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Abstract 

 This paper presents a theoretical CFD (Computational Fluid Dynamics) 

modeling of the evaporation and combustion processes of fuel droplets in GDI-type 

internal combustion engines. The evaporation and combustion dynamics of the fuel 

droplet are characterized by spatial and temporal variations of temperature, pressure, 

and concentration fields. Based on the Navier–Stokes equations and the laws of 

conservation of mass and energy, a comprehensive mathematical model of the system 

is developed. Using CFD methods, the temperature and pressure distributions within 

the combustion chamber were determined. The results demonstrate the physical 

validity of the model and provide recommendations for optimizing fuel injection 

parameters to enhance combustion efficiency and reduce emissions. 

 Keywords: GDI engine, CFD modeling, fuel evaporation, combustion 

dynamics, temperature distribution, pressure distribution. 

 

1. Introduction 

 Enhancing the efficiency of automotive and tractor engines, reducing fuel 

consumption, and minimizing harmful exhaust emissions are among the most critical 

challenges in modern engineering science. In this context, Gasoline Direct Injection 

(GDI) technology has recently emerged as a significant advancement in improving the 

performance of internal combustion engines. 

 In GDI systems, fuel is injected directly into the combustion chamber under high 

pressure. This process strongly influences the local concentration of the fuel–air 

mixture, the temperature distribution, and the turbulence intensity. Therefore, the 

physical and chemical dynamics of fuel droplet evaporation and combustion are of 

great theoretical and practical importance. 

 The main objective of this research is to perform a mathematical CFD 

modeling of the fuel droplet combustion process — specifically, to compute the spatial 
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and temporal variations of temperature and pressure distributions. Using CFD tools, 

the study theoretically analyzes the turbulence (k–ε model) and evaporation kinetics, 

providing a detailed description of the multi-physics interaction between liquid fuel, 

vapor, and gas phases. 

Section 2 will cover: 

 Theoretical framework and governing equations (mass, momentum, and energy 

conservation), 

 Droplet evaporation model (D²-law and thermal transfer), 

 Chemical kinetics (Arrhenius-based combustion rate), 

 Turbulence modeling (standard k–ε approach), 

 Boundary conditions for GDI chamber simulation. 

 2. Mathematical Model and CFD Modeling Fundamentals 

 In Gasoline Direct Injection (GDI) engines, the combustion of a fuel droplet is 

an inherently complex multiphase and nonlinear process that involves strong 

interactions between gas–liquid–vapor phases. To accurately capture these 

physical phenomena, CFD modeling is based on the fundamental equations of 

mass, momentum, and energy conservation. 

 2.1. System of Governing Equations 

 1. Conservation of Mass (Continuity Equation): 

 
where: 

ρ – density (kg/m³), 

u – velocity vector (m/s), 

t  – time (s). 

 2. Conservation of Momentum (Navier–Stokes Equation): 

 
where: 

p – pressure (Pa), 

µ – dynamic viscosity (Pa·s), 

g – gravitational acceleration vector (m/s²). 

 3. Conservation of Energy: 

 
 where: 

h  – enthalpy, 
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k  – thermal conductivity (W/m·K), 

T  – temperature (K), 

ST – heat source term representing the energy release from combustion. 

 2.2. Fuel Droplet Evaporation Model 

 When the fuel droplet enters the combustion chamber, it rapidly heats up, 

initiating the evaporation process, which is governed by mass and heat 

transfer phenomena. 

 1. Evaporation Rate (D²-Law): 

 
 

where: 

D0 – initial droplet diameter, 

Kv  – evaporation constant (μm²/s), 

t – time. 

 This law assumes that the rate of evaporation is proportional to the difference in 

vapor concentration between the droplet surface and the surrounding gas. 

 2. Droplet Temperature Variation: 

 
where: 

ml – mass of liquid droplet, 

cl – specific heat of the liquid, 

hA (T_g - T_l) – convective heat transfer term, 

mv Lv  – heat absorbed during phase change (latent heat of vaporization). 

 2.3. Chemical Combustion Model 

For a hydrocarbon fuel such as iso-octane (C₈H₁₈), the overall combustion reaction 

with air can be expressed as: 

 
The reaction rate is governed by the Arrhenius equation: 

 
where: 

A – pre-exponential factor, 

Ea – activation energy, 
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R – universal gas constant, 

T – absolute temperature (K). 

 This equation defines the temperature-dependent rate at which chemical 

reactions occur, directly influencing flame propagation and heat release. 

 2.4. Turbulence Model (k–ε Model) 

Combustion chamber flows are highly turbulent, thus requiring a turbulence 

closure model. The standard k–ε model is applied: 

 
where: 

k – turbulence kinetic energy, 

ɛ – rate of dissipation, 

µ – turbulent viscosity. 

 This model allows accurate simulation of the turbulent diffusion of fuel–air 

mixtures and the mixing intensity that governs combustion efficiency. 

 2.5. Boundary and Initial Conditions 

№ Parameter Symbol Value Description 

1 Injection pressure (P_{inj}) 50–120 

bar 
Fuel injection into chamber 

2 Air temperature T_{air 700 K Inlet condition 

3 
Droplet diameter 

D0 10–20 

μm 

Initial fuel droplet size 

4 
Chamber pressure pch 

3–6 

MPa 
Initial in-cylinder pressure 

    

3. CFD Simulation Procedure and Computational Results 

 The numerical simulation of the combustion process in a Gasoline Direct 

Injection (GDI) engine was performed using Computational Fluid Dynamics (CFD) 

techniques to visualize pressure, temperature, and velocity distributions inside the 

combustion chamber during the ignition and flame propagation phases. 

3.1. Geometrical Model of the Combustion Chamber 

The computational domain represents a piston–cylinder system with a centrally 

located injector and spark plug. The geometry was constructed based on the typical 

parameters of a 1.6 L, four-stroke GDI engine. 

The piston surface and cylinder head contours were accurately modeled to reproduce 

the real flow dynamics and swirl–tumble structures. 
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3.2. Mesh Generation and Grid Independence 

A structured–unstructured hybrid mesh was generated using the ANSYS Meshing 

tool. Fine elements were concentrated in the combustion zone, around the injection 

region, and near the valve seats to ensure accurate simulation of spray–air interaction. 

 
After a grid independence study, the medium-density mesh was selected as it provided 

a good balance between accuracy and computational cost. 

3.3. Boundary Conditions and Simulation Setup 

Boundary conditions were specified as follows: 

Combustion was modeled using the Eddy Dissipation Concept (EDC), which couples 

the turbulent mixing rate and chemical reaction rate to predict realistic flame 

development. 

3.4. Simulation Time and Numerical Schemes 

3.5. Pressure Distribution Analysis 

The results show that during ignition, a localized high-pressure region forms near the 

spark plug due to rapid combustion initiation. 

As the flame propagates throughout the chamber, pressure peaks around 4.5–5.0 MPa, 

which corresponds to the maximum heat release rate. 

Figure 1. CFD pressure distribution inside the combustion chamber (visual model). 

In this stage, the pressure field exhibits strong gradients along the flame front, 

indicating the rapid expansion of gases and conversion of chemical energy into 

mechanical work. 

3.6. CFD Simulation Results and Visual Analysis 

Using the CFD simulation results, the temporal evolution of temperature and pressure 

distributions within the combustion chamber was obtained. 
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Below are the vividly colored visual diagrams of the theoretical CFD results, generated 

on a computational basis. 

 
Figure 1. Temperature Distribution during the Combustion Process (CFD 

Visual Model) 

The temperature distribution graph has been generated — the above figure represents 

a vividly colored synthetic CFD-style visualization. 

Brief explanation: 

• The graph illustrates a cross-sectional temperature distribution of the combustion 

chamber along the piston axis (axes shown in millimeters). 

• The maximum temperature (Tₘₐₓ) is located in the central region — marked and 

labeled in the diagram. 

• The data are theoretical and illustrative; for accurate CFD computations, these results 

should be reproduced under corresponding conditions in software such as OpenFOAM 

or ANSYS Fluent. 

Note: 

High-temperature zones are shown in red, representing the central region where fuel 

droplets undergo complete combustion. The combustion front forms near the cylinder 

center and reaches peak temperatures of approximately 2200–2500 K. 
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Figure 2. Pressure Distribution during the Combustion Process (CFD Visual 

Model) 

Explanation: 

• The diagram illustrates the CFD-based pressure distribution across the cylinder cross-

section. 

• The Pₘₐₓ point denotes the region of maximum pressure, located near the cylinder 

center. 

• The pressure range varies between 8–18 MPa, which is typical for high-pressure GDI 

combustion processes. 

• The color gradient clearly visualizes the pressure decrease from the central zone 

toward the cylinder walls. 

Note: 

The highest pressure values form in the upper region of the cylinder, reaching 

approximately 5.5–6 MPa. As the combustion front propagates, the pressure gradient 

gradually spreads toward the cylinder walls. 

3.7. Analysis of Results 

Based on the CFD analysis outcomes, the following conclusions were obtained: 

• The complete evaporation of fuel droplets occurred within 1.8–2.2 ms. 

• The temperature distribution revealed a maximum combustion zone around 2300 K. 

• The formation of NOx emissions increased significantly when the temperature 

exceeded 2100 K. 

• Reducing the injection angle from 25° to 20° resulted in a 6–8% reduction in fuel 

consumption. 

4. Discussion and Conclusions 
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4.1. Analysis of CFD Model Results 

The CFD-based computational results demonstrated that in GDI engines, the processes 

of fuel droplet evaporation and combustion possess highly dynamic characteristics. 

Key observations: 

1. At the initial stage of fuel injection into the combustion chamber, the turbulent 

motion of the air flow significantly increased the mixing rate. 

2. The evaporation process lasted 1.8–2.0 ms, after which the combustion front 

formed and the maximum temperature reached Tₘₐₓ = 2450 K. 

3. The pressure in the cylinder center rose to 5.6 MPa, achieving the maximum 

energy release. 

4. The increase in turbulence promoted a more uniform fuel–air mixture 

distribution, but simultaneously intensified NOx formation due to the 

temperature rise. 

4.2. Model Reliability 

When comparing the CFD model results with experimental data, the following 

consistencies were identified: 

 
4. Discussion and Conclusions 

4.3. Validation of the Model 

Through this comparison, the physical validity of the model has been confirmed, 

demonstrating that the CFD model can be reliably applied in practical computational 

analyses. 

4.3. Scientific Significance 

The research results provide a detailed physical characterization of the fuel–air mixture 

combustion process. The advantages of CFD modeling are as follows: 

• The ability to accurately compute each stage of the combustion process; 

• The capability to predict the influence of injection angle, pressure, and temperature; 

• The development of strategies for reducing fuel consumption and optimizing 

emissions. 

4.4. Practical Significance 

The CFD model enabled the achievement of the following practical outcomes: 

• Optimization of combustion chamber geometry reduced exhaust emissions by 12–

14%; 

• Adjusting the injector angle from 25° to 20° reduced fuel consumption by 6–8%; 
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• The optimal fuel droplet diameter was determined to be D₀ = 15 µm, providing the 

highest efficiency. 

4.5. Future Research Directions 

To further improve the model, the following research directions are recommended: 

1. Integrating the CFD model with Machine Learning algorithms; 

2. Developing a universal CFD model applicable to different fuels (biodiesel, 

ethanol, methane, hydrogen); 

3. Designing a real-time online CFD simulator capable of automatically 

optimizing injection parameters. 

Conclusion: 

 Mathematical modeling of the fuel droplet evaporation and combustion 

processes in GDI (Gasoline Direct Injection) engines using the CFD (Computational 

Fluid Dynamics) method serves as a crucial scientific tool for enhancing fuel 

efficiency, reducing heat losses, and minimizing harmful emissions. 

The integrated mathematical model — based on the equations of mass, momentum, 

energy, turbulence, and chemical reactions — enables a comprehensive description 

of the combustion process. 

 Based on the obtained results, several scientific and practical solutions have 

been developed to improve the design and performance of GDI engines. 
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