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ARTICLE INFO

The cooling system of an internal combustion engine affects various key parameters, including ignition delay,

fuel evaporation, and the compression-expansion process. The geometry of its components impacts both cooling
efficiency and the energy demand of the coolant pump. This paper presents CFD simulation results of coolant
flow through selected elements of a modified cooling system in a prototype engine. Due to design changes in the
power unit, the original coolant outlet manifold required redesign. Three manifold variants were analyzed under
two coolant types and two back pressure levels. Flow patterns were evaluated using streamlines and velocity
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distributions in selected cross-sections. The applied manifold modification significantly increased coolant
velocity. In the analyzed cases, the local resistance coefficient rose to values as high as 9. For version mod2, the
risk of turbulence was higher with a water-glycol mixture than with water. For version mod1, turbulence
sensitivity to coolant type was negligible.
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1. Introduction

One of the fundamental conditions for the proper opera-
tion of internal combustion engines is maintaining adequate
cooling intensity. Parameters of the cooling process, such
as coolant flow rate, significantly influence heat exchange
between the coolant and the heated walls of the cylinders
and cylinder head. Additionally, cooling intensity affects
pressure changes during the compression and expansion
strokes, as well as the fuel evaporation process and ignition
delay time in compression ignition engines. The thermal
state of the engine also plays a crucial role in determining
the quality of the air-fuel mixture.

In traction-type internal combustion engines, liquid
cooling with forced circulation is almost universally ap-
plied. Approximately 30% of the heat generated during
combustion is transferred to the coolant [23], representing
a substantial thermal load. Ensuring proper coolant flow —
achieved, for example, through the optimized geometry of
cooling system components — is essential. For this purpose,
commercial Computational Fluid Dynamics (CFD) soft-
ware is commonly utilized [10].

Numerical analysis of coolant flow in internal combus-
tion engine cooling systems must account for turbulence.
The k—e turbulence model is widely used due to its robust-
ness and suitability for this application [2, 4, 13, 16]. CFD
simulations typically consider both fluid dynamics and
thermal interactions between the coolant and the walls of
the flow passages [3, 17]. Phenomena such as cavitation [7,
12] and other flow disturbances are also relevant in such
analyses. Since velocity distribution in coolant channels
determines heat transfer efficiency, it is a critical aspect of
CFD-based investigations.

The effect of the study [5] demonstrates that modifying
the water jacket can reduce the volume of stagnant coolant
by up to 75% and increase flow velocity by as much as
50%, compared to the original design. CFD simulations can
also predict flow and thermal non-uniformities and identify
zones of low velocity [19, 21, 22, 24]. These tools are in-

creasingly applied in the thermal management of electric
vehicle systems as well [6, 11].

Numerical flow analysis is also employed in the devel-
opment and optimization of air-cooled engine systems.
Simulations enable assessment of fin design with varying
geometrical and material properties, and facilitate the esti-
mation of thermal stresses [14, 15, 18, 20]. As shown in
[20], simulation results exhibited good correlation with data
obtained from wind tunnel experiments.

Cooling of internal combustion engines also involves
heat dissipation through oil. Analyzing its flow using CFD
offers benefits, such as reducing prototyping time, particu-
larly in conditions of variable flow channel dynamics. This
occurs, for instance, in connecting rods, where oil flows to
cool the piston [8].

Designing modern internal combustion engines involves
a wide array of requirements, including those pertaining to
thermal management. The application of CFD tools facili-
tates rapid evaluation of various design configurations,
enabling selection of appropriate geometries for manifolds,
channels, hoses, and other components.

The subject of this study is a prototype diesel engine
with a variable compression ratio, developed based on
a commercially available four-stroke, inline four-cylinder
engine. A distinguishing feature of the design is the lack of
a permanent connection between the cylinders and the en-
gine block housing the crankshaft, enabling variation in
compression ratio by axial movement of the cylinder as-
sembly.

The cylinder displacement mechanism consists of mul-
tiple components. The integration of these additional parts
necessitated several design changes, including modifica-
tions to the engine’s cooling system. The original coolant
discharge system comprised a manifold with three segments
connected by rubber hoses (Fig. 1).

The coolant manifold is mounted to the cylinders at the
locations indicated in Fig. 2.

36

COMBUSTION ENGINES, 2025;202(3)


http://orcid.org/0000-0001-9619-8215
http://www.combustion-engines.eu

Optimization of the cooling system in a prototype VCR engine using CFD analysis

Fig. 1. Factory elements of the engine cooling system; manifold draining
liquid from the cylinder block

Fig. 2. 3D scan of the base engine: 1 — places for mounting the factory

manifold, draining liquid from the cylinder block; 2 — the plane of division

of the cylinder block and the engine block; 3 — pins on which the support
plate is mounted

One of the key components of the cylinder displacement
mechanism is the support plate, which is mounted on addi-
tional guide pins (Fig. 2). Unfortunately, the support plate
interferes with the factory-installed coolant outlet manifold
(Fig. 3). As a result, it was necessary to design new compo-
nents to resolve this interference. The newly developed
parts are flanges, which are mounted to the cylinder block
prior to the installation of the support plate (Fig. 5).

Fig. 3. 3D scan of the base engine with the CAD model of the main sup-
port plate of the cylinder block shift mechanism: 1 — support plate; 2 —
threaded parts of the plate fixing pins (screwed with nuts)

After the support plate is mounted to the cylinder block,
outlet pipes are screwed into the flanges and connected to
the hoses. These modifications require additional changes —
most importantly, the cross-sectional area of each of the
four outlet channels coming from the cylinder block must
be reduced. The cross-sectional area has been decreased by
a factor of four. Applying the mass balance equation for
fluid flow to the modified cross-sectional area yields:

my; =M, =py vy Ay =py vyt Ay 1)

where (indexes apply to sections 1 and 2): rh — mass flow
rate through cross-section A, p — fluid density, v — fluid
velocity, A — cross-section area.

Since the coolant can be treated as an incompressible
fluid, the density remains constant, i.e., p1 = pz2. Conse-
quently, a fourfold reduction in cross-sectional area re-
quires a fourfold increase in fluid velocity to maintain the
same mass flow rate, according to the principle of continui-
ty. The continuity equation, expressed in Cartesian coordi-
nates, takes the following form:

dp ., dpu  dpv , Opw

at ox ay 0z =0 (2)

where: p — fluid density, t — time, u, v, w — velocity compo-
nent in, respectively, the x, y and z direction.

Many problems result from the increase in fluid velocity
combined with cross-section changes and rapid flow direc-
tion changes. First of all, the value of local flow resistance
increases and the flow character (laminar or turbulent)
varies. Figure 4 shows the engine model with the mecha-
nism for changing the compression ratio. The illustration
shows the extent to which the space for the coolant mani-
fold is limited.

Fig. 4. VCR engine model with mechanism for changing the compression
ratio: 1 — support plate; 2 — cylinder block; 3 — intake manifold; 4 — sup-
port structure element

The flanges described above with screw-in outlet pipes
mounted on the engine are shown in Fig. 5 and 6.

Fig. 5. Modified coolant outlet from the cylinder block (view along the
axis of the engine shaft): 1 — outlet pipes; 2 — engine intake manifold; 3 —
flanges; 4 — support plate
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Fig. 6 Modified coolant outlet from the cylinder block (side view): 1 —
outlet pipes; 2 — engine intake manifold; 3 — flanges; 4 — support plate

2. Research methodology

Based on the factors described above, outlet coolant
manifolds were designed with geometries that accommo-
date the available space constraints. Figure 7 presents
a comparison of the proposed models. These models were
created using CATIA V5, exported in a standard CAD data
exchange format (STEP), and then imported into the Auto-
desk CFD environment, where three-dimensional numerical
flow analysis was performed.

Fig. 7. Comparison of outlet coolant manifold models; from the left:
factory manifold (mod0), modified version 1 (mod1), modified version 2
(mod2)

Figure 8 shows a comparison of coolant manifold mod-
els in version 1 (modl) and 2 (mod2) mounted on the en-
gine. A very small space is available for assembling them.
It is mostly limited by the engine intake manifold and con-
necting rods of the cylinder block shifting system (used to
change the compression ratio). An electric coolant pump
was used in the construction of the prototype engine. The
pump mass flow efficiency was calculated according to the
formula (3) [9]:

. Q

m = cwATw (3)
where: Q — heat taken from the engine, c,, — specific heat of
the coolant, AT,, — temperature difference of the coolant
flowing out and flowing in the engine.

According to formula (2) for the factory engine, the the-
oretical cooling mass flow 1 should be 1.9 kg/s (for water).
Thus, the mass flow rate for each coolant manifold inlet is
0.48 kg/s. It was assumed that the total coolant stream is
divided into four equal parts and its value is constant over

time. For all tested manifolds, a simulation of the flow for
two fluids — water and a mixture of ethylene glycol and
water (50% by volume) — was carried out. During the anal-
ysis, it was assumed that the temperature, density, and dy-
namic viscosity of the coolant were constant. The simula-
tions were carried out for two values of outlet back pressure
(Fig. 8): 0 and 80 kPa [23].

The shape and size of the cross-sections at the manifold
inlet were determined by the geometry of the openings in
the cylinder block walls, while at the outlet, they were
matched to the factory manifold in order to avoid the need
for modifications to other components in the cooling sys-
tem. It was also assumed that the factory flow channels
upstream of the inlet and downstream of the outlet would
perform their function properly, and their geometry was not
considered in the simulation.

Fig. 8. Modified coolant manifolds on the engine: a) mod1, b) mod2

The symbolic names of individual simulations are pre-
sented in Table 1. The physical parameters of water and its
mixtures with ethylene glycol at 20°C are given in Table 2.

Figure 9 shows the liquid inlets and outlet in the modO
version. The back pressure is defined as overpressure rela-
tive to the ambient pressure.

The aim of the simulations was to compare the behavior
of the coolant stream during flow through the different
outlet manifold models. Research results play an auxiliary
role in choosing the right design solution. It should be noted
that the possibilities of obtaining significantly different
versions of coolant manifolds are quite limited due to the
very small available space. The work focused mainly on the
analysis of trace lines and the distribution of coolant veloci-
ty at critical locations of manifold models. It is important to
determine the areas or shapes of the channels in manifolds
that can disturb the desired fluid flow. The heat transfer
analysis was not included in the simulation. Therefore, no
calculations for higher temperature values were carried out
— this will be the subject of further studies.
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Table 1. List of simulation names used in calculations

Outlet coolant | Simulation Back
manifold name Coolant pressure
[kPa]
mod0-W-p0 0
Water
mod0-W-p80 80
mod0-WG-p0 Mixture of ethylene 0
glycol and water
mod0-WG-p80 | (50% by volume) 80
A mod1-W-p0 0
/N Water
/Q mod1-W-p80 80
A mod1-WG-p0 Mixture of ethylene | 0
glycol and water
mod1-WG-p80 | (50% by volume) 80
- mod2-W-p0 0
/‘N Water
/j mod2-W-p80 80
"/L\j mod2-WG-p0 Mixture of ethylene | 0
glycol and water
mod2-WG-p80 | (50% by volume) 80

Table 2. Physical parameters of the analyzed coolants [1]

Density Dynamic viscosity
Parameter [g/em?] [mPas]
Water 0.9982 1.00
Mixture of ethylene glycol
and water (50% by volume) 1.0695 3.98

4

Fig. 9. Inlets (blue arrows) and outlet (green arrow) on the example of the
factory manifold; the orange arrow symbolizes back pressure

3. Results and discussion

Due to the limited volume of the article, it was decided
to present selected, representative forms of the results of the
coolant flow simulation. Because a wider comparison of
modified coolant manifolds (modl and mod2) is presented
further on, only the results for water flow with 0 kPa back
pressure for the factory manifold modO are presented here.
The color scale for each visualization has been unified, so a
given color indicates the same value in each figure. In Figs.
10 to 19, for better readability, the coolant trace lines are
shown in individual illustrations.

Figures 12-26 show the results only for modl and
mod2. The necessary modifications used in the modl and
mod?2 versions resulted in a rapid increase in fluid velocity
(Fig. 12-19). Local reduction of the cross-section area also
brings an increase in the value of the local resistance coef-
ficient &. In the studied cases, the value of this coefficient is
about 9.

Fig. 10. Coolant trace lines with velocity distribution; mod0-W-0kPa

Fig. 11. Distribution of coolant velocity on selected planes; mod0-W-0kPa

Fig. 12. Coolant trace lines with velocity distribution; mod1-W-0kPa

e Vg v

Fig. 13. Coolant trace lines with velocity distribution; mod1-WG-0kPa
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Fig. 14. Coolant trace lines with velocity distribution; mod1-W-80kPa
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Fig. 15. Coolant trace lines with velocity distribution; mod1-WG-80kPa

Fig. 17. Coolant trace lines with velocity distribution; mod2-WG-0kPa

Fig. 18. Coolant trace lines with velocity distribution; mod2-W-80kPa

Fig. 19. Coolant trace lines with velocity distribution; mod2-WG-80kPa.

The velocity distribution (Fig. 20) shows that the water
flow reaches higher values than that of the water—glycol
mixture, and it occurs close to the manifold outlet pipe axis.
This dependence is visible for both 0 and 80 kPa back pres-
sure. In addition, in the considered plane (Fig. 20), the
water flow at the outlet shows a more uniform velocity
profile than that of the mixture of water with ethylene gly-
col.

s mod1-W-p0 mod [-W-p80
2
%
i
5
2
I mod1-WG-p mod1-WG-p80

Fig. 20. Distribution of coolant velocity in the mod1l manifold on a plane
passing through the axis of the outlet pipe of the manifold and parallel to
the XY plane (Fig. 12)

Another undesirable feature of the modified manifolds
is the space in which the trace lines are shown in Fig. 21
and 23. This volume is harmful from the point of view of
the continuity of the coolant fluid stream. Its existence
introduces the risk of local turbulence, which also increases
the local flow resistance coefficient. For the modl1 version
(Fig. 21), the formation of turbulent flow is slightly de-
pendent on both the type of liquid and the back pressure
value.
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Fig. 21. Comparison of coolant trace lines for mod1

Each inlet channel of the modl manifold lies in one
plane, which allowed for comparison of velocity distribu-
tion in individual sections (Fig. 22).

mod1-W-p0

AN

3
]

7

W

Fig. 22. Coolant velocity distributions in the planes passing through the
inlet axes parallel to the YZ plane (Fig. 12); modl

The considered space for the mod2 manifold causes
a visible impact of the type of liquid on the risk of turbulent
flow. The results (Fig. 23) show that this risk is greater for
a glycol and water mixture than for water alone, both for
0 and 80 kPa back pressure.

vmis) mod2-W-p0 mod2-W-p80

mod2-WG-p0 mod2-WG-p80

Fig. 23. Comparison of coolant trace lines for mod2

v [mis] mod2-W-pO

mod2-WG-p0

Fig. 24. Distribution of coolant velocity in the mod2 manifold on a plane
passing through the axis of the outlet pipe of the manifold and parallel to
the XY plane (Fig. 12)

Figures 25 and 26 show that using the modl version
causes greater differences in velocity in the outlet axis for

mod2-W-p8

mod2-WG-p8t

different simulation conditions than using the mod2 ver-
sion. The differences reach 15% for water. For a water—
glycol mixture, the differences are clearly smaller.

35

vim/s)
30

05

Distance(cm]

Fig. 25. Coolant velocity for mod1 in the axis shown in Fig. 27

For the mod2 version, the differences in coolant fluid
velocity depending on the back pressure are noticeably
smaller than for the mod1 version (Fig. 26).

Distance(cm]

Fig. 26. Coolant velocity for mod2 in the axis shown in Fig. 26

For the mod2 version, the coolant velocity values for the
first inlet channels (furthest from the outlet) to the main
pipe area have a similar value — about 2.5 m/s. For mod1,
the values are significantly different, in the range from 2.0
to 2.5 m/s.

Distance

Fig. 27. Explanation of the “Distance” parameter using the example of the
mod1 manifold (for charts in Fig. 25 and 26)

Conclusions
An important consideration is the behavior of the cool-
ant streams in regions such as manifold inlet and outlet
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connectors, channel curvatures, and spaces that do not con-
tribute to flow but are technologically necessary or difficult
to eliminate.

During the design of the engine coolant manifold, it is
essential to avoid unintended voids that could disrupt the
flow.

The mod2 manifold exhibits a more favorable geometry
for coolant flow. Its channel shapes help reduce the risk of
turbulence. However, alternative geometrical configura-
tions are also worth exploring.

The simulation was conducted for two different fluids
and for manifolds with four inlets and one outlet. As a re-

sult, the Reynolds number varies significantly: from 17,900
to 72,900 for water, and from 4200 to 18,400 for a water—
glycol mixture. Under actual operating conditions, the flow
is considered turbulent across this entire range, due to fac-
tors inherent to such systems (e.g., uneven channel surface
roughness, vibrations).

It is therefore reasonable to conduct further simulations
to evaluate:
— the optimal channel curvature
— the effect of temperature on flow behavior
— heat transfer characteristics based on material selection.

Nomenclature

A cross-sectional area (50% by volume) flow and 0 kPa back
CFD computational fluid dynamics pressure
Cw specific heat of the coolant modx-WG-p80 name of simulation for modx manifold
modx name of the coolant manifold in simula- with mixture of ethylene glycol and water
tion; x — number of manifold version (0 is (50% by volume), flow and 80 kPa back
for factory manifold); 1, 2 — modified ver- pressure
sions m mass flow rate, kg/s
modx-W-p0 name of simulation for modx manifold Q heat removed from the engine
with water flow and 0 kPa back pressure p fluid density
modx-W-p80 name of simulation for modx manifold R, Reynolds number
with water flow and 80 kPa back pressure AT\, temperature differential between the en-
modx-WG-p0  name of simulation for modx manifold gine coolant inlet and outlet
with mixture of ethylene glycol and water v fluid velocity, m/s
VCR variable compression ratio
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