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Abstract

ABSTRACT

This thesis describes work undertaken at the University of Brighton oramad
compression machine based on a-stroke diesel engine (Proteus) with an optical

head to allow observation of the fuel spray. A kiabe, rate of injection rig was used

to measure the injection rate of the fuel injection system. Quantificatiayatit

variation and rate of injectiomvere carried out for single and multiplajection

strategy. For multiplénjectiors, it was found that the injected mass of the first of the

split was approximately 19% less than that of the single injection strédegie

same injection duration. The second split reduction was less than 4% in comparison to
the single injection strategy.

The transient response of the fuel injection equipment was characterised and
compared with steadstate behaviour.

The charactastics of the Proteus rig in terms of trapped air mass and transient in
cylinder temperature were investigated and quantified.

The effect of incylinder temperature, density and pressure, as well as injection
pressure orthe characteristics of spray forian, for single and mukhole nozzles

were investigated using high speed video cameras. @yclgcle and holdo-hole

variatiors for multi-hole nozzles were investigated and attributed to uneven fuel
pressure distribution round the needle seat, ansesuient cavitation phenomena.
Simultaneous Planar Laser Induced FluorescerieblFf and Mie scattering
techniques were used to investigate spray formation and vapour propagation for multi
hole nozzledor single and multiplenjection strategy. Té multiple injection work

focused on the effect of dwell period between each injection. Two different modes of
flow were identified. These are descri b
wake effectod, resul ting i splitsprag The aceaseg t i p
in tip velocity depended on dwell period and distance downstream of the nozzle exit.
The maximumincreasewas calculated at 1Wm/s A spray pattern growth for the

second of the split injectien t he O6dexceed t ymesling fensan i den
increase in tip penetration due to air entrainment of the first split and propagation into
the cooler vapour phase from the first split.

The effect of liquid core length near the nozzle exit was investigated using modified

empirical corréations and the evolution of the discharge coefficient obtained from
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rate of injection measurements. The results showed increased injection pressure and
increased ircylinder gas pressure reduce both brepkength and breaip time.

Penetration was motled usingconservation of mass and momentum of the injected
fuel mass. The input to the numerical model was rtfeasurediransient rate of
injection. The model traced the centemass of the spragndwas validated against

PLIF data for centr@f-mass.Overall, the same value of modelling parameters gave

good agreement for single and split injection strategy.
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Chapter one: Introduction

1. INTRODUCTION

1.1 GENERAL STATEMENT OF THE PROBLEM AND OBJECTIVES

A major concern withthe increasingpopularity of diesetpowered vehicles is the
resultantincreasedlevel of pollution Diesd engines area sourceof two major
pollutans; nitrogen oxides (N§) and particulate matter which both havean
undesirable effect on public health and the environr(féierpontet al.,1995. They

are also a source of carbon dioxide, one of the mosiriiant green house gases.
Nitrogen oxides contribute towards acid rain and groutelvel ozone, whilst
particulate emissions constitute a major health hazard

This isa growing problem as more stringent legislation on emisssantroduced.To
comply with such legislation more effective and environmentafiyendly
combustion systasneed to be designed and manufactured. There are severabfways
tackling this problem Some engine designers favournamst gas aftereatment,
whilst othess prefer the intoduction ofmore sophisticated fu@hjection systens In
some cases, both technologies are apgliee by side. However, the mdstneficial
way of reducing emissiongs at source, antb develop fuelinjection systens capable

of meeting the requiremenbver the complete range of engoperating conditions.
Dieselfuel-injection equipments known to lenditself to the control and quality of
the emerging spray.rgine load conditions have a direct influence on the combustion
process, which is dependamton thequantity, thequality andthe timing of thefuel
sprayemerging from the injector nozzle.

Subsequently,hie characteristics of the fuel spray aeéant uponmany parameters
such as injectio pressure and {aylinder conditionsas well as theharacteristics of
the fuelinjection equipmentKIE) such asozzlesize,nozze geometry and the rate
of injection Different combinations of these variables can provide the correct
combustionenvironmat for reduced emissionsThe extent to which thisan be
accomplished depends, fardiesel engine in particularpn the degree of control
achieved over the combustion procesgich in turn is a function of fugbroperties,
chamber desigm@and injectionand spraycharacteristicsThe degreeof ar and fuel

mixing is a key issue folan effective combstion. To accomplish suchtask, careful
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matching of various injectiorparametergquipment and combusti chambers is
needed.

The manner in whichdiesel fuel is introducedinto the combustion chamber is
detemined by the fuelnjection equipmentKIE). The rate of injecon (Rd) can be
used as a fedack in design and developmenttbe FIE, as an inpufor different
types of model$n addition o identifying the influence of thRd on air/ fuel mixing
and onsequently pollutant formatioBéniasag1994)

To assesshe influenceof the Rd on spray formation, rainjection rate devicewas

utilised as part of this research programme.

For an effective and fécient combustion the fuel delivery per ale needs to be
repeatable as well as metered for a given loaddition Historically, the rate at
which fuel is injected and its resultant effect on noise, emissionperformance has
been studied since the early daysd@selengines. Figl-1 highlighs these #ects
(Dolenc, 1990).
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Fig 1-1. Influence of injection rate on engine power, noise, and emissidiapied fronDolenc, 1990)

As shown inFig 1-1, the rate of injection can contribute tows emissions and noise
levels even towards the end of injectiavhere fuel dribble is a source ahburnt
Hydrocarbons (HC).
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To reduce the aforementioned noise and pollutant formations, developasead to
the introduction of an injection system capable noétering and delivering the
required mass of fuel at a given rate for a given cycle and load conditiotip{enat
split injection strategy)ln some cases, stable and consistent fuel deliveryaadal
mn? per injection has been achieved (Birch, 20@4)rther reductions in emissions
are thought to be realised when split injection strategiescanpled with high
injection pressure@ierpont et al 1995;Nehmer &Reitz, 1994 Tow et al, 1994).
However,the overall combustion process is acknowledged to be strongly dependent
upon themicroscopicand the macroscopicspray structure. fle spray formation
during the primary and secondary bregk phases mudte considered. This is in
order to impove both the understanding and the operational benefits achidwed
multiple injection strategieare applied

In general,dieselfuel sprays can be characteriseduasteady two phase turbulent
flows. Eddies with various temporal and spatial distrdmgi are present within the
flow, mainly created by the interaction between the spral/the surrounding gas.
Owing to turbulence effectghe initial characteristics of the jean rapily disappear
within the steadistate periof theinjection

Howeve, unlike the conventionaingle injection strategy, two additional parameters
must be accounted for when considerithgg spray characteries with multiple
injection strategies. These are:

1 The dwell period between thedt and consecutive injection

1 Thequantityof fuel injected for each injectionithin a cycle

The resultant effects could befafiows:

1 Interaction between the first and consecutive sgiegyending on the dwell
period

1 Enhanced air entrainmeimto the fuel spraylue to increasedortex structure

1 Greater homogeneity betweéquid fuel and air, as well agapour fuel and
air

1 Due to theevolution of the second sprayto the first, the internal structure of

the first split can be analysed by observing behaviour of the secongray.
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It could be concludethatwhen applying a mitiple injection strategyn comparison
to a conventionasingle injectionstrategythe spray behaviour significantlytats. t
is thereforenecessaryto improve the understanding of suokew strategs both
quantitatively and qualitativelyThis is with reference twariablessuchasinjection
parameterginjection pressure, response periogected massnd dwellperiodd and
in-cylinder conditionsThe experimental programme und#e current workincluded
the followingsteps
1 Rate of injection metefpr injectorcharacterisation
1 A high-speedvideo HSV) imaging techniqueusing siddighting), to record
complete injection cycles
1 SimultaneousPlanarLaser Induced Fluorescencel{F) and Mie scatering
techniqueto investigate planar images of the liquid and vapour pfasa variety
of splitinjection strategies.
Based on the above, the main objective of this research progréno provide an
in-depth understanding of the characteristicdigisel fuel sprays from multhole
nozzles. This concerns both single and split injection strategies and their relation to
the characteristics of the fuel injection equipmdrE] for two different types of
injector. In addition to the experimental stugieinderlined in this research
programme, modelling work based upon conservation of momentum theory (for spray
penetration) and the derivation of empirical correlations to evaluate the transient

behaviour of the brealp length and time were developed.

1.2  THESIS LAY -OUT

Chapter 2is a review of thditeratureproviding general characteristics of tdiesel

fuel spray formation obtained byasious techniques. Chapter fdcuses on
characterisation othe Fuelinjection Equipment KIE) and the Rate of Injéion

(Rol). The fourth chaptergives a description of theptical Rapid Compression
Machine RCM), and characterisébe opticalProteus spray rig for use in the current
experimental studies. The last three chapters describe the work undertaken to study
conventional diesel spray formation (single injection strategy split injection
characterisatiorand modelling. These subjects are analysed in Chapters 5, 6 and 7
respectively. Finally, the conclusions drawn and mem@ndations for further work is

summarisd in Chapter 8Additional information with regard to variowhaptersare
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presented in the Appendices A, 8, D and E corresponding to ChapteB, 4, 5, 6

and 7respectively.
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2. REVIEW OF SPRAY CHARCTERISATION AND
TECHNIQUES

2.1 INTRODUCTION

The uilisation of liquid fuel spragin order to increase the fuel surface area and thus
increase vaporisation and combustion liatexercsed by a number of applications
such as boilers, ofired furnaces, gas tuifes anddiesel engines.For insance,
breaking up a 3nmdroplet into 30/7m drops results ira surface area J@O0 times
greater This makes spray combustion not only a strong motivation in the above
applications, but also in the conventional spark ignition engines where carburation
hada dominant role.

In dieselenginesthe characteristics of the fugbrayaffect the combustion effiency

and pollutant formationThe combustion emissions must satisfy governmentally
imposed emission standards for selected compounds in the productasstentbon
monoxide (CO), hydrocarbons (HC), nitrogen oxides ¢{Né&nhd sulphur dioxide.

To appreciate theombustionprocessespne mwst look at the overall picturelhis
mustcommenceat the injector nozzle, antld injection of liqud fuel into combusbn
chamber. The injecteliquid fuel undergoes atomisation which causes the liqaid
breakup into a number of droplets witharious sies and velocitiesDepending on
variousparameterssfuch as the heylinder conditionsinjection pressure, droplsize
andvelocity, viscosity and surface tensigrspme of the drops may continue to break
up even further, and some may recombine when they colif@l.the evaporatioof
somedroplets, the &pour fuel mixes with air. Giveanough time, the entire amount
of dieselfuel will be converted ito combustion praalcts.

Carbon particles producetiring rich combustion may either continue to oxidise to
produce gaseous products may rigidly join together to form microscopic-@orne
material in the exhaust.

Given the need to reduenissionsandfuel consumptionan indepth understanding
of in-cylinder fluid dynamicsaandcombustion processis essential.

Until recently,the trend hadeen to increaste injection pressurén order toreduce

particulateemissons. However, due to increased parasitic losses, material strength
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and increased fuel system cositere arelimitations on the maximum mactical
injection pressuregPierpont et a). 1995. Raising the injection pressyralso is
generally known tancrease NQ emissions. Although NQproduction can be slowed
down by retardingthe injection timing (which has the effect of decreasing péak
cylinder pressure and temperatyrehe fuel consumption increasesd engine
efficiency iscompromised.

In recen years advancesn dieselfuel system technology (multlnjection strategy)
and combined high injection pressuresvbaallowed simultaneous reductisnin
particulate and N@ emissions (Montgomery &Reitz 1996, Nehmer & Reitz 1994,
Lee & Reitz 2003 Pierpont et al. 1995 Shundoh et gl.1992, Takeda &iimura
1995 Tow et al, 1999. Although some othe aftereffects are welknown (in terms
of emissions) many characteristics of a multiple injection strategych as the
evolution of the liquid/vapauspray interactiorand fuel dispersiorbetweeneach

consecutivenjection arepoorly understood

In this chapterthe characteristics otonventionaldiesel fuel spray formation and
relevant experimental techniguedl be reviewed Thereview presenéd will include
two main sections. The first sectigeection 2.2)is focused onspray atomisation
including three subsections on bragk length, spray cone angle and penetration
length respectivel{section 2.2.12.2.2, an®.23).

The secondection(section 2.3will describesome relevantechniquesapplied toin-
cylinderdiagnostics.

Finally, the main conclusns of this chapter are summads in section2.4.
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2.2 ATOMISATION AND SPRAY BREAK -UP

Fuel injected into the combustion chiger is subjected tmternal as well as external
forces, leading to disintegration of numerous drops of differens, Shapes (thin jets
or liquid sheets) and coentrations within the sprayhe thin jets or liquid sheets that
are present have the hggt surface energy due tosulitegration, and are more
subjectedo aerodynamic forces and instabilities due to surface tension.

The instabities of liquid fuel give way to different atomisation processes.
Arcoumanis et al(1997) reported three differartypes of mechanms for breakup;
aerodynamicallynduced atomisation, jet turbulenceluced atomisation and
cavitationinduced atomisatian

Aerodynamicallyinduced atomisation takes the form of waves developing on the
liquid jet surface, primarily agsed bythe relative motion between the injected fuel
andthe ambient gas.

Jet turbulene-induced atomisation is a phenomenon that takes place within the
injectornozzlehole, where fully turbulent flow leads to radialecity components in
the jet thatdisrupt the surface film followed by general disintegration of the jet itself.
It has been reported that, even if injected into a vaaduchamber, the jet, through
turbulene inducedatomisation proess will disintegrate due tturbulence within the
nozle.

Cavitationrinduced atomisations due tothe sudden growth and collapsé the
vapour bubblesat the nozzle exifArcoumanis et al.2000 & 2001 Afzal et al, 1999
Badock et al.1999 Chaves et 811995, Schmidt et al., 199%chmidt & Corradini,
2001, Soteriou et a).1995. The formationand growthof thesevapour bubblesake
place within the liquid at lowpressure regions of thajector, starting atthe vena

contractawhere the liquid has beencelerated to high velocities.

One way in with the atomisation procesand hencehe behaviour of a jet from a
simple injector orifice can be characterisedis by the following dimensionless
numbergqLefebvre 1989)

rl ud Dn

Re o , (2.1
m
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We = %, (2.2

Where Reynolds numbeR§ is the ratioof inertia forces and viscous forcasting on
the fluid, thus, | is the liquid densityyy is the droplet velocityD, is the nozzle
diameterand m is the dynamic viscosity of the liquid. Theéider numberWe is
defined as the ratio of inertia forces to tension forttess, 74 is the gas densitgnds;
is the liquid surface tension. ThHehnesorge numbeiOf) is the ratio of internal

viscosity for@s to an interfacial surface tension force.

2.21 Break-up Length

Once injection commencesnpt all the fluid out of the nozzle breakup instantly.
There are some unbroken poris as well as an intact corehe length of the intact
core is referred tosabreakup lengthLy,, and is in the vicinityof the nozzle exit as
shown in kg 2-1.

This core has few cavitating bubblasany, and the breakip length is dependent on
many parameters (such as the injectv@locity, surface tension, viscositgnd
aeralynamic forces) Therefore, thebreakup length can be categais as the

boundary between liquid sheetsd ligamentsnto an atomised regime of droplets.

_________ <=7\ Incomplete Spray

—— -
——

Cavitation

Complete Spray

Fig 2-1. Schematic of therbakup length in complete and incomplete spragion (modified from
Hiroyasu & Arai 1990)
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Hiroyasu (1998 & 2000 and Hiroyasu &Arai (1990 reported that an increase in
ambientgas pressure from 0.1 to BIPa resulted inthe reductionof the breakup
lengthby approximately 3%nm Also, the authors found that an increase in inpec
velocity from 20 to 60m/sresulted in ancrease in the breakp length(Fig 2-2).
However, a further increase of the injection velocity feda decrease in breaip
length, until any further increase in the velocity gave almost a constant value for
breakup length a shown in kK 2-2.

80

L/ID=4
D, =0.3mm

60 ‘ ————
/ —
| /
[ 4
/

40
4 ——3 MPain-cylinder pressure

1 ./ ——1 MPain-cylinder pressure

—=— 0.1 MPa in-cylinder pressure

. '—J‘/ \\‘\‘\1\—1—‘\‘_\_‘_\‘

Breakup length (mm)

0 20 40 60 80 100 120 140 160 180 200
Injection velocity (m/s)

Fig 2-2. Breakup length against injection velocifgr differert in-cylinder pressureadapted from
Hiroyasu, 1993

The authors also showechanlinear dependency of brealp length @ the injection
velocity (Fig 22). The brealup lengthwas reported tovary inversely with the
ambientgas pressureHjroyasy 1998.

Hiroyasu (1998)categorisd the breakup length and relative atomisation in the
complete and incomplete spraseggion (Fig 2-1). In the incompleteatomisedregion
Hiroyasu explainedhe jet undergoes a relatlyeslow disintegration process. Hence
transformation from liquid core to drops has to develop along the liquid jet. Only at
some distancérom the nozzle exiarefine dropletsformed. The complete atomised
region however was attributedo the increase of éhinjectionvelocity, and thus the
disintegration of liquid cordo a finer spray appearingalmost at the nozzlexit
(Hiroyasu &Arai, 1990.

10
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Yule & Filipovic (1991) suldivided thebreakup zone into threareas (k 2-1), and
describedthat one or all of these threeonesexistedaccading to the time after
commencement of injection.

The firstis the intact liquid cordengthat relatively low injection velocitywithin the
incomplete sprayegion), as reported by other researchers. Theelengthis assumed
to stretch to a distande. from the nozzle exit. In the second zone, frogto Ly,
further detachment of ligaments, sheets and larger droplets cordgisubdivide into
finer droplets. This is regarded @® end of breakip zone andhe commencement of
atomisedspray(final zone) The distancelLy andLs from the nozzle exit correspond
to the effective origin of deformation aritie effective origin ofthe spray cone
respectively.

In the complete atomised spraggion Hiroyasu & Arai (1990) suggested that the
deformation proces of the core vanishes, owing to tllésintegrationprocesses
reported by Arcoumanis et glL997) - that is,aerodynamicallyinduced atomisation,

jet turbulencanduced atomisation arwhvitationinduced atomisatian

The breakup length or the disintegiian of drops has been reported to vary between
10 and 40mm according toLee & Park (2002) These authors conducted an
experiment using spray particle motion analy$#vIAS andphase Doppler particle
analyser PDPA) in conjunction with a common raileselfuel injectionsystem.

With injection pressures ranging from 60 8 MPa, the fuel was injected into
atmospheric pressuet room temperature through an injector nozzle hole diameter of
0.3mm From their observatigrthey concluded that mean dropé&te and axial mean
velocity are constantly disrupted at a regiom#tidownstream of the nozzlexit.

Shimizu et al.(1984) measured the breakp length by means of an electrical
resistance betweethe nozzle and a fine wire néicated within the spraypath
downstream of the ingor nozzle.The authors found that the breag length
decreasedvith an increase in the injection pressuviareover, a further decrease in
the breakup length was obserdes the nozzle exit hole was decrea§dsta ut hor s 6
findings also suggegshat the nozzle geometry such as ente shape and nozzle
length havea direct influence on the brealp length in addition tothe reported
atomisation processéArcoumanis et al.1997 Chaves et al.1995 Laoonual et al.,

2001)). This phenomenonvasexperimentallyconfirmed byHiroyasu (1998)showing

11
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the dependence dfreakup lengthon the nozzle hole diameter (as well as the

injection velocity) (Fig 23).
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Fig 2-3. The effect of nozzle diatar onthe breakup length édapted fronHiroyasu, 1998

Due to the exp@&mental difficulties involved imobtainng reliable data, in particular
for a wide range of conditions,carrelationwas presented for the breag length by

Hiroyasu (1998)valid for any omplete spray region.

L :é-@(l+0'4)rr§§° P 8 %D_Lng ae_ar'8l7D (2.9
’ gé Dn +§/’| ulij 9 C™n~ ?rgg "

WhereL, is the breakup lengthr, is the nozzle radius for a round intedle, Py is the

gas pressureyy, is the injection velocitgndL, is the nozzle length.

As a result of experimentat elevated pressure¥ule & Filipovic (1991) also
presented a correlatidor the breakup lengthand the breakip time fordieselfuel

sprays. Utilising an indirect technique (curve fitting), aodnpuation of the overall
void fraction(from their imagesin the spray as a function of tintheycorrelate the

breakup time (t,) and breakup length from measured spray tip penetratotata.
Thus, thebreakup lengthand breakup time is given as:

L, =D, (2.8% 10" )We, ", (2.5

12
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5 -0.46 -0.3
{ = (8.9210°) (We, "~ Re, ")D, ’ (2.6
u

inj

wheret, is the breakup time. The Wéer and Reynolds numbefsr breakup are

defined as:
r, u; D,
We, = ) (2.7)
SI
Re, = 2D/t 2.9
m
u, =Uu, 31.7 Re, *°. 2.9

Whereu, is the brealup velocity and theequivalent noz# diameter is defined as:

D,=D, :_' (2.10
V7

Eq.(2.9 is only applicable foRg O °1 0

The authors concludihat therelative lengths ofhe intact core and continuous liquid

pah zone are respectivepproximately 28 and 3846 of the full breakup zone.

Browne et al(1986)conducted an experiment into the effect of fuel propertiehen
spray brealup lengthfor three different fuelg¢sunflower oil, ethano] anddiese). A
1.6 litresingle cyinder, pre.chamberedlieselengine was utilisedn conjunction with
shadowgraphy technique and diffdgearillumination photogrphs for visualisation.
With an ambient airtemperature of 37X, each fuelin turn wasinjected into the
combustion chamber via an orifi@e25mmin diameter. Figz-4 showsthe breakup
rate forthe three different fuels. The injection pressures in the aBtlesperiments

are not known.

13
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60 - Tip penetration for all fuels
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Fig 2-4. Comparison of breakip lengthfor threedifferentfuels @dapted fronBrowne et al. 1986

Results for the three fuels at 3k3ntake air temperature are shown in Fig¢.2Vhilst
there are similarities for the tip penetratitime dependency of thbre&-up length on
fuel properties isshown. For diesel fuel, the author reports a maximum bragk
length of 35mm However afterautoignition, thebreakup length is showrto shorten
for dieselas well assunflower oil due to higher loal temperatures. For ethanol, the
maximum brealup lengthrecorded wasit 23 mm(with no auto ignition forethanol)

This was reporteds beinglue to the differences thevapour pressure of the fuels.

2.22 Spray ConeAngle

The spray conangley is the angle that is formed by the outer boundary of the spray
cone, taken frontheinjector nozzleexit hole to some location othe spray axis. This
location can be defined in various waydepending onthe macroscopic or the
microscopic cone structure t@ examinedBae & Kang, 2000)Fig 2-1 shows the
macroscopic dispersion angle defined by Hiroyasu & Arai (1990).

Hiroyasu& Arai (1990)demonstrated the effect of injection pressure and kinematic
viscosity of the fuelon the spray conangle. Withan increase in thenjection
velocity, the authors reported th#te sprayconeangle increased until a maximum
value was reached, anthereafter a constant value in the completeomisedspray

regionwas persisting (i§ 2-5).

14
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An empirical guationby Hiroyasu& Arai, (1990)for the spraycone in the complete

atomised spray region is givern as
0 0
8 §_8 . (2.1)
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Fig 2-5. The effect of injection presre onspraycone angle(adapted fromHiroyasu & Arai, 1990

Naber &Sieberq1996)have takerthe definition of spray cone angle one steqhfer.
The authorsuggestedhat the spray dispersn angle and penetration agecoupled
process, and thushe definition used fothe dispersion angle depends on the
penetration lengthHence,the spraydispersionangley by Naber & Sieber$1996)is

given by the following relationship:

(2.12

WhereA, p is the projected area of the upstream half of the spray in an image, and

L, is the penetration length.

Sovani et al(2000) experimerted with an effervescentieselinjector. With injection

pressure between 12&hd 36.5MPa, the working fluidwas injected into a vessel
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with pressursranging from0.27 to 5.9VIPa. The authors used a mixture of water and
metal cutting coolant to avoid aexplosion and thus simulateenz oil, which is
similar in physical property tdieselfuel. Injecting the twephase mixturenjtrogen
being one of the two mixtusg via an orifice 0.3mm in diameter ad 0.8 mmin

length, the ratio oatomisedgas to liqud ratio by mas¢GLR) varied from 0.86 to
13.8%. The authors concluded thtte spraycone half angley2 lies betweens.8®

and11.5° over the entire rangef parameters in their studidowever, an increase in

the ambiat pressure was observed to increase the spray cone angle.

A correlation for the spray cone angle applicableffervescentlieselinjectorsbased
on experimental data was presenbgdSovani et al(2000)asfollows:

g=2(7+0.15 GLR +0.039 P, +0.0451 P - 0.6211 P + 2.7551 P - 3.62 P, ). (2.13

Other parameters that have affect on the spray cone anghkee the length and
diameter of the nozzle orifice. Tée effect have been repori@ by several authors
such as Leonual et al.(2001) Chaves et al(1995) and Schmidt et al(1999),
concluding an increase in thg/D, ratio gave a decrease in tlspraycone angle.
Furthermore, Hiroyasu (1998gported the effect of kinematic viscosity on gpray
cone angle. The author observed that a decrease in the kinematic viscosity was
followed by an increase in the spray caaregle

Schugger &Renz(2003) conducted an experiment investigating the effect of nozzle
hole geometry oithe spray coneangle fordifferent injection pressuregsvith multi-

hole nozzles Two different nozzle hole geomits were used. The firstada sharp
inlet edge with a hole diameter of 156 and a separatioangle of 162 The second
nozzlehada hydreeroded mlet edge an@ conical spray hole shape with a inlet hole
diameter of 15Xkmm. Theexit hole diameter wa%37 /mm, resulting in &-factor of 1.4
and a sprageparatiorangle of 160 (k-factor =(Di,-D,))/10). Both nozzles provided
the same mass flux at MPa. The authors used@CD camera and aéer light sheet
for illumination.

The authors concluded that theray hole geometry plays an important roletba
spray cone anglér'his was observedven at few nozzléole diametersdownstream

of the nozzle exit, during fully established flow conditiongnamely complete
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atomised spray region).h€ rounded edge in cdmmation with the conicashaped
spray holewas also found tteadto a lower perturbation levels in the primary break
up zone, resulting ira reduced near nozzle spray bregklength and spraycone
angle.

2.23 Penetration Length

Penetration length cabe defined in two ways the distance of droplet ensemble
(cluster) that proceedsthe farthest length dawstream of thenozzle exit, or the
furthestspray distanc&om the nozzle that is unbrokefihe penetratiophenomenon

is most important in characteation of spray formation within a combustion
chamber. Information on spray tip penetration or length is crucidhendesign
process of an internal combustion engine. The penetration length must be neither too
long nor too shorfor efficient in-cylinder combustion If too long impingement
could occur Thiswill result in wettingof the combustionchamber wall and/gpiston
crown. @nsequentlyformation of soband wastage of fuel will be enhancdidthe
length istoo short, mixing eftiency and god combustion can beompromised.

Based oma diesel sprayatomisationmodel, Huh et al(1998) studied the e#ct of
spray tip penetration for variowsnbient gas pressures. The authors compared their
computed results to some experimental dataanambient gas pressuranging from
0.5MPato 4.5MPa (Fig 2-6).
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Fig 2-6. Tip penetration as a function tilme @dapted fronHuh et al, 1993
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Fig 2-6 showsthatan increase in the Haylinder gas pressumesults in a deease in

the penetration length. However, although there is good agreement between the
experimental andhe modelling results, the model seems to gredict thetip
penetrationlength during thelater stage of injectionfor low in-cylinder pressure
condtion. Similar studies byReitz & Diwakar (1987)have also shown that their
model overpredics the spray tip penetratiotength during thelater stage of

injection.

A spray penetration formula deeiet from experimental dateased on steady gas flow
jet mixing was correlated by Defit971). For a hot bomb oan engine environment

the penetration distance is given by:

Qo A2 a4 A4
appP 0 S 2204 0
L,=3.162—0 3t3pu &—0 | (2.19
¢er 0 g &7 0
& 9~ a ¢ ¢~

Where qpPis the differencebetween the injection pressure and the ambient gas
pressurgt is the injection time andy is the gas temperature.

For a cold bomb, the expressi(294/Tg)1/4 = 1. Thisexpression is a correoti factor

that takesnto accounthetenperature othein-cylindergas athenozzle exit.

The above expression was compared véiperimental data bypent (971). In
generalthereport showgjood agreement between his correlaigg. (2.14) and the
experimental data. However, experimelytadletemined penetration distances for
i nj ect i omsweie gemerally folind %o be muctaller thanthose predicted
by Eq.(2.14). In otherwords, Eq. (2.14 overpredicts thepenetrationength during

theearly stage of injection.

An experimentwith the aid of photographic visualisatiamo the effect of ambient
conditions andhe injection pressuieon the spray tip penetrain wasconducted by
Hiroyasu &Arai (1990) A constant volume bomb filled with nitrogen was heated to
temperatees of 295 423,and 593K. For a constaninjection duration the authors
report a linear relationship between penetration and, twiik two distinctslopes for

the calculated resul{&ig 2-7).
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Fig 2-7. Logof penetration against logf injection pessure (adapted from Hiroyasu & Arai, 1990
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Fig 2-8. Log of penetration againstog of injection pessure, for variedambientgas temperatures
(adapted from Hiroyasu & Arai, 1990

Theauthors reportethatan increase in the injection pressurelgs an increasinthe
tip penetration Moreover,an increase irthe injection pressure reduced the duration
that the penetrain length wagproportional tot *° (the intersectin of thesolid lines
for the calculated resu)tsThey concluded that theffect of ambient teperature on
tip penetration wagsignificant (Fig 2-8). Similar studiedy Kennaird et al(2002)
proposea noticeable effect on the penetration lengith a change inthe ambient
temperature. Thisan beattributedto the evaporationof the fuel droplets on theip
periphey of the sprayutline

The final conclusion byHiroyasu & Arai (1990) wasthat the spray tip penetration

appears to be proportional to time in the early stage of injeitioamplete atomised

19



Chapter two: Review of Spray Characterisation and Techniques

region) and for the dter stage of injectiontjp peretrationis proportional tothe
square root of time As a result, the initial stage of the spray evolvéh a steadyip
penetration velocity equal to thajection velocity. During the complete atomised

stage the jet isconsidered talisintegrate to form a spray with a tip penetratamgth

proportional tat'/2.

Hiroyasu &Arai (1990)expressed this phenomenon with the following expressions

WhenO<t<ty

L, =0.39 g—g t, (2.15

andwhent >ty

app f?% y
L,=295&—0 (D t)”?, (2.16
e 0 "
¢ o~
a 0
r,D 5
t, = 28.65 ael—yg
Hr,oP)2s

(2.17)

Furthermore,Hiroyasu & Arai (1990) reportedthat an increase irip penetration
resultsfrom an increasein the nozzle hole diameter. Also,a decrease in théip
penetration lengthand an ncrease inthe spray cone anglevas attributedto an
increase in thambientgaspressurgdensity). he authors concluded tha increase
in the ambientgastemperature resultesh a noticeabledecrease in the spray cone

angle(due to the evaporation of the dreglon thespray periphery

Referringto the dependencyf penetration length on tim&ule & Filipovic (1991)
havepointed out that there is indeed a transition from an approximatéfto at'/?

However,spray penetration data are usuatiyrid b have gradual transitionithout
the clear break point that the tveguation approach of Arai et §.984)implies (Fig

2-7 and 2-8, also Eqg. (2.15) and (2.2% Hence Yule & Filipovic (1991) have
suggested a correlatidar the spray tip pestration legth based ogradual tansition
from the nozzle to some distandewnstreamof the spray. Thus, thpenetration

lengthis given as
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N 3
L —3sae—éDPg%(D i h?O Gég 2.1
p_'ger"? 1)z tan e%:g - (2.18
o &7

For the above correlationy is given as an adjustable constaiherefore,for any
given experimentakpraydatg obtaining a best fit between the above correlation and

experimentatlata provides a value fty(Yule & Filipovic, 19917).

As mentionedearlier, an examination iotthe effect of ircylinder gas density on
liquid and vapour penetration wasvestigated by Kennaird et gR2002) With in-
cylindergasdensities varying between kg/n? and 49g/nT, the injection pressures
were variecbetween60 MPa and 160MPa. With a nozzle hole diameter 6f2 mm
dieselfuel was dispensedt 30mn? per cycle Fig 2-9 showsthe tip penetration for
severalalues of incylinder density
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Fig 2-9. Influence of ircylindergasdensityon spray penetratiotadapted fronKennaird et al. 2002

The authors observedd dependencyof the vapour penetratiorupon boththe
injection pressure antte in-cylinder densities. An increase the injection pressure

and a decrease the incylinder gagdensity resulte in a greater vapour penetration.
An experimentinto the effect of ambiengasdensity and vaporisation dhe spray

penetrationwas also conducted by Naber &iebers (1996)With a nozzlehole

diameterof 0.257mm the pressure difference across tloezle orifice was137 MPa.
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Dieselfuel was injectednto a nitrogenatmosphere, with eemperature of 45K. The
range of density was 3.6 kg/n? to 124 kg/n? for nonvaporising condion. The
authors compared thenesultsto the penetation correlationof Hiroyasu & Arai
(1990). From theanalysisof the resuts, the authors concluded thadr low gas
densitiespredictions baskonthe correlation of Hiroyasu &rai (1990 consistently
underpredicted the penetrationlength, whilst overpredicting at higherambient
densities (i 2-10 and Fig 211).
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Fig 2-10. Spray penetration versus time for resporising spray (adapted fromNaber & Siebers,
1996

For the same range of ambient densities and injection pressure for vaporising
conditions, theesults are plotted against neaporising contions as shown in Fig

2-11. The comparison shows that vaporisation reduces or slows down pengtration
with the effect being most noticeable at loensity conditions. The authors also
conclude that this reduon is as much as 20% atwedensity conditios. Also, for

higher densities and longer penetration distances, the effect of vaporisation becomes
smaller.
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Fig 2-11. Spray penetration versus time fapnvaporising and vaporizingspray; ronvaporising
ambient tenpis defined as 451Kyaporising ambient temig defined a4 000K @dapted fronNaber &
Siebers1996)

Naber &Siebers (1996also point outhatthe practice of using spray penetration data
from nonvaporising sprays to represent vaporising sprays |lg oeasonable at
highestdensity conditions.

2.3 TECHNIQUES FOR IN-CYLINDER DIAGNOSTICS

In the last decadesn increase in the number of different techniques applied to
address mixture preparation aneciylinder mixtue distributionhave been develogde
The techiques for spray characterisatitall into three broad categoriesnechanical
electical/electronicandopticalmethods I(efebvre 1989.

A mechanical technique consists of capturing the spray dsoplea cell or a solid
surface. The dropts are then observed or photograplvé a microscope. The
downside to this methodarethe acquisition bsufficient data to characteeghe total
spray ad the time involveatollectingsufficient data.

Electrical or electronic technigseutilise the etection and analysis of electronic
pulses produced bine drops for calculating the size distributioffis technique is
oftenreferred to as hewiring or chargedwiring, and it operates on the principle that
when a droplet impinges on an elecatly-charged wire it removes a certamount
of chargedependent on its sizédfebvre 1989).Hence, by conversion of the charge

transfer into measurable voltage pulse, the droplet sizes are establiehedheless,
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this techniqueis intrusive andcan only be applied if thedroplet velocities are
relatively low (in the order of 10m/sor les3, and br large drops,shatteringwill
occuronimpact onthe wire (Lefebvre, 1989

The opticaltechniquecan bebroadlydividedinto two sub-categories direct imadgng
and nonimaging techniqueslhese are¢he most frequeht appliedtechniqus due to
thar nonintrusivenature.

The trend to use direct imaginn dieselcombustiondiagnosticshas tended téocus
on observation of the spray/flame structure, autatigm sites, thespray geometry
such as spray cone angtdysterbreakup, wall impingement and penetration length
Non-imagingopticaltechniqgueshowever, are usually focused gpatial and temporal
drop sizedistribution velocities and number densgi@ general

A review of optical diagnosticgrinciples both for direct imagingand norimaging
techniquesis presented in the subsequent sections, starting witMidecattering

technique.

2.3.1 Principlesof Mie Light Scattering

The Mie scattering theory is applicable to homogeneous, dielectric, spherical particles
of arbitrary size illuminated by plane wavf®egg, 2003) The formulation of light
describes scattering in all modes such as reflection, refraction, diffraction and
absorption. The #ory states that the intensity of the scattered light which reaches an
observer is a function of the incident light intensity and scattering fun¢@egg,
2003)

For an unpolarised incident light source through a particle, the particle will scatter
light that consist of polarised light inthe plane of observation, parallel polarisation
and perpendiculapolarisation(Begg, 2003). The plane of observation is the plane
formed by the incident light source transmitting. A schematic of scattering theory is
illustrated for an incident laser badinearly polarised in Fig-22.

As shown in Fig 213, a particle at poirf® scatters light as it passes through the laser
beam along the-axis. A camera or an observer in space, for example at gaint
receives lighat an anglel, in thez-PCO plane, as well as receiving light at an angle

of d, from thexz polarisation plane.
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Fig 2-12. Principle of light scattering from a homogenous spherical dropléajted fronBegg, 2003)

The ntensity of the scattered light which reaches an observer or a camera &@oint
is a function of the incident light intensitlyand scattering functiors:, wie.

2.32 Non-imaging Diagnostics

As with imagingtechniques)aseranemometry is aonintrusive optical technique
that can be applied for investigation of velocity ligfuid and gasflows in an IC
engine. This technique has been used for measumsnén many engineering
applicationsfrom subsonic to supersonic higpeed flowsThis popularityis due to
high spatial and temporal resolutiohlaser anemometry techniqués addition this
technique requires little or no calibratioand for most practical purposes it can be
consideredbeing unaffected by some physical conditicsuch as tempenate and
pressure

Non-imaging technique such dDA/PDA is based upon the determination of the
Doppler shift of laser light scattered from a moving patrticles in a floid or gas.
The particleseither occur naturally or are artificially seeded. The wawhich the
Doppler shift is defined is by changes in the frequency of wave motion due to the
relative motion of the source and/or receiv&he basic principles are outlined in the

next section
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2.3.2.1 Principle of the PDA

Phase Doppler anemomet(i?DA) is an extension of laser Doppler anemometry
(LDA), which can detect scattered light from a single particle and simultaneously
measure its diameter and instantaneous veldeDA also has the ability to provide
temporal and spatial characteristicslod spray at a relatively large distance from the
spray source or nozzle.

The principle ofPDA technique isthat of introducing a single laseream passing
through a suitable beam splitterréigg cell) in order to produce two coherentrhsa

of equalintensity The beamsre crossed at some focakt@dince to form a small
volume (Robe volume) bhigh intensitylight (Fig 2-13).

WS ey

Fig 2-13. Schematics diagram of the Laser &gy Anemometry Techniqﬁe{ntec 2000)

The interference of the light beain the probe volume creates a set of elyuspaced
bright and dark bands duettee phase differenaef the interfering light waves. These
bands produced bthe interfering light waves are called fringes. When a partic
travels through the probe volumine amount of lighit recaves from the fringes
fluctuates. The particlescattershe lightin all directions. The scattered light is then
collected in the forward scattered direction by the receiving oftican al® be
collected in the backscattered light if there acelimitations on the optical access.
However, backscattered light usually resuita reduction of theignal to noise ratio,
and thusa more powerful laser has to be employedvertheless, once trseattered
light is cdlected by the receiving opticproviding the fringe spacinm the probe
volume isknown, the local droplet velocity and droplet size can be determined by
analysing the Doppler shiftf thescattered light (Dantec, 200Bggg, 2003 Lacoste,
2004).
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2.3.3 Direct Imaging

In the simplest ters) direct imaging consists of takinghotographk at high-speedor

by utilisation ofa chargecoupled device camer&CD) to capture imagesf the
spray or spray particle. The illumination is oftgarried outwith the aid ofamercury
vapour lamp, electrical spark, flashlight or laser pulses to create a high intensity light
source of short duration. The schematic ofhssetup is shown in kg 2-14. The
duration depends on the light source in user &xample, flashlight source has
duration of 1%, while lasers have pulse duration in the order of nanosecdhds.
technique requiresnalysis of the captured imagesorFhighy densesprays, the
dropet imagesmay become very closely packext even oerlap. High magification

at the image stage mafleviate this problem. However, this is considered as the
limitation of the technique.

Direct imaging can also be used to obtain information on droplet velocity. For
velocity measurement, the approachased on the following idea. If two light pulses
are generated in a rapid succession, a double image is obtained of a single droplet on
the photographic plate, from which the velocity of the drop can be determined by
measuring the distance travelled by tbdrop and dividing it by the time interval
between the two pulsékefebvre,1989).Furthermoredirectional movement of drops

can be directly determined from tleaptured image as an angle of flight with respect
to the central axis of the spray. This rhetl provides instantaneous measurements of
individual drops, and from a series of measurements-dveeage and spa@verage
guantties can be obtained. In generahis method could offer simultaneous
measurement of both drop size and velocity when k tiggnification doublgulse

laser imaging is applied.

Fig 2-14. Schematic diagram of direct imaging
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2.3.3.1 Holography
Holography has many similaritiesith photography. Therinciple of this method

involves illumination of the moving droplets in a measuring volume with a coherent
beam of light in the form of very short pulses. Since the duratitineddser beam is

very short, the drops contained in the measuring volume appear frozen. The resulting
hologram provides a thredgimensional image of the spray a holographic platdhe
advantage of this method is, in principtbat it requires no calibrationThe main
disadvantage of this technique is its limited application to dense smhagstoits
relianceon conservatiorof phase difference in the light scattered from the droplets.
Furthermore, it isa relatively complicated technique to sgp, requiring intricate
manipulation of the light source. All the same, it has the potential to measuresiroplet

as small as3 /i (Lefebvre, 1989)

Anezaki et al.(2002) conducted several experingenitilising laser holography
techniqueto capturethe spray droplets in a 3D format a gasoline direct injector
(GDI). Simulating engine conditions &t200 rpm, thein-cylinder pressure wad.21

MPa. With an injection pressure df3 MPa, the combustion chambeavas heated ta
temperature 0623 K 65 K. With two measurement locatisrB0 mmdownstream of

the nozzleexit, and thenl2 mmradial, the holographyexperimengé were compared

and validated again8tDA data (Fig 215 and 216). Recording of holographitnages

was conductedt Imsafter the start of injection. Comparative measurements between

the two techniques for both measurpants are shown in Fig-25 and 216.

40 -

On the axis (30 mm downstream of nozzle exit)

30 A

—a&— holography

—aA—PDA

10 1

Number of droplets/Total number of
droplets%
N
o

0 T T T T L G & T ‘e/’ 3
0 20 40 60 80 100

Droplet Size (microns)

Fig 2-15. Droplet numberagainst drop sizeat 30 mm downstream of the nozzle éxdapted from
Anezaki et aJ.2002
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Fig 2-16. Same as Fig-25, with the exception of 1hm radial; 30 mm downstream of the nozzle exit,
on thespray axiqadapted fromAnezaki et al., 2002)

Although a goodoverall agreement was obseryéhezaki et al.(2002) explained
that with the PDA techniquethe numbers of samples teed against holography
were 2 to 5 tnes greater. MoreovenherePDA failed to detect drop sizes larger than
40 mm, the holographic technique ditbt For drop sizes larger thadD /mm, PDA
assumes they are eitheonspherical or ghost droplets (Laco@04), thus treating
such drops as noise. In theodigselinjectors produce droplets much smattesn40
mm. However,the conditions associated wittiesel spray environmentare much
denser than those found inGasolineDirect Injection GDI). It canbe concluded
therefore that holography is a powerful toathatcan be adopted for visuaditson of

spray characteristics.

2.3.3.2 Laser Sheet Dropsizing I(SD)

The technique Laser Sheet DropsizingLSD) has been developed to produce
instantaneous twdimensional images of spray Sauter Mean Diame®di0) by
combining he laser sheatliagnostictechniques ofMie scatter and &ser Induced
Fluorescencel(F).

LSD combines elastic and inelastic light scattered from a laser sheet (Le Gal et al.
1999. Thismeanghatwhen a particle within the spray is illuminated by a laser sheet,

a portion of the incident light energy is absorbgadHe excited molecules (inelastic
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scattering), andthus radiateas fluorescencsignal. The remaining portion of incident
light is elastically scattered.

The scattered light in the near forward direction has an angular distribution width,
inversely proportional to thparticle diameter. Fig-27 illustrates the different light

scattering regimes ibSD.

Laser Light Sheet
_

. n
scal%red s d d

LaserMie Scattering n = 2

LIF: Low absorption n =3

LIF: High absorption 2 <n <3

Fig 2-17. Different light scatteringegimes for a spérical droplet(adapted fronie Gal et al. 1999

In generalfluorophores can occuraturally in thefluid spray In some casesore are
added in a controlled amount to produce the correct signal response.

For liquid systens the florescence signal i®d-shifted with respect to the laser
wavelength and a spectral filter is usedliscriminate it from thdlie scdtered light.
For spherical absorbing dreps of diameter greater tharvim, the Mie signal can be

expressed as:

dr, (2.19

where C is an experimentalcalibration constant which dependsn the imaging
system usedl'he expressiofor LIF is given by:

d’ (2.20
The signalSfor each pixel will represent the total intensity forthkk droplets imaged
within the measurement volumépixel). To etract droplet sizes, the number of

droplets must be known. However, th# signal gives the liquid volume fraction

distribution.
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TheLSDsignalis obtained by dividing.IF signals by théMie scatteing signal shown
in Eq. (2.21) and Eq. (2.22)e Galet al, 1999.

CLIF a dd3

LIF —

. 2
SMie CMie a dd

(2.29)

This expression is proportional to t8auer Mean DiametefSMD), therefore

CLIF a dd3

SMD =D, = Sue _
- Y32 T - R 2
SMie CMie a dd

(2.22

The aboveequationsdo not hold for the itmediate vicinity of thenozzleexit, since

the signals are not well defined due to the presence of ligaments.

AlthoughLSD has the advantage of characterising dense spraygotlisside to this
techniqueis the requirement of known drop sizes in order to calibrate thesizep
dependences of the scattered signals. This calibration is usually carried out with the
aid of technique such asPDA, or from aprior knowledge such as imagesmbnc
disperse sprays & known drop size. Alsdhe use ofLSDis limited to measuring
SMDonly.

Validation of LSD technique was conducted by Le Gal et (4999) The author
utilised PDA to compare his resultompiled byLSD technigue. Witha correct dye
concentration, ®00 single shotmages were obtained for bathie andLIF, usinga
Delavan pressurswirl atomiser 3dnmfrom the nozzlexit.

RepresentingMD of 3,000 sampled drplets with the aide dPDA, the authos noted
that LSD techniqgue allowed more qualitative data sets to be acquoiwech more
rapidly thanthe PDA technique They concludethat althoughthe agreement between
PDA and LSD measurements wasnhcouragingl SD fails to measure drop sizes less

than 10/m.

2.3.2.3 Schlieren Technique

Schlierentechniqueallows visualisation olight changs in the direction of the light
with the change oflensity in the mediumA simplified outline ofthe arrangement is
shown in kg 2-18.
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A source sends out a beam of light thro&gthlierenapparatus to a film. Hatsf the

field is cut off by a knifeedged screek,, which is imaged by a leng, , to a

1
17

position, K, in the same plane as a matching screen. The knifeedgesof the
image andhe screencoincideexactly. A test positionT, is sharply focused on the
film. Thus the light flow pask, to K, is cut off from the film ifthe space aT is
completely urform. Any nonuniformity caused by a wave front in the air Bt

causes a scattered light beam to evade the sakeefpatha), and reach the film.

I,-, K 1 K ) Fllm
| : T~ - -
| K : |

Fig 2-18. Schematic of Schlieren optics

Vapour dispersiomeasurements were takey Crua (2002)using Schlieren video
imaging techniquewith the aid ofa sodium lamp for illuminatigren iris diaphragm

was placed in front of the lamp €tliminate anyff targetbeamand hence produce a
point source of lightThe author observed the presenéduel vapouralongside the

liquid fuel during the edy stage of injectiorfor hot air intake With the increase of

the pengation length, the dhor observed an increase in the width of vapour cloud,
suggesting this phenomenon was attributed to increagpdur concentration and
local turbulent mixing.

The influence of ircylinderdensity on vapour penetration was also obsebyedrua
(2002) by the Schlieren methodit was found that vapour penetration increased
linearly with time for all iacylinder dendi i e s i n t he aut hor
Furthermore, the influence of injection pressure was observed to have a significant

effect on the ratef vapaur penetration

2.3.34 Laser Induced Fluorescencel(lF)
Laser Induced FluorescendelR) is based on excitation of the molecules in a flow

field with a monochromatic source of light (usually Nd: YAG lasers or XeC1 excimer
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laser). The emission of théubrescence signal can be considered as a result of
several stage processes that occur within certaieculss asillustrated in Fig 219.
Thes stages are generally knownthe excitation stage, the lifetime stage and the
emission stagéSeitzman & Hansn, 1993)

As shown in Fig 2.9, at the excitation stageolecules in their ground level (stage 1)
are stimulated to a higher electron level (stage 2noyochromatidight source
energy Bi2ly) such as a laser beam. The molecules then either retthaitground
level Bz1ly), orthey can bexcited to a higher molecular state, including ionisation by
absorption of further photons from the laser energy(BHowever, some molecules

at the same electronic level can lose their energy through icetaslision Qeied

with other molecules producing rotational andrationalenergy transferQo: vi), as

well as electronic energy transfevhere often it isreferred to as quenching. The
transfer of internal energy causes molecular instability amtiasage at an atomic
levd, resulting in prebreaking ugQpre) Of molecules from the system.

After the elapse of few nanoseconds, the molecules within the system at higher
electronic state and nearby stagepulated throughhe collision processreturn o

lower electron stateandfluoresce Ay), producing the.IF signal.

Higher Elec Ton States

Side Dissoc

Stare

K

)

4
e e
-

?;x.

Fig 2-19. Schematics of the energy transfer meg in LIF techniqudadapted fromSeitzman &
Hanson, 1993)

It must be noted thatansfer & electronic energy and inelastic collision with other
moleculesreferred to as quenching strongly influenced by the local temperature,
pressire and species concentratioifhis means that quantitative iRcylinder

meaurementsare fraught with difficuties becauséhe exact influence of quenching
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on the output signal isifficult to assess (Crua, 2002).0Nsatisfatory models have
been processdd addresshecollision losse®n a quantitative level so fdt has been
suggestedhat no possible directorrection of the rgults for the intensity lossesiel

to quenching can be made.

Although some techniquelave successfullyreduced theinfluence of quenching
(Seitzma & Hanson, 1993)noneis thoughtto beapplicable torealistic incylinder

environmemfor species concentration measurements (Crua, 2002).

The lifetime of fluorescence is given betweer® Hhd 10'° secondsat a wavelength
either equal to the excitation wavelength (resonance fluorescence) or longer than the

excitation wavelength (fluoseence) as shown in F520.
Resonance fluorescence is a term referred to as the radiation emitted by an atom or a

molecule of the same wavelength as the longest one capable of exciting its

fluorescence.

Resonant fluorescence

R
|

I / . \1"\'\\
. / . W\”‘“\mm._
:// L T e

/ Laser

Fig 2-20. Simplified energy profile of the fluorescence sigadbfted fronCrua, 2002)

LIF can be applied to teylinder flow measurements a number oforms In natural
fluorescence, the fluorescence signal is totally dependent onflubesscing
compounds naturally available in standard fusiech as pumjpliesel This exercise

can give misleading results due to the differgmracteristic®f the fuel from bach

to batch, and thus it is éimited useand itis only suitable for quaative studies.

For trace fluorescence, where suitable dopané usedit allows qualitative and
guantitative measurements if careful calibrations are carried out. The downside of
using dopantis the changes in thproperties of the fuel thatn be generatel. The
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change of fuel propertiesn the referencéuel canhave a significant effect on the

representation of the measurement.

2.4 CONCLUSIONS OF CHAPTER 2

Many different techniquesr spray diagnostichave been developed, each with its
own advantages and npstraints. It is cleathat no singlemeasurement method is
totally satisfactory. Direct imaging allows the spray to be s€en.droplet sizing
however thedifficulty comes when determining tiseze of the viewing volume to be
assignedo given drop sizes (Lefebvre, 1988 echanical techniques are simpad
inexpensive,but intrusive However, the difficulty with such technigues the
extraction and collection akpresentative data. Furthermoneechanial techniques
set limitatiors on droplet velocities due to the break of the drops on impact with
the collection instrument.

PDA, as well as being nemtrusive shows considerable promise over other
techniques for obtaining simultaneouspsize andvelocity measurementis dense
dieselspraysHowever the drawback ofhis techniques its failure to address thiuel

vapourdispersionpropagatiorand concentration within the combustion chamber

To address the above concern in the current sthdychosen experimentadethodis
direct imaging.

Initially, high-speed video imaging will betilised to capture the liquid portion of the
emerging sprayand forsimultaneous liquid and vapour phaBé&narLaser Induced
FluorescenceRLIF) andMie scattering technique will bepplied

In generalmost of thereviews in the current study shahe steadystate behaviour of
thesprayformation Moreover, overall, the steadyate duratios havebeen increased
beyond conditions found in a realistibesel engine environmentAlso, with the
introduction of multiple injection strategiesd multihole nozzlesthe steadystate
period ofinjectionduration is significantlyeduced if not completely eliminated.

It is the aim of the current study to follow realistic aiegiresentative contins in
Direct Injection desel combustion

Tab 2.1shows asummaryof the main findingsand theapplied techniques in the

currentliteraturereview.
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Author
Afzal et al, 1999

Technique Used |
Photographic visual&ion of magnified
transparentnjector nozzles, for the onsg
and further development of cavitation.

Results
Simultaneous matching of Reynolds a
cavitation numbers. Two different types
cavitation were identified: conventional ho
cavitation and vortex or strirtype
cavitation.

Arai etal., 1984

Electrical resistance method, to determ
the breakup length ofa high speed jet ir
a pressurisd vessel.

The injected liquid does not brealdp
instantly after injection. Brealp length
increasewvith increased nozzle diameter.

Arcoumanis et al,

1997

Development of adiesel spray model
based on LagrangiaBulerian approach
and validation of which againg
experimental data obtained.

Comparison between the computational ¢
experimental results made for temporal &
spatial distributionof the droplet SMD,
droplet velocity, tip penetration and numb
of droplets.

Badock et al.1999

Observation of cavitation, using las|
light sheet techniqueCCD camera, and
shadowgraphy.

Under diesel pressure conditions, an inta
liquid core is obseed

Browne et al.1986

Shadowgraphy, diffused rear illuminatig
and high magnification direct rea
illumination optics.

Liquid core stabisation at a maximum
value prio to auto ignition for diesel,
toluene and ethanasbprays Fast evaporatior
of individual dropletsin dispersed phase
and low evaporation at the centre of t

Spray

Chaves et al1995

Visualisation of transparent nozzle hol
to study cavitation with £CD camera.

Supercavitation and turbulencegithin the
nozzlewill cause firite disturbances of the
jet, initiating atomisationatthe nozzle exit

Chou &Faeth (1998

Shadowgraphy and holography
measure the structure, siand velocity of|
the drops produced by the second
breakup and the parent drops.

The parent drop exsuiences large
acceleration due to development of lar
crosssectional area and drag coefficie
caused by drop deformation and b
formation.

Dent 1971

Review of data orspray penetration for
cold andhot air intake bombs, simulatin
engine conditions.

Spray tip penetratio correlation for gas je
experiments

Dai & Faeth2000

Shadowgraphy and holographydbserve
the mechanism and aame of brealup

With increased We number the multimor
breakup regime begins at the end of b
breakup regime andat the start of shea
breakup regime. Drop defonation and drag
properties prio to the onset of breakp
appear to be relatively universal fdre 13-
150. Liquid volume fraction associated wi
the bag, ring, plume and core drops he
been found foWeof 18-80 and the sizes o
ring, plume and core drops have been fou
for the same range of conditions.

Fox & Stark,1998

Experimental determination of the
dischargecoeffident for a sharpedged
shorttube nozzle orifice with the aid of
pressuried reseroir for control of flow
rate in the system. (working fluid: water

Recanmendation that for sharpinlet edged
nozzle the length to diameter ratib/d
should ben excess of 14 if flow instabilities
are to be avoided. Also, if higlgy is
required, theri./d ratio of 6 or less should b
used.

Hiroyasu & Arai

1990

Electrical resistance to measure break
length in a onstant volume chambe
Visualisation with the aid of photographi
technique and light interception for spr
penetration and cone angle.

Increase of ambient pressure results ir
decrease of the brealp length. Longer
breakup length is a result of increasédd
ratio. Increase of ambient pressure result:
decrease of penetration length and lar
cone angle.

Huh et al, 1998

Atomisation is a combined process (
turbulent effect and subsequent breaip
by wave growth.

Good agreement between atoatisn model
and experimental measurement on sp
angle, tip penetration, spray shape, drop ¢
distribution.
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Kennaird et a].2002

Schligen and high speed video came
technique used on high pressure spray
to examine high injection pressures frg
a commorrail injection system.

Dependence of vapour penetration

injection presste and ambient density
Faster liquid penetration at Higr injection
pressures.

Koo & Martin 1990

PDA and shorexposure still photograph
to obtain measurements of droplet siz
and velocities for a transientedel spray|
in a quiescent chamber at an atmosph
temperature and pressure.

Calculaed and measured average velocit
are consistent when discharge coefficient
the nozzle andrate of fuel injection are
taken into accountSymmetry of the spra
with high velocities near the injector tip ar
radial dependence of velocities consist
from observed photographs. Range

droplet diameters from nozzle hole diame
to micron size. Existence of surface wav
on the liquid exiting from the nozzlés

revealedvhen photographs are examined.

Laoonual et a).2001

Investigation of transint fluid flow
within the nozzle holes (four differern
entry conditions) using a higépeed
motion imaging system.

No hydraulic flip using a countdyore
nozzle with an L/d ratio of 10, but
continuation of supercavitation until end
injection. Less abmt inlet nozzles generat
thin layers of cavitation near the nozzle w.
with imperfect hydraulic flip.

Le Gal et al.1999

Laser sket Dropsizing (a combineilie
scattering and.IF techniqug andPDA to
calibrate droplet streas.

The ability of laser Iseet Dropsizing
technique to produce data as goodP&sA
(for large values of SMD).

Lee & Park2002

Experimental and numerical stug
investigating macroscopic spray structy
and characteristics of common rail hi
pressure injectors at various injecti
pressures using®’DA and KIVA-3 code
with KH-RT hybrid model.

Predicted and experimental results shov
good agreement due to variation of injecti
pressure. Disintegration into  smalls
droplets on the periphery of the spri
downstream of the nozzle due telative
velocities between the spray and ambi
gas. Occurrence okH breakup near the
nozzle, butRT doses not occur near tr
nozzle and distributes more widely thidH.

Lee et al.2002

High-speed video camera images of lig
diesel fuel spay and combustion
analysed by their penetration an
evaporation characteristics

Promotion of atomation and evaporatior
due to lower boiling point and densit
Weaker flame luminosity of ligtdiesel

Nanospark back ligh photography ang
particle tracking VelocimetryRTV) used
when diesel sprayed in to high pressu
nitrogen gas. Two dimensional size a|
velocity measurements of droplets bag
on photography. Droplet gas interacti
when ambient gas was seeded usiiy.

Disintegration of diesel spray at a very ea
stage of injection t€50mm). Thus large
numbers of droplets argroduced. The
relative velocity of droplets and ambient g
is high at early stage of injection. Howeve
it decreases rapidly. Up to mikdof the
injection duration, the relative velocity ¢
droplets and ambient gas around the sp
tip is much higher than the nozzle e»
region.

Schlieren and high spegahotography to
study vaporising and nonvaporising
spray in aconstant volume chamber
high injection pressures using a comm
rail system.

Increase of cone angle with an increase
ambient gas pressure. A reduction
penetration length with an increase
ambient gas pressr Development of &
correlation for penetration in a nor
vaporising regime.

Mohammadi et a].
1998

Naber & Siebers
1996

Nurick 1976

An investigation of cavitation in differen
nozzle orifices using a Heise gauge
measure the upstream pressure in
entrance region to the orifice, and
manometer to measure the orifice cay
presure.

Sharpedged orifices are more prone
cavitation, thus leading to hydraulic flip ¢
reattachment, depeimdy on the flow
condition and L/d ratio. Critical flow
conditions producing cavitation can
calculated by using a relatively simp
correlaton in temsof cavitation numbe€N
and Cy Critical cavitation number is
dependent on the orifice entrance sharpne
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Schmidt &Corradini | A review of internal nozzle flow of g Cavitation in axisymmetric nozzle reduc
2001 diesel injector. mass flow andcreates a contraction in th
centre of the nozzle. Cavitation is connect
to turbulence. In readcale nozzles
cavitation may cause large cycl
disturbances in the exiting jet.

Shimizu et al.1984 | With the aid of an electrical resistan( Increase of injection velocity results in &
betwesn a nozzle and a fine wire scre| increase of breakp length in a tibulent
detector, or hot wiring, brealp length| flow region. Effect of L/d on breakup

using number of different nozzles in| length is greater at atmospheric ambie
high-pressure gas chamber was measu| pressure. As ambient pressure increas
breakup length decreases. Increase

ambient pressure also results in an incre
in cone angle.

Soteriou et a).1995 | Visualisation of catation phenomengd Geometry induced cavitation occurs

with the aid of photography and vidg standard nozzles and produces an opa
camera, using Largscale injector| foam and chokes the nozzle. Thige of
nozzles. cavitation causes atomisation in therag.
Whenthe nozzle is choked, the entire &c¢
section of the nozzle could bdled with

cavitation bubbles

Sovani et a.2000 High speed video camera visualisation| Effervescent diesel injector EDI) cone
effervescent injector in a high pressy angle are compared with conventiodesel
gas chamber. injector cone angles. Cone angle
nonlinearly dependent on ambient presst
This is thought to happen due to the tw
phase flowemergingout of the injector,
initially choking, then urchoking as the
ambient pressure increases.

Strakey et a).1998 PDA and a flow splitter to measur The use of flow splitter was found to giv
volume flux, drop sizes and velocity in| minimal adverse effect on the flefield.
dense spray. Also a rediction in multiple particle
occurrences within the probe volume anc
reduction in background light due 1
multiple scattering was achieved.
addition, a reduction in particles in the be
path was observed.

Tsue et a].1992 Visualisation  of isothenal and| Existence of liquid core irthe very near
evaporatingdiesel fuel spray including nozzle tip region. Breakp at a location
near nozzle tip regiorusing exciplex | millimetre downstream of the nozzle tipel
based planafluorescence technique. to growth of the surface wave. A rap
decrease in the core length when ambi
pressure increases up tdVPa, and then it
becomes constantnternal structure of nen
evaporating spraig the same as evaporatir
conditiors, except that cone angle ¢
evaporating spray is smaller.

Yule et al, 1998 Effect of fuel properties on atorason | No sizeable difference in droplet diamet
and spray structure usifpA was seen either for different fuel densitie
viscosity or volatility.

Yule & Filipovic | Computation of the overall void fractio, Three interrelated duations are derived fo
1991 of the spray as a function of timeufe | breakup tme, breakup length, and
fitting for a new penetration rat| characteristic veldty in the brealup zone.
correlation thats applicable to complet{ The equationsare in good agreements wil
and incomplete atomised region. publishedexperimentatiata.

Tab 21. Literature review andummay of main findings
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3. CHARACTERISATION AND ANALYSIS OF THE FUEL
INJECTION EQUIPMENT

3.1 INTRODUCTION

In recent yearsmore stringeniemission standards have led to the development of
very high pressure fuéhjection equipment KIE) as a means of improving
combustion processesdieselengines Bower & Foster 1991).

The importance of an adequdtHe in dieselenginess paranount forcontrolling the
rate of injection the quantityand the timingof the fuel introduced into the
combustion chambeover the entire perational range. Wilst at idle or lowload
conditionsit is difficult to keep the engine speed stalatehigh speeds and high loads
due to the high pressuresmd high injection rateswolved cavitation erosion and
parasiic losses are common with fu@hjectors and fuel pumpsAccordingly, his
could seriously degradengine performance due wyclic variations (Suzuki et al.,
1982).

Historicaly, the control and measuremeott the injection rate has been one of the
most important objectivgein the design process of theestl engine. This is mainly
attributed to the way in which the rate of injection influences the fuel spray formation,
atomisation, droplet size andvelocity distribution The shape of the injection rate
curve is also thought to determinpollutant formatios, such as unburnt

hydrocarbos, particulate matter and NOx emissioBsiiiasag1994).

Within the combustion chamber, the composition of injected fuel with air mixture
determines the combustion processes, whigcontrolled to a large degree by the
injection characteristics (Bosch, 186

The injection rate curve is the main characteristic of an injector. The area under the
injection rate curve represents the total quantity of the fuel discharged within a given
shot for a given cycle. Wilst it is relatively simple to design injection systems that
would give an accurate and torim delivery of fuel per cyclean apt shaping of the
injection ratecurve over an entire operational range for an engine is a much more
complicated task (Bosch, 16% Generally, the shape of the injection rate curve is

known as the rate shape, and it has been shown to significantly influence the spray
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characteristics, engine knock and emissions outpahi@sad 1994; Dolenc, 1990;
Bower & Foster,1991) With this in mird, accurate measuremts of the injection
rate are essential for establishing the characteristiagheoFIE. This should also
facilitatetheidentification ofthe abnormal characteristics of the fuel delivegime

3.1.1 Fuel Delivery System

The function ofthefuel injection system is to introdu@ecuratelya given quantity of
fuel into the cylinder of an engineat a predetermined rate and crank angle position
over an entire operational rander improved accuracy ancbntrol, a high pressure
secondgeneration common rail fuel injection syst¢BRS was used to generate the
high pressures required to maintain pressunegimg from 60 to 16MMPa (Fig 3-1)

in this study

The fuel pump was driven externally via an electric motor running4&0Xpm to
maintain the required highrgssure levels in the fuel raind ensurea stable line
pressurewith minimum fluctuation. ie commonrail and delivery pipewere both
instrumented with a iIstler pressure transducer 406heTdelivery pipe was kept
short to repreent a modern fuelling systermdependent control of the injection
pressure andluraion, number of injections withira cycle, period between each
injection (dvell period) for multipleinjection eventsand thenumber of injection skip
cycles were achieved by a custotouilt controller unit. These parameters were
uploaded via a personal computer which gave time accuracy and graaerefer
control. The control unit also provided an output trigger point to facilitate
synchronisation of other struments such as laser equipments, flash gunC£
cameras during injection period. The custbuilt controller was driven via a personal
computer as shown in FigB3

Pressure transduc Amplafser {E
HC'H
/ Pressuge release valve

1 \i'(l\rn'. I
g IHP) ectncal motor
o | | |
&\ O Pusion P

Fuoel retim pupe jD
Positwn sensor (crsnll angle | —

Fig 3-1. Schematlcs dla@rn of common rail fuel dellveaystem

s
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3.12 Fuel Injectors

Two different designsf fuel injectors were usefby Bosch & Delphi. Both were of
modern electranagnetic actuated common rail type. The Bosch injector was
equipped with a needle lift sensor to obtain exact needle position during injection,
whilst the Delphi injector could not accommodate a needle lift trace sensor due to its
size and complexityThe Bosch injector also allowed the nozzle to be replaced for the
testing of different nozzle configuratis(number of holes and diameter).

With the Delphi injector, the replacement of the nozzles was not pgsahlinis
would have changed the manufact@dorque setting, and consequently the working
response With the Delphi injectorthree identical injectors weravailable to the
current studyn case of failure to onef the injectors

The differerce between the twamakes ofinjectors will be highlighted in the

forthcoming sectios

3.13 Nozzle Library

There ae three basic types of injectnozzles as shown in Fig&B- micro-sac, min

sac and valve covered orific§ CO) nozzles. Each type has its own advantages and
disadvantages.

With VCOnozzles, the volume has been reduced to such an extent teptakidnoles
branch off near the needle seat. Therefore, the opening and closing of the nozzle

hole(s) is carried out by the needle itself.

Micro-sac volume Msac volume Valve covered orifice (VCO)

Fig 3-2. Basic types of singlrole injector nozzles (Bosch 2003)

For theVCO configuration there ilmostno residual fuel to vaporise. In addition,
control of injection timing ath quantities are much improved wRMCO configuration
since no time is required to fill the sac volunide major drawback is the unequal
pressuraistribution of fuel through individuatozzleholes when multhole nozzles

are utilised. This is due to rmlom oscillations of theeedle in the transverse direction

41



Chapter Three: Characterisation and Analysis of the Fuel Injection Equipment

during needle liftand fall This eccentricity of the needle transfr the axial
symmety of the flow around the needlnd canresult in asymmetry of the spray
from each individual holeThis important phenomenon will be described in more
detail later.

Mini-sac nozzles are not sensitive to needle concenirwiitge equal fuebressure
distributionis governed by the sac volume below the needle tip. However, a small
amount of fuel remains ithe sac volumédollowing the end of injectionAt some

point, this fueldribbles out into the combustion chamlaed increases hydrocarbon
emissions. This residual volume of fuel must be kept to a minimum if hydrocarbon
emissions are to be reduced.

The mcro-sacnozzle has inherited the advantages of thei-sac nozzle, with the
addition of a smaller sac volume that results in a reduction of residual fuel in the sac,

and consequently, a reduction ltydrocarbon emissions.

The injector type and nozzlewfigurations used in the current study ssenmarised
in Table 31.

Make Type Diameter L/D, Number Injection Strategy
(mm) of holes Spray Rate
Characterisation | Measurements
Bosch | VCO single 0.2 5 1,3,and 5 Single Single(for 1 & 3-
guided holenozzle)
Bosch | VCO double 0.2 5 1 Single
guided
Delphi VCO Measured at| Measured 7 Single & Split Single & Split
0.135 at8 Strategy Strategy

Tab 31. Characteristics of the test nozzlasdinjection strategy

For the Delphi mjector, information on the nozzle configuration was not available.
Consequetly, the nozzle diameter and tlwrresponding length weraccurately

measured using an electroncroscope, as shown in Fig33

Fig 3-3. Electron microscopémagesshowing the Delphinjector nozzle hole diametéobtained by the
author)
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Overall, the majority of the experiments in the currentlgtwere carried out using

the 3hole Bosch, and the-ffole Delphi injector.

3.2 EVALUATION OF THE F UEL DELIVERY SYSTEM, SELECTION
AND CHARACTERISATION

3.2.1 Evaluation Method

In the current studya longtube rate of injection method was utilised in order to
characterise two different types of secaeheration commmerail fuel injector
(Bosch & Delph). This was carried out with reference to a single injection strategy
for bothtypes of injector, and splibjection strategy for the Delphi injector only. It is
thought thatfor the Delphi injector, this type o$olenoid actuatocanachieveup to
five injections per cycleallowing high flexibility for combustion optimisation, and
providinga level of economy and performance that is usually available with the piezo
type system (Birch, 2004 Furthermore this new ype of solenoid injector is
understoodo supportEuro IV and V compliance without the experafethe piezo
technology. In thecurrent study however only of two injections percycle were
investigated.

Comprehesive studiesand comparison of variouste measurement technigues
diesel fuel have beenpresented bymany researcherdArcoumanis et al. 1992
Baniasad1994); andBower & Foster 1991).

The operating concept of théongtube rate gage method can be described as
follows. Liquid fuel is injected into a long tube (delay liné 10 meter$ containing
the sane working fluid under pressurehib in turn creates a pressure wave \Wwhic
travels along the tube at sonic spaethe fluid. The concept of measuring the rate of
injection is based on the presswedocity equation applicable fa single pressure
wave in an irstationary flow and derived from the hyalulic pulse theory (Eq3(1))

under the assumption of cd@nensional flow(Arcoumanis& Baniasagd19%).

P=ar U, (3.1
whereP is the pressuresg is the velocity of soundu is the flow velocity, andr, is

the liquid fuel density.-The theory of pressure waves liquids stags that, at any

instant in timethe magnitude of the pressure wave is directly proportional to the flow

43



Chapter Three: Characterisation and Analysis of the Fuel Injection Equipment

velocity at a given crossection in the tube. Given a tube of uniform creagional
area, the flow velocityand hencehe pressurenave, are proportional to the rate of

injection (Arcoumanis et al., 1992Arcoumanis& Baniasag1993)

A pair of strain gauges locatatkar the injector rezle outlet (in the rate meter)
measurs variation in the pressure waves, and a secondipasedfor temperature
compensatiorfFig 3-4). The strain gauges acennected to a ltge amplifier and the
output signad arethenrecordedn a storage oscilloscop¢ a suitable sampling rate.
By combining the continuity equation (E¢3.2)) with Eg (3.1), the governing
equation to definghe quantity of fukinjected is Eq(3.3) (Bosch 1996)To calculate
the fuel quantity per stroke E(B.3) is integrated giving E¢3.4).

Q = Adelay U ! (32)
A P
d_Q - delay , (33)
dt ar
- dQ Adelay "
=% dt =———@f/P dt. 34
%l F L, 34

Where Agelay iS the internal crossectional area of the delay lingQ/dtis the fuel
quantity per unit timeQs;is theinjected volume per stroke, abd& t, are the time at

beginning and the end of injeatisespectively.

Stram gauge

‘.

/
{

liyector nozzle

Delav line

Pressure regulator Q —

_ Back pressure gauge

Excess fuel ont to Burette

Fig 3-4. Schematic diagram of a rate tube
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To allow simulation of the wtylinder pressure at the time of injection, fressure

within the delay line was aubsted via theoressureegulator(Fig 3-4).

As mentionedgreviously two differentmakesof injector were available to the current
study, Delphi & Bosch.With eachmake of injectormounted on the fuel caliation
testbedin turn, and by adjusting the injection duration for a given rail presg0e
100, 140, and 16MPa), the desired volumés, 10, 15, 20, 30, 40, and &7 for the
Delphi injector and 30 50 mn? for the Bosch injectgrwas measured and recorded
for an average of 100 cycleach(Fig 3-5).

60

50 / - >
™ 40
% s
£ 30 /| =
=
- /
>
3 20 : v
Y —=— 160 MPa i
—— 140 MPa
10 o i
100 MPa
"‘ = 60 MPa
0 T T T x
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8

Injection duration (ms)
Fig 3-5. Comparison of théjected volumeat different injection pressures; injector No2, Delphi

With the fuelvolumes established, the inpgors werethenmounted on théong-tube
rate gaugeWith the oscilloscopecapable of averagingver a specifiednumber of
cycles,an average of one hundred cycisswell as individual casegere recorded for
the rate of injection,hte rail pressurehe injector current and th&TL output signals
on aLeCroy LT224storage oscilloscopat a suitable sampling rat€or the Bosch

injector, needle traddt signals were also recorded.

Once the data was collected, it vihen exported to an Excel worksheet, #melarea
underthe ratecurvewas integrated.

For each injector, the calibration factor (ratio of fuel woduand the area under the
curves) was calculated and tinensientrate of injection irkg/s wasestablished.

With the calbration constanknown (for each different make of injecdont was then

applied to the spliinjection strategyor the Delphi injetor.

45



Chapter Three: Characterisation and Analysis of the Fuel Injection Equipment

3.2.2 Injector Selectionand Characterisation

As explained in section 3.1.2hree Delphi injectors were available ttee current
study in case of failuref one of the injectors. To ascertdimat the injectors were
identical, eaclinjectorwas evalated independentlyith the rate tube

With the Delphi injectas numbered, injector No2vas selected as the reference

injector andnounted on the fuel calibratidestbed as explained in section 3.2.1

The minimumamount of fuelthat could have beemjectedand measured with the
Delphi injectorwas 5mnt. Attempts to ascertain sustainable and smaller arsaiint
fuel delivery failed particularly at160 MPa injection pressuregue to aminimum
time limit (0.2 mg neededfor the needleto rise andfall. This indicates the
dependence of needle ascent velocity on injection pres&uweordingly, this
phenomenon will be described in more detail in the forthcoming sectam 3-6

shows theate of injectiontheTTL signal and current trace farreeDelphi injectors.

0.016 - ——Rate 1
TTL — Rate 2
Rate 3
—— Current 1
—— Current 2
Current 3
— TTL1
——TTL 2
——TTL3

0.012 A

0.008 -

0.004 -

Rate of injection (kg/s)

sersasassgarandinssssnaddy

e R S R R
-0.1 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

-0.004 - Time (ms)

Fig 3-6. Comparison of injected rate, current, and TTL signal from the 3 D&hblole VCO injectors
at 60 MPa injectio pressure, and 0.4125 ms triggetiagbction duration

As can be seen from Fig6, whilst the TTL and the currenttrace durations are
identical for allthreeinjectors, injector No Tan be seen teespond slightly faster to
reach peak current than inje@dos 2 and 3 by 0.05ns Theresultant effecbeing

not only a shorter inj¢ion delay, but also a displaced amaost twice asargewhen
comparedwith injectors Nos 2 and No 3. This behaviour was consistefdr all
injection pressuresindicating possible differences in the inductance and/or the

magnetic permeability of the lemoid core materiadf the injectors
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To test this hypothesis, the injection duration for injector N¢ad No 3) was

increased by.05msand compared with injector No 1 as showirig 3-7.

0.016 - —— Rate 1
TTL — Rate 2
1 /‘MwW"‘-vaﬂ‘wa‘v VAR —— Current 1
0.012 - —— Current 2
—TTL1
— TTL 2
0
g
g 0.008 A
2 Current
[S]
(]
5
'S 0.004 -
[}
T
14
A \‘
¥ REUNE S . T T vv
0.1 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0004 4 Time (ms)

Fig 3-7. Comparison binjector No 1 and No 2; 60 MPa injection pressure; 0.41tanget injection
duration for injector No1, and 0.46 nergetinjection duration for N@

As can be seen from Fig-B the opening delays between the two injectors are the
same as before, whears the integrated asaander both curves are identicaving the
same mas®f fuel injected For longer injection durationsperating at the same
injection pressures, ttdifferences in the area under tfae curves appear negligible
This isdue tothe insignificantdifferences in timgwhen the total injection duration is
comparedwith the differencesetweenthe injector current rise timt reach pela
current(Fig 3-8).

0.022 - —Rate 1
—— Rate 2
Rate 3
—— Current 1
0.018 - —— Current 2
Current 3
—TTL1
—TTL2

0.014 #
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0.006 A

Rate of injection (kg/s)

0002 17
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Time (ms)

Fig 3-8. Comparison of injected rate, a@nt, and TTL from a batch offible VCO Delphi injectors;
60 MPa injection pressure; 1.275 asgetinjection duration
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Further experiments into variation in the rate of injection with single and split
injection strategies were carried asingDelphiinjectorNo 2

As before, with injector No 2 mounted on tlengtube (ucas ratg gauge, the
chosen dwell periods (separation time between each pulspliioinjection) varied in

the range of 0.32mhsto 1.025ms with increments of 0.ing and from 1.08 msto
2.525mswith increments of 0.5.ns The injected volume&vas kept in the range of 5 to
20 mn? with increments of 5mnT, whilst the railpressures varieds before (60
100,140, and 16MPa).

Fig 3-9 andFig 3-10 representhe rate of injection,wrrent, and th&@ TL signal fa the
split injection strategy with the addition of a single injection evesuperimposed on

the samdiguretwice for comparative reasons (once for the sgdit andonce for the
second split strategy
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—— Rate (single)
N Current (split) A
0.025 - [ 5\ — Current (single) [ ‘u—\\ 104
[ A . t “
b | TTL (split) | |
| —— TTL (single A
Z 002 “1 ‘ \‘ (single) ‘Z \
% SO NTPVAN YA g | “| s PNV )‘. ‘\ + 0.3 —_
2 o/ f . ‘ X ‘ ”
c | \ | 4 c
£ 0.015 A F | | | =
o . | =
g /ﬂ | \\ / ‘ }\“‘. to2 8
— | | . >
© 001 \ / l [ | o
V1 2u:
7 e |
o | . ‘\\ ; 7 \ ‘f ‘x\ .. Lo
0.005 - — | <\ 7/ =y \.
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[ Ny 4 / L
\/ s |/ I
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U ""-am Y s
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-0.005 - Time (ms) 401

Fig 3-9. Differences in the rate of injection between single (solid lines) and split injection strategy
(doted lines). The data for the single injection event has been superimposed on the above figure twice,
with an offset to match thesond of the splistrategy; 160 MPa injection pressuré.35% mstarget

injection duration corresponding to @nT fuelling; 0.425 msdwell period

Intuitively, one would expect similarity between the first of the split and the single
injection strategy.However from Fig 3-9, whilst the TTL and the current signal
durations for each of the two strategies are the same,mss injectedis
approximately 1% less forthe firstsplit whencompaed to single injection strategy

the second splitmass portionis approximately4% less tharthe single injection
strategy.
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Although the upper needle bounég thoughtto contribute to this effect (detailed
description will be given in forthcoming section), the prime differae@tributed to
t he fact uanjedion plwatian detweean fthe first and the second split, even
though the commanidjectionduration is identical for both splitas can be seen from
the current and th€TL signals in Fig 3.

This inconsistency wasainly valid for highinjection presure, shortdwell periods

and very low fuellingunder consideratiois mn?). As the injection pressure was
decreasednd the dwell periodand the fuelling increase@n improved agreement
between théwo split ratesvasobservedn addition tocorrelatons between the single

and split injection strategfFig 3-10). Additional injection rate profiles can be found
in Appendix A.
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Fig 3-10. Differences in the rate of injection between single (solid lines) andisgition strategy
(doted lines). The data for the single injection event has been superimposed on the above figure twice,

with an offset to match the second of thet §ptategy.100 MPainjection pressurg0.465 mstarget
injection duration correspondito 10 mmfuelling; 2.5 msdwell period

3.2.3 Injection Rate Analysis, for Single and $lit Injection Strategies

To appreciate the sequence of eveatponsible for irregularities and variatichsit
mayoccur during cya-to-cycle, as well as shoto-shot for splitinjection strategiest
is often necessary to examine individual cycles.

With the current experinmtd setup, the rail pressures ata nominal set point prior
to the startof injection. Once the injector ifiggered the needle sttg to open.

During the needle ascent, the rail pressure starts to decrease due to pedte u
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motion, resulting in finitevolume of fuel to be added tthe systemvolume, and
accordingly, areduction in theinjection pressure. Once the needle has rehdise
maximum lift, the pressure regulator attemfat maintain the requirqatessurdevels
Generally, the injection rate signal could start slightly after the opening of the needle
lift for two primereasonsArcoumanis et al., 199Arcoumanis &Baniasad 1993;
first, particularlyin the caseof mini-sacor micro-sac, the time taken for the pressure
to build up and occupy thgacvolume in addition tothe acceleratiortime of fuel
neededhrough the nozzlesecondly, due to the position of the presstransducer.
The formercan be neglected in thearrent studysince valve covered orifice/CO)
nozzles are being used. Tladter is significant, dudo the pressure transducer being
approximately200 mmaway from the nozzle ex{tor the Delphi injetor). From the
data collected, the lag perdetween the twaignal positions werefound to be
approximately0.1 msfor the Delphiinjectorandapproximately0.17 msfor the Bosch

injector.

As indicatedabove once the needle starts to op#éme rail pessurestarts to reduce

Fig 3-11 shows the initial rail pressure dgoaccurring between the start of needle lift
and the maximum needle lift, exhibiting high levels of correlation to all needle lift
characteristicthroughout the experiment

At the endof injectionduration althaugh due to a rapid needle closlog ratesof
injection arealmosteliminated needé bounce couldtill occur The bounceperiod is
estimated atirca 0.05 ms for the Delphi injectorand circa0.14 ms for the Bosch

injectorfrom the injection rate data
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Fig 3-11. Correlation between start of needl&, and rail pressure dropBoschsinglehole single
guided nozzle; 50 mtfuelling
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Fig 3-12 andFig 3-13 show the cycldo-cyclevariationin the rate of injectiomand the

rail pressureover 15 consecutive injectionsncluding the mean and the standard
deviation of the signalfor the first and the second of a split injection strateggr

the steadystate injection periad

Intuitively, one would expect a precise correlation between the maxima of the
injection rate signal and the injection pressure. In the current experjrhentsver,
although no precise correlation between the two maxima was observed, better
agreement for the second of thaits comparedwith the first split was found (Fig-3

12 and Ry 3-13). This was attributed tthe effect of upper needle bounce on the
maximum rate of injection, andariations in the maximum needle lift and injection

pressure (Arcoumanis et al., 1992cAumanis &Baniasadl993).
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Fig 3-12. Conrparison of the cycko-cycle variation in the rate of injection and the rpilessure for
the first of the split injection strategythe numbeiof injections refergo 15 individualcycles;Delphi
injector; 10 mm fudling
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Fig 3-13. Same as Fig-32, with the exeption diie second shot of the split injection strategy
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3.24 Needle Lift Analysis

In the previoussection it wasexpained thatthe time takerfor the needle to rise and
fall is governed by needle ascent velocity, whichpignarily a function of rail
pressure, with respect toommon rail injectorsWith distributor pump injectors
however the fuel quantityand the pump speedalso influence the needle ascent
velocity (Arcoumanis &Baniasagd1993).In the current experiment, the high pressure
fuel pump was operatirgt a constant speed of 14Q0n.

Although needle lift trace are notavailable for the Delphi injectoffor reasons given

in section3.1.2, an analysis of the nedle ascent and descent velocitemn be
peformed based othe injection rate shapewhereArcoumanis et al. (1992) have
shown a high level of correlatidretween the two trace$-or theBosch cormon ralil
injector, however there araeedle lift traceavailable.

Fig 3-14 andFig 3-15 show the dependencé injection pressure on needle ascent and
descent velocity, and the independenteneedle ascent ancestcent velocity with
respect to fuel quuity for an average of 100 cycles
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Fig 3-14. The dependence of the needle aseaat descentelocity on injection pressure; fuel delivery
5 mnT; Delphi injector
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Fig 3-15. The independence of neediscent and decent velocity with respect to the fuelntity
injected at 160 MPa injection pressure; Delphi injector

From Fig 314, it can be deduced th#te injection pressure determines the needle
opening andclosing periodand not the fuel quantity (Fig -35). Therefore the
minimum fuelquantity that can be injectéscomes a function of rail pressure.

This is because, althoughe needle opening pressure is constant for a gnjeator
(according to the needle springffsiesy, the rate at which the pressure rises between
the needle opening pressure and the maximum injection pressure determines the
needle ascent velocity, and hence time.

This phenomenon can be observed from Fih3where the differences between the

needle liftsignaland the rate of injection for two rail pressures are presented.
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Fig 3-16. Rate of injection andheedle lift trace for two rail pressures; Btssingle guided $ole
nozzle; hedata for 60 MPa raipressure has beesffsetfor comparative reasons
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Fig 316 showsthe high level of correlation betweerthe rail pressure andhe
corresponding needle ascent velocity dhd rate of injection. The needle ascent
velocity was estimated at 2rii/sat 60MPa, and 3.95m/sat 140MPa rail pressure
from the needle trace data.

The upper needle bounce and the corresponding ratgeation fluctuations for the
3-hole Bosch injector caalsobe obsered from Fig 317. As can be seernhere is
good agreementdtween the two traces, even though there is a slight shift in phase
which is attributed to the lag period between the two signals. Neless, the
frequency of the upper needle bounce anddbespondingupper injection rate
fluctuations closely agrest 7.2 kHz and 74 kHz respectivelyThe standard deviation

is 0.1kHz averageavereightcycles.

The effect ofneedle bounce prohibits a steady flow through the nozzle exit, causing
approximatelysinusoidal flow perturbation (Gves et al., 2000prd corresponding
fluctuations in the rate of injection. This can result in a higi@yerogeneous spray

structureandareduction in the average mass flow rate through the nozzle exit.
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Fig 3-17. Upper needle bounce ambrresponding flow fluctuations observed in théeraf injection
signal; Bosch 2hole single guides VCO nozzle; 50 Muelling at 140 MPa injection pressure

For the Delphi injector, assuming a good correlation between the upper needle bounce
signal andthe upper portion of injection rate signal, it da@® deducedccordingly

from Fig 315 that the magnitude of the bounce decays as time progresses. The
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resulting effect isa steadier flow through the nozzit and an increased rate of

injection

Given that the magnitude of theupper needle bounce decreases with increased
injection duration, a degree of inconsistemaythe rate of injectiometween thewo
splits for a split injection strategy (in the current experimeat)ld also be attributed

to themagnitude of theipperneedle bounce during the actual injection damafFig

3-9 & 3-15). In otherwords, thelongerthe needle remainspen from resposition

the lower the magnitude ofeedle bounce, and hence this results imeareased rate

of injection.

Information on the lower needle bounce could not be deduced from the needle lift
traces (Fig 3L1). Nevertheless it can be seen from Fi83hat at the end of injection
needle oscillaon transversely or verticallprohibits a sharp entb fuel delivery.
Although the quantity of fuel delivered during this period is small, this is an
undesirable fuel quantity, under the influence of mrextuced injection pressure.
This phenomenon was confirmed by high speed video photogre@\s detaled in
Chapter 5.
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Fig 3-18. Undesirable fuel delivery at the end of injectidche above data has been offset for
comparative reasong-hole Bosch injector VCO single guided nozzlen8&' injected volume
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3.3 CONCLUSIONS OF CHAPTER 3

The results presented in this chapter underline the importance of injector
characterisation via techniques suchrae ofinjection measurememnteedle lifttrace
signals current clamp signals, andTlL signalsprior to spraycharacterisationThe
analysis of the results has gmese to the following conclusions.

1 Due to a minimum time limit of 0.ths(at 160MPa injection pressurefpr the
needle to rise and fall for the Delpinjector, sustainableolumesinjectedbelow 5

mm® couldnot be reproduced.

1 Comparison between the three Delpijectors revealed thahe responséme
between injector No 1 and No 2 & 3 varied by as much asm05

The resultant effect wasariation in the fuel quantityThis phenomenon was
attriboued to the possible differences in the inductance and/or the magnetic
permeability of the solenoid core material of the injectors. For long injection
durations, the insignificancef 0.05msshowed negligible volume flow differences,
between injector No &nd N& 2 & 3.

For the split injection strategy, it was foundtthi@e rate of injection is approximately
19% less forthe first shot of the split, in comparison to single injection strategy; the
second splitvas found tdoe approximately4% less than theingle injection strategy.

The differences were primarily due to the actual injection duration, even though, the
command injection duration was identical. Neverthelespart of the discrepancy
thought tobe the result of uppereedle bounce-or decrased injection pressure and
increased dwell periods, improved correlatidretween the two split ratewas
observedas well agorrelationbetween the single and split injection strategy.

1 Cycle-to-cycle variaion, mean and the standard déwaa of the njection rate
signalsand the rail pressuggnalsover 15 consecutive injectiomgere examinedor

the first and the second of thplit injection strategy. Although no precise correlations
between the two maxima of the sighakere observedmproved caorelation was
evidentfor the second of the splitjection strategy

1 The dependencef needle ascent and descent veloadiyinjection pressure
was examinedrom the injection rate profilest was concluded from the analysis of
the data thatlthoughthe needle opening pressure is constant for a given injector, the
rate at which the pressure rises between the needle opening pressure and the
maximum injection pressure determines the needle ascent velocity, andthence

ascentime.
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i Sincethe injectionpressure determines the needle openingckrging period
beyond the needle opening and closing pressiieeminimum fueldelivery becomes

a function of the rail pressure.

| Good agreement betwedrequency ofthe upper needle lift trace signal and
the coresponding rate of injection signal were observed. The frequency of the upper
needle bounce signal and the correspondingeunjection rate fluctuationgere
estimated af.2kHz and 7.4kHz, with a standard deviation 6f1kHz

1 At the end of injectionduration, traces of undesirable fuel quantityere
evident from the injection rateignals During this period, the fuak believed to be
delivered at an injection pressure l&dsanor equal tahe needle spring compression

pressure (201Pa).
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4. EXPERIMENTAL CONSIDERATION OF THE OPTICAL
TESTRIG

41 THE PROTEUS RAPID COMPRESSION MACHINE

A high pressure and temperatur@icacompression machin®CM) was installed at
University of Brighton in 1999This compression machingasbased orthe Ricardo
Proteus engin® enable realistic combusti@onditions forspray analysis of up to 10
MPa in-cylinder pressure ICP). In addition torepresetative incylinder pressures,
the inke air temperature was adjustabje to 423K. The Proteusig is a singé
cylinder twostroke rapid compression machinwith a specially designed head for

optical access as shown iigH-1.
Top hat

Optical headspray chamber)

Crank shaft

Fig 4-1. CAD drawing of theapid compression machinBroteus

The optical head (spray champand the combustion chamber welesigned using
RicardoVECTISCFD code. The desigaimedto acquire near quiesdecondition in

the spray chamber at a maximum predicted air velocityna$™ This wasin order to

avoid disturbances by the air motion on the spray development, and to achieve
maximum loop scavenging efficiency in the combustion chamber. The Proteus rig
was coupled to a D@ynamometer via reduction beltd/ith an operating speed of
3,000 rpm at the dpamometer, theéeduction was 6:1, corresponding to an engine

operating speed of 50Pm.
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With an external water pump and water heater, the engine was btoutgmormal
operationaltemperatureof 353 K. The engine oil was also heattxla temperature
around 38 K within the oil sumpand driven via an external oil punp the engine

oil galleries.

In order b minimise heatlosses byheat tansfer from thein-cylinder gasto the
surrounding wallsthe heated oil and water wgsamped prior to running the engine.
Fitted to the engine, three slow response thermocouples were used to monitor the
coolant temperaturehe oil temperature, and the amtake tempeature at plenum.
Fitted to the crankshaftvas an encoder with a resolution of6@0 pulse per
revolution (corresponding to 10 resolutions per crank anglerderto provideTDC
pulse marking.

Two Kistler pressure transducers were fitted to the engpnabustion chamber. The
first was a watecooled Kistler 6061 transducer fitted to the optical head to monitor
the incylinder gauge pressure. The working pressure and the tempeamtgesof
Kistler 6061were0 to 25MPa and 223 to 62X respectively. Th seond pressure
transducer was a igtler 4045A10, fitted just above one of the inlet ports in the
combustion chambemn orderto monitor the absolute boost pressure. The working
pressure and temperatuangeof Kistler 4045A10 were0 to 1 MPa and 273and
413K respectively.

Instrumented with two slow respon&guck pressure transducers, the exhaust and
plenum pressures were also monitored. The working gauge pressure and operating
temperature range of both pressure transducers were 0 MPRand 23 to 323K
respectively.

The Proteusig has a stroke of 15&m abore of 135mmand a displacement of 2200
cC.

4.11 Optical Head andWindows

Optical access to the gpray chamber was provided byur removable windowsFig
4-1). The spray chands within the optical head wasylindrical and had dimensions
of 25 mmin radius, and @ mmin height. This allowed suffient space for the spray

to developwithout any wall impingement.

In a combustion environment, windows fitted to a combustion chamlieabsorb

pat of the emission spectrum. In additjowindow fouling can occur during the
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compressioror injection process. This coulbsequently affect measurements, ,and
therefore a suitable material must be selectétde material used in the cunt study

was sapphireThis material is asynthetic hexagonal crystal structure formed from
aluminium oxide(Al, O3). Sapphire exhibitshe high mechanical strength, chemical
resistance and thermal stability that are needed in a high temperature combustio
environment.With a melting point of 230X, sapphirehas an excellent optical
transmission in bothltra violet(UV) and infrared. A typical transmission profile for
sapphirespecimerl0 mmin thicknesss shown in kg 4-2.
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Fig 4-2. Transmittance of sapphirewindow

The removable optical windows had an optical acces®@sn width and 55mmin
height(Fig 4-3). The outeedges of the windows wefigted with O ringsto eliminate
any leakage. The sapphigéasss weresecured in the window holders with a special
silicon-based resin. Thevindowswere secured in thevall of the Proteusiead with
annealed copper gaskets. The gaskédso securkthe sapphirewindows against the

head cating. This configuration alload quick overhaul ad cleaning to take place.
N
[ [ ]~’ ib Q Sapphirewindow
1f/

Window holder

Fig 4-3. CAD drawings of the opticalindow(Crua, 2002)
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4.2 EVALUATION OF TH E OPTICAL PROTEUS RIG

4.21 Introduction

The study of the compression process of a reciprocating internal combustion engine
operating without combustions a useful tool in determining different parameters
associated with the engine configuration oropgrating condition. Once parameters
such astrappedair mass,effective polytropic coefficient and compression ratio are
establisked, the performance of the rign be evaluateid terms of conditiors such as
evolution of heat transferthe heat transfercoefficient, in-cylinder gastemperature
variations surface walltemperature and gas density during a cyclg is common
practice n engine diagnostide test the engine in a motored condition with air as the

only constiuent in the combustion chamber

The objectiveof this chapteis to characterise the Proteus rigtermsof in-cylinder
gas temperature as a consequence of trapped air imabke.following section, an
alternative approach for call@tion of the incylinder mass after gas blowoy has
been presentedilthough mass losses could proceed via any crevias,bipwby
past the piston rings ha®medetrimental effect®n the engine ands performance
On aphysical level blow-by contains acid water (Haw&s Muneer, 1981), polluting
the lubrication oil within the crankcaseAlso, blow-by increass the lubricant
temperature, resulting in lower ailscosity; henceadditionalring wear and blovby.
On a performance levglit reducesthe trapped air massnd as a consequence,
increases el consumption, increases the gas temperature, diegygesformance,
and increases combustioknock and NOx emissionsHowever in this study

consideration is only given to mass bk as indicated.

4.22 The Evaluation of Trapped Air M assand Blow-by

The volumetric capacitpf the Proteus righad been determined lalculatingthe

swept volume and theleaance volumeusing specified engine data.

For the compression stroke, it was necessary to take the start of compression from the
moment the inlet and exhaust ports were covered by the top compression rin§ at 243
crank angleFor the cases considered in this stutlye range ofin-cylinder pressures
varied fom 2 to 8MPa, with increments of IMPa, both for cold (293K) and hot
(373K) air intake
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The incylinder pressure signals were recordedavi@ezoelectric pressure transducer
with the aid of an oscilloscope at a suitable sampling rate.

Initially, by using the combustion chamber as a fixed vol{ioeked crankshajt the
chanber was filled with nitrogen abom temperature with a pressureld¥iPa, at a
known crank angle corresponding to a known chamber volume. The decay in
pressurewith time was then measuredn order to establish theate of the trapped

masdost due toblow-by (Fig 4-4).

The transducer udefor the pressurelecay analysisvas a piezoelectric 404510
Kistler, measuring absolute pressures up toMPa, and operating between

temperatures of 273 and 4K3with a thermal sensitivity shift o€ © 1%.
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Fig 4-4. Experimental pessure decay against tinmea closed loop system (Proteus)

Assuming that the decay in pressure agfaiime is exponential (Fig -4) the

following expression can be written.

p=je”. (4.1)

Wherep is the pressurg,and b are constants, andis the timetakenfor the pressu

to decay By takingthetime derivative oEq. (4.1) it can be written gs

P jpet, (4.2)

The following expression is givdyy thegas law
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