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Highlights  

• A validated 3D ICC CFD model was developed for the Renault F8Q diesel engine and used to assess the performance and emissions 

of Diesel and DMC fuels 

• DMC fuel improved indicated torque and power by ~3.5% compared to Diesel, owing to better atomization, enhanced fuel–air 

mixing, and oxygenated combustion 

• DMC reduced CO and UHC emissions significantly but caused a slight increase in NOₓ due to elevated in-cylinder temperatures 

and advanced combustion phasing 

You can cite this article as: Kantaroğlu E. CFD-based evaluation of dimethyl carbonate (DMC) combustion in CI diesel engines using 

experimentally validated models. Int J Energy Studies 2025; 10(3): 743-785. 

ABSTRACT 

As the pursuit of sustainable energy solutions intensifies, internal combustion engines (ICEs) continue to play a vital 

role in heavy-duty transportation and long-distance applications. Within this framework, biofuels have gained 

prominence as renewable alternatives to conventional diesel, offering the potential to significantly reduce the 

environmental footprint of existing engine technologies. This study provides a comprehensive numerical assessment of 

DMC (dimethyl carbonate) in a compression-ignition (CI) engine using a thoroughly validated three-dimensional in-

cylinder combustion computational fluid dynamics (3D ICC CFD) model. The model, developed for the Renault F8Q 

diesel engine, was calibrated against published experimental benchmarks and catalog specifications, ensuring high 

predictive reliability through extensive sensitivity analyses on mesh resolution, turbulence modeling, transient time-

stepping, and heat transfer assumptions. Comparative simulations between standard diesel and the investigated DMC 

reveal notable shifts in combustion characteristics, performance, and emission trends. While DMC demonstrated lower 

unburned hydrocarbon and carbon monoxide emissions due to its inherent oxygenated composition, increases in torque 

and power output were observed due to increased combustion efficiency due to the oxygen in the engine, alongside a 

tendency for increased nitrogen oxide formation under certain operating conditions. 
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1. INTRODUCTION 

Internal combustion engines (ICEs) remain vital to key sectors such as transportation, agriculture, 

and power generation worldwide [1–3]. While fossil-fuel-powered ICEs offer advantages like high 

energy density and operational flexibility, their extensive use significantly contributes to global 

greenhouse gas emissions and local air pollution [4–7]. International climate frameworks such as 

the Paris Agreement [7] have accelerated initiatives aimed at decarbonizing transportation. 

Nevertheless, projections indicate that liquid fuels will continue to meet a dominant share—

approximately 85–90%—of transportation energy needs until at least 2040 [8], especially in 

sectors like aviation, maritime shipping, and heavy-duty transport, where energy density 

requirements pose major challenges to full electrification [9–12]. 

 

In response to these challenges, substantial research is underway to enhance the sustainability of 

existing ICEs by maintaining high power output while mitigating their environmental footprint. 

Within this context, dimethyl carbonate (DMC), which can be produced from various 

environmentally friendly sources, has emerged as a promising fuel candidate. Derived from 

renewable feedstocks within a carbon-neutral framework, such E-fuels have attracted increasing 

attention in recent years [13–20]. This article focuses on the use of dimethyl carbonate (DMC), an 

oxygenated compound, as an alternative to conventional diesel fuel. Pan et al. identified DMC as 

a promising fuel additive for enhancing combustion due to its high oxygen content (~53 wt%) and 

absence of carbon–carbon bonds. They also demonstrated that blending diesel fuel with 20% DMC 

(DMC20) results in a longer ignition delay and leads to higher peak pressure and heat release rates 

[21]. Yang et al. investigated the emissions behavior of diesel–DMC blends at volumetric ratios 

of 5%, 12.5%, 20%, and 30%. Their findings revealed that particulate matter (PM) emissions 

decreased by 30% to 78% as the DMC ratio increased. However, the total number of particles rose 

due to an increased formation of nucleation-mode particles, as the concentration of larger 

accumulation-mode particles diminished. While higher DMC blends (20% and 30%) caused NOₓ 

emissions to increase by 3.2% and 3.1%, respectively, no statistically significant changes were 

observed for lower blend levels. Carbon monoxide (CO) emissions were significantly reduced by 

26.3% to 60.9%, whereas carbon dioxide (CO₂) emissions and brake-specific fuel consumption 

(BSFC) increased with higher DMC content [22]. In another study, Kumar and Saravanan 

evaluated the combustion, performance, and emissions characteristics of a DMC–diesel blend 

containing 15% DMC (DMC15) under high load conditions, with exhaust gas recirculation (EGR) 

rates ranging from 0% to 30% and injection timing adjustments between 21° and 25° crank angle 
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before top dead center (bTDC). Their results showed that advancing injection timing to 25° bTDC 

improved performance but increased emissions. Conversely, at 21° BTDC and 30% EGR, the 

DMC15 blend achieved the longest ignition delay, the lowest peak in-cylinder pressure and heat 

release rate, and resulted in simultaneous reductions of 46.1% in NOₓ and 64.7% in smoke opacity, 

with only an 11.8% loss in engine performance. However, CO and total hydrocarbon (THC) 

emissions were found to increase under high EGR conditions [23]. Glaude et al. explored DMC’s 

potential as a diesel oxygenate in more detail by developing a novel chemical kinetic mechanism. 

This mechanism was used to simulate DMC’s combustion behavior in a counterflow diffusion 

flame and validated against existing experimental data. Their findings indicated that the 

decomposition rate of DMC → H₃COC(=O)O· + CH₃ was slower than previously anticipated due 

to lower-than-expected resonance stabilization in the intermediate radical. Additionally, a new 

molecular elimination pathway was proposed and its rate constants were calculated via quantum 

chemical methods. Simulations revealed that a substantial portion of DMC's oxygen content is 

directly converted into CO₂, which limits its soot-reduction effectiveness. In an ideal oxygenate, 

each oxygen atom should remain bonded to a separate carbon atom to suppress soot formation, but 

direct CO₂ formation effectively wastes an oxygen atom, reducing this benefit [24]. Alzueta et al. 

highlighted DMC as a promising oxygenated additive due to its high oxygen content and favorable 

combustion characteristics. Their study involved both experimental and computational analyses of 

DMC oxidation behavior, soot formation tendency, and the role of NO in the reaction environment. 

Experiments performed under well-controlled conditions using a specially designed flow reactor 

showed that DMC exhibits a lower soot formation tendency compared to other oxygenates and 

may contribute to NO reduction under fuel-rich conditions. Modeling efforts were able to 

reasonably reproduce experimental results and emphasized the sensitivity of combustion 

predictions to the thermodynamic data of DMC and its intermediate species [25]. In their study, 

O’Connell et al. investigated the injection behavior of DMC and polyoxymethylene dimethyl 

ethers (PODE/OME). Their injection experiments revealed that, due to their lower heating values, 

DMC–diesel and PODE–diesel blends require either increased injection pressure or longer 

injection duration to achieve equivalent engine power output. Engine testing further demonstrated 

the potential of these additives to mitigate the particle–NOₓ trade-off [26]. 

 

In this context, the present study investigates the combustion and emission characteristics of DMC, 

one of the most promising synthetic oxygenated fuels, using an advanced three-dimensional in-

cylinder computational fluid dynamics (3D ICC CFD) modeling framework within a compression 
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ignition engine platform. Simulations were performed on the well-studied Renault F8Q706 diesel 

engine, which operates with a direct injection system, 1870 cc displacement, and a compression 

ratio of 21.5:1. A fully validated CFD model was developed for this engine configuration using 

reported experimental data under full throttle and various engine speeds. The CFD framework 

includes detailed sub-models for spray dynamics, turbulence, droplet collisions, and combustion 

chemistry to capture the complex physical processes occurring inside the cylinder during diesel 

combustion. The aim of this study is to comparatively assess how each synthetic fuel affects key 

combustion metrics such as in-cylinder pressure, torque, indicated power (IP), indicated mean 

effective pressure (IMEP), indicated specific fuel consumption (ISFC), and thermal efficiency. By 

applying a validated CFD approach to a realistic diesel engine configuration, this research provides 

new insights into the potential of synthetic e-fuels like DMC to support decarbonization targets 

while maintaining engine performance under practical operating conditions. 

 

2. THEORY AND METHODOLOGY 

In this study, the combustion characteristics of diesel and DMC were investigated in a commercial 

compression-ignition (CI) engine using a 3D ICC CFD model. The performance and emission 

characteristics of the CI engine were determined using the following research methods: 

Experimental data: Obtained from literature to validate the 3D ICC CFD model. 

3D ICC CFD modeling: Conducted using ANSYS-Forte Version 25.R1 to compare the E-Fuels. 

 

2.1. Engine Testing Procedure 

The validation of the CFD model in this research was supported by experimental datasets 

previously published for the Renault F8Q diesel engine, a widely adopted powertrain in European 

passenger vehicles [27–30]. In the foundational work by Satgé de Caro et al. [27], the engine was 

tested under four fixed-speed conditions (1000, 2000, 3000, and 4000 rpm) combined with varying 

throttle positions ranging from 75% to full load. These operating points were chosen to encompass 

a representative range of real-world diesel engine duty cycles involving different speed-load 

combinations. 

 

To further improve the robustness of the model, supplementary experimental results were 

incorporated from a study by Armas et al. [28], in which the same engine was examined using an 

engine dynamometer under steady-state conditions. In these tests, the engine operated across a 

series of constant speed and load scenarios, during which vital engine performance metrics were 
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measured, including brake torque, brake power, BSFC, and emission outputs such as carbon 

monoxide (CO), unburned hydrocarbons (UHC), nitrogen oxides (NOₓ), and smoke opacity. The 

engine's fuel system was carefully calibrated for both pure diesel and blended fuel tests, while 

intake air conditions were maintained under strict control. Full-load testing was employed, and in-

cylinder pressure traces were captured as a function of crank angle. These pressure measurements 

were essential for evaluating combustion timing and heat release behavior—key parameters in the 

development of a transient 3D ICC CFD model. 

 

Additionally, manufacturer-provided benchmark data were used to complement the validation 

process. According to catalog sources [29, 30], the rated engine outputs were 47 kW at 4500 rpm 

and 118 Nm at 2500 rpm. Figure 1 displays both assembled and disassembled views of the tested 

F8Q engine, a four-cylinder, 1.87-liter, turbocharged compression-ignition engine featuring a 

21.5:1 compression ratio. A complete list of technical specifications used for the CFD model is 

presented in Table 1. 

 

 

Figure 1. F8Q Engine 
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Table 1. Test engine specifications [27-31] 

Specification Description 

Engine model Renault F8Q 

Cylinder configuration In-line 4-cylinder 

Number of valves 8 

Type of cooling Water cooling 

Displacement, cm3 1,870 

Compression ratio 21.5:1 

Bore x Stroke, mm 80 x 93 

Piston-to-cylinder clearance, mm 0.021-0.055 

Connecting rod length, mm 144 

Injection type DI 

Fuel injection pump Electric with immobilizer 

Injection nozzle pressure (Bosch), bar 135 

Valve mechanism Single overhead camshaft 

Valve diameter (inlet), mm 36.22 

Valve diameter (exhaust), mm 31.62 

Intake valve seat angle, deg 60 

Exhaust valve seat angle, deg 45 

Intake valve opening BTDC, CAD at 2250 rpm 0 

Intake valve closing ABDC, CAD at 2250 rpm 18 

Exhaust valve opening BBDC, CAD at 2250 rpm 41 

Exhaust valve closing ATDC, CAD at 2250 rpm 0 

Max. Power, kW at 4500 rpm 47 

Max. Torque, Nm at 2250 rpm 118 

 

The parameters obtained from the experimental studies in the literature and compared with the 3D 

ICC CFD model—such as brake torque, brake power (BP), brake mean effective pressure (BMEP), 

BSFC, thermal efficiency, and in-cylinder pressure—are summarized in Table 3. Additionally, 

recorded emissions including CO, UHC, and NOₓ were also utilized to characterize engine 

behavior, as presented in Table 2. 

 

  



Int J Energy Studies                                                                                              2025; 10(3): 743-785 

749 
 

Table 2. Parameters found in engine tests in literature 
 Measured parameter Calculated parameter 

P
er

fo
rm

a
n

ce
 Torque [29, 30] Torque [27] 

BP [27, 29, 30] BMEP [29, 30] 

BMEP [27, 28]  

In-Cylinder Pressure [28]  

E
m

is
si

o
n

 CO [27]  

UHC [27]  

NOx [27]  

 

Based on these experimental results from the literature, the input parameters for the 3D ICC CFD 

model were defined accordingly using data obtained from these tests and references. To ensure 

high modeling accuracy, the complete engine geometry and boundary conditions were numerically 

reproduced in full consistency with both the experimental setup and catalog data. 

 

2.2. Numerical Model Description for 3D In-Cylinder Combustion 

In this study, the performance and emission outputs of DMC—used as e-fuel—were compared 

using a validated 3D ICC CFD model. The in-cylinder combustion model requires a time-

dependent definition represented by the crankshaft angle and includes the motion descriptions of 

the moving engine components. Therefore, in addition to the initial and boundary conditions, the 

developed model incorporates the solid model geometry of the 3D combustion chamber, motion 

profiles of the moving parts, reaction mechanism definitions, and mesh motion configurations. 

The 3D ICC CFD model developed in this study was implemented using the Ansys-Forte 25.R1 

module. As shown in Table 2, engine speed, temperature, and pressure values were defined in the 

model based on the measurements and conditions reported in experimental studies from the 

literature. Furthermore, key output parameters such as torque, brake power (BP), brake mean 

effective pressure (BMEP), and brake-specific fuel consumption (BSFC) obtained from test results 

were used to validate the simulation results for the baseline diesel fuel. In addition to experimental 

data, sensitivity analyses were conducted to ensure appropriate selections for mesh size, time step, 

and sub-models for combustion, turbulence, reaction kinetics, and flame speed, thereby enhancing 

the accuracy of the 3D ICC CFD model. The governing operators used in the CFD model are 

described as follows. The mass conservation equations employed in the model are presented in 

Equation 1 [32-34]. In Equation 2, the momentum conservation equation is provided, which 

includes pressure force, viscous forces, and turbulence effects [32-34]. The conservation of energy 
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equations is given in Equation 3 [32-34]. The RANS RNG ε-epsilon turbulence model equation is 

given in Equation 4 [33-35]. 

 

∂ρ̄k

∂t
+ ∇. (ρ̄k𝐮̃) = ∇. [ ρ̄D∇ȳk] + ∇. Φ + ρ̇̅c       (1) 

 

∂ρ̄𝐮̃

∂t
+ ∇. (ρ̄𝐮̃𝐮̃) = −∇P̄ + ∇. 𝛔̄ − ∇. 𝚪 + ρ 𝐠       (2) 

 

∂ρ̄Ĩ

∂t
+ ∇. (ρ̄𝐮̃Ĩ) = −ρ̄∇. 𝐮̃ − ∇. 𝐉̄ − ∇. 𝐇 + ρ̄ε̃ + Q̇̃c      (3) 

 

∂ρ̄ε̃

∂t
+ ∇. (ρ̄𝐮̃ε̃) = − (

2

3
cε1 − cε3) ρ̄ε̃∇. 𝐮̃ + ∇. [

(v+vT)

Prε
∇ε̃] −

ε̃

k̃
[cε1(𝛔 − 𝚪): ∇𝐮̃ − cε2ρ̄ε̃] − ρ̄(4) 

 

In this study, 3D ICC CFD model of the F8Q engine was developed based on experimental test 

data available in literature. Following model validation and subsequent verification using 

performance parameters from the same test data, comparative fuel analyses were conducted. For 

this purpose, CFD model definitions were carried out in a structured sequence, and the simulations 

were completed accordingly. The creation of the CFD model file and the simulation workflow 

were conducted following the procedural steps illustrated in Figure 2.  
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Figure 2. Steps to create 3D ICC CFD model with engine test in literature 

 

As shown in Figure 2, the first step in the development of the 3D In-Cylinder Combustion (3D 

ICC) CFD model involves the creation of a solid model representing the engine cylinder's fluid 

domain. For this purpose, dimensional measurements were taken from the disassembled F8Q 

engine (illustrated in Figure 1), and the engine specifications provided in the literature [27-31] 

were utilized to construct the geometry using SolidWorks 2023. The model includes detailed 

representations of all components within a single cylinder, extending from the intake port entrance 

to the exhaust port exit. The geometry was created with consideration of the cyclic intervals of the 

CFD analysis, and the initial configuration was defined at the top dead center (TDC) position, just 

before the start of the intake stroke. Based on this initial piston position, the boundary surface 

definitions for the CFD domain were established within Ansys-Forte, as shown in Figure 3.  

 



Int J Energy Studies                                                                                              2025; 10(3): 743-785 

752 
 

 

Figure 3. Boundary surfaces of in-cylinder geometry for 3D ICC CFD model of F8Q engine 

[34] 

 

An essential phase in the construction of the 3D ICC CFD model for the F8Q engine involved 

creating the computational mesh. This process was executed within the Ansys-Workbench 

environment, where meticulous attention was given to generating a high-fidelity mesh that could 

deliver accurate and numerically stable simulation results. The detailed mesh characteristics and 

parameters applied during this stage are summarized in Table 3. Mesh development was informed 

by mesh quality assessments and independence evaluations, which helped define optimal element 

sizing and refinement levels. The final mesh layout, tailored for the in-cylinder combustion 

domain, is illustrated in Figure 4. This configuration reflects the combined outcome of the mesh 

setup described in Table 3 and the conclusions drawn from the mesh sensitivity analysis. 
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Table 3. Mesh metrics for 3D ICC CFD model. 

Dynamic Mesh Metrics Values 

Element size, mm 0.75 

Number of mesh 445,124.00-1,723,896.00 

Grid topologies Hexahedral and Polyhedral 

Aspect ratio 1-2 

Skewness 0.2-0.36 

Quality Orthogonal quality 

 

 

Figure 4. Mesh structure for 3D ICC CFD model of in-cylinder 
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The selection of physical and chemical models used in the 3D ICC CFD simulations was based on 

the engine configuration and combustion characteristics of direct injection charge diesel operation. 

Appropriate models for combustion, turbulence, flame propagation, and source terms were 

implemented to capture in-cylinder processes accurately. A summary of all model selections 

employed in the CFD framework is presented in Table 4. 

 

Table 4. Using necessary models for 3D ICC CFD model 

Models Selected models 

Combustion Regimes Non-Premixed Turbulent Diffusion Combustion 

Turbulence Model RANS RNG k-ɛ 

Turbulence Kinetics Interaction Model On 

Heat Transfer Model Han-Reitz 

Droplet Collision Model Adaptive Collision Mesh Model 

Injection Type Pulsed Injection 

Injection Velocity Profile Sine Profile 

Droplet Breakup Model Taylor (KH-RT) 

Active Chemistry After Fuel Injection Starts 

Unburned Calculation Method Volume Search with Fixed Radius 

Fuel Library in Chemkin-Pro Diesel_2comp_191sp__soot-pseudo-gas.cks 

Source Model Species, Momentum, Energy Sources 

 

The definition of real-time engine operating conditions in the 3D In-Cylinder Combustion (3D 

ICC) CFD model is one of the most critical parameters for ensuring that the numerical predictions 

accurately reflect actual engine behavior. These conditions are presented in Table 5 in accordance 

with the boundary assignments shown in Figure 3. In particular, the intake and exhaust pressures 

and temperatures listed in Table 5 were obtained from previously published experimental studies 

conducted on this engine [27, 28, 34]. As shown in Table 5, certain parameters that are either not 

directly measured in tests—such as cylinder liner, piston, and injector temperatures resulting from 

diesel fuel combustion—or not provided within the experimental test procedures were collected 

from other literature sources and manufacturer catalogs [34, 36]. 
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Table 5. Boundary conditions for 3D ICC CFD 

Boundary 

conditions 

Momentum Boundary 

Condition 

Thermal boundary 

condition, K 

Pressure Boundary 

Condition, Pa 

Inlet Wall 313 [27, 28, 37] 280,000.00 [28] 

Intake Port Wall 323 [34, 36] - 

Intake Valve Wall with mesh movement 343 [34, 36] - 

Outlet Wall 900 [28, 37] 100,000.00 [28] 

Exhaust Port Wall 490 [34, 36] - 

Exhaust Valve Wall with mesh movement 500 [34, 36] - 

Head Wall 635 [34, 36] - 

Liner Wall 616 [34, 36] - 

Piston Wall with mesh movement 500 [34, 36] - 

Injector Wall 600 [34, 36] - 

 

In addition, the properties of the reference fuel, diesel, were directly adopted from the test studies previously 

conducted on the same engine as reported in the literature [28]. The properties of all fuels defined in the 

3D ICC CFD model are summarized in Table 6. 

 

Table 6. Properties of fuels 

Fuel Type Diesel DMC 

Molecular formula C12-C25 (CH3O)2CO 

Cetane Number 48-57 35.5 

Oxygen Content (wt. %) 0 53.3 

Density (g.ml-1) @15°C 0.82 1.06 

LHV, MJ/kg-1 43.36 13.5 

Boiling point (°C) 221 90 

Self-ignition temperature (°C) 254 195 

Latent Heat of Vaporization (kJ.kg-1) 250-290 369 

Kinematic viscosity at 40 °C (mm².s-1) 3.52 5.6 

 

Furthermore, in the development of the 3D ICC CFD model, the temperature and pressure values 

of the intake and exhaust gases entering and leaving the CI engine cylinder ports were also defined 

as initial conditions. In addition to these, the gas compositions of the intake air, injected fuels, and 

exhaust gases were specified as the initial mass fraction values for the gas species present in the 
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system. The chemical compositions of the intake air entering through the intake port, the fuels 

injected through the injectors, and the exhaust gases are provided in Table 7. 

 

Table 7. Mass fractions of gases for initial conditions for 3D ICC CFD 

Mass ratios of component gases Diesel DMC 

F
u

el
s C12H26 0.06280 - 

(CH3O)2CO - 0.17935 

In
le

t 
A

ir
 O2 0.21828 0.19114 

N2 0.71891 
0.62951 

E
x

h
au

st
 G

as
 

CO2 0.19473 0.26288 

H2O 0.08636 0.10761 

N2 0.71891 0.62951 

 

As a result of the model development, the injector configuration was defined on the cylinder head 

in accordance with the direct injection operating principle, as illustrated in Figure 3. In this 

configuration, a spray system consisting of eight nozzles was implemented, with each nozzle 

generating conical fuel sprays. The droplet collision behavior was modeled using the Adaptive 

Collision Mesh Model, as previously indicated in Table 4. The ignition process was simulated with 

the Pulsed Injection ignition type. The inflow droplet temperature was set at 310 K, while the 

injector surface temperature was specified as 600 K, as presented in Table 5. For the spray 

dynamics, a cone angle of 15 degrees was assigned, and the droplet size distribution was defined 

using a shape parameter of 2.3 with an initial Sauter Mean Diameter of 40 μm. The piston motion 

followed a full engine cycle of 720 crank angle degrees (CAD), with the expansion stroke 

commencing accordingly. The fuel injection event was initiated at 697.5 CAD, with an injection 

duration of 7.75 degrees. A sine profile was applied for the injection velocity profile to represent 

the injection dynamics. The fuel injection quantities for each case were provided previously in 

Table 7. This injector and spray configuration allowed for accurate modeling of the fuel-air mixing 

and subsequent combustion processes under the direct injection combustion regime used in the 3D 

ICC CFD simulations. 

 

Table 8 presents the simulation control and solution setup parameters for the 3D ICC CFD model 

of the CI engine. The simulation was performed to capture the entire four-stroke engine cycle, 

covering a total simulation range from 320 to 1080 crank angle degrees (CAD), while the full cycle 
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range was defined between 360 and 1080 CAD. The engine speed during the simulations was set 

to 2250 rpm, representing the target operating condition for the validation case. The time 

integration was controlled using an initial simulation time step of 5.05×10⁻⁵ seconds, with the 

maximum allowable simulation time step limited to 1.00×10⁻⁵ seconds to ensure numerical 

stability and accuracy. The SIMPLE (Semi-Implicit Method for Pressure Linked Equations) 

algorithm was employed as the primary solution scheme throughout the calculations. This 

pressure-based numerical method is widely used for solving the Navier-Stokes equations 

governing fluid flow and heat transfer processes in CFD simulations, and it ensures stable 

convergence during transient engine cycle simulations. 

 

Table 8. Boundary conditions for 3D ICC CFD 

Simulation Control and Solution Definitions Value 

Simulation Range, CAD 320-1080 

Cycle Range, CAD 360-1080 

Engine Speed, rpm 2250 

Initial Simulation Time Step, s 5.05E-05 

Maximum Simulation Time Step, s 1.00E-05 

Solution Algorithm SIMPLE 

 

The sensitivity analyses applied to the selected parameters and models are summarized in Table 

9. The outcomes of these sensitivity evaluations, which were carried out following the procedures 

specified in Table 9, are discussed in the results section. For the purposes of this study, the optimal 

modeling configurations were determined to enable the comparative assessment of E-Fuels. 

 
Table 9. CFD matrix 

Method Fuels 

Full 

Load 

(%) 

Speed 

(rpm) 

Number 

of Mesh 

Simulation 

Time Step 

(s) 

Turbulence 

Model 

Heat Transfer 

Model 

F
u

el
s Diesel 100 2250 445,124 1.00E-05 RANS RNG k-ε  Han-Reitz Model 

DMC 100 2250 445,124 1.00E-05 RANS RNG k-ε  Han-Reitz Model 

T
es

t 
v
al

id
at

io
n
 

Diesel 100 3175 445,124 1.00E-05 RANS RNG k-ε  Han-Reitz Model 

Diesel 100 4500 445,124 1.00E-05 RANS RNG k-ε  Han-Reitz Model 

Diesel 75 2250 445,124 1.00E-05 RANS RNG k-ε  Han-Reitz Model 

Diesel 75 3175 445,124 1.00E-05 RANS RNG k-ε  Han-Reitz Model 

Diesel 75 4500 445,124 1.00E-05 RANS RNG k-ε  Han-Reitz Model 
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M
o

d
el

 S
en

si
ti

v
it

y
 A

n
al

y
si

s 
Diesel 100 2250 202,329 1.00E-05 RANS RNG k-ε  Han-Reitz Model 

Diesel 100 2250 979,273 1.00E-05 RANS RNG k-ε  Han-Reitz Model 

Diesel 100 2250 2,154,401 1.00E-05 RANS RNG k-ε  Han-Reitz Model 

Diesel 100 2250 445,124 2.50E-06 RANS RNG k-ε  Han-Reitz Model 

Diesel 100 2250 445,124 5.00E-06 RANS RNG k-ε  Han-Reitz Model 

Diesel 100 2250 445,124 2.00E-05 RANS RNG k-ε  Han-Reitz Model 

Diesel 100 2250 445,124 1.00E-05 
RANS standard k-

ε 
Han-Reitz Model 

Diesel 100 2250 445,124 1.00E-05 RANS RNG k-ε  Amsden Model 

 

3. FINDINGS and DISCUSSION 

In this study, the effects of utilizing diesel and DMC fuels in the Renault F8Q diesel engine were 

investigated using a fully validated 3D ICC CFD model. The model was developed and validated 

based on experimental test data previously reported in the literature for the same engine. 

Throughout both the experimental comparison and the CFD model validation processes, diesel 

fuel was used as the reference fuel. Following the completion of the model validation, the fuel 

comparison simulations were performed under engine operating conditions of 2250 rpm and full 

load. 

 

In this study, comprehensive sensitivity analyses were performed to determine the optimal 

configuration of the 3D ICC CFD model developed for the Renault F8Q engine. Since different 

modeling strategies and parameter selections can considerably affect the accuracy of in-cylinder 

combustion simulations, a series of sensitivity studies were systematically conducted throughout 

the model development phase, following the evaluation of engine test data. During these analyses, 

key model parameters and numerical settings were varied to observe their influence on the 

simulation results. The obtained outputs were then compared with both catalog data and previously 

published experimental measurements for the same engine, enabling a robust validation of the 

numerical model. Following these assessments, the most appropriate model definitions were 

finalized to achieve the highest consistency with the reference data. The conducted sensitivity 

studies addressed several critical modeling components, including variations in mesh density 

(evaluated across four grid resolutions), time step sizes (four different increments), turbulence 

models (two options), heat transfer models (three options), as summarized in Table 9. In total, five 

test validations, eight model sensitivity analysis and two fuel comparison simulations were 

conducted, following the analysis matrix defined in Table 9. 
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3.1. Mesh Independency 

To ensure that the CFD predictions are independent of mesh resolution, a mesh sensitivity analysis 

was conducted for the F8Q direct injection diesel engine. The simulations were carried out starting 

from 320 CAD using four progressively refined mesh densities: 202,329; 445,124; 979,273; and 

2,154,401 cells. Each mesh level was generated by refining the previous mesh, thereby allowing a 

systematic investigation of the grid resolution effect on combustion and thermal performance. 

Figure 5 presents both the in-cylinder temperature distributions after combustion and the 

corresponding variations in thermal efficiency for each mesh configuration. The temperature 

contours were extracted at 720 CAD, corresponding to top dead center (TDC), and displayed in a 

radial cross-section to capture spatial temperature gradients at the critical piston position. As the 

mesh was refined, noticeable improvements in thermal efficiency were observed. Specifically, 

thermal efficiency increased from 0.440 for the coarsest mesh (202,329 cells) to 0.519, 0.523, and 

0.525 for the subsequent mesh levels, respectively. While the improvement between the two 

coarsest meshes was substantial, the efficiency differences between the two finest grids were less 

than 1%, suggesting numerical convergence had been achieved at finer mesh densities. In addition 

to thermal efficiency, the chemical heat release rate (CHRR) profiles were analyzed to further 

evaluate the mesh resolution effect on combustion accuracy. CHRR, which characterizes the 

energy release rate during combustion, provides a direct indication of combustion completeness 

and temporal dynamics. As illustrated in Figure 5, the CHRR curves for the finest three meshes 

(445,124; 979,273; and 2,154,401 cells) show excellent agreement with nearly overlapping 

profiles, confirming stable and consistent combustion representation. In contrast, the coarsest mesh 

produces a significantly delayed and lower CHRR peak, indicating its inability to fully capture the 

combustion process dynamics. Taken together, the consistency observed in thermal efficiency, 

temperature fields, and CHRR trends demonstrates that the mesh containing approximately 

445,124 cells offers a satisfactory compromise between computational cost and solution accuracy 

for the present 3D ICC CFD diesel engine simulations. 
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Figure 5. Mesh independence test for 3D ICC CFD Model (a) in-cylinder temperature axial 

contours, (b) thermal efficiency, (c) CHRR-CAD 
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3.2. Time Step Independency 

In the transient simulations of the in-cylinder combustion process, selecting an appropriate time 

step size plays a crucial role in accurately resolving combustion events while maintaining 

computational efficiency. A smaller time step enhances the temporal resolution of rapid 

combustion processes, yet significantly increases the computational cost. Therefore, the time step 

selection must reflect the dominant physical and chemical processes occurring within the 

combustion chamber, particularly in relation to piston motion, valve operations, and chemical 

reaction kinetics. For the F8Q diesel engine operating at 2250 rpm, a complete 720 crank angle 

degree (CAD) cycle corresponds to approximately 0.0384 seconds. During this cycle, the piston 

experiences significant velocity variations, with peak piston speeds occurring near 90° crank 

angles after the top dead center (ATDC), corresponding to the expansion stroke's maximum 

velocity region. The intake valve opens at top dead center (TDC, 0 CAD) and closes at 18° after 

bottom dead center (ABDC), providing an intake duration of approximately 198 CAD, equivalent 

to ~0.0105 seconds. The exhaust valve opens at 41° before bottom dead center (BBDC) and closes 

at TDC, resulting in an exhaust duration of 221 CAD (~0.0117 seconds). Within these narrow 

periods, especially near the top dead center, rapid combustion occurs where turbulent mixing, 

spray evaporation, and detailed chemical reactions interact simultaneously. The combustion event 

itself is highly concentrated near TDC, typically within a window of 30–40 CAD, lasting 

approximately 0.0016 to 0.0021 seconds. During this phase, thousands of elementary reactions 

involving multiple chemical species occur concurrently, which demands fine temporal resolution 

for accurate capture of ignition delay, flame propagation, and heat release rates. To investigate the 

effect of time step size on numerical stability and solution accuracy, a systematic time-step 

sensitivity study was conducted. The CFD software dynamically adjusts the local time step based 

on variations in flow properties and combustion progress; however, the maximum allowable global 

time step remains a controlling parameter. In this analysis, simulations were performed using four 

distinct time step values: 2.50E-06 s, 5.00E-06 s, 1.00E-05 s, and 2.00E-05 s. The simulation 

results are presented in Figure 6. The thermal efficiency values corresponding to these time steps 

were calculated as 0.518, 0.521, 0.519, and 0.482, respectively. As shown, thermal efficiency 

remains relatively stable across the time steps of 2.50E-06 s to 1.00E-05 s, with only minor 

variations. However, a significant drop in thermal efficiency was observed at the largest time step 

of 2.00E-05 s, indicating under-resolved combustion behavior at coarser temporal resolution. 

Additionally, in-cylinder temperature distributions extracted at 720 CAD (TDC) were analyzed to 

assess flame structure development under different time-step configurations. As illustrated in 
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Figure 6, the flame front becomes poorly resolved and less intense at the highest time step, while 

consistent and well-defined flame structures are maintained for time steps up to 1.00E-05 s. Further 

insight into combustion dynamics was obtained by evaluating the chemical heat release rate 

(CHRR) profiles. The CHRR results revealed that for time steps ranging from 2.50E-06 s to 1.00E-

05 s, the heat release profiles exhibit strong agreement with nearly overlapping peaks occurring 

near 714 CAD. These profiles indicate consistent combustion phasing and complete combustion 

at these finer time steps. Conversely, the 2.00E-05 s time step resulted in a delayed, broadened, 

and significantly flattened CHRR profile, suggesting incomplete combustion and degraded 

temporal resolution of the reaction progress. Considering all evaluation metrics—including 

thermal efficiency, temperature contours, and heat release profiles—a time step of 1.00E-05 s was 

selected as the optimal value for subsequent simulations. This choice offers a well-balanced trade-

off between numerical accuracy and computational cost, while preserving the physical fidelity 

required to capture the complex transient combustion phenomena in the F8Q diesel engine. 
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Figure 6. Time speed independence test for 3D ICC CFD Model (a) in-cylinder temperature 

axial contours, (b) thermal efficiency, (c) CHRR-CAD 
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3.3. Turbulence Model Sensitivity 

In this study's CFD simulations, the turbulence behavior within the combustion chamber was 

primarily captured using the RANS-based RNG k-ε model, due to its widespread validation and 

successful application in diesel engine research [38–42]. The Reynolds-Averaged Navier–Stokes 

(RANS) methodology separates flow variables into time-averaged and fluctuating components, 

enabling the resolution of turbulent characteristics with relatively low computational demand. 

Both the standard k-ε and RNG k-ε models extend the ε-equation by incorporating additional 

correction terms that address the effects of compressibility, flow expansion, and varying strain 

rates—key aspects in high-pressure, spray-driven combustion processes [43]. Given that the 

Renault F8Q engine utilizes a direct injection system characterized by intense turbulence from 

spray dynamics, the adoption of large eddy simulation (LES) techniques was avoided. As 

previously noted in the literature [44], LES methods demand extremely fine mesh resolutions to 

accurately resolve small-scale eddies and their flame interaction, making them less practical under 

current meshing constraints. Therefore, RANS models were deemed more suitable for achieving 

a balance between fidelity and computational efficiency in this work. To evaluate how the 

turbulence model selection impacts combustion prediction, simulations were performed using both 

the standard and RNG versions of the k-ε model. Results, depicted in Figure 7, indicate that the 

RNG k-ε model yielded higher thermal efficiency (0.519) compared to the standard model (0.494). 

This improvement is likely due to the RNG formulation’s superior capacity to capture fine-scale 

turbulence effects that influence spray breakup and fuel-air mixing. Additionally, temperature 

distributions at 720 CAD revealed that the RNG k-ε model predicts more intense and focused high-

temperature regions, particularly at the combustion core, suggesting more efficient heat release. 

The chemical heat release rate (CHRR) analysis also supported this finding, as the RNG k-ε model 

showed an earlier and more pronounced peak, indicating faster and more complete combustion. In 

contrast, the standard model's broader and delayed CHRR profile suggested weaker turbulence-

chemistry interactions. Taking into account all combustion and performance indicators, the RNG 

k-ε turbulence model proved to be the more accurate and robust choice for simulating the F8Q 

diesel engine in this investigation, confirming similar trends reported in prior studies [42, 44]. 
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Figure 7. Turbulence model sensitivity for 3D ICC CFD Model (a) in-cylinder temperature axial 

contours, (b) thermal efficiency, (c) CHRR-CAD 
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3.4. Heat Transfer Model Sensitivity 

In addition to turbulence, spray, and chemical reaction modeling, accurately representing wall heat 

transfer is essential for predicting combustion characteristics in diesel engines. Heat transfer 

directly influences flame propagation, in-cylinder temperature distribution, and overall thermal 

efficiency, especially in spray-dominated direct injection engines such as the Renault F8Q. In this 

context, two widely used heat transfer models—Han-Reitz and Amsden—were comparatively 

evaluated to assess their suitability for the developed 3D ICC CFD model. The Han-Reitz model 

is specifically designed for high-pressure, spray-driven combustion environments and accounts for 

both piston-induced turbulence and spray-generated mixing, which play a dominant role in diesel 

engines [38]. In contrast, the Amsden model, adapted from the classical Woschni formulation, 

primarily relies on empirical relationships involving cylinder pressure, gas temperature, and piston 

speed, while neglecting direct spray-turbulence interactions [45]. The results of the heat transfer 

model sensitivity analysis are presented in Figure 8. As illustrated, noticeable differences emerge 

between the two models in terms of both global thermal performance and local combustion 

behavior. The thermal efficiency obtained with the Han-Reitz model was calculated as 0.519, 

while the Amsden model yielded a lower value of 0.475. This reduction in efficiency for the 

Amsden model can be attributed to its limited capacity to resolve spray-induced turbulence effects 

and localized heat transfer gradients, which are critical under diesel combustion conditions. 

Further insights into the models’ behavior were gained by examining the in-cylinder temperature 

distributions at top dead center (TDC, 720 CAD), shown in Figure 8a. The Han-Reitz model 

predicted significantly higher localized temperature regions within the combustion chamber, 

particularly near the piston bowl, where fuel spray impingement and turbulent mixing intensify 

heat transfer. In contrast, the Amsden model resulted in a more diffused temperature field with 

lower peak temperatures, reflecting its less detailed representation of spray-induced convective 

heat transfer. The impact of heat transfer modeling on combustion phasing was also evaluated by 

analyzing the chemical heat release rate (CHRR) profiles (Figures 8b and 8c). The Han-Reitz 

model produced a sharper and earlier CHRR peak, closely aligned with the rapid ignition and 

combustion expected in spray-dominated diesel operation. This reflects the model’s ability to 

capture localized flame front development and faster heat release. Conversely, the Amsden model 

generated a delayed and broader CHRR profile with reduced peak intensity, indicating slower 

combustion and incomplete resolution of the rapid heat release phase. The superior predictive 

capability of the Han-Reitz model in this study can be attributed to its enhanced treatment of spray-

turbulence interaction, droplet-wall impingement, and swirl-induced boundary layer thinning, all 
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of which are highly influential in the F8Q diesel engine configuration. This behavior is consistent 

with previous findings that emphasize the importance of incorporating spray-driven turbulence 

into heat transfer modeling for accurate diesel combustion simulations [38]. Based on these 

evaluations, the Han-Reitz model was selected for all subsequent simulations due to its superior 

ability to represent the complex heat transfer mechanisms inherent in spray-driven diesel 

combustion. 
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Figure 8. Heat transfer model sensitivity for 3D ICC CFD Model (a) in-cylinder temperature 

axial contours, (b) thermal efficiency, (c) CHRR-CAD 
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3.5. 3D ICC CFD Model and Test Comparison 

In this study, in addition to the model sensitivity analyses, the boundary and initial conditions of 

the 3D ICC CFD simulations were defined based on previously published engine test data in the 

literature [27,28]. The parameters available from these engine tests were earlier summarized in 

Table 2. As can be seen, critical engine characteristics such as effective torque, BP, BMEP, in-

cylinder pressure, and emissions including NOₓ, CO, and UHC were used to perform validation 

studies, as detailed in Table 9. In accordance with these literature test datasets, combustion 

simulations were conducted for the same 3D ICC CFD model under 75% and 100% throttle 

conditions at engine speeds of 2250, 3175, and 4500 rpm. The outcomes of these simulations 

represent indicated engine performance parameters. However, the experimental data reported in 

the literature provides brake engine characteristics. Therefore, to ensure a meaningful comparison 

between the CFD model results and the literature test data, it was necessary to convert the 

simulated indicated performance data to brake equivalents by determining the engine’s mechanical 

efficiency. For this purpose, the mechanical efficiency of the F8Q engine was calculated using the 

Willans Line method, based on the BMEP–fuel consumption graph previously published by Satgé 

de Caro et al. [27]. As illustrated in Figure 10, this approach enabled the estimation of frictional 

losses without requiring additional engine tests by considering the resistive forces resulting from 

the inertia of the moving engine components [46]. A linear regression was applied to the BMEP–

fuel consumption curve, yielding a frictional BMEP value of 1.621 bar. Given that the engine was 

operated at 3175 rpm and produced a BMEP of 7.049 bar, the mechanical efficiency was calculated 

to be 0.813 based on the regression method illustrated in Figure 9. Accordingly, the engine 

performance parameters obtained from the 3D ICC CFD model were translated from indicated 

values to brake values, allowing for accurate comparison with the test data reported in the 

literature. 
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Figure 9. Willians Line method for calculating mechanical efficiency 

 

Prior to investigating the effects of DMC utilization in the F8Q engine, the consistency of the 

engine's brake characteristics was verified by comparing simulation results obtained from the 3D 

ICC CFD model under identical operating conditions. Following an extensive series of model 

sensitivity analyses, the finalized 3D ICC CFD model was validated against experimental data and 

subsequently subjected to all necessary CFD procedures to ensure modeling accuracy. The 

validation of key engine performance parameters—such as brake torque, brake power, and brake 

thermal efficiency—is presented in Figure 10, confirming the model’s predictive capability under 

real engine conditions at full load and given speeds. Additionally, Figure 11 illustrates the in-

cylinder pressure validation, providing a further benchmark for combustion accuracy. As a 

complementary validation criterion, Figure 12, Figure 13, and Figure 14 presents the emission 

comparisons for NOₓ, CO, and UHC, which serve as important indicators of correct combustion 

phasing and completeness within the CFD framework. The consistency of the 3D ICC CFD model 

with experimental findings was evaluated through several key performance and combustion 

indicators. Figures 10 through 15 illustrate the model’s alignment with literature data regarding 

brake power, in-cylinder pressure, and exhaust emissions (NOₓ, CO, UHC) under multiple 

operating conditions. Figure 10 demonstrates the correlation between the CFD-predicted brake 

power and reference values from both engine catalog data and previous studies [27,28]. The CFD 

predictions slightly overestimate the brake power, particularly at higher engine speeds (e.g., 4500 

rpm), but overall follow the same trend observed in the literature. These differences can be 

primarily attributed to the assumptions made in the numerical model regarding combustion 

efficiency, heat losses, and friction, which may be idealized compared to the real engine operation. 
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Figure 11 compares the in-cylinder pressure profiles obtained from the CFD model with 

experimental data reported by Armas et al. [28]. While the general pressure rise and peak pressure 

location near top dead center (TDC) are accurately predicted, minor discrepancies appear in the 

pressure decay phase. These variations can result from idealized combustion chamber wall 

conditions and simplifications in the heat transfer model used in the simulation. 

 

Figure 12 shows the validation results for NOₓ emissions. Although the predicted trend aligns well 

with literature data at 75% throttle opening [27], the CFD model tends to slightly overpredict NOₓ 

levels at higher engine speeds. This is likely due to the model’s sensitivity to in-cylinder 

temperature distribution and residence time, which directly influence thermal NO formation 

pathways. The assumption of a homogenous charge and idealized post-combustion mixing in the 

simulation can exaggerate the local high-temperature zones. 

 

Figure 13 presents the comparison for CO emissions at 75% throttle opening on condition. The 

CFD-predicted values are consistently higher than those obtained experimentally. This 

overestimation may stem from limitations in modeling the late-cycle oxidation of CO, especially 

under rich combustion conditions or during quenching near the walls. Furthermore, simplifications 

regarding fuel spray-wall interactions and flame quenching mechanisms may contribute to the CO 

prediction deviation. 

 

Figure 14 evaluates UHC emissions at 75% throttle opening on condition. Similar to CO, the UHC 

levels predicted by the CFD model are above the values reported in the experiments. This can be 

explained by the challenges in resolving crevice volumes and wall film behaviors in the 3D 

simulation, which play a significant role in HC formation in real engines. Despite these limitations, 

the CFD model successfully replicates the overall UHC emission trend as a function of engine 

speed. 

 

In general, the minor deviations observed between CFD predictions and experimental data can be 

attributed to several inherent modeling constraints. These include fixed boundary conditions in 

CFD that do not fully capture real-world fluctuations in intake temperature, fuel-air mixing, 

humidity, and injector performance. Moreover, although mesh independence and model sensitivity 

studies (including turbulence, flame speed, and reaction kinetics) were rigorously conducted, the 
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approximations inherent to numerical simulation still limit perfect replication of physical 

experiments. It is also worth noting that real engine systems experience aging, wear, and sensor 

variability, which introduce uncertainty into experimental measurements. In contrast, simulations 

rely on idealized geometries and steady-state conditions. Additionally, complex flow structures 

such as intake-generated swirl and tumble, cyclic variability, and transient spray-wall interactions 

may not be completely resolved in RANS-based models. Nonetheless, the agreement observed in 

the brake performance, combustion pressure, and key emission profiles—within approximately 

±10% of the experimental results—supports the robustness and reliability of the developed 3D 

ICC CFD model for the Renault F8Q engine under full-load conditions. 

 

 

Figure 10. Validation of CFD-based brake performance against experimental literature data 

 

 

Figure 11. Validation of CFD-based in-cylinder pressure against experimental literature data 
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Figure 12. Validation of CFD-based NOx against experimental literature data 

 

 

Figure 13. Validation of CFD-based CO against experimental literature data 
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Figure 14. Validation of CFD-based UHC against experimental literature data 

 

3.6. 3D ICC CFD Model Simulation Results 

In this study, comparative simulations for DMC fuel were conducted using the 3D ICC CFD 

model, which had been developed through extensive sensitivity analyses and validated against 

literature-based experimental tests. The selected this fuel was chosen for their potential 

applicability in CI engines. Including fossil diesel as the reference fuel, a total of two simulations 

were performed under full load and 2250 RPM operating conditions. 

 

The in-cylinder pressure profiles derived from the CFD simulations are presented as indicator 

diagrams in Figure 15, allowing a comparative assessment of combustion phasing and peak 

pressure behavior across all fuel types. In addition, core engine performance parameters were 

evaluated as a function of fuel composition. Following the fundamental methodology of the 3D 

ICC CFD model, these parameters were calculated as indicated values and compared accordingly. 

Indicated torque, indicated power and IMEP are compared in Figure 16, while ISFC is presented 

in Figure 17, and thermal efficiency comparisons are shown in Figure 18. Figure 19 further 

provides the in-cylinder radial temperature contours captured adjacent to the injector. Collectively, 

these visualizations offer a comprehensive assessment of how DMC influences flame 

development, combustion efficiency, and overall engine performance under identical operating 

conditions. 
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The pressure–volume (PV) diagram in Figure 15 clearly demonstrates significant variations in 

combustion characteristics among the tested fuels at full load and 2250 rpm. In terms of in-cylinder 

peak pressures, DMC fuel experience peak pressure is higher than diesel. As shown in Table 6, 

DMC, with its high cetane number and Increased combustion efficiency due to oxygenate additive, 

low enthalpy of vaporization, leading to the highest peak in-cylinder pressure. The embedded 

oxygen within DMC's molecular structure facilitates local oxidation reactions even under fuel-rich 

zones, thereby supporting more complete combustion. 

 

 

Figure 15. PV diagram for all fuels in 3D ICC CFD simulations 
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same mechanism was observed to increase the indicated torque and indicated power by 

approximately 3.5% compared to diesel. Since torque, power, and IMEP are interrelated 

parameters, all three exhibited a proportional increase, providing a performance advantage over 

diesel and aligning well with previously reported findings. 

 

 

Figure 16. Torque/power/IMEP for all fuels 

 

As shown in Figure 17, DMC exhibited a 4.24% increase in indicated specific fuel consumption 

(ISFC) compared to diesel. This outcome is primarily influenced by its lower heating value (LHV) 

and combustion rate. The BSFC parameter of fuels is closely related to their LHV values [50-52]. 

As indicated in Table 6, the LHV of DMC is 68.87% lower than that of diesel. Despite this, DMC 

still demonstrated only a limited increase in BSFC, which highlights its favorable combustion 

behavior. This observation is consistent with the findings reported in the literature [21]. 
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Figure 17. ISFC for all fuels 

 

In the thermal efficiency comparison shown in Figure 18, it is seen that the thermal efficiency of 

DMC is decreased by 4.06% compared to diesel. These variations directly reflect differences in 

lower heating value, oxygen content, and combustion phasing across the tested fuels. Since thermal 

efficiency is fundamentally a consequence of combustion behavior, the trends observed in pressure 

and performance metrics are consistently mirrored here. 

 

 

Figure 18. Thermal efficiency for all fuels 
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widespread and uniform high-temperature distribution compared to diesel. This behavior aligns 

with its lower cetane number, which delays autoignition and promotes extended fuel–air mixing 

prior to combustion. The enhanced atomization and oxygen content of DMC contribute to more 

efficient premixed combustion, resulting in elevated peak cylinder temperatures and improved heat 

release characteristics. Additionally, the higher latent heat of vaporization of DMC, as noted in 

Table 6, facilitates greater charge cooling during the intake phase, potentially increasing air density 

and improving volumetric efficiency. These combined effects lead to a more complete and intense 

combustion process, thereby enhancing indicated torque and power output. The observed 

temperature fields are consistent with the 3.5% improvement in performance metrics relative to 

diesel, supporting the conclusion that DMC offers thermodynamic advantages in compression 

ignition engines under the tested conditions. 

 

 

Figure 19. In-cylinder temperature radial contours for all fuels in 3D ICC CFD model 

 

Table 10 presents the simulated emissions of carbon monoxide (CO), unburned hydrocarbons 

(UHC), and nitrogen oxides (NOₓ) for Diesel and DMC fuels using the validated 3D ICC CFD 
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model. These emissions were evaluated on a per-cycle basis, providing insight into how fuel type 

influences combustion stability, efficiency, and pollutant formation in compression ignition (CI) 

engines. The results indicate that DMC outperformed conventional Diesel by reducing CO and 

UHC emissions by approximately 13% and 3%, respectively. These findings are consistent with 

previous studies highlighting the emissions-reducing potential of oxygenated synthetic fuels [53]. 

Owing to its superior atomization characteristics compared to Diesel, DMC undergoes more 

complete combustion, leading to reduced CO and UHC emissions [54]. Regarding NOₓ emissions, 

DMC exhibited a slightly higher level (342.521 ppm) than Diesel, which is likely attributed to 

more advanced combustion phasing and elevated local in-cylinder temperatures. It is well 

established that NOₓ formation is directly influenced by in-cylinder combustion temperatures [55]. 

Additionally, the combination of prolonged ignition delay and high temperatures at advanced 

crank angles contributes to this increase in NOₓ emissions [21]. In summary, while DMC 

demonstrates clear advantages in reducing CO and UHC, it is accompanied by a marginal rise in 

NOₓ, reflecting a typical trade-off observed with high-oxygen content fuels. 

 

Table 10. Emissions for 3D ICC CFD model 

Emissions/Fuels Diesel DMC 

CO, ppm 228.874 198.544 

UHC, ppm 70.384 68.114 

NOx, ppm 337.383 342.521 

 

4. CONCLUSIONS AND RECOMMENDATIONS 

In this study, a comprehensive numerical investigation was conducted to evaluate the combustion, 

performance, and emission characteristics of DMC fuels in a Renault F8Q compression ignition 

engine using a fully validated 3D ICC CFD model. The model development was based on 

experimental literature data, and extensive sensitivity analyses were performed to ensure mesh, 

time-step, turbulence, and heat transfer model independency. Following model validation, fuel 

comparison simulations were carried out at 2250 rpm and full load conditions. 

 

The simulation results revealed that DMC offers notable advantages over conventional Diesel in 

terms of combustion quality and pollutant reduction. Due to its superior atomization capability and 

high oxygen content, DMC enhanced fuel–air premixing and combustion uniformity, leading to 

approximately 3.5% higher indicated torque and power. Despite its lower heating value, the 
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combustion efficiency of DMC was favorable, resulting in only a moderate increase in ISFC and 

a relatively small decline in thermal efficiency. In-cylinder temperature contours supported these 

findings by showing more homogeneous and elevated peak temperatures during DMC combustion. 

 

From an emissions standpoint, DMC reduced CO and UHC emissions by 13% and 3%, 

respectively, highlighting its cleaner combustion profile. However, it caused a slight increase in 

NOₓ emissions, primarily due to delayed ignition and elevated in-cylinder temperatures—

characteristics typically observed with oxygenated fuels. 

 

Based on these findings, DMC emerges as a viable alternative fuel for diesel engines, particularly 

where reductions in CO and UHC emissions are prioritized. Nevertheless, its slightly higher NOₓ 

emissions call for further exploration of advanced injection strategies, EGR application, or 

aftertreatment systems to mitigate this drawback. Future studies are recommended to investigate 

part-load operation, cold-start behavior, cyclic variability, and aging effects in real engine systems. 

Additionally, experimental validation of DMC behavior under transient conditions and with 

varying injection timing could provide a more comprehensive understanding of its real-world 

applicability. 

 

NOMENCLATURE 

n: Engine speed 

ρ: Density 

k: Number of species 

𝚽: Average of convection term 

Γ: Average of the nonlinear convection term 

H: Ensemble mean of the convection term 

r: Distance 

DI: Direct Injection 

CFD: Computational Fluid Dynamics 

3D ICC: 3D in-Cylinder Combustion 

TDC: Top Dead Center 

BDC: Bottom Dead Center 

rpm: Revolutions per minute 

ppm: Parts per million 
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BP: Brake Power 

BMEP: Brake Mean Effective Pressure 

BSFC: Brake Specific Fuel Consumption 

IP: Indicated Power 

IMEP: Indicated Mean Effective Pressure 

ISFC: Indicated Specific Fuel Consumption 
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