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Abstract

An investigation was conducted into the effects of wear on the performance of

common-rail fuel injectors, in terms of flow and spray characteristics. The inves-

tigation conducted involved the testing of four used injectors, and the comparison

of the performance of these injectors with that of an identical brand new injector.

The used injectors had deteriorated in different ways, withsolenoid wear, mechan-

ical wear in the body of the injector, and mechanical wear in the upper section of

the injector being identified. All of the manners of deterioration affected the flow

characteristics. The solenoid wear and mechanical wear in the body did not affect

the spray performance, but wear in the upper section of the body and a combina-

tion of wear in the body and solenoid did affect spray performance. A correlation

was developed between the spray penetration of the new injector and the spray

theories according to Dent and Hiroyasu.
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Chapter 1

Introduction

This research is concerned with the comparison of the performance of new and

used common-rail injectors, with regard to flow and spray characteristics. Back-

ground to the use of common-rail injectors, the reasons for their use, motivation

for the research conducted and an outline of the research methodology used is

given.

1.1 Background

Over the past two decades much development has taken place into compression

ignition injection systems. Injection pressures have beenconsistently increas-

ing since 1975 [9], and the introduction of the common-rail injector in 1997, by

Bosch, marked a major development in the improvement of the compression igni-

tion engine [34].

The development which as been done on compression ignition engines is moti-

vated by two main factors. The reduction in specific fuel consumption, and the

reduction in engine emissions. The desire to reduce fuel consumption is driven by

increasing oil prices, reduced supply, and the requirements for reduced emissions

is driven by guidelines published by the Environmental Protection Agency (EPA)

1



1.2. MOTIVATION

in America, and the European Unions Environmental Agency (EEA). The EPA’s

guidelines take the form of Tiers 1 to 3, and the EEA’s guidelines take the form of

Euro 1-6 [25].

It is challenging to meet the increasingly stringent emissions requirements while

maintaining or improving engine performance [24]. Reduction in emissions pro-

duced is a balancing act between engine output, noise and fuel consumption , and

requires the optimisation of these factors [30].

Increasing the pressure supplied to the injector allows forfiner sprays to be pro-

ducted by the injector, leading to increased entraining of the fuel and air, and

thus more efficient combustion and reduced emissions [21]. Developments have

also been made as regards the behaviour of the combustion within the cylinder

when subjected to more refined injection strategies, incorporating pilot and post-

combustion injections. The implementation of these injection regimes requires

injection timing to be independent of engine speed and load.

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

compression ignition engines allows for increased fuel injection pressures, and

the removal of the dependence of injection timing and pressures on engine speed

and load. This allows the designer of an engine or fuel injection systems to take

advantage of the developments described above.

1.2 Motivation

It has been proved that common-rail injection systems produce sprays which are

conducive to improved fuel consumption as well as reduced emissions and noise,

as required by the EPA and EEA guidelines. However, while these injectors pro-

duce consistent and efficient results when new, little is known about the manner

in which these injectors wear, and how their performance deteriorates.

In order to sustain the improvements made to performance of engines due to the
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application of common-rail injectors across the life span of an engine it is impor-

tant to understand how these injectors deteriorate, and to understand the drivers

for this. An understanding of this could allow for means to beintroduced to reduce

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

1.3 Methodology

The performance of new and used injectors will be compared with regard to both

flow and spray characteristics. A selection of four used injections were tested.

The factors leading to the deterioration in the performanceof the injectors will

be determined through looking at the spray characteristics, and the ability of the

injectors to deliver fuel effectively will be discussed in the spray analysis.

An analysis was conducted into the theoretical models for spray behaviour. Mod-

ifications were made to these theories to improve the compliance of the data ac-

quired during this research. Suggestions were made as to reasons for the differ-

ences between the original and modified theories.

Finally conclusions were drawn from the discussions made and recommendations

for future research were made.
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Chapter 2

Literature Review

2.1 Introduction

The following section provides a review of literature relating to injector design,

injector spray behaviour, and injector test facilities. The majority of literature

covered was in the form of journal papers, although relevanttext books were con-

sulted where available.

Literature largely focuses on the behaviour of the injectorwith varying injector

parameters. Parameters affecting the behaviour of the spray are listed below [25]:

• Injection Pressure

• In-Cylinder Pressure

• In-cylinder Density

• Orifice Geometry

• In-cylinder Swirl

• In-Cylinder Temperature

• Fuel Temperature
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2.2. INJECTOR SPRAY STRUCTURE

• Cavitation

• Fuel Composition

In the literature review, the manner in which the above parameters 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 introduced on the inside of the

injector’s orifices, causing the fuel to flow outward. The flowbecomes turbulent

as it leaves the nozzle orifice, and becomes entrained with air [13].

Macroscopically, the spray may be descibed in terms of two key parameters: Cone

Angle and Spray Penetration. These parameters are illustrated in Figure 2.1.

Figure 2.1: Key Parameters in a Spray [13]

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

transient section. These two sections are shown in Figure 2.2. The steady section
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of the spray accounts for around 70% of the total spray penetration. Also indi-

cated in Figure 2.2 is the region contained within the spray known as the “Initial

Region”, or non-purturbed zone. This initial region is what comprises the spray

characteristic known as the liquid length, as discussed in Section 2.3 below. [17]

Figure 2.2: Structure of Injector Spray [17]

As the spray develops, vortices are formed at the tip of the spray, as illustrated

below in Figure 2.3. These vortices are what gives the spray its mushroom like

appearance [14], as well as explaining the effect whereby the spray may be ob-

served to “peel” back upon itself [9] - a phenomenon which is sometimes observed

in images of spray formation.

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

1. Opening Transient Phase.1

2. Propagation of the liquid core into the surrounding atmosphere.

1This phase is governed by the motion of the injector needle, along with the time dependent

orifice opening time.
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2.3. SPRAY PENETRATION

Figure 2.3: Illustration of vortex spray vortex formation [14]

3. Droplet break-up stage.

4. Propagation of droplet clouds.

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

Initially the velocity of the spray is much faster than the speed of the ambient air,

and is thus affected little by it. During stage 3, the velocities of the air and the

injected fuel are comparable and during stage 4 the velocityof the agitated air is

higher than that of the fuel.

2.3 Spray Penetration

Spray penetration is probably the most researched facet of injector spray structure.

Spray penetration, as well as the rate at which the spray penetrates into the com-

bustion chamber are important because they have a direct effect upon the extent to

which air within a cylinder is used in the combustion process[13]. The criterion
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2.3. SPRAY PENETRATION

used to determine the ideal ultimate spray penetration, fora specific application,

is whether or not the spray will begin to impinge on the walls of the cylinder or

the piston [33]. Whether this impingement is desirable or notis dependent upon

in cylinder conditions and temperatures, and may thus be accounted for during the

design of the engine [13].

2.3.1 Fundamental Equations

Much research is aimed at attempting to develop an expression, or relationship

which effectively predicts the behaviour of the spray, and the manner in which the

various parameters detailed in Section 2.1 affect spray penetration.

Through the use of Bernoulli’s famous equation [25], along with the application

of dimensional analysis the following relationship may be derived [25]:

S(t) = kρ
−

1

4
a ∆P

1

2 t
1

2 d
1

2
o (2.1)

In the case where this equation was applied, the coefficient kwas found to be

1.895×10−3, and exponents were found to vary slightly from those presented in

equation 2.1.

The relationship presented in equation 2.1 bears a strong relationship to that pro-

posed and published by Dent [10], in 1971. This relationship, shown below in

equation 2.2, is still used as a benchmark in many technical papers published to-

day.

S(t) = 3, 07

(

∆P

ρg

)
1

4

(tdn)

(

294

Tg

)
1

4

(2.2)

Dent’s equation remains the only commonly applied relationship which takes into

account the effects of the temperature within the combustion chamber [9]. This is

important as changes in combustion chamber temperature canresult in changes in
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2.3. SPRAY PENETRATION

penetration of up to 20%.

As a development of equation 2.2, Hiroyasuet al, published their proposed re-

lationship, as shown below in equations 2.3 - 2.5 [13]. This relationship divides

the spray into two distinct ranges: that before spray break-up, and that after spray

break-up. It was found that the spray penetration before break-up increases lin-

early with time and after spray break-up the penetration is proportional to the

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

t < tbreak : S(t) = 0.39

(

2∆P

ρl

)
1

2

t (2.3)

t > tbreak : S(t) = 2.95

(

∆P

ρg

)

(dnt)
1

2 (2.4)

where:

tbreak =
29ρldn

(ρg∆P )
1

2

(2.5)

Various researchers have modified the coefficients presented in Hiroyasu’s pene-

tration equation so as to achieve results which better fit their data [25], [3], [7].

2.3.2 Modern Application of Fundamental Equations

The generally accepted relationships developed by Dent andHiroyasu were de-

veloped in 1971 and 1980 respectively, well before the advent of the modern

common rail. A question thus arises as to whether these theories will accurately

predict the behaviour of a common-rail injector, given thatthe pressures present

in a common-rail may be as high as 2500bar [24] in experimental cases and as

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

Various researchers have applied these equations to their test results when using

common-rail injection systems and have found good correlations [25], [3], [6], [9],
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which allows the assumption that the equations developed for use on mechanical

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

Tests have also been conducted to test the validity of these equations at very high

injection pressures, up to 2500bar. Good correlation was found [11] especially to

Dent’s equation.

However, it is noteworthy that there are documented cases ofDent’s equation,

when applied to common rail injection systems, following the spray penetration

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

Some common rail injection researchers have achieved good results through the

use of only Hiroysau’s second equation, as shown in 2.4. Thisis done since it has

been found that in certain cases the region where the spray advances linearly with

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

Fluctuations in Spray Penetration found in measured data may be due to spray

instabilities where sections of spray are breaking off [21], or due to fluctuations

in rail pressure [7]. These situations which were not taken into account when the

theories were developed but affect the results achieved, and thus need to be borne

in mind when analysing experimental results.

Another factor which needs to be taken into account when one wishes to address

common rail injections and compare results, either with other tests, or with pub-

lished equations, is the effect which the number of orifices the nozzle has on

penetration and spray structure in general.

Experimentation has been conducted in this regard, and it was found that there was

little difference between the performance of a single-holeinjector and a multi-

hole injector [18]. The primary motivation for conducting tests using a single-

hole injector is that the spray may be more simply analysed due to lack of light

interactions, and hole-to-hole interactions present within the injector.
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2.3. SPRAY PENETRATION

2.3.3 Developments of fundamental equations

If one looks at the parameters which affect the penetration of a spray, as evident

in equations 2.2 to 2.5, a strong dependency upon ambient pressure may be noted

[25], along with a similar relationship to the change in pressure across the injector

nozzle. The proportionality to the change in pressure across the nozzle, as ex-

pressed in equation 2.4, means that one should expect less ofa marked increase

in penetration as the pressure increases[9]. The increasedpressure difference has

the effect of accelerating the rate at which the spray advances through the spray

chamber. This increases the chances of the spray reaching full development [23].

As will be discussed later, the rail pressure also has a positive effect upon atom-

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

As a development of Dent’s equation for spray penetration, the following penetra-

tion equation was developed:

S(t) =
2.95

√√
2Cd

√
d
√

Us=0(t)t

(

ρl

ρg

)
1

4

(2.6)

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

Us=0(t) = Cd

√

2∆Pinj

ρl

(2.7)

The above expression is similar to Dent’s equation, but the introduction of the

spray velocity close to the nozzle is new. This velocity is determined through

the use of equation 2.7 which is developed through the use of Bernoulli’s equa-

tion, and the injector’s discharge coefficient, (Cd) [23]. The injector’s discharge

coefficient may be determined through the use of equation 2.8below [26]:

Cd =
mf

An

√

2∆Pρf

(2.8)
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The same theory may be used to determine the spray-tip velocity. Equation 2.9

below is found through the differentiation of Dent’s Equation:

Us(t) =
2.95

2

(

∆Pinj

ρg

)
1

4

(

d

t

)

(2.9)

A further documented point of interest regarding spray tip penetration is the rate

of increase of penetration. Initially, before 0.3ms after Start of Injection (SOI), the

rate of increase of penetration is found to increase with increasing rail pressure,

but after this time, the rate of spray penetration increase tends to decrease with

respect to rail pressure [7], [6]. This effect is likely to bedue to the interaction of

the spray with ambient gas, both with regard to aerodynamic drag, as well as heat

transfer effects [24]. Turbulent energy, such as that from swirl or 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 the tip of the spray, which

is often determined through light intensity, a second field of research within spray

penetration is focused on the penetration of the liquid coreof the spray. This is

most often described as the liquid length of the spray, and isillustrated in Figure

2.2, on page 6.

Studies into the liquid-length are valuable since the liquid core represents a region

of the spray where there is little air entrained, and therefore the fuel is unlikely to

combust. The size of the liquid core also has an effect on the ability of the fuel to

ignite automatically.

The liquid core typically reaches a stable length in an injection, with injection

parameters, specifically the injection pressure playing a central role in the time

which it takes for a spray to reach this stable state [26]. A relationship linking

nozzle parameters with spray liquid-length is presented below in equation 2.10

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

12



2.4. SPRAY ANGLE

in the case of increased rail pressure.

LL =
K2

p

(

1

4

)
1

2

(

π
4

)
1

2

C
1

2
a Doρ

1

2

f

Cmvρ
1

2
a

(2.10)

where:

Kp = K

{

tan

(

θ

2

)}

−
1

2

(2.11)

The above equations clearly illustrate the effect that spray angle has on the liquid

length of a spray and its burning potential, since it may be seen that a greater

spray angle indicates a smaller liquid length. Therefore, alarger spray angle leads

to more effective burning of the fuel.

2.4 Spray Angle

As the spray leaves the orifice of the injector, it entrains air and expands. At

the same time it tends to atomize, as discussed in section 2.5below. As the spray

moves further away from the orifice through which it is being discharged the spray

entrains more and more air, and so it expands. This gives riseto the conical shape

of the spray. An illustration of the spray angle is shown in Figure 2.1, in Section

2.1. The spray angle gives a good idea of the amount of air entrained in the spray,

and is therefore a useful measure of how well one may expect injected fuel to

combust [13].

2.4.1 Fundamental Equations

In published research there is little consensus on whether aspray angle reaches a

point whereby its development is independent of time. i.e: does it reach a constant

steady state value? In cases where the spray was found to reach a constant value,

the spray may be found to obey the following correlation [25]:
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tan

(

θ

2

)

= K

(

ρ0

ρf

)
1

2

(2.12)

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

tan

(

θ

2

)

=
1

A
4π

(

ρ0

ρf

)
1

2

√
3

6
(2.13)

Where A is a constant determined by the nozzle geometry, andθ is measured in

radians.

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

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

θ =
360

π
arctan

(

B

(

ρg

ρl

)m)

(2.14)

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

and m as 0.5 [11].

Contrary to what one may expect, the spray angle does not bear any relationship

to injection pressure [21], [11]. This is well communicatedby experimentation

conducted to determine the exponent present in the relationship between cone

angle and injection pressure, this exponent was found to be between -0.00967

and 0.0284 [9]. With exponents this low, it is reasonable to say that there is no

meaningful relationship between the two parameters.

The trend before the spray reaches a stable cone-angle, if itdoes at all, follows the

following stages:

• During the early stages of injection: A large turbulent “Mushroom” is

formed at the tip of the spray surrounding the central core. This typically

leads to the large measured spray angles during early stagesof injection.

• During the later stages of Injection: Air entrained in the head of the spray
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inflates to form a conical head, with the regions closer to thenozzle having

stabilized. This leads to the smaller spray angles associated with the later

stages of a spray.

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

2.4.2 Determination of Cone Angle Optically

A problem arises in the determination of spray angle, and thecomparison of spray

angles published in various sources becomes difficult sincethere is no hard and

fast rule regarding the measurement of the spray angle. Presented below is a brief

outline of different theories regarding spray angle definition:

• Acute angle of isosceles triangle:A triangle is generated which has the

same overall area, and height as the spray. These two variables allow one to

determine the angle at the apex of the triangle - which becomes the injector

spray angle. [24]

• Circular Topped triangle: An isosceles triangle is combined with a cir-

cular top, whereby a similar method is used to that in theAcute angle of

isosceles trianglemethod, but instead of the flat top, the top is mathemati-

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

• Straight Line Fit: Two straight lines are fitted through the upstream section

of the spray contour. A tangent to the contour may also be taken over 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 are traced back to the

point where the orifice is known to be. The angle at which thesetwo lines

meet is the spray angle. [24]

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

where half of the maximum number of liquid pixels are visible, in a similar
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manner to that described in theHalfway Point Correlationmethod above.

[9]

2.5 Atomization

As a spray is released from the orifice, it moves away from the liquid core, and

it breaks up into droplets very much smaller than the size of the orifice in the

injector nozzle. This process is referred to as atomization. [13]

The atomization process is partially represented by the spray angle, as discussed

above, but some advanced spray visulaisation systems, specifically those using a

Doppler Particle Analyser, can masure the size of the droplets within a spray [29].

Visible light techniques are not effective for measuring the degree of atomozation

[7].

From the outset, it is worth noting that the mechanisms behind atomization is not

yet well understood [16]. Considerable research however, has been carried out

regarding the atomization of a fuel spray, as well as investigation into the drivers

for good and poor atomization performance.

It has been found that the design of the nozzle has a strong effect upon the at-

omization of a spray [18]. For this reason it is difficult for one to begin to set

an equation to the atomization of a spray, but statements of observations may be

made.

Computational Fluid Dynamics (CFD) studies as well as experimentation con-

ducted with injectors manufactured from perspex have been performed so as to

better understand how these effects manifest themselves, and how they affect

spray performance. These studies, however are largely inconclusive, and provide

little useful information for the testing of common fuel injectors.

Atomization is also affected by phenomenons which occur within the injector,

such as turbulence, cavitiation, and the velocity profile ofthe flow [16], [18].
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Even with the limited understanding of atomization, the main drivers for good

atomization have been identified. The most marked effect on atomization is made

by the injection pressure [21], [15]. Another parameter that has a profound effect

on the degree of atomisation is the size of the orifices. Smaller orifices result in

better atomization.

These two effects are the main drivers in the modern trend of increased common

rail/injection pressure and smaller orifice holes.

Better atomization results in faster evaporation rates, andtherefore reduced igni-

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

2.6 Cavitation

Cavitation occurs when the pressure in a liquid drops below its vapour pressure,

due to flow phenomenon [32]. It is a phenomenon typically associated with pro-

cesses that involve placing a fluid in a very low pressure situation, such when a

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

Due to the very high velocity of the flow in an injector nozzle,cavitation has been

known to occur. An illustration of cavitation in an orifice isshown below in Figure

2.4.

Figure 2.4: Illustration of cavitation occuring in a nozzleorifice
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Cavitation in an injector may be identified through the behaviour of the flow-rate

with respect to pressure. Cavitation may be said to be occurring when the fuel

mass-flow rate does not increase with increasing pressure drop across the nozzle.

i.e. as one increases the rail pressure one does not witness an increase in the

mass-flow rate [23], as illustrated by equation 2.18 in Section 2.7. This is likely

due to the fact that cavitiation has the effect of reducing the area coefficient. As

the injecton pressure increases , so too does the level of cavitation, which results

in a drop in area coefficient.

As in the case of atomization, it is difficult to analyse cavitation as it requires a

knowledge of the flow within the injector nozzle [5]. For thisreason some re-

searchers have conducted tests using perspex nozzles, although the high pressures

associated with common-rail injection systems present a challenge, and the per-

spex is often destroyed by the high pressure. This makes cavitation testing difficult

and costly.

From research conducted, the following factors were found to have an effect upon

the cavitation of an injector [18]:

• Hole Diameter

• Number of Holes

• Entrance shape of holes

• L
D

ratio of holes

• Orientation of holes with respect to nozzle axis

• Cd for nozzle

• SAC volume if applicable

• Needle lift

Besides the effects detailed above with regard to identification of cavitation in a

nozzle, the following effects are also evident [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 cavitation may be a desirable

effect [1], since the bubbles have a positive effect on breaking up the flow at the

wall boundary, thereby reducing the liquid-length and decreasing initial drop-size.

However, this is countered by the argument that these effects are only present close

to the nozzle, and the detrimental effect that cavitation may have on penetration

and especially mass-flow rate act to decrease the efficacy of the injector.

2.7 Injection Nozzle Design

As discussed in previous sections, nozzle design has an effect on the performance

of the injector. The nozzle design has a telling effect upon the pressure and ve-

locity distributions within the nozzle and the turbulence energy [19] of the fluid.

These in-nozzle parameters have decided effects on the injector characteristics

which may then be measured and studied [18].

Common-Rail injector nozzle design may be divided up into two different design

philosophies: the Valve-Covered-Orifice (VCO) type, and the SAC or Mini-SAC

type. Illustrations of these types of nozzle may be seen below in Figure 2.5.

SAC and Mini-Sac type injectors are typically used for heavier duty applications,

and VCO type injectors are more typically used for modern automotive applica-

tions. The VCO injector is a relatively new development,and thus most engines
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Figure 2.5: Nozzle types

developed before the introduction of the common-rail and some early common

rail smaller engines also used SAC type injectors.

The chief advantages of the VCO nozzle design are that it produces finer droplets

[16], and avoids dripping of droplets into the cylinder oncethe needle has closed

the orifice [6]. This is because the VCO injectors reduce the parasitic volume in

the injector to almost zero [19]. The avoidance of the dripping of droplets into the

cylinder has a dramatic effect on reduction of unburned hydrocarbon emissions,

since this fuel would be effectively released from the engine without any chemical

energy conversion.

A key parameter used when describing the efficacy of an injector is the discharge

coefficient, cd. The discharge coefficient, which may be calculated from equation

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

Cd =
ṁf

AoρlUth

=
ṁf

Ao

√
2ρl∆P

(2.15)

An effective and relatively simple manner to improve the discharge coefficient

is to increase the chamfer of the orifices, however this does have the effect of
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narrowing the spray angle [18].

Other important coefficients used to quantify the efficacy ofan injector nozzle are

[23]:

The area coefficient:

Ca =
Aeff

Ao

(2.16)

The velocity coefficient:

Cv =
Ueff

Uth

(2.17)

Equation 2.15, presented for the determination of the discharge coefficient, may

be rearranged such that:

ṁf = CdA0

√

2ρl

√
∆P (2.18)

Further, equation 2.18 maybe shown as follows:

ṁf = k
√

∆P (2.19)

Therefore, a plot ofṁf vs.
√

∆P 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 SAC type are:

• A VCO injector leads to reduced fuel injection during injection delay period

compared to a SAC type injector [6].

• A SAC type injector tends to provide deeper penetration thanVCO type

injectors, since the geometry of the VCO nozzle results in a reduced∆P

across the nozzle [9].

21



2.8. TEST FACILITIES

• VCO injectors result in better atomization, through the development of

smaller droplets [9].

• During the injection a SAC type injector provides a more uniform spray

[18], and less hole to hole variability than a VCO type injector [8]. This is

due to the symmetric pressure field which is generated withinthe SAC type

injector that is not present in the VCO type injector.

• During a similar time period, a SAC type injector will deliver more fuel than

a VCO type. This is a reason why SAC type injectors are more common in

heavy duty applications than in automotive applications.

Injector orifice design is covered by a term known as concavity, or the K-factor.

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

K − factor =
Di − Do

10
(2.20)

where D is measured inµm.

The effect of the K-factor is to increase the level of atomization within the spray

and thereby decrease the penetration of the spray. This is done through the smaller

cross-sectional area at the outlet of the nozzle acting to increase the fluid concen-

tration.

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

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

2.8 Test Facilities

Many academic institutions and companies in industry are currently conducting

research into the performance of injectors. For this reasonthere is a relative wealth

of information available on injectors and their performance, but this information
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is of little use if one does not understand the nature of the apparatus used in the

testing. This section aims to provide an insight into what experimental apparatus

is currently being used in testing.

2.8.1 Types of Injection Chambers

A major element which identifies different test rigs is the nature of the atmo-

sphere into which they inject. A test rig may inject into either a pressurised or

un-pressurised environment. Further, this environment may either be stationary,

or in motion. The use of a test rig which provides an atmosphere which is at a

higher pressure, with moving air, as well an elevated temperature will produce re-

sults which are more representative of what would occur within an actual engine.

The inclusion of these facilities, however, makes the test rig more complex, and

therefore more expensive [26].

Some test rigs are comprised of a high pressure test chamber,generally consisting

of a cylinder with windows for optical access [25]. These arelimited, however, by

window dimensions which often do not allow one to see the fulldevelopment of

the spray. Testing with diesel at pressures representativeof a combustion chamber

also introduces the chance of the fuel igniting. Because of this reason high pres-

sure testing is often conducted using a non-flammable gas. For instance, Nitrogen

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

Other experimental set-ups use gases which are more dense than air as an environ-

ment into which to inject, such as sulphurhexaflourine. Suchgases have densities

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

[2].

In the case of a injection into a heated environment, an autoclave may be employed

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

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

motion, a model engine is created. In this design, the cylinder-head often has to
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feature optical access, since a piston moves to generate themotion of the air and

would obstruct any sidewards vision [26]. In these test-rigs the engine is driven by

an electric motor, and the injector is mounted quite high up in the cylinder head so

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

2.8.2 Types of Imaging systems

Injector testing may generally be done in one of two manners.The first, and the

less common, involves actually capturing a high speed videoof the spray. This

then provides a clear illustration of what a particular spray is doing during its

formation process [24]. In this type of testing resolution is a problem, due to the

high speed at which images are required to be captured. The camera used in one

such set of tests operated at a frequency of 450Hz, with an exposure time of 22µs

[24].

The other popular means of testing injectors is a method knows as strobing. In

this means of imaging one image is taken per injection and these images are then

assembled to form a comprehensive image of how the injector is behaving with

time.

The advantage of the former method is that one may get an idea as to how the

injector behaves in a specific injection. Short lived dynamic phenomenons are

visible, known as injection-to-injection variability maybe identified in this type

of imaging [24].

The process of strobing is the simpler means of testing. It allows one to capture

still images, which are easier to capture and possess betterimage quality. The

process has the disadvantage of not allowing one to see variability during a spe-

cific spray event. Contrasted to this it does give a good idea asto how a spray

behaves on average, and therefore is useful for the comparison of different injec-

tors. It also has the benefit of being cheaper to run, in that a very high frame rate

camera is not required. An additional cost associated with the process of strobing
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is the software required to process the data so as to arrive ataveraged, sequential

images.

2.8.3 Types of Injectors used in testing

All of the injectors discussed in Section 2.7 are tested in various forms of research.

Generally the injectors tested are identical to those used in practical applications.

In some cases, however, injectors with just a single nozzle orifice are tested. These

provide better definition for spray analysis, as having a single orifice simplifies

both the lighting and the image analysis process [2], [3], [24].

2.8.4 Types of imaging systems

Various techniques are used for the effective imaging of sprays.

Shadowgraphy

Shadowgraphy is the most commonly used visualisation technique for spray anal-

ysis. It shows an image in which the desnity of the medium is indicated by shadow

against a uniformally lit background. In the case of a fuel injector spray, the

darkness of the shadow indicates the air-fuel mixture ratio. The disadvantage of

shadowgraphy is that it may only be used for the study of macroscopic spray

characteristics, and is typically used with high speed video imaging, and not with

strobing.

Laser Electric Scattering

Laser Electric Scattering allows one to develop a two dimensional image of the

spray, from a region within a very thin sheet of light. This provides an image of

the spray which indicating the density of the scattering medium and provides the
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ability to evaluate the temperature of the rapidly evaporating medium.

Phase Doppler particle analysis

Phase Doppler particle analysis uses a laser light source, and optical arrangements

which generate images of the sprays. Doppler Particle analysis is the most effec-

tive means of analysing atomization within a spray, and may be used for measur-

ing droplet diameters up to 500µm. The disadvantage related to this method of

imaging sprays is that it is much less effective than other spray imaging processes

when sprays are dense [15].

Mie-scattering

Mie-scattering is a process which relies upon the intensityof the light reflected

from the spray so as to determine the location of the spray. The process identifies

light above a certain concentration threshold [6] and this threshold may be varied

through the image post-processing software.

The mie-scattering imaging process is not good for the determination of the level

of atomization which has ocured within a spray. The intensity of the scattered light

is directly proportional to the particle number density multiplied by the square-

root of the liquid drop diameter [7]. This effectively meansthat as droplets get

smaller, less light is reflected. This explains why mie-scattering 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 controlled.This occurs by one of

three means:

1. Time Based Injection Duration Variation
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2. Injected-Volume Based Duration Variation

3. Crank-Angle Based Duration Variation

In testing the regime used most often is theTime Based Injection Duration Vari-

ation, because it is the easiest to control. However, in the case ofa functioning

engine, theCrank-Angle Based Duration Variationregime is employed.

2.8.6 Injector Flow Analysis

Little experimental work appears to be carried out with regard to the nature of the

flow from an injector. In the literature reviewed, referencewas made to a test-rig

which operated by injecting into a sealed hollow tube, within which the pressure

was measured by a pressure transducer. The resulting increase in pressure may

be used to determine the injected mass of fuel. The results obtained from this

apparatus was then used to determine the discharge coefficient for the injector.

2.9 The common-rail system

The literature presented this far in this chapter has been related to both mechanical

and common-rail injectors, and where appropriate reference has been made to

common rail systems. However, given that the research to be undertaken is related

exclusively to common rail injectors, it is appropriate to present details of the

common rail system here.

2.9.1 Principles of common rail injection

In a conventional injection system, where a mechanical injector is being em-

ployed, the injector is actuated by a sharp increase in the pressure supplied by

the high pressure fuel pump. Since this high pressure fuel pump is driven by the
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crankshaft, the increase in fuel pressure may be timed so as to inject at the correct

moment in the engine’s cycle - much like a distributor transfers high voltage from

the coil to the spark plugs in a traditional spark ignition engine.

In a common-rail injection injection system, a functional separation is introduced

between the pumping and injection systems [28]. An illustration of how a common-

rail injection system works is shown below in Figure 2.6.

Figure 2.6: Common Rail Injection System [28]

The separation of the pumping and the injection functionality is accomplished by

the common-rail, which acts as a pressure accumulator in thesystem. An identical

pressure is then supplied to all the injectors at the same time. The injections are

effected by triggering a solenoid in the injector. The duration and timing of the

injections may be controlled through changing the current which is placed on the

injector solenoid.

2.9.2 Advantages of Common Rail Injection

By providing the injector with a constant pressure supply andcontrolling the in-

jector’s behaviour through the solenoid, the dependency ofthe injection system on

the engine’s speed is removed. This allows the timing and duration to be varied
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completely independently of engine speed. This functionality enables the designer

of the injection system to provide the engine with several injection events per cy-

cle. For instance, it is not unusual for an engine to have a pilot injection, a main

injection, followed by a post-injection. Details regarding these injections is given

in Section 2.9.3.

Through varying the timing, and quantities of fuel injectedin the above mentioned

injections, various conflicting requirements may be tradedoff against each other.

The main injection may also be modulated in accordance with time and space

related transformation of the fuel within the combustion chamber, i.e. mass flow

rate and spray formation in terms of penetration and cone angle. [28]

Through the development of the engine ’map’, which is a set ofdata which con-

tains the optimum injection conditions for any particular state, the above details

may be varied constantly so as to provide the optimum injection, in terms of:

• Injection Start Time

• Injection Rate Characteristic

• Quantity of fuel injected

The development of such a ’map’ enables the manner in which fuel is introduced

into the combustion chamber to be set for various engine speeds and load condi-

tions.

2.9.3 Types of Injections

As discussed above a single injection event may consist of various different types

of injections, including:

• Pilot Injection

• Main Injection
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• Secondary Injection

These are discussed below:

Pilot Injections

The pilot injection serves to initiate combustion, so as to encourage more complete

combustion of the main injection, through the reducting theignition delay. The

pilot injection also serves to reduce the rate of pressure rise in the combustion

chamber resulting from of the main injection. [4]

These effects serve to reduce combustion noise, fuel consumption, and generally

reduce emissions as well. Since the pilot injection acts to reduce the ignition delay

of the main injection, it indirectly contributes to the generation of torque from the

engine. [4]

Three sources of pilot injection volume were identified during the course of this

literature survey:

The “Technical Instruction” manual published by Bosch defines the delivery of

the pilot injection as varying from 1mm3 to 4mm3 [4]. The textbook edited by

Cornel Stan,Direct Injection Systems, provides values for pilot injection volume

varying from 2.6mm3 at 2000rpm to 3.3mm3 at 1200rpm, with injection timing

varying from 11◦C to 14◦C BTDC [28]. A third source of information regarding

pilot injection durations is based on a paper published detailing tests run on a

1929cc Fiat TDI engine, where it is stated that energizing times of between 50

and 250µs were used - with 50µs referring to an injection where no fuel was

delivered. With regard to the volume of the pilot injections, they suggest that a

quantity of 1-2mm3 is suitable to reduce combustion noise, however, tests were

run with pilot injection quantities of up to 5.6mm3, this representing 18% of the

total injected volume of 31mm3 [22].
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Main Injection

The main injection is where the fuel is provided from which the majority of the en-

ergy will be liberated, and is thus responsible for the development of the majority

of the engines torque.

Secondary Injection

A secondary injection is employed in engines with exhaust gas recirculation(EGR).

Here exhaust gases are fed back into the engine so as to reduced emissions, and

fuel is injected during the exhaust cycle.

The secondary injection does not combust upon injection, but rather vaporises.

Some of this fuel is later combusted after the exhaust gas is recirculated, and the

remainder of the fuel is used to act as a reduction agent in thecatalytic converter

and lowers the levels of NOx.

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

converter fitted to the car be compatible with the reduction technique.

2.9.4 The Common Rail Injector

In the mechanical injector, the injection is initiated by anincrease in pressure,

resulting from the fuel pump directing pressure toward the injector, acting against

the spring which holds the injector in a normally closed position. Thus the opening

and closing of the injector is entirely a result of the pressure variation in the fuel

line to the injector. With the common rail injector the injection is initiated by

a current placed upon a solenoid contained within the injector, which allows the

pressurised fluid in the common rail to flow into the combustion chamber.
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Common Rail Injector Design

A cut-away schematic of a common rail injector is shown in Figure 2.7. The

opening and closing of this type of injector is based on the pressure differential

across the injector needle.

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

Common Rail Injector Operation

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

the control volumes on the top and the bottom of the injector plunger and needle

are both subjected to the pressure in the common rail. Since the area at the top of

the plunger is larger than the area at the base of the needle, the resultant force on

the injector is downwards, and the injector remains closed.

The region above the plunger, designated the control volumein Figure 2.7, has an

inlet and an outlet. The inlet, known as theFeed Orificetakes the form of an I-

throttle, and the outlet known as theBleed Orificetakes the form of an R-throttle.
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It is the pressure in this control volume which determines the behaviour of the

injector with regard to opening and closing.

When current is passed through the solenoid, the valve ball onthe R-throttle on

theBleed Orificerises, and this exposes the control volume to the pressure inthe

return line away from the injector. As a result of this, the pressure in the control

volume above the injector is much lower than the pressure on the surface below

the injector. This reduction in pressure causes an upward resultant force to act

on the needle against the nozzle spring and moves the injector the needle upward.

This results in the injector opening and fuel being injected.

Upon closure of the injector the ball valve seals the controlvolume above the

injector, and the pressure in the control volume returns to that in the common rail,

the same as that below the needle. This results in the return of the original state

described above and the cessation of injection.

Effects of Varying Orifice Parameters

As would be expected, the discharge coefficients in the feed and bleed orifices

will have an effect on the flow rate from the injector. The effects of varying

characteristics within the bleed and feed orifices are discussed below.

Bleed Orifice: A higher discharge coefficient for the bleed orifice will havethe

effect of decreasing the time taken for the pressure in the control volume to reduce,

and this result in a faster opening of the injector2. However, an increased discharge

coefficient will have no effect on the flow behaviour at the endof injection, since

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

Feed Orifice: A decrease in the discharge coefficient of the feed orifice results

in a slower drop off in the injection rate profile, since the pressure in the control

volume will rise to the pressure in the common rail more slowly. This results in

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

2Naturally, the opposite is true of an decrease in the discharge coefficient
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also result in a decreased rate of pressure drop within the control volume, leading

to sluggish injector behaviour.

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

orifice relates to both the opening and closing of the injector.
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Chapter 3

Experimental Facilities

3.1 Introduction

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

conducted, upon which this research is based.

The equipment is contained within a test stand located within the thermodynamics

laboratory at the University of the Witwatersrand, Johannesburg. The test stand

was designed and built, specifically for Wits University, bya firm called INOV8,

based in Buckingham, England. The test stand was installed and commissioned

late in 2008.

A photograph of the Test Stand is shown in Figure 3.1. The teststand is pictured

with its lower side panels removed, allowing one to see the test fuel and cooling

fluid tanks along with their low pressure pumps, which are mounted above the

tanks.

The test stand allows one to investigate:

• Injector Spray Patterns

• Injector Flow-Rate characteristics
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These two systems operate independently, while employing the same common

rail.

3.2 Mechanical Components

High pressure fuel is supplied to both the spray visualisation injector, and the flow

rate injector by a Siemens automotive common rail, part number 5WS4002. The

common rail’s design pressure is 1800bar.

A pressure transducer is connected to one of the common rail outlet ports. The

signal is amplified by a KISTLER calibrated amplifier, TYPE 4618A0. The trans-

ducer is rated for pressures from 0 - 2000 bar, and supplies the test stand control

unit with a 0 to 10v signal which is proportional to the pressure in the common

rail. The test-stand software then relates this voltage to the rail pressure and this

is recorded.

Test fluid or fuel is supplied to the common rail by a Siemens-VDO three node

Figure 3.1: Injector Test Stand
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high pressure fuel pump, part number K1007. 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 AC motor, the

speed of which is controlled by an Emerson Unidrive variablefrequency AC drive.

Fuel being used for testing is stored in a 20 litre tank located on the base of the

test stand. This fuel is supplied to the high pressure commonrail fuel pump by a

smaller, low pressure pump which is driven by a 750 watt ABB AC motor.

The flow measurement system, known as theAkribis, is cooled through pumping

calibration fluid through the flow meter. This calibration fluid is stored in a tank

identical to the fuel storage tank, as may be seen in Figure 3.1. The calibration

fluid’s temperature is regulated to 25oC, and is circulated by the same low pressure

ABB motor as is used for the test fuel. A photograph of the storage tanks and

pumps are shown in Figure 3.3.

3.3 Test Stand Injection Control System

The actuation of the fuel injectors is controlled through software generated by

INOV8, based upon a CAPAC base. This software allows the user to control

various aspects of injection, including the injector timing and power parameters.

The parameters which the user may vary are listed in table 3.1.
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Figure 3.3: Fluid Storage Tanks and Pumps

Table 3.1: Injector Control Input Parameters

Parameter Unit

Boost Voltage V

Current during Boost phase A

Length of Pull In Phase µ s

Low current value in Pull In Phase A

High current value in Pull In Phase A

Low current value in Hold Phase A

High current value in Hold Phase A

Through the variation of these parameters the test stand mayemulate the signals

which would be sent to the injector from the ECU and injector driver in an auto-

motive case. This allows the test stand to be customised suchthat any solenoid

actuated injector may be tested.

The control package allows up to five injections per event. The user may set

the durations of these injections, as well as the time between these injections.

The delay between the start of injection signal being received from the sender

unit may also be varied. Since the durations and intervals between injections are

variable, the test stand may be set up so as to test multiple injection regimes, or

pilot injection conditions.
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3.4 Injector Flow Measurement

As mentioned above, the test stand has facility to measure the flow through an

injector very accurately. This is accomplished through theuse of a flow meter

developed by the manufactures of the stand, INOV8, known as an Akribis. An

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

Figure 3.4: Akribis injector flow meter system

The Akribis is a piston operated flow meter. The injector is located above the

piston and injects fuel into a region above it. The piston is supported by a bed of

pressurised nitrogen. The pressure of this nitrogen may be varied, thus emulating

the effects of injecting into various combustion chamber states.

The displacement of the piston is measured during the courseof the injection, and

related to the rate of injection as well as the volume injected. The pressure in the

common rail is also recorded through the course of the injection, along with the

profile of the signal sent to the injector. These signals are sent from the Akribis

metering unit to a PC, fitted with software also developed by INOV8 on a CAPAC

base, which allows one to view, both graphically as well as numerically the nature

of the measured details of the injection.

The compartment in which the Akribis is mounted is sealed, and before injection
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may be commenced this compartment should be purged with nitrogen supplied by

an external source. This is a safety measure to eliminate anychance of ignition

of the fuel being tested. Also, the compartment of the test stand which houses

the electronic control systems is purged - however, this purging is done with com-

pressed air as opposed to nitrogen.

The specific Akribis fitted to the Test Stand can measure injection events of vol-

ume: 0.5 - 150mm3, 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 images of the sprays generated by

injectors. This is accomplished in a section of the test stand containing a spray

chamber and cameras. The captured images are then sent to a PCcontained in the

test stand control room, where a software package is used to process the images

and produce results.

Details regarding the cameras, spray chamber, and softwareare presented below.

3.5.2 Cameras

The image capturing system consists of two cameras, locatedorthogonally to each

other. The first camera, designated camera 1, is located underneath the spray

injector, and the second camera, designated camera 2, is to the side of the injector.

This enables one to see the development of the spray in three dimensions.

The cameras used are supplied byLa Vision, the same firm who developed the

software which is used in the processing of the images. The cameras areImager

Compact, a photograph of which is shown in Figure 3.5.
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Figure 3.5: Flow visualisation camera

As may be seen in Figure 3.5, the image is projected into the camera through a

lens. The lenses are 28mm, 1:2.8 aperture, Nikkor Lenses, which are mounted to

the La Vision cameras through an adapter. The aperture and focus of the lens is

set and may not be changed during the course of experimentation.

Both cameras are housed within black metal shrouds which serve to minimise

light ingress, and reduce noise within the image.

3.5.3 Spray Chamber

The spray chamber consists of a box, 300mm by 300mm, which hasglass win-

dows in the sides and base. The windows serve as optical access for both cameras

as well as light sources. Schematics are shown below, illustrating the layout of the

cameras and light sources for cameras 1 and 2, in Figures 3.6 and 3.7 respectively.

The spray chamber is ventilated to the atmosphere through a duct containing an

inline fan, which draws air from within the spray chamber. This duct contains a

flow actuated switch which closes when sufficient flow passes through the duct -

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

High pressure air is routed over the windows in the spray chamber by devices

known as air-knives. These air-knives serve to blast air offthe windows, thereby
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avoiding a build-up of fluid and enabling the system to capture more representative

images of the spray development.

Figure 3.6: Schematic illustration of camera 1 and related lighting

Figure 3.7: Schematic illustration of camera 2 and related lighting
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The spray visualisation system is contained within a section of the test stand which

is enclosed by three doors, on of which may be clearly seen in Figure 3.1, on page

36. These doors are fitted with solenoid controlled door locks, which prevent the

spray chamber from being accessed while injections are in progress, 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 developed the cameras,

La Vision. The imaging package is calledDaVis, and is used for CCD image

acquisition and processing.

The spray visualisation system employs a process known as strobing. This process

captures one image of the injection per injection. The process which theDaVis

software employs is to capture a user defined number of imagesat a given instant

during the spray. The user may define the instant at which the system begins

acquiring these images, the interval between the images, and the time at which

the system stops capturing the images.

Once the system has run through the image acquisition process, there will be a

number of sets of images from the various time intervals which have been defined.

The sets of numerous images for a given time interval should then be averaged.

The averaging is a statistical process which combines the features of all the images

captured into one image.

If the background is likely to interfere with the image it maybe subtracted. This is

done through specifying a background image, generally taken before the process

of injection is begun.

Once the images have been averaged, and if necessary the background have been

subtracted, the images may now be processed by the DaVisGeometry Package.

The geometry package, which needs to be set up with regard to the location of the

injector nozzle and the sprays, performs analysis of the spray with regard to spray
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3.5. INJECTOR SPRAY PATTERN IMAGING

characteristics. The specific spray characteristics whichthe package identifies are

the spray penetration, cone angle, and spray width at specified distances from the

nozzle.

Where the geometry package defines the spray to be is dependentupon the thresh-

old defined by the user. According to the Manual on theDaVisgeometry package:

“The threshold is a very sensitive parameter of the Geometry Package and must

be defined carefully. A bad threshold may be the main reason for strange ge-

ometry angles or other bad results.” This threshold may be defined as either an

absolute or a percentage. If it is defined as a percentage, it determines the maxi-

mum intensity counts in the source image and defines the edge of the spray where

the intensity of the light descends below the user defined percentage of the maxi-

mum intensity [20]. The threshold may be defined differentlyfor cone-angle and

penetration, and should be recorded and associated with theresults.
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Chapter 4

Procedures and Precautions

The test apparatus has been described in Section 3, on page 35. The following

section describes the manner in which the test stand is operated, as well as the

procedures followed during testing.

The operating procedures for the test stand will be divided into 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 use regardless of whether it

is to be used for spray visualisation, or fuel flow metering. These procedures are

detailed below:
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4.1. GENERAL TEST-STAND OPERATION

4.1.1 Test Stand Power

The power to the test stand needs to be switched on. This is done by rotating 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 green push button 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. The control valves for these

need to be opened.

High pressure nitrogen is stored in a cylinder located on theeast side of the room

in which the test stand is located. It is necessary to open thevalve on the top of

this cylinder. The pressure regulator should already be set, however it should be

checked that the outlet pressure is 40 bar.

Compressed air is supplied to the test stand from air receivers located in the lab-

oratory. The compressed air valve is also located on the eastside of the room,

and should be opened completely. The pressure may be checkedon the pressure

receivers on the dehydrate, and should read around 6 bar. If this pressure is not

present there is no pressure in the air receivers, and the laboratory compressor

should be switched on to supply pressure.

The air and nitrogen pressure gauges on the test stand shouldnow rise to their

proper positions. These gauges are indicated asGauge 1andGauge 2in Figure

4.1 below. If these do not rise, the ’Electrical Enclosure Purge’ switch on the

front of the test-stand should be turned on and off again, followed by turning the

’Akribis Enclosure Purge’ switch on and off. By enacting the purge systems for a
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short time, the line pressures in the test stand should rise to the correct levels.

In the case ofGauge 1not rising to 5.5 bar, the pressure may be adjusted by

rotating the air pressure regulator, labeledRegulator 1in Figure 4.1. It should be

noted that typically this regulator does not need to be adjusted.

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 the Akribis cooling fluid,

needs to be switched on. It should be ensured that the water chiller is on both at

the switch on the cooling car and at the wall socket where it plugs into the mains.

Note: No warning is given if one forgets to turn on the cooling car. If either of the

fluids rises over its safe temperature then the test stand will shut down, and one

needs to wait for the fluid to cool to below its maximum temperature before the

stand may be restarted.

47



4.1. GENERAL TEST-STAND OPERATION

4.1.5 Operating Air-Extraction System

The test stand is equipped with an air-extraction system, which removes air out of

the LaVision spray chamber. This fan is turned on by a switch located next to the

distribution board, on the North Side of the room.

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

extraction fans in room T16 are not on, that room tends to fill with the exhausted

gases from the test stand, as both rooms ventilate into the same courtyard. But

turning on these fans a relative high pressure is created in the courtyard, 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 whenpower was

supplied to the test stand. At this stage it is necessary to open the software which

controls the test stand, and injection profile. This software is launched by double-

clicking the ”Launch” icon on the desktop.

The software will open, and a dialog reading ”Initializing”will open. This dia-

logue will close in a few seconds.

Once the software is initialized, the ”Stand Status” buttonshould be selected on

the injector control package. This opens a dialogue box which indicates any errors

on the test stand.

4.1.7 Starting Test Stand Pumps

The test stand consists of three pumps, as detailed in Section 3. The first two

pumps are switched on first by pressing the ”AK COOL PUMP ON” and”TEST

OIL PUMP ON” push buttons.

Once the above two pumps have been switched on, the test standwill check the
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stand for errors. It is important at this stage to check the Stand Status dialogue on

the test stand PC. If any errors are detected, these should be addressed - otherwise

the Common Rail pump will not activate.

If the Test Stand status is all green, the ”CR PUMP DRIVE ON” button should be

pressed. This activates the drive to the common rail high pressure pump.

4.1.8 Setting Injection Parameters

From the stand PC software, the Injection parameters may be set. This is done by

clicking on the”Injector Firing & Pressure Control” button on the injector Stand

PC. This will open the injector control dialogue, where the injection parameters

may be set.

These parameters include the number of injections per event, the duration of the

injections, and the time between injections. With these parameters an injection

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

4.1.9 Setting Common Rail Pump Speed

Again, from the stand PC software, the speed of the common-rail pump may be

set. By clicking on thePump Speedbutton, a dialogue which allows the pump

speed to be set is brought up. The pump speed should be set to 1000rpm, which

may be done by either selecting the1000rpmbutton, or entering the speed into

the appropriate space.

It is good practice not to bring the pump straight up to 1000rpm immediately, an

intermediate speed should be selected first, and once the pump has stabilized at

this speed then the speed should be increased to 1000rpm.
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4.1.10 Setting Common-Rail Pressure

After the common-rail pump has been set to 1000rpm, the pressure demand may

set. This is done through the”Injector Firing & Pressure Control” dialogue.

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

4.1.11 Enabling Injections

Injections are enabled through selecting the”Enable Injections”check-box in the

”Injector Firing & Pressure Control” dialogue, followed by pressing the”Apply”

button.

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

the injector injecting.

4.2 Spray Visualization Procedures

The details, beyond that which is detailed above, for the operation of the spray

visualization functionality of the test stand are detailedhere. For more technical

or intricate details regarding the operation of the LaVision software should be

referred to.

4.2.1 Setting Test Stand Mode

The rotary switch on the front of the Test Stand power enclosure 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 stand control enclosure, in

the top right corner. There are two plugs, one which sends current to the Akribis

injector, and the other which sends power to the spray visualization injector. It

should be ensured that the plug marked”SPRAY” is plugged in, and the latch

around the plug closed firmly. A picture showing the injectorcurrent 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 ensure that test fluid does

not build up on the windows of the spray chamber. The air knives are 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 purge for the elec-

trical enclosure. If this purge is not switched on, the air-knives will not operate.

No warning is given if this is the case, and poor images will result.
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4.2.4 Starting LaVision PC

Unlike the stand and Akribis PC’s, the LaVision PC does not start automatically

when the test stand power is turned on.

The LaVision PC, which is located in the control enclosure, needs to be turned on

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

4.2.5 LaVision Application

The LaVision software package;”DaVis 7.2” , is launched through selecting the

”DaVis” icon on the desktop. Various procedures need to be followed to capture

images, as detailed in the LaVision Manuals, or the manuals developed 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, the user may set how many

images per time interval the system captures. This may be setto any number

between 1 and 571.

4.2.7 Start, End and Increment Time

Again, in the acquisition menu, the user may set at what pointin the injection the

image acquisition process begins, and at what point it ceases to capture images.

The increment time may also be set, that is, the time between successive sets of

images is captured.

The shorter the increment time, the greater the resolution of the injection infor-

mation will be. The disadvantage of a very short increment isthat the tests take a

very long time to run, and the data occupies considerably more hard-drive space.
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4.2.8 Statistical Imaging Processes

Once the system has captured the spray images, it is necessary to average the

images taken at the same time step. This is done through a statistical process built

into the DaVis software.

Following the averaging process, it is necessary to subtract a background image

from the averaged image. This is done by selecting a background image which is

taken without a spray present, and instructing the softwareto remove the elements

of that image from the experimental image.

4.2.9 Geometry Package Use

The DaVis software, when operating inExpert Usermode has a functionality

known as the geometry package. This geometry package employs statistical algo-

rithms to determine the geometrical structure of the spray.

Specific items of interest are the cone-angle and penetration of the spray.

Note: The geometry package works by determining the intensity of light in the

image, and then finding the cone-angle penetration of the spray by looking for a

user defined percentage of the total intensity of the spray. The software identifies

the end of the spray where the intensity of the light reaches this value. For this

reason, the user intensity which is selected must be kept constant for all tests,

otherwise the numerical evaluation of various sprays will not align.

4.2.10 Exporting of Images

The DaVis software enables one to export images. Images of interest may be

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 test stand, the procedures

detailed here should be supplemented by more technical operating instructions

as contained in either the Akribis help file, or the Akribis operational manual as

prepared by the author.

4.3.1 Setting Test Stand Mode

The rotary switch on the front of the Test Stand power enclosure should be set to

”AK” .

4.3.2 Spray Injector Current Plug

As in the case of the Spray Visualisation, the Akribis plug shown 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 necessaryto drain the fuel out

of the region above the piston. This is done through the use ofa drain valve. This

drain valve is switched off when the Akribis is not in operation so as to avoid it

running continuously and burning out.

The drain valve is switched by a switch on the back of the drainvalve controller.

The back of the Akribis drain valve controller may be accessed from the back of

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

Note: If the high pressure Nitrogen supply is turned off the Drain Valve may

operate since without the bed of nitrogen the piston will moved down, and the

system will believe that there is fuel in the region above thepiston and attempt to
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drain this fuel.

4.3.4 Akribis Injections

At this point injections into the Akribis unit may start. This is done through en-

abling injections through the”Injector Firing & Pressure Control” dialogue, and

selecting”Apply” .

4.3.5 Setting Drain-Rate

The drain rate on the Akribis should be set. The drain rate is altered through

adjusting the potentiometer on the Akribis drain valve control unit, located in the

test stand control enclosure. While the test stand is injecting in free-run mode,

one may see what the drain rate is by looking at the graph created on the screen.

The drain rate potentiometer should be adjusted until this drain rate reaches -12

to -15 mm3/s. Further details regarding the operation of the drain valve may be

found in the test stand operating manual.

Figure 4.3: Rear of Akribis Drain Valve Controler
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4.3.6 Running Tests

Akribis tests are run through taking the Akribis PC out of free-run 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 selecting the”Settings”

button.

The settings menu is somewhat self explanatory, but additional detail may be

found in the Akribis instruction manual, as mentioned in Section 4.3 above.

4.4 Exporting Results

The results from the spray visualisation my be exported using software eloped

in Dev-C++ [27], . The software, may be found on the desktop of the LaVision

computer and retrieves the results from the above-mentioned text files and inserts

them into a new tab delimited text file.

Note: The program which extracts information from the text files requires in-

formation to be entered into the input file in a specific order.If information is

not entered into the input file in the correct order then the results will not be ex-

ported. The details regarding the formatting of the input file are contained in the

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

The Akribis results may be exported through the use of Test-Scope, an application

developed by INOV8 to allow one to analyse Akribis results. This is done by

opening the test, as saved when the test was run, and selecting export from the

“File” menu.

Note: The exporting function will prompt the user to select from a series of check-

boxes what should be exported. The user should selectWaveformsfrom this list,

as this exports all data.

The files exported through the use of Test-Scope are exportedin a manner which
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is very difficult to process, since each injection is saved inits own text file. A

specifically developed C++ program is then used to combine allthe data from a

single pressure and duration test into a single text file, consisting of a column for

each injection, and a row for each time step. This text file maythen be manipulated

in a package such as Matlab or MS Excel.

4.5 Deleting Superfluous Images

During the spray visualisation process, the system captures a user specified num-

ber of images per time increment, as detailed in Section 4.2.7. Once these images

have been averaged, and one images has been produced by combining the charac-

teristics of all these images, there is no need for the multiple images 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 characterise the difference

in performance between new and used injectors. To facilitate this a set of seven

injectors was obtained for testing, the set consisting of three brand new injectors,

and four used injectors of unknown origin. All seven of the injectors were identi-

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

Two of the used injectors were supplied exactly as removed from the engines in

which they were operating, and two were supplied after having had their noz-

zles ultrasonically cleaned. The two injectors which were supplied as run in the

engines were naturally coked up, and were cleaned through the use of a buffing

wheel before testing so as to prevent dirt carbon ingress into the apparatus.

A simple naming convention was developed for the injectors consisting of two

letters and an number. The new injectors were named NI1 through NI3, with the

letters standing for “New Injector” and the used injectors were named UI1 through

UI4, with the letters standing for “Used Injector”.
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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 injectors will be made.

• A structured analysis of the performance of all injectors will be made.

5.2 Testing Outline

The testing was conducted using the Akribis test unit, as detailed in Section 3,

describing the test equipment. Tests were conducted at pressures of 300, 600,

900, 1200 and 1400 bar, with flow results being taken at durations of between

300µs and 2500µs, at intervals of 100µs, for all pressures. At higher pressures,

durations as low as 150µs were tested.

Tests were conducted in accordance with the procedures detailed in Section 4,

with the results produced being exported to individual textfiles through the use

of theTest Scopesoftware package, as developed by the manufacturers of the test

stand. The text files were then combined into a single text filethrough the use of

Dev C++ Software which served to combine the results of the individual tests into

a single file.

Code was developed in Matlab which served to read the data fromthis combined

text file, and plot bulk graphs which allowed one to clearly identify patterns and

trends which developed in injectors. A full set of graphs showing the results of all

Akribis testing is contained in Appendix A.
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5.3 Comparison of Performance of New Injectors

As mentioned above, three new injectors were obtained for the research to be con-

ducted. Before it is possible to conduct meaningful analysisinto the difference in

performance between new and used injectors it is important to establish whether

the performance of new injectors is consistent. To check whether the performance

of new injectors was consistent all three new injectors weresubjected to an iden-

tical testing regime. The same tests as were to be performed on the used injectors

were carried out on the new injectors.

To facilitate the comparison of results, the total volume offuel injected during an

injection was plotted against duration at all pressures. Figures 5.1 to 5.5 show

the volume of fluid delivered against the duration of the injections, at injection

pressures between 1400 and 300bar.
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Figure 5.1: Volume of fluid delivered vs injection duration for new injectors at

1400bar
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Figure 5.2: Volume of fluid delivered vs injection duration for new injectors at

1200 bar
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Figure 5.3: Volume of fluid delivered vs injection duration for new injectors at

900 bar
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Figure 5.4: Volume of fluid delivered vs injection duration for new injectors at

600 bar
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Figure 5.5: Volume of fluid delivered vs injection duration for new injectors at

300 bar

At all pressures a strong correlation may be seen between thevolume delivered

by all three injectors.

Figure 5.1 shows that the correlation is very close to complete through the entire

range of injections, which range from deliveries of 3.7 mm3 to 138mm3. This

indicates that at the injectors optimum operating pressureof 1400 bar, the new

injectors are behaving virtually identically.

If one looks at the behaviour of the new injectors as the delivery pressure is de-

62



5.3. COMPARISON OF PERFORMANCE OF NEW INJECTORS

creased, the correlation may be seen to break down. If the plots for delivery pres-

sures of 300 and 600 bar, in Figures 5.5 and 5.4 are examined, it may be seen that

a strong correlation of the injectors performance still exists at lower durations, but

this is not the case when the durations exceed around 1800µs.

Specifically NI2 does not correlate well with the other two injectors, and does

not appear to follow the same linear trend illustrated in allother representations.

Since injectors NI1 and NI3 both appear to follow very similar trends, even in

the extreme case of low pressure and long durations, it is difficult to argue as

to whether one should expect the delivery characteristics of an injector to break

down here, however, this difference in performance will be borne in mind during

the analysis of the performance of the used injectors.

When critically analysing the performance of NI2, it is noteworthy that the region

in which the performance of the injector breaks down is not a region where an

injector would typically operate. An injector generally operates at low pressure

only while the engine is idling, and as soon as load is appliedto the motor the

pressure will increase to facilitate better atomisation ofthe fuel.

The above point regarding the operating region in which the performance of NI2

breaks down is illustrated by the fact that an 1800µs injection at 300bar injects

36mm3 of fluid, whereas even at the relatively low pressure of 900bar this amount

of fuel is delivered in a 800µs injection. Based on that, it would seem unlikely that

such a large volume of fuel would be demanded at such a low operating pressure.

In the interests of simplifying the analysis to be done when comparing the perfor-

mance of new and used injectors, a single new injector is to bechosen for this.

Injector NI3 is the most consistent in its performance, as well as possessing the

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

This section begins to look at the performance of the used injectors, upon which

this study is based. The results presented in this section aim to look at the perfor-

mance of all the used injectors and compare their performance to that of injector

NI3, the new injector. The detailed analysis of the performance of the used in-

jectors, which is to be conducted below, will be based upon the findings of this

section.

While a multitude of results are available from testing, as described above in the

testing outline section, it is important to condense these results into a comprehen-

sive and compact set of results. The detailed behaviour of each injector at various

pressures and durations will be analysed in Sections 5.6.1 to 5.6.4.

To facilitate this initial analysis the performance of all four used injectors is shown

in the same manner as that of the new injectors, as a plot of fluid delivered against

injection duration at various pressures. The results for all of the delivery tests at

pressures between 300 bar and 1400 bar are shown below in Figures 5.6 to 5.10.
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Figure 5.6: Volume of fluid delivered vs injection duration for new and used in-

jectors at 300bar
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Figure 5.7: Volume of fluid delivered vs injection duration for new and used in-

jectors at 600 bar
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Figure 5.8: Volume of fluid delivered vs injection duration for new and used in-

jectors at 900 bar
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Figure 5.9: Volume of fluid delivered vs injection duration for new and used in-

jectors at 1200 bar
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Figure 5.10: Volume of fluid delivered vs injection durationfor new and used

injectors at 1400 bar

It may be seen from Figures 5.6 to 5.10 that the used injectorsdo indeed behave

differently to the new, control injector. The performance of the injectors varies as

the pressure increases, as would be expected. Injector UI2 consistently overfuels

slightly across all pressures, while all other injectors tend to underfuel to varying

degrees at all pressures.

While the specific behaviour of each injector will be discussed individually in the

next series of sections, a few observations may be made at this stage regarding
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the performance of the injectors. A note specifically applicable to Figure 5.6, is

that injector UI4 fails to deliver any fuel at an operating pressure of 300 bar. This

explains why no plot is visible for UI4 in this figure.

Figures 5.6 to 5.10 show that when the fuel delivered by the new injector is plotted

against injection duration at constant pressure an almost linear trend emerges.

This trend was present in all of the results attained from thenew injectors, as

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

It seems reasonable that in certain cases a worn injector maybehave in a similar

manner to a new injector, only delivering more or less fuel, depending on the

nature of the wear. If this were to be the case, one would expect to see linear

behaviour from the injectors, as witnessed in the new injector results. Figures 5.6

through 5.10 reveal that this linear trend is indeed preserved on two of the used

injectors, specifically UI2 and UI3. UI2 may be seen to “Over-deliver” whereas

UI3 is evidently “under-delivering” across most pressures. Injectors UI1 and UI4

on the other hand do not follow this linear delivery trend. These two injectors

appear to follow a somewhat erratic trend, although both injectors seem to display

a notable “knee-point” whereby the delivery appears to level off, and no increase

in delivery results from an increase in duration.

All of the above mentioned deviations from the “standard”, as established by the

control injector, NI3, will be discussed in Sections 5.6.1 to 5.6.4. An attempt will

be made to explain the deviations with respect to modes of wear in common rail

injectors.

5.5 Cavitation Investigation

As discussed in the literature survey, the phenomenon of cavitation, typically asso-

ciated with pumps, may occur in fuel injectors. In this section the results obtained

from the used injectors will be investigated with regard to cavitation.
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It would be reasonable to expect that cavitation may occur inworn injectors due

to the fact that wear could influence a number of the parameters which affect the

likelihood of cavitation occurring in an injector, as discussed in Section 2.6, on

page 17. These parameters include:

• Hole Diameter

• Entrance shape of holes

• Cd for Nozzle

• Needle Lift

Equation 2.19 presented in the literature survey is represented again here for ease

of reference:

ṁf = k
√

∆P (5.1)

Whereṁf is mass flow-rate, and∆P is the change is pressure across the nozzle.

The constantk is defined below:

k = CdA0

√

2ρℓ (5.2)

As discussed in the literature survey, the linear behaviourdescribed by equation

5.1 will break down when cavitation occurs. If cavitation occurs during in an

injection one would notice that the rate at which fluid is being delivered would

not increase with increasing pressure.

The results of the Akribis tests have been processed such that their compliance

with equation 5.1 may be verified. This was done by averaging the flow-rate

(which may be assumed to be directly proportional to mass flowrate if density is

constant), during the period where the injector is injecting at an almost constant

flow-rate. To facilitate this, an algorithm was written to determine the average vol-

umetric flow-rate above a threshold of 75% of the maximum flow rate. The results

of this algorithm when performed on a single injection are shown below, in Figure

5.11 which indicates how the average delivery rate at steadystate was determined.

The cacluated avearge steady state flow-rate is indicated bythe horizontal line.
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Figure 5.11: Injector delivery rate vs time, indicating average steady state delivery

rate

A plot of the performance of all injectors at a duration of 1000µs is shown below in

Figure 5.12. The figure shows that all injectors continue to deliver an increasing

amount of fuel as the rail pressure increases. It may be seen that four of the

injectors, NI3, UI1, UI2 and UI3 all follow linear trends as expected, based on

equation 5.1. Only injector UI4 does not follow the same linear trend as evident in

the plots of the performance of the other injectors. However, if cavitation were to

be occurring one would expect to see a “flat-lining” of the delivery with increasing

pressure. This is not the case, instead, the delivery continues to increase, and the

rate of increase tends toward a gradient similar to that of the other injectors. Based

on this discussion, it may be stated that cavitation is not occurring in any of the

injectors tested.

Figure 5.12 indicates that three of the injectors share a similar gradient, and in-

jectors UI3 and UI4 have less steep gradients. This variation in gradient indicates
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a difference between the various injector in the ’k’ term, asintroduced in equa-

tion 5.2. This would indicate a difference in either Cd or A0, as the density term,
√

2ρℓ, cannot change. Since the gradient of UI3 and UI4 has decreased signifi-

cantly compared to the other three injectors, this indicates that either Cd or A0 has

decreased. It would seem unlikely that the area, A0, should have decreased due to

wear. However, the discharge coefficient, Cd may well have altered during the life

of the injector.

The injectors with the less steep gradients, injector UI3 and injector UI4, were

supplied in the second set of injectors, and were thus supplied after having their

nozzles ultrasonically cleaned. There is a significant similarity between the two

injectors, and it will be shown in Sections 5.6.3 and 5.6.4 that further performance

similarities emerge during analysis of these two injectors.
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Figure 5.12: Plot of average Volumetric flow-rate vs Pressure0.5 for 1000µs injec-

tion
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It is noteworthy, regarding the above discussion, that the Cd which is discussed

above should ideally relate to only the nozzle, but since thecontrol volume for the

experiments being conducted is the entire injector, this isnot the case. Therefore,

the discharge coefficient as discussed refers to the efficiency of the entire injector

and not just the nozzle, in converting a pressure differential into a flow of fluid.

5.6 Used injector Performance Investigation

Within this section the performance of each of the four used injector upon which

testing was conducted will be investigated. Through comparing the results of the

used injectors with those produced by the new injector possible reasons for the

disparity between the performance of the injectors will be discussed.

5.6.1 UI1 Investigation

Introduction

Injector UI1 was supplied for the investigation from industry, where the faults

present with the injector were described, on the tag, as follows: “Back-leakage

Ok. Delivery Characteristic Incorrect (underfueling)”.

From inspecting the performance of injector UI1 in the generic plots of delivery

vs duration as presented in section 5.4, it may be seen that injector UI1’s delivery

performance is not in line with the performance of either thenew injector or the

performance of the other used injectors.

Observations

The performance of Injector UI1 is noteworthy in that at shorter durations the

delivery characteristics closely follows that of the otherinjectors. However, at
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longer duration the delivery of the injectors appears to reach a steady value, and

does not increase in the same manner as the other injectors do, specifically NI3,

which is the most consistent injector.

If one inspects the plot of duration against delivery at 900 bar, shown in Figure

5.13 below, it may be seen that a distinct “knee-point” exists on the graph, at

around 1100µs and 50mm3
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Figure 5.13: Volume of fluid delivered vs injection durationfor injectors NI3 and

UI1 at 900bar

After the knee-point, the delivery appears to “flat-line”. The early stages of deliv-

ery closely follows the performance of the new injector, more closely than some

of the other injectors, which perform better at later stagesof the injection. This

close following of the new injector’s characteristic curvesuggests that wear is not

present in either the feed or bleed orifices, the effects of which are described in

the literature review, on page 33.

A plot of injector delivery rate is shown alongside the firingpulse sent to the

injector from the driver unit is illustrated in Figure 5.14 below. This figure is a

plot of the rate at which fluid is discharged from the injectoragainst the signal

sent to the injector against time. This plot aims to illustrate the manner in which

the injector behaves when subjected to an excitation signal.

Figure 5.14 clearly illustrates the difference in performance between the used in-
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jector, UI1, and the control injector, NI3. It may be seen that injector UI1 ceases to

deliver fuel before the driver unit stops sending a signal toit, while NI3 continues

to deliver fuel.

If one examines Figure 5.14, it may be seen that the firing pulse sent to the injector

has two distinct steady levels. The first level is known as the“Pull” phase and is

designed to give the injector a high energy pulse to overcomeits initial stationary

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

injector in an open position once the injector is open.

The tests run on the injectors were conducted using standardsettings, as pro-

grammed into the test stand by the manufacturers. These standard settings provide

for a 500µs pull phase, which is evident in Figure 5.14.

The control injector, NI3, does not show a significant changein performance when

it is receiving either the initial pull signal or the steady “Hold” signal. It may be

argued that the rate of delivery is more constant and less oscilitory during the

initial phase of the injection. This level of subtlety, however is beyond the scope

of this study. In comparison to the control injector, injector UI1 does not appear

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

In order to verify the that the injector is not responding to the hold phase of the
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Figure 5.14: Delivery rate and firing pulse vs time for injectors NI3 and UI1 for

300bar, 600µs injection
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firing pulse, tests were conducted using identical firing pulse settings but with the

duration of the pull phase extended to 1000µs.

The results of the tests conducted for injectors using a 500µs and 1000µs pull

phase for injector UI1, and a 500µs pull phase on NI3, are shown below in Figure

5.15.
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Figure 5.15: Volume of fluid delivered vs injection durationfor 500µs and 1000µs

Pull Phases, for injectors UI1 and NI3 at 900 bar

Figure 5.15 clearly indicates that injector UI1 behaves differently when subjected

to the 500µs and 1000µs duration pull phases. It is immediately evident that

the used injector continues to flat line in terms of delivery,but this now occurs

approximately 500µs later. This leads one to believe that the firing pulse duration

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

In order to verify that the duration of the pull phase of the injector should not affect

a properly functioning injector, a plot has been prepared showing the performance

of injector NI3 when subjected to both 500µs and 1000µs pull phase durations.

It may be seen from Figure 5.16 below that there is no discernible difference

between the results for the two pull phase durations.
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Figure 5.16: Volume of fluid delivered vs injection durationfor 500µs and 1000µs

Pull Phases, for injector NI3 at 900 bar

Discussion

The following subsection aims to provide rationale for the behaviour of injector

UI1, as described in the observations above.

The pull phase duration affects the profile of the signal sentto the solenoid of

the injector. Based on the above results it seems reasonable to deduce that a

degree of wear has been experienced within the solenoid of the injector, leading

to it requiring increased current levels in order to hold theinjector open. The

results presented in Figure 5.15 provide a clear illustration of the solenoid failing

to engage the injector’s ball to facilitate the injection. However, 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 rail pressure of 1400

bar, in Figure 5.17. The delivery versus duration plots for 900 bar and 1400 bar

injections, as shown in Figures 5.15 and 5.17, are similar inthat both closely

follow the control injector, NI3, until they reach the end ofthe pull phase, and then

tend to deliver less fuel. A major difference becomes evident at higher pressures,

where the injectors do not cease to inject, or “flat-line” as evident in Figure 5.15

at 900 bar, but rather continues to deliver more fuel as duration increases. The
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delivery, however is not in line with the performance of the control injector, NI3.

This continued increase in fuel delivery as duration increases indicates that the

solenoid has not lost all of its effectiveness. When it is assisted by an increase

in pressure in the volume beneath the ball, which is operatedby the solenoid,

it may still deliver fuel. From Figure 5.17 it may be seen thatthe 500µs pull

phase injections experiences a steep gradient followed by ashort period where the

injector does not deliver more fuel with increasing duration. During this period

the gradient of this curve is very similar to that of NI3. The delivery of UI1,

employing a 500µs pull phase, then rises to within 70% of that of the same injector

using a 1000µs pull phase, before following a similar characteristic to the 1000µs

pull phase plot.
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Figure 5.17: Volume of fluid delivered vs injection durationfor 500µs and 1000µs

Pull Phases, for injectors UI1 and NI3 at 1400 bar

At present there is no explanation for the intermediate behaviour of the injector as

described above. The most obvious reason being different behaviour within the

solenoid once normal operating current has been restored, in conjunction with the

high rail pressure. Regardless of the mechanism behind the unusual intermediate

results, the behaviour of the injector would lead to strangeperformance of the

engine to which it was fitted. This is especially so considering the manner in

which the delivery picks after a period of not increasing delivery 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 conducted, designated UI2, was

supplied with the following label: “Delivery Characteristic: Over fueling. High

Back leakage”. Injector UI2 was briefly discussed in Section 5.4, where the per-

formance of all the used injectors was discussed. There it was stated that injector

UI2 possessed the most linear flow characteristics with respect to delivery versus

duration.

Observations

The duration versus delivery plots for the lowest and highest pressures are shown

below, in Figures 5.18 and 5.19 respectively. The plots alsoshow the performance

of the control injector, NI3, for comparative purposes.
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Figure 5.18: Volume of fluid delivered vs injection durationfor injectors NI3 and

UI2 at 300bar
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Figure 5.19: Volume of fluid delivered vs injection durationfor injectors NI3 and

UI2 at 1400bar

From Figures 5.18 and 5.19 it may be seen that injector UI2 follows a delivery

characteristic very similar to that of the new injector. At the lower pressure, 300

bar, it may be seen that injector UI2 tends to underfuel, at durations up to 1500µs,

after which the injector over fuels by about the same amount as it was underfuel-

ing. The injector’s delivery at various durations with the rail pressure of 1400 bar

is shown in Figure 5.19. At this higher pressure injector UI2follows the standard

as established by NI3 even better than at 300 bar. It may be seen that injector

UI2 underfuels initially, as was the case in the 300 bar plot,but at 1400 bar the

injector ceases to underfuel at durations longer than 700µs. It then follows the

performance of injector NI3 very closely.

Injector UI2 was discarded due to high back-leakage, and since the apparatus

employed for testing does not provide data regarding back-leakage this may not

be verified. However, the injector characteristics may be investigated so as to

attempt to identify what may be wrong with the injector.

The injection specific profile, that is, the manner in which the injector delivers

fuel at a specific pressure and duration, may be looked at to provide insight into

the performance of the injector. A selection of injections will be shown here in

an attempt to investigate the source of the non-standard delivery characteristics of

the injector under investigation.
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Total fuel delivered was represented at the the lowest and highest test pressures, so

the delivery rate and duration specific fuel delivered will initially be represented

at these pressures. Presented below, in Figure 5.20, is the delivery rate plot for a

600µs injection at a rail pressure of 300 bar.
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Figure 5.20: Delivery rate vs time for injectors NI3 and UI2 for a 300bar 600µs

injection

From Figure 5.20, it may be seen that injector UI2 does not react as rapidly as

the new injector. This may be seen by the fact that the gradient of injector UI2 is

less steep than that of NI3. The area beneath the rate versus time curve indicates

the volume of fuel injected. It may clearly be seen that injector UI2 is indeed

underfueling as a result of the slower opening of the injector.

The low pressure analysis may be continued by looking at the details behaviour

of injectors at longer durations. To facilitate this, Figure 5.21 below shows the

injectors rate profile at 300 bar and 2500µs duration. The delivery rate profile at

2500µs tells a very different story to that of the same injector at the same pressure,

but at shorter durations. The increase in delivery rate is still slower than that of

the new injector. However, a major difference emerges in themanner in which

the injector closes. Injector UI2 is very sluggish in its closing when compared to

injector NI3. The area underneath the curves for UI2 and NI3 shows the extent to

which injector UI2 is overfueling.

79



5.6. USED INJECTOR PERFORMANCE INVESTIGATION

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
−5

0

5

10

15

20

25

30

Time (µs)

D
el

iv
er

y 
R

at
e 

(m
m

 3  / 
m

s)

 

 

NI3
UI2

Figure 5.21: Delivery rate vs time for injectors NI3 and UI2 for a 300bar 2500µs

injection

In addition to both the short and long duration cases, it is interesting to look at

the situation where both the new and the used injector deliver an equal volume of

fuel. As discussed above, this occurs at the 1500µs injection. 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 UI2 for a 300bar 1500µs

injection

Figure 5.22 provides interesting insight into the performance of injector UI2, in

that it may be seen that for the initial period of the injection underfueling oc-

curs and later overfueling occurs. At a duration of 1500µs the initial period of
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underfueling is matched by the later period of overfueling.This is important to

note because, by reading figure 5.18, one may be lead to believe that under these

circumstances the injector is functioning effectively. This would be erroneous.

The 1400 bar injections, as discussed earlier, will now be looked at in greater

detail, as done in the case of the 300 bar injections. From Figure 5.19, it was seen

that at 1400 bar, injector UI2 underfuels initially, after which it closely follows the

performance of the standard injector. Figure 5.23 below shows a short duration

1400 bar injection.
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Figure 5.23: Delivery rate vs time for injectors NI3 and UI2 for a 1400bar 300µs

injection

By observing the areas underneath the injection rate curves for injectors UI2 and

NI3 in Figure 5.23, it is clear that injector UI2 is indeed underfueling. Unfortu-

nately, there is little detail available from Figure 5.23 due to the brief nature of

the injection. In order to provide more detail, the worst case of underfueling for

injector UI2, occurring at 600µs duration, is shown below in Figure 5.24.

It may be seen from Figure 5.24 that the delivery rate of the injector behaves in

a very similar manner during the period of steady state operation, and during the

period relating to the cessation of injection as was the casein the 300 bar test. The

difference between the new and used injector emerges in the early stages of the

injection.
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The new injector delivery rate climbs almost linearly to thepoint where it is de-

livering steady state flow. The used injector also climbs linearly, but then appears

to suffer a kink whereby the delivery rate slows before reaching the new injector’s

steady state delivery rate.

Previous discussion based on Figure 5.19 indicated that in later stages of the injec-

tion both UI2 and NI3 delivered similar amounts of fuel. To provide insight into

the behaviour of the injector at longer durations, a 2500µs injection rate profile is

shown in Figure 5.25.

Injector UI2’s rate profile is interesting in that it is very similar to that presented in

the case of the 600µs duration injection presented in Figure 5.24. The description

given for that injection holds in this case, and the levels underfueling during the

initial phase appears to be about the same.

The underfueling is only occurring during the initial injection phase, and the de-

gree of underfueling does not increase with increasing duration. However, the

overall amount of fuel is increasing, so as the duration of the injection increases,

the degree of underfueling becomes less and less relevant. This explains why

the injectors underfueling is so noteworthy at shorter durations 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 UI2 for a 1400bar 600µs

injection
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Discussion

In the literature survey, in Section 2.9.4, on page 33, a discussion regarding the ef-

fects of varying the two main parts of the injector that affect its flow performance.

These are the bleed and feed orifice that control the pressureabove the plunger

which opens and closes the injector.

As an injector wears one would expect a change to occur in the discharge coeffi-

cients of the bleed and feed orifices. In addition wear in the injector spring adds

to the force effected by the pressure differential resulting from the solenoid and

spring closing, and other elements of the injector where flowis present.

Before attempting to isolate problems relating to the injector, it is worthwhile to

summarise the behaviour of injector UI2:

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

2. Sluggish behaviour at the end of injection, especially atlow pressure, lead-

ing to overfueling at low pressures.

3. Good steady state behaviour, compared to that of the control injector NI3.
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Figure 5.25: Delivery rate vs time for injectors NI3 and UI2 for a 1400bar 2500µs

injection
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The bleed orifice discharge coefficient controls how fast thepressure in the control

volume is reduced when the solenoid releases the pressure onthe ball in the valve

at the top of the injector. Therefore, wear in the bleed orifice may lead to sluggish

opening, as is evident in the observations above. However, due to the fact that

the solenoid acts to close the bleed orifice, wear related to the discharge factor

generally does not affect the cessation of injection.

Thus the poor initial injection behaviour is very well aligned to wear in the bleed

orifice. The bleed orifice discharge coefficient determines how fast the pressure

in the volume above the plunger is reduced when the ball abovethe bleed orifice

is removed. A decrease in the bleed orifice discharge factor will result in slower

plunger movement, and therefore slow injection.

In order to identify the possible causes for the low pressureoverfueling as men-

tioned in point 2 above it is important to attempt to identifythe cause of the over-

fueling. The nature of the overfueling is evident from Figure 5.21. As discussed

above, the closing of the injector at low pressures is sluggish. Figure 5.25 indi-

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

As discussed in the literature survey, the closing of the injector is caused by the

pressure in the volume above the plunger being increased to that of the rail pres-

sure. This leads to a force imbalance between the base of the needle and the top of

the plunger, and due to the larger surface area at the top of the plunger, the needle

is forced downward. The rate of increase in the pressure above the plunger will

naturally have an effect on the speed at which the needle willtravel downward,

and thus the speed at which the injection is caused to stop. Inorder for the high

pressure fluid to reach this region above the plunger it is required 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 slightly longer to flow

through the orifice, and cause the plunger to travel downwardslightly later. Thus

wear in the feed orifice may be said to cause the slow closing ofthe injector.

It may be argued that as the pressure differential across thefeed orifice increases,
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with increasing rail pressure, that the rate of increase in pressure differential across

the plunger/needle assembly will increase. This would meanthat, in the event of

the discharge coefficient of the bleed orifice decreasing, the injector would indeed

close faster at higher rail pressures and slower at lower rail pressures, as is the case

in the performance of UI2. One would, however, not expect theslower closing

of the injector to be eradicated with increase in pressure. This is confirmed in

Figure 5.25, where injector UI2 may be seen to close only slightly slower than

injector NI3. The above arguments attributes the incorrectdelivery characteristic

of injector UI2 to wear in both the bleed and feed orifices. This appears to be

logical as whatever mechanism may have been leading to wear in the feed orifice

would likely wear the feed orifice as well. In fact, it would seem more unusual if

only the one orifice showed signs of wear.

The fault diagnostics sent with the injector detailed that the injector showed high

levels of backleakage. Based on the above analysis, which attributes the incor-

rect delivery characteristics to wear in the bleed and feed orifices, it would seem

reasonable that the medium which caused the wear in the bleedand feed orifices

could have could have induced deterioration elsewhere. Since the ball is located

above the R-throttle which forms part of the bleed orifice, if there was notable

wear in this region of the injector, it would be unlikely thatthe ball would be

able to seal effectively. Thus the physical faults originally found 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 issuedin a second batch,

along with injector UI4. Unlike injectors UI1 and UI2, UI3 was not issued with a

tag detailing the reason for being discarded. Injector UI3 and UI4 also differ from

UI1 and UI2 in that their nozzles had been cleaned ultrasonically before being

issued for testing.
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Observations

Results for the testing of UI3 were presented in Section 5.4, in Figures 5.6 through

5.10 where the total fuel being delivered for injections is shown against the du-

ration of the injections. These results are repeated below,showing only the per-

formance of the new injector NI3 and UI3 at the highest and lowest pressures, in

Figures 5.26 and 5.27.
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Figure 5.26: Volume of fluid delivered vs injection durationfor injectors NI3 and

UI3 at 300bar
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Figure 5.27: Volume of fluid delivered vs injection durationfor injectors NI3 and

UI3 at 1400bar

From Figure 5.26 and 5.27, it may be seen that injector UI3 underfuels consis-

tently when compared to the performance of the new injector.The results of

UI3’s performance are interesting in that the manner of the underfueling is con-

sistent at both the lowest and the highest pressure. As durations increase injector

UI3 begins to underfuel and continues in a linear fashion from then on. At shorter

durations the amount of fuel delivered by injector UI3 is identical to that delivered

by the standard injector, NI3.

As in the case of the previous injectors analysed, one hopes that by inspecting

the profile of the injection’s delivery rate against time at specific durations insight

into the mechanism behind injector UI3’s underfueling may be gained. The de-

livery rate for a long, 2500µs, injection at a rail pressure of 300 bar is presented

below, in Figure 5.28. This is the low pressure injection with the greatest level of

underfueling.

Figure 5.28 indicates three major differences between the performance of injector

NI3 and injector UI3. The used injector begins to inject slightly later than the new

injector, ceases to inject earlier than the new injector, and delivers considerably

less fuel during the steady state period of the injection. Asdiscovered in previous

observations, based on the performance of injector UI1 and UI2, it is possible for

an injector to behave differently at low and high operating pressures. In order
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to investigate the possibility of pressure induced differences in performance, an

injection identical to that presented in Figure 5.28, but atan operating pressure

of 1400 bar, is shown in Figure 5.29. At higher pressures, andlonger durations

the injector appears to behave similarly to the new injectorduring opening and

closing periods, however during the typical operating region, the used injector

delivers about 20% less fuel.
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Figure 5.28: Delivery rate vs time for injectors NI3 and UI3 for a 300bar, 2500µs

injection
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Figure 5.29: Delivery rate vs time for injectors NI3 and UI3 for a 1400bar, 2500µs

injection
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Discussion

If the opening and closing phases of injector UI3 and NI3 are compared it may be

seen that these two injectors perform very similarly. This would suggest that the

change in the performance of injector UI3 is not due to deterioration in the bleed

or feed orifice. As discussed in Section 2.9.4, as well as in previous analysis of

used injectors, wear in the bleed and feed orifices will have amarked effect on

the manner in which the injector begins and ceases to inject.However, once the

injector has reached steady state operation, steady state conditions will exist in the

volume above the plunger, and below the needle shoulder, as illustrated in Figure

2.7 in Section 2.9.4, on page 32. So, regardless of the degreeof wear present in

the bleed and feed orifices, the steady state behaviours of the two injectors, of

identical design, should be the same. The above argument along with the fact that

at high pressures, the opening and closing periods of the injections are identical

to those of the new injector, leads one to look elsewhere for the fault with injector

UI3. It could be proposed that the underfueling is due to a high level of fuel

bypass, due to a worn bleed orifice. While it is not possible to confirm or disprove

this, it seems unlikely that the injector’s opening and closing characteristics would

be so similar to the new injector if a significant amount of wear was present in

either the bleed or feed orifice.

If one considers an operating common rail injector, fuel enters the injector at the

top and flows down the injector to a volume where it applies a pressure to the

needle shoulder, as well as the inside of the nozzle, where the fuel exits through

the orifices. Thus it may be seen that the flow path of the fuel isrelatively simple,

and if the actuation system is excluded from the analysis allthat remains to be

considered is:

1. Injector Nozzle

2. Fuel Line

3. Mechanical Elements
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1. Injector Nozzle

Injector UI3 is unique when compared with UI1 and UI2 in that the nozzle was

removed and cleaned ultrasonically before being issued fortesting. This makes it

relatively simple to eliminate the nozzle as a source of underfueling, as any fouling

up of the injector nozzle would have been removed by this cleaning process. If the

nozzle were to be worn, one would expect material to have beenremoved from

the nozzle and hence the orifices would be larger. The larger orifices would not

result in decreased fuel flow, and it may therefore be ruled out as the cause of the

underfueling.

2. Fuel Line

It is possible that a blockage may have occurred within the fuel line running down

the length of the injector. This initially appeared to be a reasonable source of the

injector’s underfueling, but it does not make sense that a blockage would become

lodged in this fuel line. Firstly the debris would be required to enter the injector

through the feed orifice, which is considerably smaller thanthat of the fuel line.

Secondly, the high pressures would likely have forced the blockage down to the

nozzle where it would have been removed when the injector nozzle was cleaned.

It thus does not seem likely that a blockage could form in thisline. Also, if there

were to be a restriction in this line, the pressure differential across the needle,

which leads to the injector opening, would not be identical to that of the new in-

jector - leading to different opening characteristics. In addition to this analysis, if

the fuel filtering system had allowed particulate large enough to constrict the fuel

line within the injector, smaller particulate would also have entered 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 as potential sources of the

injectors underfueling. The elements remaining are the mechanical components,

including the plunger, needle, and spring / ball valve.
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The needle forms a component of the nozzle assembly, which would have been

cleaned during the nozzle overhaul. It therefore seems reasonable this may be

eliminated as a potential source of the underfueling. Should any major wear have

been present, it is safe to assume it would have been identified when the nozzle

was cleaned. The spring may also be eliminated, because it would naturally be-

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

opening and closing characteristics of the injector.

Wear in the plunger, however, does seem to be a reasonable cause for the injec-

tor’s underfueling. During the course of the injection the force imbalance within

the injector leads to an upward force on the plunger. If excess friction is present

between the plunger and the body of the injector the force balance which results

in the plunger’s movement will be altered, leading to the evident underfueling of

injector UI3. This increase in friction will cause the needle to travel both slower,

and a shorter displacement when compared to the new injector. The decreased dis-

placement of the injector’s needle is borne out in the lower steady state delivery

rate at all pressures, both high and low. However, the sluggish behaviour of the

injector which would also result from the friction, is only evident at lower pres-

sures. This may be because the forces involved in accelerating the needle at the

lower pressures are that much smaller than those at higher pressures. An alternate

reason for change in performance, which also would explain the strange fueling

characteristics, would be a physical obstruction preventing motion of the needle.

A cause for this may be a blockage or a failure of a mechanical element within

the injector. While it is difficult to define a cause for such a phenomenon, it does

explain the characteristics of the injector, whereby the transients are as in the case

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

The supplier of the used injectors was contacted for background information re-

garding the injectors, specifically injectors UI3 and UI4, which were provided

without descriptions of the faults associated with them. The supplier described

the fact that the injector nozzles were cleaned ultrasonically, and that both injec-

tors were removed from relatively high mileage vehicles - having covered between
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250’000 and 300’000km. Based on the high mileage of the vehicles, it is possi-

ble that the increased friction is simply resultant from excessive use with slightly

abrasive fuel, as is frequently found in South Africa. Thereis no remedy for such

a case besides the replacement of the entire injector body, as was determined by

the supplier of the injectors, since ultrasonic cleaning did not remedy the under-

fueling.

5.6.4 Injector UI4 Investigation

Introduction

As in the case of used injector UI3, injector UI4 was suppliedwithout a descrip-

tion of the fault associated with it, but it had been cleaned ultrasonically before

delivery.

Observations

Figures 5.6 through 5.10, in Section 5.4, on page 64, show theperformance of all

five test injectors. From these Figures, and the associated analysis, it was seen that

injector UI4 underfuels considerably, and does not delivery any fuel at the lowest

pressure, but does deliver at the higher test pressures.

For the sake of clarity, the total fuel delivered against injection duration for the du-

rations that injector UI4 does deliver fuel is shown below inFigures 5.30 through

5.33.
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Figure 5.30: Volume of fluid delivered vs injection durationfor injectors NI3 and

UI4 at 600bar
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Figure 5.31: Volume of fluid delivered vs injection durationfor injectors NI3 and

UI4 at 900bar
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Figure 5.32: Volume of fluid delivered vs injection durationfor injectors NI3 and

UI4 at 1200bar
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Figure 5.33: Volume of fluid delivered vs injection durationfor injectors NI3 and

UI4 at 1400bar

If one inspects the performance of UI4 in Figures 5.30 through 5.33 it may be

observed that a similar phenomenon to that observed in the results presented for

UI2 is occurring. In the three cases where rail pressure is greater than 900 bar a

distinct knee point is evident at about 900µs where the injector’s delivery ceases

to increase with increasing duration.

These results bear more than a passing resemblance to those of injector UI1, which

was found to have developed a problem with the solenoid. It would only respond

to the “Pull” phase current, and not to the “Hold” phase current.
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In order to verify that this was in fact the case, a second set of results was run, as

in the case of injector UI1. In this set of results the duration of the “pull” phase

of the injection was doubled from 500µs to 1000µs. The results of the 1000µs

pull tests are shown below. The results compare the performance of injector UI4

at the standard 500µs pull, and the lengthened 1000µs pull phase. Also shown in

these results is the performance of the control injector, NI3, with a 500µs “pull”

phase. Figures 5.34 through 5.37 show the maximum delivery of the injectors at

various durations, for the pressures at which injector UI4 delivers fuel. A set of

tests, employing the 1000µs pull phase, was run at 300 bar but as in the case of the

500µs pull phase injection, the injector failed to deliver any fuel. It should be born

in mind from analysis shown in Section 5.6.1, that the performance of the control

injector, NI3, does not change significantly with increase “pull” phase duration.
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Figure 5.34: Fuel delivery vs injection duration for 500µs and 1000µs pull phases,

for injectors NI3 and UI4 at 600 bar
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Figure 5.35: Fuel delivery vs injection duration for 500µs and 1000µs pull phases,

for injectors NI3 and UI4 at 900 bar
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Figure 5.36: Fuel delivery vs injection duration for 500µs and 1000µs pull phases,

for injectors NI3 and UI4 at 1200 bar
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Figure 5.37: Fuel delivery vs injection duration for 500µs and 1000µs pull phases,

for injectors NI3 and UI4 at 1400 bar

From Figures 5.34 through 5.37, it may be seen that, as expected, the quantity of

fuel delivered is increased with the longer pull phase. As inthe results presented

for injector UI1, the difference in delivery characteristics based on increased pull

phase duration, indicates that there is wear in the solenoid. This is effectively

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

The results presented for injector UI4 resemble those of UI1in so far as there is a

decided difference in the performance of the injectors at increased pull duration.

However, the results of injector UI4 differ from those of injector UI1 in that if one

looks at Figure 5.15, on page 74, it may be seen that the delivery from UI1 only

differs from the new injector when the solenoid fails to engage. Up to the point

where the solenoid appears to stop working, injector UI1 closely follows the trend

established by NI3.

The difference in performance between injectors UI1 and UI4becomes evident

when comparing their performance relative to NI3 after the first 500µs of the

pull phase of the injection. If one looks at Figure 5.36, where the results for a

rail pressure of 1200bar are presented, a distinct breakaway may be seen in the

1000µs pull phase injection, before it flat-lines. To gain an insight into the nature

of the difference in performance a comparison of rate profiles may be made.
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Figure 5.38 shows a comparison between injectors NI3 and UI4when supplied

with a 1000µs pull phase. The plot is of in injection where the injector isonly 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 UI4 for a 1200bar 1000µs

injection

Discussion

The rate plot presented in Figure 5.38 is interesting in thatthe injector UI4 has a

delivery characteristic very different to that of injectorNI3. It may be seen that

the steady state rate of fuel delivery is considerably lowerthan that of the new

injector. The degree to which underfueling occurs is, however, offset by the fact

that UI4’s cessation of fuel delivery occurs considerably later than that of the new

injector.

The above discussion details the behaviour of injector UI4 for injections of longer

durations, however, if one inspects Figure 5.7 through 5.10, in Section 5.4, on page

64, it is worthwhile to investigate the rate of delivery in a shorter injection. One is

curious to know whether the deviation from the standard injector only occurs after

the first 500µs of the pull phase, or if it was always present and is being masked

by some other phenomenon. To facilitate this investigation, a delivery rate plot is

presented below, in Figure 5.39, for a 500µs injection. This injection delivers the
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same volume of fuel as the new injector, and is still being driven by the original

500µs pull phase current.
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Figure 5.39: Delivery rate vs time for injectors NI3 and UI4 for a 1200bar 500µs

injection

The results illustrated in Figure 5.39 clearly show that even though injector UI4

and injector NI3 deliver similar volumes of fuel at shorter duration they have very

different delivery characteristics. The trend as discussed above with reference

to the 1000µs injection still holds for the 500µs injection. The reason for the

similar quantities of fuel being delivered is that at shorter durations the degree of

underfueling caused by the lower steady state delivery rateis offset perfectly by

the degree of overfueling caused by the slower closing of theinjector.

During the discussion relating to injector UI1 it was statedthat while differences

were present in the performance of that injector compared tothe control injector,

NI3, these could not be investigated due to their being of a subtle nature. However,

in the case of the comparison of the performance of injector UI4 and the control

injector NI3 the differences are more than subtle and warrant further investigation.

It has already been determined that the solenoid in injectorUI4 is not function-

ing effectively. This fault will, however, be set aside for the time being, and a

flow-based analysis conducted. Figure 5.39, presented above, which showed the

performance of a 500µs 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 UI4 begins injection very slightly later than the prop-

erly functioning injector, NI3. Injector UI4 also ceases injecting considerably later

than NI3. These two characteristics lead one to believe thatthe cause of the incor-

rect fuelling characteristics are due to wear in the bleed orifice. This would lead

to a slower increase in pressure above the needle, resultingin sluggish cessation

of the injection.

However, as discussed previously, the steady state rate of fuel delivery is consis-

tently lower than that of injector NI3. This is not explainedby wear, or decrease

in the discharge coefficient of the bleed orifice. Since it is assumed that even if

there is wear in the bleed, or feed orifice, the pressure stillreaches the same level.

This means that the reduced steady-state delivery rate is not explained by wear in

the bleed orifice.

The same logic which was applied in the discussion relating to injector UI3 may

be applied to this injector, with regard to the underfuelingat steady-state. In the

discussion relating to injector UI3 it was stated that the most likely cause of the

steady-state underfueling exhibited by the injector was a with level of friction in

the plunger section of the injector. Injector UI4 appears tobe suffering from the

same type of wear as affected injector UI3.The strength of the correlation between

the performance of injectors UI3 and UI4 is well illustratedby Figure 5.40.
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Figure 5.40: Delivery rate vs time for injectors UI3 and UI4 for a 1200bar 500µs

injection

Figure 5.40 clearly illustrates the similarity between theperformance of injec-

tors UI3 and UI4. Therefore, based on the previous analysis UI4 may be said to

be also suffering from increased friction with regard to theplunger movement.

A secondary difference between the performance of UI4 and the other injectors

tested is that injector UI4 does not deliver any fuel, regardless of injection dura-

tion at 300 bar. This observation further supports the theory that friction is present

in the plunger. Since the opening of a fuel injector is dependent on that force im-

balance on the needle, increased friction and lower operating pressures will cause

the injector to fail to open, as is the case with injector UI4.

Injectors UI4 and UI1 both display characteristics which suggest an improper

functioning of the solenoid. It is worthwhile to look at whether the delivery

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

present in injector UI4 and not UI1. The most obvious differences between the

performance of the two injectors will be evident in a longer duration injection.

Figure 5.41 below shows the delivery rate of both injector UI1 and UI4 for a

2500µs injection.
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Figure 5.41: Delivery rate vs time for injectors NI3 and UI4,with 500µs and

1000µs pull phases, for 1200bar 2500µs injection

Figure 5.41 clearly illustrates that, although it has been shown that injector UI4

and UI1’s performance are both affected by the performance of the solenoid, they

behave quite differently. Figure 5.41 illustrates the large difference that the pro-

posed injector wear has had on the performance of the injector even when com-

pared to the results from an injector with an incorrectly functioning solenoid.

If both injector UI1 and injector UI3 were to be used in engines, injector UI1

would function vastly better than UI4, since it only begins to underfuel at longer

durations, resulting from high loading of the engine. Injector UI4, on the other

hand undefuels much more consistently, and with non-standard delivery charac-

teristics. Therefore, even though injectors UI1 and UI4 both suffer from solenoid

wear, the increased friction in injector UI4 means that it would perform very un-

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

5.7.1 Injector UI1 Conclusion

When injector UI1 was supplied for testing it was described as: “Backleakage Ok,

delivery characteristic incorrect”.

When the injector was tested it produced strange results in that during short du-

ration injections the results obtained closely followed those of the new injector.

However, as the duration of the injections was extended the injector ceased to de-

liver a comparable amount of fuel, when compared to injectorNI3, the control

injector.

An investigation was conducted to identify the cause of the cessation of increase

in fuel delivery with increasing duration. This investigation revealed that the

solenoid was not responding to the “hold” phase of the injector signal, and was

only responding to the “pull” phase, which has a larger current rating. This failure

of the injector to respond to the “hold” phase of the injection was attributed to the

solenoid being faulty.

At lower injection pressures (up to 900 bar), the injector ceased to inject when the

“pull” phase ended at 800µs after the start of injection. At higher operating pres-

sure (1400 bar), the injector did not cease to inject entirely, but rather delivered

fuel at a reduced rate. The unusual results at the higher pressure were attributed

to the mechanical assistance provided to the solenoid by theincreased pressure

differential across the injector actuation mechanism at higher pressures.

It is noteworthy that all the wear, leading to the substandard performance of in-

jector UI1, appears to stem from the solenoid and if this component were to be

replaced, the injector could likely return to service.

103



5.7. INJECTOR FLOW CONCLUSIONS

5.7.2 Injector UI2 Conclusions

When injector UI2 was supplied for testing it was described as: “High backleak-

age, incorrect delivery characteristic”

Injector UI2 was found to provide different types of deviations from the new injec-

tor at high and low operating pressures, as well as at shorterand longer durations.

After looking at the delivery rate profile it became evident that the injector was

underfueling during early phases of the injection and overfueling at the longer

durations.

Following detailed analysis, it was found that mechanically the injector was per-

forming effectively, with injector UI1 where the solenoid was failing to open the

injector properly. The incorrect delivery characteristics were assigned to wear

in the bleed and feed orifice leading to initial underfuelingand later overfueling

during the injection. The high rate of bypass was attributedto wear in the up-

per section of the injector, in the region where the ball valve seats onto the bleed

orifice. Injector UI2 performs better, however, in the rangewhere the injector

would typically be operating, at high pressures (900-1400bar) and intermediate

durations(300-600µs), the difference between the new and used injector is not

very large. In the closely controlled operational environment of the common rail

diesel engine, the fuel management system would occasionally expect the injector

to perform outside these areas. When the engine management system does ex-

pect this performance from the injector poor running will result, due to the engine

running lean at low loads and rich at higher load.

The root of the problems would likely be abrasive material entering the fuel sys-

tem, and possible failure of the fuel filter. It would be interesting to know the

history of the injector, so as to attempt to isolate the causeof the wear within the

upper section of the injector.

Unlike the suggestion which was made in the conclusion to thestudy of injector

UI1, the wear in injector UI2 is actually mechanical wear within the injector.
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However, the top section of the injector, which contains thebleed and feed orifice

sections may be replaced, so in a similar manner to that suggested for injector

UI1, if this section of the injector were to be replaced, the injector could likely

return to service.

5.7.3 Injector UI3 Conclusions

After looking at the results for injectors UI1, UI2 and UI3, it may be seen that UI3

is the only injector thus far where the flow characteristics have indicated a state of

mechanical wear.

In the case of the injectors discussed previously the performance problems dis-

played could possibly be corrected through component replacement on the injec-

tor body. Injector UI1 could possibly be corrected through replacement of the

solenoid, and injector UI2 may have been corrected through changing the top sec-

tion above the ball valve.

The only manner in which the performance of injector UI3 may be corrected

would be to replace the plunger. While this may help to reduce the level of wear

within the injector, and thus the underfueling, the body will likely have worn to

a similar degree to the plunger - if not more due to the hardened nature of the

plunger material. Therefore, in the event of wear in the manner displayed by UI3

the body of the injector will need to be replaced.

Although the recommended remedy is effectively the replacement of the injector,

the injector may be said to have failed due to having operatedfor its design life.

Thus does not represent a particular problem, but it is an economic based decision

as to what material should be used in the manufacture of the injector body and

needle.
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5.7.4 Injector UI4 Conclusions

Upon initial investigation, injector UI4 displays similarcharacteristics to injector

UI1. This is because both of these two injector’s solenoid isnot functioning ef-

fectively. The malfunctioning of the solenoid was illustrated by the increased fuel

delivered by the injector when the pull phase duration was increased. There were,

however, differences in performance between injectors UI1and UI4. These differ-

ence were attributed to wear in the plunger mechanism, as displayed by injector

UI3.

The combination of these two faults leads to an injector thatunderfuels at longer

injection durations, due to the injection being “cut short”due to the solenoid fail-

ing to react to the pull phase. The injector also delivers fuel at a decreased steady

state rate due to the increased friction within the plunger mechanism. Unfortu-

nately, as in the case of injector UI3, there is no way for the injector to be brought

back to service, due to wear in the barrel and plunger assembly. As discussed

above, the combination of the two faults will likely lead to most unsatisfactory

performance in an engine application.

It is further noteworthy that injectors UI3 and UI4 displayed very similar faults.

This was originally identified in the analysis conducted to determine whether cav-

itation was occurring within the injector, in Section 5.5, on page 67. It was found

that the injectors UI3 and UI4 displayed a similar relationship between fuel de-

livered and
√

P . The reason for this reduction in fuel delivered has been cited as

wear being present in the mechanical elements of the injector. This is likely to be

more than a coincidence, as it seems reasonable that these two injectors, which

were supplied in the same batch, were originally fitted to thesame vehicle or en-

gine. If this were to be the case they would have been subject to an identical duty

cycle and type of fuel, leading to a similar manner of deterioration. It was consid-

ered that these injectors, UI3 and UI4, might be fundamentally different from the

other injectors tested, however, the injectors displayed identical 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 being documented here is

to characterise the behaviour of both new and used injectorswith regard to fuel

delivery, in terms of flow and spray characteristics. Details of the flow characteris-

tics were provided in Chapter 5, and this chapter aims to investigate the behaviour

of the injector’s spray patterns.

As in the documentation of the research conducted, the injector flow testing was

carried out first, followed by the spray testing. Therefore,the decisions docu-

mented in Chapter 5.2 regarding the test injector, type of injectors used and the

injector naming convention still hold in the following discussion.

The investigation into the spray performance of the injectors will be conducted in

the following manner:

• An outline will be given of the operation of the test equipment and the origin

of the results. A detailed description of the testing conducted will be given,

107



6.2. TEST EQUIPMENT AND TESTING CONDUCTED

with regard to both pressures and injection durations of tests conducted.

• Optimisation decisions which were made during the test program will be

highlighted. The limitations of the test equipment, and howthese may relate

to the results generated by the apparatus, will be discussed.

• A comparison of the performance of the injectors will be made. This anal-

ysis will be based on the processed results provided by the apparatus, and

specific elements of injector performance will be highlighted.

6.2 Test Equipment and Testing Conducted

6.2.1 Equipment Used

The apparatus used to measure the behaviour of the spray is described in Section

3.5, and the procedures behind the attaining of such resultsare shown in Chapter

4. However, to aid in the understanding of this section a brief outline of the results,

as generated by the test apparatus, will be given.

The test stand captures multiple images of the spray, at manytime intervals, in a

process known as strobing, as desccribed in section 2.8.2. These strobed images

are then averaged by a pre-programmed algorithm, containedwithin the La Vision

Da Vis software geometry package.

It is from these averaged images that key information regarding the behaviour of

the spray may be gained. In this specific study, spray penetration and cone angle

are the chief characteristics which are of interest, which are acquired from the

geometry package. An example of an averaged image, after thegeometry pack

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

Figure 6.1 shows a well developed spray, clearly showing thesix individual sprays

of the injector type being analysed here. It also indicates the injector 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 conducted at various pres-

sures and durations. Due to the amount of time required to runtests as well as

the fact that spray behaviour is not expected to change significantly with varying

durations, only selected durations were tested, unlike wasthe case with the flow

analysis.

The pressures used for testing were identical to those applied in the injector flow

analysis, that is:

• 300 bar

• 600 bar

• 900 bar

• 1200 bar

Figure 6.1: Image of Spray 1400bar after processing by La Vison Da Vis Geome-

try Package
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• 1400 bar

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

indicated above:

• 300µs

• 600µs

• 1200µs

Experimentation was also conducted at durations of 150µs, but results for this

duration were not as consistent as those produced at longer durations. While these

results are contained in the Appendix A, where all the injector spray results are

shown, they are not analysed alongside the other results. Section 6.4.8, containing

an analysis of these shorter durations has been included.

The settings for the La Vision spray capturing equipment were as follows:

1. 15 Images per time interval.

2. Time interval of 0.005 seconds.

The initial analysis was conducted using the plots contained in Appendix A. These

plots show the penetration and cone-angle development at various pressures and

durations, where the penetration and cone-angle values shown are averaged values

for all six segments. Further analysis, discussed in this section, 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 determine theoptimal method of

operating the injector testing apparatus. The purpose of these tests was to verify

that the test stand could provide repeatable test results and to gain the best result

resolution.

Due to the new nature of the test equipment, at the time of testing an optimal

method of operating the equipment had yet to be developed. Much of the findings

of this section have been passed on to other users of the test equipment, for use in

undergraduate research projects.

Three factors were investigated during the initial optimisation 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 chamber,the injector analysis

equipment is fitted with a set of ’air-knives’ which serve to ’blow’ air across the

glass sections which provide optical access to the spray chamber.

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

formed. These are visible if one views the imaging system after injecting fuel.
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Concern was raised regarding the effect that these ’waves’ would have on the

quality of the images produced by the system.

For comparative purposes two sets of tests were run, one withthe air-knives ac-

tivated, and a second set deactivated. It was found that while the air-knives may

lead to some degree of inaccuracy, due to the fluid flowing overthe window with-

out the air-knives, the imaging system saturates almost immediately, rendering the

test results meaningless.

It is noteworthy that during the initial period, with the airknives off, the results

do show better definition than in the case of later results with the air-knives on.

However, the period where good resolution is available is short, with good results

only attainable until fluid builds up on the optical window. For these reasons a

decision was made to run the tests with the air-knives on at all times.

In addition to running all tests with the air-knives on, before results were taken

the test stand was allowed to run for five minutes to ensure that the flow of fluid

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

6.3.3 Injection Timing

A common rail pump, which is driven by a 5.4kW, 380V motor, provides the

high pressures required by a common rail system. In order forthe pump to gen-

erate such high pressure, it is required to rotate at 1000rpm. At speeds less than

1000rpm, the pump is not be able to generate sufficiently highpressure so as to

operate the system effectively.

In an automotive case, the common-rail pump would be coupledto the engine, and

therefore would rotate at the same speed as the engine, and thus that of the injector.

Because the dynamics of the common-rail pump will influence the performance of

the injector it is desirable to have the injection rate and pump speed synchronised,

so as to emulate a ’real-world’ application.
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The results obtained for the section on injector flow testingwere run at an injection

frequency of 1000rpm. However, in the case of the spray testing it was suspected

that if the system was required to inject at a frequency of 1000rpm, too much

fluid would be introduced into the spray chamber, too quickly. It was thought

that, were this to be the case, the air-knives would be unableto remove the fluid

from the windows fast enough, leading to saturation, as was the case when the

air-knives were not running.

Tests were run at the synchronised injection frequency of 1000rpm, as well as at

a reduced frequency of 100rpm. The results of these tests areshown below in

Figure 6.2.
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Figure 6.2: Penetration vs time for 100 and 1000rpm injection timing

From figure 6.2 it may be seen that saturation does in fact occur in the case of the

1000rpm injection frequency. The lower injection frequency shows results as one

would expect to see.

Due to the undesirable effects of saturation coming into effect at the 1000rpm

injection frequency, it was decided that all tests should beconducted with an in-

jection frequency of 100rpm.

An undesirable effect of injecting at a rate different to thespeed of the pump is
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that the effects of the pump’s pressure variation on the railpressure will not be

the same as in a real-world application. However, given thatthe purpose of the

common-rail in an injection system is to provide a buffer between the pump and

the injectors, one hopes that this will not have a marked effect on the performance

of an injector as regards spray pattern.

It was also considered that given that the engines in which these injectors are

typically used, can run up to speeds of 4500rpm, one doubts that the return to

steady state is a concern at 1000rpm. Thus, the reduction of injection frequency is

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

6.3.4 Spray Processing Threshold

In the section of this report describing the tests apparatusmention was made of the

intensity setting when analysing injector spray behaviour. This intensity setting

governs the point at which the La Vision Da Vis geomentry package locates the

end of the spray.

The La Vision system determines the location of the spray through integrating the

intensity of the light reflected by the spray. Setting this threshold alters the level

of light required to define the end of the spray. The lower the threshold the more

light is required to acknowledge the existence of the spray,and the shorter the

Geometry Package defines the spray.

During the preliminary tests it was identified that if the intensity 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 trackedduring the initial

phases of development its growth appeared to stop prematurely when saturation

occurred.

A series of tests were run at the highest pressure for the system, 1400 bar and a

duration of 600µs. This duration was selected since, based on the results available,

as illustrated in Figure 6.3 below, the spray appeared to have reached its steady
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length.
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Figure 6.3: Spray penetration vs time at 1400 bar, 600µs duration

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

gressed at the same rate, as the sprays reached a certain length the results indicated

that two of the sprays ceased to continue growing, while fourdid. Figure 6.4 be-

low illustrates an example of an image as processed by the geometry package. It

may be seen that the image is rectangular with the injector located centrally.

From the figure it may be seen that there is considerably more “room” for growth

in the vertical direction than the horizontal. This effectively means that should sat-

uration begin to occur, spray segments#1 and#4 will appear to be considerably

shorter than segments#2, #3, #5 and#6.

Analysis was conducted on the results available, looking atthe progression of the

difference between the shortest and longest segments for aninjector functioning

correctly.
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The results of this indicated that an intensity threshold setting of 80% allowed

the progression of a 600µs injection, at an injection pressure of 1400bar, to be

effectivley tracked during the course of its propogation, without the effects of

saturation becoming apparent.

While mentioned in the section relating to the test apparatus, this section further

serves to emphasise that while the La Vision Da Vis system does provide one

with a good indication of the behaviour of an injection, it may not be comparable

directly to the results of a different type of imaging system. However, with the

intensity threshold set as described in this section good comparative performance

measures may be made for different injectors.

Figure 6.4: Image of spray development, showing spray development by segment
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6.4 Spray Results and Discussion

6.4.1 Introduction

The following section contains the analysis and discussionof the performance of

new and used injectors, in terms of the behaviour of the spray. Various elements of

the behaviour of the spray will be discussed and the section will then 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 performance of the new injector

will be compared with that of the used injector, based on the variation in the

performance of the various segments of the spray.

Observations and Discussion

As discussed previously, the injectors employed for testing were six hole injectors,

resulting in the formation of six separate sprays. In a correctly functioning injec-

tor it is expected that all six sprays would perform identically, in terms of spray

penetration and cone-angle achieved. It is worthwhile to investigate whether this

is in fact the case with the new injector, and to what degree the ’per segment’

performance of the used injectors has declined.

In previous analysis, as well as in the initial observations, as displayed in Ap-

pendix A, the results of a multi-orifice injector have alwaysbeen displayed as an

average of all the sprays. By looking at the variation of the performance of the

sprays, it can then be determined whether using an average value for penetration

and cone angle for analysis is valid.
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To facilitate this comparison an analysis was conducted whereby the coefficient

of variation was determined for the sprays, as a percentage,at all pressures and

durations. This coefficient of variation was determined through the use of the

following equation:

Cv =
σ

|µ| × 100% (6.1)

Where,

σ =

√

Σ(x̄ − x)2

n
(6.2)

And µ represents the mean, orx̄, for the series andΣ represents standard devia-

tion.

Figure 6.5 below indicates the coefficient of variation for a1400bar 1200µs injec-

tion. It does not indicate any major anomalies in the performance of any of the

injectors. What Figure 6.5 does indicate is the curious increase in Cv as the time

since the onset of the injection, reaches around 0.4ms.
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Figure 6.5: Cv vs time for 1400 bar, 1200µs injection

Recalling the discussion made in Section 6.3.4 regarding thevarying points at

which saturation is likely to occur, it is concerning that the increase in the co-
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efficient of variation may be attributed to this. While experimentation was done

to try and avoid saturation occuring, that experimentationwas based on a 600µs

injection, considerably shorter than the 1200µs injection under investigation here.

Examples of test images were extracted, for injector NI3, ata time interval of

0.4ms, so as to determine if this was occurring. This spray image is shown below

in Figure 6.6.

Figure 6.6: Image of spray from injector NI3 at 1400bar with 1200µs injection at

400µs after onset of injection

From Figure 6.6 it may be seen that despite efforts to avoid the onset of irregular

saturation, it appears to have occurred nonetheless. In addition to the observations

shown above in Figure 6.6, a plot has been prepared showing, in the form of a

histogram, the location of the minimum and maximum penetration by segment.

This combines information from all tests conducted during the study. The his-

togram is shown below in Figure 6.7. The segment numbers contained in Figure

6.7 correspond to those shown on Figure 6.6.

Figure 6.7 indicates that the anomalies shown in the image inFigure 6.6 are not

unusual, but occur at other pressures and durations as well.According to Fig-
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ure 6.7, segments 1 and 4 account for most of the minimum penetration cases,

while segments 2 and 5 account for the majority of maximum penetration cases.

This would appear to be in line with the theory of saturation corresponding to the

rectangular frame in which the spray images are contained.

While considering the variation in the penetration distances, as illustrated by Fig-

ures 6.5 to 6.7 there is a second factor which comes into play regarding the phys-

ical design of the test apparatus. If one refers to Figure 3.6, on Page 42 in Section

3.5.3 on the experimental facilities it will be noticed thatthere are lights located

on two sides of the spray. This means that certain sprays willeffectively be in the

shadow of other sprays. Upon inspecting the test rig it may beseen that the lights

face into spray segments 1 and 4. Thus sprays 1 and 4 are lit from the ’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 and maximum pene-

tration of injections by segment number
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This lighting phenomenon explains why, in a well performinginjector, such as

injector NI3, the sprays have different shapes, especiallyclose to the injector noz-

zle.

It is noteworthy that even once saturation has occurred, thelocation of the spray

penetration does not extend to the maximum possible point. It is proposed that

the location of the lights and saturation of the imaging worktogether to develop

false results. This is evident by the reduction in the variation of the coefficients of

variation for the segments, as presented in Figure 6.1 and the images presented in

Figure 6.4.

While considerable discussion has been made into the breakdown of the reliabil-

ity of the data after results appear to saturate, considerable information may be

interpreted before this saturation occurs. If one inspectsFigure 6.1 up to the point

where the sprays all tend to a similar value for Cv it may be seen that there is

considerable variation between the performance of the different injectors.

As would be expected, injector NI3 performs well, with the lowest Cv values.

Injectors UI1 and UI3 display similar characteristics to injector NI3. Injectors

UI2 and UI4 differ substantially from injector NI3, displaying significantly higher

Cv values across the region where the data is valid.

It may prove interesting to note the variation in Cv with changing injection dura-

tion. An identical plot to that shown in Figure 6.5 is shown inFigure 6.8, but for

a 1400 bar, 300µs injection.

Figure 6.8 illustrates that the manner in which the injectors behave at high pres-

sure, does not change when the duration of the injection is altered. Figure 6.8

allows one to better identify the trends outlined above regarding the 1200µs injec-

tion due to the altered scale used.

As was done regarding the analysis performed on the flow aspects, it is interesting

to consider the effects of lower pressures on the coefficientof variation for the

performance of the injector. Presented below, in Figure 6.9and Figure 6.10 are
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the plots of Cv for the injections at an injection pressure of 300bar and durations

of 300µs and 1200µs respectively.

The most immediate observation from Figures 6.9 and 6.10 is the highly erratic

behaviour of injector UI4. However, it may be recalled from the discussion into

the flow performance of the injectors, that at 300bar injector UI4 failed to deliver

any fuel.

In order to fully appreciate Figures 6.9 and 6.10 it is necessary to show the average

spray penetration at this pressure, 300bar, and at these durations. These two plots

are shown below in Figures 6.11 and 6.12.
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Figure 6.8: Cv vs time for 1400 bar, 300µs injection
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Figure 6.9: Cv vs time for 300 bar, 300µs injection
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Figure 6.11 goes a long way to explaining the results shown inthe short duration

coefficient of variation plot, as seen in Figure 6.9. There isa great deal of variation

in the coefficients for all injectors at a duration of 300µs, but this may be attributed

to the very low spray penetrations. With such small penetration, three factors

come into play. Firstly it is difficult for the apparatus to gain strong definition

with regard to the behaviour of the spray, due to the close proximity of the sprays

to one another. Secondly, the injector is not behaving as it typically would be,

with flow not being fully developed within the injector nozzle. Thirdly, any minor

variation, of perhaps one or two millimetres, which would normally go unnoticed

if penetrations were longer, will have a marked effect on theCv if the mean spray
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Figure 6.10: Cv vs time for 300 bar, 1200µs injection
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Figure 6.11: Spray Penetration vs. time for 300bar, 300µs injection
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penetration is lower since the one or two millimeters represents a much larger

proportion of the total spray length.

Figure 6.12 also provides insight on how to interpret Figure6.10. Figure 6.12

shows the amount of the time that passes before spray begins to provide significant

penetration. Based on when the spray at 300 bar and 1200µs duration begins to

progress, it becomes clear that the plots of coefficient of variation at 300 bar will

only provide meaningful information after 0.4ms have elapsed.

After 0.4ms have elapsed, it may be seen that the injectors behave in a similar

manner to the 1400 bar plots shown in Figure 6.7 above. Injectors UI1 and UI3

follow very similar trends to injector NI3. However, injector UI2 has larger varia-

tion than any of the other injectors up to 0.9ms, after which it stabilises, possibly

as a result of saturation of the test equipment . Injector UI4is discounted in this

low pressure analaysis due to the fact that, as determined inthe flow discussion, it

does not deliver any fuel at 300bar.

Conclusion

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

favourably with injector NI3, and consistently produced lower Cv’s than the other
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Figure 6.12: Spray Penetration vs. time for 300bar, 1200µs injection
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6.4. SPRAY RESULTS AND DISCUSSION

used injectors.

Injector UI2 generally produced poor results compared to the other used injectors

as well as the new, control, injector. However, injector UI2did perform well under

low-pressure, short duration conditions.

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

low-pressure short duration case.

Injector UI4 does not deliver any fuel at low pressures, and therefore no results

were attained. High pressure results were, however, also not very good when

compared to the control injector UI3, or the other used injectors. Two injectors,

UI1 and UI3 produced good results, consistent with what would be expected, and

to the results displayed by injector NI3. The remaining two injectors, UI1 and UI4

performed poorly.

6.4.3 Injector Spray Behaviour at Various Durations

Introduction

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

tions and constant pressure.

During previous analysis, where injector flow was under investigation, it was

found that injectors behaved very differently depending onthe duration of the

excitation signal applied to them. In the analysis of spray,it should be interesting

to identify the manner in which duration affects the spray behaviour of a properly

functioning injector and to determine whether this characteristic deteriorates with

wear.
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6.4. SPRAY RESULTS AND DISCUSSION

Observations and Discussions

In order to illustrate the behaviour of the injectors with varying durations, plots

have been prepared showing the spray penetration with time for all injectors, NI3

to UI4. These results, taken from injections with rail pressure of 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, 1400bar injection showing

300µs and 1200µs durations
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Figure 6.14: Spray penetration vs time for injector UI1, 1400bar injection showing

300µs and 1200µs

From Figure 6.13 it may clearly be seen that in the case of a new, properly func-

tioning injector, there is very little difference in the performance between the

shorter and the longer durations.

126



6.4. SPRAY RESULTS AND DISCUSSION

The results from the used injectors UI1 to UI4 are presented in Figures 6.14 to

6.17. It may be seen that the performance of injectors UI1 andUI3 does not alter

much with varying duration, as is expected, based on the performance of injector

NI3. Injector UI1 does display a rapid increase in spray penetration toward the

end of the shorter duration, but largely performance is similar.

Injectors UI2 and UI4 also perform similarly, however both of these injectors

produce lower levels of penetration at shorter durations. The injector flow profile

provides additional insight, as shown below in figure 6.18. It is suggested that
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Figure 6.15: Spray penetration vs time for injector UI2, 1400bar injection showing

300µs and 1200µs

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

10

20

30

40

50

Time (µs)

S
pr

ay
 P

en
et

ra
tio

n 
(m

m
)

 

 

300µs
1200µs

Figure 6.16: Spray penetration vs time for injector UI3, 1400bar injection showing

300µs and 1200µs
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these shorter penetrations are due to the fact that the delivery rate of injector UI2

and UI4 peaks below the peaks of the other injections.

Conclusion

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

properly functioning injector there should be little or no difference between the

short and long duration performance.

Two of the four used injectors complied with this expectation, but two of the four

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

10

20

30

40

50

60

Time (µs)

S
pr

ay
 P

en
et

ra
tio

n 
(m

m
)

 

 

300µs
1200µs

Figure 6.17: Spray penetration vs time for injector UI4, 1400bar injection showing

300µs and 1200µs
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Figure 6.18: Injector delivery rate vs time, for 300µs 1400bar injection
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did not. Injectors UI1 and UI3 complied and injectors UI2 andUI4 did not. The

failure of injectors UI2 and UI4 to perform as expected was attributed to these

injectors having lower peak flow-rates, as discussed in the section on injector flow

analysis.

6.4.4 Ultimate Spray Behaviour: Penetration and Cone-Angle

Introduction

As detailed in the literature review, the ultimate spray penetration and cone-angle

are key elements in the development of an injector. Cone angleshould be max-

imised so as to increase the degree at which fuel becomes entrained in the air.

Penetration is required to be as long as possible, for the same reason as one seeks

to maximise cone angle, but should not be so long as to impingeon the cylinder

walls.

Observations and Discussions

A straightforward plot has been prepared so as to indicate the ultimate spray be-

haviour of all injectors, at the various test pressures. Theaverage spray penetra-

tion and cone-angle, for the final 100µs of the injection, at various pressures, has

been determined. In order to determine the maximum penetration, the longest test

duration, 1200µs, has been used in this process.

Figures 6.19 and 6.20 below illustrates the behaviour of theinjectors, as described

above.

The trend regarding spray penetration may be seen in Figure 6.19. The control

injector, injector NI3, shows an almost linear increase in spray penetration with

increasing pressure. Two of the used injectors, injector UI1 and UI3 perform in

a manner that is almost indiscernible from that of the new injector. The remain-

ing two injectors, injectors UI2 and UI4 tend to penetrate toa somewhat greater
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6.4. SPRAY RESULTS AND DISCUSSION

degree than the control injector. It will be recalled from previous discussions that

injector UI4 fails to deliver fuel at 300bar rail pressure, and this explains the out-

lying point visible on the plots at 300bar for injector UI4.

The ultimate cone-angle behaviour indicates strange performance of the control

injector, NI3. As outlined in the literature survey, there is a degree of debate as to

whether or not the injection pressure should have an effect on the cone angle. The

general consensus in the literature is that the pressure should not alter the cone-

angle, but injector NI3 does not follow this trend. Also noteworthy in the results

for ultimate cone angle is the fact that the overwhelming trend in the data is for
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Figure 6.19: Ultimate spray penetration vs pressure for 1200µs injections
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Figure 6.20: Cone-angle vs pressure for 1200µs injections
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the used injectors to display larger cone-angles than the control injector. A wide

cone-angle is desirable, given that the fuel will then be more spread out, resulting

in better entraining with the air, and more effective combustion.

It was mentioned in conversation with the supplier of the used injectors that the

running of an engine generally tends to improve after a new set of injectors has

been allowed to ’run-in’. The results, as evident in Figure 6.20, provide a very

likely reason for this improvement in running, through increased spray area re-

sulting from the increased cone-angle.

Conclusion

The results presented in Figures 6.19 and 6.20 above make forvery interesting

reading. If anything these results indicate that the ultimate ’macroscopic’ qual-

ities of an injector spray behaviour do not deteriorate, butactually improve. A

plot has been prepared indicating the spray area, which provides insight into the

performance of the spray. This plot is shown below in Figure 6.21.
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Figure 6.21: Total spray area vs injection pressure for 1200µs injections

The maximum area largely follows the trend as established bythe behaviour of

the spray penetration seen in Figure 6.19. All the injectorsproduce larger spray

areas than the new injectors except for injection UI3, whichdrops slightly below

the performance of injector NI3.
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The results illustrated in Figure 6.21 further indicate that in terms of spray be-

haviour, the used injectors actually tend to outperform thenew injectors.

6.4.5 Transient Behaviour

Introduction

It has been determined how the spray ultimately behaves, butit is important to

determine how quickly the injectors arrive at this ultimatebehaviour. This sec-

tion will look at the manner in which the injectors behave during the time before

reaching their ultimate penetration.

6.4.6 Observations and Disucssion

An analysis was conducted to determine the time required foran average penetra-

tion, across a section of five consecutive intervals to exceed 95% of the ultimate

spray penetration, as indicated in Section 6.4.4. Figure 6.22 below is a plot of the

time taken for the 1200µs injection to reach 95% of the ultimate spray penetration

for that time interval.

200 400 600 800 1000 1200 1400
0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Pressure (bar)

T
im

e 
(m

s)

 

 

NI3
UI1
UI2
UI3
UI4

Figure 6.22: Time taken to reach 95% of ultimate penetration vs injection pressure

The behaviour of injector NI3 is largely as expected, where the time for the in-
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jection to reach 95% tends to reduce as pressure increases. The other injectors

behave in a similar manner, with outliers at 900bar for injectors UI3 and UI4. As

was found in the previous section, the used injectors appearto reach their ultimate

states earlier than the new, control injector.

Conclusion

As found in the previous section, the used injectors appear to outperform the new

injection with regard to the transient performance leadingup to the injector’s ulti-

mate penetration and cone-angle. This also helps to explainthe manner in which

engines fitted with new injectors appear to run better once the injectors have been

’run-in’.

6.4.7 Behaviour at early stages of injections

Introduction

The most significant change of state which the injector undergoes is that which

occurs when the injector goes from not injecting to injecting. For this reason it is

worthwhile to conduct an analysis of the behaviour of an injector at this stage.

Observations and Discussion

To facilitate an analysis of the early stages of an injection, the basic plots showing

spray penetration progression over time will be presented below, in Figures 6.23

through to 6.27. The presentation of these figures has the added benefit of al-

lowing one to see the behaviour of the injectors across the entire injection period,

enabling one to confirm the results from previous sections. Figures 6.23 through

6.27 are for 1200µs injections, but as presented in Section 6.4.3 the behaviour

of the injectors at short and longer durations is largely thesame. It may be seen

from Figures 6.23 to 6.27 that the performance of the controlinjector, NI3, is al-
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ways progressive, with no unexpected spikes in penetration. This is as one would

expect.
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Figure 6.23: Spray Penetration vs Time for 1200µs injection at 300bar rail pres-

sure
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Figure 6.24: Spray Penetration vs Time for 1200µs injection at 600bar rail pres-

sure

At 300bar only injector UI4 gives suspect results, but this is because, as men-

tioned previously, injector UI4 delivers no fuel at 300bar.When injector pressures

increase it becomes evident that the used injectors do not deliver fuel in as stable a

manner as the new, control, injector. All of the injectors display their most erratic

behaviour at 900bar, whereas their penetrations are lowestat low 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 and 1400bar injectors UI2

and UI4 display unusually high initial spray penetration results.

Other interesting results evident in Figures 6.23 through to 6.27 indicate that from

pressures of 600bar and upward injector UI2 produces the most advanced spray

penetration, as discussed in Section 6.4.4. Again, at pressures of 600bar and up-

ward injector UI4 produces injections which lag behind the other injectors in terms

of penetration, before stabilising to a similar ultimate penetration as the other in-
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Figure 6.25: Spray Penetration vs Time for 1200µs injection at 900bar rail pres-

sure
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Figure 6.26: Spray Penetration vs Time for 1200µs injection at 1200bar rail pres-

sure
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jectors.

Conclusion

Figures 6.23 through to 6.27 show the performance of the injectors. This is not

an analysis of the performance of the injectors in terms of some or other derived

quality. These images, and this section, serves to illustrate that the performance

of the used injectors may look comparable to that of the control injector in many

ways. Based on the macroscopic characteristics communicated thus far, however

there is a marked difference in the more subtle performance of the injectors.

6.4.8 Short Injection Behaviour

It was mentioned in Section 6.2.2 of this report that testingwas conducted at du-

rations shorter than 300µs durations as discussed up to this point. Testing was

done at durations of 150µs so as to determine the manner in which injectors per-

form when a very short injection was simulated. These short injections will be

discussed in this section.
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Figure 6.27: Spray Penetration vs Time for 1200µs injection at 1400bar rail pres-

sure
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6.4.9 Observations and Discussion

The 150µs injections were conducted at test pressures from 600bar to1400bar. At

600bar and 900bar the injectors failed to deliver fuel, as evident from Figure 6.28

shown below, illustrating a 900bar plot.
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Figure 6.28: Spray Penetration vs Time for 150µs injection at 900bar rail pressure

Injector NI3, the control injector, begins to produce a discernable spray at 1200bar,

as is evident in Figure 6.29 below. The sprays produced at 1400bar are somewhat

better defined than at 1200bar, as illustrated in Figure 6.30below.
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Figure 6.29: Spray Penetration vs Time for 150µs injection at 1200bar rail pres-

sure
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The short duration injection behaviour is quite telling with regard to injector de-

terioration with use. At 1200bar, injector NI3 produces a very well defined spray

progression, as does injector UI3. But, injectors UI1, UI2 and UI4 produce poor

results, with injections from injectors UI2 and UI4 seemingly producing no spray

whatsoever.

At 1400bar, as illustrated in Figure 6.30, it may be seen thatall of the injectors

produce a result, but these vary widely. Two of the used injectors, UI1 and UI3,

produce results very similar to those of the control injector. The sprays of injec-

tors UI2 and UI4 are present, as indicated by the lack of noise, as visible in the

performance at 1200bar, in Figure 6.29. That said, the sprays do not appear to

advance.

The deterioration of the performance of the spray of the usedinjectors is most ev-

ident in the analysis of the performance of the injectors whilst operating at these

shortened durations. In the event of injectors performing in the manner as dis-

played by injectors UI2 and UI4 being installed in a engine which requires the

use of either a brief pilot injection or post-combustion injection the performance

of the engine would be adversely affected. Performance, in terms of power pro-

duced, smoothness of running and emissions would suffer. The degradation in
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Figure 6.30: Spray Penetration vs Time for 150µs injection at 1400bar rail pres-

sure
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performance due to these factors would be sufficient criteria for the discarding of

such injectors.

Conclusion

Analysis conducted in previous sections have failed to deliver results which have

signaled that any of the used injectors under study should bediscarded. The in-

ability of injector UI4 to deliver fuel at low pressure is theexception, as discovered

in the analysis of the injectors flow performance. However, when investigating the

short duration performance of the injectors, it became clear that some of the injec-

tors would perform very poorly if required to produce a pilot, or post-combustion,

injection. This is sufficient discard criteria for an injector, and based on this in-

vestigation injectors UI2 and UI4 should be discarded.

6.5 Injector Spray Conclusion

A variety of factors have been considered during the course of the investigation

into the spray performance of the injectors. These include:

• 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, injectorsUI1 and UI3 behaving

similarly, and injectors UI2 and UI4 also behaving similarly. Injectors UI1 and
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UI3 typically performed similarly to the control injector,while injectors UI2 and

UI4 delivered sub-standard performance.

Across most factors analysed the used injectors appeared toperform well. In the

cone-angle behaviour, it was found that the used injectors produced larger, and

thus more effective cone-angles. This provides justification for the theory that

engines run better following a “running-in” period after the installation of new

injectors.

The only element of the injectors performance where dramatic deterioration was

identified was in the case of the short duration injections. Under simulated pilot-

injection conditions, where the injector was subjected to an injection duration

of 150 µs, none of the used injectors produced a spray comparable to that of

the control injector, NI3. This inability of the used injectors to produce short

duration sprays would affect the performance of an engine notably, and in itself

are acceptable discard criteria.

While generally the used injectors were found to produce acceptable sprays, their

inability to produce short duration sprays renders them ineffective. The alignment

between the performance of the injector flow characteristics discussed previously

and the spray characteristics discussed here will be discussed in 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 wasmade of theories which

have been developed to predict the behaviour of an injector spray with time. The

two principal theories discussed are those developed by Dent and Hiroyasu. In

this section these two theories will be investigated, and itwill be attempted to

align these theories to the performance of the properly functioning injector, NI3.

The results produced by the used injectors will not be considered within this sec-

tion. This is because of the large number of factors which play a part in the per-

formance of those injectors, and that the original theorieswere developed using

new injectors.

141



7.2. SPRAY THEORIES

7.2 Spray Theories

The spray theory according to Dent, as stated in Equation 2.2is repeated here for

the sake of clarity.

S(t) = 3, 07

(

∆P

ρg

)
1

4

(tdn)
1

2

(

294

Tg

)
1

4

(7.1)

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

injection.

The theory according to Hiroyasu is divided into two separate regions, an initial

linear region and a second non-linear region. One before, and one after the point

defined as tbreak. This theory is repeated below.

t < tbreak : S(t) = 0.39

(

2∆P

ρl

)
1

2

t (7.2)

t > tbreak : S(t) = 2.95

(

∆P

ρg

)

(dnt)
1

2 (7.3)

where:

tbreak =
29ρldn

(ρg∆P )
1

2

(7.4)

Sample calculations illustrating the use of the above equations are contained in

Appendix B, where the variables are assigned and values are given.

7.2.1 Unmodified Theoretical Results

A comparison has been prepared where the results of the performance of the con-

trol injector, NI3, have been compared with the predictionsbased on the Dent and

Hiroysau theories. These comparisons are shown for all pressures, in Figures 7.1

through 7.5 below.
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Figure 7.1: Penetration vs time for actual and theoretical spray penetration at

300bar
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Figure 7.2: Penetration vs time for actual and theoretical spray penetration at

600bar
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Figure 7.3: Penetration vs time for actual and theoretical spray penetration at

900bar
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Figure 7.4: Penetration vs time for actual and theoretical spray penetration at

1200bar
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Figure 7.5: Penetration vs time for actual and theoretical spray penetration at

1400bar

It is clear from Figures 7.1 through 7.5 that both theories dramatically over predict

the spray penetration when compared to the actual performance of a new injector.

The difference between the theoretically predicted results and those attained by

the injectors is so vast that it seems unreasonable that theycould align. However,

as mentioned in the literature survey, the coefficients contained in the equations

developed by Dent and Hiroyasu may be modified to achieve a better fit to data,

as has been done by many researchers previously.
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7.2.2 Modified Theoretical Results

An empirical process was embarked upon, whereby a series of modifications to

coefficients were applied to both Dent and Hiroyasu’s theories. At each pressure

an iteration was conducted to determine a correlation factor ’k’, which would lead

to an alignment of the experimental results and the theoretical predictions. The

determination of the values of k for the theories according to Dent and Hiroyasu

are discussed in Sections 7.2.3 and 7.2.4 respectively.

A set of results identical to those presented in Figures 7.1 through to 7.5 is shown

below illustrating predictions when applying the revised,or modified equations,

incorporating the various correction factors, which are shown in Table 7.2.2 be-

low. These are shown below in Figures 7.6 through to 7.10 for the modified Dent

equation and Figures 7.11 through 7.15 for the modified Hiroyasu equation.

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 according to Dent and

Hiroyasu
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Figure 7.6: Penetration vs time for actual and modified theoretical (Dent) spray

penetration at 300bar
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Figure 7.7: Penetration vs time for actual and modified theoretical (Dent) spray

penetration 600bar
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Figure 7.8: Penetration vs time for actual and modified theoretical (Dent) spray

penetration 900bar
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Figure 7.9: Penetration vs time for actual and modified theoretical (Dent) spray

penetration 1200bar
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Figure 7.10: Penetration vs time for actual and modified theoretical (Dent) spray

penetration 1400bar
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Figure 7.11: Penetration vs time for actual and modified theoretical (Hiroyasu)

spray penetration 300bar
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Figure 7.12: Penetration vs time for actual and modified theoretical (Hiroyasu)

spray penetration 600bar
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Figure 7.13: Penetration vs time for actual and modified theoretical (Hiroyasu)

spray penetration 900bar
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Figure 7.14: Penetration vs time for actual and modified theoretical (Hiroyasu)

spray penetration 1200bar
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Figure 7.15: Penetration vs time for actual and modified theoretical (Hiroyasu)

spray penetration 1400bar

Figures 7.6 through to 7.15 indicate that through the use of an arbitary correction

factor a very good correlation may be made between the theoretical and actual

spray penetration, during the development of the spray. Since it is difficult to judge

the actual performance of the injection at full development, due to the occurrence

of saturation, as discussed in Chapter 6, focus was made on thedevelopment phase

of the injection.

7.2.3 Modified Dent Theory

An analysis was conducted so as to determine the trend present in the ’k’-factors.

A plot has been prepared, shown below in Figure 7.16, which indicates the values

of these correction factors, with varying pressure.
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Figure 7.16: Correction factor ’k’ vs Pressure for Dent’s equation
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7.2. SPRAY THEORIES

From Figure 7.16 it may be seen that there appears to be an almost linear trend

with the correction factor increasing with injection pressure. The ’Polyfit’ func-

tion contained in the MATLAB package was used to develop a linear fit 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 compared to the experimental re-

sults, good results are obtained. the correlation between the theoretical 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 equation, showing mod-

eled ’k’ factor

7.2.4 Modified Hiroyasu Theory

A process similar to that applied to the theory according to Dent was also used on

Hiroyasu’s theory, and the correction factors ’k’ were determined experimentally.

The results of Hiroyasu’s equations when modified using the correction factor

’k’ are shown in Figures 7.11 through 7.15 above. These figures illustrate that a

good correlation may be made with the equations through the modification of the

equation’s constant. The modification factors required areshown below in Figure
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7.2. SPRAY THEORIES

7.18. From Figure 7.18 it may be seen that there appears to be an appropriate ’k’-

factor for low pressures, 300 - 600bar, an accurate ’k’-factor for high pressure,

1200 - 1400bar, and an intermediate corrector factor at 900bar.
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Figure 7.18: Correction factor ’k’ vs Pressure for Hiroyasu’s equation

An accurate theoretical representation of the ’k’-factorsdeveloped and illustrated

in Figure 7.18, may be made by fitting a cubic polynomial through the given

points, again using the ’Polyfit’ function in Matlab. The cubic equation developed

is shown below:

k = −7.0439×10−10 ·P 3 +1.8566×10−6 ·P 2−0.0012325 ·P +0.57213 (7.6)

Where P represents the common rail pressure, in bar.

If the equation presented above is applied and compared to the experimental re-

sults shown in Figure 7.18, the results as displayed in Figure 7.19 are obtained.

7.2.5 Additional Modification

In addition to the two correction factors, as described in Sections 7.2.3 and 7.2.4,

two additional factors were applied to aid the achievement of the correlations

illustrated in Figures 7.6 through 7.15. These factors included a time offset in the

case of both the Dent and Hiroyasu theories, and a blanket increase in penetration

in the case of the Hiroyasu theory.
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7.2. SPRAY THEORIES

The offset was a factor included, at lower pressure, to emulate the manner in which

the injectors appear to respond later at lower pressures. This offset was applied

to neither the 1200bar nor the 1400bar injections, but was introduced at 900bar

and below. The factors were 0.25, 0.05 and 0.025ms at 300, 600, and 900bar

respectively.

It was also found that in order for the spray theory accordingto Hiroyasu to fit, the

results required a blanket increase of 7mm in spray penetration. This is to offset

the fact that at the beginning of the spray development, at t≈ 0, the apparatus

registers a spray of approximately 7mm. Since the spray theory, according to

Hiroyasu, is linear in nature, it is important to begin the spray development, both

theoretical and actual, at the same point. This is so since the linear trend does not

demonstrate the rapid growth of an exponential trend at low times, 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 that a good correlation may

be developed between the actual sprays achieved in the testing conducted, and

the commonly used theories according to Dent and Hiroyasu. The achievement

of this correlation required the adjustment of the equations by factors that varied
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Figure 7.19: Correction factor ’k’ vs Pressure for Hiroyasu’s equation, showing

modeled ’k’ factor
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7.2. SPRAY THEORIES

with pressure. However, it is noteworthy that in the cases identified in the litera-

ture where commonly employed spray theories were applied, most of these cases

where shadowgraphy was applied as a means of capturing images. The case under

discussion here is unique in its application of the light intensity sensitive imaging.

Factors which come into play in the case being addressed hereinclude the results

dependance on the intensity threshold setting, as discussed in Chapter 6, as well

as the ability of various liquid droplet sizes to reflect light. It is poignant that

even with these factors, a strong correlation may be made between the theoretical

results and those achieved with the new common-rail injector, through a relatively

simple analysis.

The necessity for a correction factor, which effectively reduces the theoretical

predictions, may be introduced by the low setting of the intensity threshold. It

may be that the spray is present, but that due to the nature of the test equipment,

and the manner in which it is setup, the spray is not detected in the same way that

other test equipment does. It also cannot be ruled out that the injector’s nature may

be such that it performs very differently at high and low pressures, and therefore

differently to the predictions made by both Dent and Hiroyasu.

The correction factor increases with increasing pressure.This may be attributed to

the manner in which the light reflected by the liquid is inversely proportional to the

square of the particle size. Thus the smaller the particle, the less light it reflects.

As the rail pressure increases, the droplet size will get smaller, leading to less light

being reflected. Therefore, at high pressures the spray may be significantly longer

than indicated by the apparatus.

Another reason for the variation of the correction factor with pressure may be due

to the amount of fuel being introduced into the spray chamber. As more fluid is in

the spray chamber at high pressure this fluid will reflect light. Since more light is

being reflected by the atmosphere, it becomes more difficult to discern the actual

spray produced, and thus the spray looks smaller, requiringa larger correction

factor, as is the case.
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7.2. SPRAY THEORIES

Despite the need for correction factors when comparing the theoretical and test

results, it is noteworthy that all that was required was a linear scaling factor, which

varied with pressure. The shape of the progression of the spray is maintained.

7.2.7 Conclusions and Recommendations

With the application of simple correction factors, a good correlation was achieved

between the predictions of Dent and Hiroyasu and the actual test results attained

during testing. This is the first time, during the use of the INOV8 test stand, that a

good correlation has been achieved between theoretical andempirical results. The

achievement of this correlation indicates a similarity between the results attained

and those predicted by the theories. The development of a more advanced theory

for the prediction of injector spray behaviour when tested with the INOV8 test

stand, as well as testing the current theory developed here over a greater spectrum

of pressures would be valuable.

Speculation was made as to the reasons for the disparity between the theory and

the results achieved, and why there was a need for a correction factor which varied

with pressure to be developed. It would be valuable to test a similar injector under

the same conditions, using a shadowgraphy technique so as tocompare the results

achieved and to quantify the differences in spray results from each visualisation

technique.

More tests could also be done to investigate the effects of varying the intensity

threshold on the ability of the test apparatus to emulate thetheoretically predicted

results.

Through attempting to quantify the difference in performance between the theo-

retical results, the results as achieved by other apparatus, and those achieved by the

INOV8 - LaVision equipment, considerable future research may be undertaken.
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Chapter 8

Conclusion

During the investigation conducted, two separate sets of analysis were performed,

comparing the performance of four used injectors to that of anew, control injector,

in terms of spray and flow characteristics. Independent of this, an investigation

was undertaken to attempt to align two mainstream spray modeling theories to the

characteristics displayed by the control injector during testing.

The injector flow analysis was used to examine the detailed performance of the

injectors. The differences between the performance of the used injectors and the

new injectors were used to identify potential faults in the injectors. These faults

were based on an understanding of the manner in which injectors function. A

more macroscopic approach was taken with the spray analysis, where differences

between the performance of the new and used injectors were highlighted and an

analysis of whether the spray produced from the injectors would still prove ade-

quate for use in an engine was done.

The spray results identified that two of the injectors behaved similarly to the con-

trol injector, and two behaved quite differently. However,in the case of the short,

150µs injection none of the used injectors delivered significantsprays.

Two of the used injectors produced results with spray and flowcharacteristics

which compared favourably to the control injector. One of these injectors, UI1,
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appeared to have suffered from solenoid wear while the other, UI3, appeared to

have suffered an increase in mechanical friction.

Another two injectors, UI2 and UI4, produced sprays that didnot compare favourably

with the control injector. UI2 suffered from wear in the upper section of the injec-

tor where the ball valve seats onto the bleed orifice. UI4 suffered from deteriora-

tion in the solenoid mechanism, as well as mechanical wear within the injector.

It was hoped that during the course of the investigation a well defined link would

emerge between the deterioration in the spray and flow characteristics of the used

injectors. The simplest flow-characteristic deterioration was attributed to wear in

the solenoid, where the soleniod would only respond to the “pull-phase” signal

and not to the “hold-phase” signal. This was experienced on UI1, and it produced

sprays which compared favourably with the control injectoras was expected. UI3

also produced good spray results. It suffered mechanical wear, which appeared to

increase the friction within the injector, leading to poor flow characteristics. How-

ever, this wear in the plunger does not appear to have affected the spray character-

istics of the injector. This indicates that a deteriorationin the flow characteristics

will not necessarily manifest in a deterioration in the spray characteristics of an

injector.

UI2 was identified to have suffered from wear in the upper portion of the injector,

where the bleed and feed orifices are located. This injector produced sub-standard

spray performance, due to the injector delivering considerably less fuel than the

control injector. UI4 also performed poorly in terms of spray characteristics was

subjected to deterioration in the solenoid as well as mechanical wear within the

body of the injector.

It is curious that two used injectors, UI1 and UI3, produced efficient sprays with

a worn solenoid and increased friction within the body respectively. However,

when these two wear characteristics are combined within a single injector sub-

standard spray characteristics are delivered. This suggests that the deterioration

in the flow and spray characteristics are driven by independent causes. Perhaps
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the spray characteristics are affected by deterioration inthe shape of the nozzle,

or some other mechanical degradation which does not affect the delivery of fuel.

However, the deterioration of both the flow and spray characteristics in the case

of the injector where the bleed orifice was found to be worn, indicates that there

may be alignment between the deterioration of spray and flow characteristic if the

wear in question affects the delivery of fuel sufficiently.

Injectors UI3 and UI4 had been ultrasonically cleaned before they were supplied

for testing. Since UI3 compared favourably with the controlinjector, and injector

UI4 did not, it may be said that the ultrasonic cleaning does not have a particularly

marked effect on improving the spray performance of the injector. However, it

would be interesting to run comparative tests of an injectorbefore and after ultra-

sonic cleaning so as to determine the effect of the process.

It is noteworthy that the used injectors produced improved macroscopic spray

characteristics when compared to the control injector. Theused injectors pro-

duced wider cone angles and thus increased spray areas. Thisleads to improved

engine running after a set of injectors has been “run-in”. Also noteworthy is the

fact that none of the used injectors produced sprays at very short durations. This

would render the pilot injection ineffective and lead to decreased performance

and increased emissions. These observations indicate thatthere are both positive

and negative elements in the characteristics of both new andused injectors. The

inability, however, of the used injectors to deliver short pilot-injections could be

used as discard criteria, and provide for a quick, real-world, test to determine an

injectors efficacy.

A correlation was developed between the spray results displayed by the new in-

jector and the spray theories developed by Hiroyasu and Dent. This correlation

was developed by multiplying the results of the spray penetration by a revised

constant, which was found to vary with pressure. Additionalmodifications were

introduced in the form of a varying offset from start of injection and a blanket

increase in penetration in the case of the theory according to Hiroyasu. The devel-

opment of a correlation between the two most popular theories indicates a definite
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similarity between the theories and the results obtained bythe test stand and the

La Vision software package.

Future research opportunities based on that conducted hereexist. These include

expanding the number of used injectors studied in the investigation. This would

allow for an analysis in terms of the manner in which injectors wear. Further

follow-up could be done on the injectors investigated in this study, in order to

verify the nature of the wear as detailed in Section 5.

In terms of the spray, further analysis could be conducted todetermine the effects

of altering the spray intensity threshold in order to obtaina better visualisation of

the spray through reducing the saturation levels. A deeper understanding of the

relevance of the results obtained here from the test stand could be obtained if a

set of tests were run, with the same injector and injection parameters, using both

the test stand and the more traditional shadowgraphy imaging technique. This

would allow the differences in the observations from these two techniques to be

quantified.

An investigation was done to develop an alignment between the theoretical predic-

tions of both Dent and Hiroyasu and the actual results obtained. Further research

may be conducted based on these findings, including running tests at other pres-

sures and different intensity settings within the La Visionenvironment. Additional

tests could be run using the shodowgraphy technique, which is more commonly

associated with the above mentioned theories.

In all of the tests, but especially in the case of the new injector, the test stand may

be modified such that an alternative fluid may be used for testing, for instance

DME as tested before within the same laboratory. This would allow the behaviour

of a common rail injector using different fuels to be assessed using the advanced

techniques made available in the test-stand, as discussed in Section 3. The test

stand may also be adapted so as to actuate a shadowgraphy imaging apparatus, as

discussed above.
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Appendix A

Complete Spray Observations

This appendix contains the complete results for all used injectors and the control

injector NI3.
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Figure A.1: Cone angle vs time at 300 bar, 300µs duration
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A.1. 300 BAR
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Figure A.2: Penetration vs time at 300 bar, 300µs duration
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A.1. 300 BAR
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Figure A.3: Cone angle vs time at 300 bar, 600µs duration
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Figure A.4: Penetration vs time at 300 bar, 600µs duration
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A.1. 300 BAR
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Figure A.5: Cone angle vs time at 300 bar, 1200µs duration
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Figure A.6: Penetration vs time at 300 bar, 1200µs duration
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A.2. 600 BAR
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Figure A.7: Cone angle vs time at 600 bar, 150µs duration
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Figure A.8: Penetration vs time at 600 bar, 150µs duration
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A.2. 600 BAR

A.2.2 200µs Duration
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Figure A.9: Cone angle vs time at 600 bar, 200µs duration
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Figure A.10: Penetration vs time at 600 bar, 200µs duration
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A.2. 600 BAR

A.2.3 300µs Duration
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Figure A.11: Cone angle vs time at 600 bar, 300µs duration
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Figure A.12: Penetration vs time at 600 bar, 300µs duration

169



A.2. 600 BAR

A.2.4 600µs Duration
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Figure A.13: Cone angle vs time at 600 bar, 600µs duration
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Figure A.14: Penetration vs time at 600 bar, 600µs duration
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A.2. 600 BAR

A.2.5 1200µs Duration

0 0.2 0.4 0.6 0.8 1 1.2 1.4
18

20

22

24

26

28

30

32

34

36

Time (ms)

C
on

e 
A

ng
le

 (
de

gr
ee

s)

 

 

NI3
UI1
UI2
UI3
UI4

Figure A.15: Cone angle vs time at 600 bar, 1200µs duration
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Figure A.16: Penetration vs time at 600 bar, 1200µs duration
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A.3. 900 BAR

A.3 900 bar

A.3.1 150µs Duration
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Figure A.17: Cone angle vs time at 900 bar, 150µs duration
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Figure A.18: Penetration vs time at 900 bar, 150µs duration
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A.3. 900 BAR

A.3.2 200µs Duration
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Figure A.19: Cone angle vs time at 900 bar, 200µs duration
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Figure A.20: Penetration vs time at 900 bar, 200µs duration
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A.3. 900 BAR

A.3.3 300µs Duration
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Figure A.21: Cone angle vs time at 900 bar, 300µs duration
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Figure A.22: Penetration vs time at 900 bar, 300µs duration
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A.3. 900 BAR

A.3.4 600µs Duration

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
18

20

22

24

26

28

30

32

34

36

Time (ms)

C
on

e 
A

ng
le

 (
de

gr
ee

s)

 

 

NI3
UI1
UI2
UI3
UI4

Figure A.23: Cone angle vs time at 900 bar, 600µs duration
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Figure A.24: Penetration vs time at 900 bar, 600µs duration
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A.3. 900 BAR

A.3.5 1200µs Duration
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Figure A.25: Cone angle vs time at 900 bar, 1200µs duration
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Figure A.26: Penetration vs time at 900 bar, 1200µs duration
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A.4. 1200 BAR

A.4 1200 bar
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Figure A.27: Cone angle vs time at 1200 bar, 150µs duration
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Figure A.28: Penetration vs time at 1200 bar, 150µs duration
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A.4. 1200 BAR

A.4.2 200µs Duration
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Figure A.29: Cone angle vs time at 1200 bar, 200µs duration
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Figure A.30: Penetration vs time at 1200 bar, 200µs duration
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A.4. 1200 BAR

A.4.3 300µs Duration
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Figure A.31: Cone angle vs time at 1200 bar, 300µs duration

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
0

10

20

30

40

50

60

Time (ms)

S
pr

ay
 P

en
et

ra
tio

n 
(m

m
)

 

 

NI3
UI1
UI2
UI3
UI4

Figure A.32: Penetration vs time at 1200 bar, 300µs duration
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A.4. 1200 BAR

A.4.4 600µs Duration
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Figure A.33: Cone angle vs time at 1200 bar, 600µs duration
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Figure A.34: Penetration vs time at 1200 bar, 600µs duration
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A.4. 1200 BAR

A.4.5 1200µs Duration
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Figure A.35: Cone angle vs time at 1200 bar, 1200µs duration
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Figure A.36: Penetration vs time at 1200 bar, 1200µs duration
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A.5. 1400 BAR

A.5 1400 bar
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Figure A.37: Cone angle vs time at 1400 bar, 150µs duration
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Figure A.38: Penetration vs time at 1400 bar, 150µs duration
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A.5. 1400 BAR

A.5.2 200µs Duration
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Figure A.39: Cone angle vs time at 1400 bar, 200µs duration
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Figure A.40: Penetration vs time at 1400 bar, 200µs duration
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A.5. 1400 BAR

A.5.3 300µs Duration
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Figure A.41: Cone angle vs time at 1400 bar, 300µs duration
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Figure A.42: Penetration vs time at 1400 bar, 300µs duration
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A.5. 1400 BAR

A.5.4 600µs Duration
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Figure A.43: Cone angle vs time at 1400 bar, 600µs duration
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Figure A.44: Penetration vs time at 1400 bar, 600µs duration
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A.5. 1400 BAR

A.5.5 1200µs Duration
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Figure A.45: Cone angle vs time at 1400 bar, 1200µs duration
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Figure A.46: Penetration vs time at 1400 bar, 1200µs duration
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Appendix B

Sample Calculations

B.1 Introduction

In Chapter 7 an analysis was conducted where two principal spray penetration

theories, according to Dent and Hiroyasu, were compared to the actual results

obtained during testing. During this analysis a series of correction factors, ’k’,

were developed for the purposes of aligning the theoreticaland actual results. The

calculations used in determining the theoretical spray penetrations are shown here

for demonstrative purposes.

B.2 Paramenter Values

The following values were used for the parameters, in the equations:

∆P : Differential pressure across the injector, between the common rail and atmo-

sphere

ρg : Density of the medium into which injection is taking place (0.985kg/m3)

ρℓ : Density of fluid being injected (807kg/m3)
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B.3. DENT SPRAY THEORY

Tg : Temperature of gas into which injection is taking place (294K)

dn : Diameter of injector nozzle orifice (0.173mm)

B.3 Dent Spray Theory

The equation representing the unmodified spray penetrationtheory according to

Dent is repeated here for the sake of clarity, where the values of the variables listed

are as detailed above in Section B.2.

S(t) = 3, 07

(

∆P

ρg

)
1

4

(tdn)
1

2

(

294

Tg

)
1

4

(B.1)

For the purposes of a sample calculation a pressure and time after commencement

of injection need to be assumed. For the sake of demonstration a 300bar injection,

600mus after the commencement of injection will be used.

S(t) = 3, 07

(

∆P

ρg

)
1

4

(tdn)
1

2

(

294

Tg

)
1

4

S(600µs) = 3, 07

(

(300 − 0.985) × 105

0.985

)
1

4 (

(600 × 10−6)(173 × 10−6)
)

1

2

(

294

294

)

1

4

S(600µs) = 3, 07
(

30.45 × 106
)

1

4

(

103.80 × 10−9
)

1

2 (1)
1

4

S(600µs) = 73.14mm

B.4 Hiroyasu Spray Theory

The equations representing the spray theory according to Hiroyasu is presented

below:
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B.4. HIROYASU SPRAY THEORY

t < tbreak : S(t) = 0.39

(

2∆P

ρl

)
1

2

t (B.2)

t > tbreak : S(t) = 2.95

(

∆P

ρg

)
1

4

(dnt)
1

2 (B.3)

where:

tbreak =
29ρldn

(ρg∆P )
1

2

(B.4)

For the sake of sample calculations, a pressure of 1400 bar will be assumed.

Beginning with the determination of tbreak:

tbreak =
29ρldn

(ρg∆P )
1

2

tbreak =
29(807)(0.173 × 10−3)

((0.985)(1400 − 0.985) × 105)
1

2

tbreak =
4.0487

11.74 × 103

tbreak = 344.98 × 10−6s

tbreak = 344.98µs

Sample calculations are required to be done both before and after tbreak. Time

after injection of 200µs and 400µs will be used.

At 200µs:

S(t) = 0.39

(

2∆P

ρl

)
1

2

t

S(200µs) = 0.39

(

2(1400 − 0.833) × 105

807

)
1

2

(200 × 10−6)
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B.5. CORRELATION FACTOR EQUATIONS

S(200µs) = 32.48 × 10−3

S(200µs) = 32.48mm

At 400µs:

S(t) = 2.95

(

∆P

ρg

)
1

4

(dnt)
1

2

S(400µs) = 2.95

(

(1400 − 0.833) × 105

0.945

)
1

4 (

(0.173 × 10−3)(400 × 10−6)
)

1

2

S(400µs) = 2.95(110.205)(263.0589)

S(400µs) = 85.6mm

B.5 Correlation Factor Equations

In Sections 7.5 and 7.6 equations for the variation of the correlation factors for

the spray theory according to Dent and Hiroyasu were presented. The sample

calculations illustrating the workings of these equationsare presented here.

B.5.1 Dent Theory Correction Factor

The correction factor equation for the spray theory according to 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 compared with the results shown

in Table 7.2.2, it may be seen that they compare favourably, within 2%.

B.5.2 Hiroyasu Theory Correction Factor

The correction factor equation for the spray theory according to Hiroyasu is pre-

sented below.

k = −7.0439×10−10 ·P 3 +1.8566×10−6 ·P 2−0.0012325 ·P +0.57213 (B.6)

k = −7.0439 × 10−10 · (1400)3 + 1.8566 × 10−6 · ()14002 − 0.0012325 · (1400) + 0.57213

k = −7.0439 × 10−10 · (1400)3 + 1.8566 × 10−6 · ()14002 − 0.0012325 · (1400) + 0.57213

k = 0.553

Again, if the results of the above sample calculation are compared with the values

of the correction factors shown in Table 7.2.2, a correlation of 5% 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, 600µs duration
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C.1. DELIVERY RATE VS TIME PLOTS
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Figure C.2: Delivery rate vs time at 300 bar, 700µs duration

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
−5

0

5

10

15

20

Time (µs)

D
el

iv
er

y 
R

at
e 

(m
m

 3  / 
m

s)

 

 

Firing Pulse
NI3
UI1
UI2
UI3
UI4

Figure C.3: Delivery rate vs time at 300 bar, 800µs duration
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Figure C.4: Delivery rate vs time at 300 bar, 900µs duration
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C.1. DELIVERY RATE VS TIME PLOTS
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Figure C.5: Delivery rate vs time at 300 bar, 1000µs duration
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Figure C.6: Delivery rate vs time at 300 bar, 1100µs duration
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Figure C.7: Delivery rate vs time at 300 bar, 1200µs duration
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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, 1300µs duration
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Figure C.9: Delivery rate vs time at 300 bar, 1400µs duration

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
−5

0

5

10

15

20

25

Time (µs)

D
el

iv
er

y 
R

at
e 

(m
m

 3  / 
m

s)

 

 

Firing Pulse
NI3
UI1
UI2
UI3
UI4

Figure C.10: Delivery rate vs time at 300 bar, 1500µs duration
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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, 1600µs duration
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Figure C.12: Delivery rate vs time at 300 bar, 1700µs duration
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Figure C.13: Delivery rate vs time at 300 bar, 1800µs duration
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Figure C.14: Delivery rate vs time at 300 bar, 1900µs duration
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Figure C.15: Injector Delivery rate vs time at 300 bar, 2000µs duration
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Figure C.16: Delivery rate vs time at 300 bar, 2100µs duration
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Figure C.17: Delivery rate vs time at 300 bar, 2200µs duration
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Figure C.18: Delivery rate vs time at 300 bar, 2300µs duration
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Figure C.19: Delivery rate vs time at 300 bar, 2400µs duration
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Figure C.20: Delivery rate vs time at 300 bar, 2500µs duration
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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, 300µs duration
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Figure C.22: Delivery rate vs time at 600 bar, 400µs duration
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Figure C.23: Delivery rate vs time at 600 bar, 500µs duration
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Figure C.24: Delivery rate vs time at 600 bar, 600µs duration
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Figure C.25: Delivery rate vs time at 600 bar, 700µs duration
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Figure C.26: Delivery rate vs time at 600 bar, 800µs duration
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Figure C.27: Delivery rate vs time at 600 bar, 900µs duration
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Figure C.28: Delivery rate vs time at 600 bar, 1000µs duration
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Figure C.29: Delivery rate vs time at 600 bar, 1100µs duration
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Figure C.30: Delivery rate vs time at 600 bar, 1200µs duration
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Figure C.31: Delivery rate vs time at 600 bar, 1500µs duration
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Figure C.32: Delivery rate vs time at 600 bar, 1600µs duration
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Figure C.33: Delivery rate vs time at 600 bar, 1700µs duration
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Figure C.34: Delivery rate vs time at 600 bar, 1800µs duration
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Figure C.35: Delivery rate vs time at 600 bar, 1900µs duration
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Figure C.36: Delivery rate vs time at 600 bar, 2000µs duration
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Figure C.37: Delivery rate vs time at 600 bar, 2100µs duration
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Figure C.38: Delivery rate vs time at 600 bar, 2200µs duration
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Figure C.39: Delivery rate vs time at 600 bar, 2300µs duration
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Figure C.40: Delivery rate vs time at 600 bar, 2400µs duration
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Figure C.41: Delivery rate vs time at 600 bar, 2500µs duration
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C.1.3 900 bar Results
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Figure C.42: Delivery rate vs time at 900 bar, 300µs duration
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Figure C.43: Delivery rate vs time at 900 bar, 400µs duration
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Figure C.44: Delivery rate vs time at 900 bar, 500µs duration
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Figure C.45: Delivery rate vs time at 900 bar, 600µs duration

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
−10

0

10

20

30

40

50

Time (µs)

D
el

iv
er

y 
R

at
e 

(m
m

 3  / 
m

s)

 

 

Firing Pulse
NI3
UI1
UI2
UI3
UI4

Figure C.46: Delivery rate vs time at 900 bar, 700µs duration
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Figure C.47: Delivery rate vs time at 900 bar, 800µs duration
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Figure C.48: Delivery rate vs time at 900 bar, 900µs duration
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Figure C.49: Delivery rate vs time at 900 bar, 1000µs duration
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Figure C.50: Delivery rate vs time at 900 bar, 1100µs duration
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Figure C.51: Delivery rate vs time at 900 bar, 1200µs duration
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Figure C.52: Delivery rate vs time at 900 bar, 1300µs duration
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Figure C.53: Delivery rate vs time at 900 bar, 1400µs duration
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Figure C.54: Delivery rate vs time at 900 bar, 1500µs duration
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Figure C.55: Delivery rate vs time at 900 bar, 1600µs duration
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Figure C.56: Delivery rate vs time at 900 bar, 1700µs duration
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Figure C.57: Delivery rate vs time at 900 bar, 1800µs duration
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Figure C.58: Delivery rate vs time at 900 bar, 1900µs duration
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Figure C.59: Delivery rate vs time at 900 bar, 2000µs duration
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Figure C.60: Delivery rate vs time at 900 bar, 2100µs duration
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Figure C.61: Delivery rate vs time at 900 bar, 2200µs duration
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Figure C.62: Delivery rate vs time at 900 bar, 2300µs duration
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Figure C.63: Delivery rate vs time at 900 bar, 2400µs duration
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Figure C.64: Delivery rate vs time at 900 bar, 2500µs duration
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C.1.4 1200bar Results
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Figure C.65: Delivery rate vs time at 1200 bar, 200µs duration
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Figure C.66: Delivery rate vs time at 1200 bar, 300µs duration
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Figure C.67: Delivery rate vs time at 1200 bar, 400µs duration
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Figure C.68: Delivery rate vs time at 1200 bar, 500µs duration
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Figure C.69: Delivery rate vs time at 1200 bar, 600µs duration
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Figure C.70: Delivery rate vs time at 1200 bar, 600µs duration
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Figure C.71: Delivery rate vs time at 1200 bar, 800µs duration
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Figure C.72: Delivery rate vs time at 1200 bar, 900µs duration
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Figure C.73: Delivery rate vs time at 1200 bar, 1000µs duration
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Figure C.74: Delivery rate vs time at 1200 bar, 1100µs duration
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Figure C.75: Delivery rate vs time at 1200 bar, 1200µs duration
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Figure C.76: Delivery rate vs time at 1200 bar, 1300µs duration
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Figure C.77: Delivery rate vs time at 1200 bar, 1400µs duration
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Figure C.78: Delivery rate vs time at 1200 bar, 1500µs duration
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Figure C.79: Delivery rate vs time at 1200 bar, 1600µs duration
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C.1. DELIVERY RATE VS TIME PLOTS

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
−10

0

10

20

30

40

50

60

Time (µs)

D
el

iv
er

y 
R

at
e 

(m
m

 3  / 
m

s)

 

 

Firing Pulse
NI3
UI1
UI2
UI3
UI4

Figure C.80: Delivery rate vs time at 1200 bar, 1700µs duration
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Figure C.81: Delivery rate vs time at 1200 bar, 1800µs duration
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Figure C.82: Delivery rate vs time at 1200 bar, 1900µs duration
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Figure C.83: Delivery rate vs time at 1200 bar, 2000µs duration
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Figure C.84: Delivery rate vs time at 1200 bar, 2100µs duration
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Figure C.85: Delivery rate vs time at 1200 bar, 2200µs duration
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Figure C.86: Delivery rate vs time at 1200 bar, 2300µs duration
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Figure C.87: Delivery rate vs time at 1200 bar, 2400µs duration
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Figure C.88: Delivery rate vs time at 1200 bar, 2500µs duration
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C.1. DELIVERY RATE VS TIME PLOTS

C.1.5 1400bar Results
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Figure C.89: Delivery rate vs time at 1400 bar, 200µs duration
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Figure C.90: Delivery rate vs time at 1400 bar, 300µs duration
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Figure C.91: Delivery rate vs time at 1400 bar, 400µs duration
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Figure C.92: Delivery rate vs time at 1400 bar, 500µs duration
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Figure C.93: Delivery rate vs time at 1400 bar, 600µs duration
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Figure C.94: Delivery rate vs time at 1400 bar, 700µs duration
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C.1. DELIVERY RATE VS TIME PLOTS

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
−10

0

10

20

30

40

50

60

Time (µs)

D
el

iv
er

y 
R

at
e 

(m
m

 3  / 
m

s)

 

 

Firing Pulse
NI3
UI1
UI2
UI3
UI4

Figure C.95: Delivery rate vs time at 1400 bar, 800µs duration
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Figure C.96: Delivery rate vs time at 1400 bar, 900µs duration
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Figure C.97: Delivery rate vs time at 1400 bar, 1000µs duration
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C.1. DELIVERY RATE VS TIME PLOTS
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Figure C.98: Delivery rate vs time at 1400 bar, 1100µs duration
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Figure C.99: Delivery rate vs time at 1400 bar, 1200µs duration
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Figure C.100: Delivery rate vs time at 1400 bar, 1300µs duration
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Figure C.101: Delivery rate vs time at 1400 bar, 1400µs duration
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Figure C.102: Delivery rate vs time at 1400 bar, 1500µs duration
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Figure C.103: Delivery rate vs time at 1400 bar, 1600µs duration
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Figure C.104: Delivery rate vs time at 1400 bar, 1700µs duration
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Figure C.105: Delivery rate vs time at 1400 bar, 1800µs duration
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Figure C.106: Delivery rate vs time at 1400 bar, 1900µs duration
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Figure C.107: Delivery rate vs time at 1400 bar, 2000µs duration
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Figure C.108: Delivery rate vs time at 1400 bar, 2100µs duration
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Figure C.109: Delivery rate vs time at 1400 bar, 2200µs duration
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Figure C.110: Delivery rate vs time at 1400 bar, 2300µs duration
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Figure C.111: Delivery rate vs time at 1400 bar, 2400µs duration
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Figure C.112: Delivery rate vs time at 1400 bar, 2500µs duration
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C.2. DELIVERY VS TIME PLOTS

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, 700µs duration
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Figure C.114: Delivery vs time at 300 bar, 800µs duration
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Figure C.115: Delivery vs time at 300 bar, 900µs duration
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Figure C.116: Delivery vs time at 300 bar, 1000µs duration

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
−5

0

5

10

15

20

25

30

Time (µs)

D
el

iv
er

y 
(m

m
 3 )

 

 

NI3
UI1
UI2
UI3
UI4

Figure C.117: Delivery vs time at 300 bar, 1500µs duration
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Figure C.118: Delivery vs time at 300 bar, 2000µs duration
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Figure C.119: Delivery vs time at 300 bar, 2500µs duration

233



C.2. DELIVERY VS TIME PLOTS

C.2.2 600 bar Results
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Figure C.120: Delivery vs time at 600 bar, 400µs duration
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Figure C.121: Delivery vs time at 600 bar, 500µs duration
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Figure C.122: Delivery vs time at 600 bar, 600µs duration
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Figure C.123: Delivery vs time at 600 bar, 700µs duration

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
−5

0

5

10

15

20

25

30

Time (µs)

D
el

iv
er

y 
(m

m
 3 )

 

 

NI3
UI1
UI2
UI3
UI4

Figure C.124: Delivery vs time at 600 bar, 800µs duration
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Figure C.125: Delivery vs time at 600 bar, 900µs duration
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Figure C.126: Delivery vs time at 600 bar, 1000µs duration
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Figure C.127: Delivery vs time at 600 bar, 1100µs duration
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Figure C.128: Delivery vs time at 600 bar, 1200µs duration
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Figure C.129: Delivery vs time at 600 bar, 1500µs duration
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Figure C.130: Delivery vs time at 600 bar, 2000µs duration
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Figure C.131: Delivery vs time at 600 bar, 2500µs duration
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C.2. DELIVERY VS TIME PLOTS

C.2.3 900 bar Results
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Figure C.132: Delivery vs time at 900 bar, 300µs duration
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Figure C.133: Delivery vs time at 900 bar, 400µs duration
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Figure C.134: Delivery vs time at 900 bar, 500µs duration
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Figure C.135: Delivery vs time at 900 bar, 600µs duration
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Figure C.136: Delivery vs time at 900 bar, 700µs duration
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Figure C.137: Delivery vs time at 900 bar, 800µs duration
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Figure C.138: Delivery vs time at 900 bar, 900µs duration
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Figure C.139: Delivery vs time at 900 bar, 1000µs duration
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Figure C.140: Delivery vs time at 900 bar, 1100µs duration
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Figure C.141: Delivery vs time at 900 bar, 1200µs duration
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Figure C.142: Delivery vs time at 900 bar, 1300µs duration
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Figure C.143: Delivery vs time at 900 bar, 1400µs duration
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Figure C.144: Delivery vs time at 900 bar, 1500µs duration
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Figure C.145: Delivery vs time at 900 bar, 1600µs duration
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Figure C.146: Delivery vs time at 900 bar, 1700µs duration
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Figure C.147: Delivery vs time at 900 bar, 1800µs duration

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
−20

0

20

40

60

80

100

Time (µs)

D
el

iv
er

y 
(m

m
 3 )

 

 

NI3
UI1
UI2
UI3
UI4

Figure C.148: Delivery vs time at 900 bar, 1900µs duration
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Figure C.149: Delivery vs time at 900 bar, 2000µs duration
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Figure C.150: Delivery vs time at 900 bar, 2100µs duration
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Figure C.151: Delivery vs time at 900 bar, 2200µs duration
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Figure C.152: Delivery vs time at 900 bar, 2300µs duration
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Figure C.153: Delivery vs time at 900 bar, 2400µs duration
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Figure C.154: Delivery vs time at 900 bar, 2500µs duration
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C.2. DELIVERY VS TIME PLOTS

C.2.4 1200bar Results
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Figure C.155: Delivery vs time at 1200 bar, 300µs duration
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Figure C.156: Delivery vs time at 1200 bar, 400µs duration
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Figure C.157: Delivery vs time at 1200 bar, 500µs duration
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Figure C.158: Delivery vs time at 1200 bar, 600µs duration
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Figure C.159: Delivery vs time at 1200 bar, 700µs duration
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Figure C.160: Delivery vs time at 1200 bar, 800µs duration
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C.2. DELIVERY VS TIME PLOTS

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
−10

0

10

20

30

40

50

60

Time (µs)

D
el

iv
er

y 
(m

m
 3 )

 

 

NI3
UI1
UI2
UI3
UI4

Figure C.161: Delivery vs time at 1200 bar, 900µs duration
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Figure C.162: Delivery vs time at 1200 bar, 1000µs duration
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Figure C.163: Delivery vs time at 1200 bar, 1100µs duration
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Figure C.164: Delivery vs time at 1200 bar, 1200µs duration
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Figure C.165: Delivery vs time at 1200 bar, 1300µs duration
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Figure C.166: Delivery vs time at 1200 bar, 1400µs duration

249
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Figure C.167: Delivery vs time at 1200 bar, 1500µs duration
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Figure C.168: Delivery vs time at 1200 bar, 1600µs duration
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Figure C.169: Delivery vs time at 1200 bar, 1700µs duration
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Figure C.170: Delivery vs time at 1200 bar, 1800µs duration

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
−20

0

20

40

60

80

100

120

Time (µs)

D
el

iv
er

y 
(m

m
 3 )

 

 

NI3
UI1
UI2
UI3
UI4

Figure C.171: Delivery vs time at 1200 bar, 1900µs duration
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Figure C.172: Delivery vs time at 1200 bar, 2000µs duration
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C.2. DELIVERY VS TIME PLOTS

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
−20

0

20

40

60

80

100

120

Time (µs)

D
el

iv
er

y 
(m

m
 3 )

 

 

NI3
UI1
UI2
UI3
UI4

Figure C.173: Delivery vs time at 1200 bar, 2100µs duration
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Figure C.174: Delivery vs time at 1200 bar, 2200µs duration
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Figure C.175: Delivery vs time at 1200 bar, 2300µs duration
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Figure C.176: Delivery vs time at 1200 bar, 2400µs duration
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Figure C.177: Delivery vs time at 1200 bar, 2500µs duration
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C.2. DELIVERY VS TIME PLOTS

C.2.5 1400bar Results
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Figure C.178: Delivery vs time at 1400 bar, 300µs duration
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Figure C.179: Delivery vs time at 1400 bar, 400µs duration
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Figure C.180: Delivery vs time at 1400 bar, 500µs duration
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Figure C.181: Delivery vs time at 1400 bar, 600µs duration
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Figure C.182: Delivery vs time at 1400 bar, 700µs duration
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Figure C.183: Delivery vs time at 1400 bar, 800µs duration
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Figure C.184: Delivery vs time at 1400 bar, 900µs duration

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
−10

0

10

20

30

40

50

60

70

Time (µs)

D
el

iv
er

y 
(m

m
 3 )

 

 

NI3
UI1
UI2
UI3
UI4

Figure C.185: Delivery vs time at 1400 bar, 1000µs duration
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Figure C.186: Delivery vs time at 1400 bar, 1100µs duration
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Figure C.187: Delivery vs time at 1400 bar, 1200µs duration
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Figure C.188: Delivery vs time at 1400 bar, 1300µs duration
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Figure C.189: Delivery vs time at 1400 bar, 1400µs duration
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Figure C.190: Delivery vs time at 1400 bar, 1500µs duration
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Figure C.191: Delivery vs time at 1400 bar, 1600µs duration
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Figure C.192: Delivery vs time at 1400 bar, 1700µs duration
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Figure C.193: Delivery vs time at 1400 bar, 1800µs duration
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Figure C.194: Delivery vs time at 1400 bar, 1900µs duration
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Figure C.195: Delivery vs time at 1400 bar, 2000µs duration
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Figure C.196: Delivery vs time at 1400 bar, 2100µs duration
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Figure C.197: Delivery vs time at 1400 bar, 2200µs duration
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Figure C.198: Delivery vs time at 1400 bar, 2300µs duration
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Figure C.199: Delivery vs time at 1400 bar, 2400µs duration
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Figure C.200: Delivery vs time at 1400 bar, 2500µs duration
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