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The influence of ambient conditions and fuel type on gasoline spray plume direction
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Abstract
This study investigated the spray behavior of iso-octane, a multi-component surrogate with diisobutylene, and a multi-
component fuel with olefin molecular structure. Fuel was injected using Engine Combustion Network (ECN) spray
G injector into a continuous flow spray vessel under ECN G2 flash boiling, G3 early injection, and G3HT (G3 with
393 K ambient temperature) conditions. High-speed extinction and Mie-scattering imaging were performed for many
injections at different injector rotations, followed by optical property analysis and tomographic reconstruction to iden-
tify the 3-D liquid volume fraction distribution and plume direction evolution. Experimental results showed that the
expected higher evaporation rate associated with the G3 elevated temperature condition resulted in a shorter liquid
axial and radial penetration length compared to the G2 and G3 (baseline) conditions. Compared to the G3 condition,
the G2 condition had a narrower liquid plume width but a longer axial liquid penetration despite flash boiling opera-
tion. Planar slices, available from the tomographically reconstructed extinction data, confirmed greater plume inter-
action for the flash boiling condition with an approximately 4° smaller plume direction angle relative to the nozzle
drill angle. In terms of fuel, the olefinic fuel, which has a broader distillation curve exhibited the strongest spray plume
collapse, but also the longest time for evaporation.
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Introduction
Gasoline direct injection (GDI) engines have been

adopted by the automotive industry over the past few
years. Different from conventional port fuel injection
(PFI) engines, GDI engines inject the fuel directly into
the combustion chamber. This results in the ability to
have a higher compression ratio and more advanced
spark timing. These improvements are thanks to the
charge cooling effect which mitigates knocking ten-
dency. Hence, GDI engines provide great potential to
achieve not only high fuel efficiency, but also low emis-
sion levels compared to PFI engines. A combination of
direct fuel injection with advanced engine technologies
such as high pressure injection, multiple injection strate-
gies, exhaust gas recirculation (EGR) and enhanced air
utilization by swirl or tumble motion enable GDI engines
to be operated under lean conditions [1-4]. Furthermore,
advanced combustion concepts such as low temperature
gasoline combustion (LTGC) and spark controlled com-
pression ignition (SPCCI) have been considered as next
generation GDI engine technologies [5-6]. These con-
cepts utilize early fuel injection during the intake stroke
to form a homogeneous air-fuel mixture. These are fol-
lowed by late injections near top dead center (TDC) to
create a stratified charge near the spark plug. For this
technology to succeed, spray control is of upmost im-
portance. Inappropriate injection parameters and fuel in-
duce fuel impingement on the cylinder wall and result in
a large amount of particulate matter (PM) emissions [7].
Thus understanding plume direction under various am-
bient conditions and fuels is crucial to be able to improve
combustion and emission characteristics in GDI engines.

One of the interesting features in a gasoline spray
can be seen under flash boiling conditions. Flash-boiling
occurs at throttled early injection conditions when ambi-
ent pressure is lower than the saturation pressure. Rapid
changes in temperature and the velocity field are accom-
panied by a bulk conversion fuel from liquid to vapor.
Common observations under flash-boiling condition are
shorter liquid penetration length, enhanced atomization,
lower mixture temperature, and large recirculating vor-
tex closer to injector tip [8-10]. Different from non-flash-
ing condition where the Reynolds number (Re) and We-
ber number (We) represent spray characteristics, ambient
pressure to saturation pressure ratios (Ps/Pa) have domi-
nant impact on spray process under flash-boiling condi-
tion. As the pressure ratio decreases, plume width gets
wider because of the enhanced evaporation and diffusion
along the radial direction. The momentum transfer from
spray to ambient air incases so velocity field around the
spray plume also gets larger [11]. The strong plume-to-
plume interactions occur when the pressure ratio is lower
than 0.3 [12]. At this moment, a vortex core moves up-
stream towards the injector and a strong momentum of

recirculated air pushes the plumes into the center region.
Contacting plumes block air entrainment into the core
area causing the spray collapse to be accelerated by a
larger pressure difference between center of the spray
and ambient air. Based on the phase Doppler interferom-
etry (PDI) measurement, the air entrainment stopped and
reverse motion was detected before the plume collapse
[13]. Flash-boiling process alters plume direction angle
and affects mixture formation in the combustion cham-
ber. Under flare flash-boiling conditions, the injection
produces a longer liquid penetration length than a non-
flashing condition so wall wetting by spray impingement
needs to be carefully examined

Meanwhile, fuel properties such as distillation char-
acteristics, heat of vaporization, and vapor pressure also
affect plume direction and mixture formation. Previous
studies showed that longer liquid penetration lengths
were found with fuels which have higher heat of evapo-
ration [14-15]. This results are most likely the evapora-
tion rate of spray with higher latent heat got slower than
other fuels due to lower temperature field by charge
cooling effect. Charge cooling is typically preferred in
engine combustion, however, excessive cooling induces
emission deterioration. This phenomenon can be seen in
an engine experiment where ethanol (high latent heat)
showed deteriorated particulate number (PN) emissions
when compared to a conventional gasoline fuel due to
wall wetting by longer liquid penetration length [16].
This implies that an implementation of a multiple injec-
tion strategy is needed to prevent pool fire, but to take
advantage of the charge cooling effect. A fuel with a
higher vapor pressure, for example propane, showed vig-
orous flash-boiling compared to other fuels [17]. The
propane spray could not maintain its separate plumes and
completely collapsed into one spray showing much
longer liquid penetration length than n-hexane and iso-
ocatne sprays. Complete plume collapse not only restrict
air-fuel mixing by limited air utilization but also cause
fuel wetting on the cylinder wall or piston bowl. In terms
of spray residual time, it showed similar order with dis-
tillation characteristics [18]. Heavy components in the
fuel resisted to be evaporated and this is resulted in a
longer residual time. The longer residual time of liquid
fuel is also needs to be avoided because it can create wet-
ting on a moving piston.

A variety of non-intrusive diagnostics have been ap-
plied to identify plume direction. Laser diagnostics were
widely employed because they can provide qualita-
tive/quantitative information in spray. The peak velocity
magnitude in a spray plane measured by phase Doppler
interferometry (PDI) represented plume direction along
the injection duration [19]. The plume direction derived
by the PDI measurement, was in good agreement with
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the data collected from the diffused back illumination ex-
tinction imaging (DBIEI). The plume direction also can
be identified by planar laser imaging. However, quanti-
fication of the spray is not straightforward because of
light scattering issue [20]. Another promising approach
to acquire spray pattern is computed tomography using
line-of-sight extinction imaging [21]. X-rays are able to
penetrate dense media so it can be utilized for near noz-
zle plume detection where multiple scattering occur. A
recent study showed that a commercial optical patterna-
tor (SETscan AP400) using line-of-sight imaging was
also effective to detect plume collapse under flash-boil-
ing conditions [22].

Despite these efforts, the identification of the plume
direction under engine-like condition still remains as a
challenge in regard to temporal and spatial resolution.
The techniques described above have limitations in
terms of complexity in measurement, high-cost in meas-
uring equipment, laborious measurement procedures,
and confined measurement domain. Therefore, in this
study, a new 3-D tomographic reconstruction method
was developed which can cover the entire spray domain
and injection period with a much simpler setup. High-
speed DBIEI and Mie-scattering imaging were per-
formed in a constant flow vessel using the Engine Com-
bustion Network (ECN) spray G injector. The primary
objective of this work is to understand plume direction
of the single component fuel iso-octane, the multi-com-
ponent fuel diisobutylene, and olefinic fuels under vari-
ous ambient conditions. This work also aims to provide
high-fidelity experimental data for computational fluid
dynamic (CFD) simulations.

Experimental setup
A series of spray test was carried out in a constant

flow spray vessel. Real air motion present in engines

High-speed camera for
Mie-scatte • g

such as swirl, tumble, and turbulent flow is hard to be
simulated in the vessel, however, the constant flow spray
vessel system has many advantages over optical engines:
1) Thermodynamic parameters can be controlled inde-
pendently in the vessel system. Analysis of spray process
at known boundary conditions is helpful to understand
the effects of each thermodynamic parameter on spray
characteristic and facilitate spray modelling. 2) The ves-
sel system has a higher repetition rate than optical en-
gines. In optical engines, spray imaging cannot be re-
peated many times in a short period due to the limitation
of lubrication and thermal loading. Meanwhile, continu-
ous spray imaging can be performed in a constant flow
vessel. A reliable experimental data set can be provided
and utilized as a validation source for modelling work.
3) Vessel system has much larger optical access than op-
tical engines. In optical engines, the viewing area is lim-
ited to a portion of piston or piston liner. On the other
hand, full optical access is available in the vessel. This
feature facilitates simultaneous imaging for different
views and advanced diagnostics using a laser system. 4)
There is less impingement in the spray vessel than in op-
tical engines. The spray in optical engines can create
wetting on the cylinder wall or piston depending on the
ambient condition due to limited space in the combustion
chamber. On the contrary, the vessel has much more spa-
cious volume so entire spray process can be recorded
without wall impingement.

The schematic of the constant flow spray vessel is
presented in Figure 1. The vessel was manufactured with
stainless steel (2205) to withstand high pressure and tem-
perature. The maximum operating temperature and pres-
sure are 150 bar and 1300°C, respectively. The sprays
were injected into a continuous nitrogen flow controlled
by an electro-pneumatic flow controller (TESCOM,
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DBIEI imaging

Red LED for
Mie-scattering
imaging

•-•
Constant flow
spray chamber
A

Figure 1. Experimental setup for high-speed Mie-scattering and DBIEI imaging (left: overall setup, right:
cross cut image of the vessel).



ER5000). The continuous nitrogen flow rate was meas-
ured by a flow meter (BROOKS, 3809G) at the upstream
of the vessel, and the exhaust flow was also measured by
a flow meter (Alicat, MQ-2000SLPM-D/5M) at the ex-
haust pipe. The vessel pressure was measured by three
different pressure transducers (WIKA, A10 and
OMEGA PX119) at the vessel inlet. The heating coil sur-
rounded by an insulator piece at the bottom part of the
vessel was controlled by a temperature controller (Eu-
rotherm, 3504). The flow after the heating coil went
through a diffuser to enhance uniformity in the tempera-
ture field. Three layers which has total of 24 thermocou-
ples were installed just above the diffuser, under the
spray, and above the spray to monitor temperature distri-
bution during the spray events. The fuel was injected
when the average temperature of the spray center region
reached a target ambient temperature. The mixture of in-
jected fuel and nitrogen flow through the exhaust pipe at
the top of the vessel. The vessel has an injector port and
three optical windows, and was designed to have water
cooling jackets in the wall, exhaust pipe, and window
ports so the surface of the vessel could reside at room
temperature even under high temperature conditions.
The sprays were injected by an Engine Combustion Net-
work (ECN) Spray G injector (Primary injector serial
number: AV67-028). The Spray G injector is a solenoid
driven gasoline direct injector which has nominally ax-
isymmetric eight-holes. The inner nozzles were designed
to have a diameter of 1651.,tm with a counter bore diame-
ter of 3881.,tm. The nozzles were drilled with an angle of
37° from the center of the nozzle tip. Detailed dimensions
and specifications are presented in Figure 2 and Table 1
[23].
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Figure 2. Cut plane image of ECN spray G injector with
important dimensions (upper right shows 3-D rendering
of the injector with primary orientation) [24].

The standard ECN electronic injector driver was uti-
lized to have consistent injection and hold an injection
profile similar with previous studies. A short electronic

injection command of 6801.,ts was delivered by an exter-
nal data acquisition system (National Instruments, USB-
6356). The injector tip temperature was monitored and
maintained at 90°C by a water circulator (NESLAB,
RTE111). The fuel was delivered by a dual-syringe
pump system (Teledyne, D-series Model 65HP) with a
fuel pressure of 200 bar. The volume of the syringe pump
fuel system is much smaller than a fuel system which
consisted of a massive high pressure fuel pump and rail
so a lot of fuel could be saved during fuel change and
flushing process. Quartz windows with 130mm diameter
were installed at the three remaining ports in the vessel.
They provided optical access for DBIEI line-of-sight im-
aging through the side windows and for Mie-scattering
imaging to the front of the injector.

Parameters Level

Number of holes 8

Spray shape Circular

Orifice diameter 165[tm

Step diameter 388[tm

Hole shape Straight

Orifice drill angle 37°

Full outer spray angle 80°

Table 1. Specifications of ECN Spray G injector [24].

The liquid phase fuel was visualized by DBIEI tech-
nique. A high-speed green light emitting diodes (LED)
Fresnel lens (150mm, f=150mm), engineered diffuser
(20°), and band pass filter (center wavelength: 527nm,
bandwidth: 20nm, full width-half max: 22nm) were uti-
lized for the imaging. A high-speed digital video camera
(Photron, SA-Z) equipped with a prime lens (Nikkor,
50mm f/1.8) was used to capture images of spray devel-
opment in the vessel. The green LED was operated with
24ns command signal width to freeze the spray in the
frame. The imaging was performed at a shutter speed of
67,200 frames per second (fps) with an image resolution
of 512 by 512. The aperture of lens and exposure time of
the high-speed camera were set to 2.8 and 13.27µs, re-
spectively. The LED light was operated 71.4.s after the
shutter opening to be placed in the middle of shutter
opening period. The recording was extended up to 5ms
after the start of injection (SOI) to capture entire spray
development and evaporation process. The Mie-scatter-
ing signal illuminated by the red LED was also recorded
by a high-speed camera (Phantom, v311) with a prime
lens (Nikkor, 50mm f/1.8). The images were taken with
an exposure time of 39.41.,ts and a frame rate of 25,000
with a resolution of 304 by 304. The signal duration for
LED and f stop of the lens were set to lms and 4, respec-
tively. The DBIEI imaging provided quantitative liquid
distribution in the spray, meanwhile, Mie-scattering fa-
cilitated detection of plume-to-plume interaction from



the front view. The temperature distribution, oxygen
concentration, and vessel pressure were acquired by a
DAQ system (National Instruments, NI-9214 and NI-
9202).

Test fuels
Single component fuel iso-octane, multi-component

surrogate diisobutylene, and multi-component fuel with
olefm molecular structure were tested in the spray vessel.
The iso-octane, which was widely investigated in ECN
work, was selected as a base fuel. The other two fuels
were considered as promising alternative fuels for gaso-
line because they have similar fuel properties with con-
ventional gasoline and they can be produced from renew-
able resources. A11 of three fuels had research octane
number (RON) of 92. Figure 3 presents the vapor pres-
sure of three fuels according to temperature. The vapor
pressure of diisobutylene was not available but replaced
by Alkylate fuel which was expected to be similar with
diisobutylene. The olefinic fuel showed the highest va-
por pressure followed by Alkylate and iso-octane. This
implies the olefinic fuel has a higher chance of flash-
boiling at a certain ambient pressure condition because
of the lower pressure ratio (ambient pressure to satura-
tion pressure).
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Figure 3. Vapor pressure of iso-octane, alkylate, and
olefinic fuels [24].
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The distillation curve of tested fuels is shown in Fig-
ure 4. The iso-octane, a single component, showed a flat
line which represented its boiling temperature. The
pseudo distillation curve of diisobutylene which com-
posed of five different species; hexane (4% v/v), heptane
(12.1% v/v), iso-octane (44.2% v/v), toluene (20.1%
v/v), and diisobutylene (19.6% v/v) was derived from the
boiling point of each component. It also shows a flat dis-
tillation curve around 100°C similar to iso-octane. The
olefinic fuel has a wide-range distillate that covers 50°C
to 200°C. This means the olefinic fuel contains not only

light volatile components but also heavy components
which are hard to evaporate out of fuel. The distillation
curve of olefinic fuel was closest to gasoline fuel for real
engine application.
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Figure 4. Distillation curve of iso-octane, alkylate, and
olefinic fuels (Test method ASTM D86) [24].

Tomographic reconstruction procedure
The tomographic reconstruction process starts from

a projected liquid volume (PLV) calculation. First of all,
spray images of 300 injections were ensemble averaged.
In this step, floating counts in the CMOS sensor of high-
speed camera were rejected by subtracting averaged
counts in each frames. The instantaneous images of
spray were converted to optical thickness using follow-
ing equation.

r = —1n(///0) (1)

where I is an image with spray and I, is an averaged im-
age of background without spray. The projected liquid
volume could be calculated using Mie-scatter extinction
theory which is presented by following equation.

rr d3 /6 fYc°
„, = (Liquid volume fraction) • dy (2)
uext —3,co

where d is droplet diameter, Cext is the extinction coef-
ficient decided by optics setup in the experiment, and
LVF is the liquid volume fraction. In this study, 7pm and
78.77.10' were used for d and Cext, respectively [24].
The spray boundary was determined with an ECN rec-
ommended projected liquid volume threshold of 0.2 .10-
3mm3(liquid)/mm2 to measure liquid penetration length
and spray width. The liquid penetration length was de-
fined as the t axial distance from the nozzle to the spray
boundary in the primary view. The spray width was
measured at 15mm and 25mm from the nozzle tip.
Tomographic reconstruction needs spray imaging at dif-



ferent view so spray data in three different views was ac-
quired. The injector adaptor was rotated to get 0° (ECN
primary), 11.25°, and 22.5° (ECN secondary) view on
spray. Line data at a certain plane (a certain distance
from the nozzle tip) can be extracted. The data of full
map from 0° to 180° was successfully achieved by inter-
polation/extrapolation using line data from each view.
Finally, the foot print of the spray at a certain plane was
created by stacking data planes. The tomographically re-
constructed data was validated with an experimental re-
sult from Delphi. There was some level of discrepancy
especially with plumes 1,4, and 5. However, the aver-
aged plume direction angles were very close. It showed
only 0.01° difference between tomographically recon-
structed data and measurement.

Experimental conditions
The spray experiments were carried out under ECN

Spray G2, G3, and G31-Ff (G3 with elevated temperature
conditions). Those conditions represent early intake in-
jection. The fuels were injected by ECN Spray G injector
with a 200 bar injection pressure. An electronic com-
mand with a duration of 680µs (7801.6 actual fydraulic
duration) was delivered to inject 10mg of fuel in the ves-
sel. The injector tip temperature was kept at 90°C for the
duration of experiments. The ambient temperature was
set to 60°C for G2 and G3 condition, but increased to 120
°C under G3HT condition. The ambient pressures were

PLV threshold = 0.2. 10-3 mm3 liquid / mm2
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0.5 bar, 1 bar, and 1.18 bar for G2, G3, and G3 HT, re-
spectively. Corresponding ambient densities were 0.5
kg/m3 for G2, 1.12 kg/m3 for G3 and G3HT conditions.

Effect of ambient conditions on plume direction
Line-of-sight measurements with iso-octane fuel

was compared under G2, G3, and G3HT conditions. Fig-
ure 5 presents spray outlines, liquid length, and liquid
width at different conditions. Vertical lines in the outline
images show the liquid penetration length of the spray.
The spray outline differentiates the liquid fuel region in
the mixture. The spray under G3HT condition shows
much faster evaporation than G2 and G3 conditions. This
is as expected because of higher ambient temperature.
The liquid phase spray was completely evaporated ap-
proximately at 2ms after SOI. Downstream of the spray
under G3HT condition showed much narrower liquid
width than other fuels. However, the liquid width at near
nozzle did not show noticeable difference than G2 con-
dition. This is because diffusion along the radial direc-
tion compensated liquid extinction by evaporation.
Meanwhile, the liquid length under G3HT condition
showed a very similar trend to G3 condition because of
identical ambient density. The liquid length got smaller
after SOI when the sprays lost their momentum but evap-
oration was still occurring. The spray under G2 condition
showed the longest liquid length due to the lowest ambi-
ent density. However, the liquid width had a similar level
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Figure 5. Line-of-sight results of (a) projected liquid volume outline (the outline was determined by using a
threshold of 0.2- 10-3 mm3 liquid / mm2, (b) liquid penetration length, and (c) liquid width at 15mm, and
25mm.



to the G3HT condition. It seems that slight spray collapse
occurred under flash-boiling condition showing smaller
near nozzle liquid width under G2 condition. The liquid
did not persist as long as G3 condition but time for com-
plete evaporation took over 3ms. A thermodynamic anal-
yses based on the first law was carried out to understand
physical background of long liquid residual time. The
liquid fuel and air were assumed to form a homogeneous
mixture. The calculation result in Figure 6 shows how
much liquid can be completely evaporated into vapor
phase. The initial ambient (333K for G2 and G3 condi-
tions, 363K for G3HT condition) and fuel(363K) tem-
peratures are presented in the graph.
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Figure 6. A thermodynamic analysis on fuel evaporation
depending on ambient condition.

The graph indicates that the final mixture tempera-
ture decreased as the liquid absorbed heat from the am-
bient air to change phase. The temperature drop got
larger as the initial liquid fuel mass increased, for exam-
ple, temperature drop at equivalence ratio of 3 is much
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greater when compared to the case under equivalence ra-
tio of 1. In terms of ambient conditions, G2 and G3 had
a much lower equivalence ratio limit than the G3HT con-
dition. This implies that G3HT condition has larger ca-
pability of complete evaporation due to the elevated am-
bient temperature. Under fuel rich condition, fuel can be
remained as liquid phase because of the excessive cool-
ing from the phase change and this is finally resulted in
a long residual time as shown in Figure 5.

Tomographic reconstruction enabled a comparison
of mixture quality at any plane. Outlines of liquid vol-
ume fraction with a threshold of 5 .10 are presented in
Figure 7. It is noted that this is not line-of-sight data but
Y-Z plane information in a three dimensional space. The
macroscopic spray characteristics which are confirmed
in the line-of-sight result also can be seen in this image.
The G3HT spray evaporated much faster than other cases
showing a smaller spray area. The longest liquid length
under G2 condition is also consistent with previous dis-
cussion. The merit of tomographic data is that accurate
plume direction can be identified. The nozzle drilling an-
gle is indicated as a red dotted line which forms a 37°
from Z axis. As compared to this reference angle, the real
plume direction angle was approximately 4° smaller re-
gardless of ambient conditions. Another interesting fea-
ture is that the leading edge has a memory of the first
plume direction angle. The sprays moved outward show-
ing the curved shape as plume direction angle in the near
nozzle area decreased. To compare spray behavior, the
plume direction angle was calculated based on an aver-
aged liquid volume fraction in the radial direction. The
angle between the nozzle hole and a middle point at 75%
of maximum liquid volume fraction defined plume di-
rection angle. Figure 8 shows the plume direction angle
calculated at a 30mm plane from the nozzle (Z=30mm).
The Mie-scattering images are also presented at the top.
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Figure 7. Comparison of liquid volume fraction outline with a threshold of 5 -10-3under three different
conditions using iso-octane (the data from 3-D tomographic reconstruction).
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It shows the plume direction angle is decreasing during
the injection period. It decreased 2° at the end of injec-
tion when compared to SOI for G3 and G3HT condi-
tions. The G2 condition showed a much larger decrease
in the plume direction angle. This plume collapse is at-
tributed to the plume-to-plume interaction as shown in
the Mie-scattering images. The spray plume under G2
condition showed a wider plume width than the G3 con-
dition due to flash-boiling. This plume-to-plume interac-
tion is most likely altered the velocity and pressure field
in the spray to induce spray collapse.

0 0.5 1
Time aSOl [ms]

Figure 8. Calculated plume direction angles with iso-oc-
tane under G2, G3, and G3HT conditions (upper figures
show more plume-to-plume interaction under G2 condi-
tion).
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The plume collapse can be clearly seen with an av-
eraged liquid volume fraction at Z=30mm plane. Figure
9 shows the liquid volume fraction profiles at 0.5ms and
lms after SOI. As confirmed in Figure 7, there is no dis-
tinct difference in the peak location between G3 and
G3HT condition. However, the peak of the liquid volume
fraction explains the evaporation characteristics well.
The G3 condition indicated the highest peak of the liquid
volume fraction due to the less evaporation while G3HT
showed the lowest peak of the liquid volume fraction.
The overall liquid volume fraction curve under G2 con-
dition moved to the center of the spray as plume collapse
occurred. The peak of the liquid volume fraction under
G2 condition was translated approximately 4mm from its
initial peak location. Meanwhile, G3 and G3HT condi-
tion showed lmm movement toward center. This implies
that plume collapse under G2 condition was more severe
than other cases.
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Figure 9. Averaged liquid volume fraction at Z=30mm.
The solid lines present 0.5ms after SOI and dot lines
show lms after SOL

Effect of fuels on plume direction
The outline of liquid phase fuel, liquid length, and

liquid width derived from line-of-sight projected liquid
volume measurement under G2 condition are shown in
Figure 10. The diisobutylene had slightly a longer liquid
penetration length and a wider liquid width than iso-oc-
tane. Light components in the diisobutylene could have
resulted in the wider liquid width because of the earlier
start of evaporation when compared to iso-octane. At the
same time, the heavy species such as heptane and toluen
need a longer time to be evaporated thus it showed longer
liquid penetration length than iso-octane. The distinct
difference in macroscopic spray characteristics can be
seen in the olefinic fuel case. It showed the shortest liq-
uid penetration length and a narrower liquid width at
15mm than the other fuels. The olefinic fuel is a wide
range distillate which contains not only light components
but also heavy species as shown in the distillation curve
(refer Figure 4). The consecutive images of the spray
outline indicate that there was a strong spray collapse us-
ing olefmic fuel which showed a much narrower liquid
width at the near nozzle region. The collapsing spray de-
livered its momentum mainly in the core area so the liq-
uid penetration length increased again from 2.5ms after
SOL The olefmic fuel also had the largest spray width at
25mm because the leading spray was dispersing in a ra-
dial direction by the dense mixture in the core area. In
terms of residual time, diisobutylene evaporated approx-
imately 2.5ms which is 0.7ms shorter than iso-octane.
The olefinic fuel showed the longest residual time of
4.9ms. This time scale is enough to cause wall wetting in
engines.



1
PLV threshold = 0.2. 10-3 mm3 liquid / mm2

G2 liquid penetration length
f
— 80
.c
rsi

at • 60

0

t3 40

w
0-20
7cs

n 0  
0

— iso-octane
— Olefinic
— Diisobutylene

1 2 3 4 5

Time after aSOl [ms]

(b)

(a)

60

E"

— 50
_c

-0 40

cr

c,c';' 30

tn

20

G2 condition

▪ 111. '4%

likiSpilipy liquid width at 25mm

—iso-octane
—Olefinic
—Diisobutylene

Spray liquid widt 5 IA (% %.

0 0.5 1 1.5 2

Time after aSOl [ms]

(c)

Figure 10. Line-of-sight results of (a) projected liquid volume outline (the outline was determined by using

a threshold of 0.2. 10-3 mm3 liquid / mm2, (b) liquid penetration length, and (c) liquid width at 15mm, and

25mm with different fuels under G2 condition.

Even though the olefmic fuel showed a strong plume
collapse in the near nozzle region due to the light com-
ponents, the heavy species remained for a long time to
be evaporated.

The liquid volume fraction contour in the Y-Z plane
is presented in Figure 11. The outline was defined with a
threshold of 5 • 10'. The slightly longer liquid penetra-
tion length and wider liquid width of diisobutylene can
be seen in the spray outline. Again, all three plumes pen-
etrated with a smaller plume direction angle than the
nozzle drilling angle (37°). Especially for olefmic fuel,
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the vigorous spray collapse occurred starting at lOmm,
creating a liquid fuel mixture in the core region. This fuel
rich mixture slowly moved forward and remained much
longer than iso-octane and diisobutylene fuels.

The plume direction angle and Mie-scattering im-
ages are shown in Figure 12. In the line-of-sight result,
the liquid width of diisobutylene was larger than that of
iso-octane. However, the plume direction angle of diiso-
butylene is slightly narrower than iso-octane. This im-
plies that the diisobutylene might had more plume-to-
plume interaction than iso-octane because of the wider
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Figure 11. Comparison of liquid volume fraction outline with a threshold of 5 .1V under G2 condition
using different fuels (the data from 3-D tomographic reconstruction).
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plume width. The vigorous plume collapse with olefinic
fuel can be seen in the Mie-scattering image. The bound-
ary between plumes are not clear near the nozzle region,
however, each of plumes downstream could be identi-
fied. Plume direction angle of olefinic fuel dropped
sharply after plume collapse occurred. The difference in
plume direction angle between olefinic fuel and other
fuels was approximately 3° at the beginning, however, it
increased more than 10° after lms after SOL The plume
collapse of olefinic fuel drastically modified the mixture
distribution.
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Figure 12. Comparison of plume direction angles of
three different fuels under G2 condition (upper figures
show vigorous plume collapse with olefinic fuel).

The averaged liquid volume fraction at Z=30mm under
G2 condition is shown in figure 13. The peaks of the liq-
uid volume fraction translated toward center due to spray
collapse regardless of fuels. The peak of the liquid vol-
ume fraction with diisobutylene was slightly more to-
ward center of the spray than iso-octane. The liquid vol-
ume fractions with iso-octane and diisobutylene de-
creased as evaporation occurred, however, olefinic fuel
maintained a significant amount of liquid during plume
collapse.
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Figure 13. Averaged liquid volume fractions of iso-oc-
tane, diisobutylene, and olefinic fuels at Z=30mm (solid
lines indicate 0.5ms aSOI and the dot lines show 1 ms
aSOI).

Conclusion
In this study, we developed a technique to measure

the plume direction using 3D tomographic reconstruc-
tion from a line-of-sight projected liquid volume meas-
urement. The new processing routine was applied under
G2, G3, and G3HT conditions with iso-octane, diisobu-
tylene, and olefinic fuel in a constant flow spray vessel.
The experimental results showed that G3HT condition
had a shorter liquid penetration length and a narrower
liquid with when compared to G2 and G3 conditions due
to having a higher ambient temperature. A slight plume
collapse under G2 condition resulted in the longest liquid
length. A significant amount of liquid was detected un-
der all ambient conditions due to vaporization cooling
and a lack of mixing-limited behavior. Based on the re-
construction result, there was an approximately 4°
smaller plume direction angle than the nozzle drilling an-
gle regardless of ambient conditions. Plume collapse un-
der the G2 condition had a narrower plume direction an-
gle than both the G3 and G3HT conditions. In terms of
fuels, diisobutylene showed slightly longer liquid pene-
tration length and a wider spray width than iso-octane.
The light components in the olefinic fuel attributed to the
plume collapse and a narrower near nozzle liquid width.
Meanwhile, heavy species in the olefmic fuel attributed
to the longest residual time. Complete evaporation took
alinost 5ms, which is long enough to make contact with
the piston or cylinder in an engine.
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Nomenclature

cext
d
I
Io
T

extinction coefficient
droplet diameter
instantaneous spray image
averaged background image
optical thickness
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