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Abstract

An investigation was conducted into the effects of wear anghrformance of
common-rail fuel injectors, in terms of flow and spray chéastics. The inves-
tigation conducted involved the testing of four used irgestand the comparison
of the performance of these injectors with that of an ideticand new injector.
The used injectors had deteriorated in different ways, solenoid wear, mechan-
ical wear in the body of the injector, and mechanical weaheupper section of
the injector being identified. All of the manners of deteatown affected the flow
characteristics. The solenoid wear and mechanical wehaeibady did not affect
the spray performance, but wear in the upper section of tdg bod a combina-
tion of wear in the body and solenoid did affect spray perfamoe. A correlation
was developed between the spray penetration of the newtanjand the spray

theories according to Dent and Hiroyasu.
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Chapter 1

Introduction

This research is concerned with the comparison of the pedoce of new and
used common-rail injectors, with regard to flow and sprayati@ristics. Back-
ground to the use of commone-rail injectors, the reasonshi@ir ise, motivation
for the research conducted and an outline of the researchoa@bgy used is

given.

1.1 Background

Over the past two decades much development has taken ptaceoimpression
ignition injection systems. Injection pressures have beamsistently increas-
ing since 1975 [9], and the introduction of the common-naj¢ctor in 1997, by
Bosch, marked a major development in the improvement of thgcession igni-

tion engine [34].

The development which as been done on compression ignitigmes is moti-
vated by two main factors. The reduction in specific fuel comgtion, and the
reduction in engine emissions. The desire to reduce fuewoption is driven by
increasing oil prices, reduced supply, and the requiresfentreduced emissions

is driven by guidelines published by the Environmental &bbn Agency (EPA)
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in America, and the European Unions Environmental Agen&AE The EPAs
guidelines take the form of Tiers 1 to 3, and the EEAs guiteditake the form of
Euro 1-6 [25].

It is challenging to meet the increasingly stringent enoissirequirements while
maintaining or improving engine performance [24]. Reduciioemissions pro-
duced is a balancing act between engine output, noise ahddagumption , and

requires the optimisation of these factors [30].

Increasing the pressure supplied to the injector allowdif@r sprays to be pro-
ducted by the injector, leading to increased entrainingheffuel and air, and
thus more efficient combustion and reduced emissions [2&}e@pments have
also been made as regards the behaviour of the combustibm e cylinder

when subjected to more refined injection strategies, iraatpg pilot and post-
combustion injections. The implementation of these inggctegimes requires

injection timing to be independent of engine speed and load.

The common-rail fuel injector, as introduced by Bosch, and mouse in most

compression ignition engines allows for increased fuedatipn pressures, and
the removal of the dependence of injection timing and presson engine speed
and load. This allows the designer of an engine or fuel igaectystems to take

advantage of the developments described above.

1.2 Motivation

It has been proved that common-rail injection systems predyprays which are
conducive to improved fuel consumption as well as reducedsams and noise,
as required by the EPA and EEA guidelines. However, whiledhigjectors pro-
duce consistent and efficient results when new, little isskmabout the manner

in which these injectors wear, and how their performanceraettes.

In order to sustain the improvements made to performancegihes due to the
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application of common-rail injectors across the life spharoengine it is impor-
tant to understand how these injectors deteriorate, andderstand the drivers
for this. An understanding of this could allow for means toriieoduced to reduce

the likelihood of wear, as well as identifying means to relitale injectors.

1.3 Methodology

The performance of new and used injectors will be comparéia regard to both
flow and spray characteristics. A selection of four usedctipas were tested.
The factors leading to the deterioration in the performaoicthe injectors will

be determined through looking at the spray characterjsiing the ability of the

injectors to deliver fuel effectively will be discussed hretspray analysis.

An analysis was conducted into the theoretical models faryspehaviour. Mod-
ifications were made to these theories to improve the com@iaf the data ac-
quired during this research. Suggestions were made assonmedor the differ-

ences between the original and modified theories.

Finally conclusions were drawn from the discussions madaecommendations

for future research were made.



Chapter 2

Literature Review

2.1 Introduction

The following section provides a review of literature redgtto injector design,
injector spray behaviour, and injector test facilities. eTinajority of literature
covered was in the form of journal papers, although releiexitbooks were con-

sulted where available.

Literature largely focuses on the behaviour of the injegtdh varying injector

parameters. Parameters affecting the behaviour of thg apedisted below [25]:

Injection Pressure

In-Cylinder Pressure

In-cylinder Density

Orifice Geometry

In-cylinder Swirl

In-Cylinder Temperature

Fuel Temperature
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e Cavitation

e Fuel Composition

In the literature review, the manner in which the above patans have been

shown to affect the behaviour of the spray is presented.

2.2 Injector Spray Structure

A spray is produced by an injector when pressure is introdlocehe inside of the
injector’s orifices, causing the fuel to flow outward. The flbecomes turbulent

as it leaves the nozzle orifice, and becomes entrained wifh3i

Macroscopically, the spray may be descibed in terms of tw@lkeameters: Cone

Angle and Spray Penetration. These parameters are ilegtiaFigure 2.1.

Spray Angle

Spray Tip Penetration

A
Y

Figure 2.1: Key Parameters in a Spray [13]

The spray structure may be divided into two sections, thedstsection and the

transient section. These two sections are shown in Fig@reThe steady section

5
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of the spray accounts for around 70% of the total spray patetr. Also indi-
cated in Figure 2.2 is the region contained within the spraywkn as the “Initial
Region”, or non-purturbed zone. This initial region is whatnprises the spray

characteristic known as the liquid length, as discusse@ati& 2.3 below. [17]

Liquid Core

\
| \
| \
\ \
\ \
\ \

Liquid Length | \
e e EE—
\

| Transient
Steady Regi Regi
| eady Region egion

Figure 2.2: Structure of Injector Spray [17]

As the spray develops, vortices are formed at the tip of thays@s illustrated
below in Figure 2.3. These vortices are what gives the spgsamushroom like
appearance [14], as well as explaining the effect wherebystitay may be ob-
served to “peel” back upon itself [9] - a phenomenon whicloimstimes observed

in images of spray formation.

The progression of a spray may be divided into four signitigdrases [3]:

1. Opening Transient Phase.

2. Propagation of the liquid core into the surrounding atmosgh

1This phase is governed by the motion of the injector needibegawith the time dependent

orifice opening time.
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Figure 2.3: lllustration of vortex spray vortex formatiai¥]

3. Droplet break-up stage.

4. Propagation of droplet clouds.

The behaviour of the spray in phases 2, 3 and 4 may be desagéallows:

Initially the velocity of the spray is much faster than thesg of the ambient air,
and is thus affected little by it. During stage 3, the velesitof the air and the
injected fuel are comparable and during stage 4 the velofitige agitated air is

higher than that of the fuel.

2.3 Spray Penetration

Spray penetration is probably the most researched facejeator spray structure.
Spray penetration, as well as the rate at which the spraytja@es into the com-
bustion chamber are important because they have a direct efion the extent to

which air within a cylinder is used in the combustion prodds§. The criterion
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used to determine the ideal ultimate spray penetratiora &pecific application,
is whether or not the spray will begin to impinge on the wafishe cylinder or

the piston [33]. Whether this impingement is desirable orimaependent upon
in cylinder conditions and temperatures, and may thus beusated for during the

design of the engine [13].

2.3.1 Fundamental Equations

Much research is aimed at attempting to develop an expressiorelationship
which effectively predicts the behaviour of the spray, drelmanner in which the

various parameters detailed in Section 2.1 affect spragtpation.

Through the use of Bernoulli's famous equation [25], alonthwine application

of dimensional analysis the following relationship may leeked [25]:

S(t) = kpa 1 AP3t3d3 2.1)

In the case where this equation was applied, the coefficiemak found to be
1.895<1073, and exponents were found to vary slightly from those preskim

equation 2.1.

The relationship presented in equation 2.1 bears a strdatjoreship to that pro-
posed and published by Dent [10], in 1971. This relationskipwn below in
equation 2.2, is still used as a benchmark in many technagaérs published to-

day.

AP\ 7 204\ 7
S(t) = 3,07 (pg) (td,) <T> (2.2)

g

Dent’s equation remains the only commonly applied relaimmnm which takes into
account the effects of the temperature within the combagtimmber [9]. This is

important as changes in combustion chamber temperaturesaltin changes in
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penetration of up to 20%.

As a development of equation 2.2, Hiroyastual, published their proposed re-
lationship, as shown below in equations 2.3 - 2.5 [13]. Thlationship divides
the spray into two distinct ranges: that before spray brggkand that after spray
break-up. It was found that the spray penetration beforaksup increases lin-
early with time and after spray break-up the penetrationrapg@rtional to the

square-root of time. The relationship is shown as follows:

2AP\?
t < lpreak : S(t) =0.39 ( P ) t (23)
0
AP 1
t > tyreak : S(t) =295 () (dnt)i (24)
Pg
where:
20p,d,,
tbreak = Ll (25)
(pgAP)?

Various researchers have modified the coefficients presémtdiroyasu’s pene-

tration equation so as to achieve results which better fit tsga [25], [3], [7]-

2.3.2 Modern Application of Fundamental Equations

The generally accepted relationships developed by DentHarmmyasu were de-
veloped in 1971 and 1980 respectively, well before the adweénhe modern
common rail. A question thus arises as to whether theseidsewill accurately
predict the behaviour of a common-rail injector, given ttiet pressures present
in a common-rail may be as high as 2500bar [24] in experinie@ises and as

high as 1800bar in automotive applications [34] [31].

Various researchers have applied these equations to éseiregsults when using

common-rail injection systems and have found good coiogla{25], [3], [6], [9],
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which allows the assumption that the equations developedsi® on mechanical

fuel injectors may also applied to common rail fuel injestas well.

Tests have also been conducted to test the validity of thmsatiens at very high
injection pressures, up to 2500bar. Good correlation wasdqg11] especially to

Dent’s equation.

However, it is noteworthy that there are documented casé¥eat’'s equation,
when applied to common rail injection systems, following 8pray penetration

trend well, but overpredicting the penetration, in unmedifiorm [6], [8].

Some common rail injection researchers have achieved gemdts through the
use of only Hiroysau’s second equation, as shown in 2.4. i§ldene since it has
been found that in certain cases the region where the sprayees linearly with

time does not exist, or at least is not identified [8].

Fluctuations in Spray Penetration found in measured databeadue to spray
instabilities where sections of spray are breaking off [2it]due to fluctuations
in rail pressure [7]. These situations which were not taken account when the
theories were developed but affect the results achievetthaus need to be borne

in mind when analysing experimental results.

Another factor which needs to be taken into account when aslees to address
common rail injections and compare results, either witteothsts, or with pub-
lished equations, is the effect which the number of orifides nnozzle has on

penetration and spray structure in general.

Experimentation has been conducted in this regard, andsifouand that there was
little difference between the performance of a single-hojector and a multi-
hole injector [18]. The primary motivation for conductingsts using a single-
hole injector is that the spray may be more simply analysedtduack of light

interactions, and hole-to-hole interactions presentiwitiie injector.

10
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2.3.3 Developments of fundamental equations

If one looks at the parameters which affect the penetratiaspray, as evident
in equations 2.2 to 2.5, a strong dependency upon ambiesgymemay be noted
[25], along with a similar relationship to the change in gree across the injector
nozzle. The proportionality to the change in pressure actios nozzle, as ex-
pressed in equation 2.4, means that one should expect lessafked increase
in penetration as the pressure increases[9]. The incrgaesdure difference has
the effect of accelerating the rate at which the spray acd&atirough the spray

chamber. This increases the chances of the spray reachiinigyelopment [23].

As will be discussed later, the rail pressure also has aipesffect upon atom-

ization [21], droplet size distribution [9] [21] and rate délivery [21].

As a development of Dent’s equation for spray penetratimmfdllowing penetra-

tion equation was developed:

2.95 i
S(t) = Vi JU_o)t [ 2 2.6
A <t>t(pg) 2.6)

Here the spray velocity at nozzle exit may be defined as:

2A-Pzn]

Us—o(t) = C
0(> I Pl

2.7)

The above expression is similar to Dent’s equation, but tiduction of the
spray velocity close to the nozzle is new. This velocity isedmined through
the use of equation 2.7 which is developed through the use widB#i's equa-

tion, and the injector’s discharge coefficient,J{23]. The injector’s discharge

coefficient may be determined through the use of equatiob&@v [26]:

mpy

Ang/QApr

Cy= (2.8)

11
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The same theory may be used to determine the spray-tip teldéguation 2.9
below is found through the differentiation of Dent’'s Eqoati

U,(t) = 235 (A?”j>4 (f) (2.9)

A further documented point of interest regarding spray @pegdration is the rate
of increase of penetration. Initially, before 0.3ms aftenrtof Injection (SOI), the

rate of increase of penetration is found to increase witheiasing rail pressure,
but after this time, the rate of spray penetration increaseld to decrease with
respect to rail pressure [7], [6]. This effect is likely to dhee to the interaction of
the spray with ambient gas, both with regard to aerodynanaig,cas well as heat
transfer effects [24]. Turbulent energy, such as that frainl ®r squish, also acts

to reduce spray penetration [16].

2.3.4 Spray Liquid Length Behaviour

While the above theory all relates to the penetration of {heftithe spray, which
is often determined through light intensity, a second fid¢ldeeearch within spray
penetration is focused on the penetration of the liquid cbrihe spray. This is
most often described as the liquid length of the spray, antugrated in Figure

2.2, 0n page 6.

Studies into the liquid-length are valuable since the tiqeore represents a region
of the spray where there is little air entrained, and theesfioe fuel is unlikely to
combust. The size of the liquid core also has an effect ontifigyeof the fuel to

ignite automatically.

The liquid core typically reaches a stable length in an imnge¢ with injection
parameters, specifically the injection pressure playingrdral role in the time
which it takes for a spray to reach this stable state [26]. lAti@nship linking
nozzle parameters with spray liquid-length is presentddvwbé equation 2.10

[23]. As in the case of the entire spray, liquid length peat&in rates are elevated

12
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in the case of increased rail pressure.

LL = . (2.10)

- i fon(2)) -

The above equations clearly illustrate the effect thatyspragle has on the liquid

where:

N

length of a spray and its burning potential, since it may engbat a greater
spray angle indicates a smaller liquid length. Therefotarger spray angle leads

to more effective burning of the fuel.

2.4 Spray Angle

As the spray leaves the orifice of the injector, it entrairsaaid expands. At
the same time it tends to atomize, as discussed in sectidrelb@. As the spray
moves further away from the orifice through which it is beimgctiarged the spray
entrains more and more air, and so it expands. This givesxige conical shape
of the spray. An illustration of the spray angle is shown igufe 2.1, in Section
2.1. The spray angle gives a good idea of the amount of aiai@etl in the spray,
and is therefore a useful measure of how well one may expgstted fuel to

combust [13].

2.4.1 Fundamental Equations

In published research there is little consensus on whetbpray angle reaches a
point whereby its development is independent of time. iaasdt reach a constant
steady state value? In cases where the spray was found toaeanstant value,

the spray may be found to obey the following correlation {25]

13
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tan <9> — K (”)) ’ (2.12)
2 Pf

In a well known equation, the following case is presented:[13

tan <9> = l47T (p0> ’ @ (2.13)
2 6

Where A is a constant determined by the nozzle geometryfasaneasured in

radians.

Another spray angle equation, also based on the format siroequation 2.12

known as the evolutionary law, is shown below [11]:

0= @arctan (B (l)“]) ) (2.14)
T Pl

The value of B is given as 0.31 and m as 0.2, in another caseies gs 0.4275

and m as 0.5 [11].

Contrary to what one may expect, the spray angle does not hgaekationship
to injection pressure [21], [11]. This is well communicategd experimentation
conducted to determine the exponent present in the retdtiprbetween cone
angle and injection pressure, this exponent was found toebsden -0.00967
and 0.0284 [9]. With exponents this low, it is reasonableatp that there is no

meaningful relationship between the two parameters.
The trend before the spray reaches a stable cone-angldo#gstat all, follows the

following stages:

e During the early stages of injection: A large turbulent “Mushroom” is
formed at the tip of the spray surrounding the central cofias Typically

leads to the large measured spray angles during early sthggsction.

e During the later stages of Injection: Air entrained in the head of the spray

14
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inflates to form a conical head, with the regions closer tanibezle having
stabilized. This leads to the smaller spray angles assaciaith the later

stages of a spray.

Therefore after an initially wide spray angle, it shouldesliéy reduce [8], [7].

2.4.2 Determination of Cone Angle Optically

A problem arises in the determination of spray angle, anddoneparison of spray
angles published in various sources becomes difficult dimeee is no hard and
fast rule regarding the measurement of the spray angleeRtezsbelow is a brief

outline of different theories regarding spray angle debnit

e Acute angle of isosceles triangleA triangle is generated which has the
same overall area, and height as the spray. These two \esialbbw one to
determine the angle at the apex of the triangle - which besdheinjector

spray angle. [24]

e Circular Topped triangle: An isosceles triangle is combined with a cir-
cular top, whereby a similar method is used to that in Alceite angle of
isosceles trianglenethod, but instead of the flat top, the top is mathemati-

cally matched to fit the shape of the top of the cone. [24]

e StraightLine Fit: Two straight lines are fitted through the upstream section
of the spray contour. A tangent to the contour may also bentaker which

a linear fit is made.[24]

¢ Halfway Point Correlation: The width of the spray is measured halfway
through the total penetration, and these two points aredrdack to the
point where the orifice is known to be. The angle at which thegelines

meet is the spray angle. [24]

e Naber and Siebers Method:The cone angle is measured from two points

where half of the maximum number of liquid pixels are visjlea similar

15
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manner to that described in thtalfway Point Correlationrmethod above.

[9]

2.5 Atomization

As a spray is released from the orifice, it moves away fromitpgd core, and
it breaks up into droplets very much smaller than the sizehefdrifice in the

injector nozzle. This process is referred to as atomizafib3]

The atomization process is partially represented by thayspngle, as discussed
above, but some advanced spray visulaisation systemsfisp#those using a
Doppler Particle Analyser, can masure the size of the dteplghin a spray [29].

Visible light techniques are not effective for measuring dlegree of atomozation

[7].

From the outset, it is worth noting that the mechanisms lskaiomization is not
yet well understood [16]. Considerable research however blean carried out
regarding the atomization of a fuel spray, as well as ingastn into the drivers

for good and poor atomization performance.

It has been found that the design of the nozzle has a stroegtefpon the at-
omization of a spray [18]. For this reason it is difficult foneto begin to set
an equation to the atomization of a spray, but statementbsdrgations may be

made.

Computational Fluid Dynamics (CFD) studies as well as expemiation con-
ducted with injectors manufactured from perspex have begfopned so as to
better understand how these effects manifest themselmeshew they affect
spray performance. These studies, however are largelynahesive, and provide

little useful information for the testing of common fueléajors.

Atomization is also affected by phenomenons which occuhiwithe injector,

such as turbulence, cavitiation, and the velocity profiléhefflow [16], [18].
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Even with the limited understanding of atomization, the maiivers for good
atomization have been identified. The most marked effect@miaation is made
by the injection pressure [21], [15]. Another parametet tiees a profound effect
on the degree of atomisation is the size of the orifices. ®malifices result in

better atomization.

These two effects are the main drivers in the modern trendaréased common

rail/injection pressure and smaller orifice holes.

Better atomization results in faster evaporation rates theckfore reduced igni-

tion delay [21]. These effects are desirable for good engaréormance.

2.6 Cavitation

Cavitation occurs when the pressure in a liquid drops belswapour pressure,
due to flow phenomenon [32]. It is a phenomenon typically essed with pro-
cesses that involve placing a fluid in a very low pressureasin, such when a

pump is trying to pump water from a height far below the hemwjithe pump.

Due to the very high velocity of the flow in an injector nozatayitation has been
known to occur. Anillustration of cavitation in an orificessown below in Figure
2.4.

Liquid Free
Zones
Injector
Nozzle
Body

Figure 2.4: lllustration of cavitation occuring in a nozplefice
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Cavitation in an injector may be identified through the bebawbf the flow-rate
with respect to pressure. Cavitation may be said to be ocguwhen the fuel
mass-flow rate does not increase with increasing pressapeatross the nozzle.
i.e. as one increases the rail pressure one does not witneisgraase in the
mass-flow rate [23], as illustrated by equation 2.18 in $acB.7. This is likely
due to the fact that cavitiation has the effect of reducirgalea coefficient. As
the injecton pressure increases , so too does the level t&tam, which results

in a drop in area coefficient.

As in the case of atomization, it is difficult to analyse catidn as it requires a
knowledge of the flow within the injector nozzle [5]. For thisason some re-
searchers have conducted tests using perspex nozzlesgtitthe high pressures
associated with common-rail injection systems presentadlerige, and the per-
spex is often destroyed by the high pressure. This maketatawi testing difficult

and costly.

From research conducted, the following factors were foorfthive an effect upon

the cavitation of an injector [18]:

o Hole Diameter

Number of Holes

Entrance shape of holes

£ ratio of holes

Orientation of holes with respect to nozzle axis

C, for nozzle

SAC volume if applicable

Needle lift

Besides the effects detailed above with regard to identificadf cavitation in a

nozzle, the following effects are also evident [18]:

18
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¢ Reduced discharge coefficient

Decrease in exit area

Increase in injection velocity

Reduction in droplet size

Change in jet turbulence characteristics

Increase in spray shape oscillation

An argument has been presented which suggests that cawitasly be a desirable
effect [1], since the bubbles have a positive effect on irgplap the flow at the
wall boundary, thereby reducing the liquid-length and dasmg initial drop-size.
However, this is countered by the argument that these sfégetonly present close
to the nozzle, and the detrimental effect that cavitatioly he@ve on penetration

and especially mass-flow rate act to decrease the efficabye ahjector.

2.7 Injection Nozzle Design

As discussed in previous sections, nozzle design has aot efiehe performance
of the injector. The nozzle design has a telling effect ugengressure and ve-
locity distributions within the nozzle and the turbulenceryy [19] of the fluid.

These in-nozzle parameters have decided effects on thetanjeharacteristics

which may then be measured and studied [18].

Common-Rail injector nozzle design may be divided up into tvife@ient design
philosophies: the Valve-Covered-Orifice (VCO) type, and tA€ $r Mini-SAC

type. lllustrations of these types of nozzle may be seenbigld-igure 2.5.

SAC and Mini-Sac type injectors are typically used for headuty applications,
and VCO type injectors are more typically used for modern motove applica-

tions. The VCO injector is a relatively new development,amastmost engines
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UL

SAC Type VCO Type

Figure 2.5: Nozzle types

developed before the introduction of the common-rail antes@arly common

rail smaller engines also used SAC type injectors.

The chief advantages of the VCO nozzle design are that it pexifiner droplets
[16], and avoids dripping of droplets into the cylinder otlee needle has closed
the orifice [6]. This is because the VCO injectors reduce thragiéc volume in
the injector to almost zero [19]. The avoidance of the dngpf droplets into the
cylinder has a dramatic effect on reduction of unburned dwaitbon emissions,
since this fuel would be effectively released from the eaguithout any chemical

energy conversion.

A key parameter used when describing the efficacy of an imjésthe discharge
coefficient, g. The discharge coefficient, which may be calculated fromagqn

2.15 below, is higher in a SAC type injector than in the VCO typector [16].

my my
C; = = 2.15
YT AupUn  An2pIAP (2.19)

An effective and relatively simple manner to improve thecHarge coefficient

is to increase the chamfer of the orifices, however this dees tthe effect of

20



2.7. INJECTION NOZZLE DESIGN

narrowing the spray angle [18].

Other important coefficients used to quantify the efficacgioinjector nozzle are
[23]:

The area coefficient:

Aeff
= 2.16
Ca AO ( )
The velocity coefficient:
Ueff
C, = 2.17
U, ( )

Equation 2.15, presented for the determination of the digghcoefficient, may

be rearranged such that:

m]v = CdAO\/QprAP (218)

Further, equation 2.18 maybe shown as follows:

s = kvVAP (2.19)

Therefore, a plot ofri; vs. VAP should reveal a liner relationship, and may be

used to identify cavitation as discussed in Section 2.6.

Other differences between the VCO type injectors over SAE tne:

e AVCO injector leads to reduced fuel injection during injectidelay period

compared to a SAC type injector [6].

e A SAC type injector tends to provide deeper penetration ¥&0© type
injectors, since the geometry of the VCO nozzle results indaced AP

across the nozzle [9].
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e VCO injectors result in better atomization, through the dgwment of

smaller droplets [9].

e During the injection a SAC type injector provides a more amf spray
[18], and less hole to hole variability than a VCO type injed8]. This is
due to the symmetric pressure field which is generated witi@rSAC type

injector that is not present in the VCO type injector.

e During a similar time period, a SAC type injector will delivaore fuel than
a VCO type. This is a reason why SAC type injectors are more aomim

heavy duty applications than in automotive applications.

Injector orifice design is covered by a term known as congawitthe K-factor.

This K-factor is determined through the application of thiofwving equation [23]:

D, - D,

K — factor =
factor 10

(2.20)

where D is measured im.

The effect of the K-factor is to increase the level of atoricgawithin the spray
and thereby decrease the penetration of the spray. Thisesttioough the smaller
cross-sectional area at the outlet of the nozzle actingd@ase the fluid concen-

tration.

The desired K-factor, as well as other finer aspects of iojdictishing are achieved,

certainly by Bosch, through a process of Hydro-grinding [18]

2.8 Test Facilities

Many academic institutions and companies in industry aresatly conducting
research into the performance of injectors. For this rettsene is a relative wealth

of information available on injectors and their performaniout this information
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is of little use if one does not understand the nature of thmaegius used in the
testing. This section aims to provide an insight into whadezimental apparatus

is currently being used in testing.

2.8.1 Types of Injection Chambers

A major element which identifies different test rigs is theuna of the atmo-
sphere into which they inject. A test rig may inject into ettla pressurised or
un-pressurised environment. Further, this environment eiher be stationary,
or in motion. The use of a test rig which provides an atmosphrich is at a
higher pressure, with moving air, as well an elevated teatpes will produce re-
sults which are more representative of what would occuriwiim actual engine.
The inclusion of these facilities, however, makes the tigsimore complex, and

therefore more expensive [26].

Some test rigs are comprised of a high pressure test chagdmarally consisting
of a cylinder with windows for optical access [25]. Theselaréted, however, by
window dimensions which often do not allow one to see thedailelopment of
the spray. Testing with diesel at pressures represent#taveombustion chamber
also introduces the chance of the fuel igniting. Becauseisfrédason high pres-
sure testing is often conducted using a non-flammable gasngtance, Nitrogen

is often used [24] as an atmosphere to inject into.

Other experimental set-ups use gases which are more dexmsaitlas an environ-
ment into which to inject, such as sulphurhexaflourine. Sjages have densities

comparable to that of a charge in a diesel engine, even atsatmac pressure

[2].

In the case of ainjection into a heated environment, an &awemay be employed

[3], which heats the air before it enters the modeled conmushamber.

In the cases where testing is conducted in an environmentewthe air is in

motion, a model engine is created. In this design, the cgliebad often has to
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feature optical access, since a piston moves to generatedtien of the air and
would obstruct any sidewards vision [26]. In these tes$-tige engine is driven by
an electric motor, and the injector is mounted quite highnuipé cylinder head so

as to ensure that the piston does not interfere with eitleeinjector or the spray.

2.8.2 Types of Imaging systems

Injector testing may generally be done in one of two mannéhe first, and the
less common, involves actually capturing a high speed vafdgbe spray. This
then provides a clear illustration of what a particular gpsadoing during its
formation process [24]. In this type of testing resolutisraiproblem, due to the
high speed at which images are required to be captured. Theraaused in one
such set of tests operated at a frequency of 450Hz, with apsexe time of 22s

[24].

The other popular means of testing injectors is a method Eresvstrobing. In
this means of imaging one image is taken per injection angktimaages are then
assembled to form a comprehensive image of how the injestbehaving with

time.

The advantage of the former method is that one may get an &léa faow the
injector behaves in a specific injection. Short lived dymagpihenomenons are
visible, known as injection-to-injection variability mde identified in this type

of imaging [24].

The process of strobing is the simpler means of testing.ldwval one to capture
still images, which are easier to capture and possess leidge quality. The
process has the disadvantage of not allowing one to seeitayiauring a spe-
cific spray event. Contrasted to this it does give a good idda &sw a spray
behaves on average, and therefore is useful for the coropasidifferent injec-
tors. It also has the benefit of being cheaper to run, in tharakigh frame rate

camera is not required. An additional cost associated Wwelptocess of strobing

24



2.8. TEST FACILITIES

is the software required to process the data so as to arraxeatged, sequential

images.

2.8.3 Types of Injectors used in testing

All of the injectors discussed in Section 2.7 are tested ifoua forms of research.
Generally the injectors tested are identical to those us@dactical applications.
In some cases, however, injectors with just a single nozfie@are tested. These
provide better definition for spray analysis, as having glsimrifice simplifies

both the lighting and the image analysis process [2], [3}].[2

2.8.4 Types of imaging systems

Various technigues are used for the effective imaging cyspar

Shadowgraphy

Shadowgraphy is the most commonly used visualisation tqakrfor spray anal-
ysis. It shows an image in which the desnity of the mediumdgcated by shadow
against a uniformally lit background. In the case of a fugbctor spray, the
darkness of the shadow indicates the air-fuel mixture rafiee disadvantage of
shadowgraphy is that it may only be used for the study of nsmmic spray
characteristics, and is typically used with high speedwideaging, and not with

strobing.

Laser Electric Scattering

Laser Electric Scattering allows one to develop a two dinugrad image of the
spray, from a region within a very thin sheet of light. Thieydes an image of

the spray which indicating the density of the scattering ion@cand provides the

25



2.8. TEST FACILITIES

ability to evaluate the temperature of the rapidly evapogamnedium.

Phase Doppler particle analysis

Phase Doppler particle analysis uses a laser light soundeygatical arrangements
which generate images of the sprays. Doppler Particle aisalythe most effec-
tive means of analysing atomization within a spray, and neysed for measur-
ing droplet diameters up to 50fh. The disadvantage related to this method of
imaging sprays is that it is much less effective than othemyspmaging processes

when sprays are dense [15].

Mie-scattering

Mie-scattering is a process which relies upon the intersitihe light reflected
from the spray so as to determine the location of the sprag.prbcess identifies
light above a certain concentration threshold [6] and timisghold may be varied

through the image post-processing software.

The mie-scattering imaging process is not good for the detation of the level
of atomization which has ocured within a spray. The intgrithe scattered light
is directly proportional to the particle number density tiplied by the square-
root of the liquid drop diameter [7]. This effectively meahsit as droplets get
smaller, less light is reflected. This explains why mie{sratg image processes

are not good for atmoisation, as not enough light is reflected

2.8.5 Types of Injection Regimes used

Injection regimes, refers to how an injector is controllddhis occurs by one of

three means:

1. Time Based Injection Duration Variation
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2.9. THE COMMON-RAIL SYSTEM

2. Injected-Volume Based Duration Variation

3. Crank-Angle Based Duration Variation

In testing the regime used most often is thme Based Injection Duration Vari-
ation, because it is the easiest to control. However, in the casefnctioning

engine, theCrank-Angle Based Duration Variatiaegime is employed.

2.8.6 Injector Flow Analysis

Little experimental work appears to be carried out with rdda the nature of the
flow from an injector. In the literature reviewed, referemees made to a test-rig
which operated by injecting into a sealed hollow tube, witiwhich the pressure
was measured by a pressure transducer. The resulting secieg@ressure may
be used to determine the injected mass of fuel. The resuttsnaal from this

apparatus was then used to determine the discharge cafficighe injector.

2.9 The common-rail system

The literature presented this far in this chapter has bdateckto both mechanical
and common-rail injectors, and where appropriate referdras been made to
common rail systems. However, given that the research tofertaken is related
exclusively to common rail injectors, it is appropriate tegent details of the

common rail system here.

2.9.1 Principles of common rail injection

In a conventional injection system, where a mechanicaktojeis being em-
ployed, the injector is actuated by a sharp increase in thsspre supplied by

the high pressure fuel pump. Since this high pressure furlpps driven by the
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2.9. THE COMMON-RAIL SYSTEM

crankshatft, the increase in fuel pressure may be timed swiagtt at the correct
moment in the engine’s cycle - much like a distributor transhigh voltage from

the coll to the spark plugs in a traditional spark ignitiomee.

In a common-rail injection injection system, a functionaparation is introduced
between the pumping and injection systems [28]. An illugireof how a common-

rail injection system works is shown below in Figure 2.6.

ECU

High [:‘ '

Pressure Limitter Valve | i
PLessure Common Rail | Injeptor
ump 4| Driver

i | Sensors:
> Y Y5 ¥ « Engine Phase

« Accelerator Pedal
Injectors * Boost Pressure
« Air Temperature

« Coolant Temperatur
« Air Mass Flow

Fuel Tank \

Figure 2.6: Common Rail Injection System [28]

The separation of the pumping and the injection functidypadiaccomplished by
the common-rail, which acts as a pressure accumulator isygtem. An identical
pressure is then supplied to all the injectors at the same tifhe injections are
effected by triggering a solenoid in the injector. The dimraiand timing of the
injections may be controlled through changing the currdmtivis placed on the

injector solenoid.

2.9.2 Advantages of Common Rail Injection

By providing the injector with a constant pressure supply eontrolling the in-
jector’s behaviour through the solenoid, the dependenttyedihjection system on

the engine’s speed is removed. This allows the timing andtaur to be varied
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2.9. THE COMMON-RAIL SYSTEM

completely independently of engine speed. This functipnahables the designer
of the injection system to provide the engine with severgation events per cy-
cle. For instance, it is not unusual for an engine to havea pijection, a main
injection, followed by a post-injection. Details reganglithese injections is given
in Section 2.9.3.

Through varying the timing, and quantities of fuel injecilethe above mentioned
injections, various conflicting requirements may be trad#@gainst each other.
The main injection may also be modulated in accordance witke aand space
related transformation of the fuel within the combustioarciber, i.e. mass flow

rate and spray formation in terms of penetration and conkeaffg]

Through the development of the engine 'map’, which is a setadh which con-
tains the optimum injection conditions for any particultats, the above details
may be varied constantly so as to provide the optimum irgacin terms of:

e Injection Start Time

¢ Injection Rate Characteristic

e Quantity of fuel injected

The development of such a ’'map’ enables the manner in whighiguntroduced
into the combustion chamber to be set for various enginedspaed load condi-

tions.

2.9.3 Types of Injections

As discussed above a single injection event may consistrafuadifferent types
of injections, including:
e Pilot Injection

e Main Injection
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e Secondary Injection

These are discussed below:

Pilot Injections

The pilot injection serves to initiate combustion, so agtooeirage more complete
combustion of the main injection, through the reductingitretion delay. The
pilot injection also serves to reduce the rate of pressseini the combustion

chamber resulting from of the main injection. [4]

These effects serve to reduce combustion noise, fuel cqrtsumand generally
reduce emissions as well. Since the pilot injection actedoice the ignition delay
of the main injection, it indirectly contributes to the geai®on of torque from the

engine. [4]

Three sources of pilot injection volume were identified dgrithe course of this

literature survey:

The “Technical Instruction” manual published by Bosch defitiee delivery of
the pilot injection as varying from 1mhto 4mn? [4]. The textbook edited by
Cornel StanDirect Injection Systemgprovides values for pilot injection volume
varying from 2.6nm? at 2000rpm to 3.8m?> at 1200rpm, with injection timing
varying from 12C to 14C BTDC [28]. A third source of information regarding
pilot injection durations is based on a paper publishediliegatests run on a
1929cc Fiat TDI engine, where it is stated that energizinges of between 50
and 25Qis were used - with 505 referring to an injection where no fuel was

delivered. With regard to the volume of the pilot injectiptisey suggest that a

quantity of 1-2nm? is suitable to reduce combustion noise, however, tests were

run with pilot injection quantities of up to Su6m?, this representing 18% of the

total injected volume of 3hm? [22].
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Main Injection

The main injection is where the fuel is provided from which thajority of the en-
ergy will be liberated, and is thus responsible for the dgwelent of the majority

of the engines torque.

Secondary Injection

A secondary injection is employed in engines with exhaustgeirculation(EGR).
Here exhaust gases are fed back into the engine so as to deelonigsions, and

fuel is injected during the exhaust cycle.

The secondary injection does not combust upon injectiohyddher vaporises.
Some of this fuel is later combusted after the exhaust gaisculated, and the
remainder of the fuel is used to act as a reduction agent inatadytic converter

and lowers the levels of NO

In order for a secondary injection to be effective, it is regd that the catalytic

converter fitted to the car be compatible with the reductemmnique.

2.9.4 The Common Rail Injector

In the mechanical injector, the injection is initiated by ianrease in pressure,
resulting from the fuel pump directing pressure toward thedtor, acting against
the spring which holds the injector in a normally closed posi Thus the opening
and closing of the injector is entirely a result of the presstariation in the fuel
line to the injector. With the common rail injector the injea is initiated by
a current placed upon a solenoid contained within the iojeethich allows the

pressurised fluid in the common rail to flow into the combusttbamber.
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2.9. THE COMMON-RAIL SYSTEM

Common Rail Injector Design

A cut-away schematic of a common rail injector is shown inufgg2.7. The

opening and closing of this type of injector is based on tlesgure differential

T To tank

across the injector needle.

From rail »
Line volume | Solenoid
Control Volume
Volume 1
Bleed orifice
Plunger
Feed orifice
Plunger
crown Needle
— Vol 2
Shoulder onume

Needle

Sac volume

Spray

Figure 2.7: Schematic cut-away of a common rail injectol [27

Common Rail Injector Operation

When the injector is closed, that is, there is no current onrtjeetor’s solenoid,

the control volumes on the top and the bottom of the injectkanger and needle
are both subjected to the pressure in the common rail. Srecarea at the top of
the plunger is larger than the area at the base of the nekdlegsgultant force on

the injector is downwards, and the injector remains closed.

The region above the plunger, designated the control volarRegure 2.7, has an
inlet and an outlet. The inlet, known as theed Orificetakes the form of an I-

throttle, and the outlet known as tBéeed Orificetakes the form of an R-throttle.
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2.9. THE COMMON-RAIL SYSTEM

It is the pressure in this control volume which determines ltlehaviour of the

injector with regard to opening and closing.

When current is passed through the solenoid, the valve baheiRR-throttle on

the Bleed Oirificerises, and this exposes the control volume to the pressuhein
return line away from the injector. As a result of this, thegsure in the control
volume above the injector is much lower than the pressurderstrface below
the injector. This reduction in pressure causes an upwaultamt force to act
on the needle against the nozzle spring and moves the inghetoeedle upward.

This results in the injector opening and fuel being injected

Upon closure of the injector the ball valve seals the contodime above the
injector, and the pressure in the control volume returnBabih the common rail,
the same as that below the needle. This results in the refuhe @riginal state

described above and the cessation of injection.

Effects of Varying Orifice Parameters

As would be expected, the discharge coefficients in the feeldbdeed orifices
will have an effect on the flow rate from the injector. The effeof varying

characteristics within the bleed and feed orifices are dsed below.

Bleed Orifice: A higher discharge coefficient for the bleed orifice will hdtie
effect of decreasing the time taken for the pressure in thealovolume to reduce,
and this result in a faster opening of the injeététowever, an increased discharge
coefficient will have no effect on the flow behaviour at the efhhjection, since

this is controlled by the ball valve, and not the charactiessf the throttle.

Feed Orifice: A decrease in the discharge coefficient of the feed orificalt®s
in a slower drop off in the injection rate profile, since thegsure in the control
volume will rise to the pressure in the common rail more sjowlhis results in

the needle moving down later. However, this decrease itmdrge coefficient will

2Naturally, the opposite is true of an decrease in the digehewefficient
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also result in a decreased rate of pressure drop within thieadavolume, leading

to sluggish injector behaviour.

Thus, the bleed orifice relates to the opening of the injeatdy, while the feed

orifice relates to both the opening and closing of the injecto
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Chapter 3

Experimental Faclilities

3.1 Introduction

The following section contains details regarding the equépt used for the testing

conducted, upon which this research is based.

The equipment is contained within a test stand located witie thermodynamics
laboratory at the University of the Witwatersrand, Johaeg. The test stand
was designed and built, specifically for Wits University,d&firm called INOVS,

based in Buckingham, England. The test stand was installéd¢@mmissioned

late in 2008.

A photograph of the Test Stand is shown in Figure 3.1. Thestesid is pictured
with its lower side panels removed, allowing one to see theftel and cooling
fluid tanks along with their low pressure pumps, which are med above the

tanks.

The test stand allows one to investigate:

¢ Injector Spray Patterns

¢ Injector Flow-Rate characteristics
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3.2. MECHANICAL COMPONENTS

These two systems operate independently, while employiagsame common

rail.

3.2 Mechanical Components

High pressure fuel is supplied to both the spray visuabsatijector, and the flow
rate injector by a Siemens automotive common rail, part rerbbvVS4002. The

common rail's design pressure is 1800bar.

A pressure transducer is connected to one of the commonutdtgorts. The
signal is amplified by a KISTLER calibrated amplifier, TYPEL8&0. The trans-
ducer is rated for pressures from 0 - 2000 bar, and suppléetett stand control
unit with a 0 to 10v signal which is proportional to the pragsin the common
rail. The test-stand software then relates this voltagéeaail pressure and this

is recorded.

Test fluid or fuel is supplied to the common rail by a Siemem¥Vvthree node

Figure 3.1: Injector Test Stand
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3.3. TEST STAND INJECTION CONTROL SYSTEM

high pressure fuel pump, part number KQ®. An illustration of such a pump is

shown in Figure 3.2.

Figure 3.2: A typical three node common rail fuel pump [12]

The common rail fuel pump is driven by an EROY, 380v, 5.4 kw AGtan, the

speed of which is controlled by an Emerson Unidrive varift@guency AC drive.

Fuel being used for testing is stored in a 20 litre tank lotate the base of the
test stand. This fuel is supplied to the high pressure commaibfuel pump by a

smaller, low pressure pump which is driven by a 750 watt ABB AGton

The flow measurement system, known asAlkebis, is cooled through pumping
calibration fluid through the flow meter. This calibrationidlis stored in a tank
identical to the fuel storage tank, as may be seen in Figure The calibration
fluid's temperature is regulated toZ5 and is circulated by the same low pressure
ABB motor as is used for the test fuel. A photograph of the gfer@anks and

pumps are shown in Figure 3.3.

3.3 Test Stand Injection Control System

The actuation of the fuel injectors is controlled througlftware generated by
INOVS8, based upon a CAPAC base. This software allows the wsepntrol
various aspects of injection, including the injector tign@nd power parameters.

The parameters which the user may vary are listed in table 3.1
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Akribis Cooling
Heat Exchanger

Low Pressure
Pump

Low Pressure Fuel Pump
Tank Breather

Drive Motor

Tank Level
Transponder

Test Fluid Level
Indicator

Test Fuel Tank

Figure 3.3: Fluid Storage Tanks and Pumps

Table 3.1: Injector Control Input Parameters

Parameter Unit
Boost Voltage \%
Current during Boost phase A
Length of Pull In Phase !

Low current value in Pull In Phase

S
A
High current value in Pull In Phase A
Low current value in Hold Phase A

A

High current value in Hold Phase

Through the variation of these parameters the test standemayjate the signals
which would be sent to the injector from the ECU and injectavetdrin an auto-
motive case. This allows the test stand to be customisedtbattany solenoid

actuated injector may be tested.

The control package allows up to five injections per evente Tiker may set
the durations of these injections, as well as the time betvwbese injections.
The delay between the start of injection signal being rexkifrom the sender
unit may also be varied. Since the durations and intervaisdsn injections are
variable, the test stand may be set up so as to test multijgetion regimes, or

pilot injection conditions.
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3.4. INJECTOR FLOW MEASUREMENT

3.4 Injector Flow Measurement

As mentioned above, the test stand has facility to measerddtv through an
injector very accurately. This is accomplished throughubke of a flow meter
developed by the manufactures of the stand, INOV8, knowma&kaibis. An

image of the Akribis unit is shown, in Figure 3.4.

Injector Control
Module

Injector

High Pressure
Fuel Inlet

Common Rail

Common Rail

Pressure Gauge Akribis Flow

Measurement Unit

Drain Valve

Figure 3.4: Akribis injector flow meter system

The Akribis is a piston operated flow meter. The injector isaled above the
piston and injects fuel into a region above it. The pistorugp®rted by a bed of
pressurised nitrogen. The pressure of this nitrogen maybed; thus emulating

the effects of injecting into various combustion chambatest.

The displacement of the piston is measured during the caditbe injection, and
related to the rate of injection as well as the volume injgcliehe pressure in the
common rail is also recorded through the course of the ilgectlong with the
profile of the signal sent to the injector. These signals arg §om the Akribis
metering unit to a PC, fitted with software also developed bW8 on a CAPAC
base, which allows one to view, both graphically as well as@rically the nature

of the measured details of the injection.

The compartment in which the Akribis is mounted is sealed, lzafore injection
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may be commenced this compartment should be purged witigeitrsupplied by
an external source. This is a safety measure to eliminatelaayce of ignition
of the fuel being tested. Also, the compartment of the tesidstvhich houses
the electronic control systems is purged - however, thigipgris done with com-

pressed air as opposed to nitrogen.

The specific Akribis fitted to the Test Stand can measure tioje@vents of vol-

ume: 0.5 - 150mrh with timing increments of 0.02ms.

3.5 Injector Spray Pattern Imaging

3.5.1 Introduction

The test stand also has the capability to collect imageseo$pinays generated by
injectors. This is accomplished in a section of the testdstamtaining a spray
chamber and cameras. The captured images are then sent tcoafa®ed in the
test stand control room, where a software package is usetegs the images

and produce results.

Details regarding the cameras, spray chamber, and sofawagresented below.

3.5.2 Cameras

The image capturing system consists of two cameras, locatiedgonally to each
other. The first camera, designated camera 1, is locatedrnguté the spray
injector, and the second camera, designated camera 2his $ide of the injector.

This enables one to see the development of the spray in thremsgions.

The cameras used are suppliedlzy Vision the same firm who developed the
software which is used in the processing of the images. Tirecas arémager

Compacta photograph of which is shown in Figure 3.5.
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[WAVET-TY ‘
CAMERA 2

Imager compact

I

Figure 3.5: Flow visualisation camera

As may be seen in Figure 3.5, the image is projected into theecathrough a
lens. The lenses are 28mm, 1:2.8 aperture, Nikkor Lensdshvaine mounted to
the La Vision cameras through an adapter. The aperture ang faf the lens is

set and may not be changed during the course of experimamtati

Both cameras are housed within black metal shrouds whiche germinimise

light ingress, and reduce noise within the image.

3.5.3 Spray Chamber

The spray chamber consists of a box, 300mm by 300mm, whiclglaas win-
dows in the sides and base. The windows serve as opticalsfordsth cameras
as well as light sources. Schematics are shown below,riitist) the layout of the

cameras and light sources for cameras 1 and 2, in Figures8.8.@ respectively.

The spray chamber is ventilated to the atmosphere througlttacdntaining an
inline fan, which draws air from within the spray chamber.isTtiuct contains a
flow actuated switch which closes when sufficient flow passesigh the duct -

the test stand will not operate unless the flow is sufficiemidse this switch.

High pressure air is routed over the windows in the spray darby devices

known as air-knives. These air-knives serve to blast aithafwindows, thereby
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avoiding a build-up of fluid and enabling the system to captaore representative

H Injector

images of the spray development.

Window Window

Light 1 Light 1

E Window

Camera 1

Figure 3.6: Schematic illustration of camera 1 and relatgutihg

H Injector
Window

JN fiff# Camera 2

Window

Light 2

Figure 3.7: Schematic illustration of camera 2 and relatgttihg
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The spray visualisation system is contained within a sedfdhe test stand which
is enclosed by three doors, on of which may be clearly seeigur& 3.1, on page
36. These doors are fitted with solenoid controlled doorspekiich prevent the
spray chamber from being accessed while injections areogrpss, or when there

IS no power to the test stand.

3.5.4 Injector Imaging Software

The imaging software is developed by the same firm who deeeltipe cameras,
La Vision The imaging package is callddaVis and is used for CCD image

acquisition and processing.

The spray visualisation system employs a process knownasrg. This process
captures one image of the injection per injection. The meaehich theDaVis

software employs is to capture a user defined number of imatgegiven instant
during the spray. The user may define the instant at which b begins
acquiring these images, the interval between the imagesthantime at which

the system stops capturing the images.

Once the system has run through the image acquisition ptesre will be a

number of sets of images from the various time intervals twvhiave been defined.
The sets of numerous images for a given time interval shdwdd be averaged.
The averaging is a statistical process which combines #tarfes of all the images

captured into one image.

If the background is likely to interfere with the image it mag subtracted. This is
done through specifying a background image, generallynthledore the process

of injection is begun.

Once the images have been averaged, and if necessary thgrdoawik have been
subtracted, the images may now be processed by the [Iz&bsnetry Package
The geometry package, which needs to be set up with regane toc¢ation of the

injector nozzle and the sprays, performs analysis of tha@yspith regard to spray
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characteristics. The specific spray characteristics wthielpackage identifies are
the spray penetration, cone angle, and spray width at spedistances from the

nozzle.

Where the geometry package defines the spray to be is depemmenthe thresh-
old defined by the user. According to the Manual on@d/isgeometry package:
“The threshold is a very sensitive parameter of the Geomeirikdge and must
be defined carefully. A bad threshold may be the main reasostfange ge-
ometry angles or other bad resultsThis threshold may be defined as either an
absolute or a percentage. If it is defined as a percentagetetrdines the maxi-
mum intensity counts in the source image and defines the ddige spray where
the intensity of the light descends below the user definecemage of the maxi-
mum intensity [20]. The threshold may be defined differefdlycone-angle and

penetration, and should be recorded and associated witkshés.
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Chapter 4

Procedures and Precautions

The test apparatus has been described in Section 3, on pageh85ollowing
section describes the manner in which the test stand is tgpkras well as the

procedures followed during testing.

The operating procedures for the test stand will be divigkal three sections

1. General Test-Stand Operation
2. Spray Visualization Procedures

3. Fuel Flow Metering Procedures

4.1 General Test-Stand Operation

Certain procedures need to be followed for test stand usediega of whether it
is to be used for spray visualisation, or fuel flow meteringe3e procedures are

detailed below:
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4.1.1 Test Stand Power

The power to the test stand needs to be switched on. This & loprotating the

three phase switch on the side of the power enclose.

4.1.2 Operating Test Stand

The test stand should be switched on by pressing the grednbutton labeled
"TEST STAND ON” on the test stand power enclosure.

4.1.3 Air and Nitrogen Pressure

The test stand requires high pressure air and nitrogen. dititeot valves for these

need to be opened.

High pressure nitrogen is stored in a cylinder located oretist side of the room
in which the test stand is located. It is necessary to openahe on the top of
this cylinder. The pressure regulator should already hehsetever it should be

checked that the outlet pressure is 40 bar.

Compressed air is supplied to the test stand from air recelgeated in the lab-
oratory. The compressed air valve is also located on thesgdestof the room,
and should be opened completely. The pressure may be chenkée pressure
receivers on the dehydrate, and should read around 6 bduisIptessure is not
present there is no pressure in the air receivers, and tloeal@vy compressor

should be switched on to supply pressure.

The air and nitrogen pressure gauges on the test stand showldise to their
proper positions. These gauges are indicate@asge land Gauge 2in Figure
4.1 below. If these do not rise, the 'Electrical Enclosuregeuswitch on the
front of the test-stand should be turned on and off agaifowad by turning the

'Akribis Enclosure Purge’ switch on and off. By enacting thege systems for a
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short time, the line pressures in the test stand shouldaitdeetcorrect levels.

In the case ofGauge 1not rising to 5.5 bar, the pressure may be adjusted by
rotating the air pressure regulator, labeReulator lin Figure 4.1. It should be
noted that typically this regulator does not need to be aeljlus

Gauge 1

Regulator 1

Gauge 2

Figure 4.1: Test Stand Pneumatic Control Panel

4.1.4 Operating Water Chiller

The water chiller, which acts to cool the test fluid and theiikrcooling fluid,
needs to be switched on. It should be ensured that the watker ¢k on both at

the switch on the cooling car and at the wall socket wheraugginto the mains.

Note: No warning is given if one forgets to turn on the cooling céeither of the
fluids rises over its safe temperature then the test standéhit down, and one
needs to wait for the fluid to cool to below its maximum tempam before the

stand may be restarted.
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4.1.5 Operating Air-Extraction System

The test stand is equipped with an air-extraction systengiwiemoves air out of
the LaVision spray chamber. This fan is turned on by a switclated next to the

distribution board, on the North Side of the room.

Note: If possible, it is worthwhile turning the extraction fansroom T16. If the

extraction fans in room T16 are not on, that room tends to fithwthe exhausted
gases from the test stand, as both rooms ventilate into the saurtyard. But
turning on these fans a relative high pressure is creatdtkeicdurtyard, and the

laboratory remains free from gases.

4.1.6 Opening Injector Control Software

The Stand PC, which is labeled as such, will have turned on vpogrer was
supplied to the test stand. At this stage it is necessaryea tge software which
controls the test stand, and injection profile. This sofenadaunched by double-

clicking the "Launch” icon on the desktop.

The software will open, and a dialog reading "Initializingiill open. This dia-

logue will close in a few seconds.

Once the software is initialized, the "Stand Status” bugbould be selected on
the injector control package. This opens a dialogue boxhinidicates any errors

on the test stand.

4.1.7 Starting Test Stand Pumps

The test stand consists of three pumps, as detailed in 8egtiolhe first two
pumps are switched on first by pressing the "TAK COOL PUMP ON” arasT
OIL PUMP ON” push buttons.

Once the above two pumps have been switched on, the testwiihstieck the
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stand for errors. It is important at this stage to check tlam&Status dialogue on
the test stand PC. If any errors are detected, these shoutttbesaed - otherwise

the Common Rail pump will not activate.

If the Test Stand status is all green, the "CR PUMP DRIVE ON”dughould be

pressed. This activates the drive to the common rail highgure pump.

4.1.8 Setting Injection Parameters

From the stand PC software, the Injection parameters magtb&sis is done by
clicking on the’Injector Firing & Pressure Control” button on the injector Stand
PC. This will open the injector control dialogue, where thedtion parameters

may be set.

These parameters include the number of injections per gtrentluration of the
injections, and the time between injections. With theseup@ters an injection

may be developed to emulate the an injection in an automappéication.

4.1.9 Setting Common Rail Pump Speed

Again, from the stand PC software, the speed of the commibpuap may be
set. By clicking on thdPump Speedbutton, a dialogue which allows the pump
speed to be set is brought up. The pump speed should be sé@@i® which
may be done by either selecting th800rpmbutton, or entering the speed into

the appropriate space.

It is good practice not to bring the pump straight up to 1060mmmediately, an
intermediate speed should be selected first, and once thp pamstabilized at

this speed then the speed should be increased to 1000rpm.

49



4.2. SPRAY VISUALIZATION PROCEDURES

4.1.10 Setting Common-Rail Pressure

After the common-rail pump has been set to 1000rpm, the preskemand may
set. This is done through thénjector Firing & Pressure Control” dialogue.

Once the pressure has been set,&mply” button should be pressed.

4.1.11 Enabling Injections

Injections are enabled through selecting'tBeable Injections” check-box in the
"Injector Firing & Pressure Control” dialogue, followed by pressing thapply”

button.

Once injections are enabled, one should be able to hear stiraive sound of

the injector injecting.

4.2 Spray Visualization Procedures

The details, beyond that which is detailed above, for theaimn of the spray
visualization functionality of the test stand are detaitede. For more technical
or intricate details regarding the operation of the LaMisgoftware should be

referred to.

4.2.1 Setting Test Stand Mode

The rotary switch on the front of the Test Stand power enc®should be set to
"SPRAY".
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4.2.2 Spray Injector Current Plug

The injector current plugs may be found in the test standrobenclosure, in
the top right corner. There are two plugs, one which send®otto the Akribis
injector, and the other which sends power to the spray \iiat&n injector. It
should be ensured that the plug marR&PRAY” is plugged in, and the latch
around the plug closed firmly. A picture showing the injeatorrent plugs, with

the spray injector plugged in, is shown below in Figure 4.2.

Figure 4.2: Test Stand Injector Current Plugs

4.2.3 Activating Air-Knives

As discussed in Section 3, the air-knives are used to enbkatddst fluid does
not build up on the windows of the spray chamber. The air lsiare activated by
clicking on theAir-Knivesbutton on the test stand PC, and selecting the air-knives

for the camera which is to be used for the imaging project.

Note: The air-knives are fed by the same air line as feeds the porgbd elec-
trical enclosure. If this purge is not switched on, the aiivks will not operate.

No warning is given if this is the case, and poor images wdlite
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4.2. SPRAY VISUALIZATION PROCEDURES

4.2.4 Starting LaVision PC

Unlike the stand and Akribis PC’s, the LaVision PC does nat statomatically

when the test stand power is turned on.

The LaVision PC, which is located in the control enclosuredsso be turned on

by opening the cover in the front of the PC, and flicking the posvatch.

4.2.5 LaVision Application

The LaVision software packagé&aVis 7.2”, is launched through selecting the
"DaVis” icon on the desktop. Various procedures need to be followvedpture
images, as detailed in the LaVision Manuals, or the manualeldped by the

author as part of a final year Research Project in 2008.

4.2.6 Setting number of Images per time step

In the LaVision software, under the acquisition menu, thex nsay set how many
images per time interval the system captures. This may b&smty number

between 1 and 571.

4.2.7 Start, End and Increment Time

Again, in the acquisition menu, the user may set at what poitiite injection the
image acquisition process begins, and at what point it cet@seapture images.
The increment time may also be set, that is, the time betweeressive sets of

images is captured.

The shorter the increment time, the greater the resolutidgheoinjection infor-
mation will be. The disadvantage of a very short incremettias the tests take a

very long time to run, and the data occupies considerablyerhard-drive space.
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4.2. SPRAY VISUALIZATION PROCEDURES

4.2.8 Statistical Imaging Processes

Once the system has captured the spray images, it is negessaverage the
images taken at the same time step. This is done throughstistdtprocess built

into the DaVis software.

Following the averaging process, it is necessary to subérédackground image
from the averaged image. This is done by selecting a backgronage which is
taken without a spray present, and instructing the softécaremove the elements

of that image from the experimental image.

4.2.9 Geometry Package Use

The DaVis software, when operating iBxpert Usermode has a functionality
known as the geometry package. This geometry package eswtiatystical algo-

rithms to determine the geometrical structure of the spray.
Specific items of interest are the cone-angle and penatrafithe spray.

Note: The geometry package works by determining the intensitygbit in the

image, and then finding the cone-angle penetration of theeydpy looking for a
user defined percentage of the total intensity of the sprhg. sbftware identifies
the end of the spray where the intensity of the light reachissvalue. For this
reason, the user intensity which is selected must be kemtaonfor all tests,

otherwise the numerical evaluation of various sprays vatladign.

4.2.10 Exporting of Images

The DaVis software enables one to export images. Images of interegtoma

exported, along with videos depicting the spray developing
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4.3 Fuel Flow Metering Procedures

As in the case of the spray visualisation aspects of the tastisthe procedures
detailed here should be supplemented by more technicahtpgrinstructions
as contained in either the Akribis help file, or the Akribiseagtional manual as

prepared by the author.

4.3.1 Setting Test Stand Mode

The rotary switch on the front of the Test Stand power encshould be set to
HAK” .

4.3.2 Spray Injector Current Plug

As in the case of the Spray Visualisation, the Akribis plugwh in Figure 4.2

needs to be plugged in, so that the Akribis injector injects.

4.3.3 Switching on Akribis Drain Valve

Since the Akribis is a piston based flow meter, it is necesadyain the fuel out
of the region above the piston. This is done through the usedodin valve. This
drain valve is switched off when the Akribis is not in opeoatiso as to avoid it

running continuously and burning out.

The drain valve is switched by a switch on the back of the dvalae controller.
The back of the Akribis drain valve controller may be accdgsem the back of

the test stand control enclosure, and a picture of it is sHzslow in Figure 4.3.

Note: If the high pressure Nitrogen supply is turned off the Dramwé may
operate since without the bed of nitrogen the piston will stbdown, and the

system will believe that there is fuel in the region abovepiston and attempt to
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4.3. FUEL FLOW METERING PROCEDURES

drain this fuel.

4.3.4 Akribis Injections

At this point injections into the Akribis unit may start. Bhis done through en-
abling injections through th&njector Firing & Pressure Control” dialogue, and

selecting’Apply” .

4.3.5 Setting Drain-Rate

The drain rate on the Akribis should be set. The drain ratdt&ea through
adjusting the potentiometer on the Akribis drain valve colninit, located in the
test stand control enclosure. While the test stand is imjgdt free-run mode,

one may see what the drain rate is by looking at the graphedeat the screen.

The drain rate potentiometer should be adjusted until trasncrate reaches -12
to -15 mn¥/s. Further details regarding the operation of the drainevatay be

found in the test stand operating manual.

DV:QUTPUT
PULSE = &

r

Figure 4.3: Rear of Akribis Drain Valve Controler

55



4.4. EXPORTING RESULTS

4.3.6 Running Tests

Akribis tests are run through taking the Akribis PC out okfrein mode, and then
putting it into”"Test” mode. The number of injections to be recorded, and settings
regarding the location of the saved test may be found by thedethe”Settings”

button.

The settings menu is somewhat self explanatory, but additidetail may be

found in the Akribis instruction manual, as mentioned inti®#c4.3 above.

4.4 EXxporting Results

The results from the spray visualisation my be exportedguswoftware eloped
in Dev-C++ [27], . The software, may be found on the desktophefltaVision
computer and retrieves the results from the above-merditeé files and inserts

them into a new tab delimited text file.

Note: The program which extracts information from the text fileguiees in-
formation to be entered into the input file in a specific ordérinformation is
not entered into the input file in the correct order then tisailts will not be ex-
ported. The details regarding the formatting of the inpet dite contained in the

“Readme” file in the same directory as the file.

The Akribis results may be exported through the use of Teep8, an application
developed by INOVS8 to allow one to analyse Akribis resultdhisTis done by
opening the test, as saved when the test was run, and sglegort from the

“File” menu.

Note: The exporting function will prompt the user to select fronedes of check-
boxes what should be exported. The user should sé&lageformgrom this list,

as this exports all data.

The files exported through the use of Test-Scope are exporgedanner which
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4.5. DELETING SUPERFLUOUS IMAGES

is very difficult to process, since each injection is saveddrown text file. A

specifically developed C++ program is then used to combinthaltata from a
single pressure and duration test into a single text filesisting of a column for
each injection, and a row for each time step. This text file thap be manipulated

in a package such as Matlab or MS Excel.

4.5 Deleting Superfluous Images

During the spray visualisation process, the system captuteser specified num-
ber of images per time increment, as detailed in Sectiom 4@nce these images
have been averaged, and one images has been produced byicgntiee charac-

teristics of all these images, there is no need for the nialtipages to be stored.

By deleting these images, up to 85% of disk space may be saved.
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Chapter 5

Injector Flow Analysis: Results and

Discussion

5.1 Introduction

The aim of the testing to be conducted was to test and chaisectae difference
in performance between new and used injectors. To fa@ilitais a set of seven
injectors was obtained for testing, the set consisting @etorand new injectors,
and four used injectors of unknown origin. All seven of thgators were identi-

cal Bosch injectors, of part number: 0 445 110 181.

Two of the used injectors were supplied exactly as remowvah the engines in
which they were operating, and two were supplied after ltaviad their noz-
zles ultrasonically cleaned. The two injectors which warppdied as run in the
engines were naturally coked up, and were cleaned throwgghgé of a buffing

wheel before testing so as to prevent dirt carbon ingressing apparatus.

A simple naming convention was developed for the injectanssesting of two
letters and an number. The new injectors were named NI1 ¢iwrdli3, with the
letters standing for “New Injector” and the used injectoss@named Ul1 through

Ul4, with the letters standing for “Used Injector”.
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5.2. TESTING OUTLINE

This chapter will be structured as follows:

A brief outline of the testing regime followed will be given.

The testing of a variety of new injectors will be described.

A generic comparison of the performance of the used injsetdlbe made.

A structured analysis of the performance of all injectort n@ made.

5.2 Testing Outline

The testing was conducted using the Akribis test unit, asiletin Section 3,
describing the test equipment. Tests were conducted asyress of 300, 600,
900, 1200 and 1400 bar, with flow results being taken at duratof between
300us and 2500s, at intervals of 100s, for all pressures. At higher pressures,

durations as low as 158 were tested.

Tests were conducted in accordance with the proceduresedeta Section 4,
with the results produced being exported to individual fégs through the use
of the Test Scopeoftware package, as developed by the manufacturers aéshe t
stand. The text files were then combined into a single textHileugh the use of
Dev C++ Software which served to combine the results of thiwiehaial tests into

a single file.

Code was developed in Matlab which served to read the datathisnsombined
text file, and plot bulk graphs which allowed one to clearlgntfy patterns and
trends which developed in injectors. A full set of graphsvging the results of all

Akribis testing is contained in Appendix A.
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5.3. COMPARISON OF PERFORMANCE OF NEW INJECTORS

5.3 Comparison of Performance of New Injectors

As mentioned above, three new injectors were obtained érdbearch to be con-
ducted. Before it is possible to conduct meaningful anaiyscsthe difference in

performance between new and used injectors it is importaestablish whether
the performance of new injectors is consistent. To checkhérehe performance
of new injectors was consistent all three new injectors vgelgected to an iden-
tical testing regime. The same tests as were to be performéteaised injectors

were carried out on the new injectors.

To facilitate the comparison of results, the total voluméuaf injected during an
injection was plotted against duration at all pressuregurés 5.1 to 5.5 show
the volume of fluid delivered against the duration of the ghigns, at injection

pressures between 1400 and 300bar.
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Figure 5.1: Volume of fluid delivered vs injection duraticor inew injectors at

1400bar
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Figure 5.2: Volume of fluid delivered vs injection duraticor new injectors at
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Figure 5.3: Volume of fluid delivered vs injection duraticor hew injectors at
900 bar
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Figure 5.5: Volume of fluid delivered vs injection duraticor new injectors at
300 bar

At all pressures a strong correlation may be seen betweevothme delivered

by all three injectors.

Figure 5.1 shows that the correlation is very close to cotegl@ough the entire
range of injections, which range from deliveries of 3.7 fim 138mni. This
indicates that at the injectors optimum operating presstie400 bar, the new

injectors are behaving virtually identically.
If one looks at the behaviour of the new injectors as the dgfiypressure is de-

62



5.3. COMPARISON OF PERFORMANCE OF NEW INJECTORS

creased, the correlation may be seen to break down. If the fdodelivery pres-
sures of 300 and 600 bar, in Figures 5.5 and 5.4 are examimadyibe seen that
a strong correlation of the injectors performance stilsexat lower durations, but

this is not the case when the durations exceed around.E300

Specifically NI2 does not correlate well with the other twgegtors, and does
not appear to follow the same linear trend illustrated iro#tler representations.
Since injectors NI1 and NI3 both appear to follow very simiileends, even in
the extreme case of low pressure and long durations, it fEulif to argue as
to whether one should expect the delivery characterisfiegaonjector to break
down here, however, this difference in performance will benle in mind during

the analysis of the performance of the used injectors.

When critically analysing the performance of NI2, it is notethy that the region
in which the performance of the injector breaks down is naégian where an
injector would typically operate. An injector generallyesptes at low pressure
only while the engine is idling, and as soon as load is apghbetthe motor the

pressure will increase to facilitate better atomisatiotheffuel.

The above point regarding the operating region in which #régpmance of NI2
breaks down is illustrated by the fact that an 188@njection at 300bar injects
36mn? of fluid, whereas even at the relatively low pressure of 90€tia amount

of fuel is delivered in a 80@s injection. Based on that, it would seem unlikely that

such a large volume of fuel would be demanded at such a lovatipgipressure.

In the interests of simplifying the analysis to be done whemgaring the perfor-
mance of new and used injectors, a single new injector is tohiesen for this.
Injector NI3 is the most consistent in its performance, al agpossessing the

largest data set, and therefore will be used for the anaiysie conducted.
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5.4 Injector Comparison

This section begins to look at the performance of the usextiofs, upon which
this study is based. The results presented in this sectonicliook at the perfor-
mance of all the used injectors and compare their performmthat of injector
NI3, the new injector. The detailed analysis of the perfarogaof the used in-
jectors, which is to be conducted below, will be based upenfitidings of this

section.

While a multitude of results are available from testing, ascdbed above in the
testing outline section, it is important to condense thesalts into a comprehen-
sive and compact set of results. The detailed behaviouradf igector at various

pressures and durations will be analysed in Sections St bt4.

To facilitate this initial analysis the performance of allif used injectors is shown
in the same manner as that of the new injectors, as a plot dfdklivered against
injection duration at various pressures. The results fovfahe delivery tests at

pressures between 300 bar and 1400 bar are shown below ire§igi to 5.10.
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Figure 5.6: Volume of fluid delivered vs injection duratiasr hew and used in-

jectors at 300bar
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Figure 5.10: Volume of fluid delivered vs injection duratifor new and used

injectors at 1400 bar

It may be seen from Figures 5.6 to 5.10 that the used injedimiadeed behave
differently to the new, control injector. The performandéle injectors varies as
the pressure increases, as would be expected. Injectordvkdstently overfuels
slightly across all pressures, while all other injectorgdtéo underfuel to varying

degrees at all pressures.

While the specific behaviour of each injector will be discasiselividually in the

next series of sections, a few observations may be madesastdge regarding
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the performance of the injectors. A note specifically alile to Figure 5.6, is
that injector Ul4 fails to deliver any fuel at an operatinggsure of 300 bar. This

explains why no plot is visible for Ul4 in this figure.

Figures 5.6 to 5.10 show that when the fuel delivered by teingctor is plotted
against injection duration at constant pressure an almosar trend emerges.
This trend was present in all of the results attained fromrtéw injectors, as

illustrated in Section 5.3, on page 60, and illustrated guFes 5.1 to 5.5.

It seems reasonable that in certain cases a worn injectobetagve in a similar
manner to a new injector, only delivering more or less fuelpehding on the
nature of the wear. If this were to be the case, one would éxpesee linear
behaviour from the injectors, as witnessed in the new injeesults. Figures 5.6
through 5.10 reveal that this linear trend is indeed preskon two of the used
injectors, specifically UI2 and UI3. UI2 may be seen to “Odeliver” whereas
UI3 is evidently “under-delivering” across most pressutagctors Ul1 and Ul4
on the other hand do not follow this linear delivery trend.e3& two injectors
appear to follow a somewhat erratic trend, although bottchors seem to display
a notable “knee-point” whereby the delivery appears tolleffeand no increase

in delivery results from an increase in duration.

All of the above mentioned deviations from the “standard’eatablished by the
control injector, NI3, will be discussed in Sections 5.&@516.4. An attempt will
be made to explain the deviations with respect to modes of imezommon rail

injectors.

5.5 Cauvitation Investigation

As discussed in the literature survey, the phenomenon d&t@an, typically asso-
ciated with pumps, may occur in fuel injectors. In this setthe results obtained

from the used injectors will be investigated with regarddsitation.
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It would be reasonable to expect that cavitation may occwadm injectors due
to the fact that wear could influence a number of the parametbich affect the
likelihood of cavitation occurring in an injector, as dissed in Section 2.6, on

page 17. These parameters include:

e Hole Diameter
e Entrance shape of holes
e C, for Nozzle

o Needle Lift

Equation 2.19 presented in the literature survey is reptedeagain here for ease
of reference:

iy = kvVAP (5.1)

Whereni; is mass flow-rate, andP is the change is pressure across the nozzle.

The constank is defined below:

k= CdAQ\/ng (52)

As discussed in the literature survey, the linear behawi@scribed by equation
5.1 will break down when cavitation occurs. If cavitationcacs during in an
injection one would notice that the rate at which fluid is lgedelivered would

not increase with increasing pressure.

The results of the Akribis tests have been processed sutlhiia compliance
with equation 5.1 may be verified. This was done by averagwegflow-rate
(which may be assumed to be directly proportional to mass ffétevif density is
constant), during the period where the injector is injegtm an almost constant
flow-rate. To facilitate this, an algorithm was written tdelenine the average vol-
umetric flow-rate above a threshold of 75% of the maximum flate r The results
of this algorithm when performed on a single injection arevgt below, in Figure
5.11 which indicates how the average delivery rate at stetadg was determined.

The cacluated avearge steady state flow-rate is indicatéueldyorizontal line.
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Figure 5.11: Injector delivery rate vs time, indicating eage steady state delivery

rate

A plot of the performance of all injectors at a duration of @@8is shown below in
Figure 5.12. The figure shows that all injectors continuedlivdr an increasing
amount of fuel as the rail pressure increases. It may be $edrfdur of the
injectors, NI3, Ul1, UI2 and UI3 all follow linear trends agpected, based on
equation 5.1. Only injector Ul4 does not follow the samedin@end as evident in
the plots of the performance of the other injectors. Howgteavitation were to
be occurring one would expect to see a “flat-lining” of thawly with increasing
pressure. This is not the case, instead, the delivery agetito increase, and the
rate of increase tends toward a gradient similar to thatebther injectors. Based
on this discussion, it may be stated that cavitation is nougng in any of the

injectors tested.

Figure 5.12 indicates that three of the injectors share #dasimgradient, and in-

jectors UI3 and Ul4 have less steep gradients. This vanatigradient indicates

69



5.5. CAVITATION INVESTIGATION

a difference between the various injector in the 'k’ termjrasoduced in equa-
tion 5.2. This would indicate a difference in eithey @ A,, as the density term,
2p¢, cannot change. Since the gradient of UI3 and Ul4 has desulesignifi-
cantly compared to the other three injectors, this ind#tat either Gor Ay has
decreased. It would seem unlikely that the area,should have decreased due to
wear. However, the discharge coefficient,riGay well have altered during the life

of the injector.

The injectors with the less steep gradients, injector UI@ ifector Ul4, were
supplied in the second set of injectors, and were thus sgbpliter having their
nozzles ultrasonically cleaned. There is a significantlanity between the two
injectors, and it will be shown in Sections 5.6.3 and 5.6at thrther performance

similarities emerge during analysis of these two injectors
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It is noteworthy, regarding the above discussion, that thevhich is discussed
above should ideally relate to only the nozzle, but sincetirgrol volume for the
experiments being conducted is the entire injector, thimtthe case. Therefore,
the discharge coefficient as discussed refers to the effigieinthe entire injector

and not just the nozzle, in converting a pressure diffea¢mito a flow of fluid.

5.6 Used injector Performance Investigation

Within this section the performance of each of the four usgettor upon which
testing was conducted will be investigated. Through comgahe results of the
used injectors with those produced by the new injector ptsseasons for the

disparity between the performance of the injectors will lsedssed.

5.6.1 UI1 Investigation
Introduction

Injector UI1 was supplied for the investigation from indystwhere the faults
present with the injector were described, on the tag, aevistl “Back-leakage

Ok. Delivery Characteristic Incorrect (underfueling)”.

From inspecting the performance of injector UI1 in the genplots of delivery
vs duration as presented in section 5.4, it may be seen fleaton Ul1’s delivery
performance is not in line with the performance of eitherrl® injector or the

performance of the other used injectors.

Observations

The performance of Injector Ull is noteworthy in that at séodurations the

delivery characteristics closely follows that of the otlgectors. However, at
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longer duration the delivery of the injectors appears teahemsteady value, and
does not increase in the same manner as the other injectospeldfically NI3,

which is the most consistent injector.

If one inspects the plot of duration against delivery at 9@€ Bhown in Figure
5.13 below, it may be seen that a distinct “knee-point” exw the graph, at
around 1100s and 50mm
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Figure 5.13: Volume of fluid delivered vs injection durati@n injectors NI3 and
UI1 at 900bar

After the knee-point, the delivery appears to “flat-linehelearly stages of deliv-
ery closely follows the performance of the new injector, enclosely than some
of the other injectors, which perform better at later stagfethe injection. This
close following of the new injector’s characteristic custggests that wear is not
present in either the feed or bleed orifices, the effects athvare described in

the literature review, on page 33.

A plot of injector delivery rate is shown alongside the firipglse sent to the
injector from the driver unit is illustrated in Figure 5.14lbw. This figure is a
plot of the rate at which fluid is discharged from the injecigainst the signal
sent to the injector against time. This plot aims to illustrdne manner in which

the injector behaves when subjected to an excitation signal
Figure 5.14 clearly illustrates the difference in perfonoa between the used in-
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jector, Ul1, and the control injector, NI3. It may be seert thgector Ul1 ceases to
deliver fuel before the driver unit stops sending a signél, twhile NI3 continues

to deliver fuel.

If one examines Figure 5.14, it may be seen that the firinggmésit to the injector
has two distinct steady levels. The first level is known as‘thdl” phase and is
designed to give the injector a high energy pulse to overdtsnaitial stationary

state. The second state is known as the “Hold” state, andsigmied to hold the

injector in an open position once the injector is open.

The tests run on the injectors were conducted using starsidtihgs, as pro-
grammed into the test stand by the manufacturers. Thes#esthsettings provide
for a 50Qus pull phase, which is evident in Figure 5.14.

The control injector, NI3, does not show a significant changeerformance when
it is receiving either the initial pull signal or the steadydld” signal. It may be
argued that the rate of delivery is more constant and lesétosc during the
initial phase of the injection. This level of subtlety, hoxge is beyond the scope
of this study. In comparison to the control injector, ingcUI1 does not appear

to react to the hold phase of the injector at all.

In order to verify the that the injector is not respondinghe hold phase of the
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Figure 5.14: Delivery rate and firing pulse vs time for in@@stNI3 and Ul1 for
300bar, 600s injection

73



5.6. USED INJECTOR PERFORMANCE INVESTIGATION

firing pulse, tests were conducted using identical firingpwettings but with the

duration of the pull phase extended to 10680

The results of the tests conducted for injectors using a:5G@hd 1000s pull
phase for injector Ul1, and a 506 pull phase on NI3, are shown below in Figure

5.15.
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Figure 5.15: Volume of fluid delivered vs injection duration 500:s and 1000s
Pull Phases, for injectors Ul1 and NI3 at 900 bar

Figure 5.15 clearly indicates that injector Ul1 behavetedgntly when subjected
to the 50Q:s and 1000s duration pull phases. It is immediately evident that
the used injector continues to flat line in terms of delivdnyt this now occurs
approximately 500s later. This leads one to believe that the firing pulse domati

is indeed having a marked effect on the performance of tieeioy.

In order to verify that the duration of the pull phase of theator should not affect
a properly functioning injector, a plot has been preparesvaing the performance
of injector NI3 when subjected to both 50 and 1000s pull phase durations.
It may be seen from Figure 5.16 below that there is no disbrrdifference

between the results for the two pull phase durations.
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Duration vs Delivery at 900
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Figure 5.16: Volume of fluid delivered vs injection duration 500:s and 1000s
Pull Phases, for injector NI3 at 900 bar

Discussion

The following subsection aims to provide rationale for tledhdviour of injector

Ul1, as described in the observations above.

The pull phase duration affects the profile of the signal serthe solenoid of
the injector. Based on the above results it seems reasoralleduce that a
degree of wear has been experienced within the solenoideahjéctor, leading
to it requiring increased current levels in order to hold itector open. The
results presented in Figure 5.15 provide a clear illusiratif the solenoid failing
to engage the injector’s ball to facilitate the injectiorowver, at higher pressures

the behaviour of the injector becomes less well defined.

An identical plot to that shown in Figure 5.15, but for a raiegsure of 1400
bar, in Figure 5.17. The delivery versus duration plots @@ ®ar and 1400 bar
injections, as shown in Figures 5.15 and 5.17, are similaha&t both closely
follow the control injector, NI3, until they reach the endloé pull phase, and then
tend to deliver less fuel. A major difference becomes evidéhigher pressures,
where the injectors do not cease to inject, or “flat-line” aislent in Figure 5.15

at 900 bar, but rather continues to deliver more fuel as aurabcreases. The
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delivery, however is not in line with the performance of tloairol injector, NI3.
This continued increase in fuel delivery as duration insesaindicates that the
solenoid has not lost all of its effectiveness. When it issiedi by an increase
in pressure in the volume beneath the ball, which is operhyethe solenoid,
it may still deliver fuel. From Figure 5.17 it may be seen ttta 50Q:s pull
phase injections experiences a steep gradient followedshgw period where the
injector does not deliver more fuel with increasing dunati®uring this period
the gradient of this curve is very similar to that of NI3. Thelidery of UI1,
employing a 500s pull phase, then rises to within %0f that of the same injector
using a 1000s pull phase, before following a similar characteristicite 100Q:s

pull phase plot.
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Figure 5.17: Volume of fluid delivered vs injection duration 500:s and 1000s
Pull Phases, for injectors Ul1 and NI3 at 1400 bar

At present there is no explanation for the intermediate iehaof the injector as
described above. The most obvious reason being differdravii@ur within the
solenoid once normal operating current has been restorednjunction with the
high rail pressure. Regardless of the mechanism behind theuahintermediate
results, the behaviour of the injector would lead to strapgdormance of the
engine to which it was fitted. This is especially so consiugthe manner in
which the delivery picks after a period of not increasing\agly with increasing

duration, as displayed in Figure 5.17.
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5.6.2 UI2 Investigation

Introduction

The second used injector upon which testing was conducésigmiated Ul2, was
supplied with the following label: “Delivery CharacteristiOver fueling. High

Back leakage”. Injector UI2 was briefly discussed in Sectigh where the per-
formance of all the used injectors was discussed. Theredststated that injector
UI2 possessed the most linear flow characteristics withe@dp delivery versus

duration.

Observations

The duration versus delivery plots for the lowest and higpesssures are shown
below, in Figures 5.18 and 5.19 respectively. The plots st&ov the performance

of the control injector, NI3, for comparative purposes.
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Figure 5.18: Volume of fluid delivered vs injection durati@n injectors NI3 and
UI2 at 300bar
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Figure 5.19: Volume of fluid delivered vs injection duratif@n injectors NI3 and

Ul2 at 1400bar

From Figures 5.18 and 5.19 it may be seen that injector Uldva a delivery
characteristic very similar to that of the new injector. Aetlower pressure, 300
bar, it may be seen that injector UI2 tends to underfuel, edtitins up to 1500s,
after which the injector over fuels by about the same amosliitt\eas underfuel-
ing. The injector’s delivery at various durations with tlad pressure of 1400 bar
is shown in Figure 5.19. At this higher pressure injector folpws the standard
as established by NI3 even better than at 300 bar. It may bethaé injector
UI2 underfuels initially, as was the case in the 300 bar giat,at 1400 bar the
injector ceases to underfuel at durations longer than:300t then follows the

performance of injector NI3 very closely.

Injector UI2 was discarded due to high back-leakage, ancesine apparatus
employed for testing does not provide data regarding baakage this may not
be verified. However, the injector characteristics may lwestigated so as to

attempt to identify what may be wrong with the injector.

The injection specific profile, that is, the manner in which thjector delivers
fuel at a specific pressure and duration, may be looked atod® insight into
the performance of the injector. A selection of injection#l e shown here in
an attempt to investigate the source of the non-standanedgtharacteristics of

the injector under investigation.

78



5.6. USED INJECTOR PERFORMANCE INVESTIGATION

Total fuel delivered was represented at the the lowest agttei test pressures, so
the delivery rate and duration specific fuel delivered wiltially be represented
at these pressures. Presented below, in Figure 5.20, istivery rate plot for a

600us injection at a rail pressure of 300 bar.

14

12

Juny
o

o)

NI3
- = —Uul2

Delivery Rate (mm 3y ms)
~r O

N

0

_12000 15‘00 20‘00 25‘00 30‘00 35‘00 40‘00 45‘00 5(;00 55‘00 6000
Time (us)
Figure 5.20: Delivery rate vs time for injectors NI3 and Ut & 300bar 600s

injection

From Figure 5.20, it may be seen that injector Ul2 does nattraa rapidly as
the new injector. This may be seen by the fact that the gradianjector UI2 is

less steep than that of NI3. The area beneath the rate varsisurve indicates
the volume of fuel injected. It may clearly be seen that itgedJI2 is indeed

underfueling as a result of the slower opening of the injecto

The low pressure analysis may be continued by looking at ¢teild behaviour
of injectors at longer durations. To facilitate this, Figus.21 below shows the
injectors rate profile at 300 bar and 2%@0duration. The delivery rate profile at
250Qus tells a very different story to that of the same injectohatsame pressure,
but at shorter durations. The increase in delivery rateilissktwer than that of
the new injector. However, a major difference emerges imth@ner in which
the injector closes. Injector UI2 is very sluggish in itssiflg when compared to
injector NI3. The area underneath the curves for UI2 and R\ the extent to

which injector UI2 is overfueling.
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Figure 5.21: Delivery rate vs time for injectors NI3 and Ut & 300bar 2500s

injection

In addition to both the short and long duration cases, ittieresting to look at
the situation where both the new and the used injector dediveequal volume of
fuel. As discussed above, this occurs at the 180@jection. The rate profile for

this injection is shown in Figure 5.22 below.
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Figure 5.22: Delivery rate vs time for injectors NI3 and Ut & 300bar 1500s

injection

Figure 5.22 provides interesting insight into the perfongeof injector Ul2, in
that it may be seen that for the initial period of the injeotianderfueling oc-

curs and later overfueling occurs. At a duration of 150@he initial period of
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underfueling is matched by the later period of overfuelifigys is important to
note because, by reading figure 5.18, one may be lead to é¢hiavunder these

circumstances the injector is functioning effectivelyisitwould be erroneous.

The 1400 bar injections, as discussed earlier, will now lokéd at in greater
detail, as done in the case of the 300 bar injections. Fromr€i§.19, it was seen
that at 1400 bar, injector Ul2 underfuels initially, aftenieh it closely follows the

performance of the standard injector. Figure 5.23 belowvshe short duration

1400 bar injection.
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Figure 5.23: Delivery rate vs time for injectors NI3 and Ut & 1400bar 30@s

injection

By observing the areas underneath the injection rate cuoresjéctors Ul2 and
NI3 in Figure 5.23, it is clear that injector UI2 is indeed enidieling. Unfortu-
nately, there is little detail available from Figure 5.23dwo the brief nature of
the injection. In order to provide more detail, the worstecatunderfueling for

injector UI2, occurring at 60@s duration, is shown below in Figure 5.24.

It may be seen from Figure 5.24 that the delivery rate of thector behaves in
a very similar manner during the period of steady state @jer,gand during the
period relating to the cessation of injection as was the iceite 300 bar test. The
difference between the new and used injector emerges inalthe stages of the

injection.
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The new injector delivery rate climbs almost linearly to gf@nt where it is de-
livering steady state flow. The used injector also climbediry, but then appears
to suffer a kink whereby the delivery rate slows before regagthe new injector’s

steady state delivery rate.

Previous discussion based on Figure 5.19 indicated thatenstages of the injec-
tion both UI2 and NI3 delivered similar amounts of fuel. T@yde insight into
the behaviour of the injector at longer durations, a 2E0@jection rate profile is

shown in Figure 5.25.

Injector UI2’s rate profile is interesting in that it is venyrslar to that presented in
the case of the 60& duration injection presented in Figure 5.24. The desonpt
given for that injection holds in this case, and the leveldarfueling during the

initial phase appears to be about the same.

The underfueling is only occurring during the initial infen phase, and the de-
gree of underfueling does not increase with increasingtotura However, the
overall amount of fuel is increasing, so as the duration efitiection increases,
the degree of underfueling becomes less and less relevdns eXplains why
the injectors underfueling is so noteworthy at shorter tioma and the injector

appears to be functioning properly at longer durations.
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Figure 5.24: Delivery rate vs time for injectors NI3 and Ut & 1400bar 60@s

injection
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Discussion

In the literature survey, in Section 2.9.4, on page 33, audsion regarding the ef-
fects of varying the two main parts of the injector that afffexflow performance.
These are the bleed and feed orifice that control the presduaee the plunger

which opens and closes the injector.

As an injector wears one would expect a change to occur inifoharge coeffi-
cients of the bleed and feed orifices. In addition wear in thector spring adds
to the force effected by the pressure differential resglfnom the solenoid and

spring closing, and other elements of the injector where ffopresent.

Before attempting to isolate problems relating to the irgeat is worthwhile to

summarise the behaviour of injector Ul2:

1. Poor initial behaviour, at both low and high pressure.

2. Sluggish behaviour at the end of injection, especiallpwatpressure, lead-

ing to overfueling at low pressures.

3. Good steady state behaviour, compared to that of theatonjector NI3.
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The bleed orifice discharge coefficient controls how fasptiessure in the control
volume is reduced when the solenoid releases the presstine ball in the valve
at the top of the injector. Therefore, wear in the bleed arifiay lead to sluggish
opening, as is evident in the observations above. Howewuer tal the fact that
the solenoid acts to close the bleed orifice, wear relatetidalischarge factor

generally does not affect the cessation of injection.

Thus the poor initial injection behaviour is very well alepghto wear in the bleed
orifice. The bleed orifice discharge coefficient determin@s fast the pressure
in the volume above the plunger is reduced when the ball atte/bleed orifice
is removed. A decrease in the bleed orifice discharge fadatbresult in slower

plunger movement, and therefore slow injection.

In order to identify the possible causes for the low presswssfueling as men-
tioned in point 2 above it is important to attempt to identtg cause of the over-
fueling. The nature of the overfueling is evident from Fgdr21. As discussed
above, the closing of the injector at low pressures is sklggFigure 5.25 indi-

cates that at the higher pressures this sluggish behaeods to not occur.

As discussed in the literature survey, the closing of thedtgr is caused by the
pressure in the volume above the plunger being increasdwtmt the rail pres-
sure. This leads to a force imbalance between the base oédttenand the top of
the plunger, and due to the larger surface area at the toe @itimger, the needle
is forced downward. The rate of increase in the pressureeath@/plunger will
naturally have an effect on the speed at which the needlenailel downward,
and thus the speed at which the injection is caused to stoprder for the high
pressure fluid to reach this region above the plunger it igired to flow through

the feed orifice, as indicated in Figure 2.7, on page 32.

Wear in this feed orifice will result in the fluid taking sligytionger to flow
through the orifice, and cause the plunger to travel downwitgtitly later. Thus

wear in the feed orifice may be said to cause the slow clositigeahjector.

It may be argued that as the pressure differential acroSe#ukorifice increases,
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with increasing rail pressure, that the rate of increaseaasure differential across
the plunger/needle assembly will increase. This would nikat) in the event of
the discharge coefficient of the bleed orifice decreasirggirjector would indeed
close faster at higher rail pressures and slower at lowigunessures, as is the case
in the performance of Ul2. One would, however, not expectsibever closing
of the injector to be eradicated with increase in pressui@s & confirmed in
Figure 5.25, where injector UI2 may be seen to close onlyh#iigslower than
injector NI3. The above arguments attributes the incormetvery characteristic
of injector UI2 to wear in both the bleed and feed orifices. sTéppears to be
logical as whatever mechanism may have been leading to welae ifeed orifice
would likely wear the feed orifice as well. In fact, it wouldese more unusual if

only the one orifice showed signs of wear.

The fault diagnostics sent with the injector detailed thatinjector showed high
levels of backleakage. Based on the above analysis, whighuagts the incor-
rect delivery characteristics to wear in the bleed and fedtes, it would seem
reasonable that the medium which caused the wear in the hleteed orifices
could have could have induced deterioration elsewhereceStme ball is located
above the R-throttle which forms part of the bleed orifice hére was notable
wear in this region of the injector, it would be unlikely thie ball would be
able to seal effectively. Thus the physical faults origyh&und with the injector

support the theoretical findings of this discussion well.

5.6.3 Injector UI3 Investigation

Injector UI3, the third used injector to be tested was issnea second batch,
along with injector Ul4. Unlike injectors Ul1 and UI2, UI3 waot issued with a
tag detailing the reason for being discarded. Injector W@ @l4 also differ from
UI1 and UI2 in that their nozzles had been cleaned ultrasdigibefore being

issued for testing.
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Observations

Results for the testing of UI3 were presented in Section B.Bigures 5.6 through
5.10 where the total fuel being delivered for injectionshewn against the du-
ration of the injections. These results are repeated belbaying only the per-
formance of the new injector NI3 and UI3 at the highest ancelstvwpressures, in

Figures 5.26 and 5.27.
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Figure 5.26: Volume of fluid delivered vs injection duratimm injectors NI3 and
UI3 at 300bar
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Figure 5.27: Volume of fluid delivered vs injection duratif@n injectors NI3 and
UI3 at 1400bar

From Figure 5.26 and 5.27, it may be seen that injector Ul3etfnels consis-
tently when compared to the performance of the new injecidre results of
UI3’s performance are interesting in that the manner of th@eufueling is con-
sistent at both the lowest and the highest pressure. Asidasatcrease injector
UI3 begins to underfuel and continues in a linear fashiomftben on. At shorter
durations the amount of fuel delivered by injector UI3 isriitieal to that delivered

by the standard injector, NI3.

As in the case of the previous injectors analysed, one hdasy inspecting
the profile of the injection’s delivery rate against time pe¢aific durations insight
into the mechanism behind injector UI3’s underfueling maygained. The de-
livery rate for a long, 2500s, injection at a rail pressure of 300 bar is presented
below, in Figure 5.28. This is the low pressure injectionhwiiie greatest level of

underfueling.

Figure 5.28 indicates three major differences betweenenf@pnance of injector
NI3 and injector UI3. The used injector begins to injectlstig later than the new
injector, ceases to inject earlier than the new injectod, delivers considerably
less fuel during the steady state period of the injectiondi&sovered in previous
observations, based on the performance of injector Ul1 d@ditds possible for

an injector to behave differently at low and high operatimgsgures. In order
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to investigate the possibility of pressure induced diffieess in performance, an
injection identical to that presented in Figure 5.28, buamtoperating pressure
of 1400 bar, is shown in Figure 5.29. At higher pressures,langer durations
the injector appears to behave similarly to the new injedtoing opening and
closing periods, however during the typical operating eagithe used injector

delivers about 20 less fuel.

Injector Rate at 300 bar, 2500ps Duration

25
20
’g 15
™
NI3
£
3 10 - - —uI3
2
8 5

_5 | | | | | | | | |
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
Time (usec)

Figure 5.28: Delivery rate vs time for injectors NI3 and Ut8 & 300bar, 2500s
injection
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Figure 5.29: Delivery rate vs time for injectors NI3 and Ut8 & 1400bar, 25Q0s

injection
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Discussion

If the opening and closing phases of injector UI3 and NI3 aregared it may be
seen that these two injectors perform very similarly. Thaild suggest that the
change in the performance of injector UI3 is not due to detation in the bleed
or feed orifice. As discussed in Section 2.9.4, as well aseéwipus analysis of
used injectors, wear in the bleed and feed orifices will haveagked effect on
the manner in which the injector begins and ceases to inféoivever, once the
injector has reached steady state operation, steady stadéions will exist in the
volume above the plunger, and below the needle shoulddiussated in Figure
2.7 in Section 2.9.4, on page 32. So, regardless of the defingear present in
the bleed and feed orifices, the steady state behavioursedimb injectors, of
identical design, should be the same. The above argumenyg alith the fact that
at high pressures, the opening and closing periods of tleetions are identical
to those of the new injector, leads one to look elsewherehifault with injector
UI3. It could be proposed that the underfueling is due to d hayel of fuel
bypass, due to a worn bleed orifice. While it is not possibleotdficm or disprove
this, it seems unlikely that the injector’s opening andiciggharacteristics would
be so similar to the new injector if a significant amount of meas present in

either the bleed or feed orifice.

If one considers an operating common rail injector, fueeenthe injector at the
top and flows down the injector to a volume where it appliesesgure to the
needle shoulder, as well as the inside of the nozzle, wheréuti exits through
the orifices. Thus it may be seen that the flow path of the fual&ively simple,

and if the actuation system is excluded from the analysighall remains to be

considered is:

1. Injector Nozzle
2. Fuel Line

3. Mechanical Elements
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1. Injector Nozzle

Injector UI3 is uniqgue when compared with UI1 and UI2 in tHa¢ hozzle was
removed and cleaned ultrasonically before being issuetkfbing. This makes it
relatively simple to eliminate the nozzle as a source of tneéng, as any fouling
up of the injector nozzle would have been removed by thisnohggprocess. If the
nozzle were to be worn, one would expect material to have bemoved from
the nozzle and hence the orifices would be larger. The langigces would not
result in decreased fuel flow, and it may therefore be rulgédsuhe cause of the

underfueling.
2. Fuel Line

Itis possible that a blockage may have occurred within tleélfme running down
the length of the injector. This initially appeared to be as@nable source of the
injector’s underfueling, but it does not make sense thabekalge would become
lodged in this fuel line. Firstly the debris would be reqdite enter the injector
through the feed orifice, which is considerably smaller ttieat of the fuel line.
Secondly, the high pressures would likely have forced thekslge down to the
nozzle where it would have been removed when the injectozleazas cleaned.
It thus does not seem likely that a blockage could form in lihis. Also, if there
were to be a restriction in this line, the pressure diffaegracross the needle,
which leads to the injector opening, would not be identioahiat of the new in-
jector - leading to different opening characteristics. didition to this analysis, if
the fuel filtering system had allowed particulate large gfoto constrict the fuel
line within the injector, smaller particulate would alsosbaentered the injector

which would have lead to wear in the bleed and feed orifices.
3. Mechanical Elements

At this juncture all flow elements have been eradicated asiel sources of the
injectors underfueling. The elements remaining are thehaugical components,

including the plunger, needle, and spring / ball valve.
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The needle forms a component of the nozzle assembly, whichdwave been
cleaned during the nozzle overhaul. It therefore seem®nadde this may be
eliminated as a potential source of the underfueling. Shany major wear have
been present, it is safe to assume it would have been idenifien the nozzle
was cleaned. The spring may also be eliminated, becauseaultwaturally be-

come weaker, and would thus lead to overfueling. This woldd affect both the

opening and closing characteristics of the injector.

Wear in the plunger, however, does seem to be a reasonalde fuhe injec-
tor's underfueling. During the course of the injection teck imbalance within
the injector leads to an upward force on the plunger. If exdestion is present
between the plunger and the body of the injector the forcarza which results
in the plunger’s movement will be altered, leading to theleuat underfueling of
injector UI3. This increase in friction will cause the nestth travel both slower,
and a shorter displacement when compared to the new injddterdecreased dis-
placement of the injector’'s needle is borne out in the loweady state delivery
rate at all pressures, both high and low. However, the singgehaviour of the
injector which would also result from the friction, is onlyident at lower pres-
sures. This may be because the forces involved in accelgrdie needle at the
lower pressures are that much smaller than those at highssymes. An alternate
reason for change in performance, which also would explarnstrange fueling
characteristics, would be a physical obstruction premgntinotion of the needle.
A cause for this may be a blockage or a failure of a mechanleah@nt within
the injector. While it is difficult to define a cause for such pbmenon, it does
explain the characteristics of the injector, whereby thagrents are as in the case

of injector NI3, but the steady state flow is reduced.

The supplier of the used injectors was contacted for backgtanformation re-
garding the injectors, specifically injectors UI3 and Ul4high were provided
without descriptions of the faults associated with theme Shpplier described
the fact that the injector nozzles were cleaned ultrastipi@nd that both injec-

tors were removed from relatively high mileage vehiclesdimgcovered between
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250’000 and 300°'000km. Based on the high mileage of the vehiat is possi-
ble that the increased friction is simply resultant fromessive use with slightly
abrasive fuel, as is frequently found in South Africa. Thisneo remedy for such
a case besides the replacement of the entire injector bedyasa determined by
the supplier of the injectors, since ultrasonic cleanirdyribt remedy the under-

fueling.

5.6.4 Injector Ul4 Investigation

Introduction

As in the case of used injector UI3, injector Ul4 was suppletthout a descrip-
tion of the fault associated with it, but it had been cleanksonically before

delivery.

Observations

Figures 5.6 through 5.10, in Section 5.4, on page 64, showpdhermance of all
five test injectors. From these Figures, and the associatdgsas, it was seen that
injector Ul4 underfuels considerably, and does not dejiey fuel at the lowest

pressure, but does deliver at the higher test pressures.

For the sake of clarity, the total fuel delivered againgdtipon duration for the du-
rations that injector Ul4 does deliver fuel is shown beloviFigures 5.30 through
5.33.
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Figure 5.33: Volume of fluid delivered vs injection duratif@n injectors NI3 and
Ul4 at 1400bar

If one inspects the performance of Ul4 in Figures 5.30 thro&@3 it may be
observed that a similar phenomenon to that observed in tutsepresented for
UI2 is occurring. In the three cases where rail pressuredatgr than 900 bar a
distinct knee point is evident at about 980where the injector’s delivery ceases

to increase with increasing duration.

These results bear more than a passing resemblance to thggeitr U1, which
was found to have developed a problem with the solenoid. itldvonly respond

to the “Pull” phase current, and not to the “Hold” phase cuitre
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In order to verify that this was in fact the case, a secondfsetsuilts was run, as
in the case of injector UIL. In this set of results the duratd the “pull” phase
of the injection was doubled from 506 to 100Q;s. The results of the 1008
pull tests are shown below. The results compare the perfurenaf injector Ul4
at the standard 508 pull, and the lengthened 10@®pull phase. Also shown in
these results is the performance of the control injecto8, Mith a 50Q:s “pull”
phase. Figures 5.34 through 5.37 show the maximum delivieityeainjectors at
various durations, for the pressures at which injector LH4vdrs fuel. A set of
tests, employing the 1008 pull phase, was run at 300 bar but as in the case of the
500us pull phase injection, the injector failed to deliver anglfut should be born
in mind from analysis shown in Section 5.6.1, that the pentomnce of the control

injector, NI3, does not change significantly with increagell” phase duration.
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for injectors NI3 and Ul4 at 1400 bar

From Figures 5.34 through 5.37, it may be seen that, as esgheitte quantity of
fuel delivered is increased with the longer pull phase. Athenresults presented
for injector Ul1, the difference in delivery characteristbased on increased pull
phase duration, indicates that there is wear in the solen®ids is effectively

stops the solenoid from operating at the “shorter”, noripall, phase duration.

The results presented for injector Ul4 resemble those ofitusb far as there is a
decided difference in the performance of the injectors eteiased pull duration.
However, the results of injector Ul4 differ from those ofanjor UI1 in that if one
looks at Figure 5.15, on page 74, it may be seen that the dglikam Ul1 only
differs from the new injector when the solenoid fails to egggaUp to the point
where the solenoid appears to stop working, injector Ulsalipfollows the trend
established by NI3.

The difference in performance between injectors Ul1l and h#domes evident
when comparing their performance relative to NI3 after thst 50Q:s of the

pull phase of the injection. If one looks at Figure 5.36, vehtre results for a
rail pressure of 1200bar are presented, a distinct breakavey be seen in the
100Qus pull phase injection, before it flat-lines. To gain an ihsigto the nature

of the difference in performance a comparison of rate p®fil@y be made.

97



5.6. USED INJECTOR PERFORMANCE INVESTIGATION

Figure 5.38 shows a comparison between injectors NI3 andwbi&n supplied
with a 100Qs pull phase. The plot is of in injection where the injectooidy the

extended pull phase, and not the hold phase current.
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Figure 5.38: Delivery rate vs time for injectors NI3 and Ub4 & 1200bar 10Q0s

injection

Discussion

The rate plot presented in Figure 5.38 is interesting in tiatnjector Ul4 has a
delivery characteristic very different to that of injectdl3. It may be seen that
the steady state rate of fuel delivery is considerably lotan that of the new
injector. The degree to which underfueling occurs is, haxeoffset by the fact
that Ul4’s cessation of fuel delivery occurs considerahtei than that of the new

injector.

The above discussion details the behaviour of injector Oi4rjections of longer
durations, however, if one inspects Figure 5.7 through,5nl8ection 5.4, on page
64, it is worthwhile to investigate the rate of delivery infager injection. One is
curious to know whether the deviation from the standardciojeonly occurs after
the first 50Q:s of the pull phase, or if it was always present and is beingkeths
by some other phenomenon. To facilitate this investigatioaelivery rate plot is

presented below, in Figure 5.39, for a »30njection. This injection delivers the
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same volume of fuel as the new injector, and is still beingedriby the original

500us pull phase current.
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Figure 5.39: Delivery rate vs time for injectors NI3 and Ust & 1200bar 500s

injection

The results illustrated in Figure 5.39 clearly show thatretr@ugh injector Ul4
and injector NI3 deliver similar volumes of fuel at shorteration they have very
different delivery characteristics. The trend as discdissgove with reference
to the 100Qs injection still holds for the 5Q@s injection. The reason for the
similar quantities of fuel being delivered is that at shoderations the degree of
underfueling caused by the lower steady state deliveryisatéfset perfectly by

the degree of overfueling caused by the slower closing oirjeetor.

During the discussion relating to injector UI1 it was statieat while differences
were present in the performance of that injector comparekga@ontrol injector,
NI3, these could not be investigated due to their being obisnature. However,
in the case of the comparison of the performance of injectdrdnd the control

injector NI3 the differences are more than subtle and waftather investigation.

It has already been determined that the solenoid in injddtdris not function-

ing effectively. This fault will, however, be set aside ftiettime being, and a
flow-based analysis conducted. Figure 5.39, presentecealaduch showed the
performance of a 506 injection with a rail pressure of 1200bar, may be used to

conduct some further analysis.
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It may be seen that injector Ul4 begins injection very sligkdter than the prop-
erly functioning injector, NI3. Injector Ul4 also ceasegenting considerably later
than NI3. These two characteristics lead one to believelieatause of the incor-
rect fuelling characteristics are due to wear in the bledftter This would lead

to a slower increase in pressure above the needle, resuitgigggish cessation

of the injection.

However, as discussed previously, the steady state rateebélélivery is consis-
tently lower than that of injector NI3. This is not explaineg wear, or decrease
in the discharge coefficient of the bleed orifice. Since itssuaned that even if
there is wear in the bleed, or feed orifice, the pressureastithes the same level.
This means that the reduced steady-state delivery ratd exptained by wear in

the bleed orifice.

The same logic which was applied in the discussion relabrgjector UI3 may
be applied to this injector, with regard to the underfuekigteady-state. In the
discussion relating to injector UI3 it was stated that thesniikely cause of the
steady-state underfueling exhibited by the injector wasth evel of friction in
the plunger section of the injector. Injector Ul4 appearbdcsuffering from the
same type of wear as affected injector UI3.The strengtheottrrelation between

the performance of injectors UI3 and Ul4 is well illustratedFigure 5.40.
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injection

Figure 5.40 clearly illustrates the similarity between pesformance of injec-
tors UI3 and Ul4. Therefore, based on the previous analyBlsnhy be said to
be also suffering from increased friction with regard to ghenger movement.
A secondary difference between the performance of Ul4 aadther injectors
tested is that injector Ul4 does not deliver any fuel, retgmsl of injection dura-
tion at 300 bar. This observation further supports the thwat friction is present
in the plunger. Since the opening of a fuel injector is dependn that force im-
balance on the needle, increased friction and lower opeyatiessures will cause

the injector to fail to open, as is the case with injector Ul4.

Injectors Ul4 and UI1 both display characteristics whiclygest an improper
functioning of the solenoid. It is worthwhile to look at whet the delivery

of these two injectors differ, as a result of the increaseshgér friction that is

present in injector Ul4 and not Ul1. The most obvious differes between the
performance of the two injectors will be evident in a longeration injection.

Figure 5.41 below shows the delivery rate of both injectol dhd Ul4 for a

250Qus injection.
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Figure 5.41 clearly illustrates that, although it has bdemwa that injector Ul4
and Ul1’s performance are both affected by the performahteessolenoid, they
behave quite differently. Figure 5.41 illustrates the ¢adifference that the pro-
posed injector wear has had on the performance of the imjegen when com-

pared to the results from an injector with an incorrectlydtioning solenoid.

If both injector UI1 and injector UI3 were to be used in enginmjector Ul1l

would function vastly better than Ul4, since it only beginsunderfuel at longer
durations, resulting from high loading of the engine. ItgedJi4, on the other
hand undefuels much more consistently, and with non-stdndigivery charac-
teristics. Therefore, even though injectors Ul1 and Ultstffer from solenoid
wear, the increased friction in injector Ul4 means that itvdoperform very un-

satisfactorily in a real-world application.
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5.7 Injector Flow Conclusions

5.7.1 Injector Ul1 Conclusion

When injector Ul1 was supplied for testing it was describedBackleakage Ok,

delivery characteristic incorrect”.

When the injector was tested it produced strange resultsaindilring short du-
ration injections the results obtained closely followeds# of the new injector.
However, as the duration of the injections was extendednjeetor ceased to de-
liver a comparable amount of fuel, when compared to injebli&, the control

injector.

An investigation was conducted to identify the cause of #sation of increase
in fuel delivery with increasing duration. This investigat revealed that the
solenoid was not responding to the “hold” phase of the iojesignal, and was
only responding to the “pull” phase, which has a larger auirrating. This failure

of the injector to respond to the “hold” phase of the injectieas attributed to the

solenoid being faulty.

At lower injection pressures (up to 900 bar), the inject@sesl to inject when the
“pull” phase ended at 8Q( after the start of injection. At higher operating pres-
sure (1400 bar), the injector did not cease to inject entitait rather delivered
fuel at a reduced rate. The unusual results at the highesymeesvere attributed
to the mechanical assistance provided to the solenoid byntineased pressure

differential across the injector actuation mechanismghi pressures.

It is noteworthy that all the wear, leading to the substatgearformance of in-
jector Ul1, appears to stem from the solenoid and if this comept were to be

replaced, the injector could likely return to service.
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5.7.2 Injector UI2 Conclusions

When injector U2 was supplied for testing it was described‘dggh backleak-

age, incorrect delivery characteristic”

Injector U12 was found to provide different types of dewaaus from the new injec-
tor at high and low operating pressures, as well as at shemmtelonger durations.
After looking at the delivery rate profile it became eviddmittthe injector was
underfueling during early phases of the injection and awaditig at the longer

durations.

Following detailed analysis, it was found that mechanyctike injector was per-
forming effectively, with injector Ul1 where the solenoidaw/failing to open the
injector properly. The incorrect delivery characteristigere assigned to wear
in the bleed and feed orifice leading to initial underfuelany later overfueling
during the injection. The high rate of bypass was attributedear in the up-
per section of the injector, in the region where the ball gaeats onto the bleed
orifice. Injector UI2 performs better, however, in the ranggere the injector
would typically be operating, at high pressures (900-1400bnd intermediate
durations(300-60@s), the difference between the new and used injector is not
very large. In the closely controlled operational envir@mtof the common rail
diesel engine, the fuel management system would occabia@xalect the injector
to perform outside these areas. When the engine managensteinsgioes ex-
pect this performance from the injector poor running wiuk, due to the engine

running lean at low loads and rich at higher load.

The root of the problems would likely be abrasive materiaéeng the fuel sys-
tem, and possible failure of the fuel filter. It would be imsting to know the
history of the injector, so as to attempt to isolate the cadiske wear within the

upper section of the injector.

Unlike the suggestion which was made in the conclusion testhdy of injector

Ul1, the wear in injector UI2 is actually mechanical wearhintthe injector.
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However, the top section of the injector, which containslileed and feed orifice
sections may be replaced, so in a similar manner to that stegyéor injector
UI1, if this section of the injector were to be replaced, thggtor could likely

return to service.

5.7.3 Injector UI3 Conclusions

After looking at the results for injectors Ul1, UI2 and UlBmay be seen that UI3
is the only injector thus far where the flow characteristi@genindicated a state of

mechanical wear.

In the case of the injectors discussed previously the padace problems dis-
played could possibly be corrected through component cepiant on the injec-
tor body. Injector UI1 could possibly be corrected througblacement of the
solenoid, and injector UI2 may have been corrected throhghging the top sec-

tion above the ball valve.

The only manner in which the performance of injector UI3 maydorrected
would be to replace the plunger. While this may help to redbeddvel of wear
within the injector, and thus the underfueling, the bodyl \ilkely have worn to
a similar degree to the plunger - if not more due to the harderadure of the
plunger material. Therefore, in the event of wear in the neaniisplayed by UI3

the body of the injector will need to be replaced.

Although the recommended remedy is effectively the repreo# of the injector,
the injector may be said to have failed due to having operfateis design life.
Thus does not represent a particular problem, but it is aneo@ based decision
as to what material should be used in the manufacture of jeetor body and

needle.
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5.7.4 Injector Ul4 Conclusions

Upon initial investigation, injector Ul4 displays similaharacteristics to injector
UI1. This is because both of these two injector’s solenoidasfunctioning ef-
fectively. The malfunctioning of the solenoid was illused by the increased fuel
delivered by the injector when the pull phase duration waseiased. There were,
however, differences in performance between injectorsddtdUl4. These differ-
ence were attributed to wear in the plunger mechanism, atagliesd by injector
UI3.

The combination of these two faults leads to an injector timakerfuels at longer
injection durations, due to the injection being “cut shattie to the solenoid fail-
ing to react to the pull phase. The injector also delivers dtia decreased steady
state rate due to the increased friction within the plungecmanism. Unfortu-
nately, as in the case of injector UI3, there is no way for tiedtor to be brought
back to service, due to wear in the barrel and plunger assermitsl discussed
above, the combination of the two faults will likely lead tast unsatisfactory

performance in an engine application.

It is further noteworthy that injectors UI3 and Ul4 displayeery similar faults.
This was originally identified in the analysis conductedétedmine whether cav-
itation was occurring within the injector, in Section 5.5, gage 67. It was found
that the injectors UI3 and Ul4 displayed a similar relatlipsbetween fuel de-
livered andy/P. The reason for this reduction in fuel delivered has beerdcis
wear being present in the mechanical elements of the injeEhus is likely to be
more than a coincidence, as it seems reasonable that thesejéetors, which
were supplied in the same batch, were originally fitted tostli@e vehicle or en-
gine. If this were to be the case they would have been sulgext tdentical duty
cycle and type of fuel, leading to a similar manner of detation. It was consid-
ered that these injectors, UI3 and Ul4, might be fundambnd#ferent from the
other injectors tested, however, the injectors displagedtical part numbers, so

this seems unlikely.
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Chapter 6

Injector Spray Analysis: Results

and Discussion

6.1 Introduction

As described in Chapter 1, the purpose of the research bemgrmted here is
to characterise the behaviour of both new and used injeutithsregard to fuel

delivery, in terms of flow and spray characteristics. Dstaflthe flow characteris-
tics were provided in Chapter 5, and this chapter aims to tigege the behaviour

of the injector’s spray patterns.

As in the documentation of the research conducted, thetorj@ow testing was
carried out first, followed by the spray testing. Therefdhes decisions docu-
mented in Chapter 5.2 regarding the test injector, type efcioys used and the

injector naming convention still hold in the following disgsion.

The investigation into the spray performance of the injextall be conducted in

the following manner:

¢ An outline will be given of the operation of the test equipramd the origin

of the results. A detailed description of the testing conedavill be given,
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with regard to both pressures and injection durations @$ iesnducted.

e Optimisation decisions which were made during the test namogwill be
highlighted. The limitations of the test equipment, and lilogse may relate

to the results generated by the apparatus, will be discussed

e A comparison of the performance of the injectors will be matleis anal-
ysis will be based on the processed results provided by tharafus, and

specific elements of injector performance will be highlaght

6.2 Test Equipment and Testing Conducted

6.2.1 Equipment Used

The apparatus used to measure the behaviour of the spragashsl in Section
3.5, and the procedures behind the attaining of such resgtshown in Chapter
4. However, to aid in the understanding of this section & budine of the results,

as generated by the test apparatus, will be given.

The test stand captures multiple images of the spray, at tiraeyintervals, in a
process known as strobing, as desccribed in section 2.8&s€elstrobed images
are then averaged by a pre-programmed algorithm, contaiitleih the La Vision

Da Vis software geometry package.

It is from these averaged images that key information raggrthe behaviour of
the spray may be gained. In this specific study, spray pdretrand cone angle
are the chief characteristics which are of interest, whighacquired from the
geometry package. An example of an averaged image, aftayethmetry pack

algorithm has been applied may be seen in Figure 6.1 below.

Figure 6.1 shows a well developed spray, clearly showingithimdividual sprays
of the injector type being analysed here. It also indicatesnjector penetration

and cone angles for a well developed spray.
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6.2.2 Testing Conducted

As in the case of the injector flow analysis, testing was cotetliat various pres-
sures and durations. Due to the amount of time required tdeasis as well as
the fact that spray behaviour is not expected to changefignily with varying

durations, only selected durations were tested, unlikethgase with the flow

analysis.

The pressures used for testing were identical to thoseeapplithe injector flow

analysis, that is:

300 bar

600 bar

900 bar

1200 bar

1550

1500

1400

1250

1100

950

position mm

800

650

500

Figure 6.1: Image of Spray 1400bar after processing by LarVida Vis Geome-
try Package
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e 1400 bar

Tests were run at the following durations on all five injestat the pressures

indicated above:

e 300us

e 600us

e 1200us
Experimentation was also conducted at durations ofu$5@ut results for this
duration were not as consistent as those produced at longarahs. While these
results are contained in the Appendix A, where all the igespray results are

shown, they are not analysed alongside the other resulttio86.4.8, containing

an analysis of these shorter durations has been included.

The settings for the La Vision spray capturing equipmentevees follows:

1. 15 Images per time interval.

2. Time interval of 0.005 seconds.

The initial analysis was conducted using the plots conthindppendix A. These

plots show the penetration and cone-angle developmentiauggoressures and
durations, where the penetration and cone-angle valuegsti@ averaged values
for all six segments. Further analysis, discussed in theis® was then under-

taken on the results as shown later in this chapter.
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6.3 Operational Optimisation

6.3.1 Introduction

Before testing could begin, it was necessary to determinephienal method of
operating the injector testing apparatus. The purposeeasitiests was to verify
that the test stand could provide repeatable test resudtsoagain the best result

resolution.

Due to the new nature of the test equipment, at the time oihtesin optimal
method of operating the equipment had yet to be developedhMfiithe findings
of this section have been passed on to other users of thegtapteent, for use in

undergraduate research projects.

Three factors were investigated during the initial optetien process. These

were:

1. Use of Air-Knives
2. Injection Frequency Rate

3. Spray processing intensity threshold

These factors will be discussed below:

6.3.2 Use of Air Knives

As discussed in Section 3.5.3 describing the spray chartiteeimjector analysis
equipment is fitted with a set of "air-knives’ which serve bdow’ air across the

glass sections which provide optical access to the spraylocba

In the process of the injected fuel being removed from thedaivs, waves are

formed. These are visible if one views the imaging systerarafijecting fuel.
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6.3. OPERATIONAL OPTIMISATION

Concern was raised regarding the effect that these 'wavesldvoave on the

guality of the images produced by the system.

For comparative purposes two sets of tests were run, onetlathir-knives ac-
tivated, and a second set deactivated. It was found thaewid air-knives may
lead to some degree of inaccuracy, due to the fluid flowing theewindow with-

out the air-knives, the imaging system saturates almosteidiately, rendering the

test results meaningless.

It is noteworthy that during the initial period, with the &nives off, the results
do show better definition than in the case of later resulth wie air-knives on.
However, the period where good resolution is available estskvith good results
only attainable until fluid builds up on the optical windoworRhese reasons a

decision was made to run the tests with the air-knives orl &trads.

In addition to running all tests with the air-knives on, befeesults were taken
the test stand was allowed to run for five minutes to ensurethieaflow of fluid

and air had reached a steady state, to ensure that consestelis were obtained.

6.3.3 Injection Timing

A common rail pump, which is driven by a 5.4kW, 380V motor, \pd@s the

high pressures required by a common rail system. In ordeh®opump to gen-
erate such high pressure, it is required to rotate at 10004irspeeds less than
1000rpm, the pump is not be able to generate sufficiently prglssure so as to

operate the system effectively.

In an automotive case, the common-rail pump would be coupléte engine, and
therefore would rotate at the same speed as the engine,sh#t of the injector.
Because the dynamics of the common-rail pump will influeneg#rformance of
the injector it is desirable to have the injection rate anchpspeed synchronised,

so as to emulate a 'real-world’ application.
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6.3. OPERATIONAL OPTIMISATION

The results obtained for the section on injector flow testvege run at an injection
frequency of 1000rpm. However, in the case of the sprayngstiwas suspected
that if the system was required to inject at a frequency ofof®, too much
fluid would be introduced into the spray chamber, too quicklywas thought
that, were this to be the case, the air-knives would be urtablemove the fluid
from the windows fast enough, leading to saturation, as Wwasase when the

air-knives were not running.

Tests were run at the synchronised injection frequency 004, as well as at
a reduced frequency of 100rpm. The results of these testshangn below in

Figure 6.2.
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Figure 6.2: Penetration vs time for 100 and 1000rpm inj@ctiming

From figure 6.2 it may be seen that saturation does in factraodhe case of the
1000rpm injection frequency. The lower injection frequesbows results as one

would expect to see.

Due to the undesirable effects of saturation coming inteatfat the 1000rpm
injection frequency, it was decided that all tests shoul@ddreducted with an in-

jection frequency of 100rpm.

An undesirable effect of injecting at a rate different to #peed of the pump is
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6.3. OPERATIONAL OPTIMISATION

that the effects of the pump’s pressure variation on thepraissure will not be
the same as in a real-world application. However, given tiatpurpose of the
common-rail in an injection system is to provide a bufferizn the pump and
the injectors, one hopes that this will not have a markedeéfe the performance

of an injector as regards spray pattern.

It was also considered that given that the engines in whielehnjectors are
typically used, can run up to speeds of 4500rpm, one douhtsthle return to
steady state is a concern at 1000rpm. Thus, the reductiofeation frequency is

unlikely to affect the performance based on deviation freeady-state behaviour.

6.3.4 Spray Processing Threshold

In the section of this report describing the tests apparagrgion was made of the
intensity setting when analysing injector spray behavidhis intensity setting
governs the point at which the La Vision Da Vis geomentry paeklocates the

end of the spray.

The La Vision system determines the location of the sprayupin integrating the
intensity of the light reflected by the spray. Setting thie#hold alters the level
of light required to define the end of the spray. The lower thieghold the more
light is required to acknowledge the existence of the spaag the shorter the

Geometry Package defines the spray.

During the preliminary tests it was identified that if theensity threshold was
set to its default value of 95, and the spray was identified as being rather large.
While the development of the spray was found to be well trackethg the initial
phases of development its growth appeared to stop preratuhen saturation

occurred.

A series of tests were run at the highest pressure for thersysit400 bar and a
duration of 60Qxs. This duration was selected since, based on the resuilsdea

as illustrated in Figure 6.3 below, the spray appeared te n@ached its steady
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length.
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Figure 6.3: Spray penetration vs time at 1400 bar&0@uration

During these tests it was observed that while all spray satgnaitially pro-

gressed at the same rate, as the sprays reached a certéirthengesults indicated
that two of the sprays ceased to continue growing, while &dr Figure 6.4 be-
low illustrates an example of an image as processed by thaejep package. It

may be seen that the image is rectangular with the injectatéal centrally.

From the figure it may be seen that there is considerably nrom{’ for growth
in the vertical direction than the horizontal. This effeety means that should sat-
uration begin to occur, spray segme#ts and#4 will appear to be considerably
shorter than segmengs2, #3, #5 and+#6.

Analysis was conducted on the results available, lookirtgeprogression of the
difference between the shortest and longest segments fiojeartor functioning

correctly.
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6.3. OPERATIONAL OPTIMISATION

The results of this indicated that an intensity thresholtireg of 807 allowed
the progression of a 6@@ injection, at an injection pressure of 1400bar, to be
effectivley tracked during the course of its propogationthaut the effects of

saturation becoming apparent.

While mentioned in the section relating to the test appayalis section further
serves to emphasise that while the La Vision Da Vis systens goevide one
with a good indication of the behaviour of an injection, itymeot be comparable
directly to the results of a different type of imaging systeHowever, with the

intensity threshold set as described in this section goatpeoative performance

measures may be made for different injectors.
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Figure 6.4: Image of spray development, showing spray deveént by segment
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6.4 Spray Results and Discussion

6.4.1 Introduction

The following section contains the analysis and discussfdahe performance of
new and used injectors, in terms of the behaviour of the spayous elements of
the behaviour of the spray will be discussed and the sectibthen be concluded

based on the results of all of the elements analysed.

6.4.2 Spray Performance by Segment
Introduction

In this section the observations and analysis of the pedian®a of the new injector
will be compared with that of the used injector, based on theation in the

performance of the various segments of the spray.

Observations and Discussion

As discussed previously, the injectors employed for tgstiare six hole injectors,
resulting in the formation of six separate sprays. In a @hréunctioning injec-
tor it is expected that all six sprays would perform idertycan terms of spray
penetration and cone-angle achieved. It is worthwhile vestigate whether this
is in fact the case with the new injector, and to what degree'fibr segment’

performance of the used injectors has declined.

In previous analysis, as well as in the initial observatjas displayed in Ap-
pendix A, the results of a multi-orifice injector have alwégen displayed as an
average of all the sprays. By looking at the variation of theguenance of the
sprays, it can then be determined whether using an averige feat penetration

and cone angle for analysis is valid.
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6.4. SPRAY RESULTS AND DISCUSSION

To facilitate this comparison an analysis was conductedr&ldyethe coefficient
of variation was determined for the sprays, as a percentdagsl pressures and
durations. This coefficient of variation was determinecdtigh the use of the

following equation:

c, =7 % 100% (6.1)
|
Where,
o 2
n

And p represents the mean, oy for the series andl represents standard devia-

tion.

Figure 6.5 below indicates the coefficient of variation fdd®0bar 1200s injec-
tion. It does not indicate any major anomalies in the pertoroe of any of the
injectors. What Figure 6.5 does indicate is the curious amedn G as the time

since the onset of the injection, reaches around 0.4ms.
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Figure 6.5: C vs time for 1400 bar, 1206 injection

Recalling the discussion made in Section 6.3.4 regarding/dingng points at

which saturation is likely to occur, it is concerning thae timcrease in the co-
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6.4. SPRAY RESULTS AND DISCUSSION

efficient of variation may be attributed to this. While expeentation was done
to try and avoid saturation occuring, that experimentatias based on a 608
injection, considerably shorter than the 1260njection under investigation here.
Examples of test images were extracted, for injector NI& &itne interval of

0.4ms, so as to determine if this was occurring. This spragers shown below

in Figure 6.6.
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Figure 6.6: Image of spray from injector NI3 at 1400bar wig®@us injection at

40Qus after onset of injection

From Figure 6.6 it may be seen that despite efforts to avadtiset of irregular
saturation, it appears to have occurred nonetheless. Itiadtb the observations
shown above in Figure 6.6, a plot has been prepared showirtheiform of a
histogram, the location of the minimum and maximum penietnaby segment.
This combines information from all tests conducted during $tudy. The his-
togram is shown below in Figure 6.7. The segment numbersatwt in Figure

6.7 correspond to those shown on Figure 6.6.

Figure 6.7 indicates that the anomalies shown in the imadreguare 6.6 are not

unusual, but occur at other pressures and durations as Wwetlording to Fig-
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6.4. SPRAY RESULTS AND DISCUSSION

ure 6.7, segments 1 and 4 account for most of the minimum gioet cases,
while segments 2 and 5 account for the majority of maximunepration cases.
This would appear to be in line with the theory of saturatiorresponding to the

rectangular frame in which the spray images are contained.

While considering the variation in the penetration distanes illustrated by Fig-
ures 6.5 to 6.7 there is a second factor which comes into plggrding the phys-
ical design of the test apparatus. If one refers to Figuredh@age 42 in Section
3.5.3 on the experimental facilities it will be noticed tlia¢re are lights located
on two sides of the spray. This means that certain spray®figictively be in the

shadow of other sprays. Upon inspecting the test rig it mageles that the lights
face into spray segments 1 and 4. Thus sprays 1 and 4 arenittfre 'front’ and

sprays 2, 3, 5 and 6 are lit from the side.
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Figure 6.7: Histogram shown the location of the minimum arakimum pene-

tration of injections by segment number
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6.4. SPRAY RESULTS AND DISCUSSION

This lighting phenomenon explains why, in a well performingector, such as
injector NI3, the sprays have different shapes, espeaiie to the injector noz-

Zle.

It is noteworthy that even once saturation has occurredottegion of the spray
penetration does not extend to the maximum possible pains groposed that
the location of the lights and saturation of the imaging wimidtether to develop
false results. This is evident by the reduction in the vaomabf the coefficients of
variation for the segments, as presented in Figure 6.1 aniarthges presented in

Figure 6.4.

While considerable discussion has been made into the breakdithe reliabil-
ity of the data after results appear to saturate, consiteeratformation may be
interpreted before this saturation occurs. If one inspéigisre 6.1 up to the point
where the sprays all tend to a similar value for i€may be seen that there is

considerable variation between the performance of therifft injectors.

As would be expected, injector NI3 performs well, with thevést G, values.
Injectors UI1 and UI3 display similar characteristics tgector NI3. Injectors
UI2 and Ul4 differ substantially from injector NI3, displigng significantly higher

C, values across the region where the data is valid.

It may prove interesting to note the variation i @ith changing injection dura-
tion. An identical plot to that shown in Figure 6.5 is showrFigure 6.8, but for
a 1400 bar, 30@s injection.

Figure 6.8 illustrates that the manner in which the injectmehave at high pres-
sure, does not change when the duration of the injectiontéseal. Figure 6.8
allows one to better identify the trends outlined above rdigg the 1200s injec-

tion due to the altered scale used.

As was done regarding the analysis performed on the flow &spkis interesting
to consider the effects of lower pressures on the coeffioénariation for the

performance of the injector. Presented below, in Figurea®® Figure 6.10 are
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6.4. SPRAY RESULTS AND DISCUSSION

the plots of G for the injections at an injection pressure of 300bar ancftitbms

of 30Qus and 1200s respectively.

The most immediate observation from Figures 6.9 and 6.10esighly erratic
behaviour of injector Ul4. However, it may be recalled frame discussion into

the flow performance of the injectors, that at 300bar injetlid failed to deliver

any fuel.

In order to fully appreciate Figures 6.9 and 6.10 it is neass® show the average
spray penetration at this pressure, 300bar, and at theagahs. These two plots

are shown below in Figures 6.11 and 6.12.
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Figure 6.8: C vs time for 1400 bar, 3Q&s injection
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Figure 6.9: C vs time for 300 bar, 30@s injection
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Figure 6.11 goes a long way to explaining the results showharshort duration
coefficient of variation plot, as seen in Figure 6.9. Thegegseat deal of variation
in the coefficients for all injectors at a duration of 3@0Qbut this may be attributed
to the very low spray penetrations. With such small penietmathree factors
come into play. Firstly it is difficult for the apparatus toigatrong definition
with regard to the behaviour of the spray, due to the closgiprity of the sprays
to one another. Secondly, the injector is not behaving agitally would be,
with flow not being fully developed within the injector noezIThirdly, any minor
variation, of perhaps one or two millimetres, which wouldmally go unnoticed

if penetrations were longer, will have a marked effect onGhé& the mean spray
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Figure 6.10: C vs time for 300 bar, 120 injection
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Figure 6.11: Spray Penetration vs. time for 300bar,&00jection
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penetration is lower since the one or two millimeters repnés a much larger

proportion of the total spray length.

Figure 6.12 also provides insight on how to interpret FigbuE0. Figure 6.12
shows the amount of the time that passes before spray begnsvide significant
penetration. Based on when the spray at 300 bar and; &2@0ration begins to
progress, it becomes clear that the plots of coefficient natian at 300 bar will

only provide meaningful information after 0.4ms have eéps

After 0.4ms have elapsed, it may be seen that the injectdravieein a similar
manner to the 1400 bar plots shown in Figure 6.7 above. mjgdill and UI3

follow very similar trends to injector NI3. However, injectUl2 has larger varia-
tion than any of the other injectors up to 0.9ms, after whidtabilises, possibly
as a result of saturation of the test equipment . Injectorilidiscounted in this
low pressure analaysis due to the fact that, as determirtée iitow discussion, it

does not deliver any fuel at 300bar.

Conclusion

Injector UI1 appeared to perform well under all test comahig. It often compared

favourably with injector NI3, and consistently producedés C,’s than the other
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Figure 6.12: Spray Penetration vs. time for 300bar, 1206jection
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used injectors.

Injector UI2 generally produced poor results compared eécother used injectors
as well as the new, control, injector. However, injector Qi@ perform well under

low-pressure, short duration conditions.

Injector UI3 generally produced good results, in all ciratamces besides the

low-pressure short duration case.

Injector Ul4 does not deliver any fuel at low pressures, dmdfore no results
were attained. High pressure results were, however, alsoaerg good when
compared to the control injector UI3, or the other used tojesc Two injectors,
UlI1 and UI3 produced good results, consistent with what el expected, and
to the results displayed by injector NI3. The remaining tnjectors, Ul1 and Ul4

performed poorly.

6.4.3 Injector Spray Behaviour at Various Durations

Introduction

This section will analyse and discuss the behaviour of thayspat various dura-

tions and constant pressure.

During previous analysis, where injector flow was under stigation, it was
found that injectors behaved very differently dependingtlosm duration of the
excitation signal applied to them. In the analysis of spitsshould be interesting
to identify the manner in which duration affects the spralyaseour of a properly
functioning injector and to determine whether this charastic deteriorates with

wear.
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Observations and Discussions

In order to illustrate the behaviour of the injectors withryrag durations, plots
have been prepared showing the spray penetration with timalfinjectors, NI3
to Ul4. These results, taken from injections with rail pregsof 1400bar, are

shown below in Figures 6.13 through 6.17. .
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Figure 6.13: Spray penetration vs time for injector NI3,Q4ér injection showing
300us and 1200s durations
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Figure 6.14: Spray penetration vs time for injector Ul1, Q48 injection showing
300us and 1200s

From Figure 6.13 it may clearly be seen that in the case of a p@perly func-
tioning injector, there is very little difference in the p@mance between the

shorter and the longer durations.
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The results from the used injectors UIl to Ul4 are presemeeigures 6.14 to
6.17. It may be seen that the performance of injectors Ul1lBdloes not alter
much with varying duration, as is expected, based on th@pe&nce of injector
NI3. Injector UI1 does display a rapid increase in spray patien toward the

end of the shorter duration, but largely performance islami

Injectors UI2 and Ul4 also perform similarly, however bothtbese injectors
produce lower levels of penetration at shorter duratiorn® ihjector flow profile

provides additional insight, as shown below in figure 6.18is lsuggested that
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Figure 6.15: Spray penetration vs time for injector UI2,Qdér injection showing
300us and 1200s
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Figure 6.16: Spray penetration vs time for injector UI3,Q4ér injection showing
300us and 1200s
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these shorter penetrations are due to the fact that theedglate of injector UI2

and Ul4 peaks below the peaks of the other injections.

Conclusion

The performance on the new injector, injector NI3 indicateat in the case of a

properly functioning injector there should be little or ndfetence between the

short and long duration performance.

Two of the four used injectors complied with this expectatiout two of the four

60

(62
o
T

N
o

Spray Penetration (mm)
N w
o o

10

Al

/o~ ~
VTSN~ ase /
v\ ~

— — —1200ps

300us

0.4

0.6 0.8 1 1.2 14
Time (us)

Figure 6.17: Spray penetration vs time for injector Ul4,Qdér injection showing

300us and 1200s
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Figure 6.18: Injector delivery rate vs time, for 38901400bar injection
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did not. Injectors Ul1 and UI3 complied and injectors UI2 and did not. The
failure of injectors UI2 and Ul4 to perform as expected wdshaited to these
injectors having lower peak flow-rates, as discussed ingb&a on injector flow

analysis.

6.4.4 Ultimate Spray Behaviour: Penetration and Cone-Angle
Introduction

As detailed in the literature review, the ultimate sprayqieastion and cone-angle
are key elements in the development of an injector. Cone atglald be max-
imised so as to increase the degree at which fuel becomearezdrin the air.
Penetration is required to be as long as possible, for the saason as one seeks
to maximise cone angle, but should not be so long as to impng&e cylinder

walls.

Observations and Discussions

A straightforward plot has been prepared so as to indicaeiltimate spray be-
haviour of all injectors, at the various test pressures. alegage spray penetra-
tion and cone-angle, for the final 19 of the injection, at various pressures, has
been determined. In order to determine the maximum peratrdhe longest test

duration, 120@s, has been used in this process.

Figures 6.19 and 6.20 below illustrates the behaviour oirjeetors, as described

above.

The trend regarding spray penetration may be seen in FigdB &he control
injector, injector NI3, shows an almost linear increasepgrag penetration with
increasing pressure. Two of the used injectors, injectdr &id UI3 perform in
a manner that is almost indiscernible from that of the newatgr. The remain-

ing two injectors, injectors UI2 and Ul4 tend to penetrat@teomewhat greater
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degree than the control injector. It will be recalled froneyaous discussions that
injector Ul4 fails to deliver fuel at 300bar rail pressuradahis explains the out-

lying point visible on the plots at 300bar for injector Ul4.

The ultimate cone-angle behaviour indicates strange pedoce of the control
injector, NI3. As outlined in the literature survey, theseaaidegree of debate as to
whether or not the injection pressure should have an effett®@cone angle. The
general consensus in the literature is that the pressurddshot alter the cone-
angle, but injector NI3 does not follow this trend. Also nebethy in the results

for ultimate cone angle is the fact that the overwhelmingdran the data is for
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Figure 6.20: Cone-angle vs pressure for 1,20hjections
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the used injectors to display larger cone-angles than theaanjector. A wide
cone-angle is desirable, given that the fuel will then bearspread out, resulting

in better entraining with the air, and more effective contiouns

It was mentioned in conversation with the supplier of thedusgectors that the
running of an engine generally tends to improve after a néwofsmjectors has
been allowed to run-in’. The results, as evident in Figur206 provide a very
likely reason for this improvement in running, through e&sed spray area re-

sulting from the increased cone-angle.

Conclusion

The results presented in Figures 6.19 and 6.20 above makefprinteresting
reading. If anything these results indicate that the ultéximmacroscopic’ qual-
ities of an injector spray behaviour do not deteriorate, dnitially improve. A
plot has been prepared indicating the spray area, whichigegswnsight into the

performance of the spray. This plot is shown below in Figugd 6
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Figure 6.21: Total spray area vs injection pressure for L2800jections

The maximum area largely follows the trend as establishethéyehaviour of
the spray penetration seen in Figure 6.19. All the injecpoegluce larger spray
areas than the new injectors except for injection UI3, whiadps slightly below

the performance of injector NI3.
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6.4. SPRAY RESULTS AND DISCUSSION

The results illustrated in Figure 6.21 further indicatet imaterms of spray be-

haviour, the used injectors actually tend to outperfornmiiae injectors.

6.4.5 Transient Behaviour

Introduction

It has been determined how the spray ultimately behavest mitmportant to
determine how quickly the injectors arrive at this ultimaghaviour. This sec-
tion will look at the manner in which the injectors behaveidgrthe time before

reaching their ultimate penetration.

6.4.6 Observations and Disucssion

An analysis was conducted to determine the time requiredrf@verage penetra-
tion, across a section of five consecutive intervals to ex@% of the ultimate
spray penetration, as indicated in Section 6.4.4. Figu#2 Below is a plot of the
time taken for the 12Qs injection to reach 9% of the ultimate spray penetration

for that time interval.
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Figure 6.22: Time taken to reach®®f ultimate penetration vs injection pressure

The behaviour of injector NI3 is largely as expected, whaeetime for the in-
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6.4. SPRAY RESULTS AND DISCUSSION

jection to reach 9% tends to reduce as pressure increases. The other injectors
behave in a similar manner, with outliers at 900bar for itgexUI3 and Ul4. As
was found in the previous section, the used injectors agpeaach their ultimate

states earlier than the new, control injector.

Conclusion

As found in the previous section, the used injectors apmeantperform the new
injection with regard to the transient performance leadipgo the injector’s ulti-

mate penetration and cone-angle. This also helps to exgplaimanner in which
engines fitted with new injectors appear to run better oneenjectors have been

run-in’.

6.4.7 Behaviour at early stages of injections

Introduction

The most significant change of state which the injector wmes is that which
occurs when the injector goes from not injecting to injegtiRor this reason it is

worthwhile to conduct an analysis of the behaviour of andtgeat this stage.

Observations and Discussion

To facilitate an analysis of the early stages of an injectibe basic plots showing
spray penetration progression over time will be preseneo in Figures 6.23
through to 6.27. The presentation of these figures has thedaldenefit of al-
lowing one to see the behaviour of the injectors across ttieeenjection period,
enabling one to confirm the results from previous sectiomgures 6.23 through
6.27 are for 1200s injections, but as presented in Section 6.4.3 the behaviou
of the injectors at short and longer durations is largelysamme. It may be seen

from Figures 6.23 to 6.27 that the performance of the comtjettor, NI3, is al-
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6.4. SPRAY RESULTS AND DISCUSSION

ways progressive, with no unexpected spikes in penetrafibis is as one would

expect.
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At 300bar only injector Ul4 gives suspect results, but tBidecause, as men-
tioned previously, injector Ul4 delivers no fuel at 300bAfhen injector pressures
increase it becomes evident that the used injectors do heediiel in as stable a
manner as the new, control, injector. All of the injectorspiiay their most erratic

behaviour at 900bar, whereas their penetrations are |lavési pressures.
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6.4. SPRAY RESULTS AND DISCUSSION

In Figures 6.26 and 6.27 it may be seen that at 1200bar andaddfectors Ul2
and Ul4 display unusually high initial spray penetratioguiés.

Other interesting results evident in Figures 6.23 throogh 27 indicate that from
pressures of 600bar and upward injector UI2 produces the atvsinced spray
penetration, as discussed in Section 6.4.4. Again, atpres®f 600bar and up-
ward injector Ul4 produces injections which lag behind ttteeoinjectors in terms

of penetration, before stabilising to a similar ultimate@gation as the other in-
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Figure 6.25: Spray Penetration vs Time for 1280njection at 900bar rail pres-

sure
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6.4. SPRAY RESULTS AND DISCUSSION

jectors.

Conclusion

Figures 6.23 through to 6.27 show the performance of thetois. This is not
an analysis of the performance of the injectors in terms ofesor other derived
guality. These images, and this section, serves to illtestreat the performance
of the used injectors may look comparable to that of the cbmjector in many
ways. Based on the macroscopic characteristics commuditiais far, however

there is a marked difference in the more subtle performaht®adnjectors.

6.4.8 Short Injection Behaviour

It was mentioned in Section 6.2.2 of this report that testuag conducted at du-
rations shorter than 38 durations as discussed up to this point. Testing was
done at durations of 153 so as to determine the manner in which injectors per-
form when a very short injection was simulated. These smpettions will be

discussed in this section.
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Figure 6.27: Spray Penetration vs Time for 126@njection at 1400bar rail pres-
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6.4. SPRAY RESULTS AND DISCUSSION

6.4.9 Observations and Discussion

The 15Q:s injections were conducted at test pressures from 600dd0@bar. At
600bar and 900bar the injectors failed to deliver fuel, adezut from Figure 6.28

shown below, illustrating a 900bar plot.
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Figure 6.28: Spray Penetration vs Time for £S0njection at 900bar rail pressure

Injector NI3, the control injector, begins to produce a drs@able spray at 1200bar,
as is evident in Figure 6.29 below. The sprays produced @datCtare somewhat

better defined than at 1200bar, as illustrated in Figure 6eB38w.
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Figure 6.29: Spray Penetration vs Time for LS0njection at 1200bar rail pres-

sure
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6.4. SPRAY RESULTS AND DISCUSSION

The short duration injection behaviour is quite tellinglwregard to injector de-
terioration with use. At 1200bar, injector NI3 produces aywgell defined spray
progression, as does injector UI3. But, injectors Ul1, Uld &i4 produce poor
results, with injections from injectors UI2 and Ul4 seentyngroducing no spray

whatsoever.

At 1400bar, as illustrated in Figure 6.30, it may be seen d@iaif the injectors
produce a result, but these vary widely. Two of the used tojs¢ UI1 and UI3,
produce results very similar to those of the control injecithe sprays of injec-
tors UI2 and Ul4 are present, as indicated by the lack of naisevisible in the
performance at 1200bar, in Figure 6.29. That said, the spilaynot appear to

advance.

The deterioration of the performance of the spray of the ugedtors is most ev-
ident in the analysis of the performance of the injectordstiuiperating at these
shortened durations. In the event of injectors performm¢he manner as dis-
played by injectors Ul2 and Ul4 being installed in a engingchirequires the
use of either a brief pilot injection or post-combustioreittjon the performance
of the engine would be adversely affected. Performancesrmg of power pro-

duced, smoothness of running and emissions would suffee dEgradation in
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Figure 6.30: Spray Penetration vs Time for 4S0njection at 1400bar rail pres-
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6.5. INJECTOR SPRAY CONCLUSION

performance due to these factors would be sufficient caitien the discarding of

such injectors.

Conclusion

Analysis conducted in previous sections have failed tovdeliesults which have
signaled that any of the used injectors under study shoultidearded. The in-
ability of injector Ul4 to deliver fuel at low pressure is teeception, as discovered
in the analysis of the injectors flow performance. Howevérewinvestigating the
short duration performance of the injectors, it becamer¢het some of the injec-
tors would perform very poorly if required to produce a pilmt post-combustion,
injection. This is sufficient discard criteria for an injectand based on this in-

vestigation injectors UI2 and Ul4 should be discarded.

6.5 Injector Spray Conclusion

A variety of factors have been considered during the coufskeoinvestigation

into the spray performance of the injectors. These include:

e Spray performance by segment

Spray performance with varying durations

Ultimate spray behaviour

Spray transient behaviour

Spray behaviour during early stages

Spray behaviour during short durations

During the analysis two distinct trends emerged, injectdiisand UI3 behaving

similarly, and injectors Ul2 and Ul4 also behaving simparlnjectors Ul1 and
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6.5. INJECTOR SPRAY CONCLUSION

UI3 typically performed similarly to the control injectaghile injectors UI2 and

Ul4 delivered sub-standard performance.

Across most factors analysed the used injectors appeargatfiarm well. In the
cone-angle behaviour, it was found that the used injectoydyzed larger, and
thus more effective cone-angles. This provides justifocafor the theory that
engines run better following a “running-in” period afteetimstallation of new

injectors.

The only element of the injectors performance where dranusierioration was
identified was in the case of the short duration injectionsdéf simulated pilot-
injection conditions, where the injector was subjected iargection duration
of 150 us, none of the used injectors produced a spray comparableatoot

the control injector, NI3. This inability of the used injecs to produce short
duration sprays would affect the performance of an engirtalihyg and in itself

are acceptable discard criteria.

While generally the used injectors were found to produceetdée sprays, their
inability to produce short duration sprays renders therfientve. The alignment
between the performance of the injector flow charactesstiscussed previously

and the spray characteristics discussed here will be disdua Section 8.
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Chapter 7

Injector Spray Analysis: Theoretical

Modeling

7.1 Introduction

Within Section 2.3.1, of the literature survey, mention weasle of theories which
have been developed to predict the behaviour of an injepraryswvith time. The
two principal theories discussed are those developed by &wshHiroyasu. In
this section these two theories will be investigated, anailitbe attempted to

align these theories to the performance of the properlytioning injector, NI3.

The results produced by the used injectors will not be camsidl within this sec-
tion. This is because of the large number of factors whicly plpart in the per-
formance of those injectors, and that the original theoniese developed using

new injectors.
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7.2. SPRAY THEORIES

7.2 Spray Theories

The spray theory according to Dent, as stated in Equatiors2¢beated here for

the sake of clarity.

N|=

204\ 7
<T> 7.1)

Dent’s equation is designed to function effectively over émtire duration of the

S(t) = 3,07 (APP> " id,)

injection.

The theory according to Hiroyasu is divided into two separagions, an initial
linear region and a second non-linear region. One befokpar after the point

defined asit.... This theory is repeated below.

IAP) 2
t < threak : S(t) =0.39 ( P ) t (72)
l
AP 1
t > threak : S(t) =2.95 () (dnt)§ (73)
Pg
where:
29p,d,,
Loreak = Ll (74)
(pgAP)?

Sample calculations illustrating the use of the above egustare contained in

Appendix B, where the variables are assigned and values\ae.qgi

7.2.1 Unmodified Theoretical Results

A comparison has been prepared where the results of therpenice of the con-
trol injector, NI3, have been compared with the predictibased on the Dent and
Hiroysau theories. These comparisons are shown for alpres, in Figures 7.1

through 7.5 below.
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Figure 7.5: Penetration vs time for actual and theoretipahys penetration at
1400bar

Itis clear from Figures 7.1 through 7.5 that both theoriesyhtically over predict

the spray penetration when compared to the actual perfarenafra new injector.

The difference between the theoretically predicted resarid those attained by
the injectors is so vast that it seems unreasonable thatthdgl align. However,
as mentioned in the literature survey, the coefficientsaioatl in the equations
developed by Dent and Hiroyasu may be modified to achievetarldétto data,

as has been done by many researchers previously.
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7.2. SPRAY THEORIES

7.2.2 Modified Theoretical Results

An empirical process was embarked upon, whereby a serieodffications to
coefficients were applied to both Dent and Hiroyasu’s the=oriAt each pressure
an iteration was conducted to determine a correlation factovhich would lead
to an alignment of the experimental results and the thexaigtiredictions. The
determination of the values of k for the theories accordmB®ént and Hiroyasu

are discussed in Sections 7.2.3 and 7.2.4 respectively.

A set of results identical to those presented in Figuresh#dugh to 7.5 is shown
below illustrating predictions when applying the revisedmodified equations,
incorporating the various correction factors, which arevain Table 7.2.2 be-
low. These are shown below in Figures 7.6 through to 7.10hemtodified Dent
equation and Figures 7.11 through 7.15 for the modified Hisoyequation.

Pressure (bar) Dent 'k’ | Hiroyasu 'K’
300 0.325 0.350
600 0.375 0.350
900 0.450 | 0.450
1200 0.500 | 0.550
1400 0.550 0.550

Table 7.1: Values of correlation factor 'k’ for theories aoding to Dent and

Hiroyasu
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Figure 7.9: Penetration vs time for actual and modified tbécal (Dent) spray

penetration 1200bar

100

801

60

Actual Penetraiton
— — — Modified Dent Equation

40

Penetration (mm)

201

0 200 400 600 800 1000 1200 1400
Time (us)

Figure 7.10: Penetration vs time for actual and modifiedritezal (Dent) spray
penetration 1400bar

60

501

401

Actual Penetraiton
— — — Modified Hiroyasu Equation

30

201

Penetration (mm)

10

0 200 400 600 800 1000 1200 1400
Time (ps)

Figure 7.11: Penetration vs time for actual and modified rebiizal (Hiroyasu)

spray penetration 300bar

147



7.2. SPRAY THEORIES

[e2]
o

(62
o

N
o

301

Actual Penetraiton
— — — Modified Hiroyasu Equation

201

Penetration (mm)

10

0 200 400 600 800 1000 1200 1400
Time (us)

Figure 7.12: Penetration vs time for actual and modified retiizal (Hiroyasu)
spray penetration 600bar

80

Actual Penetraiton
— — — Modified Hiroyasu Equation

Penetration (mm)

0 200 400 600 800 1000 1200 1400
Time (ps)

Figure 7.13: Penetration vs time for actual and modified ristézal (Hiroyasu)
spray penetration 900bar

100

Actual Penetraiton
— — — Modified Hiroyasu Equation

Penetration (mm)

0 200 400 600 800 1000 1200 1400
Time (us)

Figure 7.14: Penetration vs time for actual and modified ristgzal (Hiroyasu)
spray penetration 1200bar

148



7.2. SPRAY THEORIES

100

Actual Penetraiton
— — — Modified Hiroyasu Equation

Penetration (mm)

0 260 460 660 860 1060 12‘00 1400
Time (us)
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Figures 7.6 through to 7.15 indicate that through the use @irhitary correction
factor a very good correlation may be made between the ttieairand actual
spray penetration, during the development of the sprayeStns difficult to judge
the actual performance of the injection at full developmdoe to the occurrence
of saturation, as discussed in Chapter 6, focus was made deve®pment phase

of the injection.

7.2.3 Modified Dent Theory

An analysis was conducted so as to determine the trend priesée 'k’-factors.
A plot has been prepared, shown below in Figure 7.16, whiditates the values

of these correction factors, with varying pressure.
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Figure 7.16: Correction factor 'k’ vs Pressure for Dent’s &iippn
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From Figure 7.16 it may be seen that there appears to be arstalimear trend
with the correction factor increasing with injection presss The 'Polyfit’ func-
tion contained in the MATLAB package was used to develop edirfit equation.

Equation 7.5 was developed:

k = 0.0002 - P + 0.2596 (7.5)

Where P represents the common rail pressure in bar.

If the equation presented above is applied and comparectexiperimental re-
sults, good results are obtained. the correlation betweetheoretical and exper-

imental results are shown below in Figure 7.17.
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Figure 7.17: Correction factor 'k’ vs Pressure for Dent’s &pn, showing mod-

eled 'k’ factor

7.2.4 Modified Hiroyasu Theory

A process similar to that applied to the theory accordingéativas also used on
Hiroyasu’s theory, and the correction factors 'k’ were deti@ed experimentally.
The results of Hiroyasu’s equations when modified using threection factor
'k’ are shown in Figures 7.11 through 7.15 above. These fgjillgstrate that a
good correlation may be made with the equations through thgifroation of the

equation’s constant. The modification factors requirecsamvn below in Figure

150



7.2. SPRAY THEORIES

7.18. From Figure 7.18 it may be seen that there appears to &eopriate 'k’-
factor for low pressures, 300 - 600bar, an accurate 'kK’éiadr high pressure,

1200 - 1400bar, and an intermediate corrector factor at&®00b
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Figure 7.18: Correction factor 'k’ vs Pressure for Hiroyasejuation

An accurate theoretical representation of the 'k’-factiegeloped and illustrated
in Figure 7.18, may be made by fitting a cubic polynomial tigtouhe given
points, again using the 'Polyfit’ function in Matlab. The eubquation developed

is shown below:

k= —7.0439x 107 P? +1.8566 x 107%. P —0.0012325- P +0.57213 (7.6)

Where P represents the common rail pressure, in bar.

If the equation presented above is applied and comparectexiperimental re-

sults shown in Figure 7.18, the results as displayed in Eigut9 are obtained.

7.2.5 Additional Modification

In addition to the two correction factors, as described ictiSas 7.2.3 and 7.2.4,
two additional factors were applied to aid the achievemédrthe correlations
illustrated in Figures 7.6 through 7.15. These factorsidet! a time offset in the
case of both the Dent and Hiroyasu theories, and a blanketase in penetration

in the case of the Hiroyasu theory.
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The offset was a factor included, at lower pressure, to ei@th& manner in which
the injectors appear to respond later at lower pressuress. offiset was applied
to neither the 1200bar nor the 1400bar injections, but waednced at 900bar
and below. The factors were 0.25, 0.05 and 0.025ms at 30Q, &@D900bar

respectively.

It was also found that in order for the spray theory accortirigiroyasu to fit, the
results required a blanket increase of 7mm in spray perirathis is to offset
the fact that at the beginning of the spray development,zat0t the apparatus
registers a spray of approximately 7mm. Since the sprayryh@acording to
Hiroyasu, is linear in nature, it is important to begin theagpdevelopment, both
theoretical and actual, at the same point. This is so sireértbar trend does not
demonstrate the rapid growth of an exponential trend at imeg, as is the case

with the spray theory according to Dent.

7.2.6 Discussion

It has been demonstrated in Sections 7.2.3 and 7.2.4 thaichggorelation may
be developed between the actual sprays achieved in thagesinducted, and
the commonly used theories according to Dent and Hiroyasie achievement

of this correlation required the adjustment of the equatioy factors that varied
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Figure 7.19: Correction factor 'k’ vs Pressure for Hiroyasequation, showing

modeled 'k’ factor

152



7.2. SPRAY THEORIES

with pressure. However, it is noteworthy that in the casestified in the litera-
ture where commonly employed spray theories were appliedt of these cases
where shadowgraphy was applied as a means of capturing émaélge case under

discussion here is unique in its application of the ligh¢idity sensitive imaging.

Factors which come into play in the case being addressedreuele the results
dependance on the intensity threshold setting, as distussghapter 6, as well
as the ability of various liquid droplet sizes to reflect light is poignant that
even with these factors, a strong correlation may be madeceetthe theoretical
results and those achieved with the new common-rail infetticough a relatively

simple analysis.

The necessity for a correction factor, which effectivelguees the theoretical
predictions, may be introduced by the low setting of thensiiy threshold. It

may be that the spray is present, but that due to the natuheedést equipment,
and the manner in which it is setup, the spray is not deteatdtei same way that
other test equipment does. It also cannot be ruled out thamjictor’'s nature may
be such that it performs very differently at high and low press, and therefore

differently to the predictions made by both Dent and Hirayas

The correction factor increases with increasing presdithis. may be attributed to
the manner in which the light reflected by the liquid is inedygroportional to the
square of the particle size. Thus the smaller the partibke)dss light it reflects.
As the rail pressure increases, the droplet size will getlsmbeading to less light
being reflected. Therefore, at high pressures the spray maighificantly longer

than indicated by the apparatus.

Another reason for the variation of the correction factahwpressure may be due
to the amount of fuel being introduced into the spray chamgmore fluid is in
the spray chamber at high pressure this fluid will reflecttli@ince more light is
being reflected by the atmosphere, it becomes more difficuliscern the actual
spray produced, and thus the spray looks smaller, requaitagger correction

factor, as is the case.
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Despite the need for correction factors when comparing liberetical and test
results, it is noteworthy that all that was required was edirscaling factor, which

varied with pressure. The shape of the progression of theyspmaintained.

7.2.7 Conclusions and Recommendations

With the application of simple correction factors, a goodelation was achieved
between the predictions of Dent and Hiroyasu and the aatsarésults attained
during testing. This is the first time, during the use of th©W8 test stand, that a
good correlation has been achieved between theoreticarapdical results. The

achievement of this correlation indicates a similaritywen the results attained
and those predicted by the theories. The development of a athanced theory
for the prediction of injector spray behaviour when testethwhe INOV8 test

stand, as well as testing the current theory developed vereaggreater spectrum

of pressures would be valuable.

Speculation was made as to the reasons for the disparityebattine theory and
the results achieved, and why there was a need for a comdatitor which varied
with pressure to be developed. It would be valuable to teishées injector under
the same conditions, using a shadowgraphy technique scasigare the results
achieved and to quantify the differences in spray resuttsifeach visualisation

technique.

More tests could also be done to investigate the effects ying the intensity
threshold on the ability of the test apparatus to emulat¢htberetically predicted

results.

Through attempting to quantify the difference in performabetween the theo-
retical results, the results as achieved by other appaaidthose achieved by the

INOVS - LaVision equipment, considerable future researely ime undertaken.
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Chapter 8

Conclusion

During the investigation conducted, two separate setsalf/ais were performed,
comparing the performance of four used injectors to thatave, control injector,
in terms of spray and flow characteristics. Independentisf #in investigation
was undertaken to attempt to align two mainstream spray hmgdéeories to the

characteristics displayed by the control injector duriesting.

The injector flow analysis was used to examine the detailefbmeance of the
injectors. The differences between the performance of $leel injectors and the
new injectors were used to identify potential faults in thgctors. These faults
were based on an understanding of the manner in which imgeétoction. A

more macroscopic approach was taken with the spray analyisese differences
between the performance of the new and used injectors wghtidgtited and an
analysis of whether the spray produced from the injectorslavstill prove ade-

guate for use in an engine was done.

The spray results identified that two of the injectors betlamilarly to the con-
trol injector, and two behaved quite differently. Howevarthe case of the short,

150us injection none of the used injectors delivered significamays.

Two of the used injectors produced results with spray and ftberacteristics

which compared favourably to the control injector. One @fsth injectors, UI1,
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appeared to have suffered from solenoid wear while the othi&; appeared to

have suffered an increase in mechanical friction.

Another two injectors, U2 and Ul4, produced sprays thatditicompare favourably
with the control injector. UI2 suffered from wear in the upgection of the injec-
tor where the ball valve seats onto the bleed orifice. Uldesatf from deteriora-

tion in the solenoid mechanism, as well as mechanical weimwthe injector.

It was hoped that during the course of the investigation & defined link would

emerge between the deterioration in the spray and flow cteairstacs of the used
injectors. The simplest flow-characteristic deteriomnaticas attributed to wear in
the solenoid, where the soleniod would only respond to thél-fthase” signal

and not to the “hold-phase” signal. This was experienced ldn &hd it produced

sprays which compared favourably with the control injeet®rvas expected. UI3
also produced good spray results. It suffered mechanicail, waich appeared to
increase the friction within the injector, leading to poomflcharacteristics. How-
ever, this wear in the plunger does not appear to have afftlogespray character-
istics of the injector. This indicates that a deterioraiiothe flow characteristics
will not necessarily manifest in a deterioration in the gptharacteristics of an

injector.

UlI2 was identified to have suffered from wear in the upperiporof the injector,
where the bleed and feed orifices are located. This injectmlyzed sub-standard
spray performance, due to the injector delivering consibligrless fuel than the
control injector. Ul4 also performed poorly in terms of spcdaracteristics was
subjected to deterioration in the solenoid as well as machbhwear within the

body of the injector.

It is curious that two used injectors, Ull and UI3, produc#itient sprays with
a worn solenoid and increased friction within the body resipely. However,
when these two wear characteristics are combined withimglesinjector sub-
standard spray characteristics are delivered. This stgytfes the deterioration

in the flow and spray characteristics are driven by indepeindauses. Perhaps
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the spray characteristics are affected by deterioratidhershape of the nozzle,
or some other mechanical degradation which does not affeadelivery of fuel.
However, the deterioration of both the flow and spray chargtics in the case
of the injector where the bleed orifice was found to be wordicates that there
may be alignment between the deterioration of spray and flawecteristic if the

wear in question affects the delivery of fuel sufficiently.

Injectors UI3 and Ul4 had been ultrasonically cleaned leetbey were supplied
for testing. Since UI3 compared favourably with the coniinggctor, and injector
Ul4 did not, it may be said that the ultrasonic cleaning dagsave a particularly
marked effect on improving the spray performance of thectoje However, it

would be interesting to run comparative tests of an injelsgfore and after ultra-

sonic cleaning so as to determine the effect of the process.

It is noteworthy that the used injectors produced improvextnmscopic spray
characteristics when compared to the control injector. Ui$ed injectors pro-
duced wider cone angles and thus increased spray areasleatissto improved

engine running after a set of injectors has been “run-in‘soAhoteworthy is the
fact that none of the used injectors produced sprays at Vemt durations. This

would render the pilot injection ineffective and lead to id&sed performance
and increased emissions. These observations indicatéhdratare both positive
and negative elements in the characteristics of both newiaed injectors. The
inability, however, of the used injectors to deliver shalbfpinjections could be

used as discard criteria, and provide for a quick, real-dvddst to determine an

injectors efficacy.

A correlation was developed between the spray resultsajisglby the new in-
jector and the spray theories developed by Hiroyasu and. DEms correlation
was developed by multiplying the results of the spray patiem by a revised
constant, which was found to vary with pressure. Additianalifications were
introduced in the form of a varying offset from start of injea and a blanket
increase in penetration in the case of the theory accordiftiroyasu. The devel-

opment of a correlation between the two most popular theanigicates a definite

157



similarity between the theories and the results obtainethbyest stand and the

La Vision software package.

Future research opportunities based on that conductedekiste These include
expanding the number of used injectors studied in the irgeggdn. This would
allow for an analysis in terms of the manner in which injestarear. Further
follow-up could be done on the injectors investigated irs thiudy, in order to

verify the nature of the wear as detailed in Section 5.

In terms of the spray, further analysis could be conductetttermine the effects
of altering the spray intensity threshold in order to obtivetter visualisation of
the spray through reducing the saturation levels. A deepédenstanding of the
relevance of the results obtained here from the test stanid @ obtained if a
set of tests were run, with the same injector and injecticgarpaters, using both
the test stand and the more traditional shadowgraphy irgagichnique. This
would allow the differences in the observations from these techniques to be

quantified.

An investigation was done to develop an alignment betweethioretical predic-
tions of both Dent and Hiroyasu and the actual results obthifrurther research
may be conducted based on these findings, including runestg at other pres-
sures and different intensity settings within the La Visamwironment. Additional
tests could be run using the shodowgraphy technique, whialore commonly

associated with the above mentioned theories.

In all of the tests, but especially in the case of the new tojgethe test stand may
be modified such that an alternative fluid may be used forngsfor instance
DME as tested before within the same laboratory. This wollitavethe behaviour
of a common rail injector using different fuels to be asseaseng the advanced
techniques made available in the test-stand, as discuss®éction 3. The test
stand may also be adapted so as to actuate a shadowgraphggrapgaratus, as

discussed above.
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Appendix A

Complete Spray Observations

This appendix contains the complete results for all usegtinys and the control

injector NI3.
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Figure A.1: Cone angle vs time at 300 bar, a36@uration
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A.1. 300 BAR
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Figure A.2: Penetration vs time at 300 bar, a8@uration
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A.1. 300 BAR

A.1.2 60Qus Duration

Cone Angle (degrees)

10 | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Time (ms)

Figure A.3: Cone angle vs time at 300 bar, G8@uration
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Figure A.4: Penetration vs time at 300 bar, G8@uration
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A.1. 300 BAR

A.1.3 120Qus Duration
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Figure A.5: Cone angle vs time at 300 bar, 128@uration
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Figure A.6: Penetration vs time at 300 bar, 128@uration
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A.2. 600 BAR
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Figure A.7: Cone angle vs time at 600 bar, AS@uration
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Figure A.8: Penetration vs time at 600 bar, LS@uration
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A.2. 600 BAR

A.2.2 20Qus Duration
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Figure A.9: Cone angle vs time at 600 bar, 26@uration
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Figure A.10: Penetration vs time at 600 bar, 28@uration
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A.2. 600 BAR
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Figure A.11: Cone angle vs time at 600 bar, @8@uration
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Figure A.12: Penetration vs time at 600 bar, @8@uration
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A.2. 600 BAR
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Figure A.13: Cone angle vs time at 600 bar, 68@uration
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Figure A.14: Penetration vs time at 600 bar, 8@ uration
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A.2. 600 BAR
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Figure A.15: Cone angle vs time at 600 bar, 126@uration
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Figure A.16: Penetration vs time at 600 bar, 128@uration
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A.3. 900 BAR
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Figure A.17: Cone angle vs time at 900 bar, AS@uration
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Figure A.18: Penetration vs time at 900 bar, AS@uration
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A.3. 900 BAR

A.3.2 20Qus Duration

w
N

w
o

Cone Angle (degrees)
N
o]

26
24
22
20 | | | | | | A

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Time (ms)
Figure A.19: Cone angle vs time at 900 bar, 28@uration
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Figure A.20: Penetration vs time at 900 bar, 28@uration
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A.3. 900 BAR
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Figure A.21: Cone angle vs time at 900 bar, @8@uration
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Figure A.22: Penetration vs time at 900 bar, @8@uration
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A.3. 900 BAR

A.3.4 60Qus Duration
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Figure A.24: Penetration vs time at 900 bar, 8@ uration
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A.3. 900 BAR
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Figure A.25: Cone angle vs time at 900 bar, 126@uration
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Figure A.26: Penetration vs time at 900 bar, 128@duration
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A.4. 1200 BAR
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Figure A.27: Cone angle vs time at 1200 bar, A&@uration
60

[62]
o

N
o

N
o

Spray Penetration (mm)
w
o

10,

0.2
Time (ms)

Figure A.28: Penetration vs time at 1200 bar, A&@uration
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A.4. 1200 BAR
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Figure A.29: Cone angle vs time at 1200 bar, 20@uration
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Figure A.30: Penetration vs time at 1200 bar, 280@uration
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A.4. 1200 BAR
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Figure A.31: Cone angle vs time at 1200 bar, @®@uration
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Figure A.32: Penetration vs time at 1200 bar, @8@uration
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A.4. 1200 BAR
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Figure A.33: Cone angle vs time at 1200 bar, @@duration
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A.4. 1200 BAR
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Figure A.36: Penetration vs time at 1200 bar, 120@uration
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A.5. 1400 BAR
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Figure A.37: Cone angle vs time at 1400 bar, A&@uration
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Figure A.38: Penetration vs time at 1400 bar, A&@uration
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A.5. 1400 BAR
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Figure A.39: Cone angle vs time at 1400 bar, 20@uration
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A.5. 1400 BAR
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Appendix B

Sample Calculations

B.1 Introduction

In Chapter 7 an analysis was conducted where two principalyspenetration
theories, according to Dent and Hiroyasu, were comparetidaattual results
obtained during testing. During this analysis a series ofexion factors, 'k’,
were developed for the purposes of aligning the theorediiedlactual results. The
calculations used in determining the theoretical spragpations are shown here

for demonstrative purposes.

B.2 Paramenter Values

The following values were used for the parameters, in thaeoyus:

AP : Differential pressure across the injector, between dnengon rail and atmo-

sphere
p, . Density of the medium into which injection is taking pla€e985kg/ni)

pe - Density of fluid being injected (807kg/n
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B.3. DENT SPRAY THEORY

T, : Temperature of gas into which injection is taking place4(p

d,, : Diameter of injector nozzle orifice (0.173mm)

B.3 Dent Spray Theory

The equation representing the unmodified spray penetrtigory according to
Dent is repeated here for the sake of clarity, where the gadtithe variables listed

are as detailed above in Section B.2.

AP\F 1 [204)7
S(t) = 3,07 (pg) (tdn)2<T> (B.1)

g

For the purposes of a sample calculation a pressure and fieneammencement
of injection need to be assumed. For the sake of demonstraB®O0bar injection,

600nus after the commencement of injection will be used.

AP\T 1 [204\3
S(H) = 3,07 () (td,)? (9>
Pg T,

300 — 0.985) x 1O5>

N

((600 x 107%)(173 x 10°))

294

( . (294
S(600us) = 3,07
(600p5) ’ ( 0.985

N =

S(600us) = 3,07(30.45><106)i(103.80><10‘9) (1)

S(600us) = 73.14mm

B.4 Hiroyasu Spray Theory

The equations representing the spray theory accordingrmyéiu is presented

below:
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B.4. HIROYASU SPRAY THEORY

2AP>§
t

t < toreak : S(t) =0.39 (
P

N

AP\*
t > tbreak : S(t) =2.95 (p) (dnt)
g

where:
29p1d,

(pgAP)?

tbreak -

(B.2)

(B.3)

(B.4)

For the sake of sample calculations, a pressure of 1400 Hldvernassumed.

Beginning with the determination of.1.:

29pldn
tyreak = - 1
(pyAP)?
t 20(807)(0.173 x 10-%)
break — 1
((0.985)(1400 — 0.985) x 105)2
a0
break T 1174 % 103

torear = 344.98 x 107 %s

tbreak = 34498,115

Sample calculations are required to be done both before t@dta,..,.. Time

after injection of 20@s and 40@s will be used.

At 200;s:
1
2AP\?
S(t) = 0.39< ) '
Pi
2(1400 — 0.833) x 107
S(200us) = 0.39<( S )
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B.5. CORRELATION FACTOR EQUATIONS

S(200us) = 32.48 x 107

S(200us) = 32.48mm

At 400us:

S(t) = 2.95 <AP>‘i (dut)

Py

D=

N,

((0.173 x 107%)(400 x 10—6))%

1400 — 0. 10°
S(400ps) = 2.95<( 00— 0.833) 0)

0.945

S(400us) = 2.95(110.205)(263.0589)

S(400us) = 85.6mm

B.5 Correlation Factor Equations

In Sections 7.5 and 7.6 equations for the variation of theetation factors for
the spray theory according to Dent and Hiroyasu were predenthe sample

calculations illustrating the workings of these equatiarespresented here.

B.5.1 Dent Theory Correction Factor

The correction factor equation for the spray theory aceqytlh Dent is presented

below.

k = 0.0002 - Pressure + 0.2596 (B.5)
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B.5. CORRELATION FACTOR EQUATIONS

Assuming a pressure of 1400bar:

k = 0.0002 - Pressure + 0.2596

k = 0.0002 - (1400) + 0.2596

k= 0.540

If the results of the sample calculation above is compareld thie results shown

in Table 7.2.2, it may be seen that they compare favouraliljm2%.

B.5.2 Hiroyasu Theory Correction Factor

The correction factor equation for the spray theory aceowydo Hiroyasu is pre-

sented below.

k= —7.0439x 107" P?+1.8566 x 107%- P? —0.0012325- P +0.57213 (B.6)

k= —7.0439 x 1071 (1400)® 4 1.8566 x 107° - ()1400% — 0.0012325 - (1400) + 0.57213
E = —7.0439 x 107*° - (1400)® + 1.8566 x 10~% - ()1400* — 0.0012325 - (1400) + 0.57213
k = 0.553

Again, if the results of the above sample calculation arepamed with the values

of the correction factors shown in Table 7.2.2, a corretatib57% may be seen.
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Appendix C

Complete Flow Observations

C.1 Delivery rate vs time Plots

C.1.1 300 bar Results
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Figure C.1: Delivery rate vs timevs time at 300 bar, g®@duration

192



C.1. DELIVERY RATE VS TIME PLOTS
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Figure C.4: Delivery rate vs time at 300 bar, $8Guration
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C.1. DELIVERY RATE VS TIME PLOTS

Delivery Rate (mm 3 ms)

10f

o
T

Firing Pulse
NI3

o

Time (us)

-5 . . . . . .
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

Figure C.5: Delivery rate vs time at 300 bar, 1@8@uration

Delivery Rate (mm 3 ms)

10f

&
T

Firing Pulse
NI3

o

-5
1000 1500 20

L L L L L L
00 2500 3000 3500 4000 4500 50

Time (us)

00 5500 6000

Figure C.6: Delivery rate vs time at 300 bar, 118@uration
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C.1. DELIVERY RATE VS TIME PLOTS
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Figure C.8: Delivery rate vs time at 300 bar, 138@uration

25

g 20 b

o 15¢ E Firing Pulse

£ NI3

= ---un

E e A S S I s ui2
‘‘‘‘‘ ui3

5 sh 1 ul4

2

D

e o

L L L

_5 L L L L L L
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
Time (us)

Figure C.9: Delivery rate vs time at 300 bar, 148Quration
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Figure C.10: Delivery rate vs time at 300 bar, 1p8@uration
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C.1. DELIVERY RATE VS TIME PLOTS
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Figure C.11: Delivery rate vs time at 300 bar, 166@uration
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Figure C.12: Delivery rate vs time at 300 bar, 1/6@uration
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Figure C.13: Delivery rate vs time at 300 bar, 186@uration
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C.1. DELIVERY RATE VS TIME PLOTS
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Figure C.14: Delivery rate vs time at 300 bar, 196@uration
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Figure C.15: Injector Delivery rate vs time at 300 bar, 2@®@uration
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Figure C.16: Delivery rate vs time at 300 bar, 248@uration
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C.1. DELIVERY RATE VS TIME PLOTS
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Figure C.17: Delivery rate vs time at 300 bar, 226@uration
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Figure C.18: Delivery rate vs time at 300 bar, 236@uration
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Figure C.19: Delivery rate vs time at 300 bar, 246@uration
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C.1. DELIVERY RATE VS TIME PLOTS
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Figure C.20: Delivery rate vs time at 300 bar, 2p8@uration
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C.1. DELIVERY RATE VS TIME PLOTS

C.1.2 600 bar Results
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Figure C.21: Delivery rate vs time at 600 bar, 38@luration
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Figure C.22: Delivery rate vs time at 600 bar, 48@&uration
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Figure C.23: Delivery rate vs time at 600 bar, x8@uration
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C.1. DELIVERY RATE VS TIME PLOTS
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Figure C.24: Delivery rate vs time at 600 bar, g8@uration
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Figure C.25: Delivery rate vs time at 600 bar, /8@uration
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Figure C.26: Delivery rate vs time at 600 bar, @8@luration
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C.1. DELIVERY RATE VS TIME PLOTS
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Figure C.27: Delivery rate vs time at 600 bar, @8@uration
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Figure C.28: Delivery rate vs time at 600 bar, 108@uration
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Figure C.29: Delivery rate vs time at 600 bar, 148@uration
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C.1. DELIVERY RATE VS TIME PLOTS
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Figure C.30: Delivery rate vs time at 600 bar, 126@uration
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Figure C.31: Delivery rate vs time at 600 bar, 1p8@luration
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Figure C.32: Delivery rate vs time at 600 bar, 168@luration
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C.1. DELIVERY RATE VS TIME PLOTS
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Figure C.33: Delivery rate vs time at 600 bar, 1Z6@uration
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Figure C.34: Delivery rate vs time at 600 bar, 188@luration
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Figure C.35: Delivery rate vs time at 600 bar, 198@luration
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C.1. DELIVERY RATE VS TIME PLOTS
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Figure C.36: Delivery rate vs time at 600 bar, 208@uration
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Figure C.37: Delivery rate vs time at 600 bar, 2L48@luration
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Figure C.38: Delivery rate vs time at 600 bar, 228@luration
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C.1. DELIVERY RATE VS TIME PLOTS
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Figure C.39: Delivery rate vs time at 600 bar, 236@uration
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Figure C.40: Delivery rate vs time at 600 bar, 248@luration

Firing Pulse
NI3
ull
ui2

Delivery Rate (mm 3y ms)

-10 . . . . . . | | |
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
Time (us)

Figure C.41: Delivery rate vs time at 600 bar, 2p8@luration
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C.1. DELIVERY RATE VS TIME PLOTS

C.1.3 900 bar Results
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Figure C.42: Delivery rate vs time at 900 bar, 38@luration

40
2 30f 1
® Firing Pulse
E 20f 1 NI3
e - - -un1
ks S UI2
© 1ot 1 -= uI3
§ ul4
5, —
la} [ e

~10 . . . . . . . . .
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
Time (us)

Figure C.43: Delivery rate vs time at 900 bar, 48Qluration
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Figure C.44: Delivery rate vs time at 900 bar, x8@uration
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C.1. DELIVERY RATE VS TIME PLOTS
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Figure C.45: Delivery rate vs time at 900 bar, g8@uration

50

Delivery Rate (mm 3y ms)

-10 . . . . |
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
Time (us)

Firing Pulse
NI3
ull
ui2

Figure C.46: Delivery rate vs time at 900 bar, 7Z8@uration
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Figure C.47: Delivery rate vs time at 900 bar, @8@uration
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C.1. DELIVERY RATE VS TIME PLOTS
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Figure C.48: Delivery rate vs time at 900 bar, @8@uration
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Figure C.49: Delivery rate vs time at 900 bar, 108@luration
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Figure C.50: Delivery rate vs time at 900 bar, 148@luration
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C.1. DELIVERY RATE VS TIME PLOTS
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Figure C.51: Delivery rate vs time at 900 bar, 128@luration
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Figure C.52: Delivery rate vs time at 900 bar, 138@luration
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Figure C.53: Delivery rate vs time at 900 bar, 148@luration
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Figure C.54: Delivery rate vs time at 900 bar, 1p8@luration
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Figure C.55: Delivery rate vs time at 900 bar, 168@luration
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Figure C.56: Delivery rate vs time at 900 bar, 1Z8@luration
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Figure C.57: Delivery rate vs time at 900 bar, 188@luration
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Figure C.58: Delivery rate vs time at 900 bar, 198@luration
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Figure C.59: Delivery rate vs time at 900 bar, 208@luration
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Figure C.60: Delivery rate vs time at 900 bar, 248@uration
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Figure C.61: Delivery rate vs time at 900 bar, 228@luration
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Figure C.62: Delivery rate vs time at 900 bar, 238@luration
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Figure C.63: Delivery rate vs time at 900 bar, 246@uration
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Figure C.64: Delivery rate vs time at 900 bar, 2p8@luration
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C.1.4 1200bar Results
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Figure C.65: Delivery rate vs time at 1200 bar, 26@uration
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Figure C.66: Delivery rate vs time at 1200 bar, d6@uration
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Figure C.67: Delivery rate vs time at 1200 bar, 48@uration
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Figure C.68: Delivery rate vs time at 1200 bar, p8@uration
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Figure C.69: Delivery rate vs time at 1200 bar, G8@luration
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Figure C.70: Delivery rate vs time at 1200 bar, G8@luration
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Figure C.71: Delivery rate vs time at 1200 bar, g8@luration
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Figure C.72: Delivery rate vs time at 1200 bar, @8@luration
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Figure C.73: Delivery rate vs time at 1200 bar, 1Q8@uration
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Figure C.74: Delivery rate vs time at 1200 bar, 1A8@uration
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Figure C.75: Delivery rate vs time at 1200 bar, 128@uration
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Figure C.76: Delivery rate vs time at 1200 bar, 138@uration
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Figure C.77: Delivery rate vs time at 1200 bar, 148@uration
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Figure C.78: Delivery rate vs time at 1200 bar, 1p8@uration
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Figure C.79: Delivery rate vs time at 1200 bar, 1p8@uration
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Figure C.80: Delivery rate vs time at 1200 bar, 1;/8@uration
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Figure C.81: Delivery rate vs time at 1200 bar, 188@uration
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Figure C.82: Delivery rate vs time at 1200 bar, 198@uration
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Figure C.83: Delivery rate vs time at 1200 bar, 208@uration
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Figure C.84: Delivery rate vs time at 1200 bar, 248@uration
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Figure C.85: Delivery rate vs time at 1200 bar, 228@uration
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Figure C.86: Delivery rate vs time at 1200 bar, 238@uration
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Figure C.87: Delivery rate vs time at 1200 bar, 248@uration
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Figure C.88: Delivery rate vs time at 1200 bar, 2BS@uration
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C.1.5 1400bar Results
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Figure C.89: Delivery rate vs time at 1400 bar, 26@uration
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Figure C.90: Delivery rate vs time at 1400 bar, d6@uration
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Figure C.91: Delivery rate vs time at 1400 bar, 48@uration
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Figure C.92: Delivery rate vs time at 1400 bar, p8@uration
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Figure C.93: Delivery rate vs time at 1400 bar, G8@uration
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Figure C.94: Delivery rate vs time at 1400 bar, Z8@luration
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Figure C.95: Delivery rate vs time at 1400 bar, 88@uration
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Figure C.96: Delivery rate vs time at 1400 bar, 28@luration
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Figure C.97: Delivery rate vs time at 1400 bar, 1Q8@uration
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Figure C.98: Delivery rate vs time at 1400 bar, 1A8@uration
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Figure C.99: Delivery rate vs time at 1400 bar, 128@uration
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Figure C.100: Delivery rate vs time at 1400 bar, 139@duration
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Figure C.101: Delivery rate vs time at 1400 bar, 149@uration
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Figure C.102: Delivery rate vs time at 1400 bar, 158@duration
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Figure C.103: Delivery rate vs time at 1400 bar, 168@duration
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Figure C.104: Delivery rate vs time at 1400 bar, 1//@uration
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Figure C.105: Delivery rate vs time at 1400 bar, 188@duration
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Figure C.106: Delivery rate vs time at 1400 bar, 188@duration
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Figure C.107: Delivery rate vs time at 1400 bar, 208@duration
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Figure C.108: Delivery rate vs time at 1400 bar, 2i9@duration
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Figure C.109: Delivery rate vs time at 1400 bar, 228@duration
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Figure C.110: Delivery rate vs time at 1400 bar, 239@duration
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Figure C.111: Delivery rate vs time at 1400 bar, 249@duration
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Figure C.112: Delivery rate vs time at 1400 bar, 269@duration
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C.2 Delivery vs time Plots

C.2.1 300 bar Plots
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Figure C.113: Delivery vs time at 300 bar, 7@0duration
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Figure C.114: Delivery vs time at 300 bar, 830duration
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Figure C.115: Delivery vs time at 300 bar, 980duration
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Figure C.116: Delivery vs time at 300 bar, 10@0duration
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Figure C.117: Delivery vs time at 300 bar, 15@0duration
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Figure C.118: Delivery vs time at 300 bar, 2Q@0duration
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Figure C.119: Delivery vs time at 300 bar, 25@0duration
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C.2.2 600 bar Results
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Figure C.120: Delivery vs time at 600 bar, 4@0duration
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Figure C.121: Delivery vs time at 600 bar, 5@0duration

16

TN
o N b

o N b~ O

) .
1000 1500

L L L L L L L L
2000 2500 3000 3500 4000 4500 5000 5500 6000

Time (us)

Figure C.122: Delivery vs time at 600 bar, g@0duration
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Figure C.123: Delivery vs time at 600 bar, 7@0duration
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Figure C.124: Delivery vs time at 600 bar, §30duration
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Figure C.125: Delivery vs time at 600 bar, 9@80duration
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Figure C.126: Delivery vs time at 600 bar, 10@0duration
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Figure C.127: Delivery vs time at 600 bar, 11@0duration
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Figure C.128: Delivery vs time at 600 bar, 12@0duration

236



C.2. DELIVERY VS TIME PLOTS

60
50b JeTrmrertiiaririeicinies B
__ 4of ) SPTO PR
(o] &
NI3
£
£ 30 7 - —--un
> - U2
£ 20 4= uI3
g ul4
10 B
0 |
_lo L L L L L L L L L
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
Time (us)
Figure C.129: Delivery vs time at 600 bar, 15@0duration
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Figure C.130: Delivery vs time at 600 bar, 20@0duration
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Figure C.131: Delivery vs time at 600 bar, 252@0duration
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C.2.3 900 bar Results
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Figure C.132: Delivery vs time at 900 bar, 3G0duration
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Figure C.133: Delivery vs time at 900 bar, 4@0duration
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Figure C.134: Delivery vs time at 900 bar, 580duration
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Figure C.135: Delivery vs time at 900 bar, @0duration
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Figure C.136: Delivery vs time at 900 bar, 7@0duration
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Figure C.137: Delivery vs time at 900 bar, §@0duration
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Figure C.138: Delivery vs time at 900 bar, 9@0duration
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Figure C.139: Delivery vs time at 900 bar, 10@0duration
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Figure C.140: Delivery vs time at 900 bar, 11@0duration
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Figure C.144: Delivery vs time at 900 bar, 15@0duration
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Figure C.145: Delivery vs time at 900 bar, 16@0duration
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Figure C.146: Delivery vs time at 900 bar, 17@80duration

242



C.2. DELIVERY VS TIME PLOTS

80

70 oo

60 g :
nvE 50 3 NI3
E 40 - --un
> - U2
g 30 1|1 - - ui3
o
a 20 i ul4

10 b

0

_lo L L L L L L L
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
Time (us)

Figure C.147: Delivery vs time at 900 bar, 18@0duration
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Figure C.148: Delivery vs time at 900 bar, 19@0duration
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Figure C.149: Delivery vs time at 900 bar, 20@0duration

243



C.2. DELIVERY VS TIME PLOTS

100

Delivery (mm 3)

L L L L L L
2500 3000 3500 4000 4500 5000 5500 6000
Time (us)

-20 !
1000 1500 2000

Figure C.150: Delivery vs time at 900 bar, 21@0duration
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Figure C.151: Delivery vs time at 900 bar, 22@0duration

120

100

o]
o

(o2}
o

N
o

Delivery (mm 3)

N
o

0

L L L L L L L L L
1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

-20
1000
Time (ps)

Figure C.152: Delivery vs time at 900 bar, 23@0duration

244



C.2. DELIVERY VS TIME PLOTS

120

100

(o]
o

(o2}
o

IS
o

Delivery (mm 3)

N
o

0

_20 L L L L L L L L L
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
Time (us)

Figure C.153: Delivery vs time at 900 bar, 24@0duration
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Figure C.154: Delivery vs time at 900 bar, 2%@0duration
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C.2.4 1200bar Results
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Figure C.155: Delivery vs time at 1200 bar, 3@0duration
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Figure C.156: Delivery vs time at 1200 bar, 4@0duration
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Figure C.157: Delivery vs time at 1200 bar, 2@0duration
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Figure C.158: Delivery vs time at 1200 bar, 6@0duration
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Figure C.159: Delivery vs time at 1200 bar, 7@0duration
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Figure C.160: Delivery vs time at 1200 bar, 880duration
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Figure C.161: Delivery vs time at 1200 bar, 9@0duration
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Figure C.162: Delivery vs time at 1200 bar, 1p8Quration
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Figure C.163: Delivery vs time at 1200 bar, 118Quration
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Figure C.164: Delivery vs time at 1200 bar, 128Quration
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Figure C.165: Delivery vs time at 1200 bar, 138Quration
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Figure C.166: Delivery vs time at 1200 bar, 148Quration
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Figure C.167: Delivery vs time at 1200 bar, 158Quration
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Figure C.168: Delivery vs time at 1200 bar, 168Quration
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Figure C.169: Delivery vs time at 1200 bar, 178Quration
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Figure C.170: Delivery vs time at 1200 bar, 188Quration
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Figure C.171: Delivery vs time at 1200 bar, 198Quration
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Figure C.172: Delivery vs time at 1200 bar, 2@8Q@uration

251



C.2. DELIVERY VS TIME PLOTS

120

100 1

80 1
e NI3
E 60 1|---un
> - U2
< a0 4l == uI3
a ul4

N
o

0

2500

L L L L L L
1500 3000 3500 4000 4500 5000 5500 6000

Time (us)

-20 !
1000 2000

Figure C.173: Delivery vs time at 1200 bar, 218Quration
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Figure C.174: Delivery vs time at 1200 bar, 228Quration
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Figure C.175: Delivery vs time at 1200 bar, 238Q@uration
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Figure C.176: Delivery vs time at 1200 bar, 248Quration
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Figure C.177: Delivery vs time at 1200 bar, 258Quration
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C.2.5 1400bar Results
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Figure C.178: Delivery vs time at 1400 bar, 3@0duration
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Figure C.179: Delivery vs time at 1400 bar, 4@0duration
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Figure C.180: Delivery vs time at 1400 bar, 2@0duration
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Figure C.181: Delivery vs time at 1400 bar, 6@0duration
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Figure C.182: Delivery vs time at 1400 bar, 7@80duration
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Figure C.183: Delivery vs time at 1400 bar, @0duration
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Figure C.186: Delivery vs time at 1400 bar, 118Quration
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Figure C.187: Delivery vs time at 1400 bar, 128Quration
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Figure C.188: Delivery vs time at 1400 bar, 138Quration
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Figure C.189: Delivery vs time at 1400 bar, 148Quration
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Figure C.190: Delivery vs time at 1400 bar, 158Quration
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Figure C.191: Delivery vs time at 1400 bar, 168Quration
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Figure C.192: Delivery vs time at 1400 bar, 178Quration
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Figure C.193: Delivery vs time at 1400 bar, 188Quration
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Figure C.194: Delivery vs time at 1400 bar, 198Quration
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ure C.195: Delivery vs time at 1400 bar, 2(80duration
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Figure C.196: Delivery vs time at 1400 bar, 218Quration
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Figure C.198: Delivery vs time at 1400 bar, 238Q@uration
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Figure C.199: Delivery vs time at 1400 bar, 248Quration
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Figure C.200: Delivery vs time at 1400 bar, 258Quration
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