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SUMMARY

Water cavitation peening is a surface treatment process used to generate beneficial
compressive residual stresses while being environmentally sustainable. Compressive residual
stresses generated by the collapse of the cavitation cloud at the workpiece surface result in
enhanced high cycle fatigue and wear performance. Co-flow water cavitation peening, a variant of
cavitation peening involves injection of a high-speed jet into a low-speed jet of water, which makes
the process amenable to automation and imparts the variant with the ability to process large
structural components. Ultrasonic cavitation peening, another variant of cavitation peening, is used
for peening small areas. However, an increase in cavitation intensity is needed to reduce the
processing time for practical applications and to enhance process capabilities for a wide range of
materials in both these variants. An experimental investigation along with numerical modelling is
presented to demonstrate cavitation intensity enhancement through suitable modifications to the
inner jet nozzle design in co-flow water cavitation peening. Particularly, the effects of upstream
inner jet organ pipe nozzle geometry, inner jet nozzle orifice taper, and inner jet nozzle orifice
length are studied to show enhanced cavitation intensity, measured via extended mass loss tests,
strip curvature and residual stress measurements, high-speed videography, and impulse pressure
measurements.

It is found that the optimum inner jet organ pipe nozzle design, which generates enhanced
pressure fluctuations through the introduction of a resonating chamber in the upstream section of
the inner jet nozzle, generates 61% greater mass loss compared to the unexcited inner jet nozzle.
Strip curvature, high speed imaging, and impulse pressure measurements support the mass loss
results. Finally, residual stresses generated with the optimum organ pipe nozzle are shown to be

deeper and more compressive than those generated with the unexcited nozzle design.
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The inner jet nozzle variants with diverging, zero and converging tapers are investigated
experimentally and numerically to understand their influence on cavitation intensity. It is shown
that the converging taper nozzle generates greater cavitation intensity, measured via mass loss and
strip curvature measurements, than the zero and diverging taper nozzles. Impulse pressure
measurements show the greater frequency of high-intensity events generated by the converging
taper nozzle compared to the zero and diverging taper nozzles. Computational fluid dynamics
(CFD) simulations help explain the experimental findings.

Four nozzle variants with varying inner jet nozzle orifice length to orifice diameter ratios
of 1,2,5 and 10 are investigated experimentally and numerically. The inner jet nozzle with an
orifice length to orifice diameter ratio of 2 is shown to generate greater cavitation intensity than
the other inner jet nozzles.

A PEO aqueous solution (cavitation media) with 1000 parts per million by weight (wppm)
polymer concentration is shown to enhance cavitation intensity by 69% over cavitation media with
only water. High speed videography, impulse force, and surface roughness measurements confirm
the greater cavitation activity in the 1000 wppm PEO aqueous solution. This demonstrates that
suitable modifications can be engineered in the cavitation media to enhance cavitation intensity in
ultrasonic cavitation peening.

Thus, this thesis presents experimental and numerical investigations leading to superior
inner jet nozzle design in co-flow cavitation peening and an experimental investigation of the role
of polymer additives for suitable modification of cavitation media to enhance cavitation intensity

in ultrasonic cavitation peening.
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CHAPTER 1. INTRODUCTION

The surfaces of safety-critical metal components used in aerospace applications are often
subjected to surface treatment to improve their high cycle fatigue, fretting fatigue, and stress
corrosion cracking resistance [1-4]. Surface treatment processes such as shot peening and laser
shock processing are used widely for industrial applications [5,6]. Other surface modification
processes such as deep rolling and ball burnishing are also utilized for industrial applications albeit
less so [7,8]. Processes such as water jet peening have been explored in research for treatment of
metal surfaces but are not commonly used in practice [9]. The most widely used peening process
in industry is Shot Peening (SP), which involves the impact of high velocity spherical steel or
ceramic shots to produce inhomogeneous plastic deformation in the surface layers of metallic
materials [10]. This plastic deformation produces compressive residual stress, which increases the
high-cycle fatigue, fretting wear, and stress corrosion cracking resistance of the metal surface
[5,11,12]. However, shot peening is often characterized by significant surface roughening and
contamination that negatively influence the low-cycle fatigue and corrosion behavior of the treated
component [13,14]. In Laser Shock Peening (LSP), due to the ablation of a sacrificial coating on
the component to be treated, a shockwave is formed, which plastically deforms the metallic surface
beneath the sacrificial layer [6]. Even though LSP is capable of generating high compressive
residual stresses at large depths with no surface contamination, it involves long setup times and
high operating costs, which limit its industrial application [11,15]. Less frequently used techniques
such as ball burnishing cannot be applied to complex and thin-walled geometries [16]. Water jet
peening utilizes the water hammer pressure of a high-pressure jet discharged in air to generate
plastic deformation and compressive residual stresses [9]. However, the high pressures required

(~ 600 MPa) make the process impractical for large scale industrial application.
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Water cavitation peening utilizes a cavitation cloud, which collapses on the surface to be
treated, to induce inhomogeneous surface plastic deformation and compressive residual stresses
[17,18]. The cloud is typically generated through either ultrasonic or hydrodynamic means.
Ultrasonic cavitation peening involves a high frequency sonifier and horn assembly submerged in
a cavitating media, typically water, that generates a cavitation cloud [18]. Cavitation peening
through hydrodynamic cavitation can be achieved via submerged or co-flow nozzle configurations
[19]. In submerged water cavitation peening, a high-pressure jet of water is injected into a
stationary column of water, which generates a pulsating cloud [17]. In co-flow water cavitation
peening, a high-pressure jet of water is injected into an encapsulating low-pressure water jet, which
also generates a pulsating cavitation cloud due to shearing action between these co-flowing jets
[20]. Schematics of the three variants of water cavitation peening process variants are shown in

Fig. 1-1.

High- Low-pressure High-
pressure jet jet pressure jet

Fig. 1-1 Schematics of a) ultrasonic cavitation peening b) submerged cavitation

peening and c) co-flow cavitation peening.

A limitation of submerged cavitation peening is that it necessitates submergence of the
component to be peened in water, which restricts the size of the component to be peened. Co-flow

water cavitation peening, where a high-pressure jet of water is injected into a surrounding low-



pressure jet, is more amenable to peening large components since the nozzle assembly discharging
the co-flow jet can be mounted on a gantry system or a robotic arm. Ultrasonic cavitation peening
on the other hand is suited for treatment of small areas [18,21]. There is also no detrimental surface
contamination if a suitable cavitation media is used in both these processes. This thesis focuses on
co-flow water cavitation peening and ultrasonic cavitation peening due to the abovementioned

advantages.

However, there is a need to reduce the processing time in co-flow water cavitation peening
and ultrasonic cavitation peening and to expand the range of materials that can be treated,
particularly higher yield strength metals. This can be realized through increases in cavitation
intensity of the respective processes. Scaling of nozzles that produce the co-flow jet and increasing
the inner jet velocity in co-flow water cavitation peening to enhance shear cavitation may
necessitate equipment of higher capacity, which may not always be feasible. Hence, nozzle design
changes that can increase cavitation intensity without an increase in equipment capacity are
desired. An alternate modality to increase cavitation intensity is by suitable modification of
cavitation media to enhance cavitation intensity. However, there is limited literature on design
changes that enhance cavitation intensity in co-flow water cavitation peening. A limited study on
nozzle design shows the influence of inner jet nozzle design on cavitation intensity in co-flow
cavitating water jets used for mining applications [22]. However, a detailed investigation of the
effects of inner jet nozzle design on cavitation intensity in co-flow water cavitation peening is
lacking. The cavitation behavior and cavitation intensity are highly influenced by the design of the

high-pressure inner jet nozzle seen in Fig. 1-2.
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Fig. 1-2 Co-flow water cavitation peening with the inner jet nozzle in the inset.

There are a few studies that show the potential for increased cavitation intensity in
ultrasonic cavitation peening through addition of certain water-soluble polymer additives although
the studies are not directed towards peening for surface treatment applications [23-25]. Thus,
suitable modification of cavitation media may enhance cavitation intensity in ultrasonic cavitation

peening.

In summary, despite the advantages of co-flow water cavitation peening and ultrasonic
cavitation peening, there is a need for a better understanding of modalities to increase cavitation

intensity in these processes.

1.1 Research Objectives and Approach

This thesis aims to research inner jet nozzle designs and the use of polymer additives to
enhance cavitation intensity in water cavitation peening. The following specific research
objectives are framed:

1. Design, develop, and evaluate organ pipe nozzles for co-flow water cavitation peening.



2. Evaluate and elucidate the effect of inner jet nozzle orifice taper on cavitation intensity in
co-flow water cavitation peening.

3. Investigate and elucidate the effect of inner jet nozzle orifice length on cavitation intensity
in co-flow water cavitation peening.

4. Investigate the effect of polymer additives in water on cavitation intensity in ultrasonic

water cavitation peening.

These research objectives are addressed through experiments and numerical modeling.
Specifically, cavitation intensification for co-flow and ultrasonic cavitation peening is pursued
through two modalities: 1) inner jet nozzle design, and 2) polymer additives in cavitation media to
enhance peening ability. The first research objective is achieved through design, testing, and
evaluation of an upstream inner jet organ pipe nozzle geometry. The increased cavitation intensity
is demonstrated through extended mass loss and strip curvature experiments. Cloud behavior is
investigated through impulse pressure measurements and high-speed videography. Residual stress
measurements via X-Ray Diffraction (XRD) are used to show the increased peening ability of co-
flow cavitating jets with upstream inner jet organ pipe nozzle geometry. Next, the effect of inner
jet nozzle orifice taper on cavitation intensity is evaluated. The taper is defined by the slope angle
or alternatively with the area reduction of the inner jet nozzle orifice measured at the entry and
exit of the inner jet flow. Thus, a nozzle orifice with a diverging, zero and converging taper have
negative, zero and positive values of area reduction respectively. The enhanced cavitation intensity
is evaluated through extended mass loss and strip curvature tests. Cloud behavior is investigated
through impulse pressure measurements. Computational fluid dynamics (CFD) simulations are

performed to explain and gain mechanistic insights into the experimental results. Lastly, the effect



of inner jet nozzle orifice length on cavitation intensity is investigated and evaluated through

extended mass loss and strip curvature measurements.

The second modality of cavitation intensity enhancement focuses on the ultrasonic
cavitation peening process, where the effect of soluble polymer additives to the cavitation media
on cavitation intensification is investigated. Extended mass loss, impact force measurements, high
speed videography, and surface morphology modification are analyzed to demonstrate the ability
of polymer additives to enhance cavitation intensity. These research objectives and the

corresponding approaches are summarized graphically in Fig. 1-3.

Cavitation intensification modalities

/\

Chapter 3 Chapter 6
Design, develop, and evaluate organ pipe | | Investigate the effect of polymer additives
nozzles for co-flow water cavitation in water on cavitation intensity in
peening ultrasonic water cavitation peening
Chapter 4

Evaluate and elucidate the effect of nozzle
orifice taper on cavitation intensity in co-
flow water cavitation peening

Chapter 5
Investigate and elucidate the effect of
inner jet nozzle orifice length on
cavitation intensity in co-flow water
cavitation peening

Fig. 1-3 Summary of approach.



1.2 Dissertation Outline

The outline of the dissertation is as follows. Chapter 2 presents a detailed literature survey
of the specific topics relevant to the research objectives of this thesis. Chapter 3 focuses on the
effect of inner jet organ pipe nozzle geometry on cavitation intensification and peening. Chapter 4
elucidates the effect of inner jet nozzle orifice taper on cavitation intensity and peening
characteristics. Chapter 5 covers the effect of inner jet nozzle orifice length in co-flow water
cavitation peening. Chapter 6 investigates the role of certain polymer additives on cavitation
generation in ultrasonic cavitation peening since ultrasonic cavitation peening is quite amenable
to experimentation with smaller volumes of cavitation media, which facilitates experimentation.
Finally, the major conclusions and recommendations for future work are summarized in Chapter

7.



CHAPTER 2.LITERATURE REVIEW

This section contains a review of prior work relevant to the topics addressed by this thesis.
The specific areas reviewed include 1) Peening, 2) Cavitation erosion, 3) Water cavitation peening,

4) Cavitation intensification in water cavitation peening.

Peening and surface treatment processes have been extensively used for surface
modification and surface integrity enhancement for a range of applications in the aerospace and
nuclear industries. The common objective of these processes is enhancement of high-cycle fatigue,
fretting fatigue, and stress corrosion cracking performance through introduction of compressive
residual stresses. This chapter presents a review of the current state of knowledge in peening
processes along with a discussion of the limitations and disadvantages. A closely related area of
research is the cavitation erosion of structural metals, which is undesirable in peening but can aid
in understanding material response during cavitation peening. An outline of the development of
water cavitation peening and different modalities of cavitation intensification follows the

discussion on cavitation erosion.

2.1 Peening processes

Widely used processes for peening of critical components include Shot Peening (SP), Laser
Shock Peening (LSP) [26,27]. Water Cavitation Peening (WCP) and Ball burnishing are lesser
used processes for surface modification [16,19]. Water Jet Peening (WJP) has also been researched
in academia for surface modification [9]. Due to inhomogeneous plastic deformation that occurs
in the metal surface layer in all the above cited processes, compressive residual stresses are

generated, which are known to increase surface integrity. However, due to the deformation induced



by these processes, there is typically an undesirable increase in surface roughness. It is noted that

due to the inherent differences in these processes, material response is varied [28].

The most widely used process among peening processes is shot peening, which employs
spherical steel or ceramic shots that impact the metal surface to be treated. These impacts produce
surface pitting and inhomogeneous plastic deformation, which results in generation of beneficial
compressive residual stresses and undesirable surface roughness. The effect of compressive
residual stresses generated by SP on high cycle fatigue, fretting fatigue, and corrosion life have
been explored by many researchers for a range of materials including aluminum alloys (20xx, 70xx
series), titanium alloys, and steel [29-35]. A schematic of shot peening and a depiction of resulting

the residual stress depth profile in the treated surface can be seen in Fig. 2-1.
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Fig. 2-1 Schematic of Shot Peening (SP).

Benedetti et al. have shown the effects of shot peening on residual stress distribution in Al

7075-T651, which can be seen in Fig. 2-2 for the most intense shot peening treatment Z 150 [29].
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Fig. 2-2 Longitudinal residual stress profile (solid line) of the sample subjected to Z150
treatment by Benedetti et al [29].

The high cycle fatigue response of the samples peened with different shot peening

intensities including Z 150 can be seen in Fig. 2-3.
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Fig. 2-3 Pulsating bending fatigue curves from Benedetti et al. showing improved
performance of peened samples as compared to as received conditions [29].

The increase in high cycle fatigue life is attributed to the presence of compressive residual

stresses in the surface layers, which prevent crack initiation and growth [36].

Martin et al. investigated the effect of shot peening induced residual stresses on fretting
fatigue life for Al 7075-T651 [30]. The increase in fatigue performance, measured in terms of
fatigue life, is plotted for four (4) different residual stress conditions in Fig 2-4. It can be seen that

the fretting fatigue life is greater for the samples subjected to shot peening as compared to samples

with no treatment.
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Fig. 2-4 Fatigue life for shot peened specimens with different residual stresses vs. life with
as-machined specimens (no treatment) for Al 7075- T651 [30].

Numerical modeling of the SP process has also been carried out via finite element models
for prediction of residual stress distribution [37-39]. However, the models are restricted to
simulating a few impacts only, which is not representative of a process that involves multiple
impacts. Other surface modification techniques similar to shot peening include Ultrasonic Shot
Peening, Hammer Peening, and rotary flap peening [40-42]. However, as noted earlier, SP tends
to cause excessive surface roughening, which can lead to stress concentration in the pitted region

and detrimental surface contamination [43,44].

Laser Shock Peening (LSP) is a surface modification technique that can introduce
compressive residual stresses up to large depths with less surface roughening compared to shot
peening. LSP can be performed in either the direct mode or the confined mode with pulsed Nd-
glass lasers with output energies of 80-100J [45]. A schematic of the process in the direct and

confined modes can be seen in Fig. 2-5.
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Fig. 2-5 Schematic of laser shock peening in a) direct mode and b) confined mode.

In the direct mode, the laser directly irradiates the surface of the metal, which, upon
ablation, releases a shock wave. In the confined mode, a small ablative sacrificial layer and a
dielectric “confinement” layer are overlayed on the metal surface. The confinement layers may be
stationary water, flowing water, or glass [45,46]. The plasma that is generated in this process is
responsible for the shockwave, which propagates and plastically deforms the material. In the direct
mode, the shock wave is generated by direct ablation of the metal surface. During the “blow off”,
which is the expanding plasma created by ablation, a mechanical impulse and shockwave are
generated [46]. In confined laser shock peening, this plasma is generated by the ablation of the
opaque overlay material and is confined to the gap between the overlay and confining transparent
medium. This prevents thermal ill-effects such as ablation on the underlying metal substrate, which
may damage the work surface. Due to the confinement, greater pressures are generated, which
results in a more intense shock wave compared to direct laser shock peening [45]. The
inhomogeneous surface deformation generates compressive residual stresses like other processes
[47]. A raster scan of laser shock peening may be utilized to generate residual stresses over large
surface areas. Increases in high-cycle fatigue, fretting fatigue, and stress corrosion failure life in

aluminum alloys due to laser shock peening has been documented by several researchers
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[27,48,49]. Laser shock peening, however, may require long setup times and extensive surface

preparation, making industrial application uneconomical [15].

Water Jet Peening (WJP) is a peening technique that has been investigated for generating
compressive residual stresses through water hammer pressure induced surface plastic deformation.
The water hammer pressure is produced by the impact of a high-pressure water jet (> 500 MPa)

[9]. A schematic of WJP is shown in Fig. 2-6.

High-pressure jet . Surface deformation due

\ to impact

Water Jet Peening (WJP)

Fig. 2-6 Schematic of Water Jet Peening (WJP) producing surface deformation.

Increases in fatigue life of aluminum alloy Al-7075-T6 using water jet peening (WJP) have
been reported by Ramulu et al. [50]. Modeling of WP through finite element analyses for residual
stress prediction has augmented the experimental studies reported in the literature [51]. Lesser
used peening processes like ball burnishing and deep rolling also impart inhomogeneous plastic
deformation to the workpiece surface via suitable contacting tools [52,53]. Schematics of these
processes are shown in Fig. 2-7. However, these processes can only be applied to simple

geometries [52,53]
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Fig. 2-7 Schematic of a) ball burnishing and b) deep rolling.

2.2 Cavitation erosion

Cavitation erosion refers to the undesirable damage produced by cavitation cloud collapse
on solid surfaces, and especially metals, which are of particular interest [54]. Cavitation erosion
commonly occurs when a metal surface is exposed to hydrodynamic and ultrasonic cavitation
[55,56]. Cavitation bubbles are created in fluids when the static pressure drops below a critical
threshold in either of these modes of cavitation [57]. The cavitation cloud is an agglomeration of
many individual cavitation bubbles that collapse either in the bulk liquid or on impact at a solid
boundary [58]. A high-speed micro reentrant jet and the shockwave generated upon cloud collapse
impact the metal surface, which undergoes plastic deformation, producing damage accumulation
leading to fatigue and ultimately failure [59-61]. However, before actual erosion begins, there
exists an incubation period where there is negligible mass loss and the plastic deformation in the
form of localized pits generates compressive residual stresses [62]. Cavitation erosion induced
surface pitting and high-pressure impulse pressure measurement are of particular interest since

they provide useful ways of characterizing cavitation erosion [63].
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The pits produced during cavitation erosion are of particular interest as they are an indicator
of cavitation intensity and help in understanding cavitation loading and impact pressures [63]. It
is seen from Fig. 2-8 that there is a strong linear relationship between impact load and pit volume.
Impact loads are estimated from indentation stress-strain curves while the pit volume is obtained

from stylus measurements.
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Fig. 2-8 Pit volume—impact load trends for 10,15,20,40 bar upstream pressures [63].

Distributions of the impact loads by the frequency of their occurrence is shown in Fig 2-9.
The distribution consists of many impact events characterized by very low impact loads with a few

events at higher impact loads.
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Fig. 2-9 Histogram of the number of impacts normalized by total number of impacts versus
the impact load for four tested upstream pressures [63].

Marcon et al. utilized pitting tests and FEM analysis to obtain information regarding
cavitation impulse events [64,65]. Sensors such as high-frequency pressure transducers, PVDF
thin film sensors, and acoustic hydrophones have also been utilized for cavitation intensity

measurement [66-68].

Singh et al. [66] utilized high frequency pressure transducers to measure the behavior of
cavitation cloud produced by ultrasonic horns. It was found that the distribution of cavitation
events follows an exponential distribution very similar to the results obtained from the pitting
analysis of Carnelli et al. [63] and Marcon [64]. A schematic of the experimental setup and the
distribution of the frequency of peak amplitudes is given in Fig 2-10. A similar finding of the

distribution of impulse loads was reported by Soyama et al. [67].
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Fig. 2-10 a) Schematic of high frequency pressure transducer for impulse pressure
measurements, and b) distribution of peak amplitudes for different jet pressures [66].

Hydrophones have also been used to characterize the cavitation noise — a measure of
cavitation intensity — primarily for acoustic or ultrasonic cavitation [68]. The filtering of the
harmonics of the cavitation source is required to remove the stable cavitation field and obtain a
measure of the cavitation noise, a measure of the cavitation intensity. However, there are several

drawbacks to this approach as explained by Jae Hee Song et al. [69]

2.3 Water cavitation peening

Cavitation generated through either hydrodynamic or ultrasonic means has been used to
peen metallic surfaces [18,20,70-72]. Cavitation peening using hydrodynamic means can be
performed via the submerged or the co-flow configuration. Schematics of both process variants

are shown in Fig. 1-1b and c.

In submerged water cavitation peening, a high-pressure jet of water is injected into a

stationary column of water, which generates cavitation in the low-pressure regions of vortices
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created by the shearing action between the high-pressure jet and the stationary column of water
[19,70]. In co-flow water cavitation peening or simply co-flow cavitation peening, a high-pressure
jet of water is injected into an encapsulating low-pressure water jet, which produces cavitation due
to the shearing action between the high pressure and low-pressure jets [20]. Cavitation peening
using ultrasonic excitation is realized by a high frequency ultrasonic horn immersed in a fluid,
usually water or an aqueous solution, that produces cavitation due to a fluctuating pressure field
generated by the ultrasonic excitation [72]. Peening by ultrasonic cavitation has been explored for
surface modification and has been shown to introduce beneficial compressive residual stresses

[72]. A schematic of ultrasonic cavitation peening is shown in Fig. 1-1a.

Soyama et al. observed the pulsating cavitation cloud produced by a high-speed submerged
jet through high-speed flow visualization [73]. Subsequently, useful parameter spaces for cutting
and peening were identified by observations of erosion in aluminum samples [74]. Vijay et al.
utilized similar cavitating water jets in both submerged and co-flow configurations for cutting of

rocks and other materials [22].

Fatigue life of aluminum alloy JIS Z2274 has been shown to increase with submerged
cavitation peening [17]. The increase in high cycle fatigue life of the aluminum alloy is shown in

Fig. 2-11.
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Fig. 2-11 Improvement of fatigue strength of JIS Z2274 by cavitation peening [17].

Similarly, an increase in high cycle fatigue strength has also been seen with co-flow
cavitation peening [75]. For example, the increase in fatigue life of stainless steel JIS SUS316L
subjected to co-flow cavitation peening is shown in Fig 2-12. In the figure, CJA refers to cavitating
jet in air, referred to as co-flow cavitation peening in this thesis, and CJW refers to cavitating jet
in water or submerged cavitation peening. It is noted from this study that the high cycle fatigue
life improvement produced by co-flow cavitation peening may be greater than the high cycle

fatigue life improvement produced by submerged cavitation peening.
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Fig. 2-12 Improvement of fatigue strength peened by CJA (Cavitating Jet in Air) and CJW
(Cavitating Jet in Water) [75].

Marcon et al. compared the surface roughness produced by co-flow water cavitation
peening and showed that co-flow water cavitation peening yields lower surface roughness than
shot peening [76]. Also, there are advantages of co-flow cavitating jets over submerged jets such

as amenability to automation and ability to process larger workpieces.

2.4 Cavitation intensification in water cavitation peening

Due to similarities with submerged cavitation peening, literature on submerged water jets
is relevant as well. Qin et al. [77] have showed that cavitation intensity can be enhanced by aeration
of the high-pressure jet. Aeration of the high-pressure jet has the potential to increase the
availability of cavitation nuclei, thus increasing the incidence of cavitation. Their study showed
that an increase in aeration led to a decrease in the time required to reach residual stress saturation,
an increase in the peak compressive residual stress, and an increase in the depth to which

compressive residual stresses are generated. Peng et al. [78] have demonstrated an increase in
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cavitation intensity by the addition of silica microparticles in the working fluid. The silica
microparticles are believed to act as cavitation nucleation sites in addition to their role as abrasive
projectiles accelerated by cavitation collapse. A critical concentration of silica particles was
determined and shown to increase the cavitation intensity by ~ 90%, measured in terms of the mass

loss, compared to the absence of silica particles.

While such studies have shown an enhancement of cavitation intensity, a significant change
in the overall design of the system is required to introduce aeration in the high-pressure jet. There
is also the potential for damage to the high-pressure pump due to introduction of abrasive silica

particles.

It has been shown by Soyama et al. [79] that the nozzle design influences cavitation
intensity in submerged water cavitation peening. Through the introduction of an upstream cavitator
and a downstream guide pipe, the availability of cavitation nuclei, produced by bubble formation
and collapse in the upstream cavitator, is increased. The guide pipe is believed to influence the
cavitation cloud pulsation frequency that allows for larger cavitation clouds to form. The optimized
design with an upstream cavitator and the downstream guide pipe led to a 320% increase in

cavitation intensity quantified by the curvature of a duralumin strip.

Soyama [80] has also shown that cavitation intensity can be enhanced by generating
pulsations in the cavitating jet through suitable shaping of the nozzle outlet geometry in submerged
cavitation peening. The nozzle outlet geometry was shaped in the form of a Helmholtz resonator.
An optimum Strouhal number (S7) was determined and experimentally shown to increase the
cavitation intensity by ~ 300%. The Strouhal number (S7) is a dimensionless number quantifying

the pulsation frequency of a flow [81].
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Johnson et al. [82] have shown the effect of upstream organ pipe geometry on
intensification of cavitation for deep sea drilling. The pressure losses in an organ pipe are small,
which make them suitable for cavitation intensity enhancement without an increase in pressure
requirements. Pressure oscillations in the exiting jet are amplified due to matching of the natural
pressure pulsation frequency of the jet with the frequency of pressure oscillations produced in the
organ pipe. As explained by Johnson et al. [82][83], there exists a critical frequency of pressure
pulsations and a Strouhal number (S7) associated with this frequency that leads to the organization
of large-scale turbulent motion into cavitating vortex rings, and consequent cavitation
intensification. This frequency is dependent on the length of the upstream organ pipe geometry. It
has been shown that the organization of large-scale turbulent motion into cavitating vortex rings
is most distinct for a St of 0.3 [84]. A detailed discussion of this phenomenon can be found in
[81][83]. Even though their research is focused on submerged jets, it can be hypothesized that such
an excitation of the inner jet flow can also increase cavitation intensity in co-flow cavitating jets.
However, there is no study on the effect of upstream inner jet organ pipe nozzle geometry on

cavitation intensification in co-flow cavitation peening.

From fuel injection and spray formation studies, it has been shown that nozzle taper affects
cavitation inception in high pressure nozzles. The taper is defined by the slope angle or
alternatively with the area reduction of the nozzle orifice measured at the entry and exit. Thus, a
nozzle with a diverging, zero and converging taper have negative, zero and positive values of area
reduction. Macian et al. [85] conducted computational fluid dynamics (CFD) analysis on the
cavitation inception phenomenon in fuel injector nozzles at 9.5 MPa and 19.5 MPa with
converging and zero taper. They found that a nozzle with zero taper is more susceptible to

cavitation inception than the nozzle with converging taper. Payri et al. [86] have experimentally
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shown greater cavitation inception in nozzles with zero taper compared to converging taper nozzles
at pressures ranging from 10-80 MPa. It is to be noted that, the coefficient of discharge (Ca), which
is an indication of the energy loss in the internal flow through the nozzle, is greater in the
converging taper nozzle. He et al. [87] have shown through CFD simulations the effect of nozzle
orifice shape for nozzles with diverging, zero, and converging taper. They found that the diverging
taper nozzle is more inclined to cavitate than the zero taper nozzle. There is little cavitation
inception and growth in nozzles with converging taper. This is explained by the phenomenon of
flow separation. It is shown that flow separation accompanied by a sharp drop in pressure occurs
within the length of the orifice in nozzles with diverging and zero taper. The flow separation
creates zones of low pressure, which result in cavitation inception and propagation. This flow
separation is not observed in the case of converging taper nozzles. In co-flow water cavitation
peening, the flow in the high-pressure inner jet nozzle is also subjected to pressures and velocities
like studies mentioned earlier. It is, therefore, quite evident that there is internal cavitation activity
that may affect the jet characteristics and cavitation generation both internal and external to the
nozzle. In co-flow cavitation peening, cavitation generation can occur due to flow separation
internal to the inner jet nozzle and the shearing action of the inner jet flow with the outer jet flow
[64]. Thus, there are indications that nozzle taper does have an influence on cavitation inception,
in internal flows of the high-speed inner jet nozzle and potentially overall cavitation intensity in

the co-flow field in co-flow water cavitation peening.

One notable study of the effect of nozzle geometry in cavitation peening using a submerged
jet was reported by Soyama [88]. However, the entrance to the orifice was cylindrical while the
exit orifice was diverging. Since the entry was cylindrical, the coefficient of discharge (Cas) was

nominally equal (~0.64-0.65) to each other for all studied nozzle configurations. Nozzles with zero
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and converging taper were not investigated. An optimum diverging nozzle shape that increased

cavitation intensity was determined and tested on a range of materials.

There are some subtle differences in the purpose of the inner jet nozzles used for co-flow
cavitation peening and hydroentangling nozzles [89]. The purpose of a hydroentangling nozzle is
to impart as much kinetic energy as possible for production of non-woven fabrics, whereas the
purpose of inner jet cavitation peening is to maximize cavitation generation in the co-flow flow
field. However, a comprehensive study of the effect of taper in inner jet nozzles for co-flow

cavitation peening is lacking.

The length of an orifice influences jet breakup and cavitation in fuel injection nozzles at
pressures similar to that in co-flow cavitation peening. Several studies have shown the influence
of a dimensionless geometric parameter L,/d ratio, where L, is the length of the orifice and d is
the diameter of the orifice. A study by Shimizu et al. [90] on the effect of the parameter L,/d on
jet breakup concluded that there exists a critical L,/d ratio where the jet breakup length is
minimized. Tamaki et al. [91] showed the effect of hydraulic flip and flow reattachment on the
internal cavitation behavior, turbulence, and velocity profiles. At sufficiently high pressures
exceeding ~0.3-0.4 MPa, detachment of the inner jet from the inner jet orifice walls occurs and an
air pocket is formed in the space between the detached inner jet and the wall, which is known as
hydraulic flip. This results in a jet with a smooth surface, which leads to delayed jet breakup. As
the L,/d ratio increases, reattachment of the inner jet occurs along the length of the wall and
promotes cavitation collapse within the nozzle. However, at very high L,/d ratios, the flow
transforms into a fully developed rectangular (plug flow or constant) velocity profile flow which
again increases jet breakup length [92]. Thus, the two competing mechanisms of hydraulic flip and

flow reattachment are known to influence cavitation behavior in high pressure fuel injection
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nozzles. Further elucidation of the effect of inner jet nozzle orifice length on cavitation generation
in co-flow cavitation peening is required for a better understanding of co-flow cavitation peening

nozzle design.

Lastly, the use of water-soluble polyethylene oxide, which is a drag reducing polymer to
reduce cavitation induced damage in metal surfaces has been studied [93]. The observed reduction
is attributed primarily to the reduced intensity of the reentrant jet generated by the collapse of a
cavitation bubble [94]. However, there is some evidence in the literature that the addition of water-
soluble polymers to cavitating liquids can also enhance surface damage under certain conditions
[23-25]. Specifically, the addition of water-soluble polymers such as polyethylene oxide (PEO)
and polyacrylamide has been shown to increase the cavitation intensity and the resulting cavitation
damage in metals. Ashworth et al. [23] showed through mass loss experiments that enhanced
cavitation intensity is observed with 1000 particles per million by weight (wppm) of high
molecular weight polyacrylamide solution in water. In the same study, an investigation of the role
of viscosity on cavitation intensity enhancement was also undertaken. It was found that increased
viscosity alone cannot explain the observed increase in cavitation intensity. It was reasoned that
increased viscosity reduces the growth rate of air cavities and thereby reduces the shockwave
intensity. Shima et al. [24] also reported similar trends in cavitation intensity with 100-1000 wppm
of commercial high molecular weight polyethylene oxide (DuPont™ PolyOx) in water. An
interesting observation of their work is that exposing the solid metal surface to all tested polymer
solutions for short durations exhibited higher cavitation intensities characterized by greater mass
loss. However, at longer durations the cumulative mass loss for the 500 wppm and 1000 wppm
PolyOx solutions was reduced. These results suggest that an increase in cavitation intensity may

be possible depending on the polymer concentration and duration of sonication. An increase in
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localized cavitation erosion in the vicinity of areas with small radius of curvature such as a hole
edge was also demonstrated by Nanjo et al. for a 1000 wppm of PolyOx based water solution [25].
However, Brujan et al. have reported contradictory findings for the effect of polyacrylamide in
water [95]. In contrast to the results of Ashworth et al. [23] and Shima et al. [24], Brujan et al.
reported a reduction in mass loss of pure aluminum over 80 minutes of exposure when using
aqueous polymer solutions with polyacrylamide concentrations of 10, 25, 100, 250, and 1000
wppm. However, as observed in most of the earlier studies, the effect of the polymer additive on
cavitation intensity is most distinct for a short duration only. The study by Brujan et al. [95]
considers a longer duration response that includes the effects of polymer degradation, which is
known to reduce cavitation intensity Thus, polymer degradation may explain the contradictory
findings. Surface tension is also known to decrease with increasing concentration of PEO water
soluble polymer with molecular weight of 8000 [96]. Cavitation erosion rates are also known to
be negatively influenced with a decrease in surface tension of the fluids, indicating a possible link

between the concentration of polymers and cavitation inception as well [97].

In summary, it is evident from prior work that the effects of upstream inner jet organ pipe
nozzles, inner jet nozzle orifice taper and inner jet nozzle orifice length have not been investigated
and can enhance cavitation intensity due to the inner jet phenomenon. Also, aqueous polymer
solutions can potentially enhance cavitation intensity depending on the polymer type, its
concentration, and the duration of sonication. However, prior studies were motivated by the desire
to reduce cavitation damage through polymer addition and are limited in their quantification of the
effect of water-soluble polymer additives on cavitation to mass loss measurements only. Based on

the need for increased cavitation intensity in ultrasonic cavitation peening and the potential of
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polymer additives for enhancing cavitation intensity, a more detailed quantitative assessment of

the effects of such polymer additives is needed.

2.5 Summary

Some key findings of the literature survey are as follows:

1. There is no work on the effect of upstream organ pipe geometry in co-flow cavitation
peening for intensification of cavitation.

2. A comprehensive study of the effect of inner jet nozzle orifice taper in co-flow cavitation
peening is lacking.

3. No work has been carried out on the effect of inner jet nozzle orifice length in co-flow
water cavitation peening.

4. The effects of addition of polymer additives on ultrasonic cavitation peening have not been

investigated.

In light of the above findings, this thesis focuses on addressing these limitations as

described in the following chapters.
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CHAPTER 3. ENHANCING CAVITATION INTENSITY IN CO-FLOW WATER

CAVITATION PEENING WITH ORGAN PIPE NOZZLES

3.1 Overview

Co-flow water cavitating jets induce compressive residual stress through cavitation impacts
produced by the collapse of the cavitation cloud. Co-flow water cavitation peening causes minimal
surface alteration compared to conventional processes such as shot peening, which is a major
advantage. However, enhancement of cavitation intensity for co-flow water cavitation peening
nozzles is required for practical applications requiring greater process capability. Scaling of co-
flow cavitation peening nozzles to achieve greater cavitation intensity requires higher flow rates,
thus requiring pumps of higher capacities. In contrast, organ pipe geometry nozzles can enhance
cavitation intensity without significant increase in pump capacity and have been used in deep sea

drilling applications.

The objective of this work is to study the effects of organ pipe inner jet nozzle geometry
on co-flow water cavitation intensity and peening performance relative to a standard (unexcited)
inner jet nozzle geometry through experiments on aluminum alloy Al 7075-T651. Nozzle
performance is characterized via extended mass loss and strip curvature tests, high-speed
visualization of the cavitation cloud, analysis of impulse pressures, and through-thickness residual

stress measurements.
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3.2 Experimental method

3.2.1 Experimental setup

Co-flow water cavitation peening was carried out in an experimental facility utilizing the
co-flow nozzle geometry and system design shown schematically in Fig. 3-1. The system is
designed in such a way that the standoff distance, which is defined as the perpendicular distance
between the nozzle and the workpiece, can be adjusted. The inner high-speed jet is driven by a
plunger pump rated at 34 MPa and 2.8 x 10* m3/s while the outer jet is driven by a centrifugal
pump capable of delivering 3.8 x 10> m*/s at a pressure of 392 kPa. The overall nozzle dimensions,
given in Table 3-1, are selected based on prior literature [20,98]. Detailed information of system

design and flow homogenization methods can be found in [99].
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Fig. 3-1 a) Co-flow water cavitation peening nozzle geometry, b) system schematic
indicating (1) reservoir tank (1), temperature indicator (2), valve (3), filter (4), high
pressure plunger pump (5), pulsation dampener (6), pressure gauge (7), flow meter (8),
centrifugal pump (9), butterfly valve (10), co-flow nozzle (11), test enclosure (12), test
sample (13), and drain pump (14).

Table 3-1 Major dimensions of co-flow nozzle.

d 0.85 mm
Do 12.8 mm
Di 24 mm
D2 8xd

Lo 2 mm

B 75°

Y 70°
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3.2.2 Experiment design

The unexcited inner jet nozzle geometry, which consists of a long straight bore of 6.4 mm

diameter, is shown in Fig. 3-2a. The organ pipes shown in Fig. 3-2b are cylinder shaped chambers

2 2
of varying length L with two area contractions defined by (%) and (g) at the entry and exit,

respectively.
Ve Iy
/
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Fig. 3-2 Schematic of a) unexcited inner jet nozzle, b) organ pipe inner jet nozzle.

In contrast to the unexcited inner jet nozzle geometry, organ pipes work on the principle of
passive excitation. In theory, the pressure oscillations occurring at the nozzle exit are intensified
by reflection of these pressure fluctuations from the upstream organ pipe contractions, which is
termed self-resonance. The first mode of resonance will occur if a standing wave of wavelength
4L is formed in the resonating organ pipe with large area contraction at both ends. Hence, the

pulsating frequency of an organ pipe with large area contractions at both ends is given by,
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f==< (1)
where, f'is the pulsating frequency associated with the organ pipe, c is the speed of sound and L is

the length of the organ pipe. The Strouhal number (S¢) is defined as,

st=L2 )

where, d is the inner jet orifice diameter, and V'is the inner jet velocity. The velocity V'is calculated

as,

V== 3)

where Q is the volumetric flow rate measured by an inline inner jet flow meter, as shown in Fig.
3-1, and 4o is the cross-sectional area of the inner jet nozzle orifice.

Combining Eqgs. 1 and 2, we get the length of organ pipe as,

L Kn
4~ (M)sD) 4)

where M is the Mach number of the inner jet, and K» is the mode parameter given by Eqgs. 5 and 6

[81]

K, = 2"4_1 for (%)2 and (§)2>> 1 (5)
Ky =2 for (%)2»1 and (g)z ~ 1 (6)

where 7 is the mode number. For the current nozzle design dimensions shown in Fig. 3-

2, the mode parameter is 0.25.
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Table 3-2 Strouhal numbers and corresponding organ pipe lengths investigated.

Strouhal Pulsating Frequency f Length L
Number (S7) (kHz) (mm)
0.14 25 15
0.28 50 7.5
0.42 75 5

3.2.3 Extended mass loss tests

Cavitation intensity can be evaluated by the mass loss produced by exposing the material
to the cavitating flow past the incubation period [99, 100]. In order to evaluate the cavitation
intensity as a function of the inner jet nozzle geometry, extended mass loss tests for 30 minutes
each were conducted on Al 7075-T651 over a range of standoff distances. The nominal

composition of the Aluminum 7075-T651 samples is given in Table 3-3.
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Table 3-3 7075-T651 alloy composition by weight percentage.

Alloying element Percentage by weight
(Wt.%)

Zinc 5.1-6.1%
Magnesium 2.1-2.9%
Copper 1.2-2.0%
Silicon 0.40%
Iron 0.50%
Manganese 0.30%
Titanium 0.20%
Chromium 0.18-0.28%
Aluminum Remaining
Other: 0.05% (max)

The standoff distance was normalized by the diameter d of the inner jet orifice in
accordance with prior work and is termed normalized standoff distance (nSOD) [99]. The water
temperature was maintained at 303 = 3 K for the duration of each test. The velocity of the inner
flow was kept at 150 = 3 m/s while the pressure was maintained at 26 + 0.34 MPa. The outer jet
velocity was maintained at 11 + 0.2 m/s since it was observed from previous work that the optimum
outer velocity is approximately constant [99]. The reported velocities were determined from
continuity of fluid flow and inline flow meters. The co-flow cavitating jet was allowed to impinge

on the sample to create a typical annular erosion pattern seen in Fig 3-3. Three repetitions were
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performed at each nSOD for each nozzle to ensure repeatability. Mass loss was measured using an

analytical scale with 0.1 mg resolution and 0.3 mg repeatability.

Fig. 3-3 Erosion pattern created after 30 minutes by the co-flow water cavitating jet on Al
7075-T651.

3.2.4 Strip curvature tests

Strip curvature tests were performed using the optimum organ pipe geometry and the
unexcited nozzle geometry at the optimum normalized standoff distance identified from the
extended mass loss tests. The strip curvature measurements provide an indirect but rapid measure
of peening performance. It is known that the compressive residual stress produced by peening a
long strip of metal changes its curvature, which can be analyzed by classical beam theory [101].
Hence, a greater change in curvature translates to improved peening performance. Aluminum
7075-T651 strips of dimensions 19 mm x 76 mm x 6.35 mm were peened at a scan speed of 480
mm/min and a pitch of 1 mm, with the plan view of the strip shown in Fig. 3-4. Each strip was
subjected to six full passes and the corresponding exposure times, which are dependent on the
cavitating jet areas (4c), were calculated using the procedure described in [99]. The cavitating jet
area (Ac) is a function of the normalized standoff distance and nozzle design, if other operating
conditions are kept constant. Even though the exposure times for each nozzle and standoff distance
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are different, the processing time (#,) was the same at 18 min since the strips were subjected to an

equal number of passes.

Start

Cavitating Jet - () e{je( jo{- 0@@

Sample [ = _ p : Scanning pitch ( mm)

End

Fig. 3-4 Plan view of scanning pattern used in strip curvature tests.

In order to measure the change in strip curvature, the curvature before and after peening
were evaluated using a scanning Coordinate Measuring Machine (Brown and Sharpe), as shown

in Fig. 3-5.

66mm

Fig. 3-5 Strip curvature evaluation using CMM.
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3.2.5 High-speed flow visualization

High speed videography of the cavitating co-flows was conducted at 16,000 frame per
second (fps) using a Phantom™ VEO 410L camera with a resolution of 640 x 480 and a Nikon 50
mm f1.8 lens. The setup was arranged as shown in schematically in Fig. 3-6. The experimental

procedure used here is similar to that reported by Marcon et al. [99].

Light Diffuser

\

A

High speed camera

Halogen Lamp

Fig. 3-6 Schematic of high-speed videography.

Since the cavitation cloud is thought to be an agglomeration of cavitation bubbles in the
vapor phase, they are opaque to incident light and show up as dark colored areas in the field of
view, whereas the surrounding outer jet is transparent and appears bright. A representative sample
of 4000 frames corresponding to a duration of 0.25 s is obtained. A region of interest of 0.7D in
width and 1.75D in length is cropped from each image. In order to extract parameters related to
cloud behavior in the range of nSOD values of 25 to 50, an image processing algorithm similar to
that described in [99] was applied. Specifically, the average maximum cloud widths at nSOD

values ranging from 25 to 50 were obtained. Power spectral density (PSD) analysis of cloud width
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variation reveals the cloud shedding frequency, which is defined as the dominant frequency in the
PSD plots. It should be noted that the cavitating jet was videographed without a solid wall or

specimen in the path of the cavitating jet.

3.2.6 Impulse pressure measurements

Impulse pressure measurements were made using a dynamic pressure sensor (PCB™
W113B22) with a pressure range of 34 MPa, rise time of 1 us, diaphragm diameter of 5.5 mm and
a resonant frequency of 500kHz, which allowed for high frequency measurements. The data was
sampled at 1 MHz using a PC based NI™ data acquisition system. In order to protect the
diaphragm and associated piezoelectric elements from damage, the pressure transducer was

installed as shown schematically in Fig. 3-7.

«— Cavitating jet

Offset
. . — Aluminum plate
Plexi-glass insert -
Cork layer for
acoustic isolation
t

High Frequency Pressure Transducer

a) b)

Fig. 3-7 Impulse pressure measurement at a) center of cavitating jet, b) with translation
from cavitating jet.

As seen in Fig. 3-7a, a plexiglass insert protects the sensitive area of the pressure sensor

diaphragm from the cavitating flow while providing an acoustic path to the sensor. In order to
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ensure acoustic isolation, the plexiglass insert was surrounded by a layer of cork. An aluminum
plate, flush with the plexiglass insert, covered the cork layer to protect it from the cavitating jet.
This setup alters the calibration constant of the pressure sensor, which needs to be accounted for
during impulse pressure data acquisition. Recalibration of the pressure transducer to obtain the
new calibration constant was performed by modal impact hammer testing, which was conducted
by impacting the plexiglass insert, which is acoustically connected to the pressure sensitive region
of the pressure transducer and recording the resulting response from the pressure transducer. The
frequency response of the transducer obtained by applying Welch’s method was essentially flat,
translating to a constant multiplying factor of 7.858 MPa/V across all frequencies, which is
considered the new calibration constant. The use of pressure fluctuations, measured with a high
frequency pressure transducer produced due to an impinging jet, is a well-known technique for

cavitation intensity measurement in both ultrasonic and hydrodynamic cavitation [66, 102].

Care was taken to initially align the cavitating jet with the center of the pressure diaphragm.
In order to measure the impulse pressure fluctuations across the entire cavitating jet area Ac the
cavitating jet was translated intermittently by 2 mm at a time to measure the impulsive pressure

fluctuations as a function of the radial distance from the center, as shown in Fig. 3-7b.

3.2.7 Residual stress measurements

X-ray diffraction based residual stress measurements using Cr-Ko radiation and (311)
lattice planes of Al-7075-T651 were made on samples processed by the unexcited and the optimum
organ pipe inner jet nozzles using the two-angle sin? y technique in accordance with SAE HS 784
[103]. To facilitate through-thickness residual stress measurement, material was electrochemically

removed to minimize alteration of the subsurface residual stress. To account for residual stress
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relaxation caused by electrochemical material removal and the influence of penetration of radiation
employed, correction of the results was done according to the procedures outlined in [104]. The

residual stress measurements were made at Lambda Technologies (Cincinnati, OH).

3.3 Results and discussion

The mass loss results for the inner jet organ pipe and the unexcited nozzle geometries as a

function of the normalized standoff distance and the Strouhal number (S7) are shown in Fig. 3-8.

-l 5 mm organ pipe nozzle
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Fig. 3-8 Mass loss as a function of nSOD for organ pipe nozzle, b) maximum mass loss as a
function of Strouhal number (S7).

It can be seen from the Fig. 3-8 that the cavitating jet produced by the inner jet organ pipe
nozzle with organ pipe length L of 7.5 mm (St = 0.28) generated a maximum mass loss of 80.63
mg at a nSOD of 45, whereas the unexcited inner jet nozzle generated a maximum mass loss of 50
mg at a nSOD of 50. This translates to an increase in mass loss of 61% over the unexcited inner
jet nozzle. Interestingly, the optimum nSOD for all tested organ pipe nozzle geometries was 45,
whereas it is 50 for the unexcited nozzle. The physical reason for this difference remains
undetermined. The increased mass loss is confirmation of the increased cavitation intensity

induced by self-resonance in the organ pipe. In contrast, the mass losses generated by the organ
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pipe inner jet nozzles with St of 0.42 and 0.14 are comparable to mass loss generated by the
unexcited inner jet nozzle. Based on these results, the 7.5 mm organ pipe inner jet nozzle
corresponding to St of 0.28 is identified as the optimum organ pipe inner jet nozzle geometry.
Interestingly, the optimum Strouhal number identified here is close to the optimum value proposed

by Crow and Champagne [84]. The error bars in the figure correspond to 95% confidence intervals.

To further evaluate the effect of increased cavitation intensity on peening performance,
strip curvature tests were carried out on the peened Al 7075-T651 samples. The exposure times
for the cavitating jet produced by the unexcited and optimum organ pipe inner jet nozzles were
348.9 s and 288.3 s, respectively. The difference in exposure times is due to differences in

cavitating jet areas Ac produced by the two nozzles.

The changes in strip curvatures produced by the optimum inner jet organ pipe and the
unexcited inner jet nozzles are shown in Fig. 3-9. Due to increased cavitation intensity, the change
in strip curvature for the optimum organ pipe inner jet nozzle is 66% higher than for the unexcited
inner jet nozzle. The error bars at the peaks of the profiles in Fig. 3-9 correspond to 95% confidence

intervals.

42



—A - Unexcited Nozzle |

O - _I_ - ~O - Organ Pipe Nozzle |
0.06 & .
O ,-{*_‘__ (oW
£ 004 R Ao
é /I ” “‘\\ \\
N 0.02 0. N
-g" ":A, \\ \\
‘5 f// oY \\
I 0 P A \
J AY AY
A ‘\
0.0257/ *\
-0.04" ! ' ! : : ! :
10 20 30 40 50 60 70
X (mm)

Fig. 3-9 Net strip curvature results for the two nozzles.

High-speed video analyses of the cavitating flows produced by the optimum organ pipe
nozzle and the unexcited nozzle were carried out to obtain evidence of cavitation intensification
using the organ pipe nozzle geometry. A sequence of eight images sampled at 8 kHz,
corresponding to a time duration of 0.001 s is shown for the unexcited and the optimum organ pipe
inner jet nozzles in Fig. 3-10a and 3-10b, respectively. The images reveal the periodic formation
and shedding of the cavitation cloud in co-flow cavitation peening. The disruption of the outer
flow as the flow exits the nozzle is also visible. It is conjectured that this disruption is due to
acceleration of the outer flow by the inner flow, which reduces the overall cross-sectional area of
the cavitating jet and leads to eventual jet breakup. The video images were analyzed using image
processing techniques described in [64] to compute the average maximum cloud width variation
produced by the two nozzles. The cloud width data was used to compute the corresponding power

spectral densities (PSD).
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Fig. 3-10 Sequence of high-speed images corresponding to a time duration of 0.001 s of the
co-flow cavitating jets produced by the a) unexcited inner jet nozzle, b) optimum organ
pipe inner jet nozzle.

b)

The power spectral densities of the average maximum cloud width variation produced by
the unexcited and optimum organ pipe nozzles at nSOD values of 50 and 45, respectively, are
shown in Fig. 3-11. Note that the mass loss at these nSOD values is greatest for the respective

nozzles.
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Fig. 3-11 PSD of average maximum cloud width variation for a) unexcited inner jet nozzle
at nSOD 50 and b) optimum organ pipe nozzle at nSOD 45.
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The dominant frequencies of the two PSD spectra correspond to the respective cavitation
cloud shedding frequencies. The cloud shedding frequency of the unexcited inner jet nozzle at
nSOD of 50 is 1656 Hz while it is 1884 Hz at nSOD of 45 for the optimum organ pipe nozzle.
Thus, the shedding frequency of the optimum organ pipe inner jet nozzle is greater than the
shedding frequency of the unexcited inner jet nozzle. In addition, it can be clearly seen that the
power at the cloud shedding frequency for the optimum organ pipe nozzle is greater than the power
at the corresponding frequency for the unexcited nozzle. These results can be attributed to the
greater structure and intensity in the cavitation cloud emanating from the optimum organ pipe
nozzle. The shedding frequencies found in this study are in good agreement with values in the
range of ~ 2kHz previously reported in the literature [99, 105]. In order to characterize the total
power associated with cloud width variation, ten sets of 400 images each were created from the
original 4000 images available for both nozzle designs and their PSDs were computed. The total
power, defined by the area under the PSD curves, for each of these ten sets of images for the two
nozzle geometries was averaged and are presented in Fig. 3-12. The error bars in the figure

correspond to 95% confidence intervals.
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Fig. 3-12 Total power of average maximum cloud width variation over a range of nSOD for
a) unexcited inner jet nozzle, b) optimum organ pipe inner jet nozzle.

The power of the PSD, which is an indication of the overall strength of the cavitation cloud,
shows a monotonically increasing trend with increasing nSOD. It can be seen that the power of the
optimum organ pipe inner jet nozzle geometry is consistently higher than the corresponding power
of the flow generated by the unexcited inner jet nozzle geometry, with the exception of nSOD of

25. This is attributed to the cloud formation being in a nascent stage at such low stand-off distances.
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Fig. 3-13 Radial distribution of maximum pressure fluctuation of a) unexcited inner jet
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Contours of the maximum impulse pressure fluctuations observed in the unexcited and the
optimum organ pipe inner jet nozzles as a function of the radial distance from the center of the
cavitation area at their respective optimum nSOD values of 50 and 45 are shown in Fig. 3-13. It
can be seen in Fig. 3-13 that the maximum pressure fluctuations produced by the optimum organ
pipe inner jet nozzle are greater than the maximum pressure fluctuations produced by the unexcited
inner jet nozzle. The plots show that the maximum pressure fluctuations occur 2 mm away from
the center for the unexcited inner jet nozzle and 6 mm away from center for the optimum organ
pipe inner jet nozzle. This is consistent with the erosion patterns observed in the mass loss tests

where the most aggressive erosion takes places in the outer ring region of the cavitation area.

In order to gain insight into the frequency distribution of the cavitation events occurring at
the optimum nSOD, approximately equal number of cavitation events were extracted from the
impulse pressure measurements at the center of the cavitating jets for both nozzles. In this context,
it is assumed that peaks with a minimum threshold of 0 MPa in the time history of the impulse

pressure correspond to individual cavitation events.
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The pressure amplitudes were binned to obtain a frequency distribution of cavitation
events, as shown in Fig. 3-14. The overall distribution of cavitation events for the unexcited nozzle
is seen in Fig. 3-14a. The corresponding number of events with amplitudes above 2 MPa and 7

MPa are seen in Fig. 3-14b and 3-14c, respectively.

Similarly, the overall distribution of cavitation events for the optimum organ pipe nozzle
is seen in Fig. 3-14d. The number of events with amplitudes above 2 MPa and 7 MPa for the organ

pipe nozzle are seen in Fig 3-14e and 3-14f, respectively.

The frequency of high intensity cavitation events (defined as cavitation events with
pressure amplitudes greater than 7 MPa) was 4 Hz for the unexcited nozzle and 74 Hz for the
optimum organ pipe nozzle. Thus, the frequency of strong cavitation events in the cavitating jet
produced by the organ pipe nozzle can explain the increased mass loss and the increased peening

intensity observed.
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Fig. 3-14 Distribution of cavitation events binned by pressure amplitude for the a)
unexcited nozzle, b) unexcited nozzle with amplitudes greater than 2 MPa, ¢) unexcited
nozzle with amplitudes greater than 7 MPa, d) optimum organ pipe nozzle, ) optimum

organ pipe nozzle with amplitudes greater than 2 MPa, and f) optimum organ pipe nozzle
with amplitudes greater than 7 MPa.
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It is known that organ pipe nozzles produce more intense pressure fluctuations at exit due
to matching of the natural frequency of pressure fluctuations of the exiting jet with the frequency
of pressure fluctuations in the upstream organ pipe section of the nozzle. This excitation leads to
organization of the incoherent cavitation structures between the co-flows into large scale coherent
vortical cavitation structures [82]. The pulsations, characterized by the Strouhal number (St), are
imparted by the organ pipe nozzle to the exiting jet and in turn to the greater pressure fluctuation
observed at the workpiece surface, seen in Fig. 3-13. It is noted by Deng et al. [102] that a higher-
pressure fluctuation amplitude is an indication of resonance in the upstream organ pipe nozzle. In
addition, enhanced coherence of the cavitation cloud at the shedding frequency, which is
characterized by the greater intensity seen in Fig. 3-11 and Fig. 3-12, are further evidence of the
improved performance of the organ pipe nozzles with respect to the unexcited nozzle. Since the
organ pipe nozzles were designed to achieve the first mode of resonance, the nominal Strouhal
number for formation of coherent vortical structures of the flow is 0.3, as determined by Crow and
Champagne in their air jet experiments [84]. The reader is referred to the work of Crow and
Champagne for a detailed explanation of the mechanisms underlying the formation of coherent
vortical structures in air jets. However, the present work provides qualitative evidence of the
resonance and structuring mechanism as well as quantitative evidence in the form of mass loss,

strip curvatures, high speed videography, and impulse pressure measurements.

The value of 0.28 for the Strouhal number St, which depends on the length of the resonating
chamber of the organ pipe nozzle, is therefore an indication of optimum nozzle geometry. The
Strouhal number for the unexcited nozzle, calculated using the formula for large area reductions
at both ends of the nozzle seen in Fig. 3-2a, is found to be 0.09. Flow excitation through pulsations

corresponding to such a low Strouhal number is not expected to enhance the cavitation intensity
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since it is far from the experimentally determined optimum value of 0.28. Hence, the unexcited

inner jet nozzle is distinct from the organ pipe inner jet nozzle.

It should be noted that the Strouhal number is a dimensionless number specific to
oscillating flows such as those produced by organ pipe nozzles. While a universal dimensionless
parameter that describes the effect of all nozzle geometry variables (not just the organ pipe length)
is desirable, such a dimensionless parameter, however, is difficult to devise as it needs to account
for a multitude of complex geometries and physical phenomena. Consequently, the present paper
is limited to the Strouhal number to characterize the influence of organ pipe nozzle geometry
(length of organ pipe section of the inner nozzle) on the frequency of pulsations that serve to

amplify cavitation intensity.

Lastly, residual stress profiles of strips peened using the unexcited inner jet nozzle and the
optimum organ pipe inner jet nozzle were evaluated by X-ray diffraction (XRD) and are shown in
Fig. 3-15. The residual stress profiles for the two nozzles overlap up to a depth of approximately
50 um. However, beyond this depth, the compressive residual stress produced by the optimum
organ pipe inner jet nozzle is higher. It is important to note that increased cavitation intensity can
cause some erosion of the treated surface, which can cause relaxation of the residual stress near
the surface, as pointed out by Soyama and Saka [106]. Also shown for comparison are the residual
stress profiles generated in Al 7075-T651 by laser shock peening (LSP) with power intensity of 2
GW/cm? [11] and the residual stress profiles obtained by shot peening (SP) [107]. The maximum
compressive residual stresses generated by LSP and SP are less than the maximum compressive
residual stress produced by the optimum organ pipe nozzle, which shows the enhanced capability

of the co-flow water cavitation peening process.
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Fig. 3-15 Residual stress distribution as function of depth below surface. Data for LSP [11]
and SP [107] are taken from literature and presented for comparison only.

3.4 Summary

The chapter presented an experimental investigation of the possible enhancement of
cavitation intensity in co-flow water cavitation peening of aluminum 7075-T651 alloy by utilizing
an organ pipe inner nozzle. Organ pipes of different lengths corresponding to different Strouhal
Numbers (St) were designed and used in extended mass loss and peening experiments, and the
results were compared with those obtained for a standard unexcited nozzle. The main conclusions

of the chapter are as follows:

1. The optimum Strouhal Number for the inner jet, which leads to enhancement of cavitation
intensity in co-flow cavitation peening, was found to be 0.28, a number that is close to the

optimum value proposed by Crow and Champagne [84] for highly turbulent air jets.
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2. The optimum organ pipe inner nozzle yielded a 61% increase in the mass loss and a 66%
increase in strip curvature relative to the unexcited nozzle, indicating enhancement in
cavitation intensity.

3. High speed videography and impulse pressure measurements provided valuable insights
into the cavitation cloud characteristics for the unexcited and optimum organ pipe nozzles.
Power spectral density analyses of the processed image data showed that the power associated
with the optimum organ pipe nozzle is greater than the power associated with the unexcited
nozzle. Analysis of impulse pressure measurements produced by cloud collapse events
revealed that the enhanced intensity of the cavitating jets produced by the optimum organ pipe
inner nozzle is due to the higher frequency of strong cavitation events.

4. Compressive residual stress generated by the optimum organ pipe nozzle is larger in
magnitude at depths higher than 0.05 mm compared to the residual stress induced by the

unexcited nozzle.
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CHAPTER 4. EFFECT OF NOZZLE ORIFICE TAPER ON CAVITATION

INTENSITY IN CO-FLOW WATER CAVITATION PEENING

4.1 Overview

Co-flow cavitation peening is a surface treatment process used to generate beneficial
compressive residual stresses in a metallic surface through shock waves produced during the
collapse of a cavitation cloud. The major advantage of co-flow water cavitation peening for
aluminum alloys is the minimal surface roughening due to the small size of cavitation bubbles
(~100 um) and also estimated from the size of cavitation impact pits seen in aluminum alloys [17,
108]. To utilize co-flow water cavitation peening, optimal design of the nozzle is critical. The taper
is defined by the slope angle or alternatively with the area reduction of the inner jet nozzle orifice
measured at the entry and exit of the inner jet flow. Optimization of nozzle geometry in co-flow
cavitation peening, and cavitation peening in general, requires that the effect of inner jet nozzle
orifice taper be understood. In this study, the effect of the inner jet nozzle orifice taper in co-flow
cavitation peening is investigated. Specifically, the effects of nozzle orifice geometries with
diverging, zero, and converging taper are evaluated through extended mass loss, impulse pressure,
and strip curvature measurements. Further, computational fluid dynamics simulations are utilized

to understand the inner jet nozzle flow to explain the experimental results.

4.2 Experimental method

4.2.1 Experiment design

Three inner jet nozzle variants with varying degrees of nozzle orifice tapers were designed

and fabricated to study the effect of taper on cavitation intensity. The taper is defined by the slope
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angle or alternatively with the area reduction of the inner jet nozzle orifice measured at the entry
and exit of the inner jet flow. The designed inner jet nozzles with diverging, zero, and converging
tapers are shown in Fig. 4-1. The nozzles with diverging, zero, and converging taper have negative,
zero and positive nominal values of area reduction, respectively which translates to nominal
internal half-taper or slope angles of -0.88°, 0° and 0.88° respectively. The entry and exit
dimensions of each nozzle replication are listed in Table 4-1. Nozzle orifices were fabricated using
an Accutex™ Wire Electrical Discharge Machine (WEDM). To ensure repeatability and to
account for manufacturing variation, three replications of each nozzle variant were fabricated and

tested.

Entry Entry Entry

b)

Fig. 4-1 Schematics of the inner jet nozzle taper designs a) diverging taper, b) zero taper, c¢)
converging taper.
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Table 4-1 Actual dimensions of fabricated nozzles with varying tapers.

Entry Exit Area reduction
diameter | diameter (Df;%Dzz) X100 %
D; (um) D, (um)
Diverging taper 1 853 911 -14.06 %
Diverging taper-2 856 912 -13.51 %
Diverging taper-3 859 915 -13.46 %
Zero taper-1 854 842 2.79 %
Zero taper-2 860 851 2.08 %
Zero taper-3 856 855 0.23 %
Converging taper-1 915 843 15.11 %
Converging taper-2 917 843 15.48 %
Converging taper-3 912 846 13.94 %

4.2.2 Extended mass loss tests

Extended mass loss tests at various standoff distances were carried out by allowing the co-flow
cavitating jet to impinge on an Al 7075-T651 specimen for a duration of 30 min. Mass loss is an
indication of the cavitation intensity and is part of standard ASTM test procedure in addition to
being favored by leading researchers of cavitation peening [19,100].The mass loss of the specimen
due to erosion caused by exposure to the cavitating jet was measured in an analytical scale with
0.1 mg resolution and 0.3 mg repeatability. Three repetitions were performed at each standoff

distance. The standoff distance is normalized by the nominal minimum inner jet nozzle diameter
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and is termed the normalized standoff distance (nSOD). The nominal composition of the

Aluminum 7075-T651 samples is given in Table 4-2.

Table 4-2 7075-T651 alloy composition by weight percentage.

Alloying element Percentage by weight
(wt.%)
Zinc 5.1-6.1%
Magnesium 2.1-2.9%
Copper 1.2-2.0%
Silicon 0.40%
[ron 0.50%
Manganese 0.30%
Titanium 0.20%
Chromium 0.18-0.28%
Aluminum Remaining
Other: 0.05% (max)

Water temperature, which is known to be an important factor in cavitation, was kept in the
range of 303 £ 3 K [109]. Pressure of the inner jet during testing was maintained at 26 + 0.5 MPa.
An outer jet velocity of 11 m/s, which corresponds to the optimum velocity determined in [99],
was maintained during all tests. The coefficient of discharge (C;) was calculated using the
measured flow rates and the theoretical flow rates, which can be calculated using Bernoulli’s

formula given in Eq. (1) [81],
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_Q [p (1)
= 4o 3p

where Q, A4,, p and P are the actual volume flow rate, orifice cross sectional area, density, and gage
pressure of water, respectively. The cross-sectional area is taken to be the smaller of the entry and

exit cross-sectional areas, as it is the area that causes the most energy loss

4.2.3 Strip curvature tests

While mass loss is indicative of the increase in cavitation intensity due to nozzle design
changes, it does not convey a measure of the residual stresses. It is known from classical beam
theory that introduction of compressive residual stresses in a long thin strip of a plastically
deformed material changes the curvature of the strip [101]. Hence, exposure to a co-flow cavitating
water jet of greater intensity results in a larger increase in arc height of the peened metal strips.
Aluminum 7075-T651 strips of dimensions of 76 mm x 19 mm x 6.35 mm were raster scanned by
the cavitating jet with a pitch of I mm and a scan speed of 480 mm/min. The strips were subjected
to six peening passes with a processing time (t,) of 18 minutes for each strip. Plan view of the
scanning pattern used on the strips is shown in Fig. 4-2. Measurement of strip arc profile before
and after peening was done using a scanning Coordinate Measuring Machine (CMM) with a probe
tip size of 1.5 mm. Peening was carried out using the optimum operating conditions identified
from the extended mass loss experiments. Since the residual stress of an Aluminum 7075-T651
sample can be assumed to be near zero, any change in arc height is reflective of introduction of

compressive residual stresses and is a technique widely used by researchers in peening and peen

forming research [110] [111].
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Fig. 4-2 Plan view of scanning pattern used on the aluminum 7075-T651 strip.

4.2.4 Impulse pressure measurements

To obtain a measure of impulse pressure and frequency of cavitation cloud collapse events,
a high frequency pressure transducer (PCB™ W113B22) protected by a plexiglass covering was
used. The plexiglass covering was mounted flush with the surface of the pressure transducer
assembly, described earlier, and aligned with the co-flow cavitating jet as seen in Fig. 4-3. Since
the area of the pressure sensitive transducer is small compared to the size of the cavitation cloud,
the pressure transducer was translated 6 mm sequentially to obtain a radial distribution of impulse
pressures about the nozzle axis, as seen in Fig 4-3b. The detailed methodology and rationale for

such measurements can be found in [66,102,112].
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Fig. 4-3 Schematic of impulse pressure measurement using high frequency pressure
transducer at a) center of cavitation erosion pattern, and b) as a function of radial distance.

4.3 Numerical methods

Computational fluid dynamics models for the fluid flow inside the inner jet nozzle were
performed using steady state single phase Reynolds Averaged Navier Stokes (RANS) models in
ANSYS™ Fluent. It is thought that the single phase model can resolve the velocity in the inner jet
nozzles and may enable a qualitative interpretation of the behavior of the different nozzles. This
was partly due to computational resources and time constraints. The relevant continuity and

momentum equations for the axisymmetric condition are as follows [113]:

dp ~Opu,  Opu, pu,
E-I_ 0x + or + r

o @

where x and r are the axial and radial co-ordinates, p is the density of the fluid and u,, u, are the

velocity components in the axial and the radial direction, respectively.
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The axial momentum equation is given by
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where, u is the velocity vector in axisymmetric co-ordinates, p is the static pressure, u is the

molecular viscosity, F, and F,. are the body force components in the axial and radial direction and

u, is the azimuthal velocity (what the ANSYS Theory Guide [113] refers to as the swirl velocity

for axisymmetric simulations). It is to be noted here that the swirl velocity component u, is zero

in the axisymmetric simulations without swirl (similar to the present case) in ANSYS™ Fluent

and which leads to underestimation of the Turbulent Kinetic Energy (TKE). It is to be noted that

ANSYS defines the co-ordinates differently from a conventional cylindrical co-ordinate system.

Axisymmetric single phase models in the form of the RNG k — € turbulence model with

enhanced wall functions was used to model the internal flow distribution in the inner jet nozzles

with different tapers [114,115]. The RNG k — € turbulence model with enhanced wall functions
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was chosen for its ability to efficiently model near wall flow with a coarse mesh in the inner jet
nozzle internal flow, even though significant mesh refinement was performed near the wall and
the corner radius at the nozzle inlet [115]. Details of the mesh can be found in Appendix A2. Mesh
convergence was achieved with progressive mesh refinement till differences in the area averaged
velocity magnitude values at the inner jet nozzle exit were less than 0.5 % for the steady state
simulations. A k — w model in contrast requires sophisticated fine meshing approaching y* values
of 1. Detailed explanation of y" and enhanced wall treatment can be found in [115]. Default values
for turbulence intensity and turbulent viscosity ratio were used and can be found in Appendix A2.
It is expected that the mesh quality can be improved significantly to account for all the turbulent
kinetic energy near the wall. However, despite its shortcomings and due to the use of wall
functions, a model with maximum y* values of 28 near the wall (as in the present case) may allow
qualitative comparisons of the nozzles. A pressure based SIMPLE solver, which delinks the
density from the pressure during solution, was used [113]. The density was assumed to be constant
in these simulations. Contours of the velocity were used to analyze the resulting cavitation
behavior and dynamics. A schematic of the axisymmetric flow domain modeled with appropriate
boundary conditions is shown in Fig. 4-4. The wall is modeled as a no-slip stationary wall as
defined by ANSYS [113]. The axis of symmetry is considered the centerline of the geometry along
which the flow domain is assumed to be symmetric [113]. The outlet is modeled as a pressure

outlet with 0 MPa gauge pressure.
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Fig. 4-4 Schematic of CFD flow domain of the inner jet flow in inner jet nozzles with
varying taper.

4.4 Results and discussion

The maximum mass loss produced by a nozzle, which is an indicator of its cavitation

intensity, is plotted as a function of the nominal area reduction in Fig. 4-5.
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Fig. 4-5 Maximum Mass Loss versus Area Reduction for all nozzle replications.

As can be seen, there is a clear trend in the maximum mass loss with change in taper

expressed as percentage area reduction. A linear regression model (y = B, + [1x) was fit to the

data as shown in Table 4-3.
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Table 4-3 Linear Regression Model of Maximum Mass Loss vs. Area reduction (%).

Estimate Standard Error (SE) | p-value
Intercept 63.953 2.838 8.578e-08
Area Reduction (%) 0.844 0.245 0.010

The Pearson correlation coefficient, which describes the statistical correlation between the
area reduction (%) and the maximum mass loss, is 0.7928. This indicates a strong positive
correlation between the area reduction (%) and the maximum mass loss. However, there is
significant variability in the maximum mass loss values for the diverging and zero taper nozzles.
It is to be noted from Table 4-1 that the tapers defined by the area reductions vary slightly, which
may contribute to some of the variability between replications of each nozzle variant. It can also
be seen in Fig. 4-5 that the nozzle with converging taper is the most aggressive and produces the

greatest mass loss.

A consolidated extended mass loss test plot showing the mean mass loss at all normalized
standoff distances is shown in Fig. 4-6. The error bars seen in the figure are 95% confidence

intervals.

64



100

A Converging
Zero

80 . Diverging

S A
£ 60 s B
: @
g = e
@ 40 A - ‘
= @
20
0 | ]
35 40 45 50 55 60

nSOD (mm/mm)

Fig. 4-6 Average mass loss results over a range of nSOD for nozzles of varying taper.

It can be clearly seen that the nozzle with converging taper produces the greatest mass loss
among all nozzle variants, followed by the nozzle with zero taper. The average maximum mass
loss produced by the converging taper nozzle is greater by 18% and 46%, respectively, than the
mass loss produced by the zero and diverging taper nozzles. However, it can be seen that the zero
taper nozzle exhibits less variation in mass loss across different nSOD values compared to the
converging taper nozzle. This may prove useful for better process control in conditions where
greater consistency in cavitation intensity is desired, such as during robotic arm assisted peening
using co-flow cavitating jets. The coefficients of discharge (C;) were also calculated for all nozzles

and are listed in Table 4-4.
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Table 4-4 Coefficient of discharge (C,) for nozzles with varying taper.

Diverging Zero Converging

Cq 0.64+0.008 0.65+0.006 0.74+0.008

It can be seen from Table 4-4 that the nozzle with converging taper has the highest value
of C;. This indicates that the energy losses inside the converging taper nozzle are less than the zero
and diverging taper nozzles. Thus, the velocity difference between the inner jet and outer jet in the
co-flow field for the converging taper nozzle is also greater than the velocity difference between
the zero and diverging taper nozzles. The increased velocity difference may be responsible for the

enhanced cavitation due to the shearing action of the co-axial flows.

Next, strip curvature measurements with the most aggressive replication of each nozzle
variant at their respective optimum nSOD values (given in Appendix Al) were carried out to
evaluate the effect of greater cavitation intensity on the compressive residual stresses produced in

the material, seen in Fig. 4-7.
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Fig. 4-7 Strip curvature profiles obtained with nozzles of varying taper at their respective
optimum nSOD values.
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As can be clearly seen in Fig. 4-7, the arc height of the strip peened by the converging taper
nozzle is the greatest followed by the nozzles with zero and diverging taper. The arc height
generated by peening with the nozzle with converging taper is higher by 59% than the arc height

generated by the nozzle with diverging taper.

This validates the results of the mass loss tests. As further validation, impulse pressure
measurements were carried out on the most aggressive replication of all the nozzle variants at their
respective optimum nSOD values. The cavitation intensity plots of the pressure fluctuation as a

function of the radial distance measured from the center of the flow are shown in Fig. 4-8.
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Fig. 4-8 Maximum pressure fluctuations in radial direction.

The cavitation intensity recorded by the pressure transducer is greatest at the center of the
cavitating jet for all the nozzle variants. It can also be seen that the maximum pressure fluctuation,
which is an indication of cavitation intensity, is greatest for the converging taper nozzle, followed
by the nozzles with zero and diverging taper, respectively. However, the maximum pressure
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fluctuations at other radial distances are greater for the zero taper nozzle followed by the nozzles

with diverging and converging taper.

From the time history signal of each nozzle variant, an approximately equal number of
cavitation events were obtained by setting a threshold of 0 MPa, which were binned according to
their amplitudes to obtain the frequency distributions shown in Fig. 4-9. The frequency distribution
of cavitation events produced by the converging taper nozzle exhibits a longer tail, seen in the
insets in Fig. 4-9, than the frequency distributions for the diverging and zero taper nozzles,

indicating a larger occurrence of higher intensity events.
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Fig. 4-9 Frequency distribution of cavitation events obtained for nozzles with a) diverging
taper, b) zero taper, and c) converging taper.

It can be seen from Fig. 4-9 that the frequency of high intensity cavitation events (defined
here as cavitation events with pressure amplitudes greater than 12 MPa) is 3.5 Hz, 26 Hz, and 33.8
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Hz for the nozzles with diverging, zero and converging taper, respectively. Thus, the impulse
pressure measurements provide further proof of the enhanced cavitation intensity of the nozzle

with converging taper compared to the nozzles with zero and diverging taper.

The greater coefficient of discharge seen with nozzles of converging taper potentially leads
to greater exit velocities and greater shear in the co-flow field, which results in greater cavitation
intensity. The RANS simulation of the inner jet nozzle flow in nozzles with varying taper sheds

light on this potential behavior of the converging taper nozzle, which is discussed next.

Specifically, the RANS single phase flow simulations for the diverging, zero, and
converging taper nozzles yield the following volume flow rates computed from the axial velocity
components at the outlet of the orifices: 1.062x10™*, 1.040x107%, 1.115x10™* m3/s,
respectively. Trend wise, the simulations show that the converging taper nozzle generates greater
flow rates than the diverging and zero taper nozzles by ~5 % and ~7 %, respectively, which are
significant since the variability in the area averaged velocity with reducing mesh size was found
to be less than 0.5 %. However, these flow rates are higher by ~ 15 to 30 % compared to those
observed experimentally, which range from 0.832x10™* to 0.940x 10~* m3/s going from
diverging taper nozzles to converging taper nozzles. The single phase model clearly overpredicts
the flow rates since it does not account for flow occlusion that occurs due to cavitation within the
nozzle. This shortcoming of such single phase models solved using the SIMPLE scheme can be
addressed with appropriate multi-phase simulations. Interestingly, the flow rate is higher for the
diverging taper nozzle than the zero taper nozzle. This is because the nozzle orifice exit area is

greatest for the diverging taper nozzle compared to the zero and converging taper nozzles.

The velocity magnitude variation in the radial direction from the axis of symmetry at the

nozzle exit is plotted in Fig 4-10. It can be observed that the velocity magnitude variation is quite
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significant along the radial direction. The area averaged velocity values at the nozzle exit for the
nozzle variants are given in Table 4-5. The converging taper nozzle has greater absolute velocity
approaching the wall at higher radial distances compared to the zero and diverging taper nozzles.

This leads to increased flow rates, which is reflected in the computed values mentioned earlier.
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Fig. 4-10 Velocity magnitude variation with radial distance at nozzle exit for nozzles with
varying taper.

The speed of sound in water at atmospheric temperature is 1500 m/s, which indicates that
the Mach number in the nozzle is ~0.2 [81]. Compressibility effects start becoming significant as

the Mach number approaches 1, thus validating the current approach with incompressible flow

assumptions [113].
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Table 4-5 Area averaged velocity magnitude for nozzle variants with varying taper.

Nozzle variant Area Averaged Velocity at exit (m/s)
Diverging taper 162.69
Zero taper 183.38
Converging taper 196.97

These simulations confirm a higher area averaged exit velocity for the converging taper
nozzle compared to the zero taper and diverging taper nozzles, which indicates greater potential
for shear cavitation in the co-flow field with an inner jet nozzle orifice with converging taper

compared to the diverging and zero taper nozzles.

In order to gain insight into the phenomenon of flow separation and its effect on the internal
flow in nozzles with varying taper, absolute velocity contour maps are shown for the three different
nozzle variants in Fig 4-11. A region of low velocity is seen close to the wall and is resolved further
using velocity vector maps and appropriate conclusions are made with the information from these

maps.
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Fig. 4-11 Absolute velocity contour maps for nozzles of a) diverging, b) zero. and c)
converging taper.

The corresponding velocity vector maps are depicted in Fig 4-12. It can be seen from the
vector maps that there exists a region of flow separation and reversed flow close to the inlet of the
nozzle, which can be verified visually in the magnified view of the vector map of the diverging

taper nozzle shown in Fig. 4-12d.
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Fig. 4-12 Absolute velocity vector maps for nozzles of a) diverging, b) zero, and c)
converging taper, and d) a close-up view of the flow separation zone near the inlet to the
diverging nozzle.
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An integral length scale to quantify the effect of flow separation in the internal flow of the
nozzle is computed from the axial component of velocity. An integral length scale at any cross
section perpendicular to the axis of symmetry in this case is defined as the radial distance from the
axis of symmetry that contains 90 % of the total volume flow rate across that cross-section. This
length scale is correlated to the length scale of the overall flow and is affected by the flow
separation upstream of the nozzle exit. The greater the value of this integral length scale, the
smaller is the magnitude of the flow separation, which has been shown by He et al. [87] to influence
the coefficient of discharge, albeit for much lower pressures. The integral length scale is computed
0.3 mm upstream of the nozzle exit for the nozzles with varying taper and are listed in Table 4-6.
However, this parameter does not show the effect of flow separation. This length scale can be non-
dimensionalized by the radius of the orifice at the same axial location to understand the range of
flow separation. The non-dimensional integral length scale for the converging taper nozzle is found
to be ~ 5 % greater compared to the diverging taper nozzle. This indicates greater flow separation
in the nozzle with diverging taper. However, a more rigorous investigation with significantly
refined meshing at the wall and the corner radius at the nozzle inlet is required to fully understand

flow separation in these nozzles.

Table 4-6 Value of integral length scales.

Nozzle variant Value of integral length scale | Non-dimensional
(m) integral length scale
Diverging taper 3.92x10* 0.867
Zero taper 3.82x10* 0.898
Converging taper 3.92x 10* 0.907
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4.5 Summary

This chapter presented an experimental and numerical study of the effect of inner jet nozzle
orifice taper on cavitation intensity in co-flow water cavitation peening of aluminum 7075-T651
alloy. Nozzles of converging, zero and diverging taper were tested using extended mass loss and

peening experiments. The main conclusions of the study are as follows:

1. The mass loss tests on Al 7075-T651 show that the nozzle with converging taper generates
the greatest cavitation intensity. The mass loss produced by the converging taper nozzle is
greater than the mass loss produced by the nozzles with zero and diverging taper by 18%
and 46%, respectively. Thus, there exists a strong trend in the cavitation intensity with area
reduction or alternatively taper, as shown through a simple linear regression model.

2. The strip curvature tests on Al 7075-T651 confirm the enhanced cavitation intensity of the
nozzle with converging taper. The arc height produced by the nozzle with converging taper
was greater than the arc height produced by the nozzles with zero and diverging taper by
65% and 59%, respectively.

3. The impulse pressure measurements show that the frequency and magnitude of high
intensity cavitation events is greater in the case of the nozzle with converging taper, which
can explain the enhanced cavitation intensity.

4. Results from extended mass loss, strip curvature and impulse pressure measurements
indicate the higher inner jet exit velocity may be responsible for the greater cavitation
intensity produced by the converging taper nozzle.

5. The steady state RANS CFD simulations of the internal flow in the inner jet nozzles show

that the area averaged exit velocities are the greatest for the nozzle variant with converging
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taper, which is likely responsible for greater shear in the co-flow field leading to greater

cavitation intensity.
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CHAPTER 5. EFFECT OF INNER JET NOZZLE ORIFICE LENGTH ON

CAVITATION INTENSITY IN CO-FLOW WATER CAVITATION PEENING

5.1 Overview

The utility of co-flow water cavitation peening in surface treatment of aluminum alloys has
been demonstrated through various studies. Compressive residual stresses, which enhance fatigue
and fretting wear life, are developed in metallic surfaces treated with co-flow water cavitation
peening due to inhomogeneous surface plastic deformation. However, for application in industry
where processing time reduction and application to a wider range of materials is critical, there is a
need to increase cavitation intensity in co-flow water cavitation peening, which requires detailed
understanding of nozzle designs to obtain an optimum nozzle configuration. A significant nozzle
design parameter that has not been investigated yet is the inner jet nozzle orifice length
characterized with the non-dimensional ratio L, /d. which is known to affect cavitation generation
internal to the inner jet. In this study, extended mass loss and strip curvature experiments are
employed to demonstrate the effect of the inner jet nozzle orifice length on cavitation intensity in

co-flow water cavitation peening.
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5.2 Experimental method

5.2.1 Experimental facility

The major dimensions of the nozzle assembly utilized for this study are listed in Table 5-1.

Table 5-1 Major dimensions of the co-flow nozzle.

d 0.95 mm
D 24 mm

D2 6.8 mm

Lo 0.95-9.5 mm
B 75°

Y 70°

5.2.2 Experiment design

Analogous to previous studies on the effect of nozzle orifice length on atomization and jet
breakup length, the nozzle orifice length (L, ) is non- dimensionalized by division with the diameter
of the inner jet nozzle, d, yielding the ratio L,/d. Keeping nozzle fabrication considerations in
mind and the previous studies on atomization, four L, /d ratios were selected by varying the inner

jet nozzle orifice length as shown in Table 5-2.
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Table 5-2 Inner jet nozzle design variants.

L, L,/d
0.95 mm 1
1.9 mm 2
4.75 mm 5
9.5 mm 10

A schematic of the inner jet nozzles with varying L, /d ratios is shown in Fig 5-1. The

nozzles were manufactured in an Accutex™ Wire Electrical Discharge Machine (WEDM).

La
0.95-9.5mm

o —d

0.95 mm

Fig. 5-1 Schematic of inner jet nozzles with varying L,/d.

5.2.3 Extended mass loss tests

Although, mass loss is not desirable during peening, it is widely used as a measure of
cavitation intensity [99]. Extended mass loss tests for 30 min on Al 7075-T651 (nominal
composition as before) specimens were performed using the four nozzles at a pressure of 26+0.5
MPa giving an average inner jet nozzle exit velocity of 150 m/s for all nozzles. The outer jet
velocity was fixed at 11 m/s for all inner jet nozzle variants consistent with the findings of previous
studies wherein the optimum outer jet velocity was determined [99]. Water temperature was

maintained at 30343 K for the duration of the test since water temperature is known to influence
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cavitation [109]. The mass loss produced by the inner jet nozzle designs was measured as a
function of standoff distance by an analytical scale with 0.1 mg resolution and 0.3 mg repeatability.
The standoff distance was normalized by the inner jet nozzle diameter and is termed the normalized
standoff distance (nSOD). Three repetitions of mass loss testing at each standoff distance were

carried out.

5.2.4  Strip curvature test

From classical beam theory of elasticity, it is known that the introduction of residual
stresses due to peening results in change in curvature of a long thin strip of plastically deformed
material [101]. To obtain a measure of the residual stress produced in the aluminum samples, strip
curvature tests were carried out by scanning 76 mm x 19 mm x 6.35 mm strips of Al 7075-T651
with a pitch of 1 mm and scan speed of 480 mm/min at the optimum standoff distance determined
in the mass loss tests previously described. The strips were peened through six passes resulting in
a total processing time (t,,) of 18 min for each strip. A plan view schematic of the peening pattern
employed in each pass can be seen in Fig. 5-2. Measurement of the strip arc profile was made with

a scanning Coordinate Measuring Machine (CMM) using a probe tip diameter of 1.5 mm.
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Fig. 5-2 Plan view schematic of the scanning pattern for strips peened at the optimum
standoff distance for nozzles with varying L,/d ratios.

5.3 Results and discussion

The results of the extended mass loss tests performed on Al 7075-T651 at various nSOD
values are shown in Fig. 5-3a. It can be seen that the nozzle with a L, /d ratio of 2 generates the
greatest mass loss at nSOD of 45 compared to the other nozzles. The optimum nSOD values for
the nozzles with L,/d ratios of 1,5 and 10 are 40,45 and 50 respectively. A plot of the average
maximum mass loss produced by each nozzle is shown in Fig. 5-3b. It is seen that the mass loss
produced by the nozzle with L,/d ratio of 2 is higher than the mass loss produced by the other
L,/d ratios. The inner jet nozzle with an L, /d ratio of 2 was shown to generate 34 %, 71 % and
72 % greater cavitation intensity, measured via mass loss as compared to the other inner jet nozzles

with L, /d ratios of 1, 5 and 10 respectively. The error bars represent 95% confidence intervals.
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Fig. 5-3 Mass loss variation with nSOD, b) average maximum mass loss variation with L,/d
ratio.

Thus, it is seen that the inner jet nozzle orifice length influences the cavitation intensity
due to inner jet internal flow phenomena such as flow separation and reattachment. The mass loss
trends seen in Fig. 5-3a are also evident in the peening results as seen from the strip curvature
results shown in Fig. 5-4. Note that the strip curvature tests were conducted at the respective

optimum nSOD values for each nozzle variant. The error bars represent 95% confidence intervals.
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Fig. 5-4 Strip curvatures produced by nozzles with varying L,/d ratios.

It can be seen the peak height of the average strip curvature produced by the nozzle with

L,/d of2is the greatest followed by L,/d of 5, 1 and 10. The strip curvature tests were conducted
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at the nSOD at which each nozzle variant produced the greatest mass loss. The peak height of the
strips is an indication of the peak residual stress generated in the workpiece surface layers. This
confirms the enhanced cavitation intensity of the nozzle with L,/d ratio of 2 translates equally
well to its peening ability. Interestingly, the maximum peak height of strip curvature produced
with nozzle with L,/d of 5 is greater than the arc height produced with L,/d of 1 indicating the
need for impulse pressure measurements to understand cavitation cloud behavior in the nozzles

with varying nozzle orifice length.

5.4 Summary

An experimental investigation of the effect of inner jet nozzle orifice length, characterized by
the L,/d ratio, was conducted using extended mass loss and strip curvature experiments. The
following conclusions can be drawn from this chapter on the effect of L,/d ratio on cavitation

intensity in co-flow cavitation peening.

1. The mass loss produced by the L,/d ratio of 2 is greater than the mass loss produced by
nozzles with L, /d ratios of 1, 5 and 10 indicating the enhanced cavitation intensity of the
inner jet nozzle with L, /d ratio of 2. This indicates the role of the inner jet nozzle orifice
length on cavitation intensity in co-flow cavitation peening.

2. Strip curvature measurements confirm the enhanced cavitation intensity of the inner nozzle
with L, /d ratio of 2. The peak heights of the strip curvatures produced with the other inner
jet nozzles are lower than the peak strip arc height seen with the inner jet nozzle L, /d ratio

of 2.
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CHAPTER 6. ENHANCING CAVITATION INTENSITY IN ULTRASONIC
SURFACE MODIFICATION THROUGH POLYMER ADDITIVES: APPLICATION

TO PEENING

6.1 Overview

Cavitation peening is a surface treatment technique that manifests in several
configurations. One such configuration utilizes an ultrasonic horn to produce an oscillating
pressure field, which in turn produces a cavitation cloud. The cavitation cloud collapses on the
metal surface it is directed at and generates plastic deformation and pitting of the surface. Such
surface deformation and modification can generate beneficial surface compressive residual
stresses. As a result, this process can be used to treat small metal surface areas for enhancement of
their fatigue or wear resistance. However, there is a practical need for treating the engineered
surfaces of a wide range of metals in a time efficient manner, which can be achieved by enhancing
the cavitation intensity. In this study, a range of concentrations of a polymer additive (polyethylene
oxide) in water are tested and their effect on cavitation intensity quantified. Extended mass loss
tests are first conducted on a relatively soft Aluminum alloy (1100-O) to determine a polymer
concentration that enhances cavitation intensity. High speed videography of different polymer
concentrations reveals a significant difference in the behavior of the cavitation clouds produced in
water versus in the aqueous polymer solution. A PVDF sensor is used to characterize the cavitation
intensity. Ultrasonic peening experiments on a structural aluminum alloy (Al 7075-T651) with
water and with an aqueous polymer solution of a specific concentration are conducted to show
greater surface roughening, which is an indication of enhanced plastic deformation, and therefore

demonstrate potential for more efficient peening with aqueous polymer solution.
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6.2 Experimental method

6.2.1 Experimental facility

A 12.7 mm diameter ultrasonic horn with flat tips immersed in water or polymer solution
and powered by a sonifier (Branson SFX 550) was used to generate cavitation in this study. A

schematic of the ultrasonic horn immersed in a liquid is shown in Fig. 6-1.

el

Ultrasonic sonifier

Ultrasonic horn

Fig. 6-1 Schematic of experimental setup with ultrasonic horn and sonifier.

6.2.2 Experiment design

A range of aqueous polymer solutions with varying concentrations of water-soluble
polyethylene oxide (PEO) of molecular weight of 8000, henceforth referred to as aqueous PEO
solutions, were used in the experiments. The experimental process parameters and their values are

listed in Table 6-1.
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Table 6-1 Experimental parameters.

Working mode of sonifier | Continuous

Frequency 20 kHz

Amplitude 84 um

Standoff distance 2 mm, 5 mm, and 8§ mm

Cavitation media Polyethylene Oxide (mol. wt. 8000) solutions in tap water
Concentration 1000, 4000, 8000 and 16000 wppm used for mass loss and

PVDF characterization of cavitation
500, 1000, 2000, 4000, 8000 and 16000 wppm used for for high-

speed videography of cavitation

Workpiece materials Aluminum (Al) 1100-O for mass loss experiments and Al 7075-

T651 for peening experiments

Temperature of solutions 2543 °C

6.2.3 Extended mass loss tests

Extended mass loss tests of 30 min duration each were conducted with water only, and
with aqueous PEO solutions with concentrations of 1000 wppm, 4000 wppm, 8000 wppm, and
16000 wppm. The cavitation clouds produced in these tests were made to impinge on 20.3 mm x
20.3 mm x 3.1 mm Al 1100-O samples located at standoff distances of 2 mm, 5 mm and 8 mm
from the horn tip. Extended mass loss tests on Al 1100-O were conducted to identify a PEO
concentration in water and standoff distance that increased cavitation intensity. Al 1100-O and
other soft aluminum alloys are typically used to perform mass loss tests since such values are then

readily comparable [88]. To discount the effects of polymer solution degradation due to breakage
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of polymer chains and due to increase in temperature during sonication, the aqueous PEO solution
was replaced after 10 minutes. The mass loss of workpiece samples was measured using a

weighing scale with 0.1 mg resolution and 0.3 mg repeatability.

6.2.4 High-speed imaging

High-speed imaging of the cavitating clouds was performed at 58457 frames per second
(fps) using a high-speed video camera (Phantom VEO 410L) with resolution of 256 x 256 pixels
and a Nikon 50 mm f1.8 lens. A representative set of 30000 images was collected from the region
below the horn and analyzed. An image processing algorithm for delineating the shape of the
cloud, like that reported in [64] and [99], was used. The widths of cavitation clouds were
determined from these images. A schematic of the high-speed videography setup is shown in Fig.

6-2.

Light Diffuser — X

. | o

I N )

Halogen Lamp High speed camera

Fig. 6-2 Schematic of high-speed videography.

6.2.5 Cavitation intensity measurements

Cavitation intensity measurements of the cavitation cloud at a specific (2 mm) standoff
distance were carried out using a polyvinylidene fluoride (PVDF) sensor (TE™ 223-1318-ND)

with a pressure sensitive area of 885 mm?, placed between hardened 420 stainless steel plates.
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Calibration of the sensor was carried out using the ball drop method [116]. The PVDF sensor
measurements were band pass filtered using a Krohn-HiteTM 3202 (R) analog band pass
Butterworth filter operating between 20 kHz and 500 kHz and a digital NI data acquisition device
sampling at | MHz (Fig. 6-3). A peak in the time history of the PVDF signal is taken as a cavitation
impact event as in the work of Singh et al. [66]. The number of events in the measured PVDF
signal for water and for the aqueous PEO solutions were binned and compared. As is well known,
for plastic deformation and subsequent erosion to occur, impacts of a certain threshold must occur.
Hence, the number of events above a defined threshold are compared to distinguish between the

cavitation intensities of water and the different aqueous PEO solutions.

[..

Band pass filter 20-500 kHz Data samplingat 1 MHz

SS 420 plates

Fig. 6-3 Schematic of PVDF cavitation intensity measurements.

Peening of Aluminum 7075-T651, a structural aluminum alloy of engineering significance
in the aerospace industry, was carried out on a 25.4 mm x 6.3 mm x 3.1 mm sample at a standoff
distance of 2 mm and a scan speed of 48 mm/min for a total of 28 passes with 100% coverage in
each pass for a total exposure time of 336 s. Surface roughness measurements and optical
micrographs for visual comparison of the erosion pattern and analysis of pitting produced with
water and aqueous PEO solutions were acquired using a white light optical surface profiler (Zygo

ZeGage) and a digital optical microscope (Leica DVM6), respectively.
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6.3 Results and discussion

The extended mass loss results for Al 1100-O exposed to ultrasonic cavitation with water
only and with different aqueous PEO solutions is shown in Fig. 6-4a. The error bars shown
correspond to 95 % confidence intervals. It can be seen that at a standoff distance of 2 mm the
mass loss produced by the 1000 wppm PEO solution is significantly greater than the mass loss
produced by water and the other PEO concentrations. As compared to water only, the mass loss
produced by the 1000 wppm PEO solution is greater by 69 %. The 1000 wppm and 16000 wppm
aqueous PEO solutions also produced greater mass loss than just water at a standoff distance of 5
mm. These results indicate that aqueous PEO solutions of certain concentrations, especially 1000
wppm, have the potential to enhance cavitation intensity and effect greater surface modification

that could be beneficial for peening applications.
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Fig. 6-4 Extended mass loss versus standoff distance and b) extended mass loss at 5 mm
standoff distance for water, 1000, and 16000 wppm aqueous PEO solutions.

The extended mass loss results for water, 1000 wppm, and 16000 wppm aqueous PEO
solutions at a standoff distance of 5 mm are shown in Fig. 6-4b. Representative optical micrographs
of the erosion patterns obtained at 5 mm standoff distance for the 1000 wppm aqueous PEO
solution and water only are also shown in Fig. 6-4b and clearly illustrate the differences in
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cavitation cloud induced workpiece damage characteristics for the two cases. It is observed that
the erosion pattern generated by the water cavitation cloud is more diffuse and circular than the
erosion pattern produced by the 1000 wppm aqueous PEO solution, which is more intense in the
center and corresponds more closely to the shape of the rectangular horn tip. This result also
suggests that the aqueous PEO solution is able to sustain the cavitation cloud at longer distances
from the horn tip since the cavitation cloud formed in water produces a diffused and approximately
circular erosion pattern. In contrast, the erosion pattern seen with the 1000 wppm aqueous PEO
solution retains the rectangular shape of the horn tip. It is known that the shape of the horn tip
controls cavitation cloud shape and determines the cavitation intensity variation as the distance
from the horn tip increases [117]. Hence, an erosion pattern that retains the rectangular shape of

the horn tip indicates sustenance of the cavitation cloud over longer distances.

High-speed video images for water and aqueous PEO solutions of different concentrations
were also analyzed to confirm this hypothesis and representative still images extracted from the
videos are shown in Fig. 6-5a-g for water, 500, 1000, 2000, 4000, 8000, and 16000 wppm aqueous
PEO solutions, respectively. It can be seen from the still images in Figs. 6-5b-g that, in general,
the cavitation cloud (dark region below the horn tip) is more intense for all aqueous PEO solutions

compared to the cloud formed in water only (Fig. 6-5a).

The average maximum cloud widths, which is a measure of the cloud size and shown to be
correlated with cavitation intensity, are determined from the still images at standoff distances of
2, 5, and 8 mm for water and the different PEO solutions and plotted in Fig. 6-5h [64]. The average
maximum cloud width is obtained from ten (10) measurements of maximum cloud widths
corresponding to ten (10) images from the larger set described earlier. The error bars shown

correspond to 95% confidence intervals.
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Fig. 6-5 Still images extracted from the high-speed videos for a) water and aqueous PEO
solutions with concentrations of b) 500 wppm, c) 1000 wppm, d) 2000 wppm, e) 4000
wppm, f) 8000 wppm, g) 16000 wppm, and h) average maximum cloud widths for water
and the PEO solutions at standoff distances of 2, 5 and 8 mm.

It can be seen from the figure that for all aqueous PEO solutions, the average maximum
cloud widths are greater than for water alone, irrespective of the standoff distance, thus indicating
an increase in cavitation intensity with polymer addition to water. In particular, the differences
between the cloud widths for water and the PEO solutions are greater at larger standoff distances.
This confirms the hypothesis that the cavitation clouds produced in the PEO solutions are sustained

over longer distances thus explaining the differences in the erosion patterns seen in Fig. 6-4b.

It is well known that cavitation phenomenon benefits from the presence of heterogenous
sites for nucleation [118]. Molecular dynamics studies have shown that the presence of nano
particles in the fluid has the potential to promote cavitation by decreasing the free energy of critical

bubbles [119]. This is in line with the high-speed imaging evidence presented in this chapter that
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shows greater cavitation activity with the aqueous PEO solutions. Therefore, it is likely that the
greater average maximum cloud widths seen in the PEO solutions are a result of the PEO molecular
chains in the solution serving as nucleation sites for cavitation inception. Surface tension is also
known to decrease with increasing concentration of PEO water soluble polymer of molecular
weight of 8000 [96]. Cavitation erosion rates are also known to be negatively influenced by a
decrease in the surface tension of the fluids, indicating a possible link between the concentration

of polymers and cavitation inception [97].

It is hypothesized that the increased cavitation inception in PEO aqueous solution seen
with the greater average maximum cloud widths, the mass loss should also exhibit a monotonic
increase with PEO concentration. However, this is not evident in the mass loss results seen earlier
in Fig. 6-4a. The drop in surface tension with increasing PEO concentration offers a possible
explanation for this phenomenon. It is speculated that the increase in cavitation inception and
decrease in surface tension as the PEO concentration increase act as counter-mechanisms to each
other. This may explain why certain PEO aqueous solutions generated greater mass loss compared
to pure water. Thus, although the specific enhancement of cavitation intensity in this case may be
attributed to the enhanced cavitation inception and reduced surface tension, this explanation
requires further investigation. Also, the cloud width is an incomplete measure of cloud volume
and intensity, which is difficult to measure. Furthermore, it is known that for higher polymer
concentrations the rate of mass loss decreases with exposure time due to polymer degradation
caused by sonication [23]. Therefore, while the cloud width measure does correlate with increased
cavitation in aqueous PEO solutions compared to water alone, it does not correlate completely
with the mass loss trends seen in Fig. 6-4a, which shows that cavitation intensity at a standoff

distance of 2 mm is strongest in the 1000 wppm aqueous PEO solution. It is also worth noting that
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the high-speed videography was carried out with aqueous PEO solutions that were not subject to
any prior sonication, i.e, they were fresh PEO solutions. The effects of degradation on PEO
solutions have to be studied with a test that takes into account a longer duration and effects of
sonication. Therefore, an alternate measure of cavitation cloud characteristics as a function of
polymer concentration that better correlates with its effect on the workpiece surface (hence mass

loss) is necessary.

Since mass loss from the workpiece surface occurs over time due to the cumulative effect
of impacts at the workpiece surface generated by cavitation cloud collapse events, PVDF sensor-
based cavitation impact measurements were carried out at a standoff distance of 2 mm. To study
the time evolution of cavitation intensity as a function of time and to account for possible
degradation of the aqueous PEO solution, the signal was captured at 30 s intervals between
successive measurements for a total duration of 600 s (10 min). This duration corresponds to the
time for which the polymer solution was subjected to sonication during the mass loss tests and
therefore should account for any polymer degradation that occurred during the mass loss tests over
a 10 min period. Based on a threshold sensitivity study, a threshold of 6.5 kN was used to delineate
the high intensity impact events responsible for surface modification. A plot of the time evolution
of the cumulative number of impact events (over a 5 s period) exceeding the 6.5 kN threshold is
shown in Fig. 6-6. It can be seen that the cumulative number of impact events for the 1000 wppm
aqueous PEO solution for than the other polymer concentrations and for water alone. However, it
is also noted that the 4000, 8000, and 16000 wppm PEO solutions are also characterized by a
greater cumulative number of high intensity events compared to water alone, which is in contrast
to the trends in mass loss for these concentrations relative to water alone. It is worth noting that

the mass loss data in Fig. 6-4a corresponds to cavitation cloud collapse events that directly impact
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the Al 1100-O sample, which has a smaller surface area compared to the size of the PVDF sensor.
Consequently, the PVDF sensor registers cloud collapse events over a much larger surface area
resulting in cumulative number of impact events for the 4000, 8000, and 16000 wppm PEO

solutions that are greater than for water alone.
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Fig. 6-6 Cumulative number of cavitation impact events (> 6.5 kN) in water and aqueous
PEO solution.

In addition to analyzing the time evolution of cavitation impact events, the effects of ultrasonic
cavitation surface treatment with water and with the 1000 wppm PEO solution on the arithmetic
areal average surface roughness (Sa) of Al 7075-T651 samples were evaluated and are shown in
Fig. 6-7a. The error bars shown correspond to 95 % confidence intervals. Optical micrographs at
100x magnification showing the pit morphologies obtained with water and the 1000 wppm
aqueous PEO solution after processing for 240 s are shown in Fig. 6-7b and Fig. 6-7c, respectively.

It is seen that the surface roughness is generally higher for the 1000 wppm aqueous PEO solution
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than for water, thus indicating greater surface plastic deformation (characterized by pitting) due to

more intense cavitation impact events.
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Fig. 6-7 Evolution of the arithmetic area average surface roughness (Sa) of ultrasonic
cavitation treated Al 7075-T651 surface, and optical micrographs of the same surfaces
processed for 240 s with b) water, and c¢) 1000 wppm aqueous PEO solution illustrating

surface pitting due to cavitation impacts (black spots).

Through a pitting analysis of the surfaces obtained after exposing Al 7075-T651 samples to
ultrasonic cavitation treatment for 240 s with water and 1000 wppm PEO solution, it was found
that the areal coverage of pitting produced by the 1000 wppm PEO solution was ~ 27% more than
in the surface produced by water alone. This indicates that greater surface plastic deformation is
produced by the 1000 wppm aqueous PEO solution compared to water alone. The high-speed
imaging and PVDF results indicate increased cavitation activity, which is confirmed by the higher

areal coverage of plastically deformed pits obtained with the 1000 wppm aqueous PEO solution.

6.4 Summary

This chapter reported on the results of an experimental investigation of the effects of water-soluble

PEO added to water on cavitation intensity characterized by mass loss, high speed imaging, and
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PVDF sensing of cavitation cloud collapse events. It was shown that it is possible to enhance

cavitation intensity in ultrasonic cavitation surface treatment by adding PEO of a specific

concentration to water. The following are the key findings of the study:

1.

A 1000 wppm PEO solution yields the greatest mass loss, and therefore cavitation intensity,
in Al 1100-O at a standoff distance of 2 mm from the horn tip. This result confirms the
existence of an aqueous PEO solution concentration at which cavitation activity is
enhanced beyond the cavitation produced in water.

The cavitation cloud size, measured in terms of the average maximum cloud width, is larger
with aqueous PEO solutions than with water, indicating that cavitation is enhanced by the
addition of PEO to water. However, the cloud width trends do not completely explain the
mass loss trends. The role of reduced surface tension in PEO aqueous solutions requires
further investigation.

PVDF measurements show that the cumulative number of cavitation impact events are the
greatest for the 1000 wppm PEO solution, thus confirming the mass loss trends.

The 1000 wppm PEO solution produces higher surface roughness than water during
ultrasonic cavitation surface treatment of Al 7075-T651, thus confirming enhanced
cavitation intensity. Analysis of surface pitting of the workpiece shows that the 1000 wppm

PEO solution produces ~27 % greater areal surface pitting than water alone.
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CHAPTER 7. FUTURE WORK AND CONCLUSIONS

This chapter summarizes the main conclusions of the thesis and recommends future areas of

research for further investigation.

7.1 Main Conclusions

7.1.1 Effect of upstream organ pipe inner jet nozzle geometry on cavitation intensity in co-flow

water cavitation peening

The chapter presented an experimental investigation of the possible enhancement of
cavitation intensity in co-flow water cavitation peening of aluminum 7075-T651 alloy by utilizing
an organ pipe inner nozzle. Organ pipes of different lengths corresponding to different Strouhal
Numbers (St) were designed and used in extended mass loss and peening experiments, and the
results were compared with those obtained for a standard unexcited nozzle. The main conclusions

of the chapter are as follows:

1. The optimum Strouhal Number for the inner jet, which leads to enhancement of cavitation
intensity in co-flow cavitation peening, was found to be 0.28, a number that is close to the
optimum value proposed by Crow and Champagne [84] for highly turbulent air jets.

2. The optimum organ pipe inner nozzle yielded a 61% increase in the mass loss and a 66%
increase in strip curvature relative to the unexcited nozzle, indicating enhancement in
cavitation intensity.

3. High speed videography and impulse pressure measurements provided valuable insights
into the cavitation cloud characteristics for the unexcited and optimum organ pipe nozzles.

Power spectral density analyses of the processed image data showed that the power associated
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with the optimum organ pipe nozzle is greater than the power associated with the unexcited
nozzle. Analysis of impulse pressure measurements produced by cloud collapse events
revealed that the enhanced intensity of the cavitating jets produced by the optimum organ pipe
inner nozzle is due to the higher frequency of strong cavitation events.

4. Compressive residual stress generated by the optimum organ pipe nozzle is larger in
magnitude at depths higher than 0.05 mm compared to the residual stress induced by the

unexcited nozzle.

7.1.2  Effect of inner jet nozzle orifice taper on cavitation intensity in co-flow water cavitation

peening

This chapter presented an experimental and numerical study of the effect of inner jet nozzle
orifice taper on cavitation intensity in co-flow water cavitation peening of aluminum 7075-T651
alloy. Nozzles of converging, zero and diverging taper were tested using extended mass loss and

peening experiments. The main conclusions of the study are as follows:

1. The mass loss tests on Al 7075-T651 show that the nozzle with converging taper generates
the greatest cavitation intensity. The mass loss produced by the converging taper nozzle is
greater than the mass loss produced by the nozzles with zero and diverging taper by 18%
and 46%, respectively. Thus, there exists a strong trend in the cavitation intensity with area
reduction or alternatively taper, as shown through a simple linear regression model.

2. The strip curvature tests on Al 7075-T651 confirm the enhanced cavitation intensity of the
nozzle with converging taper. The arc height produced by the nozzle with converging taper
was greater than the arc height produced by the nozzles with zero and diverging taper by

65% and 59%, respectively.
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The impulse pressure measurements show that the frequency and magnitude of high
intensity cavitation events is greater in the case of the nozzle with converging taper, which
can explain the enhanced cavitation intensity.

Results from extended mass loss, strip curvature and impulse pressure measurements
indicate the higher inner jet exit velocity may be responsible for the greater cavitation
intensity produced by the converging taper nozzle.

The steady state RANS CFD simulations of the internal flow in the inner jet nozzles show
that the area averaged exit velocities are the greatest for the nozzle variant with converging
taper, which is likely responsible for greater shear in the co-flow field leading to greater

cavitation intensity.

7.1.3  Effect of inner jet nozzle orifice length on cavitation intensity in co-flow water peening

An experimental of the effect of inner jet nozzle orifice length, characterized by the L, /d ratio,

was conducted using extended mass loss and strip curvature experiments. The following

conclusions can be drawn from this study on the effect of L, /d ratio on cavitation intensity in co-

flow cavitation peening.

1.

The mass loss produced by the L,/d ratio of 2 is greater than the mass loss produced by
nozzles with L, /d ratios of 1, 5 and 10 indicating the enhanced cavitation intensity of the
inner jet nozzle with L,/d ratio of 2. This indicates the role of the inner jet nozzle orifice
length on cavitation intensity in co-flow cavitation peening.

Strip curvature measurements confirm the enhanced cavitation intensity of the inner nozzle

with L, /d ratio of 2. The peak heights of the strip curvatures produced with the other inner
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jetnozzles are lower than the peak strip arc height seen with the inner jet nozzle L, /d ratio

of 2.

7.1.4  Effect of polyethylene oxide additives on cavitation intensity in ultrasonic peening

This chapter reported on the results of an experimental investigation of the effects of water-

soluble PEO added to water on cavitation intensity characterized by mass loss, high speed imaging,

and PVDF sensing of cavitation cloud collapse events. It was shown that it is possible to enhance

cavitation intensity in ultrasonic cavitation surface treatment by adding PEO of a specific

concentration to water. The following are the key findings of the study:

1.

A 1000 wppm PEO solution yields the greatest mass loss, and therefore cavitation intensity,
in Al 1100-O at a standoff distance of 2 mm from the horn tip. This result confirms the
existence of an aqueous PEO solution concentration at which cavitation activity is
enhanced beyond the cavitation produced in water.

The cavitation cloud size, measured in terms of the average maximum cloud width, is larger
with aqueous PEO solutions than with water, indicating that cavitation is enhanced by the
addition of PEO to water. However, the cloud width trends do not completely explain the
mass loss trends. The role of reduced surface tension in PEO aqueous solutions requires
further investigation.

PVDF measurements show that the cumulative number of cavitation impact events are the
greatest for the 1000 wppm PEO solution, thus confirming the mass loss trends.

The 1000 wppm PEO solution produces higher surface roughness than water during

ultrasonic cavitation surface treatment of Al 7075-T651, thus confirming enhanced
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cavitation intensity. Analysis of surface pitting of the workpiece shows that the 1000 wppm

PEO solution produces ~27 % greater areal surface pitting than water alone.

7.2 Recommendations for Future Work

Some areas for future research are outlined below:

1.

Further investigations of the effects of nozzle geometry, specifically the role of inner jet

nozzle outlet geometry in co-flow water cavitation peening.

The outlet shape of the inner jet nozzle may influence the cloud shedding parameters and
the jet width, as shown by Soyama in submerged cavitation peening [79]. The inner jet
width (the spread of the jet) and turbulent kinetic energy in the co-flow field are likely to
be influenced by the outlet geometry of the inner jet nozzle in co-flow cavitation peening,
which could potentially be engineered to achieve desirable cavitation intensity and cloud
shedding parameters. An experimental and numerical investigation should be carried out

to address this potential.

Multiphase-RANS and Large Eddy Simulation (LES) based Computational Fluid
Dynamics (CFD) modeling of co-flow cavitation peening for the prediction of cloud
parameters and faster evaluation of nozzle designs.

Multi-phase RANS and LES and models may offer a mechanistic insight into the turbulent
phenomenon of interest, which can lead to better process modeling and faster evaluation
of the effect of co-flow nozzle designs on the cloud shedding frequency and other cloud
parameters. Specifically, the effects of the inner jet nozzle design on cavitation cloud

parameters can be better understood, thereby augmenting the experimental efforts. The
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RANS and LES simulations should help direct process designers to the appropriate design

spaces before significant experimental effort is undertaken.

A coupled Finite Element-CFD model for predicting residual stresses.

A coupled Finite Element-CFD model for the prediction of the residual stresses generated
by multiple cavitation bubble impacts may be realized with the coupling of the LES models
with appropriate finite element analysis models employing suitable constitutive relations
for the prediction of residual stresses. The models can give insights into the peening

exposure time required and the cavitation intensity of the co-flow jets.

Evaluation of end effector robot assemblies for robotic co-flow water cavitation peening.

The current state of the process utilizes a gantry system for scanning motions of the co-
flow nozzle assembly that results in peening with 3 degrees of freedom. Hence the angular
orientation of the co-flow nozzle with respect to the work piece surface is fixed. A robotic
arm assembly capable of motion with more degrees of freedom with the co-flow jet as the
end effector may prove to be useful for peening of large structural assemblies with curved
surfaces. The feasibility of such a technique may be tested with experimentation at different
inclinations of the co-flow nozzle assembly with respect to the testing surface for a

preliminary analysis.
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APPENDIX Al. MASS LOSS RESULTS

Mass Loss Data for the Unexcited and Organ Pipe Nozzles

Unexcited nozzle mass loss data

nSOD Mass Loss (mg) Standard Deviation Number of Samples
(mng)
40 35.93 1.15 3
45 42.16 0.68 3
50 50.00 1.45 3
55 24.36 0.85 3

5 mm organ pipe nozzle mass loss (Strouhal Number (S7): 0.42)

nSOD Mass Loss (mg) Standard Deviation Number of Samples
(mg)
40 47.06 1.06 3
45 53.23 2.34 3
50 27.4 0.52 3

7.5 mm organ pipe nozzle mass loss data (Strouhal Number (57): 0.28)

nSOD Mass Loss (mg) Standard Deviation Number of Samples
(mg)
40 62.16 1.88 3
45 80.63 1.78 3
50 58.4 3.03 3

15 mm organ pipe nozzle mass loss data (Strouhal Number (S7): 0.14)

nSOD Mass Loss (mg) Standard Deviation Number of Samples
(mng)
40 33.9 7.15 3
45 42.93 2.34 3
50 23.53 0.77 3
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Maximum Mass Loss Data for Inner Jet Nozzles with Varying Taper

Converging taper nozzle mass loss data

Nozzle nSOD Mass Standard Number of
Loss Deviation Samples
(mg) (mg)
Converging taper-1 50 74.40 3.29 3
Converging taper-2 50 70.63 3.03 3
Converging taper-3 50 78.46 3.66 3

Zero taper nozzle mass loss data

Nozzle nSOD Mass Standard Number of
Loss Deviation Samples
(mg) (mg)
Zero taper-1 45 53.26 2.11 3
Zero taper-2 45 66.33 1.40 3
Zero taper-3 50 71.43 0.75 3

Diverging taper nozzle mass loss data

Nozzle nSOD Mass Standard Number of
Loss Deviation Samples
(mg) (mg)
Diverging taper-1 50 47.76 1.90 3
Diverging taper-2 50 64.86 1.46 3
Diverging taper-3 45 41.30 3.12 3

Mass Loss Data for Inner Jet Nozzles with Varying L,/d Ratios

Mass loss data for L, /d ratio of 1

nSOD Mass Loss (mg) Standard Deviation Number of Samples
(mg)
35 12.13 0.75 3
40 38.43 1.87 3
45 26.33 4.72 3
50 17.1 1.99 3
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Mass loss data for L, /d ratio of 2

nSOD Mass Loss (mg) Standard Deviation Number of Samples
(mg)
35 20.00 1.30 3
40 49.76 1.74 3
45 51.5 3.96 3
50 25.26 2.51 3

Mass loss data for L, /d ratio of 5

nSOD Mass Loss (mg) Standard Deviation Number of Samples
35 14.90 0.87 3
40 28.16 241 3
45 29.96 3.78 3
50 27.06 2.51 3

Mass loss data for L, /d ratio of 10

nSOD Mass Loss (mg) Standard Deviation Number of Samples
(mg)
35 12.53 0.87 3
40 20.70 0.43 3
45 25.86 2.02 3
50 29.83 0.89 3

Water

Mass Loss Data for Water and PEO Aqueous Solutions

Standoff Distance Mass Loss (mg) Standard Deviation | Number of Samples
(mm) (mg)
2 7.9 1.9 4
5 1.83 0.23 3
8 1.1 0.5 3

1000 wppm PEO aqueous solution
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Standoff Distance Mass Loss (mg) Standard Deviation | Number of Samples
(mm) (mg)
2 13.4 2.7 3
5 2.3 0.20 3
8 0.6 0.3 3

16000 wppm PEO aqueous solution

Standoff Distance Mass Loss (mg) Standard Deviation | Number of Samples
(mm) (mg)
2 5.9 0.3 3
5 33 0.30 3
8 1.3 0.2 3
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APPENDIX A2. CFD MODELING DETAILS

Details of Turbulence Model

Turbulence model RNG-k-¢
Wall Functions Enhanced wall functions
Turbulence intensity 5 % (default)
Turbulent viscosity ratio 10 (default)
Cy 0.0845 (default)
Ceq 1.42 (default)
C., 1.68 (default)
Mesh Description

Meshing was done using the ANSYS™ Meshing tool. The size of elements (quadrilateral linear
order) for the converged mesh close to wall was ~2 um. The size of elements far away from the
nozzle wall was ~10 um. The mesh can be seen in Fig A2-1. The element size parameter for the
overall mesh was 20 pm. The refinement parameter applied to the wall of the nozzle orifice was
3. The edge sizing parameter along the wall was 10 um. These parameters allow for reproducibility

of the mesh. The mesh used for computation had ~500000 elements.
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Fig. A2-1 Example of mesh used for simulation.

Mesh Settings
Pictures from the ANSYS Meshing tool are shown to aid reproducibility.

Table A2-1 Overall mesh parameters

Object Name Mesh
State Solved
Physics Preference CFD
Solver Preference Fluent
Element Order Linear
Element Size 2.e-005 m
Export Format Standard
Export Preview Surface Mesh No
. sizing
Use Adaptive Sizing No
Growth Rate Default (1.2)
Mesh Defeaturing Yes
Defeature Size Default (1.e-007 m)
Capture Curvature Yes
Curvature Min Size Default (2.e-007 m)
Curvature Normal Angle Default (18.0°)
Capture Proximity No
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Bounding Box Diagonal

2.6926e-002 m

Average Surface Area

2.1993e-004 m?

Minimum Edge Length

2.0002e-003 m

Quality

Check Mesh Quality Yes, Errors
Target Skewness Default (0.900000)
Smoothing Medium
Mesh Metric Orthogonal Quality
Min 0.44203
Max 1.
Average 0.99957
Standard Deviation 6.0793e-003
Inflation
Use Automatic Inflation None
Inflation Option Smooth Transition
Transition Ratio 0.272
Maximum Layers 2
Growth Rate 1.2
Inflation Algorithm Pre
View Advanced Options No
Assembly Meshing
Method | None

Advanced

Number of CPUs for Parallel Part Meshing

Program Controlled

Straight Sided Elements

Rigid Body Behavior

Dimensionally Reduced

Triangle Surface Mesher

Program Controlled

Topology Checking Yes
Use Sheet Thickness for Pinch No
Pinch Tolerance Default (1.8e-007 m)
Generate Pinch on Refresh No
Sheet Loop Removal No
Statistics
Nodes 556832
Elements 554461
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Definition of Edges

0.01 {rn}

0.005

..

Fig. A2-2 Description of edge sizing and refinement.

Table A2-2 Edge sizing parameters

Object Name

Reﬁnement| Edge Sizing| Edge Sizing 2

State

Scoping Method

Fully Defined

Geometry Selection

Geometry 1 Edge
.~ Definiton
Suppressed No
Refinement 3
Type Element Size
Element Size 1.e-005 m 0.1m
Behavior Soft
Growth Rate Default (1.2)
Capture Curvature No
Capture Proximity No
Bias Type No Bias
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Description of Wall Functions

Enhanced wall functions were used. Since the y* values, shown Fig. A2-2, obtained for the mesh
were fairly high and not enough to resolve the viscous sublayer, enhanced wall functions were
used. This mesh is termed a wall-function mesh in ANSYS. The enhanced wall functions allow

for improved accuracy in such situations.
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Fig. A2-3 Plot of y* values along the wall used for determining appropriate mesh
refinement.
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Solver Settings

Solution Methods
Pressure-Velocity Coupling
Scheme

| SIMPLE ~|

Spatial Discretization

Gradient -
|Least Squares Cell Based ;I
Pressure

|Secnnd Order j
Momentum

|Secnnd Order Upwind ;I
Turbulent Kinetic Energy

|First Order Upwind j
Turbulent Dissipation Rate

|First Order Upwind ;I .
Transient Formulation

[] Warped-Face Gradient Correction
[] High Order Term Relaxation

Options...

Default

Fig. A2-4 Solver settings used.
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