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Abstract 

This paper explores the role of the computational fluid dynamics (CFD) modeling technique in 

the design, regulation, and production of the gasoline direct injection (GDI) engine combustion 

system through literature reviews. It begins with a brief analysis of injector technologies and the 

effect of spray characteristics on the optimization of the combustion system. The key challenges of 

optimizing a homogeneous-charge GDI combustion system are the enhancement of volumetric 

performance and homogeneity of fuel-air mixing with reduced wetting of surface fuel and the 

improvement of power output. Most of the calculations focused on dynamic mesh strategy to 

manage moving geometry varied from case to case. The techniques of the methods varied. During 

the opening event of a GDI gasoline-injector for automotive applications, the findings of the 

literature indicate the primary fuel atomization.  
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1. INTRODUCTION  

 

    As a relapse in the automotive industry, the 

worldwide issue about the environmental effects on 

systems of energy conversion is the enforce the 

government regulations stringent related to pollutant 

emissions and vehicle fuel-economy requirements. 

Currently, monitoring of the mixture formation and 

combustion processes are taking place inside the 

engine combustion chamber, a dynamic activity 

influenced by several variables, remains the 

preferred route for reducing both engine exhaust 

harm emissions and fuel consumption ratio. The 

multi-hole injector, slit injector, air-assisted injector, 

outward opening injector, and swirl injector are five 

main forms of direct injection (DI) injectors. Spark-

ignition (SI) engine direct injection technology 

confirm the advantages in the matter of volumetric 

efficiency and its effect on thermal efficiency, 

enhanced engine response during load variations, 

during cold start and transient modes, decreased 

knock propensity and lower pollutant emissions. The 

ability to work in the stratified-charge mode also 

decreases partial load pumping losses, because the 

performance of the engine power can be regulated 

only by the variation of the mass of the injected fuel. 

 
© 2022 by the Authors. Licensee Polish Society of Technical Diagnostics (Warsow. Poland). This article is an open 

access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license 
http://creativecommons.org/licenses/by/4.0/). 

The next sections demonstrate the computer models 

developed by the authors to analyse gas exchange 

and fuel-air mixing in petrol engine, direct-injection 

engines, within commercial codes such as AVL 

Boost and Fire and GT Power etc. In particular, a 

comprehensive overview is given of algorithms, 

spray and liquid film models of moving mesh 

(topological changing grids in term of dynamic mesh 

strategy). Most of the simulations were carried out 

with typical models include the standard k-ε model 

for turbulence using the Reynolds-Averaged Navier-

Stokes (RANS) method. In Lucchini et al. [1] 

gasoline was considered as a single-component fuel, 

with both liquid and vapor characteristics supposed 

to be the same as pure iso-octane. The gas step was 

handled like a perfect gas mixture. In Kuwahara et 

al. [2] the optical engine, used two-stage mixing it is 

possible to view the mixing and combustion phase in 

the cylindrical chamber through the quartz windows 

on the side walls of a pent-roof combustion chamber 

to eliminate the knock. Bozza et al. [3] were mapping 

the variable valve timing (VVT) engine in one 

dimensional (1D) simulation model, a different 

efficiency was considered at each camshaft position, 

as a consequence of the effect on the air flow exerted 

by the real position of the intake / exhaust camshaft 
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specifics in fig. 1. The theoretical result reported is 

the correlation of engine efficiency parameters as a 

function of engine speed. 

 
Fig. 1. 1D scheme of the VVT type engine [3] 

 

In Montenegro et al. [4] CFD code was used to 

improve the performance of a Moto3 engine, the 

technique was based on the integration of a 1D code 

(Gasdyn) with a CFD code (OpenFOAM ®) to 

optimize the intake and exhaust systems. The wave 

motion was predicted using schematic in Fig. 2 The 

following indicates the one-dimensional used to 

match the measured data of the baseline 

configuration at the first step of the 1D model 

simulation process. In the second phase, the 

explanation of the fitting was justified by a deeper 

analysis conducted with the 3D model. 

 
Fig. 2. 1D schematic of the engine GP30 under analysis 

by [4] 

 

2. DESIGN METHODOLOGY 

 

The injection mode has a direct effect on the degree 

of atomization and fuel penetration and diffusion. 

Gasoline Direct Injection (GDI) has been a useful 

solution for the automotive industry as it allows high 

air / fuel ratio flexibility, resulting in low fuel 

consumption and light load emissions (lean or 

stratified) and high-power output during instant 

acceleration and heavy loads (power mode). These 

various conditions relate not only to the quantity of 

fuel injected into the combustion chamber, but also 

to the injector's own geometry, as shown in Fig. 3. 

 
Fig. 3. Views of the fuel injector mounted on the engine 

(front and lateral). The spray cone's internal and external 

angles are differentiated by [4] 

 

     Different techniques were introduced to satisfy 

and retrofit a market motorcycle engine in most 

literature related to engine components designs. The 

characteristics of combustion include a high-swirl 

charge, fuel injection during the opening of the 

intake valve, and fuel type. By designing a new 

intake port with a controllable plate that can be 

switched to the stratified mode and homogeneous 

mode of GDI engines, the high-swirl charge is 

generated, as shown in fig. 4. Using CFD software, 

this design is achieved and verified. The results of 

the simulation suggest that the elevated swirl charge 

motion can be regenerated by the correct angle of 

fuel injection in stratified mode. 

 
Fig.  4. Structure of the vortical inner nozzle on the left, the upper view, and on the right,  

the side view from at time 9.5×10-6 s, [5] 
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    For the time-transient phenomena and 

compressibility, the hard acceleration of the liquid 

phase within the injector nozzle is an important 

factor, the pressure can drop below the saturation 

value causing cavitation to begin, due to the presence 

of bubbles, Giussani et al. [5] will greatly alter the 

internal flow field. Internal Combustion Engine 

(ICE) thermodynamics and modeling of gas flows in 

cylinders has been a well-developed practice that has 

been thoroughly examined since the 1960s. One-

dimensional models were only the prediction method 

of the steady-state and transient behavior of the 

engine air path system and were normally performed 

for their ability to diagnose the influence pressure 

wave propagation, that could impact on the engine 

volumetric efficiency (VE) by using detailed, 

frequently detected to as gas dynamic models or 

wave action models (WAM). By applying the mass, 

momentum and energy conservation equations for 

one-dimensional in condition of unsteady 

compressible flow, such models characterize the 

engine gas exchange mechanism from its physical 

foundations. For in-cylinder processes, the nature 

components of the intake and exhaust system are 

usually combined with zero-dimensional 

thermodynamic models, either based on single-zone 

or multi-zone combustion models. Today, WAMs 

are mainly used for production and research 

purposes by industry and academia alike. In the 

literature for engine system simulation for design 

and control applications, several models have been 

suggested, and well-running commercial tools are 

also in stock. Majority of the above models use 

methods of numerical solution based on various 

domain discretization rearrangements and referred to 

basic techniques of time-depended and space 

integration. In particular, explicit finite difference 

methods (FDMs) and finite-volume methods 

(FVMs) have traditionally been used for the solution 

of unsteady flow equations for mass, momentum and 

energy conservation. In most methods, second-order 

precision for time and space integration can also be 

implemented by FVMs to work on both collocated 

and staggered grid arrangements. Examples of one-

dimensional FDMs and FVMs can be contained in 

Stockar et al. [6]. In certain matter, the applying of 

the FVM, based on an explicit time-depended 

staggered leapfrog system running on a staggered 

grid, was recently proposed Montenegro et al. [7]. 

The approach is non-monotonic as it is second-order 

precise, so it is combined with a novel flux limiting 

approach in term of the inclusion of an artificial 

viscous dissipation in the momentum equation 

solution. More details in fig. 5. 

    The state of the art in today's modeling for 

efficiency and fuel economy simulation of IC engine 

systems in term of simplified formulation of 

compressible fluids' conservation law equations, 

where a one-dimensional approximation is generally 

 

 

 
Fig. 5. One-dimensional scheme for the system [6] 

 

approved. In an essential segment of a one-

dimensional duct, consider a non-reacting unsteady 

flow, as shown in fig. 5. The conservation laws can 

be written as follows, under the assumptions of 

negligible friction and heat transfer and for non-

reacting flows Winterbone and Pearson [8]: 

 
∂ρ

∂t
+

∂(ρu)

∂x
+

ρu dA

A dx
= 0 

∂ρu

∂t
+

∂(P + ρu2)

∂x
+

ρu2 dA

A dx
+ ρG = 0 

∂ρe0

∂t
+

∂(ρuh0)

∂x
+

ρuh0 dA

A dx
− ρq̇ = 0             (1) 

This equation known as the nonlinear Euler 

equations, or as stated in literature, the strong or 

differential form. 

The variables include 𝜌 which indicates the 

density, u is the flow velocity vector, G represents 

body accelerations, P indicates the pressure, X is 

direction component and A refers to area. The intake 

port was changed by Yuh-Yih et al. [9] and it was 

called a switching technique that can turn the Semi 

Direct Injection (SDI) engine from stratified to 

homogeneous mode with the exception of idleior 

lower load and motor speed operation. In order to 

optimize fuel consumption and engine emissions 

while preserving engine-out NOx within a 1-1.5 

g/kW-hr window, Pei Y et al. [10] explored and 

enhanced the gasoline compression ignition (GCI) 

combustion recipe (piston bowl geometry, injector 

spray pattern, in-cylinder swirl motion, and thermal 

boundary conditions). 

    In their analysis, the experimental design (DoE) 

approach techniques were created and carried out 

with the first step concentrating on optimizing the 

piston bowl form and the second phase addressing 

the refinement of the combustion recipe and the 

second (DoE) approach was applied to optimize fuel 

injection strategies. For the optimum performing 

piston bowl designs from the first (DoE) method, 

injector spray patterns, and in-cylinder swirl motion. 

From their findings, three piston designs showed that 

promising efficiency improvements were expected 

at B50 with up to 6.3 percent (condition for model 

design) and 5 percent for other designs. Costa [11] 
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used 3D coupling computational fluid dynamics and 

a simplex algorithm to find the optimum 

synchronization of both injection and spark timing 

within the working cycle, then identified a complex 

system of single cylinder, four-valve, four-stroke 

gasoline direct injection. From Fig. 6 for injector, the 

tuning procedure scheme for the numerical spray 

sub-model constants was defined. The ModeFrontier 

software was used, as demonstrated in the tuning 

methodology. At each injection pressure (within a 

Microsoft Excel sheet), the log-normal distribution 

of the primary droplet size at the injector exit section 

is constructed from the value of (r) chosen in the 

DOE space and from the measured predicted value, 

according to this Eq. (2): 

𝐷𝑡ℎ = 𝐶𝑑 (
2𝜋𝜏𝑓

𝜌𝑔𝑢2𝑟𝑒𝑙
) 𝜆 ∗                         (2) 

Where: τf the gasoline surface tension, urel the 

relative velocity between the fuel and the gas, ρg the 

surrounding gas density, Cd a constant of the order 

of the unity, and the parameter λ* Derived from the 

study of hydrodynamic stability and showing the 

dimensionless wavelength of the more unstable 

perturbation at the injector exit portion of the liquid-

gas interface. The delivery profile is moved from the 

DOE space to the Fire Code spray model, which also 

receives the value of C1 as shown in figure 6. 
    A summary of the better output that is applicable 

to the case of double injection can be noted in Fig. 7. 

In the engine cylinder, where the burnt fuel mass 

fraction is represented, it passes through the 

maximum value of this vector at four different crank 

angles on a plane. Yi [12] showed how CFD 

modeling has been used in recent years to optimize 

the intake port design for enhanced flow capacity 

while providing adequate in-cylinder flow motion, 

and to improve the fuel injection and cam strategy 

for enhanced homogeneity of fuel-air mixture also to 

optimize the design of the combustion chamber to 

enhance high-speed and high-load mixing of fuel-air 

by alleviating the impact of intake chamber design to 

improve the uniformity between the intake flow 

movement and the spray configuration for stratified-

charge activity, CFD modeling has been used to 

generate stable charge stratification over a large 

operation window with the least amount of engine 

emissions. 

 
Fig. 6. The tuning procedure scheme for the constants of the numerical spray sub-model [11] 

 

 

 

Fig. 7. In the optimum single injection case (top) and double injection case (bottom) at four Crank angles  

on a plane going through its maximum value, burnt fuel mass fraction [12] 
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In order to analyze the atomization of a hollow 

cone fuel spray produced by a high-pressure swirl 

injector of the simultaneous-fire port-fuel injection 

(PFI) engines, Rotondi and Bella [13] used 

numerical technique and validated by experiment to 

evaluate the atomization of a hollow cone fuel spray. 

In both stoichiometric and stratified activity modes, 

the mixture formation process was studied. The 

equivalence ratio of the three-dimensional 

distribution λ in a plane has been determined in 

several zones. Recent combustion advances made in 

petrol engines, particularly in direct-injection spark-

ignition (DISI), have been revealed by Alkidas [14] 

for optimal efficiency, including reduction of engine 

emissions and fuel consumption in direct-injection 

spark-ignition (DISI) when operating under 

stratified conditions. 

The combustion system for direct-injection spark 

ignition engines was categorized into three broad 

categories, see fig. 8, the mechanism of mixture 

formation covers: air-guided, wall-guided and spray-

guided. The fuel spray is directed towards the spark 

plug through a well-defined interaction of the spray 

with the piston combustion cavity or in-cylinder air 

motion in the air-guided and wall-guided 

combustion systems, and the injector is mounted a 

long distance from the spark plug. The close 

arrangement of the spark plug and the injector gives 

a tight coupling between ignition and fuel 

preparation in the spray-guided combustion system. 

In Drake and Haworth [16] optical diagnostics 

and CFD were reported in five gasoline-engine 

combustion systems: homogeneous spark-ignition 

direct-injection (DI), homogeneous-charge 

compression-ignition (HCCI), stratified spray-

guided spark-ignition direct-injection (SG-SIDI) 

stratified wall-guided spark-ignition direct-injection 

(WG-SIDI) and homogeneous spark-ignition port-

fuel-injection (PFI). The focuses were on the SG-

SIDI, WG-SIDI and HCCI engines, the methods 

were successfully demonstrated engine 

improvement. 

 

Hentschel [17] showed spray formation by 

double-pulse particle image velocimetry (PIV) in 

direct injection engine two-dimensional flow 

measurements. Other methods have also been used 

to calculate the fuel / air ratio within and outside of 

the spray, such as one-dimensional spontaneous 

Raman spectroscopy (SRS). Furthermore, laser-

induced fluorescence (LIF) for fuel vapor analysis 

and spray uses an excimer laser. These methods have 

been implemented under homogeneous charge 

conditions in direct injection engines. The new 

optimization technique for mixture formation in 

direct injection into the gasoline engine was 

summarized by Chincholkar and Suryawanshi [18]. 

In order to build and optimize the intake system by 

eliminating secondary injectors, Mohamad et al. [19] 

used coupled method technique and applied new 

location for the primary injectors for the Formula 

race car engine, power output, torque, specific fuel 

consumption, along with three-dimensional air flow 

to the engine were monitored. Mohamad et al. [20] 

used CFD tools to conduct different design phases to 

test two major flow properties that are intake system 

velocity and pressure. The authors show that in the 

plenum zone and runner part, velocity is 

theoretically high, which can lead to air volume 

fluctuations in the combustion chamber at high 

engine speed. In contrast, Mohamad et al. [21] 

studied the effect of mixing fuel on the combustion 

and engine efficiency of the internal combustion 

engine, E40g60 (40% ethanol and 60% GF by 

volume) and M35g65 (35% methanol and 65% GF 

by volume) respectively. The ethanol-gasoline blend 

has a higher laminar flame propagation speed, 

according to their findings, which can complete the 

combustion process sooner and thus increase the 

thermal efficiency of the engine. Due to the lower 

peak of in-cylinder temperature by combustion 

retardation, the NOx emissions were reduced with 

ethanol blending.  

 

Fig. 8. DISI Combustion systems classifications Preussner et al. [15] 
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Table 1. Gasoline characteristics and additives for injection [21]. 

 Gasoline Methanol Ethanol 

Molecular formula - CH3OH C2H5OH 

Density kg/m3 740 792 785 

Oxygen content (%) 95-120 50 46 

LHV MJ/kg 44.3 20 26.9 

Auto-ignition temp. (°C) 
 

228–470 465 425 

Octane number >90 111 108 

Vapor pressure at 23.5 °C (kPa) 60–90 3.2 - 

Latent heat kJ/kg 305 1103 840 

Stoichiometric A/F (λ) ratio[kg/kg] 14.8 6.47 9.0 

 

Cheolwoong et al. [22] discussed the effect of the 

spray-guided combustion system on the stratified 

lean combustion engine with a piezo-zero style 

gasoline direct injector, the tests were performed 

under different conditions on a single-cylinder 

engine, the result indicates that this method can 

decrease nitrogen oxide (NOx) and total tailed-

hydrocarbons (THC) components. Even the back 

pressure was high and low atomization was 

controlled in the lean combustion area with a late 

injection strategy causing smoke emission. 

Computational fluid dynamics methodology used by 

Lucchini et al. [23] to model the formation of air-fuel 

and gas exchange mixtures in gasoline the multi-

dimensional model approach for direct injection 

engines may be a better way to explain the soot 

formation from injected in homogeneities or 

impingement of liquid fuel on the cylinder walls. 

Two injection methods were implemented in this 

research, poor or unstable motion results from the 

complex interaction between the incoming gas jet 

and the flow produced by the spray momentum in 1st 

case when fuel is injected directly into the 

combustion chamber. If 2 fuel is directly injected 

with a wider gap, it could have a positive effect on 

the distribution of droplets within the cylinder in  

Fig. 9. 

Sens et al. [24] used the quantitative evaluation 

of droplet sizes and the schlieren method and their 

distribution, the impact of pre-heat of fuel spry on 

engine performance was studied to show that high 

fuel temperatures have a massive influence on spray 

behavior. 

 

3. CONCLUSIONS  

 

The paper shows current developments carried 

out as stated by literature on dynamic simulation of 

multiphase flows of GDI injectors with particular 

emphasis on the coupling of an incompressible two-

phase FVM solver. The dynamic mesh based on 

topological changes was selected and automatically 

managed in parallel by the cavitation model in a 

system. The commercial solvers were used for the 
 

 

Fig. 9. Computed fuel spray and evolution of liquid film 

at different times after start of injection and initial point 

1, 1500 r / min.: (a) distribution of fuel spray to 

distinguish the nozzle where each parcel is used so 

different colour, and (b) assessment of the formation of 

liquid film. Dark green indicates a liquid-coloured film 

[23] 

 
Fig. 10. Impact of high temperature on the flow rate  

of the fuel mass; Tch = 25 °C, Pch = 1 bar and  

Pfuel=85 bar, octane fuel No.95 [24] 
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simulation of a gasoline injector specifically 

designed for GDI engines by the authors. The 

topological adjustments are the primary state set up 

to model the early stages of gasoline injection, using 

both motion and static mesh, and applying them. The 

detailed properties of the flow structures were 

detected during the initial breakup, in this sense, to 

research the impact of the injector geometry on flow 

cavitation and the design process, the current 

approaches can be regarded as accurate and can 

therefore be implemented. In using the technique of 

calculating the diffusion distance as a function of 

time, the commercial CFD software has proved to be 

very robust, they must be maintained during the 

simulations even in the presence of topological 

changes, so that the process can be presumed to be 

totally conservative. Second-order precision has also 

been retained both in space and time, which is not 

neglected in the presence of complex grids that alter 

topologically. Some authors developed their own 

codes, and their papers introduced the methods. 
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