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CFD numerical simulation of the indirect cooling system of an internal combustion
engine

The paper presents an analysis of the fluid flow in the cooling system of an internal combustion engine with oposite pistons.
The purpose of the work was to optimize the flow of fluid through the channels located in the engine block. Simulation studies and
subsequent iterations were performed using Ansys Fluent software. Two-equation k-epsilon turbulence model was used in the simulation
model. Boundary and initial conditions were taken from previously made simulations conducted in AVL Boost software. The average
wall temperature of the cylinder and the temperature of the outer walls of the cylinder were assumed for simulations. The results of the

analyzes were graphically illustrated by the speed streamline distribution of velocity fields and temperature.
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1. Introduction

CFD method is one of the most rapidly growing nowa-
days. It is used in all areas of life. Beginning with medicine,
by simulating blood flow in major arteries and finishing
with the engineering activities, i.e. simulations of the flow
around the obstacle. CFD allows to reduce the cost of pro-
ducing an item. Rather than producing and testing an object
by experimentation, it can be tested using the simulation
tools. CFDs provide the opportunity for modification
of geometry, changing boundary conditions and observing
their impact on the key parameters. Both fluid and energy
flows can be analyzed [1, 3].

The internal combustion engine generates the energy
contained in the gas pressure and the heat from the combus-
tion of the fuel in each cycle. On one hand the energy of the
gas pressure is converted to mechanical energy. On the
other hand, heat energy must be drained out of the system.

Cumulating of heat energy can lead to an increase in the
thermal loads of individual engine components, thus accel-
erating their wear and tear. Too low or too high heat energy
directly affects the combustion process, significantly wors-
ening it. Therefore, it was decided to carry out a numerical
studies using the CFD method to calculate the amount of
heat flowing from the combustion chamber to the cooling
system, through the fluid jacket placed in the engine block.
As a research object, a research three cylinder engine with
a opposite pistons was used [5].

2. CFD simulations

The element that receives the heat from the system in
the internal combustion engine is the fluid (working medi-
um). There are two different methods of receiving the ener-
gy: forced or gravitational, air or coolant. In the presented
engine with opposing arrangement of the pistons (Fig. 1)
the cylinders are placed in the block (wet bushings). In each
of the cylinders between intake and outlet windows,
the cylinder wall is in contact with the cooling fluid.
The heat generated during the combustion of the fuel is
transported to the outlet manifold (through the outlet win-
dows) along with the hot exhaust gases and to the cylinder
walls. Then the energy is taken over by the cooling fluid

and then transported to a radiator in which the energy
is dispersed into the environment [6, 8].

Fig. 1. CAD model of the engine

The engine with opposing pistons is a three-cylinder
unit that will be used to drive lightweight gyrocopters. The
engine will be characterized by a power of 100 kW, with a
capacity of about 1600 cm’, with a diesel cycle. The unit
will have three cylinders with opposing pistons positions
and two crankshafts facing each other. The engine will be
equipped with a piston timing system and a direct diesel
injection system to the inside of the cylinder.

CFD computer method was used to calculate the effi-
ciency of a fluid jacket (Fig. 2) of the designed engine. The
jacket geometrical model was created by "subtract" opera-
tion from the previously designed engine block, the "emp-
ty" part of the cooling channel was removed.

Fig. 2. CAD Model of fluid jacket

Computer fluid mechanics simulations were performed
using ANSYS software in ver. 13.0.
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The preparation of a simulation model using ANSYS
software consisted of the following steps [7]:
— geometry preparation in CAD environment,
— geometry importing into the Geometry module,
— computational grid generation in Mesh module,
— assumption of the initial and boundary conditions,
— carrying out simulations of the heat flow,
— analysis of results.

2.1. Grid generation

The CAD model of the fluid jacket (Fig. 2) was trans-
ferred from CATIA V5 software in STP format. This is
a standard format for exchanging product model data. STP
files are used to store 3D image data in ASCII format,
in accordance with ISO 10303-21 standards. Thus obtained
geometry was imported to the Geometry module. This
module allows for preparation of a model to generate a
calculation grid and to modify the geometry, or perform
boolean operations. In addition, the module can be coupled
with CAD software, enabling live geometry updating in
ANSYS after changes made in CAD model. Figure 5 shows
the geometry model of the jacket in Geometry module [2].
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Fig. 3. Computational grid of fluid jacket model, with a minimum element
size of 0.4 mm
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Fig. 4. Cross-section of computational grid of fluid jacket model, with a
minimum element size of 0.4 mm

Such prepared geometry was imported into the Mesh
module. This module allows to generate a computational
grid based on the finite element method FEM. It is one
of the most important steps in creating a CFD simulation.
It depends on the correct definition of resolution, dimen-
sions and number of calculation elements. This stage should
be carefully analyzed as it is a parameter that has a measur-
able impact on the accuracy of the obtained results and the
time of calculations. Optimal selection of grid resolution
depends largely on the complexity of the analyzed object,

its size and the thickness of the walls. Figure 3 shows the
target grid of the model consisting of over 6,000,000 ele-
ments, and Fig. 4 shows the cross-section of the grid
through the rib (channel along the cylinder axis).

2.2. Initial and boundary conditions

Simulation studies of the amount of heat received from
the combustion chamber to the cooling system were made
using ANSYS software in FLUENT module. Calculations
were based on pressure-based solver. It is used for calculat-
ing the streams of incompressible and slightly compressible
flows, with low flow velocity. In this approach, the ob-
tained solution of the equation of pressure or equation of
pressure correction is obtained from the equations of conti-
nuity and momentum. The model also includes the energy
equations that allows the flow of heat energy and tempera-
ture recording at selected points. A k-omega (2 equ), SST
viscosity model was also selected. This model (k-omega),
well reflects the turbulent flow in the boundary layer, but is
very sensitive to turbulent magnitudes in free flow.
As a coolant fluid, water was assumed, but as the material
of engine block the aluminum was selected and the as
the material of cylinder a steel was chosen.

Fig. 5. The geometry model of the jacket in geometry module in Ansys
Fluent

Boundary and initial conditions were taken from previ-
ously conducted simulations using AVL Boost software.
The engine work was simulated for the state of operation of
full load for a 4,000 rpm crankshaft rotational speed.
The folowing assumptions were made:

— the cylinder wall surface:
— wall temperature: 480 K (average cycle temperature),
— wall thickness: 5 mm,

— engine block surface:

— wall temperature: 323 K,

— wall thickness: 5 mm,

— injectors placement surface (,,injectors” selection):

— wall temperature: 480 K,

— wall thickness: 5 mm,

— inlet surface (,,inlet” selection):
— temperature: 363 K,
— mass flow rate of the coolant: 0.3 kg/s,
— turbulence intensity: 5%,
— turbulence viscosity coefficient: 5%,

— outlet surface (,,outlet” selection):

— temperature: 368 K (value assumed as the starting pa-
rameter),

— turbulence intensity: 5%,
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— turbulence viscosity coefficient: 5%,
— jackets surface outer/inner of cooling channels in block
(,,wall” section):
— walls temperature: 323 K,
— wall thickness: 5 mm.

2.3. Calculations models

2.3.1. Influence of computational grid

In order to verify the influence of the size of the compu-
tational grid elements on the results of the simulations,
a number of elementary mesh grid were developed for the
geometry of the basic model. In all cases, the number of the
elements was changed. Because of the flow phenomena,
the most important place, with the smallest cross-sectional
area, has been found, to be ribs running along the smooth
surface of the cylinder.

Simulations were started with a mesh size of approxi-
mately 2 mm in the rib area, resulting in a total number of
elements less than 600,000, ending in a 0.4 mm element
size, resulting in a total number of approximately 6 million
elements. Figure 4 shows the calculation grids with a min-
imum element size of 0.4 mm and figure 6 shows an inter-
mediate mesh of 0.8 mm.
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Fig. 6. Computational grid of fluid jacket model, with a minimum element
size of 0.8 mm

2.3.2. Influence of turbulence

During the simulation a momentum equations and two-
equation k-epsilon turbulence model were used. The k-
epsilon model was adopted, with standard wall functions.
Implicit coefficients such as were assumed [4]:
— C2-Epsilon=1.9,
— TKE Prandtl Number =1,
— TDR Prandtl Number = 1.2,
— Energy Prandtl Nubmer = 0.85.

In order to verify the effect of turbulence on the quality
of simulation results, the turbulence intensity factor was
changed. This ratio was in the range of 5 to 10%.

2.3.3. Geometrical calculations models

In order to optimize the flow of thermal energy during
combustion of the fuel dose and transfer it to the cooling
fluid, more than 20 geometric models were used for simula-
tion tests. The different models differed in the intake and
outlet diameters, the inlet and outlet manifold inclination
angle, the water jacket splits individually for each cylinder,
the enlargement and reduction of the fluid capacity above
and below the ribs, the gradual gradation of the intake outlet
channels, as to achieve a uniform flow in each of the cylin-
ders or the assembly of the two inlet and outlet nozzles.

Among all analyzed models, the following versions can
be distinguished:
— basic model used to determine the effect of calculating
grid size and turbulence (Fig. 5),
— individual cylinder flow model (Fig. 7).

Fig. 7. Model with individual cylinder flow

— model with variable geometry of the intake and exhaust
channels (Fig. 8),

Fig. 8. Model with variable geometry of the intake and exhaust channels

— model for reducing flow resistance (Fig. 9),

Fig. 9. Model for reducing flow resistance

— final model with the variable cross-section of the intake
manifold at the cylinder inlet, double outlet channels with
integrated joint outlet and inclination inlets of all ribs
(Fig. 10).

Fig. 10. Final model

2.4. Simulations results
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Figures 11 to 17 show the results of the simulation stud-  working medium and the temperature fields on the model
ies in the form of the distribution of velocity fields of the  walls in the cylinder region.

Minimum element size:

0.6 mm 0.4 mm

Distribution of the speed streamline

0 0080 (m) 0 0.090 (m)
0.045 0.045

Distribution of velocity fields in cross-section through ribs (cross section in middle part)
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Distribution of temperature fields on cylinder walls

Fig. 11. Distribution of velocity and temperature fields for the computational grid with a minimum element size of 0.8 mm (left side) and 0.6 mm (right side)
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Turbulent Intensity 5% Turbulent Intensity 10%

Distribution of the speed streamline

Distribution of velocity fields in cross-section through ribs (cross section in middle part)
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Fig. 12. Visualization of the effect of turbulence intensity on the computational model
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Basic model

1 inlet / 1 outlet 2 inlets / 2 outlets

Distribution of the speed streamline

Distribution of velocity fields in cross-section through ribs (cross section in middle part)
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Fig. 13. Comparison of distribution velocity fields across the ribs and temperature fields for the basic model, one inlet and outlet (left side) and two inlets and
outlets (right side)
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Model with individualized flow in cylinders

1 inlet / 1 outlet 2 inlets / 2 outlets

Distribution of the speed streamline
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Fig. 14. Comparison of distribution of velocity fields across ribs and temperature fields for model with individualized flow in cylinders, one inlet and outlet
(left side) and two inlets and outlets (right side)
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Model with the variable geometry of the intake and outlet channels

Graduated collectors Graduated collectors, split cylinders

Distribution of the speed streamline
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Distribution of temperature fields on cylinder walls

Fig. 15. Comparison of distribution of velocity field across ribs and temperature fields for model with variable geometry of the intake and outlet channels
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Model with reduction of flow resistance

Without splitting the cylinders With cylinder splitting

Distribution of the speed streamline

Fig. 16. Comparison of the distribution of velocity fields across the ribs and the temperature fields for the model with reduction of flow resistance
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Final model

m = 0.15 kg/s m = 1.5 kg/s

Distribution of the speed streamline
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Fig. 17. Comparison of distribution of velocity fields across the ribs and temperature fields for the final model, for two mass flow rates
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3. Summary and conclusions

During the simulations tests of the heat flow from
chemical reactions that’s occurs during the fuel combus-
tion, more than twenty different channel designs were ana-
lyzed in the engine cooling system. Each model was ana-
lyzed in the range of two to four design variants, i.e.
for different flow rates and different combinations of inlet
and outlet of the working medium. This article presents five
representative models. These models were constructed
using CAD software, using CATIA V5. Subsequent ver-
sions differed in shape and size of the inlet, outlet channels,
number of inlets and outlets channels, arrangement of inlet
and outlet channels (on one and other side of the model),
shape of channels along the cylinder axis etc.

Using ANSYS software, a computational grid was de-
veloped, numerical research was performed and results
were transformed into color graphs. During the numerical
tests for all models, identical initial and boundaries condi-
tions and the size of the computational grid in the critical
elements, as in the basic model, were assumed. Boundary
and initial conditions were established on the basis of pre-
viously conducted research.

Based on the analysis of the results of the simulation
tests, it can be stated that the distribution of the flow of the
working medium is not evenly distributed in the heat transfer
space from the cylinder (vertical ribs). This condition can be
observed in different velocities distributions for all investi-

gated cases. Depending on the calculation version, the most
intensive flow occurs in the area of the intake channel and in
the ribs between the intake and outlet channels (between the
cylinders) the velocity of the medium drops almost to zero.
This directly translates into uneven temperature distribution
on the cylinder walls, where for the extreme case, the differ-
ence for a single cylinder reaches almost 50°C.

The unevenness of the heat transfer from the cylinder
wall will result in an increase in mechanical stress between
the same wall in different thermal conditions.

The smallest spread of velocity values (and thus the in-
crease in thermal stability - the reception of heat energy
from the walls) is observed in the channels located along
the cylinder axis for the last, final case. Therefore, this
version seems to be the most optimum version. The small-
est spread of the velocity fields between cylinders reflects
in the smallest temperature difference on the cylinder walls.
This state will directly result in an even mechanical stress
distribution in the cylinder block in the area of the individ-
ual cylinders.
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Nomenclature

CAD computer aided design
CFD computational fluid dynamics

FEM Finite Elements Method
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