ABSTRACT
WU, ZENGYANG. Investigation of Spray and Combustion of a Pielextric Fuel Injector
for Gasoline Direct Injection Engines. (Under the direction of Dr. Tiegang Fang).

In recentyears, more stringent emissistandard and high fuel economy dewishave
forced vehicle manufactures to seek alternative techsitpusynchronize benefits of both
gasoline and diesel fuels. In tmsrk, experimental studs of spray characteristics and fuel
autoignition properties from an outwardly opening pielsatric gasoline direct injection fuel
injector were conducted in an optically accessible constant volume combustion chamber
(CVCC) experiment system.

Fuel sprays of light naphtha (LN), primary reference fuel (PRRY E10 gasoline
under different ambient pssures from 1 bar to 12.5 bar were investigated first. Spray was
visualized by applyinga Mie-scattering technique. Aigh-speed canera was employed to
capturethespray images. Resulshiow that a clear filamentary hollesone spray structure is
formed Dr all three fuels at atmospheric conditions, and toroidal recirculatcicesare
observed at the downstream spray edges. A higher ambient pressure leads to a stronger vortex
located closer to the injar outlet. larger spray angles are found undeghler ambient
pressure conditions for all three fuels.

Ambient pressure conditions were then extendedaaver rangéor iso-octane sprays.

Five anbient pressure conditiomgere selectetfom 0.01 bar to 0.10 bdo evaluate the effect
of superheated coitobns onthe spray structure from the pieglectric fuel injector. Results
indicate that spray under a superheated condition preseistinct spray structura the flash
boiling regime A lower ambient pressure withthe superheatedonditionrange esults in a

stronger deformation on spray structure, a faster spray front penetration velocity and a faster



liquid vaporization rateThese phenomena are dominated by ambient pressuress Bffiecl
theinjection pressure anttiefuel injection duratiorarerelativelynegligible.
Next,theautcignition characteristics of LN, primary reference fuels (PRF65, PRF95),
gasoline (Haltermann CARB LEV lll) aralgasoline surrogate undeonditions similar to the
spray G condition (3.5 kgfmas density, 21% dpient oxygen concentration) were studied.
Five different ambient temperatures from 650 K to 950 K with a 8felwereinvestigated
Fuel auteignition was observedith noticeable ignition delafpr five investigated fuels under
all selected experimenbnditions. Results show thtte locations of the occugnce of auto
ignitions argandomly distributed in combustion chambdgnition celay of each fuel is always
longer than fuel injection duration under all selected experiment conditions. Diffei@nces
ignition delay amonghefive fuels aremore significant when the ambient temperature is lower
than 750K.
At last, twacolor measuremesiwvereconducted for LN under diesel engine conditions.
Five ambient oxygen concentratiorerying from 10% to 21% ahthree ambient temperature
conditions, 800K, 100K and 1200K, were selected to simulate both conventional diesel engine
operation environent and low temperature and loexygen concentration environment.
Flame temperature distribution and KL factor digitibn under different ambient conditions

were calculated and discussed.
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1. Introduction

1.1 Motivation

Currently, gasoline used in spadaition engines and diesel used in compression
ignition engines are two major types of road transport fuels. Most of commercial transport is
run on diesel. The primargifference between thesetise auteignition quality [1]. Diesel
engine is well known as a significant source of pollution emissions, including nitoagss,
unburned hydrocarbons, carbmmonoxide and particulate matters. Currently, more stringent
emissions standards along with higher fuel economy desnhade forced auto makers to
achieve alternative combustion approach or alternative fuels.

Conventioral diesel fuels used in current diesel engines mostly have cetane numbers
greater than 40, and fuels get aignited very soon after the start of fuelaofion, before fuel
and air are adequately mixed. Especially at high loads, diesel fuabaitton usually occurs
far before the end of fuel injection. Advance the fuel injection timing is the most common
approach to achieve fully premixed fuel and Hiowever, combustion phasing is affected by
conditions at thetart of the compression stroiad the chemical kinetics of fuel/air mixture,
which makethe fuel autegnition timings control extremely diffiduin CI engines. The lack
of reliable ignitioncontrol has been a major challenge to extend the operation range. However,
Spark ignition (SI) engines are much less efficient than compression ignition engines because
they encounter throttlingobses under palbad operation. Itannot be operated witlean
mixtures and their compression ratio is limited by kno2Zkdn this concern, it is more
desirable to have a fully premixed combustion with high combustion efficiency and low
emissions. Moreover, it has been demonstrated that diesel compressi@m igngines can

handle much higher load on gasofiie fuels at given engine parameters, and maintain low



soot and NOx emission at the same time [2]. Hence running compression ignition engines on
gasoline offers the potential for developing engines df leificiency and low emissions at
lower cost and complexity compared to other approaches. Meanwhile, NOx levels can be
reduced by reducing combustion temperature by either running leamjy®é or using EGR

[3].

Naphtha fuels has drawn more attentiorently due to its beneficial properties for the
utilization in transportation sector. Naphtha is a kind of fuel with less processed refinery stream
in the gasoline boiling and carbon number range, but with lower octane number. Generally, it
is composed of &to C11 hydrocarbons and has a low research octane number (RON) value,
roughly within the 4070 range. Since naphtha requires much less processing in the refinery
than either gasoline or diesel, there is an additional benefit in terms efoweleel CO2
emissions and overall energy consumed [4]. It is of great interest to gain a more thorough
understanding on the gasoline fuels agtation in diesel engine environments, especially

with the utilization of naphtha fuels.

1.2 Research objective and outlie

This study is mainly focused on spray characteristics andigwiteon process of
gasoline like fuels from an outwardly opening pieleatric gasoline direct injection fuel
injector under different ambient conditions. The organization of this digsertssummarized
as follows:

In chapter 2the background and approachestfa fuel spray characteristics and fuel
autoignition investigation are described. An oview of the basic definitiongvolved in

spray description and flame analyzation areegi The modeling techniques used to evaluate



the performance of fuel injector, and fuel flame temperature and soot distribatoohation
are also described.

Chapter 3 describes the setup of the constant volume combustion chamber experiment
systemDesgn of the experimental systamintroduced with consideration of safety concern.
Gas delivery system, fuel injection system, ignition system and data collection system are also
described.

Chapter 4 investigates spray characteristics of light naphtha fltid)ary reference
fuel (PRF) and E10 gasoline under different ambient pressures. Effect of ambient pressure on
spray structure is discussed in detail. Spray angle, spray front penetration length, spray front
penetration velocity and spray font fluctuatem@ compared quantitatively.

Chapter 5 studies the spray characteristics ebcdane under superheated conditions
by lowing pressure of the ambient environment. Effect of ambient pressure, fuel injection
pressure and fuel injection duration on sprayicitire are evaluated. Spray penetration
velocity is calculated and discussed.

Chapter 6 explores the possibility of atugaition of different gasoline like fuels under
spray G conditiorfirst. LN, primary reference fuels (PRF65, PRF95), gasoline (Hhadten
CARB LEV lll) and gasoline surrogate are investigated in this section. Spray development
before fuel autagnition are studied first. Ignition delay of different fuels are caledland
compared as well. @npression ignition of light naphtha undeoth conventional diesel
combustion environment and lemperature, lowpressure environmerare then studied
Two-color pyrometry is employed to calculate flame temperaadKL factor distribution.
Average temperature and average KL factor developmater different ambient conditions

are analyzed and compared.



Chapter 7 summarizes all experimental studies discussed in previous sections. Major

conclusions and future work is presented.



2. Literature Review

2.1 Outwardly opening piezo gasoline direct injection (GDI) fuel injector

Currently solenoieactuated inwardly openingulti-hole injectors and piezoelectric
outwardly opening injectors are predominant injectors in GDI engines. Solenoid injectors are
more economical than piezojectors by sacrificing the precision and repeatabibfy Piezo
injectors draw attentions because of their sensitive and fast response, which are significant for
small quantities or closely spaced multiple injections. Spray from a piezo injectordis\a h
cone structure with visible striations and filaments. Unlike hollow cone pressintesprays,
no collapse arises with the spray developméjpigind this spray pattern is quite repeatable. A

typical spray form a piezo fuel injector is showrFigure 2.1

2.2 Spray front penetration Length

Spray front penetration length is defined as the distance from spray front to the injector
nozzle. It is one of the key parameters that affect fuel spray combustion process in engines.
Selections of spray frombcation impact the calculation of spray front peneiralength a lot.
For a singlehole fuel injector, several models are proposed to predict spray front penetration

length. Pastor et al7] come up with following 1D model based on a mixing driven

2 12
.|

L=le S B [D"’Q/7 r—f (2-1)
C,Qang ' =

Where L is the liquid penetration lengtK, is a constant depending on ambient conditions,

evaration assumption:

B
[-O:Ot

C,is the ara coefficient,D, is orifice diameterC,,is a coefficient depending on fuel and



ambient air propertiegyis the spray cone angle,. and r, are fuel and air density. This could

be used as an reference while evaluation spray front penetration for aelgieizical hollow

cone fuel injector.

2.3 Spray cone angle

For sprays from a an piesectrical hollow cone fuel injector , spray coneglanis
defined as the angle between the spray edges at tuef@mnined locations near the injector
tip at a specified time after the start of fuel (SO#) [t can be measured by Mseattering
imaging, shadowgraphy or extinction tomography. Spray @mge of a piezelectrical

hollow cone fuel injector is mostly determined by injector inner structure.

2.4 Mie-scattering imaging

Mie scattering is elastic scattered light of particles that have a diameter similar to or
larger than the wavelength ofetincident light [9]. Mie scattering signal is proportional to the
square of the particle diameter. Compared with Rayleigh scattering, which describes the elastic
scattering of light by spheres that are much smaller than the wavelength of light, Miéngcatte
is much stronger. There is a strong dagdependency of the scatteiatensity especially for
smaller particles which has to be considered for successful Mie imaging experiments. Mie
scattering is often used to measure flow velocities applyingcRarnage Velocimetry (PIV).
In this study, Mie scattering imaging is utilized to visualize sprays from a-pieztrical

hollow cone fuel injector.



2.5 Jet velocity
For a singlehole fuel injector, jet velocity at the nozzle exit is determined ley th
pressure different between fuel in injector and the ambient environment. Muscul($03t al

proposed the following model to predict jet velocity at nozzle exit:

120 B,
v=Ce B 2-2)
C I

a

where C, is the discharge coefficient, is orifice area contraction coefficient, is the fuel
density, DR is the pressure difference. The discharge coefficient isngpirical coefficient

that could only be determined experimentally. So far no clear model is proposed to describe
the jet velocity from a piezelectrical hollow cone fuel injector.

For jet with phase changie calculation of the mass and the veloaityhe exit of the
nozzle strongly depends on the determination of the regime of the jet at the exit of the nozzle.
To simplify the situation, the flow type at the exit could be described as-phase fluid in
thermodynant equilibrium as a liquidvapa flow in nonequilibrium accordig to the
thermodynamic behaviaf the whole systemifl]. Under this asumption, flow velocity of

liquid and vapor phases can be predicted by using equations as follows:

u = M (2-3)
|
u,=,2C, (T T (2-4)

where B, is the fuel injection pressuré;

exit

is the jet exit pressurg;, is the density of fluid,

C,. is the specific heat coefficient of the vapor phageand T, are fuel temperature and



exit environment temperature. Solomon et B?] pmployed equatio(? - 3) and proposed the

following equation to describe the discharge velocity.

[}

u= ZM "CpJ(T- -'l;xit) Cf; -I;xit()n

inj

é r I G Texit

(2-9)
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whereC it the specific heat coefficient of the liquid phase.

2.6 Droplet distribution

The represdation of the actual droplet size distribution is usually referred to as a
frequency distribution curve. There are different distribution functions based on theoretical or
experimental fundamentals that are proposed to describe the number of droppetetiotikar
size. One of the most widely used distribution function is the RRammler distribution,
which represents a probability volumetric size distribution of droplet diameté&ts If

involves two parameters to determine the distribution.

p=1 €@ (2-6)
Where P is the distribution defining the accumulated volume fraction of droplets with
diameters less than X, d is the drop diameter. X is the characteristic drop diamstérelt i

size of a drop in the distribution whose accumulated fraction is 0.6321.

2.7 Superheated fluid and flash boiling

Superheated is used to describe the situation for a liquid contained at conditions above
the ambient saturation pressure is releas#tetatmosphere. Under this situation, rapid boiling
of the resultant liquid jet occurs, producing tpiosase flow. Meanwhile, dynamic expansion

of vapor bubbles shatters the liquid stream to produce a finely atomized spray. This



phenomenon is also known f&shing. Flashing liquid gives rise to potentially explosive and
certainly hazardous heterogeneous-phase clouds. Typically, the flashing phenomenon has
been observed in laboratory experiments where a liquid flows through a short nozzle into a
low-pressure chamber at a pressure value considerably lower than the liquid saturation pressure
at the injection temperature.

Superheated fluid flash boiling is closely related to fuel sprays in engines. Flash
evaporation might take place inside or outside tijector nozzle, thus the liquid jet behaves
following different mechanisms. Flashing conditions greatly influences atomization and
vaporization processes as well as the mixture formation and combustion. The occurrence of
flash vaporization might affect cdrastion performances, and even create the danger of vapor
lock within the fuel line. In internal combustion engines, the expansion process of a liquid
flowing through a constriction such as an orifice or a short nozzle may take the liquid into the
saturaton condition for certain combinations of pressure drop and thermodynamic properties
of the fluid. This would trigger the phasbange process as dictated by equilibrium

thermodynamics [14].

2.8 Two color pyrometry
2.8.1 Theory

Flame luminosity that caed by soot particles thermal radiation at high temperature
has long been used to calculate flame temperature distribution in 1%4A[ It has been
demonstrated that fuel combustion is dominated by soot particles radiations. Meanwhile, it has

been sbwn that temperature difference between flame and soot particles in flame is less than



1 K when the ambient gas and soot particles have reached thermal equilltGjuninerefore
flame temperature could be measured by measuring soot particle temperatike d

Two-color pyrometry is a technique that obtain flame temperature distribution by
measuring flamer thermal radiation at two different wavelength. Generally, thermal radiation
of a blackbody resource at a certain temperature and a given wavedenlgttbe evaluated
by Pl anckds equation.
C1

5 (C//T)
/ ge 1

E,, (T)= 2-7)

where E_, is the monochromatic emissive power intensity of a blackbody at temperatire T.
is the light wavelengthC,andC,ar e t he first Plancko6s const e
constant.

C, =3.7418310°W n€

C,=1.4388310°m K

For nonblackbody resource, the monochromatic emissig defined as:

e = 1) -9

wherel, (T) and 1, (T,) are the monochromatic emissive power of a-btatk body and a
blackbody surface athé same temperature and wavelength, respectively. Foecdleo
pyrometry, the apparent temperatdrgs defined as the temperature of a blackbody, which

emit the same radiation intensity as a-heck body at T16]. Substitute tis parameter into

equation (2 8)

(2-9)
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and combine with equatiof2 - 7)

eCZ//T -1
e/ :m (2 - 10)

For soot partiles the monochromatic emissivity, Hottel and Broughiof proposed

an empirical correlation as

e _1 _e(- KL//")

(2-11)
Where K is an absorption coefficient that is proportional to soot pargcisity, L is
the geometric thickness of the flame along the optical axis parameter related to the
physical and optical properties of soot particles.
Combining equation (2- 10) and (2- 11), if the emissive power at two d#fent

wavelength and a certain temperature is given, the real flame temperature and KL factor can

be calculated by solving following two equations.

a 0
o _ a = 2C .
%_ e( KL//{ ) % 1 0:| (2 _ 12)
5(C//aT) _ ot
¢ o (e 1) 9
a 0
2 (-kur?) & 2C, Oy )
(j;% e %25(6(02//5) - 1) 5 1, (2-13

O

2.8.2Implementation and calibration

According to equation (212) and (2 13), monochromatic emissive power of a black
body at a certain temperature and wavelength need to be obtained to calculate flame
temperature and soot Khctor. In this study, a Halogen Light Sources-(I-EL) with a 2800
K bulb was used to calibrate the relationship between image pixel intensity and monochromatic
emissive power at selected wavelength. A 550 nm and a 650 nm band pass filter are applied

11



while capturing light intensity from the light source. Signals from this light source were
captured at each camera setting that used in experiments. A linear development pattern is
demonstrated between camera exposure time and image pixel signal inteakigpatture

that selected in this study. Plot of image pixel signal to camera exposure time is presented in
Figure 2.2. Therefore the relation between pixel value and emissive power at each pixel could

be evaluated by this calibration process.

2.8.3 Setction of a

ais a parameter that relate to light wavelength, soot particle size, refractive index of
soot and fuel type [16]. In visible wavelength region, selectioa isfless ctiical on flame
temperature evaluation, since flame temperature is not sensit@&eTaus in this study, the

difference betwee®, and a, could be negligible. It is recommended to sele39 as the value

of a with wavelength 550 nm and 650 nm by Yan and Barr8h [

2.84 Selection of Wavelength

In general, visible and infrared wavelengths have been widely selected in two color
measurement. Currently visibleawelength is preferred for a few reasons. Firstly, measuring
system is more sensitive to flame temperature changes in visible wavelength region. It has been
demonstrated that in a temperature range of 1000K to 2000K, spectral radiance with respect to
wavekngth is higher in visible light region. Second, combustion experiments release
considerable heat, which leads to a relative high temperature of the experimental system. Hot

experimental system emits infrared radiation, which could introduce more etesnperature

12



calculation. Wavelength with in 550 nm to 650 nm are widely selected to implement two color

measurement [1920].
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2.9 Tables and figures

Figure 2.1 Typical structure of spray from an outwardly opening piezo gasakoe di
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3. Experimental setup

3.1 Experimental System Design

Constant volume combustion chamber (CVCC) system is an experimental system that
is able to simulate environment near top dead center for both spark ignition engines and
compression ignition engines. It has been widely used in several research institutions,
including Sandia National Laboratory, University of Wisconsin at Madison, Bngtaung
University, Eindhoven University of Technology, and so on. It offers flexible optical access,
wide range of operation condition and high repeatability, which make the CVCC system an

ideal tool to details of reactive and nactive spray process.

3.1.1 Chamber body

The constant volume combustion chamber was made of alloy steel 4140 due to its good
thermal stability and machinability. There were six ports in the chamber body. Optical access
was enabled by quartz windows installed in one or twtsp@ther ports were sealed by solid
stainless steel plugs fitted with a gas inlet, an outlet, a fuel injector, a spark plug, a pressure
sensor, and other necessary components. A 2D structure and a assemble structure of the
chamber body were shownkiigure 3.1 and 3.2Material of all metal plugs was stainless steel
304, and the material of quartz window was Dynasil 1100. Dynasil 1100 is a fused silica
material which is optically bubble free. It has excellent transmission capabilities in the
ultraviolet range and allows a transmission of 0.9~0.95 in the spectrums. The inner diameter
of chamber body ports was 100mm. To prevent the crack of windows from possible thermal
expansion of surrounding material, and to make metal plugs dismountable, the diameter of

metal plug or quartz window was 99 mm at the inner perimeters. The outer diameter of metal
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plug and quartz window was 130mm. The thickness of the metal plug or the window was 60
mm. To seal the high pressure and high temperature mixture inside chamben, BTV 60
was used in the gap between the perimeter surface of metal plug or window and chamber body
ports. Stainless steel plugs and quartz windows were hold and pushed by customized metal
holders. Holders were fitted on chamber body by thread. Wheorédl were sealed, the inner
chamber volume was 0.95L.

The chamber body was fitted on an optical table with four adjustable feet. In order to
heat the chamber, several straight holes were drilled for heaters and thermocouple. Maximum

allowable stress dafifferent components on chamber body were presentédtle 3.1.

3.1.2 Gas delivery system

The simulated high temperature and high pressure engine combustion environment
near top dead center was generated by a premixed combustion of acetylenefyelspmy
combustion. Therefore a gas delivery system was constructed to supply required gas into
chamber for premixed combustions. Three different gases, acetylgNe,(80%/50%) and
dry air were selected to formulate proper mixtures to obtain theedesminbient temperature
and ambient oxygen concentration. Acetylene was selected mainly because of its high C/H
ratio, which produces less water in the premixed combustion. Other than pure oxygkn, O
(50%/50%) is selected to ensure safety during exmetisn Dry air could be used to enable
wide range of stoichiometric conditions and to manipulate inner chamber gas density. A
structure of the gas delivery system is shown in Figure 3.3.

Solenoid valves and 9@ctuators associated with ball valves weikzed to achieve

electrical control of the whole gas delivery system. Controlling of all valves was realized by
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configuring the solid state relay array with the signal from timing boardéBd2 and
integrated in the system control programs. For a typpeahy combustion experiments,
acetylene, @N2and dry air were fed on to a gas accumulator (Parker RBRA100E1KTC)

in sequence for the first premix process. Gas feeding time was adjustable. The gas feeding
pressure was controlled by regulator and riavad by a pressure transducer (Omega80Q).

After a mixing time of 15 seconds, mixed gas was pushed into chamber by high pressure
nitrogen. It took 15 seconds to pump mixture to chamber. This duration is also adjustable. The
gas pressure in chamber twef premixed combustion was monitored by a digital pressure

gauge mounted on chamber top. Gas continued mixing in chamber for another 15 seconds.

3.1.3 Fuel injection system

The injector employed in this study was an outwardly opening piezo gasolice dire
injection fuel injector, as shown in Figure 3.4. It was controlled by a piezo injector driver from
Drivven (a subsidiary of National Instruments, Inc.). Trigger signal could be generated by an
external pulse delay generator or an integrated Labviewarogia the signal from timing
board PCI6602. Fuel pressure was controlled by a gasoline common rail fuel system. A typical
gasoline fuel filter is used to remove fuel impurities and protect high pressure pump. The high
pressure pump is controlled by theessure signal feedback from rail with a PID loop. The
high pressure pump is driven by a 3 Horsepower motor (Marathon G590) which runs at its

maximum speed. The highest rail pressure for gasoline fuels is 120 bar.
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3.1.4 Ignition system

The ignition ystem was made up of a spark plug (Bosch Platinum 4++), a plasma
ignition coil (Okada PD1002102R) and a 12V battery. The plug gas and the pulse width were
tuned to 1.6 mm and 5 ms respectively to obtain the best performance according to experiment
observabn. The spark plug was mounted at the top of chamber body. In this study, the ignition

system was mainly used to ignition premixed gases to generate desired experimental conditions.

3.2 Data acquisition and control system
3.2.1 Hardware and software cofiguration

All electrical devices on CVCC system could be remote controlled by employing NI
PCHF6040E, PGI6014 and PCB602 DAQ boards as the signal source. Both automatic and
manual operation of the system were enabled by integrated NI Labview progranrsrol
box was constructed to accommodate all the electric parts including relays, power supply,
protection circuits, DC power supply, injector and high pressure pump drivers and data
communication interfaces, as shown in Figure 3.5. Power supplydiopdimp and spark plug

were separated for safety considerations.

3.2.2Pressure measurement
An Omega pressure sensor (PXZMA5V) was utilized to measure gas pressure in
inlet gas lines. According to experiment results, calibration of this pressis@r $& necessary
before experimental measurements. Chamber static pressure before premixed combustion was
measured by a digital pressure gauge. This gauge was designed to check possible gas leaking.

Chamber pressure during premixed combustion and fuay smmbustion was measured by
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Kistler 6041A transducer coupled with a Kistler 5004 charge amplifier. A watding
system was employed to avoid thermal shock. Typical pressure development during premixed

combustions were illustrated gure 3.6

3.2.30ptical diagnostic system

Spray and flame images were captured by a Phantom V4-Bitemsified high speed
camera. Its spectral response spans from 400 to 800 nm, covering the visible light spectrum.
Camera setting, including resolution, frame rate axgbsure time, were set appropriately
according to experiment requirement. Band pass filters (550nm and 650nm) with 10nm band
pass width were employed to capture emissions at selected wavelengths. Neutral density filters

sometimes were utilized to manipdamission intensity.

3.2.4 Experimental procedure

For spray combustion experiments, the high temperature and high pressure
environment was generated by a premixed combustion of a mixture of acetyléNe, O
(50%/50%) and dry air. A simplified experimahtprocedure is illustrated in Figure 3.7.
Premixed acetylene/air mixture was filled into the chamber. After the ignition by a spark plug,
combustion occurs, which results in a high temperature and a high pressure environment. The
premixed combustion is & to reserve extra oxygen for the second combustion. Ambient
oxygen concentration is adjusted by the compositions of premixed gases controlled by partial
pressure during the gas inlet process.

Pressure data was collected by tistler 6041A transducerAfter the premixed

combustion, ambient temperature development during premixed combustion was then
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calculated by using corrected ideal gas equation. Fuel injection was triggered at desired
ambient temperature. Both ambient oxygen concentration and angg@rature before fuel
injection are critical for fuel spray combustion. Gas density in the constant volume combustion
chamber was constant. It could be manipulated by increasing or decreasing gas partial
pressures proportionally. While studying transigray combustion process, camera and fuel

injector were triggered simultaneously by a pulse delay generator.
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3.3 Tables and figures

Table 3.1 Maximum allowable stresses atetight positions on chamber [21]

NO. Connection position/paraneter Max allowable stress(psig)
1 Steel Plug (Hoop stress) 10,559
2 Retainer (Thread shear stress) 11,159
3 Injector (Thread shear stress) 56,532
4 Spark plug (Thread shear stress) 23,567
5 Pressure sensor (Thread shear stress) 15,005
6 Spark plug spport (Thread shear stress) 14,952
7 Intake/Exhaust (Thread shear stress) 15,005
8 Cleaning hole (Thread shear stress) 15,360




10

Figure 3.1 1 Experimental system: 1.fuel injector; 2.exhaust line; 3.chamber 4qdgtz
window; 5. plug/window retainer; 6. pressure transducer; 7.intake line; 8.metal plug; 9. spark
plug; 10. combustion chamber.
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4. GDI Fuel SpraysUsing a Piezoelectric Injector under Different Ambient
Pressures

4.1 Introduction

It is well known that gasoline direct injection (GDI) engines have considerable benefits
on reducing exhaust emissions and increasing fuel efigigompared with conventional
portfuel injection (PFI) engines, GDI engines generally have around B¥%o6 higher miles
per gallon (MPG), and lower greenhouse grasssions [22 25]. In recent years, research on
GDI engines is mostly focused on new aitgive fuels and injection strategies.

Naphtha is a kind of fuel with less processed refinery stream in the gasoline boiling and
carbon number range, lower octane number and higher heating values compared to commercial
gasoline. It draws attentions dueits high volatility and stronger resistance to agtation,
which potentially could be used for high efficiency compresgjoition combustion with low
emissions. Producing naphtha is significantly simpler in a refinery compared to ga2@line |
According to the refining process, naphtha fuels generally can be categorized as heavy naphtha
(HN) and light Naphtha (LN)J7]. Investigations have been performed on the thermal
efficiency, combustion and emission characteristics of naphtha. The Saudi AFaraco
Technology research team has been extensively investigating the low octane (naphtha) fuels
and gasoline compression ignition (GCI) engine interactions both experimeB@@i§][and
numerically B0-33]. They have reported up to 26% increase in efficy compared to gasoline
spark ignition (SI) engines. Similar observation were found also by Han32.al' heir work
demonstrated that the low octane gase®@ pathway leads to a 24.6% reduction in energy
consumption and a 22.8% reduction in greersgogas emissions. Wang et @b][compared
naphtha and commercial gasoline on multiple premixed compression ignition (MPCI) mode.
Their work demonstrated that naphtha MPCI can operate stably in a wide load range. With the
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same experimental system anantmstion mode, they also found that the combustion delay

of naphtha fuel is extended with the increase of injection pressure. The soot emission decreases
at high injection pressure with a penalty of higher CO and HC emissd6hdanente et al.

[37] studed the effect of gasolinei ke fuel s6 properties on the
an engine running in partially premixed combustion mode (PPC). Engines operating on lower
octane number gasolines were also capable to run idle without increasingtennmgerature

[38]. A more optimized combustion chamber design was also developed by Chan@@t al. |

to improve idle and light load combustion stability of naphtha fuels. The application of low
cetane number (CN) naphtha fuels on diesel Cl enginesevaheated by Won et al. [19] and
Chang et al.40] with different bowl and nozzle designs. It turns out that diesel CI engine can
run with low CN naphtha fuels without compromising comfort, drivability, emissions or power
requirements. CN 35 naphtha fuehswrecommended for its better robustness and lower HC
and CO emissions. Viollet et aft]] developed three newly designed pistons to enable naphtha
compression ignition combustion. Zhang et4®] compared naphtha fuel and ultcav sulfur

diesel (ULSD)under both conventional and low temperature combustion modes. Naphtha fuels
exhibited appreciably lower levels of soot compared to ULSD across the investigated engine
operation range while maintaining a diesel equivalent fuel efficiency.

Meanwhile, the irpact of injection strategies has been demonstrated to be significant
on fuel combustion and particles emissid3][ Injection rate shaping is one of the most
attractive alternatives to multiple injection strategiddl].[ Currently, solenoieactuated
inwardly opening multihole injectors and piezelectrically actuated outwardly opening
injectors are predominant injectors in GDI engines. Solenoid injectors are more economical

than piezo injectors by sacrificing the precision and repeatabiiily Piezo igectors draw
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attentions because of their sensitive and fast response, which are significant for small quantities
or closely spaced multiple injectiondq]. Spray from a piezo injector has a holleane
structure with visible striations and filaments. Welihollow cone presswu®wirl sprays, no
collapse arises with the spray developmadii},[and this spray pattern is quite repeatah&. [

Studies have been done on both types of injectors in GDI engines in the past feSméars.

et al. B9 conducted asystematic performance comparison of two sgaigled, single
cylinder, sparkignited directinjected (SIDI) engine combustion system designs with both
solenoid and piezo injectors and found that the two kinds of injectors have comparable
combustion stabty and smoke emissions. Achleitner et &l0[demonstrated the possibility

to develop a spraguided combustion system to meet the requirements to the maximum
possible extent by using a piezo inject®kogsberg et al4B] and Wang et al.g1] explored

the atomization of sprays generated by a piezo injector. It was shown that a leading edge vortex
is formed at the outer periphery of the spray. The location of the leading edge vortex depends
on back pressure. Zhang and-aighors $2] demonstrated thathé cone angles at the
developed phase for alcohol fuels and isooctane are consistently stable for a solenoid swirl
GDiI fuel injector. Higher injection pressure helps reduce droplet size.

Multiple techniques were employed to explore the spray charaasristia piezo
injector. Zigan et alg3] applied a planar imaging technique to investigate the spray formation
and fuel evaporation of a piezo injector in direct injection spark ignition (DISI) engines. They
noted that fuel vapor and smaller droplet$of@lthe recirculating flow and concentrate in the
reduced pressure regions. Shi et B4 fcarried out spray experiments using a Mie scattering
technique and a phaf®oppler anemometry (PDA) measurement in a conditioned pressure

chamber to provide datarfoomputational fluid dynamics (CFD) simulation of piezo injector
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spray. Stiehl et al.5b] used a timeesolved particle image velocimetry (PIV) technique to
reveal significant spraynduced vortices perturbing the tumble flow. Recirculation vortices
werefound to form at both the inner and outer edges of the hollow cone. In addition, spray
penetration length and spray angle follow a steep rise with linear slope as long as the nozzle is
open, and the outer recirculation vortex therefore provides a fagarabé for ignition$6).

While studies of piezo injectors and naphtha fuels have been undertaken, little study
was done on fuel spray characteristics of naphtha fuels with a GDI piezoelectric outwardly
opening hollowcone fuel injector under different tlapressure conditions, and experimental
validated data was insufficient for unconventional fuels. Therefore, light naphtha (LN), PRF95,
and E10 gasoline sprays using a GDI piezo fuel injector are studied and compared in this study.
The ambient pressure wahanged from the atmospheric condition up to 10 bar for the three
fuels. The spray angle, spray front penetration length, spray front penetration velocity, and

spray front fluctuation were calculated and discussed.

4.2 Diagnostics and Measurements

Thespray development during fuel injection process was visualized by applying a Mie
scattering technigyas shown in Figure 4.A high-speed camera (Phantom V4.3 from Vision
Research Inc.) was employed to capture spray images of each selected fuel. & natéavas
set at 25,000 frames per second (fps) with a resolution of 128x128 pixels. The camera exposure
time, aperture and other parameters were set appropriately and kept constant. Injector and
camera were triggered simultaneoubly an external pulseegerator.More details of the
chamber can be found in previous publications3BY. Experiments were repeated five times
for each condition to ensure consistency. Data from five readings were averaged and the

standard deviation was calculated to accoontihcertainty
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Three fuels were selected including light naphtha (LN), primary reference fuel (PRF),
and E10 gasoline. LN mostly consists of molecules wiéhcarbon atoms. LN was obtained
from Saudi Aramco, with an AKI value of 61. Conventionally, PRE binary mixture of iso
octane and4meptane and is used as a surrogate for gasoline. PRF used in this work was PRF95,
a blend of 95% is@ctane and 5%-heptane by volume. The AKI of PRF95 is 95 [59]. The
gasoline fuel (AKI = 87) was obtained by mixifgels with equal volume ratios from three
different local gas stations (Shell, Exxon and BP). It contains up to 10% ethanol by volume
(often referred as E10). The tested gasoline fuel represents the commercially available regular
grade gasoline on the matkat most gas stations. For all experiments, the injection duration
was set as 0.3 ms and the injection pressure was kept at 10 MPa (100 bar). Chamber and fuel
temperature were the same as the ambient for all experiments, namely 298 K. Fuel mass per
injection was around 10 mg per injection. Selected fuel properties are listed in Table 4.1 [60
62].

In order to characterize the spray of different fuels, the spray angle, spray front
penetration length, spray front penetration velocity, and spray frorniiich were calculated
and compared. Since the spray developed freely and had no definite angle after the end of the
injection (around 430 s ASOIT), transient
beginning to the end of each single injection. Thagfront penetration length, spray front
penetration velocity and spray front fluctuation were analyzed in a much longer time interval
(up to 790 es ASOIT). Depending on the spr:
defined differently. In followingsection, the influence of the parameter definitions will be

discussed first.
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4.2.1Spray angle definitions

The spray angle is defined as the angle between two spray edgesdatepneined
locations near the injector tip at a specified time after the stduel (SOF) [63]. Specifically,
reference points are defined for each image at two different axial distances downstream from the
injector tip.To calculate the spray angle, spray edges were detected using a Matlab code developed
in-house with the santlreshold for all transient images in each single injection. Two spray edges
were marked red and blue separately as shown in attached figurégple selections of the
references points were used in literatures. Wang et al. [51] selected the avgladgretaveen the
whole detected spray edges as the spray angle, especially for spray under atmospheric conditions
(Definition A). However, under an environment with a pressure higher than the atmosphere, an
obvious vortex can be found at downstream of firaysedges. This vortex results in a swell on
the spray edges and affects the spray angle calculation. Therefore, 5 mm to 15 mm downstream of
the injector tip is recommended for defining reference points by SAE international [53].
Considering that the sprdront penetration length at the end of the injection under high pressure
is much shorter than atmospheric condition, the effective spray edges in this study used for spray
angle calculation are limited within 5 mm to 10 mm downstream of the exit plaimi{@n B).
In our study, the vortex is even stronger since the ambient pressure was set up to 10 bar. In order
to completely eliminate the effect of the vortex, a third spray angle, defined as the angle between
the two spray edges located withifb Inmdownstream of the exit plane, is also applied to spray
angle calculation (Definition C). In this neaozzle region, there is no or little occurrence of vortex
at spray edges even for high ambient pressures. The schematics of the three definitions are
illustrated inFigure 4.2 These different spray angle definitions are discussed and compared in this
section. For LN, PRF95, and gasoline, only one properly selected spray angle definition was

applied and will be discussed later.
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LN is selected as an examptecompare the differences in the spray angles obtained from
the three definitions. The spray angle results under different ambient pressures are stguva in
4.3 Apparently, three definitions lead to distinct spray angle developments. For Defhtioa
spray angle slowly increases with time, and the slope becomes larger for a higher ambient pressure.
Meanwhile, higher ambient conditions lead to smaller spray angles at the beginning and larger
spray angles by the end of the injection. Overall graysangle ranges from 98°to 105°for this
definition. For Definition B, the spray angle still increases with time. However, both the slope and
the absolute value are much larger than the results in Definition A. In addition, a larger spray angle
is foundat both the beginning and the end of the injection under higher ambient pressures. The
spray angle range rises from 100%o 113%or Definition B. While for Definition C, the spray angle
variation among different ambient pressures is much smaller thamtides A and B. The spray
angle stays quite stable under each ambient condition for Definition C and only a slight increase is
observed under the 10 bar condition.

The spray angles using different definitions were compared under selected ambient
condifons inFigure 4.4 Definition B leads to a much larger spray angle compared with Definitions
A and C, and the difference is getting larger with increasing ambient pressure. Results of
Definitions A and C are quite close for most injection process, Highdlg higher spray angle is
noticed with Definition A at the end of the injection. This phenomenon is expected because, in this
study, the spray vortex is mostly located at the downstream for all selected ambient pressures,
while the spray edge at theatppam is smooth and stable. Definition B mostly covers the vortex
area, which apparently make the spray angle larger. Moreover, the location of the vortex moves
toward the exit plane with increasing ambient pressure, which means more vortex regions are
covered under higher ambient pressure conditions for Definition B. Thus the difference between
Definition B and Definitions A and C is getting larger under higher ambient pressures. Definition

A covers both the stable area and the vortex area. Before tlneasuie of the vortex, Definitions
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A and C have the same effective sprays edges. Therefore, during the early injection stage, the spray
angle results of Definitions A and C are close. For the later injection process, Definition A
gradually covers the vortaregion. As a result, the spray angle using definition A is higher than
definition C during this stage.

Overall, the largest spray angle is found for Definition B, which covers the most of swell
area caused by the vortex. This indicates that the vizr@key factor that has great influence on
the spray angle calculation. In order to eliminate the effect of the vortex, Definition C is employed

in this study for all three selected fuels to show the-neazle spray angles.

4.2.2 Spray penetration laegth definitions
Similar to the spray angle, the spray front is detected and marked by green lines for the

spray front penetration length calculation. Generally, there are two different spray penetration
length definitions widely used in literatures. llosh cases, spray penetration length is defined

as the average distance between the entire detected spray front and the exit plane (Definition
A). The other definition adopts the distance between the exit plane and the furthest detected
spray location as ehspray penetration length (Definition B). Definition B is mostly used for
spray plumes that are inclined to the spray axis [63]. The logic of two definitions is presented
in Figure 4.5. Again, LN is selected as an example, and the spray penetratitnisengt
calculated using two different definitions, as shown in Figure 4.6. Comparison of the spray
penetration length of the two definitions under different ambient pressure conditions is shown
in Figure 4.7. Apparently the penetration length using Defmilas longer than Definition A

for the entire process and all selected ambient conditions. The difference between the two

definitions under each ambient condition increases with time.
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The spray penetration velocity is also calculated based on two diffee@etration
length definitions, as presentedrigure 4.8 As expected, the spray penetration velocity with
different definitions develops distinctly. The spray penetration velocity development for
Definition A is quite consistent for all the investigd ambient pressures. A velocity peak is
observed at almost the same timing right after the end of the injection for all investigated
ambient conditions. While for Definition B the spray penetration velocity has visibly stronger
fluctuations than Definian A for all the ambient pressures, and the velocity peak location
varies a lot for different ambient pressures. In order to make more reliable quantitative results
comparison for different fuels, Definition A was used for all the penetration length lmctywe

calculations as shown in the following section.

4.2.3 Spray front fluctuation definition
The spray front fluctuation is defined as the standard deviation of the entire detected
spray front in this study. This definition is independent from thectiehs of spray angle and

spray penetration length definitions.

4.3 Results and Discussions

In this section, macroscopic spray features of LN, PRF95 and gasoline are presented
and analyzed, respectively. Spray angle (Figure 4.2, Definition C), spnatypfenetration
length (Figure 4.5, Definition A), spray front penetration velocity, and spray front fluctuation

were calculated.
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4.3.1 LN results

A set of LN spray images with marked spray edges and front under different ambient
pressures are presentadrigure 4.9. It is seen that the spray develops smoothly with a clear
filamentary hollowcone structure at the atmospheric condition. The spray front stays quite
evenly during the injection process. However, the filamentary structure gets blurred with
increasing ambient pressure, and a noticeable toroidal recirculation vortex is observed at the
downstream region of the spray, which deforms the helome shape. A shrinking spray
dimension or size is also noted with increasing ambient pressure. Sintiterdscussion in
[51], an increase of fuel liquid signal at frames after the end of the injection is noticed for all
the selected ambient conditions. This is believed to be caused by the shutting off of the injector
pintle, which squeezes out the residual in the gap between the pintle and the injector body.
This may result in a velocity increase and more spray front fluctuation after the end of fuel
injection as discussed later. In order to better understand the ambient pressure effect on the
toroidd recirculation vortex formation, the spray structure is evaluated with coplots at
selected ambient pressure conditions, as shown in Figure 4.10. The reduction in the spray radial
and axial penetrations with increasing ambient pressure is distolbdfrved in this figure.
Martin et al. [56] described a parallel moving string shape at the spray front with GDI fuel
injectors. A similar phenomenon is observed in this study for all the selected ambient
conditions, which indicates a relatively uniformlaaty distribution at the spray font.
However, this string shape is getting more inconspicuous with increasing ambient pressure. As
a result, the spray front fluctuation may become weaker under a high ambient pressure

environment.
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The edge vortex does nappear until the spray penetrates a certain distance from the
exit plane. To compare the location of the vortex under different ambient pressures, the spray
structure is plotted at different time steps with the same investigated ambient conditions used
nFigure 4.11. Three time steps were selecte
380 €s ASOIT. Considering that the actwual in
€s injection trigger dur at i oeginning, theestable stagler e et
and the ending stage of a single injection.
ASOI T, and just becomes recognizable for 5
the end of the injection, the vortex getsonger than previous stages. More importantly, the
vortex location under 10 bar ambient condition is apparently closer to the orifice than the 5
and 1 bar conditions. Two reasons may result in this phenomenon. Firstly, the formation
mechanism of the vak is believed to be related to the momentum exchange between injected
liquid and the small droplets of the precursory spray. A higher ambient pressure, namely a
higher gas density, generates a faster momentum exchange rate than normal atmospheric
conditions, which may accelerate the vortex formation. Secondly, an increasing gas density
can lead to a larger drag force experienced by the moving spray droplets. As a result, a shorter
spray penetration length occurs for a higher ambient pressure conditianweittex observed
closer to the nozzle exit.

Detailed LN spray angle (Definition C) under different ambient pressures has been
presented and discussed in previous sections as shown in Figure 4.3 (c). The spray angle of LN
is quite stable for the entirajection process, which ranges fron? @ 102 for each single
injection. The variation among different ambient pressures is small and only a slight increase

is observed at the 10 bar condition.
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The spray fronpenetration length (Definition A) was uséat all three fuels in this
study, and the LN result have been presented in Figure 4.6 (a). Overall, the spray penetration
length increases quite linearly until the end of the injection for all the ambient conditions. A
higher ambient pressure leads tasleorter penetration length at each time step, and the
difference of the penetration length between two adjacent ambient pressure conditions
decreases with increasing ambient pressures.
of ambient pressure diffence of 10 bar with 100 bar injection pressure leads to less than 5%
variation on exit velocity for incompressible flows. In our study, the spray penetration length
at atmospheric condition is almost double of the result obtained under 10 bar condition.
Therefore the reduction on spray penetration length is believed to be dominated by the
increasing drag force experienced by the moving spray droplets with increasing ambient
pressure, rather than the small reduction of spray exit velocity. Further, m@@eshiair is
also expected for high ambient pressure conditions. The spray front penetration velocity was
calculated based on the spray front penetration length result, as show in Figure 4.8 (a). For
LN, the penetration velocity is quite consistent fibtlee investigated ambient conditions. At
the beginning, the spray velocity increases slightly and then keeps stable with a tiny decrease
for the whole injection process. This tiny velocity decrease is expected due to the increasing
air entrainment to spy in this period that accelerates spray and ambient environment
momentum exchanging. After the end of the i
peak is found for all the ambient conditions. As mentioned before, this velocity peak is due to
the shuting off of the injector pintle at the end of the injection. The closing pintle squeezes out
the residual fuel in the gap between the pintle and the injector body, resulting in an increase in

spray penetration velocity. This also helps explain the consistef the velocity peak
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locations under different ambient pressure conditions. After this peak, the spray penetration
velocity decreases with time, and higher ambient pressure cases have slower velocity decaying
process.

The spray front fluctuation of LNs shown in Figure 4.12. The development of the
spray front fluctuation can be divided into two stages. Stage one is from the beginning of the
injection to around 500 e©€s ASOIT, during whi
for each ambient preare, and the fluctuation level is close for all ambient conditions. This is
consistent with the discussion on spray structure under investigated ambient conditions.
However, after 500 e&€s ASOIT the fluctbleati on
by the end. This period is defined as Stage two. Overall, the differences of the spray front
fluctuation among different ambient pressure conditions are quite small. No obvious
relationship between the ambient pressure and the highest level of thatftucis found for

LN.

4.3.2 PRF95 results

Compared with LN, PRF95 has more carbon atoms in molecules and the boiling points
generally higher. Selected spray images with marked spray edges and front are presented in
Figure 4.13. The spray images sh&imilar development and spray structure to LN, therefore,
it is not repeated in this section. The spray angle of PRF95 was calculated using Definition C
(Figure 4.2) under selected ambient pressure conditions, as shown in Figure 4.14 (a). Similar
to LN, the spray angle of PRF95 ranges frorfit88L02, and the spray angle increases mildly
with time for all the investigated pressures. Each ambient pressure condition has almost the

same spray angle at the beginning and the end of the injection. Howeveifféhence
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between different ambient conditions becomes larger. A larger spray angle is found for higher
ambient pressures during the injection process.

The spray front penetration length of PRF95 was calculated using Definition A (Fig.
5), and the spralyont penetration velocity was obtained based on the penetration length results
as shown in Figure 4.14 (b). Similarly, a longer penetration length is observed for a lower
ambient pressure condition, and the penetration length increases almost lingaty wery
end of the spray development. The penetration length difference between different ambient
pressure conditions becomes smaller with increasing ambient pressure. As for the velocity,
PRF95 has almost the same development as LN for all the @mbrefitions, as presented in
Figure 4.14 (c). The velocity peak after the end of the injection appears quite consistently. The
velocity decreases faster for higher ambient pressures after the velocity peak.

The spray front fluctuation of PRF95 was shawirigure 4.14 (d). Similar to LN, the
spray front fluctuation development of PRF95 also has two stages. Compared with LN, it is
noticed that the end of Stage one shifts ear
the fluctuations are still almoshe same for different ambient pressures. Moreover, the
fluctuation slowly increases with time for all the ambient conditions. During Stage two,
fluctuation of all ambient conditions increases faster than Stage one, and tends to become stable
by the end. Wdlike LN sprays, where the ambient pressure effect on the spray front fluctuation

is not clear, stronger fluctuation is observed at lower ambient pressure for PRF95.

4.3.3 Gasoline results
The spray angle, spray penetration length, spray front penatradiocity and spray
front fluctuation for gasoline fuel were calculated under different ambient pressures. Selected

spray images of gasoline were presented in Figure 4.15. The spray angle (Figure 4.2, Definition
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C) results are shown in Figure 4.16 (a)e@ll, gasoline has a higher spray angle range than
LN and PRF95 (from 1000 10%). The ambient pressure impacts even more on the spray
angle for gasoline than LN and PRF95. At each ambient pressure, the spray angle slightly
changes from the beginning tiee end of the injection. A higher ambient pressure leads to a
larger spray angle for the whole injection process and the spray angle development is more
distinctly separated.

Spray front penetration length (Figure 4.5, Definition A) and penetratioritAekre
shown in Figure 4.16 (b) and (c), respectively. Gasoline has almost the same penetration length
and penetration velocity development as LN and PRF95. No obvious differences are observed
for all the investigated conditions. The spray front flugarabf gasoline is shown in Figure
4.16 (d). The two stage development is also found for gasoline. Stage one for gasoline begins
from the start of the injection to around 50¢C
same as LN. However, the fluctiem of gasoline in Stage one is more consistent than LN for
different ambient conditions. While in Stage two, the spray front fluctuation of each ambient
condition increases faster than Stage one, and a higher ambient pressure gives rise to stronger

sprayfront fluctuation except the atmospheric condition.

4.3.4 Comparison among three fuels

In order to compare the effect of different fuels on spray development and the toroidal
recirculation vortex, spray structures of three fuels under selected anmindittans and time
steps were plotted in Rige 417. The ambient conditions and selected timing are the same as
the discussion in LN results section. Since the profiles showed imeFgl7 are only one

selected case for each fuel and each conditionpeéhetration length value from the figure
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may vary from the averaged result discussed before. According woeFd.7, despite the
slight difference of the spray front penetration length, spray edges of three fuels match quite
well for all the selected donent pressures and timings. At each ambient condition and each
timing, the vortex appears at almost the same location for the three fuels. This indicates that
the spray structure may not be mainly controlled by the fuel properties for current study. Highe
ambient temperatures might reveal the differences between the spray characteristics due to the
apparent differences in the fuels boiling characteristics.

The comparison of the spray angle at different ambient pressures is presentackin Fig
418. As sem in Figure 418, LN, PRF95 and gasoline have quite similar spray angle
development under different ambient pressure conditions. All three fuels have weak spray
angle fluctuation during the injection process, and the variations are les$ tham8st caes.
At the beginning and the end of the injection, all three fuels have a spray angle rise under all
selected ambient pressures. The increase of spray angle at the beginning of the injection is
believed to be related to the sudden opening of the injeictthe, which adds instability to the
spray. The limited number of data points may also introduce errors to the spray angle
calculation. Compared with LN and PRF95, the spray angle of gasoline is always the largest
when the ambient pressure is higher thapar. At the atmospheric condition, gasoline has
larger spray angle than LN at the beginning and the end of the injection. However, during the
mi ddl e stage (around 150 e©€s to 300 es after
almost the same sqy angle. The smallest spray angle is found for PRF95 under most of the
selected ambient pressure conditions. The only exception is for the 10 bar ambient pressure
condition, where LN and PRF95 has a quite close spray angle at the second half ofttbe injec

process. The lower spray angle of PRF95 may be caused by its higher viscosity than LN and
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gasoline. Gasoline has the lowest initial boiling poin®@5among three fuels. Normally a
lower boiling point indicates a stronger evaporation and diffusilitya and this may be a
reason for the largest spray angle of gasoline for all the investigated ambient conditions.

The comparison of the spray front penetration length is shown ime=#19. Unlike
the spray angle, the liquid penetration lengthshefthree fuels are nearly the same for all
investigated ambient conditions during the injection process. Only small differences are
noticed at the end of the injection (around
the whole penetrationprc ess (after 700 e€s). Gasoline has
than LN and PRF95 at the two periods mentioned above. The comparison of the spray
penetration velocity is shown in kigge 420. The velocity developments of LN, PRF95 and
gasoline arejuite close for the entire penetration process under all the investigated ambient
conditions. The velocity peak occurs at the same timing for three fuels. Before the velocity
peak, gasoline has a slightly higher penetration velocity than LN and PRF95tatimmes
while LN has the smallest velocity among three fuels except the 1 bar condition. An opposite
tendency is found after the velocity peak. Gasoline spray penetration velocity drops much
faster than LN and PRF95 and always has the lowest penetratmeity, and LN on the
contrary has the highest velocity for all selected ambient conditions. Different fuel densities
may be a reason that caused the difference in the spray penetration velocity. However, the
differences of the penetration length and peti®n velocity among the three fuels are almost
negligible. In other words, the effect of fuel properties on spray front penetration length and
penetration velocity is minimal in this study.

The spray front fluctuations of LN, PRF95 and gasoline aressho Figure 421. It

has been shown that the spray front fluctuation of all the three fuels has two stages, and the
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timing of the first and second stages differs. The timing of the spray front fluctuation variation

of LN, PRF95 and gasoline matches welt &ll the selected ambient pressures. For each
condition, a slow increase in spray front fluctuation is noticed before a sharp rise in the second
stage for all the three fuels. The beginning of the sharp increase is close for the three fuels at
each ambiet condition. In addition, the timing of the sharp increase shifts forward with
increasing ambient pressures. For example, at 1 bar condition, spray front fluctuation has a low

i ncreasing rate wuntil around 600 tel®baAtke®Ol T. W
timing shortens to 450 e©€s ASOIT. One key fa
believed to be the vortex at the spray downstream. A higher ambient pressure leads to earlier
vortex occurrence. Considering that vortex could inicedmore random spray motion at the

spray front, this may result in a more erratic spray front distribution. Comparing the three

selected fuels, it is found that PRF95 always has the weakest spray front fluctuation.

4.4 Summary and conclusions

Spray chaacteristics of LN, PRF95 and neat gasoline are investigated under different
ambient pressure conditions in a constant volume chamber isttloig Major findings are
summarized as follows:

1. A clear filamentary holloveone spray structure is observed &tlrthree fuels at
atmospheric condition. Toroidal recirculation vortex is noticed at the spray downstream, and a
higher ambient pressure leads to a stronger vatteser to the exit plane p&y structures of
three fuels are consistent at the same amlziendition Vortexes appear at almost the same
location for each fuel. This indicates that the spray structure has little dependence on the fuel

properties.

43



2. A slightly larger spray angle is found with a higher ambient pressure for all three
fuels. Anong the three fuels, gasoline always has the largest spray angle at each ambient
condition and PRF95 spray angle is the smallest at most time.

3. The spray front penetration length and penetration velocity reduce considerably with
increagng ambient presse for all fuels. For each ambient pressure and each fuel, spray
penetrates nearly linearly until the end of the injection. After the end of the injection, the spray
penetrates slower with time. LN, PRF95 and gasoline have close penetration lengtilunder a
selected ambient pressure conditioRer each fuel, te spray penetration velocity first
increassslightly and then keegstable with tiny decrease until the end of the injection (around
430 e©€s ASOIT) wunder al | a mbafterthé encdobdthednjedtiono n s .
is observed, which is believed to be caused by the shutting off of the injector pintle at the end
of the injection. After the peak, the spray penetration velocity decreases for all three fuels.

4. The spray front fluctuadn presers two distinct stages during the spray development.

In Stage one the spray front fluctuation is close for all ambient pressures and increases slowly
with time. During Stage two, the spray front fluctuation increases rapidly to a certain level and
then becomes stable. A higher ambient pressure generally leads to weaker spray front

fluctuation when the ambient pressure is higher than 1 bar.
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45 Tables and figures

Table 4.1 Selected fuel properties

Fuel Density Viscosity Surface  Boiling RON MON
(gml/literat  (mPa/s) tension Point
25°C) (dyn/cm) (°C)
LN 637 0.28 16.4 50-73 62 60
PRF95 692 0.47 18.39 99 95 95
Gasoline (E10) 752 0.36 22.0 25190 91 83
Isooctane 707 0.50 18.77 99 100 100
Heptane 679 0.38 20.14 98 0 0
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Figure 4.1Experimental system: 1. fuel injector, 2. exhaust line, 3. chamber body, 4. quartz
window, 5.plug/window retainer, 6. pressure transducer, 7. intake line, 8. metal plug, 9. spark
plug, 10. Combustion chamber, 11.high speed carrantom V4.3). 12 lighting

(a) Definition A (b) Definition B (c) Definition C

Figure 4.2.Scheme of three different spray angle definitions
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Figure 4.15.Gasoline spray images under selected ambient pressures

55



Gasoline —=— lbar ««#e 3bar  ==a= Shar —=—1Bar  ---¢- 3Bar --&- 5Bar

- ® -7bhar — ®— 10bar Gasoline - ® -7Bar — - 10Bar
110 45
108 . 40
106 E 35
o 104 £ 30
2102 S
2 925
® 100 c
> S 20
g o8 B
%) 96 E 15
94 f 10
92 5
90 0
0 100 200 300 400 500 0 200 400 600 800 1000
Time after the injection triggee§) Time after the injection triggges)
(@ (b)
. —— Ty -t - s —f—lbar @ e -t -
Gasoline 1bar 3bar Sbar Gasoline —* 1bar - 3bar -& - 5Sbar
20 - ® -7har — ®— 10bar 3 — ® -7bar — o— 10bar
60 E 25 -
0 = .
E 50 g, ] %
> g y
F 40 B8 J
o 215
[} = & -
> 30 IS
g g1
a20 g
Qo
0 & 05
0 0
0 200 400 600 800 1000 0 200 400 600 800 1000
Time after the injection triggdes) Time after the injection trigg€es)
(d) (d)
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5. Sprays under low pressure environment

5.1 Introduction

Superheated is ad to describe the situation tl@liquid contained at conditions above
the ambient saturation pressure. Under this situation, rapid boilifge oksultant liquid jet
occurs and produces two-phase flow. Meanwhile, dynamic expansiohvapor bubbles
shatters the liquid stream to produce a finely atomized spray. This phenomenon is also known
as flashing [64]. Flashing liquid gives rise to potentially explosive and certainly hazardous
heterogeneous twphase clouds. Typically, the flasly phenomenon has been observed in
laboratory experiments where a liquid flows through a short nozzle into -pressure
chamber at a pressure value considerably lower than the liquid saturation pressure at the
injection temperature [14].

Study of flasing boiling liquids started from 1960s. Brown et al [65] and Lienhard et
al [66] revealed the importance of the superheated liquid jet effects on the atomization process.
They successfully correlated fuel flashing with liquid jet breakup. Several stuieshbwn
flash-boiling sprays consist of smaller drop sizes with an accelerated vaporization process
compared to nofflashing spray$67-70]. Vieria and Simoedloreira [14] in 2007 examined
iso-octane flashing regime that takes place at very high ratiagj@ftion to discharge
pressures in flow restrictions by using the schlieren and the-liggating methods. It is
reported that flashing takes place on the surface of the liquid core through an evaporation wave
process, which results from a sudden ligencporation in a discontinuous process-T21.
And this discontinuous process leads to high velocities at downstream of the evaporation
stream that could reach local sonic speed at high expansion condition. Steelanivarkkbcs

[73] paper investigatethe characteristics and morphology of a flash jet by means of high
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speed shadowgraphy. They found that the inception of flashing strongly depends on the level
of superheat and on the transient heat conduction process within the depressurized liquid jet.
Transition towards the fully flashing disintegration regime is observed by increasing the
superheat of the liquid jet [746].

Superheated fluid flash boiling is closely related to fuel sprays in engines. Super
heating conditions are likely to be found ungeartial load conditions in GDI applications,
which definitely could enhance fuel atomization and vaporiza#i@j The occurrence of flash
vaporization might affect combustion performances, and even create the danger of vapor lock
within the fuel line ¥8]. In general, the superheated conditions in engines could be reached
when the fuel temperature increases in high pressure pump at a low discharge pressure, or
caused by the heat exchange between injector and cylinder head. Investigations in several
working scenarios have shown that superheated fuels can alter mainly depending on nozzle
geometry, pressure regimes, superheating degree and heat tréjsi#erig et al 0] studied
the empirical correlations that describe the mechanisms associated slithdiing sprays
with multi-hole fuel injector. They concluded that bubbles in fuel encounter rapid expansion
process that result in a prompt disintegration of bulk liquid into smaller droplets during fuel
injection processg1-85]. Multi-hole injector wa also studied by Zhang andworkers B3-

84] to investigate flow fields of#fmexane spray in both vertical and crgsstional directions.

They found that that in axial direction, the vertical velocity increases while the radial velocity
decreases witntreasing superheat degree, which determines the convergent spray structure.
Negro et al82] proposed a homogeneous atimensional model to predict flash evaporation

in superheated liquid fuel injections, which is compatible for both internal and éxtashang.
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Even that considerable researches have been done on fuel flashing boiling, less work
were done with outwardly opening piezoelectric GDI fuel injector. In this study, spray of iso
octane from an outwardly opening piezoelectric GDI fuel injeetas investigated under
different ambient conditions. To form a superheated condition, ambient pressure from 10 KPa
to 100KPa were selected. Effect of fuel injection pressure, fuel injection duration on fuel spray

flash boiling and spray structure wereadissed.

5.2. Diagnostics and Measurements

In this study, five fuel injection pressures including 100 bar, 80 bar, 50 bar, and 20 bar
were selected to achieve different and fuel spray initial velocity conditions. An outwardly
opening piezoelectric fuahjector was employed in this study for all experiments. This injector
was controlled by a piezo injector driver from Drivven (a subsidiary of National Instruments,
Inc.). Two fuel injection durations, 0.3 ms and 0.5 ms, were investigated. Fuel injaggen tr
and fuel injection duration was controlled by an external pulse delay generator. Fuel mass per
injection under different injection pressure and injection durations were presented in Figure
5.1.

Fuel spray was visualized by applying a Mmattering échnique. Transient spray
images were captured by using a hggleed camera (Phantom V4.3 from Vision Research
Inc.). The frame rate was set at 5,500 frames per second (fps) with a resolution of 400 X 256
pixels for spray structure analysis, and was s25a000 fps with a resolution of 400 X 32 for
spray penetration velocity analysis. In order to ensure the consistence of spray signals in all
experiments, camera exposure time, aperture and other parameters were set all appropriately

and kept constant. Geera was triggered simultaneously with fuel injection by the same pulse
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delay generator. To investigated the effect of ambient pressure on fuel spray characteristics,
five different ambient pressure were selected, including 0.01 bar, 0.03 bar, 0.09Hdnar0

and 0.1 bar, respectively. The gas pressure in chamber was manipulated by a gas control system
with a vacuum pump, solenoid valves and electrical actuators. Gas pressure was read by a
pressure transducer mounted on the top of the chamber.

Pure iseoctanewasselected in this study. Isactane has similar characteristics with
gasoline and has an AKI of 100. AKIl is the average of the research octane number (RON) and
the motor octane number (MON). Selected fuel properties afagtame are listed iRigure 5.2
For all experiments, Chamber and fuel temperature were at 298 K. Experiments were repeated
five times for each ambient condition. In order to account for the uncertainty, data from five

readings were averaged, and the standard deviation watatadcand reported.

5.3 Result discussions

In this study, effect of low ambient pressure on spray macroscopic features will be
analyzed and discussed. As mentioned above, ambient pressure conditions are controlled at
0.01 bar, 0.03 bar, 0.05 bar, 0.07 laamd 0.1 bar, respectively. Fuel spray structure and
development are discussed first, fuel spray penetration length and spray front penetration
velocity are measured and calculated for both fuels. Effect of ambient pressure, fuel injection

pressure, fuahjection duration on spray characteristics are analyzed.

5.3.1 Spray images
Comparingwith sprays at atmospheric condition, sprays under an extreme low ambient

pressure present distinct structures and unique developments. A set of spray images of iso
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octane under different ambient pressures are showigire 5.3 Generally, sprays generated

by an outwardly opening piezoelectric fuel injector have clear and sharp hadlmevshapes

when the ambient pressure is atmospheric or higher. Howegkenthe anbient pressure is

lower than 0.1 bar, spray structures are completely changed in this study. Practically, fuel

injection with 0.3 ms injection duration ends at around 0.45 ms after the injection.tfigger

delayis caused byhe opening and close iofjection nozzle According to the first three images,

it is found that the original holloweone structure is still observable with strong liquid signals.

However, spray edges are no longer straight and clear. Instead, spray edges now are curved

and spray sigals are no Inger uniform. More importanthgpray deforms from hollowone

structure to blurred diamond shape with a long tail at spray downs&e@ril bar ambient

condition Liquid signals at tail part are much weaker than the original hattmve shpe part.

The tail part extendshé spray to downstream greatly andlisiost symmetric. Meanwhile,

considerable liquid signals are detected atdefe of spray edges, which is not observed before.
When the ambient pressure is increased to 0.03 barysspoalonger maintain a

diamond shape. However, a similar tail structure is still noticed right after the original hollow

cone structure. Compared with the tail at 0.01 bar, tail at 0.03 bar is thinner and shorter. Both

the original hollowcone shape paaind the tail part of the spray at 0.03 bar have stronger liquid

signal than sprays at 0.01 bar ambient pressure condition. In adduenthough that liquid

signals could still be noticed at the left of spray edges, the liquid area is shrinking compared

with the 0.01 bar condition. For 0.05 bar and 0.07 bar ambient pressure conditions, spray

structures are quite similar as the spray at 0.03 bar condition. Similar tail are also observed. A

longer tail is found at a lower ambient pressure condition, alrat talower ambient pressure

condition has weaker liquid signal. At the same time, liquid signals at theidefof spray
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edges are continue shrinking and getting weaker with increasing ambient pressure, and finally
disappear at 0.07 bar condition. @nhhe ambient pressure is increased to 0.1 bar ambient
pressure condition, the tail part disappears and the whole spray return to generatboéow
shape with clear and sharp edges again. Therefore, 0.1 bar might be the upper limit for the

existence oftte abnormal spray structure in this study.

5.3.2 Penetration length

In this study, the appearance of the additional tail makes spray penetrates much longer.
In order to explore the effect of ambient pressures on spray penetration length, spray front
peretration length is calculated for each ambient condition. In this study, the spray front
penetration length is defined as the distance between the location of the furthest detected spray
signal and injector nozzle. In order to measure the furthest sjoraty thhe camera resolution
is modified to 400 X 32 so that it will focus on the centerline of the spray, and could clearly
capture the front of the tail. A set of spray front images are illustrated in Figure 5.4 to present
the schema of spray front penéiwa length calculation. For each image, the furthest spray
front is detected and marked by a green line using a Matlab program. The threshold for spray
front detection is kept constant to ensure all results are consistent. Since in this study we are
interested more in the special tail part of sprays under low ambient pressures, spray penetration
length with time at 0.01 bar, 0.03 bar, 0.05 bar and 0.07 bar are calculated and presented in
Figure 5.5. Apparently, spray under a lower ambient pressure peseatrath longer than at
a higher ambient pressure condition at the same time step. For example, spray penetration
length at 50&s after the start of injection trigger (ASOIT) is more than 90 mm at 0.01 bar

ambient pressure, but it is less than 30 mm if the ambient pressure increases to 0.07 bar.
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Considering that the fuel injection ends at around gb@ASOIT, it is found that evespray

have an abnormal tail structure appended after the haltme shape, spray still penetrates
almost linearly before the end of the fuel injection for all investigated ambient pressure
conditions except for 0.01 bar ambient pressure. At 0.01 beay fenetration length
development has obvious fluctuation. Seen from the slope, spray under 0.01 bar ambient
pressure penetrates faster before arounce256t 250es a noticeable ihéction point could

be observed. fer this point spray penetration length has a lower slope than before.

In order to better evaluate the effect of low ambient pressures on spray penetration
process, spray front penetratioglacity is calculated based on spray penetration length results,
as shown in Figure 5.6. Recall the spray front penetration velocity results in previous parts
where ambient pressure is atmospheric or higher, the highest spray front penetration velocity
is found at around 60 m/s when the ambient pressure is 1 bar. In this study, the spray front
penetration velocity results are all much higher. Generally, under investigated ambient
pressures, a higher spray front penetration velocity is found at a lowernarpbéssure
condition, and sprays have similar velocity development except 0.01 bar condition. At 0.01
bar, the spray front penetration velocity first increases linearly to more than 390 m/€at 250
ASOIT. After that the velocity drop to 200 m/s and ntaiims at this level for a while, and then
continue dropping until the end of the measurement. It should be noticed that 390 m/s is a very
high speed since it has exceeded the sound speed. For 0.03 bar, 0.05 bar and 0.07 bar ambient
pressure conditions, spr front penetration velocities has close patterns. First the velocity
increases rapidly to a certain level, and maintains at this level until the end of fuel injection.
The velocities in this period are around 170 m/s, 100 m/s and 70 m/s for 0.03 bagradd

0.07 bar conditions, respectively. After this period spray front velocity decreases slowly until
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the end of the measurement. For all investigated ambient pressures, spray front penetration

velocity drops faster at a lower ambient pressure thahigher ambient pressure environment.

5.3.3 Effect pf fuel injection pressure

According to discussions ie previous section, the pressure difference among different
ambient pressure conditions is only 0.02 bar or 0.03 bar, but the differencesaprvelpcity
ranges from 30 m/s to more than 200 m/s. In order to exfilerdominant parameter that results
in this phenomenon, effects of fuel injection pressure and fuel injection duration are investigated
and discussed in follow sections.

Fuel injecton pressur@etermineghe initial spray penetration velocity. Generally, a
higher fuel injection pressure leads to a faster initial spray penetration velocity. In last section,
fuel injection pressure is maintained at 100 bar with 0.3 ms fuel injecti@tiatu for all
experiments by using a gasoline common rail system. In this section, five fuel injection
pressures, including 100 bar, 80 bar, 50 bar, 30 bar and 20 bar, are selected to study the effect
of fuel injection pressures on spray characterisickeudifferent ambient pressure conditions.
Other parameters are kept the same. Selected spray images with different injection pressure
under different ambient pressures are presented in Figure 5.7. It is found that sprays at the same
ambient pressure hawquite similar structure for all selected injection pressures. All sprays
have the original holloveone structure anal tail appends after thath@& hollowcone part has
much stronger liquid signals than the tail. Main differences are found with oveeatifghe
spray and the length of the tail. Firstly, despite that all sprays have quite similar structures, a
lower fuel injection pressure leads to a smaller spray size for all investigated ambient pressures
and fuel injection pressures. This is expeaiede a lower fuel injection pressure results in a
lower initial spray penetration velocity, which appangnméduces fuel mass for a single
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injection. As a result spray penetrates shorter and has smaller size. In addition, distinct
phenomenon is obsexd with the tail part. For all selected ambient pressures, a lower fuel
injection pressure results in a longer tail for the whole measurement. For example, at 0.05 bar
the spray tail part with 30 bar fuel injection pressure is longer than spray with &0cb400
bar fuel injection pressuregurthermore, at different fuel injection pressures, fuel spray front
penetration lengths are quite close. In other words, a lower fuel injection pressure leads to a
smaller hollowcone spray size but longer tail lehgand the results in the similar spray front
penetration length. This is verified by the spray penetration length results discussed next.
Spray penetration length with different fuel injection pressures under 0.01 bar, 0.03 bar,
0.05 bar and 0.07 bar aoalculated using the same definition adhapter 4 Results are
illustrated in Figure 5.8. It is found that the effect of fuel injection pressure on spray penetration
length is different at different pressure range. Firstly, when fuel injection prasshigher
than ® bar, namely, variations on fuel injection pressure have minor effect on spray
penetration length. Within this fuel injection pressure range, fuel sprays have close spray
penetration length and development pattern under all investigateterdanpressures
Moreover,before 60&s ASOIT where spray penetration length could well overlap. However,
when fuel igection pressure is lower tha® ®ar,namely30 bar and 20 bar in this study, an
obvious delay on spray penetration is observed foektsed ambient pressures, within which
spray penetrates much slower in a period than sprays with higher fuel injections. Spray with
30 bar fuel injection pressure has shorter fuel penetration delay than spray with 20 bar fuel
injection pressure. After thipenetration delay, sprays penetration rate increases rapidly.
Comparison of spray penetration at different ambient pressures with 30 bar fuel injection

pressure is presented in Figure 5.9. It is seen that the spray penetration delay is almost the same
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with the same fuel injection pressure under different ambient pressures. At 30 bar fuel injection
pressure, this delay is around ) and spray penetration lengths are quite close within this
period even at different ambient pressures. This indicatethibatelay is mainly dominated
by fuel injection pressure and is irrelevant with ambient pressure conditions.

Spray front penetration velocity is also calculated based on spray penetration length
results in this section and is shown in Figure 5.10. Agliscussed previously, sprays at 0.01
bar have unique penetration velocity development, and this unique development pattern is still
observed for all fuel injections pressures at the ambient condition. Meanwhile, spray front
penetration velocities couldeNl match when fuel injection is higher than 30 bar until very end
of the measurement. For other ambient pressure conditions, spray front penetration velocities
with different fuel injection pressures are quite close befored®hen fuel injection pregse
is higher than 30 bar. Within this period spray front penetration velocity increases briskly until
200es ASOIT, and then drops slowly and almost linearly. After d9@RSOIT, spray front
penetration velocity of spray with a higher fuel injection puessirops faster than a lower fuel
injection pressure. Obvious delay on spray front penetration velocity is also observed when
fuel injection pressure is lower than 30 bar. During this delay, spray front penetration velocity
is kept at a very low level cqmared with the sprays with higher fuel injection pressure.
Normally the velocity is between 20 m/s to 40 m/s for all investigated ambient pressures. It is
noticed that spray front penetration velocities has obvious fluctuations during this period, and
this fluctuation is also quite consistent for each ambient pressure condition. After this delay,
spray front penetration velocities begin to increase until reach the peak. One thing interesting
is that the spray penetration velocity peak with 30 and 20 bhmijeetion pressure at 0.01

bar ambient pressure condition is even higher than sprays that have higher fuel injection
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pressures, while the development pattern are still similar. For other ambient pressures, spray
penetration velocity of sprays with 30 kard 20 bar fuel injection pressures first boosts to
similar level as sprays with higher fuel injection pressures and then begin to drop until the end
of the measurement. Therefore the variation of fuel injection pressure mainly introduces the
considerablduel penetration delay for all ambient pressures, but has limited effect on spray
penetration velocity afterwards. Comparison of spray front penetration velocity is presented in
Figure 5.11 Previously we have concluded that spray with 30 bar fuel iojegtiessure have
similar penetration delay, and this is also verified by the velocity results. Sprays at different
ambient pressures have almost the same velocity development befee280IT, even for

the velocity fluctuation. In addition, the obserwatthat a lower ambient pressure leads to
stronger velocity increasing rate dropping rate is still valid for 30 bar fuel injection pressure

condition.

5.3.4Effect of fuel injection duration.

Fuel injection duration controls fuel mass of a single injelction. At the same fuel
injection pressure, a longer fuel injection duration results in a higher fuel mass with the same
initial fuel penetration velocity. In order to evaluate the effect of fuel mass on spray
characteristics under different ambienggsures and different fuel injection pressures, sprays
with 0.5 ms fuel injection duration are studied and compared with previous results. Selected
spray images with 0.3 ms and 0.5 ms fuel injection durations under different ambient
conditions are preserttan Figure 5.12. For each figure, five consecutive images are listed

with time step marked on the top right corner.
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Generally the third image in each select image set is at aroungs4580IT, which
is the end of fuel injection with 0.3 ms fuel injection. It is found that sprays with 0.3 ms and
0.5 ms fuel injection durations have similar spray structures for the first three images in each
image set. Under each selected ambient camji8prays with both injection durations have
almost the same size and shape for the hetlome part and the tail part. In addition, spray
liquid signals distributions are also close for the whole area. After thestBSOIT the fuel
injection with 0.3 ns injection duration has ended and spray liquid signal becomes weaker,
while continuous liquid signal could be observed for sprays with 0.5 ms fuel injection duration.
In summary, spray fuel injection duration has little effect on spray structure widreshtf
ambient pressures and different fuel injection pressures.

Spray penetration length results with different injection duration under selected
ambient pressures and 100 bar fuel injection pressure are shown in Figure 5.13. According to
Figure 5.13, spis with different fuel injection durations have almost the same spray
penetration length and similar development pattern at all time steps for each selected ambient
pressure. Only tiny differences are found after 88@SOIT at 0.05 bar and 0.07 bar anmie
pressures, where spray penetration length of spray with 0.5 ms injection duration is slightly
longer than spray with 0.3 ms injection duration. To better explain this difference, spray front
penetration velocity at the same ambient conditions are asdcubased on spray penetration
length results and are show in Figure 5.14. The spray front penetration velocity results are
consistent with our discussion on spray structures and spray penetration length in this section.
Sprays with different fuel injean durations still have quite close front penetration velocity
all the time when ambient pressure is 0.01 bar or 0.03 bar. The difference on spray penetration

length after 80@s ASOIT at 0.05 bar and 0.07 bar conditions is also notic&ture 5.12
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(c) and (d).In this time period spray with 0.5 ms injection duration has higher spray front
penetration velocity than spray with 0.3 ms injection duration. This may due to the decreasing
dominant effect of ambient pressure on spray structure when ambiesurpreshigher than

0.05 bar. Then a longer fuel injection duration could offer a spray more initial momentum, and
results in a slower velocity dropping rate after the end of fuel injection.

Spray penetration length and spray front penetration veloctsewith different
injection duration under selected ambient pressures and 30 bar fuel injection pressure are
shown in Figure 5.15 and Figure 5.16. Similar phenomenon is observed for sprays with
different injection durations when ambient pressure is taan 0.05 bar. Sprays with 0.3 ms
and 0.5 ms share almost the same spray penetration length and spray front penetration velocity
development for the whole measurement. Specifically, the spray penetration delay are also
observed when fuel injection durati is increased to 0.5 ms, and the duration of this delay
does not change with increasing injection duration. However, the difference of spray
penetration length and spray front penetration velocity is much oleieus and considerable
at 0.05 bar and O70bar ambient pressure conditions when fuel injection pressure is reduced to
30 bar. The starting point of the appearance of spray penetration length difference is forwarded
to around 40@&s ASOIT. After this spray penetration length of spray with 0.5 ms injection
duration is found larger than spray with 0.3 ms injection duration, and the penetration length
difference is increasing with time. This difference could also be seen in Figar@Ehahd (d).

Spray front penetration velocities no longer close in (c) and (d), and spray with 0.5 ms injection
duration has a more stable spray front penetration velocity development. Compared with sprays

with 100 bar fuel injection pressures, it maglicate that fuel injection duration has stronger
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effect on spray structure at an environment with a higher ambient pressure and/or a lower fuel

injection pressure.

5.4Summary

In this study, sprays of isoctane under low ambient pressure condition®wsardied.
Effect of ambient pressure, fuel injection pressure and fuel injection duration were investigated.
Major conclusions could be summarized as follows.

1. Spray presents distinct structsnehen the ambientrpssure is lower than 0.1 bar.
While the original hollowcone structure is still observable, spray deforms from hetlome
structure to blurred diamond shape with a long tail at spray downstream. Liquid sighals at
tail part are much weaker than the original holoone shape part. Withihis pressure range,
a higher ambient pressureads to a shorter tadn spray.

2.Spray penetration length is greatly enlarged due to the deformation on spray structure.
Spray under a lower ambient presspemetrates much longer tharhigher ambient pssure
condition at the same time step. Fuel injection pressure and fuel injection duratdittliea
effect on spray front penetration length development.

3. A higher spray front penetration velocity is found at a lower ambient pressure
condition. Spraypenetration velocity first increas rapidly and maintains at a stdbies| until
the end of fuel injection for mostmbient pressure conditianSpecially, he highest spray
front penetration velocity at 0.01 bar could exceed local sound speed. Spcayref spray
penetration length and spray penetratiefocity are mainly dominated by ambient pressure

conditions in this study.
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5.5 Tables and Figures
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Figure 5.3 Selected spray images under different ambient pressures
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Figure 5.4 Selected spray front images at 0.01 bar ambient pressure
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Figure 5.7 Spray images with different injection pressure at selected ambient pressures
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6. Auto-ignition of gasoline fuels under different ambient conditions

6.1Introduction

Researches has shown that in both large and small cylinder research engBfs [85
gasoline ignites much later than diesel fuel, which left more time for fuel and air to mix.
Sufficient ignition delay for forming a nedwlomogeneous fuel/airixture has been identified
as critical to enable such clean combustion [87]. And the use of gasoline fuels in compression
ignition engines has shown encouraging progress in engine efficiency and emissions. [88]
Furthermore, the low temperature combustionQ) in diesel engines is capable of producing
diesellike efficiency while emitting simultaneously low NOx and soot emission9[g9

Two compression combustion modes, premixed charge compression ignition (PCCI)
and homogenous charge compression igniift@Cl) are most widely used in research. Both
combustion mode could achieve l0WDx and lowsmoke in a compression ignition engine,
and solve a great part of shortcomings derived of the use of diesel fuel by using low cetane
fuels.

PCCI engine has been mdactured experimentally and evaluated in terms of fuel
economy and NOXx reduction in 1990s by Aoyama and@xkers with a compression ratio of
17.4 [92]. Spontaneous ignition was observed at unspecified locations. By using a single
cylinder lightduty cmmpression ignition engine with PCCI combustion mode, Hildingsson .et
al [93] investigated the necessity of high volatility of different fuels to achieve more premixed
combustion with low NOx and soot emission. They demonstrated that if the combustion
phasng and delay of two fuels are equivalent, their emission behavior is also matched in spite
of the differences in i volatility and compositionsKalghatgi and ceworkers [94] used

similar experimental setup and studied agtmtion quality of gasolinguels at different
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operation conditions. They proposed that a good surrogate for gasoline in partially premixed
compression ignition engines is a mixture of toluenepiane and{meptane with the same
RON and MON. Both experimental and numerical pataoes study was performed with
varying EGR, injection timing and fuel type in a high speed direct injection diesel engine by
Benajes et al. [95], and confirmed that use of gasoline could introduce much longer ignition
delay in this engine than any oth@gee setting with diesel fuel.

HCClI is an alternative combustion approach for both then8ine and the Gngine
and is more wide used than PCCI in current gasoline fuels compression ignition studies.
Benefits of HCCI includes low cycle to cycle varaats, higher combustion efficiency, and
low concentrations of particulates. Yoshizawa anavodkers [96] has been using HCCI mode
in 2002 to perform mukkzone engine cycle simulations and investigate the characteristics of
compression ignition combustioim gasoline engines. In general, -aiel distribution in
cylinder has large impact on combustion characteristics, Knocking could be well prevented by
creating a fuel rich zone at the center of cylinder even under high load conditions. Experimental
study has shown that stable gasoline compression ignition (GCI) engine operation was
achieved down to idle speed and load on a reylthder compression ignition engine with
gasoline [97]. The use of gasoline in compression ignition engines offers significant
advantages in terms of increased efficiency and reduced emissions compared to either
conventional diesel compression ignition or gasoline spark ignition engines. Lots of work were
done by Kalghatgi and ecoworkers [98] in investigating gasoline like fuelst@ignition
quality in HCCI engines.

The auteignition quality of a fuel of any chemistry at a given engine condition is

described by an octane index defined as, OI-K)(RON + K MON, where RON and MON
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are the Research and Motor Octane numbers resplgctind K depends only on the engine
design and operating conditions [98]. Approaches like direct injection, higher compression
ratios, downsizing and turbocharging will reduce the unburnt gas temperature for a given
pressure and push the value of K dowrdsg99]. Fuels with high resistance like gasoline has
a significantly higher ignition delay for the same combustion phasing and hence results in very
much lower NOx and smoke for a given load compared to diesel fuels [100]. However, in
HCCI mode gasolineannot be run with very early injection in HCCI mode. Even that the
HCCI combustion mode usually indicates simultaneously ignition of the whole fuel air mixture,
in fact, the experiments have shown that it does not occur while running gasoline lika fuels i
diesel engines. The occurrence and development ofiguiteon are strongly affected by the
residual gas and thermal distributions. It is shown that a heterogeneous combustion has large
spatial and temporal variations, even with a homogeneously preroheede [101].The
thermal inhomogeneous distribution correlates well with that of the residual gashagiter
residual gas fraction level advances the agmition occurrence [102]. In additiomigher
temperature inhomogeneity could also result mieraautaignition timing at the same average
condition inside the cylinder [18B06].

In spite on alternation combustion mode, naphtha fuels has drawn more attention
recently. Naphtha is a kind of fuel willhss processed refinery stream in the gasdioikng
and carbon number range, but with lower octane number. Generally, it is composed of C5 to
C11 hydrocarbons and has a low research octane number (RON) value, roughly within the 40
70 range [107]. Naphtha requires much less processing in the rahaergither gasoline or
diesel [108], greenhouse gas emissions of the well to pump process are reduced, being 18 g/MJ

fuel energy of gasoline and only 12 fuel energy for naphth&d hus there is an additional
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benefit in terms of welto-wheel CO2 emissens and overall energy consumed, thus it can also

be considered as a way of increasing the efficiency@soline powertrain system [1O%

has been demonstrated that both light and heavy naphtha could be able to commercial diesel
engines wh both PCI and HCCI modes [11Q11]. Chang .et al [1]12developed more
optimized combustion chamber design to improve idle and light load combustion stability in
HCCI mode with a compression ratio of 14 by using naphtha fuels, and achieved 26% average
fuel consumpon reduction over a range of part load operating points. Compression ratio and
derived cetane number effects on naphtha fuels compression ignition is then further studied by
Viollet and coworkers [112. Their work shows that heavy naphtha makes low tyetation

even at the lower compression ratio easier, and the light naphtha enables the engine to be run
at a higher compression ratio at higher loads and gives higher efficiencydzigplfil13
compared engine combustion, performance, and emissionsdsehaphtha and E10 gasoline

on a Gen 2 singleylinder GDCI engine, and proved that naphtha fuels has lower hydrocarbon
and carbon monoxide emissions at low loads.

In present study, autignition of gasoline fuels, including light naphtha, primary
referance fuels, gasoline and gasoline surrogate were investigated under different ambient
conditions. Fuel autggynition delay at spray G condition of different fuels were compared and
discussed. Twaolor pyrometry was employed to evaluate flame temperatutdarfactor

distributions.
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6.2 Auto-ignition of gasoline fuels under spray G condition
6.2.1 Diagnostics and Measurements

In this study Fuel injection pressure was maintained at 100 bar by a gasoline common
rail fuel system through all experimentsjection duration for all investigated fuels was kept
as 0.3 ms by an external pulse generator. Temperature of both chamber and fuel were
controlled at 9CC. In order to generate a hitgmperature higipressure environment, a
premixed combustion of atydene was conducted prior to the fuel injection. Three different
gases, acetylene M2 (50%/50%) and dry air were used to formulate appropriate mixtures to
obtain the desired ambient temperature and ambient oxygen concentration. Premixed reactants
wereignited by a spark plug. In this study, the ambient oxygen concentration was set as 21%
for all experiments before fuel injection. The compositions of the gas mixture before and after
the premixed acetylene combustion are listed in Table 6.2.1.

A Kistler 6041B transducer coupled with a Kistler 5004 charge amplifier was utilized
to measure the transient pressure during premixed combustion, and the ambient temperature
was calculated based on the pressure data using a corrected ideal gas law.tudythes s
monochrome higispeed digital video camera (Phantom V4.3 camera from Vision Research
Inc.) was used to capture both fuel spray and fuel-gmition process, as shown in Figure
6.2.1.The camera was set with 5500 fps and a resolution of 320XXEkspiA 50 mm fixed
focal length lens was used to collect signals. Camera exposure time and the aperture number
were selected based on the flame intensity under different ambient conditions for fuel auto
ignition experiments. For fuel spray experiments,spray development during fuel injection
process was visualized by applying a Mattering technique, and all camera settings were

kept constant to ensure result consistency. In current investigation, a pulse delay generator was

88



used to enable externigger to synchronize the image capturing of the ‘sgbed camera
and the fuel injection. Rising edge of the triggering pulse was used for all the devices.
Experiments were repeated five times for each ambient condition. In order to account for the
uncetainty, data from five readings were averaged, and the standard deviation was calculated
and reported.

For all experiments, gas density in chamber was set as 3.5 takeep consistent
with the nonreacting spray G condition suggested by SandifioNal Laboratories. Five
different ambient temperatures ranged from 650 K to 950 K with a 75 K interval were selected
in this study, with equivalent pressures of 6.8 bar, 7.6 bar, 8.4 bar, 9.2 bar and 10 bar,
respectively. Five different fuels were intigated: light naphtha (LN), two primary reference
fuels (PRF65, PRF95), gasolinéigltermann CARB LEV Il and gasoline surrogate
(Haltermann surrogateNaphtha is a kind of fuel with less processed refinery stream in the
gasoline boiling and carbon nuetbrange, lower octane number and higher heating values
compared to commercial gasoline. LN used in this study was obtained from Saudi Aramco,
with an AKI (the average of the research octane number (RON) and the motor octane number
(MON)) value of 61. Corentionally, PRF is a binary mixture of isetane and-meptane and
is used as a surrogate for gasoline. PRF used in this work was PRF65, a blend of-65% iso
octane and 35%-heptane by volume, and PRF95 that contains 95%c¢tane and 5%-n
heptane by volme. The AKI of PRF65 is 65, and the AKI of PRF95 is 95 [59]. Gasoline used
in this study is obtained from Saudi Aramco. Gasoline surrogate used in experiments is made
in lab. Fuel mass per injection is around 10 mg per injection. Detailed compositi@slfig
surrogate and selected fuel properties of all five investigated fuels are listed in Table 6.2.2 and

Table 6.2.3.
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6.2.2 Results and Discussions

In this section, aut@ynition characteristics of different fuels and fuel spray
development befre auteignition will be discussed. Firstly, the adtmnition images were
presentedand discussed. For each set of atgoition images locations of the injector,
pressure transducer and thawetber view boundary are all tkame, as madd in Figures.2.2.
Fuel ignition delay, spray angle, spray front penetration length aneatveraged spray front

velocity were calculated and analyzed.

6.2.2.1 Auteignition images.

Fuel auteignition was observed for all selected fuels under each investigambient
condition in this study. As mentioned above, experiments under each ambient condition were
repeated five times. In this section, one set of-ggridion combustion images of PF65 under
different ambient temperatures are presented as exanippuime 6.2.3. For each temperature,
twenty consecutive images with noticeable flame are selected, and the first image indicates the
first appearance of flame. Fuel type and image timing after the start of the injection trigger are
marked at the left topocner. The ambient temperature is noted at the left bottom corner. Since
ignition delay results that presented in the next section are an average among five experiment
runs, time marked on images in this section may differ slightly from the averagedrigniti
delay results.

Seen from PRF65 auignition images, it is found that the location of the occurrence
of auteignition is randomly distributed in combustion chamber. In most experiments, the first
detected flame is observed at-ogf area. Itould be note that sometimes there are more than

one auteignition events in one single experiment. For example, in Figure 6.2.3 (b), two disjoint
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flames are observed in first five images. Unlike diesel compression ignition or gasoline spark
ignition wheremost injected fuel is ignited almost simultaneously, obvious flame propagation
process is observed in this study. The flame spread rate heavily depends on ambient conditions.
Under a lower ambient temperature, flame spreads much slower than a highemt ambie
temperature. Specifically, flames occupies mostly theh&dp area with no specific shape

when ambient temperature is lower than 800 K. Once the ambient temperature is higher than
800 K, the flame moves left and present an eclipse shape. This phemocoeitth be better
explained combined with the discussion of ignition delay.

Ignition delay is defined as the time interval between the start of the injection trigger
and the occurrence of adignition. In this study, the camera and the injecre triggered
simultaneously by a pulse delay generator. Therefore the ignition delay could be read directly
from captured videos. In order to reduce error, the final ignition delay of each fuel under each
investigated condition is the average of fivensecutive runs of experiments with same
experimental setting, and standard derivation is calculated to evaluate result fluctuation, as
show in Table 6.2.4. Simply seen from the ignition delay result, for all fuels and all ambient
temperatures, the ignitiotelay could reach more than 12 ms at 650 K condition, which is
much longer than the 0.3 ms injection duration that employed in this study. Therefore,
combustion in this study is more like fuel and oxygen premixed combustion with fuel auto
ignition when tle ambient temperature is relatively low. The free and random fuel spread after
the end of injection may be the key reason for the randomly distributedgaitton location
and the uncertain flame shape. Even for 950 K ambient temperature conditiorriestsh
ignition delay among five fuels is still more than 0.7 ms, almost double of the injection duration.

However, the ignition delay at this condition reduces to a great degree compared with the 650
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K condition. As a result, much fewer time is left foel spread and evaporation at a higher
ambient temperature condition, which could lead to weaker fuel and air mixing before the
occurrence of autgynition. And this helps explain why flames generally move left to injector
nozzle and becomes ellipticaltviincreasing ambient temperature. At last, no obvious spray
diffusion combustion is observed even for the 950 K ambient temperature condition.
Comparison of aut@ynition flame images of all five fuels under 650 K and 950 K conditions
are presented in gure 6.2.4 and Figure 6.2.5. It is found that flame characteristics discussed
above could also be found for all other four fuels in this study. Flames at both 650 K and 950

K of five fuels share almost the same flame structures

6.2.2.2 Ignition delay

As mentioned in last section, the ignition delay is defined as the time interval between
the start of the injection trigger and the occurrence ofiumition. In this study, an outwardly
opening piezoelectric hollow cone injector is used for ab-égnition experiments. This type
of injector has a very good repeatability for different fuels. At a certain injection pressure, the
volume of injected fuel in a single injection could be considered as constant. Evaluated from
fuel density, fuel quantiis of gasoline, gasoline surrogate, LN, PRF65 and PRF95 are 10 mg,
9.85 mg, 8.69mg, 9.13mg and 9.20 mg, respectively. Based on spray G condition, the ambient
gas density is 3.5kgfand the oxygen concentration before fuel injection is 21% by volume.
Therefore the fuel/air mass ratio could be estimated as 0.003 (fuel lean condition) for the
current experiment conditions.

It has been discussed that a considerable ignition delay is noticed for all five fuels under

the investigated ambient conditionssults have been shown in Table 6.2.4. A plot of ignition
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delay to ambient temperature is presented in Figure 6.2.6. In general, a longer ignition delay
is found under a lower ambient temperature condition. This is expected, as higher temperature
contiibutes a lot to fuel evaporations and could offer more energy to trigger fueaiiton.
However, an obvious transition point is observed at around 750 K for all selected fuels. When
the ambient temperature is lower than 750K, the ignition delay damodly with increasing
temperature, while the ignition delay dropping rate becomes much smaller once the ambient
temperature exceeds 750 K. Furthermore, for LN, gasoline, and gasoline surrogate, the ignition
delay curves intersect at almost the same @oimtind 750 K. Comparing the ignition delay
among five investigated fuels, PRF95 always has the longest ignition delay and LN has the
shortest ignition delay when the ambient temperature is lower than 750 K. Gasoline surrogate
has slight shorter ignitionaetty than neat gasoline, and the ignition delay of PRF65 is short
than PRF95. However, when the ambient temperature is higher than 750 K, a distinct
phenomenon is observed. Though that PRF95 still has the longest ignition delay, the ignition
delay of allfive fuels are quite close. No clear trend of ignition delay is found within this
ambient temperature range.

This may indicate that fuel ignition delay characteristics are closely related to
differences on fuel properti®ghen the ambient tempeuag is lower than 750 K in this study.
Two main parameters, fuel octane number (ON) and fuel boiling point or boiling point range,
could help explain this phenomenon. The-&ntbck index (AKI) is a common measurement
of fuel octane number which is definad the average of motor research number (MON) and
research octane number (RON) of a fuel. A higher AKI indicates a stronger resistance of a fuel
for autoignition. According to Table 6.2.3, LN has the lowest AKI, while the AKI of PRF95

is the highest. Gasine and gasoline surrogate has close AKIs which are lower than PRF95
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but much higher than LN. Overall, the magnitude of AKI of five fuels has a very good
consistence with the ignition delay at low temperatures (650 K and 725K) except for PRF65.
PRF65 hasan AKI of 65, but its ignition delay is even longer than gasoline and gasoline
surrogate. This may be caused by a higher boiling point of PRFs compared with gasoline and
gasoline surrogate. PRF65 and PRF95 are mixtures of isooctanehaptine, both hava

boiling point around 9. Gasoline and gasoline surrogate has boiling points range fii@n 64

to around to 162C. In this study, fuel is heated up to°@0before the injection. At this
temperature the evaporation rate of gasoline and gasoline sen®gaich higher than PRF65,

and this could lead to a much better fuel/air mixing status for gasoline and gasoline surrogate
than PRF65. As a result, shorter ignition delays were observed for gasoline and gasoline
surrogate than PRF65. Furthermore, LN theslowest boiling points among five fuels, and

this contributes to reduce the ignition delay at low temperature conditions. When the
temperature is higher than 750 K, the high ambient temperature is believed to be a dominant
parameter that promotes fuelterignition. Therefore close ignition delays are found for all

five fuels.

6.2.2.3 Fuel spray characterization before ignition.

Macroscopic spray features each fuel before autignition were studied to help
understand the auignition process and the variation on ignition delay of different fuels.
Generally, fuel spray angle and fuel front penetration length could be used to evaluate physical
fuel spray characteristics and injector repeatability. Therdifmee averaged fuel spray angle,
spray front penetration length and spray penetration velocity were calculated and discussed in

this study. Fuel spray angle is definedtlzs average angle between two spray edges at pre
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determined locations near the injector tip at a specified time aftstathieof fuel (SOF) [63].

In this study, the effective locations is selected from the nozzle tip to spray front. Spray front
penetration length is defined as the average distance between the entire spray front and the exit
plane. Spray penetration velgcis calculated based on spray front penetration length results.

In order to calculate spray angle and spray front penetration length, spray edges and spray front
are detected and marked with colored lines using a Matlab code develdpmagsewith the

sane threshold for all transient images in each single injection. In this study, the injection
duration of experiments is set as 0.3 ms. In experiments, one injection ends at aroeirgl 430
after the start of injection trigger (ASOIT) due to the delay cabsedpening and closing
injector nozzle. To ensure result consistency, ambient conditions were kept all the same with
fuel auteignition experiments. In other words, spray images that captured in this part of
experiments exactly represent spray developroefdre the occurrence of fuel atigmition

under investigated ambient conditions. Since spray liquid signal becomes negligible right after
the end of injection, spray angle and spray front penetration length calculation were limited
from the injection sigal trigger to the end of fuel injectioA. set of spray images of PRF65

under different ambient temperatures are selected as example, as shown in Figure 6.2.7.

For each image, two spray edges and spray front were marked red, blue and green,
resgectively. In this study, the ambient temperature ranges from 650 K to 950 K with a constant
in-chamber gas density of 3.5 kg/nEvaluated by the ideal gas law, the ambient pressures at
650 K, 725 K, 800 K, 875 K and 950 K are around 7 bar, 7.75 bara8.® 25 bar and 10
bar, respectively. It has been discussed in [51] that a higher ambient pressure lead to a shorter
spray penetration length and stronger edge vortex at downstream under the same ambient

temperature. In this study, it turns out that tipeag under different ambient temperature
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conditions has almost the same structure and development for the same fuel. Downstream
vortexes have close locations for all the investigated conditions. The only obvious difference
might be the decreasing liquidgsal with increasing ambient temperature caused by the
increasing fuel evaporation rate. This indicates that ambient gas density might be the dominant
factor that impacts spray structure. In addition, comparison of five fuels on spray structure at
650 K amd 950 K is show in Figure 6.2.8 and Figure 6.2.9. It is seen that differences on fuel

spray structure and development among all investigated fuels are quite similar.

6.2.2.4 Timeaveraged spray angle

The timeaveraged spray angle of each fuel wakulated to analyze in this section.
In this studythe time interval from the start of the injection trigger to the end of the injection
was used to do spray angle thaeerage calculation. The tiraeraged spray angle of each
fuel under each ambienondition is presented in Figure 6.2.110s found that, for each fuel
the time averaged spray angle decreases with increasing ambient temperature, which is
believed caused by faster fuel evaporation rate under a higher ambient temperature
environment ad/or the higher ambient pressure conditions. Comparing theawweaged
spray angle among the five selected fuels, PRF65 and PRF95 always have larger spray angles
than the other three fuels for all investigated ambient conditions, but no obvious tréwnel for
fuels within the investigated ambient temperature range, as show in Figure 6.2.11. Meanwhile,
it should be noted that the tira@eraged spray angle among different fuels is quite small. All

time averaged spray angle results are arounf 200 the raximum difference is less thah 3
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6.2.2.5 Transient spray penetration length and front penetration velocity

Spray front penetration length of five fuels under different ambient temperatures were
calculated and shown in Figure 6.2.12. For daeh a higher ambient temperature leads to a
shorter penetration length during the entire injection process, and the penetration difference at
difference ambient temperature is increasing with time. Two reasons may account for this
phenomenon. Firstly samentioned above, spray at a higher ambient temperature encounters a
higher back pressure. A higher ambient pressure generates faster momentum exchange, which
could lead to a larger drag force experienced by the moving spray droplets. As a result the
sprgy penetration is more prohibited with increasing ambient temperature. Secondly, a higher
back pressure reduces the pressure difference between the common rail system (100 bar
injection pressure in this study) and theclmamber environment. Based on Berdndui 0 s
equation, the flow exit velocity is proportional to the root square of pressure difference.
Therefore the flow exit velocity at a higher temperature is lower than the velocity at a lower
temperature, which also affects the spray penetration lengthevér, it should be noted that
even the tendency of spray front penetration length at different ambient temperatures is clear
and consistent for all five fuels, the absolute variation on penetration length at different ambient
temperature is quite smalln order to better understand the effect of fuel properties on spray
characteristics, the spray penetration length was compared among five investigated fuels, as
shown in Figure 6.2.13. It turns out that five fuels have quite similar spray penetragtn len
for the entire injection process at each ambient condition. No clear correlation is found on
spray penetration length among selected fuels. Similardwveeaged spray angle and spray
front penetration length results of different fuels may indicatethieaeffect of fuel properties

is not dominant on spray structure and development in this study.
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The timeaveraged spray penetration velocity was calculated based on the spray
penetration length results, as presented in Figure 6.2.14. Similae toneaveraged spray
angle result, a lower tirr@veraged spray penetration velocity is observed at a higher ambient
temperature for all the five fuels. However, the effect of the ambient temperature is different
for different fuels. For example, the mration velocity of PRF95 drops slower when the
ambient temperature is lower than 750 K but faster when the ambient temperature is higher
than 750 K while LN, on the contrary, has a faster velocity dropping rate when the ambient
temperature is lower tharb0 K. Comparing the timaveraged spray penetration velocity
among five selected fuels, no certain pattern or trend is found under a certain ambient

temperature.

6.2.3 Summary

1. Fuel autagnition was observedith noticeable ignition delafor five investigated
fuels under all selected experiment conditions. Locations of the occurrence -gjratibms
are randomly distributed inombustion chamber. Occasionaliypre than one autignition
events could take place in one experiment.

2. For all expements, ignition delay is always much longer than fuel injection duration.
For each fuel, éonger ignition delay is found under a lower ambient tempegatondition.
The ignition delay drops rapidly with increasing temperature when the ambientatumgis
lower than 750K, buthe ignition delay dropping rate becomes much smaller once the ambient
temperature exceeds 750 K.

3. When ambient temperature is lower than 750 K, PRF95 always has the longest

ignition delay and LN has the shortest ignition defagsoline surrogate has slighshorter
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ignition delay than neat gasoline, and the ignition delay of PRF65 iseshitah PRFO5.
Ignition delay of five fuels are quite close when the ambient temperature exceeds 750 K.
4. Five fuels have similar spray fiiopenetration length developmeartd close spray

anglesbefore the occurrence of adgnition under all investigated conditions
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6.2.4 Tables and Figures

Table 6.2.1 Gas compositions before after the premixed combustion

CaoH:2 02 CO2 H20 N2 MW Density
NO. Status V%) (Vo) (V%) (V%) (V%)  (g/mol)  (kg/md)
Before
1 premixed 4.1 44.2 0 0 51.1 28.6 3.5
combustion
After premixed
2 combustion 0 21 9.8 4.9 64.3 29.9 3.5
Table 6.2.2. Gasolingurrogate composition
Species Wt (%) mol (%)
Toluene 0.065934 0.066014
N-heptane 0.142857 0.131589
Iso-octane 0.351648 0.284132
Cyclopentane 0.131868 0.173523
1,2,4trimethylbenzene 0.21978 0.168703
Ethanol 0.087912 0.176038
Table 6.2.35elected fuel properties of investigated fuels
Fuel Density Boiling Point  RON MON AKI
(gm/liter at 25°C) (°C)
LN 654 50-73 65 63 64
Gasoline 755 64-162 91 83 87
Gasoline Surrogate 743 73140 91 83 87
PRF65 687 - 65 65 65
PRF95 692 - 95 95 95
Isooctane 707 99 100 100 100
Heptane 679 98 0 0 0
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Table 6.2.4ignition delay of gasoline, gasoline surrogate, LN, PRF65 and PRE&featnt ambient
temperatures

Ignition delay (ms)

Temperature (K) 650 725 800 875 950
Gasoline 7.104 2.314 1.150 0.874 0.711
Gasoline Surrogate 5.763 2.076 1.250 1.101 0.837
LN 4.831 1.995 1.392 1.167 0.986
PRF65 10.063 3.006 1.649 1.162 0.947
PRF95 12.265 3.810 1.169 1.368 1.087
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Figure 6.2.1. Experimental system: 1. fuel injector, 2. exhaust line, 3. chamber body, 4. quartz
window, 5.plug/window refaer, 6. pressure transducer, 7. intake line, 8. metal plug, 9. spark plug,
10. Combustion chamber, 11. high speed camera
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Figure 6.2.2. Locations of injector, pressure transducer and chamber view boundary

102



(e) PRF65 950K

Figure 6.2.3. Auteignition images of PRF65 under different ambient temperatures
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(E) Gasoline surrogate

Figure 6.2.4. Comparison of auignition images of fie fuels under 650 K ambient temperature
condition
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(E) Gasoline surrogate

Figure 6.2.5. Comparison of auignition images of five fuels under 950 K ambient temperature
condition
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Figure 6.2.6. Igrition delay development of five investigated fuels
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Figure 6.2.7.PRF65 spray images before ignition: (a) 650 K (b) 725 K (c) 800K (d) 87 $6(eK
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Figure 6.2.8.Comparison of fuel spray before atigmition of five fuels at 650 K
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Figure 6.2.9Comparison of fuel spray before atgmition of five fuels at 950 K
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