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A B S T R A C T   

The influence of additives inducing viscoelasticity in diesel fuel, on the in-nozzle cavitation evolution and the expelled spray morphology has been quantified by 
high-speed, diffused back-light and schlieren imaging applied to two single-hole true-scale transparent injectors of straight and tapered orifice layouts (so-called 
Spray C and D of the engine Combustion Network), as well as a five-hole configuration (Spray M). More specifically, the in-nozzle cavitating flow and its effect on 
near-nozzle spray formation of a non-Newtonian diesel fuel sample treated with Quaternary Ammonium Salt (QAS) additives and exhibiting viscoelastic effects, as 
well as biodiesel (FAME), are compared against conventional diesel fuel for the first time. The operating conditions corresponded to injection and ambient pressures 
in the range of 500–900 bar and 1–20 bar, respectively. It was found that viscoelasticity has an overall suppressing effect on wall-attached, or so-called geometrical, 
cavitation. Furthermore, the investigation revealed that the action of viscoelastic additives has the capability to enhance the magnitude of well-established longi-
tudinal vortices, with the subsequent after-effect of leading to increased cone angles of the expelled spray. On the contrary, it tends to suppress turbulence-induced 
transient instabilities in a manner similar to turbulence suppression.   

1. Introduction 

While electrification has the potential to transform the powertrain in 
many vehicles, the majority of medium and heavy-duty vehicles 
currently rely on internal-combustion engines for propulsion, and this 
trend is expected to persist in the foreseeable future, particularly for 
long-range and off-road applications. It is forecasted that by 2040, 
approximately one-third of medium and heavy-duty truck sales will be 
electric worldwide [1]. Meanwhile, upcoming regulations necessitate 
the reduction of tailpipe soot, NOx, and CO2 emissions. For instance, the 
Euro VII standard dictates a decrease in NOx emissions from automo-
biles by 35 % and by 56 % in buses and lorries compared to Euro VI [2]. 
Therefore, the pursuit of increasing the fuel and environmental effi-
ciency of modern diesel engines remains timely. The pathway for 
accomplishing these objectives is inherently linked with the enhance-
ment of combustion quality, for instance, through the optimisation of 
the fuel atomisation behaviour and subsequent mixing with air. 

As the fuel injection system is a critical part of the diesel engine, it 
directly affects combustion performance and exhaust emission rates [3]. 
This reveals that the flow processes occurring within the injector’s 

complicated flow path have a vital influence on fuel delivery and engine 
performance. Modern diesel injectors have orifice diameters of the order 
of 150 µm and operate at injection pressures higher than 2500 bar. Such 
extreme operating conditions in combination with the geometrical 
layout of the nozzle holes that cause a flow restriction, cause cavitation 
to form within the injector nozzles. Cavitation formation within diesel 
injectors has been extensively investigated with the incorporation of 
either real-size or enlarged transparent tips replicating the sac and 
injector-hole layouts of the device. Visualisation of in-nozzle cavitation 
is challenging owing to the highly turbulent nature of the flow and the 
very small length and time scales of process evolution. Imaging with 
diffuse-light techniques [4,5], i.e., either Mie scattering or backlight 
imaging has been employed on numerous occasions to provide insight 
into the morphological characteristics of vapour cavities emerging in 
high-pressure diesel injectors and correlate them with the atomisation 
and dynamics of the fuel spray delivered by the devices [6,7]. Some 
early and representative studies expanding over a wide range of con-
ditions and nozzle configurations include [8–10]. More specifically, 
Desantes et al. [8] tested single-hole injectors of varying hole diameters 
operating at different pressure differences to illustrate the influence of 
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geometry and operating conditions on cavitation development. Mitro-
glou et al. [9] obtained a multitude of in-nozzle flow, high-speed images 
from identical diesel injectors that enabled the production of ensemble- 
average images indicating the probability of cavitation appearance at a 
specific location within the injector nozzle. In a subsequent study, 
Mitroglou et al. [10] visualised the two-phase flow in a Valve Covered 
Orifice (VCO) injector and demonstrated the correlation of different 
cavitation regimes with the near-nozzle spray morphology. 

The formation and dynamic evolution of vaporous structures within 
the injector affect its discharge coefficient, the dynamics and composi-
tion of the expelled spray [11–13] and pose a threat to the injector ri-
gidity [14–16]. Transparent tips have been usually made from acrylic or 
even quartz which, are capable of withstanding extreme pressures up to 
2000 bar [17,18]. Recently, advancements in X-ray technology have 
also made it possible to investigate real-size steel nozzles [19,20]. 

From those indicative studies, many of which come from the authors’ 
group, two primary cavitation regimes have been identified within 
injector nozzles, namely sheet/cloud cavitation and vortex or string 
cavitation [3]. The former regime arises in regions adjacent to solid 
boundaries due to local flow separation, whereas the latter is probable to 
emerge in the nozzle core. The different cavitation regimes emanating 
due to flow acceleration, as well as separation and coherent vortical 
motion [21] have been elucidated and correlated to spray morphology 
[22] and erosion patterns [23]. These phenomena are also relevant to 
the present work, as they have been conducted only with standard diesel 
and thus, serve as a reference for comparison with the new fuels tested 
and reported as part of the present investigation. Moreover, relevant to 
the present work are also the recent studies of Karathanassis et al. [7] 
and Manin et al. [18] who applied high-speed stereoscopic microscopy 
to investigate the two-phase flow field in the so-called transparent 
nozzle Spray D, utilised by the Engine Combustion Network (ECN). In 
[7] the underlying compressible flow dynamics effects during the needle 
valve opening and closing allowed elucidation of the gas exchange 
process taking place after the end of injection with ingestion of ambient 
gas into the nozzle’s sac volume; relevant simulations also have been 
reported recently in [7,24]. This gas exchange was reported to influence 
the injection start of the subsequent event, as gas being injected 
concurrently with the liquid fuel resulted in improved atomisation but 
also in irregular-shaped fuel structures depositing on the external sur-
face of the injector nozzle tip. 

The macroscopic cavitation topology has been demonstrated to be 
similar between enlarged replicas and real-size nozzles [20], although 
bubble residence and collapse times are different [25]. Owing to the 
rapid advancement of micro-fabrication and imaging technologies in the 
last decade, real-size injectors with transparent tips have been materi-
alised for use in cavitation visualisations [22,26,27]. Transparent tips 
are made from acrylic, have high optical transparency and are capable of 
withstanding extreme pressures up to 1000 bar [18]. 

Modern fuel injection systems incorporate multiple nozzle holes, 
offering increased spray control and overall atomisation quality [28,29]. 
Yet, experimental investigations of flow and cavitation inside multi-hole 
transparent injectors are scarce in the literature owing to fabrication and 
structural limitations associated with the transparent tips. Furthermore, 
multiple injector orifices are commonly arranged symmetrically around 
the sac, hindering visual access to the complex internal flow path [30]. 
Yasutomi et al. [31] investigated multi-hole and single-hole transparent 
nozzles using high-speed, long-distance microscopy. Experimental re-
sults showed that the axial-hole optical tip hardly displayed any bulk 
cavitation during the needle closure event, unlike the multi-hole layout 
for which extensive cavitation formed followed by gas exchange with 
the ambient. Huang et al. [29] examined the impact of injector hole 
number on the spray dynamics by X-ray phase-contrast imaging. They 
found that as the number of holes increased, the near-nozzle spray dy-
namics varied in a non-monotonical manner. Additionally, the sprays 
became highly dispersed and fluctuated for the lower hole numbers, 
along with a rapid decrease in their velocity. Mitroglou et al. [9] 

visualised real-size, multi-hole nozzles to elucidate shot-to-shot varia-
tion in the internal nozzle flow and link the presence of string cavitation 
to spray angle fluctuations. 

All of the aforementioned in-nozzle flow studies have been per-
formed using standard diesel fuel. Parallel to those, numerous studies 
have investigated the influence of fuel thermodynamics and transport 
properties on cavitation development and spray dynamics. Fuel prop-
erties are generally known to affect spray atomisation [32,33]. Fuel 
properties such as viscosity and density have been found to significantly 
change as a function of injection pressure and liquid temperature, as 
reported by the relevant experimental and computational studies re-
ported recently in [34–41] which reported variations for pressures as 
high as 3000 bar and temperatures up to 560 K. The influence of those 
on the cavitation of multi-component fuel surrogates has also been 
investigated in [42]; significant variations of the cavitation structures 
and vapour composition have been reported, with pressure increase to 
values up to 4500 bar. In addition, fuel composition and the mixing of 
fuels can be additional influential factors. For example, Mo et al. [43] 
investigated the atomisation quality of pure soybean biodiesel along 
with a sample blended with 20 % butanol. It was found that the addition 
of alcohol facilitated spray primary break-up due to its lower viscosity 
and surface tension. 

In addition to those, deposit formation in the nozzle holes hampers 
the operation of fuel injectors, as it modifies the internal flow field and 
can cause a deterioration of fuel-delivery performance [44]. Doping the 
fuel with viscoelasticity-inducing agents, such as some Quaternary 
Ammonium Salts (QAS), constitutes a well-established method to pre-
vent deposit formation and clean the injector holes. From a broader 
perspective, the influence of additives on diesel combustion has been 
thoroughly studied over the years. Due to their proprietary nature and 
relatively complex chemical structures, additives and mechanisms by 
which they affect injector flow, spray, and soot formation have not been 
well studied. Deposit control additives are one of the most important 
components in a Diesel additive package and are used for suppressing 
deposit formation and thus, reducing soot formation during long-term 
operation. Their mechanisms include keeping new injectors clean by 
generating a protective film on metal surfaces and by preventing 
agglomeration of deposit precursors, as well as cleaning up fouled in-
jectors by deposit removal and dispersion [45]. Detergents patented for 
use in diesel applications include Polyisobutylene Succinimides [46], 
alkyl quaternary ammonium salts based on Polyisobutylene as well as 
polymeric quaternary ammonium salts [47]. Other additives referred to 
as soot reducers as well as ignition improvers (cetane improvers) have 
also long been studied but are out of the scope of the present work. In 
brief, such additives are able to suppress soot formation in diesel engines 
and reduce ignition delay, respectively. Compared to traditional 
metallic soot-reducing additives [48], ashless soot reducers have 
recently been investigated [49]; Tripropylene Glycol Methyl Ether has 
been proposed as a viable soot-reducing additive due to a higher efficacy 
compared to other oxygenates [50,51]. 2-Ethyl Hexyl Nitrate and di-Tert 
Butyl Peroxide are two of the most widely used cetane improvers. 

Nevertheless, relevant studies do not report in detail the influence of 
additives on nozzle flow. In this area, only a handful of recent studies are 
available. The work of Barbour et al. [52] constituted an initial experi-
mental study where increase of the injector discharge coefficient was 
observed for QAS-treated fuel samples. This initial finding led to follow- 
up studies from the authors’ group [53,54], which have focused on the 
elucidation of the flow processes leading to the measured increase of 
nozzle flow rate for the same pressure drop [48,49]. Advanced di-
agnostics including high flux X-ray phase contrast imaging (XPCI) has 
been employed together with numerical simulations considering the 
effects of viscoelasticity in cavitating flows [53–56]. These in-
vestigations suggested that tested QAS additives when diluted in hy-
drocarbon fuels, result in micelles forming and bestowing the mixture a 
viscoelastic nature. The flexible structures interact with coherent 
vortical motion both in the micro- and the macroscale. The overall 
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action, perceived macroscopically as viscoelasticity, tends to suppress 
attached cavitation formed due to cross-flow vortices, while on the 
contrary, enhances vortical cavitation emanating from longitudinal 
vortices. These conclusions were established in single-orifice injector 
replicas promoting a stronger and steadier recirculation pattern 
compared to multi-hole nozzles. A recent study also from the authors’ 
group on real-size gasoline injectors under realistic operating conditions 
[57] revealed that viscoelasticity tends to suppress turbulence-induced 
instabilities, which could potentially give rise to highly transient, 
vortical cavities with lifetimes of a few tens of microseconds; this time 
scale although it corresponds to ~ 1/100 of a typical injection duration 
event, is equivalent to the fuel residence time inside the fuel injector, 
and thus, long enough to influence the nozzle flow. 

All previous studies examining the effect of viscoelasticity on diesel 
fuels refer only to internal nozzle flow development. To the authors’ best 
knowledge, no prior study has been reported on the quantification of 
viscoelastic additives on near-nozzle spray angle, while linking them 
with the internal nozzle flow. Therefore, new results obtained at the 
combustion facility of SNL utilising the standardised ECN nozzles and 
operating conditions are reported here for the first time. This has 
allowed direct comparison of the tested additised samples against prior 
tests obtained with conventional diesel as well as biodiesel samples. 
Moreover, different optical injector layouts, namely Spray C, D and M of 
ECN have been utilised in order to pinpoint differences regarding in- 
nozzle cavitation and spray morphology. The significance and long- 
term impact of this work are relevant to the development of sustain-
able renewable fuels, which appears as a viable and attractive alterna-
tive for the decarbonisation of heavy-duty vehicles and earth-moving 
machines, where current electrification technologies do not seem 
mature enough to be readily incorporated. As such new fuels exhibit in 
general compromised rheological properties compared to the standard 
diesel fuel, utilisation of additives that can alter and improve nozzle flow 
and atomisation, while they can be standardised and become an integral 
part of the fuel package, are considered essential for the broader uti-
lisation of such future fuel alternative options. 

The rest of the paper is organised as follows: the experimental setup 
is described, together with the operating conditions, the visualisation 
setup and the employed measurement techniques. Then the obtained 
results are presented in a comparative manner between the tested fuel 
samples. Finally, the most important conclusions are summarised at the 
end. 

2. Experimental campaign 

Three types of diesel fuel were assessed in a comparative manner in 
this investigation: (i) a standard commercial diesel fuel (base diesel), (ii) 
a base sample treated with Quaternary Ammonium Salts (QAS) at a 
concentration of 1000 mg/kg (additised diesel), which bestow the fluid 
non-Newtonian, viscoelastic rheology and (iii) a Fatty Acid Methyl Ester 
(FAME) biodiesel. As already mentioned, the suspension of QAS addi-
tives in diesel fuel has been demonstrated to lead to the formation of 
flexible micelles, which interact with vortical structures at different 
length scales and eventually influence the cavitation topology [53]. Fuel 
samples were selected to highlight differences between ‘engineered’ fuel 
blends, commercial blends and renewable counterparts. Samples were 
tested at room temperature, and their relevant bulk properties are 
summarised in Table 1. Prior measurements [54] have verified that the 

addition of QAS additives at such concentrations does not affect the 
thermodynamic and transport properties of the base blend. 

2.1. Pressure chamber and fuel-injection system 

Experiments were carried out in the sealed cubical pressure vessel 
depicted in Fig. 1a. Details on the chamber dimensions and structural 
components have been given in previous investigations [7,31]. In brief, 
the four sides of the vessel are covered with fused-silica windows 
enabling simultaneous visualisation with the use of different optical 
techniques. The pressure inside the vessel is regulated by nitrogen in-
jections through four ports located at the top of the vessel. The fuel-gas 
mixture after the injection is vented through the exhaust located at the 
bottom of the vessel. The injection and ambient pressures are recorded 
by pressure transducers located at the fuel line and the exhaust line, 
respectively. Fuel is pressurised to a prescribed injection pressure with 
the use of a syringe pump. 

Two different injector geometries standardised by Engine Combus-
tion Network (ECN) [60] were employed for the conducted experiments. 
Namely, transparent counterparts of the so-called Spray C [61] and 
Spray D [62] single-hole injectors have been fabricated. Although the 
two layouts are quite similar in overall dimensions, Spray D is a tapered 
orifice and, hence, the extent of arising cavitation is expected to be 
moderate compared to the straight Spray C orifice. An additional five- 
hole optical injector, shown in Fig. 1b, referred to as Spray M from 
now on, has been included in the investigation to take into account 
three-dimensional instabilities occurring in the sac region due to hole- 
to-hole flow interactions. As also illustrated in the section view of 
Fig. 1a, acrylic tips were mechanically clamped in between the metallic 
body of a modified injector, having its tip severed and ground flat and a 
supporting pedestal holding the tip in place. The pedestal layout is 
machined in a way to facilitate imaging of the injector near the field. For 
the single-hole injectors, a metallic pedestal was utilised as described in 
[7]; however, an acrylic pedestal of more complex geometry was 
employed in the Spray M investigation. The spray M pedestal realises 
two draining ducts, annotated in Fig. 1b, in alignment with injector 
holes to facilitate unobscured optical access to the ‘nozzle of interest’, as 
is clarified by the raw images presented in the following section. 

2.2. Optical setup 

The optical set-up implemented and depicted in Fig. 2 allowed the 
concurrent application of Diffuse Backlight Illumination (DBI) and 
schlieren imaging in orthogonal orientation. Two pulsating LEDs, blue 
(455 ± 22 nm) for DBI and red (620 ± 22 nm) for schlieren, respec-
tively, provided illumination. Complete details of the structural com-
ponents of the dual-imaging system can be found in [7]. The schlieren 
set-up sensitivity was properly calibrated to be able to capture liquid 
density gradients within the nozzle induced by the presence of coherent 
vortical motion, as discussed in detail in previous work [7]. Longitudinal 
vortices arising within the injector hole were captured as streak-like 
refractive index gradients by the schlieren system. Besides, raw 
schlieren images were utilised to measure the spray-cone angle since 
they offered a higher contrast in the spray periphery compared to the 
DBI images. 

High-speed images were recorded at 100,000 fps simultaneously by 
two different CMOS cameras, Photron SA-X2 and Phantom v2512, fitted 
with long-distance microscopes and triggered concurrently by the 
injector-driver. The dimensions of the active window were 640 × 176 
and 768 × 272 pixels for DBI and schlieren systems, respectively; the 
corresponding spatial resolutions were 3.90 µm/pixel and 3.24 µm/ 
pixel, respectively. 

2.3. Image acquisition and post-processing 

A number of post-processing techniques were applied to extract 

Table 1 
Nominal fuel properties at 1 bar and 27 ◦C of the diesel samples utilised in the 
present investigation [58,59].  

Fuel Base diesel Additised diesel FAME 

ρf [kg/m3] 830 830 880 
vf [mm2/s] 2.6 2.6 3.5 
psat [•103 Pa] 17,200 17,200 40,000  
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quantitative data regarding the extent and dynamics of in-nozzle 
vorticity and cavitation, as well as the temporal variation of the spray 
cone angle from the high-speed images. The post-processing steps real-
ised through an in-house code for the derivation of the projected area of 
either vapour cavities or vortices within the injector nozzle are analysed 
in detail in our previous publication [7]; thus, they are not repeated here 
in detail. In summary, the region of interest was initially cropped and 

masked in the raw images, and a background image of stagnant liquid 
within the injector was subtracted. Based on proper thresholding, black 
and white images were produced with white pixels corresponding to 
regions of refractive index gradients, i.e., cavitation or vorticity. Simi-
larly, the region of interest was cropped and binarised on proper 
thresholding for the spray cone angle calculation. Edges of the binarised 
image were detected employing the Canny edge detection algorithm. 

Fig. 1. (a) Overall and section views of the spray chamber employed in the experiments. (b) CAD assembly of the Spray-M test piece with the dedicated acrylic 
pedestal. All dimensions are in mm. 

Fig. 2. Schematic of the optical layout for the DBI (red LED) and schlieren (blue LED) imaging systems (reproduced from [7]). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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Denoising of the detected edges was applied to avoid rogue droplets’ 
effect on the measurement. Finally, the centroids of the two edges of the 
spray were identified, and the spray cone angle was calculated using 
their positions. 

In order to distinguish vortical cavitation from geometric cavitation 
in the case of the Spray M injector, a bespoke algorithm was developed 
to record the eccentricity and location of the vaporous structures arising 
at each frame. The extent of in-nozzle cavitation was quantified using 
the binarisation method employed in the single-orifice configurations as 
well (Fig. 3a). Vortical cavitation specifically was identified with the 
application of suitable thresholds for both the eccentricity and the 
location of the binarised structure in the nozzle. For instance, cavities in 
Fig. 3a are classified as vortical cavitation since they exceed the estab-
lished threshold for eccentricity. The usefulness of the two identification 
criteria becomes apparent, especially in the entrance region, as illus-
trated in Fig. 3b. Although the values of eccentricity for the two detected 
structures are similar, the one indicated by the blue circle is classified as 
geometric cavitation, while the one in the red circle is considered 
vortical cavitation owing to their relative location within the orifice. 

3. Results and discussion 

The experiments conducted in the present investigation are outlined 
in Table 2. It should be clarified that the injection pressure for the Spray 
D and Spray M layouts was limited, after preliminary testing, to 900 and 
500 bar, respectively to allow for testing of at least four injection events 
per fuel and ambient condition without rupturing the acrylic piece. 
Specifically referring to the Spray M layout, the pressure had to be 
limited to a lower value, as the complex geometry machined out of the 
acrylic part rendered the piece less rigid than spray D. However, the 
injection pressure for the Spray C injector was designated by visual-
isation limitations, since for pressures higher than 700 bar, the injector 
hole was completely opaque throughout the injection event. 

3.1. Single-hole injectors 

The results presented in this section refer to the axial-orifice Spray C 
and Spray D injectors. Indicative sequences of raw images obtained in 
the single-orifice, Spray C and D, injectors during the campaign are 
illustrated in Fig. 4. The sequences of Fig. 4a referring to the straight 
Spray C highlight that the entire injector hole is occupied by vapour, 
rendering it almost entirely opaque. The video of the injection event 
provided as Supplementary material (SV_C), however, hints that cavi-
tation forms a vapour sheet adjacent to the hole periphery, while tran-
sient features manifest in the orifice core. On the contrary, the tapered 

layout of Spray D leads to milder cavitation with the majority of the 
nozzle occupied by pure liquid, as shown in Fig. 4b. Regions of cavita-
tion can be discerned in the nozzle throat and close to the injector outlet 
stemming mainly from machining imperfections. Wall roughness pro-
vides the nucleation sites necessary for cavitation to arise in the outlet 
part of the injector and cavitation is sustained by the low pressure 
prevailing in the region. The supplementary video (SV_D) also highlights 
the onset of transient vaporous structures in the vicinity of the nozzle 
outlet. It must also be pointed out here that a schlieren visualisation for 
the Spray D layout is available in the Supplementary material 
(SV_D_Schlieren), where longitudinal structures are evident to emanate 
from the needle tip and propagate through to the nozzle hole. It was 
preferred not to add a sequence of schlieren images in Fig. 4 since the 
relative refractive index gradients are quite challenging to discern in still 
images. 

Since the injection duration depends on the injection pressure, the 
non-dimensional time parameter t*, which is time over total injection 
time (t*=t/ttotal) is introduced to make comparison more straightfor-
ward for different conditions. 

Post-processing of high-speed images throughout the injection event 
enabled the calculation of vapour presence probability and relevant 
standard deviation, as depicted in Fig. 5 for the Spray C injector. The 
straight injector-hole layout causes Spray C to cavitate heavily, with the 
entire nozzle being filled with vapour almost for the entirety of the in-
jection, as illustrated by the mean probability values. It must be pointed 
out that this doesn’t necessarily mean that the entire orifice volume is 
filled with vapour but rather that an external layer shrouds the wall 
periphery, thus preventing light from penetrating further. The locally 
high standard deviation values suggest the presence of transient cavities 
in the core region. The presence of transient vaporous structures is 
demonstrated more clearly in the images corresponding to the additised 
sample. As can be seen, a slender region of low mean probability values 

Fig. 3. Detection of cloud and vortical cavitation in the Spray-M injector: (a) Case of well-established elongated cavity identified by the eccentricity criterion, (b) 
case of both attached and vortical cavities identified through a combination of eccentricity and location criteria. 

Table 2 
Matrix of conducted test cases. The Reynolds number was calculated using the 
orifice diameter do, as a characteristic length scale.  

Injector layout Spray C Spray D Spray M 

Injection pressure [105 Pa] 700 900 500 
Ambient gas N2 

Ambient temperature [K] 293 
Ambient pressure [105 Pa] 1–5–20 5–20 1–5–20 
Ambient density [kg/m3] 1.15–5.76–23.09 

Re 
(
=

u • do

vf

)
15,370 (700/5 bar) 17,460 (900/5 bar) 12800 
(500/5 bar) 

CN 
(
=

pinj − pback

pback − psat

)
143–34 (5–20 bar) 185–44 (5–20 bar) 102–24 
(5–20 bar)  
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can be detected, where the respective standard deviation obtains its 
maximum values. A visual impression of the evolution of transient 
cavities is also given by the animation of raw images for the additised 
sample (SV_C_addi) provided as Supplementary material. 

Based on the binarised images, the vapour projected area has been 
measured for each frame and its distribution with time for the entire 
injection event is plotted in Fig. 6. The three panels of Fig. 6 correspond 
to increasing values of back pressure and, thus, decreasing CN values. 
Similar trends can be observed in all graphs, with the base sample 
exhibiting the highest projected area values and the biodiesel samples 
the lowest ones, respectively. The underlying cause should be sought for 
the difference in thermophysical properties, namely viscosity and satu-
ration pressure, subsequently modifying the Reynolds number and CN. It 
is interesting to notice that the tested QAS additised sample consistently 
exhibits lower cavitation projected-area values than the reference diesel, 
although their thermodynamic and transport properties are identical for 
the specific concentration of polymeric additive [54]. The discrepancy 
in this case, must be attributed to fuel rheology. As discussed in previous 
studies from the authors’ group [53], the QAS additives form flexible 
micelles, once diluted in the base fuel [48]. These micelles interact with 
vortices at different length scales, i.e., coherent vortical motion and 
turbulence, eventually influencing the cavitation formation processes, 
yet in a manner dependent on the cavitation regime. Experiments in 
injector enlarged replicas utilising XPCI [54] have shown that visco-
elastic fuels exhibit smaller amounts of attached cavitation compared to 
Newtonian diesel samples [49]. This conclusion seems to be confirmed 
in real injector devices, as well. 

Fig. 7 depicts the distribution of spray cone angle with time for Spray 
C in a comparative manner for the three fuel samples examined. In 
general, increasing back-pressure leads to higher cone angles, owing to 
aerodynamic effects, i.e., drag forces, which become the prevalent effect 
for 20 bar ambient pressure (Fig. 8c); this is a well-known finding [63]. 
On average, the biodiesel sample exhibits the lowest cone-angle values 
compared to the other two samples, which is expected due to its 
increased viscosity [32]. It is interesting to notice that the additised 
sample exhibits considerably higher peak values than the base diesel in 
all examined cases. The micro-schlieren technique implemented has 
demonstrated that the increased cone angle is associated with the 
presence of longitudinal vortices within the injector hole [7], which 
gives rise to elongated cavities as well. Moreover, it is known that a 
prevalent effect of viscoelasticity on wall-bounded flows is turbulence 
suppression [64,65]. Turbulence, or in other words, small-scale eddies, 
leads to the decay of large-scale vortices due to viscous damping. Hence, 

Fig. 4. An indicative sequence of raw images covering the entire injection 
event for the cases of the single-hole injectors: (a) Spray C for injection and 
ambient pressures of 700 and 5 bar and (b) Spray D for 900 and 5 bar, 
respectively. The hydraulic injection duration is different for the two layouts, 
despite the identical electric pulse, owing to the different injection pressures 
and is therefore presented in a non-dimensional form. 

Fig. 5. Vapour presence probability and respective standard deviation within the straight Spray C injector. Contour plots correspond to base fuel and ambient 
pressure of 5 bar. The black line indicates the outline of the injector-hole straight part. Cavitation does not appear in the sac region for the Spray C injector. All 
dimensions in the schematic are in mm. 
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reduced turbulence favours the prevalence of elongated vortices, a 
postulation in agreement with the experimental results for the additised 
sample. 

Fig. 8 presents contour plots of the same quantities as Fig. 5, however 
for the Spray D injector. It is evident that vapour formation is suppressed 
in this device due to its tapered layout and hydro-grinded entrance. 
Static attached cavities can be seen in the entrance region, whereas 
transient cavities emerge towards the orifice outlet, as confirmed by the 
relatively high standard deviation values stemming mainly from 
machining imperfections [7]. The major part of the injector hole is 
occupied by pure liquid, while cavitation is completely absent from the 
sac region as well. 

In a similar manner to Fig. 6, Fig. 9 presents the same distribution, 
yet for the Spray D tip and ambient conditions of 5 and 20 bar. The 
injection pressure is maintained at 900 bar. Once again, regardless of the 
ambient pressure, the biodiesel sample exhibits the lowest projected- 
area values. An additional observation that can be made is that at 
approximately t* = 0.7, both base and additised fuels show a local 
decrease in cavitation area, while the opposite is true for FAME 
regardless of the ambient pressure. Reduced in-nozzle level of turbu-
lence (due to increased viscosity) for the biodiesel sample could 
potentially lead to higher lifetime of the vortical cavities at the closing 
stage of the injection event, where transient cavities do arise. The hy-
draulic characteristics of the injection, e.g., needle wobble, are also 
modified by fuel viscosity (as also demonstrated by the variance in in-
jection duration) and could also contribute to the prevalence of vortical 
cavitation of slightly different morphology between the cases of base/ 
additised diesel and biodiesel. 

Besides, it is interesting to notice that the additised sample shows a 
non-consistent trend compared to the reference fuel. For the 5-bar 

ambient pressure case (Fig. 9a), the two fuels have nearly identical 
distributions, yet with the viscoelastic fuel exhibits slightly lower pro-
jected area values. The trend is reversed for a 20-bar ambient (Fig. 9b, 
where CN actually decreases). A plausible underlying cause is discussed 
in relevance to Fig. 9, although the relevant differences are admittedly 
on the verge of experimental uncertainty. 

Fig. 10a depicts the averaged presence probability of refractive index 
gradients corresponding to vortical structures within the nozzle 
throughout the duration of the injection event, as well as the respective 
standard deviation. Schlieren imaging was made possible in the mildly- 
cavitating Spray D injector, where optical access to the nozzle could be 
attained. The probability contours plots illustrate the highly transient 
nature of the longitudinal vortices, as maximum probability is of the 
order of 10 %. The standard-deviation plot indicates that structures 
forming in the sac region and in the vicinity of the needle tip, are sub-
sequently entrained in the injector hole. Fig. 9b quantifies the 
temporally-averaged projected area of vortical structures for different 
ambient conditions and fuel samples. The biodiesel fuel exhibits the 
lowest values due to enhanced viscous damping of the structures. Be-
sides, the additised sample obtains a comparable averaged value to the 
base diesel for 5-bar ambient pressure case, yet it retains this value, 
despite the increase of the ambient pressure, unlike the reference 
counterpart. This behaviour is indicative of the enhancement of longi-
tudinal vortices under the presence of viscoelastic additives, with sub-
sequent after-effects in vortical cavitation, as shown in Fig. 10b, and is in 
agreement with past studies [54,66]. 

The distribution of spray cone angle with time for Spray D is shown 
in Fig. 11. As can be seen, no appreciable differences can be detected 
between the base and additised samples due to the less-perturbed flow 
prevailing within the injector nozzle. The biodiesel sample follows a 

Fig. 6. Distribution of the projected cavitation area with time in the Spray C injector for ambient pressures of (a) 1 bar, (b) 5 bar and (c) 20 bar. The duration of the 
injection event in absolute values is 311 ms. The shade of the same colour encompassing each graph line corresponds to standard statistical error. 
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behaviour similar to the Spray C nozzle, with lower values than the two 
other samples (Fig. 11a) for the 5-bar ambient and relatively comparable 
values, denoting the primary influence of drag forces for ambient pres-
sure of 20 bar. 

3.2. Multi-hole injector Spray M 

Spray M experiments were carried out at ambient pressures of 5 bar 
and 20 bar with an injection pressure of 500 bar. Fig. 12, along with the 
supplementary animation SV_M, depict time sequences of raw DBI im-
ages and clearly underpin the highly transient nature of cavitation 
arising in the multi-hole injector. A dedicated injector hole of interest 

located perpendicular to the line of sight is visualised, while the injected 
spray plumed from the other nozzles do not hinder visualisation, as they 
are drained through the dedicated ducts realised in the pedestal. During 
most of the event period, the hole of interest is occupied by pure liquid 
with incipient cavitation structures arising infrequently. However, 
short-lived yet coherent vortical cavities can also be detected, as can be 
seen at time instances t*=0.12 and 0.13 of Fig. 12. 

Similar to single-hole nozzles, vapour presence probability and 
standard deviation within the Spray M injector was obtained by aver-
aging the post-processed images throughout the injection event. Indic-
ative contour plots for the visualised nozzle hole and base fuel are 
presented in Fig. 13 Maximum probability is of the order of 5 % 

Fig. 7. Distribution of the spray cone angle with time for the Spray C injector and ambient pressures of (a) 1 bar, (b) 5 bar and (c) 20 bar.  

Fig. 8. Vapour presence probability and respective standard deviation within the tapered Spray D injector. Contour plots correspond to base fuel and ambient 
pressure of 5 bar. The black line indicates the outline of the injector-hole straight part. Cavitation does not appear in the sac region for the Spray D injector. 
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(Fig. 13a), which is illustrative of the highly transient cavitation evo-
lution in the specific layout, as also demonstrated by the high-standard 
deviation values prevailing throughout the orifice length (Fig. 13b). It 
can also be discerned from the plots of Fig. 13 that the high vapour- 
probability regions are located in the orifice core and have an elon-
gated shape characteristic of cavities manifesting due to the presence of 
longitudinal vortices. 

In conformity to Fig. 7 and 11, the distribution of spray cone angle 

with time for Spray M is shown in Fig. 14. The expected trend of 
increasing time-averaged cone angle with ambient pressure is once 
again verified, for instance from 43.8◦ to 52.5◦ for the base sample. 
Besides, the biodiesel sample exhibits on average a smaller cone angle 
compared to the base and additised samples, equal to 34◦ and ~45◦ for 
the 5 and 20 bar pressures, respectively. The influence of vortical 
cavitation is highlighted by the fluctuating cone angle even between t* 
of 0.2 and 0.8 during which the needle valve has reached its maximum 

Fig. 9. Distribution of the projected cavitation area with time for the Spray D injector and ambient pressures of (a) 5 bar, (b) 20 bar. The duration of the injection 
event in absolute values is 267 ms. 

Fig. 10. (a) Contour plots of vortical-structures mean presence probability and standard deviation in the Spray D injector (base fuel, 900/5 bar); (b) Temporally- 
averaged projected area of vortical structures for different ambient conditions. 

Fig. 11. Distribution of the spray cone angle with time in the Spray D injector for ambient pressures of (a) 5 bar, (b) 20 bar.  
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positions and remains still. Distinct peaks appear in the distributions for 
both 5 bar (Fig. 14a, between 0.2. and 0.4) and 20 bar ambient (Fig. 14b, 
between 0.2 and 0.6) pressures, which are linked to the manifestation of 
coherent vortical cavities within the injector hole that prevail all the 
way to the outlet, as also observed in [7]. Overall, the additised sample 
exhibits the highest average cone-angle values equal to 47.5◦ and ~ 
55.5◦ for the low- and high-pressure environment, respectively, a trend 
which can also serve as an indication of enhanced vortex coherence 
close to the injector outlet. 

The total cavitation projected area within the Spray M nozzle for the 
two ambient pressures examined is presented in Fig. 15. The bar charts 

of Fig. 15 were created by integrating the projected area of vaporous 
structures detected throughout the duration of the injection event. The 
projected area decreases with increasing ambient pressure, as expected; 
the biodiesel sample exhibits smaller values. These observations are 
linked to the non-dimensional numbers designating the flow conditions, 
as, for instance, increased ambient pressure decreases CN, while high 
viscosity leads to a decrease of the Reynolds number, both of which lead 
to reduced cavitation. It is also important to notice that the additised 
sample exhibits a smaller extent of in-nozzle cavitation compared to 
base diesel for both ambient pressures. 

In order to explain this trend, firstly, it must be clarified that in 

Fig. 12. An indicative sequence of raw images for the Spray M injector. Cavitation is manifested primarily in the form of transient structures; hence the images were 
selected in such a manner to capture the formation of cloud and vortical cavities. 

Fig. 13. Vapour presence probability and respective standard deviation within the multi-hole Spray M injector. Contour plots correspond to base fuel and ambient 
pressure of 5 bar. The black line corresponds to the outline of the ‘active’ injector-hole for visualisation. 

Fig. 14. Distribution of the spray cone angle with time in the Spray M injector for ambient pressures of (a) 5 bar and (b) 20 bar.  
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previous works of the authors’ group performed in enlarged diesel- 
injector replicas, it was found that longitudinal cavities gained in 
coherence owing to viscoelasticity [37,38,48]. The postulated mecha-
nism stated that the reduction of the overall level of turbulence, a well- 
established effect of viscoelastic additives, also reduces viscous damp-
ing. However, in the current experiments, string-like vortices do not 
obtain a stable behaviour yet have lifetimes of only a few μs, also owing 
to flow instabilities induced by the transient needle motion. In other 
words, the main findings of the current study should be compared 
against the respective referring to gasoline injection in realistic optical 
devices with transient needle motion, reported in [57], where the 
manifestation of transient vortical cavities is also suppressed in addi-
tised gasoline samples. 

Fig. 16 depicts the number of individual elongated structures 
detected, based on the post-processing criteria set, throughout the in-
jection for the examined fuels. The trends exhibited seem to corroborate 
with the already established conclusions. For both ambient pressures, 
fewer string cavities emerge in the injector hole for the additised sample, 
with the difference compared to base fuel being more substantial for the 
20-bar ambient (Fig. 16b), for which CN is also reduced. In other words, 
reduced flow turbulence as an after effect of additive action leads to less 
extensive vortex roll-up and, thus, lesser cavitation formation. It is 
interesting to notice that the decreasing trend in the absolute number of 
strings correlates with that of the overall projected cavitation area of 
Fig. 15, an additional indication that vortical cavitation is the prevailing 
regime in the Spray M layout. The smallest numbers of string cavities 

during injection are encountered for the biodiesel sample, once again an 
expected result due to its thermophysical properties, which nevertheless 
serves as further evidence for the validity of the post-processing method. 

4. Conclusions 

This study employed diffuse-backlight illumination and micro- 
schlieren high-speed imaging to shed light on the cavitation patterns 
arising in the internal flow path of single-hole and multi-hole trans-
parent diesel injectors, as well as on the near-nozzle spray dynamics. 
Emphasis was placed on viscoelastic effects induced by QAS additives 
diluted in base diesel which were compared against the equivalent vis-
ualisation obtained with the Newtonian standard diesel and biodiesel 
fuels (FAME). The comparative assessment has demonstrated that the 
sample treated with viscoelastic additives exhibits a reduced extent of 
geometrical, wall-attached cavitation compared to the base counterpart 
in the heavily cavitating straight-orifice design examined despite their 
identical physical properties. 

In accordance with previous studies obtained in enlarged nozzle 
replicas, it has been proven that viscoelasticity tends to suppress flow 
instabilities, i.e., turbulence, in the injector hole. Well-established, 
steady vortices as those prevailing in the single-hole injectors have 
been proven to be enhanced by this effect, while, on the contrary, the 
manifestation of highly transient vortices and, thus, cavities in the multi- 
hole Spray M injector is hindered. With respect to spray topology, the 
additised sample has consistently shown higher cone angles compared to 

Fig. 15. Total cavitation projected area in the visualised injector hole of Spray M for ambient pressures of (a) 5 and (b) 20 bar. Area has been integrated over the 
entire injection duration. 

Fig. 16. Number of discrete vortical cavities detected over the injection event in the Spray-M injector hole at (a) 5 and (b) 20 bar ambient pressures.  
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base diesel, under well-established cavitation conditions, presumably 
due to the enhancement of vortical cavitation, as demonstrated by the 
schlieren visualisation. The biodiesel fuel sample exhibited the smallest 
in-nozzle extent of cavitation and smaller spray divergence for all 
injector configurations owing to its higher viscosity and saturation 
pressure compared to the other two samples. The key takeaway message 
of the present investigation is that fuel treatment with additives of 
suitable chemistry to induce a weakly viscoelastic nature can enhance 
both the injector performance and reliability by enhancing in-nozzle 
vortical motion; this is closely linked to spray atomisation and sup-
pressing near-wall bubble formation and therefore collapse that can lead 
to material erosion. 
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