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ABSTRACT

Numerical Analysis of High -speed Droplet
Impingement on Elastic and Rigid Substrates

Mason Marzbali, PhD
Concordia University, 2017

igh-speed doplet impactis of great interest tpower generation and aerospace
industriesdue to the accruedst of maintenance isteam and gas turbineghe
repetitive impad of liquid droplets ontaotor blades at high relative velocities
result in theblade erosionwhich isknown asLiquid Impingement Erosion (LIEEXxperimental
and analytical studies in this fieldelimited due to the complexity of the droplet impattsuch
conditions Hence, nmerical analysis is a very powerful and affordable todhvestigatd_IE
phenomenonin this regard, it is crucial to understand the hydrodynamics of the impacder
to identify the consequent solid responseforeaddressinghe LIE problem. A 3D analysis of
the droplet impingement allows tabtain thetransient pressurgenerated in the liquid and
resolve the stress filed in the solid material. Knowing the transient behavior of the substrate, in
response to pressure force exerted due to the impact, would facilitate engineering new types of
surface coatigs that are more resistant to LIE. To that enddefing theimpact of liquid
droples, at high velocitieson elastic andrigid solid substrats, is the main objective of #n
presentwork. In order tomodel the interfacial flow in the fluid regipwhich containdiquid and
gas phasesvolume of Fluid (VOF) method isutilized. The droplet deformatiois precisely
captured upon impaavith impingement velocies from 50 up to D0 m/s An incompressible



solveris implementedfor impact velocitiedbelow 100m/sand a compressible modslusedat
higher impingement velocities. laddition, the stress field in the solid substiatsodeled with
Finite Element MethodFEM). A novel 3D model forFluid-Solid Interaction(FSI) that couples
thegasliquid interfagal model withthe structural solveis implementedThe coupling between
the fluid and soliddomainsis achieved bymposingthe stress continuity and fsip velocity
conditionon the fluidsolid interface The pressure histolin the fluid domain and #transient
stress field in the solid domain are obtained simultanepbglysolvingthe coupled fluid and
solid equationsvith a twoway coupling approacii he validation otthe two-way-coupled FSI
solver is carried out with ANSYS WorkbencH:urthermore, the effect of the fluid
compressibility on the generated pressure bugdn the liquid and the resulting stress in the
solid areinvestigatedThe results obtained fromie compressible fluid modeling analidated
againstthe numericalstudiesandanalytical correlatiors, availablein open literature. Finally, the
FEM modeling resud for an isotropic Titanium alloy, namely Ti6Al-4V, widely utilized in
manufacturing ofjas turbine components, gyeesented and itslastic deformation threshold is
examined The results obtained in the present work reveal titsubstrate reaches its tensile
yield strength, under an impact scenario that is known to be destructive in LIE applications,

which eventualf mayleadto micro-crack initiation in the solid material.
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1. Introduction

In this chapter a short background of water injection cooling system in gas
turbine enginesis presented followed by an introduction to Liquid Imp ingement
Erosion (LIE) phenomenon in power generation and aerospace industries. The
impact of LIE on compressor and turbine blades is briefly explained. The
motivation behind the current work is outlined and the previous works in the

open literature are reviewed. Finally, the objectives of this PhD thesis and the

outline are presented.



1.1 Background

It is a commonpractice in power generation industriesinject atomized water intgas
turbine engines in order to boost thengine power at high ambient tem@dures. The heat
removal from the air via vaporization of water droplets increttse=engineoutputsignificantly.
For instance,le increase in the generated power is illustratddyure 1-1 for Trent60 engine
fabricated bySiemens Canada (formerRolls-Royce Canada As shown in this figure, ta
ambient temperatures above 16 the generated terminalgower (Y axis, left) drops rapidly
when there is no inlet conditioning (solid blue lin€jontrarinise, when an Inlet Spray
Intercooling (dashed blue line) mechanism is employteel generated power is increassdl0

MW (at ambient temperature of 4Q) and the nominal perfamance isimprovednoticeably

Industrial Trent 60 WLE (Water Injected) Nominal Performance
ISO Conditions, Zero Installation Losses, Natural Gas Fuel
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Figure 1-1: Trent 60 Wet Low Emissions(WLE) nominal performance, photo courtesy. Siemens.



Figure 1-2: Industrial Trent 60 gas turbine with Rolls-Royce &ro-enginetechnology test facility in Montreal,

Canada,photo courtesy. Siemens.

Figure 1-2 illustrates the industrial Trent 60agturbine engine in a test facility in
Montreal, Canada. This aederived gas turbine is designed for both power generation and
mechanical drive uses and is considered one of the most powerful and efficient engines in its
class, available on the market. In addition, it can be operated with both liquid and gas fuels.

Trent 60 engine can generate up to 66 MW power at ISO conditios, but at higher



temperaturedts output decreaseconsiderably. In order to compensate for this power loss, an
Inlet Spray Intercooling (I mechanisms employed to inject wateand reduce the energy
required for air compression by decreasing the amhiget temperatureThere are various
methodsof sprayingwater to the engineventedby gas turbine manufactuse An example of

such systems, called Spfrand manufactured by GE, is presentefignre 1-3.

Atomized water *
at the inlet of the
compression sections

to improve output SPRINT®

Nozzles

Figure 1-3: Sprint® Spray Intercooling system, photo courtesy: GE.

The main drawback of this cooling methodhsg substantiateductionof theblade lifein
compressor stagedue to Liquid ImpingementErosion caused by high frequency droplet
impacts Since the mass flow rate tifeinjected waterand thus the number of sprayed droplets
are significant large dropletsare formedfrom coalescenceof smaler droplets on static

componentsinitially, the mean dimeter of droplets injected fromehspray nozzle igypically
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around 20um and larger dropletsup to500 um in mean diameteareformed after coalescence.
Further downstreantheselarge dropletscarried with the air flowimpact the rotary parts in the
compressomwith high relative vebcities due to the high linear velocity of the rotating edad
particularly at the blade tifaround 350 mjs Theconsecutivempacts of water droplets at such
high speeds change the surface roughness on the compressor blades and initiate solid erosion.
In order to visually illustrate this phenomenoripic-force Microscopy (AFM) images
of a TiAl substrate before and after impacts of 100,000 water dropitttsa meandiameter of
500um at a velocity of 350 m/are displayed iffigure 1-4. As it can beseen infigure 1-4-b, the
surface topographfpascompletelyaltered,even if there is no material log®t, indicatingthe
incubation stagéo be discussed in sectidn?). The average roughness of the surfaceeased

from 0.038 to 0.117 praccording to Mahdipooet al.[1], signifying erosioninitiation.

Figure 1-4: AFM images of (a) original polished surface of TiAl (b) erodedsurface of TiAl after 100,000

impacts of 500¢ ndroplets impinged at 350 m/s extracted from Mahdipoor et al.[1].



Although the surface roughness isne of theparametes that affect liquid droplet
interaction with the soligurface throughout most research projects and the current work, the
solid surface is assumed to émtirely flat and smooth since the focuss on the hydrodynamics
of the impactand noton the surfaceopographyNeverthelessthe surface texture and ghness
can be simulated with the current model by applying very refined rfiestano scale}o the
nancstructured columneepresenng the solid texture.

Once the surface roughness is alterée, repetitive dropletimpingementdead tothe
material spaloff from the bladesurface Continuederosionof the compressor bladesults in
further material loss and distortion of the blade proftiencethe blade life and its aerodynamic
performancesignificantly decreasdn addition, theweight loss of theompressoblades affects
the vibrational characteristics of the engine. Tt¢liingecan inducelarge instabilities inthe
compressor stagewhich couldhave severe consequencgsch asenginemalfunction or even
explosion An example of LIE effect on copnessor blades is displayedfigure 1-5, whereone

of the blades is eventually chopped off due to extensive erosion.

Choppedoff blade

Figure 1-5: Erosion of compressor blades due to LIE, photgourtesy: Australian Transport Safety Bureau



In summary, rajor wnsequences of LIt gas turbine engineweasfollows,

T
1
T

1
T

For all of the reasonsentioned aboveinding new methods to reduce the blade erosion
cau®ed by LIE is of high importancdor power generation and aerospacdustries Although
LIE has beerthe focus of many resezhers during the past decades, mamdamentaissues

associated with high speed droplet impingemerdg.compressibilityeffects air entrapment and

Drop in aerodynamic performance due to geometry change
Engineinstability due to loading change

Reduction in life time of rotor blas

Unscheduled maintenance

Engine shubff/power loss

Destruction of engine components

Engine explosion in severe cases

High costs

fluid-solidinteraction are yet to be fully investigated.



1.2 Liquid Impingement Erosion (LIE)

Liquid Impingement Erosiors an interdisciplinaryphenomenon as it involves both fluid
dynamics and solid mechaniddredicting thepotentialdamageto the solidmaterialis of high
interestin variousengineering applications and it requires capturing the ttbaracteristicsn
the liquid counterpart accurately. Once the fltlav and solidstressare resolved, the erosion
caused by the liquid impact can be determiadhis regard, establishing an erosion curve is
beneficial to predict the material loB®m the blade over time. An example of an erosion curve

for waterdropletimpingemenis illustratedin figure 1-6.

Accumulative erosion rate

-

Time

|: latent period I: increasing period [1l:placid period

Figure 1-6: Schematic drawing of erosion rate over timgextracted from Zhou et al.[2].
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In the erosion curveresented irigure 1-6, threedistinct regimes are noticeablatent,
increasing and placid periods. The first stagéesktentperiod widely known agheincubation
time. During thisperiod the material experiences plastic deformatmnl its surface roughness
alters neverthelessno part of the material spalls offhe £condstage known asthe increasing
period stars rightat the end ofhe latent periodduring which the erosion ratencreass rapidly
and causes the material removal from the sdtidally, following a rapid increase and the
formation of a considerable depth in the sotitk pacid periodoccurs wherthe erosion rate
reaches a steady stat®ue

In 1927, Honeggel3] shed lighton the mechanisms &iE with a series of experiments.
He argued that no erosion is observed prior to the formation of roughness on the surface. After
the incubation stage, the erosion rate grows rag@dlthe droplets penetrate the uneven susface
due tothe high impingementvelocity. The droplets impact the mt blades at aconsiderable
relative velocity(up to 500 m/swhich resuls in high transient stresses in thelid material.
Since the impingements are consecutive, fatigue causes the material to spall off from the blade
surfae. At the end of thigeriod, a layer of liquidilm forms on the surface and fills the gaps in
the solid. As a result, the impinged droplets do not impact the solid direattyto the liquid
film cushion,and thedamageon the solid surface is reduced.herefore, modeling droplet impact
onto a liquid film isalsoof high importancen studying LIEand will be addressed in the current
work.

The high speed droplet impact is associated with high compressive stresses beneath the
solid surface. Since the imm@ements onto the blade surface @geatedthe stresduild upin
the blade material generates miaracks on the solid surface. As a result, the main mechanism

that governs liquid impingemenerosion is considered to be similar to fatiguéJpon



impingements of liquid droplets onto tis®lid surface pressure pulseare generatednside the

fluid. The loading and unloading of the pressure force produced by the impact lead to the
developnent ofcraterson the surfaceind the material loss occurs at thesaters via ductile
ruptuing according to Bargmanid]. The cratersalter the surface topographyhence, the
hydrodynamic loading on the surface varies during freqdesyletimpingements as the impact
angle changesThus, tle impingement angle is another parameter that has to be examined
separately in studying LIEand will be discussed in chapt8 Consequently, the material
behavioralters in response to the repetitive impact loading and th& wbhardening on the
surface.The periodic roughening and polishing caused bywhter droplet on the craters have
been shown to govern the progress of the damagalvanced stages bfE, the main causes of
thedamage to the solid surface are ideatlfas water hammering and penetration on the surface
and stress wave propagation inside the sabidording to Kirolset al. [5]. The liquidsolid
interaction during lateral jetting (will be thoroughly explained in sectiohl) of the water

droplet after the impact is schematically representdigjime 1-7.

Surface
irregularities

Micro-cracks

Water Do
initiation

droplet

Impact pressure

Solid Surface

Figure 1-7: Schematic presentation ofnicro-crack initiation due to lateral jetting of a water droplet,

extracted from Kirols et al.[5].
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In general, LIE occurs in industrial gas turbines or aero engines when a compressor or
turbine blade rotating at a high speed is exposed to the liquid droplets carried with tresaair st
Similarly, in steam turbines comparable phenomenon &x%i due to the condensationwster
droplets,asillustrated infigure 1-8. As the air flow mixed with vapor loses its kinetic energy
during energy transfer in the turbine sta@gezzles row) water droplets are formedihe
droplets, carried with the gdlow, impact therotor blades at high velocitie®lades row) The
high relative velocity between the bladerfaceand the droplets ressltin generation of
significant stresses in the solidaterial. Since the impagtre repetitive, thegan cause severe

damageo the blade ad reduce its life considerably.

Rotating direction

Condensation of

steam to water drops \

Inner arc

Moving traces of
drops, some drops
impact the blade,
Back arc others move through
the blade channel.

Stator (nozzles row) Rotor (blades row)

Figure 1-8: Formation of water drops in the statorand their impact on the bladesin a steam turbine stage,

extracted from Li et al.[6].
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Replacing the compressor or turbine blades is very costly and it requires the whole engine
to be shut down during the overhaul. Hence, it is essential to understand theé&ntals of LIE
in order to improve the material resistance to erosion and increase its lifeBsgpgmann[4]
stated that liquid impingement erosion is dependent on space andhtmee, it can be
expressed as a stochastiogess. Therefore, the droplet size distribution, the impact velocity, the
frequency of impingements, and the location of impacts are needed to solve thsolildid
problem simultaneously.

Once the spatial time history of the pressure field in the ligodithe stress field in solid
are obtained from a single impact, the total damage can be predicted by carrying out the fatigue
analysis on the solid as explained by Sprid@érSince experimental measuremeatsl optical
data acquisitionsinside the engineompartmerg are impracticaland rather very expensive,
numerical tools and analytical models become imperative in studyiBg In this regard,
developing a robust numerical tool that is capable of predictingpthssure frce and the
stresses generated by high speéeapletimpingements isrery beneficialto various industries

and the main motivation behind this thesis.
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1.3 Motivation

The current workis part of a collaborative research projéahded bySiemens Canada
(formely RollsRoyce Canadg and two governmental agenciesnamely, Consortium de
Recherche et thnovation en Arospatiale au QuéebeCRIAQ) and NanoQuebec The main
project, titled "Water Erosion Resistant Surface Treatmgntsivolved three academic
institutions, namely, Concordia University, Ecole Polytechniquele Montréal and Ecole de
Technologie Supérieure (ET.SJhe ultimate objective was to find new surface treatments that
are more resistant to Water Droplet Impingement Erosion (WOlRgrefore both experimental
and numerical analyses were conducte@aralle] to investigate the erosion oft@niumalloys,
in particular Tt6AI-4V (widely referred to as Ti64)subject to droplet impingemenat high
speeds It is worth mentioning that the alloy undémvestigation, i.e. rolled F6AI-4V, is
commonly used in manufacturing of compressor and turbine blades.

Theexperimenral analysesvere performed using a statetbéart erosion rigspecifically
designedo study WDIE Figure1-9 (a) schematically displays the experimentglinstalled in
Thermodynamics of Materials GrofpMG) lab at Concordia Universifyused to carry out the
experimentsThe turbine shaft can rotate the diskspeeds up to 20,00BPM in a vacuum
chamber,corresponthg to a linear impactvelocity of 500 m/s.The material samples, called
erosion coupons, are installed at the tip of the disk and located below the droplet generator
nozzle. The test rig allows controlling thempingement parametergcluding inpact speed,
impact angle, droplet size, and number of impacting drogtetshermorevariousnozzletypes,
such assingleray (figure 1-9 (b)), multi-ray (figure 1-9 (c)) and showeihead(not shown in the

figure), can be usetb inject a single streak, uttiple streaks and a water spray, respectively
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Figure 1-9: (a) Schematic othe water droplet erosion rig, (b) Droplets generated using singleay nozzle, (c)

Droplets generated using multiray nozzle.

Figure 1-10 illustrates a Ti6AlI-4V sample exposedto continuous impingements of
water droplets with a muliay nozzle(three injectory from (a) top and (b)crosssection The
mean droplet diameter and impact velocity wereoregal to be @0 pum and 350 m/s,
respectivelyAccording to Kamkaet al.[8], the averageliameters of the craters were measured
to be 1.27 mm which is about twice the initial diameter of the impinging dropléis
observationdemonstrateshe destructive effect of liquid droplet impingement on the surface
erosion of the material. In order to quantifye materialloss versus the numbef droplets
impinged on the substrgtéhe sample was weighted several times during theriexpet The
cumulative mass lossiormalizedwith the total mass removed from the sampdepresented in
figure 1-11 (a) and (b) for rolled and forged-6iAl-4V alloy, respectivelyAs discussed earlier,
in the early stag®r incubation period, the surfacroughness is changed dramatically but no
apparent material removal occurs. The erosion rate increases rapidly in the nextistinge
which most of the mass loss happéeRse mass removal fro the solid decreases over time once

the erosion reaches aatly state stagas shown ifigure 1-11.
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Figure 1-10: Ti-6Al-4V erosionby water droplet impingement, (a) top view, (b) crosssectional view,extracted

from Kamkar et al.[8].
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Figure 1-11: Cumulative weight/mass loss vs. number of droplet impingementsor (a) rolled, (b) forged Ti-

6Al-4V substrates extracted from Kamkar etal. [8].
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In order to gain irdepth knowledge of the droplet impingement at such high speeds (up
to 500 m/s), the current PhD thesis was propased dedicated tthe numerical analysis of
droplet impingements at incompressibled compressible flow regimdsor the most pain this
work, the emphasis was placed tre fluid dynamics of the impa¢d understand the physics
behind the droplet impingement. In additi@ni-luid-Solid Interaction (FSI)modelwas utilized
to quantifythe outcome of droplet impazand predict the consequesitessn the solidmaterial
Such a model facilitates findingew ways to reduce the blade erosion based on these results,
modifications carbe proposed for future designs.

The 3D FSI solverimplemened in the currentstudyis capable omodelng the impacts
of liquid droplets onto compressor bladessondensed water droplets onto steam turbine blades.
The directapplication of thisnodelis in industrialgas turbins andsteamturbines however, the
current modekanalsobe applied to all liquid impingement erosion problemgeneral Other
area wheresuch amodel can bevaluablearethermal and plasma spray coatingsthese types
of coatings, the melted metal particles impact the sol@l at a very high velocity and spread on
the substrateforming a coating layerThe impact of the witen netal particles can be simulated
with the current model. Afterwards, the stress field generated inside the substrate can be
calculated. In the casd coating a thin substrate, its deformation can be captured numerically. In
order to achieve a uniform coating, the deformation of the coated substrate is of importance.
Hence,the current FSI modetan bea powerful tool to predict the coating uniformignd

improve its quality.
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1.4 Literature review

Although the experimental study of droplet impacts dates back to 1876 by great scientists
such asWorthington[9], it still remains an area of extensive study today. The advancerhent o
high speed imaging techniques in addition to computational power have allowed researchers to
obtain much highetemporal andspatial resolutiosin capturing the hydrodynamics of droplet
impingement. There are various physical phenomenaadbair upon te impact of a liquid
droplet on a solid substratsuch as spreading, fingering, air entrapment, bouncing and splashing,
that drew the attentioof variousindustriesand academia.

For instance, the spreading of a droplet at low impingement velocitdsdan studied in
details byFukaiet al.[10], Chandra and Avedisiail], Pasandidelrardet al.[12] and more
recentlyby Roismanet al.[13]. The entrapment of an air bubble underneath the droplet has been
simulated by MehdNejadet al.[14]. Moreover, the formation of fingers upon impact of water
drops was experimentally investigated by Mehdizadelal. [15]. Blake and De Conick16]
have extended the molecuanetic theory of dynamic wetting by considering the effect of
fluid-solid interaction

In an interesting study of droplet bourc#, published in N&ure, Birdet al.[17] have
demonstrated that the contact time can be reduced below the theoretical limit by altering the
surface morphology orsuperhydrophobicsurfaces.However, in some applications such as
agricultural spraysit is advantageous to increase the droplet deposition. Dahailt. [18]
proposed an alternative to traditional methdasproducing hydrophilic defects that change
surface properties igitu. Most of the studies in drogl impingement are concerned with low
impact velocities, hence, do not take into account the fluid compressibilitich becomes

critical at higher immgementvelocitiesin problems such adE.
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1.4.1 High-speed droplet impingement

Commonly in practice, a spy composed of liquid droplets is impinged on the surface;
nevertheless, the interaction between the droplets and their coalescence makpgyhe s
impingementa complex phenomenorfor that reason, single droplets are studied in almost all
analytical anchumerical works and a spray effect is assumed to be approximately represented by
the superimposition of a finite number of droplets.

To explore the details of a single droplet impingenangarly stage a schematic of a
spherical droplet impacting agid solid substrate at a high speed is illustratefigare 1-12.

Upon the impact of a liquid droplet on a solid substrate at a high velocity, compression waves
begin to propagate in the water droplet due to the fluid compressibility. Tuspression
waves create a high density region in the liquid close to the solid surface and break away from
the droplet peripherygiving rise to the formation of lateral jets reported by Heymar[i9]

and confirmed by the experiments oé&et al.[20] andField et al.[21].

The pressure waves generated in the liquid accumulate over time and fargh a
pressure fronsincethe speedof soundchangesn the compressed region, as disgged infigure
1-12. Compression wawetravel through the compressed region at the speed of sound for liquid
hence, the rest of the droplet, outside the disturbed region, is not affected by theyehpBue
pressure and density inside the undisturbegion remain unchanged since it is completely
unaware of the impact. As the liquid droplet continues its downward motion toward the solid, the
high pressure frompenetrates further into the liquid bulk and the compressed region increases in
size. At thesame time, the droplet contact line is moving outwatarting from the center axis

right after the droplet touches down on the surface.
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Figure 1-12: Schematic presentation of aigh-speedliquid droplet impact on a rigid solid substrate and

possible locations of micrecracks, extracted from Li et al.[6].

Initially, the contact periphergpreads out much faster than tiigh pressure frontAs
the contact line starts to dederate due to viscous dissipation, it is finally overtaken byhibe
pressure fronthat is spreading outward. At this exact instant, Hlggh pressurdront detaches
and starts to travel along the free surfaceiteatb the formation of lateral jetas depicted in
figure 1-13. This jetting eruption is the result of a very large difference between the pressure and
density across the free surface of the droplet in contact line region. When lateral jetting occurs,
the impact pressure reaches its tempanakimum value, as experimentally measured for the

first time by Rochester and Brunt§@?]. It has beenshown by Heymann[19] andLesser{23],
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that thepressure in theanpressed area is not uniierand the locatiorwherethe highest
pressure appearshehind the contact linas reported by Lesser and Figid].

Lesser[23] has studied droplet impacts at low velms analytically and in order to
determine the exact position of thegh pressure fronthe proposed an envelope of individual
wavelets emitted by the expanding contact edge as shoviigure 1-14. In his model, he
assumed that theompressiowavevelocity is eaal to the speed of sound in ambient condition.
Although this assumption is valid for the acoustic lintitaller [25] demonstrated thait is
invalid for high impact velocitiesvherethe liquid compressibility effect is considdrle He has
shown both computationally and analyticallthat thecompressionvave velocity during the
first stageof the impact, aan impingement velocity @00 m/s,is in the range of 2668000
m/s, which is significantly higher than the amhi speed of sound in watdre. 1430 m/s
Therefore, in modelinghe conpressible droplet impact, it sssentiato account for the changes

in thespeed of sound, via the variation of liquid density, with an equation of state.
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Figure 1-13: Schematic presentation of lateral ¢tting due tohigh pressurefront overlap with the droplet free

surface, extracted from Haller[25].
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Figure 1-14: Construction of compression waveenvelopeproposedby Lesser[23], extracted from Haller [25].
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1.4.2 Fluid -Solid Interaction (FSI)

Overall, modeling FSI can be divided into two main categories:vane and tweway
coupling of liquid and solid equations. In the first aguoio, the pressure field in the liquid is
solved via analytical or numerical tools and then used as a boundary condition on the solid to
obtain the stress field, e.g. the work reported by §6h It is believed that the firgtSI model
with oneway coupling was proposed by Honeg{fJ; in which, a liquid jet impacts a solid wall

creating a constant pressure, commonly known as the water hammer pressure, defined as,
Pun =70 Vo Gy (1-1)
where r, and C, are density anthespeed of sound in undisturbed liquid, respectivetyis the

initial impact velocity or relative velocity between the liquid and dsoAfter Honegger Cook
[27] and Engel[28] reported the 1D steaeltate solution for the water hammer pressure.
Blowers [29] proposed another pressure model to obtainsthess field in rigid solids, which
was decoupled from the pressure field in the liquid.

In addition to analytical methods, numerical simulatiaisdroplet impac on solid
substrates at high velocitiéave been carried autor instance, Adler and Min@[30] utilized
Finite Element Method to study water droplet impact onto a solid substrate at a high velocity.
Moreover, several detailed analyses were performed to simulate high speed impact of droplets on
rigid solids such aslaller et al.[31] and Huanget al. [32]. However, they only focused on the
fluid dynamics of the phenomenon and did not study the stress field in the solid which is critical
for liquid erosion prol#m.

It should be mentioned that the peak transient stress is much higher than its steady state
value. This pealstress magnitudes responsible for the solid erosion according to Céieal.

[33]. Their approach walster improved by researchersuch akim et al. [34] and Leeet al.
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[35]. They replaced the pressure distribution on the solid surface with point loads which produce
longitudinal and transverse waves that tramsnormal and shear stresses, respectivEhey
reported the stress wave propagation generatethéyroplet impact onto a coated elastic
material by superimposing thHengitudinal and transverse wavas each point in the solid.
Although more accuratéheir approach does not reflect the effect of dynamic pressure variation
of the liquid droplet on the stress in the solid since the fluid and solid equations were segregated
in their model.

More recently Li et al.[20] numerically studied the Liquid Dptet Impingement (LDI)
onto rigid solids. They reported two main issues that should be addressed in modelitigeLDI
sound velocity change due to liquid compressibility and resolving the interfacial flow. Resolving
these issues require a refined grid egstand a tim@ccurate solution. Theintegratedthe
equation ofstate and sound speed function, to accdéonthe liquid compressibilityinto a 2D
FLUENT model utilizing usedefined functions. Theyanaged t@chieve a good agreement in
comparisonwith the existing theoretal work and proposed a correlatibased orthe impact
angle.

In the tweway coupling approach, the space and time variation of the stress in the solid
is directly coupled withthe spatial pressure history in the fluid. This methaliows to
simultaneouslypredict the transient stressandthe pressure force imposed on the ligsalid
interface due to the impact. In 2008, a fully coupled FSI model in 1D was reporidadebwl.

[6] for linear and nonhear cases using Finite Difference Method. The NaStekes equations
were transformednto a single wave equationassuming that the droplet deformation and
displacement at the acoustic stage of the impact are negligible. Thus, the fluid compressibility

plays the main role and the momentum termNavierStokes equatiorcan be ignored.
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Moreover, the viscous and surface tension forces were assumed to be negligible since they are
orders of magnitude smaller than the pressure force term. These simplicagiduce the
computational cost enormouslyowever, they are only valid at early stageshefimpact before

the formation of lateral jets and droplet breakup on the surface. Halled. [36] have
analytically proven that thsingle wave structure leads to an anomaly in the compressed region
attached to the contact line and a multiple wave structure is required to capture jetting eruption.
Furthermore, their numerical simulatiof&l] demonstratedhiat the maximum pressure occurs
during lateral jetting and its magnitude at the droplet edge is much higher than the center.

In the analysis carried out ly et al.[6], the 1D linear case of liquid impact on a rigid
solid wassolved both analytically and numerically for validation of their model, as a first step.
Next, the nonlinear equation was solved numerically which predicted peak pressure values
higherthan the linear equation. They found out that the maximum stresscis lamger than its
steady state value, thus, it is responsible for the damage to the material. Moreover, at higher
impact velocities, the impact pressure is increased due to the liquid compressibility and the
maximum pressure is observed at thigh presste front On the other hand, the solid elasticity
acts against liquid compressibility and reduces the impact pressure.

The 1D numerical model developed hy et al. [6] was further extended to a 2D
axisymmetric model byhou et al. [2] since thecompression waveropagation cannot be
described precisely in one dimension. They utilizedetastodynami@quation to solve the solid
displacement and cell marking method to separate the gas, liquid,oiddpkases in the
computational domain. They have shown that the maximum pressure and stress are independent
of the droplet size and the dimensionless locatidrere maximum stress appears in the solid

does not vary with droplet diameter. Furthermore,péak stress and pressure appear at the edge
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of the droplet and move outward during the impact, ashiple pressure fronnside the liquid
regiontravelsfrom the contact center toward the droplet edgshould be mentioned that the
stress wave surpassthe pressure wave in a feano seconds after the impact sinceaheustic
speed in the sm is much higher than the acoustigeed in the liquid, e.g. trgpeedof soundin
stainless steel is 5096 m/s as opposed to 1430 m/s in water.

As mentioned edier, stress waves are generated in the solid material due to the pressure
pulses imposed by the droplet on the surface. At certain locations in the solid the stress
magnitude becomes significawhere initiation of microcracks takes place. Two pointsear
found close to the droplet edges where maximum pressure and stress appear and the third
location is below the droplet axis due to the axisymmetric shapes of the stress waves as
explainedby Zhouet al. [2]. The generated micraracks below the surface contribute to the
material spaloff from the surface as discussed earlier. It should be mentionechéhptdssure
field in the liquid dropletandthe stress field in the solidre interdependent only if the solid
deformation isnot negligible. In such casdabe couplingbetween thdluid andsolid equations is

essential to calculate the exasplacement afhe solid.
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1.50bjectives

Investigating LIE problems requires understanding the physics behind the high speed
droplet impa&t. To that end, it is crucial to capture the pressure force generated by the impact in
order to resolve th&ransientstresgsinside the solid substrate. At low impingement velocities,
the fluid can be treated as incompressible without compromising tm ccuracy. However,
at high impingement velocities, the compressibility effects play an essential role and can no
longer be ignored. At such impact conditions, tbenpressed region the fluid developedafter
the impact can only be captured with a guessible solver.

Analytical analysis of high speed droplet impact in 1D and 2D in addition to the
numerical modeling with a 2Bxisymmetricdomain were completed in the past. Although, these
models have various limitations and shortcomings, they proatieakile insights to the physics
behindthe droplet impingement and will be used as benchmarks to validate the current model.
1D and 2D models can only represent liquid columns and cylindrical liquid jets, respectively,
instead of a spherical droplet. Fuetmore, simulating ldique impactss not possible witha 2D
axisymmetric modelln addition, 2D axisymmetric models are not capableagfturing finger
formationafter the impact, and would result iniguid rim. It is important to mention that Liquid
Droplet Impingement (LDI)s athreedimensionaphenomenomnd acomprehensiv8D model

of thedroplet impingement at high velocities is stillssingin the literature.
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Therefore, the main objectives of theesentwvork can be summarizeas follows,

for low impingement velocities itheincompressible regime g¢100 m/s):
1. implementinga twoway coupled FSI solver for elastic substrates

2. validating the tweway coupled FSI solver with ANSYWorkbench

for high impingement velocitigs thecompressible regie(Vo>100 m/s):
1. modeling single droplet impacts on rigid substrates at normal andueldiggles

2. modeling doplet impacts ontdquid films

modeling the transient stress in-@AlI-4V substrate under an impact scenario
responsible for LIE with Finite Hement Method (FEM)using the pressure history

obtained from 3D modeling of compressibli®pletimpact
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1.6 Thesis outline

In the following two chaptershe methodologynd results are divided into two separate
sections i.e. incompressible and compredsibdroplet impact.Chapter 2 includes both
incompressible fluid and elastic solid equations in addition to their coupling methotisapter
3, thecompressible fluid equatior@se presentedndthe resultobtained from 2D axisymmetric
and 3D modelsarediscussed. The elastic solid equations are omitted in this chapter to avoid
duplication.In the second part of chapter@)e case has been selected for stress modeling of Ti
6Al-4V substratethat is known to cause LIEChapter 4 includes closure, challesgand
limitations of this study followed by recommendations for future \soBdbliography, lists all
the references cited in this thedisnally, the grid sensitivity analysis and additional discussion

on the droplet impact onto liquid filmese preserd in the appendices.
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2. Incompressible droplet impact

In this chapter the governing equations are presented in detail for an
incompressible fluid and elastic solid along with the fluid -solid coupling. T he
computational domain used for numerical mo deling is presented followed by t he
initial and boundary conditions needed to solve the equations. In addition, the
numerical schemesand discretization of the equations are outlined. The results
are reported for impact velocities in the incompressible regime over rigid and
elastic substrates The effect of solid elasticity and its importance regarding one -
way or two -way coupling between fluid and solid equations is investigated.

Finally, the role of compressibility in modeling droplet impingement is studie d

and the transition to compressible regime is discussed.
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2.1 Methodology

This section outlines the methodology utilized for solving Na@tkes equations in
their incompressible form by Finite Volume Meth@l/M) andthe structural equatio by Finite

Elemernt Method (FEM).

2.1.1 Incompressible f luid equations

Navier-Stokes equations are solved for timzompressible, isothermalnd immiscible
fluids. The conservation of mass and momentum equations in their transiantangbressible
formsare as follows,

bd/, =0inq;s (2-1)

MV

. ~ 1 .. .
+Dc6vavf)=r—D®f +g+F, inqy 2-2)

f
whereV; is the fluid velocity vector,}+ is the fluid densityg andFy arethe gravitéional and
other body forces (per unit massjcting on the fluid & is the Cauchy stress tensofor a
Newtonianfluid, including pressure and viscous termefined as,

s, =-p;l +/77(E)Vf +E)VfT) (2-3)
whereps is the fluid pressuré is the 3 x 3 identity matriandyy is the fluid dynamic viscosity.

A single momentum equation is solved for both gas and liquid phases and fluid
properties namely density and viscositgre céculated for the mixtureThe fluid flow is
assumed to be laminahence, no turbulence model is employed in the solVae energy
equation is notonsidered in the incompressible modglce the temperature variation and the

heat condation during the impact are nlegible according taeferencd37].
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The surface tension force is treated as a pressure gradient across thgdgjuiterface
and is calculated per unit volume based on the Continuum Surface Force (CSF) model proposed

by Brackbillet al.[38]. In CSFmodel surface tension forcedsfinedas follows.

Fer(¥) = s f(MEY)a(x- y)ds (2-4)
S

wherel is the liquid surface tension at the interfagés the local curvatureft is the local unit
normal to the interface, andis the Dirac delta function. laquation(2-4), S corresponds tohe
area of the free surfaceX and )\/’ are vectors indicating the location in which the force is
calculated and the location tife free surface, respectivelyhe local arvature,s, is defined as
divergence of thenit normal vector,

k=- Bk (2-5)
The unit normal vector is calculated as folw
o= (2-6)

wheren is the surface norral defined as the gradient tife volume fraction(to bediscussed in
section2.1.2),

n=ba (2-7)
where U is the |liquid volume fraction.
The sirface tension force can be expressed as a sourceusengn the divergence theoresnd

added to the momentum equation
(2-8)

where 7 is the volumeaveraged density computed from equat(i9),
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r=ar+@-ar, (2-9)

In order b model multiphase flows there are currentlytwo general approaches
available namely,Eulerian andLagrangian methods. In Eulerian methods, the grid is fixed,
hence does not move with the interface. On the contrary, in Lagrangian methods the g@sd mov
with the interface velocity. In both approachiee grid may be structured or unstructured. Since
the interface between the two phases with different densities is a discontinuity in the
computational cells, special resolution is required at the free surface to capture this discontinuity.
Eulerian methds have beenshown to be more rigorous in resolving the interface between two
phasesTo that end, tere are various Eulerian methods available, e.g. Height Functions, Line
Segments, and Marker method. One of the widely used Eulerian metttodis has bee shown
to be very promisingn front-tracking is Volume of Fluid (VOF)model. VOF is extensively

used incapturingthe free surface in twphase flovg and is utilized in the current work.

2.1.2 Volume of Fluid Model

The VOFmodeldeveloped by Hirt and Nichol89] is employed taesolvethe droplet
interface. In VOFmMethod a scalar field is defined for volume fractiontbéliquid phase and its

value depends on the fraction of the cell volume occupied by this,phdsated by ,

éa =0 Gasphase
{O<a <1 Gas- liquid Interface (2-10)
ta=1 Liquid phase

The values between zero and one denote the interface between gas and liquid phases. Since the
volume fraction represents the volume occupied by thedijdqushould be advected by the flow

field at each time step. The following equation governs the liquid advection
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K ib.(av,)=0 2-11
o (@aVy) (2-11)

Following the advection, the interface is reconstructechgushe Piecewise Linear Interface
Calculation (PLIC) proposed by Youn@#0]. In PLIC method, the interface is defined at each
computational cell by a slope and an intercagtillustrated infigure 2-1. The slope of the

interface is calculated based on the volume fractiotiseafeighboring cells.

Figure 2-1: Piecewise Linear Interface Calclation (PLIC) representation of aninterface.

It should be mentioned that the accuracyth# interface reconstruction depends e mesh
resolutionin free surface regionyhich renders VORnethodgrid dependentTherefore, a grid

sensitivity analysis needs to be carried out to evalitelependency of the results on the mesh

size.
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2.1.3 Elastic s olid equations

The structural equatiotm be solvedor an elastic and deformabale solid is as folgw

\ v~ . .
%+DCMAVS)=%D®S+9 inQs (2-12)

S

hu,

where}s is the solid densityVs is the solid velocity equal toV, = , and Us is the solid

displacementls is Cauchy stress tensor described below,

s, = % F(/,(trS) +2mS)FT (2-13)

S

wherel is determinant oF andF is the deformation gradient tensor defined as,
F=1+bU, (2-14)
Sis obtained from StvenantKirchhoff law,

S:%(FTF- 1) (2-15)

& andss are Lamé coefficients defined below,

E
= 2-1
"= Saen,) (219
/ = nE 21
)i 20) &0
wheress andE are Poisson ratioand Yogro s mo dul u s, respectivel y.
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2.1.4 Fluid -Solid Coupling

In FSI mode$, the spatial distribution of variables, e.g. stress tensor, snieede
communicated through the interfatteét isin common between the fluid and soidmains In
addition, the mesh displacent has to be calculated at each time siegfetermine ithere is any
deformationin the interface.Two fluid-solid coupling approaches are implemented in this
methodology namely, oneway andtwo-way couplingmethods The algorithm for both methods
isillustrated infigure 2-2.

In the oneway coupling approaghthe calculations start with an estimation of the
structure displacement and thtre fluid mesh is moved accordingliNext, thefluid equations
are solved followed by the structiiequation.The solid displacement is determined and used in
the next time step to move the fluid mesheoneway couplingapproactis more time efficient
when the solid displacement is very small. In this case, one can assume that the fluid mesh is
fixed since the sal is not displaced. In other words, the fluid and solid equations can be
decoupled and solved separately. This alld@arsa much faster calculation and better mesh
resolution in the fluid payin thecases that grid refinement is necessary.

On the othehand, in thewo-way coupling approactthe fluid equations are solvdist
to obtain the stress tensor at the flsalid interface. Then, the structural equation is solved to
estimate the solid displacemefithis estimation is compared with the dig@anent from the
previous time step, along the interface, with respect to a convergence criterion, sétrtahi®
model, and the global number of time stefsan internal convergence is achieved fire
displacemengalong the interfacethe calculatins proceed to the next time st€herwise the
displacement is undeelaxed followed byadjusing the fluid mesh movemenandfed back to

the fluid solver to repeat the fixgmbint iteration loop until thalisplacement convergendg
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satisfied. In general, thisapproach is more accurate when solid deflection is considerable
However, it ismuchmore demanding in terms of computational time since both sets of equations
need to be solved together aatlinternal convergence should be reached durintinaé steps
The coupling betweerhe fluid and soliddomainsis enabled withthe stress and velocity

constraints at the interface,lio = qs Z qs, over all time stepsThe force balance and fsbip
condition on the interfacgio) imply,

s.n=s,nonip (2-18)
and,

V, =V, onlo (2-19
wheren is the unit vectomormalto the interfacefio. The detaileccoupling formulationcan be
found in referenc@41].

To present thetressesults, theequivalent streswill be utilized, which isdefinedbased

on von Mises criteriom 3D, as follows,

1
Sgq = \/E[(sll_ 522)2 +(511' 533)2 +(522' 533)2 +6(5122+5223+5123)] (2-20)

wherelj is the component of the stress tensor defined in equéi@B). For conveniengethe

equivalent stress will be simptgferredto asstresg Cir) some of thdigures.
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Figure 2-2: Numerical algorithm for (a) one-way coupling, (b) two-way coupling approaches.
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2.1.5 Computational domain and material properties

The computational domain for the 2D axisymmetric model is illustrateftume 2-3.
The width of both domains is eight times the droplet radius and the heights of fluid lehd so
domains are 4R and 10R, respectivéljne gravitational force is exerted in the direction of
droplet impingementThe fluid domain consists of air and water phases and thepftojpkrties

at ambient conditiongre summarized itable 21.

y
Outflow B.C.
Axis of I / /
symmetr
y y \ Fluid domain
Droplet interface
2R 'S
Vo, gl Fluid-;olid interface

X, r

Solid domain

ﬂm\m\m\ml

Zero-displacement B.C.

Figure 2-3: Computational domain for 2D axisymmetric FSI model.
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Fluid properties

Phase Air Water
Density (kg/n?) 1.2 1000

Kinematic viscosity (n?/s) 1.48e05 1e06
Surface tension (N/m) 0.073

Table 2-1: Fluid properties for air and water at atmospheric condition.

The solid material is ditaniumalloy, namelyisotropic Ti-6Al-4V, which is widely utilized in

gas turbine manufacturing, a@its propertiesaaretabulated irtable 22.

Substrate material: isotropic Ti-6AL -4V

Young's Modulus Poisson's Ratio Bulk Modulus
113.8 GPa 0.342 12004 GPa
Tensile Yield Strength Tensile Ultimate Strength Shear Modulus
0.88 GPa 0.95GPa 42.4 GPa

Table 2-2: Structural properties of isotropic Ti-6Al-4V.

2.1.6 Boundary and initial conditions

As presented ifigure 2-3, the fluid and solid domairs share the same basdentified as
the fluid-solid interface, Wwh boundary conditions governed by eqoas (2-18) and (2-19).
Therefore, n-slip condition is imposed on the interface betwéeafluid and solid.Outflow
boundary conition is applied to althe fluid boundarieghat are not in contact with the solid.
The solid is free to move except at its edges which are fixadval. Hence, zero displacement
and stress free boundary conditions are used for the solid boundahesedges and fluidolid
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interfaces, respectively. Initiallyhé fluid domain isfilled with air. At the beginning of each
computationthe droplet is patched in the fluid domain with the desired size and velocity. The

computation for the rest of thiid cells starts with zero for alhevariables.

2.1.7 Numerical schemes and discretization

The Pressurdmplicit with Splitting of OperatordPISO methodis used for pressure
velocity coupling in transient calculatianEhe integral forms of fluid equationseadiscretized
over each control volume and solved for a fixed system of grids in a segregated manner. The
solution is then obtained by using a time marching scheme based on the given initial condition.
The Gaussian integration method is used for summatidhe values on cell faces interpolated
linearly from cell centers. The time scheme is fiostier implicit based on Eulemdis bounded.
The gradient schemes are Gauss linear with central differentiregdivergence schemese
also Gaussian with an wind discretization for all the transpoeguationsexcept for volume
fraction flux whichis seconebrder accurate in spa@d unboundedrinally, the uncorrected
Gauss linear scheme is utilized in discretizing the Laplacian equation.

The mesh is uniforig distributed in both domains witthe sameyrid sizeof 0.04R The
time step during for all the advective fluxes in transport equations is differentti®ome used
in VOF calculatios. The ime step in VOF is adaptive and depends onGberant Friedichg
Lewy (CFL) condition defined gs

DLV,

CFL = (2-21)

The maximunmCFL is set to 0.1during thecomputationgo constrain the adaptive time step. This

requirement ensures that the liqaidivection through one cell is less than 10% at every time step
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and the initial time step is determined based on the impact velocity and gridejgsnding on
the impact condition

OpenFoamanopensourcecomputationatode is usedfor programminghe solver. The
fluid and solid parts are solved with interFoam and stressedFoam, respedivelyefault
individual solvers are adapted to communicate with each other along thedliddinterface.
The IDs of the nodes where the fluid and solid cells lapeare stored in a new file and used to
deform the computational mesh when the solid displacement occurs. The convergence threshold
for the internal fixeepoint iteration in the twavay coupling algorithm is set to ¥0In
OpenFoam, all the equations alevays solved in three dimensions and a 2D axisymmetric mesh
is simply a5° sectionof a full cylinder with flat sidesand one cell in lateral directiomhich
results in a wedgédn addition,a commercial FEM solvemamelyANSYS Workbench is used
to validate the tweway-coupledFSI solver andesolve the stressin the substratéor the one

way coupling approach
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2.2 Results and discussion

The impact of incompressible droplets on rigid substrates is discussed first. To that end,
only fluid domain is coridered and the solid domain is not modelgidce it is assumed to be
rigid. Afterwards, he results obtainedrom incompressible FSI modelcomposed of
incompressible fluid model and elastic solid solwéh two-way coupling for impact velocities
in incompressible regimare presentedrhe effect ofsubstrate elasticity, as the basis for -one
way or twoway coupling approach, is discussethe pressure and stress history in fluid and
solid domains, respectivelynre presentedFinally, the threshold forncompressibility and the
transition to compressible flow regime based on the impingement velocity is quantified

In presentingsome ofthe results, thesariablesare normalizedwith respect tosome
reference valugesutlined in table 2B. R is the dropletadius, \4 is the impact velocity and.pis
the water hammer pressure defined in equdtiel). J o is the density of undisturbedater(1000
kg/m?) and To is the initial or ambient temperature equal to 308K a convention in this thesis,

~

in*0 denotes a di mensionless variable.

Dimensionless variable (*) Notation Definition
Dimensionlessength (x, 1y, 2) [* *=I/R
Dimensionless time t* t*=tVo/2R
Dimensionless velocity V* V*=VIV o
Dimensionless pressure p* pP*=p/Pwn
Dimensionlesslensity } * } *=o01y) 1}
Dimensionlessemperature T* T*=T/To
Dimensionless stress g * a*= wh/ p

Table 2-3: Definition of dimensionless variables
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2.2.1 Incompressible impact on rigid substrates

Figure2-4 presents the contours pfessurgleft) and velocity(right), croppedwith the
droplet interfacefor an impact of a&600-um dropletand velocity of 100 m/sver various timg
The flow streamlines and velocity vectors, colored by the velocity magnitude with the same scale
asfigure 24, are illustrated irfigure 25 over the same time steps but in an aleser to the
substrate It should be noted that the size of all the velocity vectors are uniform and their
magnitude is indicated by their coloriagd not their sizes

As it can be seen in the pressure and velocity contours atfijade 2-4 (a), he pressure
starts to rise whethe droplet toahes down on the surface andtagnation flow develops in the
liqguid upontheimpact.As the droplet moves downward, the air is pushed outward from beneath,
as shown by the streamline and the velocity vectofgure 2-5(a), with the maximum velocity
close to the impact poinfs the dropletbegins to spreadver the surface, the high pressure
region penetrates further into the droplet and the stagnation region grows, iillissteated in
figure 25 (b). At t*=0.01, a high velocity region is observed in the droplet periphreaddition
to the radial flow around the stagnation aireade the dropletfigure 24 (b)).

At t*=0.02, the high pressure concentration starts to move outward, toward the contact
line, as shown infigure 24 (c). The formation of a lateral jet begins since there is a large
difference between the pressure inside the droplet behindothtact lineand the surrounding
air, attached to the solid substragd. this instant a vortex is gemated in the aimext to the
droplet edgeadue tothe radial motion ofluid particles towardhe still air (figure 25 (c)). As it
can be seen ifigure 24 (d), the lateral jetting becomes more apparent at t*=0.03 and the
rotational flow in the air causes upward motion in the liquid particlesherethe maximum

velocity is observed right behind the jdigure 2-5 (d)).
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Figure 2-4: Contours of pressure(left) and velocity (right), D=500 um, \6=100 m/s rigid substrate.
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(9) t*=0.07 (h) t* =0.08
Figure 2-5: Streamlines(left) and velocity vectors(right), D=500 um, Vo=100 m/s, rigid substrate.
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At t*=0.04, a rim is formed arounthe droplet periphery and a secondary vortex starts to
form in the surrounding air leading to the formation of a dent above thasishown idigures
2-4 and2-5 (e). As it can be seen ifigures 24 and 25 (f), the depth of the hollow in the droplet
increases and a ligament is detached from the rim due to the surface tension &ftergy.
t*=0.07, the high pressure region starts to dissipate inside the drbglees 25 (g) and (h)
and the remaiing ligament continues to elongatieggre 2-5 (g)), until it experiences further
breakup forming smaller particless illustrated irfigure 2-5 (h).

In order to quantify the exact pressure and velocity magnitude over these time steps, the
dimensionless pressure is ploti@dngthe radial (raxis) and axib(y-axis) directions irfigures
2-6 and 27, respectivelyFigures 28 and 29 display the variation of thdimensionlessadial
velocity (V/*) over the r-axis and dimensionless vertical velocity (%) over the y-axis,
respectively. Finally, the liquid Wome fraction is plotted along theaxis over the solid surface
and droplet center axis (r*=0) figures 210 and 211, respectively. It should be mentioned that
the water hammer pressure calculated from equdliel) for this impactcondition is equal to
143 MPa.

As it is shown infigure 2-6, the dimensionless pressure at t*=0 is equd).&86 (83.8
MPa) which is lower thathe peak pressur@*=0.714 (102.1 MPa)pcatedat a radial distance
of r*=0.064 (16 pum) from the axis A close examination of the volume fractiahthis time step
in figures 210 and 211, reveals that only 25% of the computational cells underneath the droplet
are filled with liquid. This observation conveys the entrapment of an air layer with a height of
y*=0.016 corresponding to 4 pum, right at the impact pdinshould be mentioned that the grid
size for this case is 1 ynwhich has enoughesolutionto capture the air bubble formation

However, further grid refinement is this region is required toutate the exact air layer height.
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Figure 2-6: Dimensionless pressuralong r-axis, D=500 um, W=100 m/s rigid substrate.

Figure 2-7: Dimensionless pressre along y-axis, D=500 pum, =100 m/s rigid substrate.
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Figure 2-8: Dimensionless radial velocityalong r-axis, D=500 um, W=100 m/s rigid substrate.
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Figure 2-9: Dimensionless vertical velocityalong y-axis, D=500 pum, \6=100 m/s rigid substrate.
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Figure 2-10: Liquid volume fraction along r-axis, D=500 um, =100 m/s rigid substrate.
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Figure 2-11: Liquid volume fraction along y-axis, D=500 pum, W=100 m/s rigid substrate.
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Figures 28 and 29 indicate that the radial and vertical velgestaround the impact point
are equal to zerpwhich confirm the formtion of a stagnation region mentioned earlier. In
addition, as illustrated by the volume fraction grapimires 210 and 211, the air cushion
formed upon the impact, which remains stationary at later time steps, has a height of y*=0.016 (4
um) and a radis of r*=0.06 (15 um)Furthermore, athe droplet periphery, the air escaping the
impact point reaches a radial velocity of*¥9.65 (965 m/s) at r*=0.144 (36 pum), which is
significantly higher that the initial impingement velocity of 100 m/s. It shdadhoted that the
volume fraction graphalong raxis figure 210, shows that there is no liquid at r*=0.144,
confirming the presence of 100% airt*=0.

At t*=0.01, the pressure is still high close to threplet edgdp*=0.678 at r*=0.24)put
its magniude is reduced by half at the cenfpt=0.272) Moreover, the radial velocits still
high behind the droplet edge at r*=0.276 with a magnitude 5t8/35. The vertical velocity
remains zero at the impact point and its value decreases over time égrsplet continues its
downward motion toward the surfaoghereits maximum magnitude occurs at liquid particles
farther from the surface (y* > 0.8).

At t*=0.02 and 0.03, a negative pressure and radial velocity can be notifigdras 26
and 28, respetively. This is due to the formation of a vortex discussed earlier and displayed in
figures 24 and 25. A rotational flow is generated at these time steps since the high velocity air
behind the droplethat is spreading outwartheets the still air in # surrounding. As a result, a
reverse flow is formeavith the airmoving toward the droplet axiwith a velocity of W*=-1.06
at r*=0.48 leading to the upward motion of the lateralget*=0.04 As the droplet continues to
spread over the surface, theax pressure and maximum radial velocity move outward from the

center axis and their magnitudes degrade over time and eventually the pcesseflattens.
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As a parametric study, the same analysigarried out for a 50im droplet with
impingement veloities between 50 and 100 m/s in increments of 10 & pressure is
extracted over the solid surface along tfexis and the maximum pressure is calculated at each
time step.The maximum dimensionless pressyréetween all the time steps plotted fo
various impact velocities ifigure 2212 with a linear fit as follows,

P, =0.008V, +0.0024 (2-22)

Equation(2-22)i s consi stent w intinha séhserthato forlah indmpressipla at i o

flow, the pressure is proportional to the square of velotitghould be noted thaIp:,r,ax is

defined as the maximum pressure divided by water hammer preghure {, Vq Co).
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Figure 2-12. Maximum dimensionless pressur@s.impact velocity, D=500 um,rigid substrate.
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2.2.2 Incompressible impact on elastic substrates

The results obtained from incompressible fluid solver coupled with the elastotusal
model using a twavay coupling schemor the same impact scenario (D=500 pune=¥00 m/s)
are reported in this sectiohis requires that both fluid and solid domaiias be solved
simultaneously and theariableson the fluidsolid interfaceto beexchanged at each time step
until internal convergence is achievéte variation of thenaximumpressuren the fluid and
maximum stress in the soladong the interfacer{axis)areillustrated infigure 2-13. As it can be
seen in the graphhé dimensinless pressure and strasplay a similar behavior angach a

maximumvalueof 0.75 and 0.62, respectively.
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Figure 2-13: Maximum pressureand stress profilealong the interface over time D=500 pm, W=100 m/s
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2.2.3 Validation with ANSYS Workbench

Theincompressible fluid solver is used to model the droplet assuming that the solid is
rigid. Hence, the fluid solver is decoupled from the solid solver. The generated pressure is the
extracted from the fluid sintation results and imposed as a boundary condition on the solid
plate. The transient structural equation fn elastic solid igshensolved in ANSYS workbench
using the Johnse@ook material behavior model for Ti6Zhis approach isused n order to
validate the FSI results and compare the two cases fewageand tweway couplingmethods.

The predicted pressure upon impact onto the rigid solid is approximated by a triangular pulse
shown infigure 2-14. Afterwards, he triangular pressure pulse is impbsen a square flat
substrate with dimensions @ mm by 2 mm and a thickness equal to 2.5 mm. The transient
structural equations for an elastic substrate are solved using the approximated pressure
distribution as the boundary conaoiti.

Figure2-15illustratesthe comparison between tweay coupling modeling in FSI solver
and oneway coupling method done in ANSY B.can be inferred that the stress field in the solid
shows a similar behavior compared to the presslistributionpresented irfigure 2-13. The
peak stress predicted by using em&y coupling is slightly lower compared to twsay coupling
approach, which is the side effect of decoupling the two sol\woseover,a stressresidual is
observed after t*=2for the case of onway coupling which is due to thetriangular
approximationof the imposed pressurén general, the oneay coupling methd is capable of
predicting the transienstress with acceptable accuracy. Furthermore, it confirms that the
modeing results obtained fromthe two-way coupledFSI solver agree well with ANSYS

modelingfor an elastic substrate
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Figure 2-14: Pressure approximation with a triangular pulse for validation with ANSYS
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Figure 2-15: IncompressibleF Sl solvervalidation with ANSYS, D=500 pum, \6=100 m/s.
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2.2.4 Solid elasticity effect

In order to investigate the effect of solid elasticity on the results, two cases are considered
with the same impact conditions, one on a rigid substrate and the other one on an elastic plate.
The maximum dimensionless pressure generated on thestiidlinterface is compared against
each other over dimensionless time, displayedigare 2-16. It can beinferred from this
comparison that the maximum pressure generated upon impact is slightly higher on a rigid solid
with less than 6% variationTherefore, it would be a reasonable assumption that the solid
elasticity has very little influence on the prexss buildup in the fluid and the consequent stress
in the solid, since the two are closely connected. As a result, the fluid and solid equations can be
decoupled and solved in a segregated manner to reduce the computational time significantly

without loshg much accuracy.
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Figure 2-16: Effect of solid elasticity on maximum pressureD=500 pm, \6=100 m/s.
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2.2.5 Fluid c ompressibility effect

It has beenshown in the literatur] that he compressibility effestbecome important
around an impact velocity &0 m/s and can no longer be ignofed impingement velocities
above 100 m/s. Therefore, the impact velocities below this threslasldoemodeled with an
incompressiblesolver with a acceptable accuracyo further validate this assumptiomith the
current model a oneto-one comparison betweem incompressible and compressitdelveris
carried out for the same impingement velocity of 100 onky a rigid solid with aroplet sizeof
500 pm (the formulation for the compressible solver is outlined in the next chapter).

The dimensionless pressure is plotted otex r-axis at the time step when the peak
pressure occurr the two solvers ifigure 2-17. It should be mentioned thaid peak pressure
occurs at different computational times in the two models. Hence, the pregeapdddo not
correspond to the same tingtep As it can be seen, the peak pressure calculated by the
compressible solveis more than twice larger than th@eoobtained from the incompressible
solver, with a value of p*=1.63 as opposed to p*=0.805, respectiValys, it is crucial to take
into account the fluid compressibility when studying LIE problems, particularly for the velocities
abovel00m/s.

Figures2-18 and 219 present the maximum dimensionless stress and solid deflection
normalized with respect to the d p | et di amet er (a/ D) over di me
These results suggest that the peak transient stress in the solid predicted by the compressible
sol ver i's 45% higher than the one nax&dualtol ated
1.09and 0.6, respectively. In addition, the maximum stress in the solid is observed at a later time
in the case of a compressible impact due to the formatioa compressed regicnd lateral

jetting (to be discussed in chapter 3he maximum normalized defomat i on ( U/ D) C
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substrate computed from the compressible and incompressible solvers is equal to 0.00056 and
0.00031, respectively, corresponding to 0.28 um and 0.15 um, respectively. Tineicsab

values for the deformation indicate that the solifledtion with respect to the droplet size is
negligible at this impingement velocity, i.e. 100 m/s, and would not affect the stress history in
the solid if it were to be ignored. In other words, this observation supports the assumption of a
rigid solid dueto zero deformation. Therefore, there is no need to compute the mesh movement
in the solid domain and feed it back to the fluid domain at each iteration. This reduces-the two
way coupling to the onway coupling mechanism and the overall computationag.tiftnshould

be mentioned that this assumption will be revisited for higher impingement velocities, e.g. 350

m/s, and the solid deformation scale will be discussed in setddor such velocities.
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Figure 2-17: Comparison between compressible anchcompressible solves, D=500 pum, W=100 m/s, rigid

substrate
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Figure 2-18: Effect of fluid compressibility on maximum stress in thesolid, D=500 pum, W=100 m/s
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Figure 2-19: Effect of fluid compressibility on substrate deformation,D=500 pum, \6=100 m/s
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3. Compressible droplet impact

This chapter outlines the methodology utiliz ed for solving Navier -Stokes
equations in addition to the energy equation in their compressible forms. One

equation of state per phase, one for gas and one for liquid, is presented. The one
way coupling approach is used to model the droplet at high impinge ment
velocities. In this regard, since the solid deformation is negligible (will be

discussed later in section 3.3), the fluid and solid solvers are decoupled, i.e., the
compressible fluid results are obtained first and then used as the boundary
condition to model the solid stress. FEM modeling is carried out for a LIE case
scenario and the transient stresses in the solid in addition to the deformation of

the substrate are reported and discussed.
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3.1 Methodology

As dscussed in chapter 2, the fluid compressibility plays an important role at
impingement velocities above 100 m/s and can no longer be ignored in pressure calculations.
Therefore, a compressible fluid solver is implemented in this chapter to account tamtity
variation in the fluid. In addition, the energy equation is solved to capture the exact temperature
during impact. The relationship between pressure, density and temperature for the two phases is
determined by an appropriate equation of statedah phase.

As explained in sectiofh.4.1, a compressed region is formed inside the droplet which is
encapsulated between thegh pressure fronand solid surface, illustrated ifigure 3-1.
However, the resof the droplet, which is unaware of the impact, remains undisturbed. The
density and pressure rise in the compressed region is quantified in this chapter. Moreover, the
formation of a thin air layer at the impact point in addition to lateral jetting drar¢akup are
studied. Finally, FEM modeling results for a-@Al-4V substrate for LIE application is

presented.

Droplet interface

High pressure front

180’ - Contact angle Compressed region

T

Solid substrate

Figure 3-1: Schematic presentation of a compressible liquid droet impact on a rigid solid substrate.
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3.1.1 Compressible f luid equations

Navier-Stokes equations are solved for two compressiole immiscible fluids using
VOF interface capturing approach. The conservation of mass and momentum equatieirs in th

transient angompressibledrms are as follows,

redrv)=oina; )
”(rfvf)+DC6/’fo Avf):DGf+rfg+rbe in g (3-2)

where V; is the fluid velocity vectarys is thefluid density g and F, arethe gravitational and

other body forces (per unit massjting on the fluidl is theCauchystress tensor defined as,
S¢=-pel +t, (3-3)

wherepy is the fluid presure andf ; is the viscous stress tensor,

t,=mpv, +pV,") (3-4)
wherey is the fluid dynamic viscosity.
A single momentum equation is solved for both gas and liquid phaseduahgrbperties are
calculated for the mixture of therthe coupling between the pressure and velocigclseved
by Pressure Imptit with Splitting of Operators (PISO) scheme.

The energy equation for a compressible flow is as follows,
r.e . r.K . : .. .
H(Tf)"'Dcé"fo e)+u(TT)+DC6/‘fo K)+Dc6‘/f p):' By +b@ &) +r,9.V, (3-5)

wheree is the internal energy artdis thespecific kinetic energy (kinetic energy per unit mass)

defined as,
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K= m (3'6)
2

g is the heat fluwector, calculated based on the gradiertheinternal energy
g=-abe (3-7)
whereU i s the thermal diffusivity.

In addition,in orderto close the system of equats an equation of statéor gas and
liquid phasess needed. The ideal gas law is applied to accountherir compressibilityas
follows,

p, =7y RT, (3-8)
whereR is the specific gas constant equal to d8gK for air.
For the liquid phase, the power law equation of state proposed bjgAZhitommonlyused for

water,is utilizedand defined below,

[}

N
p+B_%/ 5 (3-9)
pa + B (;‘avlo 9
whereB, paandN are three constantsr om T a i t[42pasfellQwsat i o n
B =300MPa, p, =0.1MPa, N =7.415 (3-10)

and r, is the densityf waterat ambient conditionsqual to 1000 kg/f
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3.1.2 Computational domain and material properties

The computational mesh for the 2D axisymmetric doma&nthe same as the
incompressiblanodel displayed irrigure2-3. In addition a 3D modelfor a quarter and half of
the domainis utilized depending on the symmetry of the problemder study,llustrated in
figure 3-2. In order to reduce the computational timalyothe regionwherethe impact occurs is
refined and the rest of the domain is coarsely mesheis. technique allows to start with an
initial grid size of 8 um and reach a finer grid of size 0.5 um after four levels of refinement while

avoiding the creadn of hanging nodes to connect the refined and coarse regions.

Figure 3-2: Computational domain (quarter) for the 3D model
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For instance, the total number of cells is initiall®5,000 and reaches 1.9 million after
four refinement levels. The local refinement is achieved by specifying a rectangular box where
the finest grid should be applied. In addition, the number of refinement levels and number of
buffer layers between diffené levels are needed as inputs. The OpenFoam mesh refinement
dictionary, called snappyHexMeshDict, is utilized to locally refine the grid around the impact
point. The refinement begins with the cells located in the specified box and moves toward the
outerlayers. The number of cells between two adjacent layers are set to 30 to ensure uniformity
and gradual grid size growth. Finally, a maximum local and global number of cells is specified to
limit the cell refinements, set to 100,000 and 20,000,000, resphcti

Since the energy equation is integrated for the compressible solver, tipeopaitiesare
required, in addition to hydrodynamic propertiés; air and water at ambient conditions, as

summarized in table-3.

Fluid properties

Fluid Air Water
Density (kg/m?) 1.2 1000
Prandtl 0.7296 2.289
Thermal diffusivity (m?/s) 1.9e05 1.43e07
Kinematic viscosity (n?/s) 1.48e05 1e06
Surface tension (N/m) 0.073

Table 3-1: Fluid properties for air and water at atmosphericcondition.
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3.1.3 Boundary and initial conditions

Outflow boundary condition is applied to all flulbundariesexcept for the substrate
surface No-slip condition is imposed on thiid-solid interface.ln the2D axisymmetric model,
the droplé center axis has asymmetric boundary conditibon.the 3D model, symmetric
boundary condition is applietb the plane(s) of symmetrynitially, the fluid domain idfilled
with air. At the beginning of each computation the droplet is patched in theditungiin with the
desired sizeand velocity. The computation for the rest of the cells starts with zerdhfer
velocity and liquid volume fractiorl he initial temperature and pressure in all the computational
cells including the boundaries are set to tmebi@nt conditions, i.e. 300 K and 100 kPa,

respectively

3.1.4 Numerical schemes and discretization

The numerical schemes and discretization methods used in the incompressible solver are
employed agairwhen possibleFor other variablessuch as temperature, d#ly and kinetic
energy,an upwind methodwhich is first order and bounded, used to discretize the equations.

The second derivative of temperature is discretized with a linear scheme, which is second order
and unbounded. The linear Gaussian schemélized for interpolation from the cell centers to

the faces.
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3.2 Results and discussion

In this section, the results obtainffdm the present work will be compared against the
numerical results for a droplet with a diameter of 200 um amdnpact velocityof 500 m/s,
reported by Hallef25], using a 2D axisymmetric modét. should be mentioned th#ltere are
two main differences betweétallerd s  mand tbel present model. Firtte flow was assumed
to be driven by inertia duto the high Reynolds number £L,0hence,the viscous forcewas
neglectedn his model Second,the stiffened gas equation of stat&s usedor the liquid phase
inHa l | studydWhereas, in the present model, the viscous fortakés into accounn the
momentum equatiorsince it could affect the entrapment of air underneath the droplet. In
addition,Tai t 6 s e g u[d3],iwbian has & beter actumcy fwwmpressibldiquids, is
utilized in this study

The contourof pressure (left) and velocity magnitudegfri) are presented iigure 3-3
over eight time steps along with the corresponditngamlines (left) and velocity vectors (right)
in figure 34, in addition tothe density (left) and temperature (right) figure 35. Furthermore,
the dimensionless valuesver nine time stepfor pressurealongr and y axes, radial velocity
along raxisand vertical velocityalong yaxis density and temperatuedongr and y axes are
plotted infigures 36 and 37, figures 38 and 39, figures 310 and 311, figures 312 and 313,
respectivelyAs it can be seen ifigures 3-3 and 35, the pressure starts to build up right after the
droplet touches down on the solid surface and the density rises. In addition, a distintigegio
observedvherethe pressure is orders of magnitude higher than the rest of the dnoglileting
the compressed region, which is separated from the undisturbed area Widphtipeessurdront
mentionedearlier. Moreover, a stagnation region is feed upon the impact as discussed in

section2.2.1
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Figure 3-3: Contours of pressure (left) and velocity (right),D=200 um, Wo=500 m/s,rigid substrate.
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At t*=0.005 aftertheimpact (not shown in the contours abowlg pressure reaches the
water hammer value (p*=1) at the center (r*=@igplayed infigure 36. However, at r*= 0.114
from the center, p* reaches a value of 2.2, suggesting that the maximum pressure occurs off the
droplet axis with a magnitude more than twice the water hammer pressure. As it can be seen in
figure 37, thepressurds not maximumon the surface but slightly aboveaitongthe yaxisat
y*=0.0267. This is to be expected, as the liquid region closer tohie pressurefront
experiences a higher pressure compared to the rest of the compressed region.

The mainreason behind this phenomenon is the fact that each fluid particle that comes in
contact with the solid surface emitcampression wavthat moves in the opposite direction of
the impact. Since the liquid density increases after the passage aogagtession wavehence,
the speed of sound is higher in this region, the consegoempression wavesmitted due to the
impact of another fluid particle on the surface, would travel faster through the disturbed region.
As a result, theeompression wawethat lave been generatddtely would eventually overtake
the previously emitted waves, forming a stropigssurefront where the gradients of fluid
variable are very sharphis can be seen figure 3-9, wherethe vertical component of the fluid
velocity is cbse to zero in a narrow depth, the compressed region, and jumps to the impact
velocity with a steep slope. In fact, the fluid properties for ligeid outside the compressed
region remain unchanged@hich means that the rest of the droptetompletely naware of the
impact.

Theoretically, bhe contact line moves with an infinite velogibowever, the fluid particle
velocity has a finite value and its radial component’)(\& plotted for various time steps in
figure 3-8. The droplet edge velocity increas as the droplet spreads over the solid sutfpde

t*=0.07 and then start to decelerataee to the viscous dissipatioAroundthis time step, the air
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is expelled from the droplet periphery after the eruption of the lateral jet, which explains the
appearance of a double hunpthe radial velocity in figure-8. During the acceleration period,
the high pressure frontoves behind the contact lirmad it remains attached to the interface
After the deceleration of the contact libegins the high presare frontovertakes the contact
line. Atthis momentthe pressurdront detaches from tharopletedge and lateral jetting begins.
Figure 3-15 (a) illustrates the density and radial veloc#jong the r-axis after lateral jetting
occurs, at t*=0.071t suggests that thdroplet edge reaches a velocity of 2325 (Mg=4.65),
which is considerably higher than the impact velocity (500 ni#gythermore, e velocity
vectors, displayed ifigure 34, confirm the development af strang radial flow in the fluid.

Whenthe high pressurdront reaches the droplet edge starts to move along the free
surface. The reflection of theompression wav&om the droplet interfacereates an expansion
wave normal to the free surfaceavhich canbe seerin the light blue arean figure 3-3 (d)-(h)
(left). The generated expansion wavapidly reduce the pressure in the fluid particles located
between the free surface atig high pressure frontn other wordstheyneutralize the influence
of the compression waeclose to the free surfacés a resultthis region undergoes a lower
pressureThe low pressure region causedthys rarefaction could lead to cavitation inside the
droplet as observed experimentally by Fietdal. [21]. These rarefaction waves also prevent the
lateral jetting from thelropletfree surface by rapid pressure reductibherefore lateral jetting
only occurs on the droplet edgdachedhe fluid-solid interface wherethe expansion waves are
absent due to the presencetasolid surface

A close look at the densitplotted infigure 3-10, reveals that, at t*=0.03, * =9 . 61 at
radial location of r*=0.357. Examining the volume fraction grafdyre 3-14, the cells located

at r*=0.357 aremostly filled with the air. Since the pressure at this point reaches a value of
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p*=2.75 (1.96 GPa) and the temperature is equal to T*=1.7 (510K), the ideal gas law would
result in a similar value for the ailensity It should be mentioned that the presstgaches its
peak, p*=3.93 (2.8 GPa), at t*=0.0&hich occursbefore thehigh pressurdront overtake the

free surfacearound t*=0.03 followed by its detachment at t*=0.05, presentedignre 33 (a)-

(©.

The graphs of dimensionless temperature, ptesenn figures 312 and 313,
demonstrate that the temperature in the compressed region is around T*=1.1 along the droplet
center axis with the maximum of T*=1.25 on the solid surfgc¢e0). More importantly the
temperature is much higher at the dropgpetiphery witha maximum of T*=2.57 at t*=0.1,
which is right after the eruption of lateral jets. As it can be seen from the temperature contours,
displayed in figure & (right), the droplet edge has the highest temperature compared to the rest
of the liquid bulk since it has the highest kinetic energy (due to its veloCilyg viscous
dissipation in the fluid that is in contact with the solid surface, partially converts this kinetic
energy to thermal energy, hence, the heat transfer in this regiondasceh As a result, the
lateral jet that is erupted from the droplet periphery reaches a temperature as high as 771 K
(T*=2.57). This is well above the boiling temperature of wat873 K), provided that the
pressure at this radial location, i.e. r*=08atmospheric. Therefore, the water that is attached to
the solid surface cloge the droplet edge would evaporate when jet eruption occurs. This would
lead to strong cavitation and a vapor rim would be created underneath the impinging droplet. It
shouldbe noted that the equations for the phase change are not integrated in the current model,
hence, such a cavitation due to the water evaporation cannot be cdpteeds a continuation
of the present work, the phase change model can be added to thdsstuely the cavitation in

details.
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Figure 3-6: Dimensionless pressuralong r-axis, D=200 um, Vo=500 m/s rigid substrate.
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Figure 3-7: Dimensionles pressurealong y-axis, D=200 um, V=500 m/s rigid substrate.
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Figure 3-8: Dimensionless radial velocityalong r-axis, D=200 um, Vo=500 m/s rigid substrate.
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Figure 3-9: Dimensionless verticalvelocity along y-axis, D=200 pm, Vb=500 m/s rigid substrate.
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Figure 3-10: Dimensionless densitylong r-axis, D=200 um, Vb=500 m/s rigid substrate.
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Figure 3-11: Dimensionless densitylong y-axis, D=200 pum, V=500 m/s rigid substrate.
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Figure 3-12: Dimensionless temperaturealong r-axis, D=200 um, Vo=500 m/s rigid substrate.
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Figure 3-13: Dimensionless temperaturealong y-axis, D=200 um, Vo=500 m/s rigid substrate.
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Figure 3-14: Liquid volume fraction along r-axis, D=200 pum, Vo=500 m/s rigid substrate.

The density and radial velocity obtained from the present work are presented on top of
the values of density and lateral particle velocity reported by H@&#tdr in figure 3-15 (a) and
(b), respectively. As it was mentioned earlier, there are fivmalamental differences between
Hall erds formulation and the present model . L
location where it occurs are different in the two studies. Howelrerptaximum radial velocity
in the fluid obtained from the current model is equal to 2325 m/s, which is in good agreement
with Halleroé6s simulation. Further more, the maj
inside the droplet is equal to p*=3.93.§2GPa), which is 16% higher than the peak pressure
reported by Haller, i.e. close to 2.4 GPa, for the same impact condition. This is to be expected
since in his model, Haller utilized the stiffened gas equation of state for whiteln results in a

linearequati on, wher eas, i r3-10)athetp@essuragensityaetaiionisa of st

powerlaw with a component of 7.415.
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Figure 3-15: Density and radial liquid velocity along r-axis, (a) present work at t*=0.07,

(b) extracted from Haller [25] at 3.05 ns after impact D=200 um, Vo=500 m/s
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3.2.1 Single droplet impingement ata normal angle

The compressbie solveroutlined inthis chapteris employed to parametrically studlye
droplet impingement at various velocitiesnd diameters. In the first case, a typical impact
scenario that occurs in LIE problem is considered with a droplet diamet@&0qfmd impinged
onto a rigidsubstrate and the velocity is increased frord t0500 m/sin increments of 50 m/s.
The maximum dimensionless pressuggerted on the solid surfads,plotted versus the impact
Mach number (Ma)presentedn figure 316, in compari®n with the analytical correlation,
equation(3-11), developed by Heymani9]. The Mach number (Ma=y/C) is defined as the

ratio of the impingement velocity the speed of sound in veat i.e. 1430 mis
P, =2+3Ma[19] (3-11)
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Figure 3-16: Maximum dimensionless pressure versus Ma, comparison with Heymarjh9].
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The results illustrated ifigure 316, reveal that the maximum pressure almost increases
linearly with the Mach numberA linear equationobtained from thecurve fit applied to the

dimensionless presswmodeled in the present waris as follows,

P, =15515+2.875Ma, for D =500mmand100m/s ¢V, ¢ 500m/s (3-12

It should be mentioned that the speed of sound for undisturbed water (1430 m/s) is used to
calculate the Mach number for all the impact velocities. Inegdnthe numerical values are
| ower than the analytical v §1PJuAs & capbesedn imthee d by
graph, Heymannés correlation overestimates t h
This isto be expected since the appearance of the expansions waves, due to the reflection of the
compression waves from the free surface, wer e
discussed in the previous section, these expansion waves rapidly redpoestuge in the liquid
region located between the free surface, high pressure front and the solid surface. As a result, the
maximum pressure imposed on the substrate would be lower.

Furthermore, Heymann assumed a 2D inviscid flow in his formulation,hwkisults in a
cylindrical shape instead of a spherical droplet. As the momentum transfer at the impact point is
a function of the geometry of the impinged patrticle, this simplification leads to an overestimation
of the inertia exerted on the surface, heertibe predicted pressure would be higher. In addition,
in his analytical model, the viscous and surface tension effects were not considered. Neglecting
the viscous dissipation and the surface tension eneripefluid equations coul@lso contribute

to an overestimation of the inertia and generated pressure.
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In order to investigate the dependencynmximum generategressure orthe droplet
size theimpact velocityis fixed at350 m/sand thedroplet diamedr is varied from G0 to 1000
um in incrementsof 100 um Figure 3-17 presents the variation of the maximum generated
pressure versus the droplet size. The analytical correlation proposed by Heji@hisused
again for comparison. Itshould beermt i oned t hat Hdlpnsm@lyraduactianor r el &
of the impact Mach number (or impact velocity) andependent othe droplet diameter. Hence,
it results in the same value for all the drop diamefEne numerical snulations reveal that for
larger droplets, e.g. 1000 um, the predicted pressure is close to the analytical value from
Hey mannods witloless tlkah 24 deviation

However, for smaller droplets, nmarticular pattern can be observed the maximum
pressure.For instance, a droplet with a dimeter 890 pm generateg.5% more pressure
compared ta 400pum dropletwith the same impingement velocity of 38%¥s. This could be
relatedto the fact that théigh pressurenvelope is interconnected with theodlet size and the
size of the air layercompressed underneath the impinging dropketalso a function of the
droplet diameter. In addition, thdetachment of thaigh pressurdront, which depends on the
distance from the impact point to the dropldge, plays an importantrole in determiimg the

peak pressure on the surface.
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Figure 3-17: Maximum dimensionless pressure versus droplet diameter, comparison with Heymarjh9].
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3.2.2 Single droplet impingement at oblique angles

The effect ofthe impingement angle on the maximum pressure generated by the impact
of a D0-um droplet at 350 m/s velocity is investigated and presentédure 3-18. Theimpact
angle varies between 30 to 90 degrees, 90 degrees reprgseerpendicular impingement.
Figure 3-18 illustrates that the peak pressure upon impachigheras the impact angle is
increasedlf one consides the normal component of the impact velocity ( w80 EJ, the
effective momentum transfer during impact will @strong function of normal velocity,. As
the impact angle increases from 30 to 90 degrees, so does the normal veldlcgyirapact,
hence, this increasesults in highepressuregenerated upon the impact.

Nevertheless, the pressure values obtained from the 3D numerical simulations indicate
that the impact pressureastuallylower than the values predicted by the linear equatigid)
and (3-12), proposed by Heymanfi9] and obtainedfrom the present work, respectively. It
should be mentioned that the impact velocity i¥ replaced by its normal projectioW) in
calculating the Mach number (Ma) in equatidsll) and(3-12) to obtainthe maximum p*.
This is an approximation and does not take into account the momentunetranghe surface
alongthe tangentiabirection. To that end, the 3D model simulates the actual impact scenario
without any simplificationsT h u s , utilization of Heymannos
impact velocity with \4, would lead to overestinijag the maximum impact pressure by up to

25%, for the impingement angle of 30 degrees.
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Figure 3-18 Maximum dimensionlesspressureversusimpingementangle comparison with Heymann [19].
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