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ARTICLE INFO Combustion behaviour in gasoline direct injection engines is strongly influenced by the interaction between start
of injection timing and injector spray guidance, because these parameters jointly control spray—air interaction,
mixture stratification, ignition stability, combustion phasing, and pollutant formation. This study applies three-
dimensional moving-mesh computational fluid dynamics to evaluate the coupled effects of injection timing and
injector guidance in a single-cylinder, four-stroke, gasoline direct injection engine with a 86 mm bore, 86 mm
stroke, a compression ratio of 9.2, and an engine speed of 1000 rpm. Three injection timings were examined
relative to intake-valve operation: after intake valve opening, at maximum intake valve lift, and after intake
valve closing. For each timing, air-guided, wall-guided, and spray-guided injector orientations were assessed
under identical operating conditions. The spray process was represented using detailed breakup, evaporation,
and wall-interaction sub-models at an injection pressure of 50 bar, with 4.398 x 107 kg of fuel injected per
cycle and 300,000 computational parcels. Combustion was simulated using the SAGE detailed-chemistry solver,
while nitrogen oxide formation was represented using the extended Zeldovich mechanism. The results show that
injection at maximum intake valve lift provides the most favourable interaction between spray momentum and
intake-driven turbulence, improving mixture preparation and producing compact heat release. Among the
investigated cases, wall-guided injection at maximum intake valve lift delivered the strongest pressure and
temperature development, the sharpest heat-release profile, the lowest carbon monoxide and unburned
hydrocarbon levels, and the highest carbon dioxide formation, indicating more complete oxidation. Late
injection after intake valve closing produced poor mixture preparation, weak heat release, and increased
incomplete-combustion products, particularly for the spray-guided case. The study demonstrates that injection
timing and injector guidance must be optimised jointly rather than independently to achieve precision
combustion with improved efficiency and controlled emissions in modern gasoline direct injection engines.
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1. Introduction

Internal combustion engines (ICES) remain essential in
transportation and distributed power because of high specif-
ic energy density fuels, mature infrastructure, and robust
cold-start performance [14-16]. However, continued reli-
ance on fossil fuels accelerates resource depletion [20, 25],
and combustion-derived pollutants remain a dominant con-
tributor to air-quality degradation. In parallel, noise and
vibration continue to motivate efficiency-focused design
improvements that reduce overall fuel consumption and, by
extension, fleet-level emissions [13, 22]. These constraints
have intensified the development of combustion concepts
that provide high efficiency without compromising regula-
tory compliance.

Gasoline direct injection (GDI) has become a key tech-
nology for modern spark-ignition powertrains because it
enables direct control of in-cylinder mixture preparation
through high-pressure fuel delivery, thereby supporting
both homogeneous and stratified operating modes [1, 2, 12,
27]. Relative to port fuel injection (PFI), GDI can improve
knock resistance through in-cylinder evaporative cooling,
enable higher compression ratios, and enhance transient
response through cycle-resolved fuel metering [3, 4]. At
part load, throttle-based premixing in conventional gasoline
engines introduces pumping losses, whereas direct injection
improves flexibility in air—fuel management and reduces

intake-port wall film formation, improving cycle-to-cycle
consistency and response to rapid load changes [4, 18, 19].

Mixture preparation in GDI engines is typically classi-
fied into homogeneous and stratified regimes, which are
realised through different spray targeting philosophies:
wall-guided, spray-guided, air-guided, and hybrid ap-
proaches [7]. Wall-guided concepts intentionally exploit
piston crown geometry to redirect spray momentum, spray-
guided strategies rely on injector—spark plug alignment and
nozzle targeting, and air-guided concepts use intake-
generated tumble and swirl to transport vapour toward the
ignition region. Although wall-guided injection is histori-
cally well established, it remains practically relevant be-
cause modern chamber design, injector hardware, and cali-
bration strategies have shifted the trade space: the same
guidance concept can yield materially different outcomes
when combined with contemporary valve events, strong
intake tumble management, and optimised SOI scheduling.
Importantly, guidance strategy and SOI timing interact
nonlinearly, because SOI controls both the residence time
for evaporation/mixing and the intensity of the flow struc-
tures that entrain the spray, while guidance determines
where the spray momentum is deposited and how robustly
the ignition region is enriched [17, 21, 26].

Recent gasoline direct injection research has increasing-
ly focused on injection timing, injector-hole geometry,
spray targeting, injection-rate shaping, injector-zone partic-
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ulate formation, and alternative oxygenated fuels. Recent
studies on direct-injection spark-ignition operation using n-
butanol and bio-butanol show that injection timing strongly
affects mixture homogeneity, combustion quality, and
trends in carbon monoxide, hydrocarbons, soot, and nitro-
gen oxides [6, 8, 9, 11]. Similarly, recent computational
work on spray-guided GDI combustion has shown that
injector type and intake boosting can significantly affect
combustion and emissions, while recent injector-zone mod-
elling studies identify local liquid films and rich zones as
important sources of particulate-related emissions in GDI
engines [10, 23, 24]. However, many of these studies exam-
ine injection timing, injector design, fuel effects, or spray
guidance individually, whereas fewer studies systematically
quantify how injection timing and injector guidance interact
under the same engine geometry, fuel delivery, combustion
model, and boundary conditions.

The present study addresses this gap by conducting
a controlled three-by-three factorial CFD investigation of
three start-of-injection timings and three injector guidance
strategies in a single GDI engine configuration. The contri-
bution is not the isolated evaluation of wall-guided, air-
guided, or spray-guided injection, but the identification of
how each guidance strategy is strengthened or weakened by
the valve-event-dependent in-cylinder flow field. The study
therefore provides three specific contributions to the state
of the art: first, it quantifies how injection timing relative to
intake-valve motion changes tumble, swirl, mixture stratifi-
cation, and liquid-fuel persistence; second, it explains why
wall-guided injection remains relevant when piston-crown
redirection is synchronised with maximum intake-induced
turbulence; and third, it identifies the combustion—emission
trade-off that results when compact heat release reduces
incomplete-combustion products but increases sensitivity to
thermal nitrogen oxide formation. This coupling-focused
analysis provides calibration-relevant guidance for preci-
sion combustion development in modern and future GDI
engines, including engines operating with gasoline-range
surrogate, oxygenated, or synthetic fuels.

2. Methodology

2.1. Engine geometry and initialization

The computational model represents a single-cylinder,
four-stroke GDI engine with Siamese intake ports. The
geometry was created in CAE software and imported in
STL format to preserve the piston crown, valve seats, and
cylinder head contours. The cylinder head employs
a domed combustion chamber with a centrally located spark
plug to support symmetric ignition kernel development in
the present configuration. The bore and stroke were each
set to 86 mm, the connecting rod length to 145 mm, and the
geometric compression ratio to 9.2:1. The engine speed was
fixed at 1000 rpm.

The bore and stroke dimensions were set to 86 mm
each, resulting in a square configuration. The connecting
rod length was set to 145 mm, and the geometric compres-
sion ratio was fixed at 9.2:1. The piston featured a shallow
bowl with offset curvature, optimized to assist charge tum-
ble and spray interaction. A centrally located spark plug
was incorporated to provide symmetrical ignition kernel

growth, a critical factor in GDI combustion. Figures 1-3
illustrate the top view, front view, and isometric projections
of the engine chamber geometry, respectively.

Fig. 1. Top view of
Siamese port GDI
engine geometry

Fig. 2. Front view of the
Siamese port GDI engine
geometry

Fig. 3. Pictorial

view of Siamese

port GDI engine
geometry

Table 1 summarizes the main engine specifications. The
valve lift profiles, shown in Tables 2-3, were modelled
according to literature values. The intake valve opened at
—370°CA and closed at —125°CA, while the exhaust valve
opened at 125°CA and closed at 370°CA. The minimum
valve lift was maintained at 0.0002 m, ensuring computa-
tional stability and realistic gas exchange.

Table 1. Specific engine configuration

Parameter Value Unit
Cylinder bore 86 mm
Stroke (2 x crank radius) 86 mm
Connecting rod length 145 mm
Crank speed 1000 rpm
Table 2. Valve lift profile configuration
Parameter Intake valve Exhaust valve
Type cyclic cyclic
Period 720.0 720.0
Direction (x, y, z) -0.421848, 0.0, 0.421848, 0.0,
0.906667 0.906667
Minimum Lift (m) 0.0002 0.0002

Table 3. Valve lift profile position of crank angle

. . Crank angle position [°CA]

Lift position (mm)
Intake valve Exhaust valve

0.0 -370.0 126
3.8x10° -369.0 127
7.6x10° -368.0 128
0.000114 -367.0 129
0.000152 —-366.0 130
0.00019 -365.0 131

The computational mesh was generated using a hybrid
polyhedral-tetrahedral scheme. Refinement zones were
applied around the injector nozzle, the spark plug, and the
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piston bowl to adequately capture spray—wall interactions
and flame front development. A moving-mesh (Arbitrary
Lagrangian—Eulerian) method was implemented to model
piston motion, maintaining consistent cell quality through-
out the full engine cycle. At intake valve closure (IVC), the
mesh was initialized with uniform thermodynamic condi-
tions: pressure = 1 atm, temperature = 298 K, velocity = 0
m/s, turbulent kinetic energy k = 1.0 m?/s% and turbulent
dissipation rate € = 164 m?%s°.

The in-cylinder gas composition was initialized with
mass fractions: O, = 0.03, N, = 0.73, CO, = 0.15, and H,0O
= 0.09, corresponding to typical stoichiometric exhaust gas
recirculation conditions. The intake port region was main-
tained at 303 K, while the exhaust manifold was initialized
with a matching composition to preserve transient gas dy-
namics.

The compression ratio was calculated using:

CR = (V4 + VIV,

where: Vy is the displacement volume and V. is the clear-
ance volume. With the given bore, stroke, and compression
ratio, the clearance volume was determined to be consistent
with experimental references in the literature [11].

This initialization strategy ensured that the model accu-
rately reproduced realistic thermodynamic states for subse-
quent spray and combustion simulations.

2.2. Fuel injection and spray modelling

Fuel injection was modelled as a high-pressure direct in-
jection event with an injection pressure of 50 bar. Each
injection delivered a mass of 4.398x107° kg of gasoline per
cycle, represented by 300,000 discrete parcels in the La-
grangian framework. The blob injection model was em-
ployed, wherein the initial droplet size corresponded to the
nozzle exit diameter.

Table 4. Events of region period in cyclic for 720-degree crank angle

Start of crank

S.no  Event Region A Region B

angle [deg]
1 Open Cylinder Intake system -370
2 Close Cylinder Intake system -125
3 Open Cylinder Exhaust system 125
4 Close Cylinder Exhaust system 370

Injection strategies were simulated for three distinct
timings relative to the intake valve operation:

alVO — injection after intake valve opening,

mIVL — injection at maximum intake valve lift, and

alVC — injection after intake valve closure.

These timings capture the transition from early homo-
geneous-charge operation to late stratified-charge opera-
tion.

Spray breakup and atomization were modelled using the
Kelvin-Helmholtz (KH) and Rayleigh-Taylor (RT) second-
ary breakup models. The governing equation for droplet
stripping under KH instability is:

dD _ 2ApgU,

dt~ 3 p D

where D is the droplet diameter, A is the KH wavelength,
pg and p; are the gas and liquid densities, and U, is the rela-
tive velocity between droplet and surrounding gas.

The RT breakup was applied when the pressure differ-
ential across the droplet surface exceeded the stabilizing
surface tension force, expressed as:

AP
a=——
p1D

where: a is droplet acceleration due to instability and AP is
the pressure difference. The KH constants were defined as:
size = 0.61, velocity = 0.188, breakup time = 7.0. RT con-
stants included: size = 0.6, time = 1.0, and length = 0.
A mass fraction of 5% was transferred from parent to child
droplets during each breakup event.

Droplet evaporation was governed by the Frossling cor-
relation:

dm
E = —T[DSh . DAB " pgln(l + BM)
where: Sh is the Sherwood number, Dag is the mass diffu-
sivity, and By, is the Spalding mass transfer number.

This comprehensive spray model captured atomization,
evaporation, and wall interaction effects essential for GDI
combustion analysis.

2.3. Combustion and emission modelling

Combustion was simulated using the SAGE detailed-
chemistry framework, which integrates finite-rate chemical
source terms into the resolved flow field to predict heat
release and the evolution of intermediate species. Iso-
octane (ICgHyg) was adopted as the gasoline surrogate fuel,
consistent with the fuel specification in Table 5. In SAGE,
the net production rate of species iii is computed from the
sum of elementary reactions, expressed generically as:

Ny

ay, 1
E = Bzvi,r T Wy

r=1

where: Y; is the mass fraction of species i, vj, is the stoichi-
ometric coefficient of species i in reaction r, and o, is the
net reaction rate given by the Arrhenius law:

E .
(l)r=A-T“-exp(—R—f;t,)l_[CjV]’r
j

with A as the pre-exponential factor, n the temperature
exponent, E, the activation energy, and C; the molar con-
centration of reactant j.

Thermal NO formation was modelled using the extend-
ed Zeldovich pathway (Table 5), and CO/UHC were re-
solved using the enabled emissions sub-models consistent
with the solver configuration.

2.4. Governing framework

The governing equations for conservation of mass, mo-
mentum, species transport, and energy were solved in con-
junction with Reynolds-Averaged Navier-Stokes (RANS)
turbulence closure. The standard k- model was selected,
offering computational robustness while capturing turbu-
lence-driven mixing. The transport equations are expressed
as:

a(pk)

He
——=+ V- (pku) = ( +—) k]+P—
ot V- (pku) V[u GkV « — PE
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e2

d(pe) 1 €
" +V%mw=vi@+gawa¢K&—Qw§

where: k is the turbulent kinetic energy, € is the dissipation
rate, y; is the turbulent viscosity, and Py is the turbulence
production term.

Heat transfer at solid boundaries was modelled using the
O’Rourke and Amsden wall function approach, where the
base distance to the wall was set equal to the full computa-
tional cell size. This ensured stable treatment of wall heat
flux in the near-wall region.

Flame front propagation was represented by iso-surfaces
of progress variable, with the turbulent flame speed St
controlling the advancement of the front:

ST=5L+U,'

where: S, is the laminar flame speed and u’ is the turbulent
velocity fluctuation derived from RANS.

2.5. Combustion model settings

The combustion and emissions settings applied in
SAGE are summarised in Table 5, including the combus-
tion temperature cut-off (600.0 K), minimum hydrocarbon
mole fraction (1x1071°), adaptive zoning (2D) with tem-
perature bin size (5.0 K) and reaction ratio bin size (0.05),
and CVODES dense-solver tolerances (relative 0.0001;
absolute 1x10714).

Table 5. Combustion modeling settings (SAGE)

Setting parameter Value
Fuel species name 1CsH 15
Temporal type SEQUENTIAL
Combustion temperature cut-off 600.0 K
Minimum HC species mole 1x1019

fraction

Surface/emissions model Surface chemistry and emissions

model enabled

Use adaptive zoning Enabled
Dimension of adaptive zoning 2
Temperature bin size 50K
Reaction ratio bin size 0.05
Generate adaptive zoning output Enabled
Use heat release mapping Enabled

Re-solve Option

Only re-solve if the temperature
changes by specified value

Re-solve temperature 20K

Use analytical Jacobian Enabled

Relative tolerance 0.0001

Absolute tolerance 1x107™

Solver CVODES with dense solver
Combustion region Cylinder
Temporal type (region) CYCLIC

Cycle period (region) 720 deg

Start time (region) -21 deg

End time (region) 150 deg

Thermal NOx model Extended Zeldovich (enabled)
Equivalence ratio 1.2

Mass scaling factor (NO to NOy) 1.533

The combustion window was restricted to —21°CA to
150°CA to represent the physically relevant ignition-to-
burn interval under the present operating condition, while
the full cycle was simulated as described in Section 2.7.
Thermal NO formation was enabled through the extended
Zeldovich model with a mass scaling factor (NO to NO,) of
1.533 and the global equivalence ratio set to ¢=1.2/phi =
1.2¢ = 1.2 (Table 5).

2.6. Spark-ignition settings

Ignition was represented using a dual-energy source
model. Two spherical ignition kernels were initialized near
the centrally located spark plug. Both sources supplied an
energy of 0.02 J, with a maximum allowable kernel temper-
ature of 5000 K to avoid nonphysical energy spikes.

Source 1: active between —20° and —19.5°CA

Source 2: active between —20° and —10°CA

This dual-source configuration ensured stable ignition
and consistent flame kernel growth. The cyclic period of
720°CA was maintained, with ignition preceding top dead
center (TDC) to allow adequate flame propagation during
the compression stroke.

2.7. Solver configuration

The simulation cycle extended from —380° to +360°CA,
covering intake, compression, power, and exhaust events.
Combustion was restricted to the period between —21°CA
and 150°CA, reflecting the physical ignition-to-burn dura-
tion. A variable time-step algorithm was employed to ensure
convergence while resolving transient chemical Kinetics.

Initial time step: 1x107° s

Minimum time step: 1x107 s

Maximum time step: 1x10™*s

The Courant-Friedrichs-Lewy (CFL) condition was en-
forced with convection = 1.0, diffusion = 2.0, and Mach
number = 50, ensuring numerical stability. Sub-cycling
parameters were applied to refine discrete physical process-
es: droplet motion = 1.5, chemical reaction = 0.5, collision
grid = 1.0, and moving boundaries = 0.5.

2.8. Pollutant formation models
Pollutant emissions were resolved through detailed sub-

models:

1. Carbon Monoxide (CO) — predicted via a three-step
global mechanism, accounting for incomplete oxidation
of hydrocarbons.

2. Unburned Hydrocarbons (UHC) — modelled through
crevice and wall-quenching sub-processes.

3. Nitric Oxide (NO) — calculated using the Extended
Zeldovich mechanism, incorporating thermal, prompt,
and N2O intermediate pathways:

O +N,— NO +N
N+0,—>NO+0
N+OH — NO +H

Soot modelling was not activated in the present study to
maintain consistency with the selected emissions sub-model
set and to focus the analysis on SOIl—guidance coupling
effects on mixture preparation, heat release, CO, UHC, and
thermal NO, formation under the specified global equiva-
lence ratio (¢=1.2/phi = 1.2¢ = 1.2).
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The selected modelling framework balances computa-
tional cost and accuracy by coupling RANS turbulence
closure with detailed chemistry. Adaptive zoning reduces
stiffness in chemical integration by dynamically refining
the spatial-temporal resolution in high-gradient regions.
The dual-energy spark strategy prevents misfire while con-
trolling maximum kernel temperatures.

The simulation setup therefore captures both laminar
flame development and turbulence-enhanced propagation,
which are essential for reproducing real GDI combustion.
Furthermore, the inclusion of global, detailed submodels for
CO, UHC, and NO provides robust predictions of regulated
emissions, directly supporting comparisons with experi-
mental data.

2.9. Validation

Validation of the computational model was undertaken
by benchmarking in-cylinder flow predictions against ex-
perimental data from the literature [2]. The focus of the
comparison was on the axial distribution of fluctuation
velocity within the cylinder, which provides a sensitive
measure of turbulence characteristics and numerical accu-
racy. In addition, a grid independence study was performed
using three discretization levels with characteristic grid
sizes of 4 mm, 6 mm, and 8 mm (Fig. 4).
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Fig. 4. Grid size study with experimental data available in literature [27]

2.10. Grid independence analysis

The simulation results reproduced the characteristic trend
of fluctuation velocity, with the highest values occurring near
—310° crank angle (DCA) across all meshes. The 8 mm grid
predicted larger velocity magnitudes, reflecting the inability
of a coarse mesh to resolve finer-scale turbulent fluctuations.
In contrast, the 4 mm mesh provided the closest agreement
with the experimental dataset, accurately reproducing both
the amplitude and location of the velocity peak.

To assess grid sensitivity quantitatively, the grid con-
vergence index (GCI) and relative error norms were com-
puted. The percentage deviation between numerical and
experimental values was determined using the following
expression:

|UCFD - Uexp| % 100

exp

%Error =

where Ucrp represents the predicted fluctuation velocity
and U,,, denotes the corresponding experimental value. The
L,norm OF the error was additionally calculated as:

N
1
N Z(UCFD,i - Uexp,i)2

i=1

L2=

with N representing the total number of data points consid-
ered along the crank angle range.

Application of these metrics revealed that the 4 mm
mesh consistently exhibited an error margin below 5%,
whereas the 6 mm and 8 mm grids showed larger devia-
tions, particularly near the velocity peak. This confirms that
the finer discretization enhances the capture of turbulent
flow structures, thereby improving model fidelity.

2.11. Flow evolution across crank angles

For validation, the simulation was performed without
combustion or fuel injection to isolate the influence of fluid
dynamics. The flow field was monitored from —360° to
—60°CA, corresponding to the compression stroke prior to
ignition. Across all grid sizes, fluctuation velocity declined
progressively as the piston approached top dead center,
with a marked decrease beyond —60°CA. This behavior
aligns with the expected damping of turbulence as the
available cylinder volume decreases during compression.

The 4 mm grid not only reproduced the trend but also
captured the exact decay rate of the velocity fluctuations,
closely matching the experimental trajectory. This high-
lights the importance of adequate spatial resolution for
predicting turbulence dissipation and verifying the temporal
evolution during the compression phase.

2.12. Selection of optimal grid and implications for CFD
framework

While finer grids inevitably increase computational
cost, the grid independence study establishes that the 4 mm
mesh provides the optimal balance between accuracy and
efficiency. Its close correspondence with experimental
measurements validates its use for all subsequent simula-
tions of mixture preparation, flame propagation, and emis-
sions modeling.

The successful validation against experimental bench-
marks and the demonstration of grid independence confirm
the robustness of the present CFD framework. By accurate-
ly capturing the fluctuation velocity field, the model en-
sures a reliable foundation for investigating injection tim-
ing, spray guidance, and combustion strategies. The fidelity
of the baseline hydrodynamic model is critical for subse-
quent predictive simulations of turbulent flame develop-
ment, pollutant formation, and combustion efficiency.

3. Results and discussion

3.1. Overview of case matrix

The comparative study evaluates nine injection configu-
rations distinguished by guidance mode — Air-Guided Injec-
tion (AG-l), Wall-Guided Injection (WG-I), and Spray-
Guided Injection (SG-I) and by start-of-injection (SOI)
timing, namely after Inlet Valve Opening (alVO), at Maxi-
mum Inlet Valve Lift (mIVL), and after Inlet Valve Closing
(alVC). This full-factorial combination yields a 3-by-3 case
matrix. All simulations were performed under identical
boundary conditions, with a constant injection pressure of
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50 bar, a total injected fuel mass of 4.398x10~° kg, and
approximately 300,000 parcels in the discrete spray model.
The global equivalence ratio was maintained at ¢ = 1.2, the
spark discharge energy was fixed at 0.02 J per source, and
the ignition timing was held at 20°CA bTDC. This con-
sistent baseline isolates the coupled influence of injector
guidance and SOI on in-cylinder mixture preparation, com-
bustion phasing, and emissions.

3.2. Fluid motion characteristics: tumble and swirl

Figures 5-7 illustrate the evolution of tumble ratios
about the X and Y axes, together with swirl ratio about the
cylinder axis, for the nine strategies. Tumble ratios charac-
terize vertical and lateral recirculation, while swirl ratio
quantifies circumferential rotation. These motions enhance
turbulence intensity and, by extension, mixing and flame
wrinkling.

The simulations reveal that mIVVL timing produces the
strongest tumble and swirl for all guidance strategies. This
outcome is consistent with the physical state of the cylin-
der: valve lift is maximized, airflow momentum peaks, and
the entrained spray is embedded in a highly energetic vor-
tex field. WG-1@mIVL produces particularly pronounced
tumble, benefiting from geometric steering of the jet onto
the piston crown, which transforms impingement into
sheet-like ligaments. AG-I@mIVL also demonstrates ro-
bust tumble, although its reliance on bulk airflow rather
than solid-surface reflection renders it more sensitive to
instantaneous vortex orientation. By contrast, SG-l@mIVL
produces weaker secondary flows because the plume pene-
trates centrally with limited interaction with the piston and
wall surfaces.

Early injections (alvVO) display moderate tumble and
swirl. Although airflow is present, the valve lift is not yet
maximal, and turbulence structures are still developing.
Late injections (alVVC) coincide with the collapse of intake-
driven motion; hence, tumble and swirl ratios are markedly
reduced. In these cases, plume-driven momentum domi-
nates, resulting in poorer entrainment of spray droplets.
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3.3. Equivalence ratio evolution

The temporal variation of equivalence ratio, shown in
Fig. 8, reflects the overall mixing of fuel vapor with air
across the engine cycle. Uniformity of equivalence ratio
distribution is crucial for ignition stability and for limiting
pollutant formation.

At alVO, the equivalence ratio fluctuates over an ex-
tended premixing interval, with mixtures gradually homog-
enizing by the time of spark at —20°CA. However, local
wall interactions introduce zones of lean and rich bias,
especially in spray-guided cases where vapor clouds remain
concentrated near the jet axis. At mIVL, equivalence ratio
distributions are notably more uniform. WG-I@mlIVL
achieves near-stoichiometric conditions in the ignition
region, supported by piston-crown redirection and strong
tumble entrainment. AG-1@mIVL also delivers consistent
mixtures but is somewhat more cycle-sensitive. SG-I
@mlVL, while improved relative to alVO, retains slightly
higher spatial variance, producing localized rich kernels
near the spark.

The alVC injections exhibit the least favorable evolu-
tion of the equivalence ratio. The short residence time on
the order of 17.5 ms at 1000 rpm restricts mixing, and the
decay of turbulence further hampers distribution. Rich
vapor zones persist near the injection site, while lean re-
gions occur elsewhere, increasing the risk of misfire and
incomplete combustion.

3.4. Liquid spray mass

The evolution of liquid-phase spray mass is presented in
Fig. 9. For alVO cases, liquid mass appears earliest and
persists over a long crank-angle duration, consistent with
the long premixing window of ~58.3 ms before spark. Over
time, evaporation reduces the mass, though residual wall
films may remain. mIVL injections show mid-length persis-
tence, typically ~35 ms before spark, with efficient atomi-
zation and evaporation. The liquid mass curve for WG-I
@mIVL decays more rapidly than for AG-I@mIVL or SG-I
@mIVL, confirming that wall interactions enhance sheet
breakup and droplet surface area.

By contrast, al\VVC injections exhibit the shortest persis-
tence. The injection occurs only ~17.5 ms before spark, so
the liquid spray is visible late in the cycle, with limited time
for vaporization. While peak liquid mass is lower, localized
stratification is higher because droplets and vapor remain
concentrated near the jet axis. SG-1@alVC retains liquid
near the ignition timing, a source of instability and poor
repeatability.
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3.5. Temporal fuel-air mixture formation

Tables 6-8 provide contour shapshots of the equiva-
lence ratio distribution for the three SOI timings across all
guidance modes. Red regions correspond to fuel-rich zones,
while blue regions indicate lean mixtures.

For alVO (Table 6), early stratification dominates, with
Air- and Wall-Guided injections producing moderately rich
cores that disperse gradually. Turbulence and valve-induced

flows assist in transport, but mixture uniformity near igni-
tion remains incomplete. In mIVL cases (Table 7), mixture
quality improves significantly. WG-1@mIVL shows a cen-
trally stratified, well-mixed mixture near the spark plug,
ideal for stable ignition under slightly lean or stoichiometric
conditions. SG-lI@mIVL, however, creates locally rich
patches, visible as persistent red regions, which may affect
the consistency of flame propagation.

Table 6. Temporal fuel mixture at SOI after inlet valve opening

Crank angle

[°CA] Air guide fuel injection

Wall guide fuel injection

Spray guide fuel injection Direction and color indices

-367

> __ .

-337

-307

=277

—247

-125

-10

6

10

I R

COMBUSTION ENGINES, 0000; XXX(X)



Synergy between the start of fuel injection and injector guidance for precision combustion in GDI engines using CFD tools

Table 7. Temporal fuel mixture at SOl maximum intake valve lift

Crank angle L I . A . S Direction and color
[°CA] Air guide fuel injection Wall guide fuel injection Spray guide fuel injection indices
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Late injection alVC (Table 8) leads to poor mixing
across all strategies. Fuel-rich pockets remain highly local-
ized, particularly in SG-I@alVC, where vapor accumulates
near the spark. Air-Guided injection fares slightly better by

distributing vapor through residual airflow, but overall
mixture quality is degraded compared to alVVO and mIVL.

Colour scale: equivalence ratio, ¢ (-); red indicates fuel-
rich regions, blue indicates lean regions. Colour scale: tem-
perature, T (K).
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Table 8. Temporal fuel mixture at SOI after intake valve closing

Crank angle L I . R . R Direction and color
[°CA] Air guide fuel injection Wall guide fuel injection Spray guide fuel injection indices
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3.6. In-cylinder pressure development

Figure 10 presents the variation of in-cylinder pressure
with crank angle for all nine injection strategies. The pres-
sure traces reflect not only the timing of ignition and flame
propagation but also the degree of mixture uniformity and
completeness of combustion.

The results show that mIVL injections — specifically
WG-1@mIVL and AG-1@mIVL — produce the most favor-
able pressure development. Both strategies exhibit early,
steep pressure rises, culminating in high peak pressures
indicative of rapid, complete combustion. WG-1@mIVL
delivers the sharpest and highest peak, confirming its supe-
rior mixture preparation and kernel development. The wall

guidance redirects the spray, ensuring stoichiometric condi-
tions near the spark and reducing wall-film persistence,
resulting in efficient burn phasing.

In contrast, alVO strategies show a more gradual pres-
sure rise. Although early injection allows long residence
time (around 58.3 ms), excessive interaction with walls and
valve flows reduces local charge stratification near the
spark. This leads to slower flame propagation, manifesting
as smoother but delayed pressure development.

The alVC injections present the most unfavorable pres-
sure evolution. SG-1@alVC demonstrates significantly
delayed and reduced pressure peaks, symptomatic of in-
complete combustion. Limited mixing time (about 17.5 ms)
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and reduced turbulence prevent thorough vapor—air interac-
tion, leading to persistent, localized rich pockets. Even
though bulk gas temperatures are higher at injection onset,
the restricted transport window undermines overall com-
bustion quality.
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Fig. 10. Temporal variation of in-cylinder pressure

3.7. In-cylinder temperature evolution

Figure 11 illustrates the temporal evolution of in-
cylinder temperature for the nine cases. Temperature rise is
strongly correlated with heat release rate and, indirectly,
with pressure development.

The data show that WG-1@mIVL achieves the highest
peak temperatures, followed closely by AG-l@mIVL. Ele-
vated temperatures persist throughout the expansion stroke,
confirming that energy release was both rapid and well-
phased with piston motion. This sustained thermal profile
translates into superior indicated work and efficiency.

The alVO cases exhibit intermediate peak temperatures.
Early mixing produces a relatively homogeneous charge,
but the broad distribution of droplets and potential wall
cooling effects dampen thermal intensity. Still, combustion
remains efficient, and post-ignition temperatures remain
moderate.

The alVC strategies display the lowest peak tempera-
tures. SG-1@alVC struggles to achieve high values due to
poor ignition and delayed combustion. While residual fuel-
rich regions eventually burn, they do so late in the cycle,
when expansion has already reduced the potential pressure
and temperature. As a result, both peak temperatures and
post-combustion thermal retention are diminished.
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Fig. 11. Temporal variation of temperature

3.8. Heat release rate

Figure 12 shows the temporal heat release rate, which
provides direct insight into combustion intensity and phas-
ing. Among all cases, WG-1@mIVL exhibits the sharpest

and highest HRR peak, corresponding to rapid combustion
immediately following spark discharge. The narrow and
well-centered HRR curve indicates compact combustion
phasing, maximizing thermal-to-mechanical energy conver-
sion.

AG-lI@mIVL also delivers strong HRR, although the
peak is slightly lower and broader than that of WG-I
@mIVL. This suggests good, but less consistent, stratifica-
tion near the spark, resulting in a marginally longer burn
duration.

The alVO strategies produce lower, more distributed
HRR peaks. Their extended premixing time ensures homo-
geneous combustion, but at the cost of longer burn duration
and reduced phasing efficiency.

By contrast, the alVVC cases exhibit weak, delayed HRR
curves. The lowest amplitude and longest duration are seen
in SG-1@alVC, confirming its inferior mixture preparation
and incomplete oxidation. These characteristics align with
its pressure and temperature deficits (Fig. 10 and Fig. 11).
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Fig. 12. Temporal variation of heat release rate

3.9. Spatial temperature distributions

Tables 9-11 illustrate temporal temperature fields for
alVO, mIVL, and alVC strategies, respectively. The distri-
butions highlight how injection timing and guidance influ-
ence flame spread and thermal uniformity.

For alvVO (Table 9), temperature fields are relatively
broad but less intense, reflecting distributed combustion
from a largely homogeneous charge. Local hot spots are
minimized, but overall peak temperatures remain moderate.

In mIVVL cases (Table 10), temperature distributions are
more concentrated and elevated. WG-1@mIVL shows uni-
formly high thermal regions across the chamber, indicating
efficient combustion propagation. This uniformity is espe-
cially important for reducing incomplete combustion. SG-I
@mIVL, while delivering higher temperatures than alVVO,
exhibits localized zones of elevated heat, signaling less
efficient mixture distribution.

The alVVC strategies (Table 11) produce uneven temper-
ature fields. Rich pockets ignite late, forming localized
high-temperature spots surrounded by colder regions. This
heterogeneity contributes to elevated unburned hydrocar-
bons (UHCs) and carbon monoxide (CO), as well as in-
creased risk of knock if localized pressures spike.
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Table 9. Temporal temperature distribution at SOI after inlet valve opening

Crank angle L - . - . A Direction and color
[°CA] Air guide fuel injection Wall guide fuel injection Spray guide fuel injection indices
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Table 10. Temporal temperature distribution at SOI after maximum inlet valve lift

Crank angle [°CA] Air guide fuel injection Wall guide fuel injection Spray guide fuel injection Dlrectilggisgg color
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3.10. Carbon monoxide emissions

Figure 13 presents CO emissions. The lowest CO levels
are achieved with WG-1@mIVL, consistent with its high
combustion completeness and favorable HRR profile. AG-I
@mIVL also performs well, though slightly higher CO
levels reflect less effective stratification.

The alVO strategies achieve intermediate CO levels.
Their broader combustion event consumes most of the fuel

but leaves small amounts of residual CO due to extended
flame quenching near walls.

alVC injections yield the highest CO emissions, particu-
larly SG-1@alVC, which demonstrates substantial incom-
plete oxidation. The lack of time for vapor dispersion re-
sults in over-rich zones that burn inefficiently, producing
carbon monoxide as the dominant by-product.
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Table 11. Temporal temperature distribution at SOl after inlet valve clos-

ing

Crank
angle in

degree

Air Guide Fuel
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Direction
and Color
Indices

-20
-15

z
-10
X
3000
2700
2400
2100
5 1800
1500
1200
200

600
300

L}’

10

15

20

30

120000
[ Lo

<

COin ppm

PR A CRNRE T s i R A S
-100 o 100 200 300 400 [} 100 R K] 400
Crank angle in degree Crank angle in degree

Fig. 13. Temporal variation of carbon monoxide

3.11. Nitrogen oxide (NOy) emissions

The NOx emissions, depicted in Fig. 14, are governed
primarily by temperature and residence time at high tem-
peratures. WG-I@mIVL and AG-I@mlIVL produce the
highest peak temperatures (Fig. 11), suggesting strong NO
formation potential. However, because these cases feature
compact HRR and earlier combustion phasing, the resi-
dence time at elevated temperature is relatively short. As
a result, integrated NOy levels remain moderate.

In contrast, SG-I@alVC exhibits significant NOx emis-
sions despite lower global temperatures. This arises from
localized hot spots in stratified zones, where pockets of
near-stoichiometric vapor undergo extended burning. These
conditions sustain high local thermal loads, promoting NO,
even as bulk combustion quality is poor.

The alVO cases show relatively balanced NOx output.
Early premixing distributes heat release across the chamber,
preventing excessive local temperatures while sustaining
high-temperature residence times, thereby producing mod-
erate levels of NOx.

3.12. Unburned hydrocarbons (HC)

The temporal evolution of unburned hydrocarbon emis-
sions is shown in Fig. 15. These results are a sensitive indi-
cator of mixture preparation, flame propagation efficiency,
and quenching effects.

The WG-I@mIVL configuration achieves the lowest
HC levels among all cases. Its superior mixture uniformity
(Table 7) and concentrated temperature field (Table 10)
minimize wall quenching and residual fuel pockets, ena-
bling near-complete oxidation. AG-I@mIVL follows close-
ly, producing slightly higher HC emissions due to less con-
sistent guidance of the spray plume, which occasionally
allows minor regions of poor fuel-air interaction.

The alVO cases show moderate HC emissions. Alt-
hough long residence time facilitates vaporization, the ex-
tended distribution of liquid fuel increases the probability
of wall films forming in piston crevices and near the cylin-
der liner. These films evaporate late or not at all, contrib-
uting to higher HC emissions.

The highest HC levels are found in alVC strategies,
with SG-I@alVC being the most unfavorable. Limited
premixing time (~17.5 ms before spark) leaves substantial
fuel-rich zones that burn incompletely. This localized com-
bustion results in poor flame penetration and persistent
hydrocarbons in the exhaust stream.
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Fig. 15. Temporal variation of unburnt hydrocarbon

3.13. Carbon dioxide

Figure 16 illustrates CO2 emissions, which serve as a di-
rect measure of combustion completeness. The WG-I
@mIVL strategy yields the highest CO: concentrations,
confirming its superior oxidation efficiency and energy
release. Elevated CO: levels indicate that nearly all carbon
atoms in the fuel were fully oxidized.
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Fig. 16. Temporal variation of carbon dioxide

AG-I@mIVL also shows strong CO. emissions, albeit
marginally lower than wall guidance. The slight reduction
corresponds to small inefficiencies in stratification and
localized incomplete combustion.

In contrast, alVO cases produce moderate CO., reflect-
ing the balance between broad vapor dispersion and wall-
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Fig. 14. Temporal variation of nitrogen oxides
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film quenching. Although the overall combustion is rela-
tively complete, not all injected fuel is fully oxidized.

The lowest CO2 emissions occur with aIVC strategies,
particularly SG-l@alVC, which produces weak and seg-
mented combustion (Fig. 12). Here, a significant fraction of
fuel carbon remains in partially oxidized species such as
CO and UHC, resulting in reduced CO:s- yield.

3.14. Synthesis of combustion-emission trade-offs

The combined analysis of Fig. 5-16 and Tables 6-11
demonstrates the decisive influence of synchronizing injec-
tor guidance with start-of-injection (SOI) timing. Among
the nine configurations examined, Wall-Guided Injection at
Maximum Inlet Valve Lift (WG-I@mIVL) consistently
achieved the most favorable balance of combustion and
emission performance. This strategy produced the highest
in-cylinder pressure (Fig. 10) and temperature (Fig. 11),
coupled with the sharpest and most compact heat release
rate (HRR) peak (Fig. 12). Furthermore, it yielded a uni-
form thermal distribution (Table 10), minimized carbon
monoxide (CO, Fig. 13) and unburned hydrocarbon (HC,
Fig. 15) formation, and generated the highest carbon diox-
ide (CO-, Fig. 16), which is a direct indicator of complete
oxidation. Although nitrogen oxides (NOy, Fig. 14) were
present due to elevated peak temperatures, their formation
was moderated by the compact burn duration characteristic
of this strategy.

Air-guided injection at mIVL (AG-I@mlIVL) also dis-
played robust performance, with turbulence-driven en-
trainment supporting effective fuel-air interaction and oxi-
dation. The observed sensitivity of combustion outcomes to
the alignment of SOI with intake-driven flow structures is
consistent with the broader GDI literature emphasizing
injection phasing as a primary lever for mixture preparation
and combustion stability [3, 7, 12]. However, many prior
studies evaluate SOI effects without simultaneously varying
injector targeting philosophy, or they report guidance ef-
fects under a fixed SOI schedule. The present results show
that the effectiveness of any guidance concept depends on
whether injection occurs during a high-tumble/high-
entrainment window (mIVL) or during the decay of intake-
generated motion (alVC). This coupling explains why the
wall-guided strategy — although historically established —
remains advantageous under certain phasing conditions:
piston-surface redirection enhances breakup and entrain-
ment when the surrounding flow field can transport and
homogenise the resulting droplet fragments. Conversely,
late SOI reduces the utility of guidance because the flow
field lacks sufficient kinetic energy to distribute vapour and
suppress locally rich pockets, leading to incomplete oxida-
tion and elevated CO/UHC, consistent with injection-
pattern and spray-development sensitivities reported in
injector dynamics studies [21, 22, 25, 26]. In this sense, the
study advances current understanding by quantifying the
combined SOl-guidance dependency under controlled
conditions, thereby providing calibration-relevant evidence
for synchronizing injector targeting with valve-event-driven
flow evolution.

In contrast, late injection strategies (alVVC) were funda-
mentally disadvantaged. With only ~17.5 ms of premixing
time available before ignition and significantly reduced

turbulence intensity, these cases consistently delivered low
pressure, reduced peak temperatures, and weak HRR pro-
files. The mixture quality was poor, resulting in incomplete
combustion and elevated CO and HC emissions. Among
these, Spray-Guided Injection at alVC (SG-1@alVC)
emerged as the least favorable, with incomplete combus-
tion, localized hot spots, and markedly poor overall effi-
ciency. Collectively, these observations confirm that the
most effective combustion in GDI engines requires the
synchronization of injector guidance with valve dynamics,
with wall-guided injection at peak intake lift providing the
optimal combination of mixture preparation, phasing, and
emissions control.

Fig. 17. Comparative summary radar: SOI-Injector Guidance (normalized scores)
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Fig. 17. Comparative summary

3.15. Practical implications

The present findings are consistent with previous stud-
ies showing that earlier injection generally improves evapo-
ration and mixture homogeneity by increasing the available
mixing time before ignition. Recent direct-injection spark-
ignition simulations using n-butanol reported that injection
timing strongly affects in-cylinder flow, mixture formation,
combustion quality, and emissions, with longer mixing
duration improving charge preparation but influencing
nitrogen oxide formation through temperature changes. The
present results support this general trend because the alVO
cases provide extended premixing and moderate combus-
tion behaviour, whereas alVVC cases suffer from insufficient
residence time, poor vapour distribution, and elevated in-
complete-combustion products.

However, the present work also shows that longer mix-
ing time alone does not guarantee optimum combustion.
The best case was obtained when injection occurred at
maximum intake valve lift, where intake-driven turbulence
was strongest and the spray could be entrained into an en-
ergetic tumble field. This explains why the mIVL cases,
particularly wall-guided injection at milVL, produced
stronger pressure development, more compact heat release,
and lower carbon monoxide and hydrocarbon formation
than the late-injection cases. The result extends earlier SOI-
focused studies by showing that the benefit of injection
timing depends strongly on the guidance strategy and the
instantaneous flow structure inside the cylinder.
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The findings also agree with recent injector-focused
GDI studies showing that injector configuration and spray
targeting modify combustion and emissions by altering
stratification, wall interaction, and fuel-air preparation. In
the present case, spray-guided injection was less effective at
late timing because the plume remained locally concentrat-
ed and had insufficient time to mix before spark ignition.
This behaviour is consistent with injector-zone and wall-
film studies that identify fuel-rich liquid or vapour regions
as important contributors to incomplete combustion and
particulate-related emission pathways.

Therefore, the present study advances the current under-
standing by demonstrating that SOI and injector guidance
should not be treated as independent calibration variables.
The main contribution is the identification of a coupled
optimum: wall-guided injection becomes most effective
when piston-crown redirection is synchronised with maxi-
mum intake-valve-induced turbulence, while the same
guidance concept becomes less beneficial when the sur-
rounding flow field has decayed. This explains the superior
performance of wall-guided injection at maximum intake
valve lift and the poor performance of spray-guided injec-
tion after intake valve closing.

3.16. Limitations and scope for future work

Although the present simulations provided comprehen-
sive insights, several limitations must be acknowledged. All
cases were performed under controlled baseline conditions,
with fixed injection pressure (50 bar), injected mass
(4.398x107° kg), spark timing (—20° crank angle bTDC),
and global equivalence ratio (¢ = 1.2). These constraints
effectively isolated the roles of SOI and injector guidance;
however, real-world engines operate across wider regimes
that include variable fueling, multipulse injection strategies,
transient thermal boundary conditions, and higher rotational
speeds. Future extensions should therefore evaluate multi-
cycle variability and engine load transitions to establish
broader applicability.

Additionally, soot modeling was omitted because the
present study focused on lean operation where particulate
formation is minimal. Extending simulations to stratified-
rich modes would allow a deeper understanding of particu-
late matter formation mechanisms and their trade-offs with
NOxy reduction. Injector design variations — including nozzle
hole count, distribution, and spray cone angle — should also
be investigated, as these parameters can influence fuel
breakup and chamber interaction. Furthermore, piston
crown geometries optimized for spray deflection could
amplify the benefits of wall-guided strategies. Finally,
coupling the computational results with experimental opti-
cal diagnostics, such as high-speed imaging of spray-air
interaction and flame kernel development, would provide
essential validation and enhance confidence in the model
fidelity.

3.17. Concluding remarks on results

The systematic evaluation of nine GDI injection strate-
gies confirms that wall-guided injection at maximum intake
valve lift (WG-1@mIVL) offers the best balance between
efficiency and emissions. This configuration ensured strong
tumble-driven entrainment, a near-stoichiometric equiva-

lence ratio at the spark plug, compact and efficient heat
release, and elevated in-cylinder pressure and temperature,
all of which supported superior oxidation efficiency. The
emission trends corroborated this advantage, with WG-I
@mIVL achieving high CO: output accompanied by mini-
mal CO and HC formation.

Air-guided injection at mIVVL offered comparable per-
formance, particularly in terms of turbulence-driven mix-
ing, but greater variability limited its robustness. Converse-
ly, spray-guided injection at late timings consistently un-
derperformed, delivering poor mixture stratification, de-
layed combustion, and excessive pollutant formation. The
overarching conclusion is that injector guidance and SOI
timing must be tuned jointly rather than considered inde-
pendently. Their coupled effects determine mixture prepa-
ration, flame propagation, and pollutant formation, making
them critical levers in the pursuit of precision combustion
strategies for next-generation gasoline direct-injection en-
gines.

4. Conclusions

This study has examined the coupled influence of injec-
tor guidance strategies and start-of-injection (SOI) timing
on mixture preparation, combustion phasing, and emissions
in a gasoline direct injection (GDI) engine using a validated
CFD framework. Nine distinct configurations were investi-
gated, encompassing air-guided, wall-guided, and spray-
guided injection orientations at three SOI timings: after
inlet valve opening (alvVO), maximum inlet valve lift
(mIVL), and after inlet valve closing (alVC). The results
consistently revealed that optimal combustion is governed
not by either parameter in isolation but by their combined
effect on spray—air interaction and charge stratification.

Among the strategies evaluated, Wall-Guided Injection
at Maximum Inlet Valve Lift (WG-I@mIVL) emerged as
the most effective configuration. This approach exploited
piston crown geometry to redirect spray momentum toward
the chamber center while leveraging maximum intake-
induced turbulence. As a result, WG-1@mIVL achieved the
highest in-cylinder pressure and temperature, the sharpest
and most compact heat release rate, and a uniformly dis-
tributed thermal field. These characteristics promoted rapid
ignition and stable flame propagation. In terms of emis-
sions, this strategy minimized carbon monoxide and un-
burned hydrocarbons, elevated carbon dioxide output indic-
ative of efficient oxidation, and moderated nitrogen oxide
formation despite high peak temperatures, owing to the
short burn duration. Collectively, WG-1@mIVL balanced
mixture homogeneity with local stratification in a manner
that optimized both efficiency and environmental perfor-
mance.

Air-guided injection at mIVL also demonstrated strong
performance. The turbulence-driven entrainment produced
efficient oxidation and competitive pressure—temperature
development. However, its reliance on airflow rather than
geometric guidance introduced greater cycle-to-cycle varia-
bility. Early injection strategies (alVO) benefited from
extended premixing intervals, approximately 58.3 ms at
1000 rpm, leading to relatively homogeneous charges and
distributed temperature fields. This reduced NOy formation
but increased wall-film deposition risks and prolonged
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combustion, which elevated CO and HC emissions com-
pared to WG-I@mIVL.

Late injection cases (alVVC) were consistently disadvan-
taged. With only ~17.5 ms of premixing time and weakened
turbulence, these strategies produced lower pressure and
temperature, weak heat release rates, and poor mixture
quality. Incomplete combustion followed, resulting in high
CO and HC emissions. Spray-Guided Injection at alVC
performed worst, combining localized hot spots with high
pollutant levels and overall reduced efficiency. These ob-
servations demonstrate that injection strategies aligned with
valve dynamics are critical; when spray and airflow syner-
gies are absent, combustion quality deteriorates substantially.

The synthesis of results underscores three key mechanis-
tic insights. First, mixture uniformity and stratification are
dictated by the interaction of injection timing with intake-
driven tumble. Mid-phase injection maximizes turbulence
utilization, whereas late injection suppresses it. Second, ge-
ometric redirection through wall guidance provides a reliable
means of steering the spray without excessive wall impinge-
ment, contrary to common concerns. Third, pollutant for-
mation is strongly correlated with combustion phasing: com-
pact heat release limits NOy despite high peak temperatures,
while complete oxidation minimizes CO and HC.

From a practical standpoint, these findings have impli-
cations for injector design and control calibration. Injector
orientation must be optimized with piston crown geometry
to guide the spray effectively, and SOI should coincide with
maximum valve lift to ensure residence times on the order
of ~35 ms before spark. Although WG-I@mIVL increases
thermal loads that may elevate NO, under high-load condi-
tions, mitigation strategies such as cooled exhaust gas recir-
culation or minor spark retardation can alleviate this with-
out eroding efficiency. Conversely, late-injection modes are
unsuitable for homogeneous operation and may be relevant
only in specialized stratified-charge regimes that require
alternative chamber geometries.

The present analysis, while comprehensive, was con-
ducted under controlled baseline conditions with fixed
injection pressure (50 bar), injected mass (4.398x107° kg),
spark timing (20°CA bTDC), and equivalence ratio (¢ =

1.2). These constraints isolated the effects of SOI and injec-
tor guidance but did not address transient load variation,
multipulse injection, or higher engine speeds. Moreover,
soot modeling was excluded under lean operation. Future
studies should extend this framework to stratified-rich con-
ditions, explore variations in injector design, and couple
CFD predictions with optical diagnostics to directly capture
spray—air and flame interactions.

Ultimately, the investigation confirms that the synergy
of injector guidance and SOI timing is the principal deter-
minant of combustion efficiency and emission control in
GDI engines. Wall-Guided Injection at Maximum Inlet
Valve Lift provides the most favorable balance of pressure,
temperature, heat release, and pollutant suppression. The
results emphasize that injector orientation and timing must
be optimized jointly rather than independently. This insight
provides a foundation for precision combustion strategies
aimed at achieving both high efficiency and compliance
with increasingly stringent emission regulations, reinforc-
ing the relevance of GDI technology in next-generation
spark-ignition powertrains.
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