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Abstract

The effect of fuel properties and fuel temperature on the behaviour of the internal nozzle flow, atomization and cyclic
spray fluctuations is examined for a three-hole direct injection spark ignition injector by combining numerical simulation
of the nozzle flow with macroscopic and microscopic spray visualization techniques. A dominant influence of the liquid
fuel viscosity on the highly unsteady, cavitating nozzle flow and spray formation was observed. A reduced viscosity (or
larger Reynolds number) increases the flow velocity, turbulence and cavitation in the nozzle and leads to a slim spray
with a reduced width but increased spray penetration. Furthermore, the spray cone angle is larger for lower Reynolds
numbers due to the changed internal nozzle flow profile as predicted by the numerical calculation. The shot-to-shot fluc-
tuations of the sprays were found to have their origin in the highly unsteady, cavitating nozzle flow. Larger cyclic spray
fluctuations were observed at low Reynolds numbers although the predicted vapour formation in the nozzle is weaker.

This can be explained by flow instabilities at low Reynolds numbers leading to large fluctuations in the nozzle flow.
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Introduction

Direct injection spark ignition (DISI) internal combus-
tion (IC) engines provide a promising technology to
minimize fuel consumption and pollutant emissions.
Especially, turbocharging and downsizing show not
only a high potential but also complexity in spray con-
trol and mixture homogenization. There is a need of
optimizing injection, ignition and combustion strategies
to ensure an overall homogenized air—fuel mixture in
the engine avoiding wall impingement. Detailed knowl-
edge is required for precise control of atomization,
spray geometry and spray propagation under various
operating conditions. Today multi-hole nozzles are
mainly used for the DISI fuel injectors'? because of
their simplicity, robustness and cost-effectiveness.
Further injector types are available such as piezo-
actuated outwardly opening pintle nozzles that are
much more cost-intensive but show advantages in gen-
erating a very fine and reproducible spray>* for a fast

mixture formation. This is currently of great interest for
reduction of soot formation during mixing-controlled
combustion. For optimization of those injectors and
sprays, an enhanced understanding of the complex fluid
dynamics inside the nozzle is required including turbu-
lence, cavitation and large-scale vortices that determine
the jet atomization.
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Another challenge is the application of modern bio-
fuel and synthetic fractions mixed with fossil fuel com-
ponents changing the nozzle flow, atomization and
evaporation behaviour. The different fuel properties
might change the spray and combustion processes that
can hardly be predicted by semi-empirical models that
require experimental data for validation of numerical
results. The development of reliable break-up models is
important for understanding the influence of internal
nozzle flows on the liquid disintegration process and
for predicting the performances of several mixing
devices and combustion systems.’

Many empirical atomization models exist in the liter-
ature and are applied in spray simulation codes, taking
into account mainly aerodynamic effects but some of
them also turbulence- or cavitation-induced break-up.®
Classical atomization approaches such as the ‘wave’
model” are purely based on aerodynamic-induced
break-up, and the influence of the inner nozzle flow on
jet atomization cannot be predicted.® The break-up is
driven by Kelvin—Helmholtz (KH) instabilities leading
to surface wave growth and droplet detachment, see
Figure 1(a). This process is relatively well understood
and implemented in computational fluid dynamics
(CFD) and widely applied. The few existing direct
numerical simulation (DNS)-like calculations of the jet
disintegration mainly treat this break-up mechanism.’

Furthermore, turbulent fluctuations in the nozzle
flow may be responsible for initial jet surface distur-
bances,'® see Figure 1(b). Those turbulence-induced
surface waves grow due to the above-mentioned KH
instabilities leading to jet disintegration (turbulence-
induced break-up). Especially, in high-speed diesel noz-
zle flows, two-phase regions are generated due to cavi-
tation.""'* Well-known is the geometric cavitation
appearing at the inlet of the injection hole mainly in
flow recirculation zones, where the local pressure drops
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Figure 1. Schematic of jet disintegration mechanisms: (a)
aerodynamic-induced, (b) turbulence-induced, (c) cavitation-
induced and (d, e) flow-induced break-up.

below the vapour pressure, see Figure 1(c). The col-
lapse of cavitation bubbles at the nozzle exit induces
strong turbulence that supports ligament formation
(cavitation-induced break-up).

Additionally, when changing the injection pressure,
or the fuel and, therefore, its respective viscosity, the
flow regime (Reynolds number) could be altered signifi-
cantly. Especially, the near-nozzle cone angle may be
influenced by the flow profile. A fully developed turbu-
lent flow (Figure 1(e)) leads to a more homogeneous
velocity profile at the nozzle exit compared to the lami-
nar flow (Figure 1(d)), which should be visible in the
cone angle of the jet inversely scaling with the Reynolds
number (flow-induced break-up). However, there is
always an interference with the shear flow of the ambi-
ent resting air and additional interaction of aerody-
namic- or cavitation-induced break-up.

Current CFD calculations mainly treat either pure
nozzle flow or just spray formation. The reason is the
high numerical effort and the complex coupling of the
turbulent two-phase internal nozzle flow and the exter-
nal nozzle spray formation.® Some nozzle flow phenom-
ena such as hydraulic flip'®> and gas re-entrance regions
near the nozzle exit cannot be captured by the separation
of interior and exterior nozzle regions. Additionally,
transient effects such as turbulence, vortex dynamics and
super-cavitation are severely dampened.'®

Some nozzle flow effects were included in current
empirical atomization models'""'* to predict their influ-
ence on the initial jet angle. For example, in the study
by Baumgarten,'! the turbulence- and cavitation-based
primary break-up model has been combined with the
KH model for the secondary break-up. Most of the
cavitation-related studies were focused on high-pressure
diesel injection, and there are only few data available
for DISI atomization, which appears completely differ-
ent'” due to lower injection pressure, different nozzle
geometry (L/D, mini sac hole) and needle form.

A special task is the identification and minimization
of cyclic spray fluctuations especially for spray-guided
DISI concepts. The work of Andriotis et al.'"® focused
on string cavitation (vortex-type cavitation), which, in
contrast to geometrical cavitation, strongly supports
spray instabilities like cycle-to-cycle variations. Those
vapour structures are usually found in the bulk of the
liquid fuel in the region where vortical flow structures
exist.'” The formation of the vapour volume fraction at
a certain location is very irregular, and their interaction
with the mean flow is poorly understood. Its presence
in the injection hole leads to an increase of the spray
cone angle at the side of its occurrence related to the
hole axis.'®

Additionally, in literature the research on the effect
of fuel properties on the nozzle flow and atomization is
still insufficient, especially for gasoline direct injection.
Only a few fundamental studies using real-size trans-
parent nozzles,”° simple throttle or model nozzle geo-
metries are published.!” For example, in a numerical
study, the influence of different fuels and fuel
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temperatures on generic nozzle flow and geometric-
and vortex-induced cavitation behaviour was investi-
gated.'” The fuel viscosity was reported to be the most
significant influencing parameter, and the effects of the
vapour pressure play a minor role in flows where the
fuel temperature is well below the vaporization tem-
perature. This is due to the large pressure gradients in
the nozzle. The density and the surface tension of the
fuel showed only a minor influence on the flow if the
other parameters were kept constant; however, they
cannot be neglected. Nevertheless, it is unknown
whether those conclusions are valid for flows in real-
size multi-hole nozzles because of the higher complexity
of cavitation and turbulent flow.

In the study by Park et al.,*' the characteristics of
diesel fuel and biodiesel for turbulent flow, cavitating
flow and hydraulic flip were investigated for transpar-
ent large-scale nozzles. For this investigation, the
important non-dimensional numbers are the liquid
Reynolds number

dyU;
Re = 1
= (1)
the liquid Weber number
dyU?
We = Pior 2)
o
and the cavitation number
CN =20 (3)

rpU;

The included properties are the liquid fuel density p,,
the kinematic viscosity v, and the surface tension o as
well as the velocity of the liquid phase U, the nozzle
bore diameter dy and the fuel vapour pressure p,.

For the stationary flow, the geometrical cavitation
and hydraulic flip occur at constant Weber numbers
for both diesel and biodiesel, but for biodiesel, it starts
already at much smaller Reynolds numbers.?! The cavi-
tation patterns at the nozzle orifice wall were very simi-
lar. No effect of fuel properties on the resulting spray
geometry was reported.

Sou et al.'® investigated the influence of Reynolds
numbers (Re = 45,000-76,000) and cavitation numbers
(CN = 0.55-1.57) on formation of cavitation zones in
the nozzle and the resulting liquid jet by varying the
nozzle size, fluid properties and liquid flow rate. The
geometric-induced cavitation zones and the shape of
the liquid jet at the nozzle exit are not strongly affected
by the Reynolds number but by the cavitation num-
ber.!” At geometric cavitation conditions, the spray
cone angle increases with smaller surface tension (of
light oil compared to water). An increase of the fluid
temperature also leads to larger spray plume angle for
water.'?

In the study by Zigan et al.,>** the atomization qual-
ity of a 12-hole injector at 1.5MPa ambient pressure
was found to be different for high-viscosity fuels that

show optically thinner sprays with a smaller average
droplet size, especially for short injection durations.
The n-decane droplets showed a larger droplet momen-
tum and a stronger fuel-air interaction with marginally
increased radial spray propagation. These complex phe-
nomena are explained by the viscosity-dependent turbu-
lent, cavitating nozzle flow and can hardly be predicted
by classical atomization models,”® which are purely
based on aerodynamic break-up effects

Py O3 up (4)

This indicates an increase of the droplet size 3, pro-
portional to the fuel viscosity u;, which is mainly due
to aerodynamic break-up. Atomization is promoted by
low fuel viscosity without considering nozzle flow
effects, which is justified at high injection pressure with
high relative velocity and dominant aerodynamic
break-up. Here, Ap is the pressure difference between
injection pressure and ambient pressure and p, is the
gas density.

Especially, at DISI conditions with lower injection
pressure, the nozzle flow effects may be predominant,
and especially for this injection regime, further investi-
gation of the fuel-dependent atomization behaviour is
necessary.

In this study, first, results regarding fuel properties
and fuel temperature effects on nozzle flow as well as
macroscopic and microscopic spray behaviour are pre-
sented for a three-hole nozzle. It is focused on the
detailed analysis of the fuel-dependent cavitation beha-
viour that is presented in the form of a numerical
study. The resulting microscopic spray structure is ana-
lysed with locally high-resolved Mie scattering imaging
at injector opening and full needle lift. This article is
subdivided into two parts: in the first section, a brief
description of the experimental and numerical setup is
presented. The second section gives an overview of fuel
property and fuel temperature effects on the nozzle
flow and atomization and describes the effects of part
and full needle lift.

dyy o dg,s CApOS g0

Materials and methods

Two single-component fuels (n-hexane and n-decane)
with large differences in viscosity, surface tension and
volatility were studied. These fuels are capable to cover
the gasoline fuel properties in a wide range.
Additionally, the fuel properties were varied by chang-
ing the fuel temperature (either 25 °C or 70 °C) to influ-
ence the atomization process. Fuel and injector were
conditioned to the same temperature. The resulting
Reynolds and liquid Weber numbers, see equations (1)
and (2), are in the range of Re = 9400-39,600 and
We = 19,200-44,500, respectively, see Table 1. The
Reynolds and Weber numbers are calculated from the
fuel velocity during needle opening. The spray experi-
ments were conducted in an optical accessible injection
chamber. The injection pressure was set to 10 MPa with
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Table I. Fluid properties**?®

and non-dimensional numbers of atomization.

n-decane (25 °C)

n-decane (70 °C) n-hexane (25 °C) n-hexane (70 °C)

Density (kg/m®)** 717
Kinetic viscosity X 10”° 1.223
Vapour pressure (kPa)3* 0.2

Surface tension (mN/m)>® 23.0
Reynolds number 9360
Weber number 19,232

689 656 618
0.765 0.446 0.339
1.9 19.9 88.9
19.0 18.0 13.0
19,814 28,482 39,585
32,920 29,349 44,453

M = Mirror
L =Lens
LDM = Long Distance Microscope

1,423 um

Figure 2. Experimental setup to investigate the spray structure (left), macroscopic laser light sheet illumination of one jet (centre)
and detection of the microscopic spray | mm below the nozzle orifice (right).

a flexible fuel system. A constant air flow (flow velocity

< 0.1m/s, ¥ 4; = 25°C) through the injection cham-
ber scavenges it from one injection to another. The
injection repetition rate was set to 1 Hz. The investi-
gated research injector is based on a six-hole solenoid
injector (Continental XL2); the nozzle, however, was
equipped with a three-hole plate for better optical
access to the single fuel jets.

The spray process was examined using laser-based
macroscopic and microscopic planar Mie scattering
imaging techniques, see Figure 2. The left jet in Figure
2 (right image) is illuminated with a thin laser light
sheet for both macroscopic and microscopic spray
visualization. With the application of a long-distance
microscope, the jet disintegration close to the nozzle
orifice was studied in detail in a region of approxi-
mately 1.8 X 1.4 mm. The thickness of the investigated
spray volume is limited in depth by the laser light sheet
(thickness is < 500 wm) and especially by the focal
depth of the optics (80 wm). In the studies by Badock
et al.,'® Fath et al.,”® Heimgdrtner and Leipertz®’ and
Schmitz et al.,*® the capability of this technique is
shown for the identification of microscopic spray struc-
tures such as ligaments, clusters, cavities and liquid
core. Limitations are unpredictable scattering proper-
ties due to multiple scattering at the rough stochastic
interface of the spray, which might cause a milky haze
in front of the observed plane. This disturbing scattered
light makes the optical access of the inner spray struc-
tures difficult. Nevertheless, geometric spray quantities
like microscopic spray cone angle, spray width and
spray bending can be analysed with this technique.

The injector shows a characteristic unsteady, turbu-
lent flow behaviour also for low injection pressures due
to vortex shedding at the needle tip (for more details,
see Shi et al.?%). The injection duration was kept con-
stant for all investigated fuels at 1000 ws resulting in an
injected mass of approximately 9 mg/pulse (gravimetric
measurement, averaged over 3 X 1000 injections). The
bore diameter of the nozzle holes is approximately
250 pm.

The CFD calculations were performed with the
commercial CFD solver ANSYS-CFX 12.1. To
describe the two-phase flow, a homogeneous two-fluid
model is used. With this, the liquid and gaseous phases
are considered as a homogeneous mixture sharing the
velocity and pressure fields. The transient flow is
described by an unsteady Reynolds-averaged Navier—
Stokes (URANS) approach by using the k-omega shear
stress transport (SST) turbulence model.*® The cavita-
tion was accounted by a Rayleigh-Plesset equation®'-
based model. The Reynolds-averaged Navier—Stokes
equations of the whole mixture consisting of liquid and
vapour phases can be described by

ap, ap,aU;

Py + ) =Sy (5)
ot ox;

and

ap,, Ui n op, UiU; _ dp + orjj with
ot an axi 8Xj

o n Wi, . 6

7= (i + ) (5 52 )
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ANSYS
total pressure at inlet: 10.1 MPa
500 pm 500 pm

cyclic

cyclic s
periodic

periodic

opening static pressure at outlet: 0.1 MPa

Figure 3. Computational domain of the nozzle.

U; and U, represent the averaged velocity components
(with 7, j=1, ..., 3), a is the vapour volume fraction
and p, and p, are the vapour and liquid density, respec-
tively. From this, the value of the liquid volume frac-
tion (1—a) can be calculated. Then, the average
mixture density p,, is calculated from the mass fraction
of liquid and vapour phases in the respective cell

Pm = ap, + (1 - a)pl (7)

In equation (6), w,, is the dynamic molecular viscosity
of the mixture and u,,, is the turbulent viscosity that is
solved by the turbulence model. ), represents the
source/sink term of the mass during phase change due
to cavitation. If the local pressure p drops below the
vapour pressure p,, a part of the liquid mass is con-
verted into the vapour phase (cavitation). Vapour con-
densation occurs if the local pressure is higher than the
vapour pressure. Applying the Rayleigh—Plesset equa-
tion®! leads to the following calculation model for
cavitation-induced mass transport at phase change

. 3ag(1— ' — .
¢ sign(p, — p)Fy 2 A if p < p,
=
. 3ap. - .
sign(py — p)F> = | [37,2 if p>p,

(®)

where sign(p,—p) indicates the direction of the mass
transfer, a represents the volume fraction of the cavita-
tion nuclei in the fluid, R, is the average bubble radius
and F; and F, are the evaporation and condensation
coefficients introduced to account for different bubble
expanding and shrinking velocities depending on the
respective fluid and boundary conditions. In order to
understand the link between nozzle flow and atomiza-
tion, the turbulence energy 7. and the kinetic energy
of flow motion in the axial direction of injection hole
and in the non-axial directions Ej at the nozzle exit
were monitored for each numerical time step. These
quantities are evaluation parameters of the numerical
study related to the respective cell. The turbulent kinetic
energy is defined by

1 A ! !
The = 3 (u12 + u22 + u32> 9)

including the fluctuations of the velocities u}, u5 and u}
in the three spatial directions x, y and z. For the defini-
tion of non-axial motion (e.g. swirling vortex in the
injection hole), the non-axial kinetic energy Ej is
applied. This is generated by the deflection of the noz-
zle flow and determines the atomization efficiency.
There, the non-axial flow velocities #; and u, in x- or y-
direction are included, that is, both radial and tangen-
tial velocity components

1
Ey = EPL(ulz +up?)

(10)

These quantities were defined as local variables, and
mass flow rate weighted averages were calculated over
the nozzle orifice exit plane. Standard deviations were
calculated from the temporal profile for the nozzle out-
let area to quantify the cyclic variations.

The computational domain is shown in Figure 3.
The nozzle is axis-symmetrical with three injection
holes. A 120°-sector geometrical model was adopted,
and a cyclic period condition was applied at the sector
boundaries. A static pressure outlet condition allowing
entrainment was defined at the hole exit and zero gradi-
ent condition for other quantities. The second-order
discretization scheme in both space and time was used.
The temporal resolution is 0.2 ws. The computation
grid is sufficiently fine with less than 1 wm near the wall
and most of y+ 1is less than 2. Usually, more than 15
nodes are inside the boundary layer.

Results and discussion

In general, the investigated three-hole injector shows a
highly unsteady spray behaviour with strong cyclic
spray variations for the fuel n-decane, see Figures 4 and
5. In Figure 4, single images of the integral spray are
shown that are illuminated with flash lamps. The time
values are based on the visible start of injection (vSOI).
In general, each single jet shows pulsations in axial
direction. This reflects the flow dynamics of the nozzle

250 ps A 500 ps 800 ps
¢
’ -
Y
10 mm
5 A"

Figure 4. Global spray structure of the investigated three-hole
injector (integral Mie scattering, flash-lamp illumination, single-
shot images).
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10 mm

—

Figure 5. Exemplary images of one illuminated jet of the spray
showing the macroscopic spray fluctuations as well as the jet-to-
jet interactions between the single jets, n-decane, p;,;= |0 MPa,
Uruer =25 °C, t=500 s after vSOI.

internal flow due to vortex shedding® and cavitation
vapour shedding at the needle. In Figure 5, exemplary
single-shot planar Mie scattering images are presented
additionally showing strong cyclic variations of the sin-
gle jet width and injection direction (i.e. bent angle),
which promote jet-to-jet interactions.

The fuel properties are expected to significantly
influence the nozzle flow and, thus, should affect the
atomization and spray shape as well as cyclic spray fluc-
tuations. In Figure 6, the fuel effect on the macroscopic
spray propagation is shown. The occurrence frequency
is used to describe the cyclic fluctuations of the liquid
phase of the spray from shot-to-shot. The occurrence
frequency is calculated from 32 single-shot images. For
the computer post-processing of the single images, a
threshold was defined to 10/255 for the 8-bit converted
images to distinguish between liquid fuel (>10) and
image background (< 10, low scattering intensity). The
threshold value is chosen in a way to include also spray
regions with low liquid concentration and, therefore,
low scattering light intensity. The width of the zone
with occurrence frequencies between 0% (no detected
scattering signal in the respective pixel in 32 images)
and 100% (high scattering intensity in all images) repre-
sents the cyclic variability of the spray shape. If this
zone is thin, the spray shows less cyclic variations indi-
cating a high reproducibility. For n-decane at 25°C,

large cyclic fluctuations are visible. These cyclic varia-
tions are damped for larger Reynolds numbers, that is,
the n-hexane spray with increased fuel temperature
shows the highest reproducibility. Especially, nozzle
flow instabilities at very low Reynolds numbers'’ seem
to support the large cyclic fluctuations of the spray for
n-decane, which is visible in the large range of the jet
cone angle.

Furthermore, for some injections the spray width is
increased for n-decane leading to a more intense fuel—
air interaction enhancing the jet break-up, and there-
fore, a reduced spray penetration results. An increased
fuel temperature leads to a reduced macroscopic spray
width and the spray propagates further downstream.
This can be explained by the reduced fuel viscosity lead-
ing to a larger injection velocity. Additionally, the n-
hexane spray at 70 °C fuel temperature is further bent
towards the injector axis; therefore, the spray shows a
reduced radial expansion and a larger spray length.

The microscopic spray structure analysis conducted
close to the nozzle shows similar trends, see Figures 7—
9. Large cyclic fluctuations in the spray shape occur for
n-decane during the opening phase of the needle (at
200 ws), see Figure 7(a). The Reynolds number under
this condition is relatively low (see Table 1). After the
needle is fully lifted (quasi-stationary injection phase,
e.g. at 500 ws, Figure 7(b)), the cyclic variations are
reduced due to the pressure and velocity rise. This
means that the Reynolds number rises leading to a
more stable nozzle flow and spray behaviour. However,
the Reynolds number is still relatively small and the
injection is in the transitional low turbulent flow
regime.

In Figure 8, single-shot images of n-hexane are pre-
sented that show smaller cyclic fluctuations compared
to n-decane confirming the Reynolds number depen-
dency of the flow and atomization. The microscopic
spray flipping is further reduced at increased fuel tem-
perature as illustrated in Figure 9 by the occurrence fre-
quency of liquid fuel (the threshold to separate between
spray and background is 15/255 for the microscopic
images). It becomes apparent that the microscopic

occurrence frequency (O I

m 1

Figure 6. Occurrence frequency distribution indicating the cyclic fluctuations of the macroscopic spray, calculated from 32 single-

shot images. Grid: 10 mm, time: 800 ps.
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#1 #2
o ‘ -

(b) 500 ps

#3 #4 #5

Figure 7. Exemplary single-shot images of the microscopic spray for n-decane during (a) needle opening (200 js) and (b) the quasi-

stationary injection phase (500 ws), Jg,e =25 °C.

#1

(a) 200 ps

(b) 500 ps

Figure 8. Exemplary single-shot images showing the cyclic fluctuations of the near-nozzle, microscopic spray for n-hexane and
during (a) early injection phase (200 ws) and (b) quasi-stationary injection phase (500 ws), ¥, =25 °C.

n-decane 70°C

n-decane 25°C

/ M/ A/ |

7 W11/

occurrence frequency O I I 1

n-hexane 25°C n-hexane 70°C

/|

Figure 9. Occurrence frequency of liquid fuel distribution showing the spray shape and the cyclic fluctuations of the microscopic
spray for two fuel temperatures (9, =25 °C/70 °C) and two times (200 and 500 s after vSOI).

spray of n-decane shows large fluctuations in the spray
width and the spray cone angle, especially during injec-
tor opening, which is indicated by the broad yellow-
green zone. For n-decane, the larger jet-flipping is
clearly visible, leading to jet-to-jet interactions further
downstream in the spray (see Figure 5). During the
quasi-stationary phase, this spray flipping is reduced
especially for n-hexane at elevated fuel temperature.
The spray is very reproducible, which is displayed by
the sharp edge at the spray boundary of the occurrence

frequency distribution. The reduction of the spray cone
angle with elevated fuel temperature is already observa-
ble in these images. Similar findings in Figures 9 and 6
confirm that the macroscopic spray is strongly domi-
nated by the fuel-dependent nozzle flow that is already
visible in the microscopic spray shape at the nozzle
exit.

From the single-shot images of the spray visualiza-
tion, a geometric analysis of the microscopic spray
quantities, spray width, spray cone angle and the bent
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Table 2. Fuel- and fuel temperature—dependent averaged spray quantities (with standard deviations in parentheses, indicating the
temporal fluctuations) during needle opening (200 ws) and quasi-stationary injection phase (500 s after vSOI), Mie imaging.

Parameter (experiment) Unit n-decane n-hexane

25°C 70°C 25°C 70°C
Spray cone angle (200 p.s) ° 42.9 (14.2) 374 (10.4) 34.9 (9.2) 33.5(6.8)
Bent angle (200 ps) ° 6.8 (5.2) 6.4 (4.0 8.6 (4.6) 8.8 (3.7)
Spray width 200 pvs) mm 1.09 (0.27) 0.96 (0.17) 0.82 (0.20) 0.96 (0.14)
Spray cone angle (500 p.s) ° 34.5 (8.9) 32.2 (8.3) 34.0 (4.5) 28.8 (4.5)
Bent angle (500 ps) ° 4.6 (3.3) 7.2 (3.9) 6.7 (4.4) 6.8 (3.2)
Spray width (500 ps) mm 0.96 (0.17) 0.86 (0.15) 0.89 (0.20) 0.86 (0.09)

Table 3. Fuel-dependent averaged flow quantities (with standard deviations in parentheses, indicating the temporal fluctuations)

during partial needle lift.

Parameter (simulation) Unit Partial needle lift 13 pm
n-decane 25 °C n-hexane 25 °C

Axial velocity m/s 63.7 (3.0 73.7 (2.7)
Radial velocity m/s 0.05 (1.36) 0.81 (1.80)
Non-axial energy E; Jlkg 339 (174) 491 (223)
Turbulent kinetic energy T, Jlkg 187 (12) 244 (19)
Vapour volume fraction outlet % 8.59 (2.90) 10.90 (3.00)
Vapour volume fraction total % 0.280 (0.022) 0.320 (0.017)
Table 4. Averaged flow quantities (with standard deviations in parentheses) for full needle lift (URANS calculations).
Parameter (simulation) Unit n-decane n-hexane

25°C 70°C 25°C 70°C
Axial velocity m/s 138.9 (2.3) 144.3 (2.0) 149.5 (2.7) 154.7 (2.1)
Radial velocity m/s 3.09 (1.31) 3.03 (0.98) 3.55 (1.22) 3.55(1.18)
Non-axial energy E, J/kg 1034 (329) 1074 (265) 1279 (342) 1426 (338)
Turbulent kinetic energy Ty J/kg 327 (38) 338 (28) 324 (35) 322 (24)
Vapour volume fraction outlet % 5.56 (1.84) 6.24 (1.62) 5.98 (1.42) 6.94 (1.11)
Vapour volume fraction total % 0.139 (0.021) 0.134 (0.018) 0.125 (0.021) 0.124 (0.017)

angle of the single jet (i.e. the angle between the jet axis
and the injection hole axis), can be performed, see
Table 2 and Figure 10 for the definition of the spray
quantities. The microscopic spray width is determined
1 mm below the nozzle orifice. The calculated jet bent
angle represents the deviation of the injection direction
from the injection hole axis. Per definition, the bent
angle of the single jet is positive when it is directed
towards the centreline of the injector. Thirty-two
images of each time point were used for the calcula-
tions of average values and standard deviations (lo
confidence level). During the needle opening phase (up
to 200 ws, top rows of Table 2), the pressures rise in the
injection hole and the spray is expanded. Accordingly,
the spray cone angle as well as the spray width
increases. For the full needle lift (e.g. at 500 s, bottom
rows of Table 2), the cone angle is reduced again due
to the larger flow velocity and reduced cavitation,

which will be discussed below (see Tables 3 and 4 and
Figures 14 and 15). The cavitation is expected to

!
1
h|

spray width

spray cone
angle

spray bent
angle
. i .
! v spray axis
v injection hole axis

Figure 10. Schematic for the calculation of the microscopic
spray quantities. The microscopic spray width was determined |
mm below nozzle outlet.
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Figure 1 1. Exemplary analysis of microscopic spray structures, n-decane, ¥, =25 °C.

produce the largest contribution to the increase of the
spray cone angle, which is also in accordance with the
findings of Park et al.?' and Payri et al.>?

N-decane at 25°C (with the smallest Reynolds num-
ber) shows the largest average microscopic spray cone
angle and the maximal standard deviations, whereas
for n-hexane at 70 °C, the smallest cone angle and stan-
dard deviations were calculated. For increased fuel tem-
perature of n-decane (70°C), the cone angle is very
similar to that one of n-hexane at 25°C; however, the
fluctuations are still larger due to the smaller Reynolds
number. Similar trends are noticeable for the bent angle
and spray width, that is, for both fuels at increased tem-
perature, the sprays turn slim and are bent further
towards the injector centre axis. This spray bending
and smaller averaged cone angle would lead to a larger
spray penetration and a reduced macroscopic spray
width, see Figure 6. In this flow regime, a Reynolds
number dependency on the spray shape and cyclic var-
iation could be demonstrated, while in the study by Sou
et al.,'> much larger Reynolds numbers (45,000—76,000,
generic nozzle) were selected without significant effects
on the sprays. However, further aspects must be consid-
ered that affect the flow field, such as scaling of the
nozzles and the flow around the needle leading to vor-
tex shedding and cavitation.

During needle opening (at 200 ws), the bent angle is
larger; however, at the same time, the spray cone angle
increases, which promotes jet-to-jet interactions, see
Figure 5. For the fully lifted needle (500 ws), both spray
cone angle and bent angle are decreased. The cyclic
fluctuations are smaller, which is shown by the reduced
standard deviations of the flow quantities when com-
pared to its respective average values.

Another important aspect to be discussed is the
spray structure and shape. The single-shot images in
Figures 7 and 8 show the changed spray morphology of
the different fuels during needle opening and full needle
lift. In general, a relatively homogeneous scattering
intensity occurs in the spray indicating a high amount
of scatter centres in this region, which can be either sin-
gle droplets and/or gas bubbles in the jet. For n-decane,
an increased number of large surface perturbations is

visible (Figure 7, e.g. images #4 and #5 at 200 ws), com-
pared to n-hexane (Figure 8).

A structural analysis was performed to quantify the
dimensions of the surface perturbations (such as liga-
ments or sheets, clusters, etc.), some examples are given
in Figure 11. During the opening of the needle (100 s,
left), the liquid spray is characterized by large surface
perturbations as well as the formation of ligaments
with typical dimensions of 100-200 pm and clusters
that are around 50-100 pm. In Figure 12, a comparison
of the dimensions of ligaments/sheets is provided for n-
hexane and n-decane during the needle opening phase.
The analysed time steps are 100, 125, 150 and 200 s,
and more than 4000 structures were verified for each
fuel. The analysed structure dimensions were subdi-
vided in intervals of 40 wm, whereas the range of 280—
320 wm also contains few larger structures up to about
500 wm. For n-hexane, a reduced number of ligaments
and clusters with dimensions between 160 and 320 pm
occur (about 30% less compared to n-decane). The ten-
dency towards smaller ligaments for n-hexane can be
explained by the larger turbulence (Reynolds number)
and the stronger cavitation, which is discussed in the
CFD study below. During full needle lift (e.g. at
500 ws), the spray shape of both fuels shows less large

10
j —i— n-decane
—{~ n-hexane
10°4
& o
Q10 Vs
£ ~h~
3 -
10'
‘TOE I I I T T T T I
40 80 120 1860 200 240 280 320
structure dimension [um]

Figure 12. Comparison of microscopic spray structures
(ligaments and clusters) during early injection phase (100—
200 pvs), n-decane and n-hexane, ¥, =25 °C.
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‘ 4

#5

#3

Figure 13. Microscopic spray images for n-decane at 400 and 600 s, Ug,e =25 °C. The inner spray frequently shows large regions
with low scattering intensity (in white/light-grey) especially occurring at the nozzle outlet.

partial needle lift (13 pm)

——
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geometric
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Figure 14. URANS simulation of the nozzle flow showing the cavitation behaviour of n-decane at three subsequent time steps
(time interval is 40 ps), 50% vapour volume fraction, ¥, =25 °C for (a) partial and (b) full needle lift.

surface perturbations, see Figures 7 and 8; however,
still cyclic variations can be detected, but they show
reduced intensity. The spray structure of n-hexane
appears more homogeneous and less chaotic.
Surprisingly, large-scale fractal structures with low
scattering intensity are frequently visible inside the jet,
see Figure 11 (right image). They occur in the spray
during needle opening as well as in the quasi-stationary
phase, see also Figure 13 (at 400 and 600 ps, n-decane).
However, during full needle lift, their identification is
easier since the spray is more homogeneous. The occur-
rence frequency of such structures in the quasi-
stationary injection phase is about 30% of the images
in a series. It has to be noted that most of those struc-
tures appear close to the nozzle orifice, but sometimes
they are quite long-spread and also reach distances of 2
mm below the injector. Since there is a high scattering
intensity around those fractal regions, local laser beam
attenuation should not lead to such strong signal
changes inside the jet. Probably, the low scattering
intensity originates from hollow structures resulting

from the disintegration of the jet, but this cannot be
clarified in this study. Although the detection system’s
depth of sharpness range is limited (80 pm), still multi-
ple scattering is an issue and the disturbing stray light
makes the optical access of the inner spray structures
difficult. Therefore, further spray analyses also with
enhanced optical techniques such as ballistic ima-
ging**** or X-ray techniques® are necessary.

Finally, the turbulent, cavitating nozzle flow is char-
acterized by a CFD simulation. A detailed description
of the vortex structure of a comparable real-size DISI
nozzle is given in the study by Shi et al.*® showing the
vortex generation in the sac hole around the needle tip
using a URANS as well as a scale-adaptive-simulation
(SAS) approach.

The flow and cavitation behaviour in the nozzle
strongly depend on the needle lift. Figure 14 shows the
instant vapour distribution in the nozzle represented by
iso-surfaces of the 50% fuel vapour volume fraction for
partial (Figure 14(a), the needle stroke is 13 wm) and
maximum needle lift (Figure 14(b)). Three subsequent
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partial needle lift (13 pm)

full needle lift

N

Figure 15. URANS simulation of the nozzle flow showing the cavitation behaviour of n-hexane at three subsequent time steps
(time interval is 40 ps), 50% vapour iso-surface contours for (a) the partial needle lift and (b) full needle lift, Jf, =25 °C.
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Figure 16. Surface streamlines coloured by velocity at the symmetry plane of one injection hole, n-hexane and n-decane, |3 pum

needle lift, Or,e =25 °C.

time steps (time interval is 40ws) are shown for
n-decane at 10 MPa and 25°C. Much stronger cavita-
tion was observed at the partial needle lift and large
parts of the injection hole are filled with vapour. The
unsteady ejection of cavitation vapour supports the tem-
poral fluctuations in the nozzle flow and spray geometry.
The vapour is primarily generated by geometric cavita-
tion; however, single vortex- or needle-induced cavitation
zones occur below the needle tip in the mini sac hole
from time to time for both part and full needle stroke.
There are significant differences in the nozzle flow
for n-decane and n-hexane leading to a changed cavita-
tion behaviour that can be seen in Figures 14 (n-decane)
and 15 (n-hexane). In Figure 16, the velocity profiles of
the vapour distribution are presented for the same time
steps as shown in Figures 14 and 15 . During the partial
needle lift, the shape of these large cavitation zones

indicates a swirl motion of the flow inside the injection
hole for n-hexane. Due to the increased flow velocity
and turbulence in the sac hole and injection hole, the
mixing of the liquid and vapour zones is enhanced for
n-hexane compared to n-decane. Additionally, a repro-
ducible swirl motion (Figure 15(a), partial needle lift)
supports the jet stability showing reduced cyclic fluctua-
tions for n-hexane. Furthermore, during the full needle
lift, the cavitation zones show a less chaotic structure
compared to n-decane, see Figure 14. The geometric
cavitation zones are relatively large and reproducible.
Less vapour streaks are formed at the needle tip, but
some are visible in the injection hole.

The velocity field inside the nozzle hole and sac vol-
ume is represented by the streamlines in the symmetry
plane for the partial needle lift and the two fuels at
25°C (Figure 16). The plot shows a highly unsteady
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and complicated flow that dominates the near-nozzle
break-up mechanisms. Additionally, the flow velocity
at the wall of the injection hole is much larger for n-
hexane (especially at the ‘left’ side of the wall). This
may be an indication of the changed injection direction
and bending of the spray to the injector axis and thus
leads to a slimmer spray for n-hexane (see Figure 6).
The maximum velocities are much lower for n-decane,
and the velocity distribution shows a stronger flow
deceleration at the walls that explains the larger spray
cone angle.

In Tables 3 and 4, the average flow quantities (tem-
poral and spatial averaged at outlet area) together with
the corresponding standard deviations (in brackets)
from CFD are given. The respective averaging time is
200 ps. The axial injection velocity is almost 14% smaller
for n-decane compared to n-hexane at partial needle lift,
see Table 3, which is consistent with the reduced penetra-
tion as shown in Figure 6. Interestingly, the average
radial velocity during partial needle lift is very small for
n-decane at 25°C (0.05m/s) compared to its respective
standard deviation (1.36 m/s) also indicating the strong
change of the flow direction and cyclic variations. The
positive mathematical sign indicates the predominant
flow directions towards the walls of the injection hole.
However, no clear indication regarding the resulting
spray cone angle is possible since the asymmetric flow
field is too complex (see Figure 16) and also the injection
direction is influenced (i.e. the spray bent angle).

Due to the strong swirl motion for n-hexane, also
the non-axial energy is 30% larger, which is the main
difference in the flow quantities of the certain fuels and
is expected to dominate the spray atomization. In addi-
tion, the turbulent kinetic energy is about 23%
increased. The 21% larger vapour volume fraction for
n-hexane (at the outlet, 12.5% in the whole nozzle vol-
ume) implies a faster disintegration of the jet, which
leads to less large surface perturbations compared to n-
decane, see Figure 12. The higher axial velocity also
promotes the aerodynamic break-up, which can be seen
from the Weber numbers in Table 1. As shown in
Figure 16(b), for n-decane, the large vortices in the noz-
zle flow might promote the formation of a broadened
spray with stronger surface perturbations in the near
field of the nozzle and, therefore, a larger spray cone
angle as indicated in Table 2.

For full needle lift, the axial velocity is doubled com-
pared to the partial needle lift, see Table 4. At the same
time, the turbulent kinetic energy is increased by a fac-
tor of two and the non-axial energy rises by a factor of
three. Consequently, this should lead to a rapid atomi-
zation during the full needle lift and, thus, less large sur-
face perturbations in the microscopic jet. Additionally,
the standard deviations of the flow quantities are
reduced in relation to the increased average value dur-
ing the quasi-stationary injection phase (see Table 4),
which is expected to damp the cyclic fluctuations in the
spray shape (see Table 2). Furthermore, the reduced
vapour amount due to cavitation at full needle lift

supports the spray stability, which is also visible in the
lowered cyclic fluctuations.

During the full needle lift, the differences in the tur-
bulent flow field and vapour formation depending on
the fuel and its temperature are smaller, see Table 4.
This can also be confirmed by the measured spray cone
angle and spray width, which are similar during the
quasi-stationary injection phase (500 ws, see Table 2)
but still show the Reynolds number trend. One reason
is that the needle-induced cavitation is reduced and the
nozzle flow is similar for both fuels. For example, the
turbulent kinetic energy and the vapour volume frac-
tion converge for all tested operating conditions.

At elevated temperature, the axial velocities are fur-
ther increased (about 3%-—4%) due to the reduced fuel
viscosity, which can lead to a larger momentum and
spray penetration (Figure 6). The changed density (dif-
ference is about 4%-6% for increased temperature) is
expected to play a minor role in atomization and spray
propagation as it has a smaller impact on the spray
momentum. A stabilized flow and reduced spray flip-
ping result due to the larger flow velocities and
enhanced mixing of the liquid and vapour. It is remark-
able that the standard deviations of the flow quantities
decline with increasing fuel temperatures in accordance
with the cyclic spray variations, especially in the mea-
sured spray cone angle.

Conclusion

In this study, the fuel-dependent nozzle flow, atomiza-
tion and macroscopic spray shape were examined for a
three-hole DISI injector by a combined CFD and spray
imaging approach. It could be shown that the geo-
metric spray properties are mainly determined by the
nozzle flow properties, especially the velocity profile
and its flow stability. A correlation to the Reynolds
number was found for the chosen injection conditions.
Especially, for low Reynolds numbers in the transi-
tional flow regime (Re ~9000), large cyclic variations
in the calculated nozzle flow field and in the spray
shape occurred. In general, the geometric and vortex-
induced cavitation dominates the nozzle flow and ato-
mization especially during injector opening and sup-
ports cyclic variations. At full needle lift, the cavitation
is reduced, while the flow velocity is increased leading
to smaller spray cone angles and reduced cyclic fluctua-
tions in the nozzle flow field and in the spray.

When changing the fuel and its temperature, the
dominant influence of the liquid fuel viscosity on the
cavitating, turbulent nozzle flow, atomization and
spray shape becomes apparent. A reduced viscosity (or
increased Reynolds number) increases cavitation in the
nozzle and also swirl and turbulence are generated
leading to a slim microscopic spray with reduced spray
width. The predicted larger axial flow velocity for low-
viscosity fuels explains the increased spray length. For
fuels with higher viscosity, the flow deceleration at the
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wall is larger, which explains the larger spray cone
angle and the reduced spray penetration. Additionally,
the increased bending of the jet towards the injector
axis with larger Reynolds number could be predicted
by the simulated flow field at the nozzle outlet. This
fuel-dependent effect cannot be described by the aero-
dynamic break-up in the classical atomization theory,
since the spray geometry is mainly influenced by the
highly unsteady, cavitating nozzle flow and especially
by the flow profile at those DISI injection conditions.

For n-hexane, smaller spray structures such as liga-
ments and clusters were detected compared to n-decane
that is attributed to the stronger non-axial energy, cavi-
tation and turbulent kinetic energy as predicted by the
simulation. In the microscopic spray close to the nozzle
outlet, frequently large fractal regions with low scatter-
ing intensity were detected, which could originate from
hollow structures in the disintegrating jet. To clarify
this, further investigations of such sprays are necessary.

Due to their highly complex influence on flow, tur-
bulence and cavitation, the fuel properties need further
investigation. In future work, the proper decoupling of
the fuel properties, viscosity, vapour pressure, density
and surface tension, by an appropriate selection of
additional fuels will help to get a deeper insight into the
flow and atomization process. Application of enhanced
optical measurement techniques is expected to provide
a deeper insight into the cavitating, turbulent nozzle
flow and its effects on spray structures.
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