
   

Copyright  and  Reuse:  Copyright  and  Moral  Rights  remain  with  the  author(s)  and/or

copyright  holders.  Copies  of  full  items  can  be  used  for  personal  research  or  study,

educational, or not-for-profit purposes without prior permission or charge, unless otherwise

indicated,  provided  that  the  authors,  title  and  full  bibliographic  details  are  credited,  a

hyperlink and/or URL is given for the original metadata page and the content is not changed

in any way. For full details of reuse please refer to City Research Online policy.

City Research Online:            http://openaccess.city.ac.uk/            publications@citystgeorges.ac.uk

Citation:  Karathanassis, I. K., Hwang, J., Koukouvinis, P., Pickett, L. & Gavaises, 
M. (2021). Combined visualisation of cavitation and vortical structures in a real-
size optical diesel injector. Experiments in Fluids, 62(1), 7. doi: 10.1007/s00348-
020-03096-1 

This is the published version of the paper.

This version of the publication may differ from the final published version. To cite 
this item please consult the publisher's version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/25452/

Link to published version: https://doi.org/10.1007/s00348-020-03096-1

City Research Online
City St George’s, University of London

https://openaccess.city.ac.uk/policies.html
mailto:publications@citystgeorges.ac.uk
http://openaccess.city.ac.uk/


Vol.:(0123456789)1 3

Experiments in Fluids            (2021) 62:7  
https://doi.org/10.1007/s00348-020-03096-1

RESEARCH ARTICLE

Combined visualisation of cavitation and vortical structures 
in a real‑size optical diesel injector

I. K. Karathanassis1,2   · J. Hwang2,3 · P. Koukouvinis1,2 · L. Pickett2 · M. Gavaises1

Received: 9 August 2020 / Revised: 17 October 2020 / Accepted: 9 November 2020 
© The Author(s) 2020

Abstract 
A high-speed flow visualisation set-up comprising of combined diffuse backlight illumination (DBI) and schlieren imaging 
has been developed to illustrate the highly transient, two-phase flow arising in a real-size optical fuel injector. The different 
illumination nature of the two techniques, diffuse and parallel light respectively, allows for the capturing of refractive-index 
gradients due to the presence of both interfaces and density gradients within the orifice. Hence, the onset of cavitation 
and secondary-flow motion within the sac and injector hole can be concurrently visualised. Experiments were conducted 
utilising a diesel injector fitted with a single-hole transparent tip (ECN spray D) at injection pressures of 700–900 bar and 
ambient pressures in the range of 1–20 bar. High-speed DBI images obtained at 100,000 fps revealed that the orifice, due 
to its tapered layout, is mildly cavitating with relatively constant cavity sheets arising mainly in regions of manufacturing 
imperfections. Nevertheless, schlieren images obtained at the same frame rate demonstrated that a multitude of vortices with 
short lifetimes arise at different scales in the sac and nozzle regions during the entire duration of the injection cycle but the 
vortices do not necessarily result in phase change. The magnitude and exact location of coherent vortical structures have a 
measurable influence on the dynamics of the spray emerging downstream the injector outlet, leading to distinct differences 
in the variation of its cone angle depending on the injection and ambient pressures examined.

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s0034​8-020-03096​-1) contains 
supplementary material, which is available to authorized users.
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Graphic abstract

1  Introduction

Intense technological efforts and legislation incentives cur-
rently in place dictate the imminent electrification of pas-
senger cars and light-duty vehicles incorporating gasoline IC 
engines. Recent forecasts are suggesting that electric passen-
ger cars will achieve a market penetration of almost 58% by 
2040 (Bloomberg 2020). Nevertheless, at least for the next 
3 decades, heavy-duty vehicles will be primarily powered 
by diesel engines, as current state-of-the-art limitations, for 
instance battery capacity and thermal management, do not 
allow a similar technology shift when high-power output for 
an extended period of time is required. It becomes therefore 
evident that improvement of the performance and environ-
mental efficiency of modern diesel engines is vital from both 
economical and societal standpoints.

Combustion quality, designating the IC-engine perfor-
mance and pollutants emissions, is crucially influenced by 
the characteristics of the fuel spray directly injected into the 
cylinder and the effectiveness of subsequent mixing with 
air. Fuel-injection equipment serves a vital role in such 
fuel delivery and atomisation processes while operating at 
extreme pressures, over 2000 bar, and under strict perfor-
mance criteria, e.g. high discharge coefficient, enhanced 

spray-plume atomisation, minimal shot-to-shot variation, 
as well as exceptional durability considering cycling over 
several years (Karathanassis et al. 2020). It has been firmly 
established by the relevant research community that phase-
change phenomena occurring in the internal flow-path of 
fuel injectors are strongly linked to the emerging spray 
morphology and dynamics (Payri et al. 2004; Mithun et al. 
2018). The occurrence of cavitation, i.e. formation of vapour 
bubbles caused by flow depressurisation below the local liq-
uid saturation pressure, is common in diesel fuel injectors, 
owing to the high-flow velocity and throttling during the 
needle opening/closing phases, as well as to the complex and 
geometrically constricted geometry of the device itself lead-
ing extensive flow recirculation to set in (Schmidt and Corra-
dini 2001). To illustrate the topology evolution of in-nozzle 
two-phase flow processes, techniques to fabricate real-size 
(of the order of micrometres) injector tips from transparent 
materials and assemble them to modified injector metallic 
bodies have been developed in the last 30 years (Baik et al. 
2003). Relevant visualisation investigations have been con-
ducted at injection pressures ranging from a few hundred up 
to 2000 bar (Reid et al. 2014; Manin et al. 2020; Yasutomi 
et al. 2020). Parallel to those activities, several studies have 
focused on illustrating the in-nozzle, two-phase flow topol-
ogy in enlarged nozzle-replicas at lower injection pressures, 
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see selectively references (Andriotis et al. 2008; Gavaises 
et al. 2009), where flow similarity to the actual injector flow 
was ensured based on non-dimensional numbers. Distinct 
forms of cavitation have been identified by both types of 
experiments, broadly categorised as geometrically induced 
and vortical (or in some cases referred to as string) cavi-
tation (Gopalan and Katz 2000; Arndt 2002). Of course, 
the nature of cavitation in high-speed flows is inherently 
transient and, thus, a multitude of distinct morphological 
features have been illustrated to encompass these two fun-
damental regimes, such as cavity shedding and elongated/
string cavitation (Laberteaux et al. 1998; Mishra and Peles 
2005; Foeth et al. 2006).

To date, internal-nozzle optical flow visualisations pre-
dominantly rely on Mie-scattering from gas–liquid inter-
faces, facilitated by the use of transparent nozzle material 
with a refractive index similar to that of the fuel. Scattered 
light may be collected at an angle relative to the illumination 
source (e.g. side-scatter) or the extinction of light along the 
line-of-sight may be collected in a backlit imaging configu-
ration (Aleiferis et al. 2010; Dumouchel et al. 2013; Hult 
et al. 2016). As has been discovered for imaging of the spray 
region, Mie-scatter illumination from the side presents many 
challenges, such as non-uniformities in lighting intensity 
exacerbated by optically thick regions (Pickett et al. 2015). 
Extinction imaging is therefore preferred, but this technique 
must utilise sufficiently diffused sources of backlit illumina-
tion to become insensitive to vapour-phase beam for sprays 
in highly evaporative high-pressure environments (Westlye 
et al. 2017). A variety of sources have been reported in the 
literature as suitable for backlit illumination ranging from 
halogen floodlights to LEDs, while incoherent light focused 
on the region of interest is usually achieved by a combina-
tion of engineered diffusers and Fresnel lenses.

Furthermore, X-ray imaging, especially utilising high-
flux synchrotron radiation, has been recently demonstrated 
as an attractive imaging technique, once again regarding 
both in-nozzle flow, even in steel injectors, and outlet near-
field (Kastengren et al. 2014; Moon 2016; Moon et al. 2016). 
The main advantage of X-ray imaging against conventional 
optical techniques lies on the weaker interaction of X-ray 
radiation with matter compared to visible light, thus allow-
ing the visualisation of regions of high optical density (Kar-
athanassis et al. 2018a). Focusing on the internal flow of 
fuel injectors, refractive index gradients in all the aforemen-
tioned techniques set in due to the presence of liquid/vapour 
interfaces, hence the underlying velocity field cannot be 
assessed. Nevertheless, an illustration of the in-nozzle level 
of turbulence and coherent secondary-flow patterns is cru-
cial for the evaluation of the device performance, since LES 
have highlighted their strong independence with cavitation 
and, consequently spray evolution (Ghiji et al. 2017; Blume 
et al. 2019; Koukouvinis et al. 2020). It has to be noted 

that micro-PIV techniques which are, in principle, suitable 
for the flow-field illustration in microfluidics devices have 
scarcely been applied to optical injectors (Chaves et al. 2010; 
Kolokotronis et al. 2010; Hayashi et al. 2012; Mamaikin 
et al. 2020). Intrinsic technical difficulties associated with 
the achievement of a thin laser sheet compared to the injec-
tor dimensions have led to the adoption of diffused backlight 
illumination instead. Additional complexities arise due to 
the interaction of cavitation with seeding particles (Mamai-
kin et al. 2020). Hayashi et al. (2012) have demonstrated that 
a coherent recirculation pattern sets in in the sac region of a 
real-size optical diesel injector, while Mamaikin et al. (2020) 
revealed the flow separation occurring in the hole entrance 
of a transparent two-hole gasoline injector.

Schlieren imaging, a technique implemented in such a 
manner to be sensitive to refractive-index gradients, has 
been extensively utilised with reference to systems that 
exhibit steep density gradients, such as compressible gas 
flows, fluid mixing and vaporising liquid sprays. Consist-
ently examined flow configurations constitute the cross-flow 
of jets, either gas or liquid, and a supersonic gas stream 
(Ben-Yakar and Hanson 2002; Beloki Perurena et al. 2009), 
as well as the supersonic expansion of gaseous jets (Phal-
nikar et al. 2008). Distinct shock-cell patterns arise in both 
flow scenarios that have been demonstrated to be faithfully 
resolved by the developed micro-schlieren set-ups. Phalnikar 
et al. (2008) aiming to visualise the shock-cell system of 
expanding gas micro-jets observed horizontal streaks distort-
ing the schlieren structures. The elongated refractive-index 
gradients were assumed to correspond to a vortical motion 
introduced by imperfections on the nozzle surface. Micro-
schlieren has been also successfully applied to quantify den-
sity gradients arising in diverse types of flow conditions and 
media, for instance, in the wake of a microsphere settling 
in a density-stratified liquid (Yick et al. 2006), during the 
mixing of a gaseous jet with stagnant ambient of different 
density (Tan et al. 2015), as well as during the mixing of liq-
uids in micro-mixers (Sun and Hsiao 2013). With reference 
to fuel injection equipment, schlieren imaging is capable of 
elucidating the vaporisation processes taking place in the 
spray region, air entrainment as well as shockwave dynam-
ics (Pastor et al. 2012; Vera-tudela et al. 2020). Such types 
of experiments have been conducted in different designs of 
constant-volume chambers replicating the high pressure and 
temperature conditions prevailing in the cylinders of internal 
combustion engines.

Turbulent structures arising in shear layers and wake 
flows can also be captured by schlieren imaging. Kouchi 
et al. (2015) implemented a schlieren system with a nar-
row depth of focus and managed to capture both shock and 
expansion-wave dynamics, as well as regions of increased 
turbulence in a dual-mode scramjet. Kirsch et al. (2019) dis-
cerned schlieren-like structures in a real-size, single-hole, 
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transparent injector orifice despite employing diffuse-light 
illumination. Mauger et al. (2012) examined both a shad-
owgraph-like technique and schlieren imaging for the illus-
tration of cavitation structures and shockwave dynamics in 
a quasi-2D mm-sized rectangular orifice. Refractive index 
gradients were observed in the shear layers forming between 
the attached cavities and the main-flow freestream at the 
channel inlet, as well as in the boundaries of the jet exiting 
the orifice; yet, intermittently, also along with the main flow.

The present study is, to the authors’ knowledge, the first 
in the open literature demonstrating the capability of micro-
schlieren imaging to illustrate the distinct vortical structures 
that develop in the internal flow path of a real-size diesel 
injector. Although this work employs a simplified, single-
orifice injector geometry, the fundamental in- and near-
nozzle flow phenomena elucidated, such as vortex roll-up 
mechanisms and spray dynamics, are highly relevant to the 
flow conditions prevailing in multi-hole injectors as well. 
The low-pressure regions forming at vortex cores induce 
refractive-index gradients that the developed micro-schlieren 
optical layout has the capability to capture even in the liquid 
in-nozzle flow. It has been confirmed that the geometrical-
constriction of the fuel injector considered for the investi-
gation, along with the transient needle motion, give rise to 
longitudinal vortices in the sac and orifice regions. Direct 
observation of these transient two-phase flow features of 
small length-scales requires high spatial and temporal reso-
lutions. The study is also the first to use concurrent diffused 
backlit visualisation to determine when cavitation structures 
(gas-phase) appear and how either liquid vortical structures 
or cavitation lead to fluctuations in the cone angle of the 
expelled spray plume.

2 � Experimental setup

2.1 � Injection system and pressure chamber

The flow-visualisation experiments were performed in a 
sealed chamber, depicted in Fig. 1a. The cubical vessel has 
a characteristic dimension of 63.5 mm, hence facilitating the 
use of short focal working distances for the optical system. 
Besides, line-of-sight optical access along two directions is 
offered through four fused-silica windows, 25 mm in diam-
eter. The pressure within the vessel is controlled by imposing 
a nitrogen flow entering through four intake lines located 
at its top corners. A tube located at the bottom chamber 
wall serves as the exhaust for the fuel spray and nitrogen 
mixture. The ambient conditions examined lied in the range 
1–20 bar, at a constant temperature of 20 °C. Commercial, 
multicomponent diesel fuel was used for the experiments 
pressurised to either 700 or 900 bar at the injector inlet by 
a high-pressure syringe pump. The injection and ambient 

pressure values were recorded by transducers located at the 
fuel line and the exhaust line in close proximity to the ves-
sel, respectively.

The single-orifice transparent tip was mounted on a modi-
fied ECN Spray C/D injector metallic body. The metallic 
tip of the injector realising the injector holes was machined 
off below the needle seat and the optical injector assembly 
was accomplished by clamping the metallic body, optical 
tip and supporting pedestal into position. The pedestal has 
a hollow and corrugated layout to allow the visualisation 
of the spray region up to 1.5 mm downstream the injec-
tor outlet, as well as the propagation of the mixture into 
the exhaust tube. The transparent orifice was fabricated 
from cast acrylic due to its similar refractive index to die-
sel (~ 1.45) and has a tapered-hole layout characterised by 
a K factor of 1.5 ( K =

(

d
i

[

μm
]

− d
o

[

μm
])

∕10 , where the 
subscripts correspond to the injector-hole inlet and out-
let), while the hole entrance was also smoothened through 
hydro-erosion (Manin et al. 2020). The injector needle-lift 
profile was imposed by a signal with a duration of 1.2 ms 
provided by an electronic driver, which was kept identical 
for the two injection pressures examined. The injection dura-
tion, however, was dependant on the respective pressure, as 
made evident by Fig. 1b, owing solely to hydraulic phenom-
ena designating the needle motion, which have also been 
reported by Manin et al. (2020). As can be seen, the overall 
event duration for pinj = 900 bar is approximately equal to 
2.85 ms, about 0.2 ms longer than the respective for 700 bar. 
Besides, the needle-opening phase is shorter for the higher 
injection pressure examined, while also the injector operates 
at maximum lift for a larger time period, as made evident 
by the comparative lift values at around t = 1.0 ms. It should 
be noted that the injection duration is considerably longer 
compared to the nominal of 1.5 ms employed by the ECN for 
diesel-spray investigations. The selected event duration was 
confirmed to be sufficient for the tracking of a multitude of 
schlieren structures arising in the nozzle, especially during 
the needle opening and closing phases, thus facilitating their 
statistical processing.

2.2 � Optical setup

The layout of the optical set-up realised for the experiments 
is depicted in the schematic of Fig. 2. As can be seen, the 
DBI and schlieren systems are located in an orthogonal con-
figuration by taking advantage of the dual-orientation optical 
access allowed by the chamber. Illumination is provided by 
two pulsating LEDs, namely one of blue colour for DBI and 
one of red for schlieren imaging, with radiation wavelengths 
of 455 ± 22 nm and 620 ± 19 nm, respectively. The dye area 
for the red LED is 1.0 mm2 due to the necessity of a point 
source for the schlieren system, whereas a larger-dye LED 
(24 mm2) was employed for the DBI arrangement to allow 
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for ample illumination of the region of interest. A short pulse 
duration of 964 ns, also designating the camera exposure 
time, was set for the red LED, so that the highly-transient 
schlieren structures can be tracked as faithfully as possible, 
while also allowing sufficient light to reach the camera sen-
sor. A larger pulse width of 4 μs was imposed to the DBI 

source since preliminary tests showed that the arising in-
nozzle cavitation predominantly exhibits static features, as 
clarified in the discussion relevant to Fig. 3a.

High-speed images were captured at 100,000 frames per 
second by two CMOS cameras (Photron SA-X2 and Phan-
tom v2512) fitted with long-distance microscopes (Infinity 

Fig. 1   Experimental setup: 
a external (left) and section 
(right) views of the pressure 
chamber also depicting the geo-
metrical layout of the transpar-
ent tip/pedestal assembly along 
with optical-microscopy image 
of the actual tip employed 
(dimensions in mm). b 
Needle-lift profile for the two 
injection pressures examined 
(pback = 1 bar). The needle 
displacement at the final closing 
stages for pinj = 900 bar could 
not be detected due to cavitation 
obscuring the visualised region. 
The graph was produced by 
averaging the respective values 
of four injection events; shades 
encompassing the graph lines 
correspond to standard mean-
value error
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K2 with CF-2 objective and Mitutoyo 10× objective, respec-
tively). A bandpass filter was fitted to the camera of the DBI 
system to prevent any wavelength cross-talk effects, whereas 
a filter was verified to be unnecessary in the schlieren system 
due to the small light-collection angle. The trigger-signal for 
the two cameras was provided by the injector driver, while, 
the LED pulse was fired at the mid-duration of the exposure 
time of each camera. The rest of the components comprising 
the optical system are also shown in Fig. 2. More specifically 
regarding the DBI system, the light beam passed through a 
light pipe acting as a diffuser and a condensing lens to mini-
mise light spillage beyond the window of the vessel. With 
regards to the schlieren setup, a Nikkor 50 mm lens was used 
to focus the LED beam onto a pinhole, in essence acting as 
the point source of the system. A set of plano-convex lenses 
on each side of the region of interest was used to produce a 
parallel light beam and focus it on the knife-edge, respec-
tively. The knife-edge was placed at a horizontal position, 
since longitudinal vortices were expected to arise within the 
orifice and, consequently, it is aimed to identify horizontal 
refractive-index gradients (the injector is placed at a vertical 
position, refer to Fig. 1a). A Nikkor 200 mm was placed in 
front of the long-distance microscope to bring the injector 
tip into focus. It should be clarified that a lens was preferred 
over a mirror (z-type) schlieren set-up, since it was estab-
lished during preliminary experimentation with the optical 
set-up that the higher sensitivity of the latter rendered the sac 
region completely opaque merely due to the wall curvature. 
The plano-convex lenses with a certain level of spherical 
aberration (Settles 2001) eventually employed, along with 
the adjustment of the pin-hole active area modified the sys-
tem sensitivity to enable the visualisation of structures in 
both the sac and nozzle regions.

2.3 � Obtained images and post‑processing 
techniques

The active visualisation window was discretised by 
640 × 176 and 768 × 272 pixels, referring to the DBI and 
schlieren systems, achieving an image resolution of 3.90 
and 3.24 µm/pixel, respectively. A sequence of DBI images 
captured along the duration of an injection event is depicted 
in Fig. 3a, while the respective sequence of schlieren images 
is shown in Fig. 3b. A comparative assessment of the two 
panels makes clear that the refractive-index gradients setting 
in due to the presence of interfaces are much stronger com-
pared to those owed to density gradients. Cavitation struc-
tures (Fig. 3a) are clearly discernible at the nozzle entrance, 
outlet and at localised regions along its length. Overall, it 
can be deemed that the nozzle is mildly cavitating and struc-
tures arise mainly due to manufacturing imprecision. For 
instance, a hole expansion during the removal of the cutting 
tool is common in conventionally-machined optical tips, 
hence the cavitation occurrence at the outlet region.

On the contrary, schlieren structures (Fig. 3b) are much 
more challenging to detect, partly due to the weak contrast 
of the refractive-index gradient itself but also due to the 
fact that light refractions caused by surface-roughness ele-
ments of the test-piece external side are being accentuated 
by the use of parallel light. However, elongated structures, 
as annotated in the time instances between 110 and 2410 μs 
of Fig. 3b, appear in the sac region, emanating either from 
the gap between the needle and its seat (2210 and 2410 μs) 
or directly from the needle tip (310 and 510 μs) and are 
eventually entrained into the injector-hole. A multitude of 
transient structures with lifetimes close to the limit of visu-
alisation capability also appear in the hole during the injec-
tor opening and closes phases, as illustrated in more clarity 

Fig. 2   Schematic of the optical 
layout for the DBI and schlieren 
systems. Both LEDs/cameras 
are triggered by the injector 
driver, hence the same injection 
event is visualised concurrently 
by the two optical systems
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Nikkor 
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Nikkor 
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by the animations offered as supplementary material (movie 
SM2). It is interesting to notice in Fig. 3, illustrating the 
near-nozzle spray region as well, that, although transient 
cavitation features cannot be detected, the spray-cone angle 
exhibits distinct fluctuations. The underlying flow processes 
will be elucidated in the results section.

A series of post-processing techniques were applied to 
the raw DBI and schlieren images to extract quantitative 

information concerning the extent of in-nozzle vaporous 
and vortical structures, as well as the spray-dynamics evo-
lution. As already mentioned, the presence of an interface 
leads to strong refractive-index gradients and, hence, after 
the subtraction of a background from the raw images, a sim-
ple thresholding and binarisation technique was sufficient to 
identify the projected area of cavities.

However, the raw schlieren images required extensive 
treatment owing to the reasons discussed with relevance to 
Fig. 3b. At the first step, a dynamic background-subtraction 
process was implemented, in order to enhance contrast. 
Facilitated by the highly fluctuating behaviour of schlieren 
structures, it was verified that averaging a small number of 
consecutive images results to the extinction of any flow-
induced gradients throughout the sac and nozzle regions. 
Image subtraction was therefore performed for each raw 
image by taking as a background the average of the previ-
ous 8 time instances so that the background geometry fol-
lows that of the treated image and artefacts due to flow-path 
mismatch caused by material deformation are minimised. As 
an additional means to de-noise the schlieren images, FFT 
filtering was applied to reduce periodic patterns arising, such 
as unphysical gradients aligned with distinct geometrical 
features, e.g. burs due to machining at the orifice entrance.

The phase congruency method, the theoretical formula-
tion of which is described in detail in Kovesi (1995), was 
applied to detect the actual schlieren structures of interest in 
the enhanced-contrast images. In accordance with the for-
mulation of the specific edge-detection technique, distinct 
image-features are identified by the phase and amplitude 
of the obtained signal in the frequency (Fourier) domain. 
Hence, the accuracy of phase congruency is not hindered by 
fluctuations in the image brightness, e.g. light-source flicker-
ing effects, or contrast, e.g. due to the small depth of focus 
of the employed lens. The method has been proven robust in 
detecting complex flow structures in X-ray imaging investi-
gations, where the signal-to-noise ratio of the obtained radi-
ographs is also low (Karathanassis et al. 2018a). After the 
application of phase congruency, the presence of refractive-
index gradients is highlighted, refer to the second panel of 
Fig. 4a. Small features are yet discernible, so the magnitude 
of horizontal (perpendicular to the main flow) brightness 
gradients is calculated to retain only longitudinal structures 
and subsequently the image is binarised using an adaptive 
thresholding procedure based on Otsu’s method (Otsu 1979). 
The rather conservative thresholding ensures that strong, 
flow-induced refractive-index gradients are identified in the 
binarised image, yet along with the de-noising techniques 
applied, small-scale unrealistic features are totally absent, 
refer to the third panel of Fig. 4a. The final panel of the fig-
ure where the detected structures have been superimposed 
over the orifice geometry illustrates their onset in the sac 
region and entrainment into the injector hole.

Fig. 3   Sequence of high-speed images spanning throughout the injec-
tion event: a DBI and b schlieren imaging (900/5 bar). Comparison of 
the time instances corresponding to 10 μs and 110 μs makes clear that 
the internal flow path deforms as internal pressure is applied and the 
refraction-index gradient changes. The outline of the emerging spray 
has also been annotated to highlight the cone-angle variation during 
the event. Animations of the entire injection event are offered as sup-
plementary material (movies SM1 and SM2)
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Schlieren images offer a better contrast and higher reso-
lution compared to the respective obtained through DBI 
and, thus, were also selected to extract information on the 
spray dynamics. The post-processing objective was to obtain 
the spray cone-angle variation with time. The basic steps 

followed to detect the spray outline and measure the rel-
evant cone angle are summarised in Fig. 4b. Initially, the 
brightness-gradient magnitude (along both directions) was 
calculated on a cropped region of the contrast-enhanced 
image encompassing the nozzle near-field. A careful look 

Fig. 4   Basic steps of the post-processing techniques employed: a 
detection of schlieren structures and b measurement of the spray cone 
angle. The white dots denote the centroids of the region where bright-
ness-gradient values are significant. Notice that even for the specific 

flow conditions where the imperfections/spots on the part surface are 
quite discernible, they were successfully removed from the post-pro-
cessed images
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at the raw images, both in Figs. 3b and 4b, suggests that, 
especially for diverging spray angles, the spray periphery 
contains detached droplets and locally exhibits a differ-
ent contrast than the jet core. A faithful representation of 
spray divergence would necessitate these regions of reduced 
optical density to be captured to the maximum extent pos-
sible. Calculation of the pixel-brightness gradient magni-
tude highlights the spray periphery and a binarisation and 
edge-detection procedure (using a conventional algorithm, 
e.g. Canny’s) leads to the formation of two characteristic 
closed-outline regions, as can be seen in the mid-panel of 
Fig. 4b. The identified regions of arbitrary shape were fitted 
with ellipses, the major axes of which were used to define 
the cone half-angles against the orifice symmetry axis. The 
advantage of this method over a ‘point measurement’ at a 
specific location, is that the perturbed outline of the spray is 
better reflected in the cone-angle values measured. It must 
also be noted that any ‘rogue’ droplet clouds evident in the 

active window, refer to the annotation on the raw image 
of Fig. 4b, have been filtered out and do not obscure the 
detected spray outline.

3 � Results

The results presented in this section have been produced by 
the matrix of experimental cases summarised in Table 1 and 
have been derived by at least five injection events recorded 
for each one of the examined test cases. A maximum injec-
tion pressure of 900 bar was selected, which ensures that the 
optical tip can withstand multiple injections without fail-
ing, whereas the chamber pressure was adjusted between 
atmospheric pressure and 20 bar, the latter corresponding 
to a medium-density matching that of the standard spray A 
condition (ECN 2020). The ambient was maintained at room 
temperature for all examined test cases.

3.1 � In‑nozzle cavitation and vorticity

To highlight the overall extent of in-nozzle cavitation and 
its dynamic evolution, the projected vapour area has been 
averaged during the entire injection event and the relevant 
values along with their standard deviation are presented in 
Fig. 5. It has to be emphasised that, since optical imaging 
is employed, insight on the volumetric extent of the struc-
tures, i.e. whether they occupy the entire orifice or just its 
periphery, cannot be given with certainty but the main aim 
is to verify if considerable transient features prevail during 
the event. The contour plots of Fig. 5 corresponding to the 
two examined injection pressures demonstrate the opposite, 
namely that the orifice, due to its tapered hole layout, cavi-
tates very mildly with the most extensive structure located 
at the outlet region. The specific cavity remains static as 

Table 1   Matrix of examined test cases The Reynolds number was 
calculated using the orifice outlet diameter do, as a characteris-
tic length scale. Indicative properties for the diesel fuel (vf and psat) 
used for the definition of non-dimensional numbers were obtained by 
Kolev (2007)

Fuel Multi-component diesel

Ambient gas N2

Injection pressure (·105 Pa) 700–900
Ambient temperature (K) 293
Ambient pressure (·105 Pa) 1–5–20
Ambient density (kg/m3) 1.15–5.76–23.09

Re 

(

=
u⋅d0

vf

)

15,200 (700/20 bar)–17,500 (900/1 bar)

CN 

(

=
pinj−pback

pback−psat

)

34 (700/20 bar)–1,138 (900/1 bar)

Fig. 5   Extent and dynamics of 
cavitation determined through 
DBI for different injection pres-
sures: a mean probability and 
b standard deviation of vapour 
presence. The black line indi-
cates the outline of the injector 
hole. Cavities do not appear 
in the sac region throughout 
the event; hence, zero values 
dominate the entire upper part 
of the plots
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indicated by the high probability values and expands slightly 
as pinj increases. Additional minor cavities can be detected at 
the orifice entrance and slightly downstream its mid-length, 
which are more pronounced for pinj = 900 bar. These local-
ised cavities do exhibit a transient nature, in the sense that 
they are not present throughout the injection duration, yet 
the relevant standard-deviation image (Fig. 5b) makes clear 
that extensive transient vaporous structures are absent in the 
major part of the orifice. Mild structure shedding can be 
detected between the localised cavity (possibly stemming 
from a manufacturing imperfection) and the outlet cavity, 
as indicated by non-zero standard deviation values between 
the two regions. Since no appreciable cavitation dynamics 
can be detected, only the contour plots for atmospheric back-
pressure have been presented for brevity, as they constitute 
the most extreme conditions, in terms of CN, for each pinj.

The distribution of the overall projected vapour area in 
the injector hole during the injection event is depicted in 
Fig. 6. As mentioned in Sect. 2.1, the injection duration is 
dependent on the upstream pressure and therefore, to offer 
a more straightforward comparison of flow-processes evo-
lution for different conditions, time is presented in a non-
dimensional form. As expected both injection and back-pres-
sure affect the extent of in-nozzle vapour formation, since, in 
essence, designate the CN value. Injection into atmospheric 
conditions (Fig. 6a), is, in general associated with a higher 
extent of in-nozzle cavitation compared to the respective in 
a high-pressure environment (Fig. 6b). What is important 
to notice though, is that the projected vapour area remains 
relatively constant for the, so called, steady part of the injec-
tion, i.e. 0.2 < t* < 0.8 regardless of the prevailing conditions. 
The absence of strong transient cavitation structures is once 
again demonstrated.

Having a rationale similar to that reported regard-
ing Fig. 5, the contour plots presented in Fig. 7 represent 
the averaged probability of schlieren-structure presence 

throughout the duration of the injection event (Fig. 7a) and 
relevant standard deviation (Fig. 7b) for pinj = 700 bar and 
pback = 1–20 bar. A noteworthy initial observation is that 
the probability values are quite low reaching up to 10% for 
injection into the atmosphere, indicative of the highly-tran-
sient nature of the underlying flow processes. The highest 
probability and standard deviation values are encountered 

Fig. 6   Effect of injection and back pressures on the projected vapour area: a pback = 1 bar and b pback = 20 bar. The non-dimensional time has 
been defined as t* = t/ttot, where the total injection duration ttot can be obtained from Fig. 1c

Fig. 7   Extent and dynamics of schlieren structures for pinj = 700 bar: 
Contour plots of the a mean probability and b standard deviation of 
structure presence. The black line denotes the indicative extent of the 
injector hole and of the needle at its lowest position



Experiments in Fluids            (2021) 62:7 	

1 3

Page 11 of 18      7 

in the injector hole and, in fact, in three localised regions 
occupying the major part of the hole cross-section. Increase 
of the back-pressure, affecting the Reynolds number that 
characterises the internal flow but also slightly the needle-
movement dynamics (Manin et al. 2020), leads to a moderate 
decrease in the extent of schlieren structures in the sac and 
nozzle regions. This behaviour suggests that the onset of 
density gradients is primarily owed to flow-dynamics pro-
cesses rather than temperature gradients. A brief comment 
can be made for the lack of identified structures in the nozzle 
outlet region. As also indicated in Fig. 3, the specific region 
is completely opaque for the schlieren system owing to both 
in-nozzle cavitation and local material deformation.

In a similar manner, contour plots of the average presence 
probability and standard deviation of schlieren structures 
for the highest injection-pressure examined, pinj = 900 bar, 
are shown in Fig. 8. Clearly discernible differences can be 
detected between Figs. 7 and 8 corresponding to the two 
injection pressures, with the most distinctive being the mul-
titude of structures in the injector hole (region A). A sin-
gle dominant structure prevails in the hole for pinj = 900, 
a pattern, which is, in fact, consistent regardless of the 

ambient pressure. Besides, the region of maximum pres-
ence-probability values is more extensive in Fig. 8a com-
pared to Fig. 7a. Especially the standard deviation values 
(Fig. 8b) demonstrate that increase in the injection pres-
sure enhances significantly the manifestation of incoherent 
structures (since the probability values remain low) in the 
entire sac region. Focusing on the case corresponding to the 
pressure ratio of 900/1 bar, which exhibits the largest extent 
of schlieren structures, one can discern a high-probability 
region (B in Fig. 8a) bridging the needle tip with the coher-
ent structure in the injector hole. The same region is also 
highlighted by the locally high standard-deviation values. 
Distinct characteristics of the schlieren structures manifesta-
tion, such as high sensitivity to the injection/back pressures, 
transient nature and emergence in the sac/nozzle core pro-
vide ample justification to the argument that the underlying 
density gradients form due to the onset of longitudinal vor-
tices. The second Helmholtz theorem stating that a vortex 
filament must extend to the fluid boundary or form a closed 
path is also in support of this observation (Batchelor 2000). 
It is clearly illustrated in the schlieren-images animation 
(movie SM2) and especially in the time instances between 
900 and 1100 μs that an elongated structure, in essence a 
longitudinal vortex, emanates from the region of the needle 
tip and propagates into the injector hole. Although the vast 
majority of schlieren structures exhibit a transient nature, a 
remark must be made for the refractive-index gradients aris-
ing adjacent to the sac wall. A streak of high-probability val-
ues is also evident (region C) in all panels of Fig. 8a. Indeed, 
it is highly plausible that temperature effects, i.e. viscous 
heating in the boundary layer (Koukouvinis et al. 2020), also 
contribute to the refractive-index gradient arising in region 
C. In general, referring to compressible liquids, the influence 
of temperature on density is considerably stronger to that of 
pressure. A temperature difference of few degrees, plausible 
to arise in injector flows due to viscous heating, causes simi-
lar density variations as a pressure difference of tens of bar 
(Mauger et al. 2012). Another potential contribution to the 
refractive-index gradient in region C constitute longitudinal 
vortices locally forming by Goertler-type instabilities due to 
the concavity of the wall (Saric 1994).

Figure 9 contains information on the projected-area 
distribution of the vortical/schlieren structures with time 
throughout the injection event. It must be noted that the 
graph values correspond to the structures detected both 
in the sac and nozzle regions. A much more fluctuating 
distribution can be discerned compared to the respective 
regarding the vapour area presented in Fig. 6. A multitude 
of longitudinal vortices do appear during the injection 
event, yet they are not strong enough to cause the fluid to 
cavitate. In-nozzle vorticity obtains its maximum extent 
for the highest pinj/pback ratio of 900/1 bar, while increase 
of pback has a mild hindering effect. Besides, the averaged 

Fig. 8   Contour plots of a mean probability and b standard deviation 
of schlieren (vortical)-structure presence for pinj = 900 bar. Character-
istic regions (A–C) correlated with distinct underlying processes have 
been annotated on the plots
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in-nozzle extent of vortical structures appears reduced by 
34–52%, on average in the range of pback = 1–20 bar, for 
pinj = 700 bar compared to 900 bar. However, it must be 
also noted that the projected vortex-area values are associ-
ated with relatively high statistical error, as indicated by 
the shaded region on Fig. 9. The extent of vortices is, once 
again, essentially correlated to the prevailing flow condi-
tions; an increase of the injection pressure leads to higher 
in-nozzle velocities but also to a more-transient opening 
phase influencing the flow blockage ratio at the region of 
constriction, refer to Fig. 1b. Both influencing factors are, 
indeed, anticipated to enhance the manifestation of longi-
tudinal vortices, thus further corroborating the statement 
that schlieren structures set in due to coherent recirculating 
motion. As expected, the extent of structures is higher dur-
ing the opening and closing phases of the cycle, vortices 
nonetheless are present even for operation under high nee-
dle lift, indicatively for 0.4 < t* < 0.6.

Considering that the flow lies well in the turbulent 
regime, based on the nominal Reynolds-number values 
shown in Table 1, but also the inherent features of geomet-
rically constricted flows, i.e. three-dimensional separation 
and onset of longitudinal vortices (Wilhelm et al. 2003), it 
becomes evident that vortical structures at different length 
scales interact within the injector. It is therefore of inter-
est to examine the level of vorticity separately in the sac 
and nozzle regions since propagation of longitudinal vor-
tices in locations close to the injector outlet is plausible 
to affect the spray dynamics. Figure 10 presents the ratio 
of vortical-structure presence probability in the injector 
hole over the respective values in the sac. Each probability 
value was derived by spatially averaging the probability 
distribution in each characteristic region, as shown in the 
inset of Fig. 10a. It is evident that increase of the injection 
pressure leads to a significant decrease in the presence-
probability ratio. In other words, although much more vor-
tical structures appear in the sac region for pinj = 900 bar 
compared to 700 bar (refer also to the contour plots of 
Figs. 7, 8 and the relevant discussion), these structures 
do not eventually propagate into the nozzle. Increase of 
the injection pressure brings about an increase to both the 
Reynolds number and the overall in-nozzle level of tur-
bulence, i.e. vortices at scales impossible to be visualised 
with the current setup. Hence, the interaction of vortices 
at different scales obtains a competing nature, a fact that 
has been established in injector flows (Karathanassis et al. 
2018b). Strong and stable longitudinal vortices manage 
to prevail in the injector hole, while transient structures 
of lesser magnitude are eradicated due to viscous decay. 
As an overall outcome, for the highest injection pressure 
examined, large-scale vortical structures that are present 
in the injector hole are expected to exhibit a more static 
spatial topology, whereas for the lowest injection pressure 
more fluctuating structures manage to propagate or set in 
in the region, which is also confirmed by the contour plots 
of Figs. 7 and 8.

The pseudo-colour images, corresponding to early time 
instances of the injection event, depicted in Fig. 10b, c 
highlight the presence of the very few strings cavities that 
could be detected. Since they appear close to the outlet, it 
cannot be deduced with certainty whether the underlying 
vortices cause nucleation due to their increased magnitude 
or due to the fact that they retain their coherence for longer 
potentially entraining gas from the ambient, in both cases 
owing to the reduced interaction with turbulence. In any 
case, the strings act as markers for the underlying vortical 
motion and further support the conclusion that more coher-
ent vortices are plausible to manifest themselves across the 
nozzle cross-section for the low (Fig. 10b), rather than high 
injection pressure (Fig. 10c).

Fig. 9   Distribution of the projected area of vortical structures with 
time for ambient pressure of: a 1 bar, b 5 bar and c 20 bar. The pro-
jected area in each time instance corresponds to the area-sum of 
structures identified in the binarised images (refer to Fig. 4a)
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3.2 � Spray dynamics and correlation to in‑nozzle 
flow

As already mentioned, in-nozzle flow conditions can have a 
crucial impact on the topology and evolution of the emerg-
ing spray. Hence, the elucidation of linking flow processes 
is important for the performance evaluation of the injec-
tor. Figure 11 presents the spray cone-angle variation with 
time for the various injection- and back-pressures examined. 
In general, it can be discerned that the cone angle exhib-
its a similar qualitative distribution for the low and high 
injection pressures, with increasing back-pressure leading 

to a higher average cone angle. This behaviour should be 
attributed to the dominant effect of drag for a high-pres-
sure ambient, especially for pback = 20 bar (Fig. 11c). For 
lower back-pressures (Fig. 11a, b), the cone-angle values are 
higher and their distribution is somewhat more fluctuating 
for pinj = 900 bar, as also demonstrated by the higher values 
of statistical uncertainty. The underlying cause should be 
sought to increased in-nozzle perturbations (refer also to the 
discussion regarding Fig. 10) being reflected on the spray 
dynamics.

A spray flapping sequence can also be discerned 
for t* = 0.2–0.8, where the cone angle exhibits smooth 

Fig. 10   a Presence probability 
ratio (= P1/P2) of vortical struc-
tures in the hole (probability P1) 
over the sac region (probability 
P2). Pseudo-colour, to enhance 
the contrast of cavities, DBI 
time instances during the early 
stages of the injection event: b 
700/1 bar, c 900/1 bar. The t* 
values exhibit minor differences 
due to the dependence of injec-
tion duration on pressure
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alternations of high and low values. The local maxima 
are not fully matched in the two distributions, yet this is 
expected due to the needle-lift profile being dependant on 
the injection pressure. A distinct discrepancy is evident at 
the event mid-duration, between t* = 0.5–0.58, which is, in 
fact, consistent regardless of the back pressure; the cone 
angle distribution systematically exhibits higher values for 
the lower injection pressure of 700 bar. Since the t* values 
correspond to maximum lift and transient cavities are totally 
absent during that period, it is postulated that the in-nozzle 
vortical motion has a clear effect on spray flapping.

Figure 12 and the accompanying animations provided as 
supplementary material (movies SM3–SM6), focus on the 
time period between t* = 0.50 and 0.58, where the distinct 
spray flapping arises only for the 700 bar injection. Suc-
cessive time instances of phase congruency intensity are 
depicted, overlapping raw images showing the nozzle and 
spray regions. The phase congruency images corresponding 
to pinj = 700 bar (Fig. 12a, c, e) reveal that a strong refrac-
tive-index gradient prevails in the region of the right bound-
ary layer, referring to the orifice cross-section projection. 
In fact, it has been verified that this behaviour is consistent 

Fig. 11   Spray cone-angle distribution with time: ambient pressure of a 1 bar, b 5 bar and c 20 bar
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regardless of the ambient pressure, as demonstrated by the 
relevant panels referring to pamb = 1 bar (Fig. 12a), 5 bar 
(Fig. 12c) and 20 bar (Fig. 12e). It is also interesting to 
notice that the spray cone diverges asymmetrically with the 
expanding side coinciding with the radial location of the 
schlieren structure, as made evident especially in the sup-
plementary movies SM3 and SM5. On the contrary, only 
a few scarce structures can be discerned on Fig. 12b, d, f 
corresponding to pinj = 900 bar and therefore the spray cone 
angle remains symmetrical throughout the examined time 
range. Nevertheless, movies SM4 and SM6 accompanying 
Fig. 12b, f elucidate that the minor structures that do arise 
within the nozzle actually cause rapid fluctuations in the 
cone angle. This oscillating trend is also reflected on the 
cone-angle distributions shown in Fig. 11 and also illustrated 
by the magnified view for 900/1 bar, presented as an inset 
to Fig. 12a.

The flow mechanism proposed to link in-nozzle vorticity 
to spray dynamics is illustrated by the schematic of Fig. 13. 
In essence, the presence of the longitudinal vortex, which 
gives rise to the refractive-index gradient, causes the forma-
tion of a shear layer as free-stream liquid interacts with a 
recirculating flow of reduced axial velocity. In turn, paral-
lel flow is asymmetrically entrained past the vortex, which 
practically acts as an ‘obstacle’ located in the boundary-layer 
region, thus leading to a subsequent asymmetrical jet expul-
sion downstream the injector outlet.

4 � Conclusions

This work provided insight on the correlation of the dynam-
ics of the spray expelled by a single-orifice diesel injector 
with the cavitation and coherent recirculation pattern aris-
ing in its internal flow path. A DBI and a micro-schlieren 

system were employed to concurrently visualise the evolu-
tion of in-nozzle vapour and schlieren structures, as well 
as the fluctuations of the spray cone. The developed micro-
schlieren system was demonstrated to be capable of captur-
ing the highly-transient schlieren structures arising during 
the operating cycle of the injector. These structures were 
proven to set in due to the density gradients that form at 
the cores of longitudinal vortices rolling-up in the injector 
sac and nozzle or being entrained from the one region to 
the other. The nature of the refractive-index gradients was 
proven by their high sensitivity to the injection and ambient 
pressures and the fact that they occasionally emanated from 
the needle tip. It was found that the probability of a longi-
tudinal vortex emerging or propagating in the injector hole 
decreased with increasing injection pressure. The trend was 
attributed to the interaction of large-scale coherent vorti-
cal motion with turbulence, i.e. eddies at length-scales that 
cannot be captured by the imaging system. As the in-nozzle 
level of turbulence increases, only strong, localised vortices 
survive in the injector hole.

Although, DBI data demonstrated that the orifice is only 
mildly cavitating due to its tapered layout and any transient 
cavitation structures are negligibly minor, still the spray 
topology exhibits significant fluctuations during the injec-
tion event. In fact, it was shown that the spray plume exhib-
ited a characteristic widening at high needle lifts for the 
lowest of the two injection pressures examined (700 bar). 
This characteristic spray behaviour, which was absent for the 
higher injection pressure, is explicitly correlated to the pres-
ence of coherent recirculation pattern in the injector hole. In 
fact, the spray plume asymmetric expansion is linked to the 
radial location of the in-nozzle longitudinal vortex. From 
an optical-diagnostics point of view, the study demonstrates 
the robustness of the dual-view imaging technique on high-
lighting flow characteristics, which cannot be captured by 
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diffuse-light imaging only, yet are crucial for the perfor-
mance evaluation of microfluidics devices.
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