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Abstract 
 

 Cavitation breakdown results in the performance failure of a turbomachine, for 

which head rise and flow rate through the machine each drop significantly, as a result of 

an inlet pressure below a certain critical value. Extensive cavitation in the machine, and 

the resulting breakdown, limits the operating range of turbomachines and constrains their 

design. While cavitation in turbomachinery has been studied extensively, a definitive 

explanation for the mechanism of cavitation breakdown has not been adequately given and 

supported. Prior models attribute cavitation breakdown to various mechanisms including 

choking, blockage, acoustic shocks and the formation of perpendicular cavitating vortices 

(PCV’s). Previous research on cavitation in the Johns Hopkins turbomachinery lab 

demonstrates that the use of circumferential grooves to manipulate tip leakage flow 

provides minimal performance enhancement during breakdown conditions.  

The present thesis provides experimental evidence to elucidate the mechanism of 

cavitation breakdown due to cavitation-induced blockage. Evidence to explain the 

mechanism of breakdown is presented using high-speed flow visualization, performance 

testing, and stereoscopic particle image velocimetry (SPIV) at planes along the blade 

pressure side tip region to characterize passage flow in a Navy axial waterjet pump (AxWJ-

2). Each method is evaluated at a range of cavitation indices, from conditions of minimal 

cavitation through severe performance breakdown. 

The results indicate that rapid performance breakdown occurs when a sufficient 

inlet pressure decrease causes the suction side attached cavitation to extend into the blade 

overlap region. The flow along the pressure side of the blade is accelerated due to cavitation 

blockage in the tip region. At this point, a shift in blade loading temporarily improves 
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machine performance. Yet any further decrease in inlet pressure causes cavitation to 

rapidly expand, both axially and radially, to significant blade coverage. During this rapid 

expansion, flow blockage in the tip region increases and performance breakdown occurs. 

Performance worsens significantly with any further decrease in pressure. The results 

provide evidence that cavitation breakdown in the axial waterjet pump occurs due to this 

process, involving flow blockage in the tip region and resulting cavitation structures which 

further block the passage flow.  

 

Advisor: Professor Joseph Katz 

Readers: Professor Joseph Katz & Professor Michael Schultz 
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Chapter 1 Introduction 
 

Turbomachines transfer energy between rotating blades and a fluid flow, or vice-

versa. In general, turbines extract energy from a fluid flow, while compressors, pumps and 

fans deliver energy to the fluid. Turbomachines exist in many applications, ranging from 

aircraft engine compressors, to large hydro-electric dam turbines, to waterjet pumps for 

ship propulsion. For axial turbomachines that operate with a liquid-medium, flow 

cavitation is often unavoidable but it will not necessarily affect performance. Yet at a 

certain inlet pressure, extensive cavitation develops resulting in performance failure, for 

which flow rate and head rise drop significantly. This phenomenon is termed cavitation 

breakdown. Research covering the observation, characterization, and measurement of 

cavitation breakdown effects has yet to present a definitive explanation for the mechanism 

of cavitation breakdown.  

The experimentation in this thesis provides experimental results characterizing 

rotor passage flow in an axial waterjet pump during cavitation breakdown to better 

understand the phenomena. Research was conducted in John Hopkins University’s index-

matched flow tunnel facility using high-speed flow visualization to analyze cavitation 

phenomena and stereoscopic particle image velocimetry (SPIV) to measure the passage 

flow in a Navy axial waterjet pump (AxWJ-2) before and during cavitation breakdown. 
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1.1 Introduction to Cavitation and Cavitation Breakdown  

 

Cavitation in liquid-handling turbomachinery is, in general, an unwanted 

hydrodynamic effect caused by local pressures reaching the fluid’s vapor pressure. The 

term cavitation describes the full-spectrum of phenomena, from inception to large-scale, 

attached cavities (Arndt 1981). Contrary to boiling, where vapor occurs due to the lowering 

of vapor pressure in a fluid, cavitation occurs as a result of a reduction in pressure within 

the flow until it reaches the fluid’s vapor pressure. More precisely, there are two cases of 

vapor-bubble dynamics: superheated liquids and subcooled liquids (Plesset 1957). Boiling 

is considered as the former case, in which latent heat flow controls the vapor-bubble 

dynamics. Cavitation is the latter, in which liquid inertia controls motion (Plesset and 

Prosperetti 1977).  

Adverse effects due to cavitation vary across applications, including decreased 

head and efficiency of pumps, vibration in rocket inducers, and damage of propeller blades. 

Conversely, benefits of cavitation exist such as in the homogenization of milk, industrial 

cleaning or ultrasonic cleaning of dentures (Arndt 1981). Additionally, cavitation is 

beneficially used in many supercavitating applications such as unducted racing propellers 

or supercavitating hydrofoils, to take advantage of cavitation by increasing lift through 

reduced drag. Figure 1-1 shows an attached cavity on a hydrofoil, compared to 

supercavitation on a hydrofoil. In the latter case, drag is reduced because the cavity closes 

beyond the surface.  
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Figure 1-1:  An example of (a) attached cavitation, and (b) supercavitation 

on a hydrofoil (Reproduced from Brennan 1995). 

 

In pumps and other hydraulic turbomachines, cavitation is often unavoidable and 

in minor cases may only be recognized by bubbles appearing from low pressure regions of 

the machine, such as on the suction side of rotor blades. Yet extensive cavitation limits 

machine design and performance. As described by Acosta (1958), a fundamental 

compromise in pump design exists between cavitation effects and speed of rotation. Many 

engineering applications, such as a missile turbo-pump or a ship propulsion system, require 

the size and weight of their pumping applications to be minimized. In order to produce 

sufficient head rise, the rotative speed must be increased in response to this minimized 

geometry. Therefore, the highest possible speed of rotation should be used, for a minimized 

design size, only limited by cavitation (Acosta 1958).  

Many types of visually-distinguishable cavitation develop in turbomachinery 

applications. The main mechanism of cavitation inception occurs by the growth of very 

small gas bubbles in the flow referred to as nuclei. Low pressures induced by the flow 

allow these nuclei to grow into various types of cavitation structures. Attached cavitation 
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begins at the leading edge of the suction side of the blade and extends towards the trailing 

edge. This may also be referred to as sheet cavitation. Bubble cavitation, or cloud 

cavitation, occurs within the passage flow. Cloud cavitation is typically associated with 

shedding from the attached cavitation. Tip vortex cavitation occurs from leakage flow 

between the blade tip and the machine’s casing. This flow is analogous to tip vortices 

produced on aircraft wings, in which flow spills from the pressure side to the suction side 

and creates vortical flow structures. Because of the vortex low pressure, they tend to 

cavitate at low inlet pressures. Backflow exists due to a low-pressure region along the 

casing, but upstream of the impeller or rotor. Backflow cavitation occurs in this region. 

Each of these cavitation types are shown in Figure 1-2 and will be elucidated further for 

AxWJ-2 through high-speed imaging results. 

 

Figure 1-2: Types of cavitation occurring on the blades of a turbomachine 

(Reproduced from D'Agostino and Salvetti 2007). 
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One must consider that even though cavitation may be detected visually or 

acoustically, this does not imply cavitation causes a measurable difference in performance 

(Ardnt 1981). It is useful to parameterize cavitation in a machine by the cavitation number 

or index, 𝜎, defined below: 

 𝜎 =  
𝑝𝑖𝑛𝑙𝑒𝑡 − 𝑝𝑣

1
2 𝜌𝑈𝑡𝑖𝑝

2
  . (1.1)  

The inlet pressure, 𝑝𝑖𝑛𝑙𝑒𝑡 is the pressure measured at the inlet of the turbomachine. The 

vapor pressure, 𝑝𝑣, is the vapor pressure of the fluid. The density, 𝜌, is the fluid density. 

The tip velocity, 𝑈𝑡𝑖𝑝, is the rotor tip velocity. A machine may be characterized such that 

below a certain cavitation number, steady flow is not possible and cavitation breakdown 

will occur, which is analogous to “choking” in a compressible flow (Acosta 1958). So, in 

referencing the inlet pressure at which pump performance is affected significantly by 

cavitation, the cavitation number is a useful parameter to define the point of performance 

degradation in a given machine.  

Furthermore, for the purpose of discussing pump performance, it is important to 

introduce two more dimensionless parameters. In each case, subscripts 1 and 2 refer to 

variables at pump locations either upstream or downstream respectively. The flow rate 

coefficient, 𝜑, is given by, 

 𝜑 =  
𝑄

𝑛𝐷2
3  . (1.2)  

The flow rate coefficient provides a non-dimensionalized parameter for flow rate through 

the machine, where 𝑛 is the shaft rotation in rotations per second and 𝐷2 is the inner 

diameter of the pipe downstream of the pump. The head rise coefficient, 𝜓, is given by, 
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𝜓 =  

𝑝
𝑡,2

− 𝑝
𝑡,1

𝜌𝑛2𝐷2
2 =  

(𝑝
𝑠,2

− 𝑝
𝑠,1

) +
1
2

𝑄2 [
1

𝐴2
2 −

1

𝐴1
2]

𝜌𝑛2𝐷2
2  

(1.3)  

The head rise coefficient is important as it describes the essential task of a pump, which is 

to increase head or pressure. If the head rise coefficient drops significantly, the machine is 

not performing as desired. The total pressure head, in Equation 1.3, is given by the pressure 

at the nozzle, 𝑝𝑡,2, minus the inlet total pressure, 𝑝𝑡,1. Experimentally, it is simplest to 

measure the static pressure head, via static pressures, 𝑝𝑠,2 and 𝑝𝑠,1, upstream and 

downstream of the pump. Dynamic head is then calculated using the flow rate, 𝑄, and 

known geometry of the pump: cross-sectional areas, 𝐴2 and 𝐴1.  

Pump performance is typically described in terms of these dimensionless flow and 

head rise coefficients for non-cavitating flow, while cavitation number versus the head 

coefficient at a fixed flow rate is used for a cavitating flow (Acosta 1958). By maintaining 

a constant flow rate, one may observe the change in head (a key performance parameter) 

in relation to cavitation effects by reducing the inlet pressure into the cavitation breakdown 

region. This strategy forms the core of the cavitation breakdown experimentation 

methodology performed on AxWJ-2 in this thesis. 

Figure 1-3 shows pump performance characteristics, for an arbitrary pump, plotted 

for both noncavitating (left) and cavitating (right) conditions. In the cavitating case, 

Brennan (1994) describes four different cavitation numbers of significance. The cavitation 

inception number, 𝜎𝑖, describes the inlet pressure point at which cavitation may be 

detected. The critical cavitation number, 𝜎𝑐, describes the inlet pressure point at which 

cavitation causes a notable performance change. The figure gives an example of a 3% head 

coefficient reduction. The breakdown cavitation number, 𝜎𝑏, describes the inlet pressure 
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for which complete breakdown of performance occurs. Note how the performance curve 

related to head coefficient drops drastically at this cavitation number. Because cavitation 

depends on nuclei population in the flow, the dissident cavitation number, 𝜎𝑑, (for which 

cavitation disappears as pressure is increased) may be larger than the pressure for which 

cavitation inception occurred.  

 

Figure 1-3:  Performance plots for a generic pump to demonstrate noncavitating performance with head 

coefficient plotted versus flow coefficient (left), as well as cavitating performance with head coefficient 

versus cavitation number (right) (Reproduced from Brennan 1994). 

 

For the purposes of this thesis, the critical cavitation number, 𝜎𝑐,  and breakdown 

cavitation number, 𝜎𝑏, are of greatest interest. One may imagine applications in which no 

cavitation is desirable, such as a mechanical heart pump, or a naval vessel propulsion 

desiring minimal noise production. In that case, the cavitation inception number, 𝜎𝑖, would 

be crucial to identify.  

1.2 Literature Review  

 

The degradation of turbomachinery performance due to cavitation and cavitation 

breakdown became a prominent research focus during the late 1950’s and early 1960’s as 
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the development of liquid-rocket propulsion systems expanded. Since cavitation limits the 

speed at which a pump may run, the minimum required inlet pressure must be considered 

in pump design so that it can be made as small as possible (Acosta 1958). This prediction 

enables the pump to be designed for a larger operating range without encountering 

deleterious effects related to cavitation, such as stall, choke, surge and other instabilities.  

Tsujimoto (2013) describes the four primary instabilities associated with hydraulic 

turbomachinery: surge, rotating stall, cavitation surge, and rotating cavitation. Brennan 

(1994) also provides a thorough review of unsteady flow problems for liquid 

turbomachines. Surge and rotating stall are known to occur when the pump performance 

curve has a positive slope, such that the flow rate is below design condition (Greitzer 1976). 

The cavitation related instabilities, cavitation surge and rotating cavitation, may occur at 

any flow rate. Each phenomenon poses detrimental effects to pump performance, as well 

as induced vibrations (ie. Shimura et al. 2004, Semenov et al. 2004), noise (ie. Neill et al. 

1997, Chudina 2003), and potential structural damage to the machine (Philipp and 

Lauterborn 1998, Dular et al. 2004).  

While other adverse instabilities and cavitation-related phenomena in 

turbomachines exist, cavitation breakdown is particularly dangerous because it occurs both 

suddenly and severely. The effects of breakdown may be best described as a form of 

cavitation induced choking which occurs in axial turbomachines below a certain pressure, 

or cavitation number, threshold. Various explanations behind the mechanism of cavitation 

breakdown have been presented in literature. These explanations differ from each other in 

identifying and describing the mechanism for cavitation breakdown which supports further 

studies in the field. For example, Jakobsen (1964) investigated the mechanism of head 
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breakdown (cavitation breakdown) in cavitating inducers and concludes that the 

performance breakdown is caused by Mach number effects. These effects are from acoustic 

shocks within the cloud cavitation. The author justifies the theory using suction 

performance characteristics of a pump with both water and liquid oxygen as flow media, 

as well as theoretical calculations to show the possibility of Mach number effects. It is 

argued that the velocity of sound in the two-phase mixture, in the form of vapor bubbles 

and liquid, is much lower than either the vapor or liquid alone. Therefore, the low acoustic 

velocity allows for shock phenomena.  

Pearsall (1973) provides a design procedure to obtain good cavitation performance, 

and also makes an assertion on the mechanism of cavitation breakdown. Pearsall 

hypothesizes that when the cavity from the leading edge of a blade reaches the blade 

overlap region, a blockage of the passage occurs. Furthermore, if the cavity is lengthened 

then blade passage choking occurs, wherein local velocities increase and pressures reduce 

to choke the flow, which results in total breakdown of performance. The hypothesis is 

based on a theoretical model of a two-dimensional cascade using linearized potential flow 

theory. It is substantiated by noting the sudden drop of lift at a critical cavitation number, 

, as well as visual observations of pump cavitation.  

Lindau et al. (2012) performed Reynolds Averaged Navier-Stokes (RANS) 

simulations of flow through an axial flow waterjet, (the same AxWJ-2 examined in the 

present thesis) in which powering iteration methodology was used to model various flows, 

including cavitation breakdown. The study concluded that for ducted devices, as in 

waterjets, flow breakdown should correspond with cavitation choking in the rotor passage. 

The computational results identified the choking to occur when the cavitation on the blade 
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surface extends to its trailing edge, creating a flow blockage. Thus, when the exit region of 

the rotor passage reaches a saturated pressure, the flow is choked and cavitation breakdown 

occurs. This study is of particular interest having been conducted on AxWJ-2.  

Most recently, Tan et al. (2015) argues that cavitation breakdown occurs due to the 

formation of perpendicular cavitating vortices (PCV’s) which degrade blade loading and 

block the tip region of the rotor passage. The experimental data taken to justify the 

argument are from AxWJ-2 testing in same facility at Johns Hopkins as in this thesis. Tan 

observed tip leakage vortices (TLV’s) entrain cloud cavitation on the blade suction side; 

this entrainment becomes aligned perpendicularly to the blade surface creating PCV’s. The 

PCV’s are vortical cavitating structures which extend from the rotor tip gap and penetrate 

into the rotor passage, especially near the trailing edge. As the PCV’s extend deeper into 

the rotor passage, rapid performance degradation occurs. The theory is supported by high-

speed imaging observations of PCV formation, which always occur at breakdown.  

Additionally, casing pressure measurements identify a rapid decrease in blade loading near 

the tip at breakdown. 

Each theory on the mechanism of cavitation breakdown seems plausible, yet the 

theories are not in agreement. Thus, a conclusive explanation for the mechanism of 

cavitation breakdown does not exist. Researchers have also performed parametric studies 

of many pump design parameters and testing conditions. These parameters include fluid 

temperature, flow rate, rotor tip clearance, and blade solidity and geometry; such 

parametrizations are presented thoroughly in a review by Arndt (1981) and by a 

comprehensive work on pump hydrodynamics in Brennan (1994). One particularly 

interesting result is the effect of solidity on breakdown. Low solidity machines exhibit very 
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delayed breakdown mechanism, while higher solidity machines experience sharp 

breakdown characteristics. As such, open propellers tend to have more mild performance 

breakdown whereas high solidity ducted propellers experience sudden breakdown. This 

trend is evident through the performance plot in Figure 1-4, which is reproduced from 

Henderson and Tucker (1962).  

 

 

Figure 1-4: The effects of solidity on cavitation breakdown plotted as the 

performance of cavitation number versus head coefficient. For low solidity, the 

performance deterioration begins at a much higher cavitation number, but 

occurs much “slower.” Contrarily, higher solidities result in a sharp and sudden 

performance decrease but at a lower cavitation number (Figure reproduced from 

Henderson and Tucker 1962).  

 

Both passive and active control measures implemented to expand the operating 

range of turbomachines have shown minimal improvement for hydraulic machines. Passive 

control measures to delay stall mechanisms in turbomachines primarily utilize grooves, 

oriented either axially or circumferentially, around the rotor or inducers. For example, 

Takata and Tsukuda (1977) and Muller et al. (2011) show that circumferential grooves may 
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improve the stall margin of axial compressors. In hydraulic turbomachinery, Kang et al. 

(2010) demonstrated both experimentally and numerically that circumferential grooves 

may be used to confine and reduce backflow cavitating vortices upstream of an inducer. 

Choi et al. (2007) used axially oriented “J-Grooves” to leak fluid from an inducer blade 

pressure side to the suction side, achieving minimal improvement in suction performance 

before breakdown.   

Active control measures with a similar objective have been employed through a 

variety of means. Momentum injection involves injecting flow into the casing boundary 

layer upstream of the rotor to disrupt flow instabilities, as shown in Day (1993), Gysling 

and Greitzer (1995), Horn et al. (2009) and Nerger et al. (2012). Lee and Greitzer (1990) 

explored a combination of endwall suction and blowing to improve the stall margin. 

Manipulation of the inlet guide vanes (IGV’s) has also been used in efforts to reduce flow 

instabilities in Paduano (1993) and Hendricks and Epstein (1994). While many of the 

passive and active control measures successfully reduced flow instabilities, the increases 

in operating range are marginal. 

Many passive and active control measures have been implemented in attempts to 

expand the operating range of turbomachinery, in addition to extensive research into 

geometric and conditional pump parameterization. A focus on tip flows and passive control 

measures encompassed much of the previous research on the AxWJ-2 at Johns Hopkins 

University. The results from Tan et al. (2015), which attribute PCV’s to the cause of 

cavitation breakdown, inspired research on the use of circumferential grooves to disrupt tip 

leakage flow and the associated cavitation structures. Chen et al. (2016) conducted 

performance testing, on AxWJ-2, with circumferential grooves at three different rotor 
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chord length locations and found minimal improvement in cavitation breakdown 

performance; the experimental setup and performance tests are included in this thesis. 

While many attempts have been made to control cavitation through either passive 

or active means, the mechanism of cavitation breakdown is not well understood. As a 

result, there is considerable motivation to seek an explanation of how cavitation breakdown 

occurs in turbomachinery. By exploring this topic, new methods may be more efficiently 

implemented to better improve the operating range of turbomachinery affected by 

cavitation breakdown. 

1.3 Stereoscopic Particle Image Velocimetry (Stereo-PIV) Background 

 

 The primary results of this thesis are taken from stereoscopic particle image 

velocimetry (stereo-PIV) results so it is important to have a fundamental understanding of 

PIV, particularly stereo-PIV. In general, PIV in experimental fluid mechanics uses coupled 

images of particle-doped flow to characterize a flow’s velocity field. It is advantageous 

over other point-based flow measurement methods, such as laser Doppler velocimetry 

(LDV) or hot-wire anemometry, because it produces multi-dimensional results. A single 

camera may obtain two-dimensional PIV results, while stereo-PIV with two cameras 

provides three-dimensional results in a single plane. The fundamental process behind PIV 

is to obtain image pairs, which are then used to create image displacement vectors. Since 

the time step between the image pairs is known, the displacement vectors coupled with the 

known time step is used to determine the instantaneous velocity vectors in the field of view. 

By obtaining many image pairs, the results may be averaged into a velocity field which 

represents the average flow in a given view.  
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One important consideration introduced by the use of stereo-PIV is the Scheimpflug 

criterion, which requires the image plane, lens plane and object planes to intersect (as 

illustrated in Figure 1-5 (a)). Typically, a camera system is oriented such that the image 

plane, lens plane, and object plane are all parallel to one another. However, in stereo-PIV, 

the cameras are inclined to the object plane. In order to view the object plane in focus, the 

Scheimpflug criterion must be applied. Additionally, the cameras do not view the image 

plane perpendicularly, so there will be a distorted view along the object plane. As a result, 

the distorted images from each camera must be mapped into one dewarped image. While 

the image plane is in a cartesian grid, the object plane is distorted, as illustrated in Figure 

1-5 (b)).  

 

 

Figure 1-5: (a) Diagram of the image, lens, and object planes intersecting to satisfy the Scheimpflug 

criterion. Note that the lens plane is inclined, which represents how the lens must be angled to satisfy 

this criterion; and (b) A reproduction of Figure 6 from Prasad (2000), which shows how Cartesian 

grids in the image plane are stretched and mirrored vertically and horizontally.  
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1.4 Research Motivation, Postulation and Scope 

 

The motivation for the research presented in this thesis is to better understand the 

mechanism of cavitation breakdown in an axial turbomachine. Previous research within 

the Johns Hopkins University turbomachinery lab focused on the cavitation structures 

involved in cavitation breakdown, particularly tip leakage flow and perpendicular 

cavitating vortices (PCV’s) within the rotor blade passage (Tan et al. 2015).  

Observations show that rapid performance breakdown occurs when a sufficient 

pressure decrease causes the suction side attached sheet cavitation to extend into the blade 

overlap region. When the cavitation expands into the blade overlap region, the cavitation 

oscillates around the blade overlap region. A slight further decrease in pressure causes 

attached cavitation to rapidly expand, both axially and radially, to significant blade 

coverage. Performance breakdown occurs with this rapid expansion of cavitation coverage 

on the blade and subsequent large cavitation structures forming the blade overlap region. 

While it seemed these large structures were at the root of cavitation breakdown in AxWJ-

2 per Tan et al. (2015), moderate modulation of these structures using a circumferential 

groove located near the trailing edge provided minimal change. The structures were clearly 

affected (Chen et al. 2016), yet provided an insignificant performance improvement. As a 

result, further data should be collected at a more fundamental level to better understand the 

cavitation breakdown phenomenon. The objectives of the results of this present research 

are as follows: 

1) To measure the flow in the rotor passage at a full range of cavitation indices to 

elucidate the flow prior to, at the onset and during cavitation breakdown. 
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2) Use a cross-examination of cavitation images, velocity distributions and 

calculated pressure profiles to analyze the processes involved in the mechanism 

of cavitation breakdown.  

These objectives are met through high-speed imagery, performance tests and 

stereoscopic PIV measurements at decreasing cavitation indices, from minimal cavitation 

through significant cavitation-related performance degradation. Stereo-PIV measurements 

focus on the flow along the blade pressure side in the tip region, which is accessible in spite 

of extensive cavitation structures. Furthermore, mean pressure distributions may be 

calculated using the Bernoulli equation in the rotor reference frame.  

Chapter 2 describes both the Johns Hopkins flow tunnel facility, as well as the axial 

waterjet pump (AxWJ-2) test section. Chapter 3 describes the methods used to perform 

cavitation breakdown performance testing on the pump, flow visualization, and stereo-PIV 

measurements. Chapter 4 presents the results of performance testing, flow visualization, 

and the stereo-PIV measurements, and a discussion of the data interpretation. Finally, 

Chapter 5 presents final conclusions regarding the experimentation and analysis. 
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Chapter 2      Experimental Facility 
 

 The experiments were conducted in the refractive index matched, closed-loop flow 

tunnel facility at Johns Hopkins University. Measurements were performed on a Navy 

waterjet pump, Axial Waterjet 2 (AxWJ-2), as the test section. Refractive index matching 

of the test section and the fluid provides optical access for high-speed visualizations and 

velocity measurements, which would otherwise be obstructed on a typical pump. The 

facility is shown in Figure 2-1, with further descriptions of the facility in the following 

sections of this chapter.  

 

 

Figure 2-1: (a) Johns Hopkins refractive index matched facility diagram with axial waterjet pump installed, 

viewed from the top; and (b) facility side view showing nitrogen-NaI interface tank. 

 

2.1 Flow Tunnel Facility  

 

The Johns Hopkins University flow tunnel facility is a closed loop system designed 

for performance testing and flow evaluation of turbomachinery. The most essential feature 

of the facility is the refractive index matching. Refractive index matching enables high-

speed imaging or particle image velocimetry data collection with relatively little optical 

obstruction. This characteristic is achieved by matching the refractive index of the 
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turbomachine’s acrylic blades and casing with that of the fluid (Uzol et. al. 2002). For the 

present experimentation, a black anodized aluminum rotor blade was used instead of the 

acrylic rotor. The aluminum rotor blade sufficiently withstands the harsh forces associated 

with cavitation tests.  

 The fluid is a concentrated, aqueous solution of sodium iodide (NaI), 62% to 63% 

by weight. The refractive index of the fluid is 1.49, which is maintained by adjusting the 

salt concentration. The specific gravity is 1.8 and the kinematic viscosity, v, is ν = 1.1×10-

6 m2 s-1 (Bai and Katz 2014). The vapor pressure of the NaI solution is slightly lower than 

that for pure water, as shown in Figure 2-2. The data from the figure are from Patil et al. 

(1991) and Borgnakke and Sonntag (2009), while the figure is reproduced from Tan et al.  

(2015).  

 
Figure 2-2:  Vapor pressure as a function of temperature for both water and the sodium 

iodide solution used in the facility (Reproduced from Tan et al. 2015). 
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 While the test section rotor drives the tunnel flow, the turbomachine itself is driven 

by a 45 kW (60 HP) electric motor located outside of the loop, pictured in the bottom right 

of Figure 2-1 (a). The motor is connected to the turbomachine by a 50.8 mm diameter shaft, 

supported at 3 locations: a cooled ball bearing, a bushing, and a ball bearing within the 

stator hub. An encoder connected to the shaft enables the machine’s rotation to be 

synchronized with the lasers and cameras. The flow induced by the test section is 

supplemented by a 20 horsepower auxiliary motor (pictured in the top right of Figure 2-1 

(a)). The test section inlet flow is smoothed by a settling chamber with an internal diameter 

of 381 mm. Two honeycomb sections within the settling chamber reduce flow non-

conformities and large scale turbulence at the pump inlet. Outside of the test section, the 

loop is comprised of 304.8 mm inner diameter steel (galvanized or stainless) pipe sections.  

 Other than the pump flow speed, there are several controllable factors impacting 

loop performance; these include fluid temperature, loop resistance, and pressure control. 

In order to control fluid temperature, three cooling sections with double wall pipes are 

located in the loop. In order to maintain refractive-index matching, as well as consistent 

viscosity, the loop temperature must remain relatively constant. When run in typical testing 

conditions, the fluid temperature rises rapidly. The three cooling sections negate the 

temperature rise, by serving as heat sinks. The fluid temperature is monitored at each data 

point for a proper calculation of vapor pressure, yet, as shown in Figure 2-2, maintaining 

the temperature within a range where the fluid’s vapor pressure does not change 

significantly is very important. The loop resistance may be adjusted to adjust the loop flow 

rate and pressure drop. The resistance is changed using different combinations of meshes 

and perforated plastic disks via the adjustable value in the top left of Figure 2-1 (a).  
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 The mean pressure of the loop is controlled using a vacuum pump and a compressed 

nitrogen supply, shown in (b) of Figure 2-1. The interface between the NaI solution and 

the nitrogen is delivered by a compressed nitrogen tank, which allows for pressurizing and 

de-pressurizing the loop. This feature is critical for the cavitation experiments where it is 

required to lower the mean pressure of the loop as a means of controlling cavitation index. 

Likewise, for some high-speed imaging, it is desirable to reduce bubbles in the flow so the 

pressure may be raised. For purposes of pressure transducer calibration and pressure 

measurements, a system of tubing is implemented which connects the loop pressure ports 

to the pressure transducers, as well as a U-tube manometer. The pressure measurement 

schematic is presented in Appendix A. 

 As discussed earlier, the index-matched facility enables optical access to the pump 

without blockage, distortion or reflection when using both the acrylic blades and casing. 

The setup enabled flow and turbulence observation in wake-blade and wake-wake 

interactions in axial turbomachines (e.g. Uzol et al. 2003, Chow et al. 2005, Soranna et al. 

2006, 2008, 2010). Likewise, the leakage flow and tip leakage vortices in axial 

turbomachines have been elucidated in this facility (e.g. Miorini et al. 2011, Wu et al. 2010, 

2011, 2012, Tan et al. 2014, 2015). In the present experimentation, the focus shifts to 

passage flow velocity measurements during cavitation breakdown, so an aluminum rotor 

is used.  

2.2 Axial Waterjet Pump, AxWJ-2 

 

 The axial waterjet pump, AxWJ-2, is designed by the Naval Surface Warfare Center 

– Carderock Division (NSWCCD) as described in Michael et al. (2008). While primarily 

designed as a model for testing, the engineers developed the pump based on a notional 



 21 

high-speed ship. For the Johns Hopkins University index matched flow facility, the pump 

was manufactured at model scale with a 12-inch (304.8 mm) inlet diameter (Michael et al. 

2008). The pump’s acrylic casing and blades provide optical refractive index-matching 

with the test loop fluid. Figure 2-3 provides a diagram of the AxWJ-2 pump. 

 

 

Figure 2-3:  Diagram of the axial waterjet pump, AxWJ-2, designed by Michael et al. (2008). 

 

 To determine the flow rate coefficient (based on Equation 1.3), based on the static 

head rise,  𝑝𝑠,2 and  𝑝𝑠,1 for AxWJ-2 are measured using a differential pressure transducer 

connected to the pressure ports at the outlet (B) and the inlet (A), shown in Figure 2-3. 

Downstream at (B), there are five pressure ports to account for stator wake effects. The 

volumetric flow rate, Q, is calculated via integration of the radial profile of axial velocity. 

This radial profile is measured by radially translating a pitot tube, which is located 

downstream of the test section and far from any corners. As a result, the uncertainties 

associated with the head rise and flow rate coefficients are approximately 1.2% and 1.7%, 

respectively.  
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 The AxWJ-2 rotor has 6 blades, with an 8 blade stator. To prevent secondary flow 

structures, the rotor is designed to have a constant pressure distribution along its surface at 

design conditions. The rotor diameter is 303.8 mm, with a casing diameter of 305.2 mm, 

resulting in a nominal tip clearance of 0.7 mm. The rotor tip chord length is 274.3 mm. 

Table 2-1 lists the relevant geometric parameters of the AxWJ-2 test section in detail. Note 

that the angular velocity, and associated parameters, is held constant for all experiments.   

 

Table 2-1:  Geometric parameters of AxWJ-2. 

 

 

Number of rotor blades 6 

Number of stator blades 8 

Tip profile chord length, c 274.3 mm 

Tip profile axial chord length, CA 127.4 mm 

Stagger angle,  27.7° 

Rotor diameter, DR 303.8 mm 

Casing inner diameter, D 304.8 mm 

Casing diameter, D1 305.2 mm 

Outflow section diameter, D2 213.4 mm 

Tip clearance, h 0.7 mm 

Tip clearance ratio, 2hD-1 4.6×10-3 

Blade pitch at the tip,  159.1 mm 

Solidity at the tip, c-1 1.72 

Rotor angular velocity,  (n) 94.2 rads-1 (900 rpm) 

Tip velocity, UT 14.36 ms-1 

Tip profile Reynolds number, Rec 3.6×106 
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 Figure 2-4  (a) shows the AxWJ-2 rotor and stator in the acrylic test section. Note 

the large, flat surfaces on the casing exterior, which are ideal to mount optics and cameras 

for visualization and PIV. Figure 2-4  (b) shows the black anodized aluminum rotor blade, 

which is installed in the AxWJ-2 test section for the present experiments. While the 

aluminum rotor does not provide the refractive index matched properties of the acrylic 

rotor, it withstands the severe conditions of cavitation tests at breakdown unlike the acrylic 

rotor. Flow instabilities at the worst-case cavitation tests cause severe damage to the acrylic 

parts; even the aluminum rotor shows some minor signs of cavitation pitting.  

 In order to facilitate flow measurements and to employ analysis, a coordinate 

system must be applied. The pump measurements are analyzed in a cylindrical coordinate 

system, (r, , z). Figure 2-4 (c) shows the orientation of the positive circumferential 

direction, or -direction, which corresponds to the direction of shaft rotation. The z-axis 

runs co-axially with the shaft centerline, where it is positive in the upstream direction. 
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Figure 2-4: (a) AxWJ-2 with the black anodized aluminum rotor (right) and stator (left) within the acrylic 

test section. Flow is from right to left in the photo orientation; (b) Black anodized aluminum rotor blade for 

the AxWJ-2; and (c) Schematic depicting coordinate orientation and rotor direction of rotation.  
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 As discussed in the introduction, the Johns Hopkins turbomachinery lab has 

experimented with circumferential grooves at various chord-length locations within 

AxWJ-2 as part of an investigation to disrupt tip leakage flow and thus cavitation 

breakdown. Figure 2-4 (a) shows the AxWJ-2 diagram with the circumferential groove 

installed at the leading edge. The AxWJ-2 casing is modified to accept the circumferential 

groove inserts. The groove placement is determined by installing the appropriate 6.35 mm 

thick casing inserts and rings in the rotor portion of the test section. Figure 2-5 (b) shows 

the three parameterizations of the circumferential grooves (CG) as they relate to chord 

length location. In the present experimentation, the smooth wall baseline insert is utilized. 

 

 

 

 

 

 

 

Figure 2-5: (a) AxWJ-2 diagram showing the leading edge, CG1, placement of the circumferential groove 

and (b) Circumferential groove (CG) configurations as inserted into AxWJ-2. 
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 The AxWJ-2 performance curve is presented in Figure 2-6, with data from 

Chesnakas et al. (2009), the baseline performance testing, as well as the 3 circumferential 

groove performance curves. Referencing Figure 2-5, CG1 is at the leading edge, CG2 is 

mid-chord, and CG3 is at the trailing edge. The plot shows consistent results in the baseline 

case with Chesnakas et al. (2009), while extending the performance measurements into 

lower flow rates.  

 
Figure 2-6:  Performance curve for AxWJ-2 based on data from the baseline performance 

testing, the three circumferential groove locations, as well as data from Chesnakas et al. 

(2009). 
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Chapter 3 Experimental Methods 
 

  This chapter describes the methods of cavitation breakdown characterization by flow 

visualization, as well as stereoscopic particle image velocimetry.  It includes discussion of 

cavitation breakdown performance and visualization methods, and the process of recording 

stereo-PIV data and the associated image processing. Performance testing is described in 

the first section; however, performance results were also obtained throughout the stereo-

PIV experimentation. In the results, flow visualizations and stereo-PIV are each paired with 

the corresponding performance testing. While it is impractical to record flow visualization 

and stereo-PIV results at the exact same cavitation index, each is compared for very similar 

indices.   

3.1 Cavitation Breakdown Visualization and Performance  

 

 Prior to conducting stereo-PIV, various flow visualization experiments and 

performance tests were conducted on AxWJ-2 in order to gain better understanding of the 

formation and role of cavitation structures prior to and during cavitation breakdown. To 

perform the cavitation breakdown tests, the loop mean pressure is incrementally reduced 

across a range of cavitation indices; these indices span from conditions far above 

breakdown through severe performance breakdown. Pump speed is held constant at 900 

rpm. Since the selected data points are based on the mean pressure in the loop, the 

machine’s measured inlet pressure provides the cavitation index for the given condition. 

The head rise coefficient and the flow rate coefficients are calculated for the cavitation 

numbers prior to and during cavitation breakdown. To reiterate, these coefficients are 

calculated from pressure measurements, as well as flow rate measurements, per equations 

1.2 and 1.3.  
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  Simultaneous to the cavitation breakdown performance tests, high-speed imaging is 

recorded for each condition.  Figure 3-1 shows the experimental setup for high-speed flow 

visualization. The cameras are a pair of high-speed PCO Dimax CMOS cameras with a 

resolution of 2016 x 2016 pixels. The flow field is illuminated using continuous halogen 

lamps. Camera 1 (Cam 1) records the perspective view of the entire blade passage at 1800 

frames per second and a resolution of 1344 x 2016 pixels. Camera 2 (Cam 2) records the 

suction side of the blade tip leading edge at 5400 frames per second and a resolution of 768 

x 588 pixels. Additionally, a prism mounted on the exterior of the casing is used for Camera 

2 due to the sharp viewing angle. Since cavitation structures are clearly visible even to the 

naked eye, the high-speed imaging provides a great deal of information regarding what 

occurs at a given performance condition.  

 

Figure 3-1:  A diagram of the AxWJ-2 flow visualization setup. Cam 1 views the entire blade passage, 

while Cam 2 views the suction side blade tip. 
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3.2 Stereo-PIV Methods 

 

  The stereo-PIV experiments in the pump were conducted to elucidate the flow 

within the rotor passage. While obtaining velocity data for the whole passage is ideal, the 

available viewing planes are limited by a number of factors. Firstly, cavitation limits the 

optical access in the passage both due to reflection as well as cavitation structures 

obscuring the view. Specifically, the suction side tip leakage vortex cavitation must be 

avoided. Additionally, the shape of the rotor blades makes it difficult to access the passage, 

for both the laser sheet, as well as the camera views. As a result, stereo-PIV measurements 

were performed at four planes located around the blade leading edge, separated by 10% of 

the blade spacing. For each cavitation index, 200 image pairs are recorded at each plane. 

The rest of this section describes the stereo-PIV apparatus and experimental method. 

  The stereo-PIV conducted on the waterjet pump test section required a relatively 

simple mounting structure to properly position the pair of stereo-PIV cameras and the high-

power laser. The cameras are PCO 2000, 2048 x 2048 pixel CCD cameras and the light 

source is an EverGreen Big Sky 200 532 nm Nd: YAG laser. The mounting system was 

built out of aluminum beams. The laser is mounted above the rest of the system so that the 

beam must only be redirected once and is above the line-of-sight of the experimenters for 

safety considerations.  

  The experimental setup is presented in Figure 3-2, in which a view of the cameras 

positioned over the test section is presented in the left image. Additionally, the prism which 

the laser sheet is directed through sits on top the test section. The traverse system which is 

used to translate the camera position is also labeled. In the right image, a view from farther 

away shows the laser and optics rail position above the test section.  
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 The laser beam passes through a series of optics to focus the beam and to then 

expand the light source into a light sheet to illuminate the object plane. The optics include 

a diverging lens, a converging lens, and a cylindrical lens. These optics are mounted on 

rails directly in front of the laser for ease of alignment. The final optical device on the end 

of the rail is a mirror to direct the laser sheet downwards onto the desired plane in the test 

section. The system of aluminum beams that form the mounting apparatus are carefully 

positioned so that they are not in contact with the pipes of the loop or the test section; any 

contact causes significant vibration for both the optics as well as the cameras. The optics 

are shown in Figure 3-3.  

 

Figure 3-2: Photos of the experimental setup at the test section. On the left, the camera pairs are shown aimed 

into the prism and test section. On the right, the laser position above the apparatus is visible. 
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 The light sheet is adjusted so that it expands from the rotor blade tip to the suction 

side of the neighboring blade, perpendicular to the passage flow. This leading edge position 

serves as reference plane for the other planes recorded; with the light sheet oriented at this 

position, it may then be translated within the rotor passage to record data at multiple planes. 

The plane is translated by increments of 10% of the blade spacing in both the upstream and 

downstream directions of the leading edge plane, two upstream and one downstream. The 

translation is conducted by altering the delay of the system such that the data are recorded 

for a different rotor phase, not by physically translating the plane.  

Figure 3-3: Optics placement to direct the laser beam into the project laser sheet. The laser beam 

enters form the left, passing through a diverging lens and a converging lens to focus the beam, a 

cylindrical lens to spread the beam into a sheet, and finally the mirror directs the sheet downwards 

onto the desired plane in the test section.  
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 While it is not ideal for the highest velocity component to be in the out-of-plane 

direction, the light sheet placement is constrained by optical access to the passage. One 

should note that for analyzing the stereo-PIV data obtained in this orientation, the results 

must have a coordinate transformation applied to obtain results in the cylindrical coordinate 

system. As acquired, the results are in a local Cartesian plane corresponding to the laser 

sheet position. A transformation from the local Cartesian to system to the pump’s global 

cylindrical system is required. This coordinate system transformation is presented in 

Appendix B. Additionally, the laser sheet goes through a prism located on the top of the 

test section. A layer of NaI solution is injected between the prism and the test section to 

prevent refraction at the interface. The laser light sheet illuminates the seeding inserted into 

the flow, which are 13 micron, silver-coated, hollow spherical particles. The particles have 

a specific gravity of 1.6, compared to a slightly higher fluid specific gravity of 1.8. The 

light sheet placement is displayed in Figure 3-4 via a top view of the test section. 

 

 

Figure 3-4: Top view of the laser sheet placement within AxWJ-2. Additionally, 

both cameras as well as the prism are in the view.  
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 Figure 3-5 provides a 3-D rotor image with the locations of each of the 4 planes; 

the leading edge plane is illuminated as the brightest, while the others are presented 

translated by increments of 10% of the blade spacing.  

 

Figure 3-5:  Laser sheet placement within AxWJ-2, demonstrating all four 

planes. The leading edge plane serves as a reference plane, seen 

illuminated in a brighter green.  

 

 Figure 3-6 shows a graphical representation of the laser sheet placement in relation 

to the neighboring blades, as well as the constraint by the TLV trajectory. The measurement 

planes are shifted by 10% of the blade spacing, which is controlled by adjusting the 

sampling delay on the encoder. As a result, no physical translation must be done to 

illuminate a different plane. The sample plane location changes simply by recording data 

at a different rotor blade phase. 
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Figure 3-6: Laser sheet placement within AxWJ-2 shown as a function 

of position axially in the passage (normalized by R, pump radius), as well 

as chord location, s/c. The TLV trajectory (pink) shows the limitation of 

optical access near the blade suction side. 

 

  The pair of CCD cameras were placed symmetrically on opposite sides of the 

illuminated plane in the rotor blade passage. Since the cameras view the plane from an 

angle, the lenses are inclined by the Scheimpflug angle. The cameras were mounted on the 

same beam apparatus as the laser, but on a 3-dimensional traverse system. The traverse 

system is important because, while the refractive index-matched facility enables excellent 

optical accessibility to the flow, it is still not possible to calibrate the cameras within the 

closed loop. Therefore, the cameras must be calibrated externally of the test section. The 

traverse enables the cameras to be mechanically raised and lowered between positions for 
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calibration and experimental measurements.  

  The stereo-PIV calibration method follows the steps outlined by Wieneke (2005), 

which enables calibration of stereo-PIV for experiments conducted within a closed 

measurement volume. The calibration outside of the test section is conducted as follows: 

with the laser in its desired position, safely in alignment mode, the camera pair is translated 

upward by a given amount. A transparent box with an open top is positioned on the top of 

the turbomachine and filled with the NaI solution. A dotted calibration target plate (1 mm 

dots, 2 mm dot spacing) is mounted in the box to mimic the field of view inside the test 

section, only translated upward. Using the laser sheet, as well as the camera field of view, 

the calibration plate is positioned to align with the laser sheet. Calibration images are then 

recorded at 3 locations; the 3 sets of images are then processed in a commercial PIV 

software, LaVision DaVis. After the calibration is complete, the box is removed, the 

cameras are translated downward to their original position and the prism is re-positioned 

for imaging of the test section.  

  One may observe that it is very difficult to perfectly align the calibration plate with 

the laser sheet. Due to the difficulty of attaining a highly accurate calibration based on the 

previous method alone, a second calibration is performed using a self-calibration method. 

Through self-calibration, experimental data are used to further refine the previous 

calibration by creating a set of disparity vectors. These vectors identify the position of the 

light sheet and generate the appropriate mapping function. Wieneke (2005) shows that even 

if the calibration plate is not well aligned with the light sheet, it is possible to obtain 

accurate mapping functions. Thus, this two-step procedure enables proper calibration even 

though the measurements are taken inside the closed volume of the test section. 
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For stereo-PIV, and to an extent for flow visualization, excessive cavitation just 

before and during breakdown serves as a significant limitation to data collection. In the 

case of flow visualization, viewing the cavitation was desired, however, the growth of 

cavitation structures required the cameras to be positioned in a way so as to maximize their 

viewing. The cavitation more significantly affects the PIV cameras. Cavitation reflects the 

laser light source, which blocks the viewing in any area impeded by cavitation. Since the 

cameras used are CCD, they are vulnerable to lens burn. An abnormally bright spot in the 

image, such as that caused by a reflection of the high-power laser, could damage the 

camera. While typically cavitation would be avoided for PIV measurements by increasing 

the loop mean pressure, the objectives set forth for this data collection require PIV 

measurements to be conducted even during excessive cavitation. 

The stereo-PIV measurements were recorded at 4 different planes around the 

leading edge of the blade passage, at a total of 6 pressures. While the passage data are of 

most interest, the furthest downstream measurement plane with a sufficiently large field of 

view is only 10% of the blade spacing into the passage. The planes ahead of the leading 

edge provide much less insight regarding the breakdown mechanism. Each plane is 

separated by 10% of the blade spacing. From a reference of the leading edge, one plane is 

measured further into the passage and two planes are measured ahead of leading edge 

plane. Each different pressure measurement corresponds to a different cavitation index to 

elucidate the full breakdown process from minimal cavitation to performance breakdown. 

The 532 nm Nd:YAG laser double-pulses illuminate the sample plane, while the pair of 

CCD cameras obtain image pairs at an interval of 20 microseconds. For each location and 

pressure, a total of 200 image pairs were recorded. The field of view is 75.3 by 114.8 mm2. 
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Figure 3-7 provides an instantaneous snapshot of the system during testing, and mid-laser 

pulse, to further visualize the setup.  

 

 

 

 

 

 

 

 

Figure 3-7: The photo demonstrates an instantaneous illumination of the pump 

from a laser pulse during stereo-PIV recording for  = 0.166, which correlates to 

performance during cavitation breakdown. 
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3.3 Stereo-PIV Image Processing 

 

 The stereo-PIV image processing turns the raw image pairs from the two cameras 

into real world images using information from each camera, which are then analyzed to 

produce vector fields. With 200 instantaneous realizations for each location and pressure, 

instantaneous results as well as averaged results are available. A commercial imaging 

software, DaVis, produced by LaVision, is utilized for image processing.  

First, a pre-processing step is used to remove background noise from the images 

and to perform contrast enhancement. The background noise is removed by subtracting an 

average of all of the images from each image. By removing the average image, each image 

quality is improved because bubbles or scratches in the view are subtracted. Furthermore, 

Modified Histogram Equalization (MHE) is performed using Matlab code, based on Roth 

and Katz (2001), to provide contrast enhancement. Once these pre-processing steps are 

complete, the enhanced images are processed using the DaVis software. The enhanced 

stereo-PIV images are loaded into DaVis and have the calibration applied. Then a multi-

pass cross-correlation procedure produces the desired velocity vectors. For the present 

results, the cross-correlation is performed using an overlap between interrogation windows 

of 50%, a final interrogation window size of 24 x 24 pixels, and vector spacing of 0.41 

mm. Post-processing is conducted using universal outlier detection (Westerweel 2005). As 

discussed earlier, a coordinate transformation is used to transform the images from a 

Cartesian system in the laser sheet plane into a cylindrical system in the rotor reference 

plane. After this coordinate transformation, the results are plotted for analysis. An example 

of the transition from a de-warped image to a processed result is presented in Figure 3-8. 
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Figure 3-8: Example of transition from dewarped stereo-PIV image (left) to processed result (right). Each 

perspective is from the downstream location. The field of view is bounded by the blade pressure side on 

its left and the blockage from cavitation on the right. The top of the field of view is the end wall casing. 

The hub is far from the bottom of the field of view.  

 

The pressure results provide essential information to interpret the blade loading 

along the pressure side; the pressure is calculated from the Bernoulli equation in the rotor 

frame of reference, given by, 

 𝑝1 +
1

2
𝜌𝑊1

2 = 𝑝2 +
1

2
𝜌𝑊2

2 =  𝑃𝑜,𝑟𝑒𝑙, 
(3.1) 
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where, 𝑃𝑜,𝑟𝑒𝑙 is the stagnation pressure of the relative flow and W is the velocity in the rotor 

reference frame (Lakshminarayana 1996). Furthermore, it is important to consider the 

radial motion of the motion, which adds a third term to the Bernoulli equation,  

 𝑝1 +
1

2
𝜌𝑊1

2  − 
1

2
𝜌(𝜔𝑟1)2 = 𝑝2 +

1

2
𝜌𝑊2

2 − 
1

2
𝜌(𝜔𝑟2)2, 

(3.2) 

where r is the radial coordinate and ω is the angular velocity. The calculation assumes the 

flow is incompressible, inviscid and steady in the rotor reference frame (Lakshminarayana 

1996). Per the stereo-PIV measurements, the radial velocity is very small so the streamlines 

do not move radially, i.e., r1~r2. Thus, the third term in the Bernoulli equation is neglected 

in the calculations. The pressure in the measurement plane, 𝑝2, is given by,  

 𝑝2 = 𝑝𝑖𝑛 +
1

2
𝜌(𝑣𝑖𝑛

2 +𝑈𝑇
2)  −  

1

2
𝜌(𝑊2)2, 

(3.3) 

where  𝑝𝑖𝑛 is the inlet static pressure from manometer reading, the second term is the inlet 

dynamic head (𝑣𝑖𝑛 =
𝑄

𝐴𝑖𝑛
, UT  = 𝜔𝑟), and the third term is the dynamic head in the pressure 

measurement plane, for which, 𝑊2 = √𝑈𝑟
2 + (𝑈𝑇 − 𝑈𝜃)2 + 𝑈𝑧

2, is the relative velocity 

magnitude. The velocity components 𝑈𝑟 ,  𝑈𝜃 and 𝑈𝑧 are obtained from the stereo-PIV 

measurements. The velocity triangles corresponding to the pressure calculations are 

presented in Figure 3-9. 
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Figure 3-9: Demonstration of vector triangles from the inlet into 

a rotor blade row. The inlet location is used as the reference 

point in the Bernoulli equation. Point 2 is defined as the 

measurement plane where the stereo-PIV data provides the 

velocity components used for pressure calculations. 
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Chapter 4 Results and Discussion 
 

This section presents both cavitation breakdown visualization and performance 

results, as well as the stereo-PIV measurement results and following discussion. For the 

rest of the presentation of results and discussion, the point at which the process of cavitation 

breakdown begins to occur is referred to as “breakdown onset”, while a notable decrease 

in performance is referred to as performance breakdown. The mechanism as a whole is 

referred to as cavitation breakdown; it is important to clarify the language used because 

significant changes in flow through the machine occur prior to any change in pump 

performance. Yet these changes are indicative that the breakdown process has begun and 

leads to cavitation breakdown.  

4.1 Cavitation Breakdown Visualization and Performance 

 

 The high-speed imagery provides visualization of cavitation structures that occur 

at decreasing cavitation indices for conditions before and during cavitation breakdown. 

Additional visualization of these structures has been published previously for the AxWJ-2 

(e.g. Tan et al. 2015, Chen et al. 2016). The referenced cameras, Camera 1 and Camera 2, 

are shown in Figure 3-1 and the associated experimental method is presented in section 

3.2. All of the flow visualization results presented in this section are from the baseline 

(smooth wall), high flow rate performance tests. The scope of this thesis is limited to the 

mechanism of cavitation breakdown for the smooth wall in AxWJ-2, however, the reader 

is directed to Chen et al. (2016) for extensive cavitation images with the circumferential 

grooves.  

Figure 4-1 shows an example of cavitation occurring within the rotor passage prior 

to cavitation breakdown and viewed from Camera 1. These conditions correspond to a 
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cavitation number, flow rate coefficient and head rise coefficient as labeled in the figure. 

The conditions are just prior to cavitation breakdown. Sheet cavitation forms from the 

leading edge of the blade and extends towards the leading edge, however, not as far as the 

blade overlap region. The neighboring blade is visible in the image just above the blade of 

interest. A cavitating tip leakage vortex (TLV) is developing from the tip leakage 

cavitation. Additionally, a perpendicular cavitating vortex (PCV) occurs further 

downstream. 

 

 

 

 

Figure 4-1: A sample image with labeled cavitation in the rotor 

passage from Camera 1. The blade outline is highlighted by the 

red lines. Cavitation structures are identified in white.  
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Figure 4-2 shows an example of cavitation occurring within the rotor passage for 

the same conditions described previously, however, viewed from Camera 2. This camera, 

per Figure 3-1, shows the suction side tip of the rotor blade. The sheet cavitation is present 

at the leading edge of the blade and into the cloud cavitation once it detaches from the 

blade. Additionally, the cavitating tip leakage vortex (TLV) is visible downstream from 

the tip leakage cavitation. 

 

 

 

 The cavitation structures change dramatically once cavitation breakdown occurs. 

Figure 4-3 shows the extent of cavitation via flow visualization at a full range of cavitation 

Figure 4-2: Labeled cavitation in the passage of the suction side rotor blade tip, viewed from Camera 2. Sheet 

cavitation, cloud cavitation, and a TLV are each present. 
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indices. Prior to cavitation breakdown, at 𝜎 = 0.405 in Fig 4-3 (a), the cavitation structures 

consist of primarily sheet cavitation. This type is characterized by its smooth, glossy nature 

and is seen on the leading edge of the rotor blade. Closer to breakdown at 𝜎 = 0.186 in 

Fig 4-3 (b), there is cloud cavitation farther downstream of the sheet cavitation, where the 

cavitation separates from the blade and develops cloud-like structures. However, the sheet 

cavitation does not extend to the blade overlap region. Additionally, TLV’s extend from 

the rotor tip gap and appear as a vortical structures which enters the passage. These TLV’s 

have been studied extensively in the turbomachinery lab (Tan et al. 2015). PCV’s appear 

just beyond the tip leakage cavitation.  

At breakdown, for 𝜎 = 0.171 in Fig 4-3 (c), the structures not only extend further 

into the rotor passage and into the blade overlap region but the sheet cavity also grows 

radially inward toward the hub. The sheet cavity’s size is characterized by an unsteady 

oscillatory pattern, expanding around the blade overlap region. A large performance drop, 

in both flow rate and head rise, is first noticed between 𝜎 = 0.171 in Fig 4-3 (c) and 𝜎 = 

0.160 in Fig 4-3 (d). At the onset of performance breakdown, the sheet cavity extends deep 

into the blade overlap region and its size remains steady. Cloud cavitation occurs in a 

majority of the passage, primarily beyond the beginning of the blade overlap region. The 

differences between (c) and (d) in Figure 4-3 show that, the sheet cavitation expands past 

the blade overlap region, a small change in pressure may cause a rapid expansion of the 

attached cavitation on the blade’s suction side. The attached cavitation does not extend as 

far as the trailing edge, except at the blade tip. Between 𝜎 = 0.160 in Fig 4-3 (d) and 𝜎 = 

0.155 in Fig 4-3 (e), the performance continues to drop and the cloud structures grow larger. 

In each of these cases beyond breakdown, the large structures in the passage rotate with 
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the rotor blades. It is also interesting to note that there is a noticeable reduction in the 

amount of cavitation visible between blades at the top of the pump versus those at the 

bottom, indicating that a small difference in pressure head affects the extent of cavitation. 

Likewise, a very small change in pressure in the system causes performance breakdown. 

 

 

  

Figure 4-3: Progression of cavitation breakdown through five different cavitation numbers, in decreasing 

order: (a) through (c) show cavitation prior to breakdown, while (d) and (e) are during breakdown. And (f) 

shows the corresponding flow rate coefficient versus cavitation number.  
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The oscillatory motion of the attached cavitation which occurs at breakdown onset 

is presented in Figure 4-4. The images shown are in the series of cavitation images 

separated by two blade passings in time, which correlates to 0.0222 seconds. The extent of 

attached cavitation of each blade in view oscillates significantly, surging and receding, 

from one time step to the next, indicative of the instability at breakdown onset. 

 

 

 

 

Figure 4-4: Oscillating suction side sheet cavitation at the onset of performance 

breakdown. All figures are for the same cavitation number, with the time step 

defined as Δt = 0.0222 seconds or 2 blade passing periods. 
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To highlight the difference in cavitation extent between results prior to and after 

cavitation breakdown, cases Fig 4-3 (b) and Fig 4-3 (e) are presented in direct comparison 

in Figure 4-5. The red lines outline the blade of interest, while the blue and green lines 

highlight the extent of cavitation present for both the sheet cavitation and tip leakage 

cavitation, respectively, before breakdown. These markings make it abundantly clear how 

much the cavitation grows after breakdown. 

 

 

Figure 4-5: (a) Extent of cavitation structures prior to breakdown; and (b) extent of cavitation structures after 

breakdown. The green lines highlight tip leakage cavitation prior to breakdown, while the blue lines highlight 

the extent of sheet cavitation prior to breakdown. The same lines are translated onto (b) to demonstrate how 

much the cavitation has expanded beyond the previous regions occupied by cavitation. 

 

For high or low flow rate cases, as well as each case of circumferential groove 

location, performance breakdown is characterized by a rapid deterioration in performance. 
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This rapid deterioration is represented graphically by the sharpness of the drop in both flow 

rate and head rise. Figure 4-6 shows the pump performance at cavitation breakdown 

parameterized by cavitation number and both the flow rate coefficient as well as the head 

rise coefficient. The performance tests were conducted for two different flow rates which 

are labeled in the figure. Note that all of the preceding cavitation images presented in this 

section are for the baseline, smooth wall at the high flow rate to match to the conditions of 

the stereo-PIV measurements. Additionally, the head rise peaks just before breakdown for 

the high flow rate case; this peak is noticeably absent for the low flow rate. For the low 

flow rate case, the drop-off appears to be slightly less sharp. This slight peak in 

performance just prior to breakdown has also been seen in Chesnakas et al. (2009), as well 

as Tan et al. (2015) in the same pump. 

 

Figure 4-6: Breakdown performance characteristics for, (a) Flow rate coefficient versus cavitation 

number; and (b) Head rise coefficient versus cavitation number. 



 

 50 

4.2 Stereo-PIV Results 

 

As presented earlier, the stereo-PIV measurements were obtained at four planes at 

the tip region of the rotor blade pressure side. The passage flow is of greatest interest to 

analyze how flow changes impact the machine performance because the velocity 

measurements may be used to calculate the pressure along the pressure side of the rotor 

blade to analyze blade loading. As such, the results presented in this section focus on the 

plane which is 10% of the blade spacing into the passage. The results of the velocity and 

pressure measurements presented are provided for specific cavitation indices of interest 

through the evolution of cavitation breakdown: a point with minimal cavitation (σ = 0.77), 

just before breakdown (σ = 0.18), at breakdown onset (σ = 0.17), after breakdown (σ = 

0.166), and further after breakdown (σ = 0.161). The results from the leading edge plane 

reinforce the results obtained at 10% of the blade spacing into the passage and are available 

in Appendix C. The planes from ahead of the leading edge are not included, as they do not 

contribute meaningfully to the analysis. In each data presentation, the spatial coordinates 

are normalized by the pump casing radius, R. The velocities are normalized by the blade 

tip speed, UT. The pressure is normalized in the same manner as the cavitation number, 

using the term 
1

2
UT

2. 

Figure 4-7 shows the cavitation breakdown performance plots, in terms of the flow 

rate and head rise, specific to the stereo-PIV experiments. Additionally, a reminder of the 

flow rate coefficient and head rise coefficient calculations are included as insets in the plot; 

Q is the flow rate, n is the pump rotation speed (rpm), and D is the pump diameter. Stereo-

PIV measurements were recorded at each cavitation index labeled in the figure. Consistent 

with the previous results obtained (per Figure 4-6), performance breakdown occurs when 
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the cavitation number drops below σ = 0.17. A small, yet notable improvement in the head 

rise occurs at σ = 0.17.  

 

Figure 4-7: Performance breakdown results for SPIV testing; (left) the flow rate coefficient as a function 

of cavitation number, and (right) the head rise coefficient as a function of cavitation number.  

 

The axial velocity, Uz, provides the streamwise velocity through the passage. The 

results at the location 10% of the blade spacing into the passage are presented in Figure 

4-8, for which (a) through (e) show the stereo-PIV data, (f) shows the performance results, 

and (g) and (h) show a 3-D rendering of the laser sheet within the rotor passage. Each 

stereo-PIV result is presented in an identical or similar manner for ease of interpretation. 

At non-cavitating conditions and until the cavitation index just before breakdown, 

very little change occurs in the axial velocity. Yet, at breakdown onset, σ = 0.17, the flow 

accelerates significantly. The velocity increases across the entire field of view in the 

passage, and by approximately 6% along the pressure side of the blade. The flow rate does 

not change, while head rise increases slightly. Further reduction in the cavitation index 

from σ = 0.17 to σ = 0.166 results in performance breakdown; flow rate is reduced and 

head rise drops significantly. The velocity, Uz, in the main passage decreases, while 
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decreasing in the tip region indicating a flow blockage. A further minor decrease in 

cavitation index, from σ = 0.166 to σ = 0.161, results in more flow decrease in the tip 

region. The flow deeper in the passage is also reduced in velocity, but not as significantly 

as in the tip region.  

 

 

 

Figure 4-9 provides the results from the circumferential velocity distribution at the 

location 10% of the blade spacing into the passage. The circumferential velocity, Uθ, also 

Figure 4-8: Stereo-PIV results for Uz, normalized by UT. Cavitation indices decrease from left to right, for 

(a) no cavitation condition, (b) just before breakdown, (c) at breakdown onset, (d) after breakdown, and (e) 

further after breakdown; (f) The head rise performance plot is labeled to correspond to the selected stereo-

PIV results; and Three-dimensional views of the measurement plane, 0.1 blade spacing into the passage, are 

shown from the front (g) and rear (h). 



 

 53 

increases at breakdown onset, from σ = 0.180 to σ = 0.17. Yet, further into breakdown there 

is no significant change from σ = 0.170 to σ = 0.166 or from σ = 0.166 to σ = 0.161.  

 

 

 

Figure 4-10 provides the results from the radial velocity distribution at the location 

10% of the blade spacing into the passage. The radial velocity, Ur, is very small across the 

full evolution of cavitation indices through breakdown. Even at the onset of performance 

Figure 4-9: Stereo-PIV results for U, normalized by UT. Cavitation indices decrease from left to right, for a  

(a) no cavitation condition, (b) just before breakdown, (c) at breakdown onset, (d) after breakdown, and (e) 

further after breakdown; (f) The head rise performance plot is labeled to correspond to the selected stereo-

PIV results; and Three-dimensional views of the measurement plane, 0.1 blade spacing into the passage, are 

shown from the front (g) and rear (h). 
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breakdown, the radial velocity does not change significantly. Thus, the radial velocity is 

insignificant in discussion of the results.  

 

 

 

Figure 4-11 provides the results from the relative flow angle at the location 10% of 

the blade spacing into the passage. The relative flow angle does not change significantly 

during the cavitation breakdown tests. It increases minimally beginning at breakdown onset 

through the cavitation indices after breakdown. Since the incidence angle does not change 

Figure 4-10: Stereo-PIV results for Ur, normalized by UT. Cavitation indices decrease from left to right, for 

a  (a) no cavitation condition, (b) just before breakdown, (c) at breakdown onset, (d) after breakdown, and 

(e) further after breakdown; (f) The head rise performance plot is labeled to correspond to the selected stereo-

PIV results; and Three-dimensional views of the measurement plane, 0.1 blade spacing into the passage, are 

shown from the front (g) and rear (h). 
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significantly, one may infer that if there is a change in blade loading, it is due to a pressure 

distribution change.  

 

 

 

The pressure distributions, calculated at described earlier using the Bernoulli 

equation in the rotor frame of reference, provide meaningful results for interpretation. The 

normalized pressure, p*, decreases by approximately 0.08 along the pressure side of the 

blade at the onset of breakdown. From σ = 0.170 to σ = 0.166, the pressure continues to 

Figure 4-11: Calculated flow angle for each cavitation index of interest; indices decrease from left to right, 

for a (a) no cavitation condition, (b) just before breakdown, (c) at breakdown onset, (d) after breakdown, and 

(e) further after breakdown; (f) The head rise performance plot is labeled to correspond to the selected stereo-

PIV results; (g) flow angle is defined; and (h) A three-dimensional view of the measurement plane, 0.1 blade 

spacing into the passage, is shown from the front. 
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decrease by approximately 0.04 along the blade pressure side. Further into breakdown, 

from  σ = 0.166 to σ =  0.161, the pressure changes very little. Figure 4-12 shows the 

calculated pressure results in (a) through (d), while (e) shows the performance plot, and (f) 

shows a 3-D rendering of the laser sheet within the rotor from the rear. 

 

 

 

 

 

 

Figure 4-12: Pressure calculations, where p* is the pressure normalized by ½UT
2. Cavitation 

indices decrease from left to right, for a (a) just before breakdown, (b) at breakdown onset, 

(c) after breakdown, and (d) further after breakdown; (e) The head rise performance plot is 

labeled to correspond to the selected stereo-PIV results; and (f) The three-dimensional view 

of the measurement plane, 0.1 blade spacing into the passage, is shown from the rear. 
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4.3 Discussion and Interpretation of Results 

 

Careful interpretation of the results, given by both the flow visualization and the 

stereo-PIV measurements, provides a plausible mechanism of cavitation breakdown in the 

axial waterjet pump. To review the results presented through high-speed imagery, 

performance data, and stereo-PIV measurements, Table 4-1 summarizes conditions at each 

significant cavitation index sampled, including the associated performance, descriptions of 

the cavitation, and descriptions of the stereo-PIV velocity.  

 

Table 4-1: Summary of results at each cavitation number. 

Description Cavitation 

Number, 

𝝈 

Flow Rate 

Coefficient, 

𝝋 

Head Rise 

Coefficient, 

𝝍 

Cavitation 

Description 

Axial 

Velocity 

Description 

Well before 

breakdown 
0.77 0.75 2.43 

Very little 

cavitation 
- 

Just before 

breakdown 
0.180 0.75 

2.43 

 

Attached 

cavitation at 

leading edge 

- 

Breakdown 

Onset 
0.170 0.749 2.44 

Cavitation 

extends beyond 

blade overlap 

region 

Flow 

accelerates 

significantly 

Performance 

breakdown 

occurs 

 

0.166 

 

0.736 2.35 

Cavitation 

extends to 

trailing edge at 

tip, large cloud 

structures in 

overlap region 

Flow reduced, 

especially in tip 

region 

Further 

decrease in 

performance 

0.161 0.716 2.22 

Large cavitation 

structures in 

overlap region 

of passage 

continue to 

grow 

Flow reduced, 

further 

reduction in tip 

region 
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At the onset of performance breakdown, suction side sheet cavitation extends into 

the overlap region and oscillates, as observed in Pearsall (1973) and in the high-speed 

imagery presented earlier. During this oscillation phase at the onset of breakdown, the axial 

velocity near the blade pressure side and in the passage increases substantially, as shown 

in Figure 4-13 (a). In response, the pressure at the blade pressure side drops significantly 

(Fig 4-13 (b)). This phenomenon may be explained by blockage caused by sheet cavitation 

expansion into the overlap region. The blockage accelerates the through-flow in the rest of 

the passage and along the blade pressure hide. Since the flow rate does not change, yet a 

blockage exists, it seems obvious that the flow is forced to accelerate which causes a 

decrease in pressure. The cavitation then expands in what appears to be a temporary 

positive feedback; blockage causes flow acceleration, which reduces the through-flow 

pressure, which enables the cavitation to expand to further block the passage. 

While this pressure response to accelerated flow is logical, it is not logical that the 

flow rate remains the same yet head rise increases slightly (as observed previously in 

Chesnakas et al. (2009) and Tan et al. (2015)). Since the flow rate remains constant while 

total head rises, implying the pressure actually increases across the pump, it makes sense 

that the sheet cavitation would be unstable and oscillatory since these two effects are 

counter-intuitive. Accelerated flow decreases the passage pressure, but a constant flow rate 

enables a slight bump in head rise across the pump.  
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Figure 4-13: Comparisons of axial velocity and pressure measurements at breakdown 

onset. On the left, ∆𝑈𝑧 = 𝑈𝑧|𝜎 = 0.18 − 𝑈𝑧|𝜎 = 0.17 and on the right, ∆𝑝∗ = 𝑝∗|𝜎 = 0.18 −
𝑝∗|𝜎 = 0.17. The axial velocity, 𝑈𝑧, decreases significantly at the onset of breakdown in the 

tip region, while increasing significantly throughout the rest of the passage. The pressure 

decreases relatively evenly throughout the entire passage. 

 

The slight performance increase at the onset of breakdown is attributed to a shift in 

blade loading, with evidence offered by steady foil data, as well as pressure measurements 

on AxWJ-2 by Tan et al. (2015). Shen and Dimotakis (1989) found that during the 

expansion of suction side attached cavitation on a hydrofoil, the suction side pressure is 

reduced to the vapor pressure. The expansion of cavitation might increase the lift force 

since the suction side pressure is decreased, resulting in a better pressure differential across 
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the foil. Figure 4-14, reproduced from Shen and Dimotakis (1989), shows this 

phenomenon. The circular datum, at conditions before extensive cavitation, shows an even 

pressure distribution. Yet the triangular datum, with extensive cavitation coverage, shifts 

the blade loading to peak near mid-chord.  

 

 

Figure 4-14: Pressure distributions of a hydrofoil in 

cavitating flow conditions (Reproduced from Shen 

and Dimotakis 1989).  

 

The tip pressure measurements at mid-chord and at the leading edge by Tan et al. 

(2015) demonstrates the same phenomenon. Figure 4-15 shows Tan’s data reproduced for 

CP2, which measures the pressure differential across the rotor blade at mid-chord; at the 

onset of breakdown (red data in the figure), the mid-chord suction side pressure peaks.  
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Figure 4-15: Pressure difference across the mid-chord of the AxWJ-2 

rotor blade. The red data are of interest as they are at the onset of 

breakdown; it shows that the pressure difference across the mid-chord 

location is at a maximum at breakdown onset. The blue circle highlights 

the minimization of the pressure coefficient on the suction side at mid-

chord. The data are reproduced from results collected by Tan et al. 2015. 

 

Likewise, in Figure 4-16 (also a reproduction of Tan’s data), the leading edge 

pressure coefficient drops significantly at breakdown onset, before stabilizing further into 

breakdown. The mid-chord pressure coefficient peaks at breakdown onset, before reducing 

further into breakdown. These pressure measurement results, along the results from Shen 

and Dimotakis (1989) and Tan et al. (2015) are consistent with the present observations. 

When breakdown onset occurs, the pressure distribution changes causing a shift in blade 

loading and a complementary increase in performance. Although this is certainly a transient 

and unstable effect, as any further decrease in pressure results in full performance 

breakdown.  
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Figure 4-16: Pressure difference across the mid-chord and leading edge 

of the AxWJ-2 rotor blade, as well as performance parameters. The blue 

highlighted area represents the region affected by cavitation breakdown. 

The red data identify the leading edge pressure measurements, while the 

blue data identify the mid-chord measurements. The mid-chord pressure 

difference peaks at breakdown onset, then decreases further into 

breakdown. The leading edge pressure difference drops substantially at 

breakdown onset, then at a certain point stabilizes far into performance 

breakdown. The data are reproduced from results collected by Tan et al. 

(2015).  

 

The transition from the onset of cavitation breakdown to the early stages of 

breakdown involves increased blockage in the axial flow at the tip region, while flow still 

accelerates along the blade pressure side deeper in the passage. The difference in results 

from breakdown onset to performance breakdown is presented in Figure 4-17. It is 

important to recognize that this rapid change in performance occurs with a pressure change 

at the inlet of only a few kPa. Pressure decreases slightly along the blade pressure side. At 

this point, suction side cavitation reaches the blade trailing edge in the tip region, and large 
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scale cavitating vortices occupy the overlap tip region. It seems likely that cloud cavitation 

and PCV’s contribute to the blockage in the tip region since they rotate with the rotor blade. 

By comparing the axial velocity change profile with high speed images at breakdown, there 

is significant consistency between the location of cavitation structures visible in the tip 

region with the tip region flow blockage demonstrated by the high speed images.  

 

 

Figure 4-17: Comparisons of axial velocity and pressure measurements transitioning 

from breakdown onset to performance breakdown. On the left, ∆𝑈𝑧 = 𝑈𝑧|𝜎 = 0.170 −
𝑈𝑧|𝜎 = 0.166 and on the right, ∆𝑝∗ = 𝑝∗|𝜎 = 0.170 − 𝑝∗|𝜎 = 0.166. The axial velocity, 𝑈𝑧, 

decreases further in the tip region, while increasing more throughout the rest of the 

passage. The pressure decreases further along the blade pressure side.  
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A further decrease in cavitation index past breakdown results in rapid performance 

decrease, in which axial flow decreases over the entire field of view. The difference in 

results transitioning further into performance breakdown is presented in Figure 4-18. The 

blockage is still concentrated at the tip region, as the largest decrease in axial velocity 

occurring in the tip region. In spite of the continued velocity increase near the pressure 

side, pressure near the pressure side leading edge remains nearly constant. This is 

consistent with the results form Tan et al. (2015), shown in Figure 4-16,  where the leading 

edge pressure coefficient, CP1, reaches a plateau after breakdown. Thus, even if the lift 

force remains unchanged, the work performed by the blade must decrease due to the 

reduction in flow rate.   

It appears the performance deterioration must then be associated primarily with the 

decrease in mid-chord loading. Figure 4-16 further demonstrates that the mid-chord 

pressure, CP2, continues to decrease even further into breakdown, unlike the leading edge 

pressure coefficient, CP1, which plateaus. While the stereo-PIV results from the present 

work are limited to the leading edge, the plateau of pressure along the blade pressure side 

at the leading edge is consistent with the results published by Tan et al. (2015).  

 



 

 65 

 

Figure 4-18: Comparisons of axial velocity and pressure measurements transitioning 

from breakdown onset to performance breakdown. On the left, ∆𝑈𝑧 = ∆𝑈𝑧|𝜎 = 0.166 −
∆𝑈𝑧|𝜎 = 0.161 and on the right, ∆𝑝∗ = ∆𝑝∗|𝜎 = 0.166 − ∆𝑝∗|𝜎 = 0.161. The axial velocity, 

𝑈𝑧, decreases slightly further in the tip region, while increasing slightly more 

throughout the rest of the passage. The pressure decrease is negligible.  

 

Having presented evidence to explain the mechanism of cavitation breakdown, it is 

important to reconsider the cavitation breakdown theories presented in the introduction. 

According to results from the Johns Hopkins turbomachinery lab, the attribution of 

breakdown to Mach number effects (Jakobsen 1964) seems unlikely, as large portions of 

the rotor passage are free from cavitation even well into breakdown. There are large cloud 

cavitation structures, as well as PCV’s in the passage after breakdown; it is difficult to 

comment if shocks occur due to the decreased Mach number in these regions. While the 
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computational results in Lindau et al. (2012) are consistent with the present results, they 

are not supported by experimental flow visualization which reveals that attached cavitation 

does not extend to the trailing edge of the rotor blades. Yet it is noted that performance 

breakdown does occur when attached cavitation extends near the trailing edge, and in fact 

to the trailing edge only at the tip region.  

The conclusions from Tan et al. (2015) suggesting that PCV structures cause 

cavitation breakdown requires further investigation into the causal relation between 

breakdown and the appearance of PCV’s; the theory lacks sufficient evidence to determine 

whether breakdown or the appearance of PCV’s may be caused by the other.  

The results from Chen et al. (2016), in which a circumferential groove at the rotor 

trailing edge (CG3) which significantly suppresses PCV’s (as shown in Figure 4-19), 

indicate very limited improvement to breakdown conditions.  

 

 

Figure 4-19: (a) Cavitation in the blade overlap region at a condition well into breakdown with the baseline, 

smooth wall. The red dashed line indicates where the trailing edge groove would be located; and (b) 

Cavitation in the blade overlap region with the circumferential groove located at position 3 (CG3), which 

shows a great reduction in cavitation structures in the trailing edge region (Modified from Chen et al. 2016). 
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The assertion presented by Pearsall (1973), that breakdown occurs once sheet 

cavitation extends into the blade overlap region, is consistent with results presented in this 

thesis to an extent. While the breakdown process begins (breakdown onset) when sheet 

cavitation extends into the overlap region, performance breakdown does not occur until a 

further decrease in pressure and resulting rapid expansion in cavitation. 

Thus, the experimental results of this thesis are consistent with previous results, 

and offer an explanation to the mechanism of cavitation breakdown. As inlet pressure is 

lowered, attached cavitation expands on the rotor blade suction side. For a low enough inlet 

pressure, the cavitation breakdown mechanism begins. At breakdown onset, tip region 

blockage causes an acceleration of flow, and associated pressure drop, along the pressure 

side of the blade. The sheet cavity oscillates around the blade overlap region, and at times 

extends far into the blade overlap region. Because the passage pressure decreases, yet head 

rise across the pump increases slightly, the breakdown onset phase is inherently unsteady. 

Any further reduction of inlet pressure results in a sharp drop of pump performance, 

indicating performance breakdown occurs. At performance breakdown, the cavitation 

extends toward the blade trailing edge and as far as the trailing edge at the blade tip. Flow 

blockage continues to increase in the tip region, corresponding to the increase in tip region 

cavitation structures. Further reduction of inlet pressure expands the attached cavitation 

and cavitation structures in the blade overlap region, and pump performance continues to 

drop. 
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Chapter 5 Conclusions 
 

The primary motivation for exploring the mechanism of cavitation breakdown was 

to gain insight that may help to implement a method of delaying the onset of this 

phenomena. The results presented in this thesis show that cavitation breakdown occurs 

primarily due to tip flow blockage; while initially there is little performance effect, the full 

mechanism of breakdown results in deleterious performance. The performance drop is both 

substantial and sudden. The three main processes involved in cavitation breakdown are 

presented following, with full recapitulation of the results at each evolution:  

1) Breakdown Onset:  

Attached sheet cavitation causes blockage and significantly accelerates flow in 

through-passage along pressure side. The increase in axial velocity causes the pressure to 

rapidly drop along the pressure side. The flow rate remains the same, while head rise 

increases slightly. This increase in performance is likely attributable to the shift in blade 

loading as cavitation coverage expands to the blade overlap region.  The pressure reduction 

in the passage coupled with an increase in pressure across the pump causes an unsteady, 

oscillatory sheet cavity around the blade overlap region. 

2) Breakdown Onset to Performance Breakdown  

Any further decrease in pressure, on the order of a few kPa, causes rapid 

performance degradation as suction side sheet cavitation expands to the trailing edge tip 

region. Axial velocity continues to decrease in the tip region, indicating further blockage 

in the tip. Axial velocity along the blade pressure side in the passage continues to increase.  

The attached cavitation covers a significant portion of the blade, and large cloud cavitation 

and PCV structures form in the overlap region near the trailing edge.  
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3) Further performance breakdown  

An incremental decrease in inlet pressure continues significant machine 

performance deterioration, as attached cavitation expands further. The axial velocity 

continues minimal acceleration, while the pressure change is nearly unmeasurable. Less 

mid-chord loading coupled with a lower flow rate causes the performance deterioration. 

Large cloud cavitation structures fill the blade overlap region deep in the passage, which 

likely contribute to increased flow blockage.  

Moderate flow modulation using circumferential grooves does not provide 

sufficient flow modification to improve the operating range; one must take more drastic 

action. It seems worthwhile to investigate further into different variations of 

circumferential grooves, or perhaps an active control method such as suction of the cloud 

cavitation or injection of high pressure fluid near the blade tip trailing edge. A modification 

to the inlet conditions is also possible, although perhaps difficult to implement. While 

active methods may not necessarily be efficient, the present results coupled with previous 

control methods do not provide a clear path forward as to how to delay breakdown. 

In conclusion, the results presented in this thesis are consistent with previous data 

and assertions, however, passage flow measurements through a range of cavitation indices 

coupled with high-speed imagery provides a more complete story. Experimental evidence 

shows that the breakdown process is associated with tip region blockage, and a shift in 

blade loading plays a significant role in the development of deleterious cavitation in the 

machine. While this work successfully answers many questions regarding the mechanism 

of cavitation breakdown not previously understood, it remains unclear how to best improve 

operating range.  
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Appendix A      Pressure Measurement Schematic 
 

 

 
Figure A-1: Pressure measurement schematic for facility, which connects the pressure ports and transducers 

to the atmosphere and U-tube manometer. 

 

The red T’s indicate the locations of simple ball valves which may be turned on or 

off depending upon what is being measured/calibrated. The U-tube manometer 

(mercury/sodium iodide interface) is shown in the top left corner.  The interface with the 

atmosphere is a bucket, shown in the top middle of the diagram.  The solid black lines 

represent ¼” tubing, filled with sodium iodide.
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Appendix B       Coordinate Transformation 
 

 

This appendix details the transformation of the laser sheet coordinate system (𝑥0, 𝑦0, 𝑧0)  

into the cylindrical coordinate system, (r, , z), useful to assessing the pump. 

B.1 Coordinate Transformation: Deriving (r, , z) from (𝒙𝟎, 𝒚𝟎, 𝒛𝟎)   

 

Since the laser sheet is perpendicular to the top of the casing, it is useful to measure the 

angle of the laser sheet relative to the shaft centerline. This angle, , is 51. The origin of 

the laser sheet coordinate system in the cylindrical coordinate system is located at (𝑟, 𝜃, 𝑧) 

= (𝑅, −𝛼, 0), where 𝛼 = 39°. 

 

Figure B-1: The pump is viewed along the z-axis (left), looking upstream. The local coordinate system of the 

measurement plane (𝑥0, 𝑦0, 𝑧0), the rotated coordinates (𝑥1, 𝑦1, 𝑧1), and the translated coordinates (𝑥2, 𝑦2, 

𝑧2) are each shown. The pump is viewed from the side (right) to show the position of the laser sheet aligned 

with the x-y plane of the local coordinate system, as well as the location of the rotation angle, , to the rotated 

coordinates. 

The laser sheet coordinate plane (𝑥0, 𝑦0, 𝑧0)  is then rotated around the x-axis by  = 50 

to give (𝑥1, 𝑦1, 𝑧1), where, 

𝑥1 =  𝑥0 

𝑦1 =  𝑦0 sin + 𝑧0 cos  

𝑧1 =  −𝑦0 cos  + 𝑧0 sin  
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Then the rotated coordinate system (𝑥1, 𝑦1, 𝑧1) must be translated, in the (x, y) plane, to the 

pump center in terms of (𝑥2, 𝑦2, 𝑧2), where,  

𝑥2 =  𝑥1 + 𝑅 cos 𝛼 =  𝑥0 + 𝑅 cos 𝛼 

𝑦2 =  𝑦1 − 𝑅 sin 𝛼 = 𝑦0 sin + 𝑧0 cos  − 𝑅 sin 𝛼 

𝑧2 = 𝑧1 = −𝑦0 cos + 𝑧0 sin 

 Finally, (𝑥2, 𝑦2, 𝑧2) is put into a cylindrical coordinate system, (r, , z), 

𝑟 =  √𝑥2
2 + 𝑦2

2 = √(𝑥1 + 𝑅 cos 𝛼)2 + (𝑦0 sin + 𝑧0 cos  − 𝑅 sin 𝛼)2 

 =  tan−1
𝑦2

𝑥2
= tan−1

𝑦0 sin  + 𝑧0 cos  − 𝑅 sin 𝛼

𝑥0 + 𝑅 cos 𝛼
  

𝑧 = 𝑧2 =  −𝑦0 cos  + 𝑧0 sin  
 

B.2 Vector Transformation: Deriving (𝐮𝐫, 𝐮𝛉, 𝐮𝐳) from (𝐮𝟎, 𝐯𝟎, 𝐰𝟎) 
 

In the laser sheet coordinate, (𝑥0, 𝑦0, 𝑧0), the vector A-B in Figure B-2 is (𝑢0, 𝑣0, 𝑤0). 

 

Figure B-2: The velocity vector is presented in relation to each coordinate 

plane, as described in the text.    
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In (𝑥1, 𝑦1, 𝑧1), the vector A-B becomes,  

𝑢1 =  𝑢0 

𝑣1 =  𝑣0 sin + 𝑤0 cos  

𝑤1 =  −𝑣0 cos  + 𝑤0 sin  
 

Via the translation to the (𝑥2, 𝑦2, 𝑧2) system, the vector does not change so, 

𝑢2 =  𝑢0 

𝑣2 =  𝑣0 sin  + 𝑤0 cos  

𝑤2 =  −𝑣0 cos  + 𝑤0 sin  
 

By applying the transformation from (𝑥2, 𝑦2, 𝑧2) to the cylindrical system, (r, , z), the 

vector projection in the z-direction does not change, so, 

𝑢𝑧 =  𝑤2 = −𝑣0 cos  + 𝑤0 sin 

For 𝑢𝑟 and 𝑢𝜃, 𝑢𝑥𝑦 must be projected in the 𝑟 and 𝜃 directions, 

|𝑢𝑥𝑦 | = √𝑢2
2 + 𝑣2

2 

𝛾 = arctan
𝑢2

𝑣2
,  = arctan

𝑦2

𝑥2
 

𝛿 = 90° − 𝛾 −  

𝑢𝑟 = |𝑢𝑥𝑦 | cos 𝛿 

𝑢 = |𝑢𝑥𝑦 | sin 𝛿 

 

Thus,  

𝑢𝑟 = √𝑢0
2 + (𝑣0 sin + 𝑤0 cos)2 cos(90° − 𝛾 − ) 

𝑢 = √𝑢0
2 + (𝑣0 sin  + 𝑤0 cos )2 sin(90° − 𝛾 − ) 

𝑢𝑧 =  𝑤2 = −𝑣0 cos  + 𝑤0 sin 
where,  

𝛾 = arctan
𝑢0

𝑣0 sin  + 𝑤0 cos 
 

 

 = arctan
𝑦0 sin  + 𝑧0 cos + 𝑅 sin 𝛼

𝑥0 + 𝑅 cos 𝛼
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The vector in the rotor reference frame must apply the rotation speed,  (rad/s), thus the 

local circumferential velocity is given by, 

𝑢𝑇 =  𝑟 

Therefore, in the rotor reference frame, the velocity component in the -direction becomes,  

𝑤 = 𝑢𝑇 − 𝑢 
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Appendix C      Leading Edge Stereo-PIV Data 
 

 The results presented in Appendix C mimic the stereo-PIV results presented within 

the main body of the thesis, however, these results are presented for the leading edge 

measurement plane. The “story” told by these results fully supports the results measured 

just inside the passage. 

 

Figure C-1: Stereo-PIV results for Uz, normalized by UT. Cavitation indices decrease from left to right, for  

(a) no cavitation condition, (b) just before breakdown, (c) at breakdown onset, (d) after breakdown, and (e) 

further after breakdown; (f) the head rise performance plot is labeled to correspond to the selected stereo-

PIV results; and the three-dimensional views of the measurement plane, at the passage leading edge, are 

shown from the front (g) and rear (h). 
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Figure C-2: Stereo-PIV results for U, normalized by UT. Cavitation indices decrease from left to right, for a  

(a) no cavitation condition, (b) just before breakdown, (c) at breakdown onset, (d) after breakdown, and (e) 

further after breakdown; (f) the head rise performance plot is labeled to correspond to the selected stereo-

PIV results; and the three-dimensional views of the measurement plane, at the passage leading edge, are 

shown from the front (g) and rear (h). 
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Figure C-3: Stereo-PIV results for Ur, normalized by UT. Cavitation indices decrease from left to right, for a  

(a) no cavitation condition, (b) just before breakdown, (c) at breakdown onset, (d) after breakdown, and (e) 

further after breakdown; (f) the head rise performance plot is labeled to correspond to the selected stereo-

PIV results; and the three-dimensional views of the measurement plane, at the passage leading edge, are 

shown from the front (g) and rear (h). 
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Figure C-4: Calculated flow angle for each cavitation index of interest; indices decrease from left to right, 

for a (a) no cavitation condition, (b) just before breakdown, (c) at breakdown onset, (d) after breakdown, 

and (e) further after breakdown; (f) the head rise performance plot is labeled to correspond to the selected 

stereo-PIV results; (g) the flow angle is defined in the bottom middle figure; and (h) a three-dimensional 

view of the measurement plane, at the blade leading edge is shown from the front. 
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Figure C-5: Pressure calculations, where p* is the pressure normalized by ½UT

2. Cavitation indices 

decrease from left to right, for a (a) just before breakdown, (b) at breakdown onset, (c) after breakdown, 

and (d) further after breakdown; (e) The head rise performance plot is labeled to correspond to the selected 

stereo-PIV results; and (f) The three-dimensional view of the leading edge measurement plane is shown 

from the rear.
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