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Abstract: Compression ignition engines are widely recognized for their reliability and effi-
ciency, remaining essential for transportation and power generation despite the transition
toward sustainable energy solutions. This study employs ANSYS Forte to analyze the com-
bustion and performance characteristics of a direct-injection, single-cylinder, four-stroke
engine fueled with an n-heptane-based diesel surrogate. The investigation considers vary-
ing SOI timings (—32.5°, —27.5°, —22.5°, and —17.5° BTDC) and EGR rates (0%, 15%, 30%,
45%, and 60%). The simulation incorporates the RNG k-¢ turbulence model, the power-law
combustion model, and the KH-RT spray breakup model. The results indicate that the
optimal peak pressure and temperature occur at an SOI of —22.5° BTDC with 0% EGR.
Advancing SOI enhances oxidation, reducing NOx and CO emissions but increasing UHC
due to delayed fuel-air mixing. Higher EGR rates lower in-cylinder pressure, temperature,
HRR, and NOx emissions while elevating CO and UHC levels due to oxygen depletion
and incomplete combustion. These findings highlight the trade-offs between combustion
efficiency and emissions, emphasizing the need for optimized SOI and EGR strategies to
achieve balanced engine performance.

Keywords: IC engine; engine performance; exhaust emission; numerical analysis; FORTE

1. Introduction

Internal combustion engines have long been the dominant power source in the trans-
portation sector, with hydrocarbons serving as the primary fuel for over a century. The
increasing demand for heavy-duty vehicles is expected to drive diesel consumption at a
higher rate than gasoline. However, advancements in engine efficiency—achieved through
downsizing, turbocharging, and reductions in vehicle weight—are anticipated to mitigate
the growth in gasoline consumption [1]. The rapid expansion of the automotive industry
and the rising number of vehicles have significantly contributed to elevated exhaust gas
emissions, exacerbating environmental concerns and accelerating the depletion of fossil
fuel reserves [2,3]. In response to stringent emissions regulations and the growing emphasis
on ecological sustainability, the engine industry has intensified research into alternative
energy sources for next-generation powertrains [4,5].

Combustion characteristics and emission profiles are largely dictated by engine design
and operational parameters, such as pressure dynamics, fuel spray models, and injection
timing, which play a pivotal role in overall engine performance [6,7]. To address future de-
mands for high-efficiency and low-emission combustion systems, researchers have explored
various advanced combustion strategies. Among these, low-temperature combustion (LTC)
has emerged as a promising approach, integrating several modern combustion techniques
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to achieve significant NOx reductions. However, LTC requires a high activation energy
threshold, posing challenges in its practical implementation [8,9].

In the automotive sector, exhaust gas recirculation (EGR) has gained popularity due to
its ability to significantly lower engine emissions, especially NOx emissions, a dangerous
environmental pollutant that must be minimized [10,11]. Part of the engine’s exhaust
gasses is diverted and reintroduced into the intake mechanism to properly dilute the
entering air-fuel mixture [12]. Instead of depending exclusively on aftertreatment systems,
this strategy seeks to reduce pollutant production during the combustion process, which
has been investigated as an alternative to conventional post-treatment techniques [13].
Recirculation of exhaust gasses has been widely recognized as an effective strategy for
reducing engine emissions. By introducing recirculated exhaust gasses into the intake
air, the overall oxygen concentration is reduced, leading to a lower peak combustion
temperature [12]. Since NOx formation is highly temperature-dependent, this reduction in
peak temperature significantly inhibits its production [13]. The primary objective of the
EGR system is not only to decrease combustion temperatures but also to ensure they remain
below 1500 °C (1750 K), a critical threshold beyond which NOx formation occurs through
a chain reaction mechanism. By maintaining combustion temperatures below this limit,
EGR effectively mitigates NOx emissions while contributing to improved environmental
performance. Moreover, adding ineffective exhaust gasses to the blend of air and fuel
can produce more uniform combustion surroundings, which may help lower particulate
matter and other controlled pollutants that are generally linked to concentrated regions of
higher temperatures and substantial air-fuel proportions [12,14]. The EGR has been widely
recognized for its ability to enhance engine efficiency while significantly reducing NOx
emissions. As the EGR rate increases, NOx emissions decrease due to lower combustion
temperatures, contributing to improved environmental performance [11,15,16]. However,
several studies have reported that EGR reduces the oxygen concentration in the intake
air, leading to incomplete combustion and a marginal decline in brake power and brake
thermal efficiency [17]. Additionally, the increased presence of inert gasses within the
combustion chamber elevates specific fuel consumption [18]. Nevertheless, recent research
indicates that optimizing EGR rates and incorporating alternative fuels can effectively
counteract efficiency losses while maintaining the NOx reduction benefits [19].

The combustion and performance characteristics of an engine are profoundly influ-
enced by the timing of fuel injection, commonly referred to as the start of injection (SOI).
Modifying the timing of both main and pilot injections significantly affects engine efficiency
as well as emissions of carbon monoxide (CO), nitrogen oxides (NOx), and unburned
hydrocarbons (HCs), as it alters multiple aspects of combustion dynamics [20]. One of the
primary advantages of direct fuel injection over conventional port-fuel injection systems
is the precise control it offers over injection timing, enabling more effective regulation
of fuel-air mixture formation and combustion processes [21]. Additionally, variations in
injection angles have been shown to influence combustion temperature and in-cylinder
pressure, further impacting emissions of HC, NOx, and CO [22].

Direct injection technology provides several key benefits, including enhanced volumet-
ric efficiency, reduced heat losses, and the ability to operate at higher compression ratios,
all of which contribute to improved engine performance and fuel efficiency. As a result,
the optimization of fuel injection strategies has become a critical research area for both
academics and original equipment manufacturers (OEMs). Particular attention has been
given to leveraging direct injection for advanced combustion techniques, such as stratified
charge direct injection, which aim to maximize efficiency while minimizing pollutant for-
mation [23]. The precise timing of fuel injection plays a crucial role in shaping combustion
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behavior by influencing fuel spray dispersion, turbulence interactions, and in-cylinder air
motion, all of which directly impact combustion efficiency and emissions [23].

A comprehensive understanding of in-cylinder flow dynamics and fuel-air mixture
formation is essential for optimizing combustion characteristics and minimizing emis-
sions [24]. While blending alternative fuels with diesel or gasoline can effectively reduce
emissions, it often results in a slight compromise in brake power output [25]. Diesel and
gasoline fuels consist of hundreds of chemical compounds, making it impractical to model
their combustion behavior with a complete reaction mechanism (RM) that accounts for
all chemical species. This challenge extends to diesel substitutes as well. Consequently,
surrogate fuels—simplified fuel models that emulate the key physicochemical properties of
real fuels—are widely used to facilitate combustion research [24].

Single-component surrogates such as n-dodecane and n-heptane are well-characterized
in terms of their physicochemical properties, making them valuable in studies related to
spray atomization, chemical kinetic modeling, and combustion simulation [26]. In nu-
merous combustion investigations, an n-heptane-based surrogate has been widely used
to reproduce the characteristics of diesel fuel and has generated a great deal of scientific
interest. Diesel fuel combustion’s varied characteristics can lead to unfavorable engine
performance and adverse environmental consequences, including loud knocking and high
emissions of particulate matter and nitrogen oxides [27]. An n-heptane-based surrogate is
widely accepted for diesel engine simulations due to its well-defined combustion character-
istics, simplified chemical kinetics, and computational efficiency [28]. Diesel is a complex
mixture of hydrocarbons, making multi-component surrogates more representative but
computationally demanding. n-heptane (C7H;4) provides a practical alternative by closely
approximating key diesel combustion properties such as autoignition delay and ignition
temperature [29]. With a cetane number of approximately 56, it effectively replicates igni-
tion behavior, making it useful for autoignition and combustion studies [30]. Furthermore,
its well-documented chemical reaction mechanisms enable reduced kinetic models, al-
lowing for faster, more accurate numerical simulations compared to multi-component
surrogates, which require solving intricate reaction pathways [31]. Despite these advan-
tages, n-heptane has notable limitations, primarily its inability to capture the aromatic
and cycloalkane components of real diesel, leading to discrepancies in soot formation and
emissions predictions [32]. Additionally, unlike diesel fuels, which exhibit a distribution of
ignition delays due to their diverse hydrocarbon composition, n-heptane follows a single
ignition delay behavior, making multi-component surrogates more suitable for advanced
combustion strategies like low-temperature combustion [33]. While these limitations re-
strict its applicability for precise emissions modeling, n-heptane remains highly valuable in
engineering applications where computational efficiency and fundamental ignition studies
are prioritized. It is widely employed in computational fluid dynamics (CFD) simulations
and chemical kinetics modeling due to its well-established reaction mechanisms and its
ability to approximate ignition delay and flame propagation under high-pressure diesel
engine conditions [30]. However, for real-world diesel performance optimization and emis-
sions analysis, more complex surrogates incorporating aromatics and cycloalkanes may be
preferable [34]. Despite this, n-heptane remains a practical and widely accepted surrogate
for diesel engine simulations, particularly when prioritizing computational efficiency and
fundamental combustion studies. This numerical study aims to analyze the behavior of a
diesel engine under varying SOI timing and EGR conditions while ensuring computational
efficiency by using n-heptane-based surrogate fuel.

The study considers EGR levels from 0% to 60% to comprehensively evaluate its
impact on combustion characteristics and emissions. While excessive EGR (>45%) can in-
troduce combustion instability due to oxygen dilution and lower in-cylinder temperatures,
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investigating a wide range of EGR rates provides valuable insights into the transition from
stable to unstable combustion regimes [35,36]. Additionally, high EGR rates significantly
influence HC and CO emissions due to incomplete oxidation, making it essential to quantify
the trade-offs between NOx reduction and combustion efficiency [37]. By extending the
analysis up to 60% EGR, this study aims to establish critical limits beyond which combus-
tion performance deteriorates, contributing to a more comprehensive understanding of the
practical feasibility of high EGR applications in diesel engines.

CFD simulation has been used to continue the analysis since numerical analysis has
become a valuable tool for studying and developing engine control techniques because
of its greater flexibility and cheaper cost. It plays a crucial role in combustion research by
providing insights into complex processes such as fluid flow, heat transfer, and chemical
reactions [38]. The simulation used ANSYS 2022 R1 Forte, one of the most excellent
tools for analyzing engine efficiency and emissions, to make optimization decisions [39].
This application can be used to analyze several engine data, including temperature, fuel
consumption, in-cylinder pressure, and emissions of HC, NOx, and CO. This software
simulates internal combustion engine combustion procedures by combining liquid fuel
spray, turbulent gas dynamics, and comprehensive chemical kinetics in a highly effective
way [40].

2. Materials and Methods
2.1. Simulation Setup

The operation of an IC engine was simulated using the FORTE 2022 R1 software, devel-
oped by ANSYS. This software integrates CFD for modeling liquid fuel spray, turbulent gas
dynamics, and transport phenomena with an industry-standard chemical kinetics solver
(CHEMKIN files). The inclusion of CHEMKIN ensures accurate resolution of chemical
reaction mechanisms and thermodynamic properties, enhancing the fidelity of combus-
tion simulations.

In this study, a Cummins N-14 single-cylinder diesel engine was utilized. The engine
configuration consisted of one exhaust valve and two intake valves, with direct injection
implemented in a quiescent combustion chamber. The detailed engine specifications are
presented in Table 1 [41].

Table 1. Engine specification.

Parameters Unit Description
Engine type Cummins N-14 DI diesel
Number of cylinders 1
Swirl ratio 0.5
Engine RPM 1200
Bore cm 13.97
Stroke cm 15.24
Displacement L 2.34
Connecting rod length cm 30.48
Compression ratio 16.0
Fuel injector type Common rail
Number of nozzles 8, equally spaced

Diesel fuel combustion was modeled using a simplified n-heptane chemical mech-
anism. The chemical kinetics were represented using a standard ANSYS Chemkin Pro
chemistry set, incorporating a semi-detailed n-heptane mechanism comprising 36 species
and 74 reactions [42]. The key chemical properties of this n-heptane-based surrogate fuel
are summarized in Table 2 [43].
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Table 2. Chemical properties.

Fuel Properties Unit Value
Density at 298 K kg/m?3 684
Boiling point K 371
Ignition temperature K 496

Lower heating value KJ/kg 44,926

Heat of vaporization KJ/mol 31.77
Viscosity mPa-s 0.42
Cetane number 56

The lower density of n-heptane (684 kg/m3) compared to conventional diesel
(850 kg/m?) poses significant challenges for high-pressure common rail systems, such
as those in Cummins N-14 DI engines operating at ~1000 bar, particularly in maintaining
consistent volumetric energy delivery and equivalence ratios. To address these challenges,
this study employed ANSYS Forte simulations with meticulously calibrated injection pa-
rameters, including pressure and duration, to ensure accurate fuel mass delivery and
combustion modeling. While the reduced density of n-heptane could theoretically increase
leakage risks in diesel-optimized fuel systems, the simulations assumed idealized sealing
conditions, a well-established approach in surrogate fuel studies that effectively isolates
combustion dynamics from mechanical inefficiencies. This methodology enables a robust
representation of spray development, mixture formation, and combustion phasing, pro-
viding critical insights into the adaptability of common rail systems to alternative fuel
properties without compromising analytical fidelity.

2.2. Governing Equations

Internal combustion engines utilize both the air—fuel mixture before combustion and
the burned byproducts after combustion as working fluids. To simulate the turbulent
reacting flows in diesel engines, ANSYS Forte was employed, incorporating turbulent
flows governed by the Navier-Stokes Equation with chemical blending and reaction.
The Eulerian-Lagrangian formulation method was applied to model reactive spray, a key
characteristic of diesel engine combustion [44]. The RNG k-¢ turbulence model was selected
due to its capability to accurately depict turbulent transport in highly sheared circulatory
flows at a lower computational cost [45]. This model enhances estimations of swirling and
recirculating flows for spray and combustion simulations by incorporating an additional
component into the dissipation rate equation, improving precision in highly strained
flows [46]. However, while the RNG k-¢ model is more accurate than the standard k-¢
model, it struggles with identifying significant anisotropic turbulence and compressibility
effects, which can be critical in transient diesel combustion scenarios. Alternative turbulence
models, such as Large Eddy Simulation (LES) and the Reynolds Stress Model (RSM),
have demonstrated superior accuracy in analyzing complex flow systems, though at a
significantly higher computational cost [47].

To accurately capture flame propagation dynamics, the G-equation combustion model
was utilized, while the KH-RT droplet breakup model was applied to simulate the atomiza-
tion and breakup of diesel fuel spray, ensuring a realistic representation of spray-induced
turbulence. Additionally, the Han—-Reitz heat transfer model was implemented to enhance
the accuracy of in-cylinder heat transfer predictions and thermal loss estimations [48]. To
strike a balance between computational efficiency and predictive accuracy, a simplified
chemical kinetics model based on an n-heptane single-fuel surrogate was used, incorporat-
ing 36 species and 74 reactions. This approach significantly reduced computational costs
while preserving critical combustion characteristics. However, the simplification of reaction
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pathways may introduce discrepancies in ignition delay, flame speed, and pollutant for-
mation, particularly for emissions such as NOx and soot [49]. A more detailed multi-step
reaction mechanism, although computationally demanding, could improve forecasting
accuracy by accounting for intermediate species and complex oxidation pathways [50].

2.2.1. Eulerian Phase

The fuel’s vapor phase and the surrounding air are both included in the Eulerian phase.
The Navier-Stokes equations of mass, momentum, and energy conservation represent the
motion of the Eulerian phase. Equation (1) is applied for mass conservation:

op0) | dpow) _ o

ot dax; M

where pv is the steam density and u; represents the Eulerian velocity. S, does droplet
evaporation derive the source. This phrase makes the link between the Eulerian and
Lagrangian phases possible. Using the term origin, the mass dissipated throughout the
liquid phase’s evaporation can be added to the Eulerian phase.

Equation (2) is utilized for the momentum conservation:

d(pu)  d(puu;)  dp

= T | g 2
3t v, om tan T @)

The stress tensor 7j; is given by Equation (3):

2 ouj  Ju; 2 9duy
Tij = 2pSij — 3 HSudij = P‘(axi + ax;  Bax ) &)
where §;; represent as the Kronecker symbol.
Equation (4) is used for energy conservation:
dpver) | 9lpver;) _3(pwy)  o(mipms) _dqi o @
ot 8x] ax] ax] aX]
Heat flux g; and e; are calculated through Equations (5) and (6).
1
e = f}/vp— 1 + Euiul’, (5)
oT
qi = _kvgl (6)

]

where 7, is an adiabatic index of gas and k, represents the thermal conductivity index of
gas. S, is the inverse of heat change due to evaporation and conduction.

2.2.2. Lagrangian Phase

The liquid phase of the fuel is contained in the Lagrangian phase. Transfer param-
eters allow the two phases to be linked together, with this phase imposed on top of the
Eulerian phase.

du —
(Ttl = FT(uv—ul)+Fmv+M, )
o1

Equation (7) represents the conservation of momentum where Fr is the drag force,
Fpy is virtual mass. These can be solved using Equations (8) and (9)

_ 18psCpRer 1

F ,
T 24 p1d?

®)
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2.2.3. Standard k-¢ Model

A semi-empirical method, the k-¢ model assumes that the flow is entirely turbulent
and particle viscosity has little effect. This framework determines the turbulent kinetic
energy k and its dissipation rate ¢ separately using two transport equations [44]. The
model works well in several turbulent scenarios and is stable and computationally effective.
Equations (10) and (11) represent the transport equations of k and e.

% +V- (ﬁk) = —%p’ﬁv-&# (6-T):Vu+V- (?’;)Lka) —p’€+WS (10)

! 2 _~ ~ 'U+UT ~ z ~ o~ - S
L4V (pue) = —(5Ca —Ca JpEV-u+ V- V)4 S|Ca(6-T): Vii—Cape +CGW | (11)
ot 3 Pr. P

.S
Here, Pry, Pre, Ce1, Cep, Cea are constants of the model and W represents the negative rate
of the turbulent eddies of dispersing spray droplets.

2.2.4. RNG k-¢ Model

The Reynolds Average Navier-Stokes (RANS) is a time-averaged equation and can be
expressed as in Equation (12) [45].

S

%49 (pie) = —(3Ca — Ca)peV i+ V- (BELVE) + % {Cel(a— T): Vi — Coft +CW | —BRc  (12)

R can be defined from the following Equation (13)

~2
Cup(1—L)e
R= -\ m) ( ”°2 , (13)
(1+Br)k
where 7 can be derived from Equation (14)
n=sk, (9
€

Scalar quantity S can be derived from Equation (15)

S=1/25:5, (15)

S represents the tensor of the mean strain rate, which can be derived from Equation (16)
_ ~ ~T
5S=05 (Vu +Vu ), (16)

In the ANSYS Forte model, constant values Pry, Pre, Ce1, Cep, Ces were modified to account
for the compressibility effect [45]. Equations (17)-(19) represent the constants” modification.

~1+42C, —3m(n —1) + (—1)°\/6C,Cy1y
CE3 = 3 7

(17)
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where m = 0.5, n = 1.4 for an ideal gas
-
R = 1 (1 '70) 1
SNV (18)
(1+pr°)
With N
1i
— vy, 19)
0if Vu >0

With this method, the value of C; fluctuates between —0.9 and 1.72621, and ANSYS
Forte is automatically calculated based on the model’s other constant specifications and

flow circumstances. Table 3 shows the values of constants in both the standard k-¢ model
and the RNG k-¢ model.

Table 3. Constant values in standard k-¢ model and RNG k-¢ model.

Model Cy Cqa Ce, Ce, 1/Pry 1/Pr, 7o B
Standard k-¢ model 0.09 1.44 1.92 -1.0 1.0 0.769 - -
RNG k-¢ model 0.0845 1.42 1.68 - 1.39 1.39 4.38 0.012

2.2.5. Turbulent Flame Speeds

The flame front and flame position are tracked using a Favre-averaged G-equation.
Throughout combustion, the unburned zone’s flame front has a G-equation of zero-G
(x, t) <0, but the burnt zone has a G (x, t) > 0 [51]. Equations (20)—(23) can be written as
follows to calculate the flame speed [52,53].

©, (; . ;mm> v& = Pusp w3 - pri|vi], (20)
b
aG"” o 2 =[P = 2 ~\ 2 e
o VG =V p—”DTVG” +2Dr (VG) —Cs=G", (21)
b k

Here, v represents the tangential gradient operator, U fluid velocity, vagx is the mov-
ing vertex velocity, p,, and p,, respectively, denote the average densities of the unburned
and burned blends. k is the Favre mean flame front curvature and Dt denotes turbulent

diffusivity. In the G-equation, S$, the turbulent flame can be derived from the follow-
ing equation.

5 1/2
S9 asb3l; asb3ly 5 Ul
L= 14+1p{ — —_ 22
s i 2b1F * 2bylF +asbs SQIr ' 22

where Cg, a4, b1,b3 are model constants, laminar flame thickness, and the turbulence integral
length scale are, respectively, shown by I, and Ir. The laminar flame speed Sg can be
derived from the following equation.

w B
s0—go [ Tu P Ey, (23)
L L, ref Tu,ref Pref dils

Here, ref is denoted as the reference condition, which is 1 atm and 298 K. F;;; represents
factor for the diluent’s effect.
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2.2.6. Injection Model

The spray division is captured using the KH-RT spray model [51]. Equations (24)
and (25) represent the KH-RT spray model, where Agp is the wavelength and Qg is the
rate of increase in the fastest-growing wave.

9.02r0 (1+045VZ) (1 -+ 04TY7)
(14 0.865Wel67)"7

0.34 + 0.38Wel> T
Qxy = —, 25
K= 1+ 2)(1 + 1.4706) \/ pIs3 5

2.2.7. Exhaust Gas Recirculation

, (24)

Axpg =

The exhaust gas recirculation (EGR) percentage can be calculated using Equation (26) [54].

MEGR
%0f EGR = —————, 26
of mg +my (26)

where mgggr, m,, and m f respectively represent the mass of EGR, mass of air, and mass
of fuel.

Balanced stoichiometric combustion reaction for n-heptane with air is shown in
Equation (27).

C7Hig + 11(0; + 3.76N,) = 7CO, + 8H,0 + 41.36N, (27)

Molar mass of C;7Hj¢ is 100 g/mol.
Equation (28) shows the stoichiometric air—fuel ratio and for n-heptane it is 15.1.

Mass of air

AFR= —————
Mass of fuel

(28)
Mass of air, m, is 15.1 mg, then total mass of air and fuel is 16.1 mp.
Using Equation (26), mass of EGR can be calculated. On the other hand, the mass of
EGR is the sum of the masses of CO,, H,O, O,, and N;. Consequently, the value of mass of
fuel, m £ can be obtained.

2.3. Computational Domain and Meshing

In ANSYS Forte, the Sector Mesh Generator is employed to construct the compu-
tational geometry required for simulations, optimizing mesh efficiency and reducing
computational costs. Given the combustion chamber’s design, which features eight fuel
injection holes, the computational domain is divided into eight periodic sectors to en-
hance simulation accuracy while minimizing computational demand. The 45-degree sector
model is generated based on key engine parameters, including bore, stroke, crevice width,
and squish. Additionally, the engine bowl geometry is utilized to define the combustion
chamber topology, ensuring an accurate representation of in-cylinder flow and combustion
dynamics. Figure 1 provides a visualization of the 3D combustion chamber geometry and
the mesh layout of the computational domain.
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Figure 1. (a) 3D geometry of the combustion chamber; (b) mesh layout of the computational domain.

Ansys Forte software employs an immersed boundary approach to generate real-time
Cartesian volume meshes, which are automatically updated at each piston position based
on specified criteria and refinement parameters. When no mesh refinement is applied, the
global mesh size determines the background mesh resolution. Mesh refinement enhances
surface definition and computational accuracy in critical regions, adapting dynamically to
parameters such as velocity and temperature. Although finer meshes improve accuracy,
they demand higher computational resources, necessitating a balance between precision
and efficiency. To evaluate mesh sensitivity, six different grid resolutions were tested
under identical boundaries and initial conditions. Table 4 presents a comparison of the cell
numbers and their corresponding maximum pressure and temperature.

Table 4. Cell numbers and their corresponding maximum pressure and temperature.

Cell Numbers Maximum Pressure (MPa) Maximum Temperature (K)
1386 8.34 1215
8262 8.46 1236
15,560 8.48 1237
17,619 8.51 1249
21,784 8.51 1240
32,671 8.5 1238

Considering the computational time with 17,619 cells, it has considerable capacity for
ensuring grid-independent solutions.

2.4. Boundary Conditions and Numerical Parameters

Boundary conditions play a crucial role in defining the model’s scope and ensuring the
accurate representation of physical phenomena in computational simulations. They explain
the effects of these models before going into detail about new behaviors and connecting
models from various physics theoretical frameworks. The boundary conditions employed
in this study are detailed in Table 5. To match with the injection requirement for the cylinder
displacement and proper air—fuel mixing, 53.5 mg of fuel was injected into the combustion
chamber [55].
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Table 5. Boundary conditions.
Variables Unit Description
Engine speed rpm 1200
Piston temperature K 500
Cylinder wall temperature K 420
Cylinder head temperature K 470
SOI deg —17.5, =22.5, =275, =325

Injection duration deg 7.75
Injected fuel mass mg 53.5

Heat transfer model Han-Reitz

Droplet breakup model

Combustion model

Kelvin Helmholtz-Rayleigh
Taylor (KH-RT)
G-equation

Additionally, various numerical parameters essential for the simulation setup are

presented in Table 6.

Table 6. Numerical parameters.

Variables Description
Turbulence model RNG k-¢
Epsilon coefficient 1 1.42
Epsilon coefficient 2 1.68
Viscosity coefficient 0.085
RNG beta parameter 0.012
Epsilon spray coefficient 1.5
Droplet breakup model KH-RT
Size constant of KH breakup 1.0
Time constant of KH breakup 40
Size constant of RT breakup 0.15
Time constant of RT breakup 1.0
RT distance constant 1.9
Droplet size distribution Uniform
Reaction mechanism n-haptane
No. of species 36
No. of reactions 74

2.5. Model Validation

The numerical simulation was performed using ANSYS Forte, and the model was
validated to ensure the reliability and accuracy of the obtained results. For validation,
the simulated data from the current study was compared with findings from existing
literature. Figure 2 illustrates the simulation outcomes for the n-heptane combustion
process, providing a comparative analysis of in-cylinder pressure between the present study
and previously published data, which demonstrate sufficient consistency. Approximately
2.47% [56], 1.18% [57], 2.12% [58], and 6.46% [24] variation in maximum pressure have been
identified compared to the current study, indicating that the current model can be used for

additional analysis.
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~~Current study
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6 + Mondo et al.
——Curran etal.
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Figure 2. Comparison of in-cylinder pressure in the CI engine between the current study, Lapointe
et al. [56], Mondo et al. [57], Curran et al. [58], and Pei et al. [24].

3. Result and Discussion

This study provides a comprehensive evaluation of engine performance and com-
bustion characteristics for an n-heptane-based diesel surrogate, focusing on variations in
fuel injection timing and EGR. The SOI is a critical parameter, as it directly influences
combustion initiation, emissions, and overall engine performance. Optimizing injection
timing can enhance these characteristics, leading to a more efficient combustion process.

EGR is a widely adopted technique for reducing NOx emissions by recirculating a
portion of exhaust gasses into the intake air before combustion. The study examines key
in-cylinder parameters, including pressure, temperature, heat release rate, CO emissions,
unburned hydrocarbons, and NOx emission index (EINOx), across different crankshaft
angles. These parameters were analyzed under varying SOI and EGR conditions to assess
their impact on engine behavior.

For model validation against the existing literature, the SOI and EGR values were
set at —22.5° crank angle before the top dead center (BTDC) and 0%, respectively, in the
current study. These conditions serve as the reference case for further analysis involving
different SOI and EGR levels.

3.1. In-Cylinder Pressure and Temperature

In an internal combustion engine, in-cylinder pressure and temperature vary
with crank angle due to changes in cylinder volume, combustion, and heat transfer.
Figures 3 and 4 illustrate the variation in in-cylinder pressure in terms of SOI and EGR
across crank angles. At 0% EGR and an SOI of —22.5° BTDC, the peak pressure reaches 8.51
MPa, but it decreases by 3.1%, 1%, and 1.31% when the SOI is shifted to —17.5°, —27.5°,
and —32.5°, respectively. This trend highlights the role of combustion phasing, where
intermediate SOI values (—22.5° to —27.5° BTDC) achieve higher peak pressures compared
to earlier (—32.5° BTDC) or later (—17.5° BTDC) injections. Earlier SOI provides extended
time for fuel-air mixing, potentially enhancing charge homogeneity, yet excessively early
injection may lead to wall-wetting and mixture cooling, reducing combustion efficiency.
Conversely, delayed SOI limits mixture formation and flame propagation, leading to incom-
plete combustion and lower peak pressures. The optimal SOI balances mixture preparation
and combustion phasing, maximizing pressure near top dead center (TDC) to improve
engine work output.
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Figure 3. In-cylinder pressure distribution at: (a) 0% EGR; (b) SOI —22.5°.
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Figure 4. In-cylinder temperature distribution at: (a) 0% EGR; (b) SOI —22.5°.

This variation in in-cylinder pressure highlights the combined effects of SOI timing and
EGR on combustion characteristics and engine performance. Reduced air-fuel mixing time
at SOI —17.5° and earlier combustion during the compression stroke at —27.5° and —32.5°
influence pressure development, as a portion of combustion energy counteracts the upward
piston motion, reducing peak pressure despite longer mixing durations. At an SOI of
—22.5° BTDC, increasing EGR from 0% to 60% results in a proportional pressure reduction
of 6.73%, 15.9%, 29.69%, and 31.09% at EGR levels of 15%, 30%, 45%, and 60%, respectively.
This inverse relationship between EGR rate and peak pressure stems from both physical
and chemical effects. EGR introduces inert exhaust gasses into the intake charge, diluting
the air—fuel mixture and increasing the specific heat capacity of the charge. This leads to
a lower combustion temperature, as a portion of the heat released during combustion is
absorbed by the inert gasses rather than contributing to pressure rise. Additionally, higher
EGR rates reduce the availability of fresh air and oxygen, leading to incomplete combustion
and further suppressing pressure buildup.

The in-cylinder temperature distribution is significantly influenced by SOI timing
and EGR, mirroring pressure trends. At 0% EGR, peak temperature reaches 2228.12 K at
an SOI of —22.5° BTDC, decreasing by 45.54% (1213.34 K), 1.65% (2191.44 K), and 3.6%
(2147.83 K) at —17.5°, —27.5°, and —32.5°, respectively. Intermediate SOI timings (—22.5°
to —27.5° BTDC) yield higher peak temperatures compared to earlier (—32.5° BTDC) or
later (—17.5° BTDC) injections due to the balance between fuel-air mixing and combustion
phasing. While earlier SOI allows extended mixing, excessive advances may induce over-
mixing and cooling effects, slightly lowering peak temperature. Conversely, delayed SOI
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limits mixture preparation, resulting in less complete combustion and lower temperatures.
Furthermore, increasing EGR from 0% to 60% progressively reduces peak temperature
by 9.26% (2021.83 K), 15.71% (1878.12 K), 42.06% (1290.97 K), and 59.12% (910.75 K) at
EGR levels of 15%, 30%, 45%, and 60%, respectively. This reduction is attributed to the
dilution of the air—fuel mixture and the increased specific heat capacity of the charge,
which absorbs more combustion heat, leading to lower peak temperatures. While EGR
effectively suppresses NOx emissions by reducing combustion temperature, excessive EGR
can negatively impact combustion efficiency and power output due to slower burn rates
and reduced energy release.

3.2. Heat Release Rate

The HRR indicates the combustion rate, and Figure 5 shows the fluctuation in heat
release rate along the crank angle at various SOIs and EGR percentages. The combustion
process is divided into two phases: the first phase shows a slight increase in HRR due to
fuel-air mixing, where the dispersion of turbulent combustion rises with an increase in
the air-fuel mixture, while in the second phase, the HRR reaches its peak due to a higher
air-fuel equivalent ratio.
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Figure 5. The heat release rate variation at: (a) 0% EGR; (b) SOI —22.5°.

60 20 120

The HRR at SOI —22.5° was 384.14 J/degree, increasing by 8.9% and 5.74% at SOI
—17.5° and —32.5°, respectively, but decreasing by 25.79% at —27.5°. At —17.5°, the higher
HRR is attributed to enhanced fuel accumulation within a shorter ignition delay, causing
combustion to begin abruptly but inadequately. Despite the higher HRR, it does not result
in higher pressure or temperature since combustion starts later in the expansion stroke. At
—27.5°, HRR is reduced due to premature heat losses and a more extended combustion pe-
riod. Partial recovery of HRR is observed at —32.5° due to improved premixed combustion,
though losses persist. Lower HRR limits peak pressure and temperature, but improved
mixing at —32.5° partially increases HRR. However, while varying EGR percentages from 0
to 15, 30, 45, and 60, HRR rates gradually decreased by 42.93%, 64.32%, 89.83%, and 91.93%.

3.3. CO Mass Fraction

The variation in carbon monoxide (CO) emissions is strongly influenced by SOI
timing and EGR, as shown in Figure 6. CO emissions primarily result from incomplete
combustion due to insufficient oxygen or a rich air—fuel mixture, with peak CO formation
occurring near combustion events. Later SOI timings (—17.5° and —22.5° BTDC) exhibit
higher CO emissions compared to earlier SOI timings (—27.5° and —32.5° BTDC) due
to reduced mixing time, leading to locally fuel-rich zones where incomplete oxidation
occurs. Advancing SOI improves fuel-air mixing, enhancing combustion efficiency and
lowering CO emissions by 14.62% and 7.43% at —27.5° and —32.5° BTDC, respectively.
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However, excessive SOI advancement can impact overall combustion efficiency, reducing
peak temperature and pressure. Additionally, increasing EGR levels affects CO emissions
due to temperature-dependent oxidation. At 15% and 30% EGR, CO emissions rise by
3.36% and 5.87%, respectively, due to lower oxygen availability and incomplete combustion.
However, at higher EGR rates of 45% and 60%, significant temperature reductions suppress
CO formation, leading to emission reductions of 3.53% and 40.45%, respectively.
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Figure 6. Variation in CO mass fraction across CA: (a) 0% EGR; (b) SOI —22.5°.

3.4. Unburned Hydrocarbon

The formation of unburned hydrocarbons (UHCs) in exhaust gasses is strongly in-
fluenced by the homogeneity of the air—fuel mixture, which plays a critical role in flame
propagation. The presence of squish volumes and crevices contributes to UHC generation,
as the flame tends to be extinguished in these near-wall regions.

At an SOI of —22.5°, UHC emissions were recorded at 937.75 g/kg-fuel. As the SOI
was retarded to —17.5°, the ignition delay decreased, leading to improved fuel consumption
and a 7.16% reduction in UHC emissions. However, when the SOI was advanced to —27.5°
and —32.5°, UHC emissions increased by 3.36% and 5.38%, respectively. This increase can
be attributed to prolonged ignition delay, which limits effective fuel-air mixing and results
in incomplete combustion.

At a fixed SOI of —22.5°, increasing the EGR rate to 15%, 30%, 45%, and 60% led to
a progressive reduction in oxygen concentration within the combustion chamber. This
resulted in a deteriorated air—fuel mixture, causing UHC emissions to rise by 2.03%, 3.09%,
3.53%, and 4.24%, respectively. Figure 7 illustrates the impact of varying SOI and increasing
EGR rates on air—fuel mixture uniformity, ignition delay, and subsequent UHC emissions.
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Figure 7. Unburned hydrocarbon emission depending on: (a) 0% EGR; (b) SOI —22.5°.
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3.5. Emission Indexed NOx (EINOx)

Figure 8 illustrates the EINOx distribution for various SOI and EGR rates, highlighting
the significant impact of increased EGR on NOx formation. As the EGR rate increases, the
reintroduction of exhaust gasses into the combustion chamber reduces oxygen availabil-
ity and lowers combustion temperatures, thereby suppressing thermal NOx formation.
The results indicate that at EGR 0%, NOx emissions are 1.27 g/kg-fuel, which decreases
substantially with increasing EGR. At EGR 15% and 30%, NOx emissions drop to 0.15 g/kg-
fuel and 0.03 g/kg-fuel, respectively, and are nearly eliminated at EGR 45% and 60%,
reaching 0.00 g/kg-fuel. Additionally, advancing the SOI further contributes to NOx re-
duction, as earlier combustion results in greater heat loss to the cylinder walls, limiting
peak flame temperatures. While higher EGR rates effectively mitigate NOx emissions,
excessive EGR can lead to combustion inefficiencies, necessitating careful optimization for
practical applications.
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Figure 8. EINOx distribution at: (a) 0% EGR; (b) SOI —22.5°.

3.6. Fuel Vapor Mass Fraction Contour

Figure 9 visually represents the n-heptane surrogate, illustrating fuel injection through
fuel vapor mass fraction contours at various crank angles (CAs). During the intake stroke,
the temperature remains nearly constant but gradually increases throughout the compres-
sion stroke. After —20° BTDC, as fuel begins to be injected into the cylinder, the temperature
rises rapidly, reaching a maximum of 2228.12 K. This contour corresponds to fuel injection
at an SOI of —22.5° and a 0% EGR rate.
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Figure 9. Fuel vapor mass fraction contour comparison at various CA.
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4. Conclusions

Computational fluid dynamics is a powerful tool for evaluating combustion character-
istics and pollutant emissions in internal combustion engines. In this study, a CFD simula-
tion was conducted to analyze the combustion and emission behavior of a single-cylinder
direct injection diesel engine operating at 1200 RPM, fueled with an n-heptane-based sur-
rogate. The k-¢ RNG turbulence model was employed to predict combustion dynamics
and emissions. The study investigated the effects of fuel injection timing at SOI values of
—17.5°, —22.5°, —27.5°, and —32.5° BTDC, as well as the impact of EGR at rates of 0%, 15%,
30%, 45%, and 60%. The key findings are summarized as follows:

1. A fuel injection timing of —22.5° BTDC with 0% EGR results in increased in-cylinder
pressure, temperature, HRR, and EINOx emissions.

2. Advancing SOI to —27.5° and —32.5° BTDC leads to earlier combustion energy re-
lease, which counteracts the piston’s upward movement, affecting overall engine
performance. While this can lower CO emissions due to improved fuel oxidation,
it also increases UHC emissions due to prolonged ignition delay and incomplete
combustion.

3. Advancing SOI significantly reduces NOx emissions by increasing heat transfer to the
cylinder walls during the early combustion phase.

4. Higher EGR rates reduce fresh air intake, leading to lower in-cylinder pressure, HRR,
temperature, and EINOx emissions. However, excessive EGR increases UHC and CO
emissions due to diminished oxygen availability and incomplete combustion.
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Abbreviations

The following abbreviations are used in this manuscript:

LTC Low-Temperature Combustion
RM Reaction Mechanism

RNG Re-Normalization Group

HRR Heat Release Rate

DI Direct Injection

KH-RT Kelvin-Helmholtz-Raleigh Taylor
OEMs Original Equipment Manufacturers
CI Compression Ignition

CO, Carbon Dioxide

HC Hydrocarbon

CcoO Carbon Monoxide

NOx Nitric Oxides

1C Internal Combustion
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LES Large Eddy Simulation
RSM Reynolds Stress Model
AFR Air Fuel Ratio

3D Three Dimension

CA Crank Angle

TDC Top Dead Center

BTDC Before Top Dead Center
UHC Unburned Hydrocarbon

J/degree  Joule per degree
g/kg-fuel Grams per kilogram of fuel
RANS Reynolds Averaged Navier—Stokes

CFD Computational Fluid Dynamics
K Kelvin

SOI Start of Injection

EGR Exhaust Gas Recirculation
RPM Revolution Per Minute
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