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As packagdevel heat generation pushes past 1 kW/amvarious military,
aerospace, and commercial applications, new thermal management technologies are
needed to maximize efficiency and permit advanced power electronic devices to
operate closer to their inherent electrical limit. In an effort to aligm Wit size,
weight and performanceptimization of high temperature electronics, cooling
channels embedded directly into the backside ofctlip or substratsignificantly
reducethermal resistanseby minimizing the number of thermal interfaces and
distance the héanust travel One implementation of embedded cooling considers
microfluidic jets that directly cool the backside of the substrate. However, as fluid
velocities exceed @ m/s the potential for particleerosion becomes a significant
reliability threat. While numerous particle erosion models exist, seldom are the

velocities, particle sizes, materials and testing times in alignment with thosatpres



in embedded cooling system3his research fills the abesstated gaps and
culminates in a calibrated partidb@ased erosion model for singteystal silicon.In

this type of model the mass of material removed due to a single impacting particle of
known velocity and impact angle is calculatéttluding this modl in commercial
computational fluid dynamics (CFD) codes, such as ANSYS FLUENT, can enable
erosion predictions in a variety of different microfluidic geometries.

First, a CFD model was constructed of a quastenmetry impinging jet.
Lagrangian particle racking was used to identify localized particle impact
characteristicsuch as impact velocity, impact angle and the percentage of entrained
particle thatreach the surfacéNext, a slurry erosion jempingement test apparatus
was constructed to gain igit into the primary material removal mechanisms of
silicon under slurry flow conditionsA series of14 different experimentsvere
performedto identify the effect of jet velocity, particléze, particulateconcentration,
fluid viscosityand timeon maxmum erosion depth and volume of material removed.
Combining the experimental erosion efforts with the localized particle impact
charactestics from the CFD model enabléde previously developedHuang et al.
cutting erosion model to be extended to newapeaterand application range$he
model was validted by performingCFD erosion simulations that matched with the
experimental test cases in order to comparedamensional erosion rate&n impact
dampening coefficient was additionally proposedatmount forslight deviations
between the CFD erosion predictions and experimental erosionTahtegroduct of
this research will ultimately enable high fidelity erosion predictions specifically in

missioncritical military, commercial and aerospace aggtions.
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1 | NTRODUCTI ON

As packagdevel heat generation pushes past 1 kW/amvarious military,
aerospaceand commercial applications, new thermal management technologies are
needed to maximize efficiency and to permit advanced power electronic devices to
operate closer to their inheregiectrical limits[1]. In order to continue thtrend of
optimizing the size, weight and performance of advanced electronic systems, new
technologies must emerge which tackle the thermal management bottleneck imposed

on current power electronic packages.

1.1 Fundamentals ofPower Electronics and ThermalManagement

Despite aggressive cooling strategies such as integrating-o$tdteart
materials and complex junctign-ambient thermal paths, the limitations imposed by
conventional Aremote coolingd strategies i
the realm of high powered electronic coolif@]. In one fashion or another,
conventional power electronic modules and components rely on thermal conduction
and heat spreading to transfer generated heat to locations away frorarttee Huis
creates a remote cooling scheme where the cooling action takes place somewhat
removed from the sourc&he inherent limitation to this/pe ofcoolingmethodlies
in the junctionto-ambient thermal resistance which restricts heat from being
adequatelyemoved. There exist a number of ways to reduce this thermal resistance
such as using higher conducting materials, naffieient thermal pastes, optimizing

heat sink design, and to decrease the overall distance the heat must travel before it ca



be removed. A schematic of a typical power electronic package is shorigura

1-1.

Chi
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Figure 1-1 Schematic of power electronic package

As heat is generated from the chip, it condunigy from the sourctrough
the metallized ceramic substrate. Typically Aluminum Nitride is chosen for high
power density applications due to its high thermal condigtand CTE close to that
of Si or SiCwhich reduca thermomechanical stresses. The substrate is attached to a
heat spreader which consists of a thermally conductive material such as-@4, Cu
Mo-Cu and various alloys of suchaterials[3]. Exotic new materials such as silver
diamond and coppatiamond composites have been developed to significantly
improve thermal management and can replace ctiovel heat spreader materials
[4]. In most packages the=dt spreader will be attached to the heat sink or cooler
using a thermal interface material (TIM) suabk conductive greases or filns].
While the schematic above references a ligqpddled power electronic package, the
heat sitk can also be air cooled as one would see in a personal computer. In an effort
to minimize junctiorto-ambient thermal resistance by reducing the number of
material interfaces, the heat spreader can often times be integrated into the cooler by

fabricating the cooler out of similar thermally conductive materials. In addition,



eliminating the substrate is made possible by directly attaching the chip to the cooler
[6] [7]. This can only be done however if the CTE mismatch betweebonded

materials is small enough such that cracking and attach failure will not occur.

1.1.1 High Temperature Considerations

The primary concern arising from insufficient cooling is reliabil[8].
Increased heat fluxes can adversely affect device performance and lead to a number
of degradation mechanisms at both the chip and package level including passivation
cracking, electromigration, chip or substrate cracking, wirdbifiroff and die attach
failure [9]. The temperature limit for most silicon chips is around-1%85°C [8].

Above these temperatures the increased leakage current acrossh thengtion
typically rendes the device inoperable resulting in permanent failure. In the past 20
years wide bandgap (WBG) semiconductor devices such as Silicon Carbide (SiC) and
Gallium Nitride (GaN) have enabled increased power densities and heat fluxes by
allowing devices to opatereliably at temperatures significantly greater than 150°C.
For example, a SiC transistor was showmel@ably operate at 500°C for 6000 hours

[10] and a Si(hased electronics and ceramic package was shown to operate at 300°C
for 1000 hours for a geothermal wellbore monitoring applicatidi). Aside from

being able to operate at higher temperatures than silicon, additional behéfBGs

are as followg12]:

1  Lower onstate resistances yielding lower conduction losses. Overall this leads

to increased efficiency for systems containing WBG semiconductors.



1  Higher breakdown voltages due to their higtielectrc breakdown field. SiC
diodesarecommercially available with breakdown voltages upwards0okV

[13].

1 Increased thermal conductivity enabling heat to be more efficiently

transportecaway from the source

1  Lower switching lossesnable WBG devices to operate at frequencies much

greater than that of Si (> 2Hz).

Table 1-1 Material properties for a variety of WBG Semiconductors [12]

Si GaAs 6H-SiC 4H-SiC GaN Diamond

Bandgap

1.12 1.43 3.03 3.26 3.45 5.45
(eVv)

Dielectric

11.9 13.1 9.66 10.1 9 55
constant

Electric
breakdown
field
(kV/cm)

300 400 2500 2200 2000 10000

Electron
mobility 1500 8500 500 1000 1250 2200
(cnP/IV-s)

Hole
mobility 600 400 101 115 850 850
(cmP/V-s)

Thermal
conductivity 150 46 490 490 130 2200
(W/m-K)




1.1.2 GaN High ElectroAviobility Transistors

While SiC devices are typically used for high voltage power conversion
applications due to their substantial electric breakdown field and low conduction
losses, GaNlevices are most often used in applications involving radio frequency
(RF) transmission or very high switching speeds. High electron mobility transistors
(HEMTSs) are best suited for applications requiring high gain and low noise at high
frequenciesused n microwave satellite communications, radar, imaging, remote
sensing and radio astronomy. MOSFETs and other Field Effect Transistors (FETS)
operate based on the principle of doping the semiconductor to create alterpating n
type and gtype regions, shown ikigure1-2. If a positive voltage is applied to the
gate, a positive electrical fieid built upwhich attracts electrons in thetype layer
and repls hols. These electrons form ancamannel which carries electrons from
source to drain. Raising the potential on the gate increases the electric field allowing a

larger current to flow throw the-fype region.

Gate
Source Drain

. metallized

insulator
n-doped ‘

silicon \\ . g
‘f ® 9 )

p-doped silicon

®0 o0
S~

Figure 1-2 Field effect transistor with positive voltage applied to gate



HEMT operation relies on a completely different mechanism based on the
concept of a heterojunction which forms when two different materials, such as
AlGaN/GaN, wth different badgaps are interfaced. Simildo FET operation,
electrons move from the source to the drain when a bias is applied to the gate.
However, the electrons traverse the structure at the interface between the two
materials in a thin electron filknown as the -Dimensional Electron Gas (2DEG).

As a result of the electrons moving throughdaped crystalline materials, they move
freely without collision and have significantly higher mobility compared to those in
FETs. This is a primary reason whyEMTS are suitable for applications involving

extremely high switching speeds. A schematic of an AlGaN/GaN HEMT is shown in

Figurel-3.
Source Gate Drain
' n* doped
§|N ' region for
passivation schottkey
2DEG contact
/

|
undoped AlGaN ‘t

undoped GaN

Substrate: SiC, CVD-Diamond, Si, Sapphire, etc.

Figure 1-3 AlIGaN/GaN HEMT structure
Compared to SiC, GaN has a significantly lower thermal conductivity which
imposes challenges for the thermal management of these devices. However, the
development of SiCand Diamond substrates from which the GaN is grown or

transferred to has permitted further advancement for this technfdldgyAlthough
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Diamond and SiC substrates enable heat to be removed from the source efficiently,
their high-price and fabrication complexities may yield them unsuitable for large
scale commercial applications. While these substrates have very niche applications
fitting for defense and military electroni¢§] [14] [15], GaNon-Si technology has
beenshown to be lowcost solution forincreasing the flexibility of GaN power

devicedq16].

1.2 The Embedded Cooling Paradigm Shift

In an effort to align with thesize, weight and performanagtimization of
high temperature and high powered electronics, cooling channels embedded directly
into the backside of theubstrate significantly redu¢ke junctionto-ambient thermal
resistance by reducing the number of thalrinterfaces and overall distance the heat
must travel. Compared to other HAremot e
can enable chips to operate at higher power levels while maintaining the same
junction temperature. Over 30 years ago, Tuckermuath Peasg¢l7] etched 300
micron deep channels into the backside of a silicon wafer and demonstrated a cooling
capacity of 790 W/cf Although this pioneering effort demonstrated a novel
technique for electronic cooling, fabaiton efforts posed many challenges and
pressure drops were very high. With the development of Deep Reactive lon Etching
(DRIE) fabrication became simplified and facilitated further research iartreeof Si

microchannel desigfi8g].
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1.2.1 Manifolded Microchannel Heat Exchangers

Pressure drop and overall cooling power improved drastically through the
development of manifolded microchannel cool¢t®] [20] [21]. Additionally,
properly designed manifolds enable greater temperature uniformity across the chip
which in turn enhances mechanical reliability by lowering the risk of cracking caused
by in-plane temperature gradien{f20]. One implementation of a manifolded
microchannel cooler consists of a series of inlet and outlet manifold channels
positioned perpendicularly to microchannels etched the backside of a substrate

[22]. A diagram ofthis is shown irFigure1-4.

Manifolds

Fins

ﬂ ﬂ_ Microgrooved Substrate

N i
rettoorort

Heat Flux

Figure 1-4 Force Fed MicrochannelHeat Exchanger, as described if22]
This type of system splits the flow up into two stages, in which fluid enters
and exits through the larger channels of the manifold and is forced into the smaller

channels of the microgrooved substrate. ShowRigurre 1-5, cookr fluid enters in



alternating manifold channels and subsequently exits in the same fashion at a higher

D A\\N\\N
0

NN NN N

VUWUWJ

Figure 1-5 Operation of manifolded microchannel cooler

temperature.

1.2.2 Pin-fin Array

Aside from etching microchannels into the backsidea ahip or substrate,
micropinsor blunt fins can also be selectively etched to enhance heat transfer by
increasing surface area. This type of approach was demonstrated to successfully cool
power densities greater than 300 W/and is suggested to be able to cool chips with
power dengies greater than 400 W/éri23]. A variety of shapes can be used for the
fins, including circulaf24] and hydrofoil[25] shapeshowever the general premise

of this design is to maximize the area over which heat transfer can occur.

1.2.3 Jetimpingement Cooling

Another implementation of embedded cooling considers microfluidic
impingement jets that directly cool the backsideadubstratg26] [27] [28]. One

advantageo this type of design over the manifold or ffin designs is that it requires



minimum modifications to the substrate, if any at all. While the manifold design
requires channe to be etched into the backside of the substrate, jet impingement
cooling would not. The primary issue with etching the backside of the substrate lies in
the fact that it must be done very carefully aadbdisruptthe electricaldesignof the
device o introduce crystalline defects that mappagateip to the active layer.

With jet impingement cooling however, the major reliability challenge lies in
the potential for erosion. For a jet impingement configuration with velocities greater
than 5 m/s, paicle erosion must be consider§B]. While there exists numerous
particle erosion studies in literature for a wide variety of materials (discussed
thoroughly in Chapter 2 seldom are the velocities, particle sizes, mateaald
testing times in alignment with those that may be present in embedded cooling
systems. While jeimpingement cooling offers a feasible technique for embedded
cooling, it would be very difficult to predict with any level of certainty whether or not

a ecific jetimpingement configuration would induce catastrophic erosion damage.

1.3 Reliability Concerns of Embedded Cooling Systems

Reliability can be defined as fithe abil
intended (i.e., without failure and within syged performance limits) for a specified
time in its life cycle conditions[30] . In any system there may be specific processes
at work i mechanical, thermal, electrical or chemical in natushich cause the
system performnce to degrade or catastrophically fail in time. In an effort to design a
reliable product, it is imperative to understand the potential threats which may

compromise normal operation. This approach, wherein the designer considers the

10



physics of the spead degradation or failure mechanisms at play, is referred & as
Aphyd-f asl ureo @4t hodol ogy

The primary function of an embedded cooling system is to maintain the chip
or device temperature below a certain critieshperature, above which the electrical
performance will suffer. As such, the degradation mechanisms of the cooling system
pertain to the processes that hinder or reduce the ability to dissipate heat from the
chip. Any process that occurs throughout tifietime of the cooler that alters the
geometry or internal features, which were precisely chosen by system designers to
dissipate a definitive amount of heat, can be characterizetheafundamental
degradation mechanisms. The three most prominent ang itkeccur in embedded

cooling systems are particle erosion, corrosion and clogging.

1.3.1 Particle Erosion

Particle erosion occurs when a particle entrained in the $lneam impinges
on a surface resulting in wear atiee subsequent removal of material the pin fin
or microchannel type implementations of embedded cooling, erosion may result in the
alteration of pin or channel geometries lending to a change in the heat dissipation
ability. Additionally, in the jet impingement scenario where the backsidkeeo€hip
is cooled by highvelocity fluid jets, the substrate material may erode away leading to
direct contact between the fluid atiek active electronics on the topside of the die. As
the concentration of particles build up in the fluid stream, thisha@sm may
intensify in a snowballike effect as more and more particle impingements occur.

Although filters are typically required for these types of systems, they can be quite

11



bulky especially if a small pressure drop across the system is criticéheFuore,

micrometerandsub-micrometersized particles may still get through the filter.

1.3.2 Corrosion and Dissolution

The chemical process known as corrosion occurs when the working fluid
interacts unfavorably with the cooler material. Corrosion often refers to theupuild
of an oxide or thin film layer at the interface between the fluid andsthface
Depending on thenaterial, this can lead to poor thermal transport by increasing the
junctionto-ambient thermal resistance for two reasons: the additional thermal
interface between the oxide and the bulk material and the typically lower thermal
conductivity of the oxidecompared to the bulk material (i.e. silicon has a thermal
conductivity of 156 W/rrK at room temperaturg82] while silicon dioxide has a
thermal conductivity of around 1.4 W{K [33]).

A similar ctemical interaction that may occur between fluid and surface is
dissolution. This process refers to the uniform wear across alldlufdce interfaces
where the substrate material reacts with the fluid and dissolves. Alttsingke
crystal silicon isrelatively inert, a thorough reliability analysis should still consider
this mechanism as corrosion or dissolution rates on the order of 1 micron per year

would be drastic over the 10 or 20 year life cycle of the device.

1.3.3 ErosionCorrosion

While particle erosion and corsion are independent mechanisriise

combined effegtknown simply as erosieoorrosion, can impose a synergistic effect

12



on the wearate depending on the materif®l] [35] [36]. This process is shown in

Figurel-6.
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Figure 1-6 Diagram showing erosioncorrosion phenomenon

First, an oxide is formed due to the chemical interaction between the working
fluid and the substrate material (A). Next, a particle entrained in the fluid stream
impinges on the oxide layer removing small fragments of material ita@dblant
loop (B). As fresh substrate is exposed, corrosion continues by transforming this
unprotected region into another oxide layer (C). This process perpetuates as more and
more oxide particles become entrained in the fluid stream (D). It shoulbealsoted
that the erosiomorrosion process is highly material and chemically dependent. In
some instances the oxide layer may in fact protect the substrate material from
impinging particles while in other instances the oxide layer may be more susceptible

to erosion than the pure substrate
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1.3.4 Clogging and Fouling

The continuous deposition and subsequent kupldbf particles on a clean
surface is referred to as fouling and can eventually lead to a complete blockage of the
fluid crosssection. Channels or fluidaths can be clogged entirelyhere no fluid
can enter, or they can be partially clogged which results in a significant increase in
pressure. With respect to heat transfer, fouling can increase the juttetiotbient
thermal resistance in a similar fa@h as corrosion would; the fouled layer both
introduces an additional thermal boundary resistance and may be of a lower thermal
conductivity than the bulk substrate. Furthermore, fully or partially clogged channels
can decrease the cooling uniformity bétchip which may permit certain regions of
the active layer to exceed the maximum allowable chip temperature. The four basic
mechanism of particulate clogging and fouling are depictédgare1-7, where each
of these processes are a result of various pagantécle, particleparticle fluid, awl

particlesurface interaction7].

Deposition Resuspension

Agglomeration Clogging

==
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Figure 1-7 Four main mechanisms of clogging/foulingimage taken from[37]
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1.4 Dissertation Outline

This dissertation is divided into eight essential chapters. The present chapter
introduces the reader to thencept of embedded cooling and discusses the potential
degradation mechanisms associated with fail@eapter 2surveys much of the
related particle erasn research and methodologi€Bopics discussed pertain to
particle erosion of brittle materials, twbeories surrounding brittle erosion, slurry
erosion and related modelingnd the concept of the brittte-ductile transition.
Based on the gaps in literatuaed need for further research, Chapter 3 explicitly
outlines the problem statement, scope obrw and discrete objectives of this
dissertation.

Chapter 4describs the computational fluid dynamics (CFD) simulations
performed which investigate how various slurry erosion parameters such as nominal
jet velocity, particle size and fluid viscosity affect particle impact characteristics.
Through running a series of simtitmis that correlate directly to the experiménta
efforts discussed in Chapter the impact parameters extractedl acilitate the
calibration of a particle erosion model within a new set of operating parameters.

Chapter 5describe the design and constction of a slurry erosion test
apparatus. Aspects pertaining to pump calibration, materials, creation of the testing
slurry, cleaning proceduseand sample holder fabrication will be discussed.
Additionally, limitations surrounding the test setup wil@be disclosed.

The primary experimental efforts are deBed in Chapter 6, which outlirtbe
14 slurry erosion experiments. A stylus profilometer was used to capture the two

dimension erosion contours which were then pssed in MATLAB to approximate
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the total volume of material removedo perform this task and algorithm was
developed which uses a numerical volume of revolutions type approgxh
approximate the total volunw material removedFurthermore, this chapter presents
the results ofltese egeriments in two princig erosion metrics: a mass loss rate in
units of milligramsperyear and a ondimensional erosion rate in units of
micrometersperyear.

Chapter 7 discusses the development and calibration of a particle erosion model
based on thelwry erosion experiments and CFD simulation efforts. First, the data
from the previous chapter is converted to the conventional erosion ratio metric, in
units of milligramspermilligram, and representhie massof materialremoved per
mass of impacting goticles. In the simplifying case of a single particle of known
mass, this ratio defines the amount of mass removedipgle impacting particle.

Both the calibration process and the results of the validation desten described.
Furthermore, an impaaiampening factor iproposedand validated. This factor
serves as a possible explanation as to why CFD erosion simulations tend-to over
predict experimental resultg/hile there are numerous findings of this research, one
of the major products of this desgation is the calibrated and validation erosion
model.

A concluding section, Chapter 8, will summarize the efforts and findings
described throughut each chapter of this work. Technical and academic
contributions will be explicitly listed. Lastly, poteak areas of future work will be

described based on the work performed in this study,
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2 LI TERATURE REVI EW

This chapter will introducghe fundamental concepts pertaining to particle
erosion and wear of brittle material& number ofstudieswill be reviewed along
with associated model$n addiion, a seriesof related topicswill be discussed to
thoroughly describe the mechanisms associated with the degradation of such

materials.

2.1 Early Erosion Studiesof Sheldon ard Finnie

Materials can typically be classified as either ductile or brittle. While this is an
oversimplification as materials can exhibit both ductile and brittle behaviors under
different conditions, these terms will be used to describe the nominal behavior under
most conditions. With respect to material removal, nominally ductile materials
undergo large plastic strains which precede fracture and the subseppotioin of
material. Nominally brittle materials undergo no plastic deformation and material is
removedby the propagation and intersection of crasksrounding an impa or
defectsite

It should additionally be mentioned that many of the particle erosion models
presented in this chapter assume a continuum mechanics approach wherein the
crystallographic sticture of thematerial is not inherently considered in the model.
Rather, the material is treated in a bulk fashion and the models reflect how much
mass of material is removed per particle impact. One caveat tis thith regard to
the mechanisms takinglace, such as in the cases of grains or grain boundaries

influencing the type of wearThat being said, the final erosion modeflects the
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amount of material removed atypically doesnot consider grains, grain boundaries,
or crystallographic structain the analytical or empirical formulation

One of the first efforts to study particle erosion was conducted in 1960 by
Finnie [38]. The effects of particle impact velocity and impingement angle were
studied ly measuring theveight lossof 1020 steel, aluminum and copper samples
was found thafor these materialsnaximum material removal occurred at impact
angles around 20°. This observation can be explained by the cutting action an
impacting particle has on the targetfage, as depicted iRigure2-1. It can be seen
that plastic deformation is a primary mechanism leading to the eventual loss of

material.

Figure 2-1 Schematic of cutting action from impacting particle on ductile material

It was also found that for ductile materials target weight l6s#/dvas
proportional tovelocity squaredyV ~ \f, of the impacting articles. It was predicted
that at lower velocities (38 m/s was the minimum velocity tested) particles would
tend toproduce only elastic stresses upon impact lending to a deviation\ th¥
prediction.

In the same stud}B8], Finnie attempted to study the erosive nature of brittle
materials but found that weight loss measuremeomsiuctedn the same fashion as
the ductile materials would not sufficempacting spherical steel shot agaigkiss

resulted in the formatioof conecracks, shown ifrigure 2-2, but no material loss.
18



As the number of particle impacts increasélde cone shaped cracks began to
intersect resulting ireventual material loss. Once a first layer of material was
removed i became difficult to observe the formation of individéralcture surfaces.

As such, the diameter of the cragkg was used to assess how velocity and impact

angle would affect the propensity for erosion.

Figure 2-2 Cone-cracks resulting from spherical particle impact on brittle materials

Assuming the glass would remain perfectly elastic until fracture, Hertzian
analysis was conducted to show that the magnitude of the maximum radial stress was
a function & densi ty, vel ocity, Poissonds ratio
i mpacting sphere as well as the Poissonos
surface. This analysis predicted that the diameter of the crack was proportiofial to V
butif it was assumed that tlshear stress due to oblique impact was neglected, the
diameter of the crack would be proportiona{t&/ s {*nvtiereUis the impact angle.
This suggested that the maximum diameter of the -comek is formed whera
particle is impacting the target surfaceaatormal incidence~igure 2-3a shows the
relationship between traze ofcrackring formed from 0.58nmimpacting steel shot
and the angle of incidence, revealiaglose match between experimental results and

theory. For a comparisonk-igure 2-3b showsthe variation of volume remaal for
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aluminum, copper and020 steel (all ductile materials) showing that maximum

erosion occurs at an impact angle of around 20°.
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Figure 2-3 Crack diameter vs. angle ofncidence for 0.58mm impacting steel shot on glass (A) on

left and variation of erosion vs. impact angle for ductile materials (B) on right [38]

Although information surroundingthe mechaniss brittle erosion was
acquired the following conclusions weredawn from this initial S
very simple parameter which combines the effects of velocity and angle in producing
material removab It was also concluded thati f a prediction of ero
there appears to be no satisfactory apgraacept that of testing under the specific
conditions of interest. o

One of the firstsuccessfulattempts quantify the erosive nature of brittle
materials wagsonductedn 1966 by Sheldon and Finnj&9]. For a variety of brite
materials includingylass, MgO, graphite,adened teel and AJOs, they showed that
the volume of matéal removed,W, by a normalimpacting particle could be related

by the following

o o e @)
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wherek is a material constanR is the particle radius and is the particle impact
velocity. The exponents andf, can be considered the radius and velocity expsnent
respectively anére functions of the flaw parameter of the Weibull fracture strength
distribution, m,, and the shape of the particsefor angular or spherical particleBhe
particle diameters ranged from 22335 um for angular SiC and 282 940 um for
steel shot, while the velocities ranged fromi3883 m/s.Table2-1 summarizes the
experimentally derived radius and velocity exporeitained for different materials.

Table 2-1 Summary of experimental results showing radius and velocity exponen{89]

Experimental Values
Material Steel Shot SiC Grit
Radius Velocity Radius Velocity
Exponent Exponent Exponent Exponent

Glass 5.12 4.37 4.25 3.0
MgO 3.39 2.73 3.95 2.74
Graphite 3.14 2.67 3.78 2.69
Hardened Steeg n/a n/a 3.58 2.53
Al>,O3 n/a n/a 3.86 2.62

Overallthe experimental data matched well with thdgrived model showing
that particle size and shapeelocity, and target material parameters could be
systematically correlated tometric of erosion

In a parallel study, Sheldon and Finfd®] studied the ductile behavithat
nominally brittle materials sometimes exhibit duriagpsion under specific impact
conditions Using the same testirgpparatus and methodologytheir previous study
[39], the effect of impact anglwas investigated ithe erosionof glassusing & m,

21leml@2vd m a n gauticles.TherBsultS can be summartzen Figure2-4.
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Figure 2-4 Erosion of glass as a function of impact angle by angular SiC particles at 152 ny®]

For the largeil27em patrticles the effect of impact angle is characteristic of
nominally brittle materials, as shown previously Higure 2-3a. However, as the
particle size decreases to 9em the graph s
that of nominally ductile mateais where the impact angle leading to the greates
erosion is approximately 201t was also shown that even at 305 m/s, the glass still
produced this characteristic curvAlthough glass exhibited thibrittle-to-ductile
transition at small particle sizeshen high density Alumina was tested it behaved in
a nominally brittle fashion.

The occurrence of plastic deformatiaa suggested to be the primary
mechanism justifying these results as previous studies involving dmidemtation,
scratching, andbrason also produced ductile behavior in nominally brittle materials.

For example, Klemm and Smeki@l] [42] showed that silicate glass, quartz and
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Corundum crystals could be scratched without indyiéracture if the scratch width

was very small, on the order of In. It was apladically displacech t ha't
materialwould pile up on the sides of the scratches without inducing any fracture

[43].

In another study Hockefd4] examined the roortemperature abrasion and
micro-indentation of singlerystal and polycrystalline ADs. Transmission Electron
Microscopy (TEM) showed regions of higlensity dislocations in the nesumrface
regions afterme c hani c all polishing with O0.25em di
shown that plastic deformation by both slip and mechanical twinning mechanisms
occurred near the resm of a Vickers hardness micnodenter.lt was suggested that
the occurrence of plastic mmation was a result of the local stress fields that

evolved under irregularly shaped abrasive and small tipped indenters.

2.2 Micro-Indentation Studies of Brittle Materials

The primary conclusion that can be drawn from early erosion work is that under
cerain smaliscale conditions nominally brittle materials can behave in a ductile
mannerby exhibiting modes of plastic deformatiolfi.the impact area between a
particle and target surfaéglarge, for example rounded steel shot impacting a glass
plate, theinteraction would be completely elastic up until the initiation of fracture at
some dominant flaw resulting from a critical loading. This resnlthe characteristic

Hertzianconecrack showrpreviouslyin Figure2-2.
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2.2.1 Crack Propagation of Median/Radial and Lateral Cracks

I n the mid 19706s, i ndeadtetmetmdthroughst i ng b
which certain material properties of brittle materials could be charactgdzgBy
loading a target material with a spherical, conical or pyramidal indenter the material
property of hardness, or a madds resistance to permanent deformatioould be
studied. In addition, the followingmechanismwas substantiated to describe the
phenomenomf chipping fracture in brittle materialklponloadinga material with a
sharp indenter, plastic flow initiatés the zone immediately surrounding the impact
site [46]. This results in a region of irreversible plastieformationfrom which
mediariradial cracks initiate and spread radially outwarithe locations of these
cracks are o@in times defined by the indenter geometry, i.e. the corners of a
pyramidal indenter, or the preferential cleavage planes of the maldmeaformation
of median/radial crackss shown inFigure 2-5 and the region foplastic flow is

indicated by the dashed lines.

rzzeesee—]

!

=

S ———

| Median

Radial ;’ Cracks
Cracks

Figure 2-5 Median/Radial crack system upon indenter loading
Uponunloadirg the indenter, the median/radiaiacks close and lateral cracks

initiate from the bottom of the indentation zone and extend outwtngdards the
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surface.This phenomenon is depicted kigure 2-6. Upon reaching the surface,

material is removed ia fashioncharacteristic of brittle chipping

(A) Lateral Cracks 7\

Figure 2-6 Lateral cracks form upon indenter removal (A). Upon reaching the surface chipping

occurs (B).Image taken from[47].

Sincethe lateral crack system initiates upanloading it becomes clear that
the conditions under which these cra¢kiem originate from a residual stress field
associated with the irreversible deforinatzone[46]. As such, itcan besuggested
that material hardness, or resistance to plastic deformation, plays an important role in
determiningthe extent of crack propagation.

From this dservation a number of studiesbegan to examine the
characteristics of these two crack systesusroundingvarious loading conditions.
Hockey and Lawrj48] used TEM to exam geometrical features of the macack
patterns formed upon indenting sapphire aadborundum.They found that the
crystallographic structure plays a signditt role in the crack evolutionthat silicon
carbide has a greater tendency to cleave along the basal plane while sapphire tends to
cleave nearly parallel to the (0001) plar&though both materials are singleystal,

the idea of anisotropic mictivacture suggests further investigasa@me necessary
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In studying the damage and fracture modes developed during plastic
indentation, Evans and Wilshgw9] showed thatateral crack extension depend
the radius of the indenter and the hardredsacture toughness ratio of the target
material. Extending their observations to abrasive wear by asstingngdius of the
plastic deformation region carelyelated to the force on the particle, they obtained

the following relation for the volume removed Kyabrasive particles:

P v

w 8 Uda (2-2)

Vike)
whereP; is the vertical fore on a patrticle); is sliding distanceKc is the fracture
toughness and is the hardness
Assuming that the pressure induced by an impacting paciciebe replaced
by a functional dependence on particle impeaelocity, the volume of material

removedwas derivedn a similar fashion foN impacting particles

. 0YOw "
w ® (2-3)

iike)

whereG is theshear modulus of the targepar is the particle density, arih andHp

are the dynamic fracture toughness and dynamic hardness of the target respectively. It
is further noted thathis relation is predicted to hold truly for low velocity
impacts due to the fact that therce-velocity dependence cannot be described by a
single function over the entire velocity ranf®]. At higher velocities the force
velocity function cannot be expressed in terms of simple material and projectile

properties as these propertesinot be modeled in a statashion. Oe example of
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this is that the velocity exponent is expected to decrease as the velocity or hardness
decreasef9]. This theory would eventually become the foundation for the dynamic
particle impact theor{b0] discussed in a later section

Additionally Swain and Lawr{51] studied localized cracking of Westerly
granite and silicate glass by indentation of sharp and blunt indeBterseasuring
crack length as a function of indenter load, they produced explicit relations which
identify the role of basic material properties such as fracture surface energy and

hardness to cragkropagation

2.2.2 Threshold Conditions for Crack Initiation

While the discussion to this point has focused on how the median/radial and
lateral crack systems evohand ultimately result in material removahder quasi
static indentation conditions, this subsection will briefly discuss conditbrsack
initiation. Lawn and Evang52] proposed a model which provides a relationship
between the size of a critical flalwcated directly below the indentand the load
necessary to makine flaw extend intomediancracks The model proposesitee
distinct regions of stability pertaining to flaw siaea constant load1) small flaws
which can never fully expand into median cracks, (2) intermediate flaws which
expand spontaneously into median cracks and (3) large flaws which describe the
initiation of median cracks as a continuous event as opposed to an abruptieigent
in this region where Griffitthased fracture mechanics takes owerthe context of
micro-indentation this study concluded that materials most resistant to cracking

would be those of higffracture toughnes&, and low hardness.
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In another study, Perrofb3] proposed a similar model which assumes that
the maximum stress within the plastic zone oceiitee surface of the target mase
near the indenter corners as opposed to underneath the indenter. As such, this model
proposes the initiation of radial cracks at the surface as opposed to median cracks
under the indenter.
In an effort to compare both modelsankford and Davidsorj54] used
Scanning Electron Microscopy (SEM) and acoustic emission techniques tothssess
threshold indentation loadkeading tocrack initiation for a variety of materials
including crystalline NaCl, Si and Ge and polycrylstal Al,O; and SiC.In all the
materials studied it was found that the first cracks to form, thusrétoksassociated
with threshold event s, were the radial su
correct with respect to the crack system associatdd thvieshold events, Lawn and
Evands model perfectl y psrwahdréespettdodindentere or der
load and crack sizalthough the threshold load was more than an order of magnitude
in error. By considering the indentation and stress feldlyss conducted byerrott,
it was found that an adjustment could be made to the threshold loads in Lawn and

E v a n 0 s leadingdoerore accurate predictions.

2.2.3 Unifying Models of Lawn, Evans and Marshall

By combing theories of crack initiation and prgption, Lawn and Marshall
[55] proposedthe ratio H/K; as anindex of brittleness, where hardness is the
resistance to deformation and fracture toughnesshes resistance to fracture.
Brittleness essentially describes the tieta susceptibility to both these mechanisms

and provides a convenient explanation for the empirically discoweitte-to-ductile
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transition In their analysisa variety of materials were ranked according to their
index of brittleness, shown ifable2-2. The termP* represents the maximum load a
material can sustain without the onset of fracture assuming a material dependent
critical flaw size.

Table 2-2 Hardness, Toughness and Brittleneg$5]

Material Comments H Ke H/KC P
(GPa) | (MPa-m'?) | ( &) (N)
Fe Medium Strength 5 50 0.1 | 800000
Steel
NacCl Monocrystaline 0.24 0.4 0.6 30
ZnSe Vapor Deposited 1.1 0.9 1.2 8
WC Co-bonded 19 13 1.4 70
ZnS Vapor Deposited 1.9 1.0 2 2
SizNg Hot Pressed 16 5 3 2
Al,O3 MgO-doped 12 4 3 2
SiC Hot Pressed 19 4 5 0.6
MgF; Hot Pressed 5.8 0.9 6 0.05
MgO Hot Pressed 9.2 1.2 8 0.04
SiO, Glass 6.2 0.7 9 0.02
B.C Hot Pressed 77 6 13 0.05
Si Single Crystal 10 0.6 17 0.002

According to this analysis and based upon specific loads or environments,
optimal materials can be selected for a variety of emging applications. For
example,in abrasiveenvironmentssuch as those with high concentrations of small
particle where the nominal lodlis less tharP*, materialsexhibiting high hardness
would be most appropriate as the damage mode would primarily be deformation
based. Consequently, materials with high fracture toughness would be most
appropriate in environmentghere the load is greater tha®*, such as those with
high energy impacts. In environments whBre &, tHe ‘etric of brittleness should

be minimizedin order to preventrack initiation once deformation takes plage.
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prime example of this is the use of ZnS&] to promote optical integrity in infrared
windows where preventing crack initiation if of great importar@ecourse, in the
selection of engineering materials care must be taken to choose materials that are also
chemically, thermally, electrically and optically suited for the specific application.
Compiling over a decade of research in indentation mechanics, Lawn, Evans
and Mashall developed a universal theory for describing the evolution of both the
median/radial [56] and lateral crack systemf7]. Regarding the growth of
median/radial cracks, their analysis assumessttess field below the indenter can be
resolved into elastic and residual components. The reversible elastic component is
largely responsible for the downward growth of median cracks during the loading
cycle, and the plastic residual component is largeBponsible for the growth of
radial cracks during the unloadiraycle. They established a model for predicting
crack propagation mechanics, specifically relating crack length and the plastically
deformed indenter contact area to known material propestiels asH, K. andthe
elastic modulugk. Assumingthe load is sufficieneénough to induce crackinge. the
radial crack lengtte® is largerthan the plastically deformed indenter contact lemgth

the following relation was madesing soddime glass aa calibration material

~ —_

A
— 2-4
1y L|Jd,) (2-4)

Figure 2-7 demonstrates its capability in predicting the crack growth

characteristics for a variety of materials.
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Figure 2-7 Universal plot relating material properties to fracture and deformation parameters in

a variety of engineering materialg56]

Concerning the lateral crack system, a similar analysis demonstrated the
relation between load and crack gaeters to material properties. An interesting
consequence of lateral cracking is the role it plays in material removal if the contact
pressure is significantly larger than the threshold pressure to induce crdtkiag.

shown thathe volume of materiaemovedcould be predicted bjp7]:

(2-5)

where Uy is the incident kinetic energy dhe particle. In both crack propagation
models, specific attention is drawn to thedulusto-hardnes&/H ratio which serves
as a metric to determine tleffects of the elastic and residual components in the
stress field According to the equation abgweecreasing this ratio has a direttect

in reducing the volume of material removed due to impacts causing lateral cracking.
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Consequently, in ceramics with higher valuesEdH there is the tendency for
material to pile up around the indenter similar to the behavior of ductile mafgfils

[58].

2.3 Elastic-Plastic Particle DamageTheories

In parallelwith research surrounding crack evolution in brittle materiai®
elasticplastictheories emerged and would become the basis for subgespasion
modeling.Ter med t-BeafiQoaasand fADynamic | mpacto t
on the concept that lateral cragkowth results fronresidual stresses induced by
particle impact evest In short the volume of material removed can be predidig

the sizeand deptlof the lateral crack formed beneath an impact site

2.3.1 QuastStaticParticle Impact Theory

The quasstatic theory originated from dudies involving indentation
medanics butwaslater definedmore explicitlyby Wiederhorn and Law[59]. This
theory stemdgrom theideathat particle impact damagmnbe closelycorrelated to
plastic indentationphysics and subsequent fracture associated witlentation
experiments T h e ftg tu aa todelcassumesthat the kinetic energy ofan
impactingparticle is completelylissipated into plastic floys9]. While this would
represent a conditiowhereno rebound occwr this assumption serves as an upper
bound in predicting the impulse load Addi ti ona-bt gf i ¢ & ecaaimdiiats
assumes that the contact velocity is relatively slow compared to the sonic vetuicities

the particle or the target materials.
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Ruff and Wiederhorii60] derived an erosion model basewl the quasstatic
theory by assumingthat the radialand lateral crack sizes are proportional to one
anotherand that the maximum penetration depttihe particles proportional to the
depth of the lateral crack.he following relation was formedhich describesthe
factors affecting the volume of material removed for a single impacting particle at

normal incidence.

@ © (2-6)

The velocity exponentn = 2.44, compares well with tha = 2.4 value
determined by¥evans andVilshaw[49] in Equation2-3 and that of tha = 2.24 value
determined by Marshall, Lawn and Evajt] in Equation2-5. Additionally the
radius exponentn = 3.67, compares well with thea = 4 valwe alsodetermined by
Evans and Wilshay49]. Lastly, these values compare well with those determined by
Sheldon and FinnigB9] denoted inTable2-1.

Hockey, Wiederhorn and Johnsf@i] examined the quasiatic approachy
demonstrating the correlation between qsdgtic indention and sharp particle
impactin both single particle impact tests and multiple particle erosion tegisre
2-8 compares the damage caused by an impacting particle and a Vickers diamond

pyramicdal indenter.
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Figure 2-8 Comparison of surface damage in SiC caused by normal impingement of 150um SiC

particle at 90 m/s (A) and quasistatic indentation of Vickers diamond pyramid, 400g load (B).

It can beseen that bothréicture patterns contain median aadial cracks in
association with geometrical indenter/particle features along with lateral cracks
resulting in material lossn an effort to expand the single particle impact model to a
multiple partide erosion modelgerosion tests oflumina and silicon nitride were
conducted to identify the dependence of material remowah temperature,
impingement angle and velocityests were conducted on each matdraah 25°Cto
1000°C, impingement angles frob%b° to 90° and velocities from 35 to 125 m/s.

SiC particles with a nominal size of 5566n wer e used.

When tested at normal incidence, the erosion rate was found to be relatively
independent to temperature. Howevesignificant effect on temperature wasind
for oblique incidencesl5® and 3(° from the target plan€lhe velocity exponent
showed a strong dependence on temperature, increasing for all materials from 25°C to
1000°C.When tested a 15°impact anglethe velocity exponent increased from 1.7
to 2.7 for hotpressed silicon nitriddrom 2 to 2.6 for hopressed alumina and from
2.1 to 2.6 for sintered alumin&1l]. Although the velocity exponent was found to
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increase with temperature at oblique angles, a consistttionship could not be
established relating this exponent to other experimental variables.

To account for obligue impact angles, Equatior6 2vas modified by
assuming that lateral crack extension is only determined by the normal component of

the impactvelocity [61]. As such, the following relation was proposed:
w® wi Q| (2-7)

The dependence on erosion rate with impingement asglewvn inFigure

2-9, indicates that two modes of material removal are present.
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Figure 2-9 Dependence of erosion rate on impingeméangle at 25°C and 1000°C [61]

Previous studies, such as those conducted by Sheldon and[B8jrj#0] and
as indicated inFigure 2-3, indicate that maximum erosion occurs at a 90°
impingement angle for brittle materials and around a 20° angle for ductile materials.
For the room temperature case it can be seen that abowepact angle of

approximately 30° the theoretical curve matches the data quite well, while for the
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1000°C case the curve matches the data for impact angle above 60°. These deviations
at low impact angles suggest that ductile wear mechanisms become omarermed
[61]. Additionally the more pronounced deviations at 1000°C suggest that the role of

plastic flow in erosion becomes increasingly more impof@éiijt

2.3.2 Dynamic Impact Theory

In parallel wih the quasstatic theory, the dynamic impact theory was
originally developed by Evans and Wilshg®0] but more explicitly defined by
Evans, Gulden and Rosenbld@2]. While similar in nature, thdundamental
difference between the two theories is their assumed dependence of impact load on
the material and kinetic parameters most affecting er¢6®jn While the quasstatic
theory assumes that the kinetic energy oingpacting particle completely transforms
into work creating plastic flow, and can thus be modeled assuming static material
properties, the dynamic theory predicts that substantial changes in material response
may occur due to impadtinder impact conditias, the stress fields are expected to be
more complex due to the potential introduction of shock waves and elastic and plastic
wavesthatinteract with rapidly moving crack§2].

This idea is based off of earlier work by Talp@4] who conducted static and
dynamic hardness tests on soft metals. He found thafiothe required to induce
plastic flow in metalsvia indentationis greater the faster the dentation test is
performed Essentiallythe pressure required to produce plastic deformation in a
dynamicmanner such aghat involved in a particle impact, would be much greater
when compared to the pressure involved in a gstasic indentation testhe other

consideratiomegardingdynamic indentation as it differs from quasatic indentation

36



is that particle rebound is assumed to occur. As such, the contact time between a
particle and target surface becomes a critical factor as well.

Based on thee principleskEvans, Gulden and Rosenblg®] derived a model
thatrelatesthe volume of material removeoly a single particléo variousimpact and
materialproperties

WY
w8 — (2-8)
VNe)

This model varies slightly from that derivealssumingthe quasstatic
condition, Equation -5, in the velocity exponem = 3.17 vs.n = 2.44 and the
relationship to hardness. The qussitic theory predicts that as the target hardness
increases, the esmn rate will increase slightly, however the dynamic impact theory
predicts a slight inverse relationship between erosion rate and hardness.

To test their theory a series efosion experimentaere conductean four
ceramic materials by impacting 115n uagtz particlesunder normal incidence at
velocities between 98 180 m/s [62]. Figure 2-10 shows the results of the
expeiments, where th@olume of material removed was displayed as a function of

the quantityK**H,
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Figure 2-10Volume of material removed a finction of material properties [62]

It is evident that therosion ratedirectly correlatavith the K**H*

guantity.
However, this dependence is rlomear suggesting that therosion rate may also

have a functional dependence on oferameters unaccounted for in this analysis

2.3.3 Comparison of Quasstatic vs. Dynamic Impact Theories

In order to assess the validity of both particle impact theories, Wiederhorn and
Hockey [63] conductd a systematic investigation @ssesghe effect of particle
velocity, material halness and fracture toughness enosion rate.In their
experiments they tested nine ceramics from a wide range of material and
microstructural propertiesat temperatures between°@5and 1008C and velocities
between 37 and 94 m/s. The particles used in this study were 150um SiC abrasives as
the hardness of the particles was thought to simulate theyialoing particle
properties in which the two theories were derived from.

Table 2-3 shows the velocity exponents obtained in these experiments over a
range of temperature$he results are similar to those found previoyélij in that

the velocity exponeriends to increaseith temperature. It can also be seen that the
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exponents for the room temperature condition tendligm closer the 2.4 exponent

predicted by the quastatic model than the 3.2 exponent predicted by the dignam

impact theory.

Table 2-3 Velocity exponents at normal incidence for 25°C, 500°C and 1000963]

25°C 500°C 1000°C
MgO, polycrystalline 2.2 - -
Sodalime i silica glass 2.5(0.12) 3.5(0.2) -
Vitreous silica 2.9 3.0 -
Sapphire 2.3(0.1) 2.4 (0.25) 3.3 (0.03)
Sintered Al,O3, 3Cem 2.3 (0.003) 2.8 (0.09) 2.7 (0.15)
Hot-pressed A}O3, 3-4em 2.3 (0.03) 2.1 (0.04) 2.3(0.11)
Silicon 2.9 (0.03) 3.8 3.4
Hot-pressed SiC 1.8(0.16) - -
Hot-pressed SiN 2.1 (0.08) 2.5 (0.03) 2.4 (0.20)

*Standard erroshown in(parenthesis

Figure2-11 compares erosion data and thaterial propertiesl andK.to the

erosion rates predicted by the qusisitic and dynamic theorieshis datawas taken

for and impact velocity of 63 m/s atom temperature.
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Figure 2-11 Comparison of erosion data with the dynamic (a) and quasstatic (b) theories[63]
Excluding the results for MgO, both theorg®dicted the effeatf K. andH
on the erosion rate. However, the slopes of both lines are greater than one suggesting
that theK: andH exponents may not be the most accurdiging the results found
these experimentthe quasstatic and dynamic models were calibratedaion the

new relation63]:

wo wdy?sd 8y 8038 (2-9)
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The most pronounced difference between this equation and previous erosion
models is the dependence on hardness and fracture tougbnessbservation from
this study was that not every particle impact resulted in material removal. In the case
of glass, every particle impact site was seen to result in crack formidberever br
the case of sapphire and SiN, many impact sites left plastiressions while a small
percentage of impact sites resdltin fracture. While it is predicted that this
percentage has a dependenceKgnit can also be suggested that the dependence of
erosion rate on this property is not accounteddorectly in any of the models.

In Equation 29 the erosion rate is predicted to ingeaas the hardness
increasesshown by the positive exponeiiihe balance of two opposing phenomena,
maximum load during impact and maximum penetration depth, ultiyndédérmines
whether the hardness expondst positive or negative In the formulation for
determining impact load, the load resulting from an impact increases as hardness
increases. A decreased hardness would result in a decreased impact load due to the
occurrenceof plastic flow thatwould absorb some of the impact energy. Since the
maximum load is proportionaio the amount of chipping, the relation between
hardness and erosion rate suggests a positive correlation.

Consequently, hardness also detersittee maximum penetration depth. A
decreased hardness leads to an increased pemettlath leading to an increaise
erosion rate. In the quasiatic approach the maximum penetration depth is assumed
critical whereas the dynamic impact theory suggtsis the impact load dominates.

The results from this study predict a hardness exponent of 0.48 suggesting that the

dynamic impact model may be more appropriate under certain circumstance.
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While both theories qualitatively predict erosion in a corfagtion, neither
theory is quantitatively accurate based on the data collected in this Badtytheory
is composedf a number of simplifying assumptions, many of which break down for
certain materialsunder certain conditionsThis study ultimately showedhat
microstructure plays a critical role in accurately modeling erosian factor that

neither study fully considers.

2.4 Particle Erosion of Brittle Materials

Many prior attempts tossess the accuracy of the gustsitic and dynamic
particle impact theoeis have relied largely on commercial ceramics with a wide

variety of microstructural differences.

2.4.1 Single Crystal Silicon

To assess the validity of these two theories using a homogenous-Eagie
materialin theabsence of microstructural effed®outbort, Scattergood and Kggb]
conducted erosioexperiments of singlerystal siliconwith the (111) plane being
impacted. The velocities ranged from BA34 m/s, particle sizes from 2327 m
and impact angles from X®C°. Angular ALO3; particles were used for all tesihe

effect d velocity and impingment angle can be seenFigure2-12.
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The datais in good agreement with the quasiatic theory, assuminthe
oblique angle adjustment proposed by Hoclgh], W ¢ ( V s I wheren = 2.6for
impingements angle above®4%owever at low impingement anglé® modelunder
predictsthe erosion rate. This ihoughtto occur due to the fact that the erosion
model only accounts for the normal component of the velocity vector thus neglecting
the cutting and scribing processes tieaid tooccur at low impingement angles.

Additionally, the concept of threshold partie sizesand velocities are
considered. This idea msed offprevious work byRoutbort, Scattergood and Turner
[66] who studiedparticle erosion of reaction bonded SiC. They discovered that at the
smallestparticle size, 28 m, the erosi on r adweinditagéng a me

either a microstructural effect @& true threshold effect. In the case oficen the
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same threshold effects were observed and are suggesfetoto the following
relation DoV, = 2200x10°, whereD, andV, are the threshold particle diameter and

velocity respectivelyConsidering these effects, they formulated a new model:
oY Qwi Qtw 80 0O 8 (2-10)

whereERis the erosiomatio (presented as theass ofmaterial removedo the mass
of impacting particlesandk is a material constant. The particle size exponent0.6
varies significanf from those presented in the quasitic or dynamic theoriem =
11/3 or 3.67dueto the way the erosiometric is presented. In prieusly studies the
erosion metric is given as the volume of material rempWéh units of [length?®,
due to a single impacting particl€his study presents the erosion metric abange
in weightlossper dose of impacting particlgsWn units of grans/gram The erosion

formulation from previous studies:

GO aQEONs Y a QEQQ6 (2-11)

can be convertetb the erosion metric of the present study by normalizing each side

of the above equation by the units [length]

w aQ 8§X2(e') Y a QEaQ0 (2-12)
a Q£QQo a QEaAQo

which gives the dimensionless erosion r&k

0'YQ'Qa Q& i QP& RN ENDD (2-13)

In light of this conversion, it can be seen that the particle size exporent

0.6 determined in this study matches well to phedictedm = 2/3 or 0.67 predicted
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by both the quasstatic and dynamic impact theoriegigure 2-13 shows thatheir
experimental data matches quite well with their erosion model if threshold effects are

consideredor impact angles above 945
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Figure 2-13 Erosion Rate as a function of D Do for different impact angles[65]
The divergence betwedhe model andexperimentaddata for an impact angle
of 22° lies in the fact that the model only considers the effect of the normal
component of the velocity vector. This would neglect cutting and other ductile

erosion mechanisms that may be present at smaller impact angles.

2.4.1.1 Velocity Exponent as a Function of Particle Size

One observation in previous studies is that the velocity and size exponents are
not constant values through the entire range of experiments. This suggests that there

may be some hidden dependencies of these vahtesapturedby either the quasi
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static or dynamic theoriesScattergood and Routbof67] conducted a series of
experimentsn an attempt to thoroughly investigate the velocity and size exponents
on the erosion ratef single crystal silicon. The most pronounced observation they
found,shownin Figure2-14, is that the velocity exponent systematically decreases as

the particle size is incased.
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Figure 2-14 Erosion rate as a function of velocity for different particle size$67]

The largest particles in the study, 2if) produced a velocity exponentro&
2.55 while the smallest patrticles in the study @3 produced a velocity exponent of
n = 3.4. From these results it can be suggested that the larger particles tend to follow
more closely tothe quasstatic theorywhich predictsn = 2.4 whereas thersaller

particles tend to follow the dynamic thepwhich predictsn = 3.2. This observation
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is not just limited to silicon, but has been found previously in erosion studies of
reactionbonded Sig66] and hotpressed Si{568].

Another observation was that thmarticle size exponent changed as the
particle size changed-or particle sizesabove 136 m, the erosbheon rate
accurately modeledssuming the typicah = 0.6 found in previous stues. However
for particles belon8 7e m, t he erosion model would bett
exponent of approximatelyn & 1 In 8ddition to this observatiprnthe tests
conducted at small particle sizes indicated a constant velocity exponent even at low
velocities. Thisinvalidates the DoV, = 2200x10° velocity threshold prediction
previously mad¢65].

In a follow-up studyScattegood and Routbort[69] performedsimilar tests
with angular SiC and rounded Si@articles and compared the results to those
previously conducted with AD; particles[65]. The results of these experiments,
shown inTable 2-4, aligned wih those found in previous test$iat the velocity
exponenis dependentn particlesize.

Table 2-4 Velocity exponent as a function of erodent material and siZ&9]

: Velocity Exponent Velocity Exponent

Erodent Material 40um Patrticles 270um Particles
Al,O3 3.55+0.1 255+0.1
SiC 3.18+0.1 2.65 +0.09
Sio, 3.44 +0.07 2.48 +0.09

While some variation exists between erodent materials, it can be suggested
that the particle size effect on the velocity exponent is material and shape

independent. One explanatidmat may account for thiss localized heatinglue to
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particle impact[69]. This anomaly was also found by Yust and Cro[&s who
observed via SEMmageslocalized meltingin the case o2 40e m Si C parti c
impactng mullite ceramic at 24 m/s witm impact angle of 20°.

In an analysis by Shewmd@wnl] it was postulated that localized heating of the
target surface increasas particle size increasdsarger particles would thusetter
facilitate the development of a plastically deformed region surrounding the impact
site. As the quasstatic theory suggests that the kinetic energy of an impacting
particleis convertednto work creating plastic flow, this would explain why larger
particles tend to follow along the quastatic theory more closely than smaller
particles.Since smaller amounts of localized heating would occur for small particles,
the dynamic model would conversely fit betteit was also calculated that the
threshdéd particle size above which localized heating becamenportantin the

erosion of sibpamtiicl ebecannd o4[@¥Arh f or Si C |

2.4.2 Sapphire and Zinc Sulphide

Telling and Field[72] studied thedegradation of Sapphire (singlystal
Al,O3) and Zinc Sulphide by weight loss measurements and optical transmission
tests. They impinged5-700e m quartz particli@0mést vel oci

The erosion rate results for zindghide and sapphire are showrFigure2-15.
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Figure 2-15 Effect of particle size and velocity on the particle erosion of Zinc Sulphide (A) and

Sapphire (B), taken from[72]
It canbe seen that the erosion rate is relatively independent of particle size for
Zinc Sulphide yet largely dependdat sapphire within the parameter ranges studied.
The difference in the erosion behavior can be attributed to thenpeeséthreshold
particle sizes under which no material loss ogcline erosion rateurveof sapphire
appears t oofbfedo irnega ofint awhler e t he erosion r
the particle size increasds.is expected that if larger parécsizes were tested for

sapphire, the curve would level out as it did for the Zinc Sulphide tests.
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From these curved is clear that sapphire is significantly more erosion

resistant than zinc sulphi@adthat the following threshold particle sizessxi

Table 2-5 Threshold particle sizes for Zinc Sulphide and Sapphire at given impact velocitidg2]

Threshold Parti |
Velocity (m/s) Zinc Sulphide Sapphire
25 <50 > 400
100 <20 ~ 250
200 ~0 ~ 100

Interestingly, optical transmission measurements of the samples subjected
erosive conditions indicate decrease in optical transmission without any mass loss.

This suggests the presence of surface damage without chipping, such as events
associated with plastic deformation.

In their analysis, Telling and Fielfr2] also derive threshold velocity and
particle size r el astLtawd73]swhich statesrhatntige crificale r b a ¢ h ¢
load to form a Hertzian cone crack is proportional to the size of the indentes.radiu
For a given particle radius, dnparticulate andtarget materialproperties, the

following relationship exists:

@ 5 2 S« - (2-14)
T (e)

where} is the particle densitgndk is a material constanthich is a function of the

Poi ssomdsamat Y ouy nlg 6f bothnthe thrgdt and particulate:

. ! p
Q 5 5 (2-15)
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Ai's Auerbachodés constant

0 @Xap mQr

4:f i ned by

Mougi not

(2-16)

wheredis the free surface energy of the target knd alsoa material constant

(2-17)

This analytical relationship can be appliedto the dicon-alumina target

particulate system found in the works of Routbort and Scatterffiiid Using the

experimentally derivethreshold relation wherB,V, = 2200x10° and assuming the

free surface energy of silicdn be 1.24 J/M[75] a comparison can bmade between

analytical predictions anelxperimental findings:

Threshold Velocity vs. Particle Size
250 —
Silicon target and ¢ Telling & Field (Analytical)
@ alumina particles
200 -
M Routbort & Scattergood
(Experimental)
150 -
Velocity
[m/s] |
100 + —
*
50 3 O
’
0 : , : ! | m
10 100
Particle Diameter [um]

1000

Figure 2-16 Threshold velocity vs. particle size to induce crackingsilicon target and alumina

particles

It can be seen ifrigure 2-16 that above a particle diameter of approximately

100em, the experi ment al
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the two results divergeThis can be primarily attributed to two reasons. First, at
particle sizes above 100&em and at the
studies, the mechanism of erosion is primarily fracture, chippiry aacking.
However below 100¢&m, the contribution
defamation take on more prominent rel@he analysis by Telling and Field does not
consider the effects of ductile erosion mechanisms. Secondly, the divergemeerbe
experimental and atytical threshold conditionsan also be attributed to the fact that
the analytical model assumes a perfectly uniform particle size whereas the
experimental study used alumina particles with some (unspecified) particle size
distribution. While the mean particle size may be under the analytical threshold, a
percentage of particles may be above it. As such, the experimental threshold particle
velocity at a given particle size should be lower than the analytical which assumes

uniform particle size.

2.5 Slurry Erosion of Brittle Materials

The discussiorup to this point has assumed air to be the medium through
which particles travel throughErosion experiments are typically conducted by
Asandbl astingo target rofapareculdtea And memasuting a
the resultant weight loss that occursthe case where erodent particles are entrained
in a fluid, factors such as impact angle and impact velocity can be significantly
skewed due to the strong partifleid interactions hat occur.

The Stokes numberdefinedin Equation 218, represents how strongly the
trajectory of an entrained patrticle is coupled to the fluid flothe presence of an

obstacle
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p ¢

where} is the particle density is the particle diametel is the velocity of the fluid

Yo

(2-18)

far away from the obstaclg, is the characteristic dimension of the obstacle &ansl
the viscosity of the fluid. Particles with very high stokes numbers >> 1 are highly
inertial and respond slot changes in fluid velocity ereas particles with very low
Stokes number << 1 are strongly coupled to the flow condi{io@s Additionally the
presence of chemical or physical interactions between the fluid and wall nshy ex
requiring a decoupling procedure to separate out which variables contribute to overall
material loss.

This section will discuss a number aicfors affecting erosion specific to
slurry conditionsalong with implications pertaining to nanofluid erasiand abrasive

waterjet machining.

2.5.1 Observationsrbm Slurry PotErosionExperiments

In a number of studies Clark, Lynn, Wong anevearkers[77] [78] [79] [80]
[81] examinedthe effects of particle size, velocity and fluid viscosity on the erosion
characteristics for ductile and brittle magriln all experimentshiey used a slurry
pot erosion tesr which operates by rotating a stainless steel shaft via electric motor
through a slurry in a confined vess€lylindrical samples are attached to shaft such
that the rotational speeaf the shaft can be correlated to the nominal velocity the
sample movehrough the fluidThis type of testing apparatus is showrrigure2-17
and more dtails regarding desigrgonstructionand modificationscan be foud

elsewhere in literaturg82] [83] [84].
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Figure 2-17 Schematic of slurry pot erosion testing apparatus

Clark[77] conducted shottiermerosion tests on polished copgampleswith
dilute suspensions ofvaterglycerin and glass beads ranging in sizes from- 75
75C mTwo nominal speeds were usedtire tess, 9.35 and 18.7 m/#\ collision
efficiency metric was determined by counting the number of impact sites per square
millimeter and dividing this by the number of particles estimated to be in the volume
of a 1 mnf swept zone assuming a homogenous sluryaverage impact velocity
was also determined by measuring the crater diameter formed during impact and
comparing it to microhardness indentation tests. Inrtasnerit was assumed that
all kinetic energy was transferradto work creating plastic flow in the copper
samples.

It was discovered that fluid viscosity, particle size and nominal flow velocity
directly influence the collision efficiencgnd actual impact velocityFigure 2-18

shows the results of the 18.7 m/s tests.
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Figure 2-18 Collision efficiency (A) and impact velocity (B) as a function of particle size and fluil

viscosity[77]

Referring to Equation-8, it can be seen that increasing the particle size and
decreasing the fluid viscosity result in a higher particle Stokes number meaning they
are less responsive to changes in the flied. As the sample is swept through the
slurry, more particles would tend to impact the specimentlasir motion is less
affected by the displaced fluidhe decreasm impact velocity with increasing fluid
viscosity and decreasing particle size is ®s8ggd to be a function of a boundary layer
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effect. In order for a particle to impact the surface it must penetrate a boundary layer
of slow moving fluidand as the particle travels through this layer a significant
deceleration is suggested to occur.

Using the same type of slurry pot erosion testing apparatus Lathabai and
Pender[85] investigated the effects of varying the particle size distribution and
particle concentration on the erosion of a variety of ceranfse observation they
found was that increasing the particle concentration from 5% to 20% a significant
increase in material loss was measured. However increasing the particle loading from
20%to 30% resulted in much less of an increasteven a decrease inaterial loss
for certain materials. This implies that at higher particle concentrations particle
particle interactions become more prevalent and in some cases may inhibit particles
from striking the target surface.

Upon SEM inspection of the surface itsMund that microstructure played a
critical role in the erosion mechanisinspection of ine and course grained alumina
samples both indicated that the wear mechanism was primarily grain ejection and
grain boundary microfracturén the case of the $§,-SiC composite, preferential
phase erosion was observed causing the grains of the SiC phase to protrude as the
SizN4 phase was remove8Y-TZP showed the least amount of erosion. Inspection of
the surface morphology indicated the presence of signifidastip deformation wear
scarsbut no sigrs of lateral fracture. The biggest conclusion from this study was that

microstructure plays a critical role in the erosion mechanisms of ceramics.
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2.5.1.1 Particle Size Effect

Lynn, Wong and Clar{86] investigatedthe particle size effecin slurry

erosionby conductingerosionexperimentson P110 steelsing 20i 500e m Si C

particles in oil. They found the same qualitative results regarding collisfoiency

and impact velocithhowever theai experimental and calculated erosion rates diverged
at small particle sizes, shown ifrigure 2-19. They defined their erosion model
assuming ito be proportional to the particle impact energy, collision efficiency and

the relative number of particles in the pathttoé specimen in units @frea per unit

time.
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Figure 2-19 Erosion rate as a function @ particle size[86]
It can be seen that their model aligns well with erosion data for particles above
10 m. However smaller particles tend to

The discrepancy between experimentat aalculated erosion rates is thought to
originate from the fact that their model assumes particle impact to be the only

mechanism involved in material removal. This findsgggests that direct particle
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impact may take on a smaller role and other mdteeilmoval mechanisms may
become prominent.

In a later study Clark and Hartwi¢B1] re-examined the particle size effect
by conducting experimentsn Pyrex glass and Aluminumsing 14- 78 m Si C
particles in oil.For Pyrex glass, the peak wear rate for particle sizes between 390
780em was found DY ashwas sypgesterd dy theiqestatia bnd t o
dynamic theoriesNo measurable damage was observed for particle sizes under
196 m however dsarveadfgreartsiaszeshdiween 13 mUnder
the experimental conditions used in this study, specifically a nominal velocity of 18.7
m/s, they estimated the threshold particle size under which no dashagdd occur
wasbetween 30042% m. T $oe damage@was observed inthe 1267 5 e m wa s
thought to be a function of the particle size distribution in each batch of particles. In
each batch of erodent, there exists a spread of particle sizes with thepaneele
size presented as the nominaksklthough the mean particle size in each batch was
below the theoretically determined threstsplthe portion of particles above this
threshold ighought to cause the observed damage.

For thealuminumsampleserosion was found at all particle sizes revieowgh
direct impact was expected to cease for small partitiies.suggested thprimary
wear mechanism taking place at these small particle sizes was a byproduct of the
boundary layer directly above the surface of the sample. This layer is referaed t
the fisqueeze fil mo an drtclesmpdcthbot algohpteveritso i nhi |
particles from reboundintpack intobulk fluid flow. As such, mall particlesare

thought toaccumulate in this fluid layer and are swept away by tangential iflow
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rolling, bouncing, and scratching along the surface as theTllge resulting wear
mechanisnarising from this condition can best be described asawetsion.

A later study by Gandi and Bor§&7] was conducted to determitiee effect
of a distribution of particle sizes and the effect of small particles in nominally larger
particulate slurry.They found that when the absolute particle size range is within
approximately 40% of the mean particle sigach as in the scenario fifering the
particle through low and high pass sieves, the mean particle size can be used to
represent the nominal particle sizHowever when a large spread of particle sizes is
present in the slurry, a more appropriate metric would be the weightedpaudic|e
size.They also found that the addition of fine particles&#™® r educed t he amo
erosive wearSimilar to the previous work by Clark et 1], it was suggested that
the presence of small particles slightlcr@ases fluid viscosity, increases particle
particle collisionsand decreases the impact velocity of larger particles due the

formation of a thin layer of small particles trapped in the squeeze film.

2.5.1.2 Influence of the Squeeze Film

Clark and BurmesitdB80] analytically derived solutions that describe the fluid
motion in the squeeze film between an impacting particle and aa&ly. found the
ratio between the impact velocity and the normal velocity determined by potdntia
flow analysisVy to be a function of the particle Reynolds numtbescribed below in

Equation 219.

YQ —— (2-19)
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wherey, is the liquid density and is the liquid viscosityThrough thisaralysis they
determined a critical Reynolds nump&e., below which impact would cease to
exist. The relationship describing this critical particle Reynolds remib described

in Equation 220.

P Tt (2-20)

Another finding was that the squeeze film should aktard the particles
velocity on the rebound as well as the approdar. example, if the rebound is
considered elastic the particle Reynolds number upon entering the squeeze film must
be twice that ofhe critical Reynolds number in order escape the squeezgilmin
the case of a ductile material with coefficient of restitution of 0.1, the particle
Reynolds number upon entering the squeeze film must be 10x that¢ afitical
Reynolds number in order to exit the squeeze film.

This analysis suggesthat particles may tend to congregate near the surface
forming an abrasive bedNot only would this alter the experimental particle
concentration of the slurry, as theusgze film would contain a denser particle count,
but the abrasive bed may act as a shield for incoming par{ie¢¥ds This may

introduce an additional factor reducing the collision efficiency.

2.5.2 Jet Impingement Studie$ Ceranics

Fang et al[88] studied the erosion behaviorfolur ceramicausing a slurry jet
impingement apparatus. The particulateed was 600- 85 m si |l i ca sand
concentrationbetween 3 7.5% by weight. The nominal impingemerglocity was

set at 7.3 m/s and the impingement angle was varied from A®. Of all the
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materials tested AD; was found to be most susceptible to erosion, even more than
aluminum metal which was also tested. PSZ had the lowest erosion rate, about 100
times less than that of ADs. For all materials tested, the erosion rate was found to be
constant with time.

For Sialon and PSZ the effect on partidencentrationwas negligible,
however for SiCanincreased particle concentration led to an increased erosion rate.
For Al,O3 the opposite was found where an increased particle concentration led to a
decreased erosion rate. Additionally the effect on impact angle was not uniform for
all materials. AMO3 showed a typical brittle response peaking in erosion rate around
9(® while SiC showed a larger than expected jump between erosion at 60° and 90°.
For Sialon and PSZ the erosion rate was relgtivmaffected by impact angle
between 30° and 90° suggestitigat these materials undergo different wear
mechanismThe fundamental justification for the wide range of erosion observation
originates from the microstructural differences. Similar to the results found by
Lathabai and Pend@5], the significantly high erosion rates of alumina compared to
the other tested materials was due to iiiechanism of grain ejectioand grain
dislodgementWhile other materials showed signs of both brittle and ductile material
removal mechnisms, it was thought that grain ejection would disrupt the
development of plastic flow.

In an effort to examine more closely the effects of microstructure on erosion,
Zhang et al[89] conducted air and slurjgt impingement experimes on hree types
of alumina ceramics. Slightly rounded 200 m gar net particles

abrasivesAt low impact angles, material removal was characterized by ploughing
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and subsequent spalling while at normal incidence grain ejection wasithary
mechanism of wear. In the case of airborne tests, localized melting of the target and
splashing of the garnet was observed generated by adiabatic heating caused by
impact.Thislocalized heatingghenomenon was not observed in slurry tests.

Regardig microstructure lower velocity exponents were found for the
samples that contained a higher presence of intergranular glass phase. The glass phase
is thought to enable a higher absorption of impact energy. This belief was based on a
prior test that showek alumina with a 4% wt. intergranular phaseghibited an
increase in erosion resistance at increased temperd@@gsit has also been
suggested that the presence of an intergranular glass phase can reduce stresses at the
gran boundaries, accommodate the nomnform deformation behavior and reduce
residual stress at the grain boundaf83 [91]. Comparing two samples different
grain size but the same weight percage of alumina, it was found thidie samples
with larger grain sizes were more susceptible to ero3iois. originates from the fact
that the main wear mechanism is grain boundary fracture resulting in grain ejection.

Lastly it was found that when the sy and dry erosion data were
extrapolated to similar conditions, the slurry erosion was shown to be much more
severe. It is suggested that tthe&id plays a critical role in crack propagation, thus

facilitating the erosion process.

2.5.3 AbrasiveSlurry JetMachining

Abrasive Slurry Jet Machining (ASJM$ used specifically to etch channels
and holes in brittle materials where other conventional machmitipods may not

be appropriate. Machining occurs by impinging a high velocity slurry jet onto a
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substrate tht is either stationary, in the case of mibie formation, or is moving in

the case of channel formatiohypically the abrasive particles are small, on the order
to tens ofmicrometer=or less, and the impinging jet is often less than a millimeter in
diameter. As suclthe erosion modeling and characteristics involved in this process
have similar characteristid® those that would be invedéd in embedded cooling

systems.

2.5.3.1 Mechanisms of Microholand MicrochanneFormation

Wang et al[92] studied the mechanisms of microhole formation in doda
glassusinga2@m j et , al umi na plalriesin v tsh zceosn cheent tw
of 2.5% and 5% by mass at nominal jet pressures of 1, 2 and 3TM&se presses
approximately translate to nominal fluid velocities of 44, 63 and 77 m/s respectively.

Scanning the crossectional profiles using stylusprofilometerit was found that the
hol es were <charact er i z €igure®30 wherefthd/outes hap e,

diameter of the etched regi@nearly four times the diameter of the nozzle.
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Figure 2-20 Microhole profile, 13um particles, 2.5% concentration[92]

The morphology of the microhole can be divided into three primary regions:
the jet impact zone (A), the viscous flow erosion zone (B) and the turbulent flow
erosion zone (C)The jet impactzone is located directly under the nozzle ,and
according td=igure2-20 little erosion occurs in the regiomhis is due to the stronger
coupling between the parted and fluid preventing direct impact from occurring
directly below the impinging jetAs a resultthe particles are swept to the side and
impinge te surface at shallower angléf the jet pressures are high enough however,
the particles directly impingen the surfacebelow the jetcausing ersion in this
region[93] [94].

Depending on the impact angle, the primary mechamsisinmaterial removal
may bebrittle in natue, such as the case oflirect normal impacts, or ductile as in
the case of shallow impacts causing a cutting acting. The erosive wear in the viscous

flow region was found, through surface examination, smoother than that of-the jet
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impact or turbulent regianlt is suggsted thathis is a result of thequeeze film that
forms on the surface acting to lubricate and reduce friction between the particles and
surface.The surface characteristics indicate that the mode of material removal is
primarily ductile in the viscous flow regn.

The turbulent zone forms as the erosion depth increases and causes a sudden
change in fluid directionThis region is suggested to be the cause o$ubstantially
large holewidth due to particles continuously réculating thus increasingthe
numker of impacts.Interestingly, it was also found ththat as the test parameters
changed, i.e. increasing particle size velocity or particle concentration, the overall
width of the hole changed.

In a similar study,Dadkhahipour et al[95] studied the mechanisms of
microchannel formation using a high pressure slurry (B30 i 200 MPa
approximately 450 630 m/3 by traversing the nozzle across a glass subsiraty
also investigated the effects of standoff distance, tsavepeed and impact angle.
Given the high pressures ofetfslurry jet the crosssectional profile appearedore
along the lines o fAddaper at her than the AW0 shaped
pressure systemdncreasing the nozzle traverse speed redgcbstrate exposure
time to the abrasive jet, thus reducing the number of particle impacts.

Overall, they found the material removal rate to be relatively independent of
nozzleimpact angle and standoff distanwben compared to the effects of pressure
and traverse speedConverselythe resultingwall inclination angle defined as the

angle between the side of the channel and theenmted surfacewas largely
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affected by the standoff distance and water pressure, slightly dependent on jet impact
angle andelatively independent of nozzle traverse speed.

Using a test rig designed ftower velocitiesPang et al[96] investigated the
effects of water pressure, nozzle traverse speed, particle concentration araffstand
distanceon channel depth, width and inclination angleglass Alumina paricles
with a nominal size of 25&em wereil4sed,
MPa (approximately 126 167 m/s) the standoff distance was varied betweé&nG3
mm, particle conceratiors variedbetween 15% and 30% and the nozzle traverse
speed varied between 0.1%.3 mm/sFigure2-21 shows the effects of pressure and
particle concentratioon channel widthdepthand wall inclination anglevhere the

traverse speed is 15 mm/s and standoff height is 3 mm
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Figure 2-21 Effect of water pressure and particulate concentration on channel depth (A)hannel

width (B) and wall inclination angle (C) taken from[96]
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Regarding channel depth, it was found that increasing pressure and
concentration increased this parameter. In alignment with previous s{98ies
reducing the nozzle traverse speedreased the channel depth whileanging the
standoff distance of the nozzle had little effasfith reference to channel width
water pressure was the major factor influencing this dimension. Within the ranges
used in this study, staraff distance, traverse speed, and partidecentration had
little effect. Upon hitting the surface, the flow diverges generating the secondary
viscous flow resulting in shallow angle particle impacts. At increased velocities those
impacts would take place farther away from the jet centerline due to the increased
velocity of the parallel flow. Since the staoff distance, traverse speed and
concentation have little effect on the amount of-ggvergence, it follows that they
would have little effect on the channel width.

It was foundthat the wall inclination angle was mostly associated with an
increased in channel depthe. the parameteithat resulted in an increased channel
depth alsaresultedto an increased wall angl&his is largely due to the fact that a
turbulent region at the bottom of the channel forms as the fluid abruptly changes
direction. This drives the motion of both impactingdasccumulated particles to
induce wear at the bottom of the channel.

Nouraei et al[97] compared the formation of microhole and microchannel
geometries created by ASJM to those created by Abrasive Jet Machining (AJM).
ASJMoi gi nated from AJM, of t el astmersg or,efeemrd e
high speed air as the medium to bring the particles to the surface. The erosive wear is

typically controlled through the use of masks due to the spread of particle trajectories
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as tley leave the nozzle. Ghobeity et al. conducted a number of studies osuabM
ascreating predictive surface evolution modgl8] and an analytical model to deal
with the particle size distribution of abrasijé9].

In the work of Nouraei et a[97] lower pressures betweenil4 MPa and
lower particulate concentrations between 0.2B% by mass were used. As in other
experiments the effects of the nozzle traversedpstandoff distance and jet impact
angle were also investigated. Similar to the analysis conducted by [C&rkwho
found that the impact velocity of particles entrained in the fluid was different than the
nominal fluid velocity due to the presence of a squeeze film, the difference between
the particle and fluid velocities at the centerline of the jet near thacinvpall was
found. Shown irFigure2-22, it can be seen that for a slurry jet exiting the nozzle at
approximately 62 m/s, a 8m spheri cal al umesn&o partioc

approximately 28 m/s upon impact.
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Examination of the glass surface showed sidrsoth brittle and ductile wear
mechanisms.Wensink and Elwenspoek[100] found that the brittle-to-ductile
transition for borosilicate glass was occurs at an impact kinetic energy of 17 nJ. This
translates to an ingot velocityof 32 m/ s for a 25em al umina
nominal particle size was 25m, Gh o b e[P9] fpundethat far Ithese same
particles approximately 27% were larger tharg 26, and would thus de
brittle-to-ductie impact energy. While the majority of the particles would induce
ductile modes wear on the glass surface, a small percentage of particles would have
enough kinetic energy to cause fracture.

Figure2-23 compares the norriaed profiles of holes machinaging ASIM
and AJM. For both profiles the dimensions were normalized by dividing by the
diameter of the hole forme@he ASJIM profile was conducted by Nour§&i] using
a254¢e m nozzl e, 25em alumina particles, 0.25%¢9
while the AJM profile was created by Ghobejiy01], 760em nozzl e, 2.83

25em al umi na p aa20mm stamdoff distaic® k Pa an
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Figure 2-23 Comparison of normalized profile of ASIJM and AJM [97]
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It can clearly be seen thattheSJ M shape more <closely

while the AJM shape appears to be a fAVo.

to the nonuniform particle flux and velocity distribution across thejeir It was
found by Li et al.[102] and Dehnadfar et a[103] that radial distance from the
centerline of the jet largely determines the air and patrticle velocities. Compared to
AJM, the velocity profile and thus inherently the particle flux in ASI®lrelatively
uniform across the jefhis is due to the fact that the slurry jet has a low drag force
acting on it from the surrounding ain summary the velocity profile across the jet is
nortuniform in AJM systems, howevethe trajectories of the pates are not
influenced by objects creating changes to the air streamlines. While the velocity
profile is relatively uniform across the jet in ASJM systems, changes in the fluid flow
field causd by obstacles can largely influence the trajectories optrécles given

low enough Stokes numbers.

2.5.3.2 Erosion Modeling in ASIJM

Pang et al[104] developed predictive models for the material removal rate
(MRR), channelheight width and wall inclination angle for the ASJM miero
channeling process in amorphous gla8sschematic of the channel cressction with

specific geometries shown inFigure2-24.
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Figure 2-24 Schematic of ASJM channel crossection

A total of 90 tests were performed over the following operating conditions:
water presse between 8 14 MPa (126 167 m/s), nozzle traverse speed between
0.157 0.3 mm/s, alumina particle concentration betweeni 1% by mass and
nozzle standoff distance between 8mm.For all testalumina particles with a mean
particl e s reaused. AdditioBaBysdwe tavtee high velocity slurry used in
these tests, a AUO0O shaped channel geometry
foundin lower velocity slurry jet$92].

Thederived model that relatese MRRto various operating parameters is as
follows:

5 8 l‘) ”

~_ U
DYYQ— 88 — (2-21)
nu

wherek is a material constant found to be 1.9954® is jet pressurev, is the nozzle

traverse speed, is the particle concentian andj s is the slurry density calculated

by:

(2-22)
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where }, is the particle density ang is the fluid density.Overall, the model

correlated well with experimental results accordingigure2-25.
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Figure 2-25 Predicted vs. experimental result§104]

The most prominent factor afecting MRR was the jet pregre which is
intuitive due to the fact that pressure is proportional to vel@ejtyared according to
Ber noul | i.AssuclptheiMRR Wwas found to be proportionald® i.e. the
nominal jet velocity exponent is 3.66his value is within the dlpark of previously
found velocity exponents for brittle erosion assuming the dynamic impact theory
holds true. Onalrawback to this model is that it assumes a-reno value for the

nozzle traverse speed. In the case ofngtingement coolingthe nozzle would be
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stationary. While this model shows good correlations to experimental results, the
highly empirical nature suggests that this model may only be applicable within the
specific parameter ranges used in this stully.such, the applicabili to other
scenarios is unknown.

Jafar et al[105] used a combined CFBxperimental approach to investigate
how various operating parametesich as pressure and jet angfgluenced the
erosion rate of channels etchetbiborosilicate glas<CFD was used to determine the
impact angle and impact velocity of individudumina particles in order twalculate
thenor mal Cc 0o mp o0 n e n tkineticfenergyh wgon pngact hie adrmnead s
component wasised foranalysis becaessurface examination revealed that brittle
fracture was the primary mode of material removal.

The erosion modekas based on the fact that particles will only cause damage
in glassif the normal component of the kinetic energyabovethe thresholdmpact

energy Uy, determined byslikkerveer{106]:

Y & cuo— (2-23)

While the threshold value for borosilicate glass watculatedto be 39 nJ
using this formulationWensink and Elwenspoel00] experimentally found this
value to be 19 nJ for Pyrex glass. As such, 19 nJ was instéds studyas the
threshold kinetic energy.

To predict the volume of material removed due to an impacting particle, two
different modelsfor the erosion rates were assessed. Therficglel, ER;, assumes

that the lateral crack formdmbm a particle impact originates at the base of the plastic
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zone, aligning with the theorgieveloped by Marshall, Lawn and Evai§]. The
second erosiomode| ER, is based on previous work by Jafar et [@l07] who
showed that the depth of the chip removed banbetter approximated by the
indentation deptlof the particleas opposed to the depti the plastic zoneThe

erosion models are defined as follows:

~

0w ok

ay v z (2-24)

, “T DG oW

ay -— , (2-25)
() a

wherem, is the mass opatrticle, } is the density of the glass amadandb are the

depths of the indentation zone and plastic zone respectively, defiflHabas

PA (2-26)
¢t O

de T & % (2-27)

The size of the lateral crack;, was derived by Marshal et §7] as

AirO _,,O—. P % (2-28)

S|
®)
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O pWOAT 7Y (2-29)

NN O 30
0 (1-30)

0 —AIr0 -
0]
where F and F, are the indentation force and the threshold load for cracking
respectivelyg is a constant found to be 0.025 is a geometrical constant equal to
0.75,y is the indenter angle assumed to be 74°zgméhs experimentally determined
to be 120Q57].

Particle sizes between-3 5 ¢ m aomrsidezediue to the fact that a known
particle size distribution existsfatb at ch of nominally sized
To deal with the patrticle size distribution, an effective kinetic energy was used in the
modeling efforts and defined to be the weighdgdrage normal kinetic energy of the
particles abog the threshold kinetic energy. Using this assumption, the impact kinetic
energy of the particlel) in the Equation 226, is essentially an effective average
impact kinetic energy of the particle size disttion.

A comparison of the predicted erosion rate, defined as the ratio of the mass of

material removed to the mass ofpatting particles, is shown iRigure 2-26. The

experimentalconditions were composedof 2% m al umi na particl es

particle size distribution ranging from-3l5¢ m )et pressures between 4.5.1 MPa
(approximately 65 110 m/s)0.25% by mass particle concentrateomd a normal jet

impingement.
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Figure 2-26 Erosion rate of borosilicate glass as a function of effective average normal impact

kinetic energy[105]

It can be seen th&R, (Model Il), which assumes that the depth of the chip
removed can best be approximated by the indentation depth of the particle, matches
the experimental data quite welWWhile Model Il better predicted the erosion rate
compared to Model |, it was still fod to under predict the erosion rate by an average
of 41%. It was found that increasing the crater depttby 22% to match the

experimental results in another stydQ7] reduced the average error down to 12%.

2.5.4 NanofluidErosion

While the majority of particle erosion and slurry erosion studies assume
particle sizes on the order of tens to hundredsmafrometers erosion studies
involving nanofluids may offer additional insight regarding the potential for erosion
in microchannel and embedded cooling loahge to the small particles usetihe
primary parallelismies in the fact that electronic cooling loops typically have filters
that prevent larger particles from entering the region where erosion protection is

critical. Nanofluids typically have high concentrations of particles that are on the
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order of tens of nanometers in siZéhey are prepared in such a way to prevent
particle agglomeratignmeaning they would be extremely challenging to filter out
using conventional iltering techniques.While the number of erosion studies
involving nanofluids is limited, the information presented here may provide insight
regarding the phenomenon of fiseale erosion.

Routbort, Singh and eworkers[108] studied the effects of nanofluids on
heavy vehicle cooling systemspecifically the potential for erosion on select
materials.The erosion of Aluminum 3003 was assessed usisgspension afopper
nanoparticles in 50/50 water/ethylene glycol and tricldtrglene at 50°CThrough
mass loss measurements, the erosion rate was determined for impingements velocities
between I 10 m/sand impact angles from 3090° The only test that showed any
measureable erosidretween 200 300 hours of testingvas the ést of 9.6 m/s at
normal incidence resulting in a mass loss rate of 3B8xgBams/hour or
approximately 16% mykar.CuO/ethylene glycol and SiC/water nanofluids were also
tested [109] and yielded no measureable erosion, altfh surface pitting and
corrosion was observed upon closer inspection of the surface.

In conducting these experiments it was found significant wear of the
pumpoccurred specifically in the gears. In a test running > 700 hagisg a2% by
volume SIiC nanofluid at 8 m/s and an impact angle of, #@osion of the target
material was not observed, however pump wear[E3] [108]. While these studies
may provide valuable insight regarding the potential for erosion in radiator
applications, velocities of less than 10 m/s are about half that of those present in

embedded cooling systems.
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In a similar study Nguyen et &l111] studied the jet impingement slurry
erosion of aluminum at 19 m/s using a $v@ter nanofluid (36nm particles, 5by
volume concentration). After 180 hours of testing a total of 14 mg mass loss was
recorded, while the control sample wleal no change in mass loss. Surface
examinations revealed rounded microstructures and pits not present oné¢neded
samples. While it was concluded that nanofluids can lead to significant wear over
time, the specific mechanism of material removal matsassessed.

Molina et al.[112] conducted erosion experiments on aluminum and copper
samples using an alumkuveater/ehylene glycol nanofluid (2% volumsoncentration,
10nm particle size before agglomeration) at 10.7 m/snabimpact. Tests times
ranged from 3 to 112 hours. Mass loss and surface roughness measurements were
taken periodically throughout the experiments to monitor surface evolution.

For aluminum a slight 5mg mass gain was observed over the first 28 hours
followed by no measureable change. This was likely due to the formation of a
protective oxide layer that formed on the surface. Additionally, roughness
measurements indicated that surface modification takes place over the course of the
first 28 hours in the fon scratch removal and slight removal of loose surface
fragments. After 28 hours slight pitting was observed specifically near the original
polishing lines, suggesting the presence of a mild abrasion mechanism.

No measureable weight change was measuredcdpper, however mild
surface modifications were observed throughout the $stilar to aluminum, mild
pitting was observed for both the reference fluid and nanofluid, suggesting a slight

chemical component affecting material removal.
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The literature revawed in this section focused solely on the erosion potential
of aluminum and copper. While it was generally observed that weight loss
measurements yielded no appreciable change, the effects on surface roughness were

noteworthy.

2.6 Birittle -to-Ductile Transition

The phenomenorwhere a nominally brittle material exhibits ductieear
properties under certain impact conditipagecifically as the particle size is reduced,
was first observed by Sheldon and Finf@]. In studying tle particle erosion of
sodalime glassat 152 m/ghey found that as the particle sideceased from 127 m
to appr oxi maanged of pe8keenosion thargged from that of normal
incidence to approximately 20This corresponds to a shift in weaechanism from
fracture dominated wear at 90° impingemanglesto plastic dominated wear at
shallowimpingement angles

Sparks and Hutchingfl13] studied the erosive behaviaf silicate glass
ceramic using rounded and atayusilica particles at impingement velocities between
281 69 m/s All particles were sieved through high and low pass filters such that the
size of all particles used was betweengl2b 15@m. At a 30 impact angle there
was found to be a sharp jump ihe erosion rate for rounded particles above a

velocity of approximately 50 m/s, shownkigure2-27.
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Figure 2-27 Erosion rate vs velocity of angular and rounded particles at 30° impadtL13]

At 50 m/s and abovethe erosion rate for the angular particles was

approximately 1.5 times that of the rounded particles; however below this transition

the erosion rate for angular particles was approximately 10 times that of the rounded

particles.Surface examinations reved that this transition poimharked a transition

in the mechanismof material removal for rounded particles. Above this transition

material was removed in the form of flaky fragments approximately586 m

acr oss

and 1&g mlt wdsiolsdrved that the flakes formed as a result of multiple

impacts, each of which produces lateral fractures but no material removal. Below this

transition material is removeda small fragments arising from accumulated plastic

strain and fatigueAt the impact siteslocdized regions of plastic deformatiomere

foundwithout the presence of lateral fractur.similar transition was also observed

by altering the impact angle
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2.6.1 TransitionalWear Maps

Hutchings[114] developed wear maps to illusieehow altering the particle size
and impact velocityshift the wear mechanismaway from fracture dominated to
those dominated by plastic flow. These maps consieeffects oboth rounded and
angular particleand assess whether the potential fractures takes the form of Hertzian
or lateral cracking.

The transition map depicting tlomset of Hertziarcrackingfrom eitherelastic
or plastic collisios was developedy plotting two equationsand assessing their
intersection pointThe firstequationwas derived byiederhorn and LawfiL15] and
showedthatthe critical impact velocity above which Hertzian fractwi# occur, Vy,

can be related to the diameter of the impacting sphere:

o8 2w g (2-31)

whereEi s an effective elastic constant and
poisons ratio of both the impacting particle and target surface. This equation can
alternatively be written to relate the critical dimeter of the impacting spthert the

impact \elocity:
/ U n 2
Q&% —" "w (2-32)

The second equationsed to create the transitional wear nfap Hertzian
fracture relateghe critical velocity necessary to initiate plastic flovg, to various
materal parameters. This formulath additionally assumes that the mean contact

pressure is independent of the diameter of the sphe6é
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Plotting Eguations2-32

"o (2-33)
()

and 233, as shown inFigure 2-28, a number of

regions can be discernethich indicate the primary wear mechanisms associated

with the impact conditions.
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Figure 2-28 Schematt showing transitional wear map associated with Hertzian fracturg¢114]

In region lat low velocities and small particle sizes, the impact is purely

elastic and any wear in this region can be associated with fatigue processes, i.e. many

impacts would be required to induce cracking. Increasing the velocity at small

particle sizes transdns the system to region Il, where ductile wear mechanisms

begindominate the erosion process. At large particle sizes and low velocities, region

[1l, Hertzian cone cracks will

form. If the system enters region IV the assumptions

presented in the previowsjuations will no longer be valid, however it is predicted

that both Hertzian fracture and plastic deformation mechanisms will be present.
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The same analysis was conducted to illustrdte transition from elastic/

plastic impact conditions to the onsdt lateral fracture for spherical and angular

particles.For angular particles, the critical particle size above which lateral fracture

will occur is given by[114]:

e (2-34)

Additionally, thecritical particle size for spherical particles is given by:

0
0 6 noey T 2-35
Q8 <5 @ (2-35)

These equations are plottedrigure2-29 indicating the variousvear regimes.
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Figure 2-29 Schematic showing transitional wear map associated with lateral crackingd.14]

In region |, both rounded and angular particles impacting the surface will cause

plastic indentation withoulateral fracture. In thisegion material will be removed
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primarily by plastic processes, although brittle mechanisms may occur dudito cyc
fatigue arising frommultiple impacts According to the assumptions inherent in the
defining equations, all particles are expected to cause plastic flow due to the notion
that an indenter, whether perfectly sharp or with a slight radius of curvature, will
causea stress singularityln region IV lateral fracturewill occur for all particles
regardless of shapand the erosion mechanisms will be dominantly brittle. In region
Il, angular particles will cause lateral fracture while rounded particles will just resu
in plastic flow.Region Il represents the region where rounded particles will cause
fracture but rounded particles will not. It is not clear if this region has physical
significance as it is suggested thaly assumptions in the equations may breakmow
at these low velocities. Although ideal angular particles will cause plastic flow at all
velocities, in reality the velocity may not be high enough to induce plastic

deformation resulting in an elastic collision.

2.6.2 Glass and Silicon

Wensink and Elwenspodl00] examined the transition from brittle to ductile
wear processes for Pyrex, sodalime glass and single crystal <100> ditidbeir
experiments sharp alumina particles from B8 29.2 m w e rbkasted onto the
various sbstrates at velocities up to 200 m/s. Weight loss measurements were
conducted postrosion to determine the erosion rate in grams of material lost divided
by the grams of particulate usedin erosion classification value was definedyE
which is the rat of the erosion rate at 4&mpingement to that of the erosion rate at
normal incidence. Additionally, the erosion rate &t @@s fitted to be pportional to

the kinetic energy of the impacting particle:
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oY Y (2-36)

where p is the kinetic energy exponent and half that of the typically defined
velocity exponentFigure 2-30 shows the results fosilicon where Ey and the

erosion ratare plotted against the kinetic energy
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Figure 2-30 ECV and erosion rate of silicon as a function of kinetic energf100]
Regarding the erosion rate plot, two regimes can be seen. One regime is
considered the low energy regime and is mostly comprised of ductile erosion

mechanisms while the other high energy regime consists mostly of the brittle wear

mechanisms. The intersemi of these two lines is considered thttle-to-ductile
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transition pointFor the threenaterialsstudied, the kinetic energy exponefds both
regimes are shown ihable2-6.

Table 2-6 Kinetic energy exponentsor high and low energy regimeg100]

High Energy Low Energy
Regime Regime
Pyrex 1.42 2.35
Silicon 1.53 2.35
Sodalime Glass 1.38 3.2

This transition was found to be relatively gradual due to the many variances
between individual impacts such as particle size, shape, velocity and ldogiever,
at low enoughkinetic energiest is expected that the velocity expent should
converge to that of a typical ductile material, between 2.2 and 273

The Ev graph can be divided into three primary stages with respect to the
impact kinetic energyTransitioningfrom the high energy regionto low energy
region, the Ecy initially rises. It is suggested that at lower kinetic energies the
contribution of tangential forces, such as those present in 45° impaaotsipute
moreto lateral crack propagation. In the second stHuEEc, decreases slightly to a
minimum as the tangential impact force plays lessrolain enhancing lateral crack
propagation. In the third stage the\Erises as the number of ductile impacts
occurring at normal incidence increases. Afy B 1 indicatesa shift in the eosion
rate vs. impact angle curve from nominally brittle to nominally dubtleavior

Using the analysis conducted by Slikkerveer et [406], the theoretical
threshold energies for lateral crack propagatizere calculated. These values are

compared to the experimentally determined ondsaivlie2-7.
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Table 2-7 Analytical and experimental threshold impact energy{100]

Analytical (nJ) Experimental (nJ)

Pyrex 30 17
Silicon 32 21
Sodalime Glass 37 24

The difference between the analytical and experimental values is thought to
originate from the material properties used in the analytialculation. According to
Equation 223, the fracture toughness is raised to the power of 6 while the hardness is
raised to the power of 6.5. Any slight deviation in material properties woeld i

larger change in the calculated threshold energy.

2.7 Concluding Remarks

This chapter presenteal widespread literature review surroundidiferent
areas of brittle wear and erosion relevant to microfluidic coongumber of related
topics were premted including the early erosion studies of Sheldon and Finnie,
elastieplastic indentation theories, particle erosion of ceramics, slurry erosion and the
concept of the brittkko-ductile transition. Although fundamentally separate, each of
these topicgelate in their own fashion to the study presented hereouple key
points can be summarized as follows:

A Quasistatic and gnamic impact model analytically correlate micro
indentation physics to particle impact conditions.

A The quasistatic model predictsa velocity exponent ofn = 2.4 while the
dynamic mpact modepredictsa velocity exponent of = 3.2. Both models

predict a particle size exponent of 3.67.
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A Units through whichhe erosion ratenetricsarepresentedary from author to
author. Typically, the erosion rate describedas a volume loss rate (ex:
mm>hour), a mass loss rate (ex: mg/hour) or an erosiio in units of
mg/mg defined as the ratio of material removed per mass of impacting
particle. Erosi;n models are often formulated such that the mass of material
removed can be calculated for a single impacting particle.

A Routbort and Scattergood showed that the velocity exponent changes
depending on particle size. Small particlesc@) tend to follow thelynamic
impact theory while large particles (Zf) tend to follow the quastatic
model.

A Fluid plays a large role in particle impact conditions. Fluid velocity does not
equate to particle impact velocityfthe Stokes number can be used to
determine howlosely coupled a particle trajectory is to a fluid streamline.

A The sjueezéf i | m may facilitate erosien by in
abr asi on 6 Thisdas lmlpbeénobeerved in ductile materials.

A Brittle-to-ductile transition occurs as the ingp&inetic energy of particeis
decreased. At low velocities and particle sjze#tle erosion transitions into
ductile wear.

A ASJIM offers qualitative insight into the type of erosion resulting from jet
i mpi ngement cooling. Mhteur wilk tikely best i c oW
observed.

As discussed in th&€hapter 1 a common theme surrounding previously

conducted erosion studies is thla¢ particle sizes, velocities and materials used are
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vastly different than those present in microchannel or embedadéidgsystems. It is
unknown if these models can be extrapolated down to the pardele @ velocities

of interestgiven that they were calibrated femastly different parameter ranges
Additionally, the brittleto-ductile transition suggests that afsim wearmechanism

may occur at the conditions present in microchannel and embedded .cAttleyagh
unknown, it is unlikely that erosion from this alternative mechanism can be modeled
using the same predictive equations as the brittle erosion mechanisith be the
purpose of this study téill this research gap and conduct erosion studies using

conditions most likely found in microchannel and embedded cooling systems.
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3 PROBLEM STATEMENT AND OBJECTI

This brief chapterecounts the fundamental problem statement exglicitly
states the goals of this researddf the various embedded cooling architectures
describedn the introduction and literature review chaptgesimpingement cooling
provides excellent coolingapailities, however the major drawback is the potential
for particle erosiorand wear of the substratAs jet velocities reach and exceed 20
m/s, thismechanisnmbecomes a significant reliability threat due to the fact that the
substrate separating the aetiglectronics from the impinging jet can be on the order
of 50-10C m t.HWhite kietimpingement cooling may be most susceptible to
erosion,other types of liquid cooling techniques may be at @sgeciallyover long
term operation.

In the design phasd anembeddear microchannel coolingystem an erosion
prediction is vital to ensure that catastrophic damags tot occur over threxpected
lifetime of the device Even more important is to identify safe operating regions
where, even though erosion ynbe present, significartamagewill not occur.This
erosion prediction is typically conducted usi@gD simulatiors and tracking particle
impingements using Lagrangian methodologies. An erosion equation determines how
much material is removeper impinging particle. Commercial CFD codes such as
ANSYS FLUENT and CFX have built in erosion equatioasd/or predefined
constants in their user manuétst can be used. Other times erosion equations taken
from the open literature are hooked into the CFD codegusistom scripts.

While numerous particle erosion models exist, seldom are the velocities,

particle sizes, materials and testing times in alignment with thasevould exisin
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embedded cooling systemb1 addition, the model$rom literature are typically
calibrated using air as the transportation medium which ignores potsuatfate
particleinteraction effects caused by fluidaurthermore, sdiscussedn the Chapter
2, at very low particle sizes and velocities there exists a fundamental shiéain
mechanism that takes place in nominally brittle materials. The accuradyeof
established brittleerosion models is unknown givehis shift in wear mechanism.
This same principle applies to the erosion correlations built into the commercial CFD
codes - they werederivedfor ductile materials such as copper, steel and aluminum.
While many of these models may provide a sound first order approximation as to the
qualitative extent of erosion, it is unknown how well they can be applied to the
specific comlitions present in microchannel coolers.

Given the need fohigh accuracy erosion predictigribis research aims to fill
the gap in erosion models currently available in literature. Nominal jet velocities wil
be kept in the range of 20 40 m/s, considering both realistic and accelerated
velocitiesPartic | e si zes wi | | enabding the qorisidebagaf mamy 2 0 € m
different filtering levels. Silicon was chosen as the material of interest due to its wide
use in power electronic substratespecifically in the current and future
implementations of Galén-Si power devices.

The primaryobjective of this research is to develop a particle erosion model,
calibrated for siliconwithin the parameter ranges relevant to those in micro@ann
and embdded cooling systems. However, this objective can be broken dowsixnto

fundamentategments:
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1)

2)

3)

4)

5)

6)

Develop a jeimpingement CFD model in ANSYS FLUENT to obtain localized
particle impact characteristics. Along with this task comes the development of
userdefined functions to amend the abilities inherently present in the software.
Simulations will be performed that correspond directly to the slurry erosion
experiments.

Design and construct a slurry erosionrijgpingement test apparatus to pemfor
erosion expements on singlerystal silicon.

Formulate and execute a series of tests to investigate the effects of jet velocity,
particle size, concentration, fluid viscosity and time.

Gain insight indb the wear mechanisms of singlerystal silicon under
microchane | cooler operating conditions,
and jet velocities less than 40 m/s.

Combine localized particle impact data from the CFD simulations with
experimental erosion data &xtendthe Huangcutting erosion modeto new
paraméer ranges and new materialBhis involves developing the process and
calibrating new particle size and velocity exponents, along with a new
material/system constant.

Perform validation simulations in FLUENT to compare measur&l eérosion
rates fromexperiments to the predictedll erosion rates of the simulations.
While the modelwill be developed using the erosion ratio mettie output of

the validation simulations will be in units of micrometpes-year. As such, a
different erosion metric wilbe used to validate the model compared the one used

to calibrate the model. Lastlgn impactdampening coefficient will be proposed
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to provide potential explanatiorier slight inconsistencies between experiments

and the CFD predictions.
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4 COMPUTATI ONAL FLUI D DYNAMI CS

4.1 Introduction

CFD is a widely used erosion prediction tool commambedin applications
surroundingoilfield pipelines, valves and other devicesolving slurry transport
The process through which this prediction methaapislied can be divided into three
essential partsdescribed inFigure 4-1. First, the flow field is generated using a
commercial or custom built CFD code which sseltae NavieiStokes equations.
Second, particles are coupled to the flow field using Lagrangian technicgstly.an
erosion equation is applied as a boundary condition upon particle impact. When a
particle impacts a surface, the erosion equation detesriiow much subsequent
material is removed based on the incoming padidelocity, size, impact angle and

material.

Figure 4-1 Three steps involved in erosion prediction using CFD

The purpose afhe CFD simulation effortdescribed in this chaptes to obtain
localized particle impact information, specifically particle velocity, particle impact
angle and the percentage of entrained particles that result in impact. erhauté
review section descrés in detail the effects of thequeeze film that forms in a
directly above thesurface. Due to this phenomenampact velodies vary and in
some cases consideralilgm the nominal jet velocity of thituid. In the case of air
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where the carrier mediumah negligible viscosity, the particle impact velocity can be
taken as the same velocaywhich the particles exit the jet. As thesgosity of the

fluid increases particles become more strongly coupled to the fluid motion and
therefore thisviscous effet becomes more pronouncdthis has a significant effect

on where the particles impact the surface, the speed and angle at which they impact,
and how many entrained particles actually reach the surface. In the case of air it can
be assumed that all paites reach the surface, however as the fluid viscosity
increases a smaller percentage of particles reach the surface as many become
entrained in the bulk flow.

This chapter will be outlined as follows. First, a general description of CFD
theory will be give along with an explation of the flow and particlepecific
models implemented in ANSYS FLUENT Next, the quartesymmetry jet
impingement geometry will be introduced. Meshing strategies, convergence criteria
and mesh independence will be discus3ée.flow field solutions for seven different
simulations vill be presented which satisfire first stegn conducting a CFEbased
particle erosion prediction. In order to capture particle impact characteristics, a series
of userdefined functions (UDFs) wereriiten, of which the details will be given.
Lastly, the results will be presented including the effect etgbbcity, particle size,
particle concentration and fluid viscosity. The chapter will conclude by addressing the

relevance to high heat flux emlastl cooling systems.

4.2 Theory and Models

Computational fluid dynamics is a numerical technique used to analyze and

solve problems involving fluid flowFundamentally, CF@peratesby discretizing
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the flow field geometry into a finite number of control volumes. The basic equations
of fluid motion are solved in an iterative fashion until a defined convergence criteria
is met. As a result, approximate values of each flow variable are solved fohat eac
control volume throughout the domain enabling a clear representation of the behavior
of the flow.One assumption specific the CFD approachs that theflow is treated

as a continuumimplying that molecular and atomic forces can be ignoréd.
addition, the models presented in this section are describedhanaercompatible

with ANSYS FLUENT. More detailed information surrounding each model can be

found in the ANSYS Documentati¢118].

4.2.1 Fundamental Transport Equahs

For all types of flowthe conservation equations for mass and momentum are
solved. For flows involving heat transfer or compressihiliye energy equation is

solved in conjunction. The equation describing conservation of mass is as follows:

— 2"® Y (3-1)

where} is the densityy is the velocity field andhe sources, represents the mass
added to the continuous @eafrom secondary phases or vdefined sourceg-or the
simulations used in this work, the flow is considered incompressible and mass is not
added to or taken away from the system. Therefore the continuity equation simplifies

to:
dp TT (3-2)
Given the 3D nature of the simulations, the expanded &brtine divergence of

the velocity field is given as:
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The momentum equations of fluid flow, also referred to asNéerStokes
equations, solvdor the velocity field at every point in space and time within the
region of interest. Once solved, the velocity field can be analyzed to determine other
guantities of interest such as tipgessure fields. While FLUENT has the ability to
solve for compressible flows, the form of the Nav#&tokes equation assuming

incompressible flow is shown below:

—a

— @ o o ik @9

wherep is thepressurgg is the gravity vectorand 3 is the kinematic viscosityin
addition, other force terms can be applied to the right hand side of the equation such
as in cases where forces are applied from secondary dispersed pNases.
considering the three Cartesian directions (X, Y, Z,tfomentum equation needs to

be solved for each direction, giving a total of four partial differential equations
(including the conservation of mass) that need to be solved simultane®bsly.
simulations in this work are assumed to be isothermiadl as gch the eargy

eguation is not solved

4.2.2 Multiphase Volum®f-Fluid (VOF) model

The VOF model enables the simulation to track two or more immiscible fluids
by solving a single set of conservation transport equations and tracking the volume
fraction of eachfluid throughout the domainWhile this model is ideal for

applications involving jebreakup, a few limitations apply:
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1 Pressurédased solver must be used.

1 Void regions cannot exist. Each control volume must be filled with either
a single fluid orcombination thereof.

1 Special memory allocations must be made when tracking particles in

parallel using the Discrete Phase Model (DPM) discussed later.

Interface tracking between each of the phases is conducted by solving the
continuity equation for the vomme fraction of one or more phases. For thptiase,

the continuity equation takes on the following form:

,,B T—b| ” n)y| "o Y a a (3-6)

—a

where U represent the volume fraction of th® phase in the control volumen
represents the mass transfer between plgsesli p, and Syp is zero by default but
userdefined mass source terms can be addée. implicit solver formulation was

used with O6sharpbé type interface modeling.

423 SSTky Tur bul ence Model

To account for turbeince a Reynolds averaging approach is used, referred to
as solving the Reynold&veraged NavieStokes (RANS) equationsThis is
conducted by decomposing the velocity field into mean and fluctuating components
such that:

0 O O (3-7)
where 6 and 6 seare the mean and fluctuatingpmponents respectivelyWhen
substituting this formulation into the instantaneous form of the N&itwmkes
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equations, the Reynoldsveraged NavieStokes equations are derivadd shown
below in tensor format:

¢ 10 10 10
. 00— 0:—. 0 —
ro Tw T ow a

(3-8)
PTAF , T 0 T 0 10 1 0@
" To To T4a T

0

However, an additional term appeans the righthand side of the equation
and represents the effect of turbulenkceorder to close the equation, these Reynold
stresses must be modeldthe SSTk-¥ turbulence model was chosenibbas been
shown to yield excellent accuracy for impinging jet probl¢hi®] and is capable of
handling a wile class of flows such as adverse pressure gradients, airfoils and
transient shockwavesStandard values and constants were assumed or the
implementation of this model in FLUENT, including the LelRe number correction

factor.

4.2.4 Discrete Phase Model (DPM)

In order to track a large number of discrete patrticles throughout the flow field,
Lagrangian particle tracking is implemented throdige EulerLagrange approach.
The dispersed phase is solved for by tracking the motion of the discrete particles
through tke calculated continuous flow fiel@he particles can also exchange mass,
momentum and energy with the continuous phase. One assumption with this approach
is that particleparticle interactions are neglected making it appropriate for flow fields
containinglow-volume fractions of particles even if relative mass loading of the

dispersed phase is high.
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FLUENT solves for the trajectoryf a discrete particle by integrating the
force balance on the particle assuming a Lagrangian reference teguongting the
inertia of the particle with the forces acting on it, the force balance equation can be

written as follows:

@p ® op P
Qo " 7

(3-9)

where Urepresents the particle relaxation tifdd 8] [120] as part of the drag force
term. The buoyancy force is considered as well as additional force, tevmbined
into the force vectoF that may be acting on the paté such as lift, virtual mass
thermophoreti@and Brownian forces.

FLUENT also has the ability to account for the stochastic nature of particle
trajectories in turbulent flow fields. To predict the dispersion of particles due to
turbulence, the Discrete Random Walk (DRW) is implememteidh calcuates the
p ar t welotite lbysconsidering the mean and fluctuatirejocity components of
which the latter isa function of a normally distributed random number and the
localized kinetic energy of turbulencémplementation of this model assumed
standarctonstants. Howeverne limitation with this model is that it has been shown
to give nonphysical results in nehomogenous diffusicdominated flows or in
wall-impacting cases where particle sizaster the suimicrometerrange These
limitations likely exist due to the fact that particle trajectoraéghese particle sizes
are dominated byorces other than hydrodynamic ones such as Van Der Waals

attractive forces and electric repulsive forces.
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Additionally, two different types of particlduid coupling options are
available. Onavay coupling assumes that the fluid phase can transfer energy (heat,
momentum or mass) to the discrete phase but the discrete phase cannot transfer
energy to the fluid phase. Tweay coupling assumes that both the fluid arstidite
phases can exchange energy betweenaooéher. Although oneay coupling is
computationally less expensive than tway coupling, erosion predictions in

FLUENT can only be conducted if twmay coupling is implemented.

4.2.5 Solver Theory

In this work thepressurebased solver was used which operates by solving a
pressure or pressure correction equation obtained through manipulating the continuity
and momentum transport equations. The solution generates the pressure field from
which other flow quantitiesan be derived. The other solver available is the density
based solver which calculates the density field from the continuity equation and the
pressure field from the equation of state. The detisised solver is mainly used for
high speed compressible Wo containing large density gradients. While both
approaches use the finit®lume approach, they each linearize and discretize the
fundamental transport equations in differargnners

Spatial discretizatiorfor momentum and turbulent quantities axehiewed
using the Secon@®rder Upwind Scheme. The Fi&rder Upwind Schemes assumes
that the celface quantities are identical to the esdinterquantities;however the
SecondOrder scheme uses a multidimensional linear reconstruction appsbacin

consides the ceHlcenter value and the gradient in the upstream cell. While
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computationally more expensive, the Sec@rder scheme can enable higher
accuracy numerical simulations.

Gradient discretization was achieved using the Least SquareBBdseit
approachand pressurgelocity coupling wagerformedusing the Pressure Implicit
with Splitting Operators (PISO) algorithm. This approach, compared to the SIMPLE
or SIMPLEC algorithms can provide a higher degree of the approximate coupling
between the correctioriier velocity and pressure.

In some casessolution steering was implemented to achieve convergence
quickly. This was performed by manually adjusting the urrédéaxation factors
(URFs). If the URFs are too low the solution will take a very long time tverge,
however if the URFs are too high the solution will not reach convergence as
oscillations will beginto occur By starting the simulation with high URFs and
decreasing them as the solution proceeds, convergence can be lieaahiaely
fashion

The sections previously described should provide a reasonable introduction to
the theory and models implemented and available in FLUENT. A more thorough

description can be found in the ANSYS Workbench Documentgtitsy.

4.3 Geometryand Meshing

4.3.1 Dimensions of Jet and Flow Field

A quartersymmetry 3D jeimpingement geometry, shown kigure4-2, was

developed using ANSYS DesignMdde
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Figure 4-2 Overview of quarter-symmetry jet-impingement geometry
A 1.98mm diameter nozzle was chosen and the distance between the nozzle
exit and the impingement surface was set at 12mm. In the image above it can be seen
that the flow field is divided up into various segments. This aids in the meshing
process, to be disissed later in this chapter. The specific dimensions of the

simulation model are shown more explicitlyRigure4-3.
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Figure 4-3 Dimensions of jetimpingement simulation

The fluid will travel a length 10x the nozzle diameter before exiting in order
for the flow to fully develop. To capture all relevant information pertaining to the jet
impact, a radius of 6mm was cleos Information greater than 6mm away from the
nozzle center was found not to affect the localized flow field near the impingement

region. As such, the fdreld was truncated to reduce computational efforts.

4.3.2 Boundary Conditions

Figure4-4 shows the boundary conditions chosen to set up this model.
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Figure 4-4 Boundary conditionsfor jet-impingement model

The velocity inlet condition assumes a constant velocity across the domain
entrance. As stated previously, a length 10x the nozzle diameter was chosen in order
for the flow to reach a fully developed state before exiting the nozzle. A pressure
outlet boundry condition was chosen to represent thefiedd flow boundary. At
these locations, a value of 0 Pa was chosen to represent the relative pressure
compared to the high pressure impingement region directly below the nozzle. The
impingement surface boungacondition was represented by a custom written-user
defined function, more of which will be explained later in this chapter. In short, the

UDF was written taptimizethe particle impact data collection process
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The symmetry condition was chosen to miraenicomputational effort by
assuming the flow field igpseudeaxisymmetric about the nozzle centé&ne
alternative to the 3D flow simulation was to perform a 2D axisymmetric simulation.
Although this would significantly reduce computational effort, much tloé
information pertaining to localized particle impact parameters would be lost due to

the reduction of impingement area.

4.3.3 Meshing

I n order to discretize the flow domai n,
used. As stated earlier, the flow domain wasdg#igt up into seven parts, each of
which was meshed separately using the o6Mul
control over localized and global meshing parameters such as element sizing and bias
type. Additionally prismtype mesh elements were ussdpwn inFigure4-5, which

allowed for a smoother mesh construction compared teelgrents.
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Figure 4-5 Mesh constructed using prism elements
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Mesh size was controlled by explicitly defining how many elements were to fit
on each line or curve of the mesh. This enabled a systematic method through which
the number of total elements can be changed. For examgtegure 4-6, the lines
| abeled 60A6 and O6B0&6 were both defined to
mesh density of |line O0B&echmemsdge deacridss otfh
stays uniform across the I ength. This was
density bias. In this example a bias of 3 was defined which states the size of the right
most element is 3x the size of the right most elemBwgtaltering these different

parameters, total meshing control of the domain can be obtained.
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Figure 4-6 Mesh size control

Establishing an appropriate mesh density is vital when conducting CFD
simulations for two primary reasond.the grid is toocoarse smaltscaledetails of
the flow field may be neglected. Furthermoié,the grid is too dense the
computational effort bexnes exorbitant. The above example shows a relatively
course mesh however an appropriately sized mesh for the simulation is correctly
identified through a mesh independency study. This is conducted by running
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simulations using different mesh sizasd montoring the flow solution. A solution is
said to-ibdepemedédnt &6 when the monitored

the mesh is increased further.

4.3.4 Convergence Criteria

Prior to discussing the mesh independency study, convergence criteria will be
identified. As a simulation transpires, the flow field changes and values are updated
each iteration. Eventually the changes that occur between iterations become smaller
and smaller to the point when these changes become negligible. When this occurs the
simulation is said to be converged. However, explicit convergence criteria cannot be
universally defined across every type of CFD simulation although certain guidelines
can be commonly applied. As such, the criteria used to identify convergence in these
particdar simulations will be stated.

During the simulations, four different monitors were used to check for
convergencethe maximum velocity, a volume integral of the velocity field, a volume
integral of the phase volume fraction and residuals. The maximumaityemonitor
tracks the absolute magnitude of the velocity anywhere in the flow field while the
volume integrals are computed by summing the product of the cell volume and the
selected variable across the entire flow field. Essentiakyvolume integia provide
a metric by considering every element in the flow field. Residuals were used as a
secondary means of identifying convergence due to the fact that certain mesh
densities yielded oscillating solutions even though the other monitoring points

suggeted convergence.
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Convergence was achieved when the three volume monitoring points reached
a steady value, shown Figure4-7, and when all residuals dropped belo0r1In
cases of high mesh density, such as the simulations containing greater than 500K
elements, the residuals dropped beloW 9@l before the other monitoring points
achieved convergence. In tbearsemeshes however, solution oscillations preednt
the continuity residual from dropping to this point. While tbearser mested
simulations were conducted as part of the mesh independency study, difficulty in

achieving convergence further justified the need for a finer mesh.
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Figure 4-7 Convergence achieved by monitoring volume integrals
4.3.5 Mesh Independency Study
The process for identifying mesh independency was conducted by running the
same simulation, including all boundary conditions, at different mesh densities and
monitoring the outputs. The outputs used to track the effect of mesh density were
maximum velocy and the volume integrals of the velocity field and phase volume

fraction. A total of seven different mesh densities were used as part of this study with
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the resulting total number of elements ranging from approximately 24,700 to
2,050,000. For all simutepns, 20 m/s was assumed to be the inlet velocity.
Figure 4-8 shows the results of the mesh independency study indicating the

chosen mesh of 936,950 elementpadormfurther studies with.
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Figure 4-8 Results of mesh independency study indicating chosen mesh

In some instances higher mesh density does not always equate to higher
accuracy simulations. For examplé simulations were performed using higher
density meshes than those performed in this independency #iady,would likely
be a divergence of thmonitored quantities. As such this type of study is necessary in
order to identify howcoarsea mesh need® be as opposed to simply choosingay

dense mesh.

110



4.4 Flow Field Solutions

Using the 936,950 element mesh found from the independency test, a series of
flow simulations were conducted at different inlet velocities and fluid viscosities, the
latter of whch was implemented by assuming different ratios of Propylene Glycol /
Water (PGW) solutions. For the simulations in which velocity was altered, pure water
was assumed to be the fluitlable4-1 lists the physical properties of the fluids used
in the simulationstakenat 34°C Preliminary simulations were run assuming material
properties taken at room temperat(28°C) howeveexperimental testgliscussed in
later haptersrevealed that heating of water occurs due to the mechanical action of
the pump and motor. As such, the simulations were revised and run assuming
material properties taken at the same temperature of the experimental test$ha4°C.
properties of dferent ratios of PG solutions were determined by using a simple

volumefraction approach.

Table 4-1 Material properties of fluids used, 34°C

Fluid Density (kg/m) | Viscosity (kg/ms)

Water 994.4 0.0007337
10% PG 997.6 0.003277
25% PG 1002.3 0.007093
50% PG 1010.2 0.013452
100% PG 1025.9 0.02617

Seven different simulations were conducted, showihable 4-2, to study the
effects of inlet velocity and fluid viscosity on the flow field. In the process of

conducting these simulations, the solution from one simulation served as the initial
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conditiors for another. This significantly reduced computation time and enabled the

solutions to converge using less manual solution steering.

Table 4-2 CFD simulations conducted

Simulation # | Velocity (m/s) Fluid RNirr{bre]ro

1 20 Water 53700
2 25 Water 67100
3 30 Water 80500
4 40 Water 107000
5 40 10% PG 24100
6 40 25% PG 11200
7 40 50% PG 5950

For the purposes of simplicity and brevity, the flow solutions from simulations
1, 4 and 7 according fbable4-2 will be discussedin order to depict differensaand
similarities between flow fields, the quantity contours will be shown across the
symmetry plane.

As stted previously, the VOF model enables two immiscible phases to be
included. Contours of the air volume fractions for each of the three simulations are
compared inFigure 4-9 where blue corresponds tthe fluid phaseand red

corresponds to aphase

112



Figure 4-9 Contours of air volume fraction for different flow field solutions

The first observation is thée flowfields arenearly identical and essentially
indistinguishable. At the relatively low velocities of these simulations, drastic
gualitativechanges should not occur.

Figure 4-10 compares the velocity field of the 20 m/s and 40 m/s inlet jet

velocity simulations where fluid is assumed to be water.
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Velocity [m/s] Velocity [m/s]
22.50 44.36
H 20.25 1 39.92
- 18.00 - 35.48
- 15.75 - 31.05
- 13.50 - 26.61
- 11.25 - 22.18
- 9.00 - 17.74
- 6.75 - 13.31
4.50 8.87
I 2.25 I 4.44
0.00 0.00

Figure 4-10 Velocity fields of 20 m/s and 40 m/s jet velocitytaken at 34°C.
In both simulations the maximum velocity of the flow field is larger than the
inlet jet velocity, however with respect to all qualitative observations both solutions
appear identicalComparing the velocityiélds of both water and 50% PG, shown in

Figure4-11, both qualitative and quantitative differences exist.

Velocity [m/s] Velocity [m/s]
50.76 50.76
F 4568 L 50% PG ! 45.68
- 40.61 | 40 s - 40.61
- 35.53 - 35.53
- 30.45 - 30.46
- 25.38 - 25.38
- 20.30 - 20.30
- 15.23 - 15.23
10.15 10.15
l 5.08 I 5.08
0.00 0.00

Figure 4-11 Velocity field of Water and 50% PG at 40 m/det velocity, taken at 34°C

114



First, the maximum velocity is larger in the 50% PG fluid compared to pure
water. According td-igure4-12 as the percentage of PG in the solution is increased,
the resulting Reynolds number of the jet decreases and the flow transitions from a
turbulent flow regime to a laminar flow regime. As this transition begins the velocity
profile becomeduller, as depicted ifrigure4-12. In addition, the localized velocities
of the flow field are affected by the fluid properties which will ultimately affect the

particle impact parameters.

Laminar Turbulent
—= ———

-~ —

Figure 4-12 Laminar and turbulent velocity profile in tube
One interesting prediction concerning erosion can be made from qualitatively
analyzing the flow field solutionsi-or example, by assessing the 40 m/s water
solution shown inFigure 4-13, one can identify the region near the surface that

contains a local maximum velocity.
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Figure 4-13 Regionof high velocity near surface suggests location of maximum erosion

It can be predicted that this location would correlate to the region of
maximum erosion. On the other hank tstagnation region can be clearly identified
as the region directly under ghimpinging jet where the velogitof the fluid
approaches zero and it can be predicted that this region would contain minimal
impacts. One caveat to this would be in the case of larger particles where the
momentum of the particle would be t¢arge to follow along the fluid streamline
resulting in a direct impact in the stagnation regibms prediction wouldalsofall in
line with the work of Wang et. aJ]92] who studied the mechanisms of midrole

formation due tomabrasivdaden impinging jet.
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4.5 Implementation of Particle Tracking using Discrete Phase Modeling

The main purpose of developing the abovementioned CFD simulations is to
enable localized particle impact information to be gathered. As discussed in the
literature review section the main parameters influencing the amount of material
removed for a single particle impact are impact velocity, impact angle and particle
size.While particle size can be experimentally controlled, impact velocity and impact
angle ca be determined via simulation efforts.

While FLUENT can easily track particle motion through the flow field, there is
no builtin way to obtainstore and analyzgarticle impact informatiorAs such, two
UserDefined Functions (UDFs) were written to aidthis process and an additial
UDF was written to hook irtustom erosion modglThis section will discuss how
FLUENTOGs discrete phase model was | mpl eme

gather relevant data.

4.5.1 Injection Parameters

FLUENT enables the uséo explicitly define properties of the discrete phase
including start positions, velocities, size or size distribution of the particles,
concentration loading, etc. The injection parameters serve as the iniiiicos for
the discrete phasand once eleased, FLUENT calculates the trajectories of the
particles throughout the fluid phasehe particles were chosen to be inert, alumina
(Al0O3) particles with a uniform diameter distributiofable 4-3 lists the following

point-properties used for this injection.
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Table 4-3 Point properties for particle injection

X-Position (m) 0

Y-Position (m) 0.0198

Z-Position (m) 0

Diameter (m) Depends on particle size

Azim. Start Angle (deg.) 270
Azim. Stop Angle (deg.) 360

X-Axis 0

Y -AXxis 1

Z-Axis 0

Velocity Magnitude (m/s) 0

Cone Angle (deg.) 0

Radius (m) 0.00099

Total Flow Rate (kg/s) Depends on particle concentratior

4.5.2 Particle Track Independen&tudy

Steady state simulations in FLUENT solve for partickeks (also referred to
as streamsps opposed to trajectories of individual particles.this mannerthe
number of particle tracks and a total particle mass floe ase defined. However,
due to the stochastic nature of particle motion in turbulent flow fields and in
conjunction with the DRW model, enough particle tracks mustpeeifiedin order
to establish partickrack independency. This was determined inraiksir fashion as
the number of mesh elements required. Essentially, a series of simulations were run
(30 m/'s water wit h using a genesdcl etosion madel pralithe i c | e s )
maximum erosion rat@along the impingement surface was track&trough tle
study, the results of which are shown kigure 4-14, it was found that 320,000
particle tracks were necessary to yield a partidek independent erosion

simulation.

118



Particle Track Independency Study
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Figure 4-14 Results of particle track independency study

4.5.3 Development of User Defined Functions

A userdefined function is a custom script written in C that can be loaded into
FLUENT to enhance and/or customize standard features. More information on the
capabilities,limitations and implementation strategies can be found in the ANSYS
Help Documentatiof118]. In this work three UDFs were writteand they all
incorporate the DEFINE_DPM macrdhis section will simply desibe the purpose
and unction foreach UDF, however the complete code will be include8ippendix

C.

45.3.1 DPM Erosion Model

FLUENT enablesiserdefined erosion models to be hooked into the software
using the DEFINE_DPM_EROSION macrd.hese types ofJDFs calculatedthe
mass of material removed for a single particle or particle track impact given the

impact velocity, impact angle and particle or particle track mass flow rate.
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Generically, the erosion rate for a given cell face on the impingement surface can be

definal as:

d "QO0"Q "Qw
0

oY

(3-10)

wheremy, is the particle mass flowrate of a given particle trackféDy f ( dnlf(V)

are all functions of the patrticle size, impact angle and impact velocity respeditively.
addition the summation is taken across all particles or particle tracks that impact the
unit cell. In FLUENT the erosion rate is calculated as an erosion flux in units of
kg/m?-s. In order to convethis unitinto a onedimension erosion ratsuch asn/s or

€ mkay, the erosion flux should dévided by the density of theubstratenaterial.

4.5.3.2 DPM Boundary Condition

Through the DEFINE_DPM_BC macro, ussgrecified boundary conditions
can be applied which execute every time a parigt®und to impact the specitle
surface This UDF was written to gather and store pertinent information specifically
relating to particle impact characteristics such as impact velocity, impact angle,
impact position and the number of times a specific partrelek hits the surface.
Each of these values were storecimserdefined storage array associated with each
particletrackusi ng the P_USER_REAL(p, i) macr o
particle and 06i 6 refers to the index of
The index i = 0 was used tountthe number of impacts for a specific particle
track, therefore each time the UDF was called (each time the particle track results in
an impact) the value stored at the i = 0 location would increment by 1. Indexes i =1

through i = 10 were used to store the a@uopvelocity for the first ten impacts.
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Likewise, indexes i = 11 through i = 20 were used to store the inapgte for the

first ten impactsTracking up to ten particle impacts was deemed appropriate as the
contributionto erosion frommore than ten imps per particlewas assumed to be
negligible compared to the effect of the first couple impacts.

Thesesimulatiors consideall geometries with reference to the standard XYZ
Cartesian coordinate system. When storing the impact velocity, the magnitinse of
velocity must be takebecausesomeparticle velocities are negative with respect to
the positive XYZ directiond.ikewise,the impact angle ideterminedy considering
the impact velocity vector and the cell face normal directiector and is defirteas
the angle between the impingement surface and the impacting particle track.

One concern regarding the DEFINE_DPM_BC macro is that the rebound
conditions of a particle must be explicitly defined, meaning the rebound angle and the
rebound velocity neetb be calculated within the UDFhis enables the user to also
define coefficients of restitution for both the normal and tangential directions. For this
work it was assumed that these coefficients were both mnmaarily due to the
assumption that thduid flow largely dictates the particle motion. Even if a slight
amount of kinetic energy was removed from the particle this wdlkkly be
negligible considering how closely coupled the particle motion is to the fluid motion.
In cases where the mediunmgiaseous or if the particles are quite large, then it may be
wise to introducenore accurateoefficients of restitution.

Preliminary CFD simulations suggetstatthe majority of erosion is due to the
first few impacts per particle track as the impact aragld velocity decrease once the

particles are swept away in the tangentially moving fld&dditionally, Mansouri et
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al. [121] showed that tracking six impacts per partichek slightly under predicted
er osi on r metpatisleswy atfactor fDAB7 while tracking up to 30 impacts
per particle over predicted erosion rates by a factor of E@d.this work it was
assumed that ten impacts per particle track wdagd sufficient tocapturethe

overwhelming majority of erasn-pertinent impacts.

4.5.3.3 DPM Sampling Output

While the DEFINE_DPM_BC macro gathers and stores particle impact data,
the DEFINE_DPM_OUTPUT macro outputs the stored data into a *.dpm file which
can be converted to a *.dar a *.txt file for postprocessing. In FLUENT, the
sampling can be taken at any boundary through which the particles pass through, and
for this work that boundary was taken to be the outlet of the simul#tidhis UDF
once each particle passes throdigé outlet boundary all the velocity, impact angle
and position variables are printed to the sampling output. This file is then imported

into a MATLAB code for posprocessing.

4.6 Particle Impact Results

This section shows the results of the simulationsipusly discussed to depict
how altering the jet velocity, particle size, fluid viscosity and particulate
concentration effect particle impact characteristiEer the purposes of data
presentation, average$the 320,000 particle tracksll be givenfor each impact for
each of the impact characteristics. The impact ratio is defined as the ratio of the

number of impacts to thetal number of particle tracks.
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In order to better relate the results of these simulations to the experimental work
discussed inater chapters, the particle sizes used in these simulations were the

average particle sizes measured framparticle size distribution analysis. Samples of

nominally sized 2.5gm, 5&gm, 10em and 20&m

Inframat Advanced Marials and sent out for independent particle sisgribution
analysis using a CILAS laser particle size analyzeh comparison of the
manufacturer specified average particle size and the independently measured average
particle sizeused in the simulatits are shown ifable4-4. The raw data from these

tests are included iAppendix B.

Table 4-4 Comparison of manufacturer specified and measured average particle sizes

Manufacturer Measured and used in simulation
(e m) (e m)
2.5 2.59
5 5.53
10 8.95
20 16.5

The 20em particles were not measur ed
were rather approximated using SEM. An

Figure4-15.
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Figure 4-15SEM i mage of 20em particles

4.6.1 Effect of Jet Velocity

Figure 4-16 shows how changing th@ominal jet velocity affects the impact
velocity of the particles. One interesting observation is that, on average, the first
impact has a lower velocity than the second impact for the 30 m/s and 40 m/s cases.
This can be explained by the fact that as plaeticle approaches the surface the
squeeze filmslows the particle down resulting in a primary impact significantly
below the nominal jet velocityJpon rebound féer the particle impacts the surface,
the tangentially moving fluid sweeps the particle awag results in gaecond impact

at ahigher velocity in a direction more in line with the surrounding fluid.
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Impact Velocity vs. Jet Velocity
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Figure 4-16 Particle impact velocity as a function of nominal jet velocity

After the first few impacts occur, the average impact velocity steadies out and
slightly decreases as the impacts continue to o€aurthe 20 m/s and 25 m/sases
the impact velocity does not increase on the secondary impact because the particles
are moe closely coupled to the fluid streamlinés such, the squeeze film plays less
of a role in slowing the particle down right before impact.

Figure 4-17 shows thepaticle impact angle as a function of different jet
velocities. All impacts in each simulationoccur at shallow angles. The first few
impacts occur at larger angles because the fluid is changing directions from a normal
impacting jet to tangentially moving fluid. However after the first few impacts the
data suggests that the particles roll, bouand scratch along the surfackhis is
evident from the shallow angle impacts occurring at relatively constant velocities for

each jet velocity.
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Impact Angle vs. Jet Velocity
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Figure 4-17 Particle impact angle as a function of nominal jevelocity

While it can be seen that the impact angle of the first impact for the 40 m/s jet
is slightly higher than the rest of the jets, the shapes of the trends are relatively
uniform. This suggests that the impact angle of the particles is not laffgiyed by
jet velocity assuming all other properties are the s&oeimpacts 4 through 10, the
impact anglesvithin the 40 m/scaseare less than that of the 20 na&sse This can be
attributed to the fact that particleghibitinga larger impact wdd be swept away in
the bulk fluid rather than being stuck in the sloweoving squeeze film. This
phenomenon can be seenFigure 4-18 which showswhy particleswobu d ndét | i kel vy

impact the surface at highimpact angles in the tangentially moving fluid.

—_— /-9“@\ ,Q"’G\
@ S ’ .
— 4 % F -0 o
s ~ - - ANl O~ . :‘
._.@- O--0 '@'*f © . '

Figure 4-18 Comparison of high and low impact angles
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The effects of the particle impact ratio can be sedrigare4-19. The first
observation is that the genesllapes of the trends awvet significantly affected by jet
velocity. Higher velocity jets do slightly result ia larger percentage of entrained
particles that reach the surface, approximately 93% for the 40 m/s jet and 82% for the
20 m/s jet. High velocities result in a looser coupling between the particle trajectories
and fluid streamlines and therefore makesagier for the particles to diverge from

the fluid streamline and impact the surface.

% Impacts vs Jet Velocity
1
0.8 - 10um A\k/(;)ieFr’amcles

2 06 ——20m/s
'; Gt - —&-25m/s
% 0.2 30 m/s

0 - ; : ey =40 m/s

2 . 4 6 8 10
Impact Number

Figure 4-19 Particle impact ratio as a function of jet velocity
For subsequent impacts at all jet velocities, the nunalbgparticle tracks
resultirg in impacts uniformly decreas&his can be explained i similarmanner
usingFigure 4-18 where more and more particles are carried out of the squeeze film

and swept awain the bulk moving fluid.

4.6.2 Effect of Particle Size

As described abovekigure 4-20 reinforces the notion that secondary and

subsequent impacts play an import role in-ipgbingement erosion scenarios.
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Comparing the i mpact velocities for 10&gm a
10em particl es timpaa Velocityiand adowdr segohdary impactr s
velocity. This can be explained by also considering the resukgyure 4-21 which

show the effect gparticle size on impact angle.

Impact Velocity vs. Particle Size
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Figure 4-20 Particle impact velocity as a function of particle size

The first impactnt h e  Ppabticlensizecasehits the surface at a relatively
high angle compared to the other particle sizes. As such, the squeeze film has a
greater effect on slowing the larger particles down. This can be further justifted
the idea that larger particles have a greater surfaceardalthough FLUENT treats
the particles as a point, an effective drag force is calculated and influences the
trajectories of the particleAdditionally, at shallower impact anglebe particle
trajectories are more in line with the tangentially movilugd and thus require less

energy to change direction.
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Impact Angle vs. Particle Size
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Figure 4-21 Particle impact angle as a function of particle size

It can also be seen that subsequent impacts still take place at shallow impact
angks regardless of particle size. From this data, it can be seen that particle size
greatly influences the impact angle of the first impact but has negligible effect on
additional impacts.

Compared to the effect of jet velocity, particle size has a gretieat on the
percentage of entrained particles that reach the surface as shbwgurn@4-22. For
the20em particles, the data scdepgeachtthe t hat
surface. As the particle size decreases, it can be seen that fewer particles reach the
surface. In addition, it can be seen that subsequent impacts have fewer impacts

associated with them for all particle sizes.
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% Impacts vs Particle Size
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Figure 4-22 Particle impact ratio as a function of particle size
Looking at the curve for the Z2bm parti cl es, i mpact s

larger percentage of impacts compared to the curves from other particleTsizes.
can beexplained by the fact that smaller particles have a greater tendency to stay
entrained in the squeeze film compared to larger partisesuggested by Clark and
Hartwich[81], the squeeze film not only slows down incomingtipkes but also acts

to prevent particles from rebounding into the free stream fluid flow.

4.6.3 Effect of Fluid Viscosity

Figure 4-23 shows that particlempact velocity decreases as fluid viscosity
increases for the same relative jet velocity and particulate loadmgreviously
discussedthis is due to the stronger coupling between particle trajectoriefiuacid

streamlines.
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Figure 4-23 Particle impact velocity as a function of fluid viscosity

For the50% PG solution casgthe impact velocity is significantly below that
of the nominal fluid velocity suggesting that particles are trapped in the squeeze film
and are not easily swept away by the tangentially moving flow. This would also
suggest more of an abrasion wear meidmraspredictedby Clark et al.[81] where
particles accumulate in the slower moving viscous film directly above the surface.

The relationship between particle impact angle and fluid viscosity is shown in
Figure 4-24. The results seem somewhat couéuitive as a stronger coupling
between particle and fluid would suggest a lower angle of impact for impingement

scenariosln order to justify the CFD resultshe percentage of entrained particles

that reach the surface must also be considered, shaviguire4-25.
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Impact Angle vs. Fluid Viscosity
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Figure 4-24 Particle impact angle as a function of fluid viscosity

The reason the first impact has a higher impact angle for more viscous fluids
is likely due to the fact that in order for an impact to odtunust approach the
surface at a higher angle. On average, particles approaching the surface at lower
angles of impacts would likely get swept away by the bulk fluid. Because of this only
higher particle impact angles are considered in the average fon whch oe of the
data points represerith addition, the stochastic nature of the particle trajectories due
to the DRW model may account for some of the discrepancies, keeping in mind that

the range of impact data Figure4-24is only a few degrees.
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Figure 4-25 Particle impact ratio as a function of fluid viscosity
As the fluid becomes more viscous, fewer pagtittacks have enough
momentum to divert from the fluid streamlinediich resultin a surface impact.
Reflecting on how fluid viscosity affects particle impact characteristics, it can be
predictedthat more viscous fluids can significantly reduce erosioithé case of high
heat flux cooling lops, of which 50% PG®¥ is a common fluid, entrained particles

would impact the surface kw velocitiescompared to less viscous fluids like water.

4.6.4 Effect of Particulate Concentration

In the smulations presented reetheparticulate concentratioof the slurryis
defined as a particle mass flow rate. For example, in the case of the a 40 m/s jet

flowing through a 1.98 mm nozzle the mass flowrate is calculated:

é Q"Q 0Q
TR C2TBITID @Yo oz — T C QT (3-11)
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However, considering the quarter symmetry geometry this value must be
divided by a factor of four to give3.0735x1F kg/s. In the case where particle
concentration is assumed to be 0.1% by mass, this would yield a particle mass flow
rate of:

QQ QQ
08Ixam)ni— TS T P oatxam)ni— (3-12)

This value is the total particulate mdksvrate of all particle tracks. Herefore
to calculate the mass flowrate of an individual particle track this value would be
divided by the number of particle tracks in thengation. In theory, doubling the
particulate concentration should yield twice as much mass rent@czadiséwice as
many particles per unit time would be traversing through a given pastrelem In
addition, the major assumption when implementing aagian particle tracking is
thatparticles are nointeracting, therefore the interaction of partickcks should not

be considered.

4.7 Conclusion

This chapter outlines the development and results of a series of 3D guarter
symmetry jeimpingement simulations constructed using ANSYS FLUENT 16.1.
The main purpose of these simulations was to obtain particle impact data, specifically
particle impact velocigés, impact angles and the percentage of entrained particles that
reach the surface.

First, a brief overview of CFD theowyaspresented and the main models used
in the simulatios were discussedMulti-phase modeling is handled using ¥@F

model which tracks the boundabgtween the fluid andurounding air. Tirbulence
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is modeled using the SSH-y turbulence model assuming standard values and
constantsThe DRW model is included in the Lagrangian particle tracking calculation
as this enalels the stochastic nature of particle trajectories in turbulent flow fields to
be considered.

Next, a thorough description of the geometry, boundary conditions, meshing
properties and convergence critasiasgiven. Through the mesh independency study
it was found that independenasasachieved at slightly less than 1 million elements.

A series of seven different flow field simulations were conduetiedifferent fluid
velocities and viscosities assuming different mixtures of propylene glycol / water
solutons.

A series of UDFs were written to gather and store particle impact
characteristics as FLUENT does not have this inherent capability. Through a particle
track independency study using a generic erosion model, it was found that 320,000
particle tracksneeadto be simulated in order to produce tracllependenerosion
results. For each of the 320,000 particle tracks, up to ten impacts were considered.
The UDFs were written so that an output data file could be imported into MATLAB
for postprocessing.

Theresults of these simulations were presented in a series of graphs that show
how nominal jet velocity, particle size and fluid viscosity affect localized impact
characteristics. To summarize a few points:

1 Particle impact velocity is less than the noatiget velocity due to the

dampening action of the squeeze film.
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In some cases the velocity magnitude of the second impact is larger than the

first due b the tangentially moving fluid and dampening action of the squeeze

film.

Increasing fluid viscosity agnified the effect of the squeeze film and further

reduces impact velocity.

| mpact angles for par ttypicalyeessthandiss t han 1
Impact agles of subsequent impadafter the firstsuggest that particles are

rolling, bouncing and scratching along the surface

The 20em particles yiel dedonsthedirsti f i cant |
impact, approximately #5 due to the weaker coupling between particle

trajectory and fluid streamline

In the simulations with lower jet velocities, smaller particle siaesl higher

fluid viscosities, a smaller percentage of entrained particle tracks resulted in

impact.

Due to the assumptions inherent in steatdye particle tracking in CFD,
concentrabn affects the mass flow rate of individual particle tracks. As such,

the mass of material removed is expected to vary linearly with concentration.
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5 DESI GN OF SLURRYEEROSPBARATUS

This chapter will discuss the design and development of thenpehgement

slurry erosion test apparatus.

5.1 Overview

Multiples types of erosion tesetups existeachof which enablehe erosion of
different materials to be studiathder a variety of cortions. Some examples of
these test setups include Asandbl astingo
Finnie [39] [40], Wiederhorn and Hocke}63], Telling andField [72], as well as
many others. With these types tést setupsthe velocity of particles can be
determineddirectly from the air pressure. In additiaghe impingement angle of all
the particles in the streamassumed tberelatively constant.

In the case of particles entrained in a fluid, one method of studying erosion is
through the use of a slurry pot erosion rig, as was employed by Clark -awatkoers
[77] [79] [78]. While this type of test rig allows for the effectdifferentfluids to be
considered, the major limitation isittv regards to discerning thgarticle impact
velocity.

A final method used to study slurry erosiohwvarious materials is the jet
impingement apparatus, as will be discussed in this chapiéh regards to
electronics cooling, jempingement type architectures are quite preval2at and
enable highly localized cooling dfot spots as well as bulk cooling of cold plates.
Due to the wide range of applicability and ease of parameter control, this type of

slurry erosion test rig was constructed to study the erosion potential of silicolrand.
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overview of thget-impingementest rigused in this research is shownFigure5-1,

with a schematic shown Figure5-2.

L Stirring
Mechanism

l,
W

Motor and
Pump

Figure 5-1 Overview of slurry erosion test apparatus

Motor

Figure 5-2 Schematic of test rig

The primary subsystems consist of the motor and pump, reservoir and
plumbing, stirring mechanism, and sample holder. Each of these subsections will be
discussed in detail throughout this chapter.
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5.2 Reservoir, Plumbing and Sealing

The reservoir was constructed 816 Stainless Steel, had dimensions of
approximately 110 x 80 x 10.50 (LxWxH) an
Fabricators, Inc. A drain was fabricated in the bottom of the reservoir, shown in
Figure 5-3 by welding a half coupling in place. This facilitates the transition from
reservoir to the compression fitting based plumbing netwadkitionally, the nozzle

enters the front of the reseivthrough a bulkhead fitting also shownRigure5-3.

Figure 5-3 Bulkhead fitting leading to nozzle(left) and drain welded to reservoir (ight).
The cover was made of 3/80 thick acryli
the underside of the cover to minimize direct splashinth@$lurry near the @ing.
The Oring was made of Viton Fluoroelastomer &msure thatthe test setup
chemically compatible with aariety of glycol based fluids that may be tested.
Additionally the Qring was looped around the flanges and was attached using
superglue and Gorilla Glfle A schematic cross section of the reservoiRi®g and

cover is shown ifrigure5-4.
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Figure 5-4 Schematic crosssection of reservoir, cover and @ring.

A number of spring clamps hold the cover to the reservompeessing the
O-ring. The tessetup was originally designed using a glass cover; however sealing
the reservoir proved challenging anduiss with cracking the glass were common.

A small hole was drilled in the back of the reservoir towards the top to prevent
the buildup of pressure. Preliminary testing indicatddnaperature rise of the fluid
caused by the motor and pun# consequence dhis was increased pressure in the
reservoir making sealing difficult. The pinhole prevented pressure buildup, solved the
leakage issue and did not pose any problem with fluid or slurry escaping through the
opening.

The plumbing was constructed entirelyt of 316 Stainless Steel including all
tubing, pipes, couplings, valves, hardware and adapferparticulate filter was
placed in parallel with the main fluid path, showrFigure5-5. This facilitated with
the cleaning and draining process associated with running tests with different sized

particulates. It was not placed in series with the main fluid path because even a filter
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with pore sizessignificantly larger than thabrasivesizeswould clog immediately.

The filter did aid in the cleaning procedure between tests.

Figure 5-5 Valve system with filter in parallel to main fluid line

5.3 Stirring Mechanism

The test setup was originally desagito use a magnetic stirrer in order to keep
the particlessuspended in thiuid. Preliminary testing revealed that particles in the
reservoir settleé to the bottom after approximately 24 48 hours of testing. To
combat thisoccurrencea more powerful stirring mechanism wamstructedshown

in Figure5-6.
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Figure 5-6 Stirring mechanism - motor, shaft, propeller

A motor drives the propeller, connected by a shaft and coupling. The motor is
mounted to a supportive wooden box which is also attachie teeservoir cover via
epoxy. The length of the shaft was designed such that approximately 3 inches of
space lie between the bottom of the reservoir andptbpeller Additionally, the
propeller pushes water down towards the bottom of the resemwiinduce a
significant turbulent effect throughout the entire volume of slurry. Testing of this
stirring mechanisnfurther revealed that particle Hetg in the reservoir did not

occur. Vibration was found not to be an issue as well.

5.4 Pump and Motor

The pump 8ed in this test setup was a Hydracell D10 model slpuaryp,
with specific part numbeD10EKSTHFHHA. This pump is a positive displacement
diaphragm pump and is specifically designed to handle abrslsivees andtorrosive
and viscous fluidsThe D10 moel can deliver up to 8.0 GPM and has a maximum

outlet pressure of 1000 p3ihe speed of the pump, thus the flowrate, is controlled by
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a threephase induction motorThe motor is driven by a 3HP 460V variable

frequencyABB motor drive These instruments are all showrFigure5-7.

. Motor Drive

To Nozzle

From
Reservoir

Figure 5-7 Motor drive, pump and motor
The pump andnotor subsystem are mounted to a wooden board which has
rubber vibratiordampening feet. While the motor can induce significant vibration
when operated at higher speeds, the speeds at which these tests take place do not pose

issues with vibration.

54.1 PumpCalibration

The pump documentation outlines a flow rate vs revolutions eh@ressures

between 100 1000 psi, shown ifigure5-8.

143



9.0 £ —34.1

100 psi (7 bar)
8.0 500 psi (34 bar)
1000 psi (69 bar)

303

70 265
@
8 60 27 g
& 2
: —
F; =
> 50 189 &
5 §
a =
o -

F
=)
N

14

¥ /i S/
" 5 27
/ ;«/ e
20 4 o : 76

38

Y o 7
30 7 2 A

7 D
W s0ps ot | | 4 o7 e ’/
D10-X @ 790 rpm - oz |
R7 4 P ,/

e~ o

g
-" -~

-

800 1000 1200 1400 1600 1800
Revolutions Per Minute

Figure 5-8 Flowrate vs. pump speed for D1€E pump, from manufacturer [122]

Giventhat the slurries will contain very fine abrasive partictésect flowrate
measurement were not included in teet setupOf the various techniques that can
measure flow rate, each one pogedential issuesTurbine flow meters rely on a
propellerthatspins by the force imposed from the moving fluid. The rotational speed
is thus proportional to theelocity of the fluid. However, thepropeller would
eventuallywear due tahe fine particles entrained in the floWhile slight wear is
not an issue for most of the test apparatus, slight wear of this gropeuld

significantly alter the flowate calibration. Ultraoonic flow meters were also
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considered, however these are typically the most expensive flow measuring
techniques.

The technique ultimatelghosen to calibrate the pump was to weigh the amount
of fluid displaced by the pump over a knoperiod of time A hose was connected to
the plumbing and leda a ~30 gallon trash can. After each test the fluid was weighed
and a mass flow rate was calculated. This test was repeated for pump speeds ranging
from 3717 12 Hz. Approximately 12 gallons of fluid were used feach testThe

results of the pump calibration are showifrigure5-9.
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Figure 5-9 Pump calibration raw data
The calibration data varies slightly from the manufacturer data at frequencies
below ~ 9 Hz. This is largely due to the fact that this pump is not necessarily designed
to run at the low frequencies required by this application. Therefore theaftovor
each test will be determined by the calibration data as opposed to the manufacturer

data.
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5.5 Nozzleand Nominal Jet Velocity

The nozzle orifice size is the prime factor determining the nominal jet velocity.
While there are a number of different tgpef commercially available nozzles,
1.98mm nozzle purchasém Jetstreafh andshown inFigure5-10 was chosen. It
consists ofa tungsten carbidénler which interfaces with the slurry and is enveloped
by a stainless steel shell. Addmially, the ¥4 NPT fitting enableghasy installment to

the test setup.

Figure 5-10 Nozzle used in the test setupmage taken from[123]
Due to the noruniform pump flowrate at various motor speeds, a nominal jet
velocity T motor speed relation was construct&iven that the controller determines
the motor speed in Hz (as opposed to RPM)jet velocity vs. Hzgraph was
constructed for easy determination of the nominal jet velocity. This relation is shown
in Figure 5-11. When describig | et velocity, the term d&énc
localized fluctuations within the jet that may occur. Additionally, this quantity is

defined as the flowrate divided by the nozzle orifice.
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Velocity vs. Hz
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Figure 5-11 Nominal velocity of jet as a function of nozzle size and motor speed

5.6 Sample Holder and Fabrication of Test Samples

A sample holder was placed within the reservoir and was positioned such that
approximately 1cm of space lies between the surface of the sample and the nozzle
exit. The sample holder, shownkigure5-12, was fabricatedrom 316 stainless steel
and was welded to a stainless steel 6al l
reservoir. This configuration allows the sample holder to be rotated, changijeg the

impingement angleAdditionally, four set screws hold the sample in the halder

147



Figure 5-12 Nozzle and Sample Holder

The samples were fabricated $yidering 12x12mm Sihips to a 14x14x5mm
Kovar coupm. Originally copper was used as the sample safiesthowever
preliminary studies indicatedelatively large global warpages due to the CTE
mismatch between copper and &iovar has a significantly better matched CTE
reducirg, but not completely eliminatiy, the initial warpages induced from soldering.

In order to solder the Sample chips to the Kovaoupon, the backside of the

chip was metéized using the stack depictedkigure5-13.

Kovar Coupon

Solder Layer

Silver (0.5 pm)
Nickel (0.1 pm)
Titanium (0.1 um)

Si Wafer

Figure 5-13 Metallization stack used for soldering chip to substrate
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The Kovarcouponwas prepared for soldering lgyinding down and polishing
the surface using Si@rit paper to remove angurfaceoxides After the chip was
soldered to the Kovasubstrateusinga standard Thibased solderthe surface was

cleaned with acetone, methanol and isopropyl alcohol witip$)

5.7 Creation of Testing Slurry

The testing slurds were created by measuring out the appropriate amount of
abrasive and mixing it with a small amountdter (or whichever solution wéing
used) in a 500mL glass jar. In addition a polyacrylic acid dispersant was added,
Dispex AA 4140 NS manufacturdry BASF, to appropriately disperse the abrasives
within the fluid. The mass of dispersant added was equal to the mass of abrasive used.
The solution was then sonicated for 20 minutes tthéu ensure agglomerates were
broken up.This mixture was then addeo the test setup with the remaining two

gallons of fluid for testing.

5.8 Cleaning Procedure

In order to ensure that unwanted particles from previous tests are removed from
the test loop, a robust cleaning and flushing procedure was folldwesd. the dity
fluid was drained from the system at the filter pand twogallons of water were
flushed through the loop. All parts of the reservoirri@ stirrer and cover were
wiped down to remove all visible remnants of particulate fouling and-oipild

Next, one gallon of water was added to reservoir aiduaxmy sample was
placed in the sample holder. The system was then run @0 Iiinutes at a high

flowrate (10 Hz). Upon examination the water usually appeared maigayifying
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that particles wereigked up from places in the fluid loop other than the reservoir.
The water was then drained and fresh water was added. This process was repeated
approximately 46 times or until the water appeared visiblgiear and without
contaminants Although this procgs may not remove every particle, the extremely
sparse particles that may be left in the solution are assumed to affect the erosion
negligibly compared tahe relativelylarge concentration of other sized particles. In
addition, more stringent cleaning pess occurred when smaller particles would be

used in tests after large particles.

5.9 Limitations

While this setup enables the slurry erosion phenomena to be stadiathber
of limitations exist. These limitations are inherent in this type of slurry erdegin
apparatus and should be taken into account duhiegosterosion analysis and in
any future studies involving j@pingement slurry erosion.

The primary limitation of the test setup lies in the fact that a filter is not used in
the main fluid loop Although a small filter in thesecondary parallel loopxists
which aids in cleaning the test setup, a primary filter is not used during the
experiments. The reasoning behind this is thétter, regardless of the size, would
inevitably clog. ler examp e i n t he filieraasdek nmlbfrasiee patielesm
the filter may do its job for a period time, trapping uwanted particles larger than
2 5 etimat develop during the test. However, at some point a small percentage of the
filter would getcloggd f rom t hese | ar gleal Iparltiikd esf f da
smaller 1 micron particles would get trapped also in the filter. Not only would this

perpetuate the clogging process of the filter but it would significantly change the pre
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defined particula concentration of the slurry. Although continuous cleaning of the
filter could be used, preliminary studies showed that this may not be necessary. It was
found in the first couple experiments that the vast majority of the observed wear was
in fact due tathe particulate abrasives even with larger particles existing in the fluid
loop. Particles generated in the test sehgstoften originatedrom the rubber seals
and gaskets or the acrylic cov&espite the size of these pantig] their impact on
erosia wastrivial due to their soft nature.

It should be mentioned however that further inspection of the surface did reveal
a few locations of discrete chipping likely caused by the impact of higher energy
particles. However, the relative number of thesesalete impacts is small and
considered negligible compared to the amount of wear caused by the abrasive
particles.

Anotherchallengethe test setupmposess that the temperature dieslurry
heats umluring the experiment3his is caused by the mechanical action of the pump.
To deal with any significant heating, a fan was setup to continuously blow air over
the motor and pumgrhis minimized the overall temperature change of the #und
kept the bulk fluid temperature at approximately 34°C
Lastly, thefinal limitation with the test setup is that the pumqcasionally

produces random pulsations. These most often occur at frequencies below 2 Hz, but
occur periodically throughout alésting ranges. The main effect arising from this is
that a pulsating jet will exit the nozzle as opposed to a smooth fluid stream. Pulsation
dampeners are typically installed in systems like these, however it was predicted that

the inclusion of one of tls® dampeners may cause more harm than good. One type of

151



pulsation dampener utilizes a rubber diaphragm to smooth out the flow rate
fluctuations. This may be a viable solution if the flumdmo abrasive particles in it
due to the fact that thesnay eventally wear away the rubber. Another type of
pulsation dampener operates by significantly increasing the volume of the fluid loop,
operating mucdapddikteorao .in fWhiiilde t hi s desi gn
had no particles, over time the particlesmy settle out in thesubreservoir and
significantly reduce the predefined particulate concentration of the slurry.

While these factors impose certain challenges and limitations regarding the
operation and test procedure, they are acknowledged andbwiltaken into

considering during the pestosion analysis and model development.
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6 EXPERI MENTAL EROSI ON TESTI NG

SI'LI CON

6.1 Introduction

This section discusses the procedures involved in testing and measuring the
Silicon erosion samples. First, theegign of Experiments (DOE) is presented which
covers the range of experiments performed. The parameters investigated are
nominally jet velocity, particle size, particulate concentration, fluid viscosity and
time. Next, the method in which the stylus prafileter was used to approximate the
total amount of volume loss will be discussed including the numerical analysis
performed in MATLAB. Additionally, the procedure for factoring in initial warpage
will be described.

Two principle erosion metrics are desegbin this chapter, a mass loss rate in
units of milligrams per year and a edenensional erosion rate in units of
micrometers per year. The mass loss rates found in this chapter will be used to
formulate the erosion ratio metrics while the -alimension&erosion rates will serve

as the metric through which the final erosion model will be validated against.
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6.2 Design of Experiments

Prior to introducing the DOE, the meaning behind the various Test IDs will be

briefly discussedrigure6-1 represents how the various Test IDs were constructed.

XX XX XX X
/S /LN

Particle Size Velocity Concentration Repeat
[um] [m/s] [% m/m] Test

Figure 6-1 Explanation of Test IDs

The first two digits represetihe particle size in micrometers and the next two
digits represent the nominal jet velocity in meters per second. In most instances the
concentration is represented by two digits however one of the test points requires
three digits namely the 0.025% contration testsAs an example a concentration of
0.1% means that 7.57 grams of particles are added to 7570 grams of fluid. For
reference 7570 grams of water equates to approximately 2 gallons which is the
working volume of the test setup.

Most of the tespoints utilize repeat tests therefore thigfidigit is represented
by letters B, C,Dvh e r e t hisassGnded ithe fass testAdditionally, water is
assumed to be main working fluid for all tests unless the Testdkpigitly PG10 or
PG25 The transient tests are also explicitl
example, thel'est ID of 104010D represents the test pointdie m parti cl es, 4
jet, 0.10% concentratioiWater as the fluid and the fourth test conducted at that test

point.
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Table 6-1 shows the 14 different erosidest cases performedlhe ranges
chosen in this study were developed largely to correspond to specific pngprieta
systems found tsHCECQQL lprogram aridl Al RoAtie proprietary
nature of these systems, specific references cannot be profadpednding on the
application, certain systems may employ more modest or accelerated values
depending on the spiéic microchannel or jet architectureslthough specifics vary
widely from system to system, the general goal of this DOE was to conduct a series
of experiments within the ballpark parameter ranges of typical systems. Depending on
the type of microchanndr jet implementation, thenodel could then be applied to

specific desigrand filtering restraints.
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Table 6-1 Design of experiment, 14 experimental test cases

Test ID Particle Size Velocity Concentration Fluid
(nm) (m/s) (m/m)
24010 2.5 40 0.10% Water
54010 5 40 0.10% Water
104010 10 40 0.10% Water
204010 20 40 0.10% Water
102010 10 20 0.10% Water
102510 10 25 0.10% Water
103010 10 30 0.10% Water
1040025 10 40 0.025% Water
104005 10 40 0.05% Water
104020 10 40 0.2% Water
PG10 10 40 0.10% 10% PG
PG25 10 40 0.10% 25% PG
1030TR 10 30 0.10% Water
1040TR 10 40 0.10% Water

Particles sizes between 2-32 0 ¢ wrere studied and represent some of the
various filtering levels commonly found in electronic cooling loops. While particles
upwards of 20em in diameter would not
accelerated erosion tests are necessary in ordesraulfate relations among the
various parameter§.y pi c al sizes of commercially
3 e m, anadlm,ewhere these values representdperoximateore size

Nominal jet velocities between 2040 m/sweretested. Again, thesare within
the range of typical values found in single phasenpgpingement systems. In single

phasemanifolded systems theelocities may be significantly lower than theségen
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timesless than 5 m/s, yet in two phase systems the velocities of edtangclesas
the fluid evaporates may be around the 40 m/s value.

Dilute concentrations were chosen to represent the fact that most real
applications have decent filtering systerghile the concentration test points are
considered highly accelerated bdson some of the typical ISO Fluid Cleanliness
codesused in high performance servos and aerospace hydraulic sysirowgh
particles had to be used in order to obtain measureable results in a reasonable amount
of time. More will be discussed on this éatin the chapter.

Water is the primarily fluid used in these tedtewever two other tests were
conducted using a 10% and a 25% propylene gliyaoater solution. Theskvo test
points were included tassess how well the developed model, calibratedaitemny
could be applied to other working fluids

Lastly, two transient tests were conducted@tm/s and 40 m/s to assess the

dependence of erosion on time.

6.3 Measurement Techniques

6.3.1 Stylus Profilometer

A stylus profilometer, also known as a line scan poafiéter, generates a 2D
profile by tracking the surface height across the length of the scan. A stylus is
dragged horizontally across the surfau® enables small surface features, on the
order of tens of nanometers, to be observed. A Tene2® BPong ScarProfiler,

shown inFigure6-2, was used tperform these measurements.
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Figure 6-2 Tencor P-20 Long Scan Profiler

This profilometer has the ability to make scans on wafers up itlges,
making the 12mm scans a@he silicon samples very easy to d@ble 6-2 lists the
operating properties used for all scans.

Table 6-2 Profilometer Operating Conditions

Scan Length 1160& m
Maximum Vertical Range 13 m
Stylus Force 10mg
Range Direction Up andDown

A scan length of 116@0mwas chosen to provide a slighdb@® mbuffer at
both ofthe edges to purpdsely neglect any edge effects that may be presarthe
erosion samplesAdditionally, a built in leveling function was applied in order to

normalze a flat reference surface.
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Assuming the jet impinges perpendicularly on the sample, the erosion scar
should ideally exhibit axisymmetric properties about the stagnation region.
Experimental error and uncontrollable inconsistencies prevented perfectly
axisymmetric contours to be achievda obtain weHrounded data for each test, two
prdfile scans were taken.rn@ from left to righttermedt h e ¢ L, Rri the atreem
from the top to the bottome r med t he ¢ UD éDowncAsschemati lofo r t

the profile and the corresponding scans are showigure6-3.
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Figure 6-3 Schematic of erosion scar and stylus profilometer scans
In agreement with the findings of Wang et [82] the general erosion scar
was found to exhibit he characteristic OWO6 shape.

region,is a region in which minimal wear occurs due to the lack of direct impacts.
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The results of the CFD study described in the previous chapter indidaiigh
prevalence of low angle impacts which occur outside thenpingement region. In
addition, the CFBstudy also indicated that particle impacts do not occur in the center
of the jet region. Therefore the height of the stagnation ragiassumed to serve as

thereference point where no wear is assumed to occur.

6.3.2 Initial Warpage Consideratian

In order tomore accurately measure the quantity of eroded material, the
amount of initial warpagecross the Silicon sampigas taken into consideration.
Preliminary erosion tests were conducted by soldering the silicon samples to copper
coupons. It was typically foud that the initiaimaximumwarpageheightacross that
wafer, as measured by the stylus profilometer, was on the orderRofriThis
occurred due to the coefficient of thermal expansion (CTE) mismatch between the
Silicon (~ 3ppm/°K) and copper (~ 16.6 pp°K). While this isrelatively small, the
erosion depth from some of the tests was expected to be near this value. As such,
Kovar coupons were chosen to replace the copper coupons for all thehiesthas
a CTE closer to that of Silicon, which is apyiroately 5.3 ppm/°K

After soldering the silicorsamplesto the Kovar couponsa profilometer
measurement was taken across the sample to assess the maximum initial warpage.
Only samples which haal maximumaveragenitial warpage of less than @6m wer e
used in the erosion studieShe maximum average initial warpage was taken by
averaging three measurements from the O6LRO

t he 0 UD 6 shdwninleigure6-4oHor these measurements it was assumed that
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the maximum warpage would occur at the center of the vaai@reach measurement

was taken 1mm apart

Silicon
ub | <[ wafer
Scans 1

i
N
\/ N Kovar
LR Coupon
Scans

Figure 6-4 Schematicof initial warpage scans
In addition, samples with larger amountsioitial warpage were saved for
tests expecting more wear while samples containing minimal initial warpage were

used on tests expecting small amounts of wear.

6.3.3 CalculatingMass Lossn MATLAB

Once the erosion tests were performed, the amount of mass removed was
calculatedusing avolumeof-revolutions type approach in MATLABIn order to
transform the twalimensional erosion profile into a thrdemensional volume, the
erosion scar was santially rotatedl80° about the stagnation point atitk resulting
volume between the reference plane and the s@® nunerically computedFigure

6-5 represents a simplified schematic illustrating this approach.
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Figure 6-5 Volume-of-revolution numerical integration

Rotating the erosioscar 180 about the stagnation region enabéeshree
dimensional volume to be calculatéthe twadimension area was broken up irgo
large number of rectanglegith heighs coresponding to thelistance between the
eroded depttand the reference plan€his type of approach is also referred to as the
midpoint approximation rectangular methdcis procedure was repeated for both
the LR and UD scans of a sample and the results were averaged together to
approximate to total volume loss of the sample.

To acount for the initial warpage, a similar algorithm was devised to
approximate th@olume associated with the initial warpagecording toFigure6-6,
the measured erosion contour does mdterently capture the initial warpage

characteristics, whicts shown as the grey shaded area above the erosion profile.
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Figure 6-6 Accounting for initial warpage

The curve of the initial profile was approximated by a quadratic function
corresponding to the wampage inalsimihnzamas o f
previously described, the shape vdagded up into a large number of rectangles and
rotated 180 about the center point. Aesulting volume washen calculated. Due to
the fact that the reference plane was taken athigeest point in thestagnation
region, the volume computed from thetiai warpage calculation was added to the
volume loss from due to erosioim the few instances where the initial warpage
resulted in a O6frown6, apphopriste qgalcutatioessvere wa s
performed.

Due to the fact that samples withrger amounts of initial warpage were
reserved for tests expecting larger amounts of erosion, the volume associated with the
initial warpage was typically a small percentage of the measured erosion wear. In

many cases the percentage wagligible
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6.4 Erosion Results

This section presesthe results of the erosion experimerksr the purpose of
brevity, data from select tests wilk included in this section, however Appengix
will include allthedata.

Table6-3 summarizes the results for all erosion tests. Mass loss from the LR

and the UD scans are both given separately along witballcalatel initial warpage
mass approximationgypically on samigs where the initial warpage was less than
0.2em a discernable o6frowndéd or O0smiled dic
initial warpages of this magnitude played a negligible role in calculating total mass of

material removed.
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Table 6-3 Summary of Raw Erosion Results

Sample Initial Te_sting Warpage "i'/loatgls Mass Loss Erosion
D Warpage Tlme Mass Loss Rate Rate
[em] [min.] [mg] [mg] [mg / yr] [ em /[
24010 0.19 18714 0.0000 0.0180 0.50 14.53
54010 0.40 8263 0.0173 0.0909 5.78 120.61
104010C 0.25 7200 0.0157 0.9739 71.09 594.77
103010 0.32 11650 0.0277 0.2173 9.80 87.72
102010 0.11 15749 0.0000 0.0336 1.12 20.38
104010D 0.17 6740 0.0000 1.3090 102.08 800.80
103010C 0.33 11060 0.0285 0.3892 18.49 144.22
102010B 0.23 21555 | -0.0264 0.0463 1.13 15.16
102510 0.37 21297 | -0.0433 0.1458 3.60 34.09
54010B 0.33 11137 0.0230 0.2149 10.14 62.91
54010C 0.40 11253 0.0116 0.0984 4.59 41.96
24010B 0.16 20390 0.0000 0.0083 0.21 4.39
204010 0.51 1316 0.0525 2.0725 827.74 13511.10
204010B 0.56 1346 0.0469 2.5797 1007.35 16477.13
104005 0.46 5636 0.0358 0.4993 46.56 338.13
104020 0.51 4033 0.0287 1.6171 210.75 1753.84
1040025 0.29 6936 0.0290 0.1024 7.76 56.90
1040025H 0.12 9894 0.0000 0.1535 8.15 56.73
104005B 0.27 5536 0.0205 0.4006 38.03 276.17
TR40-1 0.51 1540 0.0383 0.3967 135.39 1023.04
TR40-2 0.51 2843 0.0383 0.6031 111.50 873.69
TR40-3 0.51 4348 0.0383 0.7978 96.44 764.48
TR40-4 0.51 5637 0.0383 0.9124 85.07 688.08
TR30-1 0.15 2717 0.0000 0.1445 27.94 251.66
TR30-2 0.15 5449 0.0000 0.2287 22.06 188.73
TR30-3 0.15 11175 0.0000 0.3203 15.06 129.77
TR30-4 0.15 14053 0.0000 0.3629 13.57 115.94
PG10 0.65 5878 0.0448 0.4576 40.92 637.90
PG25 0.42 5675 -0.0162 0.0583 5.39 194.21
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6.4.1 Effect of Velocity

Sample profile scans are presented here which show the effect of nominal jet
velocity on erosion. For t he .,Oxpbriicleswi ng t e

were used at a concentration of 0. wvater

LR-102010 Profilometer Scan

20m/s 15749 min.

"0 2000 4000 6000 8000
Scan Length (um)

Figure 6-7 LR-102010 Profile Scan

LR-102510 Profilometer Scan

25 m/s 21297 min.

©%0 2000 4000 6000 8000 10000
Scan Length (um)

Figure 6-8 LR-102510 Profile Scan
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LR-103010 Profilometer Scan

30m/s 11650 min.

0 2000 4000 6000 8000 10000
Scan Length (um)

Figure 6-9 LR-103010 Profile Scan

LR-104010C Profilometer Scan

7200 min.

40 m/s

0 2000 4000 6000 8000
Scan Length (um)

Figure 6-10LR-104010C Profile Scan
Observing the erosion contours reveals the presence two local minima,
thought to originate fronthe primary and secondary impacts of particles. According
to the CFD analysis prested in Chapter &igure4-16 indicates that the velocity of
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the first impactin the 40 m/s case is smaller than the velocity of the skouopact.
According to Figure 6-10 above, the depth of the local minima closest to the
stagnation region for the 40 méase isless erodedhan the minima further away
from the stagnation regmo It is thought that the minima closest to the stagnation
regioncorresponds to the first impaghile the minima further away correspas to

the second. Additionallys theimpact numberncrease past two, the impact angle
and the percentage of particle streams resultingnpacts significantly decreases.
Discrete impact regionsecomeindistinguishablefrom oneanotherdue to the fact
thatmaterial is removed in a wet abrasimechanismThis most observabla the 40
m/s case where the edges of the profile have worn down significantly below the
height of the stagnation region.

Furthermore, the relative height difference of the primamg secondary
impacts correspondlosely to the impdc velocities determined through CFD.
According tothe profile scansthe primary impact depth of the 30 m/s and 40 m/s
case is higher than the secondary impact depths, howetlee 20 m/s and 25 m/s
caseghe primary impact depth surpasses that of ticers#ary impact deptiThis is
also observed in the CFD simulations where thaocity of the second impact
decreases relative the first impact as the nominal jet velocity decreases.

It is also interesting to nothatthe distance between the primary swpsites
on each sid of the stagnation region stayeatively constantapproximately2mm,
throughout each of the test casgBis is most likely due to the fact that the average
impact angle of the first impact stays within a few degrees acrosstsllAesording

to Figure 4-17 which shows how impact angle varies across different jet velocities,
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the difference between the 40 m/s and 20 m/s case is approxintatdydegrees.

This would not likely yield a noticeable differencetle erosion contour shapes.
Theerosion results for the velocity test casaa be summarized Figure6-11

which shows that the erosion rate, given in milligrams per year, follows a power law

with respect to nominal jet velocity.

Mass Loss Rate vs. Jet Velocity
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Figure 6-11 Mass Loss Rate vs. Jet Velocity
In addition, therelationship between the owémension erosion rate and jet

velocity is shown irFigure6-12.

169



5 Erosion Rate vs. Jet Velocity
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Figure 6-12 Erosion Rate vs. Jet Velocity
The one dimensional erosion rate also follows a power law with a slightly

smaller exponent than the mass loss rate relation.

6.4.2 Effect of Particle Size

The following profile scans show the results of altering the average particle
size.For all testsAl,O3 particles at a 0.1% mass loading were used. Additionally, the

nominal jet velocity was 40 m/s and water was the working fluid.
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LR-24010 Profilometer Scan

2.5um 18714 min.

0 2000 4000 6000
Scan Length (um)

Figure 6-13LR-24010 Profile Scan

LR-54010 Profilometer Scan

5um 8263 min.

0 2000 4000 6000 8000
Scan Length (um)

Figure 6-14 LR-54010 Profile Scan
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LR-104010C Profilometer Scan

7200 min.

10pm

0 2000 4000 6000 8000
Scan Length (um)

Figure 6-15LR-104010C Profile Scan

LR-204010 Profilometer Scan

-35¢( 20um 1316 min.

0 2000 4000 6000 8000 10000
Scan Length (um)

Figure 6-16 LR-204010 Profile Scan
One observation with regards to how particle size affects the erosion contour
deals withthe relative effect of the primary and secondary impacts. t he 20e&em c as
the first particle impact clearly induces the maximum amount of damage. According
tothe CFDs t udy, the average I mpact angle of th

case S approxi mately 50A whereas t he i
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approximately 9°This is a result of the larger particles having more momentum and

being less controlled bya¢ motion of the fluid. In addition, smaller particles would

be more likely tobecometrappedin the squeeze film resulting in the wet abrasion

mecharmsm. In the cases of larger particles, impact would occur but then they would

likely rebound back into thieulk fluid flow above the squeeze filithisalsojustifies

why the edges of the 10em case are more

Anotherobservation is that the width of the stagnation region decreases with

increasing particle size. As therpele sizeincreasesthe impact angle increases as a

result oflessfluid-particle coupling. It is thought that as the particle size increases

even further, the stagnation region will fail to existnagre perpendicular impacts
begin to occurAdditionaly, as the particle size decreases into ghbmicrometer
regime, it is thought that impingements will ceasesdeourasstronger fluidparticle
coupling will exist

I nterestingly, the cases with the
damage is caused by the primary impacts with subsequent impacts ysiuatigr
amounts ofdamage. This is thoughtd be attributed to the daraping nature of the
squeeze film wherthe fluid may protect the surface from impacts and Soegtc

Themass loss rate resultan be summarized Figure6-17 which shows that

themass loss rat®llows a power law relation with the average particle size.
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Mass Loss Rate vs. Avg. Particle Size
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Figure 6-17 Mass Loss Rate vs. Average Padie Size
The erosion rate results can be summarizeignre 6-18 which shove that

the onedimensional erosion rate also follows a power law relatibh particle size.
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Figure 6-18 Erosion Rate vs. Avg. Particle Size
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6.4.3 Effect ofConcentration

The following profile scans show the result of alterihg particulate loading
concentration For all teststhe nominal jet velocity was 40 m/s with water as the
working fluid. As stated earlier, the concentration is defined as the ratio ohadlse

of particles to the mass of fluid.

LR-1040025B Profilometer Scan

-1.211 0.025% 9894 min.

%0 2000 4000 6000 8000 10000
Scan Length (um)

Figure 6-19 LR-1040025B Proile Scan
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UD-104005B Profilometer Scan

-3.5( | 0.05% 5536 min.

0 2000 4000 6000 8000 10000
Scan Length (um)

Figure 6-20UD-104005B Profile Scan

LR-104010C Profilometer Scan

7200 min.

Depth (um)

0.1%

0 2000 4000 6000 8000
Scan Length (um)

Figure 6-21LR-104010C Profile Scan

176




LR-104020 Profilometer Scan

Depth (um)

-14t 0.2%

0 2000 4000 6000 8000
Scan Length (um)

Figure 6-22LR-104020 Profile Scan

Comparing the erosion contodrsm the concentration experiments, it can be
seen that thewll sharesimilar qualitative attributesAll the contoursexhibit similar
primary and secondary impact locationgth the depth of thdirst impact being less
than the second. Essentially the only difference between the profiles ysattie
scale measuring deptiAs described in the CFD chapter, doubling the particulate
concentration should in theory double the mass loss rate as twicangsparticle
impingements per unit time would take place. At the low concentrations used in these
experiments, particlparticle interactions can be assumed negligilblewever at
much higher particulate concentrations, partjeticle interactiongnay occur. In
these scenarios, particles may agglomerate at the surface and act as a shield for
incoming particles resulting in a reduction in erosion @& [124].

The mass loss rate results for the concentration experiments can be

summarized ifFigure6-23 which shows a linear relationship.
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Mass Loss Rate vs. Concentration
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Figure 6-23Mass Loss Rate vs. Particle Concentration
The onedimensional erosion rates summarizing the concentration

experiments are shown Higure6-24.
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Figure 6-24 Erosion Rate vs. Particulate Concentration
Looking at the above graphs, it can be seen that the assumption where
doubling the concentration doubles the mass loss rate andrerase isvalidated
The slope of the graph Figure6-24is close to 1000 while the slope of the graph in
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Figure6-24is 10,000meaning that dabling the concentration effectively doubles the
erosion metric While the yintercept should theoretically be zero, the negative y
intercept suggests the presence of a threshold concentrtisnthought that the
negative yinterceptis a result oglight particlefouling phenomenoywhere the actual
concentration of the fluid impinging the surface is less than the concentration at the
start of the testUpon inspecting the test setup it was clear that particulate fouling

occurred, specifically arounti¢ seals and @ng as shown ifrigure6-25.

Figure 6-25 Particulate fouling near seals in test setup
Latersectionswill discuss the pertinence of this phenomenon more in depth,
however from the work in this chapter it can be reasoned that of the factors
contributing to erosion, concentration is least influential. The relationships between
mass loss rate and erosioteravith particle size and jet velocity both follow power
laws with exponents greater than four. This is compared to the linear relationship that
concentration holds with these erosion metriks such, while a decrease in expected

concentration will affecerosion results and subsequent predictions, other factors play
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a more dominant role in erosioldditionally, the fouling occurrence can be

accounted for in the erosion predictions, more thoroughly described in Chapter 7.

6.4.4 Effect ofViscosity

The followingprofile scans show the results of the viscosity experiments. For
each test case a 40 m/ s nomi@gpdrticlgsatta vel oci
0.1% concentration. Three different fluids were used: 10/90 PG/W, 25/75 PG/W and
water. For each of théuids containing propylene glycol, the solution waadeby
adding appropriate amaots of water to dilute the propylene glydolthe appropriate
mixture proportion. For example, the 10/90 PG/W solution refers to a solution that is

10% propylene glycol bynass and 90% water by mass.

UD-PG25 Profilometer Scan

-3f| 25% PG 5675 min.
=% 2000 4000 6000

Scan Length (um)

Figure 6-26 PG25 Profile Scan
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LR-PG10 Profilometer Scan

-8r| 10% PG 5878 min.

0 2000 4000 6000 8000 10000
Scan Length (um)

Figure 6-27 PG10 Profile Scan

LR-104010C Profilometer Scan

-8} Water

0 2000 4000 6000 8000
Scan Length (um)

Figure 6-28 LR-104010C Profile Scan
Comparing the PG10 case to the water cabe first observation regarding
the erosion contours is that distinct secondary impact sites are not observable. The
viscosity of the PG10 solution is more than four times that of therwalution(0.73

cP for Water verses 3.3 cP for PG$0pgesting thattronger coupling between fluid
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streamlines and particle moti@xists According toTable4-2t he Reynol dds
for both flows suggest that both are in the turbulent regime, however the PG10
solution (Re = 24100) is much less turbulent than the Water flow (Re = 107000). This
may potentially reduce the random particle movement fluctuationseaddd a more
precise impact location outcome.

It is also observed that the edges of the samples become less eroded with
increased viscosity. As the viscosity of the fluid increases, the squeeze film may act
more to protect the surface from scratchess tladucingthe effect of low angle
particle impactsComparing the PG10 and PG25 cases, it can be seen that subsequent
impacts play less of a role in overall weathe more viscous fluid

The results of the mass loss rate experiments are shokrgure 6-29 which
suggests that the mass loss rate may follow a decreasing exponential relationship with

fluid viscosity.

Mass Loss Rate vs. Viscosity
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Figure 6-29 Mass Loss Rate vs. Fluid Viscosity
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The relationship between the ednensional erosion rate and viscosity is

shown inFigure6-30.

" Erosion Rate vs. Viscosity
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Figure 6-30 Erosion Rate vs. Fluid Viscosity

Although regression analysis suggesiscreasing exponential relationship
between the wear rates and viscosity, a much more thorough investigatuld be
necessary to confirm the exact calibration constants.

According to thegraphs above, the erosion rates ofvlader and PG10 cases
are very similar. This can be confirmed by loakat the CFD results, shown in
Figure4-23, which indicate that the impact velocities of the first particle impact are
approximately 22 m/s and 23 m/s respectively for the PG10 and Water Thses
comparedo the velocity of the first impact for the PG25 cag@chis approximately
12.5 m/sHowever, the impact velocities of subsequent impacts in the PG10 case are
significantly less than those of water cagbis islikely a result of the more viscous
fluid (PG10)moving slower close to the surface while the less viscous fluid (water)

moves quicker.
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6.4.5 Effect of Testing Time

The following profile scans show the results of the 40 m/s transient test where
four measurements were conducted periodically throughwoaittést. 16 m @l

particles at a concentration of 0.1% in water were used as the testing slurry.

LR-104010T1 Profilometer Scan

3.5l 1540 min.

“0 2000 4000 6000 8000 10000
Scan Length (um)

Figure 6-31104010 Transient 1 Profile Scan

LR-104010T2 Profilometer Scan

-5r 2843 min.

“© 2000 4000 6000 8000 10000
Scan Length (um)

Figure 6-32LR-104010 Transient 2 Profile Scan

184



LR-104010T3 Profilometer Scan

-7t 4348 min.

0 2000 4000 6000 8000 10000
Scan Length (um)

Figure 6-33LR-104010 Transient 3 Profile Scan

LR-104010T4 Profilometer Scan

-8} 5637 min.

0 2000 4000 6000 8000 10000
Scan Length (um)

Figure 6-34LR-104010 Transient 4 Profile Scan
Upon observation, thenly distinguishable featuteetween each of the above
profile scans is the-axis scale.Each of the scangxhibit the same qualitative
features and they all exhibit proportionally similaimary and secondary impact

location depths.
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The results of thenass loss rate experiments for the both the 30 m/s and 40

m/s test cases are showrFigure6-35.

Cumulative Mass Loss vs. Time
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Figure 6-35 Cumulative Mass Loss vs. Time

Along the same logic of the concentration experiments, a linear relationship
between mass removed and time should exist indicating a constant erosidheede.
have been many studies in literature which conftirat the amount of material
removed has a linear relationship with the dose of impacting particles, in other words
concentration or timg5] [125]. As such, it is thought that the major contributo
the nonlinear relationship shown above is the fouling of particles on the surface of
the test setup. Another contributor could be that the eroded surface changes the way
particles interact with and impact the surface. However, given the similarities
between each of the contours it can be assumed that the eroded surface does not
change these impact properties significantly. If the erosion rates were orders of
magnitude larger or the total depth was significantly greater, then this might become a

concen.
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Figure 6-36 shows the cumulative erosion rate as a functbtime along

with the expected linear erosion rate.

Figure 6-36 Cumulative Erosion Rate vs. Time

It can be seen that the cumulative erosion rate slightly decreases with time.
Based on the experiments conducted in this study it is unknown whether or not the
erosion rate will continue to dease vith time or if it will reach steady state
eventually In many respects this lies outsideetscope of this study but cédme
suggested as an area for future work. However, for the purposes of this study and
based on th&ndingsthat other factors such as velocity and particle size play a more
critical role in erosion, it will be assumed that the particulate concentnaiains

constant with time.

6.5 SEM Observations ofDuctile Erosion Modes

While the above section quantified teeosion metrics under different testing
conditions this section wilcomment on the various modes of erosion observed using

a scanning electron microscope (SEMJL images presented in this section were
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