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ARTICLE INFO ABSTRACT
Keywords: Research on renewable and alternative fuels is crucial for improving the energy and environmental efficiency of
GDI engine modern gasoline internal combustion engines. To highlight the influence of fuel rheological and thermodynamic

Diffuse Backlight Illumination
High-speed imaging
Viscoelastic flow
Gasoline/ethanol blend

properties on phase change and atomisation processes, three types of gasoline blends were tested. More spe-
cifically, the campaign comprised a reference gasoline, an ethanol/gasoline blend (10% v/v) representative of
renewable fuels, and an additised gasoline sample treated with viscoelasticity-inducing agents. High-speed im-
aging of the transient two-phase flow field arising in the internal geometry and the near-nozzle spray region of
gasoline injectors was performed employing Diffuse Backlight Illumination. The metallic body of a commercial
injector was modified to fit transparent tips realising two nozzle layouts, namely a two-hole real size model
resembling the Engine Combustion Network spray G injector and an enraged replica with an offset hole. Ex-
periments were conducted at realistic operating conditions comprising an injection pressure of 100 bar and
ambient pressures in the range of 0.1-6.0 bar to cover the entire range of chamber pressures prevailing in
Gasoline Direct Injection engines. The action of viscoelastic additives was verified to have a suppressive effect on
in-nozzle cavitation (6% reduction in cavitation extent) , while also enhancing spray atomisation at flash-boing
conditions, in a manner resembling the more volatile gasoline/ethanol blends. Finally, persisting liquid ligaments
were found to form after the end of injection for the additised sample, owing to the surfactant nature of the
additives.

well as a small reduction in carbon dioxide (CO3) emissions. Ethanol
(C2Hs0H) has been widely used in Europe and the US for blending with
commercial gasoline, owing to its chemical compatibility with conven-
tional fuel and the fact that, in principle, it can be produced in a sus-
tainable manner. So called, first-generation ethanol can be produced
from sugar cane, corn, [2] or switchgrass [3], whereas second-
generation, in order to reduce the competition with food crops, is pro-
duced from biomass processing to release the sugars in cellulose and
hemicellulose of plant material, which, in turn, can be fermented to
provide ethanol [4]. A number of studies in the literature focus on the
evaluation of the combustion characteristics of gasoline-ethanol blends,
in terms of power output [5,6] and emissions [7]. Ethanol, due to its
high activation energy, increases the octane rating of the fuel. Hence,
higher compression ratios are allowed, owing to higher resistance to
engine knock, leading to higher thermodynamic efficiency [8].

1. Introduction

Active research on a cleaner combustion is vital to render modern
internal-combustion engines compliant with the stringent emissions
legislation to be imposed in Europe and the U.S. within the next decade.
Albeit the shift to passenger-car electrification is precipitated by
governmental incentives, the process is expected to be time-consuming
and spanning across at least 30 years [1]. Urgent societal and environ-
mental concerns about the use of fossil fuels and after-effects on climate
change dictate the rapid development of internal combustion engines
with enhanced fuel efficiency and reduced emissions primarily oper-
ating with renewable fuels. The substitution of fossil by renewable fuels
has become an urgent necessity stemming from concerns regarding the
depletion of natural resources and requirements for energy security, as
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Nomenclature

d orifice diameter, m

n sample size

Pamb ambient pressure, Pa

Re Reynolds number

t time, s

t normalised time

tior total injection duration, s
u Velocity, m/s

Greek symbols

a probability

vf fuel kinematic viscosity, m?/s
Py fuel density, kg/m?3

c standard deviation

Gasoline/ethanol blends at concentrations up to up to 10% v/v have
been found to be compatible with existing combustion systems [9]. It
should also be noted that addition of small percentages of ethanol in the
fuel has a moderate reducing effect in terms of CO5 emissions [9].

An understanding of Gasoline Direct Injection (GDI) spray dynamics
is critical when addressing several topics in state-of-the-art engines
including stratified/homogeneous charge strategies [10], advanced
compression ignition [11], avoidance of wall-wetting [12], and injection
strategies [13]. Poor fuel spray atomisation and impingement on the
cylinder walls lead to poor combustion efficiency and eventually
increased emissions [14,15]. It has become well established in the
relevant literature that the performance of the fuel injection system has
a crucial influence on the efficiency of GDI engines. In pursuit of
improving combustion efficiency and reducing pollutants emissions,
numerous studies have been conducted on injector designs [16],
enhancing fuel atomisation, vaporisation, and mixing processes in the
engine cylinder [17-19]. Focusing on flow processes associated with
fuel injection, the morphology of the expelled spray has been proven to
be closely linked to the complex two-phase flow field arising within the
injector sac and nozzle holes. Transient, in-nozzle cavitation has been
verified to occur in both diesel [20,21] and gasoline injectors [22].
Depending on its morphological features and dynamic evolution, the
onset of cavitation can have either a detrimental or a beneficial impact
on the device performance and reliability, by inducing erosion [23,24]
and reduced or variable fuel delivery [25,26] regarding the former case
or enhancing fuel break up and spray atomisation with regards to the
latter [27,28].

The utilisation of transparent injector tips fitted to modified bodies of
metallic injectors constitutes a widely adopted practice for the visual-
isation of in-nozzle cavitating flow. The numerous studies available in
the literature refer to both real-size tips [29], as well as enlarged nozzle
replicas [30], which facilitate the cavitating structures to be resolved
with higher spatial resolution [31]. Flow similarity despite the variation
in characteristic length scales is ensured through matching of non-
dimensional quantities characterising the prevailing flow conditions,
such as the Reynolds, Weber, and Cavitation numbers.

Investigations at conditions relevant to GDI engines have been con-
ducted incorporating transparent tips of different layouts, as well as a
range of multi-component gasoline blends and single-component sur-
rogates. Gilles-Birth et al. [32] elucidated the characteristics of in-nozzle
cavitation in a real-size, single-hole valve-covered orifice (VCO). Injec-
tion and ambient pressures lied in the ranges of 20-80 bar and 1-16 bar,
respectively. The variation of injection and back-pressures allowed the
visualisation of incipient, film, and vortical cavitation with an explicit
correlation to the spray-cone temporal variation. Serras-Pereira et al.
[28] performed flash-boiling experiments in a transparent single-hole
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injector. Gasoline and two single-component surrogates, namely iso-
octane and n-pentane, were injected at a pressure of 23 bar and tem-
peratures between 20 and 90 °C in ambient with pressures between 0.5
and 1.0 bar. The flow visualisation demonstrated that increase in the
degree of superheat leads to significantly enhanced primary break-up
and finer spray atomisation, as vapour bubbles forming within the
nozzle acted as perturbations triggering flash vaporisation of low
boiling-point components. In a parallel work from the same group,
Aleiferis et al. [8] included bio-derived components in the experimental
matrix, namely, ethanol, butanol (C4H9OH), and a gasoline-ethanol, E10
blend alongside the aforementioned fuels. It was found out that
increasing the gasoline temperature, increased the levels of in-nozzle
cavitation which resulted in producing asymmetry in the injected
sprays. E10 behaved similar to gasoline in almost all test conditions
having slightly wider spray plumes. N-pentane (CsH;2) was found to
have the most in-nozzle cavitation compared to the other fuels. Finally,
for both ethanol and butanol, no significant differences were observed in
the in-nozzle cavitation when the fuel temperature was increased from
20 °C to 50 °C. Jiang et al. [33] proposed a method based on optical
imaging to quantify in nozzle cavitation composition in terms of volume
fraction. A comparative study was conducted on the influence of injec-
tion pressure and nozzle geometry for multi-component gasoline and an
E15 gasoline/ethanol blend. It was discovered that the mean volume
fraction of the in-nozzle cavitation during the injection period was 15%
higher in E15 in comparison with the reference gasoline (EEE fuel).
Moreover, the impact of fuel properties on cavitation was stronger at
early stages of injection where reference gasoline caused the cavitation
to appear earlier than E15 due to its lower viscosity and higher satura-
tion pressures. Mamaikin et al. [34] studied the internal flow of a real
size two-hole transparent nozzle. Gasoline was injected at pressures up
to 100 bar into a pressure chamber at atmospheric pressure. Using an
ultra-high-speed imaging technique at 5 MHz the formation and devel-
opment of the in-nozzle string cavitation were observed. Moreover, a
micro Particle Image Velocimetry (PIV) method was also applied to
extract the velocity distribution of the internal flow. Hwang et al. [35]
carried out high-speed extinction imaging in a real-size axial-hole
transparent nozzle to assess the near nozzle behaviour of flashing sprays.
N-pentane at room temperature and pressurised at 100 bar was injected
into a sealed vessel realising ambient to fuel saturation pressures in the
range of 0.07-1.39. The authors quantified the composition of the
expelled spray in terms of projected liquid volume for a variety of
conditions, from flare flashing boiling to non-boiling.

Phase-change processes in the cylinders of gasoline engines range
from flash boiling to pure evaporation and therefore, apart from the
design of fuel injection equipment, the thermodynamic and transport
properties of the fuel itself have a strong influence on the atomisation
quality [36]. With regards to renewable fuels, Mohammed et al. [37]
studied the effects of ethanol/gasoline blends on exhaust gas emissions
at different engine speeds (1500-2500 rpm) of a one-cylinder, four-
stroke spark ignition engine. Ethanol was mixed with gasoline at
different proportions to achieve four blends of E10, E20, E30, and E40.
The examination of emission characteristics showed that exhaust gas
emissions such as unburnt hydrocarbons (HC), nitrogen oxides (NOy),
CO,, and carbon monoxide (CO) were significantly reduced by
increasing the ethanol content of gasoline fuel. The maximum drop in
CO emissions was found in E30 by 26%, while E40 exhibited the lowest
reduction in CO2 emissions by 25%. Similarly, E40 showed lower HC
and NOy emissions compared to the gasoline by 31% and 21%, respec-
tively. Iodice et al. [38] performed an experiment to investigate the
influence of ethanol-gasoline blended fuels on cold emissive behaviour
of a four-stroke Spark Ignition (SI) engine. The results showed that E10
had a 15% reduction of CO emission in comparison with the reference
gasoline. As the addition of ethanol increases the oxygen content of the
blend, an improvement in the combustion process is expected which
subsequently reduces carbon monoxide emission. With regards to un-
burnt hydrocarbons, E10 exhibited 24% less HC compared to the
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reference gasoline which is once more due to a higher oxygen content
that results in an improved oxidation of unburnt hydrocarbons. It may
be worth mentioning that two unattractive features associated with the
use of ethanol in gasoline blends, namely that it has a lower heating
value and stoichiometric air to fuel ratio compared to gasoline [39] and
that it is water soluble. Bioethanol usually contains about 5% water after
the fermentation process, which must be removed before blending with
gasoline [40].

The use of additives to boost octane rating and antiknock properties
of the fuel also constitutes a common industrial practice to enhance
engine performance and reduce emissions [41]. Besides, additives acting
as detergents have been used extensively in commercial gasoline fuels to
reduce the formation of deposits forming on several components of the
fuel delivery system and leading to power loss, reduced engine efficiency
and increased emissions [42]. The exact chemical composition of such
additives and their influence on the rheological behaviour of the fuel are
usually aspects of proprietary research [43], hence the information
available in the open literature is quite fragmented across different
research topics. Relevant to this work are polymeric additives inducing a
viscoelastic behaviour to the flow. Viscoelasticity has been primarily
linked with turbulent drag reduction and subsequent pressure loss
suppression in single-phase flows [44,45]. Flexible polymeric chains
absorb energy from turbulent eddies and disrupt the turbulence-cascade
sequence to small scales, thus, increasing flow efficiency [46]. Never-
theless, investigations on the interaction of viscoelasticity with cavi-
tating structures and, especially those relevant to high-speed injector
flows are quite rare. Naseri et al. [47] carried out high-speed X-ray
imaging experiments on an enlarged replica of a diesel injector, as well
as Large Eddy Simulations (LES) [48] in a realistic device geometry,
employing a viscoelastic diesel blend. The experiments and simulations
confirmed that viscoelasticity suppresses wall-attached cavitation, while
also reducing the overall in-nozzle magnitude of turbulence. In an
additional work from the same group, Karathanassis et al. [49]
employed X-ray phase contrast imaging to illustrate the influence of
viscoelasticity on the topology and dynamics of cavitation developing
inside an enlarged replica of a diesel fuel injector. Placement of the static
needle to distinct lift values enabled the manifestation of different
cavitation regimes, namely cloud and vortical cavitation. The x-ray data
confirmed that in the presence of viscoelasticity-inducing agents, cloud
cavitation was suppressed, while the opposite was true for vortex-
induced cavitation.

Despite the numerous studies reporting the effect of gasoline fuel
blends and injection strategies on gasoline engine performance, there is
nonetheless room for further evaluation of the influence of the fuel
rheological and thermodynamic properties on fundamental flow pro-
cesses associated with fuel injection. As the production of first- and
second-generation biofuels, particularly ethanol blends of gasoline,
comes with either extensive chemical processes and/or competition
with food crops, introducing ppm concentrations of flow-enhancing
viscoelasticity agents can be considered as an attractive alternative to
increase the fuel efficiency of gasoline engines. To the authors’ knowl-
edge, the present work is the first in the open literature illustrating the
influence of viscoelasticity on the cavitating flow arising in the internal
geometry of gasoline injectors. It should also be pointed out that the
viscoelasticity-inducing agent employed in this investigation, a Qua-
ternary Ammonium Salt, has been proven to also act as a detergent
dissolving injector deposits [50]. A comparative evaluation of the
sample containing viscoelasticity-inducing agents against a reference
gasoline and a gasoline/ethanol blend representative of renewable fuels
allows distinct features regarding cavitation formation and spray
atomisation to be highlighted. Flow visualisation has been performed in
two-transparent tips, namely a two-hole, real-size, and an enlarged
single-hole layout, with the latter facilitating the illustration of in-nozzle
cavitation morphology.
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2. Experimental setup

This section describes the equipment and methods incorporated to
derive physical information from the obtained high-speed images. More
specifically, the injection system and sealed chamber, as well as the fuel
samples employed are discussed in sub-section 2.1. Subsequently, sub-
section 2.2 focuses on the optical setup realised and image-processing
techniques utilised in this investigation.

2.1. Injection system and pressure chamber

A sealed cubical chamber with a characteristic dimension of 63.5
mm, as shown in Fig. 1a, was used for the flow visualisation campaign.
Dual-view optical access was enabled by four ports bearing fused silica
windows, 25 mm in diameter each. The ambient pressure within the
vessel was regulated through valve-controlled nitrogen supply, chan-
nelled into the chamber by four intake lines located at its top corners.
The fuel and nitrogen mixture was scavenged from the chamber by an
exhaust pipe shown in the bottom part of Fig. 1a. Pressure transducers
located at the intake line and exhaust lines were used to monitor and
record the ambient pressure. For current experiments, the ambient
pressure range lied in the range 0.1-6 bar, which is representative of the
prevailing in-cylinder pressures during gasoline fuel injection. Sub-
atmospheric conditions were obtained with the use of an oil-ring vac-
uum pump.

Fuel was injected in the sealed chamber with the use of a modified
Bosch HDEVS injector having its metallic tip machined off past the
location of the needle seat to accommodate the optical tip. The injector
and tip assembly were clamped onto a pedestal, bespoke for each tip
layout, securing the optical injector within the vessel and the height of
the window port and allowing the visualisation of the near-nozzle region
due to its corrugated geometry. The injector needle was driven by an
electronic driver giving a signal with a time duration of 0.68 ms.
Although the actual hydraulic duration cannot be precisely determined
for the optical injector, since the needle tip does not protrude into the
active visualisation window, needle motion profile measurements for
the HDEV5 injector are available as shown in Fig. 1c. The profile was
measured through time resolved X-ray phase contrast imaging at the
Advanced Photon Source (APS) of Argonne National Laboratory and
corresponds to a hydraulic injection duration approximately equal to
780 ps [35]. More sophisticated, multiple-injection events, although
relevant to GDI operation, were not considered as the main objective of
the investigation is to elucidate the influence of fuel rheology and
thermodynamic properties on in-nozzle and spray behaviour. A more
complex injection event would come with the risk of making such effects
more challenging to identify. Furthermore, successive injections would
increase the risk of tip failure.

Fuel was pressurised to 100 bar at the injector inlet with the use of a
high-pressure syringe pump, which, depending on the ambient pressure
lead to indicative values of the Reynolds number characterising the in-
nozzle flow reported in Table 1, along with the main parameters of
the experiments. Injection pressure was maintained at 100 bar to ensure
that the optical tips would not fail, owing to mechanical fatigue,
throughout the entire investigation. It was deemed crucial to retain the
same tip (per layout) for all test cases, as micro-fabrication imperfec-
tions between test-pieces would possibly obscure the comparison be-
tween different fuels and conditions. Besides, the ambient pressure
range was selected so as to be comparable to the G condition variations,
as identified for universal experimentation by the Engine Combustion
Network (ECN) [51], which range from 0.5 bar to 6 bar and cover a wide
range of gasoline-engines operation envelope spanning from early in-
jection strategies at low load for homogeneous mixture formation to
late-injection strategies under stratified engine operation. In an attempt
to compensate for the low fuel temperature in the present experiments a
deeper vacuum of 0.1 bar was selected to approach the flashing condi-
tions at the end of intake stroke.
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Fig. 1. a) External view of the sealed vessel with the injector being mounted at a vertical position. b) Section view of injector tip and transparent nozzle. c) Needle-lift

profile of a metallic HDEV5 injector for an electronic pulse of 680 ps [35].

Table 1
Fuel properties and experimental conditions for the examined test cases. The

ued . e
Reynolds number was calculated as Re = 5, using the orifice diameter d, as a
!

characteristic length scale and the fuel kinematic viscosity, vs. Thermodynamic
and transport properties for the gasoline fuels used for the Reynolds definition
were obtained from [55,56]. Indicative velocity values (u) were calculated using
the Bernoulli equation between the injection and ambient pressures.

Fuel Base gasoline Additised E10
gasoline
py [kg/m>] 741 741 746
Kinematic viscosity (m?/ ~ 5.74 x 107 5.74 x 107 6.57 x 107
s)
Reid Vapour pressure 61.4 61.4 69.4
(x10° Pa)

41,100-42,400
82,600-85,100

Re (Real size tip)
Re (Enlarged tip)

47,200-48,600
94,800-97,700

47,200-48,600
94,800-97,700

Ambient gas N,
Ambient pressure (x10°  0.1-6.0
Pa)

Ambient temperature (K) 298

Injection pressure (x10° 100
Pa)

Fuel temperature (K) 298

b7
a 1.79 i:\ —

1.30

Two injector layouts were fabricated from cast acrylic and employed
in the comparative investigation of the different fuel samples. The first
of those constitutes an enlarged single-hole orifice with a hemispherical
upstream sac region, as depicted in Fig. 2a. The orifice hole has an offset
of 170 pm from the symmetry axis of the sac in order to promote an
asymmetrical cavitation cloud attached to the nozzle hole also showing
propensity for cavity shedding, as has been verified in previous in-
vestigations employing mm-sized nozzles relevant to diesel fuel injec-
tion [52,53]. The second optical layout, shown in Fig. 2b, corresponds to
a real-size injector with two counterbore holes resembling those of the
actual Spray G injector employed for experimentation by the ECN [54].
The nozzles of the two-hole tip have a length-to-diameter ratio of 1.3
upstream the counterbore section of square cross section 390 pm x 390
pm, which extends to an additional 470 pm of length. Each hole has a
37° inclination angle (hole-axis angle) relative to the injector axis.

Three types of gasoline were comparatively assessed in the present
experimental campaign. The samples comprised a standardised gasoline
(Haltermann EEE fuel), referred to as ‘base’ from now on, a base sample
treated with Quaternary Ammonium Salts (QAS) at a concentration of
1000 mg/kg, ‘additised’ henceforth, inducing a viscoelastic behaviour to
the fluid and a 10% (v/v) ethanol/base blend (E10). Fuel samples were
selected in such a manner to provide a comprehensive comparison be-
tween alternative fuel blends and commercial gasoline fuels, as well as
widely adopted renewable counterparts. The suspension of QAS

0.39

0.47

Fig. 2. External (left) and section (right) views of employed injector transparent tips: a) enlarged orifice and b) real-size two-hole layout. Dimensions are in mm.



M. Heidari-Koochi et al.

additives in diesel fuel has been proven to lead to the formation of
flexible micelles within the liquid fuel, which interact with vortical
structures at different length scales [49]. Such interactions have an
overall beneficial impact on fuel injection, in terms of in-nozzle flow
efficiency and spray atomisation. An attempt to verify a similar influ-
ence with reference to gasoline fuel is attempted in this investigation.
Fuel samples were kept at room temperature for the experiments since
acrylic tips were employed, and their relevant bulk properties are
summarised in Table 1, while the respective distillation curves are
shown in Fig. 3. Prior measurements have verified that the addition of
QAS additives does not affect the thermodynamic and transport prop-
erties of the reference gasoline fuel. In addition, 10% (v/v) ethanol/base
gasoline constitutes a non-ideal mixture which produces the highest
difference in Reid vapour pressure compared to base gasoline than
higher percentages of ethanol, refer to. This makes E10 suitable to assess
the influence of thermodynamic properties on fuel vaporisation.

2.2. Optical setup and high-speed images post-processing

An optical setup based on Diffuse Backlight Illumination (DBI), the
schematic of which is shown in Fig. 4, was developed to be able to
capture high-speed images of both the two in and near nozzle regions of
the different injector layouts. Given the diffuse nature of the illumina-
tion sources, refractive index gradients captured in the images are owed
solely to the presence of liquid/gas interfaces. Two high-speed cameras
with CMOS sensors (Photron FASTCAM SA-X2 and Phantom v2512) in
sync with pulsating Light Emitting Diodes (LEDs), namely a blue
(wavelength of 455 + 22 nm) and a red one (wavelength of 620 + 19
nm), were employed to capture the injection events. Both cameras were
fitted with long-distance microscopes (Infinity K2 DistaMax with CF-2
objectives) focused either on the internal nozzle flow path or the re-
gion downstream the nozzle outlet. In order to avoid wavelength cross-
talk effects, respective bandpass filters were placed in front of the
cameras. Furthermore, condensing lenses were placed in front of the
LEDs to minimise the light spillage beyond the edges of the chamber
optical windows. LEDs and cameras were simultaneously triggered by
the injector driver with the light pulse being fired at mid-duration of the
camera exposure time. Owing to the very rapid LED pulsation mode,
nanosecond-long exposure times could be achieved ensuring that any
blurriness was absent from the raw images. The visualisation settings
applied for the experiments incorporating each one of the two trans-
parent tips are summarised in Table 2.

Sequences of raw images captured for the two layouts during
indicative injection events are shown in Fig. 5. As already mentioned,
the offset in the geometry of the enlarged nozzle leads to the formation
of an asymmetrical yet well-established cloud cavity, as depicted in
Fig. 5a. The cloud is attached on the lower half of the nozzle cross-
section and occupies its entire length, while dynamic vaporous struc-
tures prevail on the upper part of the cross-section throughout the

200
-x-Base
150 —e-Additised
-=-E10

-
o
o

[$2]
o

Temperature [°C]

0 10 20 30 40 50 60 70 80 90 100
Volume distilled [%]

Fig. 3. Distillation curves of the three fuel samples examined, as determined by
an ASTM D86 test [57].
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Fig. 4. Schematic of the optical set-up realised for the experiments. Both the in-
and near-nozzle regions can be visualised concurrently by the two cameras
owing to the dual-view optical access allowed by the chamber.

Table 2
Summary of visualisation settings for the conducted experiments.

Transparent-tip layout Enlarged orifice Two-hole real size

View orientation Side view Top view Side view
Acquisition frequency (fps) 100,000 100,000 87,000
Exposure time 2 ps 250 ns 250 ns
Active window (pixel) 640 x 170 512 x 208 640 x 256
Active window (mm) 2.62 x 0.70 2.56 x 1.04 3.2 x 1.28
Spatial resolution (pm/pixel) 4.1 5.0 5.0

injection event. Top-view visualisation, as depicted in Fig. 5b, enabled
the illustration of the topology and dynamics of vortical cavities arising
in the hemispherical sac of the enlarged model. It should be noted that
highly transient, elongated (string) cavities intermittently appear in the
sac during the entire event for all the conditions examined. In addition,
the top-view images illustrate the spray region with fidelity and fine
features, such as satellite droplets detaching from the main plume can be
discerned with clarity.

In a similar manner, Fig. 5c illustrates a sequence of raw images
obtained for the two-hole transparent tip. Preliminary test cases have
verified that extensive cavitation establishes in both nozzles and a two-
phase mixture fills up the counterbore holes rendering them opaque.
Likewise, the small depth of the sac did not allow light to penetrate in
that region as well. Since visible light is susceptible to extensive scat-
tering near wall boundaries, visualising regions of high curvature is not
possible using optical imaging. Near-wall visualisation can be accom-
plished instead with the use of high-flux, i.e., synchrotron, radiation, for
instance employing X-ray Phase Contrast Imaging, as the scattering
angles of X-rays are significantly lower compared to light [53]. Hence, it
was deduced that no appreciable quantitative information could be
extracted from the internal flow-path region for the specific layout and
the relevant analysis focused on near-nozzle atomisation and spray
dynamics.

A series of image processing techniques was applied to extract
quantitative information regarding the extent and evolution of the in-
nozzle cavitation, as well as the topology and dynamics of the
expelled fuel spray. As already mentioned, quantitative data regarding
the in-nozzle extent of cavitation can be extracted only for the enlarged
orifice and the relevant post-processing steps are highlighted in Fig. 6a.
As a first step, raw images were subtracted by a background image,
which was produced by averaging 50 images of the orifice occupied by
stagnant liquid. Subsequently, an adaptive thresholding procedure
based on Otsu’s algorithm [58] was utilised to binarise the image. The
final binarised image depicts the projected area of the vaporous struc-
tures arising within the nozzle. The same procedure was followed to
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Counterbore

t t+11.5pus t+23.0us t+34.5ps

Fig. 5. Sequence of time instances referring to base gasoline at P,y,, = 1.0 bar. a) Side view images illustrating the in-nozzle cavitation in the enlarge orifice, b) top
view images illustrating vortical cavitation in the sac region and spray morphology in the near-nozzle region. c) Respective image sequence for the real-size two-hole
injector tip with focus being given in the near-nozzle spray region. Flow is from left to right.

[ Vapour]

Binarisation (Otsu)

Raw image

Half-angle
measurement

Spray outline
identification

Ellipse
approximation

Fig. 6. Outline of the image-processing techniques incorporated to extract physical information from the DBI images: a) Detection of the extent of in-nozzle
cavitation in the enlarged orifice and b) spray-cone angle measurement in the real-size layout. The spray cone-angle reported results as the addition of the half-
angle formed between the major axis of each cyan ellipse and the horizontal. Animations of juxtaposed raw (panel i) and post-processed (panel iii) images corre-
sponding to (a) have been provided as Supplementary Movie SM1. Likewise, animations of post-processed (panel iv) images corresponding to (b) for both enlarged
and real-size layouts have been provided as Supplementary Movies SM2 and SM3, respectively. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

detect the elongated cavities arising in the sac region.

The process to measure the spray cone-angle variation over time is
shown in Fig. 6b. It must be noted that the method is universal and has
been applied to measure the spray-cone angles in both the examined
layouts. The first two steps remain the same as in the process to extract
the cavity variation with time, i.e. background normalisation and
binarisation. Subsequently, an edge detection algorithm (Sobel-Feldman
operator) was applied to highlight the spray periphery. An ellipse was
fitted to each identified spray edge and the orientation of the major axis
of each ellipse was considered as the spray cone half angle. As the spray
periphery, especially at sub-atmospheric ambient conditions, can
become considerably perturbed a large extent of localised fluctuations it
has been deemed that a spatially-averaged cone angle is reproduced in a
more straightforward manner using the fitting in mention rather than
point measurements at specific locations downstream the injector outlet.
The last panel (iv) of Fig. 6b exhibits the fitted edges superimposed over
the raw spray images and verifies the validity of the employed
technique.

3. Results and discussion

In-cylinder pressure during operation of GDI engines can vary from
deep vacuum up to a few bars depending on the engine load and the
injection strategy followed. A range of 0.1-6.0 bar regarding the
chamber pressure has been considered in this work as realistic ambient
conditions. Four repetitions of each injection event were conducted to
confirm results repeatability and to assess statistical error. Comparative
results for the three fuel samples examined regarding cloud and vortical
cavitation and spray-angle variation are presented in sections 3.1-3.3.
Section 3.4 focuses on differences in the break-up behaviour between
the Newtonian fuels (base, E10) and the viscoelastic blend.

3.1. In-nozzle cavitation

The temporally averaged presence probability of vapour within the
enlarged orifice and corresponding standard deviation are plotted in
Fig. 7. The contour plots were produced by averaging the vapour pro-
jected area identified at each time instance over the entire duration of
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Fig. 7. Contour plots of in-nozzle a) vapour-presence probability and b) standard deviation at P,m,, = 1.0 bar for the three fuels examined. Flow is from left to right.
The inset depicts a time instance highlighting cavitation structures of characteristic morphology.

the injection event. For brevity, only the contour plots corresponding to
ambient pressure of 1.0 bar are shown, since the relevant plots for the
other ambient conditions examined are qualitatively similar. It should
be noted that the last 0.2 mm prior to the nominal nozzle outlet, denoted
as region 1 in Fig. 7a, have been masked out from image processing,
since the refractive-index gradient stemming from in-nozzle cavitation
could not be differentiated from the respective owing to spray forma-
tion. Likewise, the nozzle curvature close to the edge of the active
window also obscured the clear identification of cavity outlines in the
region and therefore 0.06 mm in the vicinity of the nozzle’s upper
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07 r mBase mAdditsed WE10

0.65

0.6

0.55

0.1 1.0 6.0
Ambient pressure [bar]

projected edge, denoted as region 2 in Fig. 7a, have also been omitted
from the analysis.

The well-established cavitation cloud forming at the lower part of the
nozzle cross-section remained invariant during the injection event as
reflected by the near-unity presence probability values (Fig. 7a) and
respective absence of standard deviation (Fig. 7b). On the contrary,
transient cavitating structures appeared on the upper part of the nozzle
cross section extending roughly until the nozzle mid-length, as revealed
by the high standard deviation values in the region. Past that location,
transient structures merge with a static cavity forming at the nozzle

b

mBase mAdditised mE10

0.1 1.0 6.0
Ambient pressure [bar]

Fig. 8. Temporally and spatially averaged values of in-nozzle a) vapour-presence probability and b) standard deviation. Chart values have been calculated by
spatially averaging the range of probability and standard deviation values in the nozzle area (excluding the final 0.2 mm of the nozzle exit).
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outlet, as indicated by the moderate standard deviation values high-
lighting a level of flow unsteadiness in the region near the outlet.
Although the underlying cause for the formation of cavitation at the
outlet region is not completely clear, a moderate expansion of the nozzle
hole, owing to the fabrication process, leading to cavitation onset has
been observed in various types of optical tips.

Figure 8 provides a quantitative comparison of the probability of
projected-vapour presence for the examined fuels and conditions. The
bar charts were produced spatially averaging the presence-probability
and standard-deviation values graphically shown in Fig. 7. Error bars
correspond to standard statistical error (=+0/+/n), where n (=4) is the
number of injection events conducted, and ¢ is the standard deviation of
temporally and spatially averaged values. It is evident that the ambient
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pressure has a negligible effect on the presence-probability values for all
fuels (Fig. 8a). This trend can be justified considering that the difference
between the injection and ambient pressures leads to flow choking
within the orifice in all cases, similar to what has been detected in real
VCO gasoline injectors for much smaller pressure differences of the
order of 10 bar [32,59]. It is also worth mentioning that the results
shown here do not provide volumetric information of cavitation struc-
tures, therefore some uncertainty regarding overlapping cavitation
structures along the line of sight does exist. Notwithstanding these facts,
base gasoline exhibits measurably higher averaged presence-probability
values compared to the additised and E10 blends. In all three ambient
pressure conditions examined, the additised and E10 samples demon-
strated on average 6% and 8% less cavitation probability compared to
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Fig. 9. Distribution of laterally-averaged vapour-presence probability and corresponding standard deviation along the orifice length: a) P, = 0.1 bar, b) Py, = 1.0

bar, and ¢) P,mp = 6.0 bar. The shaded regions encompassing each line of same colour denote the standard statistical error (= +6/+/n), where the number of samples
n (=65) corresponds to pixel values used for averaging per image column within the in-nozzle region.
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base gasoline, respectively. The higher viscosity of the E10 leads to
lower values of the local in-nozzle Reynolds number, which is expected
to have a suppressive effect on cavitation onset. However, the differ-
ences between the base and additised fuels lower should be attributed
exclusively to the influence of the fluid rheology.

Prior experiments of the authors’ research group with reference to
injector flows, nevertheless conducted with diesel fuels [47-49], have
demonstrated that viscoelasticity induced by the presence of QAS tends
to suppress cloud (or geometric) cavitation. A similar influence is
plausible for gasoline fuels as well. The underlying cause is the inter-
action of flexible polymeric chains, forming due to the presence of the
additive, with large-scale cross-flow vortices that leads to damping of
their coherence. Certainly, it has also been well established in the
literature [60,61] that viscoelasticity disrupts the turbulence energy
cascade to smaller scales, thus leading to a reduction of the overall level
of turbulence.

The standard-deviation results depicted in Fig. 8b also show
decreased values for the additised and E10 samples compared to the
base gasoline. This trend complies with the arguments stated above
regarding cavitation suppression. Regarding E10, increased temporal
flow stability is linked with the increased fuel viscosity, while the
turbulence-reducing effect of viscoelastic additives has a causal
connection with flow stabilisation, although they could also facilitate
the prevalence of elongated cavities [49].

In order to further pinpoint differences between the examined fuels
in the enlarged orifice, laterally averaged values of vapour presence and
their corresponding standard-deviation values with respect to nozzle
axial distance are provided in Fig. 9. In other words, the values at each
axial location were acquired by averaging the values of each column of
pixel values shown in Fig. 7. As can be seen in Fig. 7a, base gasoline
exhibits the highest vapour-presence probability at the orifice part
closer to the outlet (axial distance higher than 0.6 mm), where the most
significant cavitation extent is observed, refer to the inset of Fig. 7. The
trend appears to be consistent regardless of the ambient pressure. A
more moderate suppressive trend in the vapour-presence probability for
the additised and E10 samples can also be discerned for axial distances
between 0.1 and 0.4 mm, i.e., at the location of the attached cloud
cavity. Moreover, the standard deviation plots of Fig. 7b demonstrate
that the E10 sample shows a clear tendency to stabilise the cavitating
flow compared to the other fuels, with the differences being more pro-
nounced for Pyyp, > 1 bar. The trend should be attributed to the damping
of flow perturbations, owing to the higher fuel viscosity. For the same
ambient-pressure range, the additised fuel exhibits moderately smaller
standard-deviation values compared to the base gasoline, for axial lo-
cations below 0.4 mm. It seems that the turbulence-reducing effect of
viscoelasticity leads to a more stable attached cloud cavity in the case of
the additised sample.

3.2. Vortical cavitation in the sac volume

Cavities of elongated shape have been established to emerge in fuel
injectors due to the underlying action of longitudinal vortices; such
structures have been conventionally referred to as string cavities [62].
As can be discerned in the top-view images of Fig. 5b, slender cavities
with short lifespans are detected in the sac region of the enlarged orifice
and are subsequently entrained into the nozzle hole. With the same
rationale as Fig. 7, the temporally-averaged presence probability and
standard deviation of vortical cavitation in the hemispherical sac is
depicted in Fig. 10. For brevity, only the plots for P4y, = 1.0 bar are
presented, since a qualitatively similar trend has been verified regard-
less of the ambient pressure. The low probability (Fig. 10a) and high
standard deviation (Fig. 10b) values denote the highly transient nature
of vortical cavities. The underlying vortices emanate either from the
needle tip or the gap between the needle and needle seat, while filament
roll-up is also facilitated by the significant curvature of the sac wall. The
probability peaks at the nozzle entrance region suggest that the majority
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Fig. 10. Contour plots of vortical cavity a) presence probability and b) stan-
dard deviation in the sac region of the enlarged-orifice tip for P,p, = 1.0 bar. A
discontinuity in the structures’ topology can be seen in the plots as in the
location of the entrance hole (white dashed lines) where measurable signal
could not be extracted. Flow is from left to right.

of string cavities are eventually entrained into the nozzle and contribute
to the transient features highlighted by the contour plot of Fig. 7.

A quantitative comparison between the examined fuel samples in
terms of spatially averaged, within the entire sac region, presence-
probability, and standard-deviation values at different flow conditions
are available in Fig. 11. It should be noted that since cavity size is much
smaller than the sac area and vapour is mostly absent from the sac
volume throughout the injection, the spatially averaged probability
(Fig. 11a) obtains low values, in the range of 0.7%-1.9%. Measurable
differences can be discerned for P, = 0.1 and 1 bar, with the base fuel
obtaining higher presence-probability and standard-deviation values
than the additised and E10 samples. The highly fluctuating nature and
moderate appearance frequency of vortical cavities contribute to the
statistical error. However, the arguments reported in the discussion
relevant to in-nozzle cavitation, i.e., that its extent and flow instabilities
in general, as suggested by higher standard-deviation values (Fig. 11b),
which are more pronounced for the base sample, seem to be supported
by the results referring to vortical cavitation as well.

It should be clarified here that previous works referring to diesel
injection in enlarged orifices have demonstrated that in-nozzle vortical
cavitation was enhanced in the presence of viscoelastic additives
[47-49]. The proposed mechanism correlated the enhancement of the
underlying vortex coherence with the reduction of the overall level of
turbulence, i.e., vortices within the nozzle at smaller scales, which
would tend to dissipate the energy of large-scale longitudinal vortices.
Unlike the aforementioned experiments, longitudinal vortices never
accomplish a stable behaviour, yet retain their coherence for only a few
ps in the present experiments, owing also to flow instabilities induced by
the transient needle motion. It can therefore be postulated that more
extensive vortex roll-up occurs due to a more perturbed flow for the base
fuel, an argument in alignment with the discussion outlined regarding
in-nozzle cloud cavitation (refer to Figs. 7-8).

An additional comment should be made regarding the behaviour of
the examined samples behaviour for an ambient pressure of 6 bar, where
noticeable differences seem to decay. The elevated ambient pressure
certainly reduces the in-nozzle Reynolds number and potentially slightly
influences hydraulic characteristics on the injection, such as the needle
wobble. As a consequence, the flow seems to be stabilised overall,
leading to few occurrences of vortical cavities in the sac.
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Fig. 11. Temporally and spatially averaged values of vortical cavitation: a) presence probability and b) standard deviation. Graphs values have been calculated by
spatially averaging the probability and standard-deviation values obtained in the sac region, which are graphically depicted in the contour plots of Fig. 10.

3.3. Spray cone angle

Four repetitions of an injection event were analysed for each ambient
pressure examined to quantify the spray-cone angle temporal variation
and satisfactory repeatability was confirmed for both injector layouts
even for the extreme case of deep vacuum. Fig. 12, indicatively depicts
the cone angle distribution with time for the base gasoline at the
downstream of both the enlarged (Fig. 12a) and real-size injector tips
(Fig. 12b-d), with the statistical error represented as shaded bands.
Time values in the horizontal axis of Fig. 12, are presented in a non-
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dimensional form as t* = t/t,, as the total injection duration (to) dif-
fers slightly depending on the optical tip and the ambient pressure.
Common trends can be detected for both tips, in the sense that the cone-
angle absolute values increase as the ambient pressure decreases from
atmospheric to vacuum, owing to the explosive atomisation of bubbles
induced by the extreme ratio of back to injection pressure. Increasing of
the ambient pressure to 6.0 bar lead to an increase in the absolute cone-
angle values only for the two-hole tip, while the opposite trend was
observed for the enlarged orifice. For a pressurised environment, any
influence on the cone angle stems from aerodynamic rather than phase-
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Fig. 12. Spray cone-angle distribution with time for base gasoline at different ambient pressures: a) enlarged-orifice and two-hole layout b) P,,,, = 0.1 bar, ¢) Paymp =
1.0 bar, d) Pamp = 6.0 bar. Top and bottom plumes refer to the tip orientation as depicted in Fig. 5¢. The shaded regions encompassing each line of same colour denote

the standard statistical error.
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change phenomena and therefore the increased values for the real-size
injector have to be attributed to increased drag forces acting on the
spray plume. A similar effect is nonetheless absent for the enlarged
orifice since the minimum cone-angle values are observed for Pyy, =
6.0 bar. It is postulated that the considerable jet momentum owing to the
large orifice cross section prevents primary aerodynamic break-up.

As the real-size tip realises two nozzle-holes, cone-angle measure-
ments are presented separately in Fig. 12b-d for different ambient
pressures. A systematic difference, yet on the verge of measuring capa-
bility, in the cone angle values of the two plumes was observed for all
fuels for Pymp = 1.0-6.0 bar. This discrepancy mainly emanates flow
processes taking place in the internal flow path of the tip, and namely in
asymmetries in the secondary flow pattern establishing in the sac and
nozzle regions and in the topology of in-nozzle cavitation. The shape
fidelity of the counterbore holes could also influence the spray plume
extent.

Temporally averaged plume-angle values for each fuel and condition
examined are presented in Fig. 13. Referring to the results for the two-
hole injector, the average of both plumes is presented in the bar charts
of Fig. 13b. With regards to the fuel types examined, insignificant dif-
ferences were observed for ambient pressures of 1.0 and 6.0 bar con-
ditions, where break-up is controlled by aerodynamic processes. This
finding is expected for cold fuels and is in agreement with previous
experimental studies focusing on spray break up of gasoline and ethanol
blends [63]. On the other hand, at vacuum conditions where efferves-
cent atomisation sets in [64,65], both additised and E10 blends showed
measurably higher plume angles compared to base in both layouts. The
main reason behind higher plume angles for E10 should be sought to its
thermodynamic properties and, more specifically, to the increased
vapour pressure and volatility compared to the base [55], as also sug-
gested by the distillation curves of Fig. 3. The justification for the
behaviour of the additised fuel should be pursued in its rheological
characteristics and primarily to their effect on the in-nozzle two-phase
flow field. The reduced cavitation extent and overall flow stabilisation
observed for the additised sample lead to increased flowrate though the
injector. Since spray topology and dynamics are highly influenced by the
in-nozzle flow conditions or in other words the local Weber number in
the near-nozzle region is expected to be higher for the additised sample,
which consequently affects primary breakup and plume angle.

3.4. Spray and ligament break-up

The spray break-up characteristics for each fuel sample were further
investigated by deriving ‘lumped’ metrics of the number of satellite
droplets detaching from the main plume. Due to limitations imposed by
the spatial and temporal resolution, the peripheries of discrete structures
could not be clearly identified. However, in order to evaluate the extent
at which fine structures or droplets detach from the main fuel jet, the
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averaged pixel brightness of the region surrounding the liquid core of
the spray was selected as a representative measure of the fuel jet pro-
pensity for primary breakup.

Following the edge detection and binarisation techniques outlined in
section 2.2, the intact liquid core of the fuel jet expelled by the injector
was detected dynamically in each frame and removed from the raw
image, as shown in the first frames of Fig. 14a-b. As a result of image
subtraction from background images where the fuel spray was absent,
brighter pixels correspond to detached liquid structures, as illustrated by
the second frames of Fig. 14a-b. Furthermore, the brightness level was
normalised so that values of zero and one correspond to black and white
pixels, respectively.

Figure 14c and d present a quantitative comparison of the averaged
brightness at the jet periphery for the examined fuel samples. Results
only for the ambient pressures of 0.1 bar and 6.0 bar are presented, since
satellite structures were observed only for those. In fact, especially for
6.0 bar aerodynamic break-up was observed only for the two-hole nozzle
(Fig. 14d), yet values are presented for both layouts for completeness
purposes. Fig. 14c referring to the enlarged orifice, illustrates that for
Pamb = 0.1 bar, the additised and E10 samples showed approximately
15% higher mean brightness compared to base, denoting the presence of
more satellite structures and confirming the capability of the samples to
induce finer spray atomisation, as inferred in the discussion regarding
the spray-cone angle relevant to Fig. 13. For ambient pressure of 6.0 bar
in the specific geometry, the differences in the mean brightness were
negligible, which once again, should be sought in the inertial nature of
break up and the relatively low local flow velocity owing to the large
nozzle cross section.

Concerning the real-size injector tip (Fig. 14d) in vacuum ambient
conditions, additised and E10 blends showed average brightness 14%
and 22% higher than base. The presence of counterbores in this layout
appears to reinforce the break-up process at pressurised ambient. The
additised and E10 samples exhibited slightly yet measurably higher
average-brightness values, demonstrating once again their proneness to
break-up. Once more, enhanced spray breakup in the additised blend is
owed to its rheological characteristics also influencing the in-nozzle
two-phase flow field as previously discussed. Referring to E10,
enhanced atomisation emanates from the increased fuel volatility.

For a pressurised environment, once the needle reaches its lowest
point, residual fuel in the internal flow path of the injector is expelled in
the chamber in the form of ligaments and large droplets [66-68]. As
these liquid structures have low ejection velocities and considerable
sizes, small evaporation rates increase the combustion time scale, which
contributes to additional engine soot [69]. In the present campaign,
characteristic post injection ligaments were observed in the two-hole tip
for Py = 6.0 bar, refer to the upper panel of Fig. 15a. As the nozzle
volume was much larger in the enlarged tip, a higher fuel quantity was
expelled after end of injection in the form of coalescing ligaments and,
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Fig. 13. Temporally-averaged spray cone-angle in a) the enlarged orifice and b) two-hole layout. The mean values and error bars have been calculated from four

injection cycles at each condition.
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Fig. 15. a) Temporal evolution of ligament breakup and corresponding processed images after the end of injection in the top plume of the real-size model. Time
interval between consecutive images is 11.5 ps. b) Ligament breakup time over initial size of ligament projected area in real size injector tip at Py, = 6.0 bar.

thus, discrete structures could not be identified and processed. On the The size and breakup time of the detected ligaments, as annotated in
contrary, a frothy two-phase mixture formed downstream the injector Fig. 15a were recorded for the examined samples and are presented in
outlet for lower ambient pressures due to extensive bubble coalescence. correlation in Fig. 15b. It is clear that the additised sample shows higher
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breakup times for the range of ligament sizes identified, while base
gasoline and E10 exhibit an indistinguishable behaviour.

Fundamental studies on liquid jet instabilities have shown that
viscoelastic liquids tend to exhibit a ‘beads-on-a-string topology’ liquid-
filament topology [70] and increased break-up lengths compared to
Newtonian counterparts. This distinct behaviour has been correlated to
the fluid extensional rheology and more specifically to the extensional
relaxation time representative of the fluid elasticity [71]. It appears that
for post-injection droplet dynamics, such rheological effects, macro-
scopically perceived as increase of elongational viscosity, are significant
for the additised sample. Albeit this behaviour seems to be counterin-
tuitive, given the fact that the additised sample exhibits a higher pro-
pensity for spray break-up, it must be taken into account that flow
velocities or in other words the local Weber number is much higher
during injection and its effect is dominant in designating the break-up
behaviour. It has been summarised in [71] that a number of
competing factors designate the indicative droplet sizes after break up of
non-Newtonian liquid jets, reflected in the Weber, Ohnesorge, and
Deborah numbers.

4. Conclusions

High-speed DBI performed in a real-size two-hole and an enlarged
single-hole optical injector illustrated the differences in terms of in-
nozzle cavitation and near-nozzle spray morphology of conventional
and alternative gasoline fuel types. The behaviour of a standardised
gasoline was comparatively assessed against an E10 blend representa-
tive of widely-employed renewable fuels and a gasoline blend additised
with QAS viscoelasticity inducing agents. For the examined conditions
the additised and E10 samples demonstrated on average 6% and 8% less
extent of cavitation in the enlarged orifice compared to the base gaso-
line, respectively. In addition, both samples were associated with
temporally stabilised internal flow compared to reference. In terms of
spray atomisation and dynamics, once again, the behaviour of the
additised sample was found to resemble that of E10, characterised by
increased cone angles and propensity for break-up in sub-atmospheric
pressure conditions, as 15% more satellite droplets in the spray pe-
riphery were detected compared to base. Albeit E10 and additised
blends exhibit a macroscopically similar flow behaviour the underlying
causes are different and should be associated with the thermodynamic
and transport properties of the former, whereas only with the distinct
rheology of the latter. The distinct rheology of the additised sample is
also responsible for the differences in the break-up behaviour of liquid
ligaments expelled by the nozzles of the two-hole tip after the end of
injection. To summarise, the enhancement of spray atomisation through
addition of QAS additives to gasoline was demonstrated in this work.
Furthermore, blending of such additives in commercial gasoline, is not
associated with unattractive features of ethanol-blended fuel, such as
reduced heating value resulting to reduced power output and fuel
efficiency.
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