
 

 
 

 

 
J. Mar. Sci. Eng. 2022, 10, 1426. https://doi.org/10.3390/jmse10101426 www.mdpi.com/journal/jmse 

Article 

Mitigation of Hub Vortex Cavitation with Application  

of Roughness 

Savas Sezen 1,2,* and Mehmet Atlar 1 

1 Department of Naval Architecture, Ocean & Marine Engineering, University of Strathclyde,  

Glasgow G1 1XQ, UK 
2 Lloyd’s Register EMEA, Technical Investigation Department (TID), Southampton SO16 7QF, UK 

* Correspondence: savas.sezen@strath.ac.uk 

Abstract: This study investigates the influence of roughness on hydrodynamic performance, espe-

cially for the hub vortex—and, hence, hub vortex cavitation—of a benchmark propeller operating 

under uniform flow conditions using the RANS method. The Schnerr–Sauer cavitation model is also 

used for modelling the cavitation on and off the propeller blades. In order to include the effects of 

roughness in the numerical calculations, the experimentally obtained roughness functions were in-

corporated with the wall function of the CFD solver. The applicability and effectiveness of the 

roughness application applied on the propeller hub as a novel concept were explored to mitigate 

hub vortex cavitation. The results are first validated with experimental data on smooth conditions 

through the propeller hydrodynamic performance characteristics and cavitation extension. Then, 

the propeller hub is covered with four different sizes of roughness. The results show that the deg-

radation effects of roughness applied to the hub on propeller performance are negligible, and the 

maximum efficiency loss is around 0.25% with respect to the smooth condition when the propeller 

hub was roughened. Favourable impacts of roughness are found for the hub vortex, and hence, hub 

vortex mitigation. Applying the roughness on the propeller changed the flow properties (e.g., pres-

sure, velocity and turbulent kinetic energy) inside the vortex, enabling the early breakdown of the 

extension of hub vortices. These flow changes in the presence of roughness result in a mitigation of 

hub vortex cavitation up to 50% depending on the roughness size with respect to the smooth con-

dition. Thus, this proposed novel concept, application of roughness to the propeller hub, can be 

used to mitigate hub vortex cavitation, rudder erosion and propeller URN for both newly designed 

and retrofitted projects by keeping the efficiency loss as minimum as possible. 
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1. Introduction 

Shipping is a significant contributor to the underwater radiated noise levels (URN) 

in the world’s oceans, particularly in the low-frequency range of the noise spectrum. 

These escalated URN levels have caused several detrimental impacts on marine fauna. 

This is because marine animals use a certain frequency range for various fundamental 

living activities such as communication, interaction and feeding. For this reason, the sud-

den increase in URN levels may disorient them, destroy their ability to communicate with 

each other and even cause their local extinction. Thus, the mitigation of URN levels caused 

by the shipping industry is of great importance, although this subject is currently of a  

low priority compared to other sustainability concerns within the shipping industry (e.g., 

Greenhouse Gas Emissions (GHG)). In addition, the lack of mandatory international reg-

ulations and noise limits makes progress slow for URN mitigation investigations. Never-

theless, the effort in this field is getting more attention to highlight the possible short- and 

long-term detrimental impacts of ship URN on marine mammals. Recently, the Marine 

Environment Protection Committee of the IMO has accepted the proposal from Australia, 
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Canada and the United States to review the existing 2014 Guidelines [1] for URN mitiga-

tion radiated by commercial vessels [2–4] 

The main source of ship URN is propeller cavitation, which dominates the other noise 

sources such as machinery, flow noise, etc. Despite the many side effects of cavitation (e.g., 

performance degradation, noise, vibration and material damage), inevitably, commercial 

ship propellers will always operate under cavitating conditions above a certain speed 

limit. Depending on the operating conditions and propeller action, several cavitation for-

mations (e.g., sheet, vortex, bubble and cloud cavitation) can be present on and off the 

propeller blades. Amongst those, propellers generally operate in a condition where sheet 

and vortex cavitation are present. Vortex cavitation, which appears at the blade tips, lead-

ing edge and propeller hub, is not erosive unless it is present excessively, but it is a source 

of noise. Vortex cavitation is formed by the low-pressure core of the shed vortices. Tip 

vortex cavitation (TVC), created by the vortex at the blade tips and observed as the first 

type of cavitation on well-designed propellers, is an important noise source and leads to 

a substantial increase in noise levels when bursting or collapsing phenomena occurs [5,6]. 

Another type of vortex cavitation is hub vortex cavitation, which appears around the pro-

peller hub; it is formed through the contribution of different vortices, which are unlikely 

to cavitate individually, shed from the blade root. Under the impact of the propeller’s 

converging cone, the combination of blade-root vortices tends to cavitate. When the vor-

tices start to cavitate, the resulting cavitation (i.e., hub vortex cavitation) becomes very 

stable and appears like a rope with strands corresponding to the number of propeller 

blades [7].  

Similar to TVC, hub vortex cavitation, which is the main interest of this study, is also 

of practical importance. First of all, the waste energy is spent by the excessive swirl of the 

flow in the propeller slipstream near the propeller’s rotational axis. This swirl will result 

in a pressure reduction with respect to ambient pressure, and hence, it will generate an 

undesirable drag force on the propeller. In addition, when the swirl is large, the delivery 

of energy to the fluid near the hub will not produce axial thrust, and the mixing of turbu-

lence will dissipate it. Secondly, hub vortex cavitation is a large cavity. Thus, if the rudder 

or any control surfaces are positioned in line with the propeller-shaft-system axis, they 

can lose the lift force which is aimed to be produced. Eventually, the vortices around the 

hub reduce the propeller’s efficiency by increasing energy loss depending on the axial 

load distribution on the propeller and hub geometry. Lastly, hub vortex cavitation can 

also be associated with undesirable vibration, noise and, in some cases, erosion on the 

rudder [7–9]  

In order to mitigate the cavitation and associated URN, several active and passive 

noise-control methods can be applied for marine propellers, especially for retrofit projects 

[10]  The most common passive noise-control methods, mainly implemented for TVC 

mitigation, are blade-geometry modification, reduction of the propeller tip’s circulation, 

the inclusion of additional geometry at the tip, drilling holes, leading-edge tubercle mod-

ifications and application of roughness to propeller blades (e.g., [11–16]) In addition to 

these methods, propeller boss cap fins (PBCF), primarily designed to improve a propel-

ler’s performance characteristics, have also been utilised as an Energy Saving Device 

(ESD). Moreover, with this concept, the strength of the hub vortex is weakened, and the 

kinetic energy of the flow around the boss can be recovered by applying a number of fins 

corresponding to the propeller-blade number. Thus, it can also be used as a passive noise-

control concept to mitigate hub vortex cavitation, associated URN and rudder erosion. 

The PBCF investigations were carried out by [17–19]; the authors found out that with the 

application of PBCF, thrust increases while the torque reduces, resulting in an efficiency 

increase. Since then, there have been several experimental and numerical investigations 

conducted using different PBCF concepts to investigate its effects on propeller hydrody-

namic performance, including cavitation and URN (e.g.,[20–24])  

Another new passive noise-control concept, namely, roughness application on the 

propeller’s hub—which is the main interest of this study—can also be used as an 
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alternative to PBCF to mitigate hub vortex cavitation, associated URN and rudder erosion. 

With roughness, near-wall flow structures can change significantly, and turbulence tran-

sition can be stimulated in the laminar boundary layer. The roughness elements interact 

with the vortices around the hub, and it enables early breakdown; hence, hub vortex cav-

itation mitigation can be achieved. However, unlike the PBCF, the roughness application 

on the propeller’s hub may cause performance degradation, resulting in efficiency loss. 

Nevertheless, this less efficiency loss can be further minimised by applying the roughness 

on a strategical section of the hub, similar to the strategic application of roughness on 

propeller blades to keep the efficiency loss as minimal as possible [15] In this regard, the 

authors recently explored the influence of roughness on the hydrodynamic performance 

of a model-scale INSEAN E779A propeller under non-cavitating and cavitating condi-

tions. With the application of roughness to the propeller blades, the cavitation volume 

decreased, which is mainly due to the TVC; this resulted in URN mitigation up to 10dB at 

a certain frequency range, whereas the propeller efficiency loss was found to be 25% [16]. 

Later on, the authors extended their research to find a compromise between cavitation-

volume reduction and efficiency loss by applying the roughness heterogeneously on stra-

tegic areas on the blades for model- and full-scale benchmark propellers in a wide range 

of operating conditions (i.e., uniform, inclined and non-uniform flow conditions). The re-

sults showed that the detrimental effects of roughness on propeller hydrodynamic perfor-

mance could be significantly reduced by applying the roughness on the back side (or suc-

tion side) of the propeller blades between the radius of 0.9 and 1 [15].  

In light of previous findings regarding propeller hydrodynamic performance—in-

cluding cavitation volume reduction and URN—with a roughness application on propel-

ler blades, the authors have further extended their research with this study by applying a 

similar type of roughness on the propeller’s hub. This study aims to explore hub vortex 

cavitation mitigation with this alternative new concept, roughness application on a pro-

peller’s hub for a model-scale propeller under uniform flow conditions, for the first time 

in the literature. This study is a pioneer in investigating propeller URN, propeller–hull–

rudder interaction and rudder erosion by mitigating hub vortex cavitation using a rough-

ness application both in model- and full-scale propellers under non-uniform flow condi-

tions.  

In this study, the standard RANS method with the k-ω SST turbulence model was 

used to solve the cavitating flow around the propeller. Sheet and hub vortex cavitation 

were modelled using the mass transfer cavitation model, Schnerr–Sauer, within the com-

mercial CFD solver, Star CCM. The propeller’s open-water characteristics (i.e., thrust and 

torque coefficients) were validated with the available experimental data when the propel-

ler blades and hub were clean (i.e., in smooth condition). In addition, the cavitation exten-

sions were compared between numerical calculations and experimental observation. 

Then, the propeller hub was covered with a particular type of biofouling roughness. The 

four different roughness heights were used in the calculations to investigate the effects of 

roughness on propeller hydrodynamic performance, including cavitation. The results ob-

tained in the presence of roughness were compared with respect to the smooth condition 

to explore the impact of roughness on propeller hydrodynamic performance, particularly 

for hub vortex and hub vortex cavitation mitigation.  

The structure of the paper is as follows. The hydrodynamic model and details of the 

roughness are given in Section 2. The test case and numerical modelling details are given 

in Section 3. The numerical results are given in Section 4, and the results are consequently 

presented in Section 5. 

2. Theoretical Background 

2.1. Hydrodynamic Model 

The governing flow equations are solved using the computational fluid dynamics 

(CFD) solver, [25]. The CFD solver uses a finite volume method to discretise the Navier–
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Stokes equations. The unsteady RANS method with k-ω SST turbulence model was used 

to solve cavitating flow around the propeller.  

Cavitation is modelled using a homogenous seed-based approach. The Schnerr–

Sauer cavitation model based on the reduced Rayleigh–Plesset equation was used with 

the VOF (Volume of Fluid) approach to model the liquid and vapor phases. The adapted 

cavitation model neglects the influence of the bubble growth and collapse rates, viscous 

and surface-tension effects, and is the simplified version of the full Rayleigh–Plesset equa-

tion. The detailed information about the governing equations and cavitation model can be 

found in the user guide of CFD solver, [25], and as such is not repeated here.  

Cavitation and roughness models were incorporated to account for effects of rough-

ness on propeller hub vortex cavitation. The wall function of CFD solver was utilised for 

the roughness modelling, whereas a mass transfer model, the Schnerr–Sauer cavitation 

model, was used for the cavitation modelling at the same time. 

2.2. Roughness Model 

Biofouling accumulation increases surface roughness, affecting the flow around the 

ship and propeller. This effect can be described as a downward shift in the log-law region 

of the turbulent boundary layer. Therefore, the non-dimensional velocity profile for a 

rough surface can be defined as follows. 

𝑈+ =
1

𝜅
ln(𝑦+) + 𝐵 − ∆𝑈+ (1) 

where 𝑈+ =
𝑈

𝑈𝜏
 is the non-dimensional velocity, 𝜅 is the von Karman constant equal to 

0.42, 𝑦+ =
𝑦𝑈𝜏

𝑣
 is the non-dimensional normal distance from the boundary, 𝐵 is the con-

stant for smooth-wall log-law intercept, 𝑣 is the kinematic viscosity of the fluid and 𝑈τ =

√𝜏𝑤/𝜌 is the friction velocity where τ𝑤  represents the shear stress at the wall and 𝜌 rep-

resents the density. Δ𝑈+ represents the roughness functions depending on the roughness 

Reynolds number 𝑘+, which is defined as follows: 

𝑘+ =
𝑘𝑈𝜏

𝜈
 (2) 

where 𝑘 is the roughness length scale. It is important to note that there is no universal 

roughness function. Therefore, Δ𝑈+ needs to be obtained experimentally for the rough 

condition in question. For the smooth condition, Δ𝑈+ is taken as zero. 

In this study, barnacle-type roughness was used to represent the surface roughness 

around the propeller hub. Roughness functions provided in [26] were implemented in the 

wall function of the CFD software, Star CCM+ 14.06, 2019, to mitigate the hub vortex cav-

itation of a propeller. It is important to note that Δ𝑈+ and corresponding 𝑘 values show 

excellent agreement with the roughness-function model of Grigson, 1992 [27], as de-

scribed in Equation (3). 

Δ𝑈+ =
1

κ
𝑙𝑛(1 + 𝑘+) (3) 

Table 1 provides the roughness length scales and equivalent sand roughness heights 

of the surfaces used in this study. In Table 1, Mix and NS Mix are surface names obtained 

from the study of Uzun et al., 2020 [26]; ℎ is barnacle height (mm) and 𝑘𝐺 is the repre-

sentative hydrodynamic roughness length scale (μm) that give the same roughness Reyn-

olds numbers with corresponding roughness-function values of Grigson, 1992 [27]. It 

should be noted that these representative hydrodynamic roughness length scales, 𝑘𝐺, are 

not a function of measurable surface properties and may be termed as experimentally ob-

tained equivalent roughness height. The details of the surfaces can be found in [26]  
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Table 1. Roughness length scales of test surfaces, adapted from [26] Uzun et al., 2020. 

Test Surfaces 
Surface Cover-

age (%) 

Barnacle 

Height 𝒉 

(mm) 

Representative  

Roughness Height 

𝒌𝑮 (μm) 

Equivalent 

Sand Roughness 

Height 

𝒌𝑺 (μm) 

Mix 10 5, 2.5, 1.25 94 409 

NS Mix 10 5, 2.5, 1.25 136 635 

Mix 20 5, 2.5, 1.25 337 1366 

NS Mix 20 5, 2.5, 1.25 408 1645 

3. Test Case Set-Up and Numerical Modelling 

3.1. Geometry and Test Matrix 

In the numerical calculations, the benchmark INSEAN E779A model propeller, four-

bladed with a diameter of 0.227 m—widely used in the literature for validation purposes 

because of the available experimental data—was used for the investigation of hub vortex 

cavitation mitigation with roughness application. Table 2 summarises the test conditions 

explored in this study. 

Table 2. Operating conditions for the INSEAN E779A propeller. 

Parameter Symbol and Unit Value 

Advance ratio 𝐽 (-) 0.71 

Rotation Rate 𝑛 (rps) 36 

Inflow averaged velocity 𝑉𝐴 (m/s) 5.8 

Cavitation number 𝜎 (-) 1.763 

Vapour pressure 𝑃𝑉 (Pa) 2337 

Here, 𝐽 is the advance ratio, 𝑉𝐴 is the averaged velocity at the propeller plane, 𝑛 is 

the propeller rotational rate and 𝜎𝑛 is the cavitation number based on the propeller rota-

tional rate. The advance ratio and cavitation number are defined as follows, respectively.  

𝐽 =
𝑉𝐴

𝑛𝐷
    (4) 

𝜎𝑁 =
𝑃0 − 𝑃𝑉

1
2

𝜌(𝑛𝐷)2
    (5) 

where 𝑃0 is the static pressure, 𝑃𝑉 is the vapour pressure, 𝜌 is the density of the fluid, 

𝑛 is the propeller rotational rate and 𝐷 is the propeller diameter. 

The global performance characteristics (i.e., thrust (𝐾𝑇) , torque (𝐾𝑄) coefficients 

and efficiency (𝜂0)) of the propeller can also be calculated using the following equations. 

𝐾𝑇 =
𝑇

𝜌𝑛2𝐷4
    (6) 

𝐾𝑄 =
𝑄

𝜌𝑛2𝐷5
    (7) 

𝜂0 =
𝐽

2𝜋

𝐾𝑇

𝐾𝑄

    (8) 

Here, 𝑇 is thrust (N) and 𝑄 is the torque of the propeller (N.m).  

Figure 1 shows the roughness-application area on the hub together with the smooth 

propeller. Here, the black colour shows the area where the roughness is applied in this 

study. The four different roughness configurations given in Table 1 were applied to the 

black area to investigate the mitigation of hub vortex cavitation with an increase in rough-

ness length scale.  
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Figure 1. Representation of the roughness application area on the hub (black colour represents the 

area where the roughness was applied). 

3.2. Numerical Modelling  

3.2.1. Computational Domain and Boundary Conditions 

The computational domain utilised in the numerical calculations is given in Figure 2. 

The total length of the domain was set to 10D. The upstream and downstream of the do-

main were extended to 3D and 7D, respectively, whereas the radius of the domain was set 

to 4D from the propeller centre. The computational domain constitutes static (blue) and 

rotating (green) regions, as shown in Figure 2. The rotating region was created around the 

propeller blades, which have a 1.1D diameter and 1.2D total length. The propeller rota-

tional motion was specified into the rotating region, encapsulating the blades and hub. 

The internal interfaces enabled the transition between the rotating and static regions.  

The inlet was defined as a velocity inlet with constant velocity given in Table 2, 

whereas the outlet was defined as a pressure outlet. The side surface of the cylindrical 

computational domain was identified as a symmetry boundary condition. The no-slip 

boundary condition was applied on the propeller blades, including the hub and boss cap, 

to satisfy the kinematic boundary condition. 

 

Figure 2. The computational domain used in the numerical calculations. 
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3.2.2. Grid Generation 

The discretisation of the computational domain is provided with the finite volume 

method within the facilities of the CFD solver, Star CCM+ 14.06, 2019. The trimmer mesh 

algorithm with hexahedral elements was used for the mesh adaptation. In this algorithm, 

the mesh transitions were set to 1:2 between the rotating region and further downstream. 

Moreover, the automated mesh tool was implemented to make the meshing process fast. 

The uniform grid resolution was adopted, and additional mesh refinement was applied 

to the blades. As the main interest of this study is hub vortex cavitation and its mitigation 

with roughness application, the recently introduced V-AMR (Vorticity-based Adaptive 

Mesh Refinement) technique by the authors [28] was not implemented in this study for 

the observation of tip vortex cavitation (TVC) in the propeller slipstream. This also ena-

bled a reduction of the computational cost of the solution. As the uncertainty study was 

conducted with the selected propeller at the same operating condition as in our recent 

studies (e.g., [15,16]), the uncertainty study was not repeated. The total element count was 

calculated at around 10M. The grid resolution inside the computational domain is given 

in Figure 3.  

 

 

Figure 3. Grid resolution inside the computational domain. 

3.2.3. Analysis Properties 

The cavitating flow around the propeller was solved using the RANS method to-

gether with the k-ω SST turbulence model. The all 𝑦+ wall treatment was used, which is 

a hybrid treatment combination of low 𝑦+ for the regions where the fine mesh is present 
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and high 𝑦+ treatment for the coarse grids. The artificial biofouling-type roughness was 

imposed using the wall function of the CFD solver. In this approach, the selected 𝑦+ 

needs to be higher than 30 and higher than the 𝑘+ values to be able to reflect the rough-

ness effects into the calculations as stated in the CFD solver. Thus, 𝑦+ was set according 

to the highest roughness length scale (i.e., NSM20).  

The segregated flow solver was used together with the SIMPLE algorithm to solve 

the continuity and momentum equations. The convection terms of the momentum equa-

tions and turbulence were discretised with the second-order scheme. Additionally, the 

second-order scheme was used for temporal discretisation and the time step was set to 

0.5° of propeller rotational rate.  

The multiphase VOF (Volume of Fraction) approach was coupled with the mass 

transfer cavitation model, which is Scherr–Sauer based on the reduced Rayleigh–Plesset 

equation, for modelling the cavitation phenomena. For the convection term of the VOF 

approach, High-Resolution Interface Capturing (HRIC) was used to maintain sharp inter-

faces between the fluid phases. The customisable cavitation parameters (i.e., nuclei den-

sity and diameter) were taken as default values in this model based on our recent investi-

gation of its effects on the sheet, TVC and hub vortex cavitation formation [28]. Thus, the 

nuclei density and diameter were set to 1012 (1/m3) and 10−6 (m), respectively.  

The simulations were initialised in a steady manner to speed up the convergence of 

the numerical solution using one of the propeller rotational motion techniques, Moving 

Reference Frame (MRF). Following this, the simulations and propeller rotational motion 

technique were switched to unsteady RANS and Rigid Body Motion (RBM), respectively, 

and cavitation was activated. In this way, any possible stability issues were removed. In 

addition, when the flow field was converged, the hydrodynamic performance coefficients 

(i.e., thrust and torque), including total cavitation volume and velocity field, were com-

puted using the time-averaged data corresponding to 12 propeller rotations.  

4. Results 

4.1. Validation of the Numerical Results in Smooth Condition 

Table 3 shows the comparison of global performance characteristics (i.e., thrust and 

torque) of the propeller predicted using CFD with that of the experiment in a smooth con-

dition. As shown in Table 3, the difference between the CFD and experiment is approxi-

mately 6% for thrust and torque coefficients. One of the reasons for this discrepancy can 

be related to the replication of the experimental set-up as the shaft in the upstream direc-

tion was eliminated in the CFD to reduce the computational cost of the solution. 

Table 3. The comparison of thrust and torque coefficients between the experiment and CFD at 𝐽 = 

0.71, 𝜎 = 1.763 in the smooth condition. 

Parameter Experiment [29]  CFD 

𝐾𝑇 0.255 0.240 

10𝐾𝑄 0.460 0.435 

The cavitation extension predicted in the CFD calculations is also compared with the 

experiment at 𝐽 = 0.71, 𝜎 = 1.763 in the smooth condition in Figure 4. In the CFD predic-

tions, the iso-surface of volume fraction is taken as 0.1 (𝛼𝑣 = 0.1). As shown in Figure 4, 

the sheet and hub vortex cavitation are predicted similarly both in the numerical calcula-

tions and the experiment. The sheet cavitation extension on the blades is slightly overpre-

dicted in the CFD calculations compared to the experiment. In the experiment, the sheet 

cavitation rolls up into a thick and strong tip vortex cavitation. This TVC extends further 

downstream of the propeller. In the numerical calculations, as the V-AMR technique was 

not applied in this study and the hub vortex cavitation is of great interest, a similar TVC 

could not be predicted in the CFD calculations. Nevertheless, to show the capabilities of 

the V-AMR technique for the TVC modelling, the cavitation observation obtained by 
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RANS in the authors’ recent study at the same operating condition is shown in Figure 4. 

As can be seen in Figure 4, the TVC can be modelled in the propeller slipstream success-

fully using the V-AMR technique. Also, the roll-up phenomena can be clearly seen in a 

region where the sheet and TVC interact with each other. The less extension of TVC in the 

propeller slipstream is observed in the numerical calculations as compared to the experi-

ments. This is because the excessive amount of eddy viscosity inside the vortex is pro-

duced by the RANS and this results in less extension of TVC in the numerical calculations 

when compared to the experiment. 

 

Figure 4. Comparison of cavitation extensions between CFD and experiment at 𝐽 = 0.71, 𝜎 = 1.763 

in smooth condition (𝛼𝑣 = 0.1). 

4.2. Influence of Roughness on Propeller Hydrodynamic Performance and Cavitation Extension 

Figures 5 and 6 show the change in thrust coefficient (i.e., 𝐾𝑇) and torque coefficient 

in the presence of roughness with the different roughness length scales, as given in Table 

1. Here, the smooth condition is shown with zero roughness height. With the application 

of roughness, the thrust coefficient decreases with an increase in roughness length scale 

due to the increased drag and decreased lift, as shown in Figure 5. As expected, the thrust 

decrease is smaller with the application of roughness on the hub compared to that of 

roughness application on the blades, as explored in our previous study [16]. The maxi-

mum thrust-reduction is found at around 2% with respect to the smooth condition. 
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Figure 5. Change in thrust coefficient (𝐾𝑇) with roughness. 

The change in torque coefficient (i.e., 10𝐾𝑄) with roughness is also shown in Figure 

6. Similar to thrust coefficient, roughness applied on the hub has a degradation effect on 

the torque coefficient of the propeller. The maximum reduction is found to be approxi-

mately 1.5% at the maximum roughened condition.  

 

Figure 6. Change in torque coefficient (10𝐾𝑄) with roughness. 

The decreased thrust and torque coefficients with the application of roughness lead 

to efficiency loss for the marine propellers, as shown in Figure 7. This is the main differ-

ence between the roughness and typical PBCF applications, as the increased thrust in 

PBCF enables efficiency gain due to the recovery of the energy loss. Nevertheless, the 
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efficiency loss is not high with the application of roughness on the propeller’s hub and the 

maximum efficiency loss is found at around 0.25%, while the cost of applying roughness 

and PBCF is another parameter to consider when deciding which one to implement. 

 

Figure 7. Efficiency (𝜂0) loss with roughness. 

Figure 8 shows the comparison of wall shear stresses on the hub between smooth and 

rough conditions. As expected, the roughness applied to the hub increases the wall shear 

stresses.  

 

Figure 8. Comparison of wall shear stresses between smooth and rough conditions. 

The detailed flow analysis is carried out in the propeller slipstream to show the in-

fluence of roughness on the hub vortex and hub vortex cavitation. Figure 9 shows the 

change in turbulent kinetic energy obtained directly from the turbulence model with the 

application of roughness. As shown in Figure 9, the turbulent kinetic energy increases 

considerably with the roughness due to the transformation of the vortex’s circumferential 

momentum into turbulent kinetic energy.  
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Figure 9. Change in turbulent kinetic energy with roughness. 

The change in magnitude of the vortex structures with the roughness is shown at 

different sections in the propeller slipstream in Figure 10. Applying the roughness reduces 

the strength of the hub vortex with respect to the smooth condition. The reduced vortex 

strength enables the destabilisation process of the hub vortices and hence hub vortex dis-

appears with the roughness application.  

 

Figure 10. Change in the magnitude of the vortex structures in the propeller slipstream with rough-

ness. 

Figure 11 compares the distribution of the non-dimensional pressure coefficient 

(𝐶𝑝 = 𝑃/0.5𝜌(𝑛𝐷)2) between rough and smooth conditions. The roughness elements lo-

cated around the hub interact with the hub vortices and change their velocity and pressure 

fields. The roughness decreases the velocity magnitudes, and hence, the pressure inside 

the vortex core and its surroundings increases significantly. With the application of rough-

ness, the pressure inside the hub vortex increases, resulting in the reduction of hub vortex 

strength and hub vortex cavitation, as shown in Figure 12. 
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Figure 11. Change in non-dimensional pressure distribution with roughness. 

Applying roughness leads to destabilisation of the hub vortex strength, which results 

in the early breakdown of the hub vortex in the propeller slipstream. The reduced strength 

of the hub vortex due to the increased pressure inside the vortex core results in hub vortex 

cavitation mitigation with roughness application, as shown in Figure 12. With an increase 

in roughness length scale from M10 to NSM20, the hub vortex cavitation is further re-

duced. The maximum hub vortex cavitation volume reduction due to the roughness is 

computed at around 50% with respect to the smooth condition. As the roughness is solely 

applied to the propeller hub and boss cap, the sheet cavitation is not affected by the rough-

ness application. 
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Figure 12. Mitigation of hub vortex cavitation with roughness (𝛼𝑣 = 0.1). 

5. Conclusions 

This study presented an application of roughness onto the propeller hub as a novel 

concept to mitigate the hub vortex cavitation for marine propellers. In the numerical cal-

culations, the RANS method—together with the k-w SST turbulence model—was utilised 

for the solution of cavitating flow around the benchmark model-scale propeller, INSEAN 

E779A, operating under uniform flow conditions. The Schnerr–Sauer cavitation model 

was used for modelling the sheet and hub vortex cavitation. A detailed flow-field analysis 

was also performed to understand the influence of roughness on the hub vortex, and 

hence, hub vortex cavitation. The crucial findings can be summarised as follows.  
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• The propeller’s hydrodynamic characteristics (i.e., thrust and torque coefficients) and 

cavitation extensions showed good agreement with the experimental data and cavi-

tation observations, with slight differences.  

• Similar to the roughness application on the blades explored in our previous studies 

[15,16], the roughness on the propeller hub caused efficiency loss. However, the un-

favourable impact of roughness applied on the hub was less than that of applying 

homogenously and heterogeneously distributed roughness to the blades. The maxi-

mum efficiency loss was found at 0.25% with respect to the smooth condition in the 

presence of roughness on the propeller hub.  

• The roughness increased the turbulence kinetic energy considerably, whereas the 

hub vortex strength was reduced significantly due to the destabilisation effects of 

roughness.  

• As the roughness changed the flow properties, the pressure inside the hub vortex 

increased. This increased pressure inside the vortex enabled hub vortex cavitation 

mitigation up to 50% depending on the roughness height applied to the hub with 

respect to the smooth condition.  

• Finally, this novel concept will be further explored and it will be incorporated with 

the propeller URN prediction and erosion models using CFD for model- and full-

scale propellers operating under non-uniform flow conditions. 
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