ABSTRACT

WANG, LIBING. Experimental Investigation of Spray and Combustion of Gasoline Direct
Injection under Different Ambient Condition@&Jnder the directioof Dr. Tiegang Fang

Liquid fuels, with the advantages of high energy density and easy trtaisfity, have
been playing an irreplaceable role in industrial and commercial applicafibiistheincreasing
stringent emission standards and the limited fossil fuel resoumg@®ving spray atomization and
optimizing the combustion process are et more and more important for enhancing engine
performance, reducing fuel consumption and pollutant emissions.

Experimental investigation of spray and combustion of gasoline direct injeci®narried
out in a constant volume combustion chamber.dp&ffit ambient pressures, system temperatures,
ambient gas compositions and spark conditions were used to create a multitude of environments
for the spray and combustion from a hollow cone GDI injector.

Firstly, the flash boiling spray of an outwardly openhollow cone GDI piezoelectric
injector can cause the cone shaped spray to expand, betinds and outwards. The axisymmetric
inward expansion of hollow cone spray would merge together and form a fast developing plume
along the axis of the spray, atte transition point for the plume to appear is around 0 &nfdxient
to saturation pressure ratiBd/P$. When Pa/Ps ratio mver0.5, the spray penetration is mostly
determined by the initial spray momentum. When Pa/Ps ratio is smaller than Ol&shhwmofling
and spray plume front becomes dominant factor affecting the spray penetration velocity. Under
same conditions, ethanol has higher superheated degree comparing to isooctane, but much higher
heat of vaporization. Less boiling is observed in mthapray andethanol paetration is longer

For multrcomponent fuels, mixture 50/50 shows a good average data of isooctane and
ethanol. Gasoline, due to its low initial boiling point and wide range of components, has the widest

plume ratio distributiorand smallest gradient. This gives us insight that adding low boiling point



(preferably with low heat of vaporization) additive or component to high boiling point fuel, can
facilitate flash boiling, fuel vaporization, and mixing.

Compression ignitior{CI) and spark assisted compression ignitt@mbustion(SACI)
developmergwereinvestigated using PRF95 (high octane fuel) and PRF65 (low octaneTtuel).
cumulative heat releag€HR) decreases with the increase of ambient temperaturedeanebse
of oxygen levels.Thepeak heat release rgtéHR) first increases then decreases with the increase
of the ambient temperaturépr PRF95, the peak HRR appears at about 750K to 800K, while for
PRF65 it is about 700K to 650K.h& peak heat release rate timing alsvalgcreases with the
increase of the ambient temperature or oxygen level. Under a low ambient temperature, the oxygen
level plays a major role in affecting the peak heat releaseUatier lower oxygen levelshe
flame becomes darkdhe ignition delaypecomes longegndthe combustion process takes more
time to completeProper spark timing can help advance the peak HRR and shorten ignition delay,
but this effect becomes minor when the temperanhareases The added spark has less effect on
PRF65 tlan on PRF95.

Under flash boiling spark ignition condition, the flame appears with low luminosity and
cloudlike shape. These clotlike flame region is where the fuel is distributed well into the whole
volume of the chamber. The peak pressure to initedqure ratio can be more tHedtimes under
0.2 barabsoluteambient pressur&’he more weight of added mass and higher peak temperature
are major factors contributing to the very high peak pressure to initial pressure ratio. The flash
boiling spark ignibn combustion can lead better distributed mixtureand less locally fuel rich
spots, resulting in very clean combustion and greatly reduced particulate matter production, which

IS promising in pursuing lower emissions.
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1. Introduction

1.1. Motivation

Gasoline engines have been playing an irreplaceable role in groundottatisp and
commercial applications, with the advantages of gasoline fuels: high energy density and easy
transportability. Gasoline (excluding fuel ethanol) accounted for 55% of total U.S. transportation
energy use in 20[1], as shown ifrigurel-1. Total gasoline consumption (including fuel ethanol
added to gasoline) faransportation averaged about 9 million barrels (1.427 wpper day.

With the wide popularity, gasoline engines have been a major contributor to the air
pollutant emissions, including carbon monoxide (CO), unburned hydrocarbon (UHC), oxides of
nitrogen (NQ), particulate matter (PM), and greenhouse gases. This continues to be a matter of
great concern, especially in large crowded metropolis cities, where the air condition is greatly
affected by the largaumberof running engines. This issue has beeawing more and more
attentionand extensive research activities have been carried out in recent years to reduce fuel
consumption and pollutant emissgwof automobile enginga).

Gasoline direct injection (GDI), has been considered to Hav@datential to satisfy the
stringent emission requirements and becomes more popular in recent markets -ajrsfiank
(SI) engines. GDI engines have been rapidly adopted by the automotive industry over the recent
years, from 2.3 percent of productiom foodel year 2008 vehicles to over 45 percent production
for model year 201B]. In a GDI engine, the fuel is pressurized and injected via a common ralil
fuel injection system directly into the combustion chamber of each cylinder as opposed to the more
conventional multpoint port fuel injection (Pl technique. The incorporation of direct injection
strategy into a spatignition engine offers several improvements including enhanced fuel

economy, higher compression ratio, reduced knock tendency and improved transient fégponse



It was reported that the fuel efficiency or miles per gallon (MPG) of vehicles driveaDby
engines is about 5%~10% higher than those using port fuel injection (PFI) efigGleMost
recently, Toyota & developd GDI engines with 40% thermal efficier]@}. In spite of these
advantagesomestudies have indicated that the mixture schemes and combustion mechanisms of
the GDI engine result in higher amounts of particulate matter (PM), especiallyg dueircold
start phase and at high acceleration operation cond[B¢g®s However the particulate matter
emission from engineow only contribute 10 to 15 percent of tb&alfrom modernGDI vehicles
Non-exhaust sourcgsires, brakes, and dust kicked up from road surjeemesount for more than
90% of PM10 and 85% of PM2.5 emissions from passengdd6hr$helatest GDI engine cars
areso advanced that thdyave similar total PM emission comparing to thedernelectric cars
which have no exhaust PeImissions

On the other hand, the emission regulation iob@ng more and more stringemthich
forces the ircylinder combustion process to be cleaner. The evolution of EPA emission standards
is shown inFigure1-2, featuring substantial reductions of NOx and PM as well as more stringent
HC limits. The evolution of Euro emission standards is showiraite 1-1. In order to meet those
requirements, researchers have been gutsfforts irto further increasing the spray quality,
reducing the droplet size, improving the combustion efficietioysdeveloping cleaneandmore
efficient sprayandcombustion.

Meantime, in order to achieve higher efficienRgsearchers have been intradgemore
advanced combustion maleHomogeneous charge compression ignition (HCCI), gasoline
compression ignition (GCI), spark assisted compresgiotion (SACI). Mazda has been the early
adopter in using HCCI on passenger vehicles, and their next genesan o f-3 s kypgchev

targets at 56% maximum thermal efficieficd]. Moreover, it has been demonstrated that diesel



compression ignition engines chandle much higher load on gasofiiie fuels at given engine
parameters, and maintain losoot and NOx emission at the same tifh2]. Hence running
compression ignitiocombustion modewith gasoline offers the potential for developing engines
of high efficiency and low emissions at lower cost and compleXiyitionally, NOx levels can
be reduced by reducing combustion temperature by either running leamjxpre or using
EGR[13].

While gasolines with higher octane numbers can enable efficient future spark ignition
(SI) engines, low octane gasoliike fuels might be desirable in compression ignition (CI)
engines.Generally,low octane refinery fuel, such as Naphtl&,composed of C5 to C11
hydrocarbons and has a loweasch octae@ number (RON) valu&incethese fuelsequires much
less processing in the refinery than either gasoline or diesel, there is an additional benefit in terms
of well-to-wheel CO2 emissions and overall energy consiid¢dCompared to commercial
gasoline and diesel fuels, blends of various refinery streamslovittoctane fueldhave been
considered attractive alternatives to provide suitable chemical characteristics (longer ignition delay
than diesel) in GCengines at lower production cost and wettank CO2 emissions. Hao et
al[15] found that compared with the conventional pathway, thedotane gasolin&ClI pathway
leads to a 24.6% reductiamenergy consumption and a 22.8% reduction in GHG emisstass.
attracting researchnterest tohave a deepeunderstanding on thepray and combustion
characteristicef gasolineand gasoline surrogate fuels
1.2. Research objective

The objective of ths study ismainly focused on thexperimental investigation of spray

and combustion of gasoline direct injectiomder different conditions. Different fuels have been



used and the experiments are conduatetkr different ambient condition¥he majorobjectives
are as followswill be organizedas follows:

Investigation of flash boiling spray of isooctane under different ambient pressure condition
and temperaturesStudy the effect of different superheated degree on the gasoline direct injection
hollow conesprayand how it improves the spray mixing process

Investigation and comparison of flash boiling spray among different fGélgly the
difference introduced by using fuel with different boiling point and superheated degree. Compare
thespray charactestics when using pure substance fuels and multicomponent mixtureGuwes.
insight about how to facilitate and utilize flash boiling for better spray mixing.

Investigation and comparison of compression dgmition (Cl) and spark assisted
compressiongnition (SACI) oftwo primary reference fus(PRF) under spray G conditioGtudy
the effect of different added spark time on the combustion development. Compare the difference
in compression ignition process between high octane fuel and low octane fuel.

Investigation ofspark ignition of direct injection flash boiling spre§tudythe effects of
different superheated conditions on the spray and spark igongimmbustion development. Try to
achieve better spray mixing and cleaner combustion processiiyreng flash boiling and spark
ignition.

1.3. Outline

Chapter Zocuses orthe flash boiling spray of a hollowone GDI piezoelectric injector
using pure isooctan®ifferent sets of heating devices were used to ensure that the fuel, injector
and ambient temgrature are all kept at same valekninating the possible variations introduced
by temperature difference between the fuel and the environment inside the chaynbiee. B

combination of different temperature (25 °C to 125 °C) and ambient pressure tl 1®akPa),



different superheated degrees and different amibcesdituration pressure ratios (Pa/Ps) can be
achieved. The effects of superheated degree and flash boiling on the spray shape and spray
penetration development are analyzed and discu$kedharacteristics of neflash boiling and

flash boiling sprays are compared.

Chapter Xharacterizethe spray of both pure substance fuels and multicomponent fuels
under conditions involving flash boiling and no flash boiling under various parameters lik
different temperature and ambient pressure, thus different superheated degrees. The effects of
superheated degree and flash boiling on ghey development and macroscopic featuwkes
different fuels are analyzed and compared. The different between pusie substance fuel and
multicomponent fuel are also discussed.

Chapter 4 presesthestudyof compression autmnition and spark assisted compression
ignition experiments of PRF95 and PRF65 in a constant volume combustion chamber (CVCC)
under a giverambient gas density condition. Different oxygen levels were used to simulate
different exhaust gas recirculation (EGR) levels. Both the pressure data arspéeghvideo of
the combustion process were recorded and analyzed to study the effect of tenipenature and
EGR levels on the combustion developmenhie effects of ambient temperature and EGR levels
on the combustion development are investigated and analyzed in the experiments. The heat release
rate and accumulative heat release under eacltioondre compared.

Chapter Sprovides experimental data to visualize combustion events lmdeambient
pressure conditions inside a constant volume combustion chaftisrchapterfocuses on
characterizing the spark assisted combustion following ay sprant undedifferent ambient
pressureandtemperature combination undehich the flash boilinganoccur In this section, by

the combination of different temperatut®(C to 125 °C) and ambient pressude2(bar to 1 bar,



absolute pressuredhe efects of different superheated conditions on the spraycombustion
development features are measured and analyzed. The characteristicglasmoilingspark
ignition and flash boilingspark ignitionare compared-igh-speed videos dhe flame trangnt
development under low ambient pressure are studied and compared.

Chapter6é summarizeshe important conclusions aiadl the studies discussed in previous
sections On the other handuture work isalso presentenh the end.

1.4. Tables and Figures
TaHde 1-1. The evolution of Euro emission standards.

Stage Date CO | HC | HC+NOx [ NOXx PM PN
g/km #/km
Positive Ignition (Gasoline)

Eur o 1992.07 | 2.72 (3.16) - 0.97 (1.13) - - -

Euro 2 1996.01 2.2 - 0.5 - - -

Euro 3 2000.01 2.30 0.20 - 0.15 - -

Euro 4 2005.01 1.0 0.10 - 0.08 - -

Euro 5 2009.09 1.0 0.10' - 0.06 0.005 -

Euro 6 2014.09 1.0 0.1¢0! - 0.06 0.005 6.0x10te9

Compression Ignition (Diesel)

Euro 1992.07 | 2.72 (3.16) - 0.97 (1.13) - 0.14 (018) -
Euro 2, IDI 1996.01 1.0 - 0.7 - 0.08 -
Euro 2, DI | 1996.0% 1.0 - 0.9 - 0.10 -

Euro 3 2000.01 0.64 - 0.56 0.50 0.05 -

Euro 4 2005.01 0.50 - 0.30 0.25 0.025 -

Euro 5a 2009.09 0.50 - 0.23 0.18 0.003 -

Euro 5b 2011.09 0.50 - 0.23 0.18 0.003 6.0x101

Euro 6 2014.09 0.50 - 0.17 0.08 0.003 6.0x101

* At the Euro 1..4 stages, passenger vehicles > 2,500 kg were type approved as Category N1 vehig
A Values in brackets are conformity
a. until 1999.09.30 (after that ddd engines must meet the IDI limits)
b. 2011.01 for all models
€. 2013.01 for all models
d. and NMHC = 0.068 g/km
e. applicable only to vehicles using DI engines
f. 0.0045 g/km using the PMP measurement procedure
g. 6.0x1012 1/km within first three yedrem Euro 6 effective dates
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Figurel-2. The evolution of EPA emission standards.



2. Flash Boiling Hollow Cone Spray from a GDI Injector under Different

Conditions

2.1. Introduction

Gasoline direct injection (GDI) technology has been considered to have the potential to
satisfy the stringent emission requirements and becomes more popular in receigirspankSl)
engines. The major advantages of a GDI engine are its increased fuel efficiency and high power
output[5,6,16] The spray characteristics and droplet breakup have always been an important topic
of further inproving liquid fuel atomizatiofil7], which is critical to combustion and emissions in
GDI engines. Thatomized small dropletsan greatly enhance tlfigel vaporization anduel-air
mixing.

High pressure injection systems are widely use@[i engines to atomizkquid fuel to
small dropletsHigh injectionpressureand smaller dropletsnablefast engine transient response,
good efficiency andeduceemissiong4,18]. Butthere is alsdimitation with usingahighinjection
pressure to atomize liquid fuélirstly, the liquid momentum is usually high under a high injection
pressure, and the liquid fuel could over penetrate and impinge on the cylinder wall and/or piston
surface. This could cause abnormal combustion (such as pool fires), leaving a high level of
unburned hydrocarbon and soot emissifit@ 21]. On the other hand, the effects of injection
pressure on droplet size reduction decline or even diminish as the injection pressure further
increaselR?2]. Researchers hawged different approaches, such as injecting the fuel with pressure
and temperature beyond its critical poi3]. However, it is very hard to maintain the fuel beyond
its critical points under mmal engine operation conditions. Superheated injection and flash
boiling are relatively easier to achieve in GDI engines and it can facilitate spray atomization and

droplet breakup.



One fluid can experience superheated states if its temperature istabdaaling point
under a certain ambient pressure, or if it is being put into an environment with an ambient pressure
lower than the saturation pressure at the corresponding temperature. This process is typically
associated with very fast timescales du¢hie sudden pressure dii@d]. The rapid reduction in
pressure and simultaneous increase in superheat extent cause the fuerl donegtaistable state
with significant superheat thermal energy, which is consumed via the rapid flash boiling process
[25]. Flashboiling of fuel sprays can have a sigcdint effect on spray formation and its
characteristics, due to bubble nucleation, growth, and phase change, producing ehjosive
atomization and complex spray structuf2é], by undergoing flash boiling the fluid regains
equilibrium[27]. Sheret al.[28] summarized the stages of the flash boiling mechanisms. It was
found that there were three stages to flash boiling: bubble nucleation, bubble growth, -and two
phase flow. Bubble nucleatios classified into two groups: 1) homogeneous, in which nucleation
sites form within the liquid itself in the absence of any bubble nuclei, and 2) heterogeneous
nucleation in which gas and solid phases appear at an interface or a boundary rather éhan in th
liquid [29]. The stages of bubble growth were further discussdtldssett al.[30] and Kawano
et al.[31]. VanDerWeg¢32] identified two regimes of flash boiling: internal flashing and external
flashing. Internal flashing occurs when bubbles are formed iasidigector orifice leading to the
ejection of a twephase flow consisting of both liquid and vapor. The spray expands rapidly when
exiting the injector. External flashing occurs when the liquid jet is intact as it exits the injector
orifice but is then Isattered by rapid bubble growth as it moves downstream of the orifice. Vieria
and SimoesdVioreira[33] examined isooctane flashing regime and found that flashing takes place
at the surface of the liquid cotierough an evaporation wave, which results from a sudden liquid

evaporation in a discontinuous procgs$).
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Flash boiling spray can occur in GDI engines under part load conditions, particularly when
operating in late inlet valve opening strategies. Flash boiling has been observed by several
researchers in gasoline engirj@2,35,36] In today's GDI engines, the temperature of fuel in the
injector is normally high due to the heat transfer from the engine coolant and combustion gases.
When such a hot fuel is injected during the intake stroke withih-cylinder pressure, the fuel
temperature could exceed its boiling point and trigger flash boiling. It has been reported that up to
99% of injections during the O0New Hangecgrean Dr
[37]. The intensity of flash boiling increases with superheat degree-lbdélgiy of gasahe fuel
sprays in direcinjection engine applications can have a positive effect dfuairmixing, due to
the increased evaporation rate and smaller droplet[S&e39] However, depending on the exact
plume orientation and injector nozzle type, flashing and spray collaggéead to decreased liner
wall wetting but increased piston wall wetting due to increased axial momentum of thd§jpray

Studies have been carried out to investigate the influential factors on the flash boiling of
GDiI injection. Xu et al.[41] studied the flash boiling sprays from a mitle direct injection
injector using various optal diagnostic techniques. They found that the ratio between the ambient
pressure and the liquid saturation pressure (Pa/Ps) plays an important role during the spray flash
boiling with good correlations to the spray characteristics. Wetodl. [42] made drop size
measurements and showed that under flash boiling conditions the large droplets within the spray
were all brolen down into smaller droplets by the flash boiling process, a Sauter mean diameter
(SMD, namely D32) reduction of 42% for a superheat degree of 36°C.etahf4 3] studied the
effect of flash boiling sprays on the combustion characteristics of a GDI optical engine under cold
start. Their results show an improvement of indicated mean effective pressure and a reduction of

soot formation withhe introduction of flash boiling sprays under cold start conditions.
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Most of the previoustudieson flash boiling spray of gasoline direction injection, however,
were conductedn fuel flashing boilingvith a multihole injector and the ambient environrhen
temperature is not controlled or monitored. Freavks weredone orthe flash boiling sprays from
hollow cone piezoelectric GDI fugtjectors. In this study, experiments were carried out to study
the flash boiling spray of a hollow cone GDI piezoeleciniector. Different sets of heating
devices were used to ensure that the fuel, injector and ambient temperature are all kept at same
value,eliminating the possible variations introduced by temperature difference between the fuel
and the environment ingdthe chamber. Bthe combination of different temperature (25 °C to
125 °C) and ambient pressure (1 kPa to 100 kPa), different superheated degrees and different
ambientto-saturation pressure ratios (Pa/Ps) can be achieved. The effects of superheated degr
and flash boiling on the spray shape and spray penetration development are analyzed and
discussed.

2.2. Setup and diagnostics

The experimental setup consists of a constant volume chamber (CVC), a fuel injection
system, a Schlieren imaging system and b-Bgeed imaging system. The CVC used is a chamber
with six ports. The optical access was enabled by two quartz windows mounted on two ports
opposite to each other. Other ports were sealed by solid stainless steel plugs with accessory
components. The inneiiameter of the quartz window is 100 mm, and the internal volume of the
chamber is 0.95 L. More details of the chamber can be found in the previous publigztjésk
During the experiment, the chamber is vacuumed to a certain pressure. The fuel injection system
consists of a lowpressure fuel supply pump, a highessure pump, a fuel rail, and a piezoeiect
outwardly opening hollow cone fuel injector. The higtessure pump is driven by a 2 horsepower

(HP) electric motor. The rail pressure is controlled by a LabVIEW program using a PID control
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scheme. More details of the injector and fuel injection systembe found in previous publications
[46]. The injection pressure was maintained at 8 MPa. The uncertainty of injection pressure from
data acquisition is about 0.015 bar (0.0015MPa). The injection duration was kept as 1 ms by an
external pulse generator (Stanford DG535) and the measyeeted fuel mass was 34.13 mg per
injection. The temperature of the chamber body, fuel injector body and gasoline common rail were
all monitored by multiple thermocouple and were governed by -tbmge controlled heaters,
ensuring that they have the satamperature. This eliminates the possible variations introduced
by temperature difference for fuel from common rail to inside the chamber, which may introduce
more unguantifiable parameters.

The Schlieren photography method is an effective way to recerfiiothr of fluids with a
varying density. In this study, the Schlieren method enables us to see the boiling of the spray and
the gaseous region, which is originally transparent and not necessarily visible. The Schlieren
imaging system consists of a poirght source, two parabolic mirrors and a knife edge, as shown
in Figure2-1. A high-speed camera (Phantom V4.3 from Vision Research Inc.) was used to capture
the images. A 50 mm fixed focal length lens was used to collect thd. signgaF number (F#)
wassetatb.nd the exposure time was 2 e€s. The came
with a resolution of 240x240 pixels. The corresponding physical image resolution was
approximately 0.416 mm/pixel. The uncertainty in the spray penetration length meaguseemen
about® 0.416 mm and the velocity uncertainty is approximatdlyL6 m/s. Five sets of higgpeed
videos were taken for each condition and saved for processing. In each experiment case, 50 images
(4 pretrigger and 46 podrigger) were captured, an@ &nages with spray were used for the spray
analysis. The camera was triggered simultaneously with fuel injection by the same pulse delay

generator. The fuel used was pure isooctane purchased from-B8idnth. A spray image
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processing program was devedojan the lab by using Matlab to read the original cine video frame
by frame. After each spray image was extracted from the video, a digital filter was applied to the
image for noise reduction. The original background before injection was subtracted bthea
images, then a background intensity level was added to all the images. In this study the pixel value
of background intensity level was set at 140 (out of 255), in order to show both the darker region
(liquid) and the brighter region (vapor) théme background. The image quality was further
enhanced by adjusting the contrast. The next operation was to use an edge detection algorithm
(based on a given intensity threshold) to find the spray penetration front near the axis location. The
spray front ege was then recognized. The averaged value of the spray penetration front was
defined as the spray axial penetration length. The shock wave detection used a similar algorithm
but with different threshold values.
Table2-1 shows allthe experiment settings and conditions, as well as the vapor pressure
value of isooctane. Vapor pressure curve under different temperature is also skayuna@-2.
There are six different temperatures used: 25°C, 50°C, A0, 100°C and 125°C. Seven
different ambient pressures were used: 1 kPa, 3 kPa, 5 kPa, 7 kPa, 10 kPa, 30 kPa and 100 kPa.
The vapor pressure curve of a pure substance denotes the saturation pressure (Ps) at the
corresponding temperature, or the boilpgnt temperature (Tb) at the corresponding pressure.

The equation used to calculate the vapor pressure of a pure substance is the Antoine equation:

L pm 1)
or

aEQH — 2)
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The parameters for isooctane in the Antoine equation are showabla2-2. With this
vapor data, we can calculate the superheated degree (SD), as wed ambiertb-saturation
pressure ratio. Superheat degree (SD) is defined as the difference between liquid temperature and
boiling point (TETb) under a given pressure. It is an intuitive expression of superheating and
widely used to indicate the supeat state of a liquid. However, this parameter is a dimensional
value. On the other hand, another way to indicate the superheat state is to use thet@mbient
saturation pressure ratio (Pa/Ps). This definition of superheat degree is dimensionleseand easi
to use for dimensional analysikable 2-3 shows the Pa/Ps values of all experiment conditions.
For a state above boiling point (suferated), Pa/Ps <1. For a state below boiling point
(subcooled), Pa/Ps>1. The ndmensional armientto-saturation pressure ratio value can
facilitate comparing the experimental results under different pressure/temperature combinations,
as shown irFigure2-3.

Though the two definitions (Pa/Ps and SD) are closely cordeldteir relationship is not

linear. This is due to the fact that the vapor pressure curve is not linear.

aédQ 6 — (3)
dedQ 6 — (4)
11 ¢e (5)

Also, the definition of superheatelégree D) is:

YO Y Y (6)
Y YO Y (7
17 e - (8)
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It can be seen that, at a given boiling point Tb, the relationship between Pa/Ps and SD is
not linear.Figure 2-4 shows the Pa/Ps vs SD {Tb) plots of isooctane at the six temperagur
used in this study. In Figure 4a where thaxys value of Pa/Ps is shown in linear scale, we can
notice that the lines are very close to each other when Pa/Ps is in O to 1 range. In Figure 4b where
the yaxis value of Pa/Ps is shown in logarithmic sctie curves are shown in a better and clearer
way. This is because it is actually log(Pa/Ps) which has a direct relationship with SD, as shown
above, and it is better to differentiate the superheated condition using log(Pa/Ps) instead of Pa/Ps.
Consequetty, in this paper all the Pa/Ps axis will be shown in a logarithmic scale, in order to
better indicate the effect of different superheated conditions.
2.3. Results and discussions

In this section, byhe combination of different temperature (25 °C to 125&t@) ambient
pressure (1 kPa to 100 kPdhe effects ofdifferent superheatecconditionson the spray
development andhacroscopic features are measured and analyzed characteristics of nen
flash boiling and flash boiling sprays are compared.
2.3.1 Spray images

Figure2-5 shows the images of typical spray development under certain given conditions:
25°C 100kPa, 25°C 10kPa, 75°C 10kPa, 125°C 100kith25C 30kPa. It is noticed that under
room condition (25°C, 100kPa) the spraaintains a hollow cone umbrella shape when it develops
with time. Under high superheated conditions, the flash boiling of the hollow cone spray is
believed to cause the spray to expand both inwards and outwards. The inward expansion of the
axisymmetricspray forms a plume shape front which is being pushe@Raw 3 and Row 5 of
spray development pictureskigure2-5). This phenomenon becomes stronger as the superheated

degree becomes larger. It is also observed that theeBamlnethod can help us see the boiling
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and vapor area next to the plume. Due to blockage of light, the liquid zone in the observation area
is often darker than the background. However, in RowsrBFigure 2-5, there are some gens

with higher/brighter than the background pixel value (which is kept at 140 during image
processing). This indicates that there is boiling/vapor generated at this region, which indicates that
the Schlieren method can enable us to observe the chagae density.

Under low superheat condition (room condition), flash boiling does not occur and the spray
develops as the originally designed hollow cone shape. Some minor evaporation occurs at the
spray edges but it has no obvious effects on the sprag slevelopment. When the superheated
degree is increased and the ambiergaturation pressure ratio is smaller than 1, boiling occurs at
the spray edge and the inward expansion begins to converge together near the axis. Then the plume
is gradually pushedut. When the superheated degree is further increased (Pa/Ps<0.1), flare flash
boiling happens (very strong inward and outward expansion and boiling, spray plume is nearly as
wide as the original spray). The spray plume also develops much faster esthis c
2.3.2 Spray penetration development

In order to compare the spray development with time, the spray axial penetration length
was analyzed. The spray axial penetration developments with time under different conditions are
shown inFigure2-6. All the cases with the same temperature and different ambient pressures are
grouped in the same graph. It is seen that uRBYE, all the penetration lengths except for 1 kPa
are very close to each other, while the 1 kPa case cleailyriyges penetration than other pressure
cases. As the temperature increases, the majority of penetration development under different
pressure cases gradually become longer. Two interesting cases are the 30 kPa and 100 kPa cases.
For the 100 kPa cases, thrial penetration development does not change much with different

temperatures. For 30 kPa cases, the spray axial penetration development does not start increasing
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until the temperature reaches 100°C, and under 125°C the axial penetration developmetd of 30
case becomes faster than that of 100 kPa. Another interesting thing to note is that under low
superheated degree conditions (the condition is slightly below the vapour pressure curve), the weak
phase change process can slightly disturb and slow dosvspifay penetration development.

Under the 25°C and 50°C conditions, both the 100 kPa and the 30 kPa cases are above the vapor
pressure curve (Figure 2). The penetration development of 30 kPa is slightly faster than 100 kPa.
When the temperature is increddo above 75 °C, the 30 kPa condition is below the vapor pressure
curve (Figure 2), which means that there exists weak phase change during the spray development.
As seen in the 90 °C condition, the penetration development of 30 kPa is slightly slow&d@ha

kPa (the 100 kPa case is still above the vapor pressure curve and thus no phase change). When the
temperature is further increased to 100 °C, it is seen that in the early stage, the penetration
development of 30 kPa is slightly slower than 100 kiP¢hé later stage strong boiling occurs and

a spray plume front is formed, causing the penetration to increase rapidly. Similarly, at 50°C, for
the cases of 10 kPa, 30 kPa and 100 kPa, there is no strong flash boiling. However, the 10 kPa case
is already blow the vapor pressure curve (Figure 2), and there exists weak phase change. This
slightly disturbs and reduces the penetration, which explains why the 10 kPa case is slightly slower
than the 30 kPa case. Generally speaking, with the increase of theesupdrdegree, the spray

plume front gradually appears and the spray axial penetration becomes longer.

2.3.3 Peak penetration velocity

Using the nordimensional ambierb-saturation pressure ratio, we can combine the
information of temperature and amhigressure into one parameter, enabling us to put all data of
different conditions in one graph. Here, the peak penetration velocity is used as a characteristic

value to compare among different cases.
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Figure2-7 shows the peagenetration velocity for different cases. The two graphs show
the same data. In the left graph points with same temperature are connected, while in the right
graph points with same pressure are connected. It is noticed that when Pa/Ps>0.5, the peak
penetation velocity does not change much for different conditions. In this range, the spray
penetration is determined by the initial spray momentum, and the effect of flash boiling is minor.
When Pa/Ps<0.5 the peak penetration velocity increases with thesmofesuperheated degree,
until it reaches around 200 m/s. In this range, the flash boiling and spray plume front becomes the
dominant factor affecting the spray axial penetration. When Pa/Ps <0.1, the increase of velocity
slows down.Figure 2-8 shows the trend of peak velocity increase of different superheated

conditions.

2.3.4 Spray axial penetration length

In order to compare the spray penetration and spray plume development under different
cases, spray images at the same éranth similar time after the start of fuel injection are selected
and compared for all the fuel injection conditioRgyure2-9 shows the spray images at the same
frame under certain experimental conditions. The temperatueages from the top to the bottom
and the ambient pressure increases from the left to the right. It is seen that on the top right corner
(low superheated degree) the spray remains its original hollow cone shape and the plume does not
appear. As the superhied degree is increased, the plume gradually appears and the width of the
plume becomes wider with higher superheated degree. In the bottom left corner (highest
superheated degree), strong flash boiling takes place and the original hollow cone shape is
deformed. For most of the high temperature cases, boiling phenomenon at the periphery of the

plume can be observed as well.
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The spray penetration length at the time frame is further compared using the d@oibient
saturation pressure ratio as a fthmensiorl parameterfigure2-10 shows the spray penetration
at the same time frame under different conditions. Here the graph on the left uses-tmbient
saturation ratio (Pa/Ps) as thexis, while the graph on the right use supertbdiegree (Fib)
as the xaxis. Three regimes are noticed in the Pa/Ps graph. When Pa/Ps>0.5, the spray penetration
stays almost the same for different temperature and ambient pressure conditions. In this regime,
the effect of superheating on spray depeatent can be negligible. When 0.1<Pa/Ps<0.5, spray
penetration quickly increases with the decrease of Pa/Ps value (increase of superheated degree),
and there is an obvious correlation between the spray penetration and log(Pa/Ps). In this regime,
the effectof superheating starts taking place. When Pa/Ps<0.1, the spray penetration continues to
increase with the decrease of Pa/Ps, but the rate of increase slows down. In this regime, flare flash
boiling occurs and the spray hollow cone shape is hardly maaatawhile the spray penetration
further increases. It can also be seen that thEbTgraph shows a similar trend, but the lines of
data are more dispersed in the penetration increasing region. This corresponds to the earlier
discussions of the relationghibetween the superheated degree (SD) and the arhigatiuration
pressure ratio (Pa/Ps). This also indicates that while two cases with similar Pa/Ps value can exhibit
similar penetration length character, two cases with simildibl¥alue can show sonaiference
in the axial penetration length. Overall, the ambierdaturation ratio is a better flash boiling
indicating parameter than the superheated degree (SD), in regard of the penetration discussion.

A better way to show the three regimes as \aslthe relationship between spray axial
penetration and ambietd-saturation pressure ratio, is to remove the temperature condition lines
and add correlation tredthes to different regimes, as it is shown Higure 2-11. Here he

correlation between spray axial penetration length and log(Pa/Ps) are described as follows:
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In the regime of 0.1<Pa/Ps<0.5:

0 ol T— c&1po (9)
when Pa/Ps<0.1:

0 poplpi— Lv@® MW (10)

2.3.5 Shock wave speed

Another benefit of using Schlieren method is that it enables us to observe the shock wave
produced by fast developing spray front. The shock wave framgually observed under high
superheated (low Pa/Ps) conditions. Figure 12 shows some conditions with the observable shock
wave front under 3 kPa ambient pressure. Here the generated shock wave is a compression shock
wave, and the shock wave is moving fordvavith time. At the shock wave interface the upstream
pressure is higher than the downstream, and the pressure difference is pushing the shock wave
forward. As the ambient pressure goes lower, it becomes better to treat the ambient gas as ideal
gas, dued the low density and less interaction between gas moledtpse 2-13 shows the
observed shock wave front speed. Higure 2-13a, data points with same temperature are
connected, while ifrigure2-13b conditions with same ambient pressure are connected. Generally,
the shock wave front speed increases with the increase of superheated degree. It can also be noticed
that the observed shock wave front speed is usually highetithgeak penetration velocity from
the observed spray front.
2.3.6 Spray plume ratio

In order to compare the spray plume front condition between different experiment
conditions, spray plume ratio is used in this study. The spray plume radius is niatdsakethe
key parameter here, because plume radius value is usually dependent on the spray cone radius and
comparing the plume radius alone between different conditions cannot reflect much insights. The
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plume radius to spray cone radius ratio, as adiorensional value, can be a good reflection of
the extent of flash boiling, and here we are using the plume ratio value of each experiment
condition at the same time frame with the spray axial penetration discussion in the |&&gyaat.
2-14shows a schematic of the spray plume front, as well as the plume radius and spray cone radius.
Figure2-15shows the spray plume ratio at the same time frame under all conditions. Here
the graph on the left uses ambito-saturation ratio (Pa/Ps) as th@xis, while the graph on the
right use superheated degree-TH) as the »axis. It is noticed that when Pa/Ps is larger than 0.5,
the plume does not appear and the plume ratio is zero. When Pa/Ps is smallé, timemelis a
good linear relationship between plume ratio at a certain time frame and the log(Pa/Ps), across all
the experiment conditions. However, when looking at the superheated degiéy {ibure, the
6 temperature lines does not overlap with eaitter. For two cases with the same superheated
degree (T4Tb), for example HTb=75’C, the case with lower temperature will have higher plume
ratio value. This shows that a similar superheated degree vali®) Thn have more impact and
cause greater extt of flash boiling on a lower temperature condition.
On the other hand, ambieta-saturation pressure ratio is proved to be a good parameter
across different temperature conditions to indicate the extent of flash b&iljuye 2-16 shows
the correlation between spray plume ratio and amibeesaturation ratio. It can be seen that with
Pa/Ps value further reduced to an extreme low condition (extremely superheated), the spray plume

ratio is approaching 1. When Pa/Ps<0.5,
Y T® plpl—  T® p X X (11)

2.3.7. Spray shape analysis
Figure 2-17 shows the schematics of hollow cone spray under different superheated

conditions. The superheated degmaeases from left to right. The graph on the left shows non
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flash boiling condition. The spray remains normal hollow cone shape. There is some evaporation
on the edge of the spray, but it is minor and does not affect the spray shape. Flash boilirgy happen
in the graph in the middle, arldads to inward expansion. Inward expansion is being pushed
together and spray plume gradually appears. The graph on the right shows a case with even higher
superheated degree. In this case strong flash boiling and-exjgliasion takes place at the spray.

The original spray cone shape is hardly maintained.

Because the spray in this study is a hollow cone spray and is axisymmetric, we can treat it
using a 2D model with an axis condition in the middle, a&igure 2-18a. For the initially
compressed fluid inside the injector nozzle, state 0, has the same pressure with the injection
pressure. Then the fluid undergoes a process from state 0O to state 1, while we assume that the liquid
state 1 is unifan and constant along the pure liquid surface. The pressure at state lis the saturation
pressure at the interface between fluid andlvase mixture flow. The sudden phase change from
state 1 to state 2, happens on the liquid surface through an evapaaat®ma phenomenon well
studied by SimoeMoreiraet al.[57]. The main characteristics of an evaporation wave are: 1) the
evaporation wave is a narrow and observable region that envelopes the evaporation front; 2) in an
evaporation wave, the metastaligiid is transformed into a higépeed twephase flow; 3) across
the evaporation wave, the fluid pressure and the temperature decrease as a consequence of the
sudden evaporation process. Then theivase flow undergoes an expansion process from state
2 to state 3, with the vapor percentage increasing and the liquid percentage decreasing. With the
phase changing and expansion, thie-3 process will be moving in the direction towards larger
specific volume on the P/v diagram. Meantime, with the-plvasemixture further evaporating
and absorbing heat, the local temperature is also further decreased. fit@sedlow gradually

becomes pure vapor state and local pressure decreases to be close to the backpressure. The process
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can also be shown in thevdiagram, as irFigure 2-19. Under extreme superheated condition,
the distance from state 2 to state 4 is greatly lengthened, due to the higher velocity of the two
phase flow. The inward-P high-velocity two-phase flow will then geclose to the axis boundary
and have to move downwards because of the axis boundary condition and the converging nature
when developing towards the axis (the circumference becomes smaller and-gif@s&diow in
each plane starts to converge). Thuspthene is formed, as is shownhigure2-18b. In thestudy
[57], after high degrees of expansistate Jpressure £is already lower thastate 4pressure P
Due to this pressure differenchetshock waven their cases actially moving towards the liquid
core, while the vapémixture is moving away from the liquid coamd crossing the shock wave
interface. This leads to an equilibrium and causing the shock wave to be stationary in the absolute
coordinate system. In our catlee spray evaporation and shock wave generation are different from
the above. The upstream pressure is higher than the downstream pressure at the shock wave
interface. The shock wave is a compression shock wave and is being pushed forward by the
pressuralifference, thus moving forward with time.
2.4. Summary

In this study, experiments were carried out to study the flash boiling isooctane spray of an
outwardly opening hollow cone GDI piezoelectric injector. By the combination of different
temperature and dment pressure, different superheat degrees (SD, -drb)fand different
ambientto-saturation ratios (Pa/Ps) can be achieved. The effects of superheated degree and flash
boiling on the spray shape and spray penetration development are analyzed andddiScuse
key findings are as follows:

1. For a hollow cone injector, the flash boiling spray can cause the cone shape spray to

expand, both #wards and outwards. The axisymmetric inward expansion of hollow cone spray
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would merge together and form a fastvdloping plume along the axis of the spray, and the
transition point for the plume to appear is around 0.5 for Pa/Ps ratio. The plume radius to spray
cone radius ratio, as a noimensional value, can be a good indicator of the extent of flash boiling.
When Pa/Ps is smaller than 0.5, a good linear relationship exists between plume ratio and the
log(Pa/Ps);

2. When Pa/Ps ratio is larger 0.5, the spray penetration is mostly determined by the initial
spray momentum, and the effect of flash boiling is minoneWPa/Ps ratio is smaller than 0.5,
the peak penetration velocity increases with the increase of superheated degree, until it reaches
around 200 m/s. In this range, the flash boiling and spray plume front becomes the dominant factor
affecting the spray petration velocity;

3. The spray axial penetration result at a certain time frame shows three regimes: When
Pa/Ps ratio is larger than 0.5, the effect of superheating on spray development can be negligible,
and spray penetration stays the same; When PatiBss between 0.1 and 0.5, spray penetration
quickly increases with the decrease of Pa/Ps value (increase of superheated degree), and there is
an obvious correlation between the spray penetration and log(Pa/Ps); When Pa/Ps is smaller than
0.1, flare flah boiling happens and the spray shape is hardly maintained due to the micro
explosion, while the spray penetration further increases. The SDb{T@raph shows similar
trend, but the lines of data are more dispersed with each other in the penetratiasingczone;

4. The relationship between Pa/Ps and SD is usually not linear, thus there will be minor
difference between using SD and Pa/Ps as the reference or absaisdgadhe data trend. While
two cases with similar Pa/Ps value can exhibit simplenetration characteristic, two cases with

similar Tf-Tb value can show some difference. Overall, the amibiesaturation ratio is a better
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flash boiling indicating parameter than the superheated degree (SD), in regard of the spray

penetration discugm.

2.5. Tables and figures
Table2-1. All experimentalsettings anadonditions and the vapor pressure value of isooctane
Camera frame rate 8113 fps
Resolution 240x240
F# 5.6
Exposure time 2 €5
Injection pressure 8 MPa
Injection duration 1ms
Injected mass 34.13 mg
TemperaturéC) g&ggjfg&ggg apor Ambient pessure (kPa)
25 6.58 1 3 5 7 10 | 30 | 100
50 19.53 1 3 5 7 10 | 30 | 100
75 48.25 1 3 5 7 10 | 30 | 100
90 7.2 1 3 5 7 10 30 | 100
100 103.8 1 3 5 7 10 | 30 | 100
125 19890 1 3 5 7 10 | 30 | 100

Table2-2. Parameters for isooctanethre Antoine equation.

Temperature (K) A B C
194.64- 298.44 3.94736 1282.332 -48.444
297.51- 373.28 3.93679 1257.80 -52.415

Table2-3. Ambientto-saturation pressure ratio (Pa/Ps) of all experimetadiitions.

25°C 50 °C 75 °C 90 °C 100 °C 125 °C
1 kPa 0.15 0.05 0.02 0.01 0.01 0.01
3 kPa 0.46 0.15 0.06 0.04 0.03 0.02
5 kPa 0.76 0.26 0.10 0.06 0.05 0.03
7 kPa 1.06 0.36 0.15 0.09 0.07 0.04
10 kPa 1.52 0.51 0.21 0.13 0.10 0.05
30 kPa 4.56 1.54 0.62 0.39 0.29 0.15
100 kPa 15.20 5.12 2.07 1.29 0.97 0.50

26




iy

Figure2-1. Schematic of the optical setup (1, point light source; 2, parabolic mirror; 3, constant volume
chamber; 4, parabolic mirror; 5, knife edge; 6, hégleed camera; 7, injector).
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Figure2-2. All experimentakonditions and the vapor pressure curve of isooctane.
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Figure2-3. Ambientto-saturation ratio (Pa/Ps) of all experimental conditions.
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Figure 26. Spray axial penetration development with time (continued).
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Figure2-7. Peak penetration velocity of axidévelopmenunder different conditions.
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Figure2-15. Sprayplume ratiocomparison at same time frame under all conditions.
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(a) (b)
Figure2-18. a. Schematic of flash boiling spray process in af2@ne which is axisymmetric with respect
to the cenkline b. Schematiander extreme superheated condition.
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Figure2-19. Schematic of R state along the flash boiling process.
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3. Flash Boiling Cone Spray from a GDI Injector with Different Fuels

3.1. Introducti on

Whenever fuel is injected into a volume where the ambient pressure is lower than that of
the saturation pressure of the fuel a phenomenon where rapid boiling of the fuel occurs, this is
known as flash boiling. This has been used as a method to ataquidduels inside a combustion
chamber and as a way to reduce emissions when using alternative fuels like gaseous and
oxygenated fuel81,47] The same phenomenon has also been observed by Vieira et al. to produce
highly reactive and explosive Twhase clouds in laboratory experimdit]. It was identified
by Georgeet al. that flash boiling helps the liquid attain equilibri{28]. The process of flash
boiling mechanism was summarized into three edatpat are described as bubble nucleation;
bubble growth; and twphase flow[29]. The stages were further discussed by Plasse{&d]al
A lot of studies have shown solid evidences relating flash boiling to liquid jet br¢&8149]
Polanco etlaand Simdes also examinedastane under flash boiling condition and reported that
flashing takes place at the surface of the liquid core through an evaporation wave whtohalea
sudden disaatinuous evaporation of the isctane [34,50] Steelant et al[51]conducted
experiments on the characteristics and morphology of a flas#tingipg high speed shadowgraph
and found that the level of super heat had a strong influence over the inception of flash boiling
within a depreagrized jet.

One of the major factors affecting the combustion process efficiency in a GDI engine is
the mixture quality as shown by experiments conducted on mixture formation inside the
combustion chamber of a GDI engine and from studying the combustioesses in those same
systemfb2i 54]. Chan et al. focused on studying the effects of injection presauteeaollapse

of the flash boiling sprays in a GDI engine to find that the spray plumes diminished with increase
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in injection pressurg55]. Further studies also suggested that flash boiling can enhance
vaporization of the fuel and improve atomization if maintained within a limit above which it can
increase the danger of vapor lockiae the fuel lines and alter the combustion perform{s&je

Weber et al[57] focused on the individual and isolated spray plumes in order to study the
effects of flash boiling on the sprays injected from aloole and a twdnole injector. Allocca et
al. [58] reported the spray characterization of a skiglke gasoline injector under flash boiling
conditions.It was found that at flash boiling conditions, the jet cone angles increased while a
further increase of the fuel temperature did not sensibly affect the penetrations in both axial and
radial directions. Montanaro et 4b9] identified some parameters affecting the flash boiling
phenomenon, such as the fuel temperature and the corresponding boiling pressure point. More
recently, Wuet al.[60] studied the flash boiling spray near the nozzle of a rholt injector. Ia
nozzle fuel evaporation and the fuel boiling outside the nozzle pnnwaitilence the flash boiling
spray atomization under superheated conditions. Huang ¢8ldl.compared the spray and
evaporation characteristics of ethanol and gasoline fromemaporating @ flashboiling
conditions. For both ethanol and gasoline, fuel temperature was significant in affecting the
macroscopic characteristics of flasbiling sprays. Guo et al62] specifically investigated the
far-field spray collapse under the flash boiling condition and differentiated it from thdielear
collapse at an elevated ambient pressure condition. In[B&f. both the macroscopic and
microscopic flastboiling spray characteristics were studied in an optical GDI engine through
PDPA and higkspeed photography. Moreover, Bornschlegel §63l.systematically studied the
flash-boiling spray from a singt@ole injector in order to provelthe basis for the study of et
jet interaction in the flasboiling sprays from mukhole injectors. Lacey et §64] developed a

new framework to characterize the behavior of flaelling multi-hole GDI sprays and a general
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criteria for both spray collapse and plume interaction due to flasimg, which appeared to be
applicable to any fuel injector.

Montanaro et al[65] investigated the effect of aminiepressure and temperature on the
morphology of multijet flashboiling spray using a GDI setup. Li et @6] investigated the effects
of fuel temperature, ambient pressure and superheated index)(P&/Phe evaporation
characteristics and heat transfer of flashling sprays. It was found that rapid evaporation of
flash-boiling spray leads to a higher vapor concentration along the center line. Also, the decrease
of the liquid temperature along thenter line was much faster than ritash-boiling spray. Yang
et al.[67] analyzed the dynamic interaction between the gas phase and ligsiel ipithe nozzle
and out of the nozzle. They showed that the dynamic feature ofldtalihg spray was closely
connected with the dynamics of therinzzle flow. Wu et al[68] showed that nozzle length had
contrary effect on spray primary breakup under subcooled and superheateebdiliasf)
conditions. Longer nozzle length was found to enhance the atomizaticevapdration of the
flash-boiling spray. Li et al[69] investigated the effect of ambient pressure on the morphology of
multi-jet flashboiling sprays. Both the behaviors of neazzle and fanozzke sprays were
discussed. With an aim of understanding the mechanism and influencing factors of spray collapse,
Guo et al[70] experimentally studied the radial expansion of flashing jet from a shuiéeGDI
injector. They showed that the extent of radial jet expansion under flashing boiling conditions is
probably detemined by chemical potential of phase change and ambient resistance. Dong et al.
[71] observed strong plur@ume and plumair interaction under flash boiling condition during
the intake stroke. From the color images of the flamey tband that with the increase of
superheated degree, the diffusion rate of blue flame became higher and the yellow flame was less

under flash boiling, indicating that the combustion is more complete. Yand43]adtudied the
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effect of flash boiling sprays on the combustion characteristics of a GDI optical engine under cold
start. Their results showed an improvement of indicated meaniegf@ressure and a reduction

of soot formation with the introduction of flash boiling sprays under cold start conditions. Wu et
al. [72] showed that spray processes of mitile injector could nobe well represented by the
singlehole injector due to the spray collapse. Strong plume interaction triggered severe spray
collapse and result in longer spray penetration and smaller spray angles. JiafiiB¢stidied

the effect of GDI fuel injector hole geometry on flashiling sprays, particularly in the aspect of

hole diaméer and conicity. It was found a typicaltyzed hole diameter could produce collapsed
sprays more easily than others. In addition, under flash boiling conditions, the convergent hole was
found to have a greater propensity to exhibit spray collapse.

Severd studies have been previously conducted to document the spray properties of
alternative fuels in engines that can help improve future designs to more efficiently use alternative
fuels like Ethanol. One such study discussing about the spray propertitesraftare fuels shows
the changes in spray characteristics as the ratio of fuels chi@dgeSrom the findings we can
infer that the main spray tip penetration decreases, and the spray angle increases wrtathe in
in concentration of ethanol in the fuel. In another work done by Aleiferis et al. the results showed
that the spray plume was induced to collapse due to the low boiling point components in the fuel
mixture, even though the fuel was not in flashibgilcondition[75]. In some other experiments
conducted by Adersson et al. the addition of ethanol into gasoline made the evaporation poorer
compared to straight gasolifig6]. In another study the evaporation characteristics of E100 and
E85 was compared under different conditions to determine thlatdailing point components in
gasoline are present mainly only middle to downstream of the stray after EOl. Which is caused by

fast evaporation of the ethanol in the mixt{i#é]. In another study performed on E100 and E85
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test fuels with isooctane the results show that the increase in injpcissure caused an increase
in the axial spray penetration leading to a quick decrease of spray cone angle after the main spray
has ended. The same study also suggests that the E100 fuel will have the largest droplet size among
the tested E100, E85 and @ fueld[78].

Most of the previoustudieson flash boiling spray of gasoline direction injection, however,
were conductedn fuel flashing boilingvith a multihole or singlehole injector and did not use
and compare different fulFewworks weredone orthe flash boilinghollow conesprays. In this
study, experiments were carried out to study the flash boiling spray of a hollow cone GDI
piezoelectric injector. The scope of this study is to characterize the spray of both ptaacgubs
fuels and multicomponent fuels under conditions involving flash boiling and no flash boiling under
various parameters like different temperature and ambient pressure, thus different superheated
degrees. The effects of superheated degree and flabhgbon the spray shape and spray
penetration development of different fuels are analyzed and compared. The different between
using pure substance fuel and multicomponent fuel are also discussed.
3.2. Setup and diagnostics

The experimental setup consists ofanstant volume chamber (CVC), a fuel injection
system, a Schlieren imaging system and a-Bgged imaging system. The CVC used is a chamber
with six ports. Optical access was enabled by two quartz windows mounted on two ports opposite
to each other. O#r ports were sealed by solid stainless steel plugs with accessory components.
The inner diameter of the quartz window is 100 mm, and the internal volume of the chamber is
0.95 L. More details of the chamber can be found in the previous publi¢a9® During the
experiment, the chamber is vacuumed to a certain pressure. The fuel injectionceystists of

a lowpressure fuel supply pump, a highessure pump, a fuel rail, and a piezoelectric outwardly
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opening hollow cone fuel injector. The highessure pump is driven by a 2 horsepovi#®) (

electric motor. The rail pressure is controlled by BV I&W program using a PID control scheme.

More details of the injector and fuel injection system can be found in previous publi¢adbns

46]. The injection pressure was maintained at 8 MPa.iffjeetion signal duration was kept as 1

ms by an external pulse generator. The injected mass is 34.13 mg, 33.32 mg, 34.07 mg, 31.64 mg
for isooctane, ethanol, 50/50 mixture and commercial gasoline, respectively. The temperature of
the chamber body, fuehjector body and gasoline common rail were all monitored by multiple
thermocouple and were governed by clus®p controlled heaters, ensuring that they have the
same temperature. This eliminates the possible variations introduced by temperature ditference
fuel from common rail to inside the chamber, which may introduce more unquantifiable
parameters. Four different fuels are used in this study, two pure substances: isooctane and ethanol,
two mixtures: commercial gasoline and 50/50 mixture of isoo@adesthanol.

The Schlieren photography method is an effective way to record the flow of fluids with
varying densities. In this study, the Schlieren method enables us to see the flash boiling of the
spray and the gaseous region, which is originally traespaand not necessarily visible. The
Schlieren imaging system consists of a point light source, two parabolic mirrors and a knife edge,
as shown irrigure3-1. A high-speed camera (Phantom V4.3 from Vision Research Inc.) was used
to capture the images. A 50 mm fixed focal length lens was used to collect the signal. The F number
(F#) was set at 5.6 and the exposure time was
(fps) with a resolution of 240x240 pixels. The scale ofré@s®lution is that 1 mm corresponds to
2.4 pixel. Five sets of highpeed videos were taken for each condition and saved for processing.

In each experiment case, 50 images (4tpgger and 46 podrigger) are captured, and 20 images

are used for the spy analysis. The camera was triggered simultaneously with fuel injection by
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the same pulse delay generator. The fuel used was pure isooctane purchased frefidgigma

Spray image processing program was developed in the lab by using Matlab to reagiriaé o

cine video frame by frame. After each spray image was extracted from the video, a digital filter
was applied to the image for noise reduction. The original background before injection was
subtracted from all of the images, then a background inyelesiel is added to all the images. In

this study the pixel value of background intensity level is set at 140, in order to both show the
darker region (liquid) and the brighter region (vapor) than the background. The image quality was
further enhanced bgdjusting the contrast. Next operation was to use an edge detection algorithm
(based on a given intensity threshold) to find the spray penetration front near the axis location. The
spray front edge is confirmed when a couple of consecutive points omtleerea are beyond

the threshold value, then the first point position is recognized the spray front edge location. The
averaged value of the spray penetration front was defined as the spray axial penetration length.
The shock wave detection is using a samialgorithm but with different consecutive points
requirement and different threshold value.

Table3-1 shows all the experiment settings and conditions, properties of the used fuels, as
well as the corresponding vapor pressurai@adf pure isooctane and ethanol. There are six
different temperatures used: 25°C, 50°C, 75°C, 90°C, 100°C and 125°C. Seven different ambient
pressures were used: 1 kPa, 3 kPa, 5 kPa, 7 kPa, 10 kPa, 30 kPa and 100 kPa. Vapor pressure
curves of isooctane drethanol under different temperature are also showigure3-2.

The vapor pressure curve of a pure substance denotes the saturation pressure (Ps) at the
corresponding temperature, or the boiling point temperature (Tbh) at tfesponding pressure.

The equation used to calculate the vapor pressure of a pure substance is the Antoing equation

which has been introduced in earlier discussion.
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The parameters for isooctane and ethanol in the Antoine equation are shicatteid-2.

With this vapor data, we can calculate the superheated degree (SD), as well as thetambient
saturation pressure ratio. Superheat degree (SD) is defined as the difference between liquid
temperature and boiling point ¢Tib) under agiven pressure. It is an intuitive expression of
superheating and widely used to indicate the superheat state of a liquid. However, this parameter
is a dimensional value. On the other hand, another way to indicate the superheat state is to use the
ambientto-saturation pressure ratio (Pa/Ps). This definition of superheat degree is dimensionless
and easier to use for dimensional analyBahle 3-3 andTable3-4 shows the Pa/Ps values of all
experiment condibns for isooctane and ethanol, respectively. For a state above boiling point
(superheated), Pa/Ps <1. For a state below boiling point (subcooled), Pa/Ps>1. Fhe non
dimensional ambierib-saturation pressure ratio value can facilitate comparing the mersl

results under different pressure/temperature combinations, as shbigarne3-3.

Though the two definitions (Pa/Ps and SD) are closely correlated, their relationship is not
linear. More discussion has been done in easketions In this paper all the Pa/Ps axis will be
shown in a logarithmic scale, in order to better indicate the effect of different superheated
conditions.

3.3. Results and discussions

In this section, by the combination of different temperature (25 °C t6@Rand ambient
pressure (1 kPa to 100 kPa), the effects of different superheated conditions on the spray
development and macroscopic features are measured and analyzed. The difference of the spray

between different fuel (both pure substance and mixhas)een compared.
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3.3.1 Spray images

Figure3-4 shows the selected images of typical isooctane spray development under certain
given conditions: 25°C 100kPa, 25°C 10kPa, 75°C 10kPa, 125°C 100kPa, and 25°C 30kPa. It is
noticed th& under room condition (25°C, 100kPa) the spray maintains a hollow cone umbrella
shape when it develops with time. Under high superheated conditions, the flash boiling of the
hollow cone spray causes the spray to expand both inwards and outwards. THeekpagsion
of the axisymmetric spray forms a plume shape front which is being pushed out (row 3 and row 5
of spray development pictures figure 3-4). This phenomenon becomes stronger as the
superheated degree becomes larges.dtgo observed that the Schlieren method enables us to see
the boiling and vapor area next to the plume. Due to blockage of light, the liquid zone in the
observation area will always be darker than the background. However, insowRgure 3-4,
there are some regions where thkit8grey scale pixel value {B55) is higher/brighter than the
background pixel value (which is being kept at 140 during image processing), this indicates that
there is boiling/vapor generated at thigiom, where the Schlieren method enables us to observe
the change in gaseous density.

Under low superheat condition (room condition), flash boiling does not occur and the spray
develops as the originally designed hollow cone shape. Some minor evapocating at the
spray edges but it has no obvious effects on the spray shape development. When the superheated
degree is increased and the ambtergaturation pressure ratio is smaller than 1, boiling occurs at
the spray edge and the inward expansion lsdgisonverge together near the axis. Then the plume
is gradually pushed out. When the superheated degree is further increased (Pa/Ps<0.1), flare flash
boiling happens (very strong inward and outward expansion and boiling, spray plume is nearly as

wide asthe original spray). The spray plume also develops much faster in this case.
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3.3.2 Spray penetration development

In order to compare the spray development with time, the spray axial penetration length
was analyzed. The spray axial penetration developmetitdime under different conditions are
shown inFigure 3-5, Figure 3-6 and Figure 3-7 for ethanol, mixture 50/50 and commercial
gasoline, respectively. The penetration develagrfer pure isooctane has been discussed earlier.

All the cases with the same temperature and different ambient pressures are grouped in the same
graph.

For ethanol, it is seen that under 25°C, all the penetration lengths are very close to each
other, ony the penetration of 100 kPa case gradually lags behind. As the temperature increases,
the majority of penetration development under different pressure cases gradually become longer.
For the 100 kPa cases, the axial penetration development does not chageith different
temperatures. For 30 kPa cases, the early stage spray axial penetration development does not start
increasing until the temperature reaches 100°C, and under 125°C the axial penetration
development of 3@Pa case becomes much faster tita of 100 kPa.

For mixture 50/50, the spray axial penetration development is similar, except for that under
25°C, the penetration of 1 kPa case is already faster than the other cases, which indicates that flash
boiling is starting to happen under tlesndition. This shows a good averaged result of isooctane
(flash boiling spray) and ethanol (nfiash boiling spray) at 25°C and 1 kPa.

On the other hand, the spray axial penetration development for commercial gasoline shows
a quite different trend. It cabe seen frorfigure3-7 that even at 25°C condition, flash boiling is
happening for the majority of the cases under different ambient pressure. As the temperature
increases, all the lines are moving upward except for 100 keafas30 kPa case, strong flash

boiling is already happening when the temperature is at 90°C, which is much lower than the
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transition temperature for other fuels. This indicates that it is much easier for commercial gasoline
to experience flash boiling sy condition.
3.3.3 Spray images at the same time frame

In order to better compare the spray development under different cases, spray images at the
same frame with similar time after the start of fuel injection are selected and compared for all the
fuel injection conditions using all four fuelBigure 3-8 shows the spray images at the same time
frame for isooctane. Cases on each row have the same temperature, and the temperature increases
from top to bottom. Cases on each caluhmve the same ambient pressure, and the ambient
pressure increases from left to right. The superheated degree increases from right to left and from
top to bottom. Thus the bottom left corner case is the most superheated case. It can be seen that
with the increase of superheated degree, the spray plume front gradually appears and is being
pushed out from the hollow cone. It is also noted that under 25°C and 1 kPa condition, the spray
plume already appears and the spray axial penetration is already laigy.Hith temperature and
medium ambient pressure condition, the boiling on the edge of the spray can be noticed.

For ethanol, the spray development at the same time frame is shéwguie 3-9. For
ethanol, the spray appearslkiarand the original cone shape is more visible for most cases than
isooctane. There is also no spray plume appearance under 25°C and 1 kPa condition, which is
different from isooctane. On the other hand, generally the plume front apeasand has lss
observable boiling than isooctane.

Figure 3-10 shows the spray development at the same time frame for mixture 50/50. For
mixture 50/50, spray plume appears under 25°C and 1 kPa condition, but is noticeably weaker than

that of sooctane. For majority of cases, the spray appears not as dark as ethanol. On the other
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hand, the boiling is not as strong as that of isooctane. Generally speaking, mixture 50/50 shows a
good averaged result of isooctane and ethanol.

Figure3-11shows the spray development at the same time frame for commercial gasoline.
It can be seen that even under 25°C and 1 kPa, the flash boiling is already very strong, and spray
plumes appear for 3 kPa, 5 kPa and 7 kPa cases. This correBptdmnelgarlier spray penetration
discussion, in which the spray development for commercial gasoline is much faster than the other
three fuels under these conditions. The original cone shape is highly disturbed in most high SD
cases (cases near bottom t&ftner). Another thing to notice is that the plume width and the plume

width to spray cone width ratio are obviously higher than the other fuels.

3.3.4 Heat of vaporization discussion

It is known that the boiling point of ethanol is lower than isooct@mmemost of the
experimented conditions. However, it can be seen from the discussion above that the flash boiling
phenomenon is stronger and easier to appear for isooctane. Moreover, the ethanol spray appears
darker and has less observed boiling than isoec

In order to explain this, we also need to discuss the heat of vaporization for the used fuels,
which is another important factor affecting flash boiling. Heat of vaporization is the amount of
energy (enthalpy) that must be added to a liquid substémtransform a quantity of that substance
into a gasFigure3-12 shows the heat of vaporization for the used four fuels under the different
experiment temperatures. It can be seen that the heat of vaporization for ethami isigher
than the other three fuels. The heat of vaporization value for isooctane and gasoline are close, and
mixture 50/50 is an average of isooctane and ethanol. In reality, when part of the liquid turns from

liquid into vapor, it absorbs heat and lovtlee temperature of the liquid next to it.
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Imagine one single droplet experiencing the flash boiling process. All the temperature are
kept at 125 °C, and the droplet goes from 8000 kPa to 1 kPa. As shbwiia3-13, ideallythe
droplet will move along the same temperature line until it reaches the final state. Above the vapor
pressure curve is the compressed liquid region, and below the vapor pressure curve is the
superheated gas region. But in reality, when the dropleth@tgapor pressure curve, part of the
droplet turns into vapor first and absorbs heat, thus lowering the temperature of the remaining
liquid. The vapor/liquid mixture droplet will move along the vapor pressure curve a little bit and
then leave the vapor ggsure curve when all liquid turns into vapor. During this fast process,
because the ambient air density is very low, so the heat conduction to the droplet from the ambient
environment can be neglected. In the end the vapor is gradually heated badt® 16e

In this study, the initial flash boiling causes mi@xplosion and reduces the temperature
of surrounding liquid. This factor has more effect for ethanol, which has much higher heat of
vaporization than the other fuels. This explains why thefesss boiling observed in the spray
images of isooctane, and why the ethanol spray appears darker and denser: when the liquid passes
through vapor pressure curve, it cools down the remaining liquid by a larger amount, thus the
remaining liquid can continube movement without experiencing more boiling and phase change.
3.3.5 Comparison between different fuels

In order to compare between different fuels, some key parameters of spray development
are used to facilitate the comparison: the peak penetratlonity, spray penetration length at the
same time frame, the plume ratio at the same time frame. Here in order to compare the spray plume
front condition between different experiment conditions, spray plume ratio is used in this study.
The spray plume rags is not selected as the key parameter here, because plume radius value is

usually dependent on the spray cone radius and comparing the plume radius alone between
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different conditions cannot reflect much insights. The plume radius to spray cone rtdjussra

a nondimensional value, can be a good reflection of the extent of flash boiling, and here we are
using the plume ratio value of each experiment condition at the same time frame with the spray
axial penetration discussion in the last pkijure 2-14 shows a schematic of the spray plume
front, as well as the plume radius and spray cone radius.

The comparison of the key spray parameters are conducted as shoviaigaré8-15 to
Figure3-17. Here color map plot is used in order to better show the results while displaying the
experiment conditions, so that all the ambient pressure and temperature conditions can be shown
on the same graph. The x axis in each graph corresporids temperature. The y axis in each
graph is in log scale and corresponds to the ambient pressure. The color coding corresponds to the
key parameter being compared.

Figure3-15shows the peak penetration velocity comparison atvwadferent fuels under
all the experiment conditions. There are three corners which should be paid attention to: low
temperature & low ambient pressure condition (bottom left corner); high temperature & high
ambient pressure (top right corner); high temngpure & low ambient pressure, which is the high
superheated degree region (bottom right corner). It can be seen that generally ethanol has the
highest peak penetration velocity under most conditions, while having the lowest value at low
temperature anaW ambient pressure condition (bottom left corner). Isooctane and gasoline have
higher value at the bottom left corner. On the other hand, gasoline shows complex distribution of
peak penetration velocity: a higher value region appears atemigerature,dw pressure region.

Figure 3-16 shows the penetration comparison at a certain time frame between all four
fuels. The penetration comparison shows similar characteristics with peak velocity comparison.

Again, ethanol has the longg&netration length, while having the lowest value at low temperature
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and low ambient pressure condition (bottom left corner). This corresponds to the earlier discussion
that ethanol does not experience flash boiling and spray plume does not appearaa2bXPa
condition. However, due to higher heat of vaporization value for ethanol, under higher superheated
degree conditions, the initial flash boiling of ethanol spray will cause rexptosion and cool

down the remaining fluid by a larger extent comipg to the other fuels. This reduces further
boiling of the spray plume front, and enables the ethanol spray to have a faster and longer
penetration than those of the other three fuels under flash boiling conditions. For isooctane, under
the same flash lilong conditions, the spray plume front is still experiencing boiling after it is being
pushed out, and this continued boiling phenomenon is disturbing the spray plume to make it slow
down a little bit. On the other hand, overall isooctane has smallest, wahile mixture 50/50

shows as a good average value between those of isooctane and ethanol. Gasoline has largest
penetration length at low T & low P region (bottom left corner), which corresponds to the earlier
discussion that gasoline is already expw@sieg strong flash boiling and the original spray cone
shape has already changed under 25°C and 1 kPa condition.

Figure 3-17 shows the spray plume ratio comparison at the same time frame between
different fuels. Overall, for plumeatio distribution, ethanol has the smallest area that has-a non
zero plume ratio value, which means that ethanol has the fewest cases where spray plume front
appears. Ethanol also has the steepest gradient (changing from min to max) when the superheated
degree increases (from top left to bottom right). On the contrary, gasoline has the widest
distribution and smallest gradient. This indicates that it is much easier for gasoline to experience
flash boiling and generate spray plume front under low supetheatelitions. Another thing to

note is the spray plume ratio value at low temperature & low pressure region (bottom left corner):
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ethanol<mixture 50/50 <isooctane<gasoline. Again the mixture 50/50 shows a good average result

between those of ethanol asdoctane.

3.3.6 Pure substance and multicomponent fuels

As discussed earlier, pure substances (isooctane and ethanol) shows different flash boiling
characteristics under same ambient conditions, and mixture 50/50 shows good average results
between thoseof isooctane and ethanol. On the other hand, commercial gasoline, as a
multicomponent mixture, experience flash boiling spray much earlier than other fuels. The low
boiling point component in the gasoline mixture is playing an important role here idagtis f
boiling spray.

Figure2-7 shows the flash boiling process for both pure substances (a) and multicomponent
mixtures (b). For the pure substances, above the vapor pressure curve is the compressed liquid
region, and below theaypor pressure curve is the superheated gas region. There will be no phase
change until the liquid reaches the vapor pressure curve, until then there will be bubble formed
and flash boiling starts to take place. For the multicomponent mixture fuels, infiael single
vapor pressure curve, there will be two curves: a bubble point curve and a dew point curve. The
bubble point curve separates the compressed liquid region and the region where bubbles starts to
appear. The bubble point curve is mostly affddtg the vapor pressure curve of the lowest boiling
point component in the mixture. The dew point curve separates the region where liquid still exists
and the superheated gas region. The dew point curve is mostly determined by the highest boiling
point conponent in the mixture. Between the bubble point curve and the dew point curve is the
two phase region. In the two phase region, the vapor of higher boiling point fuel coexists with

lower boiling point fuel vapor.
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In the two-phase region, illustrated iRigure 2-7, the vapor of the lower boiling point
component dominates, with the vapor of the higher boiling point component coexisting. The vapor
of the higher boiling point component would not be present under the same conditiofas ithe
only pure substance used in the system, because this region is above the higher boiling point
component s sat udmeated vapor pressure

When using the multicomponent fuel, in order to make initial flash boiling and -micro
explosion happen, thaixture liquid only needs to hit the bubble point curve. In most cases, the
bubble point curve of a multicomponent mixture fuel is higher (higher saturation pressure at the
same temperature) than that of a pure substance. So, it is much easier for rpatigaimo
experience flash boiling, due to their low boiling point components. Adding lower boiling point
additive/fuel into higher boiling point fuel, can facilitate flash boiling and raetplosion,
enhancing the atomization and mixing. This will notyomake the flash boiling happen easier,
but also create some vapor of the higher boiling point component, which again facilitates the
mixing and combustion.

This shows that blending a ldwoiling component fuel with a high boiling component fuel
leads toan increase in fuel evaporation and hence multicomponent fuels, such as gasoline, are
more susceptible to flash boiling than single component fuels.

3.4. Summary

In thisstudy, experiments were carried out to study the flash boiling spray of an outwardly
openng hollow cone GDI piezoelectric injector using both pure substance fuels and
multicomponent fuels. By the combination of different temperature and ambient pressure, different

superheat degrees can be achieved. The effects of superheated degree &odifigsin the
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spray shape and spray penetration development of different fuels are analyzed and discussed. Some
key findings are as follows:

1. For a hollow cone injector, the flash boiling spray can cause the cone shape spray to
expand, both #wards andutwards. The axisymmetric inward expansion of hollow cone spray
would merge together and form a fast developing plume along the axis of the spray. The plume
radius to spray cone radius ratio, as a-donensional value, can be a good indicator of thergxt
of flash boiling.

2. Pure substances have a single vapor pressure curve, while mixture does not have a single
boiling point at a given pressure. Thus we are not able to use Pa/Pslard &nalyze mixture
50/50 and gasoline. When superheated deggesmaller, the spray penetration is mostly
determined by the initial spray momentum, and the effect of flash boiling is minor. When
superheated degree is larger, the peak penetration velocity increases with the increase of
superheated degree, until itcbas around 200 m/s. In this range, the flash boiling and spray plume
front becomes the dominant factor affecting the spray penetration velocity.

3. Under same conditions, ethanol has higher superheated degree comparing to isooctane,
but the heat of vapaation for ethanol is also much higher. This contributes to the fact that less
boiling is observed in ethanol spray as seen in the video, while ethanol penetration is longer in
serval cases. Mixture 50/50 shows a good average data of isooctane andfethaarmtration
and plume ratio analysis.

4. Gasoline, due to its low initial boiling point and wide range of components, has the
widest plume ratio distribution and smallest gradient, as well as complex peak penetration velocity

distribution.
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5. Adding bw boiling point (preferably low heat of vaporization as well) additive or

component to high boiling point fuel, can facilitate flash boiling, fuel vaporization and mixing.

3.5. Tables and figures
Table3-1. All experimentakettings and@onditions and the vapor pressure value.

Camera frame rate 8113 fps
Resolution 240x240
F# 5.6
Exposure time 2 €S5S
Injection pressure 8 MPa
Injection duration 1 ms
Isooctane Ethanol 50/50 mixture Comme_rmal
gasoline
Injected mass(mg) 34.13 33.32 34.07 31
Boiling point under room 99 78 78.99 35200
pressurelC)
| Cops hatns,| Conespondin
TemperaturéC) Ambientpressure (kPa) for i vapor pressure
or isooctane
for ethanolkPa)
(kPa)
25 1/3|5|7]10]30]|100 6.578 7.833
50 1/3|5|7]10/30]|100 19.533 29.368
75 1[/3|5|7/10|30]|100 48.252 88.682
90 1/3|5|7]10|30]|100 77.417 158.534
100 1/3|5|7]10/30]|100 103.525 225.978
125 1/3|5|7]10]30]100 198.896 498.165

Table3-2. Parameters for isooctaaad ethanoin Antoineequation.

Temperature (K) A B C
Isooctane 194.64- 298.44 3.94736 1282.332 -48.444
297.51- 373.28 3.93679 1257.80 -52.415
216.15313.15 8.20417 1642.89 -42.85
Ethanol
350.15516.15 7.68117 1332.04 -73.95
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Table3-3. Isooctane mbientto-saturation pressure ratio (Pa/Ps) otcalhditiors.

25°C 50 °C 75 °C 90 °C 100 °C 125 °C
1 kPa 0.152 0.051 0.021 0.013 0.010 0.005
3 kPa 0.456 0.154 0.062 0.039 0.029 0.015
5 kPa 0.760 0.256 0.104 0.065 0.048 0.025
7 kPa 1.064 0.358 0.145 0.090 0.068 0.035
10 kPa 1.520 0.512 0.207 0.129 0.097 0.09
30 kPa 4.561 1.536 0.622 0.388 0.290 0.151
100 kPa | 15.202 5.120 2.072 1.292 0.966 0.503

Table3-4. Ethanol anbientto-saturation pressure ratio (Pa/Ps) otcalhditions.

25 °C 50 °C 75 °C 90 °C 100 °C 125 °C

1 kPa 0.126 0.033 0.011 0.006 0.004 0.002
3 kPa 0.379 0.098 0.032 0.018 0.012 0.006
5 kPa 0.631 0.164 0.053 0.030 0.021 0.009
7 kPa 0.884 0.230 0.074 0.041 0.029 0.013
10 kPa 1.263 0.328 0.106 0.059 0.041 0.019
30 kPa 3.788 0.984 0.319 0.177 0.124 0.056
100 kPa | 12.628 3.279 1.062 0.591 0.413 0.187

1
4 . 5

ST

Figure3-1. Schematic of the optical setup (1, point light source; 2, parabolic mirror; 3, constant volume
chamber; 4, parabolic mirror; 5, kniéelge; 6, higkspeed camera; 7, injector).
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Figure3-9. Ethanolsprayimages athesame time frame undail conditions.
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Figure3-10. Mixture 50/50sprayimages athesame time frame undatl conditions.
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4. Compression Ignition andSpark Assisted Compression Ignitiorof GDI

sprays
4.1. Introduction

Facingthe requirement of energy and environment, the need for higher efficiency and
lower pollutant emissions of internal combustion engines has become more and more urgent. With
the emission regulations becoming increasingly stringent, much effort has beetormapeve
the thermal efficiency and reduce pollutant emissions: new combustion concepts have been
proposed and investigated, such as homogenous charge compression ignition [@1CCI)
partially premixed compression ignition (PC(GB2], reactivity controlled compression ignition
(RCCI)[83], and gasoline compression ignition (G{8%]. Among these combustion concepts,
gasoline compression ignition (GCI) is considered as the most prorf&gp] though HCCI
and PCCI also offer good efficiepander uniformly lean condition. It is because the difficulty of
autaignition controllability in HCCI and the complexity of fuel injection system in P{8Z]
make them not as user friendly as GCI. Furthermore, low temperature combustion (LTC) can be
achieved more easily using G[8B].

During the past decades, low temperatam@bustion (LTC) has drawn extensive attention
of researchers worldwide due to its potential to achieving both high thermal efficiency and low
emissiong89]. HCCI, which was initially demonstrated in ess#oke engine by Foster and Najt
[90], is an important early concept to realize LTC. However, the +paitit spontaneous
combustion and very short combustion duration of HCCI generate high pressurate, which
causes serious engine vibration and noise. Therefore, the opeegfiogs of HCCI are limited,

and misfire and knock are likely to take place under light and heavy load conditions.
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In GCI combustion mode, relatively high resistance to-ggrtion and good volatility of
gasoline help increase ignition delay andfaél mixing time [91]. Furthermore, with high
compression ratio and low heat transfer in GCI engines, thermal efficiency can be as high as diesel
engines. Research groups in Tsinghua University, Delphi Powertrain and Oak Ridge National
Laboratory achieved over 44% indicatéeérimal efficiency in GCI engind92i 94]. Meanwhile,
most of the current GCI studies were done in a piston engine, and few experiments were conducted
in a constant volume combustion chamber, where precise control over the ambiérdreonan
be realized before injection and combustion.

Many recent studies have focused on spark assisted compression ignition (SACI)
combustion, which provides a possible approach to raising the high load limit of HCCI while
maintaining high thermal atfiency [95]. SACI combustion is very sensitive to thecylinder
dilution and thermal state, and the effect of spark assist strongly depends orcytiadier
condition andthe operating load96]. Different variables, such as spark timimgternal and
external exhaust gas circulation (EGR) rates, intake temperature, etc., have been modulated in
order to investigate their effects on SACI combus{®n98] Wang et al[99] and Yun et al.

[100] showed that spark advance affected SACI combustion phasing. Moreover, Yui@dlal.

also showed that the-eylinder ratio of internal to external EGR could be modulated to control
SACI combustion phasing. Negative valve overlap (NVO) strategycaasnonly used in order

to achieve SACI combustio[l01i 104]. However, as pointed out by Xie et §88], SACI
combustion achieved by NVO strategy suffers from high pumping loss. They tried to optimize the
gasoline engine performance of the SACI combustion through positive valve overlap (PVO)
strategy. They showed that the load of SACI combustion was mainly determined by PVO and

external EGR, and affected by the combustion timing effects, wtdehiometric operating

86



condition. Another issue in SACI combustion is the occurrence of abnormbaluston, i.e., the
knock, which can limit the improvement of efficiency in SACI comburstiMore recently, Zhou
et al.[105] investigated systematically the effects of a coupling strategy on the knock suppression
in SACI mode combustionZhou showed that an effective method for resisting knock and
improving engine efficiency can be provided through combining the advantages of external EGR
and split injection.

On the other hand, fuel volatility and chemical reactivity have a great impabeadn
cylinder processes with regard to LTC operabilit®6]. In order to better study the chemical
kinetics, researchers proposed that gasoline surrogates, which is composed of several relatively
simple hydrocarbons, could be usedepresent real gasoline in scientific studli€s]. Iscoctane
has been adopted as a single component gasoline stgr1fog a long time. However, the RON
(research octane number) of gasolineswlawer than isoctane, causing many ignition
characteristic differences. Therefore, this single component surrogate cannot represent the
combustion behavior of real gasoline. Tgr@mary reference fuelRRF), which is a mixture of
isooctane and 4meptane, is usually used to match the RON or MON (motor octane number) of
gasoling108]. From the aspect of reproducing the combustion characteristics, PRF has advantage
in determining the RON of fuels through adjasgtithevolume ratio between isatane and n
heptane. In this study, PRF95, which is a mixture of 95% isooctane (by volume) ardegtane
(by volume), and PRF65, which is a mixture of 65% isooctane (by volume) and-B&piane
(by volume), are used in the expments to represent gasoline with RON of 95 and 65,
respectively.

In the present study, compression aigtation and spark assisted compression ignition

experiments of PRF95 and PRF65 were carried out in a constant volume combustion chamber
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(CVCC) undera given ambient gas density condition. Different oxygen levels were used to
simulate different exhaust gas recirculation (EGR) levels. Both the pressure data asypkkidh
video of the combustion process were recorded and analyzed in order to stdfifctiod ambient
temperature and EGR levels on the combustion development.
4.2. Setup and diagnostics

In this study, the constant volume combustion chamber (CVCC) used is a chamber with
six ports and there are different accessory systems (gas inlet, tugleiyjector, spark plug,
pressure sensor, etc.) connected to the chamber through the ports. The optical access was enabled
by two quartz windows mounted on two ports opposite to each other. Other ports were sealed by
solid stainless steel plugs with assery components. The inner diameter of the quartz window is
100 mm, and the inner volume of the chamber is 0.95 L. More details of the chamber camibe fou
in the previous publications

For spray combustion experiments, the high temperature and higsunereembient
environment was generated by a premixed combustion of a mixture, which is composed of
acetylene, O2/N2 (50%/50%) and dry air. The ratio of the three gas components can be adjusted
during the gas inlet process, so that there is different oxpgecentage left for the spray
combustion, thus simulating different EGR levels. After the ignition by a spark plug, premixed
combustion occurs, which generates a high temperature and high pressure environment. The
premixed combustion is lean to reservar&xoxygen for the second combustidkiter the
premixed combustion, the pressure and temperature inside the chamber gradually decreases with
time. The spray injection timing is selected to inject fuel when the temperature drops to the desired

value (in ths study the value ranges from 650K to 950K).
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Pressure data was collected by the Kistler 6041A pressure transducer. After the premixed
combustion, ambient temperature development during premixed combustion was then calculated
by using corrected ideal gaguation. Fuel injection was triggered at desired ambient temperature.
Both ambient oxygen concentration and ambient temperature before fuel injection are critical for
fuel spray combustion. Gas density in the constant volume combustion chamber was3Kept at
kg/m3, in line with the Sprag density conditions, defined by the combustion network. While
studying transient spray combustion process, camera and fuel injector were triggered
simultaneously by a pulse delay generator.

In this study, the fuel beingsed is PRF95, which is a mixture of 95% isooctane (by
volume) and 5% +heptane (by volume), and PRF65, which is a mixture of 65% isooctane (by
volume) and 35%-hmeptane (by volume), respectively.

The injector is a gasoline direct injection hollow conedtpr. Three ambient oxygen
concentrations (10%, 15% and 21%) were selected to simulate different exhaust gas recirculation
(EGR) levels. Seven different ambient temperatures (650K, 700K, 750K, 800K, 850K, 900K and
950K) were used to study the effect oftaemt temperature on the atigmition of PRF95. Fuel
injection pressure difference (from fuel rail pressure to the ambient) was kept at 10 MPa (100 bar)
by a gasoline common rail fuel system for all cases. Injection duration was kept as 1.349 ms by an
external pulse generator and injected fuel mass was 50 mg per injection. The chamber body, fuel
injector body and gasoline common rail were all heated and the temperatures were all kept at 90
degrees Celsius. A Kistler 6041B transducer coupled with a KB@ie4 charge amplifier was
utilized to measure the transient pressure. A Bjgged camera (Phantom V4.3 from Vision
Research Inc.) was used to capture the combustion images. The F number (F#) was set at 5.6. The

camera was set at 8113 frames per secorg] {fgh a resolution of 256x256 pixels. Different
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neutral density (ND) filters were used to ensure the luminosity signal received by trspbaegh
camera is within the dynamic range of the imager. When using the ND filter, the relationship
between the oginal luminosity and the received luminosity are as follows:
Ol BOE ©OJQE@EINQA '@b;ug W MQ

When comparing the luminosity of videos under different conditions, we need to multiply
the received luminosity with the corresponding index to get the effective data.
4.3. PRF95 Resuls anddiscussions

In this part, PRF95, a mixture of 95% isooctane (by volume) and $ptane (by
volume), is used in the compression ignition experiments to represent gasoline with research
octane number (RON) of 95. Different oxygen levels were tsstnulate different exhaust gas
recirculation (EGR) levelshe effects of ambient temperature and EGR levels on the combustion
development are investigated and analyzed in the experiments. The heat release rate and
accumulative heat release under eaghddion are compared. Higépeed videos of the flame
development are also recorded and studiée. ND filter being used in each condition is shown
in Table4-1.

Some key experiment parameters are as follows:

Ambient iygen level:21%, 15%, 10%.

Ambient emperature: 650K, 700K, 750K, 800K, 850K, 900K, 950K.

Ambient gas density: 3.5kg/m”~3. Chamber and injector temperature: 983ty (G
condition).

Pressure difference across injector: 10MPa. Injection duration: 1.349ms. Injea$sn m

50mg.
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Five different spark conditions: no spark, spark timinrg (0.4ms, 0.9ms, 1.4ms, 1.9ms
after trigger signal
4.3.1 High speed video data

Firstly, the selected spray flame images of PRF95 under all seven different temperatures
with no spark ad 21% oxygen condition are shownHigure4-1 to Figure4-7. It can be seen that
with the increase of the ambient temperature, the flame luminosity is increasing by a large amount
(considering the effect othe ND filters). This is expected because under higher ambient
temperature and pressure, the entire combustion process happens faster and there is less time for
the spray to mix with the ambient air, thus generating more soot. Another thing to notete is th
under lower temperature, the flame shape is not very regular and the original spray location cannot
be easily detected. On the other hand, under higher temperature, the spray shape can be easily
detected, as it is highly correlated with the flame shaipe the flame shape is very consistent, as
shown inFigure4-7.

As it is seen irFigure4-1, when there is no spark under lower temperature condition, the
flame luminosity is low and combustion process appeeak. When a spark is added at a proper
timing, as shown irFigure 4-8, the flame development becomes different, and there is high
luminosity flame area appearing at some regions in the chamber. The spark assisted compression
ignition can help and make the combustion process more stable and consistent.

On the other hand, the ambient oxygen concentration also has an effect on the flame
luminosity. As shown irFigure4-9, the flame luminosity under 10% oxygeandition is much
lower than the case with same temperature case under 21% oxygen cdrdjtima4-4). This

can also be reflected from the different ND filter used for cases under same temperature but
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different oxygen level, wire smaller ND filter is used for 10% oxygen conditions under 700K
and 750K.

From the high speed video data, we aloget flame luminosity data and flame area. For
eachframe, there is a&patially integrated flame luminosi§SIFL), which isintegratingthe
luminosity on all the pixelsThen br each case, there is a th@eeraged luminosity datkor each
case, we can also find the peak luminosity value and timing, which directly corresponds to the
flame brightnessThe observedd@me delay can also m®mpared, here the observed flame delay
is defined as the timing of the first frame where flame appears

Figure 4-10 shows the uminosity comparison and pedapatially integrated flame
luminosity timing under 21% oxygen conditidhs it is seen,he luminosity growsery fastwith
the increase of ambietgmperaturgand the derivation igery small.With the increase of ambient
temperature, the ambient pressure also increases because the ambient density is always the same
(3.5 kg/ntfor all the conditions) When the ambient temperature and pressure is higher, it is harder
for the spray to penetrate and mix with the ambient air. This causes the local fuel/air mixture to be
richer, and the flame becomes much brighter, generating raote/s it is shown in the graph,
the luminosity difference between 950K cases and 650K case are very huge. As for the spark
effect, generallysparktiming T3 conditon has lowest luminosity value. On the other hamgkp
luminosity timing first decreasesvith the increase of ambient temperature, and thes not
change much when temperature is above 700K.

4.3.2 Heat release analysis

The pressure data inside the chamber was recorded at a sampling rate of 50000 samples

per second before and during the atien and combustion proce3$e entire pressure data range

is from 1 seconds before the premix combustion trigger signal to 5 seconds after the premix
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combustion trigger signal. Using the pressure data, we can firstly ¢é® theessure curve, which
is the difference between the injected spray combustion pressure curve and the reference pressure
curve. Then the dP curve can also be generated. With these data, the heat release rate curve and
cumulative heat release curve carchkeulated. In this study, the volume is constant and does not
change, so there is no dV terms in the equation for heat release calculation.

Then thepeakcumulative heat releag€HR) and peakheat release raig¢iHR) can be
found, as well as the timirfgr these eventd hen this enables us to compare all the data between
differenttemperaturesoxygen level, and spark timingigure 4-11 shows the peak cumulative
heat release (CHR) and peak CHR timing under 21% oxygen condigaran be seen from the
graph, the peak CHR gradually decreases when the ambient temperature increases, i.e. under
higher ambient temperature the combustion efficiency becomes Idwdor the spark timing,
different spark timing does not show a significaffect on the CHR. The peak heat release rate
(HHR) and peak HHR timing are shown kigure 4-12. The peak HRR first increases then
decreases with the increase of ambient temperature. On the other hand, sparking timing is more
influential on peak HHR and peak HHR timing under lower temperature, especially at 650K. At
650K, it can be seen that the peak HHR value is higher than the other four spark conditions (no
spark, spark T-T'4)when using spark timing T3, and the peak HHR tinngore advanced than
the other four spark conditions as well. This shows that at a proper spark timing, theesspstekl
compression ignition process can be more optimized, and the HHR can be adjusted to increase
faster, while the peak HHR can haveighler value, which facilities the combustion process.

Figure4-13 shows theStart of pressure rise and observed flame delay under 21% oxygen
condition. Start of pressure rise is usually earlier tharoliservedappearance of flamé&his is

caused by that when the chemical reaction starts to take place and pressure starts to increase, there
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is little or no flame luminosity to be captured by the camera yet. On the other hand, both timings
show similar trend when the temperature gratls timing condition chang&oth value decrease
fastwith the increase of tempeuae, as well as the variation, which also decreases. Once again,
gparktiming T3 can decrease the delay for about 40% under 650K conddiaparing to the no

spark condion.

4.3.3 Comparison between different ambient oxygen concentration

For 15% oxygen condition and 10% oxygen condition, they show the similar trend with
21% oxygen condition for the heat release comparison and flame luminosity comfagsoa.
4-14to Figure4-17 shows the luminosity, heat release and flame delay data comparison for 15%
oxygen condition.Figure4-18to Figure4-21 shows the luminosity, heatlease and flame delay
data comparison for 10% oxygen condition.

With three different oxygen level, we are able to compare the cases under same conditions
except for ambient oxygen levdtigure 4-22 are typical developments cases the spatially
integrated flamduminosity SIFL) and flame area with time under 950 K for all three oxygen
levels. It is seen that the peak flame luminosity for the 21% oxygen case appears the earliest and
is the highest. From the flame area, it is dbahthe 10% oxygen case has the longest flame delay
and the slowest flame development, while its flame duration is the longest. Under a lower oxygen
level, the flame is weaker and the combustion process takes more time to complete.

Figure 4-23 shows the pak spatially integrated flamé&minosity comparison between
different conditions As can be seen from the three graphs with different temperaturegake p
spatially integrated flaméuminosity increaseswith large nagnitudewhen temperature goes

higher. On the other hand, the peak integrated luminosity decreases when the oxygen level

94



decreases. However, this decrease effect becomes weaker when the temperature is high, especially
at 950K condition.

Figure4-24 shows the peak heat release @mparison between different oxygen levels
It can be seen that under 650K and 700K conditions, the oxygen level has a great impact on the
peak HRR value. This corresponds to the earlier discussion of slower and wealtristion
process under lower oxygen conditidnl.ow oxygen density iamajor limit for peak HRR under
lower temperature, while the effect under high temperature becomes smaller.

As for the timing Figure4-25 andFigure4-26 shows the peaRIFL timing and peak HRR
timing, respectively. It can be noticed thagf luminosity timing isisuallylater than peak HRR
timing. Under 650K and 700K, spatikning T3 usually has earliest peak luminosity timing and
peak HRR timingwhich means a proper spark timing can promotsplaek assisted compression
ignition combustion proces&nother thing to point out is thatwer oxygen level always leads to
later timing though the difference becomes smaller when teatyer is high

The peak cumulative heat release comparisbaws similar trend with peak HRR
comparison, as shown iRigure 4-27. On the other hand, the start of pressure rise timing
comparison between different oxygen le\ais slown inFigure4-28. It can be seen that the delay
for pressure rising is becoming shorter as the temperature goes Igmarally he time
difference between 21% and 15%smaller than difference between 15% and 1B%wever, a
the temperature increases, the effect of oxygen level on flame delay and pressure rise timing
becomes minor, while the trend is still the same. Spark timing has more effect under lower
temperature. And the variation under lower temperature is la¥gleenthe temperature goes

higher, the effect of spark timing becomes less on the combustion process.
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4.3.4 Summary

In this study, experiments were carried out in a constant volume combustion chamber and
the effects of ambient temperatures, oxygen levels aatkdpningson thecompression ignition
and spark assisted compression ignitombustion development were investigated and analyzed.
Some key findings are summarized as follows:

1. The cumulative heat releg$8HR) decreases with the increase of ambientperatures
and decrease obxygen levels. With the increase of the ambient temperature, the combustion
efficiency decreasesinder 21% oxygen level, the CHR at 950K can be less than 85% of that at
650K.

It is noted that the peak heat release (HiidR) first increases then decreases with the
increase of the ambient temperature for all three oxygen levels, while the peak heat release rate
timing always decreases with the increase of the ambient temperature or oxygen level. Under a
low ambient temperaturéhe oxygen level plays a major role in affecting the peak heat release
rate. However, under a high ambient temperature, the effect of oxygen levels on the peak heat
release rate becomes minor and the ambient temperature plays a major role instead.

2. The makspatially integrated flame luminosifIFL) increasedy a large magnitude
with the increase of the ambient temperature, and decreases with the increase of oxygen levels.
Higher ambient temperaturatsocontribute to a shorter autgnition delay.With the increase of
temperature, the whole combustion process timing is more advanced, and the luminosity increase
by magnitudes

3. A lower oxygen level leads to longer flame duration and a much longefgmition
delay. Generally speaking, under lowaygen levelsthe flame becomes darkémne ignition delay

becomes longegndthe combustion process takes more time to complete. The results also suggest
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that a high ambient temperature can help reduce thet@asse variation of the combustion
proces.

4. Proper spark timing can help advance the peak HRR and shorten ignition delay, but this
effect becomes minor when the temperature goes higher.
4.4. PRF65 Results anddiscussions

In this part, PRB5, a mixture of 95% isooctane (by volume) and 5%eptine (by
volume), is used in the compression ignition experiments to reptesemttane fuelvith research
octane number (RON) of 95. Different oxygen levels were used to simulate different exhaust gas
recirculation (EGR) levelshe effects of ambientneperature and EGR levels on the combustion
development are investigated and analyzed in the experiments. The heat release rate and
accumulative heat release under each condition are comparedspgigth videos of the flame
development are also recorded atatdied. The ND filter being used in each condition is shown
in Table4-2. From the earlier study, we have already noticed that the added spark has insignificant
effect when the ambient temperature is high (compressionignitmn is dominant), so in this
study, spark is added only at lower temperature conditions.

Some key experiment parameters are as follows:

Ambient oxygen level: 21%, 15%, 10%.

Ambient emperature: 650K, 700K, 750K, 800K, 850K, 900K, 950K.

Ambient gas density3.5kg/m”~3. Chamber and injector temperature: 903pray G
condition).

Pressure difference across injector: 10MPa. Injection duration: 1.349ms. Injection mass:

50mg.
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Five different spark conditionfer 650K to 700K temperature condition® spark, spark
timing 1-4 (0.4ms, 0.9ms, 1.4ms, 1.9naster trigger signdl No spark for 750K to 950K

temperature conditions.

4.4.1. High speed video data

Firstly, the selected spray flame images of PRF65 under all seven different temperatures
with no spark and 21% oggn condition are shown Figure4-29 to Figure4-35. It can be seen
that with the increase of the ambient temperature, the flame luminosity is increasing by a large
amount (considering the effect of the Ners). Another thing to notice is that the ND filter used
for some PRF65 cases are larger than those used for PRF95 cases, indicating that PRF65 generates
higher luminosity flame than PRF95n the other han&imilar as PRF93pwer ambient oxygen
levd leads to lower luminosity of flames.

Because under higher temperatures, there is only one spark condition (no spark), it is
feasible to fit all the data of higher temperature cases onto one graph. Here the 650K cases and
750K cases, with different spatikning, temperature and oxygen condition, are put in one graph.
The 700K to 950K cases, with different temperature and oxygen condition, are put in one graph.
This makes it easier for us to compare between different temperature and oxygen level directly.

Figure 4-36 showsthe spatially integrated flame luminosif§IFL) comparison between
different conditionsThe ordinate in these graphs is in log scale, in order to better show the increase
of the luminosity. As can be seen froime graph, the peak luminosity increases by large magnitude
when the ambient temperature increa3ée different spark timing shows some minor effect on
the peak luminosity under 650K case. On the other hand, lower oxygen level always contributes

to a lower peak luminosity. Similar trend can also be observed in the average luminosity value, as
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shown in Figure 4-37. Here the averaged luminosity value is tatially averagedflame
luminosity, or thespatially integrated flame lumisay divided by the flame area.

The peakspatially integrated flame luminosityming is shown inFigure4-38. The peak
luminosity timing first becomes more advanced as the temperature goes higher, then does not
change much when ¢htemperature is above 750K. A lower oxygen level always leads to later
peak luminosity timing. With the discussion above, where lower oxygen level also leads to a lower
peak luminosity, it is noticed that a lower oxygen level causes the peak luminesitydee
weaker and appear lateesulting in a slower and dimmer flame development. As for the spark
timing, only spark timing T2 consistently makes the peak luminosity timing more advanced under
650K. Generally speaking, the effect of spark timinghanftame development is minor for PRF65

than that on PRF95.

4.4.2. Heat releasanalysis

In this part, the cumulative heat release (CHR), heat release rate (HHR) and their peak
timings under different experiment conditions will be discusBeglire4-39 shows the peakHR
comparison between different conditions. Similar with the result of PRF95, PRF65 results shows
that the peak CHR decreases with the increase of ambient tempdtaweer, for PRF65 the
difference caused by oxgg level difference is smaller, especially under higher ambient
temperatures, where the peak CHR of 21% and 15% are close to each other. On the other hand,
even though peak CHR value is not sensitive to the oxygen level, the peak CHR timing clearly
becomedater when the oxygen level decreasesler all temperature conditignas shown in
Figure 4-40. The peak CHR timing does not change much with the increase of ambient

temperature.
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Figure4-41 shows the peakRR comparison under all experiment conditions. The added
spark generally can help make the peak HRR higher under lower ambient temperatures. As for the
ambient temperature effect, the peak HRR increases when temperature is raised from 650K to
700K, but dereases with the increase of ambient temperature when above 750K. This is similar
to the PRF95 result where the peak HRR first increases then decrease. One difference is that the
transition temperature for PRF95 is higher than PRF65. For PRF95, the mapealkniRR
appears at about 750K to 800K, while for PRF65 it is about 700K to 65@edn, lower oxygen
level contributes to lower peak HRR value for all the temperature conditions, but the difference
becomes smaller as the temperature increases. The pRKiing becomes more advanced
when the temperature increases, as showrigure 4-42. The peak HRR timing at 950K
temperature condition is about 25% of that under 650K temperature corldiweer. oxygen level
also contributes ttater peak HRR timing, similar to the peak CHR discussion albbgan also
be noticed that added spark can promote the peak HRR timing under 650K temperature condition
but the derivation is large.

Figure4-43 shows the start giressure rise timing comparison under different conditions.
The general trend is similar to the peak HRR timing, the timing becomes more advanced with
increasing temperature and increasing oxygen level. The pressure rise duration is also shown in
Figure 4-44. Here the pressure rise duration is defined as the time duration from the start of
pressure rise to the peak pressure timliihgan be seen that the pressure rise duration increase by
smaller amount when the ambient temperanoeeases. When the temperature increases, the peak
pressure timing becomes more advanced, but the start of pressure rise timing also becomes more
advancedWhen the ambient temperature is lote duration between these two becomes larger

as the temperate increaseghen the change is minor when ambient temperature is high. On the
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other hand, the different added spark timings do not show a consistent change on the pressure rise

duration.

4.4.3 Summary

In this study, compression autmnition and sparkassisted compression ignition
experiments were carried out in a constant volume combustion chasibgPRF65 fuel. From
the earlier PRF95 results, it is noted that the different added spark timing has minor effect when
ambient temperature is high, sothis study thedifferent spark timing is only added at lower
temperature condition3he effects of ambient temperatures, oxygen levels and spark timmgs
the combustion development were investigated and analyzed. Some key findings are summarized
as follows:

1. The peakspatially integrated flame luminosifgIFL) increasedy a large magnitude
with the increase of the ambigrtnperatureThe different spark timing shows some minor effect
on the peak luminosity under 650K case. On the other hand, leygemlevel always contributes
to a lower peak luminosity. Similar trend can also be observed for the average luminosity. The
peak luminosity timing first becomes more advanced as the temperature goes higher, then does not
change much when the temperatigrabove 750K. Lower oxygen level causes the peak luminosity
level to be weaker and appear later, resulting in a slower and dimmer flame development.

2. The cumulative heat relea@HR) decreases with the increase of ambient temperatures
anddecrease afxygen levelsPeak CHR value is not sensitive to the oxygen level, while the peak
CHR timing clearly becomes later when the oxygen level decreases under all temperature
conditions. The peak CHR timing does not change much with the increase of ambienaterap

3. Similar to the PRF95 resuthie peak HRRf PRF65first increases then decreasith

increasing temperature, while the peak HRR timing always becomes more advanced with
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increasing temperatur&he difference is that the transition temperatimePRF95 is higher than
PRF65. For PRF95, the maximum peak HRR appears at about 750K to 800K, while for PRF65 it
is about 700K to 650KThe peak HRR timing at 950K temperature condition is about 25% of that
under 650K temperature conditidtower oxygenével contributes to lower peak HRR vahrd
later peak HRR timingout the difference becomes smaller as the temperature increases.

4. The addedspark timing can help advance the peak H&®Ring at low ambient
temperature conditigrbutthe effectis minor and has larger derivation. Generally speaking, the

added spark has less effect on PRF65 (low octane fuel) than on PRF95 (commercial gasoline).

4.5. Tables and figures
Table4-1. ND filter used in each conditidor PRF95.
650K 700K 750K 800K 850K 900K 950K
21% NA 1.3 2 2 2 3 3
15% NA 1 2 2 2 2 3
10% NA 0.3 1 2 2 2 3

Table4-2. ND filter used in each condition for PRF65.

650K 700K 750K 800K 850K 900K 950K
21% NA 1.3 2 2 3 3 3
15% NA 1.3 2 2 3 3 3
10% NA 1 1 2 2 3 3
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Figure4-1. Spray combustion images of PRF95 under ambient condition of 21% oxygen concentration,
650K, no spark.
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Figure4-2. Spray combustion images of PRF95 under ambient condition of 21% oxygen concentration,
700K, no spark.
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Figure4-3. Spray combustion images of PRF95 under ambient condition of 21% oxygen concentration,
750K, no spark.
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Figure4-4. Spray combustion images of PRF95 undebiant condition of 21% oxygen concentration,
800K, no spark.
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Figure4-5. Spray combustion images of PRF95 under ambient condition of 21% oxygen concentration,
850K, no spark.
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Figure4-6. Spray combustion images of PRF95 under ambient condition of 21% oxygen concentration,
900K, no spark.
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Figure4-7. Spray combustion images of PRF95 under ambient condition of 21% oxygen concentration,
950K, no spark.
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Figure4-8. Spray combustion images of PRF95 under antigiendition of 21% oxygen concentration,
650K, spark timing T3.
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Figure4-9. Spray combustion images of PRF95 under ambient condition of 10% oxygen concentration,
800K, no spark.
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Figure4-10. Luminosity comparison and peak luminosity timing under 21% oxygen condition
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Figure4-11 Peak cumulative heat release (CHR) and peak @HIRg under 21% oxygen condition
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Figure4-12. Peak heat release rate (HRR) and peak HHR timing under 21% oxygen condition
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Figure4-13. Start of pessure rise and observed flame delay under 21% oxygen condition
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Figure4-14. Luminosity comparison and peak luminosity timing under 15% oxygen condition
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Figure4-15. Peak cumulative heat release (CHR) and peak CHR timing under 15% oxygen condition
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Figure4-16. Peak heat release rate (HRR) and peak HHR timing under 15% oxygen condition
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Figure4-17. Start of pressure rise and observed flame delay under 15% oxygen condition
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Figure4-18. Luminosity comparison and peak luminosity timing under 10% oxyggedition
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Figure4-19. Peak cumulative heat release (CHR) and peak CHR timing under 10% oxygen condition
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Figure4-20. Peak heat release rate (HRR) gedk HHR timing under 10% oxygen condition
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Figure4-21. Start of pressure rise and observed flame delay under 10% oxygen condition
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Figure4-22. Flameluminosity and flame area development comparison between different oxygen levels
under 950K, no spark condition.
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Figure4-23. Peak integrated luminosity comparison between different oxygen levels.
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Figure4-24. Peak heat release rate comparison between different oxygen levels.
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Figure4-25. Pe& luminosity timing comparison between different oxygen levels.

Peak luminosity timing

Hiiini

650K21% 650K15% 650K10% 700K21% 700K15% 700K10%

Peak luminosity timing

750K21% 750K15% 750K10% 800K21% 800K15% 800K10%

Peak luminosity timing

900K21% 900K15% 900K10% 950K21% 950K15% 950K10%

= No spark
mSpark T1
= Spark T2
m Spark T3
m Spark T4

m No spark
mSpark T1
m Spark T2
mSpark T3
m Spark T4

m No spark
mSpark T1
m Spark T2
mSpark T3
m Spark T4

127



0.025

o
o
N

0.015

0.01

Peak HHR timing(s)

0.005

0.025

0.02

0.015

0.01

Peak HHR timing(s)

0.005

0.025

0.02

0.015

0.01

Peak HHR timing(s)

0.005

0

Peak HRR timing

650K21% 650K15% 650K10% 700K21% 700K15% 700K10%

Peak HRR timing

750K21% 750K15% 750K10% 800K21% 800K15% 800K10%

Peak HRR timing

900K21% 900K15% 900K10% 950K21% 950K15% 950K10%

m No spark
mSpark T1
m Spark T2
m Spark T3
m Spark T4

m No spark
mSpark T1
m Spark T2
m Spark T3
u Spark T4

m No spark
mSpark T1
u Spark T2
m Spark T3
m Spark T4

Figure4-26. Peak heat release rate timing comparison between different oxygen levels.
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Figure4-27. Peak cumulative heat release comparison between different oxygen levels.
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Figure4-28. Start of pressure rise timing comparison between different oxygen levels.
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Figure4-29. Spray combustion images of PRF65 under ambient condition of 21% oxygen concentration,
650K, no spark.
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Figure4-30. Spray combustion images of PRF65 under ambient condition of 21% oxygen concentration,
700K, no spark.
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