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Abstract: Diesel spray characteristics play a crucial role in determining combustion quality, engine performance,
and exhaust gas emissions. Previous studies have primarily focused on spray behavior and its influence on
combustion using production-type multi-hole diesel injectors. However, the potential for improving engine
performance and emission characteristics through modifications to injector internal components has not yet been
sufficiently explored. This study experimentally investigates the effects of injector internal component
modification on diesel spray characteristics, with the aim of clarifying the relationship between internal injector
configuration and spray behavior. Macroscopic high-speed imaging was employed to characterize the temporal
evolution of the injected spray, while injection-rate measurements were conducted to evaluate changes in fuel
delivery behavior resulting from the internal modification. The analysis focuses on the correlation between injector
internal modification and the resulting spray characteristics. The results demonstrate that modification of injector
internal components significantly influences diesel spray behavior, particularly during the early stage of injection,
through changes in injection-rate development and spray formation processes.
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1. Introduction

Stringent exhaust gas emission regulations worldwide have compelled engine manufacturers to continuously
advance engine technologies to comply with increasingly strict standards. In diesel engines, emission reduction
strategies mainly focus on two approaches: optimization of the combustion system and improvement of exhaust
after-treatment systems. Among these strategies, enhancing fuel injection quality is of particular importance, as it
directly promotes improved mixture formation and combustion efficiency, thereby contributing to higher thermal
efficiency, which is a key indicator of engine performance. Fuel spray injection therefore plays a critical role in
diesel engine operation, since the structure and spatial distribution of the injected spray strongly govern in-cylinder
combustion behavior and emission formation. Achieving a well-distributed fuel spray within the combustion
chamber is essential for stable and efficient combustion [1-4]. Nevertheless, previous studies have reported
noticeable variations in diesel spray distribution among different injectors, suggesting inherent differences in spray
characteristics even under similar operating conditions [5-9].

Diesel engines used in automotive applications are often tuned or modified from their original manufacturer
settings to achieve improved performance tailored to specific driving conditions or user requirements. One
common approach involves modifying the diesel fuel injection strategy to enhance engine performance. Such
tuning can be achieved through remapping of fuel injection parameters via the engine control unit (ECU) and/or
by physically modifying the internal components of the diesel fuel injector [10—12]. ECU remapping typically
includes adjustments to injection timing [13—19], injection pressure [9,14,20-22], and injection strategies, such as
multi-pulse or split injection [11,18,23,24]. In contrast, modifications to the injector internal components may
involve adjusting shim thickness, altering nozzle geometry to achieve a desired nozzle hole configuration, or
applying a combination of these approaches. In many practical cases, however, these modifications are performed
without reference to manufacturer guidelines or systematic evaluation, relying instead on empirical experience or
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trial-and-error approaches. Consequently, there is a clear need for experimental investigations that examine
injector internal part modifications based on scientific principles, enabling informed optimization of injection
systems while minimizing potential adverse effects.

Modifications to injector internal components directly influence internal nozzle flow and, consequently, fuel spray
characteristics. Numerous experimental studies have investigated the effects of internal nozzle flow on diesel spray
behavior by varying key geometric parameters, including needle lift gap [25,26], number of nozzle holes [27,28], and
nozzle angle [29]. These studies aimed to elucidate macroscopic spray characteristics such as spray penetration
and cone angle. Their findings consistently highlight the critical role of injector internal geometry in governing
spray formation. In particular, needle valve motion and needle lift strongly affect flow structures within the sac
volume and nozzle holes. These flow structures can induce recirculation and turbulence, leading to cavitation
phenomena [30-32], as well as helical flow patterns associated with string cavitation [33—37]. Such complex
internal flow behaviors ultimately influence the characteristics of the emerging fuel spray. Internal nozzle flow
and resulting spray characteristics have been visualized using optical diagnostic techniques with either visible-
light illumination [31,33,38] or X-ray [38—41]. In addition, computational fluid dynamics (CFD) approaches,
including Reynolds-Averaged Navier—Stokes (RANS) two-phase flow models combined with Euler—Lagrangian
spray modeling, have been employed to analyze hole-to-hole variations and spray formation processes [22].

Recent studies have emphasized the critical role of injector internal flow dynamics and design optimization
in governing fuel injection and spray behavior. For instance, 3D-CFD-based investigations on alternative fuels such as
oxymethylene ether (OME) have shown that injector nozzle geometry, spray angle, and injection strategy significantly
influence injection-rate characteristics, needle dynamics, and overall engine efficiency and emissions [42]. In parallel,
research on low-carbon fuel systems has reported the nonlinear nature of pilot injection, proposing curvature-based
optimization strategies to precisely control injection-rate profiles through injector structural parameters and
hydraulic response [43]. Furthermore, detailed analyses of internal flow behavior have revealed that dynamic
needle oscillation induces complex vortex structures within the sac and nozzle, which can suppress the mass flow
rate and strongly affect injection-rate shaping, particularly during transient opening and closing phases [44].
Complementing these findings, multiphase flow and cavitation modeling studies of asymmetric injectors have
shown that nozzle geometry and operating pressure critically influence cavitation intensity, flow stability, and
spray uniformity, with direct implications for atomization and emissions [45]. Collectively, these studies
underscore the intricate coupling between injector internal configuration, needle motion, cavitation, and injection-
rate development, highlighting the importance of internal component design in controlling spray formation and its
potential impact on combustion behavior.

Despite extensive studies on diesel spray characteristics and their influence on combustion, most previous
research has primarily utilized production-type injectors without considering modifications to the internal injector
structure. Injection characteristics have typically been varied through conventional parameters such as injection
pressure and injection duration. Existing studies have mainly focused on external nozzle parameters or injection
strategies, while investigations of internal flow have emphasized cavitation and turbulence effects on spray
formation. However, the influence of modifying injector internal components that directly affect needle motion
and injection dynamics has not been sufficiently clarified. In particular, variations in shim thickness, which alter
the mechanical response of the injector and consequently the injection-rate development, remain largely
unexplored in relation to macroscopic spray behavior. Therefore, a clear research gap exists in understanding how
such internal mechanical modifications influence the transient injection process and early-stage spray
characteristics. To address this gap, the present study experimentally investigates the effect of upper shim thickness
variation on injection-rate behavior and diesel spray development using high-speed visualization and injection-
rate measurements, while keeping other injector components unchanged. This approach enables the controlled
isolation of the influence of upper-shim modification on injector response and spray formation, which has not been
clearly demonstrated in previous studies. Furthermore, it provides a systematic evaluation of the relationship
between injector internal modification and spray characteristics, offering new insights into the role of internal
injector dynamics in diesel spray formation. It should be noted that the present study focuses on macroscopic spray
characteristics, and microscopic features, such as droplet size distribution and vapor-phase behavior, are beyond
the scope of this work.

The novelty of this study lies in three key aspects. First, the effect of injector internal mechanical modification
is systematically isolated by varying only the upper shim thickness while maintaining all other injector components
unchanged. Second, a coupled analysis combining high-speed spray visualization and injection-rate measurement
is employed to directly correlate injection dynamics with spray development. Third, the study identifies a distinct
transient injection behavior under thinner shim conditions, characterized by delayed injection onset, slower rate
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development, and shortened effective injection duration, which may resemble a pilot-like injection feature arising
from mechanical modification.

2. Experimental Setup
2.1. Diesel Injector Part Modification

In this study, a commercially available common-rail solenoid-type diesel injector was employed as the
baseline injector. Figure 1 shows the internal architecture of the injector unit. The injector was systematically
modified by adjusting the thickness of its internal shim in order to investigate the effect of injector internal
component modification on diesel spray characteristics. The injector contains two shims: an upper shim and a
lower shim. The lower shim primarily governs the needle seat position and the needle lift gap within the sac
volume, thereby directly affecting the nozzle internal geometry. Modifying the lower shim thickness would
introduce simultaneous changes in multiple geometric parameters, making it difficult to isolate the influence of
injector internal modification on spray behavior. For this reason, the lower shim was kept unchanged throughout
the experiments. Instead, only the upper shim thickness was varied.

The upper shim plays a critical role in controlling the armature lift of the solenoid valve, which directly
influences needle motion characteristics such as opening delay, lift profile, injection timing, injection rate, and
injected fuel quantity. By modifying only the upper shim thickness, the needle motion was treated as the primary
controlled variable, allowing a clearer interpretation of its influence on internal flow and subsequent spray
characteristics. It should be noted that, even for injectors manufactured to identical specifications, factory-installed
shim thicknesses may vary slightly to achieve consistent injection performance.

In this study, a single injector was used, and its upper shim thickness was systematically altered to eliminate
injector-to-injector variability. The shim thickness variations were defined relative to the original factory-installed
shim thickness, denoted as At, with four cases examined: At = 0, —10, —16, and —17 pum. These controlled
modifications enabled a focused investigation of the relationship between injector internal component modification
and diesel spray characteristics.

Solenoid
Shim (upper)
Armature
Opening part

Control chamber
Command piston
Shim (lower)

Spring

Needle

Figure 1. Schematic diagram of a common rail diesel fuel injector.

2.2. Backlight Imaging

Figure 2a illustrates the experimental setup employed for diesel spray imaging using high-speed backlight
visualization. Diesel fuel was supplied to the injector through a common-rail injection system capable of
pressurizing the fuel up to 300 MPa. The pressurized fuel was injected into a constant-volume spray chamber
designed to provide optical access for spray visualization. The ambient environment inside the spray chamber was
slightly pressurized using nitrogen gas to establish controlled and repeatable test conditions. An outlet valve
located at the chamber exit was partially opened to allow the discharge of fuel droplets after injection, thereby
preventing excessive fuel accumulation during repeated experiments. The experiments were conducted under
atmospheric, non-evaporating conditions using nitrogen to isolate the influence of injector internal modification
on spray behavior without the effects of evaporation and combustion process. Injection duration was adjustable up
to 2.5 ms, enabling the simulation of both pilot and main injection events commonly employed in diesel engine
operation. To maintain a comparable injected fuel quantity across different injection pressures, the injection
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duration was also adjusted accordingly. Therefore, comparisons at different injection pressures were performed
under equal-injected-quantity conditions rather than fixed command duration. An eight-hole solenoid-type diesel
injector with a designed nozzle hole diameter of 0.125 mm was used in this study. To isolate a single spray plume,
a 1 mm thick spray blocker was installed at the injector tip, ensuring that only the intended spray was visualized
and minimizing optical interference from adjacent sprays. Spray images were captured using a high-speed camera
synchronized with the injection event through a delay generator, ensuring accurate temporal alignment between
injector energizing and image acquisition. High-speed imaging was performed at a frame rate of 40,000 frames
per second, allowing time-resolved observation of spray evolution from the start to the end of injection. Backlight
illumination was provided by a metal halide lamp coupled with a light guide. The light source was positioned
opposite the high-speed camera, in front of the chamber window, to generate a uniform backlight suitable for silhouette
imaging of the spray. Under these conditions, spray development up to 50 mm downstream of the nozzle exit was
captured with high spatial and temporal resolution. The spatial resolution of the imaging system was 48.7 pm/pixel,
while the temporal resolution was 25 ps per frame. The recorded high-speed images were post-processed to analyze
the spray injection process and to quantify macroscopic spray characteristics. In particular, spray tip penetration
and spray angle, the two key parameters examined in this study, were evaluated.
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Figure 2. Experimental setup for high-speed backlight visualization and spray measurement definition.
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The spray images were processed using a grayscale thresholding method to extract the spray boundary. Each
frame was converted into a binary image using a fixed intensity threshold to distinguish the liquid phase from the
background illumination. The spray contour was then identified as the outer boundary of the binarized region.
Spray tip penetration was defined as the axial distance from the nozzle exit to the furthest detected point of the
spray boundary. The spray angle was determined by fitting straight lines along the upper and lower boundaries of
the spray near the nozzle region, and calculating the corresponding angles relative to the nozzle axis, as defined in
Equation (1). To ensure consistency, the same threshold value was applied across all test conditions. Under weak-
signal conditions, particularly during the early stage of injection, the spray tip was defined only when a clearly
continuous spray structure could be identified. The sensitivity of the results to threshold selection was checked
and found not to significantly affect the overall trends. These procedures minimize uncertainty in boundary
detection and ensure consistent comparison across different cases. Each condition was repeated five times, and the
results showed good repeatability. Figure 2b presents a representative backlight image illustrating the measurement
of spray tip penetration and spray angle. Detailed high-speed imaging parameters for backlight visualization are
summarized in Table 1.

4 X .y
Ototar = Oy + 6, = tan 1E+tan 1E (1)

Table 1. Summary of experimental conditions and high-speed visualization settings.

Injector
Injector Solenoid, 8-hole
Fuel Diesel
Injection Pressure 65 MPa 135 MPa 160 MPa 200 MPa
Injection Duration 2.220 ms 1.390 ms 1.240 ms 1.070 ms
Ambient
Ambient Pressure 0.1 MPa (Ny)
Ambient Density 1.25 kg/m?
Visualization Setting
Visualization Technique High-Speed Backlight Imaging
Frame Rate 40,000 fps
Temporal Resolution 25 ps/frame
Shutter Speed 0.25 us
Captured Area ~49.9 x 24.9 mm
Image Resolution 1024 x 512 pixel
Spatial Resolution ~46.8 um/pixel
Number of Repetitions 5

2.3. Injection Rate Measurement

Figure 3 illustrates the experimental arrangement for injection rate measurement. Injection rate measurements
were performed using a commercially available injection rate measurement system based on the Zeuch method.
The system comprised injection rate analyzers equipped with a control personal computer and dedicated analysis
software, a pulse generator, an injector driver, a common-rail fuel supply system, the test injector, an injection
chamber, signal amplifiers, and a fuel discharge and recovery unit. The common-rail system was pressurized using
an air-driven high-pressure pump, with compressed air supplied by an external compressor. This configuration
enabled stable fuel pressurization up to 200 MPa. The test injector was actuated by an injector driver that received
energizing signals from a pulse generator. The same pulse generator was also connected to the injection rate
analyzers to ensure precise synchronization between injector actuation and data acquisition.

During injection, fuel was injected into a closed injection chamber equipped with high-frequency pressure
transducers. The pressure signals generated inside the chamber were amplified and transmitted to the injection rate
analyzers, where the instantaneous injection rate and total injected fuel quantity were calculated. After completion
of each injection event and data acquisition, discharge and relief valves connected to the injection chamber were
activated to release the injected fuel, ensuring repeatable initial conditions for subsequent measurements. Each
experimental condition was repeated 5 times to ensure repeatability, and the results presented represent the
averaged values.

The injection rate analyzer employs the Zeuch method, in which the instantaneous injection rate is derived
from the rate of pressure increase in a chamber of known volume and fuel compressibility. This method allows
accurate measurement of transient injection behavior, including needle opening and closing characteristics, and is
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suitable for multi-stage injection strategies such as pilot, main, and split injections commonly used in modern
diesel engines. The measured injection rate profiles were subsequently used to evaluate the influence of injector
internal part modification on injection dynamics and fuel delivery behavior.
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Figure 3. Experimental arrangement for injection rate measurement.

3. Experiment Result

The spray development process was investigated using high-speed imaging to capture the temporal evolution
of the injected diesel spray. It is well known that a finite delay exists between the time after start of injector
energizing (ASOE) and the actual emergence of fuel from the nozzle orifice, commonly referred to as the time
after start of injection (ASOI). This delay arises from the dynamic response of the injector’s internal components,
including solenoid actuation and needle motion. Analysis of the high-speed images revealed that variations in
upper shim thickness significantly affected this delay time. Changes in shim thickness altered the needle motion
characteristics, resulting in different ASOE-ASOI delays among the tested cases. As a consequence, direct frame-
by-frame comparison of spray images at identical times after energizing was not appropriate. To ensure consistent
comparison of spray development, the observation time was therefore aligned based on the actual spray emergence.
Specifically, the reference time was defined as 0 ps at the moment the spray exited the nozzle blocker hole, and
spray images were analyzed from 25 ps after this reference time.

Figure 4 presents time-resolved spray images obtained under various injection pressures and upper shim
thickness conditions. The results clearly show that injectors with thinner upper shims exhibit slower spray
development compared with those using thicker shims across all tested injection pressures. This behavior is
evidenced by reduced spray tip penetration at corresponding observation times, indicating a lower effective
injection momentum. In addition to the delayed spray development, the results also reveal that increasing injection
pressure and decreasing shim thickness cause the spray to terminate earlier, in addition to starting later. In other
words, higher injection pressure combined with thinner shim configurations leads to a shorter effective fuel
injection duration. This shortening of the effective injection period suggests that injector internal modifications
significantly influence both the opening and closing dynamics of the needle, thereby altering the temporal fuel
delivery process. It should be noted that, at an injection pressure of 200 MPa, no observable spray was detected
for the thinnest shim configuration (At =—17 um). This result indicates a practical limitation in the extent to which
shim thickness can be reduced under high injection pressure conditions. Such behavior is likely associated with
constraints in the injector’s internal mechanical and hydraulic response, including insufficient needle lift, increased
hydraulic resistance, or delayed needle opening and closing dynamics. A detailed discussion of these mechanisms
is provided in a subsequent section.

6 of 17



1JAMM 2026 https://doi.org/10.53941/ijamm.2026.100016

Time ASOI 25 s

At=0pm

At=-10um
At=-16 um
At=-17 um

Time ASOI

Time ASOI

Time ASOI

At=0pm
At=-10 pm
At=-16 pm

At=-17pm No Injection

(d) Pinj =200 MPa

Figure 4. Time-resolved spray images for various injection pressures and shim thicknesses.

To quantitatively evaluate spray development, spray tip penetration was measured using image analysis, as
defined in Figure 2b. Spray tip penetration is a key macroscopic parameter for characterizing spray behavior,
particularly during the early stage of injection, where needle motion strongly influences fuel discharge dynamics.
Previous studies have demonstrated that variations in needle motion affect needle lift, which in turn governs spray
momentum, atomization, and breakup processes during injection [26]. In this study, spray tip penetration was
measured for various injection pressures and upper shim thicknesses, and the resulting penetration histories are
presented in Figure 5. The results show clear agreement with the qualitative observations obtained from high-
speed spray imaging and the variability between repeated measurements was small and did not affect the observed
trends. Specifically, the penetration curves exhibit distinct grouping according to shim thickness. The thinner shim
cases (At=—16 um and —17 pm) are clearly separated from the thicker and baseline configurations (At =—10 um
and 0 pm), indicating a systematic influence of shim thickness on spray development. For a given time after the
start of injection (ASOI), a thinner shim results in shorter spray tip penetration, indicating reduced spray
penetration velocity. In other words, decreasing shim thickness leads to slower spray penetration, which can be
attributed to modified needle lift dynamics and a reduction in effective injection momentum. As injection pressure
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increases, the difference in spray tip penetration among the various shim thicknesses becomes less pronounced,
suggesting that the influence of needle motion modification diminishes under higher hydraulic driving forces.
Notably, for the thinner shim configurations (At =—16 um and —17 pm) at low injection pressure (Pinj = 65 MPa),
the spray penetration exhibits a two-stage growth behavior. In the initial stage, the spray penetrates at a relatively
low velocity, followed by a transition to a higher penetration rate during the later stage of injection. This behavior
suggests the presence of a mechanical or hydraulic delay associated with overcoming the initial resistance of the
injector’s internal components due to shim modification. Furthermore, the observed two-stage penetration
behavior may be interpreted as an unresolved pilot-like injection phase followed by a main injection phase, even
though a single injection command was applied. Since only a single injection command was applied, the observed
behavior does not represent an actual pilot-main injection, but rather a transient response of the injector under
modified internal conditions. This behavior corresponds to the injection-rate profile, which shows a delayed and
gradual rise without a clearly separated secondary peak. This suggests that the observed two-stage penetration
trend is associated with transient injection dynamics rather than a distinct multi-stage injection event. This
phenomenon highlights the strong coupling between injector internal dynamics and macroscopic spray behavior,
particularly under low injection pressure and reduced shim thickness conditions. Further confirmation would
require direct observation of a distinct two-stage injection-rate profile or additional diagnostics of needle motion.
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Figure 5. Spray tip penetration for various injection pressures and shim thicknesses.

By combining the measured spray tip penetration distance with the temporal resolution of the high-speed
imaging, the spray tip penetration velocity was quantitatively evaluated. Figure 6 presents the temporal evolution
of spray tip penetration velocity for various injection pressures and upper shim thicknesses. Consistent with the
trends observed in the high-speed spray images and spray tip penetration measurements, the spray tip penetration
velocity exhibits a clear separation between the thinner shim configurations (At = —16 um and —17 pum) and the
thicker or baseline configurations (At = —10 um and 0 pm). In general, the thinner shim cases show lower spray
tip penetration velocities compared with the thicker shim cases, indicating reduced spray momentum. This trend
is consistently observed across all tested injection pressures, confirming that a decrease in upper shim thickness
leads to slower spray tip development. Interestingly, for the thinner shim configurations at low injection pressure
(Pinj = 65 MPa), a pronounced increase in spray tip penetration velocity is observed after the initial stage of
injection. In these cases, the spray tip penetration velocity increases significantly with time and can reach values
that are approximately two to three times higher than those observed immediately after the start of injection. This
behavior suggests a delayed but accelerated spray development, which may be associated with gradual needle lift
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progression and increasing effective flow area as injection proceeds. At higher injection pressures, the spray tip
penetration velocity follows a similar qualitative trend to that observed under low injection pressure conditions.
However, the overall magnitude of the velocity is higher due to the increased injection momentum. Despite this,
the relative differences between shim thickness cases remain evident, indicating that injector internal modification
through shim thickness variation continues to play a dominant role in governing spray dynamics even under high-
pressure injection conditions.
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Figure 6. Spray tip penetration velocity for various injection pressures and shim thicknesses.

To quantitatively evaluate spray breakup and atomization behavior, the spray angle was measured using
image analysis, as defined in Figure 2b. The results in Figure 7 show that the spray angle is largest during the early
stage of injection for all tested conditions. This behavior is attributed to the highly transient and turbulent internal
flow within the sac volume and nozzle orifice immediately after needle opening, which strongly affects the velocity
vectors of the emerging liquid jet and enhances spray breakup. As the injection proceeds and the internal flow
transitions toward a quasi-steady state, the spray angle gradually stabilizes and remains nearly constant. This
indicates that the influence of transient internal flow structures diminishes as the needle lift and flow field become
fully developed. A clear dependence of spray angle behavior on shim thickness is observed. Injectors equipped
with thinner upper shims exhibit wider spray angles compared with those using thicker and default shims.
Moreover, the duration over which a wide spray angle is maintained is longer for thinner shim configurations. This
behavior suggests slower needle motion and a prolonged low-lift regime for thinner shims, during which unsteady
internal flow and enhanced turbulence persist for a longer period. As a result, spray breakup is intensified, leading
to a wider spray angle over an extended injection duration.
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Figure 7. Spray angle evolution for various injection pressures and shim thicknesses.

After evaluating the spray characteristics, it is also important to investigate the injection rate behavior of the
injector following shim thickness modification. Based on the high-speed spray images, it was observed that fuel
injection terminates earlier for thinner shim configurations compared with the thicker or baseline shim thickness.
In addition, the spray tip penetration develops more slowly for thinner shims. These observations indicate that
shim thickness significantly affects the internal injector dynamics, making a detailed examination of the injection
rate necessary.

Figure 8 presents the measured injection rate profiles for various injection pressures and shim thicknesses.
The results clearly show that decreasing the shim thickness leads to a shorter injection duration across all tested
injection pressures. Moreover, thinner shims exhibit a noticeably slower rise in injection rate during the initial
phase of injection. As a result, a longer time is required for the injection rate to reach a quasi-steady state, where
a nearly constant fuel delivery rate is maintained. This delayed rate buildup directly corresponds to the slower
spray tip penetration observed for thinner shim configurations. Consistent with the spray penetration results, a
clear separation is observed between the thinner shim configurations (At = —16 um and —17 um) and the thicker
or baseline configurations (At = —10 pm and 0 pum) in terms of injection rate behavior. The thinner shims show
shortened effective injection periods, indicating a lower overall injection momentum. With increasing injection
pressure, the injection rate rises more rapidly at the start of injection and decreases more sharply at the end of
injection for all shim thicknesses. It should be noted that, at higher injection pressures, the electrical injection pulse
duration was shortened to achieve a comparable injected fuel quantity. Despite this adjustment, the injection
duration for thinner shim configurations remains significantly shorter than that of the thicker or baseline shims.
Furthermore, under the highest injection pressure condition of 200 MPa, no observable spray was detected in the
high-speed images, and no measurable injection-rate signal was obtained for the thinnest shim configuration
(At=—17 um). Several possible mechanisms may explain this behavior. First, the needle may not open sufficiently
due to the reduced shim thickness, resulting in an effective blockage of the flow passage. Second, the needle lift
may be below a critical threshold required for stable fuel discharge. Third, hydraulic losses may prevent the
development of sufficient flow through the nozzle. However, since internal injector dynamics were not directly
measured in the present study, these mechanisms should be considered as plausible interpretations rather than
definitive explanations. This condition highlights a practical limitation of injector internal modification, indicating that
excessive reduction in shim thickness, particularly under high injection pressure, may lead to failure of effective fuel
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injection. This finding is important for defining the operational limits of such modification strategies. It also suggests a
strong coupling between mechanical constraint and hydraulic response in high-pressure injection conditions.
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Figure 8. Injection rate profiles for various injection pressures and shim thicknesses.

4. Discussion

One direct consequence of the shortened injection duration caused by shim thickness reduction is a decrease
in the total injected fuel volume relative to the intended amount. This reduction has a direct impact on the engine’s
potential power output, as the injected fuel quantity is a primary determinant of the released chemical energy.
Consequently, to achieve the same injected fuel mass as the baseline injector configuration, a longer electrical
injection pulse is required when thinner shims are employed. Figure 9 presents the injected fuel volume expressed
as a percentage relative to the baseline configuration (At = 0 um) for various injection pressures and shim
thicknesses. The results clearly indicate that reducing the shim thickness leads to a significant decrease in injected
fuel volume. This reduction becomes more pronounced as the injection pressure increases, reflecting the combined
effects of shortened injection duration and altered needle dynamics under high-pressure conditions. At higher
injection pressures, although the instantaneous injection rate increases, the effective injection period for thinner
shim configurations becomes considerably shorter, resulting in a net reduction in total injected fuel volume. These
findings confirm that shim thickness modification not only affects spray development and injection rate
characteristics but also directly influences fuel delivery control. Therefore, compensation through an extended
injection pulse duration is essential when thinner shims are used to maintain an equivalent injected fuel quantity
compared with the baseline injector.

As shown in the injection rate measurements, both the rise and decay of the injection rate become more
gradual as the upper shim thickness is reduced. To quantitatively evaluate this deceleration behavior, the injection
rate gradient, defined as the time derivative of the injection rate (i.e., the slope of the injection-rate curve), was
calculated, and the results are presented in Figure 10. At the start of injection, the injection rate gradient is
noticeably higher for the baseline and thicker shim configurations (At = 0 um and —10 pm), indicating a rapid
increase in fuel delivery immediately after needle opening. In contrast, for the thinner shim cases (At =—16 um
and —17 pm), the initial injection rate gradient is significantly lower and converges to similar values, demonstrating
a slower buildup of injection rate. This behavior is likely to reflect reduced or delayed needle lift, which limits the
effective flow area during the early injection phase and prolongs the transient opening process. At the end of
injection, the injection rate gradient also tends to be slightly lower for thinner shim configurations, although the
difference is less pronounced than that observed at the start of injection. This suggests that shim thickness primarily
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influences the needle opening dynamics rather than the closing process, which is likely governed more by solenoid
de-energizing and hydraulic pressure decay.
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Figure 9. Injected fuel volume relative to the baseline injector (At = 0 um) for various injection pressures and shim

thicknesses.

With increasing injection pressure, the same general trend is maintained across all shim thicknesses. Higher
injection pressure leads to steeper injection rate gradients overall, reflecting the stronger hydraulic force acting on
the needle. However, at the end of injection, the gradients converge to similar values regardless of shim thickness,
implying that the needle closing behavior becomes dominated by pressure-driven flow collapse and actuator
response rather than by mechanical preload variations introduced by the shim. Overall, these results demonstrate
that reducing shim thickness significantly alters the transient injection dynamics, particularly during the opening
phase, by slowing the rate at which the injector reaches a quasi-steady injection condition. This behavior is
consistent with the observed delays in spray development, reduced spray tip penetration, and shortened effective
injection duration for thinner shim configurations discussed in the previous sections.

As also observed in Figure 8, thinner shim cases exhibit a more gradual rise in injection rate, which is directly
reflected in Figure 10 by the lower gradients at the start of injection. A lower gradient indicates a slower needle
opening process and a more gradual development of flow through the nozzle, whereas a higher gradient reflects a
more rapid needle response and faster establishment of the quasi-steady injection rate. Similarly, differences in the
gradient at the end of injection correspond to the rate at which the injection is terminated, as observed in the falling
edge of the injection-rate profiles.
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Figure 10. Injection rate gradient for various injection pressures and shim thicknesses.
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The shape of the diesel injection rate is a critical parameter governing in-cylinder mixture formation,
combustion phasing, and emissions formation. A slower injection rate rise, as observed for thinner shim
configurations, can suppress excessive initial fuel momentum and modify early spray development, potentially
reducing wall impingement and local fuel-rich regions. Conversely, a rapid injection rate rise, typical of thicker or
baseline shim configurations, promotes stronger spray penetration and faster air—fuel mixing, which can enhance
combustion efficiency but may increase NOx formation due to higher local temperatures. Therefore, optimizing
the injection rate shape requires a careful balance between competing emission pathways, particularly the well-
known NO—soot trade-off. Previous studies have shown that tailored injection rate profiles, such as rate shaping
with moderated initial slopes or shortened effective injection durations, can reduce soot formation while
maintaining acceptable thermal efficiency, although excessive rate suppression may lead to incomplete
combustion and higher hydrocarbon emissions [46—49]. Specifically, a slower injection rate rise and reduced spray
penetration may influence local air—fuel mixing, potentially reducing soot formation due to improved mixture
homogeneity [50-53]. Similarly, variations in injection timing and rate shaping may affect peak combustion
temperature, which is closely related to NOx formation [46,47,54,55]. Shorter injection duration and reduced fuel
quantity may also influence overall combustion efficiency and CO: emissions [56].

The interpretations regarding needle motion, internal flow behavior, and hydraulic response are based on
indirect evidence derived from injection rate measurements and spray visualization. In the present study,
parameters such as needle lift, solenoid current, and internal flow structures were not directly measured. Therefore,
the proposed mechanisms should be considered as plausible interpretations rather than definitive conclusions.
Future work involving direct diagnostics, such as needle lift measurement or internal flow visualization, is required
to validate these mechanisms. Furthermore, the present analysis is limited to macroscopic spray characteristics,
including spray penetration and spray angle. Microscopic spray features such as droplet size distribution, primary
and secondary breakup processes, liquid length, and vapor-phase behavior were not measured. Therefore, conclusions
regarding atomization quality and mixture formation cannot be directly drawn from the current results. Future work
incorporating advanced diagnostics, such as phase Doppler interferometry or laser-induced fluorescence, is required
to provide a more comprehensive understanding of spray atomization and evaporation processes.

The experiments were performed under low-pressure, non-evaporating, and non-reacting ambient conditions,
which differ significantly from in-cylinder diesel engine environments. Therefore, the present results represent
fundamental spray behavior governed primarily by injection dynamics and ambient gas interaction at low density.
The extrapolation of these findings to engine-relevant conditions, where high pressure, high temperature,
evaporation, and combustion occur, should be made with caution. Future investigations under elevated ambient
pressure and temperature are necessary to evaluate the impact of injector internal modification on evaporating
sprays, combustion processes, and emission formation. In addition, the injection duration was varied with injection
pressure to maintain a comparable injected fuel quantity. As a result, the effects of injection pressure are inherently
coupled with changes in injection duration in the present study. Therefore, the observed differences in spray and
injection rate behavior should be interpreted as the combined effect of these parameters, rather than as a result of
injection pressure alone. A more rigorous separation of these effects would require additional experiments under
fixed command duration as well as equal-injected-quantity conditions, which is recommended for future work.

No combustion or emission measurements were conducted in this study; therefore, the discussion of emission
characteristics is based on inferred implications from spray and injection behavior. Further investigation under
engine-relevant conditions, including combustion and emission measurements, is necessary to validate these
implications. It should be noted that the present results are obtained using a specific commercially available
solenoid injector with a fixed nozzle design and fuel type. Variations in injector architecture, such as piezoelectric
actuators, different nozzle geometries, or alternative fuels, may lead to different responses to shim thickness
modification. Therefore, the observed trends should not be considered universally applicable, and further studies
across different injector configurations are required to generalize the findings.

The combined results from injection rate measurements and spray visualization indicate that mechanical
adjustments at the injector level, such as shim thickness modification, alter the injector needle dynamics, which in
turn govern the injection rate profile and spray formation. This provides an additional degree of freedom for
influencing injection rate shaping without altering electronic control strategies. By systematically understanding
and manipulating the injection rate shape through internal injector configuration, engineers can more precisely
tailor spray development and combustion behavior to specific engine operating conditions. This approach offers a
promising pathway for improving diesel engine performance while simultaneously reducing harmful emissions,
contributing to the development of more efficient and environmentally sustainable combustion systems.
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5. Conclusions

The present study demonstrates that modifications to internal injector components—specifically variations
in the upper shim thickness—can significantly influence fuel injection dynamics and the resulting diesel spray
characteristics. Altering the shim thickness directly affects injector needle motion, which in turn modifies the
temporal evolution of the injection rate, including injection delay, rate-of-rise, quasi-steady injection duration, and
injection termination behavior. These changes ultimately govern macroscopic spray development and fuel delivery
characteristics. The main findings of this study can be summarized as follows:

e A reduction in upper shim thickness results in slower spray development, as evidenced by shorter spray tip
penetration at equivalent times after the start of injection (ASOI).

e  The slower spray development is accompanied by a prolonged highly turbulent flow regime, manifested as a
wider spray angle during both the initial and final stages of injection.

e  Thinner shim configurations lead to a shorter effective injection duration, which consequently reduces the
total injected fuel volume.

e  The injection rate rise at the start of injection is significantly slower for thinner shim cases, indicating delayed
and slower needle opening dynamics.

Opverall, these results highlight the strong coupling between injector internal mechanical configuration and diesel
spray behavior. The findings suggest that mechanical tuning of injector components, such as shim thickness adjustment,
offers a viable method for controlling injection rate shaping and spray development without modifying electronic control
parameters. This approach provides valuable insight for injector design optimization and may contribute to improved
combustion control, enhanced engine efficiency, and reduced emissions in diesel engine applications.
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Abbreviations/Nomenclature

ASOE After start of energizing
ASOI After start of injection
Pinj Fuel injection pressure
Distance from the upper side of the nozzle hole axis to the upper spray boundary measured at 12 mm downstream

x of the nozzle exit
Distance from the lower side of the nozzle hole axis to the lower spray boundary measured at 12 mm downstream
y of the nozzle exit
Brotal Total spray angle
0u Upper spray angle
oL Lower spray angle
At Shim thickness difference relative to the baseline (default) shim
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