN are explored both in the near and far-fields.

As it is well-known, the frequency range of the noise source contributions into the URN spectrum of a
marine propeller can be broadly investigated at two levels: low frequency and high-frequency (or
broadband) levels. In the low-frequency level of the noise spectrum, the major contributions are from
the monopole and dipole sources, which are associated with the thickness, pressure change and cavity
volume characteristics of the blades which manifest themselves in the discrete blade rate frequencies

(or spectral peaks) of the spectrum. In contrast, the broadband range of the URN spectrum is



contributed by the quadruple sources, which are associated with the vorticity, turbulence and its
interaction with the wall boundary layer [78] as well as the cavitation dynamics especially with the
cavity collapses and vortex interaction. Since the boundary layer is one of the crucial parameters
affecting the formation of the turbulence, vorticity and cavity bubbles, it is expected that the
roughness will also impact on the URN characteristics due to the inherent relationship between the
roughness and the boundary layer.

Figure 18 shows the effect of the NSM20 type roughness on the benchmark propeller’s URN (acoustic
pressure) levels predicted at the three receivers, which are located in the near field as listed in Table
8 under cavitating condition. The comparison of the predicted acoustic pressure levels for the smooth
and rough blades in the near field shows that there are no discernible differences in terms of the
overall amplitude, although, the pressure amplitudes for the rough case are very slightly higher. The
predicted acoustic pressures are smooth and characterised by the BPF in both cases. As stated earlier,
the overall acoustic signature in the near field is dominated by the blade harmonics (i.e. from the
monopole and dipole sources) while the contribution from the quadrupole sources is not expected to

be felt in the vicinity of the propeller blades and hub.

A B
RECEIVER 1 RECEIVER 2
1000 é 1000 g
B L MOOTH B w MOOTH
ROUGH (NSM20) + : : : " ! "ROUGH (NSM20)
500 |- .- 500 = . ” _
| =
g | - [\ S SN ARARY (B8 SR A A O §
<A !\ t PR RS
> ¥ = 4 - [ 4 1 r
A ‘v’ V \ T R N I SR
& . . & H j -; y b
| [y HEIL R I B R
3

<
<
=~

Y

[T 1] N M N S I B R BT R B NN R I R R
o] 0.004 0008 0.012 0.016 0.02 0.024 0.028 0 0004 0.008 0012 0016 002 0024 0.028

Time (1 revolution) Time (1 revolution)
Cc
RECEIVER 3

1000
I . JMDOTH
ROUGH (NSM20)

A AN
vV V VN

0 0.004 0.008 0012 0.016 002 0.024 0.028
Time (1 revolution)

500

Pressure (Pa)
o

-500 |-

Figure 18. Comparison of acoustic pressures both in smooth and rough conditions in the near field



The acoustic pressure waves have a different impact in the near and far-fields depending upon the
location of the receivers and contribution of the noise sources. The effects of the non-linear noise
terms become dominant when the receivers are located in the far-field. Thus, the changes in the
boundary layer properties and the cavitation dynamics induced by the roughness are felt and can be
analysed more effectively using the frequency spectra at the narrow band in the far-field. By
considering the standard procedure of using 1m distance from the propellers as the reference
distance, (e.g. recommended by ITTC), the three receivers can be located at a distance of 1m (i.e.
around 4.4D), 5.675m (i.e. approximately 25D) and 22.7m (i.e. around 100D) away from the
intersection point of the propeller plane with the shaft centre. In this way, the effects of roughness
on the propeller URN levels can be investigated in the far-field.

Based on the above-described arrangement of the receivers and using the hybrid approach, the
hydroacoustic simulations are conducted with the benchmark propeller, and results are presented in
the narrowband, as shown in Figure 19. By concentrating on the broadband frequency range of the
spectrum up to 6.5kHz, Figure 19 indicates that the effect of roughness decreases the acoustic
pressure levels between the 1kHz - 2kHz range regardless of the receiver locations (see zoomed zones
in Figure 19). In this frequency interval, the noise levels decrease up to approximately 10dB. Above
2kHz, the effect of the roughness appears to diminish by display the almost similar backbone curves
of sound pressure levels for the smooth and rough blades but with the oscillating amplitudes. The
change in trend after 2kHz can be associated with the increased turbulence activity, which results in
the reduced cavitation volume (mainly due to TVC) and associated dynamics as discussed earlier in
Section 5.2.2.2 for the effect of roughness on cavitation. It should be noted that the noise levels
increased below 100Hz in the presence of roughness. The reason being might be due to the short FFT
time interval for the low-frequency range below 100Hz. Nevertheless, it needs to be investigated with

further studies.
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Figure 19. The influence of roughness on propeller URN in the far-field




The variation of the sound pressure levels with the blade passing frequencies (BPF) for the smooth
and rough propeller blades is shown in Figure 20 for three different receiver locations in the far-field.
The noise levels at the BPFs include a contribution from the non-cavitating source as well as the
cavitating source. The former is related to the fluctuating blade loading and blade thickness, while the
latter is associated with the sheet cavitation volume variations, acting as a monopole source. As can
be seen in Figure 20, whereas the noise level at the 1% BPF is not affected by the roughness
significantly, the noise levels at the 2" and 3" BPFs reduce with the roughness between 1-7 dB which
can be associated with the change in cavity volume variations. However, this trend reverses at the 4™

BPF value with slightly increased noise levels in the rough condition.
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Figure 20. The change in BPF values with roughness

For the benchmark propeller, the simulation results indicate that the roughness has a favourable
reduction effect on the noise levels, particularly between the 1kHz and 2kHz range and at the 2", 3™
BPFs in the uniform flow conditions. However, as stated in Table 7, the roughness also reduces the
propeller efficiency at around 25%. This finding, therefore, suggests that there should be a
compromise between the two conflicting design requirements (i.e. hydrodynamic and hydroacoustic
performance optimisations) for marine propellers. The deteriorating impact of roughness on the
propeller hydrodynamic performance can be diminished by applying the roughness on small strategic
areas of the propeller blades. Notably, as stated in the study of Philipp and Ninnemann [37] and Kruger
et al. [32], it can be only applied at the propeller blade tips, where the tip vortex forms, to reduce the
tip loading, hence the TVC. In this way, the cavitation volume decreases, whereas the propeller

efficiency can be kept as high as possible close the smooth condition. In a very recent study of Asnaghi



et al. [35], the roughness was applied at the tip of the elliptical foil, and those authors managed to
prevent the performance degradation (i.e. lift and torque) by reducing the TVC. Therefore, akin to the
other noise mitigation methodologies such as PressurePores™ [86], modification of the propeller
blade geometries [87], the roughness applications on the small and strategic areas of the propeller
blade tips can be an effective way for mitigation of the propeller URN for retrofitting as well as new

design projects.
5.4 Discussion

As stated in Section 1 (Introduction part) of the paper, this study is a step forward to explore the
impact of the surface roughness, in particular biofouling related roughness, on a marine propeller’s
hydrodynamic and hydroacoustic performance. Within this context, the study has concentrated on
the roughness effect, particularly, on the cavitation and URN performance of propellers operating in
isolation (i.e. in open water without any wake) and using a limited amount of validation data which is
hard to obtain, especially for the URN. As it is a well-known fact that the effect of the hull wake on the
propeller performance is essential not only for the propulsive efficiency but also for the cavitation,
vibration and URN. Application of roughness is, therefore, important to include the wake non-
uniformity on the simulations as well as the scale effects by conducting the simulations in full-scale.
When one considers including the effect of the hull wake on the propulsive performance in the
presence of roughness, the roughness will not only affect the propeller’s performance through the
propeller open water efficiency (as explored in this paper). It will also affect the propeller-hull
interaction coefficients through its effect on the wake. The impact of the roughness on the hull wake
will change the propeller advance coefficient, which in turn affect the propeller efficiency as well as
the hull and relative-rotative efficiencies. Consequently, the propeller’s cavitation inception and
cavitation patterns; propeller induced hull vibrations and the URN of the propeller will be affected.

The effect of biofouling related roughness on a representative full-scale container vessel, KCS, was
recently presented by Song et al. [5] by using the CFD and associated wall-function procedure, similar
to the one used in this study. Their study is significant by demonstrating the effect of the biofouling
related roughness on a self-propelling vessel in full-scale. However, still, it explored the roughness
effect on the propulsive performance by neglecting the effect of cavitation, and no consideration was
given to the URN. It is, therefore, critical that the present paper is a further step forward to simulate
the cavitation and URN performance in the presence of the roughness. While the present study, so
far, presented the results for the open water propellers in model scale, the authors have been

expanding their research to address the effects of roughness on a self-propelled vessel in full-scale.



6 CONCLUSION

In this study, the effects of biofouling-related roughness on the hydrodynamic and hydroacoustic
performance of a marine propeller were investigated in model-scale and open water condition by
using a CFD model. The study presented the effect of a particular biofouling roughness on the URN

levels of a propeller at model-scale and using the CFD simulations for the first time.

Results showed that with an increasing roughness height, the propeller thrust decreases while the
torque increases. Thus, the propeller efficiency decreases between 8% and 30% depending on the
roughness height and configuration, under both non-cavitating and cavitating conditions.
Consequently, it was found that the roughness has a negative impact on the propeller hydrodynamic

performance.

On the other hand, the roughness showed some positive effects on the reduction (and mitigation) of
the cavitation and the level of the propeller URN. In the presence of the roughness, cavitation volume
(particularly the TVC) reduced, hence the level of the propeller URN. No discernible difference was
observed between the smooth and rough blade cases of the propeller URN levels at the receivers
located in the near field. In contrast, the URN levels decreased up to approximately 10dB depending
on the distance between 1kHz and 2kHZ. Also, the URN levels at the 2" and 3™ BPF decreased from 1

to 7 dB depending on the distance.

In this study, it is important to note that uniform flow condition was presumed into the propeller.
However, the mitigation of tip vortex cavitation is particularly more important in the presence of the
non-uniform wake field. Thus, the current study is being further expanded to investigate the effects
of roughness in a complete model by taking hull, rudder, etc. into account. Besides, the roughness
application on the strategic areas of the propeller blades is currently being investigated at several
operational points under cavitating conditions. The aim is here to prevent propeller efficiency loss as

much as possible while still reducing cavitation volume.

On a final note, since the current CFD approach is mainly associated with the barnacle-type biofouling
in different sizes, it can also be extended to investigate the other physical roughness types, e.g. hull
roughness due to welding, corrosions, coating, slime etc. e.g. Yeginbayeva et al. [3], using the

proposed CFD approach in the future.
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