
ŔŔŔ 
 

 

Numerical Simulations of Supercavitating Propellers and Hydrofoils 

 

Surabhi Srivastava 

 

Dissertation submitted to the faculty of Virginia Polytechnic Institute and State University in 

partial fulfillment of the requirements for the degree of 

 

Doctor of Philosophy 

In  

Aerospace Engineering 

 

 

Stefano Brizzolara, Chair 

H. Pat Artis 

Nicholas A. Husser 

Olivier Coutier-Delgosha 

Christine M. Gilbert 

 

 

11 December 2025 

Blacksburg, Virginia, USA 

 

Keywords: Supercavitation, BEM, URANSE, Propellers, Hydrofoils 

 

 

 



Ŕƻ 
 

Numerical Simulations of Supercavitating Propellers and Hydrofoils 

Surabhi Srivastava 

ACADEMIC ABSTRACT 

 A systematic investigation is conducted to compare and evaluate the hydrodynamic performance 

and cavitation pattern prediction capabilities of URANS and BEM solvers for supercavitating propellers 

(SCPs) and hydrofoils (SCHs) with non-conventional sectional profiles. The previously developed BEM at 

the VT Innovative Ship Design Lab (VT-iShip) is extended upon to allow for supercavitating profiles with 

truncated trailing edges (TE). Both the BEM and the URANS solutions are validated against experimental 

data for a range of operating conditions and their discrepancies from experimental trends are quantified. 

The predicted solutions from both methods closely overlap with experimental data and contain an 

experimental error in the order of 10% for a large range of operating conditions. Some novel contributions 

in this study include various theoretical developments that allow the BEM to now consider a large number 

of supercavitating conditions for supercavitating profiles with truncated TEs. The theoretical modifications 

to the BEM algorithms are developed into BEM executable frameworks for 2D and 3D SCHs and SCPs. 

Moreover, the novel contributions also include the identification of select URANS turbulence and cavitation 

models to most accurately predict supercavitating propeller and hydrofoil performance parameters and 

cavitation patterns. These solutions are compared with BEM solutions. A design space evaluation of each 

method is also conducted along with various experimental validation studies to evaluate the robustness of 

the BEM algorithm. A comparison of their required computational and time-based resources reveals that 

the methods can be used in a complementary manner for a large range of operating conditions when 

evaluating designs in the supercavitating regime. 
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Surabhi Srivastava 

GENERAL AUDIENCE ABSTRACT 

 There is an ever-growing demand to increase the maximum attainable speed for high speed marine 

crafts coupled with the use of high-powered outboard engines. This is through the development and 

innovation of marine propulsors that are capable of efficiently operating in the supercavitating flow regime. 

The design optimization of these innovative and unconventional propellers solely through experimentation 

or high-fidelity numerical solvers, such as the Reynolds Averaged Navier Stokes Equations (RANSE), can 

be extremely costly and time consuming. Moreover, the capabilities of the modern day RANSE solvers in 

resolving complex, multiphase, and separated flow are still being explored. An alternative method for 

cavitating flow prediction includes the low order, Boundary Element Method (BEM) that needs to be 

experimentally validated for supercavitating conditions. This study systematically explores the feasibility 

of utilizing the BEM and Unsteady RANSE solvers in a complementary manner to predict the performance 

of non-conventionally shaped supercavitating propellers (SCP) and hydrofoils (SCH) in 2D and 3D. The 

study explores the capabilities and limitations of the two methods in a wide range of operating conditions. 

It also documents the theoretical developments made to the 2D and 3D BEM algorithm to improve its 

compatibility with profiles featuring truncated trailing edges (TE). These algorithms are then developed 

into executable frameworks. The novel contributions in this study include the theoretical developments 

made to the BEM for SCHs and SCPs, the identification of select physics models to most accurately predict 

the SCH and SCP hydrodynamic performance and cavitation patterns, their comparison with the BEM 

solutions, and an evaluation of the design space to which the BEM algorithm is applicable and reliable. 
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CHAPTER 1 

INTRODUCTION  

Since the beginning of maritime transport and exploration, there has been an ever-increasing interest in 

advancing the state-of-the-art marine propulsion technology. Even today, there exists a rapidly growing 

demand for high powered outboard engines for high-speed marine crafts. These powerful outboard engines 

require lightweight propellers that can operate in the supercavitating regime at high rotational speeds while 

the craft advances at high velocities. Cavitation is a phenomenon which occurs when the pressure around a 

body, such as a propeller or a hydrofoil, reduces below the vapor pressure of the operating fluid such that 

it vaporizes. This causes the inception of a cavitation bubble. Supercavitation occurs when the incepted 

cavity interests the suction side of a propeller blade or a hydrofoil, and the cavity length is greater than the 

sectional chord length of the blade or hydrofoil. As such, the cavity collapses downstream of the hydrofoil 

or propeller blade. Conventional propulsors were designed to completely avoid, if not, minimize cavitation 

in order to evade their adverse effects such as increased drag, surface erosion, vibrations, and noise which 

occurred due to the implosion of bubbles on the propeller or hydrofoil surfaces. However, at extremely high 

rotational and advance speeds, such as greater than 40 knots, cavitation is inevitable. Thus, supercavitating 

propellers (SC propellers or SCPs) and supercavitating hydrofoils (SCHs) are the chosen technology as 

they are designed to operate in the supercavitating flow regime. They are small and lightweight, which 

contributes to reducing the overall mass. Moreover, their light structure enables them to rotate at high speeds 

while maintaining a low level of torque. Additionally, at high speeds, they are designed to operate with 

more efficiency than conventional propellers.  

The designs of conventional SC propellers and hydrofoils are commonly based on and inspired by 

NACA profiles. The design optimization of conventional SCPs is also based on the extensive archive of 

empirical performance data from conventional SC hydrofoils. These SCHs are also semi-empirically 

designed through referencing the performance data of NACA profiles. Therefore, there is a large library of 

empirical and theoretical data that has been accumulated regarding the aero/hydrodynamic performance 

and designs of conventionally shaped SCPs and SCHs. The commercial manufacturing pipelines of 

conventional SCPs and SCHs heavily rely on this library for design optimization. However, this becomes 

an obstacle when designing, optimizing and innovating SCPs and SCHs with unconventional profile shapes. 

Such profiles could include sharp leading edges (LEs), thick, truncated trailing edges (TEs) or even steps 

on the profile surface to encourage separated flow and force supercavitation [1-5]. Unlike SCPs and SCHs 

based on conventional profiles, there is a lack of recent experimental performance data that can be 

referenced for unconventionally designed SCPs and SCHs. In such a case, design optimization through 

experimentation is extremely time consuming and expensive. Recent advancements in commercially 

available, relatively high fidelity computational fluid dynamics (CFD) software can aid in shortening the 

design pipeline by allowing marine engineers and naval architects to simulate near to real life operating 

conditions and predict the performance of SCPs and SCHs. This is through the use of numerical solvers 

such as the Reynolds Averaged Navier Stokes Equations (RANSE) solvers. However, the accuracy of the 

solution depends on the physics models implemented by the user. This is especially true when attempting 

to model complicated, multi-phase, separated flow present in the wake of non-conventional SCPs and 

SCHs. Furthermore, despite being less expensive and time consuming than optimization through testing, 

the use of CFD solvers, such as RANSE, is still computationally expensive as it requires numerous 
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processors and computational hours for a single simulation to run to completion. Moreover, it also requires 

time to set up the simulation. Hence, design optimization solely through the use of commercially available 

CFD tools is not viable.  

An alternative means for performance prediction is the low order, potential based, boundary element 

method (BEM). While it is not as accurate as the commercially available CFD, it is quick to set up and can 

resolve the cavitating flow using a single processor with a significantly shorter computational time. 

Therefore, it can complement the commercial CFD software to parametrically optimize unconventional and 

innovative SCPs and SCHs before proceeding to the CFD and prototype testing stage in a design pipeline. 

However, the challenge that arises now is understanding the extent to which the BEM and CFD tools are 

reliable enough to be used together. It is vital to gain a thorough understanding of the benefits and 

limitations of each method and their envelope of applicability when it comes to predicting the performance 

of innovative and unconventional SCPs and SCHs in a wide range of operating conditions. This is especially 

true because cavitating flow can become extremely complex in both hydrofoils and propellers due to the 

presence of multiple types of cavitations which can simultaneously occur in multiple locations.  
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CHAPTER 2 

IDENTIFICATION OF RESEARCH GAPS AND RESEARCH OBJECTIVES 

 While there are recent and ongoing advancements in CFD, the endeavor to use numerical methods 

for flow prediction has been going on for many years. Early numerical methods included approaches such 

as the lifting surface method or the vortex panel method that were often accompanied by many assumptions 

and empirical corrections. These methods were often limited in the type of geometries that the algorithm 

could accept [6-8]. A surge of advancements in the early 1990s led to the development of PROPCAV, the 

low order, potential based BEM that was capable of predicting partial and supercavitating flow around 

conventionally designed hydrofoils and propellers. This method was also extended to predict midchord 

cavitation, alternating suction and pressure side cavitation and supercavitation for propeller profiles with 

truncated TEs [7-12]. While the method is extensively validated for conventional SCHs and SCPs, the 

experimental validation of the method for unconventionally designed SCHs and SCPs is lacking. Like the 

BEM, while commercial, relatively high fidelity CFD tools are widely used to predict the performance of 

conventionally designed SCPs and SCHs, their use in predicting the flow around unconventional, modern 

day and practically used SCPs and SCHs are still being explored [4,13-15]. Moreover, the studies that 

compare CFD predictions to BEM and experimental data for conventional profiles only do so using 

individual combinations of physics models and numerical solvers. There is a lack of investigations that 

identify an all-applicable combination of models that can be used to simulate and resolve complex, 

multiphase, flow such as that in SC propellers and hydrofoils. Lastly, to the extent of the authorôs 

knowledge, there is limited information available regarding how well the two methods can be used for 

design purposes in a complementary manner. Therefore, a knowledge gap exists in understanding the full 

potential of using the BEM in SCP and SCH design optimization. To address the identified knowledge gaps, 

the overall research objectives of this study are to: 

1. Theoretically expand upon the existing work on the 2D and 3D BEM from the Virginia Tech 

Innovative Ship Design Lab (VT iShip), such that it considers SC profiles with truncated TEs for a 

wide range of supercavitating conditions. Inculcate the developments into executable frameworks 

for 2D SCHs, and 3D SCHs and SCPs.  

 

2. Develop a holistic understanding of the prediction capabilities and uncertainty quantification of 2D 

and 3D BEM, specifically in predicting supercavitating and partially cavitating flow for SCHs and 

SCPs with truncated TE sections.  

 

3. Provide rigorous experimental validation and CFD comparison for the scarcely tested 2D and 3D 

BEM when implemented for SC profiles with non-conventional designs.  

 

4. Develop a holistic understanding of the cavitating flow prediction capabilities of Unsteady RANS 

in 2D and 3D for nonconventional SCHs and SCPs in supercavitating and partially cavitating flows. 

 

5. Identify the range of operating conditions for which each method is applicable to develop an 

understanding of the limitations of the BEM and URANSE solvers. In this manner, the extent to 

which the two methods can be used in a complementary manner can be identified.  
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It is important to note that the pre-existing BEM developed in the VT-iShip lab is capable of resolving 

cavitating flow around conventional profiles in both 2D and 3D. Theoretical developments to this pre-

existing BEM are done to make it capable of considering SC profiles with truncated TEs for a wider range 

of operating conditions. These theoretical developments are then compiled into executable frameworks 

using FORTRAN. These executables are the key deliverables for the sponsors of this work, Yamaha Motors.  

The general progression in which each research objective is achieved is described in detail in the 

manuscripts along with the results obtained.  
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CHAPTER 3 

SUMMARY OF MANUSCRIPTS AND NOVEL CONTRIBUTIONS 

This dissertation aims to provide an overview of the capabilities and limitations of RANSE solvers in 

commercially available CFD software and the BEM as performance prediction tools for unconventionally 

designed supercavitating hydrofoils and propellers through the presentation of 4 manuscripts. In this 

section, each manuscript is briefly summarized and is presented with a list of the novel contributions and 

key findings documented in them. The order of presentation of the manuscripts also describes the general 

progression of the research conducted. 

The 2D space was first considered to simplify the challenge of extending the pre-existing BEM to allow 

it to consider SC profiles with truncated TEs. The theoretical developments made include, but are not 

limited to, the modification of the geometry treatment, boundary conditions, and convergence criteria. 

Based on this, an executable framework was developed for 2D SCHs and its performance was evaluated. It 

was also vital to simultaneously gain an understanding of the limitations of various physics models that can 

be implemented in RANSE solvers to predict the hydrodynamic performance of SC profiles with truncated 

TEs. A thorough understanding of these physics models at a 2D stage would help determine the preferred 

models in more complex, 3D RANSE simulations.   

 

Manuscript 1: Uncertainty Quantification of RANSE and BEM models for Hydrodynamic Performance of 

Supercavitating Hydrofoils 

The first manuscript quantifies the uncertainty in the application of various URANSE physics models 

to predict the performance of 2D SCH in a wide range of operating conditions. The goal of this study was 

to identify a few select combinations of URANSE based turbulence models and cavitation models that can 

be applicable for unconventionally designed SCH performance prediction. This was done through a 

systematic experimental validation study of the predicted hydrodynamic performance and through the 

qualitative comparison of the predicted cavitation patterns. In this study, the performance predicted by the 

2D BEM without any wake calculations is also compared with URANSE data and experimentally validated. 

The works of this manuscript were presented at the Eighth International Symposium on Marine Propulsors 

(smpô24), March 2024. 

The key contributions and novel findings in this manuscript regarding 2D SCHs include: 

- The identification of the Ὧ SST turbulence model implemented with the full Rayleigh-Plesset ‫ 

cavitation model to most accurately predict the performance parameters of SC hydrofoils in 2D. 

 

- The identification of the Ὧ ‭ turbulence model paired with the Schnerr-Sauer cavitation model to 

most accurately predict the cavitation patterns on 2D SC hydrofoils. 

 

- A good agreement between the 2D BEM solutions without wake calculations and the experimental 

data for a range of cavitation indices and angles of attack. This is especially true in supercavitating 

conditions.  
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While the novel findings in this manuscript narrows down the preferred physics model combinations 

to be used for SC flow, a deeper understanding of the factors influencing the cavitation patterns was 

required. Furthermore, the BEM required more theoretical developments to include wake calculations. 

These limitations are addressed in Manuscript 2.  

 

Manuscript 2: Analysis of Cavitation Inception and Pattern prediction Using 2D Unsteady RANSE for 

Supercavitating Hydrofoils 

The second manuscript focuses on extending the work done in manuscript 1 by evaluating the influence 

of URANSE based flow control parameters on the predicted flow solution. Additionally, the URANSE data 

is also compared with the 2D BEM performance predictions. However, at this stage, wake calculations are 

included. The predicted performance parameters and cavitation patterns by the two methods are compared 

in order to understand the range of operating conditions where either or both methods are applicable. This 

manuscript is submitted to the Journal of Marine Science and Technology pending acceptance and 

publication.  

The key contributions and novel findings in this manuscript regarding 2D SCHs include: 

- An improved understanding of the influence of flow seed density and rate of cavitation growth on 

the predicted flow solutions in URANSE solvers including cavitation inception and predicted 

performance parameters. 

 

- An improved understanding of the instabilities captured by URANSE solvers through mesh 

refinement in the separated region near the wake. The influence of the wake mesh refinement on 

the predicted cavitation patterns and performance parameters is also evaluated.  

 

- The development of the 2D BEM to include wake calculations for 2D SCHs with truncated TEs for 

resolving cavitating flow in a range of operating conditions. These developments were 

implemented in an executable framework 

 

- A parametric study for varying cavitation indices at a fixed, realistic ‌, revealing that the results 

from the 2D BEM follow the experimental trends more closely than the URANSE solutions 

 

- A parametric study for varying ‌ in a fixed SC conditions revealing that the predicted results from 

the 2D URANSE solution follow the experimental trends more closely than those from the 2D 

BEM solution 

 

- A comparison between the predicted cavitation patterns from the 2D URANSE solver and the 2D 

BEM which reveals the capabilities of both methods to identify different cavitation inception 

locations. 

The findings of manuscript 2 revealed the key factors that influence hydrodynamic performance and 

cavitation patterns predicted by the URANS and BEM solvers. Moreover, the introduction of wake 

calculations to the 2D SCH BEM was successfully integrated into its executable framework and resulted in 

significant improvements pertaining to the accuracy of the predicted solutions. At this stage, the 
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developments made to the 2D BEM for SCHs with truncated TEs were extended to 3D SCHs and SCPs 

with truncated TEs.  

 

Manuscript 3: Experimental Validation Study of the BEM for Supercavitating Propellers 

The third manuscript focuses on the experimental validation of the 3D BEM for a SCP from the TMB 

3 Blade propeller series. The goal of this investigation is to evaluate the reliability of the BEM as a 

performance prediction tool for SCPs with non-conventional sectional profiles. The study focuses solely on 

supercavitating conditions and evaluates the accuracy of the predicted hydrodynamic performance and 

cavitation patterns through the comparison with experimental data and images. The findings of this 

investigation were presented at the International Conference on Fast Sea Technology (FAST), in October 

2025.  

The key contributions and novel findings in this manuscript regarding 2D SCHs include: 

- The development of a 3D BEM as an extension to the previous works at VT iShip lab to predict the 

cavitating flow around SC propellers with truncated TEs. The method used for this study was 

capable of evaluating 4 types of cavitation patterns including base cavitation, supercavitation, and 

partial cavitation on the pressure and suction side of the propeller blade.  

 

- An experimental validation study for the scarcely validated 3D BEM for supercavitating propellers 

with truncated TE at supercavitating conditions. 

 

- A comparison between the 3D BEM predicted cavitation patterns and the experimental images 

At this stage, the 3D BEM for SCPs with truncated TEs was developed but it could only handle 4 types 

of supercavitating conditions. Additional developments to the BEM were made to increase the number of 

cavitating conditions that it could consider. Lastly, it was vital to compare the BEM against 3D URANS 

solvers to evaluate the limitations and capabilities of each method when considering a large design space. 

This was the motivation for Manuscript 4.  

 

Manuscript 4: 

The fourth manuscript focuses upon expanding the study presented in manuscript 3. This investigation 

aims to experimentally validate the BEM for three TMB 3-blade propellers at various operating conditions 

to identify its envelope of applicability and to assess the robustness of the algorithm. The predicted results 

for one SCP is compared with URANS solutions for a range of operating conditions. This is done to evaluate 

the accuracy of each method in various operating conditions. The findings of this investigation will be 

submitted to Ocean Engineering upon the acceptance of Manuscript 2.  

The key contributions and novel findings in this manuscript include: 

- Development of the 3D BEM for SCPs with truncated TEs to consider up to 8 different 

supercavitating conditions. 
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- Experimental validation of the BEM for a total of 3 SCPs with a at least 2 cavitation indices each 

for a range of advance ratios.  

 

- A comparison between the BEM and URANS solutions revealing the experimental error to be in 

the order of magnitude of 10%. 

 

- A comparison of the BEM and URANS predicted pressure distributions and cavitation patterns 

which demonstrates that the BEM is capable of producing comparable results while using 

significantly lower computational resources than the URANS solvers. 

 

Through the manuscripts, the primary objectives of this research investigation are accomplished. The 

developments made to the BEM for SC profiles with truncated TEs was first done in the 2D space. Then 

the focus transitioned to extending the developments in the 3D space. Similarly, the hydrodynamic 

performance and cavitation pattern prediction capabilities of URANS solvers were first explored in the 2D 

space and then in the 3D space. At each stage, the solutions from each method were compared against each 

other and experimentally validated.  
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CHAPTER 4 

AUTHOR ATTRIBUTIONS 

  This section documents the attributions of the different authors in each manuscript presented in 

this dissertation.  
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CHAPTER 5 

THE BOUNDARY ELEMENT METHOD 

The Boundary Element Method to resolve the cavitating flow around propellers and hydrofoils has been 

developed in several different ways, each for different purposes. This section documents the theoretical 

aspects and the numerical implementation of the BEM in detail for SC propellers and hydrofoils with 

truncated TEs. This version is an extension of the BEM developed at the VT iShip Lab which was 

specifically for conventional profiles [13,16]. This section documents the theoretical developments made 

to the BEM for SC profiles with thick truncated TEs and its numerical implementation. The BEM theory 

and numerical implementation for conventional propellers with solely back cavitation can be found in Fine 

(1992) [9]. An earlier and different variation of the BEM for SC propellers and truncated TEs can be found 

in Young (2002) [11]. The goal of this section is to provide future users of the BEM executable framework 

an insight into the theoretical aspects and numerical implementations of the algorithm. 

 

Geometry 

In order to understand the BEM, it is necessary to first establish the different coordinate systems. Figure 

5.1 shows the propeller, cavitation bubble geometry, and the different coordinate systems. ὼȟώȟᾀ 

indicate the ship coordinates. ὼȟώȟᾀ indicate the propeller fixed coordinates. ὼȟὶȟ— indicate the 

propeller cylindrical coordinates. The entire geometry of the body and the wake is generated by discretizing 

the surface into quadrilateral panels. The local curvilinear coordinates are represented by (ὰȟάȟὲ) where ὰ 

is in the chordwise direction, ά is in the spanwise or radial direction, and ὲ is in the normal direction. ‪ is 

the crossflow angle between ὰ and ά. At the center of each panel is a control point where a continuous 

distribution of sources and doublets are asserted. A similar coordinate system is implemented in the 2D and 

3D hydrofoil BEM where the cylindrical coordinates and are excluded, instead the foil angle of attack ‫ ‌ 

is included. The propeller blade or hydrofoil surface can be described as either cavitating (Ὓ) or wetted 

(Ὓ ). The wake surface is defined as Ὓ. Note that the Ὓ can include the cavitating blade or hydrofoil 

surface (Ὓ ) or the cavitating wake surface (Ὓ ).  

The wake sheet generated for the propeller geometry is a fixed pitch, helical wake with a specified 

length and streamwise panel discretization. The wake panel discretization in the radial direction is 

dependent on the number of radial sections defined on the propeller blade. Similarly, for a hydrofoil, a flat 

wake sheet is generated with a fixed angle of attack depending on the inflow angle of attack (‌).  
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Figure 5.1. Problem set up geometry description showing inflow velocity direction, ship and 

propeller coordinate systems, direction of propeller rotation, local curvilinear coordinate system, and 

cavitating and non-cavitating regions.  

Since the BEM executables are developed for SC propellers and hydrofoils with truncated TE, a óFake 

Trailing Edge (FTE)ô was added to the true TE of the profiles to make them compatible with the BEM 

algorithm [8,11,12]. The presence of this FTE influences the extent of cavitation patterns that can be 

predicted by the BEM algorithms. For example, in the event of no supercavitation, a base cavitation bubble 

is generated around the FTE. Previous studies have indicated that the shape of the FTE does not have a 

significant influence on the flow solution [11,12]. Nonetheless, for this investigation, the chosen FTE design 

consists of a smooth suction side and a concave surface on the pressure side. Introducing a concave surface 

on the pressure side is an attempt to induce a low pressure region near the true TE which would force the 

inception of a supercavitating bubble that would then surround the FTE. 

 

Problem Set Up 

The constant inflow velocity, ὠ, is in the axial direction and the propeller rotates with an angular 

velocity of The total velocity can be expressed as .‫ 

  ὠᴆὼȟώȟᾀ ὠᴆ ὼȟώȟᾀ ήᴆὼȟώȟᾀ      (5.1) 

Which can be written as: 

ὠᴆὼȟώȟᾀ ὠᴆ ὼȟώȟᾀ ‰ɳὼȟώȟᾀ    (5.2) 



ΝΟ 
 

Here, ‰ is the perturbation potential which satisfies Laplaceôs equation (ɳ ‰ π). At the centroid of each 

panel lies a constant strength source („ and doublet (‘). Both the source and the doublet exist on cavitating 

and wetted surfaces on the solid body and the cavitating wake sheet. Only doublets exist on the non-

cavitating wake panels. The perturbation potential, at any arbitrary point ὴ on the combined wetted and 

cavitating surfaces, ‰, must satisfy Greenôs third identity given in Equation 5.3. 

ς“‰  ‰
Ƞ

ᴆ
ὋὴȠή

ᴆ
ὨὛ 

 ᷾ 

ῳ‰
Ƞ

ᴆ
ὨὛ         (5.3) 

   

 Where ή is an arbitrary point anywhere on the propeller surface or the wake. In the case of a 

hydrofoil, ή would be an arbitrary point anywhere on the hydrofoil surface or the wake. Ὃ  is the 

Greenôs function where ὶ is the distance between the two arbitrary points ὴ and ή, ὲ is the unit normal 

vector at point ή, 
ᴆ
 is the point source strength at ή, and ῳ‰ is the potential jump at point ή if ή is located 

on the wake sheet. The integral is performed over the wetted surface and the cavitating surfaces (Ὓ  ᷾

 Ὓ) along with the non-cavitating the wake surface (Ὓ). Thus, Eq. 5.3 describes that the total potential 

induced at point ὴ is a sum of potentials from the continuous distribution of sources and doublets on the 

propeller surface and wake sheet. The same is applicable for 2D and 3D hydrofoils.  

 If ὴ is located on the propeller blade or hydrofoil surface, Eq 5.3 can be written as: 
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            (5.4) 

 Where the first integral term sums the influences from the sources and doublets located on the 

cavitating and wetted surfaces on the solid body. Then second term sums the influences of the sources 

present in the cavitating wake (Ὓ ). The third term accounts for the influence of the doublets present in 

the cavitating and non-cavitating wake regions (Ὓ  ᷾Ὓ ). Note that the superscripts, ó+ô and ó-ô denote 

the upper (suction) and lower (pressure) sides of a surface. 

 Now, for a conventionally shaped propeller or hydrofoil with only back cavitation where the 

cavitation bubble reattaches to the profile section at the pointed TE, if ὴ is located on the supercavitating 

wake panels, then Eq 5.3 becomes the following [9,11,13,16]: 
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 This is assuming that only back cavitation occurs and the perturbation potential in the free wake 

panels is ɝ‰  ‰ ‰. Therefore, given ɝ‰, the LHS from Eq. 5.3 can be written as ς“‰ ה

 ς“ς‰ ɝ‰. However, in the case of a SC propeller or hydrofoil with a truncated TE such as those 

involved in this study, the true TE and part of the wake sheet is fully engulfed in the cavitation bubble. 

Therefore, the pressure on both sides of the FTE and the cavitating wake panels is equal, leading to ɝ‰

π. In this case, we assign a doublet strength of   to the wake panels. This leads to: 
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            (5.6) 

 Note that since ɝ‰ π, ‰  ‰, the LHS of equation 5.6 can also be written as τ“‰ .  

To solve for the cavitating flow around the SC propellers and hydrofoils, a range of boundary conditions 

and an iterative method can be implemented to Eq 5.3. Additionally, this method assumes the flow to be 

irrotational, incompressible and inviscid.  

 

Boundary Conditions 

 There are three main boundary conditions implemented in the BEM: 

1. Kinematic Boundary Conditions (KBC) on wetted surfaces (hydrofoil, blade, hub) 

2. Dynamic Boundary Conditions (DBC) on cavitating surfaces 

3. Kinematic Boundary Conditions on cavitating surfaces 

The KBC on the wetted surfaces states that the flow needs to be tangent to solid surfaces, thereby resulting 

in a Neumann boundary condition: 
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 ὠᴆȢὲᴆ                    (5.7) 

 

 The DBC on cavitating surfaces states that the pressure in the cavitation bubble is required to be 

constant and equal to the vapor pressure of the operating fluid. By implementing Bernoulliôs equation, the 

DBC on cavitating surfaces and wake regions can be described as: 

ȿήᴆȿ ὲ Ὀ„ ὠᴆ ‫ὶ ςὫὬ ς   (5.8) 

 Where,  ήᴆ is the vapor velocity in the cavitation bubble, „ ὖ ὖ Ⱦ ὲὈ  is the 

cavitation number and ὲ   ʖȾςʌ is the rotational speed. Our case is time independent; hence, we can 

remove the  term. Now, the total vapor velocity can be represented in terms of the local curvilinear 

coordinates as: 

ήᴆ
ᴆ ᴆȢᴆᴆ ᴆ ᴆȢᴆᴆ

ᴆ ᴆ
ὠ ὲᴆ    (5.9)  

Where the total velocities for each curvilinear coordinate vector components are defined as follows: 

ὠ ὠᴆȢὰᴆȟ  ὠ ὠᴆȢάᴆȟ  ὠ ὠᴆȢὲᴆ   υȢρπ 

By assuming ὠ to be negligible [9,19] and integrating the equations for ή, a quadratic equation in terms 

of  can be found. By isolating the root corresponding to the streamline vector (l), we get: 

ὠᴆȢὰᴆ ὠÃÏÓ‪ ÓÉÎ‪ ȿήᴆȿ ὠ   (5.11) 

The above equation can be integrated to obtain a Dirichlet type boundary condition for the perturbation 

potential in cavitating regions. Now, in the wake region, we can assume the crossflow term () to be 

negligible. This gives us: 

ὠᴆȢὰᴆ ȿήᴆȿ     (5.12) 

By integrating the above equation, we can get a Dirichlet type boundary condition for the cavitating 

wake region. The resulting integral equations for the DBC on the cavitating blade and on the wake regions 

are as follows. Figure 5.2 can be referenced to understand the limits of the integral equations. In the event 

of the cavitation bubble reattaching to the blade upstream of the FTE, the upper limit for the integral in Eq 

5.13 will be ὰ  . 
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Figure 5.2. Schematic showing the limits of the Dynamic boundary conditions on the propeller blade or 

hydrofoil surface, and in the wake.  
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            (5.14) 

 While the Morino Kutta condition states that the potential jump in the wake is ɝ‰  ‰ ‰ at 

the FTE, this is only applicable when the cavitation bubble reattaches to the blade or hydrofoil surface at 

the pointed TE due to which, there exists a potential jump between the pointed TE, and the wake sheet. In 

the case of a truncated TE where the cavitation bubble completely engulfs the true TE and reattaches to the 

blade on the pressure side, the standard application of ɝ‰ is no longer applicable. Additionally, to the extent 

of the authorôs knowledge, previous studies have not described the treatment of the wake panels in such a 

case [9,11]. Therefore, in this algorithm, the doublets in the wake sheet are assigned a strength equal to the 

average of the potential strengths of the top and bottom FTE tip panels as seen in Eq. 5.14. This differs 

from the treatment of the potential in the wake described in Young, 2002 [11] where instead of the average 

potential at the FTE (‰ὰ ȟά ‰ὰ ȟά), the potential on the pressure or suction side of the true 

TE is added (‰ ὰȟά . This also differs from the treatment of the wake panel potentials described in 

Fine (1992) [9] where depending on the cavitating conditions, either ‰  ɝ‰  ‰ ‰ or ‰  ‰  

is implemented. 

 The KBC on cavitating surfaces requires the total normal velocity on the cavitation bubble surface 

to be zero. This can be expressed through:  
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ὠ ÃÏÓ‪ὠ ὠ ÃÏÓ‪ὠ ÓÉÎ‪ ὠ   (5.15) 

 Where Ὤ is the cavitation bubble thickness. In the wake region, the crossflow term () is 

considered to be negligible. Therefore, the KBC in the wake region becomes: 

ȿήᴆȿ
 

    (5.16) 

 Where Ὤ is the cavitation bubble thickness in the wake.  

 

Smooth Detachment Conditions 

 The smooth detachment condition is satisfied at every iteration of the BEM. It ensures that the 

thickness of the cavitation bubble at its inception point is positive and the pressure upstream of the 

cavitation detachment point is greater than the vapor pressure of the operating fluid. This prevents the 

development of a negative and unrealistic cavitation bubble. 

 

Closure Condition 

 A closure condition is implemented at the reattachment point of every partial cavitation bubble and 

at the TE of a supercavitation bubble. The closure condition requires the cavitation bubble thickness, Ὤ or 

Ὤ to be equal to zero at its closure point. For example, for a supercavitation bubble in the wake region: 

Ὤ ὰ  π    (5.17) 

 Through the implementation of all the boundary conditions, the smooth detachment condition, and 

the closure condition, Eq. 5.3 can now be resolved iteratively through a system of equations. At each point, 

on the propeller or hydrofoil geometry, there exists only one unknown. The schematic in Figure 5.3 

summarizes the implemented conditions.  
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Figure 5.3. Schematic summarizing the different Boundary Conditions implemented on a blade section.  

In cavitating regions, the source strengths are unknown. Whereas, in wetted regions, the doublet 

strengths are unknown.  

 

Numerical Implementation 

 Eq. (5.3) is a Fredholmôs integral equation of the second kind, which means that an unknown 

function exists both inside, and outside of the integral. In our case, this unknown function is the perturbation 

potential, ‰. Therefore, Eq. 5.3 can be solved numerically, in a discrete form, through an iterative method. 

The system of equations is solved for one ókeyô blade where the influence coefficients of all other blades 

on the propeller are accounted for. In this numerical implementation, the following convention is assumed: 

¶ NNCAV: Number of wetted panels on the blade or hydrofoil surface and the hub 

¶ NCAV: Number of panels on the surface inside the cavitation bubble 

¶ NCAVS: Number of panels in the wake that are overlapped by a supercavitation bubble 

¶ NW: Number of panels in the wake sheet 

Considering ὤ as the number of blades, ὔ as the total number of panels in the propeller blade or 

hydrofoil surface, and ὔ  as the number of panels in the wake. For point Ὥ on the blade, Eq. 5.3 in its 

discrete form can be written as: 

ὃ‘  ὡ ɝ‰  ὄ„           Ὥ ρȟȣȟὔ ὤ 

            (5.18) 
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 Where ὃ is the doublet (‘) influence coefficients from other surface panels, ὄ is the source („) 

influence coefficients from other surface panels, and ὡ is the doublet influence coefficients from the wake 

panels. Eq. 5.18 holds true for the wetted case. Similarly, if Ὥ is on the wake sheet: 

Ὀ‘  ὡᶻ ɝ‰  Ὂὗ τ“‰           Ὥ ρȟȣȟὔ  

            (5.19) 

 Where Ὀ is the doublet (‘) influence coefficients from surface panels, Ὂ is the source („) influence 

coefficients from cavitating wake panels and ὡᶻ is the doublet influence coefficients from other non-

cavitating wake panels. In both Eq. 5.18 and 5.19, if Ὥ Ὦ, that is, if the Ὥ point is on the Ὦ panel and on 

the ά  section of the key blade, then ὃ ς“. The same applies when the Ὥ point is on the Ὦ panel 

of the ά  section of the wake sheet. In that case ὡᶻ ς“. This is similar to the algorithms described 

in previous studies [9,11,13,16]. As noted in the previous studies, once the discretized boundary conditions 

are introduced, there are more unknowns than the number of equations in the entire system of equations. 

This is due to the unknown doublet strength at the detachment point of each cavitation bubble included in 

the DBC. Therefore, for each cavitation bubble, a cubic extrapolation is performed using preceding 

unknown ‰ values to develop an equation for the ‰ strength at the cavitation bubble detachment point. This 

can be observed in Figure 5.4.  

 

Figure 5.4. Schematic to show the cubic extrapolation conducted to express the unknown ‰ at the 

cavitation detachment point in terms of the upstream unknown values of ‰. 

 As discussed in Fine (1992), ‰ Ὢ‰ ȟ‰ ȟ‰ ) [9]. Using, the local curvilinear coordinate 

ὰ, for every section ά, the cubic extrapolation for ‰ can be written as: 

‰ Ὑ ‰ Ὑ ‰ Ὑ ‰ Ὑ ή   (5.20) 

Where: 

‰ὰӶπ  ‰  
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And Ὑ  to Ὑ  are coefficients for the cubic extrapolation. It is important to note that in the 

algorithm implemented in this study, if the extrapolation process led to a negative value in the square root 

term of the DBC (equation 5.13), then the square root term from the previous iteration would be utilized. 

This occurs when two bubbles on the same side of the blade or hydrofoil were identified and were too close 

to each other or the blade section under consideration was at the tip.  

 Once the discretized boundary conditions are introduced, equations 5.18 and 5.19 can be rewritten for 

SCPs and SCHs with truncated TEs in a similar way to that described in Fine (1992) [9] with a few 

modifications for profiles with truncated TEs. 

 Looking at the solution for just the key blade with ὓ sections, if Ὥ is on the propeller blade or 

hydrofoil surface: 

ὃ ‘ ‚ Ὑ ‰ Ὑ ‰ Ὑ ‰  ὄ „

 ὅ ὗ  ὡ
‰ ‰

ς
   

  ὃ ɰ  ὄ ὠ  Ȣὲ  Ὓὕὖὡ ɰ

Ὑ ή ‚  ὑὲέύὲ ὛέὰόὸὭέὲ Ὢὶέά έὸὬὩὶ ὦὰὥὨὩί       Ὥ ρȟȣȟὔ ὓ 

            (5.21) 

 Where: 

‚  ὃ Ὓὕὖὡ

ͺ

 

¶ Ὓὕὖρ if bubble is Supercavitating and Ὓὕὖπ if bubble is not supercavitating 

¶ ὃ is the blade to blade panel doublet influence coefficients 

¶ ὄ is the blade to blade panel source influence coefficients 

¶ ὅ is the wake to blade panel source influence coefficients 

¶ ὡ is the wake to blade panel doublet influence coefficients 
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¶ ɰ is the value of the perturbation potential calculated from the DBC on the blade or wake  

¶ ὠ  Ȣὲ  is the value of the source calculated from the KBC 

Note that for this study, the BEM is developed for solely supercavitating propellers and hydrofoils with 

truncated TEs. This differs from the numerical implementations described in Fine (1992) [9]. Just as in 

equation 5.21, if Ὥ is located on the cavitating wake sheet: 

Ὀ ‘ ‚ Ὑ ‰ Ὑ ‰ Ὑ ‰  Ὁ „

 Ὂ ὗ  ὡᶻ
‰ ‰

ς
  τ“ɰ 

Ὀ ɰ  Ὁ ὠ  Ȣὲ  ὡᶻ ɰ Ὑ ή ‚  

ὑὲέύὲ ὛέὰόὸὭέὲ Ὢὶέά έὸὬὩὶ ύὥὯὩ ίὬὩὩὸί                  Ὥ ρȟȣȟὔὅὃὠὛ 

            (5.22) 

Where if Ὥ is on the ά  strip of the wake sheet: 

‚  Ὀ Ὓὕὖὡᶻ
ͺ

τ“  

Otherwise: 

‚  Ὀ Ὓὕὖὡᶻ
ͺ

 

In Eq. 5.22,  

¶ Ὀ is the blade to wake panel doublet influence coefficients 

¶ E is the blade to wake panel source influence coefficients 

¶ Ὂ is the wake to wake panel source influence coefficients 

¶ ὡᶻ is the wake to blade panel doublet influence coefficients 

¶ ɰ is the value of the perturbation potential calculated from the DBC on the blade or wake 

¶ ɰ  is the perturbation potential calculated from the DBC on the wake  

¶ ὠ  Ȣὲ  is the value of the source calculated from the KBC 

In both Eq 5.21 and 5.22, the LHS includes the unknown variables and the RHS includes the known 

variables from the boundary conditions. On the LHS, the source strengths in cavitating regions and doublet 

strengths in noncavitating regions are unknown. Whereas, on the RHS, the doublet strengths in cavitating 

regions and the source strengths in non-cavitating regions are known. The two equations can therefore be 
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combined into a system of equations of the form ὅ ὢ Ὀ and they can be solved iteratively with an 

initial guess.  

The algorithm is first iteratively solved for the wetted case. The solution for the wetted case is then 

taken as the first guess as a solution to the system of equations developed for the cavitating case. The 

cavitating solution is resolved in two parts containing iterative loops.  

The first part identifies the presence of cavitation on the pressure and suction side of a propeller blade 

or hydrofoil. This is done by comparing the calculated pressure on each panel to the defined vapor pressure 

of the operating fluid. If the pressure on a panel is equal to or below the vapor pressure, then that panel is 

flagged as cavitating. In this manner, each section on the propeller blade or hydrofoil can be identified as 

noncavitating, cavitating on only one side, or cavitating on both sides. Additionally, the start and end points 

of each cavitation bubble are identified. At this stage, each section can have only one bubble on the face 

and the back. 

The second part focuses on introducing the wake sheet, the supercavitating bubble, and on further 

refining the type of cavitation. For each section, the identified detachment and reattachment locations of 

the cavitation bubble from the first part is used to decide the treatment of that section.  Figure 5.5 documents 

the different types of cases that the current algorithm is capable of handling. The profile section is seen in 

black. The red dashed line indicates the FTE. Lastly, the shaded blue region indicates the cavitation bubble. 

The column on the left indicates the identified cavitation pattern depending on the solution from part 1. The 

column on the right indicates how the cavitation pattern is resolved based on its detachment and 

reattachment points.   

 

 

Figure 5.5. Treatment of different cavitation patterns in the BEM algorithm based on the cavity detachment 

and reattachment points. Flow direction is from left to right, the profile geometry is indicated in black, the 

FTE in a dashed red line and the cavitation bubble in blue.  

ÅĲƚŸũƻĲĬШ9ċƻŔƣċƣŔŸŰШÂċƣƣĲƖŰ fĬĲŰƣŔǯĲĬШ9ċƻŔƣċƣŔŸŰШÂċƣƣĲƖŰ 
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 Once the unknown doublet and source strengths are resolved for, the cavitation bubble thickness is 

calculated through the KBC on cavitating regions by numerically integrating Eq. 5.15. As described in 

Gaggero & Brizzolara (2008, 2009) [13,16], the partial derivatives in Eq. 5.15 can be replaced with finite 

difference formulae to obtain an iterative function that calculates the cavity thickness at any point (ὰȟά) 

using the preceding cavity thickness values at points (ὰ ρȟά ρ). The interpolation functions can be 

denoted by ὑ and the cavity thickness can be expressed as: 

ὑ ȟ  ȟ  ὑ ȟ  ȟ ὑ π   (5.23) 

 Where ὰȟάȟὲ are the local curvilinear coordinates in the chordwise, spanwise, and normal 

direction, respectively. The schematic in Figure 5.6 is similar to those presented in previous works [13,16] 

and demonstrates the cavity thickness calculation method. The shaded blue region indicates the cavity 

surface, the black lines show the surface panels and the red dots indicate the control points located at the 

centroid of each quadrilateral panel. 

 

Figure 5.6. Schematic showing the finite difference method implemented to calculate the cavitation 

bubble thickness. 

 It is important to note that while the same method is used to calculate the cavity thickness in the 

wake for SC conditions, the cavity thickness on the first wake panel is extrapolated from the cavity thickness 

at the FTE on the blade section.  

Once the cavity thickness is calculated, the smooth detachment and closure conditions are implemented. 

In each iteration, the cavitation bubble planform is shifted to upstream or downstream panels to ensure that 

¶ The cavitation bubble thickness is not negative at the bubble detachment point 

¶ If the cavitation bubble reattaches to the blade section surface, the cavitation bubble thickness is 

not significantly positive at the reattachment point 

¶ The cavitation bubbles present on the hydrofoil or blade surfaces are at least 3 panels long 
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¶ There are at least 2 panels between two separate cavitation bubbles on the same side of the blade 

or hydrofoil to prevent overlapping bubbles 

The user can specify the number of iterations in each iterative loop. A converged solution is obtained 

when at least 3 consecutive iterations produce the same results in terms of the indices where the cavitation 

bubble detaches and closes. However, sometimes it is also possible that the cavitation bubble detachment 

or closure points may fluctuate between two panels because the true detachment or closure location is in 

between. In such an event, it becomes impossible to obtain the same results in 3 consecutive iterations. 

Thus, the iterative loop continues until the maximum number of iterations specified is reached after which 

the algorithm moves on to the next step. While it is not a part of the BEM algorithm used in this 

investigation, a split panel algorithm can be implemented to resolve this issue like that described in Fine 

(1992). 

At the end of the iterative loop, the forces around the propeller blade or hydrofoil are calculated using 

the pressure at each control point on the surface. It is important to note that since this version of the BEM 

is for SCPs and SCHs with truncated TEs, base cavitation is assumed. Therefore, the truncated TE is fully 

encompassed in a cavitation bubble with ὴ ὴ  exerted on it. This pressure is considered to act normal 

to the true TE surface during the force calculations. Additionally, a viscous correction is implemented on 

all wetted surfaces.   

In this manner, an initial non-cavitating solution of the flow around the selected geometry is used as an 

initial guess to iteratively solve the system of equations developed through the implementation of Greenôs 

third identity, DBCs, and KBCs. In each iteration, the solutions for the unknown doublet and source 

strengths are resolved and then used to calculate the cavity thickness. Lastly, depending on the satisfaction 

of the smooth detachment and closure conditions, the algorithm either exits the iterative loop or continues 

on to the next iteration until the user specified maximum number of iterations. 

The source code of the BEM algorithm executable is developed using a combination of FORTRAN 77 

and 90 programming languages. The source code is compiled using an Intel oneAPI compiler (IntelÈ 

Fortran Compiler 2024.0.2 [Intel(R) 64]) with a Math Kernal Library (MKL) toolkit. The input file 

generation for the executable and all post processing is done through MATLAB.  
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CHAPTER 6 

TMB 3-BLADE PROPELLER SERIES BLADE GEOMETRY GENERATION 

 The TMB 3-Blade Supercavitating propeller series was chosen to experimentally validate the 3D 

BEM. There is a severe lack of recent, experimental performance data of supercavitating propellers with 

truncated TEs due to which this particular propeller series was selected. Despite these propellers being 

tested in the 1960s, their blade geometry resembles those of modern-day SCPs. To the authorôs knowledge, 

this propeller series is one of the few propeller series available in open literature with the most completely 

documented performance data and geometrical descriptions. Even then, the blade geometry for the 

validation studies was generated by referencing multiple sources. For this reason, it is important to 

document the process followed to generate the propeller models used in the numerical methods. This section 

provides an overview of the approach taken.  

 To generate the specific propeller geometries, the propeller design parameters were obtained from 

Table 1 in the DTMB Report 1432, ñExperimental Performance of TMB Supercavitating Propellersò by R. 

Hecker, J. G. Peck, and N. A. McDonald [2]. These values were then used to generate the propeller blade 

geometry through the process described in the DTMB Report 1245, ñTMB 3-Bladed Supercavitating 

Propeller Seriesò by Caster, E. B [17]. Using the design ὐ and design ὅ values obtained from Report 1432 

[2], the maximum normalized camber on the pressure side and the maximum normalized section thickness 

for the suction side at each radial section is determined from Figures 6 through 13 in Report 1245 [17]. 

These figures are documented in Appendix A for reference.  

 Figure 6.1 shows the propeller profile nomenclature taken from Tachmindji et al (1957) [18]. ὰ is 

the chord length of each radial section, ώ is the camber on pressure side, and ὸ is the thickness of the blade 

section directly above the cambered surface on the pressure side.  

 

Figure 6.1 TMB-modified propeller blade section profile diagram taken from Tachmindji et al (1957). 

 The pitch and the chord distribution for a propeller blade can be obtained from Table 1 in the TMB 

report 1245 [17] referenced below. ὼ represents the normalized radial distance of the propeller blade, 

Ⱦ
Ȣ
 is the pitch to diameter ratio divided by the propeller bladeôs design ὖȾὈ at πȢχὙ, and ὰȾὈ is the 
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chord to propeller diameter ratio. Lastly, the propeller design charts were referenced to manually calculate 

any variations in the pitch and rake values. If the sectional pitch differed from those calculated through the 

process described in Report 1245 [17], then the pitch from the propeller design charts were used. The 

sectional propeller rake was manually measured from the propeller design charts as well. An example of a 

propeller design chart is seen in Appendix B. 

 

Figure 6.2 TMB propeller blade section pitch and chord length distribution for radial section. Table 1 

taken from Caster E. B. (1959) [17]  

It is important to note that different sources were referenced to generate propeller geometry. 

Therefore, it is possible that the discrepancy between any BEM or CFD predicted results, and the 

experimental data is a consequence of the difference in the modelled geometry and the true propeller 

geometry. 
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CHAPTER 7 

 

 

 

 

 

 

 

 

MANUSCRIPT 1: Uncertainty Quantification of RANSE and BEM models for Hydrodynamic 

Performance of Supercavitating Hydrofoils 

Presented at the Eighth International Symposium on Marine Propulsors (smpô24), Berlin, Germany 
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ABSTRACT 

Innovating, testing, and design of supercavitating 

propellers and hydrofoils used in high-speed marine crafts 

can be time consuming and expensive. Various numerical 

methods and Computational Fluid Dynamics (CFD) 

models can help in the design and optimization processes 

and hence improve the efficiency of the production 

pipeline. This study explores the capabilities of Unsteady 

RANSE based CFD simulations and a potential based, low 

order, 2D Boundary Element Method (BEM) in predicting 

the performance and cavitation patterns for a 2D 

supercavitating hydrofoil. The goal of this study is to 

quantify the uncertainty in these performance prediction 

approaches by validating their results against available 

experimental data. The study revealed that unsteady 

RANSE, using the Ὧ  turbulence model and the full ‫ 

Rayleigh-Plesset cavitation model predicts the most 

accurate hydrodynamic performance parameters. 

However, the most accurate cavitation patterns were 

predicted using the Ὧ  ‭ turbulence model and the 

Schnerr-Sauer cavitation model. The low order BEM also 

showed results that agreed well with the experimental data, 

especially considering the approximation of the model. A 

further investigation on the influence of control parameter 

in CFD simulations showed that seed density and seed 

diameter can have significant influence on the cavitation 

pattern prediction. 

Keywords 

Supercavitation, Propellers, CFD, BEM, Uncertainty 

quantification 

1 f ÑÅ§?Ö9Ñf§  
Over the last few years, there has been a large increase in 

the demand for outboard engines for high-speed marine 

crafts. To minimize the weight and size of engines, 

propellers must rotate fast while advancing at high speeds. 

Conventional propellers are adversely affected in such 

cases due to cavitation. Cavitation is a phenomenon which 

occurs when the pressure on the surface drops below the 

vapor pressure of the operating fluid causing the fluid to 

vaporize and form bubbles at the blade surface. This can 

structurally damage the propellers, cause noise, and affect 

performance. Propellers on high-speed marine crafts 

operate in the supercavitating (SC) regime, a condition 

where the cavitation bubble is longer than the chord length 

of the propeller section. With the increasing maximum 

power of outboard engines resulting from technological 

advancements, there is a need to design new, high 

performance super-cavitating propellers (SCP) which can 

deliver large thrust at high speeds with limited maximum 

size. Innovative designs can only come from innovative 

super-cavitating hydrofoils (SCHs) that can be designed by 

numerical hydrodynamic simulation methods (Vernengo et 

al. 2016). 

Efforts to computationally predict the performance of 

SCHs and SCPs have persisted for a very long time. Tulin 

(1962) summarizes some of the early methods used in 

cavitating flow predictions. These approaches include 

different lifting surface methods which relied on the linear 

cavity theory that was applicable to only thin SCP and SCH 

sections. However, inaccurate outputs were obtained when 

this numerical approach was implemented to propeller 

sections with large thickness values and rounded leading 

edges (Fine and Kinnas 1993). Moreover, these methods 

relied on multiple assumptions and empirical corrections 

(Young and Kinnas 2003). During the 1990s, the 

PROPCAV method was developed (Kinnas and Fine 1992, 

Fine and Kinnas 1993), which is a low-order, potential 

based BEM. It is nonlinear in nature such that for a known 

cavitation number, the cavity extent and location is 

unknown. It is an iterative method that can predict steady 

partial and supercavitation for SCPs and SCHs for 

conventional propellers. Further developments by Young 

and Kinnas (2003) adapted this method for cavitation 

prediction of SCHs and SCPs with truncated trailing edges 

(TE). Additionally, they validated their method using 

experimental data from Matsuda et al. (1994). 
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 Flow Models 

 

 

Cavitation 

Model 

 Ὧ  ‭ Turbulence Model Ὧ  Turbulence Model Laminar ‫ 

 Turbulent flow Transitional flow Turbulent flow Transitional flow  

Schnerr-Sauer V V V V V 

Full Rayleigh 

Plesset 
V U V U U 

It is important to note that due to the limited availability of 

experimental data on SCHs and SCPs, especially in 2D, the 

results of this article are validated against experimental 

data from Parkin (1956). 

Recent advancements in Computational Fluid Dynamics 

(CFD) and various numerical methods have provided a 

means to predicted propeller performance in cavitating 

conditions with increased accuracy. Unsteady RANSE 

based solvers with cavitation models can simulate realistic 

operating conditions. The use of these methods on SC 

sections are still being explored (Vernengo et al. 2016, 

Gaggero & Brizzolara 2009). Such studies have also led to 

the advancement of the BEM for SC profiles (Gaggero & 

Brizzolara 2009) in addition to alternative BEM by Fine & 

Kinnas (1993) and Young & Kinnas (2003). An important 

motivation for the continued development of potential flow 

based numerical methods is their computational efficiency. 

Despite the accuracy of unsteady RANSE, in this study, a 

2D simulation required over 200 processors and 

approximately 2.5 days of time. Whereas the potential 

flow-based method required only 1 processor and was 

complete in approximately 15 seconds.  

The goal of this study is to contribute to the exploration of 

the scope of supercavitating flow prediction using 

unsteady RANSE solvers and numerical methods. Here, 

the capabilities of various models to simulate 2D 

supercavitating flows are systematically explored. The 

performance and cavitation pattern predictions from the 

BEM and the unsteady RANSE models are compared 

against experimental data from Parkin (1956) for a 2D 

SCH section seen in Figure 1. The models explored include 

different cavitation, turbulence, and transitional models. 

The uncertainty regarding the performance predictions of 

each approach is quantified by numerically validating them 

against the available experimental data. Furthermore, the 

cavitation pattern predictions are also qualitatively 

compared.  

2 COMPUTATIONAL FLUID DYNAMICS (CFD) MODELS  

The 2D performance prediction capabilities of a range of 

turbulence and cavitation models are assessed. The 

simulations are based on the Reynolds Averaged Navier 

Stokes Equations (RANSE). Turbulence is modeled using 

either the Ὧ ‭ model or the Ὧ model. Transitional ‫ 
flow is modeled using turbulence suppression and a ‎ 
transition model depending on the selected turbulence 

model. The flow is also simulated to be laminar in nature. 

Lastly, cavitation is simulated using either the Schnerr 

Sauer or Full Rayleigh-Plesset model. Table 1 documents 

the different combinations of these models that were tested.  

3 2D BOUNDARY ELEMENT METHOD (BEM)  

The potential flow based numerical method used in this 

study is a 2D BEM from Gaggero and Brizzolara (2008) 

and Vernengo et al. (2016). It is based on PROPCAV 

(Kinnas and Fine 1992) but modified for supercavitating 

geometries with truncated trailing edges (Young 2002). 

Assuming a uniform, potential flow and a uniform 

distribution of point sources and dipoles on the hydrofoil 

surface and wake, the perturbation potential at every 

arbitrary point ὴ on the combined wetted and cavitating 
surface of the hydrofoil must satisfy Greenôs 3rd identity: 

ς“‰  ‰ Ὃ ὨὛ
᷾

ɝ‰ ὨὛ  

      (1) 

Where ή is a different arbitrary point on the hydrofoil or 
the wake, Ὃ ρȾὶ is the Greenôs function equal to the 

inverse of the distance between points ὴ and ή, and ὲ is the 
unit normal vector to the surface. The different regions 

over which this integral is performed include the wetted 

surface, cavitating surface, and the cavitating wake region 

abbreviated as Ὓ , Ὓ, and Ὓ, respectively. These are 
observed in Figure 2. To solve for the unknown potentials 

on the hydrofoil and in the wake, a range of kinematic and 

Figure 1. Circular Arc Hydrofoil from Parkin (1956) 

with the closing zone of 0.3c at the truncated trailing 

edge seen in blue. 

 

ὠ  

Figure 2. Taken from Fine (1992). The schematic 

shows the cavitating foil and wake regions Ὓ and 

the wetted surface Ὓ . 
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dynamic boundary conditions are used (KBC and DBC). 

The kinematic boundary condition on the wetted surfaces 

requires the flow to be tangent to the surface. The dynamic 

boundary condition on cavitating regions on the foil 

surface and the wake requires the pressure in the cavity to 

be constant and equal to the vapor pressure of the fluid. 

Lastly, the kinematic boundary conditions on cavitating 

surfaces requires the velocity normal to the cavity surface 

to be zero. In addition to these boundary conditions, a 

smooth detachment and a closure condition is also 

implemented. The smooth detachment condition requires 

the thickness of the bubble at its detachment point to be 

positive and the pressure just upstream of the detachment 

point to be greater than the vapor pressure of the fluid. The 

closure condition requires the thickness of the bubble at the 

bubble trailing edge to be zero. 

The problem is set up such that by using various boundary 

conditions, only a single parameter is unknown in each 

region. The dipole strengths are unknown in the wetted 

regions and the source strengths are unknown in the 

cavitating regions. The unknowns are numerically solved 

for using Eq. (1) and the boundary conditions through a 

system of equations. This process is iteratively performed 

to obtain a converged solution, building upon the solution 

from previous iterations. The bubble thickness is also 

calculated by iteratively satisfying the kinematic boundary 

conditions, closure conditions, and the smooth detachment 

conditions on the foil surface. Details regarding the 

theoretical implementation and numerical algorithm are 

present in Fine (1992), Young (2002), and Gaggero and 

Brizzolara (2008). It is important to note that this method 

assumes inviscid, incompressible, and irrotational flow. 

Additionally, for this study, the cavitation bubble extent in 

the wake is not computed.  

4 EXPERIMENTAL SET UP  

Experimental data from Parkin (1956) is used for the 

uncertainty quantification in the CFD and BEM results. 

The cavitation and performance data from the 2D Circular 

Arc Hydrofoil geometry, as seen in Fig. 1, is used to 

validate the performance predictions from the unsteady 

RANSE models and the BEM. The experiment was 

conducted in a ñnearly rectangularò test section which was 

35.6 cm high and 7.62 cm wide. The hydrofoil used in 

these experiments was placed horizontally in the test 

section spanning the entire tunnel width with a small 

clearance near the walls resulting in two-dimensional flow. 

Performance data was measured over an extensive range of 

inflow velocities and angles of attack. The cavitation 

number, defined in Eq. (2), was calculated either by 

measuring ὴ  in the cavitation bubble („  or by 
assuming a theoretical vapor pressure value „  . The 
latter was performed when the cavitation bubble was 

unsteady.  

„   (2) 

The test conditions considered for the performance 

prediction methods include πȢς „ ρȢρ and π ‌
ρπȢ Each performance prediction approach was 

customized to best simulate the operating conditions of the 

hydrofoil. This is described in the following subsections. 

4.1 2D BEM Set Up 

Since the geometry being considered is a supercavitating 

hydrofoil with a truncated TE, a temporary closing zone is 

implemented to account for the ñopennessò of the TE. This 

has negligible influence on the solution if the closing zone 

is within the separation bubble and its TE point is aligned 

with the selected wake sheet [Young, (2002)]. The closing 

zone is 30% of the chord length and the total number of 

points of the geometry surface was 241 with 41 points on 

the face and back of the closing zone. This is seen in Figure 

1. Where possible, the experimental „ calculated by 
measuring ὴ  in the cavitation bubble was specified to 

predict the performance of the hydrofoil. In other cases, the 

„ based on freestream static pressure was utilized.   

4.2 Unsteady RANSE Simulation Set Up 

The 2D Circular Arc hydrofoil is modeled in a 5 x 2 m fluid 

domain. A Polygonal and Prism Layer mesh is used. The 

base size is kept constant at 0.02 m with a target surface 

size of 32% of the base size. The minimum surface size 

was 1% of the base size. There are 32 prism layers around 

the hydrofoil and the prism layer thickness is kept constant 

at 2.56 cm. The prism layer thickness is gradually reduced 

at the sharp vertices of the hydrofoil as can be seen in 

Figure 3. This ensures that the mesh cells do not increase 

in size due to large changes in angles of the foil surface. 

Figure 3. 0.02 m base mesh size, AoA = ρπ, 32 prism 

layers around the hydrofoil surface. Inflow velocity is 

from left to right. 

 

Figure 4. Taken from Parkin (1956). AoA = ρπ, from 

top to bottom, „ πȢχωςȟπȢτττȟ and 0.264. Image 

horizontally flipped. Inflow velocity is from left to 

right. 

╥  
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Lastly, the wake is refined with a mesh size of 1% of the 

base size.  

The flow is modeled to be a multiphase flow with the two 

phases being water and vapor. It is simulated using a range 

of turbulence and cavitation models as listed in Table 1. 

The vapor pressure for the fluid is assumed to be 2300 Pa. 

The velocity is kept constant at 11.26 m/s and the flow „ 
is varied by changing ὴ. Due to the nature of the 
turbulence and cavitation models used, the flow „ value is 
equated to „. The flow is solved using an implicit 
unsteady solver with a time step of ρπs and for a physical 
time of 2 seconds where each time step has 5 iterations. 

The cavitation bubble is predicted by creating an isosurface 

for a volume fraction of vapor πȢυ. 

4.3 Test Conditions 

The performance capabilities of BEM and CFD are tested 

through different studies to quantify the uncertainty 

between their performance prediction capabilities and the 

performance data from Parkin (1956). It is important to 

note that the physics being modelled in this type of flow is 

very complex. Not only are there two phases of the fluid, 

but there are multiple forms of cavitation patterns. 

Supercavitation occurs at low „ values. As „ increases, 
partial cavitation occurs which is often unsteady. The 

cavitation bubble itself fluctuates in length and sheds 

bubbles into the wake. Moreover, cavitation can occur on 

the back, on the face, and in the separated region of the 

truncated trailing edge. This change in cavitation pattern 

can be observed in Figure 4. For this reason, the first 

section of the study focuses on comparing the performance 

predictions of the BEM and various unsteady RANSE 

models to the experimental data for varying cavitation 

numbers. This is done for 2 angles of attacks, π and ρπ, 
and cavitation numbers ranging from 0.2 to 1.1. These two 

angles of attack are particularly chosen as Parkin (1956) 

provides real time images for them. 

The predicted performance parameters are also compared 

to the experimental data for varying angles of attack at „ 
values of πȢςφ πȢπς, πȢτσ πȢπς, and πȢφτ πȢπψ. The 
uncertainty in the cavitation number accounts for the 

difference in flow conditions when the hydrofoil angle of 

attack was changed. This study is done for unsteady 

RANSE models with laminar flow, Ὧ turbulence with ‫ 
full Rayleigh-Plesset cavitation model, and Ὧ ‭ 
turbulence with Schnerr-Sauer cavitation model. The 

angles of attack included in this study are 

πȟςȟτȟψȟ ÁÎÄ ρπ. These conditions were also tested 
using the BEM. 

Following this, a deeper investigation on the influence of 

the cavitation model control parameters on the resolved 

cavitating flow is conducted. The seed density and seed 

diameters were varied for the Ὧ turbulence model with ‫ 
full Rayleigh-Plesset cavitation model and Ὧ ‭ 
turbulence model with Schnerr Sauer cavitation model. 

This study compares the predicted performance parameters 

and the cavitation extent with the experimental data. The 

cavitation number is kept constant at 0.444 and a fixed 

angle of attack of ρπ is used.  

5 MESH SENSITIVITY STUDY 

A mesh sensitivity study was performed to evaluate the 

influence of cell density on the obtained solution. The 

study is conducted for ὃέὃρπ and „ πȢςφτ. The 
physics models used in these simulations are kept constant 

and include the Ὧ ‭ turbulence model with the Schnerr 
Sauer cavitation model.  A polygonal mesher and a prism 

layer mesher are used. The number of prism layers and 

prism layer thickness are kept constant at 32 and 2.56 cm, 

respectively. The mesh base size is varied to 0.01m, 0.02m, 

0.04m, 0.08m, 0.16m, and 0.32m.  

Figure 5 shows the variation in the mean ὅ and ὅ with 
varying mesh distributions. The vertical axis indicates the 

performance parameters, and the horizontal axis shows 1/N 

where N is the number of cells in the mesh. With increasing 

cell density, the performance parameters are seen to 

converge with some very minor fluctuations at base size of 

0.01 m. These small fluctuations can be attributed to the 

small changes in forces that are captured due to the 

intricate mesh. As the mesh becomes coarser, the 

fluctuations in the mean forces amplify. The influence of 

the mesh on the cavitation bubble extent can be seen in 

Figure 6. As the base size decreases, more features are 

observed in the cavitation pattern. At the largest base size, 

0.32 m, the cavitation bubble is seen detaching on the back 

and the face. However, unlike other predicted cavitation 

patterns, it has a smooth, closed bubble trailing edge. At a 

base size of 0.08 m, the cavitation bubble TE is seen to 

Figure 5. Variation in mean performance parameters for 

different mesh coarseness levels. AoA = ρπ and „

πȢςφτ 

Figure 6. Influence of mesh coarseness levels on 

cavitation pattern predictions. AoA = ρπ and „

πȢςφτ 
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have a non-zero thickness. At a base size of 0.04 m, the 

cavitation bubble also shows bubbles being shed into the 

wake. Additionally, partial cavitation is also observed at 

the LE of the hydrofoil.  

These trends indicate that as the base size decreases, the 

overall shape of the cavitation bubble converges. 

Additionally, smaller bases sizes also reveal partial 

cavitation which is overlooked in coarser meshes. Lastly, 

while the overall shape of the cavitation bubble is predicted 

by each mesh distribution, the trailing edge of the bubble 

varies in each of them. This indicates that the bubble 

becomes unsteady and fluctuates at its trailing edge. The 

following analyses were conducted using a base size of 

0.02 m.  

6 INFLUENCE OF Ɑ ON PERFORMANCE PARAMETERS  

The influence of varying „ on the performance parameters 
predicted through different approaches is analyzed and 

validated against the experimental data from Parkin 

(1956). The angles of attack considered are π and ρπ. 
The combinations of the physics models simulated are 

documented in Table 1. In addition to the different 

unsteady RANSE simulations, the performance prediction 

results from the BEM were also validated.  

6.1 At AoA = ▫ 

Figures 7 a) and b) compare the mean ὅ and ὅ predicted 
from the different unsteady RANSE and numerical 

approaches to the experimental data at AoA = ρπ. The 
cavitation number ranged between 0.26 to 1.1 and is shown 

on the horizontal axis. In the figures, the performance 

parameters are seen on the vertical axis. The experimental 

data is shown as orange and blue dot-dashed lines with ó*ô 

and square markers. The blue ñExperimentalò curve uses 

„ which is based on a theoretical vapor pressure and the 
orange ñExperimental*ò curve uses „ which is based on 
the pressure measured inside the cavitation bubble. Note 

that the orange curve does not extend over the entire „ 
range as at higher „ values, the pressure in the cavitation 
bubble was too unsteady to measure. 

Figure 7 (a) shows that the simulation using the Ὧ ‫ 
turbulence model with full Rayleigh-Plesset cavitation 

model simulation most accurately predicts ὅ throughout 
varying cavitation numbers, underestimating by 3.5% at 

the largest „ value. There is a very close overlap observed 
at low cavitation numbers and the experimental data falls 

within the uncertainty of the unsteady RANSE data at 

higher cavitation numbers. This is also seen in the Ὧ ‭, 

Figure 8. AoA = π, Performance prediction 

capabilities of the BEM and various CFD models. 

Validated against óExperimental („)ô and 

óExperimental*ô, data. Top (a): ὅ v.s. „. Bottom (b): 

ὅ ÖȢÓȢ  „ 

Figure 7. AoA = ρπ, Performance prediction 

capabilities of the BEM and various CFD models. 

Validated against óExperimental („)ô and 

óExperimental*ô, data. Top (a): ὅ vs. „. Bottom (b): 

ὅ ÖȢÓȢ  „ 
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full Rayleigh-Plesset model simulation for πȢςφτ„
πȢψ. Other models underpredicted ὅ. At low „ values, the 
underestimation is almost constant throughout the different 

models. However, as „ increases, the models fail to follow 
the general trend observed in the experimental data. Lastly, 

the uncertainty in the performance parameters is found to 

be higher at large cavitation numbers due to the presence 

of unsteady, fluctuating cavitation patterns as observed in 

Figures 9, 11, and 12.  

On the other hand, despite being a low order method, the 

BEM is seen to follow the same general trend as observed 

in the experimental data. There is almost a constant 

difference between the experimental ὅ and the BEM 
predicted ὅ. The percentage difference between the two 
data sets ranged between 6.8% and 16.4%.  

Figure 7 (b) shows the ὅ predictions of the different CFD 
simulations and the BEM compared to the experimental 

data. Unlike the trends observed in Figure 7 (a), the most 

accurate performance predictions at low „ values are made 
using the low order BEM. Additionally, the 2D BEM is 

found to be the only method to follow the general trend 

observed in the experimental ὅ data.  All unsteady 
RANSE models, on the other hand, over predicted the 

hydrofoil ὅ significantly, including the ones with the full 
Rayleigh-Plesset models which showed the best agreement 

with the ὅ experimental data. Additionally, all unsteady 
RANSE simulations fail to capture the general trend of ὅ 
as „ increases.  

6.2 At ═▫═ ▫ 

Figure 8 (a) and (b) compare the mean ὅ and ὅ predicted 
from the different unsteady RANSE and numerical 

approaches to the experimental data at AoA = π. 
Compared to ρπ, a π angle of attack is unrealistic as it 
leads to zero or negative lift. Nonetheless, this angle of 

attack was considered to test the capabilities of the 

different performance prediction methods for difficult flow 

conditions. Figure 8 (a) shows the variation in ὅ with 
respect to „. At low cavitation numbers, all performance 

prediction methods agree well with the experimental data, 

especially the ὅ data from the BEM. When πȢτ „
πȢφ, most unsteady RANSE models collapse and diverge 
from the general trend of the experimental data. Only the 

BEM results and the unsteady RANSE simulations with  

Ὧ ‭ turbulence model and Schnerr-Sauer cavitation 

model data follow the general trend. These too diverge 

from the experimental data at „  πȢφυ.  

Figure 8 (b) shows the variation in ὅ with respect to the 
varying cavitation number. All prediction methods are seen 

to follow the general trend of the experimental data. 

However, the predicted ὅ values are not accurate. This is 
similar to the trend observed for ρπ angle of attack.  

 In addition to comparing the predicted performance 

parameters against the experimental data, the cavitation 

pattern predicted through the various unsteady RANSE 

models were also qualitatively compared with the 

experimental images. At „ πȢτττ and ‌ ρπ, the 
unsteady RANSE simulation using the Ὧ ‭ turbulence 
model and the Schnerr-Sauer cavitation model predicted 

the most accurate cavitation pattern despite its inaccurate 

performance parameter predictions. This is observed in 

Figure 9 (a) and compared to Fig. 4. Additionally, Fig. 9 

(b) shows the cavitation pattern predicted by the simulation 

using the Ὧ -turbulence model and the full Rayleigh ‫

Figure 10. Variation in performance parameters with respect 

to AoA. Black lines indicate experimental data, colored solid 

lines indicate CFD data, and colored dotted lines indicate 

BEM data. „ πȢςφȟπȢτσ, and 0.64. Top (a) shows the 

variation in ὅ and Bottom (b) shows the variation in ὅ  

 

Figure 9. Cavitation pattern indicated through a volume 

fraction of vapor  0.5. The red regions show vapor, and 

the blue regions show water. „ πȢτττ and AoA = ρπȢ 

(a) Top: Cavitation pattern using the Ὧ ‭ turbulence 

model and the Schnerr Sauer cavitation mode. (b) Bottom: 

Cavitation pattern using the Ὧ turbulence model and ‫ 

the full Rayleigh-Plesset cavitation model. 
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Plesset cavitation model. As is observed, the cavitation 

pattern predicted is inaccurate despite the accurate 

performance prediction parameters obtained. It is 

important to note that in both simulations, the number of 

seeds in the fluid and the seed diameter were kept constant 

at ρπ and ρπ m, respectively.  

7 INFLUENCE OF AoA ON PERFORMANCE 

PARAMETERS 

To investigate the influence of the angle of attack on the 

performance parameter predictions, three cavitation 

conditions were chosen. The cavitation numbers were 

selected based on steady supercavitating, relatively partial 

cavitation, and unsteady partial cavitation operating 

conditions. Therefore, the average cavitation number of the 

different operating considered are πȢςφ πȢπς, πȢτσ
πȢπς, and πȢφτ πȢπψ. The angle of attack is ρπ and the 
unsteady RANSE model considered used the Ὧ ‫ 
turbulence model with the full Rayleigh Plesset cavitation 

model. These simulations used „. The BEM predictions 
were also analyzed and used „. 

Figure 10 (a) compares the predicted ὅ from the CFD 
simulation and the BEM with the experimental data. At 

low cavitation numbers, there is a very good agreement 

between the unsteady RANSE data and the experimental 

data. On the other hand, the BEM overpredicts the ὅ by a 
near constant value throughout the range of angles of 

attack. At higher „ values, there is good agreement 
between the unsteady RANSE predictions and the 

experimental ὅ at large angles of attack. At low angles of 
attack, the simulation predictions and experimental data 

show a discrepancy. Lastly, at higher „ values where 
partial and unsteady cavitation occurs, the BEM 

predictions produced invalid results. The BEM assumes a 

steady cavitation. Due to this, its accuracy in predictions is 

limited to supercavitating conditions.  

Figure 11 (b) compares the predicted ὅ values from the 
CFD simulation and the BEM with the experimental data. 

It can be observed that regardless of the cavitation number, 

the unsteady RANSE simulation overpredicts ὅ. Neither 
the predictions from the CFD simulation nor the BEM 

agree with the experimental data.  

Further investigation revealed that despite its limitations, 

the Ὧ turbulence model and the full Rayleigh-Plesset ‫ 

cavitation model resulted in the most accurate performance 

predictions even across a range of angles of attack. 

However, as seen in Fig. 10, the cavitation pattern 

predicted by this combination of models is not accurate.  

8 INFLUENCE OF SEED DENSITY AND SEED 

DIAMETER 

The seed density and seed diameter of the multiphase 

material in experimental and computational environments 

play a significant role in determining the nature of 

cavitation. At „ πȢτττ and AoA = ρπ, the influence of 
seed density and seed diameter on the cavitation patterns 

was assessed for an unsteady RANSE simulation using the 

Ὧ turbulence model and the full Rayleigh-Plesset ‫ 

cavitation model. All previous analyses were conducted at 

a seed density and seed diameter of ρπ and ρπm, 
respectively. It is important to note that this analysis was 

also conducted on the simulation using a Ὧ ‭ turbulence 
model with a Schnerr Sauer cavitation model. Similar 

trends were observed. However, after a certain point, an 

increase in seed density caused the simulation to collapse. 

Further investigation needs to be performed to determine 

the criteria for such a scenario. 

8.1 Varying the Seed Density 

The seed density is varied systematically between ρπ and 
ρπ. As the seed density increased, the cavitation 
prediction from the unsteady RANSE simulation became 

more comparable to the experimental images in Figure 4. 

This can be observed in Figure 11 (b) which shows the 

cavitation pattern observed with a seed density of 

χȢυ ρπ. This can be compared to Fig. 11 (a) which had 
a seed density of ρπ. Furthermore, as the seed density 

Figure 11. Influence of seed density on cavitation 

patterns predicted by unsteady RANSE simulation 

using Ὧ -turbulence model and full Rayleigh ‫

Plesset cavitation model. „ πȢτττ and AoA = ρπ. 

Warmer regions represent vapor. Top (a): Cavitation 

pattern observed with seed density = ρπ. Bottom (b): 

Cavitation pattern observed with seed density = 

χȢυ ρπ. 

Figure 12. Influence of seed diameter on cavitation 

patterns predicted by unsteady RANSE simulation using 

Ὧ turbulence model and full Rayleigh-Plesset ‫ 

cavitation model. „ πȢτττ and AoA = ρπ. Warmer 

regions represent vapor. Top (a): Cavitation pattern 

observed with seed diameter = ρπm. Bottom (b): 

Cavitation pattern observed with seed diameter = ρπm. 
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increased, ὅ increases by 9.68% and ὅ increases by 
13.86%. Further investigation is required to determine the 

cause of this variation in forces. 

8.2 Varying Seed Diameter 

The seed diameter used in the CFD simulations is 

systematically varied between ρπm and ρπm. Figures 
12 (a) and (b) show the cavitation patterns predicted using 

a seed diameter of ρπm and ρπm, respectively. As the 
seed diameter increased, the cavitation pattern predicted by 

the CFD model improved. As the seed diameter decreases, 

ὅ increases by 81% at ρπm and ὅ decreased by 1.92%. 
This seed diameter was the only setting that demonstrated 

such an extreme change in forces which otherwise 

remained almost constant. Further investigation is required 

to determine the cause of this variation in forces. 

9 CONCLUSIONS 

A systematic study was conducted to quantify the 

uncertainty associated with performance predictions and 

cavitation pattern predictions from various unsteady 

RANSE models and numerical approaches. The 

simulations were two phased and 2D in nature. Various 

physics models were utilized to simulate the flow 

conditions. Numerical predictions were also made using a 

low order, potential based, 2D BEM. The RANSE and 

potential based predictions were validated against 

experimental data. The Circular Arc Hydrofoil 

performance data from Parkin (1956) was used for this.  

The analysis conducted indicated that simulating cavitating 

flow with Ὧ -turbulence model and full Rayleigh ‫

Plesset cavitation model produced the most accurate 

performance predictions. This was found to be true 

especially at low cavitation numbers and across various 

angles of attack. On the other hand, simulations using the 

Ὧ ‭ turbulence model and the Schnerr-Sauer cavitation 

model demonstrated the most accurate predictions for 

cavitation patterns. The BEM results also showed good 

agreement with the experimental data. However, this was 

limited to low cavitation numbers as the method is not 

suitable for unsteady cavitating conditions. In this study, 

that range is „ πȢφ. For example, when AoA = ρπ, the 
percentage difference between the experimental and BEM 

ὅ data sets was found to be ranging from 6.8% to 16.4%. 
Additionally, the cavitation pattern predictions by the 

BEM were also found to be accurate in terms of cavitation 

shape and locations on the SCH section. The BEM 

predictions were obtained using significantly fewer 

resources as compared to the unsteady RANSE 

simulations. It was found that across all approaches, ὅ 
predictions were more accurate than ὅ predictions. 

Further investigation into the influence of seed density and 

seed diameter on the cavitation pattern predictions 

revealed that as the seed density and diameter increases, 

the cavitation pattern improves. Deeper investigation is 

required to determine the exact parameters needed to 

simulate the experimental operating conditions and more 

accurately predict the cavitation patterns. 

Other future works include: 

¶ Quantifying the uncertainty for LES and DES 

simulations in 3D by validating them against 

experimental data.  

¶ Quantifying the uncertainty of unsteady RANSE and 

numerical predictions for more practical and realistic 

hydrofoil geometries or propeller sections both in 2D 

and 3D. 

¶ Further investigating the influence of model control 

parameters on cavitation performance and pattern 

predictions. 

¶ Extending the performance prediction capabilities of 

the 2D BEM in the wake for improved drag and 

cavitation extent predictions.  
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Abstract 

 There are few investigations that compare the uncertainty associated with Unsteady Reynolds-Averaged 

Navier-Stokes Equations (URANSE) solvers and the Boundary Element Method (BEM) when predicting the 

performance of supercavitating hydrofoils with blunt trailing edges (TE). Moreover, there is also a lack of studies that 

explore the extent to which flow control parameters in URANSE solvers influence the cavitating flow solution. A 

systematic analysis is conducted to first evaluate the influence of 2D URANSE flow control parameters on the flow 

solution followed by an uncertainty quantification and experimental validation to compare the levels of solution 

accuracy between URANSE solvers and the BEM. The Circular Arc Profile from Parkin (1956) is considered as a 

reference case for a range of cavitation numbers („) of πȢρ „ ρȢπχυ and an angle of attack (‌) of π ‌ ρυ. 

The control parameters considered in the 2D URANSE analysis are the flow seed density, and the cavitation rate scale 

factor in the Schnerr-Sauer cavitation model. They demonstrated different levels of influence on the predicted flow 

parameters, extent of cavitation, closure of the supercavitation bubble, and on the stability of the bubble. The 2D 

URANSE solutions are then compared to 2D BEM results and experimental data for a range of operating conditions. 

The predicted performance parameters from the two methods demonstrate a similar margin of error.  
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1. Introduction 

Maximizing the speed at which one can travel while at sea has been a prominent goal for marine engineers and 

naval architects for a long time. Propellers and hydrofoils are two primary means of marine propulsion that have 

undergone significant technological advancements over the last two centuries [1,2]. Recently, there has been an 

increase in the demand for high powered outboard engines as a consequence of an increase in the demand for high-

speed marine crafts, such as those operating over 60 knots [3]. To reduce their overall size and mass, these powerful 

outboard engines require propellers that are small and can rotate at extremely high speeds to provide high thrust. 

Simultaneously, there has also been an increase in the demand for hydrofoils that can operate at high speeds. They 

often complement propellers and are popularly used in sporting crafts such as sailboats and high-speed racing yachts 

[4]. Hence, they should be capable of operating in the supercavitating regime. Cavitating flow is a flow condition 

where the pressure on the surface of a solid body drops below the vapor pressure of the operating fluid causing the 

operating fluid to change its physical state from liquid to vapor. As a result, there is an inception and collapse of vapor 

bubbles within the flow, often on the surface of the body. Supercavitation occurs when the cavitation bubble length 

exceeds the chord length and the bubble collapses downstream of the blade surface. Conventional propellers and 

hydrofoils were designed to minimize cavitation as they suffered adverse effects such as vibrations, surface erosion, 

and noise. The drastic increase in the maximum power output of high-powered outboard engines necessitated an 

increased interest in supercavitating propellers (SCPs) and supercavitating hydrofoils (SCHs). They are expected to 

provide high hydrodynamic performance parameters such as high thrusts, low drag, and are expected to be very fuel 

efficient compared to conventional hydrofoils and propellers at high speeds. The difference between conventional 

profiles and supercavitating profiles and their respective efficiencies can be observed in Figures 1. 

 

Currently, the designs of commercially available SCPs are often based on experimental tests of a handful of SCHs. 

While this is beneficial for conventional SCHs and SCPs, it becomes an obstacle when predicting the performance of 

unconventional and innovative SCPs and SCHs. These unconventional profiles are designed to induce supercavitation 

through thin profiles and blunt trailing edges. The separated and reversed flow caused due to the blunt trailing edge 

forces the suction side cavitation bubble to collapse downstream of the blade. This is a complex phenomenon specific 

to supercavitating profiles and it is what makes the prediction of their hydrodynamic performance so difficult.  
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Figure 1. Left: Various types of hydrofoil and propeller profiles [7]. Right: Efficiency of various marine propulsive 

mechanisms depending on vessel speed [8]. 

 

In recent years, many tools have emerged to overcome semi-empirical asymptotic theories that were obtained by 

applying empirical corrections to approximate asymptotic theories [5,6]. The advancements in various numerical 

methods, such as the Boundary Element Method (BEM), and Computational Fluid Dynamics (CFD) have provided 

marine engineers with alternative approaches to predict the performance of an SCH or SCP prior to prototype testing. 

Each type of numerical method offers its benefits and downsides. The advancements in CFD and its availability as a 

commercial software have enabled marine engineers to simulate nearly real-life operating conditions to test the 

performance of SCPs and SCHs prior to prototyping and manufacturing. Moreover, these tools enable a user to 

implement various methods of data collection and analysis which may be cumbersome to implement experimentally. 

In this respect, the use of CFD in the design and optimization process of unconventional and innovative SCHs and 

SCPs is regarded as a valuable opportunity to accelerate the design pipeline as it is more time and cost effective 

compared to design and optimization through experimentation. However, the accuracy of CFD models to capture the 

physics of SCHs and predict their hydrodynamic performance is widely unknown. This is especially true when 

modeling extremely complicated flow physics such as turbulent, multiphase flows present in cavitating conditions 

where flow and cavitation unsteadiness play a major role. Therefore, unless sufficient time and resources are available, 

the design optimization of unconventional SCHs and SCPs solely using CFD simulations is not pragmatic. Instead, 

CFD can be used as a complimentary tool for design optimization by experimentation which can shorten the overall 

design pipeline.  

 

Potential flow based low order methods, such as the Boundary Element Method (BEM), have been proven through 

previous studies to be capable of predicting the hydrodynamic performance of SCHs and SCPs in steady, 

supercavitating conditions with reasonable accuracy [9,10,11]. The margin of error observed for the performance 

prediction of a 2D SCHs with truncated TE was 15% on average [9]. Compared to CFD, the BEM is simple to set up, 

requires only a single processor, and is significantly less time consuming. It assumes all cavitation to be a form of 

sheet cavitation, it is applicable only to steady cavitating conditions, and it can identify cavitation inception locations 

on the hydrofoil surface. These capabilities make the BEM a useful tool for rapid design testing and optimization at 

the preliminary design stage of unconventional and innovative SCHs and SCPs. Numerous designs can be narrowed 

down to a select few which can then proceed forward in the design pipeline for CFD testing, prototype testing, and 

manufacturing.  
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 While both numerical methods can be used to accelerate the design pipeline of SC hydrofoils with truncated 

TEs, they are yet to be thoroughly validated. The main challenge that numerical design by optimization methods are 

facing is understanding the extent to which CFD and BEM tools can be used in a complimentary manner for the design 

optimization of new, innovative, and unconventional SCHs and SCPs. Therefore, it is vital to gain an understanding 

of the capabilities and limitations of these methods. This study aims to contribute towards understanding how well 

CFD methods can predict the performance and cavitation patterns in partial and supercavitating conditions. Due to the 

complexity of the fluid behavior in unconventional SC profiles, this study solely considers the 2D supercavitating, 

Circular Arc hydrofoil experimentally tested by Parkin (1956). In fact, no new and recent experimental measurements 

are publicly available in open literature. This is a comparatively simpler case than 3D supercavitating hydrofoils and 

propellers. It avoids any 3D effects and helps to better evaluate the application of pre-existing physics models for a 

complex geometry profile. The investigation is carried out by evaluating the influence of various control parameters 

in the implemented physics models on the final flow solution. The predicted results are compared to those of the BEM 

and experimental data. Understanding the implications of various physics modelling parameters on the cavitating flow 

solution will aid in understanding the applicability of CFD solvers to predict flow around unconventional profiles. 

This will benefit the overall design process by outlining the capabilities and limitations of CFD solvers in simulating 

supercavitating flow around SCHs and SCPs with unconventional geometries.  

 

2. Background information 

Efforts to predict the cavitating flow around conventional hydrofoils and to design low drag supercavitating 

hydrofoils initially began with early, asymptotic, numerical methods such as first order, linearized cavity flow theory 

[5,13]. The linearized theories developed by Tulin and Burkart were then further expanded upon by Johnson [6] to 

derive 2 newer 2D SCH configurations. Around the same time, various types of lifting surface methods were also 

being developed and are reviewed in Tulin (1962) and Auslaender (1962) [13,15]. However, these methods were 

limited to thin profiles with pointed trailing edges (TE) and contemporary SCH and SCP profiles. Additionally, they 

required many assumptions and empirical corrections which were often not applicable to practical situations. In the 

early 1900s, a low order, potential based, Boundary Element method (BEM) named PROPCAV, was developed that 

could predict partial and supercavitation on SCHs and SCPs based on conventional hydrofoil designs. Later, it was 

extended to be able to predict midchord and alternating unsteady cavitation on the face and back for SCPs and SCHs 

[16-19]. This method was further developed in the early 2000s to be adapted to SCHs and SCPs that were based on 

conventional designs but with blunt TEs. These profiles were modified versions of the NACA 66 series. The complex 

physics surrounding the presence of a truncated TE is dealt with using a ñTemporary Closing Zoneò which can 

otherwise be understood as imposing a fake trailing edge [10,11,20]. However, for SC hydrofoils, only numerical 

verification studies were conducted which focused on modified NACA66 profiles that are conceptually different than 

the thin, SCH profiles described in Fig. 1 [21]. Furthermore, the experimental validation tests conducted in these 

studies were for surface piercing propellers and not for fully submerged, supercavitating hydrofoils and propellers. 

From the studies that were conducted, the BEM has proven to be an affordable and adequately accurate tool for the 

performance prediction of surface piercing SCPs but it has not been experimentally validated for fully submerged 

SCHs and SCPs. 

 

As mentioned, recent advancements in CFD provide the means to simulate near to real-life operating 

conditions that mimic the supercavitating operating regime. The implementation of these tools has been used to study 

and evaluate various instances of cavitating flow observed not only for propellers and hydrofoils but also for objects 

such as torpedoes and bullets [22,23]. Many studies focus on evaluating the capabilities of these tools for predicting 

cavitating flow around conventionally shaped hydrofoils and propellers. Often, the focus is primarily on partially 

cavitating conditions such as sheet cavitation, cloud cavitation, and tip vortex cavitation [24,25]. The parameters 

evaluated in these studies, including the coefficients of lift, drag, and cavitation bubble length, were found to be in 

good agreement with experimental data [26-28]. This type of study has been done for both 2D and 3D cases. 
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Additionally, cavitating flow predictions from CFD tools are often used as comparative data sets which complement 

experimental data in the development and validation of alternative numerical tools [29, 30].  

 

While the cavitating flow prediction capabilities of CFD tools for conventional profiles is extensively tested 

and validated, its abilities to predict supercavitating flow for unconventional profiles is not. This is primarily due to 

the limited availability of relevant and recent experimental data. Therefore, the studies focused on evaluating the 

capabilities of these CFD tools in supercavitating conditions for the design of unconventional profiles are limited and 

remain an area of ongoing research [9,31,32]. Unlike the flow around conventionally shaped hydrofoils and propellers, 

the multiphase flow around SC profiles are more complex due to the presence of a blunt TE. There have been a few 

studies exploring the capabilities of Reynolds-Averaged Navier-Stokes Equations (RANSE) based and hybrid 

computational approaches for the design and evaluation of unconventional supercavitating hydrofoils. These studies 

have focused on developing and using simulation frameworks to design, optimize, and post process unconventional 

SCHs in partial and supercavitating conditions [33,34]. Furthermore, such studies have been extended into the flow 

and performance evaluation of supercavitating surface piercing hydrofoils through the use of CFD [35-37]. While 

these studies have evaluated various CFD models, meshes, and methods to utilize CFD for an optimized design 

process, there are limited investigations that focus on the influence of various flow control parameters that can have a 

significant impact on the flow solution, especially in complex, multiphase flows such as that expected with 

unconventional SC profiles.  

 

CFD has also been used to further improve and develop BEM tools for unconventionally designed SC profiles 

[31,32,38]. There are also studies that aimed to design and optimize families of unconventional SCHs solely using 

CFD simulations and by comparing them to conventional hydrofoil designs [39,40]. However, the designed hydrofoils 

have not been tested experimentally to evaluate the uncertainty associated with the CFD methods used. 

 

The flow simulations set up for such CFD studies often use the Unsteady RANSE (URANSE) or Large Eddy 

Simulations (LES) solvers that implement various types of turbulence and cavitation models. These physics models 

contain parameters that can be used to fine tune the operating conditions and can have an influence on the flow 

solutions and cavitation patterns predicted. While CFD predicted solutions are being used as comparative data sets, 

the accuracy of the flow solutions and sensitivity of these solutions to small changes in flow model parameters, 

especially in unsteady, supercavitating conditions for unconventional profiles is not extensively evaluated and will be 

explored in this study.  

 

3. Reference Case 

There is a lack of recent studies which experimentally explore the performance of unconventional SCHs and 

gives rise to the necessity for additional testing. The SCH considered for this validation study is the Circular Arc 

Hydrofoil Profile from Parkin (1956), seen in Figures 2 and 3 [12]. Of the various unconventional profiles used in 

previous studies [12,33,40,41] this profile is selected due to the presence of a satisfactory camber in its geometry, a 

thick LE and a truncated TE. Additionally, compared to some of the other profiles, the Circular Arc profile is not a 

very simplistic geometry such as the flat plate profile [12,33] and has a realistic maximum thickness. This hydrofoil 

was tested at the Hydrodynamics Laboratory in the California Institute of Technology in a cavitation tunnel with a test 

section approximately 0.36 m high and 0.076 m wide [12]. The length of the test section was 1.83 m [42]. A schematic 

of the test set up is seen in Fig.2. The hydrofoil was placed horizontally in the test section with minimal clearance 

between the hydrofoil edges and the wall which resulted in a 2D experimental case. The hydrofoil considered has a 

chord length of 60.45 mm and was tested in a large range of operating conditions. The cavitation number, „, was 

calculated as described in Equation 1. In cases where the cavitation bubble was stable, the vapor pressure (ὴ ) inside 

the cavitation bubble was measured and used in Eq. 1 to get „. For operating conditions with an unsteady bubble, a 

theoretical value for ὴ  was assumed resulting in „.  
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„              (1) 

 

The range of operating conditions implemented in the experimental studies included πȢς „ ρȢρ with 

angle of attack ranging π ‌ ρπ. For this study, „ πȢτπυ and ‌ ρπ is primarily considered and can be 

observed in the second image in Fig. 3. This study focuses on supercavitating conditions which was evident with „

πȢτπυ through the presence of a complete supercavitation bubble in the experimental images. 

 

Figure 2. Top view schematic of the test section [12]. 

 

 

Figure 3. Experimental images at ‌ ρπ. From top to bottom, „ πȢχωςȟπȢτπυȟÁÎÄ πȢςφτȢ Images are flipped 

horizontally, and the inflow velocity is from left to right [12]. 

 

 The experimental performance parameters used for validation and uncertainty quantification in this study 

include the coefficient of lift (ὅ) and the coefficient of drag (ὅ . These global hydrodynamic forces are defined in 

Equations 2 and 3. óὒô and óὈô are the lift and drag, respectively. ” is the fluid density, ὠ is the inflow velocity and 

ócô is the chord length. Additionally, the experimental image is also qualitatively used to evaluate the cavitation pattern 

predictions from the URANSE solutions. 
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   ὅ                (2) 

   ὅ                (3) 

 

4. BEM Set Up 

The 2D Circular Arc Hydrofoil profile is modified to include a ñfake trailing edgeò (FTE) to make the 

geometry compatible with the 2D BEM algorithm. Previous studies have shown that the addition of an FTE has 

negligible impact on the solution if the FTE is confined within the separation bubble and if its TE point is aligned with 

the implemented wake sheet [10]. The FTE is indicated by the blue curve in the schematic shown in Figure 4. The 

FTE is 30% of the chord length and consists of 41 points on the face and back, respectively. There is a total of 241 

points distributed along the profile. In steady supercavitating conditions, „ was specified. In unsteady operating 

conditions, „ was used.  

 

Figure 4. Circular Arc Hydrofoil profile [12] indicated in black. Definition of the FTE needed by the BEM solver 

indicated in blue. 

 

 The hydrodynamic performance predicted from the 2D BEM is validated against the experimental data and 

compared to the URANSE solutions as described in the following sections.  

 

5. Unsteady RANSE Simulation Set Up 

 The 2D Unsteady RANSE simulations are carried out using the commercial software, Siemens Star-CCM+. 

The Circular Arc Profile [12] is simulated in 2D and a comprehensive sensitivity study for the operating condition of 

„ πȢτπυ and ‌ ρπ is performed. The SCH profile is modeled in a 1.83 x 0.36 m fluid domain. The physics 

models used to simulate the flow include multiphase interactions and turbulent flow. The Ὧ ‭ turbulence model and 

the Schnerr-Sauer cavitation model is implemented. Since this study focuses on exploring the influence of flow control 

parameters on the cavitation pattern prediction, only a single combination of cavitation and turbulence models is 

chosen. The solution accuracy of other turbulence and cavitation model combinations are explored and compared to 

2D BEM solutions and experimental data in a previous study [9]. The simulation is carried out using an implicit 

unsteady solver with ɝὸ ρπ ί for ὸ ςȢπ ί physical solution time. 10 inner iterations are carried out within each 

time step. For all test cases, ὴ  is kept constant at 2300 Pa and the flow „ is defined by varying the reference 

pressure: ὴ ”ὫὬ ὴ . A polygonal mesher is used with a base size of 0.02 m. The target surface size for the 

mesh is 32% of the base size with a minimum surface size being 1% of the base size. A 1.6 mm thick prism layer with 

32 layers is generated around the surface of the hydrofoil. The prism layer thickness gradually reduces at sharp vertices 

as seen in Figure 5. This is done to minimize smearing. This prism layer has a ώ ςȢρσ in the non-cavitating regions 

of the hydrofoil. This region can be observed through Figure 16. A mesh sensitivity study was previously conducted 

[9] and is summarized in the following sections.  
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Figure 5. Mesh generation for a 2D URANSE simulation of the Circular Arc Profile [12]. Prism layer around the 2D 

SCH tapered at sharp vertices.  

6. Test Matrix 

This study focuses on understanding the influence of different control parameters on the performance and 

cavitation pattern prediction capabilities of URANSE solvers, for „ πȢτπυ and ‌ ρπ. The influence of mesh 

refinement in the wake, flow seed density, and cavitation bubble growth and reduction rates are explored. The mesh 

in the wake of the SCH ranges from no additional refinement to being 1% of the mesh base size. The flow seed density 

in this analysis ranged from ρπȾά  to ρπȾά . The positive and negative scaling factors for bubble growth and 

reduction rates ranged from 0.1 to 10 in various combinations.  

 

6.1 Mesh Refinement in the Wake 

 The level of mesh refinement in the wake is varied to evaluate its influence on the cavitation pattern 

prediction, specifically the steadiness of the cavitation bubble and its closure. The mesh refinement in the wake ranged 

from 1% to 10% of the mesh base size. A condition with no additional mesh refinement in the wake is also tested. The 

tested cases can be observed in Table 1.  

 

Table 1. Test matrix of Mesh Refinement in the Wake 

Ϸ ἷἮ ἌἩἻἭ ἡἱὂἭ Absolute Cell Size (□) Number of Cells (N) 

1 ς ρπ ρȢφσρπ 
2 τ ρπ ρȢπψρπ 
4 ψ ρπ ωȢρτρπ 
6 ρȢς ρπ ψȢχςρπ 

9 ρȢψ ρπ ψȢυσρπ 
10 ς ρπ ψȢτωρπ 

No Wake Refinement - φȢςωρπ 
 

6.2 Cavitation Rate Scale Factor 

The cavitation bubble growth rate scale factors are model specific control parameters belonging to the 

Schnerr-Sauer cavitation model. The positive scale factor (ὛὊ) scales the positive bubble growth rate and the 

negative scale factor (ὛὊ) scales the condensation or bubble reduction rate. Six different combinations of the 

positive and negative scale factors were tested and are listed in Table 2. The first column in the table, ὛὊȾὛὊ  , 

aims to quantify the scale factor combinations as a single parameter. The first row with ὛὊ ὛὊ ρ is considered 

to be the base case for this study. All other flow conditions are kept constant in each test case. 

 

Table 2. Test matrix of Cavitation Rate Scale Factor Variation for the Schnerr-Sauer Cavitation Model 

╢╕Ⱦ╢╕  ╢╕  ╢╕  

1 1 1 

10 1 0.1 
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2 2 1 

5 5 1 

6.5 6.5 1 

10 10 1 

 

 The selected test conditions aim to explore the effects of both increasing the rate of cavitation and increasing 

the rate of condensation in the flow. Hence, both ὛὊ and ὛὊ are varied.  

 

6.3 Flow Seed Density Variation 

The default flow seed density used in this study for the 2D URANSE simulations is ρπȾά . In this 

investigation, the seed density is varied between ρπȾά  to ρπȾά . The hydrodynamic forces and the cavitation 

pattern predictions are evaluated to determine the influence of seed density on the flow solution.  

 

Apart from the seed density, all other parameters and physics models are kept constant in the test cases. Prior 

to carrying out these individual investigations, a point distribution sensitivity study and a mesh sensitivity study was 

conducted for the 2D BEM and URANSE setup, respectively.  

 

7. Point Distribution Sensitivity and Mesh Sensitivity Studies 

A point distribution sensitivity study is conducted for the 2D BEM where the point distribution along the 

profile for two separate designs of the FTE are evaluated. A mesh sensitivity analysis is conducted for the 2D URANSE 

simulations where the mesh density in the fluid domain and the prism layer are examined. Finally, the mesh refinement 

in the wake of the SC hydrofoil is also examined. 

 

7.1 2D BEM Point Distribution Sensitivity Study 

The point distribution sensitivity study is conducted for „ πȢρ and ‌ ς on a classified SCH profile with 

a truncated TE. To make the profile compatible with the low order BEM, an FTE is added [10,11,20]. Two different 

types of FTE designs are tested. These two designs can be observed in Figures 6 a) and b). The red line indicates the 

true TE of the truncated profile and the FTE starting points on the face and the back are indicated by red markers. 

Both shapes considered consist of an FTE that is tangent to the true profile on the suction side. On the pressure side 

of the FTE, design 1 consists of a flat surface whereas design 2 consists of a concave surface. The length of the FTE 

in both cases is 10% of the chord length. The number of points distributed on both the face and the back varied between 

20, 50, and 80 respectively.  

  
Figure 6. a) Type 1 design of the FTE on left. b) Type 2 design of the FTE on right.  
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The hydrodynamic forces predicted by the 2D BEM are compared to understand the influence of the point 

distribution variation and the two different FTE types. These results can be observed in Figures 7 a) and b). The 

vertical axis shows the hydrodynamic performance, and the horizontal axis indicates the number of points. The blue 

bars indicate the solutions from the Type 1 FTE and the red bars indicate the solutions from the Type 2 FTE. The 

percentage difference between the solutions of Type 1 and Type 2, with respect to Type 1, is indicated between each 

set of bars.  

 

 
Figure 7. ὅ and ὅ predictions from the 2D BEM for varying point distributions and FTE types. Type 1 is in blue, 

and Type 2 is in red. a) Left, ὅ v.s. Number of points. b) Right, ὅ v.s. Number of points. The percentage difference 

in the hydrodynamic performance in Type 2 with respect to Type 1 is listed 

 

 As the number of points increases, the lift and drag coefficients show convergence towards an asymptotic 

value. It is concluded that a moderately dense point distribution is best suited for accurate and converged solutions. 

Having as few as 20 points on both the face and the back of the SCH profile significantly underpredicted the 

performance parameters. The shape of the FTE does not have a significant influence on the results as also seen in 

Figure 8. which shows the ὅ distributions of the two FTE designs for 50 points. The Type 2 FTE is chosen to proceed 

further in this study.  

 

 
Figure 8. ὅ distributions of the Type 1 (blue) and Type 2 (red) FTE designs for 50 points.  
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7.2 2D URANSE Mesh Sensitivity Study 

A mesh sensitivity study on the SC Circular Arc Profile [12] was conducted for the 2D URANSE simulations 

at „ πȢςφτ and ‌ ρπ, a condition at which the shape of the cavity was experimentally documented. Preliminary 

results are documented in Srivastava, et al (2024) and have been expanded upon and summarized below.  

 

 The 2D mesh sensitivity analysis was conducted using the Ὧ ‭ turbulence model and the Schnerr-Sauer 

cavitation model. In the mesh sensitivity study, the base size of the mesh was varied whereas the number of prism 

layers, prism layer thickness, and wake refinement levels were kept constant. Figure 9 shows the predicted lift and 

drag coefficients plotted against the inverse of the total number of cells. As the number of cells increases, both the ὅ 

and ὅ parameters are seen to converge. At higher mesh refinement level, there is a fluctuating supercavitating bubble 

which sheds into the wake of the SCH. This phenomenon is observed in Figure 10 which shows the isosurface of the 

bubble for meshes of different refinement levels quantified by their base size. The base sizes in this figure are defined 

as a fraction of the chord length. The bubble isosurface is defined as regions with volume of fluid (VOF) for vapor of 

the range πȢυ ὠὕὊ ρ. The bubble isosurface for the finest meshes are seen to break away from the main 

back cavitation bubble and shed into the wake. These shed bubbles from the unsteady supercavitation bubble cause 

fluctuations in the forces acting on the SCH resulting in increased standard deviations compared to those observed in 

cases with coarser meshes. 

 

  

Figure 9. ὅ (top) and ὅ (bottom) plotted against the inverse of the total number of cells in the fluid domain (N) 

[9]. The red line indicates experimental hydrodynamic forces. 

 

 
Figure 10. Isosurface at πȢυ ὠὕὊ ρ of the supercavitation bubble for various mesh refinement levels. The 

mesh refinement level is defined as a function of the chord length of the Circular Arc SC profile [9]. 
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 In addition to this mesh sensitivity analysis, an investigation is conducted to study the influence of the number 

of prism layers and the prism layer thickness on the flow solution. The different refinement levels of the prism layers 

are listed in Table 3 along with the mean hydrodynamic forces obtained from each URANSE solution. The mean 

hydrodynamic performance parameters were calculated using 4000 data points corresponding to over ρȢρψρπ time 

steps and 1.2 s solution time. The first row, grid G0, indicates the control case. Figure 11 shows the case with 32 prism 

layers and a prism layer thickness of 3.2 mm. This can be compared with Fig. 5 which represents the controlled case 

with 32 prism layers and a prism layer thickness of 1.6 mm corresponding to a ώ of 2. The results obtained are also 

plotted in Figures 12 and 13. Note that both the prism layer thickness and the number of prism layers are varied. 

Therefore, the results are displayed separately. 

 

Table 3. Prism layer mesh sensitivity test conditions and resulting hydrodynamic performance parameters for 2D 

URANSE simulations 

Grid 

Number 

Prism Layer 

Thickness 

(□□  

No. of 

Prism 

Layers 

1st Cell 

Height 

(□□)  

◐  Prism Layer 

Stretching 

Factor 

╒╛ ╒╓ 

        

G0 (control) 1.6 32 χȢωυρπ 2 1.1 0.422 0.0991 

G1 3.2 32 ρȢυωρπ 3.7 1.1 0.421 0.0992 

G2 0.8 32 σȢωψρπ 1 1.1 0.421 0.0984 

G3 1.6 16 τȢτυρπ 11 1.1 0.422 0.0988 

G4 1.6 64 σȢφπρπ 0.5 1.1 0.421 0.0991 

 

 
Figure 11. 2D URANSE mesh for the Circular Arc Profile with 32 prism layers and 3.2 mm prism layer thickness, 

indicated as G1 in Table 3. Zoomed in prism layer shown on right 

 

 Figure 12 shows the influence of the Prism Layer thickness on the mean hydrodynamic performance 

predicted from a 2D URANSE solution. The horizontal axis shows the prism layer thickness in mm and the vertical 

axis shows the performance parameters. It can be observed that as the prism layer thickness either doubles or halves 

from the control case, there is almost negligible influence on the average hydrodynamic performance. The maximum 

deviation from the G0 values in the average ὅ and ὅ are πȢρϷ and πȢψϷ, respectively. Therefore, it is concluded 

that the prism layer thickness does not significantly influence the flow solution.  

 



ΡΜ 
 

 
Figure 12. Influence of prism layer thickness in 2D URANSE simulations on the mean hydrodynamic forces, ὅ 

and ὅ. 

 

 Figure 13 shows the influence of the number of prism layers on the mean ὅ and ὅ parameters predicted by 

the 2D URANSE solution on the Circular Arc Profile. The figure plots the hydrodynamic performance on the vertical 

axes, against the number of prism layers on the horizontal axes. A variation in the number of prism layers does not 

have a significant influence on the average performance parameters obtained from the flow solutions. The maximum 

deviation of the average ὅ and ὅ from the control case, grid G0, is 0.3% and 0.4% respectively.  

 

 

 
Figure 13. Influence of the number of prism layers in 2D URANSE simulations on the mean performance 

parameters, ὅ and ὅ. 

 

 From these findings, it can be concluded that the control grid, G0, has a sufficiently refined prism layer for 

simulating the Circular Arc Profile [12] using 2D URANSE solvers.  

 

8. Mesh Refinement Level in the Wake Region 

 The level of mesh refinement in the wake demonstrates an influence on the prediction of the unsteady cavity 

closure and extent of the cavitation patterns. A glimpse of this is observed in Fig. 10. In this study, the mesh in the 

wake of the SCH is refined to contain cells ranging from 1% to 10 % of the mesh base size. A smaller percentage of 

the base size results in an increased refinement of the wake mesh. The influence of no additional mesh refinement in 

the wake is also examined. Figure 14 shows the mesh in the wake region for 3 different wake mesh refinement levels.  

The predicted hydrodynamic forces are not significantly influenced by the refinement of the mesh in the wake as can 

be observed in Figure 15.  
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Figure 14. Top to bottom images show the mesh in the wake to be 2% of base size, 10% of base size, and no wake 

refinement, respectively.  

 

  
Figure 15. Predicted hydrodynamic for varying mesh refinement in the wake. ὔ is the total number of cells in the 

mesh. The red marker indicates the case without any wake refinement.  

 

Fig. 15 indicates the predicted hydrodynamic forces on the vertical axis and the inverse of the total number 

of cells in the mesh on the horizontal axis. Each wake refinement level is indicated in blue and the test case without 

any additional mesh refinement in the wake is indicated in red. As the wake refinement levels increase, the total 

number of cells in the mesh increases. The standard deviation of the predicted ὅ and ὅ for the different wake 

refinement levels, including the case without any mesh refinement, are ωȢψ ρπ and υȢτ ρπ respectively.  

 

 Figures 16 show the predicted cavitation pattern when the mesh in the wake is refined to 2% of the base size, 

10% of the base size and when there is no mesh refinement in the wake. Fig. 16 also shows the isosurface (πȢυ

ὠὕὊ ρ of the predicted cavitation bubble overlayed on the experimental image from Parkin (1956) in green. 

Moreover, the cavitation bubble predicted by the 2D BEM is also overlayed on the experimental images in blue. The 

mesh refinement level in the wake was found to be influential to the cavitation patterns predicted. As the wake 
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refinement level increased, an improper closure was observed at the TE of the predicted cavitation bubble. The shape 

of the predicted cavity in the closure region starts to show a concave curvature, with alternate vortex shedding from 

the top and bottom lobes. This can be observed in Figure 17. Additionally, an increase in the wake refinement level 

also causes the cavitation bubble to fluctuate in size. Figure 18 shows the extent to which the cavitation bubble 

fluctuates. The vertical axis indicates the number of cells counted on the perimeter of cavitation bubble normalized 

by the total number of cells. The horizontal axis indicates the time history.  

 

 
Figure 16. Predicted cavitation bubble at „ πȢτπυ for 2% wake refinement (top), 10% wake refinement (middle) 

and no wake refinement (bottom). On the right, the URANSE predicted isosurface (green) is overlayed on the 

experimental image from Parkin (1956). The BEM prediction is shown in the bottom right image in blue. 

 

 
Figure 17. Sequence of images showing the alternating vortex shedding in the closure region for 2% mesh refinement 

level at „ πȢτπυ and ‌ ρπ 
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Figure 18. Influence of wake mesh refinement level as a percentage of the base size on the stability of the predicted 

cavitation bubble. The dashed lines indicate the mean.  

 

 As the wake mesh refinement level increases, the level of unsteadiness in the predicted cavity closure region 

increases. The steadiest cavitation bubble is observed in the case with no additional mesh refinement in the wake. This 

is also evident in Fig 16 and 17. A very high mesh refinement level in the wake captures and propagates the small 

instabilities in the flow. While this does not significantly influence the predicted hydrodynamic forces, as observed in 

Fig. 15, it has a stronger impact on the predicted cavity length. Lastly, despite the range of wake refinement levels 

examined, the predicted cavitation bubble does not reach the full length of the bubble observed during the experiments. 

A plausible cause is the presence of a longer cavitation bubble near the test section wall from which the images are 

taken. The presence of even a small clearance between the SCH and the test section wall [12] can lead to additional 

cavitation which may not be present at the midspan of the hydrofoil. To the authorôs knowledge, no other images of 

the experiments from different perspectives were made available. 

   

9. Scale Factor Variation in 2D URANSE  

The scale factor parameter in the Schnerr-Sauer cavitation model defines the rate of cavitation bubble growth 

and shrinkage expressed in terms of the mass flow rate of each of the different phases present in the multiphase fluid 

domain. The scale factor scales the rate at which a bubble radius changes thereby influencing the mass transfer rate 

between individual components of the multiphase flow. This parameter was varied to understand its influence on the 

predicted cavitation patterns and hydrodynamic performance for the SCH. Table 4 shows the test matrix for this 

investigation and the mean performance parameters, ὅ and ὅ, from the solutions. The ratio of the positive and 

negative scale factors is calculated to quantify a single independent variable, ὛὊ ȾὛὊ . It is important to note 

that cases S2 and S6 have the same ὛὊ ȾὛὊ   ρπ. In case S2, ὛὊ ρ and ὛὊ πȢρ which explores the 

influence of a significantly smaller rate of cavitation bubble condensation compared to the standard cavitation bubble 

growth rate. In case S6, ὛὊ ρπ and ὛὊ ρ, which explores a significantly higher rate of cavitation bubble 

growth compared to the standard rate of bubble condensation. Due to this, there are two data points at 

ὛὊ ȾὛὊ   ρπ. 
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Table 4. Influence of Scale Factor Variation on 2D URANSE Cavitating Flow Solutions 

Case ╢╕  ╢╕  ╢╕ Ⱦ╢╕  ╒╛  ╒╓ 

S1 1 1 1 0.530 0.123 

S2 1 0.1 10 0.533 0.124 

S3 2 1 2 0.529 0.123 

S4 5 1 5 0.528 0.123 

S5 6.5 1 6.5 0.528 0.123 

S6 10 1 10 0.527 0.123 

 

 The influence of varying scale factors on the performance parameters of the SCH can be observed in Figure 

19. The horizontal axis indicates the cavitation scale factor ratio. The top subplot demonstrates the variation in the 

average ὅ and the bottom subplot demonstrates the variation in the average ὅ. Test cases S1 to S5 are indicated with 

blue markers and test case S6 is indicated with a red marker.  

 

Ш  

Figure 19. Average performance parameters vs. cavitation scale factor ratio for 2D UNRANSE solutions on the 

Circular Arc Profile [12]. Red marker indicates case S6. 

 

 The change in positive or negative cavitation scale factors does not significantly influence the predicted SCH 

hydrodynamic performance. Compared to the experimental data, the predicted mean ὅ values are underpredicted by 

approximately 17.6% to 18.6% and the mean ὅ values are over predicted by approximately 16.9% to 17.9%. As 

described earlier, there are two data points at ὛὊ ȾὛὊ   ρπ for cases S2 and S6. Despite having largely 

different rates of cavitation growth and condensation, the two cases predict relatively similar performance parameters.  

 

The cavitation scale factor was found to have an influence on the closure of the predicted cavitation bubble. 

This is seen in Figure 20 which shows the cavitation bubble isosurface in chord normalized x and y coordinates. With 

ὛὊ ὛὊ ρ being the control case, as positive bubble growth rate (ὛὊ  increases, the bubble length is seen to 

shrink to have a more abrupt closure. The bubble length increases again at ὛὊ ρπ and ὛὊ ρ. When the negative 

bubble growth rate (ὛὊ) is set to 0.1 while maintaining ὛὊ ρ, the cavitation bubble increases in length while 

maintaining a smooth closure. 
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Figure 20. Predicted cavitation bubble isosurface for various combinations of Cavitation scale factor. 

 

The bubble isosurfaces presented in Fig 20 are of the flow solution at ὸ ς ί but they were stable throughout 

the duration of the solution time. This can be observed in Figure 21 which shows the effective volume of vapor in the 

predicted cavitation bubble with respect to time for each of the test conditions. 

 

Figure 21. Effective Volume of Vapor in the predicted cavitation bubble vs. solution time for various scale factor 

combinations.  

 

 From this investigation, it is evident that while the cavitation scale factor does not have a significant influence 

on the predicted performance parameters, it does have an influence on the closure of the predicted cavitation bubble 

and on the length of the bubble. Further investigation is required to understand the extent to which the negative 

cavitation growth rate (ὛὊ) can influence the cavitation patterns predicted. 

  

10. Seed Density Variation in 2D URANSE  

 The seed density quantifies the amount of gas or air present in a liquid domain prior to any cavitation. These 

are microscopic gas bubbles or air pockets that act as starting points for cavitation. Seed density is then the number of 

óbubble seedsô per unit volume. The standard seed density used in the 2D URANSE simulations conducted in this 

study is ρπȾά  as it is the default value used by the Schnerr-Sauer cavitation model. To evaluate the influence of 

fluid seed density on the predicted performance parameters and cavitation patterns for the SCH, the seed density is 
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varied between ρπȾά  to ρπȾά . Figure 22 shows the influence of increasing seed density on the predicted 

performance parameters. 

 

 
Figure 22. Average performance parameters vs. cavitation scale factor ratio for 2D UNRANSE solutions on the 

Circular Arc Profile [12] 

 

 As the seed density increases, the predicted ὅ and ὅ converge. Compared to the experimental data, the 

converged predicted ὅ is underpredicted by approximately 18.4% and the converged predicted ὅ is overpredicted 

by approximately 17.2%. The increase in seed density also has an influence on the predicted cavitation bubble, 

specifically that at the LE. This can be observed in Figures 23 a) and b). Fig 23 a) shows the supercavitating bubble 

isosurface in the wake of the SCH. Fig. 23 b) shows a magnification on the bubble formed at the LE.  

 

 

 
Figure 23. a) Top: Predicted cavitation bubble isosurface for various levels of seed density in the operating fluid. b) 

Bottom: Cavitation bubble isosurface at the LE of the SCH. 

 

 Increasing the level of flow seed density does not significantly influence the predicted performance 

parameters but it has an impact on the predicted cavitation patterns. While it does not strongly influence the predicted 

supercavitation bubble on the back of the SCH, it does increase the length of the cavitation bubble forming at the LE. 
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The length of the LE bubble is also seen to converge for a seed density of υ ρπȾά  or greater. Increasing the seed 

density also causes some fluctuations in the predicted cavitation bubble which can be observed from the time history 

of the effective volume of vapor shown in Figure 24. 

 

 
Figure 24 Influence of fluid seed density on the Effective Volume of Vapor present in the fluid domain.  

 

 As the seed density increases, there is a rise in the effective volume of vapor in the fluid domain which 

indicates an increase in extent of cavitation. Moreover, as the seed density increases, the effective volume of vapor is 

seen to oscillate which signifies an oscillating cavitation bubble. Despite the oscillations, the average predicted extent 

of cavitation remains stable.  

  

11. Performance Prediction Using URANSE and BEM  

Since the motivation of this study includes understanding the extent to which 2D URANSE and BEM can be 

used in a complimentary manner, the hydrodynamic performance from the 2D URANSE and BEM solutions are 

compared and validated against experimental data. This can be seen in Figure 25 for „ πȢςφτȟπȢτπυ at ‌ ρπ. 

Fig. 25 a) shows the mean lift coefficient and Fig. 25 b) shows the mean drag coefficients. The BEM and URANSE 

solutions for „ πȢςφτ are shown in blue and „ πȢτπυ in red. The experimental data is indicated as red and blue 

solid lines.  

 
Figure 25 a) Left: mean ὅ values from 2D BEM and 2D URANSE flow solutions. b) Right: mean ὅ values from 

2D BEM and 2D URANSE flow solutions. Blue and red solid lines indicate experimental data for „ πȢςφτ and 

„ πȢτπυ, respectively.  
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 At „ πȢςφτȟ the error in the predicted ὅ with respect to the experimental value is 2.2% for BEM and 17% 

for URANSE, respectively. At „ πȢτπυ, the experimental error in the predicted ὅ is 1.2% for the BEM and 18.1% 

for the URANSE solution. In this analysis, it is important to note that „ πȢτπυ is a relatively high cavitation number 

and may incur instabilities which may not be completely resolved through the 2D BEM and URANSE models. The 

symptoms of this instability are also observed in the URANSE performance parameter and cavitation pattern 

predictions.  

 

 Fig 25 b) shows the mean ὅ values predicted by each method and compares them to the experimental data. 

For „ πȢςφτ, the BEM solution is underpredicted by 17.6% and the URANSE solution is overpredicted by 20.2%. 

For „ πȢτπυ, the BEM solution is underpredicted by 13.5% and the URANSE solution is overpredicted by 17.6%. 

The ὅ predicted by each method deviates from the experimental data in a similar orders of magnitude. However, the 

BEM is relatively more accurate for the two operating conditions tested, especially in terms of predicting ὅ.  

 

Since the cavitation patterns change considerably with „ and ‌, predictions with the two methods are 

extended over πȢρ „ ρȢπχυ, for ‌ ρπ. In Figure 26, the black curve indicates the results from the BEM and 

the blue curve indicates the results from the URANSE solver. The experimental data points are indicated through red 

markers. The URANSE cavitation predictions are observed alongside the ὅ curves whereas the BEM cavitation 

predictions are observed alongside the ὅ curves. A similar study is conducted to examine the range of applicability 

of the two methods when the angle of attack varies. This is seen in Figure 27 for „ πȢςτφ, π ‌ ρπ. 
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Figure 26. Influence of „ on predicted performance parameters at ‌ ρπȢ Top: Predicted ὅ vs. „ with images 

from URANSE solutions. Bottom: Predicted ὅ vs. „ with images from BEM solutions. 
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Figure 27. Influence of ‌ on predicted performance parameters at „ πȢςτφȢ Top: Predicted ὅ vs. ‌ with images 

from URANSE solutions. Bottom: Predicted ὅ vs. ‌ with images from BEM solutions. 
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Considering first a fixed ‌ ρπ and varying „, the ὅ and ὅ predictions from the two methods seen in Fig 

26 follow experimental trends across the range of cavitation indices tested. The ὅ predictions from the BEM are seen 

to agree more closely to the experimental values compared to the URANSE solutions. This is especially true at low 

cavitation numbers. A similar trend is seen in the ὅ predictions where at low cavitation numbers, the BEM produces 

more accurate results compared to the URANSE solution. However, at „ πȢψ, the ὅ predicted by the BEM 

continues to follow the experimental trends while the ὅ predicted by the URANSE solver drops significantly. Both 

the BEM and URANSE solutions predict supercavitation at low cavitation indices. As „ increases, both methods show 

a shrinkage and disappearance of the supercavitation bubble on the suction side of the blade. While caviation inception 

occurs near the LE on the blade, an increase in the cavitation number causes the bubble to reattach to the surface. For 

πȢυ „, the URANSE solution predicts partial cavitation near the LE and at the step on the suction side with no base 

cavitation. Whereas the 2D BEM displays a similar cavitation pattern but with base cavitation.  

 

Now considering the results in fig. 27 for a fixed „ πȢςτφ and varying ‌Ȣ The ὅ predictions at low ‌ show 

a good agreement between the predicted values and the experimental data. However, as ‌ increases, the URANSE 

solution more accurately predicts the ὅ values compared to the BEM solution until ‌ ρπ. At higher ‌, the two 

curves merge and predicted almost identical results. Nonetheless, both methods demonstrate the same trends as the 

experimental data. The ὅ values predicted by the URANSE solver also agree more closely with the experimental 

data compared to the values predicted by the BEM. Both methods demonstrate a similar order of accuracy in regard 

to predicted the ὅ. For π ‌ ς, both the URANSE and BEM solutions predict a supercavitating bubble that 

detaches at the LE on the pressure side and near the step on the suction side. As ‌ increases, the URANSE solution 

predicts a smaller cavitation bubble near the LE on the pressure side with a supercavitation bubble detaching from the 

step on the suction side. On the other hand, the BEM only identifies the supercavitation bubble on the suction side. At 

‌ ρπ, the URANSE solution identifies a small bubble near the LE in addition to the supercavitation on the suction 

side. This is evident in the BEM predictions as well for φ ‌ ψ. At ‌ ρπ, the hydrofoil experiences 

supercavitation which begins at the LE and engulfs the entire suction side. This is observed in both the URANSE and 

BEM solutions. The disappearance of the cavitation bubble on the pressure side as ‌ increases causes an increase in 

the lift experienced by the hydrofoil. Consequently, an upward trend in the ὅ curve is observed. A less significant 

upward trend is observed in the predicted ὅ as ‌ increases. 

 

The order of accuracy in these results are comparable to the conclusions drawn in previous studies. A study 

conducted by Bonfiglio & Brizzolara (2016) experimentally validated the 2D URANSE solutions of the flat plate 

geometry and the circular arc geometry. Their operating conditions ranged approximately πȢς „ πȢψυ. While the 

URANSE predictions followed the experimental trends, a larger margin of error was observed at higher cavitation 

numbers. The average relative error between the URANSE solution and the experimental data for the flat plate 

geometry was found to be lower than 10%. On the other hand, the mean ὅ predicted for the circular arc hydrofoil, 

which is a more complex geometry, was underestimated by approximately 20% [12,33]. Another study by Brizzolara 

& Federici (2011), used experimental data from Waid & Lindberg (1957) to validate their URANSE solutions in a 

mesh sensitivity analysis. They found that in supercavitating conditions, while the URANSE solution followed the 

experimental trends, ὅ and ὅ had an error of approximately 15.2% and ςςȢυϷ, respectively. In their investigation, 

they were able to lower the average error in ὅ and ὅ to 8% and 12%, respectively [34,41]. In all cases considered, 

the URANSE performance parameters follow the experimental data trends but deviate from the experimental data by 

an error of the order of 10%. Therefore, the level of uncertainty associated with modelling unconventional hydrofoils 

using URANSE solvers in 2D is still considerably large.  

 

12. Conclusions and Future Works 

 A systematic study was conducted to assess the influence of mesh refinement, flow seed density, and 

cavitation bubble growth rates, on the performance and cavitation pattern prediction capabilities of 2D URANSE 

solvers for complex, turbulent, multiphase flow such as those in SC hydrofoils. This was followed by a validation 
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study where the URANSE solutions were validated against experimental data and compared to 2D BEM results. The 

study was conducted on the Circular Arc Hydrofoil from Parkin (1956) which is a particular type of SCH with a very 

thick, blunt TE [12]. The operating conditions primarily considered for this analysis were „ πȢτπυ at ‌ ρπ. A 

mesh sensitivity study enabled the selection of the mesh refinement levels along with the prism layer thickness and 

density. A wake mesh refinement sensitivity study revealed that a very fine mesh in the wake limits the formation of 

a stable supercavitation bubble with proper closure. A similar point distribution sensitivity study was conducted for 

the geometry implemented in the 2D BEM. Two designs of FTEs were examined and the number of points on the 

profile was varied. FTE type 2 was selected as it was most adaptable to higher point densities. 

   

 Both the cavitation growth and collapse rates (indicated through scale factors) and the flow seed density did 

not have a significant influence on the mean performance parameters, but they influenced the predicted cavitation 

pattern. At higher bubble growth rates, the supercavitation bubble was seen to shrink in length and had an abrupt 

closure. On the other hand, a lower bubble condensation rate resulted in a supercavitation bubble with a smooth, 

convex closure. Further investigation is required to better understand the influence of the bubble condensation rate on 

the cavitation pattern prediction capabilities for SC hydrofoils with blunt TE. An increase in flow seed density led to 

an increase in the extent of predicted cavitation and to the presence of an oscillating cavitation bubble. Overall, the 

predicted supercavitation bubble length was found to be shorter than those experimentally imaged. A plausible cause 

for this is the possibility of additional cavitation occurring near the clearance between the hydrofoil and the test section 

wall through which the experimental image was captured. 

 

The 2D URANSE and BEM solutions were compared and validated against experimental data. The operating 

conditions considered were „ πȢςφτ and 0.405 for ‌ ρπ. The mean ὅ was underpredicted by the URANSE 

solution and overpredicted by the BEM solution. The mean ὅ was overpredicted by all methods. The level of 

experimental error observed in the mean hydrodynamic performance from the URANSE and BEM solutions is in the 

order of 10% when compared to experimental data. This is comparable to the level of experimental error found in 

previous studies where URANSE data for unconventional supercavitating hydrofoils was validated against 

experimental data [33,34]. The study was also extended to evaluate the range of applicability of the URANSE solvers 

and BEM in different operating conditions.  In all cases considered, both methods followed the experimental trends. 

Further investigation is required to not only reduce the levels of uncertainty associated with URANSE solvers for SC 

profiles but to also explore and quantify the level of uncertainty for URANSE and LES solvers in 3D.  

 

 Other future works include understanding the extent to which CFD and low order BEM can be used in a 

complimentary manner for SCH and SCP design optimization by comparing the 3D BEM solutions to those from 2D 

and 3D URANSE solvers, LES solvers, and experimental data. Moreover, repeating this study for more realistic and 

practical supercavitating hydrofoils and propellers will provide a comprehensive understanding of the capabilities of 

each method, especially if implemented for newer, state of the art, hydrofoils and propellers. 
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