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ARTICLE INFO ABSTRACT

Keywords: This study investigated the spray characteristics of a fouled injector under different ambient
Gasoline direct injector pressures, fuel temperatures, and flashing ratios. Four fouled injectors and a clean injector were
Flash boiling used to analyze the effects of deposits on spray characteristics. A fouled injector, showing the
Fouled injector greatest difference in spray characteristics compared to a clean injector, was selected as a

Mie-scattering
Spray visualization
High-speed imaging

representative fouled injector and analyzed. The near-field and far-field spray visualization were
performed by using the Mie-scattering imaging technique. Quantitative indices, such as the spray
angle, penetration length, and sharpness intensity, were defined to compare the spray charac-
teristics of the fouled and clean injectors. These quantitative indices were calculated using the
MATLAB image processing tool. Deposits formed differently even under the same engine oper-
ating condition, such that the spray structure was different depending on the fouled injector. In
the near-field spray visualization, there were relatively large droplets and long ligaments in the
fouled injector compared to the clean injector due to the low atomization performance.

1. Introduction

Gasoline direct injection (GDI) engines are widely used worldwide due to the advantages of high engine efficiency, low fuel
consumption and exhaust gases, and the possibility of using different clean alternative fuels [1-3]. In a GDI engine, the fuel injector is
installed inside the combustion chamber and fuel is supplied directly into the combustion chamber. The result of this process is that
there is a shorter time to form an ideal mixture formation compared to the port fuel injection (PFI) method [4]. Therefore, by applying
a relatively high injection pressure, the atomization performance is improved, and the air-fuel mixture is efficiently mixed in a short
time. Due to the high injection pressure, the spray penetration length is relatively long, which increases the possibility of wall-wetting,
such as wetting of the cylinder wall and piston head [5,6]. Therefore, in GDI engines, the selection of the spray pattern and the in-
jection strategy depending on the combustion mode play an important role in the engine performance. In many studies, various types
of injectors have been designed and applied, such as side-mounted injection and center-mounted injection, to increase the efficiency of
GDI engines [7,8]. Because the GDI engine exposes the injector to high-temperature and high-pressure conditions inside the com-
bustion chamber, many factors in normal engine operating conditions cause deposits on the injector [9,10]. Deposits can occur inside
and outside the injector nozzle, resulting in a reduced fuel mass flow rate, unexpected spray patterns, and low atomization perfor-
mance [11,12]. A decrease in the atomization performance and the occurrence of wall-wetting by an excessive increase of spray
penetration length can directly affect soot generation. Therefore, many previous studies have researched the effect of deposits on spray
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characteristics to solve these problems.

Bo et al. investigated the effects of deposits on spray characteristics with experiments [13]. Moreover, the mixture formation at
1200 rpm and injection pressure of 150 bar was studied by simulation based on the experimental results. They found that deposits
caused a decrease in the injection quantity, and produced a long spray penetration length. Higher droplet velocities and larger droplet
sizes were caused by the smaller effective nozzle cross-sectional area and clogging deposits in the counterbore. Furthermore, injector
deposits led to more fuel impingement on the piston and cylinder wall and distortion of the spray pattern. Therefore, with deposits, an
unideal mixture formation occurred that was demonstrated by unstable engine performance. Jianwei et al. investigated the
near-nozzle spray development of a typical fouled GDI injector [14]. They found that deposit could be the main reasons for increased
soot emissions, because the interaction between deposits and spray led to several poor spray behaviors, such as spray distortion,
residual fuel stored in the nozzles and deposits layer, along with liquid splashing, ligaments and large droplets, and tip wetting or
dripping. Due to the low atomization performance of the fouled injector, a relatively high quantity of droplets and ligaments were
observed even as the injection pressure increased. From these results, they found that high injection pressure did not improve the
atomization performance in a fouled injector. Moreover, droplets remained and were suspended around the injector tip. Some droplets
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Fig. 1. Experimental information: (a) schematic of the spray visualization system, (b) detailed schematic of the cooling and heating system, (c) nozzle geometry, and
(d) experimental conditions of the spray visualization with the vapor pressure curve of the test fuel.
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moved back to the injector tip and caused tip wetting. Deposits are affected directly by the surface of the nozzle tip, so Zhou et al.
investigated the effects of surface temperature on the deposit behaviors of gasoline on a hot surface [15]. The surface temperature of
the nozzle tip significantly affected the evaporation of gasoline droplets. The form of the deposit affected the evaporation of the
gasoline. The variation of deposit quantities with the increase of temperature presented two peaks. Moreover, the morphology and
components of deposits at each peak were completely different, indicating a difference in the reactants and reaction path at different
temperatures.

From the previous research, various spray characteristics can be observed in fouled injectors because deposits can be formed in
various shapes even under the same engine operating conditions. Therefore, the results of previous studies cannot represent the spray
characteristics of the fouled injector. In addition, spray characteristics vary greatly depending on injection conditions. However,
studies about effects of deposits on spray characteristics depending on injection conditions are still lacking. In fact, fuel can be injected
into the engine under various conditions such as high-temperature, high-pressure, low-temperature, low-pressure, and flash-boiling
conditions, and the spray characteristics vary greatly in these various injection conditions.

In the design of the injector, various factors such as spray pattern, spray angle, and spray structure are considered to optimize fuel
supply into the combustion chamber. However, injector deposits can be generated by various reasons, so that unexpected spray results
can be shown. Therefore, in this study, effects of deposits on the spray characteristics under various injection conditions including flash
boiling and low-temperature conditions were investigated. At first, the spray characteristics in the four fouled injectors were analyzed
under the same engine operating condition. Among them, the most fouled injector, showing the greatest difference from the clean
injector, was selected as the representative fouled injector. The deposit images were captured by Scanning Electron Microscopy (SEM)
equipment. After that, the interaction between plumes, atomization performance, and the residual droplets at the end of injection were
compared through near-field spray visualization under atmospheric pressure conditions. Moreover, the spray characteristics of the
fouled injector were analyzed depending on ambient pressure, fuel temperature, and flash boiling occurrence through far-field spray
visualization.

2. Experimental setup

Mie-scattering and diffuse back-illumination (DBI) methods were employed in the two spray experiments: near-field and far-field
spray visualizations. The schematic of the spray visualization is drawn in Fig. 1(a). A fuel pump and chamber were used to realize the
various injection pressure conditions. A common rail was used to reduce the pressure fluctuation and pulsation. Test injectors were
controlled by using a Compact RIO (NI, USA) controller. A metal-halide lamp was used as a light source and the time-dependent spray
images were captured by a high-speed camera (VEO 1310, Phantom). In this study, DBI imaging technique was applied to analyze the
spray characteristics in near-field spray visualization. The possibility of saturation of scattered light could be decreased by using DBI
imaging technique. Therefore, behavior of droplets and ligaments can be analyzed clearly. We used Mie-scattering imaging technique
for simultaneous experiment of spray visualization in bottom-view and in front-view using two high-speed cameras. The details
concerning the camera setup are tabulated in Table 1. A constant volume chamber (CVC) with an inner diameter of 200 mm, a vacuum
pump, and nitrogen gas were used to realize the various ambient pressures. The head of the CVC was heated by two cartridge heaters
with a K-type thermocouple. The heaters were located as close as possible to the test injector. Moreover, a section of 300 mm from the
injector was heated by a heating coil to increase the fuel temperature. Sub-zero temperature conditions were realized by using a
cooling spray. In this study, to maintain and confirm the fuel temperature, temperature sensors were located at the CVC head and fuel
line. Therefore, the exact temperature conditions could be realized. The fuel temperature inside the nozzle is an important factor which
should be controlled during the experiment. However, there was limitation of measuring fuel temperature inside nozzle tip in the
heating and cooling system. Therefore, in this study, we assumed that the fuel temperature was the same as the surface of the injector
body temperature. To maintain the temperature of injector body, heating and cooling system was composed as Fig. 1(b). The tem-
perature of the fuel supplied into the injector was measured by a thermocouple installed in the fuel line. During the experiment, the
temperature was observed in real-time, and continuous cooling or heating were performed. Therefore, the temperature of the fuel
could be maintained. Moreover, a thermocouple was installed as close as possible to the injector body. The temperature near injector
body was also observed in real-time. The cooling spray was sprayed continuously to maintain the injector body temperature during the
low-temperature experiment. The test injectors had a small injection quantity per shot. And only fuel injection of 10 times were
performed. Therefore, we could maintain the temperature of injector body during the experiment.

Fig. 1(c) shows an SEM image with a low magnification of the clean injector. The number of holes was six, and the hole angle was
from a minimum of 3.05 ° to a maximum of 33.52 °. The type of test injector was a side-mounted solenoid type. The specifications of
the test injector are listed in Table 2.

Table 1
The spray visualization setup parameters.
Items Details
Near-field Far-field
Exposure time (us) 0.68 10
Resolution (pixels) 960 x 960 600 x 800 (Front-view)
600 x 832 (Bottom-view)
Frame rate (fps) 10,000
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2.1. Experimental parameters

Near-field and far-field spray visualizations were conducted by using Mie scattering and DBI imaging techniques to observe the
difference of spray characteristics in fouled and clean injectors. The spray visualization using four fouled injectors and a clean injector
was conducted to confirm the effects of deposits on spray characteristics and to study the shot-to-shot variation. Near-field spray
visualizations of a representative fouled injector and clean injector were conducted to understand the spray atomization performance,
plume-to-plume interaction, and the spray characteristics at the end of injection. The far-field spray visualizations using a fouled and
clean injector were conducted using a front-view and bottom-view under various ambient and fuel temperature conditions, including
flash boiling conditions. This visualization was conducted to analyze the effects of deposits on spray characteristics under flash boiling
and sub-zero temperature conditions. The details about the experimental conditions are tabulated in Table 3.

The nozzle temperature varied from 266 to 363 K. The selected ambient pressures were 0.2, 0.6, 1.0, and 2.5 bar. In the experi-
mental conditions, the superheated conditions are displayed in Fig. 1(d).

2.2. Spray image post-processing procedure and definitions of quantitative indices

Spray images were processed by MATLAB (MathWorks, USA) in the order shown in Fig. 2. The number of black pixels were
calculated by process in Fig. 2(a) to analyze quantitatively the results of near-field spray images. The original image was cropped by
excluding out-of-focus areas. The nozzle tip was eliminated after original image was cropped. Finally, the deleted nozzle image was
binarized to count the number of black pixels. In this study, the spray visualization experiment was repeated 10 times with an injection
frequency of 1.67 Hz. The thresholding value was defined as 5% of the highest intensity of each spray image to convert from the
deleted background grayscale image, as shown in Fig. 2(a) to produce the binarized image. The spray boundary was detected based on
the binarized image. In the far-field spray visualization, the spray angle and penetration length were calculated by detecting the spray
boundary. The penetration length was defined as the longest distance from the injector nozzle tip. The spray angle was measured at the
upper end of the spray where the effect of drag is relatively small because the lower end of the spray is greatly affected by the drag
force. Therefore, the spray angle was calculated within 1/3 of the penetration length. Moreover, sharpness intensity was defined to
compare the sharpness of the spray structure in the bottom-view. The plume-to-plume interaction was compared by using the
sharpness intensity which is a quantitative index in the fouled and clean injectors. The process of calculating the sharpness intensity is
depicted in Fig. 2(b). The original spray images of the 10 injections are superposed to derive the average spray structure. The su-
perposed image was converted as a binarized image, and the centroid of spray was measured. A circle having the same area as the spray
area was drawn based on the centroid. The area outside the circle was calculated, and the ratio of the circle area (Area 1) and area
outside the circle (Area 2) was defined as the sharpness intensity (Area 2/Area 1). A sharpness intensity close to 0 means that the shape
of the bottom-view is closer to a circle and there is more interaction between the plumes.

3. Results and discussion

3.1. Comparison of spray characteristics in four fouled injectors

It is hard to define the effects of deposits on the spray characteristics because various formations of deposits can be produced even
under the same engine operating conditions. Therefore, in this study, the spray characteristics of four fouled injectors with deposits
that occurred under the same engine operating conditions were compared. Immediately after the formation of the deposits, the de-
posits that were weakly attached might be washed off by the initial fuel injection. Moreover, the injection order might affect the spray
structure. Therefore, the penetration lengths depending on the injection order were also analyzed in the four fouled injectors.

The spray structures and shot-to-shot variations of the four fouled injectors are depicted in Fig. 3(a). The spray structure was
different depending on injectors due to the different deposit formations, even though the fouled injectors had the same nozzle
configuration, and the deposits were formed under same engine operating condition in 4-cylinder GDI engine. The sharpest spray
structure that had clear distinguished plumes is observed for fouled injector 1. Moreover, the variation of the penetration length was
the highest in fouled injector 1, as shown in Fig. 3(b). The standard deviations of the penetration lengths depending on time were lower
than 4 mm in the fouled injectors, except for the fouled injector 1. However, in all fouled injectors, the injection order did not have
significant effects on the spray structure and showed different random spray structures from the 1st to 10th injection. In the case of
fouled injector 1, the shot-to-shot variation increased steeply after a TASOE of 0.8 ms. This is because the variation of injection
quantity and atomization performance by deposits affected the penetration length. In the case of the other injectors, a relatively similar
level of shot-to-shot variation was observed. The average penetration lengths with standard deviations of the four fouled injectors are
compared in Fig. 3(c). The sharpest plumes were observed in the case of the fouled injector 1. During the spray development, the

Table 2
Specifications of the test injectors.
Items Details
Number of holes 6
Hole angle (°) Min. 3.05, Max. 33.52
Din/Dout 1.15
Flow rate per a hole (cc/min) 70
Hole diameter (4 m) 150
Type Solenoid, side mount and sac type injector
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Table 3
Test conditions.
Items Details
Test injectors Four fouled injectors, clean injector Representative fouled injector, clean injector
Visualization area Far-field (Front-view) Near field (Front-view) Far-field (Front and bottom-view)
Nozzle temperature (K) 293 266, 293, 363
Ambient pressure (bar) 1.0 0.2, 0.6, 1.0, 2.5
Test fuel n-heptane
Energizing duration (ms) 2.0
Injection pressure (bar) 100, 200
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Fig. 2. Image processing: (a) process of calculating number of black pixels in near-field spray visualization, (b) process of calculating penetration length and spray
angle, and (c) process of calculating spray sharpness.

average of the penetration length was the longest in the injector 1. This is because the atomization performance was lowest in injector
1, so the relatively large droplets could have resistance to the drag force [16]. Even under the same engine operating conditions,
deposits can occur in different forms and affect the spray characteristics. Therefore, deposit injectors selected as representative fouled
injector in this study cannot represent all fouled injectors. However, we focused on predicting effects of deposits on engine perfor-
mance. Therefore, by selecting the fouled injector, which shows the greatest difference compared to the clean injector, as the
representative fouled injector, it is possible to discuss the effect of the spray characteristics of deposit more clearly. Therefore, the
fouled injector 1 was selected as a representative fouled injector because it had the sharpest plumes and longest penetration lengths
compared to the clean injector and the other fouled injectors.

3.2. Comparison of deposit formation of holes, injection quantity and rate in the fouled and clean injector

Fig. 4(a) presents the SEM pictures of clean and fouled injectors. The injector tip was covered with a thick layer of deposits. The
surface of the hole was rough due to the deposits. The formation of deposits was different for every nozzle hole. However, the stepped
holes were clogged, such that the nozzle outlet area was decreased in all holes. The injection quantity and rate are shown in Fig. 4(b).
The injection quantity of the clean injector was higher compared to the injection quantity of the fouled injector (minimum 1.2%,
maximum 3.8%). The mass flow rate also decreased in the fouled injector. However, there was no difference in the injection delay or
nozzle closing delay. It is considered that this is because deposits did not occur enough to affect the injector needle motion. The
comparison of standard deviation of penetration length in fouled and clean injectors was also shown in Fig. 4(b). There was relatively
large standard deviation of penetration length in fouled injector from 1st to 10th injection. However, the standard deviations of
penetration lengths were shown as a similar level in fouled and clean injectors after fuel injection of 50 times. Additional experiments
such as near-field and far-field spray visualizations under various injection conditions were performed after acquiring repeatability of
the test.
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Fig. 3. Spray structures and penetration lengths of four fouled injectors: (a) spray images of the fouled injectors, (b) penetration lengths and standard deviations of the
fouled injectors, and (c) a comparison of average spray structures and penetration lengths of the fouled and clean injectors.

3.3. Comparison of fouled and clean injectors by near-field spray analysis

A comparison of the near-field spray structure depending on the nozzle temperature and injection pressure is depicted in Fig. 5. In
general, the atomization performance decreases as the fuel temperature and injection pressure decrease to lower values [17,18].
Moreover, deposits on the nozzle tip result in less interaction between the air and fuel near the nozzle holes [14]. The difference in the
atomization performance between fouled and clean injectors was higher at lower injection pressures and lower fuel temperatures.
Especially, large droplets were observed in the fouled injector under a nozzle temperature of 266 K and injection pressure of 100 bar, as
shown in Fig. 5(a). However, as the injection pressure and nozzle temperature increased, it was hard to distinguish the difference
between fouled and clean injectors with the naked eye in the near-field spray visualization. As shown in Fig. 4(a), the surface of the
fouled injector tip was rough due to the deposits. Therefore, there was a high probability of causing cavitation and unstable fuel
injection [19]. The spray boundary was superposed during injection to analyze the injection stability, as shown in Fig. 5(b). As the
nozzle temperature and injection pressure decreased, the roughness of the spray boundary increased.

The atomization performance affects the emissions of the engine directly. At the end of injection, relatively large droplets that can
cause the exhaust pollutants can exist near the nozzle tip. Therefore, comparisons of droplets at the end of injection were performed, as
shown in Fig. 6(a). In near-field spray images, the residual droplets decreased as the nozzle temperature increased because of
increasing evaporation and atomization performance. These results showed the same tendency regardless of the injectors. However, in
the case of the clean injector, the residual droplets were clearly fewer in number compared to the fouled injector. There was more
interaction between the air and fuel in the step-hole of the clean injector. In contrast, in the case of the fouled injector, the step-hole
was fully clogged by deposits, so there was no breakup of droplets inside the step-hole because the air could not enter the step-hole. For
these reasons, relatively long ligaments were observed near the injector tip in the fouled injector. The black pixels meaning droplets,
except for those at the nozzle tip, were counted in the zoomed-in near-field spray images for quantitative analysis. Fig. 6(b) shows the
number of black pixels of the zoomed-in near-field images. In all experimental conditions, the number of black pixels for the clean
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Fig. 4. Comparison of fouled and clean injectors: (a) SEM pictures of test injectors, and (b) injection quantity, injection rate, and standard deviation of penetra-
tion length.

injector was fewer than for the fouled injector because the atomization performance of the clean injector was high. Increasing the
injection pressure resulted in fewer black pixels. Moreover, the number of black pixels decreased as the nozzle temperature increased
regardless of the state of the injector. The number of black pixels was more affected by the injection conditions, such as the nozzle
temperature and injection pressure, than the deposits. In the case of the high nozzle temperature condition, there was no dramatic
difference in the number of black pixels between the fouled and clean injectors due to the rapid evaporation of fuel.

However, deposits can broadly affect the characteristics, such as the spray structure, penetration length, and spray angle. In a multi-
hole injector, interaction between plumes plays an important role in the spray development process. The intensity of air entrainment
varies depending on the intensity of interaction between plumes. Therefore, it is important to understand the intensity of interaction
between plumes. The effects of deposits on the spray are depicted in Fig. 7. In general, the step-hole is used to increase the interaction
between the fuel and air by forming a recirculation zone [20,21]. Air and fuel are mixed in the recirculation zone during the spray
development, so that the atomization performance increases, as shown in Fig. 7(a) [22]. High atomization performance causes the
dispersion of the spray resulting in a wide plume angle. However, the step-hole of the fouled injector was entirely clogged by deposits.
Therefore, the intended role of the step-hole was frustrated. Deposits inside the step-hole acts as an extension of the orifice, limiting air
recirculation and atomization, as shown in Fig. 7(b). Therefore, it induces a low exit turbulent kinetic energy of the deposit injector
spray and reduces the atomization performance. The rough surface of the deposits also produces additional cavitation initiation inside
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the step-hole. Thus, cavitation with deposits reduces the effective flow area. Therefore, the mass flow is reduced. As a result, the fouled
injector has a long spray penetration length and narrow plume angle compared to a clean injector due to its high exit velocity and low
atomization performance.

When flash boiling occurs, bubbles are generated and grown in the liquid under superheated conditions. After the liquid is ejected
from the nozzle, droplets are broken by an explosive power, as shown in Fig. 7(c). In this process, overlap between the plumes may
occur as the plume angle increases. When the overlap between plumes occurs, the air entrainment rate and entrained air velocity
increase during the spray development process, resulting in a large pressure drop [22]. The linked intensity between plumes affects the
surrounding air that flows into the spray center. The inflow of surrounding air into the spray center is interrupted as plumes are
strongly linked with each other. In this case, the clustered spray develops. When the spray clusters, spray characteristics, such as the
spray structure, spray angle, and penetration length can be changed [23,24]. In general, as the flash boiling level increases, the linked
intensity between plumes increases, and the spray collapse phenomenon that destroys the entire spray structure can be occurred.
However, in the fouled injector, the plume angle is relatively small due to deposits. Therefore, the probability of an overlapped plume
occurring decreases compared to the clean injector. However, it cannot be said that overlap between plumes occurs in all clean in-
jectors. This is because the overlap between the plumes is affected by design factors, such as the distance between the nozzle holes and
the spray targeting angle. Therefore, different linked intensity between plumes can be caused even under the same injection conditions
depending on design factors. In conclusion, the deposit in the counter bore reduces the interaction intensity between plumes due to
some reasons: restricted air and fuel mixing in the step-hole, reduced the effective flow area, and decreased atomization performance.
Therefore, even when flash boiling occurs, the interaction intensity between the plumes is relatively small compared to a clean injector
as shown in Fig. 7(d). The details about the entire spray structure revealed by far-field visualization under various injection conditions
are depicted in the following Section 3.4.

3.4. Comparison of fouled and clean injectors by far-field spray analysis

In this section, far-field spray visualization was performed to compare the fouled and clean injectors under various injection
conditions, such as ambient pressure, nozzle temperature, and flashing ratio.

3.4.1. Far-field spray characteristics depending on ambient pressure

The ambient pressure affects the plume-to-plume interaction intensity because the air quantity flowing into the spray center and
drag force are affected by the ambient pressure [25,26]. Therefore, the spray characteristics of the fouled and clean injector were
analyzed under various ambient pressures.

Fig. 8(a) shows the comparison of the spray structure depending on the ambient pressure in the fouled and clean injectors. The
fouled injector had relatively low atomization performance because recirculation zone could not be formed in the step-hole. Therefore,
it had a sharper spray structure compared to the clean injector. The difference of spray structure between the fouled and clean injector
was also confirmed in the bottom-view results. Right images in Fig. 8(a) show the superposed spray. In the bottom-view, the spray of
the fouled injector was sharper than that of the clean injector. In the fouled injector, each plume had a relatively sharp shape due to the
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Fig. 6. Residual droplets at end of injection: (a) near-field spray images at end of injection (TASOE: 2.3 ms), and (b) the number of black pixels of a zoomed-in near-
field image (TASOE: 2.3 ms).

low atomization performance and the decreases of effective flow area. The spray structure was quantitatively analyzed by calculating
the spray angle, penetration length, and sharpness intensity, as shown in Fig. 8(b) and (c). The spray angles depending on ambient
pressure in the fouled and clean injectors are shown in Fig. 8(b). In general, the spray angle is small when plumes cluster with each
other due to a high plume-to-plume interaction [27]. A clean injector had a wider plume angle than the fouled injector because the
dispersion of fuel increased. This is because atomization performance was improved by forming recirculation zone in the step-hole. A
higher air entrainment rate occurred due to more interaction between plumes in a clean injector. Therefore, the spray angle was
narrow due to the clustered spray in the clean injector. The difference of spray angle in the fouled and clean injectors increased when
the ambient pressure increased. This is because as the ambient pressure increased, a higher air entrainment rate occurred due to an
increase in the pressure difference. As a result, the plumes cluster rapidly into the spray center to recover the pressure drop [28,29].
However, there was no dramatic difference of penetration length between the fouled injector and the clean injector depending on the
ambient pressure. This is because the spray collapse which can be caused by the high interaction between plumes did not occur. At an
ambient pressure of 0.2 bar, the sharpness intensities of the fouled and clean injector were shown as a similar level of 0.15. This is
because the effects of drag force on spray development were low. Therefore, the spray developed without a large disturbance by the
surrounding air. On the other hand, when the ambient pressure increased, the sharpness intensity increased at the early stage of in-
jection. And the sharpness intensities continuously decreased after TASOI of 0.2 ms in both test injectors. This is because the spray
could not continuously develop and stagnated due to the drag force.
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Fig. 7. A multi-hole comparison of the spray characteristics of clean and fouled injectors.

3.4.2. Far-field spray characteristics depending on the fuel temperature

Spray characteristics are affected by various physical properties, such as vapor pressure, density, surface tension, and viscosity [30,
31]. These physical properties are directly influenced by the fuel temperature. Therefore, in this study, the spray visualization of fouled
and clean injectors was performed under various fuel temperature conditions, from sub-zero temperatures to high fuel temperatures.

Fig. 9(a) shows the spray images depending on the fuel temperature in fouled and clean injectors. In the fouled injector, the step-
hole was covered with deposits. Therefore, the air and fuel mixing did not occur in the recirculation area during the fuel injection. As a
result, the atomization performance decreased. As the fuel temperature decreases, the atomization performance decreases due to the
increase of the viscosity and surface tension of the fuel. However, when the fuel temperature decreased, there was no clear difference in
the spray shape compared to room temperature in the clean injector. This is because the atomization was occurred sufficiently by the
high injection pressure and the recirculation area in the step-hole. However, in the fouled injector, the atomization performance more
decreased, so that the sharp spray structure was shown. Therefore, in the case of the low-temperature conditions, the difference in
spray angle and penetration length between the fouled injector and the clean injector increased compared to room temperature.

On the other hand, when the fuel temperature increased, the atomization performance increased due to a decrease of the viscosity
and surface tension of the fuel. Therefore, the plume angle increased. In the clean injector, the interaction between the plumes
increased due to the increase of the plume angle, and the air entrainment rate increased compared to the fouled injector during the
spray development process. Therefore, a pressure-drop at the center of the spray occurred, and the spray clustered in the axial di-
rection. The spray collapse phenomenon occurs due to the high plume-to-plume interaction causing a clustered plume [32]. As a result,
in the clean injector, the spray angle decreased and the penetration length increased compared to the fouled, as shown in Fig. 9(b) and

(o).

3.4.3. Far-field spray characteristics depending on the flashing ratio

When flash boiling occurs, the spray structure changes due to the explosive force that is caused by a difference in the ambient and
fuel vapor pressure [33,34]. In general, the spray structure gradually changes depending on the flashing ratio, which is called the
superheated degree and is calculated by ambient pressure divided by vapor pressure [35,36]. Flash boiling is affected by various
parameters, like the nozzle configuration and spray targeting angle of the plumes [37,38]. Especially, when the hole-to-hole distance is
far, even though the plume angle increases due to flash boiling, the plume-to-plume interaction is relatively low. Therefore, different
spray characteristics can be observed even under the same injection condition [39]. In this section, a macroscopic spray analysis
depending on the flashing ratio in the fouled and clean injectors was conducted to understand the effects of flash boiling on the fouled
injector.

Fig. 10(a) shows the spray images depending on the flashing ratio in the front and bottom-view. As the flashing ratio decreases, the
difference between fuel vapor and ambient pressure increases, resulting in a large plume angle caused by a large explosive force [40].
Therefore, the probability of overlap between plumes increases. In the case of the fouled injector, the plume angle was smaller than
that of the clean injector due to the deposits inside the step-hole. Therefore, the overlap intensity between plumes in the fouled injector
was relatively low. This effect causing low interaction between plumes was reflected in the spray angle results, as shown in Fig. 10(b).
The spray angle of the fouled injector was higher than that of the clean injector, even after flash boiling occurred. Fig. 10(c) shows the
penetration length and sharpness intensity depending on the flashing ratio. Clustered plumes with high momentum developed after the
spray collapse occurred at a TASOI of 1.2 ms in the clean injector. When the flashing ratio decreased to 0.77, the difference in the
penetration length between the fouled and clean injector increased. The spray collapse occurred faster in the clean injector under a
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Fig. 8. Spray structure and quantitative indices results depending on ambient pressure: (a) spray structure, (b) spray angle, and (c) penetration length and sharp-
ness intensity.

flashing ratio of 0.77 than under a flashing ratio of 1.28. Therefore, the penetration length increased compared to the flashing ratio of
the 1.28 condition in both injectors. A previous study found that the spray structure totally collapses below a flashing ratio of 0.3 [41].
This region is called the flare flash region. In this region, the penetration length results were close to linear in both injectors. In
conclusion, overlap between the plumes could occur even in a fouled injector when the flash boiling occurred. However, in the fouled
injector, the overlap intensity between plumes was relatively low compared to the clean injector. Therefore, the pressure-drop at the
spray center was lower than that of the clean injector. Moreover, the degree of spray clustering was relatively low. As a result, the
increase of the momentum at the spray center by the spray collapse was larger in the clean injector. It caused a longer penetration
length and narrower spray angle.

4. Conclusions

In this study, shot-to-shot variations of four fouled injectors and one clean injector were analyzed. The fouled injector, which had
the greatest difference in spray characteristics from the clean injector, was selected as the representative fouled injector, and the spray
characteristics depending on the injection conditions, such as the ambient pressure, fuel temperature, and flash boiling were inves-
tigated. Consequently, the following conclusions were drawn:

e The spray structure was different in the four fouled injectors because deposits was generated with different forms even under the
same engine operating condition. In all fouled injectors, the spray structure was shown randomly depending on the injection order.
In this study, the fouled injector with the greatest differences compared to the clean injector was selected as the representative
fouled injector.
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Fig. 9. Spray structure and quantitative indices results depending on fuel temperature: (a) spray structure, (b) spray angle, and (c) penetration length and sharp-
ness intensity.

There were relatively large droplets and long ligaments in the fouled injector compared to the clean injector due to the low at-
omization performance. Therefore, there were more residual droplets at the end of the injection around the nozzle tip in the fouled
injector.

The difference of spray angle in fouled and clean injectors was shown clearly as the ambient pressure increased. However, there was
no clear difference of penetration length in both injectors regardless of the ambient pressure.

In the sub-cooled condition, the fouled injector showed a wider spray angle than that of the clean injector, regardless of the fuel
temperature. The penetration length between the two test injectors showed the greatest difference in the sub-zero temperature
condition. In the high-temperature conditions, the spray collapse occurred at a TASOE of 1.2 ms only in the clean injector. The
sharpness intensity showed a larger value in the fouled injector regardless of the temperature condition.

Regardless of the flash boiling level, the fouled injector showed a wide spray angle. As the flashing ratio decreased, the interaction
between the plumes increased, and the penetration length of the clean injector was larger than that of the fouled injector. The
sharpness intensity showed a larger value in the fouled injector regardless of the occurrence of flash boiling.
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Fig. 10. Spray structure and quantitative indices results depending on flashing ratio: (a) spray structure, (b) spray angle, and (c) penetration length and sharp-

ness intensity.
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