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Abstract

An experimental investigation of multistream gasoline sprays under highly evaporating condi-
tions is carried out in this paper. Temperature increase of fuel and low engine pressure could lead to
flash boiling. The spray shape is normally modified significantly under flash boiling conditions. The
spray plumes expansion along with reduction in the axial momentum causes the jets to merge and
creates a low-pressure area below the injector’s nozzle. These effects initiate the collapse of spray
cone and lead to the formation of a single jet plume or a big cluster like structure. The collapsing
sprays reduces exposed surface and therefore they last longer and subsequently penetrate more.
Spray plume momentum increase, jet plume reduction and spray target widening could delay or
prevent the closure condition and limit the penetration (delayed formation of the cluster promotes
evaporation). These spray characteristics are investigated experimentally using shadowgraphy, for
five and six hole injectors, under various boundary conditions. Six hole injectors produce more col-
lapsing sprays in comparison to five hole injector due to enhanced jet to jet interactions. The spray
collapse tendency reduces with increase in injection pressure due high axial momentum of spray
plumes. The spray evaporation rates of five hole injector are observed to be higher than six hole
injectors. Larger spray cone angles of the six hole injectors promote less penetrating and less col-
lapsing sprays.
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1. Introduction

Today the goal of automotive industry is to increase the engine performance and reduce the emis-
sions especially COz in case of Sl engines. For this purpose, engine downsizing, along with variable
valve timing and turbo charging have been introduced. But the most significant component that
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allowed the automotive industry to achieve the goal of high performing engines with reduced emis-
sions is gasoline direct injection (GDI) injector. GDI fuel injectors allow the spark ignition engines
to achieve higher compression ratios while ensuring lean burning and low pumping and heat losses
[1]. GDI injectors are multihole injectors which inject multiple fuel streams or sprays directly in the
engine allowing it to operate in homogeneous conditions [2]. Multiple spray plumes increase the
surface area of the fuel that promotes evaporation and helps in formation of better air fuel mixture.
However, multiple spray plumes can interact with each other under certain conditions. The spray
interactions can lead to spray cone collapse resulting in high penetrating and less evaporating spray.
Uncontrolled spray collapse can decrease engine performance and increase pollutant emissions.
Therefore, it is essential to investigate the factors and conditions that can affect the performance of
GDlI sprays.

In the past, numerous experimental studies have been performed to investigate different charac-
teristics of GDI sprays. The atomization of GDI sprays has been focused for quite some time, for
instance [3, 4]. The evaporation characteristics of GDI sprays are investigated by [5-8]. The flow
properties at the exit of injection hole under non-evaporating and low fuel pressure are investigated
by [9]. The effect of number of injection holes on the diesel spray mixing and eventually on the
combustion efficiency have been studied by [10]. The increase in the number of injection holes
promote the spray interactions leading to poor mixture formation. The injection pressure used in that
study is of similar range as in real life gasoline sprays in engines. However, the chamber pressures
are much higher in comparison to the gasoline engine condition due the difference of compression
ignition in diesel engines and spark ignition is gasoline engines. GDI sprays have been observed to
show a collapsing effect under highly evaporating conditions [11, 12]. The collapsing effect has
been observed to be more pronounced in flash boiling conditions where the super-heated fuel causes
the spray to expand instantly during the spray injection process especially under low chamber pres-
sure [13].

Besides engine conditions, the injector design is also an important factor that can influence he
spray characteristics. The two most important parameters are spray cone angle and the number of
injection holes that are also highlighted in [8, 9]. Both of these parameters are linked to the engine
design constraints e.g. engine size, injector location, injection timing with respect to piston and valve
movements. Usually it becomes very difficult to optimize the injector performance while keeping
the constraints in mind. Therefore, it is necessary to have clear understanding of the injector param-
eters in different ambient conditions, especially under evaporating and non-evaporating conditions.
The factors that affect the spray behavior have been summarized by a flow chart presented in Figure
1.



For this purpose, four different configurations of multihole GDI injectors are selected. These in-
jectors are tested under highly evaporating conditions (flash boiling conditions), moderate evapo-
rating conditions (non-flash boiling conditions) and lastly under ambient conditions (non-evaporat-
ing conditions). The fuel is injected at different injection pressure and temperatures in a constant
volume chamber. High-speed shadowgraphy is used to capture the spray features under different
injection and chamber conditions.
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Figure 1: A Flow chart of factors effecting the spray characteristics of multistream injector
2. Experimental Setup:
Experimental setup used in this study is detailed in this section.
2.1 Injector Design

A schematic of a cross-sectional plane of a typical GDI injector nozzle is presented in Figure 2
(a). The injection hole length is represented by Li and the diameter of injection hole is denoted by
Di. The half injector cone angle is denoted by B which measured for the center of the injection hole
to the central axis of the injector. The injection hole length to injection hole diameter ratio (Li/Di)
is usually close to 1 in order to get stable spray jets. Therefore, in all four injectors Li/Di ratio is
kept constant at 1.1. The injector holes are located symmetrically being 300 apart. The radius of the
injector nozzle is 600um and the radius of injection holes are 100um.

Four different injectors are used in this study. Three injectors are 6-hole injector while the
fourth injector is 5-hole injector. All three variants of 6-hole injectors have same injection holes
locations but different spray cone angles as presented in Table 1. The 6-hole injector version 1 (V1)
is selected as the base line injector that has a spray cone angle (2p) of 70°. The version 2 the 6-hole
injector (V2) has a spray cone angle of 60° while the version 3 (V3) has a spray cone angle of 50°.



The spray cone angle variations correspond to realistic spray cone angles found in real life engines.
Usually, the spray cone angles vary from engine to engine depending on the injector placement in
the engine and the size of the engine. In some engines the injector is mounted vertically at the top
center whereas in other cases spark plug is mounted at the center and the injector is placed on the
side. However typical spray cone angles vary from 75° cone angle to 45° [6].

The 5-hole injector has same configuration as the base line case except for a missing injection
hole as shown in Figure 2 (c). This configuration of the injector is selected to show the variation in
the injection hole spacing while keeping the same injector parameters. Therefore, it would be easier
to detect the effects of spacing of injection holes due to asymmetry in the jets.

Figure 2: 6-hole injector design; (a) schematic of vertical cross-section of the injector nozzle; (b) nozzle of 6-hole

injector (c) nozzle of 5-hole injector

. Nozzle Spray Cone Angle
Injector Type Radius (1im) 2B)
6 hole V1 600 70°
6 hole V2 600 60°
6 hole V3 600 50°
5 hole 600 70°

Table 1: Nozzle configurations of different injectors

The role of injection spray cone angles in the atomization enhancement under flash boiling condi-
tions have been highlighted in [14]. The study of morphology of spray for five hole injector under
various flashing and non-flashing in [15] highlights the importance of spray cone angle. The distance
between the injection holes is also an important parameter that play a crucial role in spray charac-
teristics [8]. The spray characteristics based on the gas entrainment of a three hole injector is com-
pared with 6 hole injector in [11]. It was observed that six-hole injector partially collapsed under
moderate evaporating conditions while three-hole injector did not collapse. However, those results

were not conclusive since the flow physics of six hole and three-hole injectors are completely dif-
ferent.



Therefore, as stated earlier, the spray cone angle and the distance between the injection holes are
two very important parameters. Consequently, three variants of 6-hole injector are used to compare
the effect of spray plume angles on the spray characteristics. The 6-hole injector V1 has the largest
spray cone angle while 6-hole V3 has smallest spray cone angle. Therefore, injector V1 has a larger
radial velocity component of spray plumes in comparison to its other counter parts, V2 and V3. The
comparison of these three injectors under various conditions would allow us understand the effects
of increased spray cone angles. Under flash boiling conditions multi-hole injectors are prone to col-
lapse therefore it is important to observe the role spray cone angle in the spray collapsing conditions.
A five-hole injector with same nozzle radius, hole diameters and a cone angle of 70° is used. There-
fore 6-hole injector V1 and 5-hole injector provide a comparison of injection hole spacing. The five-
hole injector has one hole missing on the left as seen in Figure 2 (c). The rest of the injection holes
are located at the same positions as in 6-hole injectors. Consequently, the flow physics of five-hole
injector will be altered only for the left side.

The Table 2 below shows the summary of the spray parameters that are investigated using different
injectors.

Sr. No. Injector parameters Injectors used for comparison
1 Spray cone angle comparison | 6-hole injector V1, V2, V3
2 Injection hole spacing 6-hole injector V1 and 5-hole injector

Table 2: Injector parameters and injectors used for the comparison

2.2 Fuel Injection System:

Iso-octane, with a density of 690 kg/m?, is used as the fuel in the current study. The fuel is supplied
to the injector through a hydro pneumatic pump. A flexible pipe which can withstand high pressure
connects the pump and the injector. The pump is able to maintain constant pressure throughout the
injection process. The pump can inject the fuel from 5 bar to 250 bar. The temporal mass flow rate
profile for 6-hole 60° cone angle injector is provided in Figure 3.
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Figure 3: Temporal mass flowrate profile of 6-hole 60°injector for various injection pressure under ambient condi-

tions
2.3 Test Chamber

The experimental measurements are performed in closed test chamber shown in Figure 4 . The
chamber is actually a constant volume chamber of cubical shape of size 100mm. The test chamber
can with stand injection pressure from 1 to 200 bar. The chamber pressure can vary from 0.1 bar to
2 bar and chamber temperature of 20°C to 200°C. The temperature and pressure transducers ensure
the accurate measurement of the temperature and pressure respectively. There are five viewing win-
dows installed in the test cell each having a diameter of 50mm.
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Figure 4 : Schematic of the test chamber
2.4 Spray imaging Setup
The shadowgraphic imaging setup is presented in Figure 5. The images of spray are taken by a

high speed CCD camera with a field view of 35x50 mm. The CCD camera is equipped with Nikkon
50 mm lens with an aperture size of approximately 35.72 mm. The camera records 15 images per millisecond.



The light source is placed on one side of the chamber and camera on the other side. The light source
is controlled by a driver and is aligned with optical axis of CCD camera. The light source has a flash
duration of 10ns approximately that is small enough to avoid any blurring of the images. The infor-
mation of the complete setup is provided in the Table 3.

Constant volume
chamber

Light source .
Lens CCD camera

Power Supply

(@) (b)

Figure 5: Optical set up for Shadowgraphic visualisations (a) schematic (b) photograph

Shadowgraphic of sprays for 6-hole 60° cone angle injectors at 100 bar injection pressure under
ambient conditions are presented in Figure 6.

AN

(@) (b)
Figure 6: Shadowgraphic visualisation of spray from (a) 6-hole injector (b) 5-hole injector

Experimental setup Specifications
Chamber volume 10 md (1L)
Chamber pressure range 0.1 bar to 2 bar
Chamber temperature range 20 °C to 200 °C
Camera high speed CCD camera
Lens Nikkon 50 mm
Imaging speed of camera 15 images per second

Table 3: Specifications of experimental setup



3. Operating Conditions:

The operating conditions are provided in the Table 4. There are total number of six operating
conditions. The fuel pressure varies from 20 bar to 150 bar and the chamber pressures from 0.4 bar
to 1 bar. The fuel temperature varies from 90 °C to 20 °C while the chamber temperature is fixed to
20 °C.

Operating Fuel Chamber Pressure Fuel Temp
- Pressure
Condition (bar) (bar) (°C)

1 20 0.4 90

2 50 0.4 90

3 50 0.6 60

4 100 0.6 60

5 100 1 20

6 150 1 20

Table 4: Operating conditions

The Figure 7 shows the vapor pressure of iso-octane versus the fuel temperature. The dots represent
chamber pressure and fuel temperature of corresponding operating conditions. It is important to note
that each set of conditions are selected in such a manner that different spray behaviors could be
studied while limiting the number of experiments. The operating condition 1 and 2, as seen in Figure
7, are representative of flash boiling conditions because the chamber pressure is lower than the fuel
vapor pressure at 90°C. High fuel temperature and low chamber pressure causes multistream sprays
to collapse due to spray plume expansion and jet to jet interactions. The collapsing effect is further
enhanced because of the reduced axial momentum of the spray due low fuel injection pressure.

The operating condition 3 and 4 are representative of partial spray collapse as the chamber pressure
is slightly above the fuel vapor pressure at 60°C. The operating condition 3 has the same injection
pressure as in operating condition 2 but lower fuel temperature and lower chamber pressure. There-
fore, at these conditions the axial momentums of the sprays are comparable at both operating con-
ditions 2 and 3 but the effect of fuel temperature and chamber pressure on the spray collapse intensity
can be observed. The operating condition 3 and 4 has same chamber pressure and fuel temperature
but different injection pressures. Therefore, the role of axial momentum of the spray under evapo-
rating but non-flash boiling conditions can be studied.



The operating condition 5 and 6 demonstrate the non-collapsing spray conditions since the chamber
pressure is well above the fuel vapor pressure at 20°C. Therefore, comparison of condition 4 and 5
allows us to study spray behavior under evaporating and non-evaporating conditions under high
injection pressure. Finally, the role of axial spray momentum under non evaporating conditions can
be studied under ambient conditions.
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Figure 7: Vapour pressure line of iso-octane for different fuel temperatures

A systematic variation in the fuel and chamber conditions for different injector configurations
will allow the identification of important design parameters and boundary conditions. The injection
pressure (Pinj), injection fuel temperature (Tfuel), Chamber pressure (Pchamber) a chamber Tem-
perature (Tchamber) control spray shape, penetration, and drop size. These parameters are crucial
in enhancing engine performance and emission reduction.

4. Results and Discussion:

The results obtained from the investigation of different operating conditions are discussed in this
section.

4.1 Operating Condition 1

A preheated fuel at 900C is injected at a low pressure of 20 bar into a closed chamber having 0.4
bar pressure and 200C temperature. The Figure 8 presents the images of all four injectors at 0.5ms,
1ms and 1.5ms After the Start of Injection (ASOI). The images reveal that the global spray shapes
are significantly modified. The individual spray plumes are merged and a single spray cone appear.
High fuel temperature and low chamber and injection pressure promote flash boiling. The high fuel
temperature causes the fuel to evaporate inside the nozzle and leads to bubble formation [6, 7]. As
soon as the fuel enters the chamber with low pressure, the bubbles instantly collapse causing the



spray plumes to expand. The spray plumes expand and merge with each other and eventually col-
lapse due to high momentum of the spray cone at the center [11]. Therefore, collapsing sprays pen-
etrate more and may lead to fuel deposition on the piston.
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Figure 8: Snapshots of sprays with Pfuel=20 bar, Pchamber=0.4bar, Tfuel=90°C; at 0.5ms ASOI (a, b, c, d), at 1ms

ASOI (e, f, g, h), at 1.5ms ASOI (i, j, k, 1)

The spray penetrations and cone angles of sprays from all four injectors are shown in Figure 9 (a
& b). The figures show that the spray penetration of the narrow spray cones penetrate more. The 6



hole injectors V2 and V3 have the largest penetrations and smallest cone angles. The spray cone
angles of V2 and V3 decrease continuously. This highlights the presence of intense jet to jet inter-
actions in 6-hole V2 and V3 injectors. The spray plume penetration of 5-hole injector is initially
larger than the 6-hole injector V1. However, toward the end of the injection the penetrations are
quite similar. Similar trends in the spray penetrations are also observed in [16, 17]. This is perhaps
due to the asymmetric configuration of the 5-hole injector. The spray from 5-hole injector has more
or less constant cone angle which suggests that large spacing between the injection holes limit the
effects of flash boiling.
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Figure 9: Spray characteristics at Pfuel=20 bar, Pchamber=0.4bar, Tfuel=90°C; (a) Penetration (b) Angles

The vapour to liquid fuel ratio, plotted in Figure 10, demonstrates the fuel evaporation is directly
proportional to spray cone angle. It is because under flash boiling conditions 5-hole injector pro-
duces less collapsing spray due to the larger spray cone angle and injection hole spacing. Therefore,
the surface area of the spray increases which promotes evaporation. It is also shown in [15, 18] that
the variation of temperature under flash boiling conditions increases the width of the spray cone and
enhances evaporation rate of the spray. It is also observed from the evaporation rates of six-hole
injectors that the spray cone angle also affects the spray penetration rate. However, the combined
effect of spray cone angle and injection hole spacing has a much larger effect on the spray evapora-
tion.
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Figure 10: Vapour to liquid fuel ratio at Pfuel=20 bar, Pchamber=0.4bar, Tfuel=90°C

4.2 Operating Condition 2

The injection pressure is now increased to 50 bar while keeping the other conditions same as
operating condition 1. The chamber pressure is still lower than the vapor pressure at 90°C fuel tem-
perature. However, an increase in the fuel injection pressure suggest that the fuel velocity is higher
at the exit of the nozzle. Higher fuel injection pressure increases the spray axial momentum in the
vicinity of the nozzle which allow the spray plumes to maintain the spray direction longer. Therefore,
as seen in Figure 11, both spray penetrations and spray cone angles increase as a result to higher
axial momentum. Similar spray behavior is seen in [19, 20] where the higher fuel injection pressure
delays the spray collapse. Therefore, increase in fuel injection pressure along with increase in fuel
temperature and decrease in chamber pressure result in more penetrating sprays.
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Figure 11: Snapshots of sprays with Pfuel=50 bar, Pchamber=0.4bar, Tfuel=90°C; at 0.5ms ASOI (a, b, c, d), at 1ms

ASOlI (e, f, g, h), at 1.5ms ASOI (i, j, k, 1)

The operating condition 1 and 2 both show full collapse of spray. Since the flash boiling process
expands the spray plumes which merge with each other and block the gas entrainment from outside.
The gas in between the spray plumes is pushed downwards in axial direction creating high pressure
region. Therefore, the sprays plumes cannot continue on their path and eventually collapse. This
pattern is also observed in [18, 21]. Therefore, it is important to quantify the variation in the flash
boiling effects due to injection pressure. For this purpose, the intensity of spray collapse is quantified
from the percentage modification in the spray cone angles.

CI — ﬁnominal_ﬁmodiﬁed X 100 (1)

Brominal

Cl is the spray collapse intensity percentage, Bnominal 1S the designed spray cone angle,
Bmodifiea 1S the modified spray cone angle after spray collapse due to flash boiling. The results from
Figure 12 show that the 6-hole V3 has the highest flash boiling intensity and the lowest intensity is
of the 5-hole spray. Spray collapse intensity increases with an increase in fuel temperature and de-
crease in the chamber pressure and fuel injection pressure. The spray cone angle under extreme flash
boiling conditions can become very small i.e. 15% of the original cone angle which means spray
collapse intensity can go up to 85% in such cases.
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Figure 12: Comparison of spray collapse intensities of different injectors at 20bar and 50bar injection pressures.

The vapor to liquid ratio also increase with an increase in fuel injection pressure due to drop size
reduction. At higher injection pressure the liquid drops and ligament experience higher shear stress
which enhances droplet breakup mechanism and at high temperatures smaller droplets evaporate
quickly [3, 22]. The Figure 13 shows that the evaporation rate of all the sprays is higher than the

sprays at 20 bar injection pressure.
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Figure 13: Vapour to liquid fuel ratio at Pfuel=50 bar, Pchamber=0.4bar, Tfuel=90°C

4.3 Operating Condition 3

The results from first two set of operating conditions suggest that the tendency of spray collapse
increases with decrease in chamber pressure and fuel temperature. Third set of conditions has higher
chamber pressure and lower fuel pressure presented in Figure 14. When the chamber pressure is
higher than the vapor pressure of fuel then full spray collapse does not occur [17, 23]. As expected
the tendency of spray collapse vanishes in case of 5-hole however partial collapse in 6-hole V1 and
V3 are still visible in Figure 14.

Some important conclusions can be deduced from these results. First of all, the angle of the spray
cone is a key factor in initiating or avoiding the spray collapse. The 6-hole V3 injector has narrow
spray cone angle than both 6-hole V1 and 5-hole injector therefore it shows higher collapse tendency.



Second important parameter is the distance between the injection holes. In 5-hole injector larger
spacing between the spray plumes along with wider spray cone angle result in minimal spray plume
interactions and consequently no spray collapse. This is also confirmed in Figure 15 as 5-hole spray
is least penetrating after 6-hole V3 and V1.
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Figure 14: Snapshots of sprays with Pfuel=50 bar, Pchamber=0.6bar, Tfuel=60°C; at 0.5ms ASQI (a, b, ¢), at 1ms
ASOI (d,e, f), at 1.5ms ASOI (g, h, i)
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Figure 15: Spray penetration, at Pfuel=50 bar, Pchamber=0.6bar, Tfuel=60°C;

The Figure 16 shows vapor to liquid ratio under evaporating but non-flashing conditions. The spray
evaporation rate reduces under these conditions in comparison to both operating conditions 1 and 2.
However, spray evaporation rate of 5-hole injector is still higher than 6-hole injectors due to reduced

jet to jet interactions.
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Figure 16: Vapour to liquid fuel ratio at Pfuel=50 bar, Pchamber=0.6bar, Tfuel=60°C
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In operating condition 4, the injection pressure is increased to 100 bar while keeping other condi-
tions same as operating condition 3. The increased injection pressure increases the spray penetration
and reduces the flash boiling effects as observed in Figure 17 and Figure 18. The spray plumes are
segregated and the jet to jet interactions are reduced considerably. The upper part of the spray cone



of the spray from 6- hole injector V1 shows the merger of the spray plumes due to the expansion of
the jets however the momentum of spray individual plumes keep the plumes segregated. The detailed
analysis of the air entrainment process and factors that lead to partial collapse of spray are presented
in detail in [11]. The spray images of 5-hole spray show that the sprays are well separated without
any initial jet to jet interactions.

6-hole V1

5-hole

(d) () ®
Figure 17: Snapshots of sprays with Pfuel=100 bar, Pchamber=0.6bar, Tfuel=60°C; at 0.5ms ASOI (a, d), at 1ms

ASOI (b, e), at 1.5ms ASOI (c, f)

The atomization process of segregated spray plumes is much higher in comparison to the spray
plumes with high jet to jet interactions [16, 24]. Consequently, the evaporation rate of segregated
spray plume is much higher resulting in reduced spray penetrations.
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Figure 18: Spray penetration, at Pfuel=100 bar, Pchamber=0.6bar, Tfuel=60°C;

4.5 Operating Condition 5

The chamber pressure is now increased to 1 bar while keeping the injection pressure same as in
operating condition 4. The fuel and chamber temperatures are equal to 20°C. The results in Figure
19 show that the spray collapse cannot be observed any more in neither 6-hole injector nor in 5-hole
injector. The tips of the spray plumes of both injectors can easily be identified. However, the 6-hole
injector due narrow spray cone angle still show some jet to jet interactions in the upper half of the
spray cone.

Generally, larger spray cone angles and smaller individual plume angles keep the spray plumes seg-
regated but these are not always advantageous [15]. During the design of spray injection system for
a specific engine it is ensured that the spray plumes do not deposit any fuel on the engine walls,
piston, spark plug or the valves. Therefore, the spray cone angles along with individual plumes di-
rections and angles are adjusted accordingly. The optimum injector location and the spray angles
are crucial for meeting strict emission requirements these days.
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Figure 19: Snapshots of sprays with Pfuel=100 bar, Pchamber=1bar, Tfuel=20°C; at 0.5ms ASOI (a, d), at 1ms ASOI
(b, €), at 1.5ms ASOI (c, f)

4.5 Operating Condition 6

Further increase in spray injection pressure under ambient conditions increase the spray penetra-
tions due to higher injection velocity. The sprays in 6-hole and 5-hole injectors, as shown in Figure
20, are well segregated due to higher spray plume momentum. Also, the spray angles match closely
to the prescribed spray cone angles of the respective injectors. This shows that the boundary condi-
tions also play crucial role in achieving the desired targeting of the spray plumes in the engine. In
addition to the spray shape, drop diameters are also measured. The drop diameters are measured by
Phase Doppler Anemometry (PDA). The drop diameters are measured in terms of Sauter Mean Di-
ameter (SMD) which is the ratio of mean droplet volume to mean droplet surface area. The drop
diameter results in Figure 21 suggest that the 5-hole injector produces smallest mean drop sizes.
This highlights the importance of segregated spray plumes. The droplet breakup is promoted when
the drops are subjected to higher drag [14]. Therefore, it is necessary to keep the spray plumes well
segregated.

(b)
Figure 20: Snapshots of sprays with Pfuel=150 bar, Pchamber=1bar, Tfuel=20°C; at 1ms ASOI (a) 6-hole V1, (b) 6-hole V3, (c) 5-

hole
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Figure 21: Comparison of drop diameters at different axial locations

Conclusion

A thorough investigation of multihole GDI injectors under flashboiling, evaporating and non-
evaporating conditions has been carried out. Four different configurations of the injectors have been
selected for this purpose. Each injector is tested under six different operating conditions. The results
highlighted critical design parameter and important boundary conditions that affect the spray char-
acteristics.

1. The sprays from all four injectors showed the collapsing behavior under flash boiling con-
ditions. However, increase in fuel injection pressure showed a decrease in collapse ten-
dency due to increase in the axial momentum of the spray.

2. The sprays with narrower configuration, 6-hole injector V3, showed highest spray col-
lapsing behavior due to higher jet to jet interaction. Collapse Intensity (CI) of 6-hole V3
injector at operating condition 1 has been measured to be 75% which is much higher than
the collapse intensity 6-hole V1 injector that is around 50%. Therefore, the role of spray
cone angle is very important in multihole injectors especially under flash boiling condi-
tions.

3. The distance between injection holes play important role in maintaining the spray shape
and limiting the spray penetration. The 5-hole injector avoids full spray collapse in flash
boiling conditions. Therefore, the distance between the injection holes is the most im-
portant controlling design parameters in flash boiling conditions. The increase in spray
cone angles also reduce the spray collapse but its role is always limited due to engine
design constraint like the presence of spark plug, valves, cylinder wall etc.



4. The evaporation rate of 5-hole injector is higher than 6-hole injectors due to less jet to jet
interactions. However, higher spray evaporation rate has been observed in the wider con-
figuration amongst the 6-hole injectors.

5. The sprays under evaporating but non-flash boiling conditions showed partial collapse of
sprays of 6-hole injectors. However, wider spray cone angle of injector V1 maintained the
original direction of the spray plumes while injector V3 could not due to excessive jet to
jet interactions. The spray plumes of 5-hole injector remained segregated throughout due
to large spray cone angle and more distance between injection holes.

6. The jet to jet interactions of sprays under non-evaporating conditions reduced in six-hole
injectors whereas 5-hole injector do not show any jet to jet interactions. Therefore, the
drop sizes of 5-hole injector is smaller in comparison to 6-hole injectors.

Chamber temperature and pressure cause the variation in the chamber gas density. Therefore, cham-
ber gas density increases in high load conditions and decreases in low load conditions. In future it
would be interesting to study the effects of chamber gas density on the spray characteristics such as
axial penetrations, spray plume angles, spray cone angles, and spray evaporation. Furthermore, a
continuous fuel injection of the injector, used in this study, can be split in to two or more injections
by introducing short delays typically in micro seconds. The split injections would allow the injector
to inject the fuel in short bursts which may reduce spray penetration and enhance fuel evaporation.
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