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Abstract

Samples of urdditized, middle distillateliesel fuel wee injectedhroughreatsize opically accessible
mini-sac dieseihjectorsinto ambient air at common rail pressure9@bar and 35Marrespectively
High-resolutionimages of white light scatterddom the internal minisac and nozzle flow were
captued on ahigh-speedmonochrome video cameraFollowing the end of eacinjection, the
momenturmdrivenevacuation of fuel liquid from the misiac and nozzle holessulted in the formation
of a vapour cloud anbubblesin the minisag andvapour capsules ithe nozzle holesThis permitted

external gas to gain entrance e nozzle holes.

The diesel fuel in the mirsac was observed to rotate with large initial vorticity, which decaygd un
the fuel becameationary The diesel fuelemainingn the nozzle holes was observed to move inwards
towards the minsac oroutwards towards the nozzle exit in concert withrdtationalflow in the mink
sac.The minisac bubble§internalpressure differenserevealedhat the bubbles must have contained
previously dissolved oxygen and nitrogddnderdiesel engin@peratingconditions, this multphase
mixture would be highly reactive and coutitiate local pyrolysis and/or oxidation reactionsinally,
thedynamcal behavioupof the diesel fuel in the nozzle holesuld supportthe admission of external
hot combustion gees into the nozzle holes, establishing the conditiorsxidation/pyrolysis reactions

with surrounding liquid fuel films

Keywords: Diesel fuel injection system, internal flownini-sag soot, deposit, scattering, cavitation.
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1. Introduction

Most modern passengear and truck diesel enginaegperate using high pressure common rail diesel
fuel injection equipment (FIE), which asemprised of digh pressuréuel pump supplying diesel to
the fuel injectors via a common high pressiduel accumulator termed thecommon rail)[1, 2].
Conventionally, he injectors supply thdieselfuel to the engine cylinders throughulti-hole nozzls,
which areexposed to the high pressure fuel through the actuafiennozzle needle. Thictuation
may be direct, through the deployment of a pielaxtric stac3 5]. Alternatively, the actuation
may be indirectby using the force difference achieved at bwttom of the needleslative to the top
via an internalpressure management system fisabctuated viaa magnetic solenoidcicting on a
ferromagneticsteel push rodl], 2, 6, 7. In order to comly with internationalregulations requiring
reducedexhaustout emissions FIE manufactures have developed injectors treae able tosupport
multiple injectionsinvolving repeatedly accuraiajected fuel massThe sprays emitted from these
injectors are required to atomise effectively in the pistonlboverde to entrain and uise all the
available aieffectively. These requirements have resulted in the developmsitafiine- and twelve
hole high efficiency diesel nozzles with small, conicaklaind profiled nozzle inlets,[§], supported

by accumulgor pressures of up to 3,000 a0 +12].

The development and deployment of high efficiency noziiesommercial FIE has resulted in
increased injector depos|ts3 +15], which hasin turn, resulted in inconsistent andfeduced engine
performancejncreased engineut emissions, and in extreme circumstanaggctor failure (needle
stick, blocled holes)[16]. Previously, injector nozzles with cylindrical holes produced significant
geometric cavitation, whiclsupported the remolaf early depositia. However, thecavitation
occurring in thenozzleholes duringnjection also reducetthe available flow area ambzzle discharge
coefficient [L7, 1§. Deposits that are observed torfomside the injector nozzle and on the injector
needleduring operaibn have been the subjext a significant body of research over the last ten years
[15, 16, 19 £29]. The detail of the mechanisms involved in inedrdeposit formatiorare not well
understood, and a considete amount of researchrexjuired to resolvthis difficult problemDeposits

located in the nozzle holes, miséic and on the base of the injector needle are most likely formed
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through an interaction between externambustion gaseand components of the diesel fug8].
Deposits formed on the plrod needle, armature, and other related componestieam of the injector
needle are most likely to originate from componentssparted in the fugl25]. A variety of internal
injector deposits have been identified to fonside modern diesel injewt. These are: (Waxy, soapy
deposits observed to form on the needle and armature, which can lead to injector failure throegh needl
stick, (2) organic amide polymerdeposits that form hardenedacquer on internal surfaces, (3) sticky
brown/blacktar depositsassociated with aged fuels, and (4) layehedld,crusty,black, carbonaceous
deposits with a mixture afrystallised carbographite condensed aliphatic and patyclic aromatic

hydrocarbons (PAHdpcated in injector nozzle holes and injeatozzle tipd25, 26].

Metals such as ZinfZn) are employed as active ingredients in lubricant, ilsich wereused in the
past in lubricity additives inidsel Unfortunately Zinc is indicated in accelerated internal deposition
in the form of insolble zinc saltsand is consequently employed in the CE@8F08 injectornozzle
cokingtest[27, 2§. Other metalsuch as Sodium (Na), Calcium (Capt&ssium (K) and Phosphorous
(Ph) are often present in the fuel througiposure to seaater during trasportation, otheir inclusion

in corrosion inhibitors, antbxidants, ddcing agents, and salt dryd@?, 25] Iron (Fe) and Chromium
(Cr) particlesoriginating fromhydro-erosion ofthe hardenedsteelcomprising the components in the
diesel fuel injetion systenare deposited in theidsel fuelas itmakes its way through thegh-pressure
fuel injection systenf29, 30] These metalare able to reactith acids present in additizededel fuel

to forminsolublesalt deposit§25]. Acids are ubiquaus inmodern commercialiesel fuels, in the
form of variouscarboxylic acid (formed through fuel ageing/pyrolysis/oxidat)jpand in a variety of
diesel fuel additives @rming key componenti lubricity and flow improverscorrosion inhibitors,
detergents, surfactants, antdikidants etc]25]. Examplednclude:(1) alkyl and alkenyl succinic acids
used as corrosion inhibitgrg2) mone and difatty acids used atubricity improvers, and (3)
polyisobutylene succinimides (PIBSIs) used as deposit dadditives (DCAS).Metal ions reacting
with acids leads to the formation of insoluble salts which deposit inside-cleaiance injector
surfaces in the form of waxsoaps Mono and di fatty acids are able to react with polyisobutylene

succinimidesPIBSIs) to form brown, stickgrganic amideandhard,peptidepolymer lacquedeposits
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[25, 29. Stressed and agetkdel fuels can beéegraded to produd®ack, cristy,carbonaceous deposits
that are found in fuel tanks, fuel filters, injector nozzlkeh@nd on injector tips. These types of deposits
have been found toontain amorphous carbon, crystalline graphttarbon,and aliphatic and poly

cyclic aromatic hydrocarbon (PAKpndensate5, 29.

Fuel metering at the high pressure pump and injectedle controfesults in a significant fraction of
high-pressure fuel being returnbeckto the fuel tank via control valve3his implies that a significant
fractionof the diesel fuel lebeen recirculated through thigh-pressure pummpressure ecumulator
andor injectors prior to admission to the engin€he recirculation of higipressure fuel across control
valvenozzless capablef stressinghe fuel,which may leado prenature ageing and degradatif@0
+35]. Four types of depas havebeen observed to form throughahe fuel injection system in these
studies. Tey are (1) a haddcquer coating thimternalstainless ted surfaces, (2) sticky browhlack
deposits (likéy to be caused by fuel ageiragnd degradatian (3) crusty brown'black carbonaceous
aggregateghat collect in small clearance regiorend (4) black particleand aggregatewith a
ferromagnetic respong80, 32] It is believed thathe particles and aggregateith ferromagnetic
properties originate from iroparticles formed through hydrodynaméosion of the internal steel

surfaces, whiclhenform a substrate faurface reactions, condensation and odegrosition30].

Consequentlyfuel-derived deposits and sedimehts/e been observed to develop at theasce to
and inside the nozzle hed inmini-sac multiholadiesel injectors [25, 36 High pressurduel injection
equipment employing injectors with small diameter nobplesinteract with theengine block and the
combustion gases formed during comharsin the engine, resulting in injector body temperatures
ranging between 500 K and 600 K during normal engine operalibe injector body, mingac and
small nozzle holes exposeetifiuel remaining in the injector between injections to large tempesature
that are able to initiatend supporoxidation andoyrolysis. This effect is known t@xacerbate the rate
and amounbf carbonaceoudepositformationoccurringin the nozzleholesand nozzle tip, thereby

contributingto fouling problems by acceleragjithe ageing of the fuel
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This papessuggests potential mechanisfor deposit formation in mirsacinjector nozzle holes and
mini-sac walls Followingthe end of the injection ent,bubblesandbr vapour capdas were observed
to formin the nozzlenoles movingin concert with the circumferential floaccurring in the mirsac

Thelocal motion of the bubblesbservedn the nozzle passageend themini-sac reflects the local
motion of the bulk fluid Significant inwards motioof the dieselfuel retained in the nozzle holes
betwea injectionsthatpermitthe admission of external gases into the nozzle ihalebeen observed
In engine operatinganditions, this may support tHermation of carbonaceous depositside the

nozzle througtsurface a@idation andoxygen assistegyrolysis.

2. Experimental

2.1 Fuel Injection System

The highpressurecommon raildieselfuel injection systenshown in Figure Ivas manufactured at
City, University of London, and wacapable of generatiragn accumulator pressiof up to 1,90 bar,
anda precise quantity of fuehrough the injector at a usdetermined rateThe fuel wa delivered
from the aink to the high pressure pump @aotary vangump and a 5m polypropylene filter. The
high-pressurduel leaving thedieselpump wa discharged to theressure accumulatowhichin turn,
was connected toraopticallyaccessiblanini-sacdieselinjectorvia a fast respondeulite ETMER-1-
375M-3500BARSGpressurdransducerthatwas rated to 3,5008ar sealed gauge with a sensitivity and

zero offset of 1.189mV/bar and 500mV + 50mV respectively.

The control of the injeabin process was achieved by a customized timing control box which senta TTL
pulse tain to theinjector driver. This was linked ta fixed pump shaftphase agle, ensuring a
repeatablelelivery pressure for each igf@n. The injector driveactivated anagnetic solenoid inside

the injector body, which activated the injector push rod. The mitéunel pressure control system
supportedhe lift and return of the injector needle, enablthg fuel flow through the mirdac and

nozzle holes into the sumnding air.
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Figure 1: Schematic of the customised fuel injectionteys

A 3.1 HZTTL pulse train of 4.0 ms duration wasovided to the injector driveiThe consequent needle
lift rate was measured to lpproximately 0.12 mm/ms for 3rs, followed by a maximum lift period
of 0.3 ms, followed by a 1.6 ms period of nieegbturn. Hence the needle returned to its initial position
approximately 5.5 m&6.0 ms after the electronic starftinjection(Sol) signal. The needle lift profile
was measured optical[$6], and by using magnetic induction sensionbedded in a VCa@njector of
similar desigri37]. The lift profiles corresponding to 350 bar accumulator pressushaven in Figure

2. Thesaretypical for engines operating at idle or low speed and load.

The accumulatopressure was measured using a pressure gdatagded to one of the outlet ports on
the common rail. An adjustable pressure control valve was employed to control the commoh rail fue
pressure, based on the reading obtained from the pressure gauge. The temperature in the fuel delivery

system was measad at the inlet of the high pressure pump, usingtgpk thermocouple. Thigas
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also connected to a chilled water cooling system wivif employed to maintain the fuel temperature

in the fuel injection system at a predetermined set \afl4@ °C.
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Figure 2: Needle lift profile as a function of time relative to the injection TTL pulse. (1) The black line needle
lift profile was measured using a VCO injector with an induction sdB6pr (2) The grey line needle lift profile
was measured opticallysing sucessive image framg87].

2.2 Optical Nozzle Design

A modified commercialsix-hole minisacdieselinjector nozzlewas employed in these experiments.
Figure 3 (a) shows a conceptual image of asdwidieselinjector nozzlewith the needle pducing a
sealed surface against the sides of the nozzle bazhted belowthe minisac, which in turn, provides
the access to the nozzle holes. Figures 3 (b) and (c) show the side viewiackhedview of the 6
hole commercial ozzle employed in tBiinvestigationFigure 3 (d) shows anclinedview of a similar
mini-sac nozzle that has been processed in order to locate an optically accessible nokate ligse
of the processednini-sac nozzle was machined to remove the 4sdwitip, introdudng a recessed
annulus with polished flat surface to hold and seateplicaacrylic nozzle tipwhich providedoptical
access to the mirsac and nozzle holes:igures 3 (e) and (f) shoan inclinedview and side vievof

an acrylic nozzle tip located ohd pocessegrecessed annulwus the injector nozzleTheacrylic tips
were machined at City, University of London, retaining the ts&d geometry and the location of the
six nozzle hole entrances. However, the requirement to maintain optical aalesbttee nozzle holes
necessitated an adjustment of it% nozzle hole angle in the originedjectorto 25 in the optically

accessible acrylic tipFigure 4(a) shows the design schematged to manufacture the acrylic nozzle
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tips. However, only wo of the nozzle holes could be viewed in detail due tovéing small depth of
field achievable during imaging; thus these two holes were designed to be manufactured on opposite

faces, and are miaad as holes 1 and 2 in Figure 4.(b)

(d) (e) (®
Figure 3: (a) Mini-sacnozzleconcept (b) side view ofcommercialb-hole mini-sacnozzle (c) inclinedview of
mini-sac nozzle, (dniclinedview of processed nozzle and sealed, internal needlmc{eled view of
processed nozzhith acrylic minisac tip, and (f) side view of processed nozzle with acrylic-sanitip.

[ —< o
& N NN
— $0.80 -
| @1597 | _ 7
(@) (b)

Figure 4: (a) Designschematic for optically accessible acrylic n@ztip (measurements are in mm), Kpzzle
interior image taken with a high magu#tion microscope. The arrows identify the holes of interest.
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It was important to ensure that the nozzle tip was propealgdéo the injector body for the duration
of the experiments Consequently, pneumaticair ram was mounted on the injector stamhich was
attached to a balanced steel arm fitted with a fork containiagrghc bar, thatvas employed to apply

an axidforce to a 3%5angle fused silica cone.

Acrylic nozzle Fused silica cone

Injector

<
- i
Acrylic section

Balancing screw

\:]

Double acting
pneumatic ram

/ Fork compression mount

Injector mount

Figure 5: Schematic showing optically accessible injector assembly.

Figure 5 showshe pneumatic ram attached to the injector mount, suppontiragjueniniumfork, a
rectangular acrylisection, and a fused silica cortleat provided the axial force required to seal the
acrylic nozzle tip to the nozzle bodw precision balancing screwas located on the injector mount

in order to balance the axial force providedlwypneumatic ram.

2.3 Optical Configuration

2.3.1 White Light and Camera Arangement

Continuous white light obtained from a collimated Arri 400W POCHKEAR light source was psed
through an infraed filter, towards a 150 mrdiameter 500 mm focal lengtlplanarconvex lensThe

converging light was then passed throagh0 mm diameted 50 mm focal length bBzonvex lens The
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focussed white lighpassed through thepen centref the sprayextractassemblythe acrylic barand
the fused silica condorming a focus in the neighbourhoofithe arylic injector nozzle. A fraction of
the white ight scattered at 3Grom the cavitatinglieselfuel in the mini-sac andchozzle passagewas
capturedon a high speedidtronFASTCAM SA1.1 cameraising a Nikon 85 mrniVl.4lens, reverse
coupled ta 230 mmlong extension tub& his arrangemerishown in Figure benabled high resolution

imagng of the field of view with a transverse spatiesolutionof approximately7.1 P SL[HO

Figure 6: Schematic of the white lightnjector and camera arrangement.

2.3.2 Timing and Method

The internal clock of the camera was synchronised to the 10 kHz clock provided by the customized
injection timing box, which was in turn, synchrords® the4.0 msTTL injection pulse. This pulse

was synchronised to the high pressure pump crank phalss enguring that all injections occurred at

the same position of the punmgiston, thereby achieving steady,repeatable injectioto-injection
comnon rail pressure. Th&0 msTTL injection pulsewasemployel to trigger the fuel injection and

thecameraecording, and was itselécorced using a PC National Instruments data acquisition system.

The PhotronSAl.1 camera as controlled by pbasedcorrol software, which set: (1) external

synchronization, (2) exposure duration, (3) extemmggiering, (4)dynamic rangg€12 bit), (5) number
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of frames to record, and )(@ile type (lossless 16it TIFF). The camera was configured to obtain

images with @ H[SRVXUH GXUDWLRQ DQG IUDPH UDWH RI V DQG

aperture set at f/2.

Tharrangement facilitated retane video capture ohe internal nozzle flow On

receipt of the trigger pulse, the camera took ibg#geframes atlO kHz frameratein order tocapture

the flow developingn themini-sac andhe nozzé holes. This arrangemeutitaired approximately 14

imageframes prior to injection, 5SBnageframes during injection and 8ageframes after thend

of-injection. Each data set was comprised of 50 injections at a rate of approximatelyfi5 Hz.

Fadlowing the acquisition of a data setset of background images were obtairfear. this study, the

86 imageframes of thepostinjection mini-sac and nozzle hole flowere subjected to digital image

analysisfor each of the 50 injections per data set

2.4 Diesel Ruel

A crude oil derived, unadditizedniddle distillate diesel fuel sample was provided by SGédbal

Solutions for this study, which was conducted with commail pressures of 250 bar and 350 bar

respectively. Thdiesel sample had a distillation profile ranging from 9220 342°C, with a density

and kinematic viscosityf 825 kg/ni and 2.078 mris respectively. Its physical properties are

summarized iMable 1, and its distéition curve is shown in Figuie This diesel fuel sample is referred

to as Fuel A in Figure 16.

Table 1: Physical properties of thdieselfuel under examination.

. . Kinematic
Fuel type Fuel description Density @3 40C | Surface tension Viscosity
(kg/m”) (N/m) 2
(m?/s)
Diesel | Unadditized middle 825 0.03139 2.078 x 10
distillatediesel
U U&
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Figure 7: Distillation profile of unadditized, middle distillattieselemployed in this study.

3. Data Analysis
3.1Mini -Sac Bubble Formation
Thepostinjection diesel fuel flow occurring in the nozzle masc wa subjected tanalysism order
to obtain the size and pressure distribution of the bubbles that were fofmettis case, MATLAB
scriptwas writterto measure bubble radorming in the minisac following the enaf-injection(Eol)
for a subset of 20 injections.Initially, the background was subtracted fréime raw image frames
These image framegere thensubjected to homomorjahfiltering to correct the signddias cased by
non-uniform illumination Following this thesignalcontrast 6each imagevas enhanced to highlight
theareasproducing intense scatterimghich corresponeldto the vaor structures being investigated
The script code detectdigde local maxima in terms afignalintensity This was followed by a scan of
theneighbairing pixels surroundingvay local maximum to where the intensity reache#o3f the
intensity of the local maximum; hendeetdetection othe boundaries dhe object wasassessed to
be accurate to 1.@ixel uncertainty. Thereforek H E X E E O H 4 wEeRwelD defihel] and the
determination of theisurface areas wansideredo beaccuratewith an uncertainty of 1.@ixel.
Theimagesof the minisac bubblesvere circulayand so the bubbles werersidered to be spherical
therefore the calcul®mn of the surface areaand of the correponding radiiwas calculated using
Equation Q).
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whereA was the projected objestirface areagndr was thecorresponding radiusf the bubbleThe
transversespatialresolution of the camerand optics was 7.1m/pixel. Thereforghe radiiof the
bubbks were convertedfrom pixels to micrmmeters P. Finally, the simplified version ofhe
LaplaceYoung equation (§uation @)) was employed to determirtae pressure difference of the

bubbles observed in the nozahéni-sag relative to theambientpressire ofthe remaining fuel liquid
A2L<, 2

where (P is the bubblgressure difference (kPa)is thesurface tensionN/m), andr is theradius of

the bubble (m). Finally, histograms ofnormalizedfrequency versudubbleradius and pressure

difference comprised of 25 decadegsvproducediescribing bubble radéind pressurdsetweer8 m

and250 m, 0.15kPa and 1%&Parespectivelyover 50 injections.

3.2 Nozzle Minisac Flow

The minisac and nozzle flow analysis was coctéd following the enabf-injectionfor all injections
The fuel injection wagompletedapproximatelys.8 msto 6.0 msafter theStart-of-Injection (Sol)
trigger. Hence thduration of thefuel injection processvas approximately.6 ms. At the instantof

the needle returand resealapourcloudsand bubblesvere obsened to form inside thenini-sag and
bubbles/vapour capsules in thezzle holes The process of postjection minisac bubble dudand
bubble formation is shown in Figui® The green, red and yellow lines in the Figure show the
approximatdocations of the minsac boundary walkhe tip of the injector needle, and tbpposed
view nozzle hole passage3he vapourcloud andoubblesforming in the minisac following the end
of-injectionwere visible as they scatterkght elastically which were captured on theamerasensor

asthediscrete objects in the misacthat producedptical scattering
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5.9 ms after Sol 6.1 ms after Sol

6.3ms after Sol 6.5 ms after Sol

(4 (K

Figure 8: Imageframes obtaineétfom 59 ms +6.5 msafter Startof-Injection (Sol),showing the posinjection
formation of avapourcloud and bubbles in the misac depicted by the bright spots occurring in the 1séai
due to elastic scattering of whiight from thecloudbubble surfaces.

After the needle returned to its sealed position, the flow developing in thesaginvas fst and
turbulent which wasdifficult to track. The flow took approximately 1.1 ms to settle dogmgbling
bubble tracking.The bubblemovementin the minisac was observed settledown from its initially
turbulent staténto aslowly decayingorderlyrotationalmotion, reflecting the posinjection vorticity

of the remaining i@sel fuel. The position and motion of sevdrabbles were manually detected in a

sequence of raw imagedtainedbetween 7.2 ms and 11.5 ms aftes starof-injection trigger. For

convenience, the instant in time of needle reseal-(E+djection (Eol)) was the starting point of this
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analysis &pproximately 6.0 ms after Stat-Injection (Sol)); thus fmme 77 and frame 120

corresponded to 1.2 ms after Eol and 5.5 ms after Eol respectively.

Figure 9 (a) showa conceptualiew of the nozzle minsac from the bottorof the minisac towards

the reedle and nozzle basBrior to any processing, the center axis of the nozzle was determined. The
intersection point of this axis with the needle tip was chasée the origin The figureidentifieswhat

was considered a clockwise and amtickwise dircumferential flow diretion. The figure alsshows

the trigonometric relations for a theoretical bubble moving circumfereniiadly anticlockwise sense

with an initial radius R located later at 3 different heights in the nozzle hole as viewedleraxis

side(heighsidentified by y, y. and ).

Initially, the varying relativeposition of several bubbles was manually dietgddn a sequence of 44
image framesising Matlab The varying coordinate®f the rotatingoubbleswere saved in a sgad
sheet for lateprocessing.For examplethe location otwo bubblesin asequence odix imageframes
spaced ab.2 msintervalsis shownin Figure9 (b). The distance Rwas the distance between the center
axis and the point whicpassedhoughline AB once at least. It was necessary to begicking the
bubble either from point A or Bbecause at these points trgle was knowrto beequal to F—6 or—
respectively. The azimuthal angle of thefl W K EpélBtizeéOtd the central axis; corresponding to
framej was determined using Equation (3).

aoi OEFLS ©

wherey;; was they-coordinate of thefWK EXEBOWKL.QPWKH IUDPH

The term Uy ¢hanged from frame to frame but the \Ras assumed constant. This was due to the

assumption that the bubbleswed circumferentially in the sac, based on the observation of the settled
motion of the bubbles (and surrounding liquid) following the-efithjection. Unfortunately, the

location d the camera prevented the measurement of radial motion within thaaniniThe calculated
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angles for every single bubble were used for the angular velodityalculation. The expression used

(Equation 4) to calculate the angular velocity ofitfieMUbIE at framg is

as-? @

XwL—p— (4)

where {t was the time interval between subseduerages (t = 10*s).

For all injections, the position and motion of many bubbles were detected and tracked; therefore the
overall angular velocity inthef WK TUD PAEWRHK WEMHFWLRQ ZDV WKH PHDQ DQJXC
over all of the tracketlubbles. This is expresbenathematically in Equation 5:
4 5 & &
>$Ya L_Q AE@B xwa' (5)
The calculated mean angular velocity was then plotted versus time in order to determine the rate of

change of the mean angulaaiocity of the bubbles over an injection avand finally, over a set of

20 injections. The mean angular velocity over 20 injections was obtained from Equation 6.
5 % &
Lo, MER (6)

wheren is the hjection number.

Clockwise

S
v
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Figure 9: (a) Representation of tracking process of an individual strugtute yz are the yco-ordinates irthree
successive frames (nozzle view from the bottom), (b) an example of bubble trackirgiesatraw images (the
red circles indicate the bubbles of interest).

3.3 Nozzle flow

Bubblesandbr vapour capsulesere observedo appeaiand moven the nozzle holefollowing the
endof-injection This was considered to beonnected tdhe circumferatial flow observed inside the
mini-sac. kgure10is a sequence @fimage frames that sholubbles moving outwards due to the

postinjectionnozzleflow (~ 5.8ms after the injection trigger signai) many cases though the bubble
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motion was alteredand the detect structuresvere observed tmove inwarddowards themini-sac.
After the needlere-sealedat approximatelye.0 msafter Soj any otherbubble appearance wa result
of bubbleseitherflowing from themini-sac into the holesr a phase dntinuity occurring at the head

of the liquid diesel in the nozzle, permitting external gas access to the interior of the nozzle holes.

(4 (4 (4 (L

Figure 10: Successive image frames showing the initial motion of bubbles/capsules in both upper and lower
nozzleholes (6.2 mst6.5 ms after Sol) being outward.

The detection of the nozzle fluid motion was achieved emplayilgatlabscriptthat detecteceither

the centre of an individual bubbler the centre of the front and reanterfaces of vapour capsules.
Initially, the background image was subtractedrfithe raw image and a global threshold employed to
eliminate the noise contained in the image. Following this, the contrast of each image was enhanced to
highlight the bright scattering areas which copesled to the objects under examinatiomhe
coordnates of the detected objects were employed to determine the displacement of the bubble over a
set of successive image framds. this regardthe entrance of the nozzle hole was chosen to be the
refererce point. The displacemeiit@as defined to bthe distance between the location of the bubble

in eachimage and the reference po(tquation 7). The calculated distance was then converted into
mm (transverse spatial resolution was 7#i/pixel) anddisplacement versus time graglotted. The
maximumdisplacement on the displacemanris of thegraphcorrespondetb the 1.1 mntength of the

nozzle hole. Any change in the sign of the slope of the graph indicated a reversal in the bubble direction
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of travel A positive slope corresponded to outwardslide movement, whereas a negative slope to an

inwards movement.

CHL¥ T F T8 EU F ;8 )
wherex; andy: were the X and Y coordinates of the bubble respectivelyxgamdy, were the X and

Y coordinates of the reference point respectively.

4. Resuls and Discussion

4.1 PostInjection Vapour Cloud Formation in the Mini-Sac and Vapour Capsule Formation in

the Nozzle Holes

The internal flow analysis was focusen phenomena occurring after the-@fidnjection (Eol) When

the needle rsealed athe endof-injection, a vapourcloud andbublies were observed to form in the
mini-sac which were not present during the injectidie formation of theyapourcloud and bubbles
was caused by thshort duration decrease in pressure occurring in the-samiand nozzle holes
following injector needlereseal. The decrease in local fluid pressure to near vacuum conditions
occurred as a result of pasfection fuel liquid vacating theini-sac and nzzle holesdownstream of

the needle through the inertial effects of the largergseal fluid momentum. The formation of the
vapourcloudand discrete bubblés the minisac, and the bubbles/capsules in the nozzle holes occurred
because thimertialtransport an@vacuatiorof fuel liquid from themini-sac and nozzle holgsoduced

local fluid pressurehat fell below the saturated vapour pressure ofithse] enabling the formation

of vapour cavities within theemainingliquid [38].

Figure 11 shows 9 image frames at 0.2 ms intengglacedaround the instant of needle reseal that
marked the endf-injection(5.8 msafter So). The image data shown was obtained for an accumulator
pressure 0250 bar The first image frame in the sequenicarfe marked.7 msafter So) shows that
there were no vapour clouds present in the 4$@ai prior to the endf-injection, and a cavitatig flow
occurring in the nozzle holes during the injection. However, the imagedptired 0.1 mand 0.3
msafter the engf-injection (framemarked 5.9 ms after Sahd 6.1 ms after Sp$hows the formation

and growthof a vapour cloud in the mirsac and vapour capsules/bubbles in the nozzle holes.
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The momentundriven fuel liquidevacuatiorof the nozzle holes immediately following the esfd

injection permitedthe formation of vapour capsules thadre able to exteshover the full length of the

nozzle holes. The image frames marked 6.5 ms and 6.7 ms after Sol in Figure 11 show this effect in
the bottom holeThe rapid decrease in fluid pressure in the fead and nozzle holes to below the gas
pressure at the exif the nozzle holes producapressure rarefraction and an inward flow in the nozzle
holes towards the mirsiac. Post injection fudijuid films or droplets forming on the external surface

of the injector nozzle in the neighbourhood of the nozzle hats @&e able tde sucked bek into the

nozzle holes. This is observedime bottom nozzle hole passagé-igure 11jn imageframesmarked

6.9 ms, 7.1 ms and 7.3 ms after Sol.

The postinjection formation of the lowpressure vapour capsules in thezie holes permits external
gas to enter the nozzle hole and mix with the fuel vapour in the nozzle hole during the pressure

rarefraction that occurs once the nozzle holes havevaseaed of fuel liquid.

(< (< (4
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Figure 11:9 image frames showing vapour cloud formation in the +séwi, and vapouwrapsule formation in the
nozzle holes following the Erof-Injection at 5.8 ms.
4.2 PostlInjection Mini -sac DeselFlow Vorticity
Discrete lbbles wereobserved to béransported aund the minisac ad in the nozzle holes as a

consequence dhe residual motion of thdiesel liquidremainingin the minisacand nozzle holes
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The motion of the bubbles in timeini-sacwas initially unseady anadf large velocity and turbulence
intensty following the endof injection takingapproximately 1.1ns to settle to a steadytational
motion that enabledubble tracking. Te rotational motion of the fluid wasissumed to be
circumferential which had large initial angulaelocity, which wasobserved to quickly decreadae

to the flow shear imposed liye stationary minsac boundaryvall.

In Figure 8 above the green red and yellowlines showthe approximate location afhe mini-sac
boundary wallsthe needldip and theopposedozzle mssages respectively. Moreoyai5.9 ms after
Solno bubbles we present inside the sac volumdnereas in the following imageames(6.1 ms +
6.5 m3 they appeaeddue to the pressure drop followitige momenturdriven fuel liquidevacuation
of the mni-sac The bubblesvere seen athestrongly scatteredhite lightstructures due to tHight
scattered from their surfag€l he number dbubbles formed inside thrini-sac volume was observed
to increasesignificantly after the needlee-sealedat theendof-injection (5.8 ms after Sol) For
convenience, the instamthen he needle rsealed wa set equal to 0.Ms for the remaindesf this

analysis.

The unadditized middle distillate diesel fueas employed for the examination of the decay of the
rotational flow inside the nozzle musac at 250 bar and 350 bar rail pressures. Eglg(a) and (b)
show the decay of the mean angular velocity otitaeelin the minisac following the enaf-injection
(Eol) plotted against time at 250 bar and 3860 dccumulator (common rajpyessure, averaged over
20 injections. The error bars show the range of variation (1 sthddaiation)of the instantaneous

mini-sac fluid angular velocitiemeasuredrom injection to injection over 20 injections
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(a) Post-injection mini -sac fluid (b) Post -injection mini -sac fluid
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Figure 12: Graphs showing the decay in mean gagction minisac fluid angular velocity with time following
endof-LQMHFWLRQ IRU D EDU DQG E EDU DFFXPXODWRU SUHVVXL
measured instantaneous angwaliocity ower 20 injections.

Figurel2 (a) and (bsuggesta correlation between thmeandecayratesof thefuel angular velocity
as a function of rail pressurén particular,the initial angular velocity othe dieselfuel at 250bar
(Figure 2 (a)) wasobservedo besignificantlylower than that occurringt 350 baFigure 2 (b)).
This finding isattributed to the increased angular momentum of thelyeloccurring in the injector
fuel galleries and across the nozakedle annuludue to the increased ragitessure. However, the
vorticity decayrates for the two cases wesienilar, suggesting thadn increase in rail pressure aiot
have a significaneffecton thepostinjectionvorticity decay rate. It is believed that thestinjection
dynamics of thélow in the minisacdo not changéundamentallywith increasingail pressureapart
from the effect of rail pressure on pdagjection vorticity (angular velocity) The largescattering
intensities being generatég thebubble cloud and thieubbles in he mini-sac volume creatHarge
saturatio regions as can be observedrigures 8, 9 and 10; thus thebubbleswere notalways well
defined and theycould not always be tracked for the whole duration of the post injection flow

Thereforefluctuationsin themean angular velocityould be seen irrigures 12 (a) and (b)

Table 2 shows the relative percentagéslockwise, anticlockwise and irregular motion obtained by
thedieselin the minisac following the enaf injection. The direction of fluid mtion was defined by
the view obtained at the bottom of the nozzle tip towards the injector and needtabl&shows that

the flow obtained &350 bar accumulator pressuresmamti-clockwise for 92% of injections, and
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irregular (undeterminablefor the remaining 8% of injections.

measurements made at 250 bar, which showthieatiow was anti-clockwise for 80% of injections,

This is to be contrasted with the

clockwise for 4% of injections, and irregul@ndeterminablefor 16% of injections.

Table 2: Statistics of the minsac flow direction fodieselfuel obtained in the mirsac after the endf-
injection at 250 bar ah350 bar accumulator pressiiNpzzleA).

Accumulator Clockwise Anti -clockwise Irregular

Pressure (bar) (%) (%) (%)
250 4 80 16
350 0 92 8

4.3 Mini -sac Bubble Formation

The determination of the bubble sizes insidentezlemini-sacand theresultingpressure diffeences,

as a function of rail pressumptentiallyprovides useful information aime composition of the bubbles
inside the nozzlemini-sac The substancinside the nozzlemini-sac would be expected to be
comprised oflieselliquid and vapourhowever this cannot be true in regstems, due to the mixing
and dissolution oéir (oxygen and nitrogehin thefuel thatoccurs in the fuel tankhe priming pump

and the metered main pump

Themomenturadrivenevacuatiorof liquid fuel inthe minisac thafollowedthere-sealof the injector
needleat the end of ij@ction wa responsible fovapourcloudformationin the mini-sac andrapour
capsuléubble formation ithenozzle holes The formation ofthevapourcloud ancbubblegproduces
large concentration gradieras the phase boundaries, which support the evaporatiorygenand
nitrogenmoleculesout of solution thereby producing bubldecomprised of fuel vapour, containing
oxygen and nitrogen gaséhe simplified version of the Young aplace equationHquation2) was
used to calculate thgas/vapouipressureof the bubbles in the mirsac relative tahe surrainding
liquid pressureAccording to this equatigithe pressre difference between the bubllagvapour and

the surroundingdjquid is directly poportional to the surface tension and inversely proportional to the
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bubble radius.Figures13 and # show tte bubblediameterandbubbleto-liquid pressurdifference
normalizedrequencydistributionsfor the diesel fuel in the range ditmeters and pressure differences
of 8.0 mto 150 m, and0.15 kPa to15 kPa respectivelyat 4 different timedollowing the End-of-
Injection Eol, instant ofneedle resealing), 0.1ms, 0.8ms, 2.5msnd 5.5msafter Ed) over 20

injectionsat 250bar and 35®arcommon rail pressure

250bar, 0.1ms after the needle sealin 350bar, 0.1ms after the needle sealing

0.40 - - - - 250 bar, 0.8ms after the needle seali ~ 0-40 - - - - 350bar, 0.8ms after the needle sealing
0.35 4 250bar, 2.5ms after the needle sealin 0354 350bar, 2.5after the needle sealing
- - .=250Dbar, 5.5ms after the needle sealin |----- 350bar, 5.5ms after the needle sealing
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Figure 13: Bubble size distributions at 0.1ms, 0.8ms, 2.5ms and 5.5ms after th&iafettion (Eol)

for 20 injectionsat (a) 250barand (b) 350 bar.

The black and gray lines and bars shown in the charts correspond to measurements at 250 bar and 350
bar rail pressure respectively, while the solid, dashed, dotted and dastied lines and bars
correspond to 0.1ms, 0.8ms, 2.5ms, and 5.5ms after thefém@ction respectively. In particular,
Figuresl13 (a) and (bxhow that the bubble sizes do nbange significantly during the post injection
mini-sac fluid flow for both 250 bar and 350 bar accumulator pressures. This finding suggests that (1)
the ubbles remain relatively stable during the gogction period, and (2) the dynamics of the flow
effectively remains the samieg. once the flow has settled down, the flow dynamics were observed to

be independent of the rail pressure. This is duedduél pressure in the nozzle msac settling

down to a steady valurdependent of the accumulafmessue following the endof-injection.
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A comparison of Figured3 (a) and (byeveals that the distribution of bubble diameters formed
following the njections at 350 bar rail pressure is very similar to the corresponding distribution of
bubble diametes obtained following the injections at 250 bar rail pressure. This is unsurprising, since
these bubblewere formedut of the liquid during the low fld pressure that followetthemomentum

driven liquid fuelevacuationof the minisac and nozzle holdsllowing the re-seal of the injector

needle at the erdf-injection

(a) (b)
Figure 14: Pressure difference distribution at 0.1ms, 0.8ms, 2.5ms and 5.5ms aftertiérgadtion
for 20 injections at (a) 250bar, and (b) 350 bar.
Figures14 (a) and(b) provide supporting evidence for the presence of oxygen and nitrogen in the
bubbles and the fuel as the pressure differences range between 0.15 kPa and 15 kPa. If the fuel in the
mini-sac consisted of diesel fuel only, the pressure differences acrossotihe interfaces should be

much lower, as the saturated vapor pressure of conventional diesel lies in the range of d0%kPa

kPa [3)].

4.4 PostInjection Fuel Nozzle Row
In the period following the end of injectiphubblesandbr vapour capsulesere observedo appear in
the nozzle holesThese wee formed through a combination of the completion of the mphidise

cavitating flow occurring in the nozzle holes during injection, andiatvduel pressure formed behind
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the momentun-driven evacuatiorof fud liquid from the minisacandthe nozzle holefllowing the
endof-injection. Figure 10 shows a succession fdur image frame of a vapour capge that has

formed in the uppenozzle hole following the erdf-injection These bubbles and/or vapour sales

were observed to either remain stationawy,travel towards or away from the misac. The
momentumadriven liquid fuel evacuationof the minisac and nozzle holes following the eofd
injection, togethewith the retained fuel mass, specifies tlostnjection mini-sac fluid pressure. In

many cases, this will be lower than the external gas pressure, resulting in a fluid force acting along the
axes of the nozzle holes towards the st The responsef the residual liquid and vapour remaining

in the nozzle holes is teverse the residual momentwriven direction of motion towards the nozzle

exit to an inward motion towards the msac.

As the turbulent flow of the fuel remaining in the rasicsettled down to a steadily decaying rotatibna
flow (Figure 12)it is believedhatthe circunferentialand radiamotion of the fuelnside themini-sac
created varyingressure conditiorat the entrances the nozzle holes relative to the exits, causing the
fuel and bubblesapour capsules toadust their movemenin the nozzle passagedn this the
combination of external gas pressure, rsiaa¢ fluid pressure, amdotion of the fuel in thaozzlemini-
sacfollowing the endof-injection seemetb actlike a punp, causing the liquid fuel and tivabedded
bubblesto travel either toward thenini-sac or the passage exifigure B shows the chage in
displacement of Aubble imbedded in thiwwer nozzle hole as a function of time (defined by 1he

ms period between image framedn Figure 15 a bubblewas observed to movawardstowards the
mini-sacdue to the direction of theurrounding liquidlow (1.0msto 6.0 msafter theendof-injection).
Thelatermotionof thefuel andbubbles i both holesvere observed to be nearly synchronwith the
settledrotationalflow inside themini-sac It appeared that the fluid motion in the nozzle balkere
correlated with the circumferential motion of the fluid in the rsiac.Figure B shows an example of
the postinjection motion of the fluid infte nozzle holes correlated with the circumferential motion of

the fluid remaining in the mirsac.
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Figure 15: A sequenceof image frames beginning 1rfsafter the enebf-injection, obtained at 1.0ms interval
between frames. A bubble is observed moving inwards towards thesagim the lower passage.
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Figure B shows a correlation between the fuel liquid/vapour veexiattained in the nozzle holes
andthe corresponding liquid fuel angular velocities obtained in the-gainifollowing the endf-
injection, for 10 vapour objectéubbles and vapour capsulefservedn the lower nozzle holever

5 injections In thefigure, the reference ttuel Ain the specification of the nozzle hole bubble/capsule
velocity as plotted against migiac fluid angular velocity is an identification codetw unadditized,
middle distillate diesel fuel employed in this investigatiofibe correlatiors lying between 0.35 and
0.74 (7 out of 10providesomesupport to thargument that the rotational/radial motion of thesel
remaining in the minsac following enebf-injection produces local pressure gradients across the
nozzle holeshat resilts in applied forces and corresponding rates of chandje eélfluid momentum

in the nozzle holes.

Figure 16: Examples of bubble speeds obtained in nozzle holes, plotted against the corresponding angular
velocity of thedieselremaining inthe minisac following enebf-injection. Linear plots show best linear fits to
correlated velocity data and corresponding@ation coefficients.

The fluid/bubble movement in the nozzle holes following injection were unpredictable from injection
to injection; i.e. in some cases the fluid/bubbles in both holes were observed to travel outwards, in
other cases the fluid travweis inwards (Figuré5); alternatively the fluids were observed to travel in

opposite directions to each othdrhis leads to tb conclusion that there were some relatively higher
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and lower pressures forming in the rmgaic which led to momentum changesl thus to changes in

in-nozzle hole fluid motion and direction of travel.

In order to assedhe effect of manufacturing vatians on nozzle flow, three acrylic misac nozzles
manufactured to the same design (Figure 4 (a)) were employed to intethigaozzle flow at 250

bar and 350 bar accumulator pressure respectively. The three nozzles tested were designated nozzles
A, B and C. The results obtaineftom the optical observation of the bubble movement inside the
upper and the lower holes foa8rylic nozzle tips over a set of 250 injection events at 350 bar and 150

injection events at 250 bar are summarised in Table 3.

Table 3: Summary of the fluid movement inside the upper and lower nozzle passages for 3 nozzles at 250 bar
and 350bar.

Nozzle Type .
(Number of Nozzle passage No. of inward No. of outward No movement

Injections) (rail pressure (bar)) movements movements
Nozzle A

(50) Upper (250) 0 50 0
Nozzle A

(50) Lower (250) 34 9 7
Nozzle A

(50) Upper (350) 0 50 0
Nozzle A

(50) Lower (350) 31 6 13
Nozzle B

(100) Upper (250) 51 24 25
Nozzle B

(100) Lower (250) 88 0 12
Nozzle B

(100) Upper (350) 35 35 30
Nozzle B

(100) Lower (350) 77 1 22
Nozzle C

(100) Upper (350) 62 15 23
Nozzle C

(100) Lower (350) 17 46 37
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Overall

(150) Upper (250) 51 74 25
Overall

(150) Lower (250) 122 9 19
Overall

(250) Upper (350) 97 100 53
Overall

(250) Lower (350) 125 53 72

The meagrements reported in Table 3 suggest that the 3 nozzles with the same internal design have
produced different poshjection flow behaviour. The flow occurring in the upper hole of Nozzle A
was observed to be outward towards the hole exitliBO injectons examined. On the other hand,

the flow occurring in the lower nozzle hole was observed to be inward for @0% of injections,
outward for approximately 15% of injections, and indeterminable or stationahefoemaining 20%

of injections. The patinjection flow in the upper hole of nozzle B was observed to be inwards towards
the minisac for between 35% and 50% of injections, outwards towards 