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1. Introduction 

Simulation of vehicle components plays a key role in automo-

tive R&D process [1], like the in-cylinder combustion simulation 

which is the subject of this study. Internal Combustion Engine 

(ICE) analysis can be divided into three main categories: in-cylin-

der combustion modelling, cold flow; and port flow [2-3]. The 

combustion of air-fuel combination occurs in the combustion 

chamber of IC engines, where it reacts to produce hot gases at high 

temperatures and pressure, creating the torque and power needed 

to keep the engine operating at peak efficiency [4-5]. A complex 

thermochemical process known as high-temperature, high-pres-

sure turbulent fluid dynamics is involved in the in-cylinder com-

bustion of air-fuel mixtures in internal combustion engines (ICEs) 

during various engine strokes [6-7]. While computational fluid dy-

namics (CFD) computes the in-cylinder fluid flow behavior, heat 

and mass transfer, thermochemical reactions, and the mechanical 

behavior of the combustion cycle at various engine stokes in ICEs, 

numerical simulation computes turbulent mixing, fuel atomization 

and vaporization as well as flow visualization [8-9]. However, the 

governing equations of mass, momentum, and energy transport 

can also be used to analyze the complex behavior of fluid flow in 

the combustion chamber during combustion cycles [10-11]. 

Recent research on the behavior of the in-cylinder charge in 
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ICEs has shown that air flow during the intake stroke and inside 

the cylinder significantly affects air-fuel mixing and, consequently, 

the efficiency of the combustion process. Large-scale flow struc-

tures like swirl and tumble motion increase the rate of turbulence 

flow at the point of ignition, which improves both the emission of 

pollutants and fuel economy while the engine is operating [12-13]. 

A range of measuring and visualization techniques have been used 

to examine the complex unstable in-cylinder charge behavior and 

study in-cylinder charge behavior at different strokes, with particle 

image velocimetry (PIV) being one of the most prominent. The 

PIV technique is widely employed in experimental fluid mechan-

ics, where instantaneous velocity vector fields are examined in 

connection to fluid motion. PIV measuring techniques have been 

used in studies of ICEs that have characterized the behavior of in-

cylinder turbulent flow [14], examined the spatial flow regime in 

the cylinder, revealed the flow variations of the in-cylinder com-

bustion cycle [15], and computed the flow regime during injection 

and ignition process [16]. 

El-Adawy et al. [17] conducted an experimental investigation of 

the in-cylinder flow behavior in ICEs under steady-state conditions 

using Ricardo and FEV flow benches. The trials were conducted 

on an identical cylinder head with a pressure differential of 600 

mmH2O across the input valves in order to compare the results. 

Correlation between the two flow benches existed up to a 6 mm 

valve lift; however, at that point, the FEV flow bench began to 

choke, which had an effect on the values of the flow and discharge 

coefficients. In order to analyze the turbulent fluid flow (TFF) 

across the intake valve of a single-cylinder ICE represented by a 

magnetic resonance velocimetry (MRV) flow bench configuration 

with a Reynolds number of 45,000, Nishad et al. [18] used large 

eddy simulation (LES). A progressive increase in Turbulent 

Length Scale (TLS) downstream of the in-cylinder turbulent flow 

and intake port was suggested by streams of turbulent scales along 

the intake charge. A significant amount of turbulence is produced 

during the valve passage, which is primarily responsible for in-cyl-

inder turbulence, according to the evolution of turbulence proper-

ties over the port length [19]. 

Rahiman et al. [20] developed the flow field around a direct in-

jection diesel engine with various manifolds using ANSYS Fluent 

and RNG k- turbulence models. The CFD analysis used a multi-

cylinder DI diesel engine with a 10 mm valve lift and 1000 rpm 

setting, a dynamic mesh of 0.25 million tetrahedral and hexahedral 

elements, and a no-slip condition on the walls. The results showed 

that helical intake manifolds had superior volumetric efficiency 

while spiral and helical-spiral intake manifolds produced larger 

swirl ratios. 

Particle Image Velocimetry (PIV) was used by Mohammed et 

al. [21] to experimentally examine tumble flow structures in 

steady-state situations while taking into account the center vertical 

tumble plane. A four-valve, pent-roof gasoline DI engine head was 

used for the experiment, and it was run at various valve lift open-

ings with a 150 mmHg pressure differential across the intake 

valves. According to the results, for valve lifts of 1 to 5 mm, the 

flow energy concentrated in large (mode 1) eddies between 46.6 

and 48.9%, with only 8.4 to 11.46% in mode 2 and 7.2 to 7.5% in 

model 3. A portion of the energy in the massive eddies of mode 1 

was transferred to the lesser structures of flow of modes 2 and 3 as 

the valve lift rose. For the 1 mm, 5 mm, 9 mm, and 10 mm valve 

lifts, Mode 1 included roughly 48.9%, 46.6%, 43.2%, and 40.6% 

of the Turbulent Kinetic Energy (TKE). 

Azad et al. [22] numerical computation of the 4-cylinder E-

TVCS Diesel engine's flow regime at 2400 rpm and 0.2 mm of 

minimum valve lift. CFD codes in ANSYS Fluent were used as 

the main solution for the flow. The problem was computed using 

the common k-turbulent model and PISO method. The results 

showed that swirl ratio had a substantial impact on combustion ef-

ficiency and emissions, and that the mass average TKE was higher 

in the air intake stroke than the exhaust stroke. Using ANSYS R-

16 software, Ikpe et al. [23] performed port flow simulation in ICE 

at an 8 mm valve lift opening clearance. Utilizing swirl motion 

simulation profiles and cut planes, the magnitude of the velocity 

and mass flow rate were monitored. Average crankshaft angular 

velocity was measured to be 1315 rpm with a recorded percentage 

deviation of less than 20%, while area-weighted average charge 

velocity was 11 m/s and corresponding mass flow rate was -

0.055479 kg/s. Additionally, 0.005417 kg/s was the highest flow 

rate that could be calculated at 8 mm. Along the engine cylinder's 

stroke length, a rise in swirl motion intensity was seen. Addition-

ally, a rise in the swirl number resulted in a consistent distribution 

of radial temperature and a decrease in flame temperature. 

The effects of intake port design and valve lift on the flow and 

burn rate of the in-cylinder air-fuel combination were examined by 

Kent et al.  [24]. Two separate intake ports and four different in-

take valve lifts, ranging from 25% to 100% of full lift, were used 

to report the results. For the two ports, opposite trends in swirl vs. 

valve lift were seen. While burn duration reduced with increasing 

swirl ratio and velocity fluctuation, it was shown that velocity fluc-

tuations were rather insensitive to changes in valve lift. Krishna et 

al. [25] used particle image velocimetry to examine the effects of 

intake manifold tilt on single-cylinder engine intake valve flow pa-

rameters. The findings indicated that engine speed and intake valve 

lift both enhanced turbulent kinetic energy as well as circumferen-

tial and longitudinal air velocity. 

Experimental research on the turbulent structures produced by a 

DISI-engine's intake port was conducted by Kapitza et al. [26], Us-

ing a steady-state test bench called the tumble optical test-bench, 

the transient behavior of the charge through the intake port was 

determined. Higher in-cylinder charge variations were seen to be 

caused by an increase in mass flowrate, a closed tumble flap, and 

a decrease in valve lift. PIV approach was used by Rabault et al. 

[27] to investigate intake flow in a diesel engine cylinder. The find-

ings showed that at higher valve lifts, orderly flow patterns were 

produced near the cylinder head while greater whirling flow pat-

terns were seen further from the cylinder head for higher valve lifts. 

The cycle-to-cycle variances increased as a result of this incident, 

which further impacted the engine's performance. 

A steady state flow bench (that directly introduces air into the 

cylinder) linked to a 4-valve 125 cc engine cylinder head was used 

by Wahono et al. [28]. The impact of two pressure differences (300 

and 600 mmH2O) across the intake valves on the in-cylinder flow 
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regime was measured using a torque meter. TKE, TLS, and Tur-

bulent Kinetic Viscosity (TKV) were found to significantly in-

crease with increased valve lift and pressure drop in both horizon-

tal and vertical planes. Both the rate of air-fuel mixing and the rate 

of homogenous flame propagation increased as a result. In order to 

optimize fuel delivery and in-cylinder combustion performance, it 

is crucial to understand the process output of four-stroke internal 

combustion engines. However, it could be time-consuming and ex-

tremely expensive, especially if sophisticated equipment is needed 

for measuring, reading, and producing data for analysis [29]. The 

use of Computational Fluid Dynamics (CFDs) tools has recently 

been used for complicated study of in-cylinder charge behavior 

during combustion [30], even though certain data may not be ac-

curate if the equipment is not accurately calibrated during the ex-

perimental procedure. 

According to studies, there is always little to no error when com-

paring experimentally generated data with data produced by sev-

eral common CFD tools [31]. Internal combustion (IC) engines 

play a crucial role in various industries, including automotive, aer-

ospace, and power generation. The efficiency and performance of 

IC engines heavily rely on the design and operation of their com-

ponents, such as valves. Valve lift, which refers to the maximum 

displacement of the valve from its seat, significantly affects engine 

performance and fuel consumption [32]. Despite extensive re-

search in this field, there exists a research gap concerning the opti-

mization of valve lift in IC engines. Existing studies have primarily 

focused on optimizing valve timing, neglecting the potential bene-

fits of valve lift optimization. Most research assumes a fixed valve 

lift throughout the engine's operating range, disregarding the po-

tential benefits of variable valve lift systems. Variable valve lift 

systems have the potential to enhance engine efficiency, power 

output, and emissions control. The limited research on variable 

valve lift systems restricts their widespread implementation in IC 

engines. The absence of standardized methodologies for valve lift 

optimization hampers the comparison and replication of research 

findings. Researchers employ different experimental setups, simu-

lation models, and evaluation criteria, leading to inconsistent re-

sults. The establishment of standardized methodologies would fa-

cilitate knowledge sharing and accelerate advancements in valve 

lift optimization. The existing research gap in IC engine valve lift 

optimization highlights the need for further investigation in this 

area. The valve lift in IC engines plays a vital role in determining 

power output, fuel consumption and overall engine performance. 

By optimizing valve lift, engineers can achieve improved power 

output, reduced fuel consumption, lower emissions, and enhanced 

engine performance. This can provide outcomes that are compara-

ble to those seen in real-world situations.  

In this study, computational fluid dynamics of four stroke in-

cylinder charge behavior was examined at distinct valve lift open-

ing clearance in spark ignition reciprocating internal combustion 

Renault engine. The four-stroke spark-ignition reciprocating IC 

engine and its components were modelled using SOLIDWORKS 

2019 while the in-cylinder charge temperature at different valve 

lift opening clearance, volumetric efficiency, and mechanical effi-

ciency were simulated using ANSYS Fluent 14.5 at various engine 

speeds. Based on Particle Image Velocimetry, in-cylinder flow 

paths of the Renault engine were seen at various valve lift openings 

(5, 7, 10 and 13 mm). 

 

2. Methods 

The reciprocating IC engine (see Fig. 1a) has two in-line exhaust 

and induction valves, and the theoretical cycle's compression and 

expansion processes are also included in the practical cycle. The 

charges (air-fuel mixture) are introduced into and drained from the 

cylinder in this instance through ports, the opening and closing of 

which are correlated with the location and motion of the piston 

within the cylinder. But for an IC engine to operate effectively, 

valve timings and ignition locations are also crucial. A Spark Igni-

tion (SI) engine's typical p-V diagram is shown in Fig. 1b. As the 

piston descends from Top Dead Center (TDC) to Bottom Dead 

Center (BDC) during the induction stroke, sometimes referred to 

as the first stage of the IC engine cycle, air-fuel mixture is deliv-

ered into the cylinder. 

The cylinder pressure decreases to a value in the range of atmos-

pheric pressure (760 mm Hg) as a result of the piston movement 

in this order. The carburetor, which also receives a measured 

amount of gasoline, is used to feed air through the engine as the 

piston that is moving downward approaches the bottom of the cyl-

inder. After the piston has moved halfway along the return stroke, 

the inlet valve closes at position 2 (see Fig. 1b). Reciprocating IC 

engine, SI engine pressure volume diagram, and four-stroke SI en-

gine timing diagram are shown in Fig. 1.  The air-fuel combina-

tion is trapped in the cylinder and compressed by the reciprocating 

piston while the intake and exhaust valves are closed. As a result, 

the charge's volume occupied above the piston at TDC is known 

as the clearance volume. The charge is precisely timed to occur just 

before TDC at position S (see Fig. 1b). The in-cylinder combustion 

of the air-fuel mixture is now occurring at virtually constant vol-

ume with a noticeable rise in temperature and pressure [33]. Due 

to the heated, high-pressure consequence, the in-cylinder charge 

expands significantly, pushing the piston down into the cylinder. 

The expansion process is expected to end at point 4 (see Fig. 1b), 

but in order to improve the expulsion of combusted gaseous prod-

ucts, the exhaust valve opens before BDC, maybe at point E (see 

Fig. 1b). As the in-cylinder pressure decreases to virtually atmos-

pheric pressure (760 mm Hg), 60% of the gas is released from the 

exhaust between E and 4 (see Fig. 1b), where the pressure is ap-

proximately 3.7 bar or higher [34]. 

The exhaust gas is cleared by the returning piston, and at this 

stroke, the pressure is just above atmospheric pressure. Fresh air 

and fuel are combined in the in-cylinder charge just prior to com-

pression, and some exhaust gas from the previous cycle is added 

to dilute it [35, 36]. A typical timing diagram for a four-stroke SI 

engine is shown in Fig. 1c.
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Fig. 1. a. Reciprocating IC engine, b. Pressure volume diagram for SI engine, c. Timing diagram for four-stroke SI engine

In relation to the piston's TDC and BDC positions, the angular 

positions in terms of crank angle are shown [34]. 

i. IVO Inlet valve Opens: This occurs between 10° and 15° 

before TDC. 

ii. IVC Inlet valve Opens: In order to capitalize on the mo-

ment of the quickly flowing gas, the real position of the in-

let valve is between 20o and 40o after BDC. 

iii. S Spark: This occurs at TDC when ignition is totally re-

tarded and between 20o and 40o before TDC when ignition 

is further advanced.  

iv. EVO Exhaust valve opens: This position typically occurs 

50o before BDC, however it can be higher in racing car en-

gines. 

v. EVC Exhaust valve closure: This takes place between 0o 

and 10o after TDC. 

Calculating the volumetric and mechanical efficiency of an IC 

engine is crucial for optimizing its performance. By utilizing 

ANSYS Fluent software in this study, the following procedures 

were adopted to compute the volumetric and mechanical efficiency 

in Renault production engine (Mercedes-Benz 250SE) W108 type. 

i. Geometry Creation: Creating a 3D model of the IC engine 

intake system. This included the engine geometry such as 

intake manifold, valves, and cylinder etc. as well as bound-

ary conditions and appropriate turbulence models. Some 

fluid dynamic factors such as valve lift, valve timing, and 

port geometry were also considered. 

ii. Mesh Generation: Generating a high-quality mesh that cap-

tures the intricate details of the intake system. Appropriate 

meshing techniques was employed such as structured or 

unstructured mesh, to ensure accurate representation of the 

flow physics. The mesh near critical regions, such as valve 

seats and ports was refined to capture flow phenomena ac-

curately. 

iii. Boundary Conditions: Appropriate boundary conditions 

for the intake system were defined. Inlet boundary condi-

tions were specified by setting the mass flow rate or veloc-

ity profile to represent the incoming air-fuel mixture. The 

outlet boundary condition was set to atmospheric pressure, 

while also considering back pressure effects. Wall bound-

ary conditions, including wall roughness and thermal prop-

erties were properly defined. The mass flow rate of air-fuel 

mixture entering the cylinder during intake stroke was also 

defined. 

iv. Solver Settings: Appropriate solver settings were selected 

in the ANSYS Fluent interphase, considering the type of 

flow (compressible or incompressible) and turbulence 

model (e.g., k-ε). Convergence criteria was set for the solu-

tion in order to ensure accurate results. 

v. Simulation and Post-processing: The simulation in ANSYS 

Fluent was initiated to solve the governing equations of 

fluid flow and obtain the flow field within the intake system, 

and compute the results for volumetric and mechanical ef-

ficiency which are presented in the results section of this 

paper. The combustion process was simulated using appro-

priate combustion models, such as the Reynolds-Averaged 

Navier-Stokes (RANS) equations coupled with the Flame-

let Generated Manifold (FGM) approach. The simulation 

accounted for factors such as heat transfer, combustion ef-

ficiency, and fluid dynamics to accurately predict the me-

chanical efficiency. 

Each valve's typical opening and closing positions are shown by 

the point there. Each valve will be fully open for a crank angle 

movement significantly less than that indicated by the timing dia-

gram, according to the time needed to open and close the valves. 

The engine was modelled in SOLIDWORKS 2019 for this inves-

tigation. The experimental data was gathered at various engine 

speeds of a Renault production engine (Mercedes-Benz 250SE) 

W108 type. It is believed that the engine was a spark ignition (SI) 

engine and ran on a four-stroke cycle. 

The engine's flywheel was built to hold any extra energy gener-

ated during the power stroke. Over the course of six seconds, the 

vertical displacement of the piston, power, momentum, and trace 

routes were evaluated. Fig. 2a-b show the front and end views of 

the ICE engine model, and Fig. 2c depicts the cylinder port with 

the intake and exhaust valves. The entire ICE model's parts (the 

piston head, connecting rod, flywheel, and crankshaft) are shown 
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in Fig. 3-6. A piston that travels in the cylinder and creates a move-

able, gas-tight plug, a connecting rod, and a crank shaft make up 

the reciprocating engine mechanism.. 

 

Fig. 2. Engine model, cylinder port and valves 

 

Fig. 3. IC Engine piston head assembly 

  

Fig. 4. Piston assembly for an IC engine 

 

Fig. 5. Flywheel rod assembly details for an IC engine 

 

Fig. 6. Details of the IC engine crankshaft assembly 

Table 1 lists the variables and boundary conditions used in the 

IC engine study. These were taken from a technical report on a 

Mercedes-Benz 250SE production engine by Renault that was de-

signed by Ayub et al. (W108 model) [37]. Table 2 lists the bound-

ary physics for the ICE simulation, relaxation, pressure-velocity 

coupling, and discretization strategy. The method of analysis and 

solution used to examine and resolve the internal combustion en-

gine (ICE) in-cylinder flow was CFD in the ANSYS R-16 software, 

which used the finite volume method of numerical analysis to re-

solve the continuity, Navier-Stokes, and energy equations [38]. 

ANSYS Fluent 14.5 version was employed as a simulation soft-

ware of choice to analyze the fluid flow, heat transfer, and other 

physical phenomena required in the study. To use ANSYS Fluent 

14.5 version on SOLIDWORKS CAD model, the SolidWorks 

CAD model profile was imported into ANSYS Fluent 14.5 version 

as a geometry saved in initial graphics exchange specification 

(IGES) file format. After importation of the geometry, the simula-

tion was initiated by defining the parametric conditions (fluid 

properties, boundary conditions, and other parameters required in 

the study). This was followed by the simulation and analysis of 

results to gain insights into the fluid flow and heat transfer as 

shown in this research study. 

In ANSYS Fluent 14.5, the software generated a mesh, checked 

the geometry's decomposition into separate zones, and set up 

boundary conditions. The final step was to run a transient in-cylin-

der simulation, which set up and automatically generated the de-

fault swirl plane from geometry information, defined custom field 

functions for vorticity magnitudes, velocity vector fields, and in-

cylinder TKE distributions, and provided adequate representation 

of the 3D streamline plots. In order to mesh the solid surface and 

resolve the turbulent boundary layer on the solid surface domain, 

triangular elements were used, while developing prismatic cells 

were thought to be sufficient for the valve surface. The elements 

chosen were both tetrahedral and hexahedral mesh volume, with a 

total of 0.32 million elements (0.1 million tetrahedral and 0.17 mil-

lion hexahedral). 
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Table 1. Engine parameters and boundary conditions 

Parameters of the Engine Corresponding Values Boundary conditions Values 

Compression Ratio 9.3:1 Initial solid temperature  293.20 K 

Stroke 68mm Pressure  of air 1.65 bar 

Bore 92mm Temperature of air 301.15 K 

Displacement 2500cc  Turbulent Viscosity 1.000 Ns/m2 

Con rod length 122.5 Air to fuel ratio 14.6:1 

Swept volume 499.5cm3 Static Pressure  1.00 bar 

Inner seat diameter 33.7mm Percentage fuel by mass 6.9% 

Number of valves 4 Mass flow rate  0.0020 kg/s 

Valve stem diameter 5.5mm % squish area 10.8 

Seat angle 45o Specific Dissipation Rate 0.750 m2/s3 

Range of θs   -30o to +30o with respect to TDC   Specific heat ratio   1.4 

Range of θb   30o to 120o   Air to fuel ratio   14.6/1   

 

Table 2. Boundary physics for the ICE simulation 

Relaxation and Pressure-Velocity Coupling 

Relaxation Pressure-Velocity Coupling 

Variable  Relaxation Factor  Type  Coupled  

Density  1.000 kg/m3 Pseudo Transient  yes  

Body Forces  1.000  Explicit momentum under-relaxation  0.500  

Turbulent Kinetic Energy  0.750 J/kg Explicit pressure under-relaxation  0.500  

Specific Dissipation Rate  0.750 m2/s3   

Turbulent Viscosity  1.000 N.s/m2   

Energy  0.750 N.m   

Discretization Scheme 

Variable  Scheme  

Pressure  Standard  

Density  Second Order Upwind  

Momentum  Second Order Upwind  

Turbulent Kinetic Energy  First Order Upwind  

Specific Dissipation Rate  First Order Upwind  

Energy  Second Order Upwind  

Simulation Physics Parameters  

Fuel temperature (°C) 80 

Injection quality (mg) 74.28 

injection pressure (MPa) 15 

initial velocity (m/s) 150 

injection duration (ms) 4.23 

initial particle size (mm) 0.1 

computing time (ms) 5 

time step (ms) 0.05 

maximum iteration step length 100 

 

A unique approach for modelling ICE combustion chamber pro-

cesses, ANSYS Fluent software streamlines the process of creating 

3D models for combustion chambers. A portion of the input and 

output ducts were also modelled. The execution of all phases in 

semi-automatic mode, with the exception of boundary conditions, 

in this method enabled a significant reduction in the time required 

for 3D model development. The fact that all relevant options were 

highlighted in a separate window made this stage simpler. A min-

imum gap between the valve and the saddle, a crank radius, a shaft 

length, distortion of the crank axis in reference to the cylinder axis, 

and a shaft length were all established initially. The ANSYS Fluent 

module automatically generated a piston motion equation as well 

as equations for the valve motions. The 3D model was then im-

ported into the ANSYS Fluent design modelling interface. It com-

prised a single model of the internal combustion chamber compo-

nent and two separate models of the input and output valves. This 

3D model showed the surfaces of the input and output ducts, the 

cylinder's surface, the input and output valves, and their saddles. 

Equations for valve motion were applied to related valves. A spe-

cific crank angle could either be chosen from the possibilities the 
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program suggests or set as the initial value. In this case, the com-

bustion chamber is divided into 21 volumes along with portions of 

the input and output ducts. The combustion chamber was divided 

into 3 volumes, and the ducts were each divided into 9 volumes 

(Fig. 7a). Tetrahedral finite elements was then used to mesh two of 

these volumes (the head-end and the upper portion of the combus-

tion chamber), and volumes in the shape of a triangular prism was 

used to mesh the volume in between them. During calculation and 

stacking of the mesh during piston motion, the elements around the 

valve were remeshed. The algorithm probably may not separate 

the combustion chamber into three volumes if the cylinder wall is 

quite thin when the piston is positioned in upper dead center. In 

this instance, two planes to separate the combustion chamber were 

selected. Before the model was separated into the volumes, the pis-

ton top and valve motion animation had initiated a pre-check com-

mand to verify that the parameters were suitable. The configura-

tion program separated the model into volumes afterwards. For the 

specific non-stationary task, each volume had its unique mesh pa-

rameters. Model separation into finite elements had two standard 

regimes namely: coarse and fine. During mesh automated setting, 

they were selected. In relation to the valve diameter, these settings 

were parameterized. It was possible to modify both common pa-

rameters and settings for each component formed during separa-

tion if the default settings were not suitable. With the help of this 

tool, it was possible to visually verify which model had been di-

vided into finite elements, for instance, in the valve symmetry 

plane (Fig. 7b) or in any other plane that the user created. Mesh 

independence refers to the state where the numerical solution of a 

problem remains unchanged with respect to changes in the mesh 

resolution. 

 

Fig. 7a. CAD model of the cylinder head, 7b. Mesh model of the cylinder 

head showing valve symmetry plane 

 

In IC engine simulations, mesh independence is essential to ob-

tain accurate and reliable results. It refers to the state where the 

numerical solution of a problem remains unchanged with respect 

to changes in the mesh resolution. Achieving mesh independence 

involves iteratively refining the mesh until the solution no longer 

changes significantly. The IC engine model was meshed consisting 

of 453176 nodes and 303472 elements. Employing mesh inde-

pendence as  the standard meshing procedure (This included: ge-

ometry preparation, mesh generation, initial simulation, mesh re-

finement, iterative simulations and convergence criteria) and rec-

ommended mesh quality (see Fig. 8), mesh parameters such as av-

erage element quality of 0.82, average skewness quality of 0.26, 

and average orthogonal quality of 0.85 were obtained. These con-

forms to the mesh quality criteria employed by Fatchurrohman and 

Chia, [39] and Adam et al. [40]. 

 

Fig. 8. Recommended mesh quality criteria 

After mesh generation, solution parameter settings was per-

formed next. The Fluent program was utilized in a certain system 

to extract all calculation-related applications which were then exe-

cuted individually. The model was afterwards loaded into the flu-

ent module, where computations had already begun. A narrow duct 

turn radius caused the area of the vortex flow, which reduced the 

flow of fuel-air mixture through the duct. As a corrective measure, 

the input duct's geometry was modified and the computation car-

ried out a second time. A vacuum is produced as the revolving pis-

ton moves downward in the downward stroke shown in Fig. 9a, 

from Top Dead Center (TDC) to Bottom Dead Center (BDC). 

Fresh air-fuel combination enters the combustion chamber from 

the crankcase and fills the cylinder's vacuum at the same time. The 

reciprocating piston of the IC engine is depicted moving along the 

cylinder in Fig. 9b. 

The poppet valve gradually closes as the reciprocating piston 

moves down the cylinder because of increased crankcase pressure 

development. Before the end of the stroke, the compressed air-fuel 

mixture in the crankcase expands, as seen in Fig. 10. The enlarged 

air-fuel combination can then enter the main cylinder and undergo 

compression and expansion at high temperatures and pressures be-

fore being discharged from the IC engine thanks to the intake port 

being exposed by the reciprocating piston as it approaches the end 

of its stroke. 
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Fig. 9a. Cut section showing downward movement of the piston in IC en-

gine cylinder, 9b. Cut section with piston traveling along the cylinder 

 

The poppet valve gradually closes as the reciprocating piston 

moves down the cylinder because of increased crankcase pressure 

development. Before the end of the stroke, the compressed air-fuel 

mixture in the crankcase expands, as seen in Fig. 10. The enlarged 

air-fuel combination can then enter the main cylinder and undergo 

compression and expansion at high temperatures and pressures be-

fore being discharged from the IC engine thanks to the intake port 

being exposed by the reciprocating piston as it approaches the end 

of its stroke. Particle Image Velocimetry (PIV) in this study were 

analyzed from the simulated engine geometry CAD profiles. The 

analyzed PIV were velocity vectors for in-cylinder flow at differ-

ent Valve Lifts, in-cylinder vorticity magnitudes in at different 

Valve lifts and in-cylinder TKE distributions at different valve lifts. 

The well-known Navier-Stokes and nonlinear continuity equations, 

which completely describe the flow of incompressible, Newtonian 

fluids, are the partial differential equations regulating fluid flows. 

 

Fig. 10a. Cut section showing in-cylinder flame temperature, 10b. Cut sec-

tion showing in-cylinder flame pressure 

Governing continuity and Navier-Stokes equations are typically 

used as closed-form non-linear solutions for complex flow prob-

lems like the in-cylinder flow in spark ignition engines. These so-

lutions take into account pertinent assumptions, suitable boundary 

conditions, order of magnitude analysis, and the use of dimension-

less parameters. It was assumed that the flow was turbulent, three-

dimensional, incompressible, and steady. The analysis is based on 

a closed cycle with a constant volume of working fluid, but the 

elements are non-linear and not uniformly spaced. Based on 3D 

Continuity and Navier Stokes Equations (1, 2, and 3), represented 

in Cartesian coordinates, the mass and pressure dynamics of the in-

cylinder charges at varying valve lift were simulated while apply-

ing the boundary conditions. 

i. Continuity Equation: A continuity equation defines a conser-

vation law by equating the net flux over the surface with a 

loss or gain of material within the surface. The continuity 

equation in this case is represented by Equation 1 as either an 

integral or a differential equation. 

𝜕𝑢

𝜕𝑥
+
𝜕𝑢

𝜕𝑦
+
𝜕𝑢

𝜕𝑧
= 0                  (1) 

ii. Energy Equation: This equation demonstrates that the change 

in energy of the fluid moving through the control volume is 

equal to the rate of heat transfer into the control volume plus 

the rates of work done by surface forces plus the rates of work 

done by gravity as given in Equation 2.  

𝜕

𝜕𝑡
(𝜌𝑒 +

1

2
𝜌𝑣2) +

𝜕

𝜕𝑥
(𝜌𝑢𝑒 +

1

2
𝜌𝑢𝑣2) +

𝜕

𝜕𝑦
(𝜌𝑣𝑒 +

1

2
𝜌𝑣𝑣2) +

𝜕

𝜕𝑧
(𝜌𝑤𝑒 +

1

2
𝜌𝑤𝑣2) = 𝑘 (

𝜕2𝑇

𝜕𝑥2
+
𝜕2𝑇

𝜕𝑦2
+

𝜕2𝑇

𝜕𝑥𝑧2
) − (𝑢

𝜕𝜌

𝜕𝑥
+ 𝑣

𝜕𝜌

𝜕𝑦
+

𝑤
𝜕𝜌

𝜕𝑧
) + 𝜇 [𝑢

𝜕2𝑢

𝜕𝑥2
+

𝜕

𝜕𝑥
(𝑣

𝜕𝑣

𝜕𝑥
+𝑤

𝜕𝑤

𝜕𝑥
) + 𝑣

𝜕2𝑢

𝜕𝑦2
+

𝜕

𝜕𝑦
(𝑢

𝜕𝑢

𝜕𝑦
+

𝑤
𝜕𝑤

𝜕𝑦
) + 𝑤

𝜕2𝑢

𝜕𝑧2
+

𝜕

𝜕𝑧
(𝑢

𝜕𝑢

𝜕𝑧
+ 𝑣

𝜕𝑣

𝜕𝑧
)] + 2𝜇 [𝑢

𝜕2𝑢

𝜕𝑥2
+
𝜕𝑢

𝑑𝑦

𝜕𝑣

𝜕𝑥
+
𝜕2𝑣

𝜕𝑦2
+

𝜕𝑣

𝜕𝑧

𝜕𝑤

𝜕𝑦
+
𝜕2𝑤

𝜕𝑧2
+
𝜕𝑤

𝜕𝑥

𝜕𝑢

𝜕𝑧
] + 𝜌𝑢𝑔𝑥 + 𝜌𝑣𝑔𝑦 + 𝜌𝑤𝑔𝑧      (2) 

iii. Equations for momentum (Navier Stokes) The momentum 

equation, which forms the foundation of Newton's Second 

Law, links the overall force acting on a fluid element to its 

acceleration or rate of change of momentum. Newton's sec-

ond law of motion, F = ma, is the foundation for the x, y, 

and z momentum equations, which are depicted in Equa-

tions 3a–c. 

𝑝𝑢
𝜕𝑢

𝜕𝑥
+ 𝜌𝑣

𝜕𝑢

𝜕𝑦
+ 𝜌𝑤

𝜕𝑢

𝜕𝑧
=

𝜕𝜌

𝜕𝑥
+ 𝜇

𝜕2𝑢

𝜕𝑥2
+ 𝜇

𝜕2𝑢

𝜕𝑦2
+ 𝜇

𝜕2𝑢

𝜕𝑧2
    (3a) 

𝑝𝑢
𝜕𝑣

𝜕𝑥
+ 𝜌𝑣

𝜕𝑣

𝜕𝑦
+ 𝜌𝑤

𝜕𝑣

𝜕𝑧
=

𝜕𝜌

𝜕𝑦
+ 𝜇

𝜕2𝑣

𝜕𝑥2
+ 𝜇

𝜕2𝑣

𝜕𝑦2
+ 𝜇

𝜕2𝑣

𝜕𝑧2
    (3b) 

𝑝𝑢
𝜕𝑤

𝜕𝑥
+ 𝜌𝑣

𝜕𝑤

𝜕𝑦
+ 𝜌𝑤

𝜕𝑤

𝜕𝑧
=

𝜕𝜌

𝜕𝑧
+ 𝜇

𝜕2𝑤

𝜕𝑥2
+ 𝜇

𝜕2𝑤

𝜕𝑦2
+ 𝜇

𝜕2𝑤

𝜕𝑧2
   (3c) 

The crank angle and the ratio of the piston rod's length to the 

crank's length can be used to express the cylinder volume. Addi-

tionally, Equation 4a-b [41] provides the cylinder volume at any 

crank angle, and Equation 6 provides the heat transfer per unit area 
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of the cylinder wall. The cylinder volume can be expressed using 

the crank angle and the ratio of the piston rod's length to the crank's 

length. Equation 6 gives the heat transfer per unit area of the cyl-

inder wall, and Equations 4a-b [42] and 6 give the cylinder volume 

at any crank angle . 

𝑉 =  𝑉𝑐 +
𝑉𝑑

2
 (1 +

𝑙

𝑐
− 𝑐𝑜𝑠 𝜃 − √

𝑙2

𝑐2
− 𝑠𝑖𝑛2𝜃)     (4a) 

𝑉(𝜃) = 𝑉𝑐 {1 +
𝑟 − 1

2
{1 − 𝑐𝑜𝑠𝜃 +

1

휀
[1 − (1 − 휀2𝑠𝑖𝑛2𝜃)0.5]}} 

     (4b) 

휀 =  
stroke

2 x length of connecting rod
            

 (5) 

𝑑𝑄

𝐴
= ℎ(𝑇𝑔𝑎𝑠 − 𝑇𝑤𝑎𝑙𝑙) + 𝐶(𝑇𝑔𝑎𝑠

4 − 𝑇𝑤𝑎𝑙𝑙
4 )        (6) 

In this equation, Vc is the clearance volume, Vd is the displace-

ment volume, r is the compression ratio, and  is the piston stroke. 

P is the fluid pressure, 𝜌 is the fluid density, t is the tangential 

velocity, 𝜇 is the fluid dynamic viscosity, z is the radial coordinate, 

u is the fluid velocity, w is the swirl velocity, dQ/A is the heat 

transfer per unit area, and C stands for the Annand closed cycle 

coefficient.  Equation 7 presents the coefficient of discharge (Cd), 

Equation 8 provides the orifice area between the valve head and 

seat, and Equation 9 expresses the non-dimensional rig tumble 

(NT). Equations 10a-e were also used to calculate in-cylinder 

charges. 

 

𝐶𝑑 =
𝑄

𝐴𝑣∗𝑉𝑜
                    (7) 

𝐴𝑣 = 𝑛 ∗ 𝜋 ∗ 𝐷
2 ∗

𝐿

𝐷
∗ 𝑐𝑜𝑠∅ (1 +

𝐿

𝐷
∗ 𝑠𝑖𝑛∅. 𝑐𝑜𝑠∅)    (8) 

𝑁𝑇 =
8∗𝐺

�̇�∗𝑉𝑜∗𝐵
                   (9) 

𝐶𝑓 =
𝑄

𝐴𝑠𝑒𝑎𝑡∗𝑉𝑜
                   (10a) 

𝑉𝑜 = √
2∗∆𝑃

𝜌
                    (10b) 

𝐴𝑠𝑒𝑎𝑡 =
𝜋

4
𝐷 𝑠𝑒𝑎𝑡
2                   (10c) 

𝐶𝑠 = √
2∗𝑘

𝑘−1
𝑅 ∗ 𝑇1 ∗ [1 − (

𝑃2

𝑃1
)

𝑘−1

𝑘
]           (10d) 

𝑇𝐾𝐸 −
1

2
𝜌𝑉  𝑟𝑚𝑠

2 =
1

2
𝜌(𝑢 𝑟𝑚𝑠

2 + 𝑣 𝑟𝑚𝑠
2 )        (10e) 

 

Where G is the torque measured by an impulse meter, B is the di-

ameter of the cylinder bore, L stands for valve lift, n is the number of 

intake valves per cylinder, is the valve seat angle of 45 degrees, m is 

the measured mass flow rate, Q is the measured volume flow rate, Vo 

is the velocity head, Cf  is the critical flow factor, Aseat is the inner seat 

area, and Dseat is the diameter of the intake valve seat. TKE stands for 

turbulent kinetic energy, urms and vrms for RMS x and y velocities, and 

for air density.  

Using the isentropic flow formula, the flow velocity (Cs) is calcu-

lated. P1 represents the air pressure upstream of the valve, P2 represents 

the air pressure downstream of the valve, R represents the gas constant, 

and T1 represents the air temperature upstream of the valve. Equation 

11 provides the generalized governing differential equation for heat 

conduction, and Equation 12 expresses the variation formulation for a 

conductive barrier [43, 44] 

 

𝐾∇2𝑇 + 𝑞𝐸 − 𝜌𝐶
𝜕𝑇

𝜕𝑡
= 0              (11) 

𝜕𝑥𝑘
(𝑒)

𝜕{𝑡}(𝑒)
= [[

𝑘11 𝑘12 𝑘13
𝑘21 𝑘22 𝑘23
𝑘31 𝑘32 𝑘33

]] {

𝑡𝑖
𝑡𝑗
𝑡𝑘

} =  [𝑘](𝑒){𝑡}(𝑒)    (12) 

K stands for thermal conductivity in both radial and axial directions, 

qE for heat conduction per unit volume, p for material density, C for 

heat capacity, T for temperature, t for time, and [k](e) for stiffness ma-

trix. Equation 13 gives the linear relationship between the contact 

boundary variation integral of heat transfer and the temperature of the 

contact surface, whereas Equation 14 gives the governing differential 

equation for in-cylinder heat convection. Equation 15 [45] presents the 

variation formulation for the in-cylinder charge convective boundary. 

(𝜕𝑥𝑏𝑐𝑜𝑛𝑡.)𝑒

𝜕{𝑡𝑠}
𝑒 =

2𝜋ℎ𝑐𝑟𝑚𝑟𝑖𝑗

6𝑐𝑜𝑠𝜃
 [
2 −

𝜀

2
1

1 2 +
𝜀

2

] . {
{{𝑡𝑠}

𝑒 − {𝑡𝑠}
𝑝}1

{{𝑡𝑠}
𝑒 − {𝑡𝑠}

𝑝}2
}(13) 

−𝐾 (
𝜕𝑇

𝜕𝑛
) = ℎ(𝑇 − 𝑇∞)               (14) 

𝛿𝑥𝑏𝑐𝑜𝑛𝑣. = ∫ −𝐾
0

𝐴
 (

𝜕𝑇

𝜕𝑛
) 𝛿𝑇𝑑𝑆 =

 ∫ ℎ(𝑇 −) 𝛿𝑇 𝑑𝑆,
𝑂

𝐴
 
𝜕𝑥𝑏𝑐𝑜𝑛𝑣.

𝜕{𝑡𝑠}
=

2𝜋ℎ𝑟𝑚𝑟𝑖𝑗

6𝑐𝑜𝑠𝜃
 [
2 −

𝜀

2
1

1 2 +
𝜀

2

] {
𝑡𝑠𝑖
𝑡𝑠𝑗
} − {

(ℎ𝑡∞)1
(ℎ𝑡∞)2

}       (15) 

 

The two key variables for the turbulence combustion model are 

the turbulence kinetic energy (k) and turbulence dissipation rate (ε), 

which may be found in the subsequent transport equations pro-

vided by Equations 16 and 17 [46]. Equation 19 provides the en-

ergy of the burned and unburned in-cylinder charge, while Equa-

tion 20 expresses it in terms of specific heat. Equations 21a–b and 

22 allow for the internal energies of the burned and unburned in-

cylinder charges to be represented in terms of the average specific 
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heat, whereas Equation 23 allows for the expression of the mean 

internal energy of the burned in-cylinder charge in terms of the 

mean internal temperature. 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) =

𝜕

𝜕𝑥𝑗
[(𝜇𝑘 +

𝜇𝑡

𝜎𝑘
)
𝜕𝑘

𝜕𝑥𝑖
]

⏟          
𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦

+ 𝐺𝑘 + 𝐺𝑏 − 𝜌휀 −

𝛾𝑚                        (16) 

𝜕

𝜕𝑡
(𝜌휀) +

𝜕

𝜕𝑥1
(𝜌휀𝑢1) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜀
)
𝜕𝜀

𝜕𝑥𝑗
] + 𝐶1𝜀

𝜀

𝐾
+ (𝐺𝐾 +

𝐶3𝜀 + 𝐺𝑏) − 𝐶2𝜀𝜌
𝜀2

𝑘
                  (17) 

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

𝜀
                    (18) 

�̅�𝑖 = ∆�̅�𝑓𝑖
  𝑜(𝑇𝑜) +  ∫ 𝐶�̅�𝑖(𝑇

′)𝑑𝑇′
𝑇

𝑇𝑜
          (19) 

𝐶�̅�𝑖 =
∫  (𝑎𝑖 + 𝑏𝑖𝑇)𝑑𝑇
  𝑇2
𝑇1

𝑀𝑖 (𝑇2−𝑇1)
= 

𝑎𝑖

𝑀𝑖
+

𝑏𝑖

2𝑀𝑖
 (𝑇1 + 𝑇2)     (20) 

�̅�𝑏 = 𝑎𝑏 + 𝐶�̅�𝑏 𝑇𝑏                  (21a) 

�̅�𝑢 = 𝑎𝑢 + 𝐶�̅�𝑢 𝑇𝑢                 (21b) 

〈�̅�𝑏〉 = ∫  [𝑎𝑏 + 𝐶�̅�𝑏 𝑇𝑏(𝛼, 𝛼
′)] 𝑑𝛼′

𝛼

0
         (22) 

〈�̅�𝑏〉 = 𝑎𝑏 + 𝐶�̅�𝑏 〈𝑇𝑏〉                 (23) 

Where YM stands for the contribution of fluctuation dilation on 

compressible turbulence to the overall dissipation rate, Gk and Gb 

stand for the generation of turbulent kinetic energy due to mean 

velocity gradient of charge, 𝜎𝑘 and 𝜎𝜀 for the turbulent Prandtl 

number (Pr) of k and 휀, 𝐶𝜇, 𝐶1𝜀 and 𝐶2𝜀 for constant variables, 

(𝐶�̅�𝑖) for the in-cylinder charge specific heat, u and heat coeffi-

cient, and mass flow rate is represented by M. 

Equation 24 gives the force generated by the in-cylinder charge 

during the compression stroke as the product of the cylinder's max-

imum pressure and area; Equation 25 gives the torque generated 

solely by the in-cylinder charge pressure [47]. 

𝐹𝑔 = 𝑃𝑚𝑎𝑥 
𝜋𝐵2

4
                  (24) 

𝑇𝑔 = 𝑃𝑔 𝐴𝑟 𝑠𝑖𝑛 [1 +
𝑟

𝑙
𝑐𝑜𝑠]           (25) 

During combustion, the in-cylinder adiabatic flame temperature 

for a lean mixture is given by Equation 26a-c [48], while that of a 

rich mixture is given by Equation 27 [49]. 

𝑇𝑅 ≅ 𝑇𝑜 +
𝑚𝑓.𝐿𝐻𝑉+(𝑚𝑎+𝑚𝑓)𝐶�̅�,𝑅(𝑇𝑅−𝑇𝑜)

(𝑚𝑎+𝑚𝑓)𝐶�̅�,𝑃
         (26a) 

𝑇𝑅 +
𝑚𝑓.𝐿𝐻𝑉

(𝑚𝑎+𝑚𝑓)𝐶�̅�,𝑃
= 𝑇𝑅 +

𝑚𝑓

𝑚𝑎
.𝐿𝐻𝑉

(1+
𝑚𝑓

𝑚𝑎
)𝐶�̅�,𝑃

          (26b) 

𝑇𝑅 +
𝑓.𝐿𝐻𝑉

(1+𝑓)𝐶�̅�,𝑃
= 𝑇𝑅 +

∅.𝑓𝑠𝐿𝐻𝑉

(1+∅.𝑓𝑠)𝐶�̅�,𝑃
           (26c) 

𝑇𝑃 = 𝑇𝑅 +
𝑓.𝐿𝐻𝑉

(1+𝑓)𝐶�̅�,𝑃
= 𝑇𝑅 +

𝑓𝑠.𝐿𝐻𝑉

(1+∅.𝑓𝑠)𝐶�̅�,𝑃
          (27) 

Where fS is the stoichiometric fuel/air ratio by mass and TP is the 

temperature of the adiabatic flame, mf and ma are the mass of the 

fuel and air, respectively, and 𝐶̅p,P is an average value of specific 

heat calculated at the average temperature of the reactants and 

standard temperature. According to Equation 28, the volumetric 

efficiency of the engine is determined by the amount of air pulled 

into the cylinder and taking into account the cylinder volume. 

Equation 29 estimated function of air mass (ma) and air density (pa) 

yields the actual intake air volume (va). 


𝑣
=

𝑣𝑎

𝑣𝑑
                       (28) 

𝑣𝑎 =
𝑚𝑎

𝜌𝑎
                     (29) 

Substituting Equation 29 into Equation 28 gives the volumetric 

efficiency in Equation 30. Since the intake air mass flow rate is 

measured on an engine dynamometer rather than air mass, air mass 

flow rate for formulating volumetric efficiency is given by Equa-

tion 31. 


𝑣
=

𝑚𝑎

𝜌𝑎∗𝑣𝑑
                     (30) 

𝑚𝑎𝑓 =
𝑚𝑎 ∗ 𝑁𝑒

𝑛𝑟
                   (31) 

Where nr is the number of crankshaft rotations required to com-

plete an engine cycle and Ne is the engine speed (for a four-stroke 

engine, nr = 2). The relation in Equation 32 can be used to rewrite 

the intake air mass from Equation 31. 

𝑚𝑎 =
𝑚𝑎𝑓∗𝑛𝑟

𝑁𝑒
                   (32) 

Equation 32 is substituted into Equation 30 to produce Equation 

33, which represents the volumetric efficiency. Equation 34 pro-

vides the intake air density information. 


𝑣
=

𝑚𝑎𝑓∗𝑛𝑟

𝜌𝑎∗𝑣𝑑∗𝑁𝑒
                   (33) 

𝜌𝑎 = 
𝑃𝑎

𝑅𝑎∗𝑇𝑎
                    (34) 

Ra stands for the dry air gas constant (286.9 J/kgk), while Pa and 

Ta stand for the intake air pressure, temperature, and, respectively, 
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Ra. The mechanical efficiency of the engine is determined by the 

break mean effective pressure (BMEP), which is the difference be-

tween the indicated mean effective pressure (IMEP) and friction 

mean effective pressure (FMEP) as stated by Equation 35. 

𝐵𝑀𝐸𝑃 = 𝐼𝑀𝐸𝑃 − 𝐹𝑀𝐸𝑃              (35) 

In contrast, FMEP stands for the total of the pumping mean ef-

fective pressure (PMEP), while Equation (36) expresses the me-

chanical rubbing mean effective pressure (RMEP) and auxiliary 

mean effective pressure 

𝐹𝑀𝐸𝑃 = 𝑃𝑀𝐸𝑃 + 𝑅𝑀𝐸𝑃 + 𝐴𝑀𝐸𝑃     (36) 

Equation 37 in this instance gives the mechanical efficiency of 

the engine, and Equation 38 is produced by substituting Equation 

35 into Equation 37. 


𝑚
=

𝐵𝑀𝐸𝑃

𝐼𝑀𝐸𝑃
                    (37) 


𝑚
=

𝐼𝑀𝐸𝑃−𝐹𝑀𝐸𝑃

𝐼𝑀𝐸𝑃
= 1 −

𝐹𝑀𝐸𝑃

𝐼𝑀𝐸𝑃
            (38) 

From Equation 38, it can be seen that the mechanical efficiency 

increases with decreasing friction losses in a particular IC engine, 

and the fuel consumption decreases while the power output in-

creases. The lower the FMEP, the higher the mechanical efficiency. 

 

3. Results and Discussion 

This section of the study presents the findings from the compu-

tation of in-cylinder charge behavior at various valve lift opening 

clearances in a Renault engine with four-stroke spark ignition and 

reciprocating internal combustion. 

3.1. Temperature of charge in the cylinder at various crank 

speeds 

Losses from molecular dissociation and the fact that there is less 

energy in the extremely hot combustion gas available for the 

movement of the piston because it somehow manifests as molecu-

lar rotation and vibration are two key drawbacks of high combus-

tion temperatures. This is a key development in the way that run-

ning a low mixture cuts down on fuel usage. Leaning the mixture 

reduces losses from the aforementioned causes, increases fuel ef-

ficiency, and lowers the peak combustion temperature [50, 51]. 

When the engine is in service, the piston is propelled by the hot gas 

molecules' speed as they come into touch with it and push it. But 

at high in-cylinder combustion temperatures and pressures, energy 

in the form of molecular rotations and vibrations which happen 

more frequently-does not drive the piston; instead, it escapes 

through the exhaust pipe. Fig. 11-15 shows a graph of the temper-

ature of the cylinder charge for various valve lift opening clear-

ances ranging from 5 to 13 mm at engine speeds between 1000 and 

12000 rpm. 

 

Fig. 11. Temperature of charge in the cylinder @ 1000 rpm for different 

valve lift at early part of intake stroke 

Fig. 11 depicts the relationship between the charge temperature 

and crank angle during the intake process. A close look at the plot 

reveals that the temperature of the charge following the intake pro-

cess rose in correlation with an increase in valve lift at 1000 rpm. 

This suggests that more valve lift during the intake process at 1000 

rpm led to a higher charge temperature. The amount of charge that 

was swallowed into the cylinder during the intake stroke is what 

caused this. That is, more charge amount surged through the intake 

valve opening into the cylinder where it underwent thermal reac-

tion after being ignited and combusted at a high temperature and 

pressure. This was because the valve lift opening clearance in-

creased. 

 

Fig. 12. Charge-in Temperature within the cylinder @ 3000 rpm at early 

part of intake stroke 
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Fig. 13. Charge-in Temperature @ 6000 rpm at early part of intake stroke 

 

Fig. 14. Charge-in Temperature within the cylinder @ 9000 rpm at early 

part of intake stroke 

 

 

Fig. 15. Charge-in Temperature within the cylinder @ 12000 rpm at early 

part of intake stroke 

 

Along with an increase in engine speed, the temperature inside 

the cylinder also rises when the air-fuel ratio rises. Similar to how 

engine speed and equivalent ratio improve, volumetric efficiency 

does as well [51]. Variable Valve Timing (VVT) technology is 

used in four-stroke IC engines to vary the volumetric efficiency in 

accordance with changes in engine speed. As a result, the valves 

are uncontrollably opened for a longer amount of time at higher 

engine speeds to transport the air and charge into and out of the 

engine. The intake charge density will be reduced and the combus-

tion temperature may increase if the charge temperature is too high. 

At lower cylinder charge temperatures, starting the engine be-

comes more challenging and can contribute to an increase in ex-

haust emission rate [52], whereas this has the potential to limit en-

gine output while also increasing the rate of exhaust emissions [53]. 

In other words, the release of nitrogen oxides can also result from 

hotter combustion gases produced by extremely high volumetric 

efficiency and rising compression. 

As indicated in Fig. 11, the temperature of the charge was ob-

served to be 304 K at 13 mm valve lift and 300 K at 5 mm valve 

lift at engine speeds of 1000 rpm for crank angles ranging from 

350 to 600 deg. Because it might raise the charge's total tempera-

ture right before combustion, the high cylinder charge temperature 

is crucial. However, because this engine uses spark ignition, the 

temperature needs to be watched and managed to prevent auto-ig-

nition before the spark plug creates the spark [54]. The temperature 

of the charge during the intake process is plotted versus the crank 

angle in Fig. 12. When the engine was running at 3000 rpm, as 

opposed to 1000 rpm, the results showed that the temperature of 

the charge following the intake process increased much more with 

an increase in valve lifts. As a result, at 3000 rpm and 13mm valve 

lift for crank angles between 350 and 600 degrees, the temperature 

of the charge immediately following the intake process was ob-

served to be 309 K, whereas it was 304 K for 5mm valve lift, as 

shown in Fig. 12. This suggests that increased valve lift at 3000 

rpm results in a higher charge temperature following the intake 

process, just as it does at 1000 rpm engine speed. 

The graph of the charge temperature versus crank angle during 

the intake process is shown in Fig. 13. When compared to the data 

obtained at engine speed of 3000rpm, further study reveals that the 

temperature of the charge following the intake process rises further 

with an increase in valve lift at 6000rpm. This suggests that more 

valve lift during the intake process at 6000 rpm led to a higher 

charge temperature. As a result, the temperature of the charge im-

mediately following the intake process is 313 K at 13 mm valve 

lift while it was 310 K at 5 mm valve lift. 

The graph of the charge temperature versus crank angle during 

the intake process is shown in Fig. 14. When the engine was run-

ning at 6000 rpm, the in-cylinder charge temperature was observed 

to rise from 313 K with a 13 mm valve lift to 317 K with the same 

valve lift at 9000 rpm. It was also seen to rise from 310 K with a 5 

mm valve lift at 6000 rpm to 314 K with the same valve lift at 9000 

rpm. The graph of the charge temperature versus crank angle dur-

ing the intake process is shown in Fig. 15. However, the in-cylin-

der charge temperature was seen to decrease from 314k with valve 

lift of 5mm at engine speed of 9000rpm to 300k with the same 
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valve lift of 5mm at engine speed of 12000rpm. The in-cylinder 

charge temperature was observed to increase from 317k with valve 

lift of 13mm at engine speed of 9000rpm to 321k with the same 

valve lift of 13mm at engine speed of 12000rpm. This might have 

been brought on by the timing of the valve openings, which, if im-

properly controlled, might delay the intake and exit of charge from 

the cylinder. The in-cylinder charge temperature pattern after the 

intake process was not affected by the incident, as seen by the 

larger increase in cylinder charge temperature for valves with a 

13mm bore at engine speeds of 12000 rpm compared to 9000 rpm. 

Maximum valve lift is the highest intake valve opening that pro-

vide highest fluid flow to combustion chamber. In the study, valve 

lift 11, 12 and 13 mm appeared to be very high. The idea for this 

was to observe the variations and implications they will exhibit 

compared to valve lifts lower than 11, 12 and 13 mm. It was ob-

served that high valve lift including 11, 12 and 13 mm enabled 

more air-fuel ratio to enter the combustion chamber, improving the 

performance of gasoline engine compared to valve lift below these 

ranges. 

Temperature of charge in the cylinder for different valve lifts 

(see Fig. 11-15) occurred at early part of intake stroke which 

ranged from 310-330 K. This correlates with the findings of Kur-

niawan et al. [55] and Fırat and Varol [56], where the wall temper-

atures at intake stoke is were around 310-320 K, which are 37-47 

K higher than the atmospheric temperature. 

 

3.2. Volumetric and Mechanical Efficiency at different Valve 

Lift and Engine Speed 

Thermal efficiency, which defines how well an engine can con-

vert the energy in fuel into heat energy, includes both the mechan-

ical and volumetric efficiencies. These in-cylinder temperature 

characteristics for the four stroke IC engine were computed using 

steady-state thermal analysis in the ANSYS Fluent program. In 

ANSYS fluent, the IGES file format was imported. Then, the pen-

etration parameters for contacted surfaces (Interfaces) between the 

volumes were established. The inlet pressure in the input valve and 

the outlet pressure in the output valve were specified as boundary 

conditions. A dynamic rectangular mesh can be formed in valve 

motion zones using the layering motion approach and a tetragonal 

mesh can be created with remeshing while the motion is in motion 

thanks to the newly created volume. Subsequently all surfaces ex-

cept the inside of the cylinder had to be chosen for convection. 

Having done that, the in-cylinder simulation was initiated for me-

chanical and volumetric efficiencies. Due to the nature of the plots 

(which were not properly represented, as the x and y axis were not 

positioned accurately) obtained from ANSYS fluent interface, the 

plots were represented in Microsoft Excel 2020 edition as shown 

in Fig. 16-20. 

The flow is carried from the intake manifold into the cylinder, 

where the volumetric efficiency and mechanical efficiency are 

seen. These two factors are crucial to the engine's performance. 

This is accomplished via an exhaust port that is situated at the cyl-

inder head. A poppet-style valve is used to open and close the port, 

and several sets of valves regulate the timing of the flow of exhaust 

gas into the exhaust port from the cylinder. The ratio of the mass 

density of the air-fuel mixture pulled into the cylinder at atmos-

pheric pressure during the intake stroke to the mass density of the 

same volume of air in the intake manifold is known as the volu-

metric efficiency of an internal combustion engine (IC). The me-

chanical efficiency is determined by the break power to indicated 

power ratio (delivered power to the piston versus indicated power). 

Although more charge is introduced into the cylinder at higher 

valve lift, the in-cylinder thermal characteristics of the charge and 

the pressure during combustion are susceptible to losses at higher 

valve lift, which can lead to the degradation of the flow stability 

density functions [27], which may have an impact on the engine's 

overall performance efficiency. The volumetric efficiency and me-

chanical efficiency of the engine are plotted against valve lift rang-

ing from 4 to 13 mm and engine speed ranging from 1000 to 12000 

rpm, respectively, in Fig. 16-20. It is clear from the plots in Fig. 

16-20 that the engine will operate more effectively as a result of 

the continuous increase in valve lift opening, which has improved 

engine performance in terms of a comparable increase in volumet-

ric efficiency and mechanical efficiency at all valve lift openings. 

As the valve lifts and engine speeds increased, both of these engine 

parameters (volumetric efficiency and mechanical efficiency) in-

dicated a steady increase. 

In other words, design of the intake system plays a significant 

role in determining volumetric efficiency. As engine speed in-

creases, the intake valves open and close more frequently, allowing 

a greater volume of air-fuel mixture to enter the combustion cham-

ber. This increased intake valve opening duration enhances the en-

gine's ability to draw in a larger amount of air-fuel mixture, thereby 

improving volumetric efficiency. Valve timing and lift also impact 

volumetric efficiency. Therefore, at higher engine speeds, the in-

take valves open earlier and close later, allowing more time for the 

air-fuel mixture to enter the combustion chamber. The increased 

valve lift enables a larger volume of air-fuel mixture to be drawn 

in during each intake stroke. These factors contribute to the con-

tinuous increase in volumetric efficiency with rising engine speed. 

Inertia effects, particularly in the intake system, influence volumet-

ric efficiency. As engine speed increases, the inertia of the air-fuel 

mixture and the intake air itself becomes more significant. This in-

ertia helps to fill the combustion chamber more effectively, result-

ing in improved volumetric efficiency. The higher the engine 

speed, the greater the inertia effects, leading to a continuous in-

crease in volumetric efficiency. Pressure waves and resonance 

phenomena also contribute to the increase in volumetric efficiency 

with engine speed. As the engine speed rises, pressure waves gen-

erated during the intake stroke can be utilized to enhance the filling 

of the combustion chamber. These waves create a resonance effect, 

which aids in drawing in a larger volume of air-fuel mixture. Con-

sequently, volumetric efficiency continues to improve as engine 

speed increases. 

The plot of volumetric and mechanical efficiency was shown to 

continue its upward trend when the valve lift opening clearance 

rose, but it was also seen that this upward trend continued as the 

engine speeds rose. Thus, the higher the thermal efficiency, the 

better the engine's emissions will be, and the higher the volumetric 
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efficiency. This is because with higher volumetric efficiency, the 

rate of mechanical losses is at its peak and more air (more oxygen 

to support the combustion of air-fuel mixture) is ingested into the 

cylinder which contributes to higher mechanical efficiency. There-

fore, as engine speed increases, the mechanical losses also experi-

ences an increase, leading to increase in mechanical efficiency. 

Therefore, the relationship between engine speed and mechanical 

efficiency is complex and multifaceted. As speed increases, me-

chanical efficiency tends to improve due to reduced frictional 

losses, decreased internal resistance, the flywheel effect, and opti-

mal operating conditions. Understanding these factors is crucial for 

designing and operating mechanical systems with enhanced effi-

ciency. Mechanical losses in engines continuously increase as the 

engine speed rises due to various factors such as frictional losses, 

aerodynamic losses, increased heat generation, and inefficiencies 

in lubrication which are highlighted as follows: 

i. Friction occurs between various moving parts, such as pis-

tons, crankshafts, and bearings. As engine speed increases, 

the relative motion between these components intensifies, 

leading to higher frictional losses. The increased contact area 

and speed result in greater energy dissipation, causing a rise 

in mechanical losses  

ii. As the engine speed increases, the airflow through the intake 

and exhaust systems becomes more turbulent, resulting in in-

creased resistance. This increased resistance leads to higher 

energy losses due to aerodynamic drag, ultimately contrib-

uting to the overall mechanical losses. 

iii. With higher engine speeds, the combustion process becomes 

more rapid, generating increased heat. This rise in heat pro-

duction leads to higher thermal losses, as a significant portion 

of the energy is dissipated as waste heat. The increased heat 

generation necessitates additional cooling mechanisms, 

which further contribute to mechanical losses. 

iv. Lubrication is crucial for reducing friction and wear between 

moving engine components. However, at higher engine 

speeds, the lubrication system may face challenges in main-

taining an adequate oil film thickness and pressure. Inade-

quate lubrication can result in increased friction and wear, 

leading to higher mechanical losses. 

Any engine can achieve a maximum volumetric efficiency of 

1.00, or 100%. With this figure, the engine is able to theoretically 

draw the maximum volume of fuel and air into the cylinder for 

combustion. As a result, the volume of the air-fuel intake combi-

nation in the engine increases with volumetric efficiency. The 

shape of the intake manifold, intake air pressure, intake air temper-

ature, intake air mass flow rate, etc., all affect an IC engine's volu-

metric efficiency. Thus 100% mechanical efficiency is only possi-

ble when the engine's output power is equal to its input energy; 

otherwise, the engine is unable to produce 100% of its potential 

output. This is caused by a number of things, including friction 

losses, the forced quick flow of air in the crank case, heat losses, 

pumping losses at low or cruising throttle, thermal losses to the 

exhaust and cooling systems, valve and bearing operations, part 

wear and tear, etc [57]. A given engine cannot produce 100% of its 

potential power since, while running, it loses some of that power 

to the wheels they are moving, the clutch, the transmission, the ax-

les, the bearings, etc., which reduces the mechanical efficiency. 

The ability to increase power by increasing engine speed (rpm) has 

its limits since friction loss increases as revs climb. In general, an 

increase in volumetric efficiency enhances an engine's power out-

put. In an engine with more air mass, there is more, and with more 

fuel, the engine produces more power [58, 59]. 

Fig. 16 depicts the relationship between volumetric efficiency 

and mechanical efficiency for an engine running at 1000 rpm with 

a valve lift clearance of 5 to 13 mm. The graphic displays how, for 

each engine speed, different valve lift openings affect the volumet-

ric and mechanical efficiency of the engine. When the plot is care-

fully examined, it becomes clear that at 1000 rpm, the volumetric 

efficiency and mechanical efficiency improved as the valve lift in-

creased, and vice versa. 

It simply means that a higher value of valve lift would increase the 

volumetric and mechanical efficiency of an engine running at a 

low engine speed, and a higher value of valve lift would signifi-

cantly increase the volumetric and mechanical efficiency of an en-

gine running at a high engine speed. At 1000 rpm, the maximum 

volumetric efficiency for a 5mm valve lift opening clearance was 

87.8%, while the maximum volumetric efficiency for a 13mm 

valve lift opening clearance was 90.7%. At 1000 rpm, a valve lift 

opening of 5 mm yielded the highest mechanical efficiency of 

85.1%, while a valve lift of 13 mm displayed the highest mechan-

ical efficiency of 88.3%, as shown in Fig. 16. The plot shows that 

as the valve lift opening clearance increased, so did volumetric ef-

ficiency and mechanical efficiency. 

 

 

Fig. 16. Efficiency of the engine vs. valve lift @1000 rpm 

A plot of volumetric and mechanical efficiency vs. valve lift at 

3000 rpm is shown in Fig. 17. The maximum volumetric efficiency 

for 5mm valve lift opening clearance at 3000 rpm was 90.9%, 

while the maximum volumetric efficiency for 13mm valve lift was 

93.7%. For 3000 rpm, maximum mechanical efficiency was also 

attained for valve lifts of 5mm and 13mm, respectively, yielding 

88.2% and 91%, respectively, of mechanical efficiency. The plot 

shows that as the valve lift opening clearance also increased, both 

volumetric efficiency and mechanical efficiency increased. 
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Additionally, it was found that for all valve lift opening clearances, 

the volumetric and mechanical efficiencies attained at a high 

engine speed (3000 rpm) compared to the prior (1000 rpm) were 

similarly higher. 

 

Fig. 17. Efficiency of the engine vs. valve lift @ 3000 rpm 

Fig. 18 displays the relationship between volumetric and mechan-

ical efficiency and valve lift clearance ranging from 5 to 13 mm at 

6000 rpm. At 6000 rpm, a 5mm valve lift demonstrated a maxi-

mum volumetric efficiency of 92.4%, while a 13mm valve lift 

opening clearance showed a maximum volumetric efficiency of 

95.7%. A valve lift opening clearance of 5mm demonstrated a 

maximum mechanical efficiency of 91.2% at 6000 rpm, while a 

valve lift opening of 13mm showed a mechanical efficiency of 

94%. Additionally, it was found that for all valve lift opening clear-

ances, the volumetric and mechanical efficiencies attained at a high 

engine speed (6000 rpm) compared to the prior (3000 rpm) were 

similarly higher. 

 

Fig. 18. Efficiency of the engine vs. valve lift @ 6000 rpm 

Fig. 19 depicts the relationship between volumetric and mechani-

cal efficiency and valve lift clearance, which ranges from 5 to 13 

millimeters at 9000 rpm. At 9000 rpm, a valve lift opening clear-

ance of 5 mm produced volumetric efficiency of 94.2%, while a 

valve lift opening of 13 mm produced volumetric efficiency of 

97.7%. Additionally, at 9000 rpm, the mechanical efficiency of the 

13mm valve lift opening was 95.7%, compared to the highest me-

chanical efficiency of 93.3% for the 5mm valve lift opening. Ad-

ditionally, it was found that all valve lift opening clearances had 

higher volumetric and mechanical efficiencies at high engine 

speeds (9000 rpm) than at lower engine speeds (6000 rpm). 

 

Fig. 19. Efficiency of the engine vs. valve lift @ 9000rpm 

Fig. 20 displays the relationship between volumetric and mechan-

ical efficiency and valve lift clearance, which ranges from 5 to 13 

mm at 12000 rpm. At 12000 rpm, a 5mm valve lift opening clear-

ance exhibited a maximum volumetric efficiency of 95.2%, while 

a valve lift opening clearance of the same size yielded a volumetric 

efficiency of 98.7%. Additionally, at 12000 rpm, the mechanical 

efficiency of the 5mm and 13mm valve lift openings was 95.4% 

and 97.8%, respectively, for the 5mm valve lift opening. Addition-

ally, it was found that all valve lift opening clearances had higher 

volumetric and mechanical efficiency at a high engine speed 

(12000 rpm) than at a lower engine speed (9000 rpm). 

 

Fig. 20. Efficiency of the engine vs. valve lift @ 12000rpm 

3.3. Velocity vectors for in-cylinder flow at different Valve 

Lifts 

Both high and low flow velocity regimes define in-cylinder flow 

fields. By use of a directed intake manifold and a moving piston, 

spark ignition (SI) engines are particularly prone to tumble motion, 

which produces a substantial tumble vortex in areas with low flow 
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velocities surrounding the vortex centres [60]. The discrepancies 

between vector fields are produced on a spatially resolved map by 

metrics like the relevance index (RI). However, due to a greater 

relative shift in the alignment of the vectors close to the vortex cen-

tres, a little difference in in-cylinder velocity may have a substan-

tial impact on RI along the regions with low in-cylinder velocity. 

The spatially averaged RI of a pair of flow fields is dominated 

by minute absolute differences in velocity that cover other differ-

ences that may exist in high velocity regions of the flow close to 

the centre of the tumble vortex, where velocity magnitudes are low 

and flow direction varies significantly over short distances (revers-

ing across the centre of the vortex) [61]. Fig. 21 depicts the ensem-

ble PIV average velocity vector fields in a reciprocating spark-ig-

nition IC engine with valve lift opening clearances of 5, 7, 10, and 

13 mm with a speed of 9000 rpm.  

The colour red at the top of the colour band represents the max-

imum values, while the colour royal blue at the bottom of the col-

our band represents the minimum values. The three components 

that make up the velocity vector field, diagonal vector (v), horizon-

tal vector (vx), and vertical vector (vy), all indicate how the in-cyl-

inder charge behaves or flows when the engine is operating in ser-

vice condition. It was found that there was a significant concentra-

tion of air-fuel combination coming through the intake valve at a 

valve lift of 13 mm, and this was apparent at the centre of the cyl-

inder. The colour band at the bottom of PIV in Fig. 21 represents 

the strength of velocity vector fields and ranges from 0-0.8 m/s. 

The colour yellow on the colour wheel denotes the highest value, 

whereas the colours lemon, light blue, and royal blue denote the 

lowest value. The symmetric velocity distribution along the intake 

valve and exhaust valve, as shown by the velocity vector fields at 

13 mm valve lift, resulted in considerable flow rotation and distri-

butions with swirl and tumble motion. Additionally, the high con-

centration of horizontal, parallel, and yellow lines in the velocity 

flow fields showed that the engine is ingesting a significant amount 

of air-fuel mixture when the intake valve opens at 13 mm, raising 

the temperature and pressure of the combustion flame. 

As opposed to the case stated for intake valve lift opening clear-

ance of 13 mm, this is different for intake valve lift opening of 10 

mm, which experienced reduction in the cylinder. As a result, with 

a valve lift opening clearance of 10 mm, the concentration of the 

air-fuel mixture entering the intake valve started to decrease while 

spreading outward to the cylinder walls, whereas in the case of a 

valve lift opening clearance of 13 mm, the flow pattern appeared 

to converge. As a result of in-cylinder reductions in the supply rate 

of air-fuel mixture and reductions in the valve lift opening clear-

ance, further reductions were observed in the velocity vector fields 

at intake valve lift of 7 mm than had been reported for intake valve 

lift of 10 and 13 mm. 

As a result of in-cylinder reductions in the supply rate of air-fuel 

mixture and reductions in the valve lift opening clearance, more 

reductions in the velocity vector fields were observed at 5 mm in-

take valve lift opening clearance than had been reported for cases 

at 7, 10, and 13 mm. From Fig. 21, it is clear that as the valve lift 

decreases, so too do the velocity vectors for in-cylinder flow in the 

IC engine model examined in this study. This happens as the valve 

orifice gets smaller, which slows the rate at which fuel and air are 

injected into the cylinder. For intake flow, a velocity vector range 

of 20-30 m/s is often considered optimal. This range ensures suffi-

cient air-fuel mixing while minimizing pressure losses. Higher ve-

locities may lead to increased pressure drops and reduced volumet-

ric efficiency, while lower velocities may result in inadequate mix-

ing and reduced combustion efficiency. In the combustion cham-

ber, a velocity vector range of 30-40 m/s is commonly recom-

mended. This range promotes efficient fuel-air mixing and com-

bustion stability. Higher velocities may cause excessive turbulence 

and increased heat losses, while lower velocities may result in in-

complete combustion and increased emissions. By considering 

factors such as fuel-air mixing, heat losses, and combustion stabil-

ity, specific ranges for the velocity vector can be determined. The 

recommended ranges of 20-30 m/s for intake flow and 30-40 m/s 

for the combustion chamber provide a starting point for achieving 

optimal engine performance. However, it is important to note that 

these values may vary depending on the engine design and operat-

ing conditions. 

 

Fig. 21. PIV showing velocity vector fields at various valve lifts 

3.4. In-cylinder Vorticity Magnitudes in at different Valve 

Lifts 

The PIV vorticity magnitudes at various valve lifts are shown in 

Fig. 22. The flow patterns are shown rotating in a counter clock-

wise manner in the green sections and a clockwise direction in the 

blue parts. As can be observed, clockwise vortices formed behind 

the intake valves at lower valve lifts (5 mm), which led to an in-

crease in vorticity strength as the valve lift increased.  
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From the PIV in Fig. 22, it is clear that an increase in valve lift 

increased flow speed while simultaneously varying flow patterns, 

resulting in a counter clockwise vortex motion (tumble). At a valve 

lift of 5 mm on the right side of the cylinder, the tumble motion 

first appeared. At a valve lift of 7 mm, it became stronger and 

moved toward the centre, then the upper half of the cylinder. The 

vortices had become more intense at 10 mm of valve lift because 

of the increased cylinder flow speed at high temperature and pres-

sure. The agitating vortices in the cylinder were fully saturated at 

valve lift 13 mm, and the predominant component of the air-fuel 

mixture at this time was hot gases. The valve lift at 13 mm is wide 

open, which causes the flow of the air-fuel combination into and 

out of the cylinder to intensify with high levels of combustion. 

At this point, full combustion occurs with a low degree of emis-

sions if the appropriate amount of fuel is injected together with the 

air inhaled. According to Krishna and Mallikarjuna [62], the inter-

action of the air-fuel mixture with the cylinder walls and the sur-

face of the piston, as well as the narrow passage of the intake 

valves and cylinder, are likely to lead to the formation of vortices 

and random flow of hot in-cylinder charges. Due to the form of the 

piston, the orientation of the intake manifold, the lift of the intake 

valve, and the engine speed, in-cylinder flows in an IC engine can 

be divided into parallel (swirl) and perpendicular (tumble) flows 

during the intake, compression, and expansion strokes [63]. 

The flow movement happens within the cylinder from the right 

to the left side, guided by the top surface of the reciprocating piston 

and the cylinder walls, resulting in the formation of vortices with 

various patterns. According to a related study by Heywood [64], 

creating a sizable vortex flow (swirl and tumble) inside an IC en-

gine cylinder during the intake process causes large levels of tur-

bulence to occur later in the compression stroke, which causes 

rapid burning rates. In the premixed SI engines, Hill and Zhang 

[65] found that vortex flows could greatly increase the turbulence 

during the combustion phase, resulting in a shorter burning time 

and higher thermal efficiency. Several experimental studies have 

investigated the effects of vorticity on engine performance. These 

studies have shown that an optimally accepted range of vorticity 

values exists, typically between 150 and 210 s^-1 as represented 

by lemon colour on the legend in Fig. 22. Within this range, the 

combustion process is enhanced, resulting in an improved air-fuel 

mixing, reduced emissions, improved flame propagation and com-

bustion stability as well as increased thermal efficiency. This cor-

relate with the findings of El-Adawy et al. [17] who experimentally 

investigated IC engine in-cylinder flow using different steady-state 

flow benches. However, excessive vorticity can lead to increased 

turbulence levels, which may result in incomplete combustion, 

higher emissions, and reduced engine efficiency. The efficiency 

and performance of these engines depend on several factors, in-

cluding the flow characteristics within the combustion chamber.  

Therefore, determining the optimal range of vorticity values is cru-

cial for achieving efficient combustion. 3.5. In-cylinder TKE Dis-

tributions at different Valve Lifts. 

Air-fuel mixture enters the engine's cylinder on the right side as 

a jet, which travels parallel to the cylinder head before turning 

downward upon hitting the cylinder's top. It strikes the piston 

crown's top surface once more, creating a clockwise vortex. 

 

Fig. 22. PIV showing vorticity magnitudes at different valve lifts 

Similar to this, a little amount of air-fuel mixture that enters the 

cylinder by the intake valve's left side strikes the cylinder's left side, 

diverting downward, and then impacts the piston's top surface 

again, diverting upward and creating a counter clockwise vortex. 

Particle Image velocimetry showing the TKE in-cylinder flow 

patterns at various valve lift opening clearances are shown in Fig. 

23. Whether or not the TKE is severe is indicated by the colour 

band in the middle of the plots. The colour band shows that red has 

the highest TKE, followed by orange, yellow, lemon, light green, 

sky blue, and royal blue. Yellow, lemon, light green, sky blue, and 

royal blue have the lowest TKE. The values assigned to each col-

our on the colour band determine this situation .Due to the presence 

of red and yellow traces on the TKE profile, it can be seen that 

TKE at valve lift openings of 13 mm appears to be the highest. On 

the TKE profile, it was found that the appearance of these colours 

decreased at 10 mm of valve lift. As the valve lift opening shrunk, 

additional decreases (in valve lift 7 and 5 mm) in these colours 

were seen. 

The spirally rotating patterns that denote turbulent flows also ap-

peared to be more intense and complex at higher valve lift opening 

clearances, such as 13 mm, due to an increase in fluid motion 

marked by chaotic changes in pressure and flow velocity of the in-

cylinder air-fuel mixture, as opposed to lower valve lift opening 

clearances, such as 5 mm, due to a decrease in the in-cylinder 

charge's fluid motion. High TKE is important for IC engine cylin-

der cycles because it improves air-fuel mixing and mixture uni-

formity, raises charge combustibility, and may even have a leaning 
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impact [66]. The ratio of kinetic energy to the rate of viscous damp-

ing in the flow of the in-cylinder air-fuel mixture can be used to 

anticipate when turbulence will start to occur in an internal com-

bustion engine cycle [67]. 

As shown in Fig. 23, the PIV illustrates the TKE in-cylinder 

flow distributions in three dimensions with unstable vortices and 

turbulence brought on by the cylinder charge's high kinetic energy. 

Laminar flow, on the other hand, is when a fluid flows in parallel 

layers without any interruption between the layers. The low vis-

cosity of the air-fuel mixture from intake stroke through compres-

sion and expansion to exhaust stroke was shown to be the main 

factor in all of the valve lift opening clearance given in this study, 

as illustrated in Fig. 23.  

High diffusivity is another characteristic of turbulent flows in IC 

engine cylinders, which increases the transfer of momentum, heat, 

and energy. For instance, turbulent heat transfer in the cylinder 

happens in a matter of seconds as opposed to hours, and turbulent 

flames spread more quickly than laminar flames. One distinguish-

ing characteristic of a turbulent flow is that laminar flow instability 

causes it to develop at high Reynolds numbers. 

These instabilities are the result of the interaction of strongly 

nonlinear viscous and inertial forces. They have dispersed vorticity 

areas that go through vortex stretching to maintain or grow the 

quantity of vorticity. Without this ability of the vortex to extend, 

the kinetic energy in the turbulent flow would quickly deplete. This 

suggests that turbulent flows are very dissipative, therefore without 

a steady supply of sufficient amounts of air-fuel combination in the 

cylinder to maintain the loss to viscosity, the turbulence will decay 

quickly [68]. 

Turbulence enhances fuel-air mixing, leading to better in-cylin-

der combustion efficiency in IC engines. Optimum TKE level af-

fects the degree of mixing, thereby, ensuring a more uniform dis-

tribution of the mixture within the combustion chamber, improved 

flame propagation and reduced flame quenching. This leads to 

faster and more complete combustion, resulting in improved ther-

mal efficiency and engine performance. Turbulence affects pollu-

tant formation and emissions in IC engines. Higher TKE levels can 

lead to increased mixing and reduced pollutant emissions. How-

ever, excessively high TKE values may result in increased NOx 

emissions and increased heat transfer to the cylinder walls, reduc-

ing the overall combustion efficiency.  

Based on the findings available in literature, the optimal range 

of TKE values in IC engines is found to be between 25 and 40 

m2/s2, which in this study is represented by lemon colour on the 

legend in Fig. 23. Within this range, the fuel-air mixing is en-

hanced, combustion efficiency is improved, and pollutant emis-

sions are minimized. Variation of TKE obtained at various valve 

lifts in this study correlates with the findings of El-Adawy et al. 

[69] who employed stereoscopic particle image velocimetry meas-

urements and orthogonal decomposition to investigate in-cylinder 

flow of gasoline direct injection engine. 

 

Fig. 23. PIV showing in-cylinder flow distributions of TKE in IC engine  

4. Conclusions 

The computation of mechanical efficiency in IC engines using 

ANSYS Fluent software offers a powerful and efficient approach 

for evaluating engine performance. By accurately simulating the 

complex flow and combustion processes, ANSYS Fluent enables 

engineers to optimize engine design and improve fuel efficiency. 

However, it is crucial to validate and verify the simulation results 

using experimental data to ensure their accuracy and reliability. In 

this study, the flow dynamics of a spark-ignition reciprocating in-

ternal combustion engine with a four-stroke in-cylinder charge be-

havior were estimated at different valve lift opening clearances. 

The following conclusions were drawn from the various computa-

tions: 

i. Strong in-cylinder tumble motion with high non-dimensional 

rig-tumble and turbulent kinetic energy distributions gener-

ated with greater valve lifts between 10 and 13 mm.  

ii. At higher valve lift between 10 and 13 mm, increasing in-

cylinder vortex flow (swirl and tumble) took place. This re-

sulted in considerable vorticity magnitudes, which were in 

turn responsible for higher turbulence during the later phases 

of the compression and expansion strokes, resulting in rapid 

burning rates. 

iii. It was found that the in-cylinder flow velocity greatly in-

creased between 10 and 13 mm of valve lift and swiftly de-

creased as the valve lift opening clearance decreased.  

iv. During the power stroke, complete combustion was ensured 

due to the high level of turbulence that was present during the 

combustion. 
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v. Time duration of combustion was shortened due to an in-

crease in turbulent flow, which also hastened burning, in-

creased thermal efficiency, and reduced the rate of cyclic 

changes.  

vi. It was found that increasing the cylinder temperature during 

combustion improved the thermal characteristics of the air-

fuel combination while simultaneously having an impact on 

the thermal cycle at increased valve lift due to heat loss. Alt-

hough the study did not examine the emission characteristics, 

this would typically result in a decrease in the emission of 

hazardous chemicals and an increase in cycle efficiency. 

At engine speed of 1000, 3000, 6000, 9000 and 12000 rpm, in-

cylinder temperature of charge at 13 mm valve lift were 304, 309, 

313, 317 and 321 k while in-cylinder temperature of charge at 5 

mm valve lift were 300, 304, 310, 314 and 300 k. At 12000 rpm, 

the in-cylinder charge temperature was observed to reduce for 

5mm valve lift. This is because at this stage, the engine stroke re-

turns to the intake position were fresh air and fuel are drawn into 

the combustion chamber. 

Internal Combustion (IC) engines have revolutionized the trans-

portation industry, powering various vehicles and machinery. As 

the automotive industry continues to evolve towards more sustain-

able and efficient technologies, the significance of valve lift in IC 

engines cannot be overstated. Among the crucial components of 

an IC engine, the valve lift plays a significant role in determining 

engine performance and efficiency. Therefore, the present study 

has contributed to future research in the following ways: 

i. A higher valve lift allows for increased airflow, resulting in 

improved volumetric efficiency and enhanced power output. 

This increased power output is particularly beneficial in high-

performance engines, where maximizing power is a priority. 

ii. By controlling the amount of air-fuel mixture entering the 

combustion chamber, valve lift directly influences the fuel-

air ratio. A well-optimized valve lift ensures an appropriate 

mixture, leading to efficient combustion and reduced fuel 

consumption. This is especially important in today's environ-

mentally conscious world, where reducing fuel consumption 

is a key objective. 

iii. By regulating the air-fuel mixture, valve lift influences the 

combustion process, affecting the formation of harmful pol-

lutants such as nitrogen oxides (NOx) and particulate matter 

(PM). Proper valve lift adjustment can help achieve optimal 

combustion, minimizing emissions and meeting stringent en-

vironmental regulations. Consequently, valve lift control is 

crucial for reducing the environmental footprint of IC en-

gines. 

iv. Valve lift directly affects the engine's overall performance. It 

determines the engine's ability to breathe efficiently, impact-

ing torque characteristics, throttle response, and overall driv-

ability. A well-designed valve lift profile can enhance low-

end torque, providing better acceleration and responsiveness. 

This is particularly important in applications such as passen-

ger vehicles, where smooth and responsive engine perfor-

mance is desired. 

Hence, by optimizing valve lift, engineers can achieve improved 

power output, reduced fuel consumption, lower emissions, and en-

hanced engine performance 

List all abbreviations 

TKE : turbulence kinetic energy 

RNG k-ε   : turbulence model 

SI  : spark ignition 

CFD  : computational fluid dynamics 

FGM 
 

: flamelet generated Manifold 

LES  : large eddy simulation 

TFF : turbulent fluid flow 

PIV  : particle image velocimetry 

MRV : magnetic resonance velocimetry 

TLS : turbulent length scale 

TDC : top dead center 

BDC : bottom dead center 

RANS : Reynolds-averaged navier-stokes 

RMEP : rubbing mean effective pressure 

RMS : root-mean-square  

VVT : variable valve timing 

Vd : displacement volume 

r : compression ratio 

 : piston stroke 

P : fluid pressure 

𝜌 : fluid density 

𝜕𝑡 tangential velocity 

𝜇 : dynamic viscosity 

z : radial coordinate 

u : fluid velocity 

w : swirl velocity 

dQ/A      : heat transfer per unit area 

C : closed cycle coefficient 

Cd : coefficient of discharge 

Q : mass flow rate 

𝑉𝑜  : volume flow rate 

Cf : critical flow factor 

𝐴𝑠𝑒𝑎𝑡 : inner seat area 

Dseat : intake valve seat diameter 

urms : velocity components 

R : gas constant 

Pr : turbulent prandtl number 

Gk and Gb  : turbulent kinetic energy 

Tb : temperature of burned charge 

Tu : temperature of unburned charge 

mf : mass of fuel 

ma : mass of air 

𝐶̅p,P : specific heat 

TP : adiabatic flame temperature 

va : intake air volume 

ma : air mass 

pa : density of air 

vx : horizontal vector 

vy : vertical vector 
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