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Cavintion, the appearane ofvapourin a homogeneous liquithrough pressure&hangesis common
in many felds like naal, automotive and aviation, and often leads to pehs such as reduced
efficiency, noise iBd erosion. Consequently, there has been exteasresearch dedicatedo

understanding and controlling the effects of cavitation, through experimantsCFD simations.

There is currently no reliable model to preticavitation erosionMoreover, simplyhaving cavitation
collapse near a solid wall wilbt always resultri erosion.To explore cavitation characteristics and
cavitation erosion liree diferent components have been investigated wi@omputational Fluid
Dynamics CFD simulations results of vinich are presented here. The components inveséda
includedan axigmmetric ®nvergingdiverging Venturi nozz)e thin liquid filled gap between &hoe
and Guideassembly in a highressure fuel injection pum@and a control orifice in grototype diesd

injector.

Cavitating flow dynamics are invegted in aVenturi nozzle. Computational Fluid Dynamics (CFD)
results are compared with those fromewious experiments. Analyses performed on the quantitative
resultsfrom both data sés reveal a coherent trend and show that the simulations and experiment
agree well. The CFD results have confirmed the interpretation of thedmigbd images of the Ventu

flow, which indicated there are two vapor shedding mechanisha exist under dferent running
conditions: reentrant jet and condensation shock. Mareer, they provide further detail of the flow
mechanisms that cannot be extracted from the experinserfor the first time on this cavitating
Venturi nozzle flow, thee-entrant jet shalding mechanism is reliably achieved in CFD simulations.
The condensatin shock shedding mechanism is also confirmed, and details of the process are
presented. These CFDstdts compare well with the experimental shadowgraphs, sgane plots

and timeaveraged reconstructed computed tomography (CT) slices of vapor fraction.

For theShoe and Guideomponent real industrial examples were used to evaluate the viability of
several cavitation erosion risk indicators (ERIs). Industry standaddrance tests resulted in nen
critical cavitation erosion of a shoe and shp@de assmbly in a highpressure fuel pump. A design
modification was made which eliminated the erosiéar the current work, tansient CFD simulations

of the two designsvererun. The distribution and intensity of the resulting ERIs were evaluated against
photographic evidence of erosion taken after endurance testing. Details of the component dynamics
and theresulting cavitation formation and collapse are presented, alaii) an analysis of the ERIs

for their potential usefulness. Of theOl1ERIs studied, two werfound to be particularly good

indicators, one of which is newly derived for this research.
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Lasty, for the Control Orifice an earlyprototype design resulted igavtation erosion after endurance
testing. A design modification eliminated the erosion aubsequent prototypes were free from
damage CFDresults for the two designs using different silaion methods are discussed, along with
the effects of differentrates ofevaporatingand condensing mass transfer. Findingglmsuccessful
ERIs frontomparing the eroding with the noeroding design are presente@he two successful ERIs
from the Shoeand Guidecomponent work were also successful for tkmntrol Oifice which
emphasiseshe robustness of thee ERIsIt is now anticipated thiausing these Els to guide product

design and development wilageconsiderable time and cost.
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x  For the first timg erosion risk indicators (ERIs) have beestablishedby testing them against
two component types, which have sigiicantly different flow conditions, as well as
benchmarking results o similar designsthat do not experience cwdtation erosion t ERIs were
studied on two component types, each ofhieh had significantly differengeometry, flow
conditionsand cavitation characteristi¢bat lead to erosionFuthermore, each component type
had two desigrievels examined, anriminal eoding design and a modified nearoding design.
This allowed theéERIs to be benchmarked against a control casgech is uniquen this type of
work and, in many cases, providethe deciding factor on the ERIs usefulné&sth this, 10
potential ERIs werdested on one component type, and later an additional 9 asecad
component type. Of the 1&RIdested on both component types, two were found to idént
erosioneven given the ififerent flow characteristics and modellingteria.

X Novel ERIs propsed and tested t Of the 19 potential ERIs tested, many are novel his t
research. Of the two ERMhich were successfain both component types, one has nevgeen
seen before in the terature. An additionathree ERIs found to be eful that were only tsted
on theControl Orificecomponent have also not been seen befanghe literature.

x Component types uncommon ipublishedliterature t The two componentypes are reaivorld
designsrelated directly to industry prototypes, as opped to experimentalds pieces. This
contrasts withmost published researchwhich usesimplified designs. Eroding conditions of an
expanding, liquid filled gap afeund in canponents like gear pumpbearings and cylinder liners,
but the applicaion of ERIs to theseases ha not been seen in the literature. Concerning the
Control Orificewhich can be found in almost eveigjector and pump there are relatively few
publicatons, especially when coidgring eroding conditions.

X Frequencyrather than maxima of ERIs maye a uful indicator - A successful ERI typically
one that had highalues on the eroding design in the region of erosion, as seen on hardware, and
low valueson the noneroding desig. However,the Control Orificeresults indicate that the
number of imes anERI quickly goes above a certain threshold value may also hficsigin
indicating erosion. This was clearly demonstrated as the@entrol Orificedesigns had similar
peak \alues of pressurand Dp/Dt (among otters),but the original designwhich auffered from
erosion, experienced over 10 times maongpulses

X  Vapour shedding mechanismanalysedin depth whichled to the simulation of a shedding
mechanism not reliably achievel in previous researchfor this geomety t Two different

shedding melanismswere simulatedon aVenturi nozzle Thecondensationshock sheddlig

Xi



mechanism was simulated and compared better to experimental data than seen in previous
studies. The r@ntrant jet shedding mechanism was also recreated, which has not bal&bly
achieved before with this componentThese simulationsvere achieved byperforming a more
thorough analysigo understandthe whole data setfirst. In addition, the work clarifies the
shedding mechanisms for internal thresimensional geometries of cirtar crasssection, instead

of simplified, often twedimensional geometrig such as the frequently used wedge.
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1.1- Motivation

Cavitation described ashe phase change diquidsinto vapourdue to a drop in the local static pressuie
common in many fields like naval, automajlaviation and even medical. Howevewhile cavitation is
prevalent it often results inreduced efficiency, noise arghn even lead terosiondamagewhen thevapaur
violently collapses Consequently, there has been extensive research dedicated to understanding and
predictingthe effects of cavitatin with experimenal and numericalsimulationtechniques Nevertheless,
erosion caused by cavitation is still an ongpfield of research due to the complexity of the physics in the
micro and macro scales of cavitation collapse @ to the interaction with the boundary material.
Moreover,simply having cavitation collapse near a solid wallnetllalways result in erosion. These challenges

are some of the reasons why there is no consistently accurate model to predict cavitatgiarero

The importanceof cavitation research is immediately apparent when considering the transportation sector.
According toExxonMobil[1], diesel is expected to remain the backbone of dmnmercialtransportation
sectorup to 2040(Fig.1.1). While there is movement toward electrification, there is stilarge demand for

diesel engines. Thus, there is still ongoing research to improve diesel engines and reduce emissions. Work by
Keeler et aJ2] demonstrated that lower emissions could be achieved by increasing the injgrtsaure (see

also the IPPAD project). However, tbémlead to an increasi cavitation erosioras it is closely linked to flow

velocity[3]. Challenges such aseehighlight the need for moraccurate andeliable erosiorrisk indicators

Sector Demand Fuel Demand
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75 75
Commercial - . -
25
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0
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(ERISs) to be developed. By developimgseERIs there would also be a shiifresolving challenges related to

cavitation in the edy prototype phaseavith simulationsrather thanlater in the design process hardware

1.2- Literature Review

The phenomenon of cavitation has been known for centuries with much time and effort being devoted to its
research. One of the first mentions of cavitation was bieE] in a paper presented in 1754 about how
cavitation influ v §C% }( A S & AZ oX dz Spo s Eu ™ AJS 8]}v_ A « (]¢
but first cited in 1895 for research on the poor performance of a ptopeller on the H.M.S. Dariri§]. It was
discovered that the mpellers were generating an unexpectedly low amount of thrust, which was later
attributed to large vapour voids that formed around the propellers. As technoldgiee developedind put

higher stresses of working fluidthe chancesof cavitation, and sukequently cavitation erosion, ke
increased The following sectiacover important aspects of cavitation related to this wofor further

readingof cavitation and cavitating flowspleaserefer to Franc et g6] and Bennen[7].

1.2.1- Cavitation Process

Cavitation is caused by the reduction in the local pressure in a liquid, past the saturation pressulting in

a phase change teapour. Examining the phase diagraffid.1.2) one can see that the vapour phase can be
reached by either a reduction in pressure (cavitation) or by an increase in temperatuiedpMhile the
process of increasing the temperature or reducing the pressure do not occur independkatigspective

changesare assumed to baegligiblein the ensuing discussion.

Whenthe pressure dropbelow a certain levelithin a liquid it is saida be in a state of tension. Once the
tension is high enough the molecular forces binding the liquid together are overemcheé phase change

occurs. The pressure at which this phase change occurs is termed the vapour pressure.

1.2.2- Single Bubble Dynamics

The pioneering work of Lord Raylei§8] set the foundation of cavitation research. Herived equations for

the rate of a spherical bubble to collapse and its characteristic collapse time. This was done by comparing the
kinetic energy to the work needed to produeesphericatavity. WhileLord Rayleigh considergde bubble

to be empty andthe liquid incompressiblethe equations are still widely used today. Commonly, newly
developedcavitationmodels are initially validad by simulating a single bubble collagsee[9], [10] and[11]

as examples)



&}00}AJvP >}E Z Co ]PZ[- [12{EoorulaiedEe classc Rayighesset (RP) equatideee
Eq.21in chapter2.4). Plesset considered pux@pourinside the bubble and added terms to account for the
surface tension and viscosity. Fdes went on to compare simulated bubble growth awdllapse to
experimental data and found relatively good agreement. lentioned some uncertainties which had not
been fully explored then. He commented on the symmetry of the flow field and how therneatefikely play
an important role at the fial stages of collapsé&loreover, he highlighted the importance of compressibility

and the variability that could be caused by contaminant gas inside the bubble.

The assumption of compressibility was further dhetically studied by Mos§l3] who modified the RP
equation. With the modification they were able to improve agreement between simulated and experimental
bubble motion, specifically during the final collapse. Wthie compresibility, along with thermal, viscous,
surfa@ tension and contamated gasare important during the final stages of bubble collapse, they are not
typically simulatedas the final stage of collapse occurs within the-guld scale. As such, the relatiohthem

to cavitation erosion may be linkekdoweverthey are comptationally intensive ocurrently plainlyunfeasible

to simulate. This is especially true for industry work that requires a quick turnaround time.



Forflowsnear wallsthe spherical collase assumption becomes unrealistic. Blakal§l4] studies sucltases
utilizing the boundary integral method, which couldcreatea jet entering the bubble that had been seen in
previous experimentdt was noted theasymmetical collapsef these bubblesvasdue to aymmetric flow
fieldscaused by a boundary or other bubbles. Their simulation results compared well to experimental data for
a single bubble collapsing near a wall. They also showed some interesting resulisnuidin asymmetric

phenomena in cloudavitation

1.2.3- Cavitationmodels

One of the earlynumericalcavitation models was presented by Kubota efl&l] in 1992. The authors used

the RPequationto calculate the expansion and l@pse of vapour. They neglected surface tension and
viscosity and considered the liquid and thepouras an incompressible mixtur&he authors also considered
sub-grid scale bubble interaction. They simulated flow around a cavitating hydrofoil at sanmés of attack

and compared their CFD results to experimental data. They were able to show that vortex generation and
transportwere greatly influenced bigaroclinic torque generatedavitation. It should be noted though that

the authors did report nuraricalerrors in some cases.

Another early model was presented by Chen and He[&@rin 1995. Theauthors used a model like Kubota
et al[15], with a mixture model and suyrid scale consideratn ofthe bubbles. However, they considered
the bubbles nuclei per unit mass to be constant. This meant that once a bubble wealddgxthe number of
nuclei diminished, and vice versa. Another improvement was the treatment of the pressure field sungundi
a hubble. The RP equation assumes afi@d pressure, which is not valid when multiple bubbles are
expanding in the same regiomo compensate for thi€hen and Heister used the average pressure in the sub
cell and solved a finite domain form of tiRP eqgation. The simulationby Chen and Heisteshowed good
agreement with initial 2D studies and on a 2D single halggttor-like orifice. However, there were some
doubts about stability and CPU cost.

An early development in modelling cavitation svhe introduction of a barotropic model by Delannoy and
Kueny[17]. They used minviscidsinglefluid Euler model solved with the finite volume method. The local
value of thevapourfraction was determined by the quantity fjuid andvapour, thus resulting in a mixture.

As the model was inviscid, turbulence was not considered. In\&ehiuri nozfe the results were inaccurate.
However, a 2D simulation oMenturi nozzlgave qualitative results that compared well to expeerntal data.
While the vapourcavity did detach and collapse downstream in both the simulations and experiments, the
frequencyof detachment was significantly lowerthe CFDThis also meant that the cavity length was typically
larger. Even so, they were latxo decipher an important aspect of cavity detachment, that is, thengrant

jet was likely an inviscid phenomenon.



Schmidt et a[18], [19] went on to develop a model further relating the presswith density and the speed

of sound of diquid-vapour mixture. The calculations utilized the speed of sound equations developed by
Walllis[20]. The authors presented the idea that compressibility is desirable for numestiability with
cavitating flows. This wouldlsoallow simulatiors to predict effects of kinetic energy from violemapour
collapses. However, the authors admit that barotropic based models may have issues withckgyéow
speed cavitation due to thgradualdensity change and pressure gradients. As such, Schnativetrked with
simple 2D nozzles with high speed flows. They included an artificial viscosity but did not take turbulence into
account. The predicted discharge compared well with experiadaratiues from literature at various cavitation
numbers. Howeveitthe oscillation or shedding behaviour was not captured in the simulations. They were able
to show some cyclical behaviour once they switched to a simpiraéee coering orificenozzle although the
boundary conditions were questionable with part of thetrance assumed to be a wallidtnoted herethat
turbulence is a critical component of flows within injectors, particularly so in terms of how turbulence affects

cavitationand isdiscused in an upcoming section

It is clear from the pvioudy mentioned early studies the effects of turbulence were frequently neglected.
There have been some studies that attempt to include it and correct any issues pertinent to cavitating flows.
A later cavitation model based a barotropic equationvas pesented by Reboud et 4R1] with later
improvements by CoutieDelgoshd22]. The liquid andiapourwere both consideredompressible thragh

their equation of state (EoS). Simulations were solvigd the pressurebased method and the simple solver.

The 2D models were tested &fenturilike nozzles witlunsteady Reynoldaveraged NavieStokeURANY
model They were able to show differeeg betveen a standard and modified RN&XkSuE po vis. The
simulations with the modified RNGX SUE po v u} o A E up Z ul@E % o0 }( E *}o0
nature of the flow and showed good agreement to experimental data. The modificadidinetturbulence

model essentially reduced the viscositytiie mixture which allowed for a frentrant jet to easily develop. This

is in line with Delannoy and Kuely’] who argued a resntrant jet was likely an inviscid phemenon.While
perhaps not entirely inviscid, at least according2d] and [22], the development of a rentrant jet does
appear todepend orthe level of viscosityT his is not considering the maineamflow where viscosity has an

obvious effect and is linked tBhe Reynolds numbeR#é.

1.2.3.1- Fluentcavitation models
The models discussed above are some of the pioneering works for cavitation models. There haseybesn

other models developed and imprements made ovethe years. Some of the more commonly used models

(and that are a part of ANSYS Fluent) will be discussed thusly. 8redbeSauer and Schnej23], Singhal et



al[24], and Zwartt al[25] (termedZGB. These three models account for thapourproduction with a source

term originally based on the RP equation, and are so called bidatded cavitation models.

Sauer and Schnef23] utilized a modified form of the classiolume offluid interface capturing method as a
mixture equation.The cavitation modek similar tothe model of Chen and Heistgk6], in that the number

of nucleiare dependat on the bubblesizes, or rather theapourfraction. With this, Sauer and Schnewere

able to simulate a 2D NACA 0015 aerofoil, neglecting turbulence and viscosity, to study the cavitation
dynamics. They were &to show that their cavitation model ctiiresolve unstady cyclical behaviour of
cavitation shedding along with fentrant jets dynamics. Later publicatiof6] included improvements and

the use ofak-~ SuE ponodelin a single holenjector-like nozzle with sharp edges. Théywed that,

with adjustments to the cavitation model parameters, the cavitation structupesitativelyagreed well with

experimental observation.

Singhal et dl24] proposed another bubbkbdased cavitation model which assumadonstant bubble density.
The mixture modeis againutilized, but solves forthe vapourmass fraction, instead of the volume fraction.
Like other bubblébased modelsit also usa the RP equatiorto account for bubble growth and collapse.
Interestinglythough, the cavitation model also accounts for n@ondensable gashe researcherusedthe
cavitation model, coupled witak-x S E pmodel to compareCFD rests against differenexperimental
geometries The modeperformed well in terms of pressure disttition. For example, when compared to

experimental data for a sharpdged orifice, the Cd values were in good agreetn

Finally, the ZGB cavitan model[25] is discussed, which is the model usedthe Control Orifice and 8k &

Guide work It is again based on a simplified RP equation, with surface tension, viscosity, and second order
terms assumed negligible. it an Euldan model, which is essentially simplified to a single homogeneous
mixture of liquid andsrapour. Likethe Sauer and Schnerr model, it solves for the volume fraction, rather than
the mass fractionlike the Singhal maal. In [25], the authors coupled it with a modified k SHE po v u} o
and simulated a cavitating flow withteydrofoil, inducer, and/enturi nozzle Importantly, the modified kx

turbulence model allowed for shedding, followg the arguments of Rebourat al[21].

Of the three geometriesriginallyinvestigated, he hydrofoil at onedegree angle of attack is considered first
The ZB&avitationmodel produced low amounts ofapourand the CFD redts agree very wellwith the
experimental data. However, once the angle of attack was increased to four degrees, wihapourbeing

produced, the cavitation region was under predicted when compared to experimental data.

Secondly, three different florates forthe induce were testedwith the ZGB cavitation modeVisually, the

simulated cavitation was quite reasonabléhe head dropff curves for all three conditions were also in close



agreement to the experimental results. However, some inconsistén thetiming of the head drop was

present.

The final geometry the ZGB cavitation model was originally tested on Wastari nozzle While they were
able to closely match the Strouhal number (St), they had to calibrate some of the constants initatocav
and turbulene equations for a better qualitative comparison. Although tuning was needed, it was still

encouraginghat the shedding behaviour could be modelled.

1.2.3.2 t ZGB cavitation radel coefficients
Concerning the tuning of the cavitation modile ZGB moel hasfour coefficients that can enable the tuning

of the evaporationand condensation rate§Vork by Lui et gR7]investigatedthe importance of tuning these
coefficients. They simulated a centrifugal pump whi#deying onecoefficient. The simulations were done with
RNGkx 8} & «}oA 38Z S3uE po v v §Z ' weke]dblsig find ¢lose ¥ge&meént to
experimental data if the condensation coefficient was lowered by two orders of magnitudeisTlikely
because RANS models tend to over predict pressure recovery. As such, a certain amount of tuning can be

beneficial, though this can be a long process and the same coefficients will not work for every simulation.

1.2.4 t Turbulencemodels and cavitabn

RANS ath URNAS simulations have been popular within industig/ totime constraints and computational

power needed to run them. LES, DES and WMLES, among other models, have improved and gained more
feasibility to run in a timely manner, but these hutence modés still have a high computational demand.
However,advanced CFD models resolve transient large scale turbulent structures and show much more detalil
in the flow, as compared to RANS or URARE[29][30][31]. LES modelling techniques have been specifically
shown to be superior to RANS and URANS in capturing vortex structures in cavitating flowspne$sgre

fuel systemgfor exampleBush etal [32], Gavaises et §3], and Koukouvinis et §4]). However, this does

not indicate that RANS and URANS simulations are unhelpful oRthid&and URANS W not be utilized in

the years to come. In fact, there has been a significant amount of work into combining RANS and LES
turbulence models, (see selaeely [35], [36], [37] and [38]). By ceating a hybrid model and reducing the
computational need of pure LES simulatidhere is agreaterlikelihood of these hybrid models being used

within industry.

Koukouvinis et dB39] tested different turbulence models with different cavitation models at several pressure
drops and compared those results to experirt@rata. They found that RANS produdesisaccurate results

at low pressure dops. Ty dso cafirmed that SST turbulence model offered the best compromise between

7



k-x v -7l Obviously thoughthe most accurateresults were with LES turbulence mode®oncerning
cavitation modelsthey found that using the default valués ZGB and Sauend Shnerr cavitationmodels
tended to give unrealistically steaggpourstructures. If the mass transfer rates were increased, they began
to behave more like barotropic model andlisplay more realistic brokenp vapourstructures. Thiviasalso

beenshown toreduce unrealistic negate pressureredicted[40].

Gavaises et g#t1] studied flow on a common test geometry. They compared URANS and LES simulations to
experimental data, focusing ome distritution of vapour. They found that URNS was undé to accurately
predict the shedding. As such, URANS may not be appropriate dicpravitation erosion as smaller scale
eddies would need to be resolvedowever a recentmodification to the URKNS equatias, asproposed by
Reboud et af21], has been shown to enhance cavity shedding. Edelbauer pt2lwas able to show
situational applicability with RANS and URANS models with high peefsws n microchannelsising this

Reboud orrection.

Certain consideration should be given to laminar flows that cavitate. Soteriol[48]d44] demonstrated
that a laminar approach to an okgg can sti cavitate and will have a sigmiéint effecton the form of the
cavitation where the vapour pocketis intact and less like &loud of small bubblesAfter the collapse of

cavitation, the flow will inherently have unsteadines®d turbulence

1.2.5 tInteradion of fluid property and cavitation

The fluid properties can have a significant effect on cavitation and cavitation erosion. The need for
representative EoS at high pressures has increased as injection pressures are now reaching[38DRI6hr

and simulations working on pressures upwards of 4500 bar [see IPPAD project]. However, current data for
diesel or ISO4113 (calibration fluid used in the automotive industry) only go up to 20007b This isue is
madeworse still when considering cavitation collapse pressuvesich havebeen recorded up to 10,000 bar

in both experiment$48] and in simulation$10].

1.2.5.1- Viscosity

The importance of igcosity careasly be demonstrated ithe Reis considered with the characteristic length,
which is the bubble diameter, approaches zero. This would indicate a heavily vikmougated flow and

would likely slow he collapseThis is cosistent wity Nour et al [49] who examined viscosity and showed that
lower viscosity relates to higher mass loss during cavitation erosion. The team showed that water is a good
erosive fluid ad theorized it was due to its smblmolecularsiz, heavy molecular weight, high vapour

pressure, low viscosity and air solubility. These factors, along with a fast rate of phase change, lead to high
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vapour implosion velocities. The authors proposed thatnplex moécules and noithomogen®us liquids
typically have a lower density and less defined phase change behaviour. This would decrease their ability to

cause cavitation erosion.

Work recently published ia PhD thesis by NasdB0] hasshown that cavitatin is closef linked to viscosity.
The author investigated viscoelastic effects on cavitation on a step nozzle and injection nozzle. They found
that the addition of a viscoelastic additive helpto suppress cavitation whileé¢reasinghe flow rate when

compared to aNewtonian fluid.

1.2.5.2- Molecular adhesion
On the importance of surface tension, Lord Rayld®jhindicatedthat it was likely unimportant and so

neglected it. Indeed, Franc & Miel [6] demonstrated that it is only important during the final stages of
collapse for some scenarios. However, Iwai §blL] showed that increasing the surface tension led to an
increase in the oatation damage. They dithis by ading a wetting agent to water to reduce the surface
tension while maintaining the density and viscosity. However, they did not indicate the effectgpofr
pressure from this. They deduced that the increased surfaosité@ ledto more symmetical and larger
bubbles, which could have momower during collapse. This was later studied numerically as idealized cases
by Zhang & Zhar{§2] and further experimentally by Liu et [&3]. These researcheriund that erosion rises

sharply by increasing the surface tension.

Concerning just cavitation and not erosion, work by Theodorakakoq®4Jshowed that just small change

in fuel propeties coutl have significantchanges invapour production. The researchersompared
experimentallya heavy fuel to a light fuel, each cavitating at different pressures, and then examined the
cavitation with a fuel mixture. After addinggtil% of the lightuel to the heavy fuel, thenixture caviated in

a remarkably similar way as the pure light fuel.

Indeed, while the physical interface of the liquid and vapour may seem like a perfect surface, it is in fact a
transitional region. Tempégy and Treven§b5] describethis area to be around 3 A thick for water. However,
during cavitation this region will grow which further complicates the implementation of surface tension in

simulations. Complex fluids, like ded and 1SO4113,ilvalso ikely have a thicketransitionregion.

1.2.5.3- Temperature
The issue of temperature is lastly discussed in this section. In many simulations the fluid properties are solely

dependent on pressure and considered isothermal. Whilg dissumption mayevalid fo many simulations,



significanttemperature rises can be generated during cavitation collapse. McNamara |j56] abnfirmed
temperatures close to 5000K by examining the light given off duringbleu collapse, tened
sonoluminescence. Howevethese temprature spikes are only located in small specific regions and are only
present for short times. Indeed, work comparing adiabatic and barotropic simulation give near identical overall
results (Se¢57] and wak from the CaFE project). While the temperature may have a global impact on fluid

properties, in terms of erosion it is likely negligible for mastrent cases.

Temperature changes may become more importanfuture work, pecifically concerning higheinjection
pressures. While temperature changes due to cavitation appear to be negligible, temperature effects from
viscous heating can be important, specifically in narrow channels. Stroto$58] atudied the temperature
effects insig an injectorandfound a significant increase in temperature due to viscous shear over the whole

injection period when comparing an injection of 2000 bar to 3000 bar.

1.2.6- Cavitation Erosion

Theactual processesat lead b erosion in a catating floware complex, but there are two generally agreed
upon mechanisms. They are the micro jet, caused by eccentric bubble cdfagde3), and radiated acoustic
pressure genemted by ashockwave after bibble collaps. However, no matter the dominating process, it
can be agreed that erosion is caused by the release of energytifienapourbubblecollapsing near a surface.

If enough energy is released, then the surface wpkglence docalized area gflastic defemation or induced
fatigue. The accumulation of stress within the surface eventually leads to localized failure of the material,

leading tothe materialbeingeroded away59].

Attempting to predict the removal ofmaterial fram the solid boundaries of real components is a significantly
greater challenge still. Recent numerical research on potemt#érial damage focusses on the collapse of a
single bubble on a simple flat surfaf@®] [61]. These works calculate either the plastic strain or the plastic
deformation and do not extend into matial removal. Predicting the removal of material from actual
components, particularly thee of har@éned steel, will hedly dependon manufacturing processes, geometry

and assembly of the component, the effects of which are not currently accounted fablisiped research.
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1.2.6.1- Stages ofavitation erosion
Nour et al[49] describedthree main stages to cavitation erosiolhe authors proposed that the stagase

incubation, acceleration and maximum rate. During the incubation stagddnéwaresurface experiences
impactloadsresulting incracks developng andsurface defornities. This stage hatle mass loss. During the
acceleration phase, the mass loss increases with further crack development and further cyclical loading on the
hardwarewall. Finally, duringhe maximum rate stagehe mass loss is at a terminalue wih larger particls
beingremoved. Tle erosionprocess is not only affected by the material hardness, but also grain size, shape
and roughnes§3] [49]. It should ke noted though that fomanyrealworld componentglike those irthe fuel
injection industry) the rate of mass lods not of interest since any erosion means component failure due to

breakage or not performing tdesiredspecifications.

There are several ways guantify the avitation collapseintensity. Some researchers rewused pressre
sensors to measure the energy relea$éfl] [62], while dhers measured the surface topography before and
after a set amont of timein cavitding flow [3]. Franc et a[3] caegorized the cavitation aggressiveness by
load, as well as indentation diametgwith before and after topography measurementhis provided a useful
means to categorize levels of cavitatiqibut only when little cavitation damage was presenrf this they

were able to determine that the number and size of indentations were heavily linked to flow velocity.

1.2.6.2- Material properties

It is generally agreedhat theharder the material isthe less susceptible it is #rosion However,it is notthat
simpk. Franc et a[3] attemptedto relate the pitting rate to the materials elastic limit, but no solution was
found. The authorshawed tha a simple micro indentation test would not provide an accurate representation
of a materal toughness when subjected to high strain rates. It is likely due to the lack of data regarding
material properties under the necessary time scale andirstrates. They concluded that there are great
changes in yield stress when under higrast rates.However, this is likely more important for steel rather

than aluminium.

In more ecentwork, Cadoni and Forfi63] tested threedifferent steels with 4 different strain rates ranging
from almost zero to 10007s They showedhat an incr@sed strain rate resulted in an increased stress and
ultimate tensile strength. The authors only experimented in tension though, while cavitatasion wuld

mainly result in compressive forces.

Variationsin surface properties are also imgant. Vinogadova et a[64] experimented with laser induced
cavitation in a narrow gap bounded by two plate. One test was witlidphobicplates and then another with

hydrophilic plates. The data showed that the hydrophobidastes tendé to enhance the cavitation initiation
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threshold. The reason for cavitation to ocenore readilywas determined to bgasfilled submicrocavitaes.

Thisfurther highlightsthe complexities with the fluid structure interactions.

1.2.6.3- Erosio risk indiators ERI$

Lord Rayleigl8] indicated that large pressure values occur during vapour collapse. Indeed, fesesahave
shown that the pressure can exceed 10,000 4&] [65]. Many researchers have analysed CFD results and
calculated parameters to correlate with the erosion. As detailed below, some oétbtgliesfocussed on
direct forces, like peak pressure attained durirgporcollapse, whilst othergwvestigatel indirect indicators,
like the rate of change of pressure or potal power. Although some success has been shawthis time

there is nooverallreliable ERI

Gavaises et §83] conducted one ofhte first cavtation erosion studies in fuel injection components and used
a bespoke Euleriathagrangian CFD model. They tested two different injector designs thatiexped seere
erosion in different locations. They were able to show some correlatitintive acousic pressure and liquid

volume fraction.

In early experiments byoa & Tanak$6], the rate of pressure change appeared ®dlikelydeterministic
factor for cavitation erosion. This idea was investigated nucadlyi by Kokiouvinis et al[67] [68]. The
researchergonsidered the material derivative of pressumadeaof liqud volume fraction to investigate erosion
in diesel injectors using a commercial Euleriamleedlheywere able toshowvw some success in predicting
regions at risk of cavitation erasi. Nevertheless, there were some discrepancies with the expeitmhdata
which they attributed to the cavitation modeFrurthermore, there were no nearoding designs to compar

with to confirm theresults.

In other works, Koukouvinis et f19] used two ERIapplied totwo different nozies with dfferent sac sizes
Both designsexperienced erosion, but in different locatianSne dsignexperience erosion aound the
needle in the sac region whitée other design had erosion in the nozzle orificésvo ERIs werapplied to
these designsOne wastermed the cavitation aggressiveness indbased on the rate of change wapour
fraction and of pressure.hE other RI was relatd to the radiated acoustic pressupeoposed by Wang and
Brennen[70]. The researcherwere al® to correlate some regions more likely to experience cavitation
erosion with both ERI®&hen compare tamages of eroson from hardvare. However,not all the regions

predicted by the ERomparal well to the experimenal images

Finally, to improve thecavitation model and limit the negative pressure predictedhe CFDKoukouvinis et
al[34] [40] increased themass transferate [R) by increasngthe constants in the ZG&vitationmodel. The

was run in conjunction with a liquid compressible LES hybrid model during the openingiphasajector.
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With this change to the cavitation model, they were able o that themaximum values of static pressure
correlated well with regionsf erosian from experimental testddowever, relying on absolute values of peak
static pressure could l&crobustness with the current state of CFD developmé&nirthermore,there were

againno designs without erosion to provide a benchmark dasthis irnvestigaton.

Other methods attempting to predict risk of erosion utilize the energy ofiqmurcollap®. Fran@and Michel
[6] and FortesPatellar ¢ al [71] [72] each consideed different energy aspects of bubble collapse and how
energy is imparted to a nearby solid surfathe ERIgproposed by these researchensve shown promise.
However, thesanethods apear only to have been applied to a limited degree to indastlesigs. They are

also lacking nomroding design to benchmadad confirmtheir results.

Considering the definitions of some ERlisnay be expected that there will be some dependence on the
resolution d the numerical grid useth the CFD simulatianindeed Mihatsch et a[73] explored the effects

of mesh refinement on a possible ERI related to maximum pressure. They ran a parametric study with
simulations of tihee differert mesh refinements on a weditudied test geomey. Thereseachers showed

that continued mesh refinement resulted in resolving smaller seap®urstructures, though this did not have

a major impact on their ER¢sults.While agreement witrexperimentswas achieved, the CFD results were
calibrated sing a saling factor. Furthermore, there wasnce agaimo non-eroding desigrio compareand

confirmtheir results to

1.2.7- Vapourshedding

In general.experiments have shown thahere ae two mechanisms that lead tbulk vapor sheddingand
occurunder dfferent flow conditiors. One is termed rentrant jetandtypicallyoccurs when the attacheadr
partial cavityis relatively shortAre-entrant flow from the cavity closunegion extend to the cavity start and
causes the vapor to be pinched @fiid shel. Ths has been well documented by Knapf#] and Furness &
Hutton [75] in earlier years, and more recently by Foeth ef7&]. Further experimental studies have been
conduded on the reentrant jet velocity by Pham et §/7] and Stanley et g]78] and on the effects of
obstructing the jet by Kawsami et al[79].

Theother shedding mdtanism igermed condensatioror bubblyshockand typically occurs when the running
conditions have enabled the attached vapor region to extend further downstréaephenomenon was first
suggestedoy Jakobser[80], and can betriggered when a pressure wave, producewnstreamfrom the
collapseof previously shed vapor, propagates upstredris produces a condensatifront whichtravels up
the attached vaporegion causngthe vapor progressively detach and partially ctdpse ast transitionsto

a shedvapor cloud Thismechanismhas been well studiedn wedges and othepseudotwo-dimensional
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geometriesby Campbell & Pitchef81], Riesman et dB2], Laberteaux &eccig[83] and more recently by
Wang et a[84] and numerically by Budich et [&l7].

The wo shedding mechanisnage well documented on hydrofds. Arabnejadet al [85] investigatedthe re-
entrant jet shedding mechanism aaNACA 0009 hydrofpboth by experimentalmeansand by simulations

They were able to demotisate goodagreement betweenthe CFDand the experimenal datain terms of
shedding frequency, cavity length and overall vapor structiifee transition between the different shedding
mechanisms as shown well byArndt et al[86] who studiedflow overa NACA 0015 hydrofpidlso by
experimental andnumericalmeans The researchers were able to demonstrate a sharp change in the shedding
mechanism by changing either the cavitation number or anglgtack, which alteed the amount of vapor

produced

Bothshedding mechanisms have also beenuwtoerted on awedge for exampleby Ganesh et dB7]. Trese
researcherausedtime-averagedX-ray densitometryto illustrate both the reentrant jet andcondensation
shock shedding mechanismFor thelatter mechanism they shaved the shock front mowng through the
attachedvaporregion Oncethe condensation frat reached the wedge apex, the remaining vapor was shed

downstream and the process repeated.

The wedge used bganesh et dB7] wasinvestigaed with CFD by Budich et[&F7]. Their investigation focused
on the condensation shock regimand they achieved good correlatiém terms of shedding frequency and
cavitation distributionwith the experimenal data. Howe\er, their results showed a significantly higher
pressure drop than in the experiments. They attributed this in part to the-péwase model chosen which

inhibited pressure recovery.

Tummler et al[88], following wak by Souet al [89], and Bicer and So[90], studied the two shedding
mechanisms in r asymmetricrectangular crosssection orifice. While not investigatng the shedding
frequencies, the authors &re able tomodd the two shedding mechanismssing Largdddy Simulations
(LES)

The sheddingmechanisms weralso investigatedin an axisymmetricconverging diverginy/enturi nozzle
Hogendoorn[91] and Jahangir et aJ92] used high-speed imaging at different flow conditionsand
characterize a reentrant jet shedding regime, @ondensation shockhedding regime and a transition zone
betweenthem. When there was a small amount of vagmesent rear the orifce throat, they identified the
shedding mechanisrasre-entrant jet. As the running conditions were changed to produce more vapoy, the
reported that theshedding mechanism transitioned tondensation shock hey found that the resntrant jet
shedding mehanism had a much higher shedding frequency than dbedensation shocknechanism

Jahangir et g93] went on tocollecttime-averaged Xay computed bmography CT) data of theVenturiat
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two running condtionswhich wereexpected to produce théwo shedding mechanisms. With this, the authors

explored theaveragednternal cavitation structures and the vapor distutipn.

The Venturhozzleusedin Jahangir et al[92] wasinvestigated with CFD in a Master Thesis by C¢@atk This
work showed some vapor contours that appeared to distinguish the different shedu#atpanismsut did
not demonstrate the relatively high sheddifrgquendes for the reentrant jet medianism. Moreoveras in
the work of Budich et a[57], the Cointewasalso unable to produce the pressure drops that were seen in

experimerns.

1.2.8- Cavitation within thin fluid filled gaps

There are numerous articles on the dynamics of a solitary bubble close to a sing{sewadklectively10],
[14] and [95] among many others). Howeverhd dynamés are significantly different when cavitation is
consideredn a narrow, liquid filled gap between two walls, whiexist for example, in bearinf6], engine
cylinders[97] and biologicaljoints [98]. Erosion caused bguch cavitation has been observed on the
boundaries of such ge, in hardware like gear pumj89], bearingg100] and engine cylinder lirnre [101].

However, there is an absence of literature applying cavitation ERIs to these cases.

An early work by Parkins & Stanlgy?2] studied cavitation in an oil film between two oscillatingrfaces.

dzZ C (}uv Z & § E]+S] vapolrwas eodidedENig pattern was also shown by Dellis &
Arcoumanig97], in theearly stages of cavitation development in the lubrication film between a piston ring
and cylinde liner. They went on to show that at higher engine speeds the film thickness would vary, and so

different patterns would be formed.

GonzaleZAvila et a[103] studiedcavitation in a thin gapvithout consdering poterial erodon. They looked

at bubble dynamics between two close parallel auds by experimental means. The study used laser induced
cavitation and examined the dynamics when a bubble was in contact with one om@dth They observed
that bubbles contating bothwalls adopted a cylindrical shape during collapse. These bublelesproduced

Jv. P % }( }us fdi..uX dZ edthatite bubbles eanhiabting both sides collapsed more slowly
than bubbles that were only in contact witme side Moreover, they point out the importance of viscosity

sandwiched bubbleswvhich is likely to play amportant role in collapse time, and thus the energy of collapse.

The effects of viscosity during cavitation collapsthin a thin gapwvere also studied b@Quinto-u et al[104].
They similarly studied lasénduced bubblesv $Z]v P %o A% E]Ju vS 00CX dZ uSZ}E-][
A15Z 1}0}P] o0 pe e Vv e} pe P % A] §Ze¢ }( ifi 8§} dii..uX dZ @tguv 3Z

same amount of energy, a smaller gap width resulted in an increase in the lifetime otitiideh
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A similar case was investigated numerically by Hsiao gt0&l] who simulatel the collapse of a bubble in

contact with two parallel% o0 § «X dZ]e v o S§Z J]E& Ti..u P % S8} ult@®& SZ}E}
experimentd studies. Their simulations shedthat the centre region of the bubble collapses faster than the
regions near the walls. This results in an hourglass shape near thef ¢ime bubble collapse. Eventually, the

vapour region splits into two hemisphericahgped bubbles, one on each wall. This would indicate that
cavitation induced erosion is possible on both wallereover,while it is generallyaccepted that irthe case

of aspherical bbble collapsinghe surface tension is insignificaji], Hsiao etal concludedthat the effects

of surface tension are even less in the bounded bubble

1.2.9- Cavitation in @ntrol orifices

An injector, and particularly the fuel injection process, is not a straightodt task to model. Howeverhé
injector is a key factor in emissions. Mitroglou et[AD6] and Winterbourn et al[107] both examined
transparent realsize nozzles experimentally. They were ablstiow thatvapourbubbles fil the sac volume
caused by the closing of the neediethe end of injectionThis was furter complicated by air entering the

sac at the end of injection. These factors will affect the ei@leycle reproducibility and emigss.

Amethod used to recrea the cavitation structures in small orifices is to use large scale models (LSMs). It has
been shown that scale models of orifice flow within the hjglessure fuel system can act reasonably
independent of scale. This is asdampressure and CN are alszalked accordingly (see selectivédyl] and

[108]), although it is know that Re will not scale in the same manner.

Bush et a[32] scaled a hydraulic orifice to04times from reakize with CFD results showing similar flow
structures between the CFD resikze model, CFD LSM and experimental LSM. WhileShE/RANSimulation
did not show the correct shedding, more advanced DES madittlshow the shedding. They veeable to
correlate the simulation to the experimental LSM data. From there they weretaldenulate the reabize

orifice and determine the shedding frequency.

The orifice and entry shape greatly affect the flow and imjespray shape. Soteriou et §09], [110]
examined nozzle helshape extensively. Thhesearcherglemonstrated the effectsn cavitation thatapering
and entry roundingf the nozzle holes hadyith higher rounding and highlieconverging taper reducing the

amount of cavitation.

The needle movement is a factor thdtaild also be considered. The transient nature of the injection cycle
have been shown well by Orley et[al 1], who utilized an immeisd boundary methoaen a threephase, 9

hole diesel injectgrand by Payri et §112], who demonstrated possible effects of cavitation on the mass flow
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rate, among many other work$his sudden cking of the needle can causawvitation and can lead to erosion

of the needle seat.

As injectors and the fudihe are made of metatraditional methods of visualization, likeray and CT scans,
are not suitable. New methods are being introduced thoughd some new techniques shopromise.
Neutron imaging can image through a metal injector, but still needbhdurdevelopment to achievéigh
enough imaging speedhther thanaveragedimages[113]. Neutron imaging may even haapplications in

imaging chading and deposition within an injector, but this is beyond the scope of thig.wor

1.2.10- Gaps in theiterature

While there are some numerical models that include fisidicture interaction ¢ee selectively60], [61] and
[114]) there is currently noreliable way to dectly simulagé cavitation erosion.This is in part due to
complications and unknowns of how the surface materials respondatitation collapse. The mateails
microstructure, grain size, modes of plastic deformation, etc. all playge kole. There is also the question
of a reliable fatigue model. Furthermore, due to the rate and scale at which #feitscand shockwaves
trangpire, a straiArate needs to b inferred as there is currently little data, if any, availablewever, whats
needed first is a reliable model that can determine the location and severity of eragienefore cavitation
risk assessmentin the form of ERIs,are investigatedin this thesis Moreover, understanding the

characteristics of cavitation itsedfe studied

Previously published ERIs have been studied but remain unreliable. All the published material shows
reasonable correlation between eroded hardware a@ED results. Howey, there are no papers exploring
the ERIs on similar neeroding componentsr under ron-eroding running conditionsThis step is essential in

determining how reliabl@rospective ERIare

1.3- Objective

In the proceeding chapters, c#ating flows in thiee different components have been simulated. The
components were a/enturi nozzle a thin gap within a higpressure fuel pumgShoe and Guidepnd a
Control Orificewithin a diesel injecto(SPQ) From tis, dfferent characteristics cavitation havebeen
thoroughly examine&ndthe CFD results compared to experimental data. The overall aim of this work is to
further the understanding of cavitation and to develop more reliable and accurate methodsdapregions

at risk ofcavitaion erosion. Theeparate objectives are summarised as:

{ Investigate characteristics of cavitation with statethe-art methods.
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Further the understanding of cavitati@heddingcharacteristics.

Proposepotential cavitationerosion risk indicators (ERIgycaimplement themin CFD simulations.
Validate thepotential ERIs against actual hardware results for eroding andemoding desiga
Determine whictpotential ERIcanreliablypredictregions atrisk of cavitation damagy

Assess the transferability tie ERIs with diffient flow conditions and simulation methods.

Lt T et T e WY e Y e W et}

Simulate cases of industrial interaghich have a direct reatorld impact

1.4-Outline

The main body of this thesis is divided into foowing sections. m chapter2, the methoddogy is giverior
the proceading chapterswith a focus on cavitation and the ERIs tes#ed overview of the three components
tested and their respective resuligthe Venturi nozzle the Shoe and Guidand the Control Orificg are

presentedchapters3, 4 and 5. Irthapter6, the conclusions are summarised and future work proposed.
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Thegoverning equations and numerical methods ugedhe simulations are described in this chapteihe
simulations solveébr conservation ofnass and momentupalong withturbulence, fluid properties anghase
change The equations are typically considerad a parabolic and hyperbolic mior the Venturi nozzle
component, abarotropicsinglefluid model for water and watevapour(section2.3.1) was usedFor thethin
gap in theShoe and Guidassembly and th€ontrol Orifice fluid properties of ISO411®lormafluid) were
simulated anl are discussd in sectiorn2.3.2 The EoS foNormafluid was implemented as a mixture model
and wascoupled withthe ZGB cavitation modethichallowed foradjustmentsto the mass transfer rateR).
The potential for cavitatim damagewas explored with various erosion risk indicators (ER#&scribedin
section2.6. The simulations were aflerformedin ANSYS Fluent, VligEing a pressurebased finite volume
solver. User defined functions welimplemented where there was not a suitable builbh modelavailableand
are noked in the appropriate sectionSeeAppendk Afor the spedfic procedure followed for eactomponent

simulated.

2.1- Governing equations

TheCmP simulationsdved thestandardequations formass Eg.1) and momentumEq.2) conservation:

oe

— E, ®ée; L Eq.1
oP
0:ée ; -
__E,  ®éee;LF,LE, @I; Eq.2
oP

where ¢ is the velocity vector fieldfs time, Lis pressure,éis the densityand 1is the stress tensoGravity
is neglectd in this wok as it is deemed negligible when compared to the flow velocity and characteristic

lengths. The stressdnsor, which includes viscous stress and stress due to dilation of the fluid, is given as:
I e ot
ILad@-E:,-;oF—u:,@;Lh Eqg 3

where ais the fluid viscositand us the unit tensor.

RANS models afypan ensemblaveraging to the governing equations to solve for the mean velodfusing
a Farveaveraging (density weighted techniquéltilizingan index notéion :» L :7;y L :Q&R&S;;and 7L

WE 76‘for the mean and fluctuatig componentsthe governing equation can now be written: as
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where U indicates the masaveraged veloty and Uy is the Kronecker deltaAveraging the governing
equations in this manner introducesrms known ashe Reynolds stresses, which are sdlusingdifferent

turbulence models.

The LES models do not average the varglbeit instead filtersthem, whichresults in a similar set of

equations.
0é_ 0:6RA:;
— E ! |_ r E 6
5P ol a
0:6A; _0:6RRA; oL, o o'ﬁlr . 1@3 Olgy
\ E - L F—’ E— H'al'— E— e — Eq.7
oP oTy 0Ty 0% =~ O oTU u”?,g oy L

where Rindicates the filtered velocityFrom here turbulence models areagain applied. These will be
discussed brieflfor completenessn the following subsedbns. However, firther information can be found in
[115].

2.2- Turbulence modelling

Turbulence is characterized by chaotic changes in pressure and flow vedscilyng from the kinetic energy
overcoming tle dampening fects of viscosityTheenergy is dissipated iddies whichvaryin size, with the

larger ones carryig more energyThe energy is transferred from the larger eddies down to the smalles one
through an energy dissipativéo E} e+ Iv}/Aergycascade C u ve }( AYES £ «3E § Z]vP:
is finally dissipated as hedl.16]

There are several models that attempt @émulate the effects ofurbulence.Themore simplifiedmodelsare
based in RAN&donly capturethe more energy dominant eddies. Othmiore advanced turbulence models
attempt to resolve maller scale eddie but requiresignificantlymore computational resource®&ackground
information is providedbelow for the turbulence models used for ¢hdifferent @mponentswith further

details inrelevant chapters.
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2.2.1 tRealizablek- xturbulence model
The realizablek- x turbulence model was used primarily for the RANS/URANS siondatind for any

initialization in this work RANSturbulence models solve for the Reynolds stressesF s assuming
isotropic turbulenceand employ the Boussinesq eddy wisity hypothesi$117], which assumes the Reynolds

stresses are proportional to the mean strain rfté5]. The Reynolds séssis defined as:

Yo

Yiy_ 0Ty
Fe#f7$ LagF—E—GF—IeGEa@ pry Eq.8

0Ty
where Gs the turbuler kinetic energyand &is the turbulent viscosityThe turbulent viscosity is solved a
e
3. L % é— Eq.9
a{; Oe—Y

where %is a model variable (rather than a constaas$in otherk- xmodels).The realizablé&- xmodel has an

improvedformulation of the turbulent viscosity and transportation equatiom fi115].

Therealizableransport equationsvere derived from vorticity fluctuations by Shih e{H18], defined as:

¥;6 G _ 0:é Gy; 0 & 0G .
E L— maE~s E)pE)oF cFéVE Eq.10
R o, “or,MAEE PerdE)rEloFieFeYES q
HEY 06 0 e 0V Eanes %Y £op Yop e s Eq.11
e For, Sor AR PeRaE %S Fopas % e o &

For a full definition of all the variables sge5]. These reformulations from thstandardk- xmodelremoves
weaknesss in cases with flow separation and stagnatidlhe realizablek- xmodel has been proverio

overcome these issuemd has been validated for a wide range of flg&9].

2.2.2- SASurbulencemodels

For moredetailed simulationssmallereddies must be resolved during tRHew, as opposed to averaging them
out. The turbulencemodel usedn the Venturi nozzlevork to further resolve eddiesvas theScaleAdaptive
Smulation (SASkas firstproposed byMentor and Egoroy120]. This model is basednoUnsteady Reynolds
Averaged NavieSBtokes (URNS) but employs the von Karman lengttale(Eq.12) and resolves smaller ale
eddies than tradional URANS

7"
Al adog Eq.12

For a detailed definition s€d15]. The transportation equations are given as:
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The SAS turbulence model is classified asae resolving simulatiorBRS) and sdoes not average the
variables, but instead filters them. However, the filtering is not wholly based on the computatjodaln
resdving more turbulent eddies, SAS pides a more detailed flow structure without necessarily requiring a
greatly refinedmesh and the large computational cost as compared to TES was extremely important for
the Venturi nozzlasthe simuhltion neededclos to 1 time-steps, so the computational cost needed to be
low to run the simulations in a reasonable amount of tirfi@is was done with a coarser mesh than would be

required by an LES turbulence model.

2.2.3 Advancedturbulence mocels

A detachal eddy simuldion (DESjurbulence model was used for theontrol Orificework. DES is a hybrid
model, which institutes a URANS ol near the wall for the boundary layer where it is unlikely that large
eddies play a dominant rel In the coreflow region,an LES modek utilized to further resolve the eddies in
the transient flow[37]. As such, DES é&s$ computationally expensive than a pure LES appraoelcite still
providing highly detailed resultdike a ful LES modein important regions This was important for the Control
Orifice work asahighlevel of detailwas needed in the orificevioreover, DES isiore comparable tgrevious

research of ERIs.

LES reswés large scale eddies and models the smalleriedthrough ab-grid scale modellingThe eddy

viscosityis applied to the sugrid scale equationsing the Smagarsky mode[121][115]:

ippu;w SDDUJé

ToF—— L FtagFsF— — Eq.15
where
5 L 6.58t18 .8, Eq.16
and
. s 0B _O0RA
L E——G Eq.17
8. IFCJ_-R? 0Ty d
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Where . ds the spatial limiter and isased on the distancedm the walland 5; is the strain rate tensor. The

eddy viscosity gods zero at the wall. The full set of equations for LES are exteastearbe found in[115].

2.3- Fluid properties

Thefluid properties, or equations of state (EoS), were modelled wwihin-house compressible model$he
EoS used with th¥enturi nozzleease was a barotropic singleiid model representative of water and water
vapour, where cavitation is only dependeoin pressure The EoS for th&€ontrol Orificeand thin gapn the
Shoe and Guidassemblywere representative ofNormafluid and used the mixture model where cavitation

occurs byemployinga mass transfer ratel hetwo EoSvere implemented witha user defined function (UDF).

2.3.1- Water and watervapour

The working fluid was modelled as water, wat@pourand the mixture of the two. The EoS for each phase
are implementedtogether as a barotropic singfuid model. The three phases are comprddsi, which
enables pressure wave propagatidrhese EoBave beenused ly previous researcherd 1] [39] and shown

to be robust A Tait EoS was used in the liquid ph&sg18), an isentropic EoS for thepourphase Eq.20),
and an EoS based on Wadlieed of sound20] when both the liquil andvapourwere present E£q.19). The

completeset of equationsis given as:

59

é
L:é; L $SH-p FsIELyag EBéR & Eq.18
€r
% Rénbs 6 F &y é
Lig L—— 8 SLyy ¥ S __ GELligyEBé&P éR&
BEF K& RépégF 6 E Bés:6F &; v Eq.19
L:é; L 9% EBé P é

Eq.20

where $is a factor that relates to the bulk modulus (actual bulk modulugds/$), %s a constant,Us the

heat capacity ratio, andRand Hndicatevapourand liquid, respectively. Reference valueg ;and Ly g gre

usedto ensure the equations are continuousTable2.1, A op « }( §Z }*" A E] o0+ E % E}A]
the average running temperature of the experiments. As a reference, the density and speed of sound are

plotted against pressurd-{g.2.1).
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Table2.1 t Reference properties used for the E0S

Liquid properties Values Units Vapourproperties  Values Units
$ 307.3x16 Pa U 1.33 -
éy 998.8 kg/m? % 27715 N/A
% 1472 m/s é: 1.41x1¢¢  kg/m?
&g 1.1x10° Pa-s % 95.4 m/s
Lee G 3659 Pa &g 9.94x1  Pa-s
Lagu 4280 Pa Lee i 96.5 Pa

Density = = Speed of sound
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2.3.2-1S04113Normafluid) EoS

For the thin gapn the Stoe and Guideassemblyand Control Orificecasesan EoS representingguid and
vaporNormafluidwere implemented alongside the ZGB cavitation modg.2.2 shows plots ofNormafluid
density, isentropic bulk modulus, speed of sduand dynamic vissity. TheNormafluidEoS are giveim [47]

and [122] and have an average deviation less than 1% when compared to experimentadath was
measuredup to 2000 bar. Dia to compare the EoS at higher pressunessunavailable. However, the EoS is
expected to be accurate up to 3000 b&toreover, the density appears reasonable at pressure up to 10,000
bar. It should be noted though thémn the simulatias,that pressuresbove 4000 baivere only reached a few
times and so is not considered imperativithe vapourwas considered as incompressible as any sizeable

pressure changeccurswhile the fluid was in a liquid phasdowever, this does limit examirgrthe speed of
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sourd where vapouris present.The transition from liquid tovapourwas done throughhe ZGBcavitation

model.
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2.4- Cavitation Model

The simulations usinjormafluid (i.e. theShoe and Guidassemblyand Control Orificecomponent$ used a

homogeneous mixture wdel, as opposedo a single fluid model or an interface tkaeg model. The mixture
model was deemed more appropriate as the cavitation was expected to be more of a cloud, or mixture, rather

than discreet pockets ofapour.

Thecavitationmodelused wadasead on the RRBingle bubble equation, given as:

25



u 8,  _t5 86
éd387E—tS§hLLéFLﬂ:RELU4I—84p Fg Fvig Eq.21

where 8 is the bubble radiusgfts velocity, 84ts acceleration andB 4is theoriginal bubble radius. The last
two terms on the rightandside, representing surface tension and viscosity, are typically assumed negligible
along withthe second order termSee sectiorl.2.2for more information about lte devdopment of the RP

equation.
Cavitation modelswithin Fluentare implemented through theapourtransport equation, defined as:

0:Usés;
oP

EQR®Wése¢; L 45F 4y Eq.22

where éis density, Usis vapour volume fractions is velociy field,v denotesvapourand 4gand 4gare the
rates of evaporatingand condesing mass transfer, respectivelZoupled with this are the mass and

momentum conservation equatior(&g.1 andEq.2), which are solved using the rixe density:
éL Ué E Lhég Eq.23

For the ZGB cavitation mod&is related tothe bubble number densitynf and the rate of changavhichis

assumed to be the same for all the bubbles

&8
4L J:ésve8%,— Eq.24
Ve &P q
where:
&8 L UleF L Eq.25
&P ueg
and:
. Vv,
G LJ I—ue87p Eq.26

Rtakesthe following formdepending orcondensingR) or evaporating(R;), asdescribed by Zwart et §25]:

U=sedhés . tile F L;

Eq.27
8 uég a

daL (g

U=s€s . t:LF Lg;

AL (n Eq.28
O (() 8 uéB q
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where U, s ds nucleation site volume faain, Lis pressureandF. andF. are constantsNote that the =55 gk
accounts for the reduction of nucleation site densitithin the liquidas morevapouris producedIn Fluent
the default values for the ZGB model constants aré Te for 8, 5e-4 for Us ¢ ¢0.01 for (3 and50for (yx(as
suggestd in[25]). These values were used for the thin gap case, but foCibetrol Orificehe mass transfer

rate was increased as the simulations producedeatistic negative pressure (tension in the liquid).

2.5- Increasedmass tansfer rate R
The constants in the ZGB equations greatly affect the rate of mass transfer. The constantgampbd as

Ul o ¢
(eok (;2)—860 Eq.29

u
(vaak (og Eq.30
resulting in (g ¢ aggudling 75,000 mt and (¢ 5 4€qualling30,000 m* with the default values.

The ZGB cavitatiomodel approaches a barotropic model asymptoticallytteess mass transfer rates tend
toward infinity. Koukouvinis et §40] demonstratedimproved results foreliminating unrealisticnegative
pressureby using this increaseR Theyalso demonstrated good results for their ERs sich, a modified ZGB

cavitation method was implemented for th@ontrol Orificecase. A large but practical value @@ for both

(ze0and (oasWas used.

2.6- Erosion Risk Indicators (ERIS)

ERIs were applied to the thin gdfhoe and Guideand Control Orificecases.Many factors have been
suggested as ERIs in the literature. Some relate to the energy or power pobdiyca violentlycolapsing

vapour region, while others relate to physical forces exerted. The published ERIs reviewed and tested in the
current work are from Franc & Michf8], FortesPatellar et a[71], Koukouinis et al[34] [123]. These ERIs

along withseveralnovel ERIsvere explored.

An enery approach was considered Byanc & Michg[6]. Theirequationquantifies the acoustic powerZ;,

defined as:
, 6 6
6383;5 R U
. - Eqg.31
%L veg oP G g
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when expressed in terms of cell volume argbour volume fraction. Here,%is the speed of sound in the

liquid.

Analternateenergy approach, first postulated by Hamnjit24] and expanded on by Fortéatellar et a[71]
[72]. The latterwork presented a means of measuring cavitation aggressiveness by considering the potential

power density x5 & z@RPPDJ], defined as:

EL:LéFL;&Ué Ty

S e Eq.32
o0k ap-%ep a

where & gigghe cell volume This comes from the derivative of potential energy ebiapsingoubble. The
authors went on to assume thék &Le&Rerm was negligibleUsing a different form oEq.1, i.e.the local
mass equation: &éa&PE €, ®- ;; Eq.32can then be rearranged to gatsecond form of potential power
density PPD2, defined as
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Pressure (i.e. statipressuretaken at the cellcentre) and its material derivative have been doped by
Koukouvinis et §40][123]. This waslso intuded in this study, along with several other variables and various
derivatives.The material derivative igiven as:

&1 ol

— e ®17 Eq.34
&PL Ee ®1 q

oP
where 1 is the variable of choic&€learly, he materialderivative inclues terms related to time and the fluid

motion. However, while the spacial term (® 1) is present, it is expected to be minimal néze wall due to

the no-slip condition.This is explored by examining the different comporseoit the maerial derivative

Finally, an easily obtainable and simplelometimes considered i4s(Eq.28) andhas a strong inflence on

the derivatives of density angapourfraction.

A list of ERIs testl onwhichcomponentsare given in theespective chapters.he thin gap data was collected
earlier andso fewer ERIshad beenproposedby then However,as a referenceTable2.2 is provided which
lists all of the various ERIs and whlkey were examined Some ofthe variables tested appear in other
equatiors, but the main goal wasimplyto explorethe importanceof certain physis All the variables are
related to each othem some waybut it is expected some woulte morenumerically stable andenstive as
ERIs than otherReasons for these differences may include thedel type(presure or density based),

cavitation model (singledld or mixture) or turbulence model.
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Table2.2 t Complete list of Rs examined and why they were selected

Variable Variable name Reason fotesting
L Pressure (static pressure) Previously tested
&L&P Material derivative of pressur¢ Previously tested
&L &P Second material derivative of Further explore the importance of pressure
pressure
@L@P Partial derivative opressure  Prevously tested
F&L&P Negative values of the total  Further explore the importance of pressure
derivative of pressure
:& L & P 8 gz Material derivative of pressur¢ Test the importance of cell size
divided by the cell volume
& L&PP Material derivative of Further explore the importance of pressure
pressure, squared
&é&P Material derivative of density Explore the importance of density
@ éa P Partial derivative of density = Explore the importance of density
44 Condensingr Previously tested
&% &P Material derivative of liquid  Previously tested
volume fraction
@k @P  Partial derivative of liquid Previously tested
volume fraction
@Y @ Second partial derivative of  Further explore the importance ofapour
liquid volumefraction fraction
L« Dynamic pressure Further explore the importance of pressure
&L &P Material derivative of dynamic Further explore the importance of pressure
pressure
, ®e; Divergence ovelocity Explorethe importance of velocity
& &P Acceleration Explore the importance of velocity
228& Second derivation of potentia Previously tested
power density
% Acoustic pressure Previously tested
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3.1 tIntroduction

Bv C

Hydrodynamic cavitatiodevelops in regions of flow fieddubjected to pressures lower than the working fluid
vapor pressurelt canoccur ina wide range ofystemssuch as thosmvolvinghydrofoils, in turbo machinery,
as wellasin orificespresent in rocket andautomotivefuel injectors[7]. The cavities may exist as large voids
or as cloud®f bubblesand can beattachedto a wallor travelin the mainstreanflow [43]. Attachedcavities
can exhibit an unsteady trailing edge thascillates or sheds vapor, whichis carrieddownstreamin the flow.
Thesevapor formatiors and oscillatios canresult innegative effect®n the system, like vibration, noise, loss
of lift and power, and erosion [6]. When designing new systemotential cavitation shedding must be
understood so the system can be designed to cope with or d@mstdbilities andsofunction as needed. This
is especially true for systnswhere catation is unavoidablesuch as in high pressure fuel injectft&5] or

ships propeller$l126].

There are two general mechanisms that leadrépourshedding and occur undeiifterent flow conditions
They are the reentrant jet andcondensationshock (see sectiod.2.7 for descriptions and ain-depth
literature review concerninthe mechanisms)n this chapterthe two shedding mdranismsare investigated

on a Venturi nozzle that wasvestigated experimeially by Hogendoorif91] and Jahangir et §92]. These
researches were able to characterize, using higheedvideo atdifferent flow conditions, a r@ntrant jet
shedding regime, a bubbly shoskedding regime and a transition zone between them. They found that the
re-entrant jet shedding mechanism had a much higher shedding frequency than the bubbly shockghedd
mechansm. Jahangir et §B3] went on to colect averaged Xay CT data of th¥enturinozzleat two running
conditions correspondingo the two shedding mechanisms. With this, the authors explored the internal
cantation structures and the averagevapourdistribution. Currently, there is no CFD work thdgmonstrates

the correct reentrant jet shedding mechanism seen in the experimemtd only limited results of the bubbly

shock shedding mechanism

The novelty irthe work presented &re exists firstly in the analysis revealing a morkerent trend in the
guantitative results for the experiments ewa wide range of running conditionthe quantitative CFD results
match this trend Facilitated by the irdepth analgis of the quantitate results, the CFD simulations achieve
both the reentrant jet and thecondensation shockapor shedding mechanisimnas seen in the experiments.

PreviousCFOnvestigationshave had difficulty realizing the #ntrant jet caseon this geometry[94] [127]. In
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addition, the current work clarifiegshe shedding mechanisms fanternal three-dimensional geometriesf
circular crosssection instead ofsimplified often two-dimensional geometriessuch aghe frequently used
wedge [57] [87] [128] [129] [130]. Further to that and for the first time on this geometry average vapor
fraction slicesof the CFD are copared wth those from the experimentalcomputed tomography @1 and
show good agreement overalEinally, @tails have been exposed which cannot be extracted frivm t

experiments and pvide additional insight into the shedding mechanisms.

For theprecedingwork, resultsare presentedfthe CFD investigatiothat was carried oubnaVenturinozzle
which has beestudiedexperimentally The simulation methodologg presented in seimn 3.2, while section
3.3analyses the CFD results and discusses hoyvdbmpared to the experimental data. Finally, the summary

and conclusion argiven in sectior.4.

3.2- Brief overview ofthe simulation model andmethodology

The fluid properties were modelled with an-frouse compressible model. The EoS usedeva barotropic
singlefluid model representative of watema water vapourimplemented vith a UDF The different phases

are compresible which enables pressure wave propagation. This is important as a potential vapour shedding

mechanism is caused by pressure wagee sectio.3.1for further detals of the EoS.

Throughout thedifferent flow conditionsand across the differentliameters, the Reranged from 7x10* to
2.5x10°, whichindicates that the flow is inertia dominded overall rather than viscous dominateds such,
Cointe[94] usedan inviscid model to simulathe Venturinozzle flow asdid Budich et a[57] for simulations
of flow over awedge.Neverthelessflow separation and low velocitiese presentin the diverging section of
the nozzle Sq as the viscosity could affedthe sheddingbehaviour the ScaleAdaptive Simulatia (SA$
turbulence modelvas selectedor the current work as described ifit15] and[120]. This models based on
Unsteady Reynolds Averaged Navitokes JRANEbut employs the von Karman lengtitale and resolves
smaller scale eddies than traditional URANBe SAS turbulence model diassifiedas ascale resolvig
simulation SR¥and so des not average the variables, but instead filters théfowever, the fiering is not
wholly based on the computational gridih resolving more turbulent eddies, SAS provides a more detailed
flow structure without necessarily rguiring a greatly refined mgh and the large computational coas

compared toLESSee sectior2.2.2for further detailsof the turbulence model.

TheVenturi(Fig.3.1, left) is 17cm idength with a throat diameteof 1.66cm. The upstream and downstream
pipes have a diameter ofchh. The meshFig.3.1, right) consisted of 8.21L0° cells with a cell axialength of
0.8mmnear theVenturithroat. Coupled with a tirastep } ( i ... * CosiANnttFriedrichsLewy condition CFL.

isless than 0.02 when considering the flow velocity at the throat. As pressure wavasargralfeature of
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shedding, the acoustic Cwhs also considered and equates to 1.75 in pure water. Hewy@mixture regions
the speed of sound drops greaff§] [20] and so the acoustic CFL in these regions is welirbehity, in which

case any pressure waves would be captured.

As a reference, @ Tayor length scale is estimated to b®d...u v 3Z <}ou}P}E}A 3Ju « o ]e
Hence the mesh could erther refined but a wellstructured tetrahedral mesh would need alm@sgt million

cellsto achieve that level of refinementn order to avoid the heavy computational cost associatét this,

the SAS model was allowed to revert back to URANS in the boundary layer. Agau¢h,in theventuri
nozzlewas usually below 3Howevet the mesh is considerably finer th#mt implemented in other studies

of this geometry[94] [127]. Coarser meshewere testedand resulted in similar flow characteristics and
shedding, but worse Y+, so the finest mesh was uskxh suitability was confirmed when checks showed

the simulatedpressure dop vs flow rate matched the experimen(section3.3.1).

The domainincludedan inlet volume followed bgi porous mediim boundaryat the startof the inlet pipe(as
suggested ifil31][132]). The values used for the porous mexi boundary werel 0'°m? for the permeability,
23m* for the pressurdump coefficient and 1m for the thicknesbhe porous medium boundary works in a
similar way tosnubber valvesusal in high pressurefuel lines to reducepotentially harmful pressure
reflections The dimensions for the porous medium were selected from experience with snubbeg133].
The upstream pressure was recorded downstream of the wdéime, so thaany pressure drop created by
the porous medium did not impact the pressure readirighe simulations used a velocity boundary condition

at the inlet and a fixed pressure at thettai.

3.2.1- Analysis of data
To compare the experimental andrFD resultsthe following nondimensionahumberswere used.Relating to

the shedding frequency, th&trouhal number:5 P;is definedas:

SE’LB& Eqg.35
® a4
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where f is the shedding frequency) is the characteristidength taken asthe throat diameterand @is the

average velocity at the throat.

Cavitation numbersf different definitionshave long been used to indicate the levelapor present in the

flow. Jahangir et g92] considered5R, with respect toa cavitation number @), given as:

L« F Lg

éL

where Ly is the downstream pressurel¢ is the vapor pressure anéis the referenceliquid density. The
downstream pessure was measured at 400mm from the throat in the CFD and 730mm in the experiments, a
difference not considered significant as both locatians sufficiently far downstrearand viscous logswere

low, in the region of 0.2%f the overall pressure drop

The loss factor{) was also consideredlith respect to the cavitation number

See Eq.37

where ¢Lis the differencebetweenthe upstreamand downstream pressure$he upstream pressure was
measured at 200mm from the throat in the CFD and 310mm in the experimagssn a difference no
considered significantNormally - is considered for minor losses arns calculated with theaverage
downstreamvelocity[134][135], but here the average throat velocity was used to maintainseziancy with

relevant previous paper®2] [93].

An alternativecavitation numbey from the work ofBergwerk[136], wasintroducedto the analysidor the
current wak:

oL

0,
% 0L Eq.38

This cavitation numbes more consistentlysedfor internal flowswithin industry(seefor example[33][109]
[134][137]) and takes into account the pressure drop caused by the feature of interest, islmiohconsidered

in & Moreover,the usual definition ofé[7] statesthat the velocity andpressue are takenat * ¢ and Ly,
respectively whichcorrespond to locations unaffected by the feature of interest, as is appropriate for external

flows.

33



3.3- Results and discussion

3.3.1- Quantitative results

The base experimental information comes frommgdrdoorn [91] and Jahangir et al92], who collected data
for many running conditions for this Venturi nozZlhe quantitative experimental results were originally
examined with resgctto the cavitation numberé[92]. For the current work those results, along with the new

CFD results, were also considered with respect to the cavitation nu@ier

Fig.3.2 shows the distribution o8 with respect to both cavitation numbers. Thegions of the two different
shedding regimes, as determined by the experimental and CFD images (see sé@idmasd 3.3.3, are
indicated.As previouly mentioned cavitation numbers are used to indicate the levevapourpresent in the

flow: vapourlevels increase agédecrease®r asCNincreases. Hen¢ghen there is lesgapour, as indicated

in Fig.3.2 by higher values o€or lower values oCN the shedding mechanism is predominantlyergrant

jet and sheds at a higher frequency. Whibiere is morevapour (indicated by lowerévalues orhigher CN
values), the dominant shedding mechanism is condensation shock and is characterized by a lower shedding
frequency.When St is plotted againsiCN(right plot inFig.3.2) the experimental results are much more
cohesive and the same is true for the CFD results. Moreover, the two sets of results show good agreement
with each other. This clearer result is consistent viliRbeing the cavitation nutmer moreappropriate for

the internal, threedimensional geometry tested in this work as it accounts for the pressure drop across the
region of interest. It is also apparent frofig.3.2 that the re-entrant jet shedding mehanism is only possible

over a very narrow range of running conditions. This indicates why it has been difficult in past {@d{lies

[127]to simulate the reentrant jet shedding mechanism.

InFig.3.3, the loss faair (K) is plotted againséandCN Again, both the experimental and the CFD results are
more cohesive when analysed with respect to CN. It also shows that there is slightly more pressure loss in the

CFD simulations. This is in line with other studies [5€] [94] [127]), Fig.3.3 also shows that for ti3 set of
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running conditions the magnitude dfis mainly influenced by the quantityf vapour, as indicated by the

cavitation numbers, and not by the shedding mechanism.

Simulation results at two runningonditions {Table 3.1) were used to make detailed comparisons with the
corresponding experimental results. The G&gults in the following section show that both theeatrant jet

and condensation shock sheddingechanisms were &ieved. Moreover, they were achieved with pressure
drops that matched the experiments for the flow rates usétis is considered the impant factor, even

though a higher downstream pressure was used in the CFD to guide thenarof cavitation produced.
Regarding the shedding frequency, that of the condensation shock shedding mechanism agreed well with the
experiments. The fregency of there-entrant jet shedding mechanism showed some discrepancy. This is
strongly linked to the trend shown Irig.3.2: the Sty increases by 100% for a 0.2 changCN or 0.1change

in e, indicating an extreme sensitivity of the shitdg frequency to the level of cavitation. Hence, the
discrepancy in the rentrant jet shedding frequency is likely explained by this sensiti@ibng withcycle to

cycle variationgindthe uncertaintiesn both the experimentaland CFD results.

Table3.1 - Running conditions and results for the shedding mechanism investigation.

Flow rate ¢L Liec B St K CN o
(I/s) (kPa) (kPa) (Hz)
_ Experiment 2.95 28 80 192 0.24 0.31 0.36 0.86
Reentrant jet
CFD 2.94 28 101 250 0.31 0.32 029 1.1
Experiment 2.99 85 26 46 0.056 0.90 3.6 0.25
Condensation shoc!
CFD 2.99 86 40 43 0.053 091 22 041
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3.3.2- Reentrant jet vapourshedding mechanism

In Fig.3.4, frames of higkspeed videos from experiments byogendoorn[91] and Jahangir et §B2] are
comparedwith analogousCFD results for rentrant jet shedding The first two columns showhat vapor
structures simulated closely match those of the experim@&hie third columrshows the axial velocity on the
mid-plane, whichfurther illugrates the detail of lhe vapor shedding and confirnthat the re-entrant jet

sheddingmechanisniswell captured by the CFi@sults

At the start of each cycle, the vapfmrmsasa toroid at the wall of the Venturi, immediately downstream of

the throat fo + 2ms)With time, thiscavitating annular region extend®wnstream, and a rentrant jet forms
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at the closure regiont{ + 4ms blue shadein column3) detaching the cavitation at the walleparation in the
boundary layer and the attendan¢-entrant flow are caused by &local adverse pressure gradient stemming
from the cavitating regiorand the expanding geometry downstream of tenturithroat. As this reentrant
jet reaches the throat, thgapordetachescompletelyand is shed downstiam as a cavitatingortex ring(to +
6ms) and the process repeatSome cycle to cycle variation can be seeRii3.4 of both the experimental

and simulation resultsThis instability is likely connected with the sendyito the running condions.

3.3.3- Cordensationshockvapour shedding mechanism

The first and second columns FKig. 3.5 compare frames ofa high-speedvideo from experiments by
Hogenaorn [91] and Jahangir et 492] with analogous CFInagesfor condensation shockhedding They
demonstrate good agreement in timing and in the distribution of the vapor betweeregperimental and
CFD resultsThethird column inFig.3.5 shows theaxial velocityon the midplane which highlights the back
flow that develops during the shedding proce$fe imageshow that the caviation grows from the throat

(to + 2msto to + 10ms)and extendsonsiderablyfurther than in there-entrant jet case.

By frameto + 12ms, he downstream clouaf previously shed vapor has collapsed. Theates a pressure
wave thatpropagdes upstreambackto the trailing edge of the attached vapand triggers the condensation
front, whichcoincides with theppearance of a backflow along the wablumn 3 Fig.3.5). Thecondensation
front progressively detaches the vapor at the wall until it reaches the throat, wiewhole vapor struitire

is shed and convected downstream asaud

A close study of the experimental and CFD vapor images reveals that there is aliffevalhce in the
cavitation structure close to the throat: in the experimethe cavitation initiates as streakg]. This streak
cavitation (Fig.3.6) only occurs over a very short distance andssaiated with imperfections in the surface
finish of thecomponent[7] [138]. The geometry in te CFD iperfectly smooth and does not produce this

streak cavitation structure.

The sleddingproces is further illustrated irFig. 3.7, which shows thdiquid volume fraction, condensing
@ é@dnd evaporating@ é@ Rs notedn Fig.3.5, the first columnconfirmsthat the vapor forms in a toroid
just downstream from the throat, but later extends across the entire diamétereover,the progress of the
condensationfront as it travels back towards the throarevealed by the hig values of condensin@ é@ P
(second columpat the trailing edge of thattached cavitylfighlighted at § + 15ms)As expected, this tracks
the negative velocity in the reculating flow at the walls, as shown Kig.3.5. Some further condensation

and evaporation can be seen withihe main body of cavitationAlthoughhigher values of@ é@ ¢an be
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caused by vaporapidly traveling across

cellsrather than collapsingr expanding
this is not the case herdsig.3.5 shows
there are only low velocities regions of

high @ é@ P

Thevaporimages indicate that the vapo

grows from the throat in an annula
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region clee to the walls, but laterextendsover the entie cross section of the Venturi. It is well known that
cavitation in the flow can create the condition in which the acoustic speed in theohase mixture falls well
below that for each of the singlghaseq20], enabling supesonic flow. The RankiAdugoniot jump condition,
originally derived for onelimensional flow, can be used tdentify if the condensation wave does indeed
represent a shockront and also computests velodty [57] [139] [140]. TheRankineHugoniot condition is

given as
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where Qsthe wave propagation velocitgnd Qs theaxialvelocitycomponent The subscripts pre and post
denote pre and postshock and>® s ga=b ' ®iad ' ® a2 dhe density, axial velocity and pressure values
in Table3.2 are takenat pre- and postshock locations att+ 13.5ms(Fig.3.8). The values do indeed satisfy
the RankineHugaiot jump condition with a shock propagation speed of 4.2m/s, which agrétbstie rate

of 4.25m/s calculated from the franseinFig. 3.9.

Table3.2 tPre-and postshock conditions for the Rankisidugoniot analysis
Density (kg/m) Velocity (m/s) PressurgPa)

Pre-shock 158.5 3.84 1,311
Postshok 9988 -2.91 10,070

"
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H '
0 20 40 B0 50 100
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Jahangir et §B2] produced aspacetime (xt) plot from theexperimental dataAsimilarprocess was repeated
with corresponding CFBata using totavapor fraction Fig.3.10 shows thex-t plots constructed from the
experimental and CFD resulie cavity lengthgred arrowg agree welland the condensation and shedding
processes occur ia similatmanner.Both x-t plots showthat shedvapor collapsedownstream(greenlines)
Thistriggersthe condensation wavéyellow curved line¥that travels up the attached vapor to begin a new

shedding process
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Finally, 2Cexperimentakime-averagedx-ray images of the cavitatingentui nozzlewere reconstructed usig

CT to produce a pseudo 3D numerical representation of the averaged gaptant [93]. The X-ray images
were taken over 60 secondf700 sheddingycled and capturedhe projectedaverage of cavitation in the

Venturinozzle(Fig 3.11), with the light grey representing vapdrhis Xray datawas thenreconstructedusing

CT to show theveragevapor distribution at different planes(further examples of CT recomsttion canbe

foundin [141][142]).
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In order b comparewith the averaged C3licesthe CFD resultfor the vaporvolume fractionwere averaged
over 22 shedding cyct0.5 seconds Fig.3.12 presentsexperimentalCTresultscompared with CFD images

and showsserygood agreemenbverall

Thee is aminor difference indcations A and Byear the throatof the Venturi, wherethe experimental CT
slices show a layer of liqud againstthe wall, and ahigher concentration ofapor adjacent to that The
averaged CFD results shawower concentration ofaporand it isdistributed up to the wd| with no outer

ring of liquid As the CFD predicts a larger distribution of vagoe overallvolume of vapor isonsistent with

the experiment These differences at locations A and B are most likely connected to streak cavitation, as
discussed earlieffFig.3.6). In the experiment, streak cavitation occurs &owvery shortdistance downstream

of the throat, which is not reproduced in the perfectly smoaggometry of theCFD. San the experiment,

the cavitation is intermittent around thehroat circumference These streaks aralsolikely to be unsteady
(someevidence of ths in the frames itrig.3.5). Moreover, measurement errors with CT reconstructiauill

be more significanin the tube peripheryas the Xray line of sight only passes through a very small volume of

mixture. These kctors arelikely why the CT processing has interpretethl liquid next to the wall.

3.4- Conclusion

The vapor sheddingiechanism®f cavitating fows in an axisymmetric Venturi nozzle were investigated with
CFD simulations and comparetth relevantexpeaiments. Aalysis of the quantitative resultgith regards to
the Strouhal number and loss factoevealedcoherent trends andshowed thegood oveall agreement

between the experimergand CFD over a wide range of running conditibMareover, t was conalded that
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the CNcavitation number was the more appropriate parameter for use with internal, titiegensional
geometries involving a pressure drdpwo running conditions were studied in detail: one in theergrant jet
regime and the other ithe condersation shock regimeThedetailed CFD results confirmed that-entrant

jet and condensation shock were the dominant vapor shedding mechanisms.

Analysisof the full data set over the range of running conditigarevided insight into the conditihs under
which the different vapor shedding mechanisms occurred and demonstrated the extreme sensitivity of the re
entrant jet mechanism, which only occurges avery narrow range of the running conditions. This signified
that a small change in settinggould prodice a large change in the shedding frequency for this mechanism

whichislikelywhy previous researchhashaddifficulty to reliably simulateit.

For both sheddingmechanisms, the details and development of thiemulatedvapor structures during a
sheddingcyck closely matched those of the experiments and the measured pressure drop was acagved
well. Moreover,the CFD results providedetail ofthe flow mechanismghat cannot be extracted from the
experiments Finally a comparison of averageapor fratcion was conducted using CT slices from the
experiments and demonstrated overall good agreement with the averaged CFD résuits. this, the
understarding of cavitdon and shedding mechanisms, which can affect faability, spray brealup and

erosion n orffices, has been expanded.
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4.1 tIntroduction

Cavitation is commom many fields like naval, automotive and aviation, and often leads to problems such as
reduced efficiercy, roise and erosion. Consequently, there haseibeextensive research dedicated to
understanding and controlling the effects of cavitation, throughpesiments and CFD simulations.
Nevertheless, erosion caused by cavitation is still an ongoétd) 6f researd due to the complexity of the
physics in tk micro and macro scales of cavitation collapse and of the interaction with the boundary material.
This, along with the further complexity that simply having cavitation collapse near a solid Walbialways

result in erosion, are some of the reasonkythere is no consistently accurate model to predict cavitation
erosion.See sectiorl.2.6.3for an indepth discussion about ERIs and sectlo®.8for aliterature review

concerning cavitation andavitation erosion within thin gaps.

The work detailed in thishapterinvolves a component within laigh-pressure fuel pum143]. It was noted
by the Delphi Technologies PpnTeam,following endurance tests, that some sligbavitation erosion
occurred on the shoe and shagiide, which are located under the pumping plungine work investigates

erosion of the boundaries of this narrow fluid filled gap and the applicatiqpoteintial ERIs.

The details of this assembly arftbtendurance test findings are giviersection4.2, while sectiont.3explains

the dynamics of the shoe within its guide during normal operation.oAdifinthe erosion after endurance
testing was toaslight to result in a problem over the life of the pump, alternative designe wwestigated in

the interest of robustness for future applications with increased requirements. Some of the designs were

suce@ssfu in avoiding cavitation erosion and showed signs of damage after testing.

To understand this erosion, a CFD investigatvas undertaken on #fluid filled gap between th&hoe and
Guide Sectiord.4 describes how botlthe original design and an alternative desigmieh avoided erasn,
weremodelled Sectiord.4.1defines theERIxaminedwhich were used to assess the potential risk of surface
erosion. TheCFD isnulationsare examinedwith respect tothe cavitation chaacteristics within the dynamic
gap between the&shoe and Guidiaces Theseresults arediscussed in sectiof5. In £ction4.5.1the analyss

of the results of each peitial ER&re gresented,compaingthe distribution oftheir maxima to images of the

damaged componentgzinally the summary and conclusion are given intisecA.6.
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4.2 - Experimental pra@edure and results

Hg. 4.1 shows a cutaway of the highressure fuel pump and the location of the narrow dasween the
sliding faces of the shoe and the guidiee pump pressurizes fuel up to 2000 bar and dethvigto the common

rail systen]144]. Newly designed or modified components undergo extensive testing before they cesgoro

to serial production. This testing includes endurance runs, which assess the robustness of th@emmpo
when exposed to long periods obmtinuous unning at demandingoperational conditions. One such
endurance test runs the fuel pump at 5000 RPMefoertain period otime that is orders of magnitude longer

than the time spent at any running condition in nornusle. After this test it wasound that the guideface
experienced veying patterns of norcritical cavitation erosior-ig.4.2-B shows the typical pattern of damage
found on the face of the guide, whilgg.4.2-C shows a specifi@atiern seen on one sapte. Fig 2C also shows
clearly the simple, flatace geometry of the original desighs mentioned b#re, the erosion was too slight

to result in aproblem over the life of the pump, alternative designsrevstill investigated in tle interest of
robustness for future applications. One such proposed design had a large vertical groove on the face of the
guide (Fig.4.2-D). Subsequent endurance tests with this modified design prodooesiosion on the faces of

the shoe and its guideThe guide is made of steel with surface hardening by sintering in accordance with 1ISO
5755 FBO5N2CG950H.

45



4.3- Geometry and dynamics of the shoe and shgaide assembly

As the camshaft rotates durirtpe pumping stroke, the candisplaces the rollershoe and plunger, which
pressurises the fuel in theumping chamberKig.4.3-A). After the top of the stroke, the cam profile and the
return spring allow the plunger assembly tdraet to its original posion, enablig the pumgng chamber to
refill for the next stroke Kig.4.3-C). With this type of pumdesign, there is a small, yet interesting, lateral
movement of the shoe withirthe guide. The lateral ovement is caused by the diction of the force
transmitted to the shoe from the rotating cam, via the roller. This lateral thrust causes the sheedbdt a
slight angle within the guidduring both the pumping and filling peds. When the plungereaches the top

of its stroke the direction of tke thrust from the cam changes, which causes the shoe to change its tilt angle
and move across the snhalearance within the guidd-{g.4.3-B). The gap between the shoe and its guiisl
fluid filled and is fedby the cambox on aflides. When the shoe moves away from its guétles to the lateral
force, albeit by only tens ahicrons, the fluidoressure will be reduced. If the flow from the cambox is then
unable to fill the incrasingvolume in the gap at the @propriate rate,cavitation will be generated. It was
expected that this possible cavitation creation and its subsetjgellapse is whalied to the erosion seen on

the hardware after endurance tests.
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An elastohydrodynaic d$mulation of some of the igh-pressure pumpcomponents was previously
commissioned by Delphi Technolog[&éd5]. As pat of that study, the linear and rotational components for
the shoe movement were caltated. Although bth sides of the shoe are affeet by this lateraimotion (Fig.
4.3-B and D), it is the side that is in closest contact duttiegpumping stroke whicks of more interestFKig.
4.3-B). Further detailed vislizaion of the shoe face moweent is given iffrig.4.4. The shoe movement shown
in Fig.4.4 occursclose to top of the pumping stroke and corresponds$-ig.4.3-B. The gap cleange ranged
(E}u iXd...u 8} 606...uX

4.4 - Brief overview of amulation model and methodology

All simulations were done with ANSYS Fluent V17 (seehitugter2 and[115]for details). The standard ZGB
caviation model wasuised.When the simulationsvere run, unrealistic negative pressures did not occur. This
indicates it was unnecessary to calibrate the cavitation parameters fufti2&i, therefore the default values

of 84, U2 (gand (swere used115].

The geometry of interest in the original design was a hexahedron, created by the two flat faces of the shoe
and its guide and the narrow, uneven gap between thdime faces were ggoximately 12mm square and
the fluid filled gap was fed by the cambox pressure omthiér sides.Considering the narrow gap range of
iXd..u 8} 66..u v 8Z (0}A & & « pv E ]JvA +3]P 3]}vU §Z (o}ArE P]Ju

which calculatins confirmed. This can affect the structure of cavitation forrf].

As with the actual components, the guide face remained stationary for the simulation, while the shoe face
moved to vary both the gap wid and the tilt, wih respect to the guide. The modified design had the same
shoe face and the same motion profile but had a seimtiular vertical groove in the guide fasith a chamfer
included in the groove to gap transition regiof deforming mesh waimplemented to acommodate the

shoe movement. The simulations begin near the top of the pumping sifiget.3-B) and run over a period

of 880... ¢

Fig.4.5 shows the mesh within the groevand the narow gaps. The detail shown in the enlarged section for
the narrow gap was used in both designs. The gap was divided into 20 cells to ensure resslpigonasic
CFDrequirements Cell aspect ratio was of course a concern, but care was takienpose awell-structured
deforming mesh as the gap expawand the flowrate increasd. The aspect raticat the start of the

simulation wasaround2000 butdropped tol7 as the gap expanded.

A mesh study was carried out on the original design. Itsgas that a synmetrical boundary down the centre
gave results which were almost identical to those of simulations with the full domain. Different levels of mesh

refinementwere considered, from 68.0° to 3.6x1(° cells. These cimyes had almost no fefct onflowrate
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and so the coarsest mesh could be considered to provide a mesh independentiesudver, while flowrate

may be an adequate variable to determine medsldepencence for many simulations, it may not [z
acceptable criterion for some tfie ER$ being investigated. As such, for the final simulations, the finest mesh
wasselected Hence, the original design had approximatelyx®@ cells and the modiied designhad about
5.7x10° cells.

The pressure boundary condition of four haas applied tadhe four sides and matched the averaged values
measured in the camboxuring regular operation. The fluid properties were modelled as Normafluid
(1ISO4113}he standard tet fluid in the diesel industry and what was used in the endurands.téhese were
based on[47] and[122] and were also previously used by Bush et [@2] in experimentally validated CFD
simulations Reference values dt bar aml 100Care given inTale 4.1. Given the high pressures expected
during cavitation collapse, liquid compressibility was includ®sk sectin 2.3.2for further details about the
EoSused

TaHe 4.1 t Fluid properties at 4 bar and 1€0D.

Property Liquid () Vapour(v)
Density (kg/m) 764 6
Bulk modulus (bar) 8896

Speed of sound (m/s) 1079

Dynamic viscosity (kg/m/s) 8.5e4 4e-6
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4.4.1- Erosionrisk indicators

A total of 10 potential ERIs were investigateshownin Table4.2. Details of the potential ERIs atisscussed
in-depth in secton 2.6. The potentialERIsvere assessed by examining theagritude and distribution of
maximum values reached during the simulation periods and comparing the results to images of &ktgien.

the magritude of these indicatas maystill be affected by the mesh or tirretep (seeAppendix Cfor a cursory
study), the difference in the relative values between the two designs should still be preserved. The overall
objective is a high level of differentiatidoetween the two designi the relative magnitude of the ERIs, with

strong correlatbon of maxima locations with erosion as seen on the hardware.

Tabled.2 tList of ERhvestigatedon the Shoe and Guide

Variable Variable name Variable Variable name
L Pressure (static pressure) 44 GondersingR
&L&P Total derivative of pressure & é & P Total derivative of density

&L &P Second total derivative of pressure &, & P Total dervativeof liquid volume fraction

&L &P Total derivative of pressure squarec 2 2&t Second derivation of potential power densit

&L, &P  Total derivative of dynamic pressurg % Acoustic pressure

4.5- Results and discussion

The resllts for the original design are givenkig.4.6. The timeevoluion of pressure, velocity, liquid volume

fraction and condensinBare shown. These results are provided on the-pl@he in the gap. The first frame
inFig.46U § i06060..2U *Z}As 3Z ]Jv]3] o (( &« }(nt3% the shoEchangds}its ahdie,u
pressurebuilds at the topas that region is compressed. Near the bottom, cavitation is being produced as the

fuel flowing into tie ultranarrow gap canot keep up with the expanding volume. Although this initia¢ial

movenent has these noticeable effects, it is too small to be discernilffégid.4. At 116 ... U S§Z ¢Z} ]e %ol
away from the guide at such a rate that thatiee P % Z « A]3 § X C 8606..U 3Z Uu}A u v
slows and the fuel flow infrom the cambox at the boundarigs collapgsthe vapour. On the next frame,

Ad06 ... U vapaur&as collapsed. The pressure caused by the inward force from this$ doitegpse rebounds

outward, resulting in the creation of a sewbvapourregion followed by its collapse. The initrapourcollapse

and rebound are shown in detail iig.4.7, where the distinct shape of the collapsing ca\stgear.

The velocity images on the later framedHig.4.6 andFig.4.7 show a skewed cross region. This is where the
flows from the four sides meet, which giveseito the four fingers of liquid growgninto the vapourregion

during the collapseNig.4.7). This characteristic also produced a creBape in some of the ERIs, sholater.
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Fig.4.8 shows the cycle of cavitation with the groakd «]PvX C iid...« §Z (( S }( S§Z <z}
apparent with pressure increasing near the top and cavitation being produced near therbowWith this
design though, the cavitation is noticeably isolated to the two thin gaps, wittapourbeingcreated in the
PE}}A E P]}vX C 186....U esidn d®e sarrow} Gapshaveoalmost completely cavitated.

However the vapourcompldely condenses much earlier than in the original design. A detailed view of the

u}

vapourcollapse in the groovedesign Fig.4.9) shows almost all #hinitialvapourhas }v ve C 0i6...°U

}us di...e (}JE& 35Z }E]P]v o vapdwrebound odclis,.butlis smaller than that produced

in the original design.
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The difference in a@lapse time is attributed to the amount and distribution of &ation formed and he
locations where fuel from the cambox can flow into the narrow gap. The groove itself does not cavitate, as the
shoe only moves a few microns and so the percentage votthaege within the groove is minimal. However,

for both designsthe percentage volme change in the gap is significant, and cavitation occurs because the

flow from the cambox is insufficient to suppress it.

It can be concluded that in general, the groomehe modified design significantly reduces the region of the
narrow gap and increses the access to the cambox pressure. This access reduces the overall amount of
cavitation formed in the first place and enables an earlier collapkmvever, while thesdadors are

significant, they do not indicate if erosion willaxe. Hence the neetbr validated ERISs.

4.5.1- Erosion risk indicators
The maximum values related to pressure that occurred throughout the simulation period are presehtgd in
4.10. This sbws the pressure and its derivative & L & P&°L &P and :& L & B for both the original

and the grooved design.

The maxima gpressure, L, seen in the first column dfig.4.10, exgerienced a peak of 1480 bar for the original
design and 87®Bar for the grooved design. However, these peak values are caused by the shoe movement
compressing the fuel early in the simutat (Fig.4.11) and are not associated witbavitation collapse.

Moreover, these values clearly do restceed the pressure the material would be expected to withstand.
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These results differ from those of some other researchers who used pressure as an ERI (for §34jnple
However, defining absolute values for which damageasitiur, rather than relative values or frequencies of
occurrencehas significant uncertainties for different components, assemblies and methods of manufacture.
Furthermore, fluid properties areat known for pressures of several thousand bar, which a$féut predicted
pressure values. As such, the absolute maximaresgure is not a reliable ERI here. However, the spike
produced duringrapourcollapse is interesting. It indicates that the ratepressure change could be a useful

indicator. Furthermoreit comes into play in the calculation of the potential power degngRI (PPD2).
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The second column iRig.4.10 shows the distribution of maximung. L & P

for the two designs. A clear peak is seen on the original designitand

location coincideswith that of the erosion on the hardwareFig. 4.2).

I
[ ‘ |
% % 7o
Moreover, Fig.4.12 shows that this peak occurs during the collapge
vapour. The peak value reached wasx18® bar/s. There is ab some
activity on the grooved design, but at 2&® bar/s it is significantly loer
than in the original case. These results show tBat & s useful as an ERI|
The third column irFig.4.10 shows maxima of: & L & F%, which further
accentuatesthe differences between the two designs seen wighlL & P
This :& L & B® ERIlis newly derived for tis work and provides distinct
advantages.
The fourth column iffFig.4.10shows the maxima o&°L &P (seeAppendix
B for the equation). The CFD results show high values that cateelvell
with where erosion was found on the original design hardware, but ther

also a lot of activity elsewhere in the domain. As sugfl. &P does not
provide a better indication of erosion risk thafalL & P

The maxima for the materialerivative of dynamic pressure&(l. & Pis

shown inFig.4.13. On the original design, the locat®af the peak & L, &Rines up well with the region of
erosion. However, similar values are reached with the groaesigncaused by the collapse wapour. Thusly,
for this component at least, the material derivative of dynamic pressure is not considered a viable ERI. As

expected, the overall peak values reached are substantially less than those of the static pceasteeparts.

TheRduring condensation: 4¢; and the material derivatives of density& é & Pand liquid volume fraction

: & & Pwere also considered as potential EFf&)(4.15). As mentioned earlier, a skewed cresmpe is
notable. This cross was prockd as the inward flows from the boundasi impinged on each other.
Unsurprisingly, the maximum values of these indicators produced similar contour images. For all three
potential ERIs, the original design has maxima in the location of erosion, but ttreedrdesign has similar
values where thex was no cavitation erosion present on the hardware after endurance tests. Hence, these

parameters do not show potential as ERIs for this component.

E]A 3]}ve (E}u }3Z E E « E Z E+[ % dderdd foA h@r potdntE as ERIs }ve
Accodingly, the distribution of maxima of potential power dens®pPDZEq.33) andof acoustic pressureZy

(Eq.31) were calculted.
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The distribution of maxima foPPD2s shown irFig.4.14. PPDZhows a clear difference between the original
and grooved designs. Moreover, on the original desAD2produces a clear shape that resembtbe
distinctive erosion pattern seen on a particular hardware sample, showkigm.2-C. HencePPDZs a good

ERI and provides clearer results.

All the CFD images shown so far have been on theptaite between the shoe and the guidéne Rk directly

on the faces of the shoe and the guide were also investigated but did not change the assessnieats fufr

the 10 ERIéseeAppendixD). Acoustic power: 2y;was the one exception, as seerHig.4.16. The distribution

of the maxima on the mighlane could indicate thaswould be a reliable ERI, with high values only in the
region of erosion on the original design. However, unlike the other ERIs considered, the results on the shoe
suface contradict this. The maxima on the shoe surface on the grooved design reach satois as the

original design, which indicates th&would be misleading as an ERI.

The qualitative assessments of the different ERIs tested are summarizatled.3. ERIghat did not provide

o E J(( & v SA v 8Z % E}5}3C% Vv u} ](] ERIsHa® proviled the oo
clearest difference between the two designs, and where the locations of the maximalated well with
erosionseenorsZ Z E A E U E o 00 ~P}} X_ dZ }¥&belEd "Bl ]lv]vl G}1E

provide only a limited indication of erosion potential.

Tabled.3 tLig of potential ERIs and their correlation level.

Variable Variable name ERI correlation

L Pressure (static pressure) Poor

& L & P Material derivative of pressure Some
&L &P  Second material derivative of pressure Some
& L & ¥ Material derivative of pressure, squared Good
&l &P Material derivative of dynamic pressure Poor
4y Rduring condensation Poor

& é & P Material derivative of density Poor
&k & P Material derivative of liquid volume fraction Poor
PRD2 Second derivation ofgiential power density Good
2% Acoustic power Poor
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Fig.4.17 shows the two besERIs,: & L & PPand PPD2 and how well the location of the maxima correlates
with that of erosion on the hardwa. These two indicators targeted the correct location andwsbd
significantly higher peak values on the original design. They also reproduce the distinctive pattern of erosion

seen on the original hardware design on the guide.

These two ERIs can be apglito product design and development. For example, an exjsgroduction
component that is free of erosion can be used as a control case to establish the distribution and intensity of
the ERIs. The ERIs for any new or modified design can then be comptirdide control case. A significant
worsening of the ERI cracteristics would indicate a region at risk of erosion. In this way, considerable time

and cost would be saved during product development.

4.6- Conclusion

The fluid dynamics of a thin liquid &t gap were investigated. This gap occurs withiBtee and Guide
assembly, which is located below the pumping plunger in a-pighsure fuel pump. Two designs were
considered, the original, which experienced rmitical cavitation erosion, and a modiflelesign, that had a

groove in the guide face which eliminated the erosion. The dynamic CFD simulations provided understanding
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and visualization of the cavitation characteristics in the gap. These results confimaeth¢ creation and
collapse of cavitabn within the gap was caused by the expected small lateral movement of the shoe, which

occurred near the top of the pumping stroke.

The results for the two different designs were further analysed to evaluate several pot&ialEach
indicator was asseed by comparing the distribution of its maximum values with images of cavitation erosion
on the hardware Almost all the ERIs tartgel the correct region at risk of erosion on the original design.
However, it is important to note that it was only by coammg the CFD results of the damaged design with
those of the undamaged design that a reliable assessment of the ERIs could beAraatedingly, the ERIs
that gave the most accurate results weré& L & PPand PPD2EQ.33). : & L & PPwas newly derived for this
research andPPD2wvasproposed byFortesPatella et a[71] [72]. It is now antigpated that using these two

ERIs to guide product design and development will save considerable time and cost.

61



5r A]$ §]}v E}e]}v EJel v ]
WEE®](] Als3Z]lv ] o ]\

5.1- Introduction

The diesel injector is of critical imptance to the performance of engines and is an area for continued
development to meet future environmental and performance standards. As cavitation cannot beavoid
diesel injectors, due to the flow conditions requirdor optimal performance, it is esstial to further
understand and manage cavitation. By doing this, advancements in the optimization of performance and

production can be achieved, while avoiding potential complications due to cavitation or cavitabigiorer

This section is dedicated farther determining ERIs, and how they compare when appliefiiois within a
Control Orifican a prototype highpressure diesel injectofwo designs of the same component were used to
validate the findings, one erodingnd on noreroding. ERIs, many newteveloped for this work, were
assessed with both designs. By benchmarking the CFD results witherauing design the ERIs could be
more thoroughly evaluated. Furthermore, this work utilized an increased mass traatfeR), which comes

from Koukouinis et al[40]. Another aspect considered as an ERI was the frequency of spike occurrence from
selected ERIs, rather than just examining maximum values and their distribution wallefL25]. Moreover,

the component utilized in this CFD study has a direct link to thewedd, unlike specialized test geometries

(see[30], [40] or [73] for example).

See sectionl.2.6.3for an indepth literature review of ERIFom previous researchemndsectionl1.2.9for a
thorough review ofcavitationin control orifices As abrief reminder regarding the erase properties of
cavitation, Gavaises et @3] indicated that bubble implosion could have a significant effect on erosion within
diesel injector tips. They had proposed erosion was associated with acoustic pressure dhifrolatehe
cumulative effect of many bubbles collapsing closa twoundary. Koukouvinis et @8] went on to simulate

the effects of the energy released by cavitation collapse on the internal surfaces of diesa@ritijgxt They

were able to predict some regions of cavitatiom&on based on a cavitation aggressiveness index. This index
was related to peak pressures and the rate of change regarding the pressure and vapour volume fraction.
Mihatsch et al[73] also studied cavitation erosion potentidle to the rate of vapour collapse, but on a
multicell volume basis rather than a single mesh cell basis. They were also able to show agreement between
regions of cavitation erosion in CFD axperimental results. However, with all three of #exreferences,

there were no designs free of erosion to benchmankl comparehe eroding results to.
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In chapter4, (and in Brunhart et gll46]) the ERIs in a narrow gap of a higiessure diesel fuel pump were
investigated. Out of A potential ERIgwo were found to beuseful the squared value of the rate of pressure
change :& L & PP and the second definition of potential power densi®RD2. The importance of a nen
eroding designs was made apparent as alnadidhe potential ERIs indicated the correct location of erosio
as compared to the hardware, while only a seélesv of the potential ERIs gave corresponding low results on

the non-eroding design.

This section investigatesGontrol OrificgFig.5.1) in an automotive higipressure fuel injector. It is called the

spill orifice (SPO) and is one of the orifices involved in controlling the rate of opening and closing the needle
valve duringfuel injection. As with all prototypes, the designs were subjected to extensive testing during
product development, including endurance tesDuring development, one such endurance test resulted in
significant cavitation erosion of the orifice. Further demment of the component eliminated the erosion

and subsequent prototypes were free from damage.

A CFD investigation was conducted to ersiand the flowfield and cavitation characteristics in and around
this control orifice, and to explore possible indiors for cavitation erosion risk. The analyses used two design
levels: the original geometry which suffered from erosion (prototype gigsand a subsequent prototype

designwhere theerosionhad beereliminated (modified design).

For increased accuracyna detail, this workutilized a hybrid LERANS turbulence model: Detached Eddy
Simulation (DES). This type of model has shown improveowen RANS modetsidresolvesssues likesarly
cavitation collapse and poor vapour phase transport, which are knssues with RANS mod¢B3] [28] [29]

[32]. The DES simulations were first run using the standard ZGB model. Then a modifiedizt@Bvwazused,
which enabled significant changes to be specified to the rate of mass trafsieICFD seilts were examined

and differert simulation methods considered. The potential ERIs were examined and compared with

photographic evidence of damage on early prototype components.

In section5.2 and 5.3 the hardware geometry and erpimental results are presented, respectively. The
specifc simulationmethodology is describeith section5.4 (more gereral topics are covereih chapter2). In
section 5.5, results for three different cases are predged. Focus is placedn cavitation structures and

potential ERIsonsidered Finallya summary and conclusion are presented for the SPO in sécton

5.2- Experimental procedureand results
Newly proposed injector designs must all go through a rigorous testing process. One of these tests is an
endurance test, which consists of exposing the prototype injector to a high typical load cycle (2200 bar

injection cycle) for smany cycls. This typeof test is essential to determine if a prototype can withstand
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everyday use and is ready for serial production. An example of slight damage following endurance testing can
be seen inFig.5.1 and severdamage inFig.5.2. After these early prototype tests the component was
redesigned and retested. Thegosion was eliminated, and the subsequent prototyesigns were free from

damage. The material used was autmime high strength steel with surface treatment.

=

i
i
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|
5.3- Geometry

Exact dimensions cannot be given as the design comes directly from an industry prototype, but the general
schematic is shown iRig.5.3. Both the original and ndified designs had an orifice entry diameter in the
region of 0.22mm and a slight divergent taper in the direction of flow. The differences between the designs
are relatively miniscule and in the order affew microns. The taper for the modified geometvasslightly

less, (i.e. closer to parallel) and the entry diameter was a few microns smaller. Both designs passed
manufacturing passff tests, which look for specific required flowrates given differeiaindard pressure

conditions. This ensures that tlogifices willperform asrequiredunder the different operating conditions.

5.4- Brief overview of simulation model and methodolgg

The inlet volume consistedf a polyhedral mesh. The mesh throughout the orifice and outlet drilling was
constructed of heahedal cells Fig.5.4). The first cell size on the orifice wall was 100nm which provided a
suitable Y+close to 1throughout the simulations. The length of the Icel the direction of the flowin the
orifice wasabop § 9,.which corresponds tq, the Taylor length scald16]. The CFL criteria was met (CFL <
1) with a timestep of 2nsand corresponded tos the Kolmogorov timescale Both designs had a mesh of
around 10 cells.Coarse meshes were also tested and resulted in poocharacteristicssuch asy+ and

number of iterations for convergengbutthey had thesame flow rate.
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Initial CFD simulations used RAN® ak- xturbulence model alongside the standard ZGB cavitationehod
The RANSmulations were used for the low computational costs and previously seen accuracy in predicting

the coefficient of discharge (Cd) when implemented with due c{4é]([133]).

Latersimuhtions used a DES turbulence model. The simulations were implemented in ANSYS Fluent v17 as
Improved Delayed Detached Eddy Simulation (IDDES), as first proposed by SH8retaDES is a more
recent version of DES aigl better suited for highRe flows. This simulation setup was previously validated

with experiments for a similar operating environment by Bush 82jland is also congruent with Koukouvinis

et al [40]. See sectior2.2.3for further details about the DES turbulence model and why it waasl for this

study.

The simulations were run withoastant boundary conditionsAn upstream pressure of 1380 bar and
downstream pressre of 340 bawere usal. These pressures were selected as tiveye present during much
of a 2200 bainjection cycle angbrovided the largest pressure difference across thiifice. The resultinGN
and Rewas 3.06and 40,00Q respective). The CFD sintations were initially tested against manufacturing

passoff flow tests as a benchmark.

As the pressure drop is relatively high a compressible fluid was useBoBaeerepresentative of Normafluid
(1ISO4113), a standard fluid used in autdive testing.TheseEoS comerdm [47] and[122]andare discussed
in-depth in chapter2.3.2 Reference values are given &°C and 340 bar ifmable5.1. The vapourwas
considered incompressibks any large change in pressure osauhile the fluid is in the liquid phasélote

though thatdue to mass transfethe mixture can still be consided compressiblé6].
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ForsomesimulationsRwas increasedsimilaty tothe work of Koukouvinis et 0]. The ZGB cavitation model

was implemented with the value of the mass trangfenstants defined to create an effect closer to that of a

barotropic modé (seechapter2.5for details) For this work, a large but practical value ®1@ for both (z¢ ¢ 5

and (5 4Was used. It should be noted though that the increased mass transfer rate is not compatible with

RANS simulations. IncreasiRtp such a high degree results in almost no cavitation being present when using

RANS due to the wealidic rapid pressure recovery.

Table5.1 t Fluid properties at 340 bar and BD.

Property Liquid () Vapour {)
Density (kg/n) 816 6
Bulk modulus (bar) 15,973

Speed of sound (m/s) 1,399
Dynamicviscosity (kg/m/s) 2.13x10°3 4x10°

5.4.1- Erosion risk indicators

This work also explores variations of published ERIs and severahes@l able5.2). The potentiaERIsvere

assessed by examining the magnitude and distributiothefmaximum values reached during the simulation

periods. The ERI results were then compared to the locati@iasionasseen on hardwareThe overall sign

of a successful ERI was a high level of correlation of maxima locations with erosion as seeoragind

hardware designalong withlow peakvalueson the modified design-requency of maxima occurrence was

also considered fdiour of the potentialERISs.

Table5.2 t List of ERIgvestigatedwith thisgeometry.

Variable Variable name Variable Variable name
L Pressure (static pressure) & & P Total derivative of liquid volume fraction
&L &P Total derivative of pressure @) @ P Partial derivative of liquid volume fraction
&L &P  Second total derivative of pressure @Y, @ Second partial derivative of liquid volurr
fraction
@ L@ P  Partial derivative of pressure L« Dynamic pressure
F&L &P  Negative values of the total derivative( &L, & P Total derivative of dynamic pressure
pressure
‘& L &P & g Total derivative of pressure divided | , ®e+;  Divergence of velocity
the cell volume
‘&L &PP Total derivative of pressure squared &+ &P Acceleration
&eé&P Totd derivative of density 228& Second derivation of potential power
density
@ é@ Partial derivative of density % Acoustic pressure
4 Condensingr
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5.5- Results and discussion

An overview ofthe three cases examingd given inTable5.3. The first resultgpresentedare from a RANS
simulation with the standard ZGfvitation model and defauRvalues. Then the results of a DES simulation
with the sameZGBcavitation model andR valuesare presented. Lastlyresuts of a DES simulaticzoupled

with ZGB andn increasedRare examined.

Table5.3 tListof the different simulations sets and results overview

Case Description ZGBRvariables Min pressure Geneal outcome
(bar) (Original vs. modified)
1 RANS with standard  Default -500 Region of recirculation and
ZGB and default values (¢ a 5324, (g 54.5e4 backflow inthe original design
2 DES with standard ZGI Default -500 No obvioudifferences
and default values (pag3e4, (ge54.5€4 between designs
3 DES withincreasedR IncreaseR -8 Several ERIs show difference
(6 a5(ge 5408 between the two designs

5.5.1- Case 1t RANSimulation, defaultZGB R values

Fig.5.5 showcavitation and velocitpn the midplane for both the original and modified desigii$ie results
for the eroding geometry show a region of recirculation and backflow at the end of the topside Gbtiieol
Crifice, whereas the noteroding geometry desnot. This region correlatbwith part ofthe location of erosion

seen in the failed endurance test imagésy5.1 & Fig.5.2).

Cavitation 61 Velocity 0600m/s Cavitation and pathines

W4

“ Original Prototype

Modified Rototype
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For much of the CFD work performed in industry, the RANS technique for modelling turbulence is still the
method of choice due to its acceptable time scale compared with LES/DES techniques. liseamoethitnoting

that the Case RANS model resulttemonstrated a significant difference between the original and modified
geometries.However, 1 is possible this difference was only case spedfithough it is interesting that the
difference was in the regioof erosion which suggests that backflow amedirculation, close to collapsing

vapourstructures, may result in an increased risk of erosibevertreless, @irther analysis is required.

5.5.2- Case 2t DESsimulation, defaultZGB R values

The maximunpressure( L) on the wall Fig.5.6) appears to be relatively stablaximum values of& L & P
appears to have some activity, the values aalatively smallZ orders of magnitude less than in casevBere
Ris increased)Furthermore, he other potential ERlessuts showed no substantial differences between the
original and modified geometrieé\s such, no conclusions could be drawn as to which of the patdBR|s
were viable with tleseturbulence and cavitatiomodek. Moreover, here wasstill anunreasonale negative

pressure present, and so thiRvalues were increased.
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Fig.5.6 - Case 2 (DES with defa®t Maximump and Dp/Dtin the entire domain (interior) and on any surface (wall) for
il ...e (S (zafjon @& the original prototype design.
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5.5.3- Case 3t DESsimulation, increasedZGBRvalues

A key improvementrom increasing Rwas the lack of negative pressyseedicted which commonly occurs in
cavitating simulations and is a nghysical effectTableb5.3). This negative pressureasiumerical inaccuracy
due to the low mass transfer rate. When pgmbcessing, users generally cap trapourpressure and ignore
the negativevalues However, it should be noted that while convergence was obtained using the incrRased

there was a noticeable increase in the run time of case 3 compared to case 2.

An important effect ofincreasng Rwas the unstadness of thevapourregion which in turn led to more
vapour pocketsbreaking off and collapsind-ig.5.7). This isassumed to be more realistand is what is
expected to led to cavitation erosionMaxima of two potential ERbre shown b emergefrom a collapse of
vapourin Fig.5.7. Througlout the image sequencehere can be seen a regiorf wapourtraveling in the orifice
and eventually collapsing. On the same tigtep there is seen new maxima on batland & L & Ih the same

region that thevapourcollapsed.

5.5.3.1 Potential ERIt pressure and its derivatives
Plots of maxima related of static pressuaed its first and second derivative, (& L & Fand &°L &P

throughout thesimulateddomain and on the wafbr both designsg A E &ie new examinedrig.5.8 shows

plots of the maxima ofl. The peak values reached internally are lower in the original design than compared
to the modified design-However, there are many more spikeslain the wallwith the original design. In total,

there are 104 spikes over 2000 bar on the original design while there are only 9 spikes on the modified design.
Above 3000 bar the number of spikes drops to onlpd 2he original design and none on the modified design.
This indicates that while there are energetic events occurring with both designs there are significantly more
occurring on the walls of the original designs. However, these pressures are relativeiiném considering

plastic deformation of the injectamaterial. Moreover, as mentioned in the literature review sectiatying

on absolute values of peak static pressure could lack robustness with the current state afid¥€Disnot

likely to be abldgo predict impulse peak preasesaccurately.

Fig.5.9 shows the plots of peak values &f L & Pt is immediately apparent that there is much more activity
on the original desigthan on the modified. Considieg a cutoff valueof 2ell bar/s, there are 1748 spikes
on the original design while there are only 163 spikes on the modified design. This is a muchingher
of spikes tharcompared to L This high activity on the origindésign holds true at aigfher cut-off of 5ell
bar/s also, where there are 522 spikes on the original desupile there are only 34 spikes on the modified

design.An FFT analysis watsopreformed and showed nobvious dominate frequency (ségpendixD).
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Plots of &°L &P (seeAppendixB for the full equation)maximaare shownin Fig.5.10. It is again apparent
that there is more activity othe original design, but the differences betweemr thivo designs are not as strong
aswith Lor & L & PAt 2e25 bar/$there were about 5 times more events on the original design. This dropped
to 2.5 times more events at 5e25 bat/&Vhile &°L &FPindicates more activity on the original desig may

be harder to differentiate an eroding and n@&noding design.

While peak values are important the location of the peak values is crucial as they may have occurred anywhere

in the CFD domain. Hence further analysis regarding the locatitthre acivity was necessary.

Fig.5.8 - Case 3 (DES with increased mass transfer rates). Maxpnnithe entire domain (interior) and on any surface
~A oo+ (}JE 61 ..o (5 & ]v]8] o]l 8]}vX
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Fig.5.9 - Case 3 (DES with increased mass transfer rates). MaxibpdBt in the entire domain (interior) and on any
o 1 ( ~A oo+ (JE 61 ... (8 & ]v]3] o]l 8]}vX

Fig.5.10- Case 3 (DES with increased mass transfeis). MaximunD?p/Dt? in the entire domain (interior) and on any
cUCE( ~A oo+ (}J@&E Oiation. (8 E ]v]3] o]l
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The differences between the original and modified designs becomes even more apparent when examining
images othe peak values on the orificéig.5.11 shows the peak values on the wall of the orificelo®& L & P

and &L &Pafter ii...*X ~Ju]o E IW(FigET.11, firét column) occur towards the outlet of the orifice

in both the original and modified desig&L & Rnd &°L &Pin the second anthird coumns ofFig.5.11,
respectively, show some improvement. The original prototype design shows many nagrmanoccurring,

with almost no activity occurring on the bottom of the modified design. There are simiar maxima
occurring on the top of the modified designs, mansiderably fewer. Moreover, the peak values on the
original design are importantly ithhe same regions of erosicasseen on the hardwareAs such, all threef

thesepotential ERIs showome usefuhess as ERIs.

5.5.3.2- Potential ERIt variablesrelated to rate of pressure change
& L & Ras shown promise as an ERI in previous pdpét$67]. To explore possible improvements & &P

different modifications were considere®if.5.12). The first column shows the peak values&t & Bn the
wall of the orifice as a baseline. Comparing this@doL@rRaximain the second column therare virtudly no
differencesapparent This indicates that the spatial component of the total derivative@ L) has almost no

effect compared to the temporal part.
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Comparing positive maxima @& L & kh the first columrto the negative values o&L &Rn the third column

it is seen that the locations of the maxima are the same. Although, the negative maxima regions are slightly
reduced in size. These negative values are likely due to the rebound shgwair cavities after the initial
collape. The collape and rebound events occur in such close succession that the negative valkids&P

could also potentially be used as an erosion indicator. However, it does not provide any further benefit than

the other values.

Other equations focusmnon & L & Rvere also examinedhe material derivative of pressure divided by the

cell voume (:& L & P 8 g@nd thematerialderivative of pressure squared & L & P), as seen in the first

and second column ofFig. 5.13, respectively. The maxima af& L & P 8y 4 glgmonstrates considerable
difference between the two designs. The activity seen on the modified design is minimal when compared to
the original design. However, an issue with this variabéethe high values occurring at the exit of the orifice

on both designs. This li&ely due to the change in cell size near the orifice exit. The orifice exit had a sharp
edge which could have been slightbunded by a radius of a femicrometresto eliminate ths issue. While

this omission was unimportant for the general flow it had a noticeadfect on this proposed ERI. Even so,
before the flow reaches the outlet of the orifice, there is good eviden&é & P 8y gig@ useful erosion risk

indicator.
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The usefulness of& L & PPas an ERI was seen in the previous sectiothershoe and GuideHere, maxima
of :&L & FS, in the second column dfig.5.13, also shows considerable contrast between the two designs.
Again, there is minimal activity on the modified design. The activity on the ordgsédn is comparatively

high and in a similar region asosion seeron the hardware. As such& L & PPis considered a useful ERI.

5.5.3.3- Potential ERIt variablesrelated to density
Maximum values of thenaterialderivative of density & é & Pat each timestep were plotted over 70..(Fig.

5.14). Like & L & Fhereis much more activity on the original design than on the modified. Considering a cut
off of 4el11 kg/n¥/s there are almost 10 times more sp&®ccurring with the original design than on the
modified. This ratio is still maintained at a higher-offtlimit of 8e11 kg/n¥/s. Whilethe maxima of& é & P

does show a clear distinction between the two designs the location of the maxima must alsadidered.

The maxima distribution of& € & P @ é@ &d 4¢over 50...ean be seen irFig. 5.15. While there are
noticeably more regions of high maxima on the original design for both the total and partial derivtiges,
are not completely in the region of erosios aeen on hardware tests. The bottom side of the original design
has maxima in the correct location dithe top side shows maxima along most of trdice length when it
should only be in the downstreaimalf. Furthermore, the modified design has maxima nearghtance of

the orifice where thereshould notbe any erosion risk. So, whilg é & Rnd @ é@rRay not show the exact
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location at risk of erosion, they do show a clear difference between designs. They may be more accurate if

they were coupled witlanother variable that could limit the maxima near the orifice entrance.

Fig.5.14 - Case 3 (DES with increased mass transfer rates). Maxridbt in the entire domain (interior) and on any
pCE( ~A oo+ (J&E 61 ... (3 & ]v]&] o]l 8]}vX
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Maxima of 4acan be seen in the third aaihn dFig.5.18] While there is some activity at the entrance of the

modified design, there is a strong indication of erosion on the original design that correlates well to regions of
erosion on the hardware. It has been seen thligimaynot be a useful ERI in the previous chafiterthe Shoe
and Guide However, with the increased mass transfer rate implemented in this wégappears to have

some usefulness as an ERI.

5.5.3.4- Potential ERIt variables related to liquid fraabn
PotentialERI related to derivatives tquid volumefraction (U are shown i[Fig.S.lG The first column shows

maxima of & & With a large region of high maxima on thedified design. While&.\J; & Eloes not apgar

to be a viableERMWhen comparing designs@k @ B the second column, could have potential. Peak values
of @k @decur in larger regions on the original design than on the modified. Howewt,designs show
some activitynear theorifice inlet where there was no erosion. In the third column peak valueg@bf @,
which is part of2y are shown in theControl Orifice While there is still some activity near the orifice inlet of
both designs, the peaksidhe original design are more pronoungéhan with @k @aPd there is less overall
activity on the modified design. Even though peak value&df & hay notbe a valid erosion risk indicator,

other derivatives, specifically@; @®, appear to be good ERIs.
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Fig.5.17 t Peak values of variables relatedgoon the wall after 50.s.

5.5.3.5- Potential ERIt variablesrelated to dynamic pressure
Peak values of dynamic pressuig)and its derivative &L, & Pwere also considered as potential EfRig.

5.17). Both ariables Bow maxima that correlate to the region of erosion on the originatgtype hardware.

However, the maxima on the modified desigimat is erosion fregare higher. This is a perfect example of how
necessary it is to include the modified prototydesign hat is free of erosion. This indicates that peak values

of both, L,and &L, & Pare not suitable aERIs

5.5.3.6- Potential ERIt variables related tovelocity
Dynamic pressure has a strong relation to velocity. To expleoeity in general as an ERI two other variables

wereinvestigated They were, ® and acceleration &* &R as seen |kig.5.18| The first columrofFig.5.18

shows peak values of ®, which is part o PPD2hat showed promise as afERI on theShoe and Guide
assembly The potentiaERIdoes show more activity on the original design with more maxima in the regions
that saw erosion in the hardware. Howevehere is still considerable activity on the modified design.
Furthermore,it is not as clear aBPD2which is exenined shortly So,evidently thecombination of variables

plays an essential role f®@PD2
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Fig.5.18 t Peakvalues of A- U (first column) andicceleration (second column) on the wall afte
50 .

In the second column [#ig.5.18[ maxima of acceleratioareshown On the bottom there is a clear difference

in maxima, with the original design indiaa a large region at risk of erosion. However, on the top of the
orifice it is less clear, but there are still more regions in red on the original design. Althqugtd &L, &P
did not show good correlation, the acceleration does have soaterpial as an ERI. Moreover, velocity terms

cannot be wholly neglected as ERIs.

It should be noted here that even though the-slip condition was applied to the walls a gty component
is still present. This is due to the cedintre being usedor calcuationsin the contour plots, rather than the

nodes on the wall. As such, there is a velocity component.

5.5.3.7- Potential ERIt equations from the literature
Two potential RIs related tovapourcollapse energy are shown kig.5.19| The first column shows maxima

of PPD2wvith many more high peaks on the original design than the modifiée: I@cation of the maxima on
the original design also correlate remarkably well to the regions of erosion from endurance tests. This is true

for bath the top and bottom of theControl Orifice Therefore PPD2s a useful ERI for this case.
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Fig.5.19 t Peak valusof PPDZfirst column) and2y(second column) on the wall after 58.

Maxima of 2sare shown in the second columrjfeify.5.19| There is some distinction between the two designs,

with more regions of maxima occurring on the original design, specifically in the regions of erosion as seen on
hardware. However, there is some activity on the modified design as well. Thereggoaly shows some

signs it is a useful ERI.

5.5.3.8- Potential ERIt Summary
The qualitative assessments of the different ERIs tested are summa||ﬁatjlér$.4 ERIghat did not provide

o & J(( & v SA v 8Z % E}5}3C% Vv u} ](] ERIgHa® proviled the oo
clearest difference between the two designs, and where thaaiions of the maxima correlated well with

eros]}ve viviZz ZEAEU E o o0 "P}}X_dzZ }8Z & E}-]}v ]v ]

provide only a limited indication of erosion potential.

Fig.5.20[shows the five besERIS(:& L & P 8y e & L & P 49 @U @®, and PPD2 and how well the

location of the maxima correlates with thaf erosion on the hardwareThese five indicators targeted the
correct location and showed significantly higheragevalues on the original desigimportantly, the same

successful ERIs fromalshoe and Guide work were also successful hiestould also be noted that many of
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the ERIs deemed unsuitable for the Shoe and Guide assembly work provided some usefuhrigssark.
This is likely due to these variables being sensitiRvalues ad turbulent levels. So, some of these potential

ERIs may be more appropriate under different running conditions and should be investigated in future work.

It is now expectedhat these five ERIs, two of which are the same asshee and Guidecan beapplied to
product design and development. As mentioned in the previous chapter, an existing production component
that is free of erosion can be used as a control case to eskattie distribution and intensity of the ERIs. The
ERIs for any new or modifledesign can then be compared with the control case. A significant worsening of
the ERI characteristics would indicate a region at risk of erosion. In this way, consideralaadiouest would

be saved during product development.

Table5.4 tList of potential ERIs and their correlation level.

Variable Variable name ERI correlation
L Pressure (static pressure) Some
&L&P Material derivative of pressure Some
&L &P Secondnaterial derivative of pressure Some
@ L@ P Partial derivative of pressure Some
F&L&P Negative values of the total derivative of pressure Some
:& L & P 8 gz Material derivatve of pressure divided by the cell volume Good
& L&FP Material derivative of pressure, squared Good
&é&P Material derivative of density Some
@éa P Partial derivative of density Some
44 Condensingr Good
&% &P Material derivative of liquid volume fraction Poor
@k @P Partial derivative of liquid volume fraction Some
@Y @ Second partial derivative of liquid volume fraction Good
L« Dynamic pressure Poor
&L &P Material derivative & dynamic pressure Poor
, ®e; Divergence of velocity Some
& &P Acceleration Some
228& Second derivation of potential power density Good
% Acoustic pressure Some
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Fig.5.20 tInterior side view of the best ERIs. Peak values on the wall aftes.50
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5.6- Conclusion

Currently, there is no accurate and consistent methogtedict cavitation erosion. Cavitation occurring in
the flow does not mean there will be erosion. Moreover, the amount of cavitation does not necessarily
indicate the level of erosionsk. For this studyato designs of arototype Control Orificdrom adiesel injector

were investigated, one which experienced erosidhe original prototype desigrand one that was erosion
free, the modified prototype desigriThe two prototype designs were run under the same conditions and
tested 19 potential ERI total. SomeER$ from the previous chapter and some new on&&epotential ERIS
were evaluated in terms of the magnitudecation of maximaand a select few iterms of frequency opeak

occurrence

For much of the CFD work performed in industry, the RASdBnique for modelling turbulence is still the
method of choice due to its acceptable time scale compared with LES/DES techniques. Hence, it is worth noting
that the RANS model results (Case 1) showed a significant difference betweerndigg and noreroding

designs It is possible this difference was only case specific. However, it is interesting that the difference was
in the region of erosion which suggegshat backflow and recirculation, close to collapsmagourstructures,

may result in an incresed risk of erosion.

By employing an increasdRiwith the DES turbulence model in casar®re accurate and potentially useful
results were produced, as oppoddo case 2which haddefault ZGBRvalues For case 3, in terms whpour

and Qcriterion, the results demonstrated minimabisual differences between the original and modified
prototype designs. However, in terms of the fibest performingERIs, there was ceitlerable differences
between the designsThis isespeciallytrue when considering the fferences between the designs is in the
order of microns. The location of the maxima for the top five ERIs correlated well with images of cavitation
erosion from endwance tests on the original prototype hardware, while there wées maximaon the

modified design. Furthermore, the frequency may be a useful component to support an ERI.
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6.1- Summary ofconclusions
This thesis presentd novel results of CFDinvestigationsof ERIsand cavitation shedding chargeristics

Detailed conclusions have been provided in the previous chapters. The most imgmrtatstare summarized

below.

Two broad topics ofavitation modellingand understandinghave been advanced in this work. The firgtic
concernghe predicton of cavitation erosion by means &RIsFor the first timea method to indicate erosion
has been demonstrated which is robust across componeifitsignifiantly different geometry and flow
dynamics. The method has been validated to a level previamslgen bytestingit on both eroding and non

eroding design levels. The nenoding results providedrainvaluablebenchmarkfor the eroding results.

The secon@ddvancement concesvapoursheddingFrom a new reprocessing of a large data sestight was
gained whch revealedunder which conditionghe shedding mechanisms would occur. As a result, two
shedding mechanisms were demgiratedin CFD simulation®neof which had not previouslgeenachieved

for the Venturi nozzlestudied

For the erosion predtion, the two fuel injection examplestudiedare reatworld components from industry.
This contrasts with much published reseawhich uses specially madepeximental test pieces of simplified
design Moreover, he pumpShoe and Guidassembly had a rativelylow flowrate, andthe injectorControl
Orificehad a relatively high flowate. This meant that the cavitation erosievas producedvith significantly
different geometies, flow conditions and cavitation characteristi€arthermore, each componeiype had

two design levelsthe original designwhich erodedand a modified desigrwhich wasfree of erosion This
enabled the ERIs to be bemohrked againsa control case, which is unique in this type of work and provided

the deciding factofor many d the ERS.

There werel9 potential ERIs testdd total, manyof whichwere novelfor this work Two ERIsverefound to
identify eroson on both componentsThese were: & L & PPandPPD2 : & L & PPwas newly derived fothis
research An additionatwo of the successful fivERIsthat were only tested on th€ontrol Orificecomponent,

were alsofound to be usefubnd were likewise newly derived for this resefa These were@ U, @® and

&L &P 8ynp

Regardingrzapourshedding, both the reentrant jet andthe condensatiorshocksheddingmechanisms were

demonstrated in CFD simulations oVanturi nozzle Significantly, the reentrant jet regime has not been
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reliablyshown before in simulations of th®mponent. For theondensationshockregime, a higher degree

of correlation with experimental ults was achievethan in previous studies.

6.2- Real world mpact

The work presented here hadentified useful ERIsfor fuel injection component@and hasexpanded the
knowledge of cavitation characteristic$his knowledgean now be usetb guide thedesign and development
proceses. This is especially true when designing systems like gphéghure fuel line whereerosion must be
eradicated from all locéns beforea designreaches serial production. Currently, cavitatimecurs in almost
all highpressure fuel linelesigns, whether they erodar not. Although CFD simulations are used extensivel
in this design processhere is no reliable method to indate if a newor modfied design will be subject to
erosion. As such, le designprocess is guided by the desigreexperiencePrototype componentsare
manufactured andubjected to enduranceral other experimental testing to check robustness to a raoige
factors, ncludirg possible cavitation erosion. If erosion occurs, design modificationsiade,and thenew
prototype is againmanufacturel and tesed. While <] P v KBdwledge and pastxperience are indeed
valuable inputs, there is room for csitdlerable impovement. The methods developed in this research will
now be included in thelevelopmentprocess, with the ERIs being used to identify regions likely to drefdee
prototype desigs are manufactured and testedh this way, the iterations girototype manufacturing and
testing will be reduced, bringing about a worthwhile reduction in the time and cost of design and

development.

In addition to fuel injection componentsrading condiions of an expanding, liquifilled gap are also found
in canponents likegear pumps, bearings and cylinder line@sntrol orifices can be found in almost every
engine and pumpThe successful ERIs from this worky also be usefub the components intiese different

applicationsamong many others

6.3 - Future work
To progres this work further there are several areas available to investigddag with further confirming
the useful ERIs presented above, other areas of reseactideR fluid properies at extreme pressurethe

minimum values of ERIs that imck erosiorand ERIselationship with turbulence models

A general question from this work concerns thess transfer ratgR). ShouldR either evaporatingor
condensingbe instantaneous oifis it more appropriatehat Rhas a rangef values In the 5B cavitation

model, the default condensingRis almost halbf that for evaporating It would be worthwhile to investigate
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the rates ofevaporationand condensation, which may bring about impeavents in both RANS an&t&
modelling Determiningrealistic R valueswould have a large effect on ERIs as well, as the rate of bubble

collapse would be greatly affected.

The fluid properties are not available fdlormafluid above 2500 baonsidering déapsingvapourclouds in
simulations, the calculatd peak pessures and multingfluid properties can only be assumetbnsidering the
automotive industrythe rail pressure ideingincreased to reduce emission§o maintain the accuracy of
simulationsfor these future designsrealiistic fluid property mputs areneeded As sub, studying fluid

properties up to 4000 or 5000 bar would be beneficial.

Finally, the ERIs discusdadhe previouschapterscould be further investigatediheabsolutevalues needd

to result in erosion are @t known and should bexplored.Furthermore, the ERIs relationship to turbulence
models could balso be furtler explored. The results presented herevbahown that using different models

has somenfluenceonthe ERISMoreover,the Control Orificaesults indcate that the number btimes avalue

of anERI goes above a certain threshold may also be significant in indicating eassiposed to maxiom
values This was clearly demonstrated as the t@ontrol Orificadedgns had sitar peak pressure values, tou

the original designwhich sufered from erosion, experienced over 10 times more pressure spikes over 2000
and 3000 bar. This was true for other potential ERIs asAdditionally the ERIs could be tested wilkfferent

model types (pressure or densjt based), cavitation ndel (sinde fluid or mixture) or turbulence modsl
Investigations into the above topics would be the next steps in building from the work present here and

furthering the important field of catation ercsion research.
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Proedures forrunning the different simulations

Venturi nozzle

X Hybrid initialization, coupled solver

X Run for at least 0.075s with a6 timestep and low URFs. Longer if convergence is unsteady

X Run for ateast 0.05s with a 18s timestep, dependig ondataand conergence, with higher URFs
and 4 iterations/timestep (residuals ~Eg about 100 hour run time on 60 nodes, 20 nodes per

core).

Shoe and Guide

X Standard initialization, piso solver

x For the fine meh, run for 90Qs with a 6.6e-8s timestepand 25iterationgtimestep (residuals ~1e
5, about 120 hours run time on 60 nodes, 12 nodes per cdrene for initialization was already
included in the face movement profile.

Control orifice (SPO)

X Hybrid inifalization, simfe solver

X RuUunRANS until corerged

x Swich to DES and run for 18 with a 2€9s timestep and 27 iterations/timestep to initialize
(residuals ~16, about 70 hour run time on 96 nodes, 12 nodes per core). Continue running to

collect data.
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The seondmaterialderivativewasderived and is cefined as
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where 1 is the variable of choicandu, v andw are the respective velocity component$his assume® To U

and 0 U ¢ and similar, whilenathematically interchangedd, arealsocomputationally thesame.
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Initial mesh studyoncerning the ERIs on the Shoe and Guide

Important factors to consider that could affect potential ERIs is the density of the mesh and thetémsize.

These factors were brieflyxplored forsome potertial ERIspplied to thethin fluid filled gap irthe Shoe and

GuideassemblyMaxima of pressur¢Hig. Cl), Dp/Dt (Fig.C2) andPPD2Fig. G3) areshown. The orignal

prototype designhad 3.6 million cells for the fine mesh and 6.8 thousand cells for the coarse mesh. The
modified prototype design had B.million cells for the fine mesh an200 thousandfor the marse mesh
(refinementwas needed at the groe@ to gaptransition). The tine-step used with the fine mesh w&s67e8s

and6.67e7sfor the coarse mesh.

The flow ate and other flow characteristics were essentially the same between these simulationsvétpwe

some peak valuesfgotential ERIslid vary. The gak pressure appeats be relatively independent of the

mesh and timestep (Fig. C1), the absolute maxima @p/DtandPPD2are different.Importantly thoughthe

relative diffeences are maintaineddiween theoriginal and modifiegrototype designs, witthigher values

occurring on the original desigmhis should be further investigated in future work.

Pressurg0 to 1.5 Pa10°)

Fig. CL - Images of maximurp values reached throughout the sidation on
the mid-plane with different mesh densities and tirsteps.
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Original

Grooved

Dp/Dx (0 to 1 Pa/sx10')

Fig.C2-Images of maximurBp/Dtvalues reached throughout &simulation
on the midplane with diffeent mesh densitieand timesteps

PAD2(0 to 3 W/n# x10%3)
Coarse mes I

Fig. 3 - Images of maximurRPD%alues reached throughouhe simulation
on the midplane with different mesh densitieand timesteps.
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Comparison of peak value$ potertial ERI®n the guie face, midplane andshoe fae (Fig.D.1).

The ERI maximamages shown:hapte concerning the Shoe and Gaidvere mainly orthe mid-plane
between the shoe and the guide. The ERIs directly on the faces of the skoth@ guide were afs
investigated butdid not chang the assessments for 9 out of the 10 EREustic power: Z5; was the one

exception as shown below.

D} 1(] ~E@®} JvPe KE]Ptv@®} JVP

Guide Mid-plane Shoe Guide Mid-plane Shoe
Y
0-1.5e8
Pa

Dp/Dt
0-1lel4
Pa/s

D?p/Dt?
0-5e20
Pa/g

(Dp/DtY
0-2e28
Pa/s?

Dp/Dt
0-1el3
Pa/s

R
0-5e6
kg/m®/s

D @t
0-3e8
kg/md/s

PPD2
0-3e13
W/m?

Pa
0-1e-6
w

Fig.D.1 t Comparisorof the maxima values gbotential ERIs on diffent planes.
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An FFTanalysis was conductedith the SPO case @ata (DES simulation with an increed rate of mass
transfer). Peak values of pressure aip/Dt occurring on the wal|Rig. E1||Fig.E2) were examined and
showed no obvious dominating frequencies.
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Fig.E1 tFFT of the maximum pressure occurring on the wall of the SPO in case 3.
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Fig. 2 tFFT of the maximm Dp/Dtoccurring on the wall of the SPO in case 3.
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