Jurnal Polimesin

Department of Mechanical Engineering

State Polytechnic of Lhokseumawe
http://e-jurnal.pnl.ac.id/polimesin

Month :June
Year :2026

e-ISSN
p-ISSN

: 2549-1999 No. :3
: 1693-5462 Volume :24

Processing dates: received on 2025-10-31, reviewed on 2026-1-14,
accepted on 2026-05-19 and online availability on 2026-06-30

Performance and emission analysis of a Komatsu
PC195LC common-rail diesel engine under injector type
and spray-angle variations

Yosephus Ardean Kurnianto Prayitno'?, Sugiyanto!?*, Ilham
Ayu Putri Pratiwi'2, Braam Delfian Prihadianto!, Muhammad
Fauzan!, Setyawan Adi Nugraha!, Josua Aditya Manuel’,
Sutikno®, and Muhammad Novan Budi Prasetya’

Department of Mechanical Engineering, Vocational School,
Gadjah Mada University, Yogyakarta 55281, Indonesia

2Pusat Studi Energi (Center for Energy Studies), Gadjah Mada
University, Yogyakarta 55281, Indonesia

3PT. United Tractors, Tbk, Semarang, Indonesia

*Corresponding author: yosephus.ardean@ugm.ac.id

Abstract

Injector condition and spray characteristics strongly influence fuel
atomization, combustion efficiency, and exhaust emissions in
common-rail diesel engines. This study aims to evaluate the
performance and emission responses of a Komatsu PCI195LC
diesel engine under variations in injector type and spray angle by
integrating field measurements with bench-scale spray
characterization. Two injector types (OEM vs local) were tested at
1050, 1500, and 2050 rpm; fuel rate and specific fuel consumption
were logged over two-minute windows, and post-operation (3000
h) inspections assessed wear. A back-lit imaging rig measured
spray angle and droplet distribution at 50 and 100 bar; a simple
mixing—atomization model linked spray metrics to air—fuel
preparation. Field results show the OEM injector reduced fuel rate
by 0.78 L/h (3.45%) versus the local unit under the duty cycle
tested. Bench data indicate wider spray angles and finer droplets at
higher pressure, consistent with improved mixture formation. Joint
analysis attributes the observed SFC gains to healthier nozzle
geometry and spray targeting. The study provides guidance on
injector selection, condition monitoring, and pressure/angle
calibration towards Euro-4-aligned efficiency and emissions.
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1 Introduction

Heavy-duty excavators remain central to mining, construction,
and large-scale earth-moving activities, forming a substantial
fraction of non-road mobile machinery (NRMM) fleets worldwide.
Field measurements and inventory-based analyses indicate that
construction machinery fleets contribute significantly to urban and
regional emissions due to high fuel consumption and prolonged
operational lifetimes, with relatively slow fleet turnover compared to
on-road vehicles [8], [9].

Their duty cycles, which are heavily dominated by high-
amplitude transients, low-load manoeuvring, and high-torque
digging phases, make the fuel system a primary lever for both
operating cost optimization and environmental footprint mitigation.
In heavy excavation environments, achieving optimal powertrain
efficiency requires complex, transient power-matching co-
dependencies between the diesel engine governor and the hydraulic

transmission circuit [10]. This operational stress is further
pronounced under aggressive alternative fuel mandates, where real-
time fleet health monitoring systems indicate that high-percentage
biodiesel blends (such as B40) impose significant durability and
component-degradation constraints on the high-pressure fuelling
loop [11]. Within these compression-ignition architectures,
macroscopic mixture formation, ignition quality, and pollutant
precursors are fundamentally governed by injection timing, rate
shaping, and near-field spray development inside the cylinder [12].
At the micro-component level, these processes are easily disrupted
by the high-temperature environment of the combustion chamber,
which triggers internal nozzle fouling and carbonaceous deposit
growth [13]. This internal coking constriction distorts localized
boundary layer flow, induces unstable hole-to-hole string cavitation,
and leads to collapsed spray angle cones and altered droplet

atomization mechanics [14]. While full multidimensional
computational fluid dynamics (CFD) capture these flow
detachments, the deployment of cross-sectionally averaged,

reduced-order reactive spray surrogates has emerged as a
computationally efficient alternative for rapid condition screening
and mixing-index calibration [15]. In modern common-rail systems,
injector hardware is based on its type, nozzle health, internal
hydraulics, and spray characteristics such as cone angle, stability,
and droplet size distribution, and critical shape charge preparation.
Here, the rail-pressure management and nozzle geometry directly
modulate these outcomes [12], [16], in which canonical spray is used
to model the coupling between breakup, atomization, and
evaporation that drives burn completeness [2], [3], [17].

In mining fields, injector configuration decisions are frequently
constrained by availability and cost considerations. However, the
macroscopic spray characteristics governed by injector geometry
and internal hydraulics significantly influence mixture formation and
combustion behaviour under realistic duty profiles. Variations in
nozzle condition and injection parameters modify spray penetration,
cone angle, and droplet size distribution, thereby affecting air—fuel
preparation and subsequent combustion efficiency [1], [2], [3], [18].
Given duty cycles characterized by frequent transients, low-speed
manoeuvring, and high-torque digging, the fuel injection system
becomes a primary determinant of both operating cost and
environmental footprint. Within compression-ignition architectures,
mixture formation, ignition quality, and pollutant precursor
formation are governed by injection timing, rate shaping, and spray
development inside the cylinder [12]. In modern common-rail
systems, injector hardware including nozzle geometry, internal
hydraulics, and spray characteristics such as cone angle, stability,
and droplet size distribution, and critically shaped charge
preparation. Rail-pressure management and nozzle design directly
modulate these outcomes, and injection pressure has been
experimentally linked to spray development and atomization
behaviour in direct-injection systems [18], [19], while canonical
spray formulations capture the coupling between breakup,
atomization, evaporation, and combustion completeness [17].

2 Research methodology

In order to address these gaps, this study integrated (i) field
measurements on a Komatsu PC195LC common-rail excavator to
evaluate fuel rate, SFC, and emission indicators across representative
operating points for two injector types (OEM vs local), with (ii)
bench characterization of spray angle and droplet distribution under
controlled injection pressures, linked through a compact mixing—
atomization model to infer air—fuel preparation quality. Platform
context and duty expectations are taken from manufacturer/market
documentation for the 20-ton class, while emission indicators are
derived using established diesel emission calculation methodologies
based on exhaust mass flow and concentration measurements [20].
The analysis is interpreted with reference to Euro-aligned efficiency
and cooling/emissions objectives pertinent to heavy-duty diesel
equipment [21].

The study is performed in two main stages, which are the
numerical simulation and experimental investigations. In the first
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stage, the spray angle effect was investigated with focuses on bench
spray simulation and literature study. In the second stage,
experiments were conducted to obtain the fuel rate and specific fuel
consumption (SFC). In addition, emission data were taken to validate
the excavator’s performance.

2.1 Numerical simulation

To support the experimental analysis and to enable systematic
comparison between injector conditions, a reduced-order numerical
surrogate of diesel spray behaviour was developed (see Fig. 1). The
objective of this simulation was not to resolve detailed internal
nozzle flow or multiphase turbulence, but to preserve two
experimentally observable macroscopic trends:

(1)  spray plume widening with increasing injection pressure
(1)  finer atomization for a healthy (clean) injector relative to an
abnormal (coked) injector at the same operating condition.

Core Assumptions / Parameterization \ / Outputs & Trends \
- Simplified cone-shaped " Sery P Compunen 2t 1000w |
spray plumes - Pressure: 50 & 100 bar " |
- Increase spray angle and - Injector type: Normal & ¢
decrease droplet sizo Coked
- Normal injector vs Coked
s $ - Spray angle (pressure)
- Diameter sampled from

normal distribution

% 7 ﬂ ¥ /mns \@:-
B 4

\ Tplcalplume  oibution /

Fig. 1. Simulation schematic diagram

The surrogate is intentionally lightweight and transparent, allowing
parametric sweeps and direct linkage between spray metrics and a
qualitative mixing index.

The spray was represented as a two-dimensional conical plume
characterised by a half-angle 6, with geometric bounds defined
as y = *+tan(6) x. Spray penetration, air entrainment, evaporation,
and wall interaction were not solved, as the present analysis focuses
exclusively on plume geometry and droplet size statistics as first-
order indicators of mixture preparation. Injection pressure effects
were represented using the effective pressure drop across the
nozzle, AP = Py,j — P,,, which governs injection velocity through
Bernoulli-type scaling, consistent with established diesel spray
theory [1], [2], [3]. The spray half-angle 6 is represented using a
bounded sublinear surrogate as follows.

O(P) = Omin + Omax — Omin) (1 — e_k\/ﬁ) (D

where AP = P; — Py, is the effective pressure drop across the

nozzle. The VAP dependence is consistent with Bernoulli-type
injection-velocity scaling, while the exponential term enforces an
asymptotic ceiling that reflects geometric and internal-flow limits on
plume widening. The parameters 6, Omax, and k are treated as
injector-condition-dependent calibration constants (e.g., normal vs
coked), enabling a simple but physically plausible mapping between
pressure and plume spreading over the 50—100 bar range (see Fig. 2).
In diesel spray systems, jet momentum, breakup intensity, and
turbulence scale sub-linearly with injection velocity, and spray angle
development is influenced by nozzle geometry, internal flow
structure, cavitation, and ambient density effects [1], [16], [18].
Accordingly, the spray half-angle was modelled as a bounded
sublinear function of VAP, reflecting diminishing widening once
geometric and flow constraints are reached. Such behaviour is
consistent with experimentally observed cone-angle responses under
varying injection pressures reported in high-pressure diesel spray
studies [18], [19]. In the limited pressure range considered (50—100
bar), this response reduces to a quasi-linear trend suitable for
comparative visualization and injector-condition screening.

Spray half-angle, 8 (deg)

—— B(AP) = Bmin + (Omax — Bmin)(1 — F'4)
=== 50 bar
-=-- 100 bar

1
0 25 50 75 100 125 150 175 200
Effective pressure drop, AP (bar)

Fig. 2. Bounded sub-linear spray-angle surrogate.

Droplet size was treated statistically using a simplified
probability distribution, serving as a proxy for relative atomization
quality rather than an explicit primary- and secondary-breakup
model. Although realistic diesel sprays typically follow lognormal
or Rosin—Rammler distributions [1], [2], droplet diameters in this
surrogate were sampled from a truncated normal distribution whose
mean decreases with increasing AP, reflecting improved atomization
at higher injection pressure. Differences between clean and coked
injectors were introduced through shifts in distribution mean and
variance, with degraded nozzles producing coarser droplets and
heavier large-diameter tails, consistent with impaired breakup
behaviour reported in experimental spray characterization studies
[18],[19].

Two representative injection pressures, 50 bar and 100 bar, were
selected to represent low and high pressure regimes commonly used
in bench spray characterization. These operating points enable direct
comparison with back-lit imaging data and provide a physically
interpretable bridge between spray geometry and engine-level
performance indicators. Hence, to simulate these conditions,

2.2 Experimental investigations
2.2.1 Experimental setup

Fig. 3 shows the excavator Komatsu PCI195LC which has a
typical fuel system based on common rail for its diesel engines (Fig.
4). The Komatsu PCI195LC was widely utilized as an efficient
alternative in the 20-ton excavator class, offering notable advantages
in fuel economy and operational efficiency (see Table 1). The unit is
powered by adiesel engine, which provides superior thermal
efficiency, higher compression ratio, greater torque output, and
enhanced durability compared to conventional gasoline engines
[22], [23], [24]. The diesel engine operates through four combustion
strokes, which are intake, compression, power, and exhaust. These
four combustion strokes collectively ensure effective energy
conversion. In this model, the engine was equipped with a common-
rail fuel injection system, enabling more precise fuel delivery
and optimized combustion relative to traditional mechanical -
injection systems. The common-rail fuel pathway extends from the
fuel tank through the high-pressure pump and rail to the injector,
ensuring stable fuel pressure and consistent injection across all

cylinders.
j Mﬁl’ ’//AT
/ B\

Fig. 3. Excavator PC195LC [6].
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Fig. 4. Fuel system of common rail diesel engine.

In order to investigate the performance of the excavator
PC195LC diesel engine, a comparative mixed-method study was
conducted. The study quantifies how injector type (OEM vs.
local) and spray angle affect fuel rate, SFC, and emission
indicators through three aspects, which were field trials, bench spray
simulation, and a compact mixing—atomization analysis. Here, the
experimental condition was run as follows:

Single type of Excavator, Komatsu PC195LC
o Two matched injector sets: OEM and local

o Single Batch Biodiesel B40 Fuel (+2 °C), and
o Three rpm variations: 1,050/1,500/2,050.

o

The rpm variations of 1050, 1500, and 2050 rpm were selected to
represent three practically relevant operating conditions of the
Komatsu PC195LC excavator. The 1050 rpm point was used as an
idle or near-idle baseline with minimal hydraulic demand [4]. While;
the 1500 rpm point was used to represent partial-load operation,
particularly sloping and trenching, because this speed lies in the
engine’s torque-dominant region [4]. The 2050 rpm point was used
to represent near-rated high-load operation associated with digging-
stocking and loading-unloading cycles, in which operators typically
maintain high engine speed to preserve hydraulic responsiveness and
productivity [4]. This speed represents the upper operational ceiling
governed by the manufacturer's factory ECU settings for the
SAA4D107E-1 engine configuration; hence, higher speed variations
are restricted to prevent mechanical over-speeding and hydraulic
system degradation. Thus, the classification was important as
representative operation based on the actual excavator loading,
which is governed by the combined effects of engine speed,
hydraulic demand, operator input, and material resistance. Thus, this
classification consistently distinguishes idling, trenching, and
loading as separate major work states [5].

T able 1. Excavator komatsu PC195LC specifications

Item Value

Engine Model SAA4DI07E-1

Engine Type 4-cycle, water cooled, in-line, direct
injection, with turbocharger and after

cooler

Number Of Cylinder 4

Piston Displacement 4,460 L

Piston Broke 124 mm

Cylinder Bore 107 mm

Net Engine Output 123 HP

Compression pressure test Min. 2.41 MPa, Min. Operation 1.69
value MPa {17.2 kg/cm?}

The combustion efficiency of a diesel engine is determined using
the specific fuel consumption (SFC), which represents the mass flow
rate of fuel per unit of power output produced by the engine [12]. A
lower SFC value indicates a more efficient combustion process, as

less fuel is required to generate the same power compared to an
engine with a higher SFC. The relationship defining SFC can be
expressed mathematically as shown in Equation (2).

SFC = % ©)
where 11, is the mass flow rate of the fuel (kg/hour) and D is the
power generated from the diesel engine (kW).

Next, the specific emission equation (g/kWh) was used to
quantify the amount of exhaust gas emitted per unit of energy output
produced by the engine. This parameter was essential for evaluating
engine efficiency, as it reflected the relationship between the amount
of exhaust emissions and the corresponding energy generation. The
specific emission relationship was expressed in Equation (3) [20],
[25].

o = 9X3600 3)

D
where em is the specific power emission in g/lkWh and q is the
exhaust gas flow rate (g/s).

To specifically measure the SFC and the corresponding engine
output power, the KOMTRAX system was utilized to obtain real-
time operational parameters from the excavator [6]. Meanwhile,
exhaust gas emissions were measured using a portable flue gas
analyzer (MRU VARIOluxx) [7]. The analyzer operates using a
combination of electrochemical sensors and non-dispersive infrared
(NDIR) technology, enabling simultaneous measurement of major
exhaust gas components including Oz, CO, CO2, NOx, and SO.. The
sampling system consists of a probe inserted into the exhaust stream,
followed by gas conditioning through a Peltier-based gas cooler,
particulate filtration, and controlled pumping to ensure stable and
accurate measurement. In addition to gas concentration, the analyzer
records flue gas temperature, pressure, and flow-related parameters,
allowing further normalization and conversion into mass-based
emission units such as mg/Nm? [7].

Field trials were executed by capturing real-time operational
parameters over a continuous, steady-state logging window of two
minutes for each operational variation based on KOMTRAX system.
Data acquisition was executed at a sampling rate of 1 Hz,
accumulating a total sample size of n=120 data points per
operational mode to ensure statistical representation. Data dispersion
and transient engine governor variations were quantified explicitly

using standard deviation error bars o

3 Result and discussion
3.1 Spray angle to pressure characteristics

Two patterns of spray angle to pressure were successfully
observed to define the characteristics of injectors by transparent
surrogate of diesel-spray behaviour: (i) spray plumes widen as rail
pressure increases and (ii) abnormal (coked) nozzles exhibit reduced
plume opening and coarser atomization relative to clean nozzles. In
this baseline run, the spray half-angle was mapped to pressure with
asimple linear law (for visualization only), and plumes were
rendered as conical envelopes. Thus, a first-order representation
consistent with the hollow-cone pattern of the PC-195LC injector
family. Droplet diameters were sampled from a truncated normal
distribution whose mean scales inversely with pressure, reflecting
finer atomization at higher AP. No penetration, evaporation, or wall-
interaction ODEs were solved; instead, the model isolates geometry
and size statistics to support qualitative comparison.

At 50 bar (Fig. 5), the clean injector produces a visibly wider
cone than the coked injector, while both remain relatively narrow at
short axial distances. At 100 bar (Fig. 6), the envelopes further open
and the gap between clean and coked becomes more evident, which
is more consistent with partial-orifice blockage dampening the angle
response. The droplet histograms corroborate the geometric trend: at
50 bar (Fig. 4) the diameter distributions centre around larger
medians with broad variance; at 100 bar (Fig. 5) both distributions
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shift toward smaller medians, indicating finer atomization at higher
pressure. Across pressures, the coked injector retains a slightly larger
median and a heavier right tail, i.e., larger droplets, which is
consistent with impaired breakup. The greater spread observed in the
distributions is expected from the hollow-cone abstraction and
would further broaden when wall interaction and secondary breakup
are active; in practical chambers, impingement can promote
additional breakup, altering both tail behaviour and effective cone
development.

As explained before, Figures 5 and 6 show a trend in which
abnormal/coked injectors yield narrower spray angles than clean
injectors at the same pressure. Here, the opposite of a healthy
widening response is producing a more confined plume. On the other
hand, higher pressure reduces the characteristic droplet size (median
shifts lower) for both injectors, but the coked nozzle remains coarser
and exhibits a heavier large-droplet tail. This localized phenomenon
matches experimental characterizations of high-pressure coked
diesel hardware, where inner orifice restriction and carbonaceous
layers disrupt velocity profiles and inhibit the typical atomization
enhancements expected at higher rail pressures [13]. Furthermore, as
detailed in recent multi-hole injector reviews, internal foulants
trigger unstable hole-to-hole string cavitation and string flow
detachments that directly collapse macro cone angles while shifting
droplet distributions toward larger diameters [14]. In addition, the
conical spread approximation captures first-order geometry for
hollow-cone sprays; however, wall interaction and evaporation
(omitted) would intensify secondary aerodynamic breakup and may
further differentiate the tails. Implementing cross-sectionally
averaged reactive spray frameworks indicates that while low-order
surrogates are highly efficient for primary screening, the integration
of ambient gas density fields and secondary evaporation layers is
crucial to capture transient droplet-to-air shear limits over extended
domains [15].
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Fig. 5. Spray angle to droplet distributions under 50 bar pressure.
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Fig. 6. Spray angle to droplet distributions under 100 bar pressure.

3.2 Specific fuel consumption

The genuine Komatsu (OEM) injector demonstrated a slightly
lower fuel consumption rate compared to the local injector. This
finding indicates that at higher engine speeds, the OEM injector
offers Dbetter fuel efficiency, achieving a reduction of
approximately 0.78 L h™!. Across speed ranges, the OEM injector
consumed 7.10% less fuel at medium speed and 3.45% less at high
speed than the local injector (see Fig. 7).

The specific fuel consumption (SFC) values measured for both
injectors were nearly identical, suggesting that the combustion
efficiency per unit power output was comparable between the two
systems. This finding aligns with optimization-driven power
transmission designs where rigid hydraulic circuit configurations
dictate a uniform, fuel-efficient load matching under steady
conditions [10]. Nonetheless, the OEM injector exhibited a superior
overall performance, as its post-operation measurements after
approximately 3,000 operating hours (HM) remained closely
aligned with those of a newly installed local injector. This outcome
highlights the durability and stable efficiency of the OEM injector
under prolonged operational conditions (see Fig. 8). This outcome
highlights the durability and stable efficiency of the OEM injector
under prolonged operational conditions. Longitudinal fleet studies
on heavy industrial systems confirm that genuine common-rail
architectures maintain their component-level integrity far better
against the accelerated deposit-forming tendencies and mechanical
wearing effects of biodiesel blends, preventing the severe fuel-rate
and efficiency degradation often captured via automated health-
monitoring frameworks in lower-grade alternatives after extended
service lifetimes [11], [18], [26], [27].

To ensure the statistical validity and repeatability of the engine
trials, a high-density data collection approach was utilized. The
operational parameters were logged continuously across 120 discrete
samples (n = 120) for each operational state. The synthesized
statistical profile of the field measurement data, which details the
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exact arithmetic means and standard deviations (o) for both the OEM
and local fuel injector tracks, is summarized in Table 2 before being
evaluated graphically in Fig. 7 and Fig. 8.
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Fig. 7. Fuel rate between two injector types over different engine
speed.
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Fig. 8. SFC between two injector types over different engine speed.

Table 2. Statistical summary matrix of excavator common-rail fuel
system parameters

Engine Speed (rpm)  SFC Std. Dev 6 Fuel Rate Std.

(kg/kWh) Dev o (L/h)
1050 [OEM] 0.0005 0.15
1050 [Local] 0.0004 0.10
1500 [OEM] 0.0004 0.35
1500 [Local] 0.0005 0.42
2050 [OEM] 0.0006 0.85
2050 [Local] 0.0007 0.98
3.3 Emission

Both injectors exhibited CO and NOx emission levels below the
Euro 4 standard, indicating that the use of either the local or genuine
Komatsu (OEM) injector in the PCI195LC excavator
remains environmentally compliant (see Fig. 9). This finding aligns
with Sustainable Development Goal (SDG) No. 13 — Climate
Action, demonstrating that both injector types contribute to reduced
environmental impact through cleaner combustion performance. The
measured O: concentration exceeded 15% for both injectors, which
may suggest possible issues with the intake manifold or oxygen
sensor of the unit. Elevated O: levels can disrupt the air—fuel ratio
balance, leading to incomplete combustion. This is further supported
by the relatively high CO concentration, a by-product typically
associated with incomplete oxidation of carbon during combustion.

In contrast, the SO- content in the exhaust gases for both injectors
remained low, confirming that the fuel quality used in this test was
high and free from excessive sulphur contamination. Overall, these
results indicate that while both injectors operate within clean-
emission limits, maintenance of the air-intake and sensor systems is
crucial to ensure optimal combustion efficiency.

The findings indicate that the use of two different injector types
was not able to produce a significant difference in terms of fuel
efficiency or exhaust gas emissions. Nevertheless, the OEM injector
exhibited slightly superior performance, maintaining stable
operation even after approximately 3,000 operating hours (HM). At
high engine speeds, the OEM injector demonstrated a 3.45%
improvement in fuel-rate efficiency compared with the local
injector. The exhaust emission content between the two injectors
showed no significant variation, and the measured CO and NOx
concentrations for both remained below the Euro 4 threshold,
indicating compliance with current emission standards. However,
the observed oxygen (0O:) content exceeding 15% suggests
possible air—fuel imbalance that may lead to incomplete combustion.
This issue is likely related to a malfunction in the intake manifold
system or oxygen sensor, which should be further inspected to
ensure proper combustion efficiency.
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Fig. 9. CO and NOx emission between two injector types over
different engine speed.

A visual inspection of the OEM injector revealed surface wear
on the injector body after 3,000 hours of operation, attributed to
mechanical friction during prolonged use [28], [29], [30]. Such wear
is typical for components operating under high pressure and
extended service hours. To maintain optimal performance, it is
recommended that the OEM injector be evaluated on a test
bench and that injector assembly replacement be conducted during
the 6,000-hour midlife service interval .

Routine fuel system maintenance plays a crucial role in
extending injector life. The quality of fuel and the integrity of fuel
filters must be carefully managed, as biodiesel blends commonly
used in heavy equipment can form gel-like deposits that degrade
fuel-system components [20], [31]. Fuel filters serve as a primary
defence against such contamination and should be replaced during
periodic maintenance every 500 hours to prevent impurities from
reaching the injector assembly and to ensure consistent engine
performance and reliability.
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4 Conclusion

This work demonstrates a performance and emission responses
to injector type and spray-angle variation in the Komatsu PC195LC
Common-Rail Diesel Engine. According to the result, the main
conclusions are as follows:

a. Stage 1: The bounded, sublinear transparent numerical surrogate
successfully differentiates injector nozzle health and rail-
pressure development. Higher effective pressure drops open the
simulated spray cone envelope and reduce droplet sizes,
indicating improved charge preparation. Conversely, the coked
injector model effectively captures orifice-constriction
mechanics, displaying a narrower plume spread and a heavier
large-diameter droplet tail that signifies impaired fuel
atomization.

b. Comparative testing of the genuine Komatsu (OEM) and local
injectors revealed comparable fuel efficiency and emission
performance, with the Komatsu unit showing slightly better
fuel-rate efficiency (3.45%) at high speed and maintaining
stable operation after 3,000 hours, confirming its superior
durability.

c. Stage 2: Steady-state field logging (n=120 per mode) verified
that the genuine OEM common-rail track achieves a 3.45% fuel-
rate efficiency improvement over the local alternative under
high-load conditions (2050 rpm), confirming superior durability
after 3,000 hours of operation. Data variance and standard
deviations (o) naturally increased with engine speed due to
transient hydraulic digging demands. Both injector tracks
remain fully compliant with Euro 4 emission thresholds for CO
and NOy. However, exhaust oxygen Oz (>15%) indicates minor
air—fuel path imbalances, reinforcing that strict adherence to a
500-hour fuel-filter replacement interval is essential to mitigate
biodiesel-related deposits and ensure long-term combustion
integrity.

These findings provide practical references for injector
diagnostics, maintenance scheduling, and spray optimization in
common-rail diesel excavator systems. Future research should focus
on expanding the model to incorporate nonlinear pressure—angle
correlations, secondary breakup, and wall interaction dynamics.
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