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Over the years, there has been a drastic reduction in petroleum-based fuel stocks and 
stringent emission requirements for internal combustion engines by environmental 
authorities around the world. A marginal improvement in efficiency and emissions 
shows significant benefits. Fluid motion within the combustion chamber plays a vital role 
and is considered a crucial parameter for controlling the combustion process. The fuel 
supply system or induction system of the Spark Ignited engine prepares and controls air-
fuel mixing. The system in the SI engine is capable of generating bulk motion and 
turbulence prior to the ignition process. In the CI engine Induction system (Swirl and 
Tumble), the shape of the chamber (Squish) controls the path and quality of air whereas 
the diesel injection system controls Spray characteristics (Penetration, Atomization, 
Break-up, and Evaporation of Spray). During the last three decades, a lot of efforts have 
been made by researchers to develop multidimensional fluid dynamics codes for the 
prediction of flow in an engine for reducing engine development time and cost. To be a 
more trusted and acceptable tool, the results of numerical analysis of the combustion 
chamber. and its fluid dynamics have to show accuracy in the prediction of emission 
standards and combustion parameters by taking the minimum possible time. This article 
reviews the methods and results of numerical analysis and CFD results of CI engines run 
on diesel and biofuels. It also reviews results and their accuracy for different CFD. 

Keywords: 

CFD; Turbulence; IC Engine; Biodiesel; 
Combustion Chamber 

 
1. Introduction 
 

Atmospheric air which is polluted due to pollutants from internal combustion engines, majorly in 
highly populated areas, is the main criterion of concern for protecting the environment [1]. Designed 
specific internal combustion engines should be developed in such a manner to meet emission 
standards globally by minimizing poisonous concentrations in smoke and by minimizing fuel 
consumed [2]. This task can be achieved by controlling the combustion process, adding additives, and 
normalizing exhaust gas emissions in the afterburning process [3-5]. For a long, it has been observed 
that fluid motion or turbulence within the combustion chamber is the most important parameter 
which controls the combustion process. Unfortunately, it is still not well understood to how much 
extent this parameter influences the combustion phenomenon. Preparing a mixture of air-fuel and 
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controlling flammability through mixing air-fuel at an optimized level needs knowledge of fluid 
mechanics. Because of large density variation and many other parameters like viscosity, conductivity, 
and also other parameters compared to diesel as a reference, it seems knowing fluid flow parameters 
is one of the challenging tasks nowadays. In SI engine fuel supply system or induction system prepares 
and controls air-fuel mixing. The system in SI engine is capable of generating bulk motion and 
turbulence prior to the ignition process [2,6]. In CI engine induction system, the shape of the piston 
bowl controls air motion whereas the mechanism for the fuel injection system decides spray 
dynamics, which includes fuel penetration, fuel atomization, fuel break-up, and fuel evaporation. 
Knowing the behavior of the flow pattern is important for knowing the heat transfer rate across the 
cylinder wall, turbulent mass transport, and potential of momentum. To seek improvement in the 
design of an IC engine, one needs to understand the characteristics of the engine in terms of 
turbulence phenomena, its interaction, and bulk flow. The flowing nature within a cylinder is very 
complex due to its turbulent, reactive, unsteady, and three-dimensional behavior. 

The objective of this review is to identify available codes for both commercial and non-
commercial turbulence models which can benefit researchers in the combustion field. It is also aimed 
at listing the pros and cons of different models and identifying the extent of simplicity and complexity 
which can form a basis for research in the field of combustion. Researchers in the combustion-specific 
field in the present scenario find difficulties choosing correct codes or turbulence models as there is 
no single model that can be readily applied to all turbulent flows without a degree of adjustment and 
experience in selecting the most appropriate model, which in turn motivates them to compare codes 
and models on various parameters. This can be helpful for researchers to select optimized codes and 
models for combustion studies. In addition, tuning the model coefficients is of the utmost importance 
to obtaining accurate, consistent, and robust simulations. 
 
2. In Cylinder Flow Techniques  
 

Power output from IC engine can be optimized in many ways. One of them is to work on 
techniques used for the in-cylinder flow. Flow parameters of any combustion chamber used with 
varying capacities and also various applications have complex physical and chemical characteristics 
[7]. It consists of 3D dynamics of evaporating fuel sprays in transit conditions. This fuel flow collides 
with various components of gases and undergoes igniting, chemically reacting, mixing, and 
transferring heat thereof. Numerical methods are capable of calculating such complicated fluid 
dynamics within a combustion chamber with arbitrarily designed piston head geometry, turbulence, 
and cylinder wall heat transfer. Different methodologies have been adopted to achieve the desired 
results by the technique of inserting fresh air at an optimized angle into the combustion process to 
pursue turbulence characteristics like tumble and swirl [8-10]. Various numerical methods and CFD 
codes are capable of solving unsteady state conditions of turbulent flow and chemical reaction 
analysis for a mixture of an ideal gas. This article is prepared to sum-up analytical flow measurement 
in view of numerical and CFD simulation studies. Various turbulent models are adopted to forecast 
accurate flow field parameters by taking differently configured engines and by taking governing 
equations on those turbulent models. 
 
2.1 Turbulence models-CFD 
 

The level of turbulence decides the quality of combustion because more turbulence can mix more 
air-fuel charge and thus have a positive effect on in-cylinder flow patterns. Recently, CFD has become 
the most powerful technique for the study of flow and its parameters. CFD techniques can study 
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moving particles and particle behavior which usually involves many complex calculations and many 
numbers of other variables [11,12]. This technique is based on a finite volume mathematical model. 
Here, this, first in computational domain flow is modeled by CFD modeling tools. Now the modeled 
area is converted into many small elements, which is known as meshing, or also can be called a 
discretization process. All those small elements are considered as a control volume and all these 
possess the same properties which are possessed by fluid as a whole. Some of those properties are 
mass, momentum, and energy [13]. According to the flow which is set to be studied, one can choose 
said properties to control volume. Basic calculations which work with CFD techniques or while using 
CFD software are partial differential equations. The PDE can show the physical identity of flow in 
terms of theoretical equations. Launder and Spalding proposed the traditional k-Ɛ model. It has 
gained a lot of traction since it produces reliable findings, is computationally efficient, and has 
effective prediction characteristics for a wide variety of turbulent flows. The k-Ɛ model consists of a 
standard model, a renormalized group (RNG) model, and a realizable model. Kinetic energy and its 
dissipation rate in turbulence are considered variables in this model. It applies two transport partial 
differential equations. The basic k-Ɛ model is semi-empirical and the basis of it is model transport 
equations [14-17]. The model is derived by assuming the flow as purely turbulent and by taking the 
effects of molecular viscosity at a minimal level. For free-flowing streams, it is thought to be quite 
accurate. The RNG k-Ɛ model is almost the same and as effective as the basic or standard k-Ɛ model, 
but with notable differences. RN in RNG refers to renormalization. This technique was used to create 
the RNG model. As a result, there are different constants, new terms and functions presented 
compared to the Standard k-Ɛ model. In Ansys software, one can find the usage of the k-ω model for 
specific tasks. The k-ω model here applies a modified Wilcox model to predict flow behaviors which 
include mixing layers, a variety of jets, and shear spreading rates by keeping low Reynolds number 
effect, compressibility factors, and other parameters. The said characteristics make use of forecasting 
flow properties for flow near the boundary wall and free shear flow condition. k- ω is an empirical 
model constructed based on realistic experimental data for model transport equations and, due to 
that, only it can provide accurate results for the near-wall region. In flow cases in the studies of shock 
waves and airfoils, SST k- ω is proven to be the best-suited model. In the SST k- ω model, first 's' refers 
to shear, second 's' refers to stress, and 't' refers to transport. The model was created by Menter in 
which the precision and effectiveness of 'k- ω' and 'k-Ɛ' models combine to predict effective flow 
properties with accuracy. The accuracy of this model is achieved by the use of blending factors on 
the scale of '0' and '1'. Here '0' implies being away from the boundary, whereas '1' implies proximity 
to the boundary. Cross-diffusion derivative terms are used by the SST model. The other method for 
predicting flow behavior with a turbulence model is large eddy simulations [18,19]. The method 
adopted to reduce challenges occurs from direct numerical simulations (DNS). The DNS method is 
comparably tedious and expensive while solving complex geometry and complex boundary 
conditions as it uses Navier-Stokes equations without a turbulent model [20-22]. For choosing any of 
the above models for research or experiment, one needs a basic understanding of flow parameters 
in the study and analysis of flow prediction and for that, it is primarily important for researchers to 
know the physics of flow, geometry of the flow field, accuracy requirement and other constraints like 
availability of time and software. New practices lead to combining two methodologies 
simultaneously, like the RANS approach. The RANS approach applies two-equation models for 
calculating unknown variables. 

Figure 1 shows a comparison of the most widely used approaches to solving turbulent flows. The 
computational cost of a simulation increases from RANS to DNS concerning the increase in the 
number of degrees of freedom required to solve the flow. As a consequence of the computational 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 110, Issue 1 (2023) 40-62 

43 
 

cost, scale-resolving approaches like DNS and LES are generally applied to simple geometries, while 
hybrid RANS-LES, URANS, and RANS can be applied to complex industrial problems. 
 

 
Fig. 1. Comparison of Various Approach 

 
3. Numerical Analysis & Computational Studies on the Combustion Chamber of an IC Engine 
 

The ability to forecast and simulate the charge and emission flow dynamics are critical for an 
internal combustion engine's efficiency, fuel economy, and ideal operating characteristics. Various 
experimental procedures have been created for this purpose during the years of engine development 
[23]. However, the high cost and time required, as well as the restricted potential of tests, rendered 
these methods outdated for engine design and development. The need for Computational Fluid 
Dynamics (CFD) algorithms arose from the evolution and expansion of computing capabilities. CFD 
codes give a numerical representation of the flow field by advancing the solution across space and 
time by converging solutions for the flow field after solving equations pertaining to it. Nowadays, CFD 
is used in practically every sector of engineering. Without the requirement for prototyping, even the 
most complex phenomena may be accurately reproduced by saving money and time. Different flow 
geometries and structures can be correctly simulated quickly along with a reasonable expenditure, 
leading to the popularity of CFD tool usage widely. The ability to forecast and simulate the charge 
and emission flow dynamics are critical for an internal combustion engine's efficiency, fuel economy, 
and ideal operating characteristics. Various experimental procedures have been created for this 
purpose during the years of engine development. However, the high cost and time required, as well 
as the restricted potential of test. The CFD workflow includes the following steps: a) Drafting 
geometry, b) generation of the grid, c) model setup, d) solving flow field, and e) results in the 
evaluation. The finite volume technique, based on the partial differential equations being solved in 
integral form, has an application in CFD codes to discrete the flow geometry. In this discretization, 
after the geometry is partitioned into cells, the governing equations are solved for a tiny control 
volume [24-26]. Experimental work asks for time and money involvement, which may be a concern 
for researchers. Specifically, when one needs to know about what is happening inside IC Engine and 
detailed combustion phenomena, in that case, there would be a lot of investment of time and money. 
So, numerical codes and software based on it solve the purpose effectively without much concern. 
Advancements in the hardware and software side of the computer CPU have brought faster speeds 
for the processors to process code and to converge solutions in the current era. CFD code with this 
advancement has proven to be the best tool for optimizing the combustion process. With at least 
time, nowadays it is possible to solve problems with a different variety of configurations again with 
only the least needed resources here. KIVA-Chemkin, Ansys, Star-CD, and GT-Power are a few codes 
and software available in the market to investigate the field of flow and its characteristics. 
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Park [27] reduced soot and NOx emissions in engine design by using the KIVA-GA code in the 
KIVA-3V CFD model. The start of Injection, Dwell Period, and Mass in the first pulse are kept as a 
design factor. The model was solved with a Genetic Algorithm framework and the result was 
compared with the baseline design. Shrivastava et al., [28] used the KIVA-GA code for simulating 
combustion phenomena, spray characteristics, and emission analysis with a three-dimensional 
model. They performed thorough engine cyclic simulation and solved it within a Genetic Algorithm 
framework. They applied gas dynamics codes pertaining to single dimensions for simulating the gas 
exchange process specifically. Wickman et al., [29] applied nine different configurations as input by 
making three chamber geometry and six other variables having concerns with chamber geometry at 
a time. They used the KIVA-GA code for measuring and optimizing engine performance. Brahma and 
Rutland [30] predicted emission parameters by performing optimization on engine design 
parameters. They used a neural collaborated network with multi-dimensional CFD code. SAGE model 
was found helpful in combustion phenomena by combining Chemkin input files and CONVERGE 
software code [31]. One can include here detailed chemistry involved through the library section. A 
GT-Suite package has a GT-Power, which is a 1-D tool and it is having one-dimensional gas dynamic 
as a base. It allows work on heat transfer and flows through the piping model. GT-Power consists of 
advanced modeling concepts for the internal combustion engine and can be used for simulating 
steady and transient conditions. Analysis of the vehicle combustion chamber through GT-Power 
closely agrees with the experimental results [32,33]. 

For getting the perfect desired mixture of air and fuel as well as to increase this ratio Lin and 
Ogura [34] have developed an NICS-MH system. The NICS-MH system is used for studying collision 
amongst fuel particles, impinging diffusion, and effect on wall parameters. NICS-MH system showed 
improvement in BSFC for high speed and full load. The results of numerical studies from simulation 
which is known as close cycle simulation showed special agreement to in-cylinder flow characteristics 
without consideration of intake and exhaust valves [35]. Further investigations show the effective 
role of turbulence parameters like swirl and tumble in fuel charge mixing quality. Tatschl et al., [36] 
used AVL FIRE code for simulating the mixing pattern of air-fuel and combustion phenomena and 
validated their work with experimentation. They used multidimensional simulation for the 
combustion model. Wieser and Ennemose [37] studied on same configurations for combustion and 
heat transfer phenomena. Suzzi et al., [38] studied a hybrid model for spray break-up, the study found 
it competent for spray models of both evaporative and non-evaporative sprays. Higher capacity CI 
engine tested by Shi and Reitz [39] for getting emission standards within range and to obtain 
maximum fuel performance at low all-load conditions. They targeted spray pattern, bowl geometry, 
and swirl as crucial factors for their study. Park [40] achieved permissible emission results and 
maximum combustion efficiency with baseline geometry. The geometry was further optimized by 
implementing a deeper cut bowl shape and compared for performance analysis with conventional 
baseline geometry by using dimethyl ether as fuel. They found notable improvements in performance 
with permissible emissions value. 

The study of Sweetland and Reitz [41] validated the KIVA code to large extent for predicting 
turbulent kinetic energy. They studied the flow field on KIVA code and used PIV photography in their 
study by using actual intake port shapes and by keeping a movable design for intake valves. Their 
study concentrated on the flow field specifically at suction and compression stroke. Erdil and Kodal 
[42] applied POD i.e., Proper Orthogonal Decomposition, and PAM i.e., Phase Averaging Method to 
converge the turbulent velocity field in the combustion process of IC Engine. During compression 
stroke results shows higher velocity values for radial as well as for the circumferential direction. 
Change in piston bowl geometries seems to be influencing both radial and circumferential 
components of velocity. Maji et al., [43] achieved a better turbulence profile by getting stronger 
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squish and swirl for re-entrant type chamber geometry. The key parameters set for design were re-
entrant diameter, combustion depth, and transition radius. The results obtained in their research 
were fair for emission standards, particularly for soot and NOx pollutants. Rakapoulos et al., [44] have 
worked on a study of various piston bowl geometries. They choose the CFD tool and worked on the 
CFD model for these geometries and the same has been compared with a quasi-dimensional model 
to figure out results based on pressure and temperature component within the cylinder and 
velocities in axial and radial components. The result shows CFD model was more promising and 
acceptable for studying transport phenomena. Models in CFD were made by varying piston bowl 
diameter to cylinder diameter ratios and with different step sizes. Table 1 shows a summary of 
numerical studies on the basis of code, model, operating condition, meshing, and experimental. 
 

Table 1 
Summarized numerical studies on the basis of code, model, operating condition, meshing and 
experimental  

Code & Model 
used in CFD 
study 

Operating 
Parameters & 
Set-up 

Meshing details Outcomes Ref. 

1 LES-STAR-CD DISI Engine 
motored with 
four valves 

0.6 M cells of coarse grid 
and 0.15 M cells at TDC 
having a mean width of 1.2 
mm for each cell 

TKE value found 
improved as it leads to 
refinement of grid 
structure for in 
cylinder flow 

Chui et 
al., [45] 

2 LES-STAR-CD DISI Engine 1-S, 4-
Cyl., 4-Valves 

Polyhedral (6&4), pyramidal, 
and prismatic grid elements 
considered. Coarse grid- 
mean mesh size of 1.2 mm 
and 0.6 M cells at BDC while 
fine mesh-0.8 mm mean 
mesh resolution with 1.5 M 
cells at BDC 

Cyclic variations 
caused strong different 
size of vortices with 
various orientations 

Park [40]  

3 KIVA DISI engine 4-S Hexahedral grid elements 
0.41 M cells at TDC & 1.76 
M cells at BDC 

During compression 
isotropic state and 
during intake 
anisotropic state 
behavior found 

 

4 Standard k-e 
clubbed with 
PISO 

E-TVCS CI-engine 
N-2400 rpm. Min. 
valve lift- 0.2 mm, 
CR-22.6 & 300 K 
temp. of cylinder 
wall, port, and 
valves. 

Rectangular and triangular 
meshes taken for inlet, 
exhaust and for moving 
piston conditions 

Combustion 
performance and 
emissions highly varied 
by swirl ration and 
mass average value of 
TKE found higher in 
exhaust stroke 
compared to intake 
stroke 

Hawkes 
et al., 
[22] 

5 K-e Fluent Rotary Engine N-
8000 rpm, CR-10 
and CC-200 

115,761 elements of Tetra-
hybrid – T grid on GAMBIT 

Burning process 
improved by squish 

 

6 Fluent RNG k-e Rotary Engine N-
4000 rpm, CR-
12.9 and CC-648 

Grid size- 2 mm 
Unstructured tetrahedral 
cells 

Flow breakdown 
observed during intake 
to compression stroke 
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3.1 Effect of Variation in Shape and Tuning of Intake Ports 
 

All modern automobiles must now meet all the environmental limits as well as the level of fuel 
efficiency to remain competitive in the global market. Combustion parameters, combustion chamber 
or piston bowl geometry, compression ratio, fuel pressure in the injector, and fuel purity are all 
factors that influence engine performance. CI Engine requires proportionate charge which is thought 
to be the biggest challenge in designing CI Engine. Combustion in IC Engine requires a homogeneous 
mixture of air and fuel because air motion has an influence on the atomization of fuel and which at 
last controls the fuel particle distribution for injecting it into the combustion chamber. The key to 
controlling said parameter is the design and proper orientation of the intake manifold. The shape of 
the intake manifold has significant and measurable effects on engine performance. The biggest effect 
which can easily be observed is on the engine's breathing capacity, which impacts the torque and 
power produced at different engine shaft speeds [10,46]. In order to determine the zone for the peak 
value of volumetric efficiency in the operating speed range, the intake manifold length is a key 
regulating factor. Intake manifolds that can provide longer duration for flow results in higher torque 
at low RPMs and the opposite to those manifolds which provide shorter duration for flow results in 
peak torque at high RPMs. Some of the researchers have analyzed helical, and spiral, and also 
combined both shapes for intake manifolds for finding turbulent behaviors. The combined helical and 
spiral shape when evaluated results in a high swirl and high tumble ratio, effective turbulent kinetic 
energy, and high volumetric efficiency. As the study shows diesel engine performs better with high 
swirl flow compared to high volumetric efficiency, so it is better to use a combined helical-spiral 
manifold for diesel engines. Experiments and simulations on elliptical cross-section intake manifold 
show larger and stronger tumble motion when compared with circular cross-section intake manifolds 
[47]. 

A study was carried out on Biofuel in CI Engine which was initially running on diesel as a fuel but 
with some modifications as it was to run with Bi-fuel (LPG & Diesel). Results received from simulations 
and validation of the same with experimental investigations show comparisons between optimal 
filling geometry intake manifold and initial intake manifold geometry. The result showed 
improvement in all combustion parameters for modified intake manifold geometry by a minimum of 
10 percent. With the same methodology, a diesel engine has experimented with both exhaust valves 
in close positions and other two inlet valves with a certain lift of around 3-4 mm. The result was 
carried out for two different geometry of inlet port i.e., tangential and helical. While using a rotating 
inlet port, it is found no noticeable improvement in turbulence parameters like swirl, tumble, and 
TKE. Whereas inclined port configuration showed noticeable improvements [14]. Maximum flow 
charge and flow separation were studied for getting better ideas about a generation of tumble inside 
the cylinders in different port conditions. 

Deshmukh et al., [48] used one dimensional model for the simulation of a 125 cc 4-Stroke SI 
Engine. The main target of their work was to study the gas interaction process by tuning both outlet 
and the inlet port. Their simulation analyzed the tuning effect and its effects on engine performance 
parameters. They optimized results for maximum vehicle speed with improved results for engine 
performance. Sammut and Alkidas [49] simulated and compared with and without intake & exhaust 
pipe conditions and noted merits and demerits for both conditions. They tuned the intake port 
manifold and noted the changes where they found changes in volumetric efficiency because of the 
rise in pressure inside the cylinder at the closing of the inlet valve and a few more important aspects. 
They further carried out their study for change in the lengths of intake and exhaust pipes around 
1500 rpm. They also studied for changes in valve timing without any changes in valve lift. Vítek and 
Polášek [50] analyzed the 1-D pipe model for studying the influence of the varying length of the 
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suction manifold on engine parameters. The pipe geometry was compared with a 1300 cc gas engine 
on a CFD tool and also experimentation was carried out to conclude the results. They observed the 
effect of changing pipe length with a different configuration of engine speeds and other parameters 
were kept constant in their studies. The manifold length or pipe length was changed from 500 mm 
to around 2000 mm whereas speed varied from 1500 rpm to 3000 rpm. Taylor et al., [51] simulated 
a 1400 cc turbocharged gasoline engine on the GT power CFD simulation tool. They studied the 
consequence of changing manifold length for said engine. They observed improvement in torque at 
low speeds and also found improved fuel consumption. The experimental arrangement was capable 
of changing the length of the intake manifold by keeping inserts of spool pieces. Samuel and 
Annamalai [52] used AVL BOOST engine simulation software in their research work. They compared 
results for turbocharged engines and naturally aspirated engines. They concluded that turbocharged 
engines are more responsive to the variations in the runner length of the intake manifold pipe. They 
found improvement in engine performance by not just only varying intake manifold length but also 
along this shaft speed and modified charge system. On the basis of the de-attachment of flow and to 
avail maximum mass flow thrown away from the port, the exhaust port was modified which results 
in improved tumble and flow performance compared to conventional design. Table 2 shows a 
summary of intake port/manifold variation studies on the basis of code, model, operating condition, 
meshing, boundary constraint, and experimental set-up. 
 

Table 2 
Summarized intake port/manifold variation studies on the basis of code, model, operating condition, 
meshing, boundary constraint and experimental set-up  

Code & 
Model used 
in CFD study 

Operating 
Parameters & Set-
up 

Meshing details Boundry 
constraints 

Outcomes Ref. 

1 ANSYS 
Fluent (RNG 
k-e)  

Diesel engine- Multi 
cylinder, direct 
injection, 10 mm 
valve lift & N-1000 
rpm 

Dynamic mesh-
0.25 M 
Polyhedral (4 
&6) elements  

No-slip at wall Higher swirl ratio found 
for helical-spiral 
manifold also higher 
tumble ratio & higher 
volumetric efficiency 
found for helical 
manifold 

Bari and 
Saad [53] 

2 STAR-CD 
(RNG k-e) 

Diesel engine- 
Single cylinder, 
direct injection and 
N-3000 rpm 

Hexahedral 
mesh of 0.3 M 
cells/liter dense 
grid for 
manifold 

No-slip at wall 
& Adiabatic 
wall 

Higher swirl ratio found 
for helical-spiral 
manifold also higher TKE 
& higher volumetric 
efficiency found for 
helical manifold 

Gugulothu 
and Reddy 
[15] 

3 ANSYS 
Fluent (RNG 
k-e)  

Diesel engine- 
Single cylinder, 
direct injection, 4-S 
and N-1500 rpm 

  No-slip and 
isothermal 
wall, Constant 
pressure at 
both ports 

Greater swirl ratio and 
higher turbulence found 
for inclined port 
configuration compared 
to rotated port 
configuration 

Firat and 
Varol [16] 

4 STAR-CD (k-
e Realizable) 

Petrol engine- 3 
cylinder and 6 mm 
valve lift 

     Flow performance 
improved by 36 % and 
tumble improved by 45% 
by modified inlet and 
outlet ports  

Firat and 
Varol [16] 

5 STAR-CD 
(RANS 

Diesel engine- 
Single cylinder, 

Moving Mesh 
condition 

No slip at wall Stronger and larger 
tumble motion observed 
for elliptical cross section 

Galloni 
[18] 
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Standard k-
e) 

direct injection, 4-S 
and N-1000 rpm 

inlet port compared to 
circular port  

6 ANSYS (CFX)  Petrol engine- 4 
cylinder and 16 
valves 

Tetrahedral 
elements (ICEM 
10.0) 

No-slip at wall 
and O.2 mm 
roughness 
considered 

High swirl ratio at high 
valve timing obtained 
with compromise in 
mass flow rate 

Ramajo 
and Nigro 
[54] 

7 Flow Works 
(Standard k-
e) 

Diesel engine- 6-
cylinder, N-1500 
rpm, inlet pressure-
1.013 bar 

  Result 
obtained for 
10 deg and 
150 deg crank 
angles 

Increment found for the 
value of brake-power, 
torque & BTE at optimal 
geometry 

Liu and 
Haworth 
[55] 

 
3.2 Effect of Modifications in Fuel Injection Parameter, Shape of Cylinder Head and Installing Flow 
Deflectors 
 

Many studies on engine pollution reduction and engine performance enhancement have relied 
on three key factors: pressure while injecting fuel droplets, time duration for injecting fuel droplets, 
and compression ratio [56]. The timing of injecting fuel droplets proved to be impactful on 
combustion and emissions quality [57]. The lower values for initial pressure and temperature were 
measured when injection time was set as advanced, which resulted in a lagging period for ignition. 
The NOx emissions values and higher side gas temperature in the cylinder are because of increases 
in the delay period for ignition [58]. The temperature and pressure are somewhat greater when the 
fuel injection timing is delayed, reducing the ignition delay interval. Several studies have found that 
injection parameters influence the combustion and emission parameters of an engine. Rahman et 
al., [59] worked on experimentation on CI Engine with advanced timing for fuel injection. They carried 
their observations with various alternative fuels like biodiesels and alcohols. They observed improved 
emission standards in form of reducing the value of monoxides and hydrocarbon emissions but found 
a rising value of NOx parameters. They concluded controlling timing for injecting fuel leads to 
improve brake thermal efficiency besides that they found reducing specific fuel consumption. Study 
on a single cylinder, compressed ignition, common rail direct injection, diesel engine brings off to run 
the same configuration on waste cooking oil [60]. The study focused on the effect of modifications in 
injection timing and injection pressure. During tests by keeping injection pressure values around 80-
160 MPa NOx values were measured, and lower NOx emissions were followed by a rise in smoke, 
according to the findings. Liu et al., [61] used a multi-cylinder (6-cyl) turbocharged and intercooled 
heavy-duty CI engine to run with diesel/methanol compound combustion mode to conduct 
experiments. During the advanced injection time, they noted peak values for cylinder pressure and a 
rise in the values of releasing rates for heat, while BSEC and gas temperature from the exhaust of the 
engine fell. As diesel injection timings were advanced, NOx levels rose and soot levels fell. 
Furthermore, due to advancements in injection timing, the HC and monoxide emissions in DMCC 
mode decreased. Another effective method was port premixing of DME, as well as premixed 
homogenous air-fuel charge and diffusion combustion on compressed ignition engines as part of the 
heat release process [62]. When diesel travelled into a cylinder at 7° before TDC, BSFC was lowest at 
a particular DME quantity. Smog levels decreased, however, CO and HC levels increased as DME levels 
climbed. With early direct injection, NOx increased during direct injection diesel engine operation, 
whereas smoke, CO, and HC were reduced. Mean effective pressure and Thermal efficiency 
increased, whereas Fuel consumption and Gas temperature at exhaust decreased dramatically, 
according to some researchers [63]. With improved injection timings, emissions of hydrocarbon and 
monoxide were reduced, but NOx emissions were found on the higher side. 
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The internal nozzle flow has a significant impact on spray atomization in current diesel engines 
[64]. While cavitation is undesirable in most engineering processes due to its side effects, such as 
activities inside the hole of the injectors can improve jet turbulence and therefore the process of 
atomization of charge in fuel injection systems, notably in current injectors for diesel fuel. Cavitation 
modeling can be done in one of two ways: using compound or continuum fluid flow models. The fluid 
flow phases i.e., liquid and vapor are treated separately in the first, but the liquid and vapor phases 
are treated as a homogeneous mixture in the continuum flow. In these models, cavitation growth 
can be computed by the application of the equation of state [65]. 

On the air intake side, the influence of guide vane heights and implantation of components for 
tumble generation was seen. Guide vane heights of ¼ R, ½ R, and ¾ R (where R is the radii of the inlet 
runner) were set during research. The study concluded that the larger length of the guide vanes 
influences more air resistance; thus, ¼ R provided air resistance with a lower intensity value to the 
airflow. As a result, during the combustion stroke, ¼ R vane profile had higher velocity, tumbled flow, 
swirl profile, and turbulent kinetic energy. With the transmission of heat aspect, flow fluid pattern, 
and intensity of turbulence inside the cylinder at a suction stroke, the pent-roof type cylinder 
outperforms the traditional flat-roof type head [16]. In a mono-cylinder 4-stroke spark-ignited 
engine, the varied value of tumble ratios caused by tumble deviators affects engine performance 
[66]. During the study twin-tumble deviators were added in the inlet port to increase tumbling in 
flow, resulting in enhanced flow velocity and kinetic energy with respect to tumble ratios, as well as 
the quality speed of flame propagation owing to a qualitative blending of charge. Table 3 here 
facilities about summarized intake port/manifold variation studies on the basis of code, model, 
operating condition, meshing, boundary constraint, and experimental set-up. 
 

Table 3 
Summarized intake port/manifold variation studies on the basis of code, model, operating condition, 
meshing, boundary constraint and experimental set-up  

Code & Model 
used in CFD 
study 

Operating 
Parameters & Set-
up 

Meshing details Outcomes Ref. 

1 ANSYS CFX Convergence 
criteria were set 
at 0.00001 

2.75 lacs grid 
elements-
Polyhedral (4 &6) 

0.25R cylinder head observed to be 
most promising for in-cylinder 
velocity, tumble, swirl, and 
turbulent kinetic energy 

Huang [8] 

2 CONVERGE (k-e 
with high Re) 

Tumble ratios set 
on 0.5, 1.5 & 2.2, 
Grid size set on 
3mm and tested 
for 30 cycles 

 
With increasing value of tumble 
ratio values for flow velocity and 
TKE increases which improves 
flame propagation speed and 
mean effective pressure due to 
better air-fuel mixing 

Gugulothu 
and Reddy 
[15] 

3 2D Standard k-e 
N-S Equation 

By neglecting 
buoyancy forces 

 
Higher in cylinder turbulence value 
found in pent-roof type cylinder 
head compared to the 
conventional flat-roof type head 

Ramajo et 
al., [24] 

4 ANSYS Fluent 
Standard k-e 

Diesel engine- 4-S 
and N-2400 rpm 

Hexagonal mesh The SOI time of 18 deg BTDC found 
to be best for most effective 
results 

Treurniet 
et al., [21] 
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3.3 Effect of Varying Crown or Bowl Shape 
 

Squish and swirl components of any turbulent flow help to improve the air-fuel mixture in 
general. At the premix stage or before ignition if somehow one can develop squish and swirl proper 
mixing at this stage can be achieved and that can improve combustion characteristics [67]. The 
geometry formed by the cylinder head and top surface of the piston also called as piston crown or 
piston bowl has an impact on a generation of squish and swirl which in the end is proven to improve 
ignition characteristics. Piston bowl geometry thus strongly has an impact on combustion and also it 
can improve combustion performance parameters as well as emission parameters. Harshvardhan 
and Mallikarjuna [68] concluded that better performance in terms of tumble ratio and turbulent 
kinetic energy was reported for the flat shape of the piston head compared to flat piston center bowl 
geometry and opposite to that flat piston bowl shape provides better flow structures while 
comparing it with dome piston bowl shape during their experimental work and CFD simulation. 
Further, they concluded that the fuel evaporation rate increased while using a flat piston head shape. 
Gugulothu and Reddy [15] studied flat piston bowl shape by experimenting on CI engine and getting 
validated the same with simulation on CFD and noted that flat piston bowl shape produces higher 
pressure inside the engine cylinder which directs higher values for energy during suction and 
compression strokes. Further, they found higher values for brake power and swirl ratio with the usage 
of a flat bowl shape. The offset bowl shape reported the highest turbulent kinetic energy in that 
experiment. Further, they compared modified pistons on the basis of toroidal diameter, throat 
diameter, and shapes like a piston with a center pit and flat bowl &piston with high throat value, they 
found toroidal kind of pistons gave better results on the basis of swirl and tumble aspects compared 
to others. Bibu and Rajan [17] noted the effect of the shape of the piston bowl and the motion of the 
piston on the location of the tumble vortex. They reported double-lobed piston increases by almost 
70 % swirl ratio during suction and 92% during compression stroke while having a comparison with a 
flat piston bowl shape. Nicollet et al., [69] studied the importance of annular flow with respect to the 
motion of the piston and sown velocity distribution for the same. 

Jaichandar and Annamalai [70,71] in their study used four different profiles for piston bowl 
geometries. They identified the impact of changes in geometries on performance parameters by 
using biofuel on CI diesel engines. They fixed the start of injection, swirl ratio, and fraction of fuel 
injected as a variable for optimizing light-duty diesel engines. They used two spray angles of a nozzle 
with a different configurations of piston bowl shapes. Raj et al., [72] optimized different 
configurations of flat, inclined, center bowl, and inclined offset piston top surfaces on CI engines for 
combustion characteristics and air stream mixing. Mobasheri and Peng [73] concluded that lowering 
the dimensions of bowl depth on the piston head surface results in higher values of NOx. They 
conducted experiments on a high-speed diesel engine. They studied the effect of Re-entrant shape 
chamber geometry both on CFD and by experimentation and found the shape of the piston bowl 
influences the performance parameters of an engine. 

Kidoguchi et al., [74] proved that emission elements such as particulate matter and NOx, which 
are detrimental to the environment and human health, can be reduced by lowering throat diameter 
and by increasing the magnitude of squish by some means. Subramanian et al., [75] worked on a 
mono-cylinder diesel engine, and also simulated the same on CFD. They validate their work with 
experimentation and concluded that the generation of turbulence and swirl has a huge impact on 
combustion phenomena. They noted combustion bowl shapes are impactful for the generation of 
turbulence and swirl which in turn increases turbulent kinetic energy. They experimented with three 
different configurations in the shapes of combustion chamber profiles for CI engines. The engine used 
was in an application for agriculture usage. They tested the engine for getting results for performance 
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and airflow characteristics. They optimized various parameters of performance and emissions like 
the viscosity of turbulent flow, kinetic energy during turbulence, mixing of air and fuel, fuel 
consumption, NOx, smoke emissions, and stages of combustion and diffusion. They found improved 
said parameters during their studies. Gafoor and Gupta [76] numerically examined a CI engine with 
different swirl ratios. They found the effect of enhancing turbulence on combustion and emission 
parameters. They proved piston swirl with a high bore-to-bowl ratio configuration has a huge effect 
on pressure aroused inside the cylinder and also has an effect on soot and NOx emissions. Prasad et 
al., [77] examined the consequences of modified shapes of bowl geometry, mainly re-entrant type 
on soot formation, NOx formation, and other emissions as well as performance parameters. Their 
results concluded that re-entrant geometry produces higher swirl and thus better turbulence profile 
which improves combustion and emission parameters. They studied the behaviors of CI engines by 
varying different configurations of piston bowl geometry. They tested and compared the engine for 
performance and emissions analysis. They found increased toroidal radius proves better for 
increased combustion efficiency and reduced soot & particulate matter. The re-entrant geometry 
shape was found to be accurate for direct injection CI engines due to the high-pressure generation 
inside the cylinder and precise soot reduction process. Many other researchers worked on re-entrant 
geometry shapes of piston bowl profiles and optimized the shape of the profile through simulations 
on CFD by varying controlled parameters like throat diameter, toroidal radius, and others as 
discussed earlier. The main motto of their research involved reducing soot & particulate matter, like 
emission parameters, and for the increased performance parameters by working on combustion 
performance parameters. Table 4 provides summarized piston crown shape variation studies for 
various CFD codes, parameters, and analytical results. 
 

Table 4 
Summarized Piston Crown Shape Variation studies for various CFD codes, parameters, and analytical 
results  

Code & Model 
used in CFD study 

Operating 
Parameters & 
Set-up 

Meshing & 
Boundry 
constraints 

Outcomes Ref. 

1 STAR-CD 
(Standard k-e) 

Diesel engine-
Single cylinder, 
2-valve and 4-S 

 
For higher tumble ratio and TKE, 
Flat-piston head found better than 
flat-piston center-bowl 

da Costa et 
al., [78] 

2 STAR-CD (RNG k-
e) 

Diesel engine-
Single cylinder, 
2-valve and 4-S 

Polyhedral 
trimmed cells 
and 10 holes 
considered for 
fuel injector 

At injection and ignition conditions 
the flat piston with center bowl 
gives higher in-cylinder TR and TKE 
when compared with piston with no 
bowl 

Azad et al., 
[79] 

3 Standard k-e Diesel engine-
Single cylinder, 
2-valve and 4-S 

No-slip 
conditions and 
orthogonality 
and skewness 
checked for 
mess 

Highest engine pressure resulted on 
flat piston bowl geometry 

Toh et al., 
[47] 

4 Standard k-e Petrol engine-
Direct injection 
type 

 
Enhanced swirl and tumble inside 
cylinder achieved by Piston modified 
into toroidal diameter with center 
pit has more effect compared to flat 
bowl and flat piston with higher 
throat diameter 

Ramajo et 
al., [24] 

5 ANSYS Fluent 
standard k-e 

 
Hexagonal and 
tetragonal 
elements for 

The swirl ratio increased 66.67% for 
intake stroke and 91.47% for 

Vu and 
Guibert [26] 
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moving and 
static 
conditions 

compression stroke for double-
lobed piston head 

6 LES DISI engine-
Optical 

Meshing 
generated on 
CENTAUR 

The Location of tumble vortex 
affected by the piston motion and 
piston bowl shape 

Brahma and 
Rutland [30] 

 
3.4 Effect of Valve Lift, Engine Speed and Crank Angle Variation 
 

A camshaft (or camshafts) during its rotation which is half the speed of the crankshaft controls 
valve movement. The crankshaft revolves twice during the four strokes cycle, creating two sets of 
piston movement cycles, and the camshaft thus rotates once, causing one valve cycle. When defining 
the time for valve opening & shutting with angles, the various speeds of the crank & cam might cause 
some misunderstanding, as full one rotation i.e., 360° of crankshaft rotation is comparable to half the 
circle i.e.,180° of camshaft revolution. The valve timing parameter is usually measured by taking 
reference to the piston position. It is the reference position of the piston by measuring the angle of 
the crankshaft for piston motion between TDC to BDC. Valve timing duration is the value of the angle 
for crankshaft rotation between opening and closing either taking the inlet valve or exhaust valve as 
a reference. As per works of literature as soon as the exhaust valve opens up pressure is released 
from the cylinder because of combustion to the exhaust system as an escape. So, for having 
maximum gettable work or to achieve higher efficiency, it is undesirable to open the exhaust valve 
before the piston approaches BDC. Further, exhaust back pressure values (blow-down pumping work) 
are intended to be at the lower side before the piston approaches towards upward motion. The 
above discussion arouses two conflicting requirements i.e., Exhaust Valve Opening after BDC and 
Exhaust Valve Opening before BDC. The decision is always adjustment between the work lost and the 
work required to move the piston whilst the cylinder pressure is still above the exhaust back-pressure 
and by allowing the combusted gas to escape before it is fully expanded. 

The timing for exhaust valve opening (EVO) has to be optimized by knowing other effects like 
engine speed, load on the crankshaft, and pressure of the gas inside a cylinder. Study shows that at 
part load EVO has to be moved closest possible to BDC to achieve maximum output. This is because 
in this situation pressure inside the cylinder is nearly the same as exhaust back pressure which at that 
instant takes lesser time to leave from the valve end. 

Likewise, Exhaust Valve Closing (EVC) is also an important parameter, it has a significant effect on 
exhaust gas as a residue just before the beginning of a suction stroke. EVC with respect to EVO defines 
valve overlap and is useful to know the effects at beginning of suction. Just after the exhaust stroke 
and commencement of suction stroke for operating at full load conditions, it is always desirable 
minimum exhaust quantity remains as a residue. This will allow maximum fresh charge to go for 
suction. This requires the exhaust valve to be closed within the shortest time after the piston 
approaches TDC. The duration of EVC influences the direction of pressure waves due to exhaust gas 
which in turn decides flow that either draws gas outwards or flow that pushes gas back towards the 
cylinder as a residue. So, the timing for EVC has to be optimized for different speeds of the engine to 
regulate pressure waves from the exhaust gas. 

During partial loading operation, it is always advisable to hold on to some amount of exhaust gas 
inside a cylinder. The residue reduces the need for a throttle plate and thus reduces pumping loss at 
the intake stroke. Retain gas itself restricts fresh charge to enter and works as a throttle valve partly. 

Exhaust gas recovery (EGR) has a certain effect on stability for combustion. It has a dependency 
on cylinder volume in such a manner that quantity when it is in tolerable proportion can continue 
stable combustion. However, lowering engine load and reduction in charge density simultaneously 
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happens during the supply of exhaust gas through EGR which shows the tendency of the combustion 
process means an increase in the value or quantity of EGR affects reduction in combustion rate or 
slow combustion process which further makes the process of combustion in unstable range. 

The timing for the opening of the inlet valve which in short is also known as IVO is also an 
important parameter that needs to be studied. IVO affects valve overlapping. An Inlet valve opening 
before the piston approaches the uppermost position may result in the backflow of gases toward the 
intake manifold as a residue. 

The timing for closing of the inlet valve which in short is also known as IVC affects the volumetric 
efficiency of an engine. Whatever charge is sucked inside the cylinder during intake stroke is trapped 
by proper closing of the inlet valve. The presence of a pressure wave at the inlet valve side usually 
resulted in airflow toward the cylinder after the piston approaches BDC. Here also it should be clear 
that optimum timing for IVC varies according to engine speed variations. As this parameter increases 
timing for IVC shift towards after BDC to get more advantage from pressure waves. Timing either 
advancement or delay for the closing of the inlet valve to obtain maximum torque value may result 
in lower air mass captured in the cylinder. Advancement or early shutting reduces airflow capacity to 
get into the cylinder and retardment or late closing of IVC may cause a reverse flow of air toward the 
intake manifold. IVC timing is an important factor for volumetric efficiency and further improves 
engine performance and emission parameters. 

Valve overlap may happen when both the suction as well as exhaust valves are open at the same 
instance. At any engine speed and any load valve overlapping creates an opportunity for intake and 
exhaust flow to influence each other. In an ideal condition, the overlapping is meant to avail the 
cylinder with a fresh charge at intake without bypassing the path of fresh air directly toward the 
exhaust side. The amount of intake charge is estimated to increase the amount of exhaust gas that 
could be deduced into the cylinder by the swept volume of the piston solely, in the combustion 
chamber at the top dead. 

The amount and duration of valve lift is a crucial consideration to take into account when 
researching engine performance, as the peak lift of the valve directly controls airflow towards intake 
and exhaust. Valve lift haves a practical limitation for its peak value based on the design of the specific 
engines. During the design of the piston, the peak values for valve lift must not unduly compromise 
as usually the top surface of the piston which is also known as the crown used to be profiled for 
clearance. The higher the engine running speed more the value for valve lift at a peak is restricted 
for a certain duration. The lower side value of the valve lift restricts airflow both ways i.e., towards 
the engine cylinder and outwards from the exhaust side. For getting maximum torque at the shaft 
and given engine speed valve lift should be kept as less as feasible. Further, to achieve maximum 
energy power as an output at a given engine speed valve lift should be as more as feasible. 

Because of tumble decomposition, TKE has the best amount all through suction and at the end of 
the compression stroke close to top-dead, and tumble momentum is related to engine speed [18]. 
Sizable swirls in a rotary Wankel engine change to tiny tumbles as the inlet angle, inlet pressure, and 
rotary speed increase [19]. When the rotational speed and intake pressure are increased, the average 
TKE increases, but when the crank angle is increased, TKE reaches a maximum value. The RNG k-Ɛ 
model also produces quite precise in-cylinder flow measurements than the basic and realizable k-Ɛ 
models. For low-rpm computations, however, the standard k-Ɛ model is recommended [80]. TKE and 
tumble ratio enhances as engine speed increases, but as the compression ratio is greater, TKE 
declines while the tumbling ratio increases. Table 5 shows a Summarized study of variations in crank 
angle, engine speed, and valve lift, for different CFD codes, parameters, and analytical results. 
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Table 5 
Summarized study of variation in crank angle, engine speed and valve lift, for different CFD codes, 
parameters, and analytical results  

Code & Model 
used in CFD study 

Operating Condition Outcomes Ref. 

1 STAR-CD (RNG k-e) GDI engine- Single cylinder, 2-
S. N-500, 1000 and 1500 rpm 
& CR-6,7 

With increase in engine speed TKE and 
tumble ratio increases whereas with rise in 
compression ratio TKE rises and tumble ratio 
falls 

Zhang et 
al., [81] 

2 ANSYS-Fluent 
(Realizable k-e) 

Single cylinder engine at N-
800 rpm. 

Higher flow velocity, turbulence, and swirl 
intensity achieved by little valve lifts 

Chen et 
al., [82] 

3 ANSYS (ICEM) Fiat petrol engine-4 cylinder, 
16 valves and N- 1500, 3000 
and 4500 rpm 

More swirl is created by valve lifts but the 
volumetric efficiency drops due to it 

Nishad 
et al., 
[83] 

4 ANSYS Fluent (RNG 
k-e) 

N-2000, 4000, 6000 and 8000 
rpm 

As rotating speed and intake pressure 
increases TKE grows further 

Nicollet 
et al., 
[69] 

5 CONVERGE (RNG k-
e) 

Petrol engine- Single cylinder, 
4 valves, CC-125and Air (300K 
& 1Bar) as working fluid 

Rise in valve lift and pressure drop results 
into increase in the magnitude of flow 
velocity and vorticity 

Treurniet 
et al., 
[21] 

 
4. Comparative Study of Turbulence Models 
 

In any fluid flow problem, the fundamental energy equation also known as Naiver-Stokes 
equation is governing constants and variables pertaining to mathematics for describing exchanges 
that happen in mass, momentum, and energy transmission. CFD solves partial differential equations 
that describe flow analytically to model any fluid flow problem. CFD, for the most part, predicts 
turbulent flow using one of the three turbulence models: (i) Direct Numerical Simulation (DNS), (ii) 
Large Eddy Simulation (LES), and (iii) Reynolds Averaged Naiver Stokes (RANS). The RANS and LES 
methodologies are combined in the DES turbulence model. The primary idea of DES is to use the 
RANS model with due consideration of boundary layers and the LES model in the separation area, 
which reduces computational resources while ensuring accuracy. To compute turbulent flow in DNS, 
the fundamental energy equation is used without the consideration of any kind of approximation. 
DNS requires excellent grid resolution to locate the tiniest eddies formed particles in a turbulent flow, 
which is why a huge computer is required. The work of LES focuses on the enlarged view structure of 
the turbulent flow. Turbulence can be divided into big and small eddies for LES analysis, and large 
eddies are taken into account in the simulation. Existing computational capabilities allow for the 
solution of 3-dimensional and time-dependent equations for massive eddies. The LES method of 
turbulence simulation is widely employed. LES is based on self-similarity theory and simulates small 
vortices using a subgrid scale, whereas large vortices are calculated geometrically. The disadvantage 
of this model is that calculating the region near the wall is difficult. Large-scale vortices dominate the 
LES simulation method's transmission of fluid velocity, mass, energy, and other physical quantities. 
Geometric and boundary conditions have no bearing on small-scale vortices with isotropic motion. 
To calculate turbulent motion bigger than the grid scale, LES employs the N-S equation. In the Fourier 
equation or spatial domain N-S equation, the LES model derives a filtered momentum equation by 
filtering out vortices smaller than the filtered grid. The core idea behind RANS is to use temporal 
averaging on the N-S equations to turn an unstable complex turbulence kind of problem into a steady 
kind of problem, at the additional cost involved for unknown numbers that are also in the form of 
stress, called Reynold's stress. A turbulence model is also required to characterize Reynold's stress. 
The information given in the equation has been somewhat lost due to the problem's time averaging. 
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Giving a Reynolds stress model and applying it to all flows is very challenging. For modeling turbulent 
flow, the Reynolds- Averaged Naiver–Stokes (RANS) method is used rather than using prompt flow 
parameters. By calculating the average of both static and dynamic flow variables, RANS can mimic 
turbulence in a flow. Several researchers used computational fluid dynamics (CFD) to compare and 
select the optimal turbulent parameters for flow characterization under various operating situations 
in a cylinder. LES and RANS model were compared by using STAR-CD code for the swirl vanes around 
the valve stem [79]. Result agreed more than 80% for computing total TKE at certain meshing 
conditions. Also, while making comparisons LES model shows significant variations with respect to 
the RANS model for one to another cycle. As the RANS model average out vector profiles for velocity 
for more than one cycle and due to that in terms of cyclic changes, LES produces more realistic 
findings. Both sub-filter and mesh models show an impact on flow results. Detached Eddy Simulation 
(DES) using a conventional k-Ɛ turbulence prototype was numerically compared to large eddy 
simulations with the LES-RANS hybrid [47]. LES had higher ratios for swirl & tumble with respect to 
RANS & DES for the whole cycle throughout. RANS, DES, and LES solutions had identical mean velocity 
profiles, but DES had significantly lower cycle-to-cycle variability. Cold flow analysis produces 
extremely more variations for turbulent cycles, and CCVs can be boosted by adding engine ignition 
conditions. Three different approaches to large-eddy simulation are also examined. Due to its 
moderate grid resolution, the Smagorinsky model outperforms total LES and scale selective 
discretization [84]. Residual turbulence in the inlet zone has a significant impact on cyclic fluctuation 
throughout the cylinder. On the same track, the Delayed Detached Eddy Simulation (DDES) model is 
very reliable and compels with respect to the RANS and LES models within an axisymmetric rapid 
expansion geometry. For the LES-considered section in the DES model, the refining process for the 
grid also helped to achieve greater resolutions resulting in the flow structures and turbulence 
attributes. Inside the flow at the inlet port, the Sigma turbulence model, or LES model, was 
quantitatively scale-up besides the Detached Eddy Simulation-Shear Stress Transport (DES-SST) 
[85,86]. The Sigma model with a highly precise meshing had the idealistic resulted concurrence 
compared to the results from PIV, but the DES model had the most variance in the highest velocity 
and its profiles. In terms of mean values for radial & upward velocities component, length ratio, and 
tumble, the results of the fundamental RNG k-Ɛ model are closely confirmed according to 
experimentation with respect to the basic k-Ɛ model during intake and compression [24]. The RNG k-
Ɛ model is producing more realistic outcomes than the regular k-Ɛ and other modified k-Ɛ models for 
flow behaviors (ranging less than 8-10% error). RNG k-Ɛ producing results are matching the 
experimental mean velocity magnitude better with respect to k- ω SST [82]. k- ω, on the other hand, 
outperforms the k-Ɛ model in terms of predicting TKE and qualitative scalar velocity fields. LES's peak 
TKE has greater maximum values than DNS's. Both the LES model & DNS model's simulations were 
concurrent with the experimental data on cyclic variability, and they produced roughly equivalent 
conclusions. The RANS k-Ɛ model was shown to have low accuracy in normalizing velocity vectors 
when compared to the LES [83]. The in-cylinder turbulence was caused by mainly due to the 
structures followed by turbulence that found formed along with the valve port. Throughout the 
previous decade, the LES and k-Ɛ models were found applied often for numerical computations for 
flow fields in a cylinder. This is due to more precise and accurate estimating and findings that come 
out while making a comparison with other turbulence models. Some models for studying turbulence 
phenomena, such as k- ω or realizable k-Ɛ, are rarely employed for computing fluid movement since 
it is unsuitable for predicting in-cylinder flow field behavior, which results in inaccurate and unreliable 
findings. Although IC engines are becoming less common around the world, the number of research 
projects involving numerical analysis for studying flow patterns and flow characteristics for flow in a 
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cylinder is still large, and it appears to remain consistent. Table 6 gives a summary based on 
turbulence Models Comparison for different CFD codes, parameters, and analytical results. 
 

Table 6 
Summarized study on the basis of turbulence Models Comparison for different CFD codes, parameters, and 
analytical results  

Code & Model used 
in CFD study 

Operating 
Condition 

Meshing 
details/Boundary 
conditions 

Outcomes Ref. 

1 STAR-CD LES  
(RANS k-e) 

An axisymmetric 
piston-cylinder 
setup, N-200 rpm 
and Air as a 
working fluid 

Coarse mesh. No 
slip & Adiabatic 
wall for 
hexahedral grid 
elements 

Considerable cyclic fluctuations 
observed for LES compared to 
RANS 

Liu et al., 
[64] 

2 STAR-CD LES & DES 
(RANS standard k-e) 

Diesel engine-
Single cylinder, 4 
valves, N-1500 rpm 
and injection of n-
heptane twice a 
cycle 

Mesh of 0.71 
mm average 
resolution 
considered 

Throughout the cycles, Higher 
swirl and tumble ratios 
achieved by LES with respect to 
RANS and DES. Mean velocity 
profiles observed identical for 
LES, RANS and DES 

di Mare 
et al., 
[87] 

3 Standard & RNG k-e Diesel engine-N-
1200 rpm, 295 K 
intake air temp. 
and 0.51 bar 
cylinder pressure 

  Experimental evidence shows 
that in comparison to the 
traditional k-e model, the RNG 
k-e model's results found more 
consistent  

Baum et 
al., [88] 

4 STAR-CD standard k-
e, RNG k-e & chen k-
e 

N-1500 rpm    When compared to other 
models in terms of in-cylinder 
flow fields and characteristics (< 
8% error) the RNG k-e 
turbulence model gives 
accurate results 

Baumann 
et al., 
[89] 

5 STAR-CD, ICE  
(RNG k-e) & SST (k-x) 

N-1000, 1500 and 
2000 rpm speed 

Adiabatic wall 
considered 

Experimental mean velocity 
magnitude curve found better 
in The RNG k-e results while 
compared to the k-x SST values 

Hawkes 
et al., 
[20] 

6 Open-FOAM LES  DISI engine with 
high Reynolds 
number 
consideration 

Hexahedral 
mesh  

In comparison to the LES, the 
RANS k-e model was found to 
be significantly less accurate in 
normalizing velocity vectors 

Anand et 
al., [90] 

7 Implicit LES & scale 
selective 
discretization 

N-200 rpm, 60 mm 
stroke and 4 mm 
valve lift 

  Because of its moderate grid 
resolution, the Smagorinsky 
model outperformed DNS and 
measurements 

Wickman 
et al., 
[29] 

8 LES & DNS DISI engine- N-
2000 and 3000 rpm 
speed. 10 cycles 
tested to represent 
the cyclic variations 

  By increasing engine speed, the 
average RFKE rose as well. 
Significant turbulent CCVs are 
produced via cold flow study 

 

9 Open-FOAM DES, 
RANS & LES 

  Polyhedral cells 
chosen 
arbitrarily 

DDES turbulence model used 
outperformed the RANS model 
in terms of accuracy and 
precision 

 

10 LES & DES-SST  298 K temp.,3 
kg/min mass flow 
rate and valve lift 
at 5 mm 

Polyhedral 
elements (4 & 6) 

Results of PIV matched by sigma 
model with fine mesh, whereas 
DES had the most variance in 
maximum velocity 
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5. Conclusion 
 

Based on engine specifications and operating conditions, distinct methodologies for study flow 
behaviour are carried out employing using different models and codes in CFD software. For in-
cylinder flow analysis, most of the utilized codes may be from the following software like ANSYS 
Fluent, CFX or ICEM modules, KIVA, Open FOAM, and CONVERGE. When compared to experimental 
results, all of these codes yield significantly more accurate results. Because of the non-deterministic 
nature of turbulence, simplifications and assumptions have been permitted for the modelling of fuel 
charge spray patterns, combustion, and turbulence. Moreover, uncertainties occur because of a 
consequence of boundary conditions like temperature gradient at the cylinder wall and also 
variations in many other parameters caused by timing and delay period of ignition and injection 
event. The review confirms that the standard k- Ɛ turbulence model and the RNG k-Ɛ turbulence 
model both can assure close outcomes by simulating the fluid flow for convective heat transfer case 
irrespective of forced or mixed convection phenomenon. The RNG k- Ɛ model solves problems that 
are closer to the forced convective heat transfer case. During simulation tolerance of the meshing 
scheme and time steps on the standard k- Ɛ model is better than the other k- Ɛ model, and the overall 
effectiveness of the standard k- Ɛ model is better than the other k- Ɛ model. The standard k- Ɛ model, 
which generates similar outcomes to the experiments, is widely used, but there is stronger and more 
precise k-Ɛ model available. The renormalized k- Ɛ model outperforms the standard and chemkin k- 
Ɛ models because it generates results near the wall boundary, it should be used in such 
circumstances. 

Large Eddy Simulations solve Navier-Stokes equations directly, creating a relatively accurate 
turbulence model. Besides that, whenever the flow pattern forms sizable tumble structures, LES is 
best suited during the intake stroke. Because the large tumble collapses into tiny particles during the 
compression stroke, LES yields substandard outcomes. CFD simulations forecasts and give deep 
insights into the flow pattern persisting in different conditions like turbulence, in-cylinder flow, 
mixture formation, combustion, and emission that pure experiments could not deliver conveniently 
or economically, so contributions are frequently requested to specific combustion or emission 
models while accepting model simplifications such as turbulence and spray. As an outcome, 
according to the requirement of complex chemical mechanisms and complex combustion 
phenomena, models and codes that account for the complex mixing of different fuels are expected 
to be developed. As a result, soon, a variety of such codes and models will be needed to be available 
commercially to prove their specific capabilities concerning the desired combustion process and to 
strengthen the engine development process with CFD. 
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