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HIGHLIGHTS

» Long-distance microscopy and nanosecond-pulse illumination were adopted.

» Initial spray morphologies at various injection and ambient pressures were studied.
» Four types of spray tip structure were identified and analysed.

» A small liquid column in the ‘mushroom’ tip was observed and numerically analysed.

Abstract

The formation and evolution of the initial spray structure of diesel fuel in the near-nozzle
region under different injection and ambient pressures were studied. A visualisation
experiment study on diesel fuel using long-distance microscopy and nanosecond-pulse
flashlight was performed. Four types of spray tip structure were identified and named as
‘needle’, ‘bubble’, ‘mushroom’ and ‘umbrella’. The obtained high-resolution images revealed
that both injection pressure and ambient pressure had a significant influence on the evolution
of the spray tip structure. The measurement of the spray penetration and spray angle showed

that the increase of injection pressure enhanced spray dispersion while the increase of
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ambient pressure exhibited an opposite effect. In order to provide a better understanding on
the formation mechanism, a numerical study based on large eddy simulation (LES) and
volume of fluid (VOF) interface capturing technique was conducted.

Keywords: Initial breakup; Visualisation experiment; Injection pressure; Ambient pressure;

Mushroom-shaped structure



1. Introduction

The liquid spray are ubiquitous in the industrial and energy fields such as the application in
aviation engines, internal combustion engines [1-3] and cooling towers [4]. Highly dispersed
spray has been proven to be extremely important for the engine combustion performance and
emissions [5-7]. Fundamental experiments and numerical simulations focused on the initial
breakup of liquid spray are essential and significant for improving the operating efficiency of
engines because the initial spray behaviours dominate the spray microscopic and macroscopic
characteristics [8-10]. The entire liquid injection event can be divided into at least three
stages including initial valve opening stage, main injection stage and injection closure stage
[11, 12]. Among these three stages, the initial injection is the critical period for the breakup
and morphology evolution of liquid jet. Therefore, it is desirable to examine the flow
characteristics of the liquid jet in the initial stage, which could provide a useful insight to
understand the subsequent combustion processes (droplet dispersion, atomization,
evaporation and combustion) [13, 14].

Reported experimental studies mainly focused on the primary breakup of the liquid jet in the
opening period. Hattori et al. [15] observed the initial breakup process of diesel liquid jet in a
high-pressure vessel by employing two different types of illuminations. The aim of this study
was mainly focusing on examining the influence of the shearing resistance by the
high-pressure ambience on the breakup of liquid fuel to droplets [15]. Wang et al. [16]
experimentally explored the formation of the mushroom-like head of diesel spray under
atmospheric conditions by using a long-distance microscope and an ultra-high-speed camera.

The results showed the internal flow regime might be the main factor that influenced the tip



structure of the spray. Fu ef al. [17] experimentally studied the spray macro characteristics of
the mixture of bio-diesel and di-n-butyl ether including spray tip penetration, spray cone
angle, maximum spray width and spray tip velocity using a schlieren optical system under
different ambient and injection pressures. However, the evolution of tip structure of spray
under the same conditions were not reported in their work. Xu et al. [18] studied the effects
of fuel viscosity and injection pressure on the initial spray patterns in the near-nozzle field for
four different fuels including winter diesel, diesel, ethanol and rape methyl ester, and they
found that the length of the mushroom was closely related to fuel viscosity. Crua et al. [19]
captured the high-resolution images of diesel and kerosene spray in the very outset of the
injector tip under both atmospheric and realistic engine conditions. It was found that the
residual fuel trapped in the nozzle orifice induced an internal vortex motion which could lead
to a slipstream effect pushing a liquid column ahead of the liquid jet. Desantes et al. [20]
investigated the relationship between the in-nozzle cavitation and spray behaviours in the
near-nozzle field using visualisation experiments. The results revealed that the existence of
the cavitation bubbles in the nozzle exit caused an obvious increment of the spray angle. In
summary, previous experimental studies had not yet systematically focused on the initial tip
structure evolution of spray under different ambient and injection pressures.

Apart from the experimental studies on the liquid jet structure in the initial stage of spray
formation, related numerical studies have also been performed by many researchers. Shinjo
and Umemura [21] studied the droplet formation and ligament dynamics in spray tip using
direct numerical simulation. The results showed that mushroom-like tip was induced by the

impingement of liquid against the still air, and the ligament formation in the periphery of



spray head was triggered by the rolling up effects of the liquid jet tip. The morphology
evolution of diesel spray in the early injection stage was numerically and experimentally
analysed by Ghiji et al. [22] using the volume of fluid (VOF) phase-fraction interface
capturing technique. The mushroom-shaped spray head structure was captured in both
experiment and simulation. Xiao et al. [23] developed a two-phase flow model with large
eddy simulation (LES) algorithm to investigate the effects of the in-nozzle liquid flow
regimes and gas turbulence on the initial structure of water spray in the co-axial gas flow. It
was demonstrated that the in-nozzle liquid regimes and gas turbulence had a critical role in
the surface instability of liquid jet. Sun et al. [8] predicted the breakup of co-flow liquid jet
using a newly developed CFD model, and they revealed that the entrainment effect and
intense central-region atomization cause small droplets to concentrate on the spray axis and
large droplets to dominate in the peripheral region of the spray. Battistoni et al. [24] proposed
an Eulerian mixture model using the LES method to study the spray behaviours at the starting
and ending stages of injection, they found the residual gas trapped inside the injector sac had
a significant influence on fuel injection rate and spray penetration.

In summary, previous researches mainly studied certain mechanisms about the initial spray
breakup. However, few of them systematically studied the spray tip structure in the initial
injection stage. Moreover, numerical researches on the formation of the liquid column
observed in the spray tip were also hardly reported and studied. Therefore, this study has
been conducted employing a combined long-distance microscopy and nanosecond-pulse
illumination to investigate the breakup of diesel jet at the initial injection stage under three

injection pressures (30 MPa, 40 MPa and 50 MPa) and four ambient pressures (0.1 MPa, 0.5



MPa, 1 MPa and 2 MPa). Meanwhile, a numerical study based on LES theory and VOF
interface capturing method was attempted for the first time to explore the formation
mechanism of a liquid column observed in the tip of the liquid jet.

2. Experimental apparatus and methodology

An electromagnetic injector (Fig. 1) with the orifice diameter of 0.3 mm was adopted, and the
length and the inclination angle of the injector orifice were 2 mm and 60°, respectively. The
nozzle inclination angle was defined as the angle between the injector and the central axis of
the nozzle orifice. The tested fuel was diesel fuel, and its physical properties were stated in
Table. 1 along with the experimental conditions. It is worth mentioning that the nozzle was
made of perspex for a better observation on the inner activity of the nozzle. Therefore, the
maximum injection pressure must less than 60 MPa to avoid the rupture of the perspex

nozzle.
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Fig. 1 The schematic diagram of the injector.

Table 1. The diesel fuel properties and experimental conditions

Parameters Values
Temperature T /K 293
Fuel density  pi/(kg'm™) 840
Kinematic viscosity w(m?-sh 3.049x10°°
Saturation vapour pressure Pv/Pa 892
Surface tension o/(N-m) 0.002
Air density  pg/(kg-m™) 1.205
Injection pressures Pi/(MPa) 30, 40, 50




Ambient pressures Pa/(MPa) 0.1,0.5,1,2

The experimental apparatus mainly consists of five parts as shown in Fig. 2: a fuel supply
system, a common rail system, a constant volume chamber, an electronic controlling unit
(ECU) and an image acquisition system. The diesel fuel was supplied into the common rail
after passing an Inlet Metering Valve (DELPHI IMV 9109-927), then injected through the
nozzle in the constant volume chamber. The IMV was used to measure the average mass flow
rate for the adopted injector during the injection pulsation of 1 ms, and then the temporal
variation of the fuel mass flow rate could be obtained based on the calculation of the average
flow velocity within 1 ms. The fuel injection amount was set as 10 mg each time. The
pressure of the chamber was regulated by a high-pressure air tank. Two Perspex windows
with the size of 122 (length) x 88 (width) x 30 (thickness) millimetres were amounted in both
sides of the chamber for the convenience of lighting and shooting. In order to capture the
liquid jet breakup process in the near region, a Canon camera (EOS 700D) together with a
long-distance microscope (QUESTAR Inc., QM-100) and a nanosecond-pulse flashlight
(SUGAWARA Laboratories Inc., NPL-5) were used. The operating distance of the
microscope was in the range of 10 to 40 cm, and the microscope resolution is 1.1 um. The
magnification of the microscope was set as 40 (the maximum magnification is 180), and the

exposure time of the camera was 180 ns.
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Fig. 2 The schematic diagram of the test rig

The ECU was employed to synchronise the injection signal and flashlight trigger signal. The
camera was set at operating mode before an injection event started, then a delay time Ati was
designated to the ECU. When the fuel injection signal was received by the ECU, it was
transmitted to trigger the flash lamp with the delay time Ati, then the camera captured an
injection image. A delay time At2 (Ati< At2) would be designated for the next injection
imaging. The whole injection process could be recorded by setting different delay times. It is
worth noting that the obtained images came from different injections, thus 20 images were
acquired at each delay time to reduce the cycle-to-cycle variations. The cycle-to-cycle
variation of the images was about 8% (the maximum or minimum value of spray penetration
or angle/ average value < 8%), and it was mainly caused by the occasional existence of the

mushroom-shaped spray head as reported in Ref. [16].



The obtained images were processed using an in-house program written by MATLAB. The
detailed processing procedures were as follows: 1. cropped the original image into a proper
size; 2. enhanced the contrast of the image; 3. subtracted the image background; 4. binarised
the image with an appropriate threshold. The spray characteristics at the near region were
demonstrated in Fig. 3. The penetration lengths were calculated by the number of pixels
between the outlet of the injector and the spray tip. The spray angle was defined as the angle

between the two spray boundaries as shown in Fig.3.

Spray angle

Spray penetration

Fig. 3 The measurement of spray characteristic parameters
The formation process of the liquid column observed in the tip of the jet was simulated by
employing LES method and VOF interface capturing technique with OpenFOAM. A
two-phase homogenous mixture model along with the Schnerr and Sauer cavitation model

10



[25] was adopted in the simulation.

For two-phase flow, the governing continuity and momentum equations are given by

dp . Opu;

224 2P% _ 1

at + dx; ( )
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Where p and p are the density and viscosity of the mixed-phase, respectively. u is filter

velocity with the subscript “/” and ‘)’ representing coordinate. 7;; is the sub-grid stress and
can be calculated by Eq. (3) and Eq. (4) [26, 27]:

Ty = 1/3(Tki6ij) — 205y (3)

5= 1/2G+ 3D 4)

Where §;; is the deformation rate tensor in large scale, and §;; is the Kronecker parameter.

v, is the Sub-grid turbulent viscosity which is given by [28]:

v = Cebky (5)

Where Cj, is constant and equal to 0.094, A is the mesh size. k; represents the turbulent
kinetic energy in the sub-grid scale, thus the sub-grid turbulent kinetic energy transport

equation is

dkt vt
. = 0G-=2)
ok, Omik o1 K32 ax; ok
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at ax]' 6x]- A dx;

Where C. and o, are constant and equal to 1.048 and 1 independently.
The Schnerr and Sauer cavitation model was based on the Rayleigh Plesset bubble growth

equation [29, 30]:

pv(g—p — R + 3/2( )2 _0'

(7
Where p is local far-field pressure, p, is the liquid-vapour pressure. R refers to the radius

11



of the bubble. p; is the liquid density, and o refers to the surface tension of the liquid.
The vapour Transport Equation derived from Schnerr and Sauer is given as follows:

9(pyay) PvP1day
— tV(pyayu;) = TII (8)

Where p, and p; represent the density of the vapour and liquid phase respectively. The
relation between the vapour volume fraction @, and the number of bubbles is expressed as

follows:
avzngrrR3/(1+n§nR3) 9)
The mass transfer rate m can be calculated with the Eq. (10)

14 3 2( v ) 1/2
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The governing equations were discretised by implicit Euler schemes. The convection terms in
momentum and continuity equations were discretised by the second-order central difference
schemes, while other equations were discretised by the first-order upwind difference scheme.
The diffusion term was discretised by Gauss linear scheme. In order to avoid divergence, the
Gauss van Leer difference scheme was used for the convection term of Eq. (9) because of a
phase step between the gas and liquid [31]. Moreover, the Pressure Implicit with Split
Operator (PISO) algorithm suited to transient calculation was utilized to couple the solutions

of mass and momentum equations [32].

Fig. 4 illustrates the computational domain mesh. The length and diameter of the injector
orifice were 2 mm and 0.3 mm respectively. The diameter of the upper end of circular table

shaped chamber is 0.6 mm, while the diameter of the upper end is 0.8 mm. The length of the

12



chamber was 5 mm. The initial numerical parameters (e.g. fuel properties, pressures and
temperatures) were consistent with the experiment. The total number of grids was 1337,851,
and the minimum cell size was 0.026 mm. In order to accurately simulate the practical fuel
injection process, 80% volume of the nozzle was filled with diesel fuel while the rest volume

of the nozzle was filled with air at the beginning of the simulation [33].

gl

eyl
//,}'"/,,

e
%
i

l ’/
ALY !
A

u:'-"’ ,’;',,’,’a iy

a,,fv, g il
7 sy i
% i
'fr/,"l/;

2
2 'f,,,'/ ”a,
Uty
dtag oy 0
f:%,"’ﬁ iy ”Io
,g:,, t;,, /;,,;’//,, ,’,’/:,,
D g Ny,
% AR
i "1/ ’l/,,,”:/,, I

I)
o,,;:,"l/ %, //;a,, //,
"

I
//
-4’0 i ,/,,%,, 7 0// // %
"’:l""ﬂ"'”"’%’é?"% /I,////// S
B ”/
g % 7
,,,’r,, ” q’;”/ ,/ZI/ //’/1/
.fa L
% <v”"/ "gz,,
./b ;;,, ,,
‘<

o

’//
S
"”'/,,j”/fz/”f//

Fig. 4 The computational domain mesh

3. Results and discussion

3.1 The variations of the mass flow rate and jet velocity at the nozzle exit

Fig. 5a depicts the temporal variation of the fuel mass flow rate m under different injection
pressures. It was found that the fuel mass flow rate increased with the increase of the
injection pressure. The mass flow rate is very important for determining the heat release rate,
cylinder temperature and emissions [34]. The fuel velocity in the outlet of orifice u was

13



calculated by the following equation:

u = 4m/p;md? (11)

Where p; and d are the density of test fuel and the diameter of the nozzle orifice. The
variations of the jet velocity in the outlet of the nozzle were demonstrated in Fig. 5b. The jet

velocity had similar variation trends with the mass flow rate.
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Fig. 5 The temporal variations of the fuel mass flow rate and jet velocity at the nozzle exit

3.2 Typical morphologies of the penetrating jet

S WL

Needle Bubble

> v\v\, YNy,

Mushroom (d) Umbrella

Fig. 6 The typical morphologies of the diesel jet
Fig. 6 illustrates that there were four types of morphology of the diesel jet in the experimental

images: (a) a tiny liquid column propelled from the mainstream; (b) a bubble existed in the

14



tip of liquid jet, which was probably formed by the reverse flow of ambient gas into nozzle;
(c) a mushroom-like tip constructed in the front of the liquid jet along the axial direction; (d)
an umbrella-shaped head with a neck formed in the liquid jet tip. The statistical data from the
obtained images showed that the first type mentioned above was more likely to occur at low
injection pressure.

The initial breakup process of the diesel jet under the injection pressure of 30 MPa was
presented in Fig. 7. It was found that a liquid column with the diameter of 54 pm appeared in
front of the diesel jet at the very beginning of the injection, which indicated that the jet
velocity in the central position of the jet tip was larger than that in the edge position. The
similar appearance was reported in the literature [19], and the reason for this phenomenon
was attributed to the existence of the nozzle-trapped fluid generated by the former injection
event. Detailed analysis of the tiny liquid column was also conducted by using numerical
simulation, which will be discussed later. At 50 ps, a mushroom head was observed in the
front end of the liquid jet, which was almost consistent with the third type of the spray
structure showed in Fig. 6¢. The formation mechanism and growth of the ‘mushroom’ have
been studied by previous researchers [16, 35] and the main reason for ‘mushroom’ formation
was ascribed to the flow state inside the nozzle while the fuel radial expansion at the

beginning was regarded as the primary cause for its growth.
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Fig. 7 The temporal evolution of diesel jet in the near-nozzle region under the injection

pressure of 30 MPa at the atmospheric ambient

As injection went on, the ‘mushroom’ gradually enlarged in radial and axial directions. The
radial expansion might originally result from the initial acceleration of the penetrating jet
during the opening period of the needle valve [19], and the axial expansion could be
explained by the increasing jet velocity in the outlet of the nozzle. Furthermore, the radial
expansion indicated that the ‘mushroom’ was inflated by the upstream fluid and then
stabilized by the fluid surface tension. At the time of 70 ps, the liquid column in the jet tip
was caught up with the ‘mushroom’ as a result of the resistance force of the ambient air. At
90 us, a few bubbles were observed inside the ‘mushroom’, which might originate from the
vaporised fuel trapped inside the nozzle. The bubbles gave rise to the formation of the

ligaments and droplets in the tip, which was favourable for the spray breakup as well as the
16



engine combustion and emissions.

The observation of Fig. 5 and Fig. 7 shows that the jet velocity at the nozzle exit had an
influence on the surface instability of the liquid jet. During the injection time range of 0 to 70
us, the outlet jet velocity and Reynold number were small (Fig. 5), thus the ambient air had a
negligible effect on the jet surface, hence the jet surface was smooth in this period (Fig. 7).
From 70 to 100 ps, the jet surface became unstable and ligaments occurred in the surface due
to the increasing relative velocity between the jet and the surrounding gas. However, there
was still not obvious stripping phenomenon of the ligaments in this period. After 100 ps, the
turbulence inside the jet was intensified gradually due to the rising jet velocity, and thus the
radial velocity component of the jet generated by the turbulence would spur the detachment
of the liquid ligaments and droplets from the jet surface. Moreover, the interaction between
the jet and ambient air was stronger than before, and the aerodynamic shear force was
enhanced correspondingly, which would contribute to the formation of the ligaments and

droplets.

3.3 Spray structure at different injection pressures

The influence of injection pressure on the initial structure of jet was illustrated in Fig. 8. It
was observed that the increase of the injection pressure caused the earlier emergence of the
surface instability as marked by red rectangles in Fig. 8a and Fig. 8b. For instance, the initial
times of detecting the disturbance in the jet surface under 30 MPa and 40 MPa injection
pressures were about 70 us and 50 ps, and the surface disturbance at 50 MPa appeared before

40 ps.

17



(a) 30 Mpa

"1
N TS

Fig. 8 The temporal evolution of diesel jet in near-field under the injection pressures of

(b) 40 Mpa

(c) 50 Mpa

(a) 30 MPa, (b) 40 MPa and (c) 50 MPa at the atmospheric ambient

Fig. 9 presents the variations of the spray penetrations and angles at the three injection
pressures. It can be observed that the higher injection pressure led to longer penetration.
Because the kinematic energy of the injected fuel would greatly improve in the high pressures.
Besides, the effect of the injection pressure increment on the spray penetration was small in
the early stage of injection and gradually became large with the injection time (Fig. 9a). The
spray angles at the two injection pressures 40 MPa and 50 MPa were apparently greater than
that at the injection pressure of 30 MPa. However, the relationship between the spray angles
at the two high pressures (40 MPa and 50 MPa) was not clear (Fig. 9b). The radial velocity
component of the jet and the disordered movement of liquid ligaments and droplets were the
primary factors that influenced the spray angles [13]. In addition, it is noteworthy that the

spray penetration would increase by about 9% as increased each 10 MPa injection pressure.
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The similar rule was not found for spray angle.
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Fig. 9 The temporal evolutions of (a) the spray angle and (b) the spray angle under different

injection pressures (30, 40, 50 MPa) at the atmospheric ambient

3.4 Spray structure at different ambient pressures

The temporal evolutions of the diesel jet spray structure in the near-nozzle field under
different ambient pressures were shown in Fig. 10. More liquid ligaments and droplets were
observed in the higher ambient pressures compared with the lower ambient pressure cases.
The reason behind this phenomenon was that the growing ambient pressure increased the
density of the ambient air, thus the air drag force was strengthened to promote the breakup of
the liquid jet. It is interesting to find that the small liquid column in the tip transformed into
an umbrella-like structure under the ambient pressures of 0.5 MPa and 1 MPa as marked by
red circles (Fig. 10). This transformation was attributed to the aerodynamic shear force
squeezing the protruding liquid column and causing the liquid dispersion from the centre to
the periphery. The development of the spray was strongly frustrated and the penetration

length was shorter under the ambient pressure of 2 MPa (Fig. 10d).
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(d) 2 Mpa

Fig. 10 The temporal evolution of diesel jet in the near-nozzle region under the ambient
pressures of (a) 0.1 MPa, (b) 0.5 MPa, (¢) 1.0 MPa and (d) 2.0 MPa at 40 MPa injection

pressure

Results presented at Fig. 10 shown that the statistical mean size of the bigger observable
liquid parcels at 100 us decreased from larger than 80 pm to smaller than half the size as
increased ambient pressure from 0.5 to 1.0 MPa. In addition, the surface wave was detected
on the boundaries of the jet at the time of 70 ps in Fig. 9a and the magnified part of the figure
were illustrated in Fig. 11. Further details about the development of the surface wave could
be recognized from Fig. 11. Firstly, the wave amplitude increased from the outlet of the

nozzle along with the axial direction. Then the wave began to split when the wave amplitude



was large enough. Similar phenomena were found in Ref. [36].

The amplitude and frequency of the wave appeared in Fig. 11 were determined in this work.
The measured wavelength A at the operating point was 120 um, and the velocity u at the
boundary was about 15 m/s which was calculated by using two adjacent images. The wave
frequency f = u/A was calculated at 125 kHz. The amplitude height h was measured at

about 25 pm before the breakup of the wave.

Fig. 11 The surface wave of the diesel jet under 30 MPa injection pressure and 0.1 MPa

ambient pressure

The effects of different ambient pressures on the spray characteristics were presented in Fig.
12. It was commonly accepted that the penetration length decreased as increased the ambient
pressure. Because the air density increased with the rise of the ambient pressure, which led to
the number of air molecules impinging on the jet increasing, and the loss of the jet kinetic
energy correspondingly increased, and thus the jet velocity decreased, the spray penetration
decreased as well. The spray penetration roughly decreased about 10% with increasing each

0.5 MPa ambient pressure. Besides, the spray angle also increased with the escalation of the
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ambient pressure. The overall variation trends of the spray angle under different ambient
pressures were similar. And the relationships between the spray angle and the injection time

were nearly linear before the time of 300 ps for all the cases.
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Fig. 12 The temporal evolutions of (a) the spray angle and (b) the spray angle under the

ambient pressure of 0.1, 0.5, 1 and 2 MPa at 30 MPa injection pressure

3.5 The numerical analysis for liquid column formation in the jet tip

For the numerical simulation, a bubble with a diameter of 0.1 mm was placed inside the
nozzle as shown in Fig. 13a and the bubble was surrounded by the residual fluid. At the time
of 5 us, the initial bubble was compressed by the upstream fuel propelling the downstream
fuel to the nozzle exit. It was found that the bubble was split into two sections by the
upstream fuel at 7.5 ps because the jet velocity in the central line was higher than that at the
periphery. At the time of 20 ps, the initial spray structure featured a small liquid column in
the tip. The mushroom-shaped head gradually appeared after 20 ps, and some liquid droplets
were observed in the surrounding of the liquid column. The liquid column was found to

become thinner and more unstable at the time of 50 ps.
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The simulation results in the cases without the initial bubble inside the nozzle were presented
in Fig. 13a. Although the overall variation trend of the jet injection was similar with that in
the case with the initial bubble, there was no liquid column propelled from the jet tip, which
proved that the liquid column appeared in the tip of the liquid jet was due to the existence of

the initial bubble inside the nozzle.
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Fig. 13 Simulation results of the diesel jet injection (a) with the initial bubble and (b) without

the initial bubble inside the nozzle

The comparison results between the experiment and the simulation with the initial bubble at
different ambient pressures (0.1 MPa and 1.0 MPa) were illustrated in Fig. 14. The
mushroom head morphology and the liquid column in the tip were significantly affected by
the increasing ambient pressure, and correspondingly there were more droplets appeared in
the simulation. The liquid ligaments stripping from the edges of the mushroom were
accurately observed both in the experimental images and the simulation results. In addition, it
can be seen from Fig. 14 that the simulated results exhibited a favourable agreement with the
experimental results. However, there were still some deviations between the numerical and
experimental results, since the initial bubble in the simulation could not completely reproduce

the initial bubble in the experiment in terms of its size and in-nozzle position.
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Fig. 14 Comparison between numerical results and experimental data under the ambient

pressure of (a) 0.1 MPa and (b) 1.0 MPa at 40 MPa injection pressure

4. Conclusions

In this paper, the evolution of the spray morphology in the near-nozzle field was
experimentally investigated by using long-distance microscopic imaging technique. The
formation mechanism of the liquid column in the tip of the liquid jet was numerically
simulated based on LES theory and VOF interface capturing method for the first time. Main
conclusions can be drawn as follows:

1. The variation of the injection pressure had a notable influence on the jet velocity and
flow regime in the nozzle exit, which determined the evolution of the initial spray
morphology of the fuel jet.

2. The initial spray morphology was remarkably affected by the injection pressure and

ambient pressure. Besides, the ambient pressure exhibited a significant impact on the
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maximum size of the observable droplets.

3. The spray penetration decreased by approximately 10% with the increment of 0.5 MPa in
ambient pressure, while increased by about 9% with 10 MPa injection pressure increment.
There was no definite quantitative relationship between spray angle and injection parameters.
4. A small liquid column was observed in the spray tip, and the corresponding numerical
study revealed that it originated from residual bubbles trapped inside the nozzle.
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