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ABSTRACT 

Cavitation occurs in flow regions where the hydrodynamic effect reduces the local pressure 

below the saturation vapor pressure of the liquid, causing the formation of vapor bubbles. When 

these vapor bubbles enter the region of higher pressure, they collapse violently producing 

enough force to damage the solid body. In case of hydrofoils, cavitation can affect the 

hydrodynamic and structural performance potentially. In injector nozzles, cavitation can cause 

a fuel injection instability and decreased fuel efficiency. Cavitation on hydrofoils and nozzles 

mainly depends on the flow parameters, shape and material of the hydrofoil or nozzle. In the 

present work to study the cavitation phenomenon three different studies have been made on 

hydrofoils and in injector nozzle. In first part of the work, the performance of two different 

cavitation model and four different turbulence models is compared with the available 

experimental data on cavitating NACA4412 and Clark-y hydrofoil in terms of lift coefficient, 

drag coefficient, Strouhal number and velocity profiles using ANSYS Fluent. Among all the 

turbulence models, the Realizable k-𝜖 turbulence was found to be more accurate, whereas the 

Zwart-Gerber-Belamri cavitation model is found to be more reliable. Using the Realizable k-𝜖 

and Zwart-Gerber-Belamri cavitation model, the research was further extended to study the 

hydrodynamic and structural performance of 3D stainless steel MHKF-180 and NACA4418 

cavitating hydrofoils using one-way fluid structure interaction (FSI). The simulation is 

performed at a chord-based Reynolds number, Re = 750000, for different cavitation numbers 

and angles of attack. On comparing the  hydrodynamic performance of both the foils, in terms 

of lift coefficient, MHKF-180 found to perform better than NACA4418 under the cavitating 

condition. Whereas, from structural point of view, the MHKF-180 shows larger tip deformation 

and von Mises stress than NACA4418 hydrofoil. Further, in the last part of the work, the 

numerical investigation of cavitation characteristics of conventional (n-dodecane fuel) is 

compared with the alternative fuel (Oxymethylene ether, OME3) in Engine Combustion 

Network (ECN) Spray C037 nozzle using CONVERGE code. RNG 𝜅 − 𝜖 turbulence model is 

used to determine the effect of turbulence, and phase change inside the nozzle is predicted 

using the Homogeneous Relaxation Model (HRM) coupled with a multiphase mixture model. 

For model validation, the simulated mass flow rate and cavitation contour shape of n-dodecane 

fuel are compared with the experimental result provided in the literature. Among both the fuels 

OME3 found to be more cavitating as compared to n-dodecane fuel.  
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CHAPTER 1 

INTRODUCTION 

 

Cavitation, which is defined as a phenomenon of the formation of vapor bubbles in a liquid 

flow, has been a subject of intensive research because of its complex multiphase flow dynamics 

and the destruction it can do to the adjacent solid surfaces (Brennen 2005). Cavitation occurs 

in flow regions where the hydrodynamic effect reduces the local pressure below the saturation 

vapor pressure of the liquid, causing the formation of vapor bubbles. When these vapor bubbles 

enter the region of higher pressure, they collapse violently producing enough force to damage 

the solid body. Cavitation can be commonly seen around the propellers, hydrofoils, impellers, 

injector nozzles etc.  

In marine applications, the shape of the propellers is designed in a way that it can 

provide enough lift to keep the ship’s hull on the water surface. The required lift can be 

achieved if the fluid on the top surface of the propeller flows at a higher velocity than its bottom 

surface, which in turn, reduces the pressure on the top surface (Štigler 2009). However, the 

reduced pressure on the top surface makes it prone to cavitation. Similarly, in injector nozzles 

during fuel injection process, a very large pressure differential acts across the injector. The fuel 

is passed through small orifice to form smaller droplets. Due to this, a large pressure drop 

occurs at the orifice’s entry, resulting in cavitation inside the injector (Vijayakumar 2018).  

A non-dimensional number which is used as an indicator of cavitation inception is 

called cavitation number (𝜎). The cavitation number is defined as the ratio of the difference of 

freestream pressure and vapor pressure to dynamic pressure, which is given by (Brennen 2005)  

𝜎 =  
𝑝∞−𝑝𝑣
1

2
𝜌𝑙𝑈∞

2
 .                                                                  (1) 

where  𝑝∞ is the freestream pressure (Pa),  𝑝𝑣 is the vapor pressure of liquid (Pa) at the reference 

temperature,  𝜌𝑙  is density of liquid (kg/m3), and 𝑈∞ is the free stream velocity (m/s). From Eq. 

(1), it is clear that higher cavitation number means cavitation is less likely to occur, while a 

lower cavitation number means a higher likelihood of cavitation. 
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1.1 Cavitation Fundamentals  

Cavitation is the process where phase change takes place due to local pressure drop. The 

phenomenon of cavitation was first observed in rotating machinery in the late 19th century by 

Torricelli, and later by Euler and Newton. The negative impact of cavitation phenomenon on 

the performance of a ship propeller was first observed by Parsons in 1893, who built the first 

cavitation tunnel. Understanding the causes of cavitation is crucial in managing its effects. 

Several important literatures have contributed to our understanding of cavitation. For instance, 

the work of Blake and Maga (1975) investigated the relationship between the velocity, 

pressure, and cavitation formation in a centrifugal pump, shedding light on the role of flow 

conditions in cavitation inception. Moreover, the study by Iwai and Li (2003) elucidated the 

impact of fluid properties, such a viscosity and surface tension, on cavitation behaviour, and 

highlighted the importance of considering fluid properties in predicting cavitation phenomena. 

The effect of cavitation can be detrimental to fluid systems. Cavitation erosion has been a 

significant concern in various industrial applications, including pumps, propellers, and 

hydraulic systems.  

To mitigate the adverse effects of cavitation, engineers have developed numerous 

strategies like optimizing system design, and employing specialized materials. Although 

cavitation seems similar to boiling with respect to formation of vapor bubbles, there is basic 

difference. Boiling takes place when thermodynamics state change from liquid to vapor at 

constant pressure and by increasing the temperature. Whereas cavitation is a thermodynamic 

process where state change takes place at constant temperature due to sudden drop in pressure.  

1.1.1 Types of Cavitation  

Cavitation has different stages and types. There are two stages of cavitation one is incipient, 

and another is the developed stage (Brennen 2005). Incipient cavitation refers to the initial stage 

of cavitation, where bubbles are just detectable. The bubble size is very small, and it covers 

only a limited zone of the body. Cavitation inception is considered to take place when the 

bubble grew to an observable size of approximately 1 mm (Brennen 2005). Further, with 

changes in conditions (pressure, velocity, temperature) the cavitation grows and reaches a 

developed stage. Cavitation can be classified into various categories, including partial 

cavitation, supercavitation, traveling bubble cavitation, vortex cavitation, sheet cavitation, and 

cloud cavitation.  
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Partial cavitation (Fig. 1.1) refers to the phenomenon where cavitation only covers the partial 

surface of the hydrofoil surface in the fluid flow. The presence of partial cavitation on the 

hydrofoil reduces the hydrodynamic performance of the hydrofoil, leading to lower lift and 

increased drag. The occurrence of partial cavitation depends on various factors such as the 

shape of the hydrofoil, flow velocity, the fluid density, and the pressure of the fluid.  

 

Fig. 1.1: Partial cavitation on hydrofoil (Fine 1988). 

Supercavitation (Fig. 1.2) is a phenomenon where a cavity completely surrounds the body and 

separates it from the surrounding liquid. The supercavitation on hydrofoil reduces the drag 

force and allows the body to attain high speed. This can occur in high-speed underwater 

systems such as torpedoes and can provide significant improvement in performance. It is also 

considered beneficial in injector nozzles for the primary atomization as there is no shear 

resistance on the liquid jet due to injector walls, therefore liquid jet is able to exit at higher 

velocity (Saha 2014). 

 

Fig. 1.2: Supercavitating hydrofoil (Fine 1988).  

Traveling bubble cavitation (Fig. 1.3) refers to the movement of cavitation bubbles in the fluid 

flow. The bubble moves away from their nucleation site, expands, shrinks, and then collapses. 

The movement of bubbles is caused by the flow velocity, pressure gradients, or other 

parameters. Such traveling bubbles can occur in low-pressure areas along solid boundaries, or 

in the interior of the liquid, either at the center of moving vortices or in highly turbulent regions 

in turbulent shear fields. 

 

Fig. 1.3: Traveling bubble cavitation on NACA4412 hydrofoil (Kermeen 1956).   
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Vortex cavitation (Fig. 1.4) is found in the applications where the entire vortex center is filled 

with the vapor bubble. In many high Reynolds number flows that are crucial in practical 

applications, there is an area of intense vorticity where pressure in the vortex center is much  

lower than in the rest of the flow. For instance, in the tip vortices of ship propellers or pump 

impellers, or in the swirling flow of water turbine’s draft tube, cavitation inception often occurs 

in these vortices, and if the cavitation number decreases further, cavity fills the complete vortex 

center.  

 

Fig. 1.4: Cavitation vortices in the wake of lift flat plate (Brennen 2014). 

 Sheet cavitation (Fig. 1.5) refers to the formation of thin, flat layer of vapor bubble that form 

along the surface of a hydrofoil or other underwater object. It is also referred to as fixed, 

attached or pocket cavitation.  It is generally associated with high flow velocities and low liquid 

pressure, which results in low vapor pressure and high vapor formation. This vapor layer can 

then interact with the solid surface, causing erosion and others forms of surface damage.  

 

Fig. 1.5: Sheet cavitation on NACA4412 hydrofoil (Kermeen 1956).  

Cloud cavitation (Fig. 1.6)  is the phenomenon in which the unsteady sheet of cavity is 

periodically broken down into cloud-like structures which sheds into the wake of submerged 

body. These vapor clouds contain numerous microbubbles. The vapor cloud can cause 

significant increases in drag on the submerged body and can also damage the surface of the 

object due to implosion of the vapor bubbles.   
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Fig. 1.6: Cloud cavitation on the hydrofoil (Brennen 2014).  

1.1.2 Parameters Affecting Cavitation  

The saturation pressure is mainly responsible for the inception of cavitation phenomenon, but 

there are other parameters also which affects the cavitation:  

1. Cavitation number: The cavitation number affects cavitation because it determines the 

potential for the fluid to cavitate. When the cavitation number is low, there is a higher 

likelihood of cavitation occurrence. This is because the dynamic pressure of the fluid 

is closer to or even exceeds the vapor pressure of the fluid, causing the fluid to undergo 

phase change and form vapor bubbles.  

2. Liquid temperature: The liquid temperature determines the saturation pressure of the 

liquid, which tells about the possibility of cavitation. Moreover, in our study an 

isothermal modelling approach is adopted. 

3. Turbulence: If Reynolds number is high enough, the flow in general will be turbulent. 

Turbulence can have a significant impact on the formation and behaviour of cavitation. 

In turbulent flows, the velocity of the fluid varies randomly in both space and time. This 

randomness can lead to variations in pressure, and consequently, to the formation of 

cavitation bubbles.  

4. Surface conditions of solid boundaries: The surface condition of the geometry can 

significantly affect the formation and behaviour of cavitation in several ways. For 

example, rough or irregular surfaces can promote the formation of cavitation bubbles 

by providing the nucleation sites for vapor bubbles to form. These bubbles can then 

grow and collapse, leading to increased erosion and damage.  

1.2  Motivation   

Cavitation can be harmful in several circumstances. Pumps, propellers, and hydraulic 

machinery, nozzles are examples of where cavitation can cause damage, as vibration and 
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surface erosion induced by cavitation not only contribute to poor performance but also 

diminishes overall structural integrity. In pumps and turbines, cavitation can reduce their 

lifespan by causing erosion and pitting of blades and surfaces (Noon et al. 2021). Cavitation 

also produced large noise due to collapse of vapor pockets near the solid surface, causing large 

impact stresses on the surface which can damage bearings, seals, and other components 

(Gnanaskandan 2015).  Fig. 1.7 depicts the cavitation-damaged propeller blade and centrifugal 

pump. Take note of the concentrated damage on the tip of propeller blade, where the blade’s 

speed is greatest. In hydrofoils, cavitation can affect the hydrodynamic performance by 

increasing the drag force and reducing the lift force (Brennen 2005).  Cavitation can also cause 

vibrations and instabilities in hydrofoil, which can lead to failure of the hydrofoil in extreme 

cases. In injector nozzles, pressure drop can result in cavitation and may reduce the efficiency 

of the nozzle (Piehl and Bravo 2018). It may also cause wear and corrosion inside the nozzle 

leading to clogging of the nozzle and reduced performance. Fig. 1.8 shows the schematic of 

undamaged sac-type nozzle and damaged needle and sac due to cavitation.  

However, cavitation has some advantageous effects also. In applications such as 

homogenizing liquids, mixing and breaking down particles, and in industry cleaning, the 

energy generated by cavitation is utilized to perform specific tasks. Shockwave lithotripsy, 

which is used to destroy kidney stones, is another example of cavitation being used to benefit 

a process. Supercavitation on torpedoes is another example of cavitation used for reducing 

drag, among different methods supercavitation is regarded as the most promising due to its 

ability to substantially decrease viscous drag by enveloping an underwater vehicle within a 

low-density gas bubble (Kim et al. 2021). Cavitation in diesel fuel injectors has the potential 

to improve the formation of the fuel spray by enhancing the initial breakup and subsequent 

atomization of the liquid fuel jet (Som et al. 2012). Cavitation can be employed in the food 

industry to enhance processes such as homogenization and emulsification. It can be used to 

break down particles and mix ingredients more effectively in food production (Kamal et al. 

2022). Hydrodynamic cavitation can be used for degrading the complex contaminates for 

wastewater treatment. In this method certain pollutants move into expanding cavities with 

water molecules due to pressure changes, and when these cavities collapse, high pressure and 

temperature conditions cause pollutants to break down, forming free radicals and leading to 

degradation of pollutants (Darandale et al. 2023). 

Understanding cavitation is crucial in order to minimize its detrimental effects while 

using its positive effects for different applications. A study of cavitation can be done both 
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through experimentation and numerical simulations. In recent years, experiments have greatly 

enhanced our understanding of cavitation, but conducting experimental measurements for 

cavitating flows is quite challenging. Numerical simulations can provide valuable insights and 

fill gaps in our understanding. They offer a cost-effective approach to simulating a large 

number of cases, testing, and predicting outcomes including scenarios that may be challenging 

to test experimentally. Furthermore, validated simulations can provide information that is 

difficult to attain through experimental means. Due to recent advances in parallel computing 

and numerical methods, it is now easier to simulate complex cavitating flows consisting of 

range of length scales and time scales. Advanced post-processing techniques also enable a 

deeper understanding of the three-dimensional nature of cavitating flows, as well as being able 

to predict the growth and collapse of vapor cavities of varying size and rates. With this 

motivation an overall objective of this thesis is to numerically investigate the cavitating flows 

on hydrofoils and injector nozzles.   

 

Fig. 1.7: Damage due to cavitation (a) erosion near the tip of propeller blade (Britannica), (b) 

centrifugal pump impeller (Noon et al. 2021).  

 

 

Fig. 1.8: Erosion induced due to cavitation (a) schematic of sac-type nozzle, (b) damaged 

needle due to erosion, and (c) damaged sac volume (Piehl and Bravo 2018).  
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1.3 Hydrofoil and Injector Nozzle Terminology  

A typical shape of a hydrofoil, which resembles the shape of propeller, is shown in Fig. 1.9. 

Here the upper and lower surfaces of the hydrofoil are called as the suction side and the pressure 

side, respectively. The meeting points of pressure and suction sides at the front and back are 

termed as the leading and the trailing edge, respectively. The length of the straight line 

connecting the leading and trailing edges is termed as chord length, denoted by c. The curve 

which is the locus of the mid-points between the suction and the pressure surfaces is called as 

the camber line. The geometric angle between the relative velocity vector of the flow at the 

leading edge and the hydrofoil chord line is referred  as the angle of attack (𝛼) (Muratoglu and 

Ishak Yuce 2015). The hydrofoils are classified by the NACA standards, such as four-digit 

hydrofoils, NACA0006, NACA0009, NACA0012, NACA0015, NACA4418, NACA4412 etc, 

as shown in Fig. 1.10. Here, first digit describes the maximum percentage of the camber, second 

digit describes the distance of maximum camber from the hydrofoil leading edge in terms of 

percent of the chord, and the last two digits describe the maximum thickness as percent of the 

chord. For example, the NACA 4418 means a hydrofoil which has a maximum camber of 4% 

located 40% (0.4 chords) from the leading edge with a maximum thickness of 18% of the chord. 

Injector nozzle is basically a fine sprayer consisting of a single hole or multiple holes 

through which fuel is injected at high pressure into an engine for fuel atomization (Mohan et 

al. 2017). The basic geometry of a Spray C injector nozzle is shown in Fig. 1.11.  It mainly 

consists of a needle, injector body, sac, and nozzle hole. Here, a needle is used to close and 

open the valves for the proper amount of fuel injection. A seat is made of a single cone at the 

end of the needle valve that intersects with a conical surface on the injector body. The inner 

part of the nozzle that contains the injector needle valve, spring, and a thread is known as the 

injector body. A tiny cavity in the bottom of injector that maintains a small amount of fuel in 

the tip is named as sac, that helps to cool the nozzle and preserve the longevity. All these nozzle 

parameters affect the combustion characteristics of the engine, as well as the stability of the 

emissions, performance, and mechanical durability over the lifetime. Due to the complex 

geometry of the nozzle and the number of parameters on which the flow through the nozzle 

depends, it is of utmost importance to validate the numerical simulation using experimental 

data. A reliable source of such data is ECN, which is an international collaborative network 

between different universities and industries. ECN has experimental data for some standard 

nozzle which it categorizes depending on its geometry as non-cavitating (Spray A), mildly 
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cavitating (Spray B), and cavitating (Spray C). Our study will be focusing on cavitation in 

Spray C type nozzle. 

 

Fig. 1.9. Hydrofoil nomenclature.  

 

Fig. 1.10. 2D Profiles of different four-digit NACA hydrofoils. 

 

Fig. 1.11. Spray C injector nozzle. 



 
 

10 
 

1.4  Outline of the Thesis 

This thesis has been organized into seven chapters. Chapter 1 covers the fundamentals of 

cavitation, types of cavitation, and motivation of the work. Chapter 2 presents the literature 

review which includes both the experimental and numerical work done on cavitating flows on 

hydrofoils, fluid-structure-interaction (FSI) on cavitating hydrofoils, and cavitation in injector 

nozzles. Chapter 3 describes the mathematical formulation which includes governing equations 

of mixture multiphase model, turbulence models, cavitation models, equations for structural 

analysis along with the material properties and solution methods. It also includes the 

assessment of different turbulence models and cavitation models on the cavitating hydrofoils. 

Chapter 4 presents the effect of Reynolds number on the cavitating hydrofoil, and the 

performance comparison of non-cavitating and cavitating hydrofoil at different angles of 

attack. Chapter 5 discuss the numerical investigation of fluid-structure-investigation (FSI) on 

NACA4418 and MHKF-180 hydrofoils at various angles and at different cavitation numbers. 

Chapter 6 explains the numerical study of cavitating flow in Spray C injector nozzle using 

conventional and alternate fuel. Finally, Chapter 7 highlights the conclusion of the present 

work, suggestions for future research work, followed by the list of publications.  
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Chapter 2 

LITERATURE REVIEW 

In line with the objectives of our work, in this chapter a detailed literature review containing 

experimental and numerical work is presented. 

2.1  Cavitation on Hydrofoils  

The turbulent cavitation flows are complex fluid dynamics problems, specifically unstable 

cloud cavitation observed on hydrofoils. This cavitation can cause strong hydrofoil vibrations, 

leading to solid structure erosion. Therefore, it is required to predict this unstable behaviour 

during the design stage only for the safe operation of hydraulic components like turbine blades, 

pumps, and injector nozzles. In past, several studies were carried out to analyse the effects of 

cavitation on hydrofoils, some were based on the analytical techniques, while others were based 

on the experimental observations and numerical simulations. Wu (1953) formulated the theory 

of finite span using lifting line theory to calculate the lift and drag force on the hydrofoil 

moving with constant velocity inside the incompressible and nonviscous liquid at a fixed depth. 

Fabula (1962) calculated the lift and drag force on the cavitating hydrofoil in steady 

incompressible flow as a function of cavitation number by applying the thin-airfoil theory and 

by conducting the experiment. They found good agreement between experimental and 

theoretical values. Woods (1964) extended the thin-airfoil theory to study the unsteady 

behaviour of cavitating and supercavitating flow on the two-dimensional hydrofoil and 

symmetrical wedge. Furuya (1975) also analysed the supercavitating hydrofoil, operating in 

the free surface to determine the gravity effect using three-dimensional non-linear free 

streamline theory and found that the shape of the cavity does not depend much on the gravity.  

While some aspects of cavitation were successfully captured by the thin-airfoil theory, 

there was a need to further improve the understanding of cavitating flows, specifically in 

turbulent flows. For this purpose, Kermeen (1956) performed an experiment in high-speed 

water tunnel on 3-D NACA4412 hydrofoil and modified circular arc, flat plate hydrofoil named 

Walchner profile 7. Lift force, pitching moment and drag force were calculated for both non-

cavitating and cavitating flow. Lohrberg et al. (2002) performed numerical simulation on the 

cascade of two-dimensional hydrofoils with a semi-circular nose using the RNG k−ϵ  

turbulence model. They found cloud cavitation on the topmost hydrofoil of the cascade while 

on the remaining two hydrofoils the sheet cavitation was observed. Through their numerical 
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results, they had been able to determine the two dominant frequencies and their dependence on 

the cavitation number. These results were then complemented by the experiment that they 

conducted in a water tunnel. Billet and Holl (1981) conducted experiments on hydrofoil 

families consisting of NACA0015 and a cambered (asymmetrical about chord line) 

NACA0010. Through these experiments, they demonstrated the existence of other types of 

cavitation, like bubble ring cavitation, traveling cavitation, tip-vortex cavitation, and sheet 

cavitation. Kubota et al. (1992) studied two-dimensional NACA0015 for experimental and 

numerical simulation at 8◦ and 20◦ angles of attack to develop Bubble Two-Phase Flow (BTF) 

model to understand the interaction between cavitation bubbles and viscous effects including 

large scale vortices. Kinnas and Fine (1993) analysed partial cavitation on 2D and 3D 

NACA16006 hydrofoils using BTF model and non-linear boundary element method (BEM) 

for two different cases. In the first case, length of cavity was determined for the known 

cavitation number while for the second case cavitation number was computed for the known 

cavity length. Comparing both models, they found that the BTF model has better convergence 

than the velocity-based BEM method.  

 It is evident from the above literature that with the increasing application of 

Computational Fluid Dynamics (CFD), different numerical tools can generate flow predictions 

precisely for practical problems. Therefore, researchers are moving from experiments to CFD. 

There are several reasons for use of CFD, it provides a cost-effective and time-saving way to 

simulate the complex fluid flow problems without conducting expensive experiments. CFD 

simulations can run much faster than experiments, allowing engineers to quickly evaluate 

multiple designs and optimize their performance. Moreover, CFD can be used to simulate a 

wide range of fluid flow problems, including complex geometries and multiphase systems. The 

CFD is required to accurately predict such flows, which depends on the turbulence model and 

cavitation model.  

Many numerical studies have studied the effect of turbulence models on unsteady 

cavitating flows. Bensow (2011) numerically studied the unsteady cavitating flow on the Delft 

Twist 11 foil using Large Eddy Simulation (LES), Detached Eddy Simulation (DES), 

Reynolds-Averaged Navier Stokes (RANS) model. They concluded that the LES and DES 

were able to capture unsteady cavitation and vapor shedding more accurately as compared to 

RANS model. Similarly, Sedlar et al. (2016) studied unsteady cavitating flow around the 

NACA2412 hydrofoil using LES, Scale Adaptive Simulation (SAS) and DES model. They 

found that LES overestimated the dominant frequency of the oscillating cavitating flows more 
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than DES and SAS models. However, LES was able to describe vortex structure more 

accurately. Kinzel et al. (2007) used DES and the standard k − ϵ RANS model to study 

ventilated cavitation. They found that DES captures a broader spectrum of turbulent scales and 

cavitation than another model. Ji et al. (2015) employed the LES, Partially Averaged Navier 

Stokes (PANS), and RANS model on the cavitating twisted hydrofoil and compared the results 

with the experimental data. They pointed out that PANS and LES could better predict the 

primary and secondary cavity shedding patterns, while the RANS model yield almost steady 

flow with the constant shape of vapor cavities. 

Even though the scale-resolving systems (LES and DES) have shown themselves to be 

superior, it has been claimed that their high computational resource requirement make them 

impracticable in high-volume industrial settings. RANS models are still the most often used 

technique in industrial CFD for hydraulic systems and machinery. Despite this the influence of 

different RANS models on the cavitating flow is sparse. For example, Deng et al. (2020) 

investigated the influence of different turbulence models (Std k − ϵ , RNG k − ϵ , and SST k-

ω) on the thermosensitive cavitating flow. The RNG k − ϵ model was more accurate than other 

models for cavitating flow at different temperatures. Goncalvès and Charrière (2014) simulated 

the cavitating flow in a Venturi test section using four distinct RANS models. They found that 

the SST model best agrees with the experimental data. Nur-E-Mostafa et al. (2012) employed 

three RANS models i.e., Spalart-Allmaras (SA), RNG k − ϵ , and SST k − ω to capture the 

turbulent boundary layer on CAV2003 hydrofoil using enhanced wall treatment. With 

enhanced wall treatment, they concluded that Spalart-Allmaras and RNG k-𝜖 computed the lift 

coefficient accurately. Ahn et al. (2018) modified the RNG k-𝜖 turbulence model to study the 

effect of turbulent viscosity on the cavitation phenomenon on 3D NACA0015 hydrofoil. They 

found that modified RNG model agreed well with experimental results compared to the 

standard model. Similar conclusions were drawn by Dular et al. (2005) that the standard RNG 

model overpredicts the turbulent viscosity and gives a cavity length half of the experimental 

one. Chebli et al. (2021) analyzed the cloud cavitation on 2D NACA66 hydrofoil using 

standard and modified RNG k − ϵ , SST k−ω turbulence models. They found that k − ϵ  model 

was unable to capture the unsteady cavitation as compared to modified models. Li et al. (2009)  

used modified RNG κ − ϵ,  SST k − ω turbulence models around 2D and 3D cavitating 

NACA0015 hydrofoils and compared the results with the experimental data. They remarked 

that modified SST model improves the prediction of essential features like shedding of cloud 

cavity microstructure and re-entrant jets. Similarly, Hong et al. (2017) performed numerical 
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simulation on 2D Clark-Y cavitating hydrofoil at an angle of attack 𝛼 = 80 using modified SST 

κ − 𝜔 turbulence models and found that this model can predict the formation, breakup, 

shedding, and collapse of sheet and cloud cavity.  

2.2 Fluid Structure Interaction on Hydrofoils  

In addition to hydrodynamic assessment of hydrofoils, it is also important to analyze them for 

structural response as during operation they are subjected to stress, strain, and unexpected 

loading that may cause structural deformations and oscillations. These deformations can be 

quite small or large depending upon the hydrofoil material properties and the flow 

characteristics. For underwater hydrofoils, the added fluid mass and hydrodynamic damping 

play a crucial role in the structural response. Also, as mentioned earlier, due to their typical 

shape, they can cavitate and forms vapor cavities. The collapse of these cavities may induce 

strong vibrations, noise, and instabilities in the hydrofoil structures. These effects can be 

studied and analyzed using fluid-structure-interaction (FSI) (Sedlar et al. 2011; Čupr et al. 

2019). 

In the past, several experimental and numerical studies have been conducted on metallic 

(rigid) and composite (flexible) hydrofoils to examine the effect of cavitation on the structural 

vibration. Traditionally hydrofoils are manufactured using metals, particularly aluminium and 

stainless steel. These metals provide the advantage of being homogeneous and isotropic, 

whereas the composite materials being lighter in weight are mostly used for aeronautical 

applications (Zarruk et al. 2014).  Ausoni et al. (2007) carried out FSI experiment on truncated  

NACA0009 stainless steel hydrofoil and investigated the effect of cavitation within the core of 

Karman vortices. They found that there was a significant increase in the vibration amplitude 

and vortex shedding frequency due to cavitation, which may activate or delay the hydrofoil 

resonance. Young (2007) coupled the boundary element method (BEM) and finite element 

method (FEM) to investigate the performance of cavitating aluminum propeller blade 4148 in 

terms of added mass and deformation. They found that the added fluid mass caused a decrease 

in the fundamental frequency of blade and an increase in the blade stress, displacement, and 

oscillations. Young (2008) extended the BEM and FEM coupled approach on the flexible 

composite blade in subcavitating and cavitating conditions. They concluded that these blades 

may experience a resonant vibration and fatigue problems due to the added fluid mass.  

Ducoin et al. (2010b) conducted experimental and numerical study to analyze the 

hydroelastic behavior of flexible POM polyacetate cantilevered hydrofoil in turbulent 
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subcavitating and cavitating flows. They found that elastic deformation resulted in an increase 

of effective angle of attack and decrease in lift to drag ratio. Ducoin et al. (2012b) extended 

their FSI experiment on NACA66312 flexible hydrofoil at different pitching velocities for both 

cavitating and non-cavitating conditions. They found that for non-cavitating condition, the 

hydrofoil vibration increases due to vortex shedding, whereas for the cavitating condition, the 

vibration increases due to instabilities caused by the vapor bubbles. Similarly, Ducoin et al. 

(2012a) performed experiment on rigid and flexible NACA66312 hydrofoil to study the effect 

of vortex shedding and laminar separation bubble (LSB) on the excitation of the hydrofoil. 

They found that LSB triggers the vibration, causing higher vortex shedding frequencies in 

flexible hydrofoil as compared to rigid hydrofoil. Akcabay and Young (2014) analyzed, 

experimentally and numerically, the cavitation-induced vibration of rigid and flexible 

NACA66 hydrofoil at 8o angle of attack. They observed the frequency modulation in the 

flexible hydrofoil due to unsteady fluid-induced forces. Liaghat (2014) carried the experiment 

and two-way FSI numerical simulation on the hydrofoil structure to predict the vibration 

amplitudes and damping effect caused by the water added mass and computed the natural 

frequency and damping coefficient for the range of water velocity. They found that the damping 

ratio has a linear relation with fluid velocity while response frequency decreases with increased 

fluid velocity. Benaouicha et al. (2018) performed a numerical simulation on rectangular 

cantilevered NACA0015 flexible (polyacetate) hydrofoil at 8o angle of attack. They concluded 

that hydrodynamic loading induces the bending displacement of hydrofoil. A summary of the 

literature related to the FSI study of hydrofoils is presented in Table 1. 

In the above studies clearly, a large number of experimental and numerical works have 

been reported related to flow around the NACA hydrofoils. It should be noted that the NACA 

hydrofoils has different profiles as discussed in section 1.4. Among these profiles, NACA44 

series has large leading radius which provides the advantage of good cavitation resistance 

(Phillips et al. 2012). While its sharp trailing edge leads to certain disadvantages when put in 

application like low structural efficiency, susceptibility to singing due to flexural vibration of 

the trailing edge. These vibrations are caused due to formation of vortices. These vortices are 

formed at a dominant frequency depending on water velocity and recirculation in the flow 

region. When the frequency of these vortex shedding matches the flexural resonance frequency 

of the hydrofoil the highly oscillating vibration occurs, named as singing Blake et al. (1976). 

To minimize these problems, recently researchers at Sandia National Laboratories developed 

Marine and Hydrokinetic (MHKF) hydrofoils by providing finite thickness to the trailing edge 
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of different hydrofoils of the NACA44 series. They assessed the performance of MHKF at a 

different angle of attack for non-cavitating flow using XFOIL and unsteady RANS solver 

named as OVERFLOW and found that hydrodynamic performance of MHKF hydrofoil is 

higher than NACA4418 for marine applications (Shiu et al. 2012). However, about MHKF, 

other relevant questions have not been reported yet, like how the hydrodynamic and structural 

performance of MHKF-180 is different from NACA4418 under cavitating conditions for 

various cavitation numbers and at a different angle of attack.  

As evident from the literature presented, for underwater applications, the structural 

response of hydrofoils is expected to be different than air, which could further exacerbate under 

cavitation. Therefore, to analyze and understand the complex behavior of the interaction of 

structure with surrounding fluid under cavitating condition of MHKF-180, the three-

dimensional cantilevered hydrofoils made of stainless-steel are studied numerically. The 

results of MHKF-180 are compared with the NACA4418 hydrofoil. 

Table 2.1. Summary of cavitating flow studies on various hydrofoils  

 

Literature 

 

Hydrofoil 

Material 

 

Numerical/ 

Experimental 

 

Objectives 

 

Findings 

 

Ducoin et 

al. (2010b) 

 

Stainless 

Steel and 

POM 

 

Both 

Studied hydroelastic 

response of 

cantilevered cavitating 

hydrofoil (NACA66)  

Angle of attack increases 

for the POM as compared 

to steel, resulting in 

longer cavities, higher 

coefficient of lift, drag 

and lower l/d ratio. 

 

Brandner 

and Pearce 

(2012)  

 

Aluminium 

(Al) and 

Stainless 

Steel (SS) 

 

Experiment 

Investigated the 

hydroelastic behaviour 

of Al and SS hydrofoils 

(NACA0009) at 

different Reynolds 

numbers 

Forces and deflections 

were found to be stable 

up to stall condition of 

hydrofoil. 

 

De La 

Torre et al. 

(2013) 

 

Stainless 

Steel 

 

Experiment 

Studied the effect  of 

sheet cavitation and 

supercavitation the 

hydrofoil (NACA0009)   

Minimum added mass 

effect was observed for 

supercavitation 

 

Ducoin and 

Young 

(2013) 

 

Stainless 

Steel and 

POM 

 

Both 

Studied the stability and 

hydroelastic response 

of hydrofoil (NACA66) 

in viscous flow.  

The twisting moment 

limits due to viscous 

effect producing large 

scale flow separation.  

 

 Zarruk et 

al. (2014) 

Stainless steel 

(SS), 

Aluminium 

 

Experiment 

Investigation of 

hydroelastic behaviour 

of different material 

Composite material 

hydrofoil  experiences 

larger bending and 
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(AL), 

composites 

(CFRP) 

hydrofoils 

(NACA0009). 

twisting deformation than 

SS and Al hydrofoils. 

 

Liu et al. 

(2018) 

 

 

Stainless 

Steel 

 

Both 

The possibility of blade 

resonance condition is 

studied on the blade 

using Rotor Stator 

Interaction (RSI) 

phenomenon and 

acoustic FSI method.  

Large volume of 

cavitation on the blade 

increases the natural 

frequencies by 10-15% 

resulting in  resonance 

excitation.  

 

Hao et al. 

(2019) 

Aluminium, 

stainless 

steel, and 

epoxy coated 

stainless steel 

 

Experiment 

Investigated the effect 

of hydrofoil surface 

material on the 

cavitating flow. 

Both steel and epoxy 

coated hydrofoils 

performs better than 

aluminium under 

cavitation.  

 

Majnarić 

and 

Zamarin 

(2020) 

Stainless 

Steel, 

Aluminium 

and 

Composite 

 

Numerical 

Studied the structural 

response of fully and 

partially submerged 

hydrofoils at different 𝛼 

and for different 

velocities.  

For fully submerged 

condition Al and SS 

shows similar 

hydrodynamic behaviour. 

Composites found to 

withstand larger loads. 

 

Geng et al. 

(2020) 

 

Stainless 

Steel and 

Copper 

 

Numerical 

Investigated the effect 

of unsteady cloud 

cavitation on the 

erosion of hydrofoil 

through energy balance 

approach.  

The driving pressure 

selection in the cavitation 

model has a significant 

role on the distribution 

and impact of cavity 

collapse.  

 

Smith et al. 

(2020) 

 

 

Stainless 

Steel 

 

 

Experiment 

Study of tip 

deformation and 

cavitation behaviour of  

NACA0009 hydrofoil 

for cloud, sheet and 

supercavitating 

regimes. 

Oscillation frequencies 

found to be independent 

of cavitation number for 

lower value of 𝜎 (0.3-

0.6). Lock-in occur at 

𝜎 (0.65-0.75).  

Ming et al. 

(2021) 

 

Structural 

Steel 

 

Numerical 

Studied the influence of 

modified trailing edge 

on the added damping 

of Kaplan turbine.  

Damping for Donaldson 

trailing edge is relatively 

more as compared to 

blunt trailing edge.  

Giovannetti 

et al. 

(2022) 

Composite 

(ZP0082) 

 

 Both 

FSI study on hydrofoil 

(NACRA17 Z-foil).  

Maximum deflection of 

foil is observed when 

24% of span is covered 

with water. 

 

2.3 Cavitation in Injector Nozzle  

Cavitation in nozzle has been an extensive research topic for a few decades (Chen and Heister 

1995; Arcoumanis et al. 1999, 2002; Schmidt et al. 1997). In certain regions, whenever the 
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local pressure of flowing liquid falls below the vapor pressure of the fuel concerned, the 

phenomenon of cavitation occurs (Saha 2014). The cavitation may affect the fuel spray 

characteristics, discharge coefficient, atomization process, and fluid flow field boundary 

conditions. Ranz (1958) carried out the primary experimental work on cavitating nozzles with 

the liquid jet spray system. The focus of this study was on the breaking of jet due to local 

inertial stresses and its effect on spray characteristics in front of an orifice. Dabiri et al. (2007) 

performed a numerical simulation of two-phase incompressible flow to discover the potential 

location of cavitation by comparing the conditions based on the total stress criterion and 

pressure criterion in an axis-symmetric orifice using the finite volume method. They observed 

the substantial cavitation region in the flow field for the total-stress criterion as compared to 

the pressure criterion. The accuracy of numerical results for multiphase flow in nozzles also 

depend on the type of cavitation model used. Saha and Li (2015) developed a cavitation model 

and tested its performance compared to two already existing cavitating models: Schnerr-Sauer 

and Zwart-Gerber-Belamri in Winklhofer et al. (2001). The model proposed by Saha and Li 

(2015) worked better than the existing models in ANSYS Fluent when a single-fluid or mixture 

multiphase approach was used. Battistoni et al. (2014) compared the prediction capabilities of 

two different cavitation models in a simple nozzle, one is a homogeneous mixture model, and 

another is the multi-fluid non-homogeneous model. They found that the quantitatively mixture 

model overpredicts the void fraction as compared to multi-fluid model when both results were 

compared with the experimental work.  

The cavitation in injector nozzles is sensitive to geometric features such as inlet corner 

radius, degree of taper, surface roughness, etc. (Schmidt et al. 1997, 2014; Duke et al. 2014) 

performed the experimental and numerical study on different cavitating and non-cavitating 

injector nozzles like sharp-edged nozzle, round tip nozzle, and tapered nozzle hole as shown 

in Fig 1.12. They found that sharp inlet nozzles initiate the cavitation, whereas rounded nozzles 

delay the cavitation due to reduced flow separation. Tapered nozzles were found effective for 

suppressing the cavitation. Örley et al. (2017) numerically simulated the fully compressible 

two-phase homogeneous mixture model to examine the cavitation and turbulent scale effects 

in a nine-hole common rail-diesel injector using an implicit LES turbulence model. Small-scale 

turbulence was detected during opening and closing, and during the injection phase, a large 

vortical structure was formed. Moreover, vortex cavitation was observed at the outlet due to 

the tapered shape of nozzle holes.   Chaves et al. (2010) conducted an experiment on 

transparent nozzles of different sizes to analyse the cavitation for sharp, tapered, and rough 
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surface geometries. A modified laser-two-focus velocimeter was used to measure flow velocity 

and discharge. They observed that sharp geometries are more prone to cavitation than tapered 

or rounded nozzles due to sudden flow separation. Additionally, they concluded that rough 

surfaces are more susceptible to cavitation wear due to the availability of more sites for bubble 

formation. These bubbles rapidly collapse, producing shock waves that are strong enough to 

generate consequential damage to the surface like pitting, erosion, etc. Andriotis et al. (2008) 

studied the origin, formation, development, lifetime, and influence of string cavitation on a 

three-dimensional transparent acrylic replica of the five-hole nozzle of vortex type. Their 

crucial observation was that there is an uneven dispersion of liquid due to string cavitation, and 

to prevent the sudden pressure drop tapered holes acts as a better alternative. 

Sforzo et al. (2018) performed an experimental study on Engine Combustion Network 

(ECN) Spray C and Spray D diesel injectors using the optical and x-ray diagnostic technique 

to study the effect of geometrical features on cavitation formation. They observed the 

asymmetric sheath of fuel vapor in Spray C, which affects the fuel spray structure near the 

nozzle exit. In contrast, no cavitation was observed in Spray D. Similarly, Maes et al. (2020) 

performed experiments on Spray C and Spray D to study the effect of cavitation on spray 

penetration, combustion characteristics, and soot formation of n-dodecane fuel in the constant 

pressure vessel of multiple combustion facilities. They concluded that soot formation was 

sensitive to the main species of the ambient gas, i.e., carbon dioxide, water, and nitrogen, in 

the presence of constant oxygen. Tekawade et al. (2020) performed an experiment on a Spray 

C nozzle to study the 3D flow field inside the diesel injector using a synchrotron X-ray source. 

They found strong flow separation and vapor-filled cavities related to the nozzle’s asymmetric 

inlet corner.  

Pollutant emissions control in the automotive industry is becoming increasingly 

stringent, prompting the development of various innovative technologies in recent years. 

Current advanced aftertreatment systems are effective in reducing engine exhaust emissions in 

compression ignition engines, but their complexity and cost rises. Therefore, more focus is 

towards the use of alternative fuels in injector nozzles to minimize the NOx and soot emissions 

while maintaining the combustion efficiency. Among, all the synthetic fuels available 

nowadays, Oxymethylene ether (OMEn) is a considered to be a promising synthetic fuel that is 

produced from the renewable resources, making it an environmentally friendly alternative to 

conventional fuels. Many studies are available in the literature that studied the behaviour and 

characteristics of OMEn fuel on the NOx and soot emission in the recent years (Kulkarni et al. 
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2020; Pastor et al. 2020; Ferraro et al. 2021). However, to the authors knowledge, there are no 

studies that analysed the cavitation behaviour of OMEn in Spray C injector nozzle. Therefore, 

in the present work the cavitation characteristics of OME3 fuel is compared with the 

conventional n-dodecane fuel in ECN Spray C nozzle using CONVERGE v3.0 code.  

 

Fig. 2.1. Flow through sharp and round nozzle (Schmidt 1997). 

 

2.4 Research Objectives   

Based on the literature review presented above, the objectives of thesis are listed below:  

(1) To assess the performance of different cavitation models and different turbulence models 

on the cavitating hydrofoils. 

(2)  To study the structural and hydrodynamic performance of 3D MHKF-180 and NACA4418 

under cavitation using Fluid-Structure Interaction (FSI).  

(3)  To study the cavitation in Spray C injector nozzle using conventional and alternative fuel. 
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CHAPTER 3 

GOVERNING EQUATIONS AND ASSESSMENT OF 

CAVITATION AND TURBULENCE MODELS ON 

CAVITATING HYDROFOILS 

This chapter presents the model assumptions, governing equations, closure equations of 

mass source term, and turbulence models for cavitation on hydrofoils and in injector nozzles. 

The governing equations for the fluid structure interaction algorithm are also presented. 

Furthermore, the performance of four different turbulence models and two different cavitation 

models is compared with the available experimental data on 3D NACA4412 and Clark-y 

hydrofoils in the last section of this chapter.  

The most common model used to solve the cavitating flow on hydrofoils is the 

homogeneous mixture model. There are two cavitation models available in ANSYS Fluent 

software i.e., Schnerr-Sauer model and Zwart-Gerber-Belamri model, that can be coupled with 

homogenous mixture model to calculate the vapor volume fraction. There are certain 

assumptions of homogeneous mixture model that are adopted in this study for cavitation on 

hydrofoils (Saha 2014). 

1. The two-phase flow is isothermal.  

2. The relative velocity between two-phases is assumed to be negligible with respect to 

mean flow velocity. 

3. The cavitation model used in the study do not consider the existence of non-

condensable gases. Therefore, fluid only consists of mixture of liquid and vapor such 

that: 

 𝛼𝑣 + 𝛼𝑙 = 1 .                                                       (3.1) 

where 𝛼𝑣 and 𝛼𝑙 are the volume fractions of vapor and liquid phase, respectively. 

4. The Zwart-Gerber-Belamri cavitation model used in this thesis assumes the constant 

bubble size to calculate the total interphase mass transfer rate per unit volume.  

3.1 Governing Equations  

The governing equations for homogeneous mixture multiphase approach, involves solving the 

unsteady Reynolds averaged Navier-Stokes (URANS) equations using turbulence model.  
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𝜕𝜌𝑚

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝑢𝑗𝜌𝑚) = 0 ,                                                       (3.2)                                                                                                  

   
𝜕

𝜕𝑡
(𝜌𝑚𝑢𝑖) +

𝜕

𝜕𝑥𝑗
(𝜌𝑚𝑢𝑖𝑢𝑗) = −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
 [𝜇eff (

𝜕𝑢𝑖

𝜕𝑥𝑗
 + 

𝜕𝑢𝑗

𝜕𝑥𝑖
 –  

2

3

𝜕𝑢𝑘

𝜕𝑥𝑘
𝛿𝑖𝑗)],           (3.3)                                                                     

where 𝑢𝑖 is the Reynolds averaged velocity, 𝑝 is the Reynolds averaged pressure, 𝜌𝑚 is the 

fluid mixture density, and 𝜇eff is the effective viscosity. The mixture density and effective 

viscosity are defined as below:   

𝜌𝑚 = 𝛼𝑣𝜌𝑣 + (1 − 𝛼𝑣)𝜌𝑙,                                          (3.4) 

𝜇eff = 𝜇 +  𝜇𝑡 .                                                          (3.5) 

Here 𝛼𝑣 is the vapor volume fraction estimated with the help of cavitation model, 𝜌𝑣 and 𝜌𝑙  

are the vapor and liquid density, respectively. 𝜇 is the molecular viscosity and 𝜇𝑡  is the 

turbulent eddy viscosity. 𝜇t in the above equation is estimated using different turbulence 

models. For example  

𝜇𝑡 = 𝜌𝑚𝐶𝜇
𝑘2

𝜖
,                        (𝑘 − 𝜖 model)             (3.6) 

𝜇𝑡 = 𝜌𝑚𝛼∗ 𝜅

𝜔
,                        (𝑘 − 𝜔 model)             (3.7)  

 

where 𝐶𝜇  and 𝛼∗ are the model constants for different turbulence models, k is turbulent kinetic 

energy, ϵ is the dissipation-rate of k, and 𝜔 is specific turbulent dissipation rate.  

3.2 Turbulence Models  

For turbulent cavitating flows, to determine the 𝜇𝑡, there are different 𝑘 − 𝜖 and 𝑘-𝜔 turbulence 

models available. In last section of this chapter the comparison has been made on cavitating 

hydrofoils with four different turbulence models, (a) Standard k−𝜖 model, (b) Re-

Normalisation (RNG) k−𝜖, (c) Realizable k−𝜖 models, and (d) Shear-stress transport (SST) 𝑘-

𝜔 models. Among all four turbulence models for cavitating hydrofoils, the Realizable 

k−𝜖 model has been found to predict the dissipation rate distribution more accurately and gives 

a better prediction of boundary layer characteristics in recirculation and adverse pressure 

gradient regions as it dynamically estimates the 𝐶𝜇 to satisfy the physics of turbulent flows 

(Shaheed et al. 2019). Therefore, Realizable k−𝜖 model has been used for studying cavitating 

flows on hydrofoils.  The turbulence modelling approach adopted with homogeneous mixture 

multiphase model are discussed here followed by discussion on near wall treatments.   
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3.2.1 Standard 𝒌 − 𝝐 Model 

This is the simplest two-equation model in which two separate transport equations are solved. 

The transport equations for turbulent kinetic energy (𝑘) and its dissipation rate (𝜖) for Std. 𝑘 −

𝜖 model are: 

𝜕

𝜕𝑡
(𝜌𝑚𝑘) +

𝜕

𝜕𝑥𝑖
(𝜌𝑚𝑘𝑢𝑖) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 − 𝜌𝑚𝜖 − 𝑌𝑀,                          (3.8) 

𝜕

𝜕𝑡
(𝜌𝑚𝜖) +

𝜕

𝜕𝑥𝑖
(𝜌𝑚𝜖𝑢𝑖) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜖
)

𝜕𝜖

𝜕𝑥𝑗
] + 𝐶1𝜖

𝜖

𝑘
𝐺𝑘 − 𝜌𝑚𝐶2𝜖

𝜖2

𝑘
,                     (3.9) 

where, 𝐺𝑘 = 𝑢𝑖
′𝑢𝑗′̅̅ ̅̅ ̅̅ 𝜕𝑢𝑗

𝜕𝑥𝑖
 corresponds to the production of turbulent kinetic energy (𝑘) due to mean 

velocity gradients, YM = 2𝜌𝜖𝑀t
2 is the contribution of the fluctuating dilatation in compressible 

turbulence to the overall dissipation rate with Mt
2 = (𝜅/𝑎2) and a = √𝛾𝑅𝑇. 𝐶1𝜖 and  𝐶2𝜖 are the 

constants. 𝜎𝑘 and 𝜎𝜖 are the turbulent Prandtl numbers for 𝑘 and 𝜖, respectively. The model 

constants 𝐶1𝜖 , 𝐶2𝜖, 𝐶𝜇, 𝜎𝑘 , and 𝜎𝜖 values are :  

𝐶1𝜖 = 1.44; 𝐶2𝜖 = 1.92; 𝐶𝜇= 0.09; 𝜎𝑘 =1.0; 𝜎𝜖 = 1.3. 

3.2.2 RNG k-𝝐 Model 

In contrast to the standard k-𝜖 model, which estimates eddy viscosity on the basis of a single 

turbulence length scale, the RNG k-𝜖 model seeks to account for the impacts of different flow-

scales by using the production term. In RNG k-𝜖 model, the model equations are: 

     
𝜕

𝜕𝑡
(𝜌𝑚𝑘) +

𝜕

𝜕𝑥𝑗
(𝜌𝑚 𝑘𝑢𝑗) =

𝜕

𝜕𝑥𝑗
[𝛼𝑘(𝜇 +  𝜇𝑡)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 − 𝜌𝑚𝜖 − 𝑌𝑀,                (3.10) 

       
𝜕

𝜕𝑡
(𝜌𝑚𝜖) +

𝜕

𝜕𝑥𝑗
(𝜌𝑚 𝜖𝑢𝑗) =

𝜕

𝜕𝑥𝑗
[𝛼𝜖(𝜇 +  𝜇𝑡)

𝜕 𝜖

𝜕𝑥𝑗
] + 𝐶1𝜖

𝜖

𝑘
𝐺𝑘 − 𝜌𝑚𝐶2𝜖

𝜖2

𝑘
−  𝑅𝜖 ,         (3.11)                    

where 𝑅𝜖 is a special term in the model accounts for low, medium, and high strain rates. The 

quantities 𝛼𝑘 and 𝛼𝜖 are the inverse effective Prandtl numbers for k and 𝜖. The model constants 

for RNG 𝑘 − 𝜖 model are: 

𝐶1𝜖= 1.42; 𝐶2𝜖 = 1.68; 𝐶𝜇= 0.0845. 

3.2.3 Realizable 𝒌 − 𝝐 Model 

This model does not assume 𝐶𝜇 as constant, it varies according to the flow field to satisfy the 

physics of turbulent flows. The Realizable k−𝜖 model has the immediate advantage of more 

precisely predicting the spreading rate of both planar and round jets. It is also likely to 
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outperform other flow types such as rotation, boundary layers under high adverse pressure 

gradients, separation, and recirculation. The transport equations for Realizable k−𝜖 turbulence 

model are: 

     
𝜕

𝜕𝑡
(𝜌𝑚𝑘) +

𝜕

𝜕𝑥𝑗
(𝜌𝑚 𝑘𝑢𝑗) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 − 𝜌𝑚𝜖 − 𝑌𝑀,       (3.12) 

  
𝜕

𝜕𝑡
(𝜌𝑚𝜖) +

𝜕

𝜕𝑥𝑗
(𝜌𝑚 𝜖𝑢𝑗) =

𝜕

𝜕𝑥𝑗
[(𝜇 +  𝜇𝑡)

𝜕 𝜖

𝜕𝑥𝑗
] + 𝜌𝐶1𝑆𝜖 − 𝜌𝑚𝐶2

𝜖2

𝑘+√𝜈𝜖
,  (3.13) 

where C1 = max [0.43, 
𝜂

η+5 
], η = S 

𝑘 

𝜖
 , S = √2𝑆𝑖𝑗𝑆𝑖𝑗. S is the modulus of the mean rate of strain 

tensor. The model constants for Realizable 𝜅-𝜖 model are:  

𝐶2 = 1.9; 𝜎𝑘 = 1.0; 𝜎𝜖 = 1.2. 

3.2.4 SST 𝒌 − 𝝎 Model 

This model uses 𝑘 − 𝜔 model in the boundary layer till viscous sub-layer and 𝑘 − 𝜖 approach 

away from the wall to generate a hybrid and adaptable modelling solution. For shear-stress 

transport (SST 𝑘 − 𝜔) model, the turbulent kinetic energy (𝑘), and the specific turbulent 

dissipation rate (𝜔) are determined by: 

     
𝜕

𝜕𝑡
(𝜌𝑚𝑘) +

𝜕

𝜕𝑥𝑗
(𝜌𝑚 𝑘𝑢𝑗) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 − 𝑌𝑘,                    (3.14) 

       
𝜕

𝜕𝑡
(𝜌𝑚𝜔) +

𝜕

𝜕𝑥𝑗
(𝜌𝑚 𝜔𝑢𝑗) =

𝜕

𝜕𝑥𝑗
[(𝜇 + 

𝜇𝑡

𝜎𝜔
)

𝜕 𝜔

𝜕𝑥𝑗
] + 𝐺𝜔  − 𝑌𝜔 + 𝐷𝜔,    (3.15)                                  

where 𝐺𝜔 corresponds to the production of 𝜔, 𝑌𝑘 and 𝑌𝜔 represents dissipation of 𝜅 and 𝜔 due 

to turbulence and 𝐷𝜔 takes care about the cross-diffusion terms that helps SST 𝑘 − 𝜔 model 

to work well in the near wall regions as well regions far away from the walls. The model 

constants are: 

𝜎𝜅,1 = 1.176; 𝜎𝜔,1 = 2.0; 𝜎𝜅,2 = 1.0; 𝜎𝜔,2 = 1.168. 

a1 = 0.31; 𝛽𝑖,1 = 0.075; 𝛽𝑖,2 = 0.0828. 

Turbulent flows are mainly affected by the presence of walls, as walls are the primary 

source of mean vorticity and turbulence. Near-wall modelling using different wall functions 

has a considerable impact on the fidelity of the numerical solutions. A wall function is required 

to accurately predict the boundary layer. Boundary layer is a tiny zone near a wall with strong 

velocity gradient in the normal direction to the wall. A turbulent boundary layer consists of a 
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very thin viscous sub-layer near the wall, a transition layer (buffer zone), and the turbulent 

boundary layer (log-layer) as shown in Fig. 3.1. The viscous sub-layer needs to be captured 

with the help of wall function, for which the first cell (y) has to be located within the viscous 

sublayer. The distance of first cell 𝑦 is measured in non-dimensional units, y+≡ 𝜌𝑢𝜏𝑦/𝜇. In the 

present work, for cavitating flow over hydrofoils, enhanced wall treatment has been used for 

near wall modelling and y+ < 4 is maintained, which is inside the viscous sublayer (Pope 2000).  

 

Fig. 3.1 The universal law of wall with dimensionless velocity (u+) and dimensionless wall distance 

(y+) (Pope 2000). 

3.3 Cavitation Models 

Cavitation takes place when a liquid at constant temperature subjected to decreasing pressure, 

such that the pressure falls below the vapor pressure of liquid. The cavitation model is required 

for solving the cavitating flows by determining the vapor volume fraction (𝛼𝑣). The 𝛼𝑣  on the 

hydrofoil given in the governing equation is defined as the ratio of vapor volume to the cell 

volume derived from vapor mass conservation equation: 

        
𝜕

𝜕𝑡
(𝛼𝑣𝜌𝑣) +

𝜕

𝜕𝑥𝑗
(𝑢𝑗𝜌𝑣𝛼𝑣) = 𝑅𝑒 −𝑅𝑐,                         (3.16) 

where Re and Rc are the evaporation and condensation source terms, respectively, which 

accounts for the mass transfer rate between the vapor and liquid phase. The vapor volume 

fraction can be determined using two cavitation models in ANSYS Fluent i.e., Schnerr-Sauer 

model and Zwart-Gerber-Belamri model. These cavitation models are based on the Rayleigh-

Plesset equation, that describes the growth of single vapor bubble in a liquid. In practical 
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conditions it is assumed that there are plenty of nuclei of bubbles that are present during 

inception of cavitation. Therefore, our prime focus is on determining the bubble growth and 

collapse. In homogenous mixture model for the flowing fluid with no slip between liquid and 

bubble, the bubble dynamics equation can be derived from the generalised Rayleigh- Plesset 

equation as (Brennen 2005): 

                                      
𝑝𝑏−𝑝

𝜌𝑙
= 𝑅𝑏

𝑑2𝑅𝑏

𝑑𝑡2 +
3

2
(

𝑑𝑅𝑏

𝑑𝑡
)

2

+
4𝜈𝑙

𝑅𝑏

𝑑𝑅𝑏

𝑑𝑡
+

2𝑆

𝜌𝑙𝑅𝑏
,                                 (3.17) 

where 𝑅𝑏 is the bubble radius, 𝑝𝑏 is the bubble surface pressure, 𝜈𝑙 is the kinematic viscosity 

of liquid. This equation further can be simplified to introduce the effect of bubble dynamics 

into cavitation model by neglecting higher order terms as:  

                                                        
𝑑𝑅𝑏

𝑑𝑡
= √

2

3

𝑝𝑏−𝑝

𝜌𝑙
.                                                            (3.18) 

 3.3.1 Schnerr-Sauer (SS) Model  

This model is primarily dependent on numerical values of physical parameters rather than 

empirical constants. Schnerr-Sauer model does not consider the presence of non-condensable 

gases, and defines the vapor volume fraction (𝛼𝑣) in terms of bubble density per cubic meter 

(𝑛𝑜) and bubble radius (𝑅𝑏) (Sauer and Schnerr 2000): 

                                                          𝛼𝑣 =
𝑛𝑜

4

3
𝜋𝑅𝑏

3

1+𝑛𝑜
4

3
𝜋𝑅𝑏

3 ,                                                         (3.19)                               

The following are the vaporization and condensation source terms for Schnerr-Sauer model: 

𝑅𝑒 =
𝜌𝑣𝜌𝑙

𝜌𝑚

3𝛼𝑣(1−𝛼𝑣) 

𝑅𝑏
 √

2

3

(𝑝−𝑝sat)

𝜌𝑙
,                                              (3.20) 

𝑅𝑐 = −
𝜌𝑣𝜌𝑙

𝜌𝑚

3𝛼𝑣(1−𝛼𝑣) 

𝑅𝑏
√

2

3

(𝑝sat−𝑝)

𝜌𝑙
.                                                   (3.21) 

where  𝑅𝑏 is the radius of bubble, 𝑝sat is the saturation pressure of the liquid. 

3.3.2 Zwart-Gerber-Belamri (ZGB) Model 

This model assumes the constant bubble size to determine the total interphase mass transfer 

rate per unit volume and do not consider the presence of non-condensable gases (Saha 2014). 

For ZGB model, the vapor volume fraction (𝛼𝑣) is connected to bubble radius and to the 

number of bubbles per unit volume (𝑛𝑏) as (Zwart et al. 2004): 
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                                                          𝛼𝑣 = 𝑛𝑏
4

3
𝜋𝑅𝑏

3,                                                           (3.22) 

In this model the vapor volume fraction (𝛼𝑣) in the evaporation term is replaced with the 

product of nucleation site volume fraction (𝛼𝑛𝑢𝑐) and remaining liquid volume fraction (1-𝛼𝑣). 

The generalized vaporization and condensation source terms for ZGB model are expressed as: 

𝑅𝑒 = 𝐹𝑣𝑎𝑝
3𝛼𝑛𝑢𝑐(1−𝛼𝑣) 𝜌𝑣

𝑅𝑏
√

2

3

(𝑝−𝑝sat)

𝜌𝑙
,                                             (3.23) 

𝑅𝑐 = −𝐹𝑐𝑜𝑛𝑑
3𝛼𝑣 𝜌𝑣

𝑅𝑏
√

2

3

(𝑝sat−𝑝)

𝜌𝑙
,                                                      (3.24) 

𝐹𝑣𝑎𝑝 and 𝐹𝑐𝑜𝑛𝑑 are the empirical coefficients of vaporization and condensation, respectively. 

The value for model constants are 𝑅𝑏 = 10−6 m, 𝛼𝑛𝑢𝑐 = 0.0005, 𝐹𝑣𝑎𝑝 = 50 and 𝐹𝑐𝑜𝑛𝑑 = 0.01. 

 3.4 Fluid-Structure Model  

The fluid-structure-interaction (FSI) can be categorized by the degree of coupling between the 

fluid and solid structure field depending upon how sensitive one field to a change in another 

field is. Based on this, FSI can be solved by two approaches: two-way coupling and one-way 

coupling. Solution of both the approaches depends on the partitioned method where separate 

solutions are prepared for different physical fields. One field has to be solved for fluid dynamics 

and the other for the structure dynamics. At the interface of fluid and solid, the information is 

exchanged which depends on the coupling method.  For large deformation in the structure, the 

two-way coupling is preferred where the pressure field is transferred to the structure and 

structure displacement is transferred back to the fluid through remeshing. However, for small 

structural deformation, the one-way coupling is a suitable approach where pressure from fluid 

domain is transferred to the structure and subsequently equation of motion is solved (Monette 

et al. 2014; Huang et al. 2019). Since, for stainless-steel hydrofoil, the deformation is 

anticipated to be small, so one-way FSI approach is adopted in the present work.  

In Fig. 3.2, the algorithm for solving one-way FSI coupling is demonstrated. The fluid 

field is initially solved until the convergence condition is met. Then at any required time the 

structural deformation is computed by applying the fluid pressure load on the structure.  

However, one-way coupling has some limitations like the fluid domain remains unaffected by 

the structural deformation, the one-way coupling should not be used if the hydrofoil is made 

of flexible material (Huang et al. 2019).  
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Fig. 3.2. Solution algorithm for one-way FSI coupling. 

For fluid-structure interaction the governing equations used are based on the equation 

of motion. For structure equation of motion can be written as (Zeng et al. 2019b)  

 [𝑀𝑠]{�̈�} + [𝐷𝑠]{�̇�} + [𝐾𝑠]{𝑥} = {𝐹(𝑡)},                                                    (3.25) 

where {�̈�}, {�̇�} and {𝑥} are the nodal acceleration, velocity, and displacement vectors, 

respectively. The matrices [𝑀𝑠], [𝐷𝑠] and [𝐾𝑠] are the structural mass, damping and stiffness 

matrices, respectively. Since, the hydrofoil structure is immersed in the water, so to account 

the effect of water, the equation of motion is modified as  (Zeng et al. 2019b).  

                  [𝑀𝑠 + 𝑀𝑤]{�̈�} + [𝐷𝑠 + 𝐷𝑤]{�̇�} + [𝐾𝑠 + 𝐾𝑤]{𝑥} = 0,                                     (3.26) 

where 𝑀𝑤 is the added mass of still water, 𝐷𝑤 is the damping due to viscous effect and 𝐾𝑤 is 

the added stiffness due to compressibility effects of the fluid flow. It is evident from Eq. (3.26) 

that the frequency of oscillation will be affected by the mass of water. Therefore, in the 

presence of still water, the natural frequency of fully wetted hydrofoil is obtained as(Zeng et 

al. 2019a). 

                             𝑓𝑛𝑤 =
1

2𝜋
√

(𝐾𝑠+𝐾𝑤)

(𝑀𝑠+𝑀𝑤)
.                                                        (3.27)        

3.5 Quantities of Interest  

There are different non-dimensional parameters that are used to assess the performance of 

cavitating hydrofoils, like cavitation number (𝜎), pressure coefficient (Cp), coefficient of lift 

(Cl), coefficient of drag (Cd), and Strouhal number (St). The cavitation number (𝜎) is used as an 

indicator for the inception of cavitation on hydrofoil. The cavitation number is defined as the 

ratio of the difference of freestream pressure and vapor pressure to dynamic pressure, which is 

given by (Brennen 2005).  
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                                                      𝜎 =
𝑝∞−𝑝𝑣
1

2
𝜌𝑙𝑈∞

2
,                                                                         (3.40) 

where  𝑝∞ is the freestream pressure (Pa),  𝑝𝑣 is the vapor pressure of liquid (Pa) at the reference 

temperature,  𝜌𝑙  is density of liquid (kg/m3), and 𝑈∞ is the free stream velocity (m/s). 

The pressure distribution on the surface of the hydrofoil is represented by its non-

dimensional quantity, termed as pressure coefficient (Cp) which is defined as  

                                                     𝐶𝑝 =
𝑝−𝑝∞
1

2
𝜌𝑙𝑈∞

2
.                                                                      (3.41) 

It should be noted that the hydrofoil with positive angle of attack, its upper surface owing to 

lower pressure, will have negative value of 𝐶𝑝, whereas its lower surface will have positive 

value of 𝐶𝑝. The lower pressure on the upper surface leads to the formation of vapor cavity, and 

this cavity is computed in terms of cavity length with the help of 𝐶𝑝 curve. The length over 

which the pressure coefficient remains constant defines the cavity length. Further, the 

integration of pressure and shear stress distribution over the entire surface of the hydrofoil gives 

the total force, which can be resolved in perpendicular and parallel to freestream velocity. The 

force perpendicular to freestream velocity is called lift force (FL) and the one parallel to 

freestream velocity is called drag force (FD) (Anderson 2011). In non-dimensional form, these 

forces are represented by lift coefficient (Cl) and drag coefficient (𝐶𝑑). The coefficients 𝐶𝑙 and 

𝐶𝑑 are the crucial parameters for assessing the performance of hydrofoil, which are defined as  

                                                  𝐶𝑙 =
𝐹𝐿 

1

2
𝜌𝑙𝐴𝑈∞

2
,                                                                      (3.42) 

𝐶𝑑 =
𝐹𝐷  

1

2
𝜌𝑙𝐴𝑈∞

2
,                                                                     (3.43) 

Since the flow behaviour past a hydrofoil is primarily unsteady, oscillating in nature due to 

formation and shedding of vortices downstream of the flow. Thus, such flows are not only 

characterized by the free-stream velocity and chord length of the hydrofoil but also by the 

frequency of vortex shedding. A non-dimensional number used for this purpose is called 

Strouhal number (St), which is defined as (Dular and Bachert 2009).  

𝑆𝑡 =
𝑓𝑐

𝑈∞
,                                                                   (3.44) 

where f is the oscillating frequency (Hz), and c is the chord length (m).    
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3.6 Model Assessment  

On the basis of mathematical formulation mentioned in the earlier sections of this chapter, in 

the present section, the assessment of four different turbulence models (Standard 𝑘 − 𝜖, RNG 

𝑘 − 𝜖, Realizable 𝑘 − 𝜖, and SST 𝑘 − 𝜔) and two different cavitation models (Schnerr-Sauer 

and Zwart-Gerber-Belamri) is performed by comparing the numerical results with the available 

experimental data on 3D cavitating NACA4412 and Clark-y hydrofoils at 𝛼 = 8o.   

3.6.1 Computational Domain and Boundary Conditions  

In this section, the NACA4412 hydrofoil is used for the analysis. The 2D profile of NACA4412 

is shown in Fig 1.10 in chapter 1. The computational domain is displayed in Fig. 3.3. The 

dimensions in x, y, and z directions are 18c and 10c, and 1.135 c respectively, where c is the 

chord length of the hydrofoil which is kept as 0.1 m. These dimensions are used to minimize 

the impact of wall boundaries on the hydrofoil (Wu et al. 2011; Uddin and Karim 2017; Yu et 

al. 2019). The outlet is at 12c distance in the downstream direction of the leading edge, while 

the inlet is situated at 6c from the leading edge. Unstructured tetrahedral elements are used to 

create the computational mesh for the fluid zone, as shown in Fig. 3.4. Tetrahedral mesh is 

typically favorable for 3D curved bodies because the grids fit very well along the curves, 

providing better results (Wu 1953). The mesh around the hydrofoil is refined to capture the 

flow behaviour, and inflation layers are generated on the hydrofoil surface. To resolve the 

viscous sublayer on the hydrofoil, y+ ≤ 2 is maintained. The first layer height of mesh is given 

as 0.007 mm, and the maximum inflation layers are 12 with a growth rate of 1.6. Fig. 3.5 depicts 

the y+ plot on NACA4412 hydrofoil. The average value of y+ on NACA4412 obtained is 1.1. 

 

 



 
 

31 
 

 

Fig. 3.3. Computational domain with boundary conditions. 

 

Fig.3.4. Meshing around NACA4412 hydrofoil. 

 

Fig. 3.5. y+ distribution for the first layer of NACA4412 hydrofoil at 𝛼= 80. 

In the computational domain, the inlet is set as velocity inlet, and outlet is set as pressure 

outlet corresponding to cavitation number. The hydrofoil surfaces and upper and lower walls 

are kept as no slip condition. The front and back walls are set as symmetric boundary condition 

to avoid the wall effects on the hydrofoil as shown in Fig. 3.3. At the inlet the turbulent intensity 

is given as 5% (Ye et al. 2021; Zhang et al. 2021) which is reduced to 0.13% near the hydrofoil. 

Table 3.1 presents the reference values used for the simulation. For pressure and velocity 
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coupling, a coupled scheme is used whereas, PRESTO (Pressure Staggering Option) scheme 

is set for pressure. For volume fraction, momentum, turbulent kinetic energy, turbulent 

dissipation rate, the higher order scheme QUICK (Quadratic Upstream Interpolation for 

Convective Kinetics) is used. The time step size is kept as 10-3 second, and all results are 

simulated for physical time of 1 sec, while time averaging is performed after 0.5 sec when flow 

gets fully developed as shown for lift coefficient in Fig. 3.6, when convergence for continuity, 

velocity, and turbulent kinetic energy has reached smaller than 10-4.  

Table 3.1. Reference values 

c = 0.1 m 𝑝𝑣= 3169 Pa 

𝜌𝑙 = 997 kg/m3 𝜇𝑙= 0.894× 10−3 Pa. s 

𝜌𝑣= 0.023 kg/m3 𝜇𝑣= 9.84× 10−6  Pa.s 

 

 

Fig. 3.6. Time evolution of lift coefficient of NACA4412 at 𝛼 = 8o, 𝜎 = 1.5. 

 3.6.2 Grid Independency Test  

The grid independence test, which is conducted to establish the appropriate number of cells, so 

that the results are independent of the grid size, is a crucial step in every numerical simulation. 

In this study on cavitating NACA4412 hydrofoil at 𝜎 = 1, four different grids are used varying 

from coarse (Grid 1) to very fine grids (Grid 4). Grid 1 has 0.8 million cells, Grid 2 has 1 

million cells, Grid 3 has 1.4 million cells, and Grid 4 has 1.8 million cells. The drag coefficient 

(Cd) is used for the grid independency test using Realizable 𝑘 − 𝜖 turbulence model. The angle 

of attack for NACA4412 is 8o. Table 3.2, and Fig. 3.7 presents the drag coefficient data for 

NACA4412 hydrofoil at different grids. From the table and figure, it can be observed that the 

minimum percentage error with respect to Grid 4 is obtained for Grid 3 and value for the same 

is 0.83 %. Therefore, Grid 3 with 1.4 million cell is grid independent, and it is used for further 
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simulations. Similarly, the grid convergence index (GCI) is calculated using drag coefficients 

of Grid 2, Grid 3, and Grid 4 as shown in Table 3.3. There is reduction in GCI with successive 

grid refinement (GCI43<GCI32), which indicates that the dependency of numerical results on 

the grid size has been reduced and solution has reached to grid-independent solution (Celik et 

al. 2008).  

Table 3.2. Time averaged drag coefficient (Cd) at different grids for NACA4412 hydrofoil.  

 

S. No 

 

No. of grids (Million) 

Time averaged drag 

coefficient (Cd) 

Percentage error relative 

to Grid 4 

Grid 1 0.8 0.111 8.26 

Grid 2 1.0 0.126 4.13 

Grid 3 1.4 0.122 0.83 

Grid 4  1.8 0.121 ----- 

 

 

Fig. 3.7. Drag coefficient for grid independence test on NACA4412 hydrofoils. 

Table 3.3. Grid Convergence index (GCI) for different grids. 

 

3.6.3 Comparison of Schnerr-Sauer and Zwart-Gerber Cavitation Model on 3D 

NACA4412 Hydrofoil 

In Fig. 3.8, a comparison of time-averaged lift coefficient of 3D NACA4412 hydrofoil using 

Schnerr-Sauer (SS) and Zwart-Gerber-Belamri (ZGB) cavitation models and Realizable 𝑘 − 𝜖 

Grids Grid 2 

(Millions) 

Grid 3 

(Millions) 

Grid 4 

(Millions) 

GCI32 GCI43 

No. of Grids 1.0 1.4 1.8   

Cd 0.1261 0.122 0.121 0.016891 0.00670 
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turbulence model is presented at 𝛼 = 80 with the experimental work done by Kermeen (1956) 

for different cavitation numbers ranging from 0.3 to 1 at Re = 0.8 x 106. It is observed that with 

an increase in the cavitation number, the lift coefficient increases due to smaller cavity on the 

suction side of hydrofoil. Similarly, in Fig.3.9, the time averaged drag coefficient is presented 

for different cavitation numbers. It is observed that drag coefficient also increases with 𝜎, as 

observed for the experimental results also. In Fig. 3.10, the comparison of lift to drag ratio (l/d) 

is presented at 𝛼 = 80 for different cavitation numbers. It can be observed that both the models 

are predicting very close results with each other for both Cl, Cd, and l/d. Although both the 

models are giving closer results to the experimental values, ZGB model is known for its 

accuracy and robustness. One of the key difference between the two models is that the ZGB 

model uses different approach to model the bubble dynamics. Specifically, the ZGB model 

includes the correction term in the mass transfer equation that accounts for the effect of bubble 

deformation on the bubble growth rate. This correction term allows the model to capture the 

bubble dynamics more accurately in regions where the flow is highly turbulent and bubble 

shapes are complex. Moreover, Fvap and Fcond in the source term of ZGB model were rigorously 

tuned to obtain desired results. Overall, the ZGB cavitation is considered to be more accurate 

and robust than the Schnerr Sauer cavitation model particularly in situations where the flow is 

highly turbulent, and the cavitation is more intense. Therefore, we have selected Zwart-Gerber-

Belamri model for our simulations which is also consistent with the reported work in the 

literature (Hidalgo et al. 2014; Liu et al. 2016; Capurso et al. 2017). 

 

Fig. 3.8. Lift coefficient of NACA4412 using different cavitation models for 𝛼 = 80, at different 𝜎. 
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Fig. 3.9. Drag coefficient of NACA4412 using different cavitation models for 𝛼 = 80, at different 𝜎. 

 

Fig. 3.10. lift to drag ratio of NACA4412 using different cavitation models for 𝛼 = 80, at different 𝜎. 

3.6.4 Comparison of Different Turbulence Models on NACA4412 and Clark-Y Hydrofoil 

In Fig. 3.11, a comparison of time-averaged lift coefficient on 3D NACA4412 hydrofoil using 

four different turbulence models is presented at 𝛼 = 80 with the experimental data of Kermeen 

(1956) for different cavitation numbers ranging from 0.3 to 1.5 at Re = 0.8 x 106. It is observed 

that with an increase in the cavitation number, the lift coefficient increases, and it became 

constant as it moves towards non-cavitating condition with almost constant value of Cl. It can 

be observed that among all the turbulence models Realizable 𝑘-𝜖 turbulence model and SST 

𝑘 − 𝜔 turbulence model are giving more closer values to the experimental data as compared to 

other turbulence models.   

Similarly, in Fig. 3.12, the comparison of time averaged drag coefficient of 3D NACA4412 

hydrofoil with experimental data is presented at 𝛼 = 80 for different cavitation numbers using 

different turbulence models. It is observed that drag coefficient increases with the increasing 
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cavitation number and attains its peak value and it again decreases on increasing the cavitation 

number. The maximum value of Cd is attained at 𝜎 = 1. Among all the turbulence models, 

Realizable 𝑘 − 𝜖 model is giving closer values to the experimental data for almost all cavitation 

numbers. The other important parameter for studying the hydrodynamic performance is lift-to-

drag ratio (l/d) which is shown in Fig. 3.13. The l/d increases with increasing cavitation 

number, its maximum value is obtained for 𝜎 = 1.5. From this comparison also, it is observed 

that Realizable 𝑘 − 𝜖 turbulence model is giving closer values to the experimental data. 

Overall, for NACA4412 the Realizable 𝑘 − 𝜖 model is giving accurate values than other 

models.  

 

Fig. 3.11. Lift coefficient of NACA4412 at different 𝜎 for 𝛼 = 80. 

  

Fig. 3.12. Drag coefficient of NACA4412 at different 𝜎 for 𝛼 = 80.  
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 Fig. 3.13. Lift to Drag (l/d) of NACA4412 at different 𝜎 for 𝛼 = 80. 

To get more insight into the performance of different turbulence models, the comparison 

of numerical results of cavitating Clark-y hydrofoil is presented with the experimental data in 

the literature (Wang et al. 2001) at an angle of attack 8o, 𝜎 = 0.8 and Re = 0.7 X 106. In Table 

3.4, the comparison of lift coefficient, drag coefficient, and Strouhal number with experimental 

values are given. Among all the turbulence models, Realizable 𝑘 − 𝜖 model is giving closer 

values to experimental values (Wang et al. 2001). 

Fig. 3.14 (a) and (b) shows the normalized streamwise velocity profiles at chordwise 

location of x/c = 0.2 and x/c =0.4 on cavitating Clark-y hydrofoil. At these locations, the 

Standard 𝑘 − 𝜖, RNG 𝑘-𝜖, and SST 𝑘 − 𝜔 models under-predict the velocities indicating the 

diffusiveness of the models, whereas Realizable 𝑘 − 𝜖 predicts the velocity gradients 

accurately showing good correlation with the experimental data. From these comparisons also, 

it is observed that Realizable 𝑘 − 𝜖 turbulence model is giving closer values to the experimental 

data.  Realizable k − 𝜖 model incorporates a modified turbulence dissipation rate equation that 

more accurately captures the behaviour of turbulence near walls and in regions of high shear, 

such as those that occur near the surface of the hydrofoil experiencing cavitating. This 

modification account for the effects of turbulence anisotropy, which is important in these types 

of flow regimes. In addition, the Realizable k − 𝜖 model includes a more detailed representation 

of the turbulence length scale, which is important parameter in predicting the onset and 

development of cavitation. This parameter is particularly important in regions where the flow 

is accelerating or decelerating rapidly, such as vicinity of the hydrofoil. Furthermore, this 

model is based on more rigorous mathematical formulation than other two-equation models as 

𝐶𝜇 is calculated dynamically based on the variation of flow field to satisfy the physics of 
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turbulent flow. Overall, this model is more accurate to determine the turbulent intensity and 

velocity profiles. Therefore, this model is recommended for the flow separation and swirling 

flows, and hence we have used Realizable k – 𝜖 turbulence model for our numerical study for 

all further cases on hydrofoils.  

Table 3.4. Comparison of lift coefficient, drag coefficient and Strouhal number for different 

turbulence model on Clark – Y hydrofoil at 𝛼 = 80, 𝜎 = 0.8. 

  

Standard 𝑘 − 𝜖 

 

RNG 𝑘 − 𝜖 

 

Realizable 𝑘 − 𝜖 

 

SST 𝑘 − 𝜔 

Experimental 

(Wang et al. 2001) 

Cl 0.710 0.850 0.742 0.704 0.760 

Cd 0.104 0.152 0.102 0.101 0.119 

St 0.184 0.210 0.179 0.186 0.168 

 

 

Fig. 3.14. Normalized velocity profile on Clark-Y hydrofoil at (a) x/c = 0.2, and (b) x/c = 0.4.  

 3.7 Conclusions  
In this chapter, the governing equations, turbulence model equations, equations for cavitation 

models, and fluid structure interaction algorithm is presented. It also presents the systematic 

investigation of two different cavitation models i.e., Schnerr -Sauer and Zwart-Gerber-Belamri 

and four of four different turbulence models i.e., Standard 𝑘 − 𝜖, RNG 𝑘 − 𝜖, Realizable 𝑘 −

𝜖, and SST 𝑘 − 𝜔 on cavitating 3D NACA4412 and Clark-y hydrofoil. The performance is 

computed in terms of lift coefficient, drag coefficient, lift-to-drag ratio, and velocity profiles.  

The major findings, based on the results presented in the chapter, are given below: 

(1) Comparing the performance of Schnerr-Sauer and Zwart-Gerber-Belamri cavitation model 

on cavitating NACA4412 hydrofoil, both models were found to give similar performance.  
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(2) On comparing performance of different turbulence models on cavitating NACA4412 and 

Clark-y hydrofoil, Realizable 𝑘 − 𝜖 was found to be more accurate than others. 

On the basis of above analysis, in the next chapter of this thesis the hydrodynamic performance 

of cavitating MHKF-180s hydrofoil is studied at different Reynolds number using Realizable 

𝑘 − 𝜖 turbulence model and Zwart-Gerber-Belamri cavitation model. Also, the performance of 

cavitating MHKF-180s hydrofoil is compared with non-cavitating case at different angles of 

attack.    
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CHAPTER 4 

PERFORMANCE OF CAVITATING MHKF-180s 

HYDROFOIL AT DIFFERENT REYNOLDS NUMBER AND 

COMPARISON WITH NON-CAVITATING CONDITION 

In this chapter, the hydrodynamic performance of cavitating MHKF-180s hydrofoil is studied 

at different Reynolds numbers ranging from 1.1×106–2.6×106 at different angles of attack. 

Additionally, the numerical simulation of unsteady cavitating and non-cavitating flows on 3D 

MHKF-180s hydrofoils is studied using the Realizable 𝑘-𝜖 turbulence model and Zwart-

Gerber-Belamri cavitation model at Re = 1.3×106. In the last part of this chapter the 

hydrodynamic performance of MHKF-180s is compared with the blunt trailing edge MHKF-

180 hydrofoil. The performance is computed in terms of lift coefficient, drag coefficient, lift-

to-drag ratio, pressure coefficient, cavity shedding, and frequency of the oscillating cavity.  

4.1 Geometry, Boundary Conditions and Grid Independency Test 

In Fig. 4.1, the 2D profiles of NACA4418, MHKF-180s, and MHKF-180 hydrofoils at an angle 

of attack 00
 having chord length of 100 mm is shown. MHKF-180s and MHKF-180 hydrofoils 

are modified NACA4418 hydrofoil with curved and blunt trailing edge, respectively. 

NACA4418 foil has maximum camber of 4% located at 40% of chord length with 18% 

maximum chord thickness and sharp trailing edge. MHKF-180 has finite blunt trailing edge 

with thickness of 1.88 mm, whereas MHKF-180s has curved trailing edge. The “s” at the end 

stands for the anti-singing trailing edge profile (Phillips 2012). 

 

Fig. 4.1. 2D Profiles of NACA4418, MHKF-180s and MHKF-180 hydrofoils. 
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The computational domain and boundary conditions are kept same as mentioned in section 

3.6.1. The velocity at the inlet of domain is given according to the Reynolds number varying 

from 1.1×106-2.6×106. In Fig. 4.2, the unstructured tetrahedral elements are shown around 

MHKF-180s hydrofoil. Fig. 4.3 depicts the y+ plot, the average value of y+ obtained is 1.6. The 

Realizable 𝑘-𝜖 turbulence model is used along with Zwart-Gerber-Belamri cavitation model. 

The reference values and all other parameters are provided in section 3.6 of chapter 3.  

 

Fig.  4.2. Meshing around hydrofoil. 

 

Fig.  4.3. y+ distribution of first layer on MHKF-180s hydrofoil surface at 𝛼 = 100.   

For Grid Independency test on cavitating MHKF-180s hydrofoil at 𝜎 = 1, four different grids 

are used varying from coarse (Grid 1) to very fine grids (Grid 4). Grid 1 has 0.8 million cells, 

Grid 2 has 1 million cells, Grid 3 has 1.4 million cells, and Grid 4 has 1.8 million cells. The 

angle of attack for MHKF-180s hydrofoil is kept as 10o. Table 4.1, and Fig. 4.4 presents the 

drag coefficient data at different grids. It can be observed that the minimum percentage error 

with respect to Grid 4 is obtained for Grid 3 and value for the same is 0.12 %. Therefore, Grid 

3 with 1.4 million cell is grid independent. The grid convergence index (GCI) of  drag 

coefficients of Grid 2, Grid 3, and Grid 4 as shown in Table 4.2. There is reduction in GCI with 
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successive grid refinement (GCI43<GCI32), it shows that solution has reached to grid-

independent solution.  

Table 4.1. Time averaged drag coefficient (Cd) at different grids for MHKF-180s. 

 

 

Fig. 4.4. Drag coefficient for grid independence test on MHKF-180s hydrofoils. 

Table 4.2. Grid Convergence index (GCI) for different grids. 

 

4.2 Performance of Cavitating MHKF-180s Hydrofoil at Different Reynolds 

Number 

The performance of cavitating 3D MHKF-180s hydrofoil at 𝜎 =1 is studied at different angles 

of attack for Reynolds number ranging from 1.1×106 to 2.6×106. In Fig. 4.5, the time averaged 

lift coefficient at different angles of attack (𝛼 = -5o, 0o, 5o, 7o, 10o, and 12o) is presented. It is 

observed that Cl increases almost linearly with 𝛼 till 5o, until effect of flow separation begins, 

 

S. No 

 

No. of grids (Million) 

Time averaged drag 

coefficient (Cd) 

Percentage error relative 

to Grid 4 

Grid 1 0.8 0.1788 3.47 

Grid 2 1.0 0.1747 1.11 

Grid 3 1.4 0.1726 0.12 

Grid 4  1.8 0.1728 ----- 

Grids Grid 2 

(Millions) 

Grid 3 

(Millions) 

Grid 4 

(Millions) 

GCI32 GCI43 

No. of Grids 1.0 1.4 1.8   

Cd 0.1747 0.1726 0.1728 0.001487 0.000284 
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and curve becomes non-linear. The maximum value of lift is obtained at 𝛼 = 12o. MHKF-180s 

being unsymmetrical hydrofoil has non-zero value of lift coefficient at 𝛼 = 0o. However, Cl 

moves to zero at negative value of 𝛼, as it can be seen for 𝛼 = -5o. The lift coefficient slope is 

not influenced by Reynolds number and the same behaviour is observed by the researchers in 

the past (Goundar and Ahmed 2014). 

Similarly, in Fig. 4.6, the time averaged drag coefficient is shown as a function of angle of 

attack at 𝜎 =1. The drag coefficient is the sum of pressure drag, skin friction drag, and induced 

drag. The pressure drag is due to shape and size of hydrofoil, skin friction drag is due to viscous 

effect, and induced drag is the drag generated due to lift. Because of increasing pressure drag 

brought on by flow separation and more cavity at higher angles of attack as well as lift-induced 

drag, the overall drag coefficient likewise rises with the angle of attack. Overall, the drag 

coefficient is found to be independent of Reynolds number. The minimum value of Cd is 

obtained at 0o and maximum value at 12o for the given range of Reynolds number.  

 The ratio of lift-to-drag (l/d), is an important parameter to measure the hydrodynamic 

efficiency; higher l/d means better hydrofoil performance. Fig. 4.7, present the l/d of cavitating 

MHKF-180s along angles of attack at 𝜎 =1. The maximum l/d is obtained at 𝛼 = 0o, due to 

large value of Cl and minimum Cd at this angle. For 𝜎 =1, MHKF-180s is giving higher 

performance at 0o as observed in terms of l/d.  The Reynolds number effect on l/d can also be 

observed at 0o, with minimum l/d of 38 at Re =1.1 million, maximum l/d of 44 at Re = 2.6 

million. At all other angles of attack, there is negligible effect of Reynolds number on lift to 

drag ratio.  

 

Fig. 4.5. Lift coefficient of cavitating MHKF-180s hydrofoil at different Reynolds numbers. 
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Fig. 4.6. Drag coefficient of cavitating MHKF-180s hydrofoil at different Reynolds numbers. 

 

Fig. 4.7. Lift to Drag ratio of cavitating MHKF-180s hydrofoil at different Reynolds numbers.  

The distribution of vapor cavity on MHKF-180s hydrofoil at an angle of attack (𝛼 = 5o, 

7o, 10o, and 12o) is shown in Fig. 4.8 for Re = 1.3, 1.5, and 1.9 million. For 𝜎 =1, the cavitation 

starts at 𝛼 =50, and it increases with angle of attack due to pressure drop on the suction side of 

the hydrofoil. For all Reynolds numbers, the maximum length of cavity is observed at 12o, 

which sheds along the trailing edge of the hydrofoil. Similarly, the streamlines over MHKF-

180s hydrofoil at different angles of attack are shown in Fig. 4.9. For low angles of attack, the 

streamlines are relatively undisturbed, and as 𝛼 is increased from 5o, the streamlines exhibit a 

considerable upward deflection in the region of leading edge, and then subsequent downward 

deflection in the region of trailing edge as observed for 7o, 10o, and 12o. The stagnation point 

gradually shifts from leading edge to the bottom surface of the hydrofoil as angle of attack 

increases. Overall, the flow separation location and stagnation point do not change with 

Reynolds number resulting in negligible effect on the Cl and Cd.  
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Fig. 4.8. Vapor fraction on MHKF-180s hydrofoil for 𝜎 = 1 at different Reynolds numbers. 

  

   Fig. 4.9. Velocity streamlines on MHKF-180s hydrofoil for 𝜎 =1 at different Re. 

 4.3 Comparison of Performance of Cavitating and Non-Cavitating MHKF-

180s hydrofoil at Re = 1.3 Million  

In this section, the performance of cavitating and non-cavitating MHKF-180s hydrofoil is 

studied at different angles of attack (-5o, 0o, 5o, 7o, 10o, and 12o) at Reynolds number 1.3 X 106 
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using Realizable 𝑘-𝜖 turbulence model. Fig. 4.10 (a) compares the time averaged lift 

coefficient, and it is observed that at 𝛼 = -5o, and 0o there is no cavitation on the hydrofoil. 

Therefore, both cases have the same value of Cl. The cavitation starts at 𝛼 = 5o and remains for 

further larger angles. There is drop in the Cl value for the cavitating case with the maximum 

drop of 40.5% at 10o. Similarly, Fig 4.10 (b) gives the comparison for drag coefficient, and it 

is observed that Cd for cavitating case is higher than the non-cavitating case for all angles of 

attack. The increase in Cd is attributed to the increase in pressure drag due to flow separation 

as a result of cavity on the hydrofoil. The maximum cavity is observed at 12o as shown in 

Fig.4.8, which results in almost seven times higher Cd than the non-cavitating case. Other 

researchers in the past observed the same behaviour (Kashyap and Jaiman 2021).  

Fig. 4.10 (c) shows the lift-to-drag ratio for the cavitating and non-cavitating conditions. 

The l/d for cavitating conditions reduces mainly due to much higher drag and lower lift. The 

maximum reduction is observed at 12o, which has the largest cavity. Overall, the hydrodynamic 

performance of MHKF-180s hydrofoil was reduced for the cavitating condition. 

 

Fig. 4.10. Comparison of (a) lift coefficient, (b) drag coefficient, and (c) lift to drag ratio for the 

cavitating (𝜎 =1) and non-cavitating conditions of MHKF-180s hydrofoil at different angles of attack.   

 

Next, the pressure coefficient (-Cp) curve for the non-cavitating and cavitating 

conditions are compared for MHKF-180s hydrofoil at Reynolds number 1.3 × 106 for different 

angles of attack as shown in Fig. 4.11. At the leading edge there is stagnation, which has a 
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maximum value of -Cp as -1, for both cavitating and non-cavitating conditions, which shift to 

the lower side of the hydrofoil at larger angles. The hydrofoil pressure gradually increases 

towards the trailing edge, where an adverse pressure gradient is observed. As the angle of attack 

increases, the flow starts separating from the hydrofoil upper surface, leading to a sudden 

pressure drop near the leading edge like -Cp ≈ 5 at 𝛼 =12o for non-cavitating case, and then 

rapidly increasing downstream of the leading edge. For the cavitating condition, the presence 

of cavity is represented by the constant Cp curve along the chord length ( Štigler 2009; Wu and 

Chen 2016). The largest cavity is observed at 𝛼 = 12o, covering almost 80% of the upper 

surface of the hydrofoil. The more significant difference between the cavitating and non-

cavitating curve is observed on the upper surface of the MHKF-180s hydrofoil, where cavity 

forms and flow separation occurs. Flow separation does not affect the bottom surface of the 

hydrofoil; therefore, Cp curves have a minimal difference on the bottom side for cavitating and 

non-cavitating conditions.  

 

Fig. 4.11. Comparison of pressure coefficient curves for the cavitating (𝜎 =1) and non-cavitating 

conditions of MHKF-180s hydrofoil at different angles of attack.   

In Fig. 4.12, the comparison of lift and drag coefficient periodic fluctuations of MHKF-

180s hydrofoil is presented at different angles of attack for cavitating and non-cavitating 

condition along the normalized flow time. For the cavitating case, there is upper and lower 

peaks about which the lift coefficient and drag coefficient values fluctuate whereas, for the 

non-cavitating condition it is more like single value that is attained along the time. This may 
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be attributed to the flow separation due to cavities on the hydrofoil and the vortex shedding. 

As the cavity on the hydrofoil increase with the increase in angle of attack, the difference 

between the Cl and Cd of the cavitating and non-cavitating condition increases.  

 

Fig. 4.12. Comparison of lift coefficient and drag coefficient along the time for different 𝛼. 

The skin friction coefficient is plotted in Fig. 4.13 for cavitating and non-cavitating 

conditions. The location at which Cf = 0, is considered the point of flow separation (Kundu et 

al. 2019). At lower angles of attack, the flow is attached to the hydrofoil. With the increase in 

the angle of attack, the flow separation point is shifted from the trailing edge towards the 

leading edge as shown in Fig. 4.9. There is an increase in the Cf value at the trailing edge of 
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the hydrofoil. For the non-cavitating case, the skin friction coefficient is higher at both the 

leading and trailing edges. For the cavitating case, the local wall shear stress is lower on the 

hydrofoil due to the presence of a cavity. It remains constant for cavity length, similar to 

pressure coefficient curves in cavitating condition. 

 

Fig. 4.13. Comparison of skin friction coefficient curves for the cavitating (𝜎 =1) and non-cavitating 

conditions of MHKF-180s hydrofoil at different angles of attack.   

In Fig. 4.14 the turbulent kinetic energy (T.K.E) around the non-cavitating and 

cavitating MHKF-180s hydrofoil at 12o, and Re = 1.3 X 106 is presented. For the non-cavitating 

case, the maximum turbulent kinetic energy is around 4 m2/s2 obtained in the wake region of 

the hydrofoil. The T.K.E transitions for this condition occurs on the upper surface at 70% of 

the chord length. For cavitating case, the turbulent kinetic energy is much higher, around 25 

m2/s2, due to the formation and collapse of the vapor cavity on the hydrofoil. The dynamic 

viscosity of water vapor (𝜇𝑣 = 9.87 x10−6kg/(ms)) at 250C is approximately 90 times lower 

than the viscosity of water (𝜇𝑙 = 8.9 x10−4kg/(ms)). In general, lower viscosity fluids tends to 

have higher turbulent kinetic energy than higher viscosity fluid. This is because lower viscosity 

fluids have weaker internal friction and therefore, easier to deform and create turbulence 

within. In lower viscosity fluids, the energy transfer through the energy cascade can occur more 

efficiently, leading to higher T.K.E levels. On the other hand, higher viscosity fluids have 

stronger internal friction, which makes it more difficult for the kinetic energy to be transferred 
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between different scales of eddies and causes a dampening effect on the turbulence. The cavity 

closure region is highly unsteady which  increases the turbulent kinetic energy at the cavity 

interface, particularly at the rear portion of the cavity around the trailing edge (Li et al. 2019). 

 

Fig. 4.14. Turbulent kinetic energy on (a) non-cavitating and (b) cavitating MHKF-180s hydrofoil at 

𝛼 =12o. 

In Fig. 4.15, the comparison of streamline distribution on cavitating and non-cavitating 

MHKF-180s hydrofoil is shown at an angle of attack 12o, and at Reynolds number 1.3 X 106. 

For non-cavitating conditions, the streamlines follow the hydrofoil profile with higher velocity 

values. The flow remains attached for almost 80% of the chord length, whereas, for the 

cavitating condition, the flow gets separated at almost 25% of chord length due to the presence 

of the attached cavity. There is a recirculation zone between the attached cavity and a cavitation 

cloud near the trailing edge of the hydrofoil. 

 

Fig. 4.15. Velocity streamlines (a) non-cavitating and (b) cavitating MHKF-180s hydrofoil,  𝛼 =12o. 

 

The comparison of normalized x-component velocity (u/U∞) profiles on cavitating and 

non-cavitating MHKF-180s hydrofoil along the normalized vertical lines (y/c) on the suction 

side is presented in Fig. 4.16, at 𝛼 =12o. The velocity gradient with positive values shows that 
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flow remains attached to the hydrofoil surface, whereas flow separation is shown with negative 

values. It is observed that for the non-cavitating condition, the flow remains attached to the 

hydrofoil surface till x/c = 0.8, and the flow gets separated at the trailing edge only, as shown 

for x/c = 1. For cavitating conditions due to the presence of a cavity, the flow separation starts 

at x/c = 0.4, indicated by negative velocity gradients. Overall, for all locations of x/c, the non-

cavitating case has a higher velocity than cavitating condition along the vertical line, i.e., y/c = 

0.25. The maximum difference between velocity profiles is observed at x/c =0.8 near the 

trailing edge where the recirculation zone is developed, as shown in Fig. 4.15. 

 

 

Fig 4.16. Comparison of normalized x-velocity profiles on upper surface of non-cavitating and 

cavitating MHKF-180s hydrofoil at 𝛼 =12o at locations (x/c = 0.1, 0.2, 0.4, 0.6, 0.8, and 1).  

 

Fig. 4.17, shows the one cycle of unsteady cavity development and its breakdown on 

MHKF-180s hydrofoil at 12o angle of attack and 𝜎 = 1 using iso-surface. The cavity starts near 
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the leading edge and covers more than half of the suction surface of the hydrofoil in the form 

of attached sheet cavity (t = 0.5 sec). Sheet cavity mostly starts around the leading edge, extends 

along the chord. There is formation of cavitation cloud on the trailing edge of the hydrofoil, 

due to periodic disturbance of sheet cavitation. This cavitation cloud sheds and collapses from 

the trailing edge in the form of rolling sheet and dispersed bubbles (t = 0.52 sec). These bubbles 

travel with the flow, expand and shrink as they encounter varying local pressure. On the edge 

of the attached cavity there are small regions of bubble which move rapidly in the downstream 

direction away from the hydrofoil.  

 

 

Fig 4.17. Instantaneous cavity shape in a cycle (iso-surface of 𝛼𝑣 = 0.2) on cavitating MHKF-180s 

hydrofoil  at 𝛼 =12o, 𝜎 =1. 

 

Lastly, in Fig. 4.18 performance of MHKF-180s hydrofoil is compared with MHKF-

180 hydrofoil at different angles of attack for Re =750000, and 𝜎 =1, in terms of lift coefficient, 

drag coefficient, and lift to drag ratio. MHKF-180s and MHKF-180 are the modified 

NACA4418 hydrofoils as shown in Fig. 4.1. The difference in both the foils is at the trailing 

edge only where MHKF-180s has curved trailing edge and MHKF-180 has blunt trailing edge. 

On comparing the Cl, Cd, and l/d ratio, it is observed that there is negligible difference in the 

performance of both the hydrofoils due to change in the trailing edge profile of the hydrofoils. 

Therefore, on the basis of this analysis in the next chapter of thesis the hydrodynamic and 

structural performance of the 3D MHKF-180 hydrofoil with blunt trailing edge is studied at 

different angles of attack and at different cavitation numbers.  
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Fig 4.18 Comparison of lift coefficient, drag coefficient, and lift to drag ratio at 𝜎 =1 for MHKF-180s 

and MHKF-180 hydrofoils at different angles of attack.   

4.4 Conclusions  

In this chapter, to study the effect of Reynolds number on the hydrodynamic performance of 

cavitating MHKF-180s hydrofoil at different angles of attack, the results are compared for 

Reynolds number ranging from 1.1 X 106 – 2.6 X 106. Also, comparative study of hydrodynamic 

performance of 3D cavitating and non-cavitating MHKF-180s hydrofoil is carried out 

numerically using ANSYS Fluent at different angles of attack varying from -5o to +12o using 

Realizable 𝑘 − 𝜖 turbulence model at Re = 1.3 X 106. The performance is computed in terms 

of lift coefficient, drag coefficient, lift-to-drag ratio, pressure coefficient, skin friction 

coefficient, velocity profiles, vapor volume fraction, shedding frequency. Vapor volume 

fraction is calculated using Zwart-Gerber-Belamri cavitation model. Additionally, the 

performance comparison of MHKF-180s and MHKF-180 is made at different angles of attack 

for 𝜎 =1. The major findings, based on the results presented in the chapter, are given below: 

(1) The hydrodynamic performance of cavitating 3D MHKF-180s hydrofoil at different angles 

of attack and 𝜎 = 1, found to be independent of Reynolds number.  

(2) For 𝜎 =1, the MHKF-180s has maximum cavity at an angle of attack 12o at all Reynolds 

number.  
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(3) On comparing the hydrodynamic performance of non-cavitating and cavitating (𝜎 =1) 

MHKF-180s hydrofoil at different angle of attack (𝛼 = -5o, 0o, 5o, 7o, 10o, and 12o) at Re = 

1.3 X 106, it was found that: 

(i) There is no cavitation on MHKF-180s hydrofoil at 𝛼 = -5o and 0o for 𝜎 =1.  

(ii) Lift coefficient for cavitating case is reduced as compared to non-cavitating condition 

with maximum reduction of 40.5% at 𝛼 = 10o.  

(iii) The drag coefficient for cavitating cases is higher at almost all angles of attack when 

compared to non-cavitating conditions due to increase in pressure drag. The maximum 

increment in Cd value is obtained at 𝛼 =12o which is almost 7 times of non-cavitating 

Cd.   

(iv)  Lift-to-drag ratio for cavitating condition is found to be lower than non-cavitating 

condition. The maximum reduction is observed at 𝛼 =12o, due to maximum cavity.   

(v) For cavitating condition, the skin friction coefficient (Cf) is found to be lower due to 

presence of cavity on the upper surface of hydrofoil. 

(vi) At 𝛼 = 12o, the x-component velocity on vertical lines of hydrofoil upper surface was 

found to be lower at 𝜎 =1, with much earlier flow separation along the chord. 

(vii) At 𝛼 = 12o, the maximum turbulent kinetic energy present at the wake of 

cavitating hydrofoil was much higher (25 m2/s2) than non-cavitating hydrofoil (4 

m2/s2). 

(4) On comparing the hydrodynamic performance of MHKF-180s and MHKF-180 at different 

angles of attack and 𝜎 =1, the negligible change in the performance is found between two 

foils, and therefore on the basis of this analysis, in the next chapter of the thesis the 

hydrodynamic and structural performance of 3D MHKF-180 hydrofoil is studied at 

different angles of attack and at different cavitation numbers.  
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CHAPTER 5 

FLUID-STRUCTURE INTERACTION (FSI) ON CAVITATING 

3D MHKF-180 AND NACA4418 HYDROFOILS1 

In this chapter a numerical investigation of structural and hydrodynamic performance of 3D 

stainless steel MHKF-180 and NACA4418 cavitating hydrofoils has been carried out using 

one-way fluid-structure interaction (FSI) for different angles of attack and at different 

cavitation numbers. The simulation is performed at a chord-based Reynolds number, Re = 

750000, in ANSYS software. Under the application of hydrodynamic load, the structural 

performance of MHKF-180 is compared with NACA4418 in terms of natural frequency, 

maximum tip deformation, and von Mises stress, whereas hydrodynamic performance is 

compared in terms of lift coefficient, drag coefficient, lift to drag ratio, pressure coefficient, 

and Strouhal number. The fluid flow is simulated using the unsteady-Reynolds-averaged-

Navier-Stokes (URANS) equations and Realizable 𝑘 − 𝜖 turbulence model. The cavitation 

effect on the hydrofoil is studied using the Zwart-Gerber-Belamri cavitation model. The present 

results are validated by comparing the natural frequency and pressure coefficient curve of the 

non-cavitating NACA66 hydrofoil and lift coefficient and drag coefficient of cavitating 

NACA4412 hydrofoil with the available experimental data (Kermeen 1956; Akcabay et al. 

2014).  

 5.1 Computational Domain, Boundary Conditions and Grid Generation 

The computational domain is shown in Fig. 5.1. Here, the lengths along x, y, and z directions 

are taken as 18c, 10c, and 1.92c, respectively where c is the chord length of hydrofoil. The 

domain size for the hydrofoil is selected on the basis of internal assessment and literature 

review (Huang et al. 2020) such that there is minimal effect of the wall boundaries on the 

hydrofoil. We have analysed different dimensions of domain varying from 4c to 15c in y 

direction, as upper and lower surface of the domain are set as no slip condition. The optimum 

dimension that works for our simulation is 10c, with negligible effect of upper and lower walls 

 
1 Reprinted with permission from "Numerical simulation and analysis of fluid-structure interaction on 3D MHKF-

180 and NACA4418 cavitating hydrofoils by S. Singh, M. Danish, K. Saha, and B.N. Singh, Ocean 

Engineering 272 (2023)”, Copyright 2023 Elsevier Ltd. 
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on the flow around hydrofoil. The inlet is located at a distance of 6c from the leading edge, 

whereas the outlet is located at a distance of 12c in the downstream direction of the leading 

edge. The 3D profiles of NACA66, NACA4418 and MHKF-180 are shown in Fig. 5.2. 

  

 

Fig. 5.1.   Dimensions and boundary conditions of computational domain around hydrofoil. 

 

Fig. 5.2. 3D profiles of (a) NACA66, (b) NACA4418 and (c) MHKF-180 hydrofoils. 

The computational mesh for fluid zone is generated using unstructured tetrahedral grids 

as mentioned in section 3.7 of chapter 3. The first cell from the hydrofoil surface is kept as 

0.0167 mm and maximum number of layers are 12 with growth rate of 1.81. On the other hand, 

the hydrofoil structure is discretised using SOLID186 elements, as shown in Fig. 5.3. 

SOLID186 elements are higher order 20 node hexahedron elements with three degrees of 

freedom per node in all three directions x, y, and z  (Cao et al. 2015; Suzuki et al. 2016; Čupr 

et al. 2019).  
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Fig. 5.3. Boundary conditions and meshing of hydrofoil structure. 

In the present work, the simulations are performed at Reynolds number (Re) 750000, 

where Reynolds number is defined based on the chord length and freestream velocity. For this 

Reynolds number, the inlet velocity is found to be 6.7 m/s. The outlet is set at different 

pressures corresponding to the required cavitation numbers. At the inlet the turbulent intensity 

of 5% is used. Table 5.1 shows the outlet pressure for all the cavitation number chosen in this 

work. The hydrofoil and the upper & lower walls of the domain are set as no-slip boundary 

condition. The specified boundary conditions are shown in Fig. 5.1.  For pressure and velocity 

coupling, the coupled scheme is used. This scheme gives robust solutions by solving the 

pressure and momentum-based continuity equations simultaneously. PRESTO (Pressure 

Staggering Option) scheme is used for pressure. The higher order scheme QUICK (Quadratic 

Upstream Interpolation for Convective Kinetics) is used for volume fraction, momentum, 

turbulent kinetic energy, turbulent dissipation rate.  The time step size is set to 0.001 second 

and all the results are simulated for physical time of 1.5 sec, while time-averaging is performed 

after 0.7 sec when the flow get stabilized, where the residuals for the continuity, velocity, and 

turbulent quantities have reached smaller than 10-4. For transient flow, second order implicit 

method has been used and for the time step taken the average Courant number comes out to 

be ≤ 2.4.   

For the structural part, one end of the hydrofoil is kept as free, while the other end is 

fixed using a cylinder of diameter 0.015 m, as shown in Fig. 5.3 (Huang et al. 2019). Other 

properties of fluid and structure, like density, dynamic viscosity, Young’s modulus, Poisson’s 

ratio etc are given in Table 5.2.        

 

 

 



 
 

60 
 

Table 5.1. Outlet pressure for different cavitation numbers 

Cavitation number (𝝈) Outlet Pressure (Pa) 

0.5 14358 

0.8 21072 

1.0 25547 

1.2 30023 

1.5 36736 

2.0 47925 

2.3 54638 

2.5 59114 

 

Table 5.2. Fluid and structure properties 

𝑝𝑣 = 3169 Pa 𝜌𝑙  = 997 kg/m3 

𝜌𝑣= 0.02308 kg/m3 𝜇𝑙 = 8.9 x10−4 kg/(ms) 

𝜇𝑣 = 9.87 x 10−6 kg/(ms) 𝜌𝑠 = 7800 kg/m3 

𝐸 = 210 GPa 𝜈 = 0.3 

5.2 Grid Independency Test and Result Validation 

In this section the grid independence test and result validation has been presented for non 

cavitating NACA66 and NACA4412 hydrofoils.   

5.2.1 Grid-Independency Test 

The grid independency test is a crucial step in any numerical simulation which is performed to 

obtain the optimum number of cells such that the results become independent of the grid size. 

For this purpose, four different grids are taken for hydrodynamic simulation, where Grid 1 has 

0.6 million cells, Grid 2 has 1 million cells, Grid 3 has 1.3 million cells, and Grid 4 has 1.5 

million cells. On the other hand, for structural analysis, the four different grids having the 

number of elements as 7k, 12k, 18k, and 23k are taken. 

  The grid-independency test for hydrodynamic simulation is performed in terms of 

cavity length and pressure coefficient. The cavity length on the suction side of the hydrofoil at 

40 angle of attack with 𝜎 = 1 and Re =750000 computed using four different grids is presented 

in Fig. 5.4. Similarly, in Fig. 5.5, the pressure coefficient curves obtained by using these grids 

are presented. Here x-axis represents the normalized distance from the nose of hydrofoil and 
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y-axis represents the negative of pressure coefficient (-𝐶𝑝). From these results, it can be 

observed that the cavity length and pressure coefficient (-Cp) for grids Grid 3  and Grid 4  are 

almost overlapping with each other, therefore Grid 3 with 1.3 million cells can be considered 

as grid independent for hydrodynamic analysis. Hence, all the results presented here onward in 

this paper are performed using 1.3 million cells.  

 

Fig. 5.4. Variation of cavity length with number of grids for (a) NACA4418 and (b) MHKF-180 

hydrofoil for 𝛼 = 40, 𝜎 = 1. 

 

Fig. 5.5. Pressure coefficient curve for (a) NACA4418 and (b) MHKF-180 hydrofoil at different grids 

for 𝛼 = 40, 𝜎 = 1. 

For the grid-independency test of structural analysis, the natural frequency is computed 

using grids of elements 7k, 12k, 18k, and 23k. The natural frequency of stainless steel MHKF-

180 and NACA4418 hydrofoil is determined using the acoustic modal analysis for fully wetted 

condition under still water. Both the hydrofoils are considered as cantilever beam of chord 

length 0.1 m, span 0.191 m, and 40 angle of attack. The hydrofoil is fixed at one end using 

0.015 m diameter cylinder extension located at 25% of chord length (Huang et al. 2019). Fig. 

5.6, shows the first bending and torsional frequencies for NACA4418 and MHKF-180 
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hydrofoils with respect to different number of elements. Comparing the values, we find that 

there is slight difference between the results for 18k and 23k, so the grid of 18k elements can 

be treated as grid independent. Thus, for structural analysis, the grid with 18k elements is used 

in this paper. The bending and torsional deformation corresponding to 18k elements for both 

the hydrofoils are shown in Fig. 5.7 and 5.8. It can be observed in Fig. 5.7, that the deformation 

due to bending of the hydrofoils is gradually increasing from root to tip. In case of NACA4418 

the maximum tip deformation is found as 46.32 mm whereas for MHKF-180 it is found as 

48.40 mm. Thus, based on tip deformation we can say that the MHKF-180 is bending more as 

compared to NACA4418. For torsional deformation it is observed that maximum deformation 

for both the hydrofoils is at mid-section of the trailing edge and at the nose of the hydrofoil 

near the tip as shown in Fig 5.8. The maximum torsional deformation of NACA4418 is 66.30 

mm and for MHKF-180 it is 71.50 mm. From this comparison it is observed that MHKF-180 

is deforming more under torsion also. 

 

Fig. 5.6. Frequency of first bending modes ((a) NACA4418, (b) MHKF-180) and first torsional mode 

((c) NACA4418, (d) MHKF-180) at different grids elements.  
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Fig. 5.7. First bending mode shapes of (a) NACA4418 and (b) MHKF-180 hydrofoils at 𝛼 = 40. 

 

Fig. 5.8. First torsional mode shapes (a) NACA4418 and (b) MHKF-180 hydrofoils at 𝛼 = 40. 

5.2.2 Results Validation  

In this section, the results are validated for pressure coefficient (Cp) and the natural frequency 

of 3D NACA66 hydrofoil of chord length 0.15 m, span 0.191 m, and angle of attack as 8o. The 

Cp results are compared against experimental results reported by Akcabay et al. (2014). Fig. 

5.9 compares the negative pressure coefficient curve (-Cp) with the experimental result along 

the hydrofoil surface. The solid line represents the numerical result, and the symbols show the 

experimental data. Clearly, from the comparison, it can be concluded that the present result is 

in good agreement with the experimental result.  
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Fig. 5.9. Comparison of negative  pressure coefficient (-Cp) curve with experimental data along 3D 

NACA66 hydrofoil at 𝛼 = 80.  

For structural model validation, the natural frequency of NACA66 stainless-steel hydrofoil 

in still water for fully wetted condition, is compared with the experimental data given by 

Ducoin et al. (2012a). The acoustic modal analysis is used to determine the natural frequency 

of the hydrofoil. The stainless-steel hydrofoil is partially fixed at one end using cylindrical 

extension of diameter 0.015 m at x/c =0.25, and the tip section is set as free (Ducoin et al. 

2012a; Huang et al. 2019). Ducoin et al. (2012a) have reported the range for the first and second 

natural frequency as 115-120 Hz and 410-430 Hz, respectively. In the present work these 

frequencies are found as 113.44 Hz and 409 Hz. Clearly, these values are close to the values 

mentioned by Ducoin et al. (2012a).  

Similarly, for validating the results for cavitating case, the numerically computed results 

on hydrofoil NACA4412 are compared with the experimental work done by Kermeen (1956) 

as shown in Fig. 5.10. Kermeen performed his experiment on 3D NACA4412 at Re = 0.8 x 106 

for different cavitation numbers at an angle of attack 𝛼 = 80. Fig. 5.10 (a) shows the comparison 

of time averaged lift coefficient (Cl) for varying 𝜎 ranging from 0.3 to 1.5. It is observed that 

with the increasing 𝜎 there is increase in the pressure difference on the hydrofoil surface which 

gradually increases the Cl values, which become almost constant for larger cavitation numbers. 

Similarly, Fig. 5.10 (b) shows the comparison of time averaged drag coefficient (Cd) at different 

value of 𝜎. Initially with the increase in cavitation number the Cd increases and attains it 

maximum value, and then again starts decreasing. Clearly, from the above comparison, it is 

observed that our numerical results are in good agreement with the experimental data (Kermeen 

1956). Next, in the following sections, the hydrodynamic and structural results for MHKF-180 

and NACA4418 hydrofoils are presented and discussed. 
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Fig. 5.10. Time averaged lift coefficient of NACA4412 hydrofoil for different cavitation numbers at 𝛼 

= 80. 

5.3 Hydrodynamic and Structural Performance of Cavitating MHKF-180 

and NACA4418 Hydrofoils 

5.3.1 Transient Behaviour of Cavitating Flow at 𝝈 = 𝟏 and 𝜶 = 𝟖° 

The cavity formation is a cyclic behaviour consisting of three stages i.e., initiation, growth, and 

extinction. At the beginning of cycle, the cavity starts forming near the leading edge, and then 

extend towards the trailing edge. During growth stage, the fully developed cavity tries to cover 

the entire span of hydrofoil. The maximum length of cavity is observed during growth stage 

(Kim et al. 2018). Fig. 5.11 shows one cycle of cavity growth on MHKF-180 and NACA4418 

hydrofoil at 80 angle of attack and 𝜎 =1. After this cavity breaks and shed from the hydrofoil. 

The growth and shedding of cavity on hydrofoil is the continuous process and most of the time 

the cavity is not uniform along the spanwise direction (Wu et al. 2018). At t =1.11 sec, the 

cavity on NACA4418 hydrofoil is unstable and covering the hydrofoil partially, while MHKF-

180 has comparatively stable cavity covering almost 80% of chord length of the hydrofoil along 

the span. At t = 1.17 sec, the NACA4418 has larger cavity as compared to MHKF-180 till t 

=1.23 sec, after which it starts decreasing and covers only 40% of the chord for t=1.29 and t 

=1.35 sec. For MHKF-180, at t=1.29 sec and t=1.35 sec the cavity is unstable, hence it is curled 

into a concave shape at the trailing edge before it gets separated from the hydrofoil. Overall, 

the cavity on the NACA4418 hydrofoil is mostly attached to the hydrofoil surface, whereas the 

cavity on MHKF-180 gets separated along the thick trailing edge. 
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Fig. 5.11. Cavity growth with time for NACA4418 and MHKF-180 at 𝛼 = 100 and 𝜎 = 1. 

Fig. 5.12 presents the normalized x-component velocity profiles along the vertical lines on 

MHKF-180 and NACA4418 hydrofoils at different chord-based locations for 𝛼 =80 and 𝜎 =1 

at time instant t =1.5sec. The chord-based locations are x/c =0, 0.2 0.4, 0.6, 0.8, 1, where x/c = 

0 is the leading edge of the hydrofoil and x/c =1 is the trailing edge. The positive velocity 

gradient represents that the flow is attached to the hydrofoil surface, while the negative gradient 

shows the flow separation. It is observed that near the nose of both the hydrofoils (x/c=0, 0.2), 

the flow is attached to the hydrofoil surface hence, the velocity gradients are positive at these 

locations. On MHKF-180, the flow gets separated at locations x/c =0.6, 0.8 and 1 as shown in 

Fig. 5.12 (d-f). For NACA4418 the flow gets separated completely at the sharp trailing edge, 

x/c=1. There is a reverse flow at the trailing edge of both the hydrofoils therefore, giving 

negative velocity gradients. For most of the locations on the hydrofoil, the MHKF-180 has 

larger gradients due to the thicker cavity in a spanwise direction (Hong et al. 2017). 
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Fig. 5.12. Comparison of axial velocity profiles at (a) x/c=0, (b) x/c=0.2, (c) x/c=0.4, (d) x/c= 0.6, 

(e) x/c=0.8, (f) x/c=1 along the MHKF-180 and NACA4418 hydrofoils at 𝛼 = 8,0 and 𝜎 = 1 at 

time instant t=1.5 sec. 

Fig. 5.13. shows the instantaneous streamlines distribution at three different planes (z/c = -

0.7, 0 and 0.7) along the span wise direction for NACA4418 and MHKF-180 at 𝛼 = 80 and 𝜎 

=1. For both the hydrofoils the streamlines are irregular at these three planes. The upper surface 

of the hydrofoil has the maximum velocity, and it decreases along the trailing edge where 

reverse flow can be observed. At z/c = 0, a larger recirculation zone can be observed for 

NACA4418 hydrofoil, whereas MHKF-180 has comparatively smoother flow. MHKF-180 has 

some flow recirculation at z/c = -0.7. On comparing the flow separation patterns near the 

trailing edge, it is observed that streamline curvature of NACA4418 is more abrupt than 

MHKF-180 hydrofoil due to its sharp trailing edge. 
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Fig. 5.13. Streamline distribution for (a) NACA4418 and (b) MHKF-180 at 𝛼 = 80 and 𝜎 =1 at 

time instant t =1.5 sec. 

5.3.2 Time-Averaged Results at Different Angles of Attack with Fixed Cavitation Number 

(𝝈 = 𝟏) 

The time-averaged lift coefficient for 3D MHKF-180 and NACA4418 hydrofoils is shown in 

Fig. 5.14 (a) at seven different angles of attack in the range 00 to 120 with 𝜎 = 1. It is observed 

that there is an increase in lift coefficient with an increase in angle of attack. Since, the increase 

in the angle of attack increases the pressure difference between upper and lower hydrofoil 

surface, thus results in the higher value of lift coefficient. The minimum value of lift coefficient 

is obtained at 00 for both MHKF-180 and NACA4418 hydrofoil with the value of 0.58 and 

0.38, respectively, while the maximum value of lift coefficient for MHKF-180 is found as 1 

and 0.86 for NACA4418. At 𝛼 = 00, the maximum percentage difference of 29% is obtained 

between the lift coefficient values of NACA4418 and MHKF-180 hydrofoils. Further, it can 

be seen from the figure that for all angles of attack the Cl is always higher for MHKF-180 than 

NACA4418. Thus, based on these results, it can be concluded that MHKF-180 performs better 

in terms of Cl than NACA4418. 

Next, the time-averaged drag coefficient of 3D MHKF-180 and NACA4418 is shown 

in Fig. 5.14 (b). The drag force on hydrofoil is the sum of skin friction drag and pressure drag. 

The skin friction drag is developed due to the viscous drag, while pressure drag is developed 

because of shape and size of the hydrofoil. The thicker is the hydrofoil, higher the pressure 

drag (Anderson 2011).  Like Cl, Cd is also found to increase with an increase in angle of attack. 

Further, the value of Cd for MHKF-180 is slightly higher than that for NACA4418. The reason 

for higher drag in case of MHKF-180 may be attributed to its trailing edge thickness and its 
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increased frontal contact area. Fig. 5.14 (c) presents the lift to drag ratio of hydrofoils at 

different angles of attack. Initially, the l/d is increases with increase in angle of attack and 

attains it maximum value. For 00 and 20, the lift of MHKF-180 is higher than the NACA4418, 

while drag is almost same which is results in higher l/d ratio of MHKF-180 hydrofoil.  The 

maximum value of l/d is obtained at 20 for MHKF-180 and NACA4418 hydrofoil. For higher 

angle of attack the l/d ratio is almost same for both the hydrofoil which decrease with increase 

in angle of attack.  

 

Fig. 5.14. Comparison of (a) lift coefficient, (b) drag coefficient, and (c) l/d for MHKF-180 and 

NACA4418 for different 𝛼 at 𝜎 = 1. 

In Fig. 5.15 (a), the vapor cavity length for MHKF-180 and NACA4418 is shown at 

different angles of attack varying between 00 and 120 with 𝜎 = 1. The vapor cavity is generally 

formed on the suction surface of the hydrofoil for positive angles of attack, as it has lower 

pressure compared to the pressure surface. The cavity length is calculated on the suction surface 

of midplane of the hydrofoils. The vapor fraction is also shown on this plane in Fig. 5.15 (b). 

It is observed that the cavity length is increasing with the angle of attack. At 00 there is no 

cavity formation on both the hydrofoils, however it starts forming at 20. The maximum length 

of the cavity is observed at 60 for MHKF-180 while at 120 for NACA4418.  
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Fig. 5.15. Comparison of (a) cavity length and (b) vapor fraction of MHKF-180 and NACA4418 for 

different 𝛼 at 𝜎 = 1.                                                    

For Strouhal number, the frequency is obtained by performing fast-Fourier-transform 

of the lift coefficient. In Fig. 5.16, the Strouhal number for MHKF-180 and NACA4418 at 

different angles of attack with 𝜎 = 1 is shown. It is observed that the maximum value of 

Strouhal number is obtained at 00 for both hydrofoils. However, this value is significantly 

higher for NACA4418 than MHKF-180, possibly because at 00 there is no cavity on both the 

hydrofoils and NACA4418 has sharp trailing edge, causing the generation of higher frequency 

vortices as compared to MHKF-180. On the other hand, the Strouhal number is found to 

decrease with an increase in the angle of attack. This observation is consistent with what was 

reported in literature (Kurtulus 2015; Zhao et al. 2018). Moreover, it should be noted that for 

angle 6° and beyond the Strouhal is almost same for both hydrofoils, whose value is found to 

be close to 0.192. 



 
 

71 
 

  

Fig. 5.16. Strouhal number with angle of attack for MHKF-180 and NACA4418 hydrofoils, 𝜎 = 1. 

Fig. 5.17 shows the tip maximum deformation with angle of attack for MHKF-180 and 

NACA4418 hydrofoils. The y-axis represents the maximum tip deformation in mm and the x-

axis represent the angle of attack. It has been reported in literature that the tip deformation 

usually increases with the angle of attack and cavity length (Ducoin et al. 2010a, 2012b; Huang 

et al. 2019). A similar trend is found from our simulation. Moreover, the maximum tip 

deformations for MHKF-180 is obtained at 60 and for NACA4418 at 120, which is consistent 

to maximum vapor cavity length found at 6o and 12o, respectively for MHKF-180 and 

NACA4418 (Fig. 5.15 (a)). For the structure to be safe from failure, the maximum deflection 

in the cantilever beam must be below the permissible limit of the structure member, i.e., less 

than span/120 (IS:800-2007). Considering this it can be seen that for cantilevered hydrofoil 

with span of 191 mm, the deformations should be less than 1.6 mm.  Now, to check the 

structural strength, it is also important to find stresses developed in the hydrofoil. In Table 5.3, 

the maximum von-Mises stresses with angles of attack are presented for the hydrofoils. The 

maximum stress for MHKF-180 is found to be 95.63 MPa at 60 and for NACA4418 it is found 

as 78.63 MPa at 120. 

 

Fig 5.17. Tip maximum deformation of MHKF-180 and NACA4418 hydrofoils at different 𝛼 

for 𝜎 = 1. 
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Table 5.3. Maximum von-Mises Stress at different angles of attack (𝛼). 

  

𝜶 (o) 

Maximum stress (MPa) 

NACA4418 MHKF-180 

0 34.09 45.48 

2 44.59 60.21 

4 70.12 65.60 

6 74.86 95.63 

8 60.12 77.48 

10 60.46 89.36 

12 78.63 91.27 

 

In the above section, a comparison of hydrodynamic and structural results for MHKF-180 

and NACA4418 hydrofoil were presented at fixed cavitation number but at different angles of 

attack. And the major takeaways are the following: (a) the vapor cavity is thicker on MHKF-

180 hydrofoil than NACA4418, (b) the lift coefficient value of MHKF-180 is higher as 

compared to NACA4418 hydrofoil at all angles of attack, (c) the drag coefficient is also higher 

for MHKF-180 than NACA4418 due to added trailing edge thickness, (d) the Strouhal number 

for both MHKF-180 and NACA4418 hydrofoil is almost same at 𝛼 = 60, 80, 100 and 120, (e) 

the tip deformation and von-Mises stress developed in MHKF-180 is higher as compared to 

NACA4418 hydrofoil at all angles of attack. In the next section, the performance of MHKF-

180 and NACA4418 hydrofoils is analysed at different cavitation numbers with a fixed angle 

of attack. 

5.3.3 Time-Averaged Results at Different Cavitation Numbers For Fixed Angle of Attack 

(𝜶 = 𝟖o) 

In Fig. 5.18 (a), a comparison of time-averaged lift coefficient of 3D MHKF-180 hydrofoil and 

NACA4418 is presented at 𝛼 = 80 for different cavitation numbers ranging from 0.5 to 2.5. It 

is observed that with an increase in the cavitation number, the lift coefficient increases and it 

became constant as it moves towards non-cavitating condition , which is consistent with the 

results reported in literature (Zhao et al. 2018). At lower cavitation numbers, the suction side 

of the hydrofoil is covered with a larger cavity producing lower pressure difference on the 

hydrofoil and, therefore, lower values of lift coefficient. Further, as the cavitation number 
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increases, the cavity on the hydrofoil decreases, and the pressure difference increases resulting 

in a higher lift coefficient. The maximum value of lift coefficient is obtained at 𝜎 = 2.3  for 

both the MHKF-180 and NACA4418 hydrofoils with maximum value of 1.39 and 1.115, 

respectively, and this value remains constant for higher cavitation numbers as non-cavitating 

condition is already reached. The maximum percentage difference of 24.6% is obtained 

between the lift coefficient value of MHKF-180 and NACA4418 at 𝜎 = 0.5. On comparing the 

results of Cl, MHKF-180 is found to have higher lift coefficient than NACA4418 for all 

cavitation numbers. Clearly, MHKF-180 is performing better.  

Similarly, in Fig. 5.18 (b) the comparison of time averaged drag coefficient of 3D 

MHKF-180 hydrofoil with NACA4418 is presented at 𝛼 = 80 for different cavitation numbers. 

It is observed that drag coefficient is almost constant for lower value of cavitation number i.e., 

𝜎 = 0.5,0.8,1. Further, the drag coefficient decreases with the increase in cavitation number 

and remains constant for 𝜎 >2. This decrease in drag coefficient is due to decrease in skin 

friction drag (Anderson 2011). The maximum difference in drag coefficient value of 

NACA4418 and MHKF-180 is obtained at 𝜎 =1.2. For cavitating condition the MHKF-180 

hydrofoil has comparatively higher drag than NACA4418 for all cavitation numbers but for 

non-cavitating condition both the hydrofoils have almost same drag coefficient.  

The other parameter for studying the hydrodynamic performance of hydrofoil is lift to 

drag ratio which is shown in Fig. 5.18 (c).  It is observed that l/d increases with the increase in 

cavitation number and attains its maximum value at 𝜎=2, and beyond this l/d becomes constant. 

For cavitating condition till 𝜎 = 1.5, l/d for both the hydrofoils are almost equal but as it moves 

towards non-cavitating condition, the l/d of MHKF-180 is much higher than the NACA4418 

due to its higher lift coefficient values.  
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Fig. 5.18. Comparison of (a) lift coefficient, (b) drag coefficient, and (c) l/d for MHKF-180 and 

NACA4418 at different 𝜎 for 𝛼 = 80. 

 In Fig. 5.19 (a) and (b), the vapor cavity length and vapor volume fraction for MHKF-

180 and NACA4418 are shown for different cavitation numbers ranging from 0.5 to 2.3 and 

𝛼 = 80. It is observed that there is a larger cavity covering the hydrofoil suction surface at a 

lower cavitation number, and as the cavitation number increases, the cavity length decreases. 

The maximum cavity is obtained at 𝜎 = 0.5, for both the hydrofoils. At σ = 2, there is no cavity 

on NACA4418 while MHKF-180 has observable amount of cavity on the upper surface as 

shown in Fig. 5.19 (b). Therefore, there is maximum difference between the cavity length of 

NACA4418 and MHKF-180 at 𝜎 = 2. The vapor cavity formed on the hydrofoil can also be 

understood with the help of the pressure coefficient curve which is defined based on pressure 

distribution on the hydrofoil surface. The length over which the pressure coefficient remains 

constant defines the cavity length (Štigler 2009; Huang et al. 2010; Wu and Chen 2016). The 

pressure coefficient curve on the middle section of NACA4418 and MHKF-180 hydrofoils for 

different cavitation numbers is shown in Fig. 5.20 (a) and (b), respectively. For almost all 

cavitation numbers, MHKF-180 has a larger cavity than NACA4418 hydrofoil.  
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Fig. 5.19. Comparison of (a) cavity length and (b) vapor fraction of MHKF-180 and NACA4418 for 

different 𝜎 at 𝛼 = 80. 

 

 

 

Fig. 5.20. Pressure coefficient curve for (a) NACA4418 and (b) MHKF-180 hydrofoils at 

different 𝜎 for 𝛼 = 80. 
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In Fig. 5.21, the comparison of Strouhal number for MHKF-180 and NACA4418 hydrofoil 

is presented at different cavitation numbers for 𝛼 = 80. It is observed that the Strouhal number 

increases with the increase in cavitation number and again drops for non cavitating condition 

and remains constant. This is in line with the observation made in earlier  reported works (Dular 

and Bachert 2009; Luo et al. 2012; Carrat et al. 2017). The minimum value of the Strouhal 

number for both the hydrofoils is obtained at 𝜎 = 0.5 and maximum value at 𝜎 = 1.2. On 

overall comparison, MHKF-180 has a slightly lower Strouhal number for cavitating condition 

than NACA4418 due to lower shedding frequency and larger cavity for almost all cavitation 

numbers.  

  

Fig. 5.21. Strouhal number comparison for MHKF-180 and NACA4418 at cavitation numbers and 

𝛼 = 80. 

In Fig. 5.22, the comparison of tip maximum deformation of 3D MHKF-180 hydrofoil with 

NACA4418 hydrofoil at different cavitation numbers is presented for 𝛼 = 80. It is observed 

that the tip deformation increases with the increase in cavitation number. For MHKF-180, the 

maximum deformation is obtained at 𝜎 = 2.3 and for NACA4418 at 𝜎 = 1.2. In Table 5.4, the 

comparison of maximum von-Mises stress for MHKF-180 and NACA4418 hydrofoils is given 

for different cavitation numbers. The maximum stress that MHKF-180 is subjected to is 112.88 

MPa at 𝜎 = 1.5, whereas NACA4418 has maximum stress of 93.73 MPa at 𝜎 = 1.2.  

Comparatively, it can be stated that MHKF-180 has larger deformation and high stresses than 

NACA4418 at all cavitation numbers.   
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Fig. 5.22. Tip maximum deformation of MHKF-180 and NACA4418 hydrofoils at different cavitation 

numbers for 𝛼 = 8o. 

Table 5.4. Maximum von-Mises Stress at different cavitation numbers (𝜎) 

 

𝝈  

Maximum stress (MPa) 

NACA4418   MHKF-180 

0.5 42.60 58.11 

0.8 64.51 92.51 

1.0 60.12 77.48 

1.2 93.73 94.47 

1.5 92.69 112.88 

2.0 83.17 100.03 

2.3 82.92 100.59 

2.5 83.35 100.23 

5.4 Conclusions  

In this chapter, a comparative study of structural and hydrodynamic performance of stainless-

steel 3D MHKF-180 and NACA4418 cavitating hydrofoil is carried out using one-way Fluid-

Structure Interaction (FSI). For this purpose, the numerical simulation is performed using 

ANSYS Fluent and ANSYS Static structure module. The natural frequency of both the 

hydrofoils is computed using Acoustic Modal Analysis for the fully wetted condition in still 

water. The Realizable 𝑘 − 𝜖 turbulence model is used to solve the turbulence effect, and vapor 

volume fraction is calculated using the Zwart-Gerber-Belamri cavitation model.  
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The major findings, based on the results presented in this chapter, are given below: 

(1) For different angles of attack at 𝜎 = 1, MHKF-180 predicts higher lift coefficient as 

compared to NACA4418 with maximum percentage difference of 29% at 𝛼 = 0o. 

(2) For different cavitation numbers at 𝛼 = 8o, the lift coefficient value of MHKF-180 is higher 

than NACA4418 with maximum percentage difference of 24.6% at 𝜎 = 0.5.  

(3) For 𝜎 = 1, the MHKF-180 has larger cavity length than NACA4418 hydrofoil for almost 

all angles of attack. 

(4) The first bending natural frequency of MHKF-180 has been found to be smaller than that 

for NACA4418 hydrofoil. Their values for MHKF-180 was 193.77 Hz and 202 Hz for 

NACA4418.  

(5) MHKF-180 has larger tip deformation than NACA4418 at all angles of attack. The 

maximum for MHKF-180 is found as 0.174 mm at 𝛼 = 6o, and for NACA4418 it is found 

as 0.1325 mm at 𝛼 = 12o.   

(6)  MHKF-180 has larger tip deformation than NACA4418 for both cavitating and non 

cavitating condition. The maximum deformation for MHKF-180 is found as 0.194 mm at 

𝜎 = 2.3, and for NACA4418 it is found as 0.144 mm at 𝜎 = 1.2.   

(7) For 𝜎 = 1, the maximum von Mises stress developed in MHKF-180 is 95.63 MPa at 6o, 

while in NACA4418 it is 78.63 MPa at 12o. 

(8) For 𝛼 = 8o, the maximum von Mises stress developed in MHKF-180 is 112.88 MPa at 𝜎 = 

1.5, whereas in NACA4418 it is 93.73 MPa at 𝜎 = 1.2.    
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CHAPTER 6 

CAVITATION IN SPRAY C NOZZLE USING 

CONVENTIONAL AND ALTERNATIVE FUEL 

The flow inside the direct-injection diesel nozzles working at high injection pressures is 

strongly affected even by minor geometric irregularities. The irregularities can cause 

phenomenon such as cavitation and flow separation (Payri et al. 2016b; Tekawade et al. 2020; 

Maes et al. 2020). Cavitation can have a negative impact not only on the injector reliability, 

but also on the downstream development of the fuel spray. Therefore, there has been a 

concentrated effort to study the cavitation in the internal nozzle flows using computational fluid 

dynamics (CFD). Earlier, studied were made on the two-dimensional geometries to study the 

effect of corner angle and radius, hole diameter and so on (Schmidt et al. 1999). However, due 

to advancement in the CFD, more studies are now applied to three-dimensional geometries of 

realistic diesel injectors ( Pastor et al. 2020)  

 In the present numerical work, the fuel injector selected for studying cavitation is 

Engine Combustion Network’s (ECN) Spray C210037, which is referred as “Spray C”. The 

ECN is an open platform for worldwide collaboration among researchers undertaking 

fundamental research on internal combustion engines, with a focus on close collaboration 

between experiments and CFD development initiatives. Spray C is a sharp-edged, diverging 

nozzle which is likely to cavitate. The orifice of Spray C has drilled off-center with respect to 

sac region. A 20 𝜇m ridge is provided at the inlet which could lead to flow separation in the 

nozzle (Matusik et al. 2018). It has been observed from the literature that people have studied 

cavitation in Spray C using n-dodecane and commercial diesel fuel only (Payri et al. 2016a; 

Tekawade et al. 2020). To the best of our knowledge, no one has reported using alternative 

fuels like oxymethylene ether (OMEn). OMEn is a synthetic fuel, promising absorbents for 

carbon dioxide, and can be used as a drop-in replacement for conventional diesel fuel (Cai et 

al. 2020).  In the present work, the comparison of cavitation characteristics of two different 

fuels i.e., n-dodecane and OME3 are studied in Spray C injector nozzle using CONVERGE 

v3.0 code.  

6.1 Governing Equations 

In this a single-fluid approach, homogeneous multiphase mixture model is used, which is 

governed by set of governing equations for mass, momentum, and energy, with the addition of 
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a turbulence closure model for unsteady Reynolds-averaged Navier-Stokes (URANS) 

equations. The mass and momentum conservation equations are given in section 3.1 of chapter 

3. Additional energy equation is given below: 

   
𝜕

𝜕𝑡
(𝜌𝑚𝑒) +

𝜕

𝜕𝑥𝑗
(𝜌𝑚𝑒𝑢𝑗) = −𝑝

𝜕𝑢𝑗

𝜕𝑥𝑗
+ 𝜏𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕

𝜕𝜘𝑗
(𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑥𝑗
) +

𝜕

𝜕𝑥𝑗
(𝜌𝑚 ∑ 𝐷𝑒𝑓𝑓ℎ𝑠𝜕𝑥𝑗

̅̅ ̅̅ ̅
𝜕𝑌𝑠

𝑠
), 

(6.1) 

where the effective (viscous + turbulent) stress tensor is given by 

                                     𝜏𝑖𝑗 =
𝜕

𝜕𝑥𝑗
[𝜇eff (

𝜕𝑢𝑖

𝜕𝑥𝑗
 + 

𝜕𝑢𝑗

𝜕𝑥𝑖
 –  

2

3

𝜕𝑢𝑘

𝜕𝑥𝑘
𝛿𝑖𝑗)].                                        (6.2) 

where 𝑒 is the internal energy, 𝑌𝑠 represents the mass fraction of the individual species (s), ℎ𝑠 

is the species enthalpy, 𝑘𝑒𝑓𝑓 is the sum of the molecular and turbulent conductivity, 𝐷𝑒𝑓𝑓 is the 

molecular and turbulent diffusion coefficient. RNG 𝑘 − 𝜖 turbulence model is used to account 

for the turbulence in injector nozzle, as it is considered to be more stable and has faster 

convergence rate than other two-equation turbulence model for the internal flows (Yakhot et 

al. 1992; Givler et al. 2013; Jupudi et al. 2016; Saha et al. 2018). The equations for RNG 𝑘 − 𝜖 

model are mentioned in section 3.2.2. To define the local turbulent conductivity and diffusivity 

of mixture, turbulent Prandtl and Schmidt numbers are set to Pr = 0.74 and Sc = 0.71, 

respectively in CONVERGE v3.0. In the present study, the multiphase system is comprising 

of (1) a liquid phase, (b) a vapor phase, and (c) non-condensable gases. The species used are 

liquid fuel, vapor fuel and N2. The subscript g will be used to present the sum of vapor and 

non-condensable gases. The mixture density 𝜌𝑚 is expressed using below equation:  

            𝜌𝑚 = 𝛼1𝜌1 + 𝛼2𝜌2 + 𝛼3𝜌3 = 𝛼𝑔𝜌𝑔 + (1-𝛼𝑔) 𝜌𝑙𝑖𝑞 ,                                        (6.3) 

Mass fraction (𝑌𝑠) and volume fraction (𝛼𝑠) of the individual species are related through   

𝜌𝑠𝛼𝑠 =  𝑌𝑠𝜌𝑚 ,                                                        (6.4) 

Using above two equations, the global void fraction 𝛼𝑔 can be represented as  

𝛼𝑔 =
𝑌𝑔/𝜌𝑔

𝛴𝑠(𝑌𝑠/𝜌𝑠)
=  

𝑌𝑔/𝜌𝑔

1/𝜌𝑚
,                                                       (6.5) 

In the present implementation, instead of transporting the void fraction (𝛼𝑔) directly, first the 

species are solved using the species transport equation and then the 𝛼𝑔 is calculated.  
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𝜕𝜌𝑚𝑌𝑠

𝜕𝑡
+

𝜕𝑢𝑗𝜌𝑚𝑌𝑠

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑗
(𝜌𝑚𝐷𝑠

𝜕𝑌𝑠

𝜕𝑥𝑗
) + 𝑆𝑠,                                         (6.6) 

where 𝑆𝑠 is the source or sink term associated with the mass transfer due to phase change, and 

𝐷𝑠 is the diffusivity coefficient of each component in the mixture. The non-condensable gas 

(N2) does not have the source or sink term. The 𝑆𝑠 is estimated using Homogeneous Relaxation 

Model (HRM) which is described in next section.  

The ideal gas equation is used to calculate the densities of all the gaseous species: 

     𝜌𝑠 =
𝑝

𝑅𝑠𝑇
,                                                                     (6.7)  

where 𝑅𝑠 is the gas constant and T is the temperature. The liquid can be considered either 

incompressible or compressible. In this work, it is considered compressible.  

6.1.1 Cavitation Model (Homogeneous Relaxation Model)  

In earlier chapters for cavitation on hydrofoils, bubble-dynamics based cavitation model i.e., 

Zwart-Gerber-Belamri model was used because the thermal effects on  hydrofoils were 

neglected. However, for nozzle cavitation, energy equation is being solved, and therefore 

bubble-dynamics based cavitation model might not be a suitable choice since thermal effects 

are essential to consider in the nozzle cavitation. Therefore, in the present work for cavitation 

in injector nozzle, the mass exchange between the liquid and vapor is based on the 

homogeneous relaxation model (HRM) developed by Bilicki and Kestin (1990). This model is 

capable of capturing the essence of non-equilibrium phase change. Cavitation is the pressure-

driven vaporization phenomenon which takes place at low temperatures in which the density 

of vapor is so small that latent heat flow does not affect the overall phenomenon. This results 

in much faster time scale of heat transfer than the time scale of bulk motion. Therefore, the 

bulk motion is mainly controlled by the inertia of liquid. The HRM assumes a simple first-

order rate equation for the evolution of instantaneous vapor quality x towards the equilibrium 

vapor quality �̅� over a given time scale 𝜃.  

The instantaneous non equilibrium quality of vapor (𝑥) is calculated as  

𝑥 =
𝑚𝑣𝑎𝑝

𝑚𝑣𝑎𝑝+𝑚𝑙𝑖𝑞
,                                                        (6.8) 
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The HRM evaluates the source term 𝑆𝑠 in the fuel species conservation equation. The 𝑆𝑠 is 

estimated using rate of change of local vapor quality (𝐷𝑥/𝐷𝑡). The term 𝐷𝑥/𝐷𝑡 is expressed 

in HRM model with the help of time scale 𝜃 as:   

           
𝐷𝑥

𝐷𝑡
=  

�̅�−𝑥

𝜃
,                                                                 (6.9) 

The equilibrium vapor quality �̅� is a function of thermodynamic properties at local pressure 

i.e.,  �̅� (p, h) which is defined by the equation with bounds at zero and unity :  

�̅� =
ℎ−ℎ𝑙,𝑠𝑎𝑡

ℎ𝑣,𝑠𝑎𝑡−ℎ𝑙,𝑠𝑎𝑡
,                                                       (6.10)  

In the above equation ℎ is the actual enthalpy of liquid and vapor, excluding air content, and 

subscript 𝑙, 𝑠𝑎𝑡 and 𝑣, 𝑠𝑎𝑡 refers to saturated liquid and vapor, respectively. The time scale 𝜃 

is calculated using the empirical fit given by Downar-Zapolski et al. (1996). 

           𝜃 = 𝜃0𝛼−0⋅54𝜓−1⋅76    [s],                                            (6.11) 

where                               𝜃0 = 3.84 x 10−7; 𝜓 =  
|𝑝𝑠𝑎𝑡−𝑝|

𝑃𝑐𝑟𝑖𝑡−𝑝𝑠𝑎𝑡
; 𝛼 = 𝛼𝑣 + 𝛼𝑁2, 

These specific values of parameters are known to be effective for flow problems with injection 

pressure higher than 10 bar (Downar-Zapolski et al. 1996; Neroorkar et al. 2012). HRM is 

capable of predicting the phase change from liquid to vapor and vice versa, whenever the 

thermodynamic condition is feasible. Non-condensable gases are included in 𝛼, despite the fact 

that  gases were not considered in the initial HRM formulation. In a given cell, when liquid 

volume fraction is very low as compared to gaseous species, then just considering the fuel 

vapor volume fraction may not provide the physical thermodynamic condition in that particular 

cell. Furthermore, Downar-Zapolski et al. (1996) pointed that the relaxation time decreases 

exponentially to very small values with the increase in void fraction. There is asymptotic 

decrease in the relaxation time scale when void fraction exceed 10% (Saha et al. 2017). This 

implies that the addition of gases in the void fraction should not affect the prediction of the 

relaxation time scale theoretically. To understand the relations between 𝑆𝑠 and (𝐷𝑥)/(𝐷𝑡), 

Battistoni et al. (2015) explained the effect of non-condensable gases on the cavitation. If 

instantaneous vapor quality of a computational cell is represented by x0, and x1 is corresponding 

value for the following time step, with the time-step size of 𝛥𝑡, then 𝑥1  = �̅� − (�̅� − 𝑥0)𝑒−𝛥𝑡∕𝜃. 

Hence,  
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 𝑆𝑠 =
(𝑥1−𝑥0)(𝑚𝑣𝑎𝑝+𝑚𝑙𝑖𝑞)

𝑉𝛥𝑡
= (𝑥1 − 𝑥0)𝜌

(𝑌𝑣+𝑌𝑙)

𝛥𝑡
,                              (6.12) 

where 𝑉 represents the volume of computation cell and 𝑚𝑙𝑖𝑞 and 𝑚𝑣𝑎𝑝 are the mass of the 

liquid and vapor phases in the computational, respectively. 

 6.2 Geometry and Meshing 

Spray C is a single orifice diverging nozzle with a nominal hole diameter of 200 𝜇m. It is 

manufactured with a sharp inlet corner to produce cavitation and has 5% hydro erosion to 

maintain flow rate consistency in the injector (Westlye et al. 2016). The three-dimensional part 

image of Spray C and section of injector nozzle hole using x-ray tomography is shown in Fig. 

6.1 (Tekawade et al. 2020). The simulation is performed using the CONVERGE v3.0 code, in 

which mesh is generated automatically during run time. A truncated cone-shaped fixed 

embedding is used near the hole to improve the accuracy around the zone of interest as shown 

in Fig .6.2. Five level of embedding is used, according to which the smallest cell has a 

dimension 25 = 32 times smaller than the base/maximum grid size in the domain (Saha et al. 

2017). For grid independence test three different base grid size is used i.e., coarse grid (1000 

𝜇m), medium grid (500 𝜇m), and fine grid (250 𝜇m). Considering the computational cost and 

cavitation capturing ability, the medium grid is found to be grid independent. A vertical cut 

plane showing the mesh with a base grid size of 500 𝜇m and a minimum cell size of 15.625 

𝜇m is shown in Fig.6.3. There were around 1.3 million cells in the domain. The results for the 

grid independence test is given in the results and discussion section.   

                 

Fig. 6.1. Surface rendering of X-ray tomography of ECN (a) Spray C injector nozzle and (b) 

asymmetrical sharp corner hole of Spray C. 
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Fig. 6.2. Cylindrical embedding in single hole Spray C nozzle. 

         

Fig. 6.3. Vertical cut-plane showing the mesh with 15.625 𝜇m as minimum grid size and 500 𝜇m base 

grid size. 

6.3 Boundary Conditions 

The inlet and outlet of the nozzle are provided with pressure values for both the fuel cases. The 

fuel properties for n-dodecane and OME3 are mentioned in the Table 6.1. The inlet pressure or 

injection pressure is 150 MPa and outlet pressure is 2 MPa, the walls are kept as the no-slip 

condition. Turbulent kinetic energy and turbulence dissipation rate is provided at the inlet and 

outlet. The standard law-of-wall for turbulence is used to model the boundary layer. The 

transient simulation is run until both the inflow and outflow mass flow rates are stabilized. In 
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the liquid fuel very small mass fraction of non-condensable gas (N2 = 10-6 mass fraction) is 

used as a nucleation site for cavitation initiation. The governing equation is solved using finite 

volume method in the CONVERGE v3.0 code. The Rhie-Chow algorithm has been used to 

collocate all the transport variables at the cell center. Pressure implicit with the splitting 

operator (PISO) algorithm is used for the pressure-velocity coupling. Successive Over-

Relaxation (SOR) algorithm has been used for better numerical stability. RNG 𝜅 − 𝜖 

turbulence model is used for solving the turbulence effect inside nozzle, and phase change is 

captured using homogenous relaxation model (HRM). Table 6.2 shows the operating 

parameters used for Spray C.  

Table 6.1. Properties of n-Dodecane and OME3 fuels at a temperature of 303 K 

 

 

 

 

 

 

 

 

Table 6.2. Operating parameters for Spray C 

 

 

 

 

 

 

 

Properties n-dodecane OME3 

Density (kg/m3) 742 1032 

Viscosity (N.s/m2) 0.001285 0.001 

Surface Tension (N/m) 0.0245 0.0257 

Vapor Pressure (Pa) 28.47 581.50 

Specific Heat (J/kg K) 2222 3455 

Operating parameters Spray C 

Inlet Pressure (MPa) 150  

Chamber Pressure (MPa) 2 

Chamber Temperature (K) 303 

Fuel Temperature (K) 338 

Chamber Fluid N2 
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 6.4 Results and Discussion 

The results obtained from the numerical simulation using n-dodecane and OME3 fuel in Spray 

C are discussed in this section for three different cases. First case is using n-dodecane fuel is 

Spray C for grid independence test and validation with the experimental results. Second case 

is using OME3 fuel in the nozzle and comparing the cavitation characteristics with the n-

dodecane. In third case the saturation pressure of n-dodecane is replaced with the saturation 

pressure of OME3 and results are compared with the first case.  

6.4.1 Grid Independence Test and Validation  

For grid independence test, the comparison is made using n-dodecane fuel in Spray C injector 

nozzle. Three different grids have been examined using different base grid size or maximum 

cell size. The base grid size for coarse grid (0.18 million cells) is 1000 𝜇m, for medium grid 

(1.3 million cells) is 500 𝜇m, and fine grid (7.8 million cells) it is 250 𝜇m. Accordingly, the 

minimum cell size for coarse grid, medium grid, and fine grid are 31.25 𝜇m, 15.625 𝜇m, and 

7.8125 𝜇m, respectively. The mass fraction contours using three different grids is presented in 

Fig.6.6. From mass fraction contour it is observed that coarse grid is unable to capture the flow 

separation along the nozzle wall and hence shows minimum cavitation, whereas medium grid 

and fine grid are showing presence of cavitation on the side wall of Spray C similar to the 

experimental results in the literature (Tekawade et al. 2020). Similarly, the mass flow rate along 

the flow time is plotted with respect to different grids in Fig. 6.5. The mass flow rate for the 

coarse grid is around 9.95 mg/ms, for medium grid it is 9.80 mg/ms, and for fine grid it is 9.90 

mg/ms. On comparing the computational cost associated and the results computed using fine 

grid with 7.8 million cells and the medium grid having 1.3 million cells, it can be concluded 

that medium grid can be used for further simulations as it is computationally optimum and 

giving closer results to experimental data in the literature. The experimental value provided for 

the mass flow rate of n-dodecane in the literature is 10.06 mg/ms (Payri et al. 2016a), giving 

percentage difference of around 2.58%  for the medium grid with mass flow rate of 9.80 mg/ms.  

Therefore, medium grid with base grid size 500 𝜇m is considered as grid independent mesh. 
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Fig. 6.4. Comparison of vapor mass fraction contours using different grid size for grid independence 

test in Spray C. 

  

Fig. 6.5. Mass flow rate predictions for grid independence test in case of Spray C. 

Fig. 6.6 presents the direct comparsion between the experimental results in the literature 

(Tekawade et al. 2020) and void fraction contours from the CFD data for medium grid in Spray 

C using n-dodecane fuel. The void fraction contour shows that cavitation begins at the sharp inlet 

corner of the nozzle and extends to the nozzle's exit. Most of the nozzle cross-section is filled 

with a liquid phase enclosed with a thin layer of vapor near the wall. The presence of vapor cavity 

shows the flow separation at the sharp corner of Spray C, which is predicted well using 

simulation. Both the expeirmental imaging techinique and simulated result predict cavitation 

extending to the nozzle exit. Clearly, from the void fraction contour and mass flow rate 

comparison it is observed that the numerical results are in good agreement with the experimental 

data. Next, the comparison of results obtained through simulation for n-dodecane and OME3 is 

presented. 
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Fig. 6.6. Comparison between intensity map from X-ray tomography experiments Tekawade et al. 

2020) with void fraction contour from simulation for n-dodecane. 

Fig. 6.7 compares the mass flow rate of n-dodecane and OME3 fuels from the nozzle exit to the 

chamber. Initially, there is fluctuation in the mass flow rate value till 0.05 ms due to pressure 

oscillations in the sac region, and later the mass flow rates become almost constant. The 

stabilized mass flow rate of n-dodecane fuel is 9.8 mg/ms, which is consistent with the literature 

as discussed earlier, whereas the mass flow rate for OME3 is 11.55 mg/ms. The OME3 mass 

rate is 1.178 times that of n-dodecane. The mass flow rate can also be computed theoretically 

using the Bernoulli’s equation on the basis of the reference density for OME3 ( 𝜌1= 996.312 

kg/m3) and n-dodecane (𝜌2= 716.41 kg/m3). The change in Bernoulli’s velocity can be 

calculated as:  

1

2
𝜌1𝑈1

2 =
1

2
𝜌2𝑈2

2                                                                (6.13) 

𝑈2

𝑈1
= √

𝜌1

𝜌2
 = √1.4  = 1.183.   

Mass flow rate is defined as:   

    �̇� = 𝜌𝑈𝐴                                                                      (6.14) 

which gives  
�̇�1

�̇�2
= 1.17.   

which is giving closer approximation to the numerically simulated values.  
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The higher density and lower viscosity of OME3 fuel results in higher mass flow rate of OME3  

as compared to n-dodecane. It will be more meaningful to compare the mass fraction profiles 

of n-dodecane and OME3 fuels inside the nozzle to understand how the cavity is forming using 

these two fuels. Therefore, Fig. 6.8 compares the mass fraction contour of vapor for n-dodecane 

and OME3 fuel. It is evident from the contour that the mass fraction of OME3 is higher than 

the n-dodecane at the asymmetric wall of the hole resulting in more cavitation than n-dodecane.  

  

Fig. 6.7. Comparison of mass flow rate predictions through Spray C nozzle for n-dodecane and 

OME3. 

 

Fig. 6.8. Comparison of vapor mass fraction contours on a vertical cut-plane passing through the mid- 

section of the Spray C nozzle for n-dodecane and OME3. 

Next, in Fig. 6.9, the density contour of both fuels is presented. The center of the nozzle is 

filled with the higher density liquid fuel, whereas the wall is covered with the low-density gas, 

which can be seen in the contour. For OME3, the density at the inlet of nozzle is around 1000 

kg/m3 whereas for dodecane it is around 700 kg/m3. This difference is mainly due to the 
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difference in the properties of both the fuel as mentioned in table 6.1. In, Fig. 6.10 the mass 

fraction contour comparison for third case is presented, in which the saturation pressure of n-

dodecane is replaced with the OME3 saturation pressure. The vapor pressure of OME3 at 303 

K is 581.50 Pa, whereas for n-dodecane it is 28.47 Pa. Therefore, due to higher vapor pressure 

of OME3, more cavitation can be seen for this case also. For third case there is no change in 

mass flow rate or density is observed with respect to n-dodecane case.  

  

Fig. 6.9. Density variation for n-dodecane and OME3. 

  

Fig. 6.10. Mass fraction contour for n-dodecane and saturation pressure of n-dodecane replaced with 

OME3 saturation pressure. 
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 6.5 Conclusions 

This chapter provides the insight about the cavitation characteristic of n-dodecane and 

oxymethylene ether fuel (OME3) in cavitating Spray C injector nozzle using commercial 

CONVERGE v3.0 code. The Homogeneous Relaxation Model (HRM) coupled with the 

multiphase mixture model is used for cavitation modeling, and RNG 𝜅 − 𝜖 is used to model 

the turbulence effect. The void fraction contour and the mass flow rate of n-dodecane fuel are 

compared with the experimental results provided in the literature. The mass flow rate, and 

contours of mass fraction and density are presented for OME3 and n-dodecane fuels 

comparison. The findings are:  

(1) The mass flow rate of n-dodecane fuel was found to be in good agreement with the 

experimental data with a percentage difference of 3%.  

(2) The simulations predict the flow separation at the sharp asymmetric corner of the nozzle 

similar to experimental work. The flow separation at the corner initiates the cavitation along 

the wall to the nozzle exit. 

(3) The mass flow rate obtained for n-dodecane is 9.8 mg/ms and for OME3 is 11.55 mg/ms. 

The mass flow rate difference is mainly attributed to higher density of OME3 fuel.  

(4) The OME3 fuel produced more cavity than n-dodecane fuel in the Spray C nozzle due to 

higher saturation pressure of OME3 as compared to n-dodecane.  
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CHAPTER 7 

CONCLUSIONS 

Cavitation occurs in flow regions where the hydrodynamic effect reduces the local pressure 

below the saturation vapor pressure of the liquid, causing the formation of vapor bubbles. When 

these vapor bubbles enter the region of higher pressure, they collapse violently producing 

enough force to damage the solid body. In case of hydrofoils, cavitation can affect the 

hydrodynamic and structural performance potentially. In injector nozzles, cavitation can cause 

a fuel injection instability and decreased fuel efficiency. This thesis is a compilation of three 

studies motivated by the cavitation phenomenon on hydrofoils and in injector nozzle. The goal 

of the three studies are: 

1) Assessment of cavitation and turbulence models on cavitating hydrofoils. 

2) Study of the hydrodynamic and structural performance of 3D MHKF-180 and 

NACA4418 under cavitation using Fluid-Structure Interaction (FSI).  

3) Study of the cavitation in Spray C injector nozzle using conventional and alternative 

fuel. 

The major conclusions from these three studies are presented below: 

7.1 Assessment of Cavitation and Turbulence Models on Cavitating 

Hydrofoils  

In this part of thesis, the systematic investigation of two different cavitation models i.e., 

Schnerr -Sauer (SS) and Zwart-Gerber-Belamri (ZGB) and four of four different turbulence 

models i.e.,  Standard 𝑘 − 𝜖, RNG 𝑘 − 𝜖, Realizable 𝑘 − 𝜖, and SST 𝑘 − 𝜔 is studied on 

cavitating 3D NACA4412 and Clark-y hydrofoil. The performance is computed in terms of lift 

coefficient, drag coefficient, lift-to-drag ratio, and velocity profiles.  

The major findings, based on the above investigation are: 

(1) On comparing the performance of SS and ZGB cavitation model on cavitating NACA4412 

hydrofoil, both models were found to give similar performance. However, ZGB is used for 

further numerical simulations on cavitating hydrofoils due to its robustness and accuracy.    

(2) On comparing performance of different turbulence models on cavitating NACA4412 and 

Clark-y hydrofoil, Realizable 𝑘 − 𝜖 was found to be more accurate than other two equations 

models. 
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Further using Realizable 𝑘 − 𝜖 turbulence model and Zwart-Gerber-Belamri cavitation model 

the performance of cavitating MHKF-180s hydrofoil is computed at different angle of attack 

for Reynolds number ranging from 1.1 X 106 – 2.6 X 106 at 𝜎 =1. Also, comparative study of 

hydrodynamic performance of 3D cavitating and non-cavitating MHKF-180s hydrofoil is 

carried out for 𝛼 varying from -5o to +12o at Re =1.3 million. The finding for above analysis 

are given below:  

(3) The hydrodynamic performance of cavitating 3D MHKF-180s hydrofoil at different angles 

of attack and 𝜎 = 1, found to be independent of Reynolds number.  

(4) For 𝜎 =1, the MHKF-180s has maximum cavity at an angle of attack 12o at all Reynolds 

number.  

(5) On comparing the hydrodynamic performance of non-cavitating and cavitating (𝜎 =1) 

MHKF-180s hydrofoil at different angle of attack (𝛼 = -5o, 0o, 5o, 7o, 10o, and 12o) at Re = 

1.3 X 106, it was found that: 

(i) There is no cavitation on MHKF-180s hydrofoil at 𝛼 = -5o and 0o for 𝜎 =1.  

(ii) Lift coefficient for cavitating case is reduced as compared to non-cavitating condition 

with maximum reduction of 40.5% at 𝛼 = 10o.  

(iii) The drag coefficient for cavitating cases is higher at almost all angles of attack when 

compared to non-cavitating conditions due to increase in pressure drag. The maximum 

increment in Cd value is obtained at 𝛼 =12o which is almost seven times of non-

cavitating Cd.   

(iv)  Lift-to-drag ratio for cavitating condition is found to be lower than non-cavitating 

condition. The maximum reduction is observed at 𝛼 =12o, due to maximum cavity.   

(v) For cavitating condition, the skin friction coefficient (Cf) is found to be lower due to 

presence of cavity on the upper surface of hydrofoil. 

(vi)  At 𝛼 = 12o, the x-component velocity on vertical lines of hydrofoil upper surface was 

found to be lower at 𝜎 =1, with much earlier flow separation along the chord. 

(vii) At 𝛼 = 12o, the maximum turbulent kinetic energy present at the wake of cavitating 

hydrofoil was much higher (25 m2/s2) than non-cavitating hydrofoil (4m2/s2 ).  

In the last part of the first objective, the hydrodynamic performance of MHKF-180s is 

compared with MHKF-180 at different angles of attack and 𝜎 =1. The negligible change is 

observed in the performance of two foils and therefore, in the second objective of the thesis the 

hydrodynamic and structural performance of 3D MHKF-180 hydrofoil is compared with 

NACA4418 at different angles of attack and at different cavitation numbers using FSI.  
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7.2 Study of the Hydrodynamic and Structural Performance of 3D MHKF-

180 and NACA4418 under Cavitation using Fluid-Structure Interaction 

(FSI)   

In this study, a comparative study of structural and hydrodynamic performance of stainless-

steel 3D MHKF-180 and NACA4418 cavitating hydrofoil is carried out using one-way Fluid-

Structure Interaction (FSI). For this purpose, the numerical simulation is performed using 

ANSYS Fluent and ANSYS Static structure module. The natural frequency of both the 

hydrofoils is computed using Acoustic Modal Analysis for the fully wetted condition in still 

water. The Realizable 𝑘 − 𝜖 turbulence model is used to solve the turbulence effect, and vapor 

volume fraction is calculated using the Zwart-Gerber-Belamri cavitation model.  

The findings, based on the results, are given below: 

(1) For different angles of attack at 𝜎 = 1, MHKF-180 predicts higher lift coefficient as 

compared to NACA4418 with maximum percentage difference of 29% at 𝛼 = 0o. 

(2) For different cavitation numbers at 𝛼 = 8o, the lift coefficient value of MHKF-180 is higher 

than NACA4418 with maximum percentage difference of 24.6% at 𝜎 = 0.5.  

(3) For 𝜎 = 1, the MHKF-180 has larger cavity length than NACA4418 hydrofoil for almost 

all angles of attack. 

(4) The first bending natural frequency of MHKF-180 has been found to be smaller than that 

for NACA4418 hydrofoil. Their values for MHKF-180 was 193.77 Hz and 202 Hz for 

NACA4418.  

(5) MHKF-180 has larger tip deformation than NACA4418 at all angles of attack. The 

maximum for MHKF-180 is found as 0.174 mm at 𝛼 = 6o, and for NACA4418 it is found 

as 0.1325 mm at 𝛼 = 12o.   

(6)  MHKF-180 has larger tip deformation than NACA4418 for both cavitating and non 

cavitating condition. The maximum deformation for MHKF-180 is found as 0.194 mm at 

𝜎 = 2.3, and for NACA4418 it is found as 0.144 mm at 𝜎 = 1.2.   

(7) For 𝜎 = 1, the maximum von Mises stress developed in MHKF-180 is 95.63 MPa at 6o, 

while in NACA4418 it is 78.63 MPa at 12o. 

(8) For 𝛼 = 8o, the maximum von Mises stress developed in MHKF-180 is 112.88 MPa at 𝜎 = 

1.5, whereas in NACA4418 it is 93.73 MPa at 𝜎 = 1.2.    
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7.3 Study of the Cavitation in Spray C Injector Nozzle using Conventional 

and Alternative Fuel 

 In this study, the cavitation characteristic of conventional n-dodecane fuel is compared with 

synthetic fuel i.e., oxymethylene ether fuel (OME3) in cavitating Spray C injector nozzle using 

commercial CONVERGE v3.0 code. The Homogeneous Relaxation Model (HRM) coupled 

with the multiphase mixture model is used for cavitation modeling, and RNG 𝜅 − 𝜖 is used to 

model the turbulence effect. The void fraction contour and the mass flow rate of n-dodecane 

fuel are compared with the experimental results provided in the literature. The mass flow rate, 

and contours of mass fraction and density are presented for OME3 and n-dodecane fuels 

comparison. The findings are:  

(1) The mass flow rate of n-dodecane fuel was found to be in good agreement with the 

experimental data with a percentage difference of 3%.  

(2) The simulations predict the flow separation at the sharp asymmetric corner of the nozzle 

similar to experimental work. The flow separation at the corner initiates the cavitation along 

the wall to the nozzle exit. 

(3) The mass flow rate obtained for n-dodecane is 9.8 mg/ms and for OME3 is 11.55 mg/ms. 

The mass flow rate difference is mainly attributed to higher density of OME3 fuel.  

(4) The OME3 fuel produced more cavity than n-dodecane fuel in the Spray C nozzle due to 

higher saturation pressure of OME3 as compared to n-dodecane.  

7.4 Scope for Further Study 

The present work has given scope for future studies in the following areas: 

(1) Large Eddy Simulation (LES) or Detached Eddy Simulation (DES) turbulence models 

should be tested to further investigate the role of turbulence models in cavitation on 

hydrofoils and injector nozzles.  

(2) Volume of fluid (VOF) method can be used for the cavitating flow on hydrofoils. 

(3) Two-way fluid structure interaction (FSI) study can be used on rigid and flexible cavitating 

hydrofoils.   

(4) Attempts should be made using numerical simulations to understand the failures of 

hydrofoils caused due to cavitation.  

(5) In spray C the effect of cavitation can be studied on the spray formation along with 

combustion and emission model using OME3 and other synthetic fuels.  
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CHAPTER 7 

CONCLUSIONS 

Cavitation occurs in flow regions where the hydrodynamic effect reduces the local pressure 

below the saturation vapor pressure of the liquid, causing the formation of vapor bubbles. When 

these vapor bubbles enter the region of higher pressure, they collapse violently producing 

enough force to damage the solid body. In case of hydrofoils, cavitation can affect the 

hydrodynamic and structural performance potentially. In injector nozzles, cavitation can cause 

a fuel injection instability and decreased fuel efficiency. This thesis is a compilation of three 

studies motivated by the cavitation phenomenon on hydrofoils and in injector nozzle. The goal 

of the three studies are: 

1) Assessment of cavitation and turbulence models on cavitating hydrofoils. 

2) Study of the hydrodynamic and structural performance of 3D MHKF-180 and 

NACA4418 under cavitation using Fluid-Structure Interaction (FSI).  

3) Study of the cavitation in Spray C injector nozzle using conventional and alternative 

fuel. 

The major conclusions from these three studies are presented below: 

7.1 Assessment of Cavitation and Turbulence Models on Cavitating 

Hydrofoils  

In this part of thesis, the systematic investigation of two different cavitation models i.e., 

Schnerr -Sauer (SS) and Zwart-Gerber-Belamri (ZGB) and four of four different turbulence 

models i.e.,  Standard 𝑘 − 𝜖, RNG 𝑘 − 𝜖, Realizable 𝑘 − 𝜖, and SST 𝑘 − 𝜔 is studied on 

cavitating 3D NACA4412 and Clark-y hydrofoil. The performance is computed in terms of lift 

coefficient, drag coefficient, lift-to-drag ratio, and velocity profiles.  

The major findings, based on the above investigation are: 

(1) On comparing the performance of SS and ZGB cavitation model on cavitating NACA4412 

hydrofoil, both models were found to give similar performance. However, ZGB is used for 

further numerical simulations on cavitating hydrofoils due to its robustness and accuracy.    

(2) On comparing performance of different turbulence models on cavitating NACA4412 and 

Clark-y hydrofoil, Realizable 𝑘 − 𝜖 was found to be more accurate than other two equations 

models. 
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Further using Realizable 𝑘 − 𝜖 turbulence model and Zwart-Gerber-Belamri cavitation model 

the performance of cavitating MHKF-180s hydrofoil is computed at different angle of attack 

for Reynolds number ranging from 1.1 X 106 – 2.6 X 106 at 𝜎 =1. Also, comparative study of 

hydrodynamic performance of 3D cavitating and non-cavitating MHKF-180s hydrofoil is 

carried out for 𝛼 varying from -5o to +12o at Re =1.3 million. The finding for above analysis 

are given below:  

(3) The hydrodynamic performance of cavitating 3D MHKF-180s hydrofoil at different angles 

of attack and 𝜎 = 1, found to be independent of Reynolds number.  

(4) For 𝜎 =1, the MHKF-180s has maximum cavity at an angle of attack 12o at all Reynolds 

number.  

(5) On comparing the hydrodynamic performance of non-cavitating and cavitating (𝜎 =1) 

MHKF-180s hydrofoil at different angle of attack (𝛼 = -5o, 0o, 5o, 7o, 10o, and 12o) at Re = 

1.3 X 106, it was found that: 

(i) There is no cavitation on MHKF-180s hydrofoil at 𝛼 = -5o and 0o for 𝜎 =1.  

(ii) Lift coefficient for cavitating case is reduced as compared to non-cavitating condition 

with maximum reduction of 40.5% at 𝛼 = 10o.  

(iii) The drag coefficient for cavitating cases is higher at almost all angles of attack when 

compared to non-cavitating conditions due to increase in pressure drag. The maximum 

increment in Cd value is obtained at 𝛼 =12o which is almost seven times of non-

cavitating Cd.   

(iv)  Lift-to-drag ratio for cavitating condition is found to be lower than non-cavitating 

condition. The maximum reduction is observed at 𝛼 =12o, due to maximum cavity.   

(v) For cavitating condition, the skin friction coefficient (Cf) is found to be lower due to 

presence of cavity on the upper surface of hydrofoil. 

(vi)  At 𝛼 = 12o, the x-component velocity on vertical lines of hydrofoil upper surface was 

found to be lower at 𝜎 =1, with much earlier flow separation along the chord. 

(vii) At 𝛼 = 12o, the maximum turbulent kinetic energy present at the wake of cavitating 

hydrofoil was much higher (25 m2/s2) than non-cavitating hydrofoil (4m2/s2 ).  

In the last part of the first objective, the hydrodynamic performance of MHKF-180s is 

compared with MHKF-180 at different angles of attack and 𝜎 =1. The negligible change is 

observed in the performance of two foils and therefore, in the second objective of the thesis the 

hydrodynamic and structural performance of 3D MHKF-180 hydrofoil is compared with 

NACA4418 at different angles of attack and at different cavitation numbers using FSI.  
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7.2 Study of the Hydrodynamic and Structural Performance of 3D MHKF-

180 and NACA4418 under Cavitation using Fluid-Structure Interaction 

(FSI)   

In this study, a comparative study of structural and hydrodynamic performance of stainless-

steel 3D MHKF-180 and NACA4418 cavitating hydrofoil is carried out using one-way Fluid-

Structure Interaction (FSI). For this purpose, the numerical simulation is performed using 

ANSYS Fluent and ANSYS Static structure module. The natural frequency of both the 

hydrofoils is computed using Acoustic Modal Analysis for the fully wetted condition in still 

water. The Realizable 𝑘 − 𝜖 turbulence model is used to solve the turbulence effect, and vapor 

volume fraction is calculated using the Zwart-Gerber-Belamri cavitation model.  

The findings, based on the results, are given below: 

(1) For different angles of attack at 𝜎 = 1, MHKF-180 predicts higher lift coefficient as 

compared to NACA4418 with maximum percentage difference of 29% at 𝛼 = 0o. 

(2) For different cavitation numbers at 𝛼 = 8o, the lift coefficient value of MHKF-180 is higher 

than NACA4418 with maximum percentage difference of 24.6% at 𝜎 = 0.5.  

(3) For 𝜎 = 1, the MHKF-180 has larger cavity length than NACA4418 hydrofoil for almost 

all angles of attack. 

(4) The first bending natural frequency of MHKF-180 has been found to be smaller than that 

for NACA4418 hydrofoil. Their values for MHKF-180 was 193.77 Hz and 202 Hz for 

NACA4418.  

(5) MHKF-180 has larger tip deformation than NACA4418 at all angles of attack. The 

maximum for MHKF-180 is found as 0.174 mm at 𝛼 = 6o, and for NACA4418 it is found 

as 0.1325 mm at 𝛼 = 12o.   

(6)  MHKF-180 has larger tip deformation than NACA4418 for both cavitating and non 

cavitating condition. The maximum deformation for MHKF-180 is found as 0.194 mm at 

𝜎 = 2.3, and for NACA4418 it is found as 0.144 mm at 𝜎 = 1.2.   

(7) For 𝜎 = 1, the maximum von Mises stress developed in MHKF-180 is 95.63 MPa at 6o, 

while in NACA4418 it is 78.63 MPa at 12o. 

(8) For 𝛼 = 8o, the maximum von Mises stress developed in MHKF-180 is 112.88 MPa at 𝜎 = 

1.5, whereas in NACA4418 it is 93.73 MPa at 𝜎 = 1.2.    
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7.3 Study of the Cavitation in Spray C Injector Nozzle using Conventional 

and Alternative Fuel 

 In this study, the cavitation characteristic of conventional n-dodecane fuel is compared with 

synthetic fuel i.e., oxymethylene ether fuel (OME3) in cavitating Spray C injector nozzle using 

commercial CONVERGE v3.0 code. The Homogeneous Relaxation Model (HRM) coupled 

with the multiphase mixture model is used for cavitation modeling, and RNG 𝜅 − 𝜖 is used to 

model the turbulence effect. The void fraction contour and the mass flow rate of n-dodecane 

fuel are compared with the experimental results provided in the literature. The mass flow rate, 

and contours of mass fraction and density are presented for OME3 and n-dodecane fuels 

comparison. The findings are:  

(1) The mass flow rate of n-dodecane fuel was found to be in good agreement with the 

experimental data with a percentage difference of 3%.  

(2) The simulations predict the flow separation at the sharp asymmetric corner of the nozzle 

similar to experimental work. The flow separation at the corner initiates the cavitation along 

the wall to the nozzle exit. 

(3) The mass flow rate obtained for n-dodecane is 9.8 mg/ms and for OME3 is 11.55 mg/ms. 

The mass flow rate difference is mainly attributed to higher density of OME3 fuel.  

(4) The OME3 fuel produced more cavity than n-dodecane fuel in the Spray C nozzle due to 

higher saturation pressure of OME3 as compared to n-dodecane.  

7.4 Scope for Further Study 

The present work has given scope for future studies in the following areas: 

(1) Large Eddy Simulation (LES) or Detached Eddy Simulation (DES) turbulence models 

should be tested to further investigate the role of turbulence models in cavitation on 

hydrofoils and injector nozzles.  

(2) Volume of fluid (VOF) method can be used for the cavitating flow on hydrofoils. 

(3) Two-way fluid structure interaction (FSI) study can be used on rigid and flexible cavitating 

hydrofoils.   

(4) Attempts should be made using numerical simulations to understand the failures of 

hydrofoils caused due to cavitation.  

(5) In spray C the effect of cavitation can be studied on the spray formation along with 

combustion and emission model using OME3 and other synthetic fuels.  


