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ABSTRACT

The effect of string cavitation in various tranggarDiesel injector nozzles on near nozzle spragetsion angle is examined.
Additional PDA measurements on spray charactesigiioduced from real-size transparent nozzle tipspaesented. High-
speed imaging has provided qualitative informationthe existence of geometric and string cavitatsimultaneously with
the temporal variation of the spray angle. Addiéibnse of commercial and in-house developed CFD fadues provided
complimentary information on the local flow fielResults show that there is strong connection betvet@mg cavitation
structures and spray instabilities. Moreover, elation of string cavitation results in a stableagpshape that is only
controlled by the extent of geometric-induced atigin pockets. Finally, PDA measurements on read-giansparent nozzle
tips have confirmed that such nozzles reproduceesstully the sprays generated by production nmetatles.

INTRODUCTION

The role of the fuel injection system in modernedir
injection Diesel engines is paramount and well gacsed as a
means of controlling their performance and meetirg ever
more stringent emission regulations. Electronic iam-rail
injection systems employ a variety of nozzle desigmd
engine optimisation injection strategies to covavide range
of operating conditions that modern Diesel engirses
expected to perform. Increasing injection pressymezo-
controlled mechanisms for achieving fast respontehe
needle valve and multiple injections are among rttethods

explored and known to improve combustion and engine

performance. However, under such operating condifio
cavitation phenomena are present inside the noarnie

become the dominant and frequently uncontrolledw flo
characteristics that affect fuel system durabiland the

properties of the near-nozzle emerging spray. Ssced

modern Diesel direct-injection fuel equipment issdxh on

their ability to control accurately timing, duratiorate and

number of injections, as well as, shaping of theagpattern

to match piston-bowl
variability behaviour employing a number of diffatenozzle
designs. Investigations over the years have dematedtthat
Diesel injector nozzles generate cavitation [143fler typical
operating conditions, a fact that complicates ferttthe
already complex design of high-pressure Dieselctiga

systems. As demonstrated in [4-6], two distinctnfer of
cavitation have been identified inside injectionzzies,
geometrically-induced and vortex or string caviati
Geometric-induced cavitation is the most commormfanf
cavitation and it has become gradually a well-ustberd
phenomenon; it initiates at sharp hole inlet casrdare to the
abrupt acceleration of the fuel flow as it entdie hozzle
holes. This increase of velocity creates a presstop which
induces cavitation at the core of the recirculatione formed
at the hole inlet; this is more pronounced withrpba rather

geometry and enhanced cyclic

than rounded inlet hole geometries achieved thrduglro-
grinding. On the other hand, string or vortex caiin
structures have been observed in the bulk of thediinside
sac, mini-sac and valve covering orifice (VCO) Hegz
where the formed internal volume allows for forroatiof
relatively large-scale vortical structures [7-9]. ontéx
cavitation is commonly found in propellers, hydiadurbines
and hydrofoils as explained in [10-13] However, ergc
studies have confirmed similar behaviour in mudieh
nozzles for high-pressure direct-injection gasoéngines and
low-speed two-stroke Diesel engines [7, 14-17].

Cavitation is linked to undesirable effects suchsharp
reduction in engine performance, increase in nasel
vibrations, as well as surface erosion [15]. In humses of
practical interest, cavitation bubbles survive lutite nozzle
hole exit [4]. Therefore, it is generally accepthdt cavitation
promotes fuel atomisation, which is desirable falnanced air
fuel mixing. However, some studies [18] have intkdathat
cavitation may also be associated with hole-to-lamié cycle-
to-cycle variations. Appropriate design of the inleole
curvature and the non-cylindrical shape of the $i@e [19,
20] showed, alter cavitation inception and develepm
characteristics; at the same time, careful systptim@sation
is found to achieve reduction of engine exhaustssimns
while maintaining similar performance standardsiy], Until
recently, different cavitation regimes have beenmressed
independently. However, there is evidence [5] tieimetric-
induced and vortex cavitation possibly interact viarious
ways. Additionally, recent investigations have daded that
inception of string cavitation is dramatically enbhad and
owes its existence to sources of vapour alreadseptanside
the nozzle volume [8]. These latest findings inthcéhat
interaction of co-existing different cavitation sttures
possibly require further investigation, particwadt low and
intermediate needle valve lifts where, needle-saaitation
may also exist.



Experimental investigations for obtaining real-tinie-
nozzle flow measurements in production FIE systeiusing
an injection event, are rendered difficult andmost cases,
impossible to be conducted. Therefore, majority tbé
reported experimental studies involve configuration
simulating Diesel engine operating conditions. Aniver of
investigations have examined the development afation in
transparent large-scale nozzle replicas, as pedent [21-
24]. A limited number of studies have also dematstt
dynamic flow similarity based on, simultaneous, chatg of
Reynolds and cavitation numbers. The latter alldfes
comparison between the two-phase flow regimes fdrme
inside real-size and enlarged nozzles of identszaled-up
geometric characteristics [3, 25]. Simulations régub for
real-size and scaled-up models using a varietyawftation
models [26] have confirmed that similar flow regsnare
formed despite obvious differences in the micrdestevel of
bubble formation and development The latter isatiffely the
effect of a large number of cavitation bubbles tbaalesce
and form the macroscopically observed cavitatiaud|

Following the well-established large-scale, stesidye
nozzle flow studies, significant effort has beerdm#owards
manufacturing of real-size transparent nozzles.mbgvation
and driving force behind these efforts is summadrise the
need to confirm the existence of the afore-mentione
cavitation structures and to gain insight of thghly transient
flow developing during an injection event. Unticemtly, the
majority of manufactured real-size nozzles have nbee
simplified single-hole geometries that generallynfaon the
presence of geometric-induced cavitation [2, 27heT
research group at City University London were thet fto
substitute one of the holes of a production nozgith a
quartz window of identical geometric characteristican
experimental breakthrough that provided valuabiermation
on flow and cavitation structures inside a reaésiaulti-hole
injector under realistic operating conditions [8, 29]. A step
forward is realised in [19], where a 3-hole, rdaks fully
transparent Diesel nozzle is presented and optcakss
inside the sac volume is also granted.

The advances in internal nozzle flow studies urfddy
transient and realistic operating conditions havevipled
valuable information and validation data for CFDvitation
models capable of predicting the various forms afitation;
for example see [30-32]. Experimental validatiomomerical
CFD models is rendered essential and supplemertary
understanding the flow processes in complicatedzleoz
geometries and ultimately, to the design of new zhoz
designs. However, the difficulty associated to nfiactuiring
of real-size, transparent nozzles that are exguices of real
nozzle geometries impose simplifications to theigtesf the
nozzle itself and the transient operation of theedhe
Moreover, complications related to the physicalpemties and
the quality of the working fluids imposes additibna
difficulties. Furthermore, the scarce data avadahlreal-size
transparent nozzles are limited to pressures arerood
magnitude lower than those currently used in modzeasel
engines. Increase of the injection pressure beg@dbar in
the forthcoming future [33] is expected to affeatelf
properties and thus, cavitation, as recently regbrh [34].
More importantly, highly transient flow dynamicsusad by
fast needle response times give rise to the foomatf
vortical structures and therefore, to string caiata [8].
Transient effects have also been correlated toe#sad
probability of surface erosion damage [35], whighitributed
to both, hole and string cavitation. Neverthelessnbination
of experimental data obtained in both, large-seald real-

size injector nozzles are considered valuable fbe t
development and validation of cavitation models ligpple
for fuel injectors.

The present paper represents a continuation ofwvtir
presented recently in [8, 17, 36]. Main investigas focus on
the effect of string cavitation in various Diesgjeictors on
near nozzle spray dispersion angle both, in lacgéesand
real-size transparent nozzle tips. Near nozzleysgicnity is
defined at a distance of about one injection haegth
downstream the nozzle exit plane. Acquired datathacbugh
investigations are based on a number of fully pansnt
nozzle replicas, as well as, real-size nozzle tfiygs provide
unobstructed optical access of the nozzle sac wmlum
injection holes and sprays formed at the nozzl¢. éxiage
collection over sufficient duration periods, foreatly-state
experiments and adequate imagining frame ratesrdosient
operating conditions, have provided qualitativeinfation on
the existence of geometric and string cavitation,
simultaneously with the temporal variation of thay angle.
Investigated designs include 6-hole nozzle conéiians of
valve-covering orifice (VCO), mini-sac, as well asnew
prototype nozzle design that promises to eliminstieng
cavitation and produce steady spray shapes. Sinedgtes use
of two synchronised high-speed cameras allowed for
visualisation of all forms of cavitation inside thwzzle
volume, as a function of needle lift and operatigpdition.
At the same time, use of commercial and in-houseldped
CFD models has provided complimentary informationtioe
local flow field of the tested nozzles. Finally,sassment of
real-size transparent nozzle tips is achieved imge of
emerging spray characterisation through the usePBA
measurements. The latter aims to demonstrate ticht real-
size transparent nozzle tips reproduce adequdtelynternal
flow and spray characteristics of real-size metaiztes. Then
the various results obtained are presented whige nttost
important findings are summarised at the end.

EXPERIMENTAL SET-UP

Presented results in following sections have bd#aimed
in both, enlarged and real-size transparent nonabelels.
Figure 1 illustrates the two basic nozzles wheteliss are
based on. An additional nozzle design is used Herlarge-
scale experimental and computational cases.

Figure 1: Investigated nozzle geometries. (a) valve
covering orifice (VCO) and (b) sac type nozzles wita 6-
hole configuration.

The main characteristics of its configuration imgu
elimination of sac volume and independent flow pfathall

six injection holes; as a result, flow interconm@ttamong the
holes is eliminated. All transparent nozzles (lasgale and



real-size) were manufactured from a clear, acrgiaterial.
The scaling factor of the enlarged models was ahasebe
ten (x10) times the real-size nozzle. All nozzldsare
injection holes of cylindrical shape. All desigreafure sharp
hole entries, and their diameters vary from 136%h0 to

300%x10° m in real-size dimensions. The large variation in

injection holes diameters among all nozzles isibatted to
their field of operation; low diameter values regaet nozzles
that operate in engines fitted on passenger vehicidhile

large injection hole diameters refer to injectom farge
power production units installed on land or on mari
applications. In the following sections the expenal set-up
for both large-scale and real-size investigatiensrésented.

Enlarged Model Test-Rig

A schematic overview of the experimental setup tiite
incorporated large-scale model is shown in Figurer®o
different variations of this rig have been utiliséige first one
is a closed-loop flow circuit and injection takdages in to
liquid. Dynamic flow similarity to realistic opetag
conditions is achieved based on Reynolds and d¢@rita
numbers. Such flow similarity assists in interptieta of
cavitation flow regimes formed inside the transpamozzle
relative to a real-size case. The second variatioorporates
injection against atmospheric quiescent
exhibiting open-loop circuit (variation presentedHigure 2).

Large-Scale Injector [T7]
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Figure 2: Schematic of the enlarged model test-rigthe
open-air injection variation is presented.

The latter has proven to be a promising solution to

simultaneous visualisation of in-hole cavitatiorustures and
emerging spray shape. The present system is nectegto
represent exact flow fields encountered in a regction

event. Firstly, it is a steady-state experimentsth does not
account for transient needle movement. Moreovealiste

flow conditions cannot be matched, therefore, dyinatow

similarity to real-size flow fields assists in gaig physical
understanding of the specific nozzle flow charasties and
validation of simulation results. Additionally, adced

information is rendered useful, as it is explaiimedollowing

sections, since it allows for internal nozzle flswuctures to
be linked to the near nozzle spray stability.

The flow rate through the nozzle is controlled byadve
fitted downstream the liquid delivery pump and meead by
an ultrasonic flow meter. In the case of injectiorto liquid
(closed-loop variation of the rig), simulation ofubs

environment

atmospheric chamber pressure conditions and thetetiigh

cavitation numbers, is achieved by a suction puht latter
is installed on the drain side of the circuit. Relgs number is
defined on the basis of mean flow rate throughribezle and
average hole diameter, while the definition of taidn

number is as follows in Eq. (1):

CN — (an - Pback) (1)
Pback - I:z/apour

The working fluid is water and its temperature épkconstant
at 25°C.

Flow through a multi-hole nozzle, and especiallyotigh
the injection holes, is known to be highly turbuleAlthough
the experiment was run under steady-state condijt@alhflow
features and, in particular, cavitation structua®, expected
to behave transiently and to exhibit short timelesxaThis
dynamic behaviour is captured by an advanced higled
digital imaging technique at frame rates varyingnir20k —
50k frames per second.

Real-Size Transparent Tip Test-Rig

Investigations of internal flow and cavitation fation
inside a real-size nozzle operating under highbngient
realistic conditions are achieved by replacemernihefhozzle
tip with an exact replica transparent cap. The rigple has
been developed and presented thoroughly in [36, 8Tief
description of the required modifications is ilkaed in
Figure 3. Finally, the clamping mechanism of trengparent
tip on to the metallic nozzle body is shown in Fgd.

Final
configuration

Modified
Nozzle

Original
Nozzle

Transparent Cap

Figure 3: Nozzle modifications and transparent tip
assembly [36].
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Figure 4: Clamping mechanism of transparent nozzle
tip.

The experimental set-up used to capture the efféct
cavitation on the emerging fuel spray involved aldhigh-
speed imaging technique. First, high-speed imagimyided
information on the onset and development of cdeitainside
the injection hole, while, at the same time, theergimg fuel
spray was captured on a second high-speed caneravals
focused on the first 2mm downstream of the exittloé



injection hole. As illustrated in the set-up schéman Figure
5, the real-size dimensions of the nozzle did fiotafor the
two cameras to lie on the same horizontal planes th
necessitating a complex setup utilising a 50-50 ebihd
beam splitter that allowed one camera to accessnthele
flow through the beam splitter and the second tis@tthe
built-in mirror feature of the splitter on the viedl plane. The
selected light source for best possible illuminaticas a high-
power (~20W) pulsed laser. An advantage of thectede
illumination source was the pulse width of the fasged, as it
determines the image exposure duration, and it efathe
order of 150-180 ns; an exposure duration that aame
matched by any high-speed camera available. Thebdck
in that system has been its inability to perform palse
frequencies greater than 6 KHz. The latter hastdighithe
maximum possible imaging frame rate to 6000 frapes
second.

.| High Speed
Camera 2

Side View

High Speed
Cameral

Spray

50-50Beam
Splitter

Perspexblock

Figure 5: Dual imaging set-up schematic.
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Figure 6: Optical configuration of the phase — Dopler
anemometer (PDA) system.

(b)

Figure 7: Schematic representation of the PDA
measurements grid; (a) axial plane distance from rezle

Detailed phase—Doppler anemometry (PDA) measurement exit and (b) grid points definition.

completed the real-size, transparent nozzle tipeengents.
The PDA system setup chosen for this investigation
illustrated in Figure 6. The system is a 2-dimenaloPDA
system where the vertical (u) and horizontal (v)oeiy
components are measured simultaneously for eacpletdro
PDA is a point measurement technique and seledtfadne
measurement plane and grid are essential. It isagekpted
that the closer the measured points to the nozdteaee, the
better the understanding of the nozzle performahoejever,
given the high injection pressures of Diesel nozZl@bove
300bar is considered to be a high injection pressor this
type of measurement), fuel jets tend to have aifgigntly
dense liquid core as soon as they exit the nozziehwenders
impossible any attempts to measure within thatoregr his is
mainly due to attenuation of the laser beam wheeitetrates
high-pressure dense sprays with a pronounced licprie. The
compromise that is often made is to move the measemt
plane further away from the nozzle exit. In the serd
experiment, the measurements plane was set at 1@way
from the nozzle exit, where higher data rates vesrgieved
and a smaller number of injections was neededaasparent
nozzle tips are replaced after approximately 1G@ction
events. The latter is a necessity due to certaiar what
appears in the acrylic tips caused by high-pressiaidiow.

Figure 7 schematically illustrates the locationspace, of
the measurement plane and grid relative to thectioje hole
exit. Points, where data were acquired, lie onhaomal axes
as shown by red dots in Figure 7(b). The spatisdltgion of
the above grid is 0.5mm.

RESULTS AND DISCUSSION

In this section the various results will be presdnand
discussed. Initially, the results obtained from twambined
investigation of internal nozzle flow and emergsuray of a
valve-covering orifice (VCO) nozzle are presentddose
include images of in-hole cavitation structuresgcuied
particularly on string cavitation, as well as tmeegging spray
shape for several operating conditions includingioues
needle lifts, Reynolds and cavitation numbers. dvalg the
VCO large-scale study, results from a prototypeziodesign
are presented. This design promises to eliminatangst
cavitation inside the injection holes, thus, it ibxs stable
sprays under all tested operating conditions. iatenozzle
flow results accompanied by spray images are pteden
Finally, spray characterisation results from a -sizd
transparent tip VCO nozzle are presented. Thesaltses
include particle velocity and size measurementduooted at
sprays produced by a transparent tip converted YiG£le.



Large-Scale VCO Nozzle Study

The study of the VCO nozzle geometry includes vamio
operating conditions: low and full needle lift caséow and
high cavitation numbers, as well as a variety ofvflrates
through the nozzle are included. The manufactuaegktscale
VCO nozzle replica is ten times (x10) larger tham teal-size
nozzle and it features sharp hole inlet. The lagémportant
since a fair amount of geometric-induced cavitat®present
inside the injection hole; consequently, nozzlechisge
coefficient varies from 0.26, at lowest needle, fiti 0.47 at
maximum needle lift. Additionally, cavitation andeyolds
numbers of all tested conditions vary from 3 to &8 12 000
to 27 500, respectively.

The first observation is done at 20%1@n needle lift,
cavitation number of 3 and low Reynolds numbetheforder
of 12 000. At such low flow rate conditions geortetr
induced cavitation is minimum inside the hole (F&LB);
therefore, emerging spray is not atomised. Moreoiters
clearly seen on the sequence of images presentéitine 8
that string cavitation has been observed. Its pieEsés not
continuous, it is rather switching on and off dgrithe tests.
Additionally, it is found to have a profound effext the spray
cone angle. The mechanism of string formation unilese
low flow rate conditions has confirmed and is inll fu
agreement with observations presented in [17]. Adiog to
what has been recorded, vapour visualised asiagsts not
actually ‘cavitation’ but air entering into the e from the
hole exit. Swirling flow patterns inside the injieect hole
possibly cause sufficient pressure drop allowingdm from
outside the nozzle to enter the injection hole aralel
upstream towards the sac volume. Once this strefa@iro Figure 8: Developmnt of string cavitation and spray
reaches the hole inlet, it interacts instantly wggmometric- shape at 2@m needle lift, CN=3 and Re=12 000.
induced cavitation at that location. Therefore, itzdion
pockets are generated at the hole inlet due tongtro
interaction with the stream of air/bubbles. Follogvinduction
of geometric-induced cavitation, the flow field its the
injection hole is altered, thus, influencing spsagbility. The
resulting effect on spray angle has been quantified the
recorded data of string cavitation inside the nemble and
spray cone angle show a change of approximately 30°
Precisely, when no string is present, spray comgeavaries
from 18°-20°; however, when string cavitation issetved
inside the hole, spray cone angle is measured toflbe
order of 50°.

Increasing Reynolds and cavitation numbers to 180G
6.3, respectively, flow field inside the injectitile changes
marginally, at low needle lifts. Main differencef@aund to be
on the size of the geometric — induced cavitategime. The
latter is now larger and occupies more of the eeessional
area of the hole, as opposed to lower CN conditiand also

extends further inside the hole. As presented pusly in esot&negtric
[17, 38] the interaction between intense geométdciced f—é e
cavitation structures and string cavitation is cegible for the ; K,
differentiation in spray angles of upper and lovsgray "3'31' v

boundary. In detail, when the geometric locus ef¢hvitation
strings coincides with the area occupied by gedmetduced
cavitation pockets, then the effect of the strimgtbe spray
shape is marginal. On the contrary, when stringtation lies
on the part of the hole that is not occupied byngetoic
cavitation then the effect on the spray shape idl we W
pronounced; the latter is illustrated in Figureydcomparison (@ (b)

of spray images against predictions of vapour irO@zzles. Figure 9: (a) Spray shape variation images and (b)

vapour distribution prediction [38]




Similar behaviour has been observed at high valfte |
cases. Precisely, at full needle lift that is £e250x10° m,
geometric-induced cavitation is very intense arathes the
exit of the injection hole. Therefore, string catibn seems to
affect mainly the lower boundary of the spray asstlated in
Figure 10. Quantitatively the effect on the lowearray
boundary presented in Figure 10 is reduced to 58%b,
compared to the low needle lift cases (see FigyreThe
reason for this reduction lies on the fact thatigh needle lift
cases, the upper part of the hole is solidly omxipby
geometric cavitation structures that, at high fiates, extend
to the hole exit thus, increasing atomisation. Aiddally, at
such high flow velocities (calculated to be largean 15 m/s
for the large-scale model), string cavitation does rarely
initiate at the hole exit and travel upstream iaditke injection
hole. Instead, strings are created at the coree@faulation
zones forming inside the nozzle's sac volume [B]tHe case
of VCO nozzles, where the sac volume is absent,ireorm
volume that forms between the needle face and s
promotes swirling motion at the hole entry, duenection
holes flow field interactions. Therefore, this dimig motion
gives rise to string structures and due to thagimdocation,
their core consists of tiny cavitation bubbles thabst
probably are fed into the stream from the intensenggtric
cavitation structures at the hole entry and enhaitse
existence. Recent work by the authors in fully $paarent real-
size nozzles operating at pressures up to 600arériied
that such structures can be present during rezdtiop events.

e
Figure 10: Observed variation in upper (blue) and
lower (red) spray half angle at full needle lift am
cavitation number of 6.3.

Large-Scale Prototype Nozzle Design

The authors’ research group has conceived anddteste
new nozzle design that eliminates the aforemendiorartex
flow at the hole entry by isolating each hole’swflgath.
Elimination of vortex flow has been proved to affec
considerably, and ultimately eliminate, vortex t¢ation
structures. As presented in the following Figure ddometric
cavitation structures formed at the hole inlet ‘@entrolled”;
the latter effectively means that cavitation alwgalees place
at the same location. The penetration of the forwesgour
pocket inside the nozzle hole and resulting voldraetion
are carefully ‘designed’ with the aid of CFD by nifgihg
basic nozzle design characteristics. The presenteyle
design exhibits no hole inlet rounding thus, caidta
structures are intense. It is illustrated in Figliga, b and c)
that at various needle lifts, under constant ctivitanumber,
formed vapour clouds extend to certain length,efach case,
inside the injection hole and remain at the saneation
without exhibiting any transient movement in terofstheir

length. The swirling motion reported by variouse@shers
[5, 29, 36] inside the injection hole is absenteidiore, string
cavitation is eliminated and emerging sprays exhiltable
shape patterns, as illustrated in Figure 12. As timeed
above, by altering certain design characteristicshis new
concept nozzle design cavitation is well controlladd,
consequently, different spray dispersion anglesaatdeved
(Figure 12) and exhibited spray stability is paramtounder
all operating conditions. Moreover,
atomisation are well controlled by the extend obmetric
cavitation structures inside the injection hole.

Lift; 50x10°®
CN: 6

Lift: 300x10°®
CN: 6

(©)

Figure 11: Cavitation imaging inside the injectionhole
of a new concept design nozzle at CN = 6 and (awo
needle lift of 2Qum, (b) needle lift of 5@um and (c) full lift
of 30Qum.

Design variation 1
(a) Moderate spray angle
Moderate atomisation

Design variation 2
(b) Wide spray angle
Increased atomisation

Design variation 3
(c) Narrow spray angle
Minimum atomisation

Figure 12: Spray images at steady state conditiorisom
a new concept nozzle design for two different neesll
designs (a), (b) and (c).

levels of spray



Real-Size Transparent Nozzle Tip

Following the extensive investigations of interflalv and
its effects on emerging spray shape stability inarged,

transparent nozzle replicas, the need to confimnetkistence
of the observed structures in real-size nozzlesbeasme a

necessity. A selected, generic VCO nozzle has beaverted
to accommodate a transparent nozzle tip that alfowdirect
optical access inside the nozzle and
Simultaneous acquisition of images of the emergpgay
enabled the establishment of the link between mialenozzle
flow and emerging spray stability in real-size resz
However, due to the complexity of the real-size ab@zip
experiment, certain alterations to operating caond had to
be made; injection pressure is set to 30 MPa twemte
leakage and fast deterioration of the transpareaizle cap
and therefore, injection duration is set to 4mgamatch the
corresponding flow rates.

Detailed investigations on string cavitation havevided
enough supporting evidence that structures observisdge-
scale replicas also exist in real-size nozzles.ureigl3
illustrates sample acquired images and nozzle cteaistics
that are visible from this view angle. As illusadtbelow, the
needle surface, the minor formed sac volume anel wiews
of the injection holes are clearly visible. On ttight-hand
image of Figure 13, cavitation bubbles that staftmtning
inside the injection hole are shown. Additionakyjdence of
needle string cavitation is visible; needle stroayitation is
effectively a string cavitation originates at thelehentrance,
due to strong swirling flow, and extends on tortkedle face.

Shadow of
cavitation
bubbles

String
cavitation
Injection
Bk Cavitation
bubbles

Figure 13: Sample side view images of VCO nozzle @n
explanation of illustrated features.

Figure 14 presents a series of images from 1.9@%&ms
after triggering of injection from a 4ms injecti@vent at 40
MPa injection pressure. It is noticed that from 2mafter
triggering of injection and onwards, string cavaatappears
at the hole entrance and it moves towards botlctilires, the
needle surface and inside the hole. The latterribatés to
acceleration in formation of geometric cavitatidnustures
inside the hole. These string structures remaachéd to the
needle until its lift increases enough to no longein front of
the injection holes entrance. Similar behaviour sbfing
cavitation structures inside high-pressure injectiozzles has
been verified through earlier work of the authomssearch
group. As injection develops, a strong swirlingifles present
inside the injection hole and around its entranidee latter
enhances the formation of strings of bubbles andircoed
the previously presented behaviour of string céieitaand its
formation mechanisms in the large-scale nozzldaapl

injection dole

1.9ms ASOI 2.0ms ASOI

2.2ms ASOI

| 2.15ms ASOI

2.4ms ASOI 2.5ms ASOI

Figure 14: Time sequence of images at 300bar injéch
pressure and injection duration of 4ms.

Further investigations in real-size nozzles areused to
establishment of possible links between in-holeitation
formation and development and the emerging spraytsire
and stability. The following dual imaging investiigan
includes bottom view, high-speed images of therivaiehole
flow and first stages of the emerging spray.

Acquired images for the standard VCO nozzle deaigh0
MPa showed that at early injection stages, whertataon has
not built up inside the hole, this is immediatesflected on
the emerging spray shape. Figure 15 illustratesqaence of
images for the aforementioned conditions and itlmaargued
that atomisation quality of the spray (right-hamtiesimages)
improves as cavitation builds up inside the hadé-thand side
images). Additionally, an extra feature that isacléom these
images is that Start of Injection (SOI) happenaraund 1ms
after electronic triggering of the injector, whighplies that
the first liquid to exit the injection hole is idé at 1ms after
triggering, as shown in the images below. At higingzction
pressures of 40 MPa, as illustrated in Figure Hyjtation
develops faster than the lower pressure case intlide
injection hole. This ensures that spray atomisai®riess
affected by any marginal changes of cavitation cstmes
inside the hole. However, in Figure 16 a substhntiange in
spray cone angle is evident at 1.34ms after trighee optical
set-up and lighting source used does not allow diear
interpretation of cavitation strings inside the éjohlthough
geometric cavitation pattern does not seem to teetafl from
one step to the next.



1ms After Trig

1.17ms After Trigger

1.34mes After Tri

In-hole flow

Emerging spray

Figure 15: Sequence of images at early stages ofeiction for the VCO nozzle design at 300bar injectin pressure.

1.17ms After Trigget

1.34ms After Trigger

.

1.5ms After Trigger

In-hole flow

Emerging spray

Figure 16: Sequence of images from injection eveat 400bar.

Finally, assessment of real-size transparent ndgseand
complete characterisation of the spray is achi¢kezligh the
use of PDA measurements. The latter aims to dematadhat
such real-size transparent nozzle tips reproduequately the
internal flow and spray characteristics of reaksimetal
nozzles; additionally,
quantitative measurements of spray velocities @ebghat is
considered mandatory for a compete characterisatfotine
performance of an injector.

PDA results have been acquired for the VCO nozzle

geometry, and are presented as temporal and speadiékes.
The former show the variation of the resultant ggjovector
(absolute velocity and angle values are plottedregt point
for the entire injection duration. The latter shtve spatial
variation of the resultant velocity vectors at at&@i@ time for
more than one point at a cross section of theFj@thermore,

it provides an extra meant o

droplet diameter profiles are presented in the same The
main axis of the PDA measurement points is theicadraxis
z, as shown in the top row of Figure 17(a). Inshene figure,
the temporal velocity profiles at three points glahe vertical
(z) axis are presented. The spatial resolutionhef three
points is 0.5mm on either sides of axis z. Droptbcities at
the centre of the jet appear to be as high as 190ntiile
from 1.5-5.5ms after triggering the velocity prefiat the
centre of the jet follows the behaviour of the reetift

profile. At a vertical location of 0.5mm above thentre point
(z = -0.5mm), observations of unstable velocitmsards the
end of injection are evident. The latter is maiatributed to
intense geometric cavitation structures that tearthi extend
to the exit of the hole during one injection evedn the
contrary, at a vertical location of 0.5mm below thentre
point of the jet (Figure 17(e), z = +0.5mm), theloegy



profile and the angle of the velocity vector exhiaistable the centre of the jet. Velocity variations for bgibints follow
behaviour. Figure 18also presents temporal velocity the same trend of instabilities as previously exgd, since
distributions for two points at z = -1mm and z =mrt from their location is at the two edges of the jet.
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Figure 18: (a) Legend of measurements grid. (b) Ndke lift
(d) z=1 mm on the z axis.

Droplet size distribution at the centre of the V&&@zle jet
is illustrated in Figure 19, in the form of averagean (AMD)
and Sauter mean diameter (SMD). Droplet
measurements always refer to the complete injeeti@mt and
neither spatial representation at certain time sstepor
temporal variation graphs at a single point cowduse a
satisfactory description of the effect. Therefoee, better
representation of the phenomenon is achieved, when
comparison is based on the number of droplets diwdsed
the measuring plane during one injection event,luekag
only the tail of the spray. More specifically, jietgent upon
the normalised distribution graph leads to moreueste
conclusions.

The graph presented in Figure 19 includes diametieies
from all points measured on the vertical z axighéligh the
AMD values vary slightly around the mean value @jirh, the
SMD values present a wider distribution that stabd at
values around 40m. A rise in SMD values observed at times
from 3.5 to 4 ms are directly connected to the reeltbsing
event. The latter distribution is typical high pese nozzle

sizing

profile and temporal velocity profiles at (c) z =- 1 mm and

behaviour; however, it should be stressed that tdsted
nozzle is not a real nozzle. The transparent cama
manufactured in a similar way to the real, all-rhetmzzle
and the injection pressure is not the nominal dpeya
pressure of production nozzles. As a result, ladgeneter
droplets are expected to be found, contributing the
calculated high SMD values.

Droplet size data gathered from all measuremenhtpoi
during the complete injection event are illustrated~igure
20, in a normalised diameter distribution graph.eTh
corresponding mean droplet size value is smallem the one
presented in Figure 19. The reason lies on thettfat} while
the presented temporal profile corresponds to daliected
during the time velocities have developed and tigechas
started (i.e. from 1.5 to 5 ms), the normalisednmaiter
distribution graph takes into account the complejection
event after start of injection (i.e. from 1 to 6niEhe observed
difference in mean droplet size is then directiyreected to
small, spherical droplets that are generated dutiegneedle
closing time and validated from the measuring syste
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Figure 19: Temporal droplet diameter distribution at
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Figure 21: Spatial velocity and size profile for tle VCO
nozzle at 10mm along the jet axis and 4ms after jgering.

Finally, an overall representation of the measweddcities
and droplet sizes across the vertical plane at 1@homg the
jet axis, is given in Figure 21, where both thepdeb spatial
velocity and size distributions are presented;ahedues refer
to 4ms after the triggering of injection, a timeamtthe needle
is at its maximum lift according to the previouglgquired

needle lift data. Moreover, in full accordance witteviously
presented data, the velocity profiles are thosa tfpical jet
with the velocity values peaking around the ceattis of the
jet and becoming smaller at the two edges of the je
Additionally, the droplet sizing profiles follow ¢hsame trend
as larger droplets are found at the centre of éiewhile
smaller ones tend to move at its edges. Finally,uhstable
behaviour of the upper half of the jet is now retibel clearly

in the droplet sizing profiles; at 0.5mm above ¢katre point,
the largest droplet diameter of the cross-sectambe found.

CONCLUSIONS

Cavitation forming inside the nozzle of fuel inject
equipment for Diesel engines represents the maim fiéature
affecting nozzle discharge coefficient, the momanmtf the
injected liquid and spray dispersion angle. As destrated in
the present work, understanding of the flow medhasi
taking place inside high-pressure injection nozzilssa
prerequisite for the design of advanced systentsniiramise
shot — to — shot variations. Moreover, the prestmdy has
provided a number of experimental data for stringitation
regarding their origin and their immediate effect spray
instabilities.

High-speed visualisation of cavitation structuresnfing
inside enlarged and real-size VCO Diesel nozzleth wi
cylindrical (parallel) holes has been reported. IDuaging of
cavitation structures inside the nozzle hole areddmerging
spray revealed that cavitation enhances spray s&biom;
increasing cavitation numbers result in the develept of
geometric-induced cavitation at the hole entry thatturn,
increases spray atomisation quality. Investigatioalso
revealed and confirmed previous findings of theeagsh
group that during transient needle movement (opemind
closing phases), when flow inside the hole is nollyf
developed, strings appear that initiate at the relg and
travel upstream towards the entry of the hole. éves of such
string structures is found to alter the spray disjpa angle
significantly and induce random instabilities. Atdr stages
during the injection event and at times when flawfully
developed inside the hole, string cavitation isntdied to
initiate at the hole entry. The mechanism of coeatis
attributed to vortical flow structures present desithe sac
volume that are generated due to hole-to-hole fiageraction.
The core of these vortices interacts with the isgecavitation
structures present at the hole entry, resultintpéocreation of
cavitation strings, whose core consists of cawtatimicro-
bubbles coming from already developed geometricded
structures. Moreover, the location of cavitatioingis relative
to the geometric-induced cavitation inside the hslstrongly
connected to the instability of upper or lower spgsaundary.

Similar flow structures have been observed in s&sd-
VCO nozzle replicas and realistic operating coodsi At
injection pressures of 30 MPa, during the transiesedle
movement phase, string cavitation is generatechathole
entry that extends to either sides, on to the meéalle, and
inside the injection hole. Simultaneous imaging thie
emerging spray revealed significant spray insttidlithat are
also attributed to unstable string cavitation gtres.
Geometric cavitation is found to enhance atomisatitso in
real-size VCO nozzles, confirming the agreementveenh
large-scale and real-size nozzle experiments. IFinBDA
measurements on real-size transparent caps revehasd
generated spray is directly comparable to that géee by



real nozzles thus, such acrylic nozzle tips consst
innovative and extremely informative means of nezitbw

investigations. Spray instabilities observed by ligh-speed
imaging technique have also been confirmed by tB& P
measurements; unstable velocities, and spray ahglesbeen

recorded for both, upper and lower, spray boundarie

Finally, following the understanding of various atezflow
phenomena and the establishment of links betweeiousa
forms of cavitation and spray instabilities, a neancept
nozzle design has been proposed. This novel desigm
demonstrated stable spray angles that are direellyed to
certain design characteristics. The proposed noimke
configuration and the elimination of sac volume dav
diminished hole-to-hole interactions thus, elimathtvertical
flow structures. The absence of string cavitati@s lbeen
confirmed and the “controlled” geometric-inducedsitation
demonstrated stable effects on spray dispersiorie azgd

subsequent atomisation quality.
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NOMENCLATURE
VCO Valve covering orifice
CFD Computational fluid dynamics
PDA Phase — Doppler anemometer
SOl Start of injection
AMD Arithmetic mean diameter
SMD Sauter mean diameter
CN Cavitation number dimensionless
Re Reynolds number dimensionless
P Injection pressure Pa
inj
P Chamber pressure Pa
|:>apo ) Vapour pressure Pa
V u
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