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Implementation of 1D-3D integrated model for thermal prediction in internal
combustion engines
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CMT — Motores Térmicos, Universitat Politéecnica de Valéncia, Camino de Vera, 46022 Valencia, Spain

Abstract

The need to improve the thermal efficiency of gasoline engines used in hybrid vehicles, has led to explore new solutions
for reducing engine heat losses. Hence, it is important for the car manufacturers to be able to predict the heat transfer in
the engine components. Numerical methods such as CFD (Computational Fluid Dynamics) or CHT (Conjugate Heat
Transfer) can be used to assess the heat losses through the combustion chamber walls, but they are long and costly. In
this regard, it is particularly interesting for the industry to use simplified models, which may play a key role in the design
stage. In this work a 1D model integrated with 3D finite elements based on a commercial software is used to calculate
the heat losses in a single-cylinder gasoline direct injection engine. The model is first validated, then a detailed heat
transfer analysis is performed, and its results compared to those of a full CFD-CHT simulation. Results demonstrate
that this approach is suitable to predict in a short time the heat losses and the spatial temperature distribution in the
solid regions of an internal combustion engine. The model also yields accurate values in terms of engine performance.
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1. Introduction

In the coming years the automotive industry will direct
its efforts to the electrification of the powertrains, among
others by developing hybrid vehicles. Therefore, internal
combustion engines will remain in use for yet several years.
In particular, since the Euro 6 standards have been de-
fined [I], spark ignition engines are bound to dominate the
market in detriment of the Diesel engines. Environmental
regulations are stricter about cars pollutant emissions and
push the manufacturers to design more eco-friendly and
efficient engines. New alternatives such as downsizing en-
gines [2| 3], increasing air-fuel ratio, enhancing fuel mixture
by using additives [4H6] or coating the combustion chamber
walls have been the focus of recent research [7HI1]. One of
the main targets nowadays is to reduce the heat transfer
losses in ICEs and increase their thermal efficiency [12].
Hence, it is important to quantify these losses in order to
optimize the design of the engines.

Over the past years, some authors have made impor-
tant contributions in 1D and 3D modeling for the thermal
management in ICEs. For instance, Torregrosa et al. [13]
have developed a 1D lumped model to study the heat trans-
fer through the solid walls of an ICE. Nowadays, similar
approaches are employed for modelling the heat losses in
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ICEs [14H20]. In these models, the solid regions are dis-
cretized with a finite number of nodes considering certain
assumptions to simplify the system. Their advantage in
terms of calculation time has been confirmed by several
authors [21]. However, the simplified assumptions are their
main drawback since they neglect the spatial information.

More recently, advances in CAE (Computer-aided engi-
neering) have allowed the development of 3D calculation
tools to study in detail the physical processes that take
place in an ICE. Therefore, many works have been carried
out to calculate the heat transfer in an ICE by using 3D
CFD, CHT and Finite Element Analysis (FEA). Some
researchers [22H25] have employed 3D-CFD simulations
where isothermal walls are considered for the engine bound-
aries to study the combustion process. Decoupled models
that solve separately the fluid with CFD and the solid
domain with FEA are another means to calculate the heat
transfer [26]. More efficiently, coupled CFD-CHT methods
allow predicting the heat transfer through the combustion
chamber walls [27H3I]. In general, all these techniques
demand important computational resources compared with
the 1D models.

New alternative strategies to couple 1D and 3D mod-
eling have been proposed by different authors to obtain
a more accurate prediction of heat transfer in ICEs at
less computational cost than full 3D methods. In this re-
gard, Bolehovsky et al.[32] developed a fully integrated
model of the ICE, which included all the systems, e.g. the
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Nomenclature

Abbreviations
1D One dimensional
3D Three dimensional
BDC Bottom Dead Center
CAD Computer-Aided Design
CAE Computer-Aided Engineering
CCv Cyclic-to-cyclic variations
CFD Computational Fluid Dynamics
CHT Conjugate Heat Transfer
CJ Cooling jacket
FE Finite Element
FEA Finite Element Analysis
FIM Fully Integrated model
HTC Heat Transfer Coeflicient
ICE Internal Combustion Engine
IFPEN IFP Energy Nouvelles

IvVC Intake Valve Closing
SI Spark Ignition
TDC Top Dead Center

List of symbols
Cp Calorific power of the fuel [J/kg]
Myir Mass of trapped air at IVC [kg]
meco Mass of CO [kg]
mpge  Mass unburned HC emissions [kg]
Myuer  Injected fuel mass [kg]
Vr Maximum volume of the cylinder [m?]
w Indicated work [J]
p Air density upstream [kg/m3]
Neomb ~ Combustion efficiency [%]
Mind Indicated efficiency [%]
Thvol Indicated efficiency [%)]

after-treatment system, the crank-train mechanism and the
hydraulic systems . The same approach was employed by
Graziano et al. [33] for the heat rejection prediction in a
Diesel engine.

From the methods mentioned above, the CFD-CHT
approach seems to be one of the most suitable to study
in detail the heat transfer in ICEs [34], 35]. However, it
is extremely important to properly define the settings of
the models and boundary conditions in order to achieve
reliable results. In addition, it is recommended to include
in the simulations the different systems, such as the cooling
and the engine oil lubrication systems, to replicate realistic
conditions. However, the computational domain becomes
then very large, and the computational time needed for
the calibration phase and the convergence grows dramat-
ically [36]. Thus, simplified approaches tend to be used
to optimize the calculation time. Commonly the systems
are simulated independently; for example the cooling and
oil refrigeration systems are not considered in the CHT
calculations when the combustion is modelled. In this
case it is important to set accurate boundary conditions in
the regions adjacent to the systems not considered in the
computational domain. However, it is often challenging
to estimate experimentally boundary conditions for the

engines parts, such as the piston rings and the piston oil
cavity. Empirical correlations available in the literature
may be used [37], but they have uncertainties that may
need additional tuning steps.

Though experimental measurements are more accurate
to estimate the heat flux in ICEs [38], they imply a high
economical cost. Hence, the automobile industry has a
special interest in developing engineering tools that allow
predicting the heat losses in ICEs. As commented above,
a good strategy that combines accuracy and optimization
of resources is the use of coupled 1D-3D models to study
the heat transfer in ICEs.

In this framework, a methodology for the thermal pre-
diction in the solid components of an ICE is presented in
this paper. The approach employs a 1D model integrated
with 3D discretized elements to determine the heat transfer
through the combustion chamber walls and estimate the
wall temperatures in the solid domain of the engine. The
latter may then be used as accurate boundary conditions in
a 3D CHT simulation to accelerate the calibration process
of the engine and produce precise heat losses results.



This study was performed in a single cylinder gasoline
direct injection engine, including the cooling and the oil
refrigeration systems. Furthermore, the results are com-
pared with the experimental data available. This paper
is divided in 5 main sections. In section 2 the method-
ology employed to estimate the temperature field of the
components is described in detail. Section 3 presents the
1D numerical model integrated with 3D elements of the
engine structure. In section 4 the results are compared
with experimental data from the engine, and a heat trans-
fer analysis to determine the suitability of the approach
is presented. Finally, in section 5 the conclusions of this
study and its convenience to predict the heat transfer and
estimate temperatures for the solid domain are presented.

2. Methodology

The commercial multi-physics CAE (Computer Aided
Engineering) system simulation GT-SUITE [39] has been
used for developing the methodology employed in this work.
This approach is based on solving the flow regions by 1D
modelling, while the solid components of the engine are
calculated by 3D FEA modeling. The thermal distribution
obtained in the solid regions will allow to determine bound-
ary conditions for the CHT solid domain. The methodology
can be separated in two main parts: on the one hand, the
validation of the 1D engine model; on the other hand, the
validation of the 3D integrated thermal model. The method-
ology followed to carry out the simulations is summarized

in Fig. I
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Figure 1: Methodology employed for the calculations.

2.1. 1D engine model

For describing the engine fluid domain, a 1D multi-
physics model of the GT-SUITE commercial software was
employed. A complete 1D wave action model layout (shown
in Fig. 2) of the experimental facility, including the sin-
gle cylinder engine, was generated after gathering the re-
quired geometric information of the different elements, as
described in section 3.1} The approach was employed to
perform a full cycle calculation of the engine considering
the intake and exhaust stages, as well as the combustion
process.

For the combustion process simulation, a Heat Release
Rate (HRR) profile was imposed in the cylinder coming
directly or indirectly, after a proper scaling, from thermody-
namic analysis of the experimental instantaneous cylinder
pressure. For this simulation the walls in contact with
the gas were assumed as isothermal and the heat transfer
through the solid components of the engine was not taken
into account. In order to achieve good results, the engine
flow domain had to be modeled properly, and the engine
1D model verified. In this regard, a validation by compari-
son of the experimental and simulated in-cylinder pressure
traces was carried out as done by [40]. About 40 engine
cycles were required to converge the simulation and thus
verify the validity of the engine model.

2.2. 3D integrated thermal model

On the other hand, the GT-SUITE 3D program was
used to build a FEA mesh for the solid components of the
engine geometry (piston, cylinder block, head and valves)
in the 3D space, and create a thermal model that included
also the interaction with the cooling and oil systems [32].
The thermal model, described in detail in section was
coupled to the flow domain of the 1D engine model, so that
the convective properties of the gas calculated with the 1D
model were employed as boundary conditions for the 3D
thermal model. Validation of the coupled model had to be
verified by renewed comparison of the simulated pressure
traces with the experimental data and iterations performed
until convergence.

Finally, the thermal model results showed the heat
transfer balance and distribution in the various engine
solid parts. Once converged, this permitted to perform a
heat transfer analysis and calculate the accurate temper-
ature distribution in the solid engine components. The
surface temperatures could then be employed as boundary
conditions for more complex models, such as CFD-CHT.

3. Description of models

3.1. Engine model

The geometry of a SI engine provided by IFP Energies
Nouvelles (IFPEN) was used in this work, with the engine
specifications given in Table |I} The domain was simplified
in the 1D model considering the intake/exhaust ports and



valves along with the combustion chamber walls. The diam-
eter and length of the pipes were determined by measuring
the CAD (Computer-aided design) of the real geometry.
Table [1] also shows the details about the operation point
used for the simulations. Furthermore, Fig. 2] displays the
3D engine geometry and its simplified 1D model.

Table 1: Engine specifications.

Engine type 4-stroke spark ignited

IMEP [bar] 7
Engine speed [rpm] 3000
Ignition timing [cad aTDC] -27
Bore - Stroke [mm)] 75-93
Compression ratio 14:1

Number of valves [-] 2 intake and 2 exhaust

As mentioned in section [2:1] the walls in contact with
the flow were considered as isothermal and obtained from
a lumped model [I3 41]. The pressure and temperature
boundary conditions in the intake and exhaust ports were
imposed according to the measured experimental values.
In order to model properly the intake and exhaust flow

Engine Geometry

ratio the experimental discharge coefficients were set as
boundary conditions in the engine valves, while the ports
were modeled with no friction pressure losses. In addition,
the Colburn correlation [42] was used for the heat transfer
through the walls.

To simulate the injection process the fuel mass and the
instantaneous injection pressure were imposed during the
injection timing. The injection pressure trace is displayed
in Fig. |3] It was obtained from a previous CFD simulation
with the computational software CONVERGE [37].

As allowed by the software, the CAD geometry of the
engine was introduced in the GT-SUITE model. With this,
the combustion process could be better modeled. The spark
location in the combustion chamber was also defined. A
predictive combustion model with standard Laminar Flame
Speed and Turbulent Flame Speed models was used to solve
the combustion process. Finally, the model was calibrated
by adjusting mainly the Flame Kernel Growth multiplier,
Turbulent Flame Speed Multiplier and the Taylor Length
Scale Multiplier.

1- Intake gas inlet
2- Intake upstream

3- Intake upstream

4- Intake valve ports

5- Intake valves

6- Exhaust valves

7- Exhaust valve ports

8- Exhaust downstream
9- Exhaust downstream
10- Exhaust gas outlet
11- Injector

12- Combustion chamber

Figure 2: 1D Engine model.



In the combustion chamber (12 in Fig. [2]) the WoshniGT
heat transfer model [39] was used with an overall convection
multiplier of 1.13 with head/bore and piston/bore area ratio
obtained from the 3D geometry.

Finally, to solve the ordinary differential equations,
a Skyline Matrix Sparse Format solver with the Cuthill-
McKee matrix optimization method was used [43], along
with an Explicit Runge-Kutta algorithm.

[
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Figure 3: Injection pressure during the engine cycle.

3.2. 8D Thermal model

The full thermal model is shown in Fig. ] As mentioned
above, in this model the oil and the coolant systems were
considered for the simulations. The oil composition and
the volumetric flow rates were the inputs for the block

and the head of the oil coolant system. A shaped flow
volume was used to define the surfaces of the engine in
contact with the oil where the volume and the surfaces
areas needed to be specified. The Colburn correlation was
used for the heat transfer with a friction multiplier equal to
1.In addition, the characteristic length and the expansion
diameter had to be considered for this fluid volume. This
part was attached to the engine structure by a convective
heat transfer coefficient variable (30 and 31 in Fig. [4]). A
motor oil SAE 5W-30 was considered for the oil circuit.

The engine coolant system was formed by the block
and head coolant jacket, which were connected by orifices
with adjacent diameters given by the CAD of the geometry
(10,11, 12, 13 in Fig. @ ). Both components included the
inlet and the outlets of the coolant circuit as shown in Fig.
[ In this single cylinder engine one inflow pipe was defined
in the block coolant jacket (7 in Fig. [4] ), while the head
coolant jacket was modeled with two outflow pipes (17 and
20 in Fig. 4] ). Again, for both flow volumes the Colburn
heat transfer correlation was considered, with the same
friction multiplier used for the oil system. GT-SUITE cal-
culates the convective properties of the fluid with flow rate
and inlet/outlet temperatures, and uses them as boundary
conditions to calculate the solid domain. In addition, the
angles with respect to X, Y and Z were determined for
all orifices of the 3D volumes. The inlet/outlet tempera-
tures and flow rate were imposed as boundary conditions
in the model, based on the experimental data. The ”egl-
5050” fluid from the GT-SUITE library was used as engine
coolant, due to its similarity to the experimental refriger-
ant. Fig. p|shows a simplified scheme of the engine cooling
system.

As mentioned in section [2:2] a finite element represen-
tation of the different parts of the ICE was employed to
model the solid components of the engine: cylinder block,
liner, piston, head and valves. The solid domain of the
FE structure was formed by 431926 cells, 103207 nodes
and 42 boundaries. Due to their size, the engine head and
the cylinder block took up most of the cells, as shown in
Table |2l The meshed computational domain is displayed
in Fig. [6]

Every component of the engine required the definition
of boundary conditions for the heat transfer model. Gas
boundary conditions were specified for the head, the intake
and exhaust manifold, and for the combustion gas exposed
surfaces. In addition, solid contact boundary conditions
were used in the parts of the head in contact with the four
valves (seats and guides). In the engine cylinder block the
height of the liner exposed to the gas above the piston at
bottom dead center (BDC) and the height exposed to the
oil below piston at top dead center (TDC) were defined.
The piston was divided into several parts as indicated in
Fig. [ ring, crown, contact oil, skirt and piston surface
exposed to the gas. Finally, a custom element mesh was



wn

19 18
20 @ @- : flﬂ'

15 16

1- Oil inlet in block engine —N———

2- Oil shaped volume in block engine =

3- Oil outlet in block engine 25

4- Oil inlet in head

5- Oil shaped volume in head

6- Oil outlet in head

7- Coolant inlet in block engine

8- Coolant pipe inlet

9- Block engine CJ (Cooling Jacket)
10- Cooling jacket orifice connection
11- Cooling jacket orifice connection
12- Cooling jacket orifice connection
13- Cooling jacket orifice cor tion
14-Head cooling jacket

15- Coolant pipe outlet

16- Coolant outlet drop pressure

29

@ -@ 17

17- Coolant pipe outlet

18- Coolant pipe outlet

19- Coolant outlet drop pressure

20- Coolant pipe outlet

21- Engine custom FE structure (FE Struc.)
22- Heat transfer coefficient (HTC) between 9 and 21
23- HTC between 14 and 21

24- HTC between 15 and 21

25- HTC between 18 and 21

26- HTC between 21 and the ambient

27- Ambient temperature

28- HTC between 21 and 27

29- HTC between 8 and 21

30- HTC between 2 and 21

31- HTC between 5 and 21

1B =

J =l 3

Figure 4: Thermal model with integrated 3D FE structure.

used for the intake/exhaust valves, with given location and
normal orientation in space. The material for the head,
piston and cylinder block engine was defined as aluminum
2024-T6, while for the valves it was carbon steel.

When performing the simulations each part of the solid
domain was uniformly initialized with the corresponding
average wall temperature used in the 1D model to solve the
fluid domain. Then, the new convective boundary condi-
tions were employed to calculate by FEA the temperature
distribution in the solid. Finally, the convergence of the
full integrated domain was achieved when there were no
more cycle to cycle variations.

water jacket

Head

Coolant
pipe outlet

Coolant
pipe inlet

Block
water jacket

Figure 5: Scheme of the 3D cooling circuit of the engine
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Figure 6: Meshed computational domain employed for the FIM.
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Table 2: 3D Mesh data of the thermal model.

FE element Nodes Cells Boundaries
Head 47859 194199 22
Intake Valves 1567 5701 4
Exhaust Valves 1489 5383 4
Piston 2223 8039 6
Cylinder block 50069 226632 6
Total 103207 431926 42

4. Results and discussion

This section presents the most important results ob-
tained with the above described approach. In order to
evaluate the accuracy of the 1D-3D fully integrated model
(1D-3D FIM), the simulated results were compared with
available experimental data for the studied ICE. In addi-
tion, a thermal analysis was carried out for the solid engine
parts.

4.1. Combustion validation

The 1D engine model was initially calibrated consider-
ing isothermal walls. By integrating the FE structure in
the model, the heat transfer inputs and the boundary con-
ditions changed. This new model had to be validated also.
The pressure traces obtained with the simple 1D model
on the one hand, and with the 1D-3D FIM on the other
hand, are compared to the experimental data in Fig.
The experimental in-cylinder pressure was measured with
convectional sensors and more details about the experiment
can be found in [44].

7 T T T T
Experiment(all cycles)
= Experiment(avg. cycles)
6 [| — 1D Model Simulated 1
= Full Model Simulated

In-Cylinder Pressure [MPa]
%] w £ (5]

-

80 60 40 20 0 20 40 60 80
Crank angle [cad aTDC]

Figure 8: Calculated and measured in-cylinder pressure traces.

The pressure trace of the 1D decoupled model (blue
line) is over-predicted with respect to the mean experi-
mental one (black line), with a maximum difference of 3.9
% (2.2 bar). On the contrary, the simulated in-cylinder
pressure obtained with the coupled model (red line) is
under-predicted by about 3.9 % (2.2 bar) also at peak pres-
sure. However, the calculated values with both approaches
(1D-model and 1D-3D FIM) fall within the experimental
dispersion of the measurements, represented by the grey
shadowed area on Fig.

Cycle-to-cycle variations (CCV) between successive
combustion events are often present in SI engines [45]
as indicated in the literature [46, [47] and they occur due
to variances in the burn rate for each consecutive cycle



[48]. In this regard, the GT-SUITE combustion model is
not able to predict the cyclic dispersion that characterizes
SI engines, so that only the average in-cylinder pressure
trace (black line) can be considered as reference for the
comparison.

4.2. Heat transfer analysis

To determine the suitability of the approach to evaluate
the heat transfer in the engine, a heat transfer analysis was
performed. Fig. [0] shows the comparison of the calculated
values of temperature and heat transfer coefficient (HTC) of
the gas in the combustion chamber with values determined
from experimental conditions by an in-house predictive
calculation tool [41], [49]. Both traces have similar trends
and values during the combustion process. The 3D-FIM
temperature is higher for most of the cycle. However, the
trend is not so clear for the HTC, which is higher for
the experimental one before TDC and lower during the
expansion stroke. The figure shows a lag between the two
HTCs. This difference may be due to the fact that the
combustion chamber is simplified to a 1D model in the
3D-FIM approach.
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Figure 9: In-Cylinder gas temperature and heat transfer coefficient
(HTC).
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Figure 10: Normalized heat transfer (top) and heat transferred (bot-
tom) through the combustion chamber walls.

To better understand these differences, the heat balance
was compared with that obtained with a CFD-CHT simula-
tion of the same engine, whose results were validated with
the experimental data available [35]. The comparison is
presented in Fig. Higher total heat transfer is observed
in the results of the 3D-FIM model. When considering the
heat transfer through the components walls, the 3D-FIM
model yields higher values for the cylinder head and liner
than the CFD-CHT. On the contrary, the heat transferred
through the piston is higher in the CFD-CHT case. How-
ever, it is remarkable that the heat transfer distribution
through the combustion chamber walls is similar for both
models, with the highest difference observed in the piston.
The differences in the heat balance between both mod-
els are presented in Table [3] The percentage error was
determined by equation

Tref

Error = (1 —
T1D—3D

) 100 (1)

where .5 is the variable related to the reference value
(CFD-CHT), while z1p_3p is referred to the 1D-3D FIM.



Table 3: Heat transferred through the combustion chamber walls.

Wall CFD-CHT [J] GT-SUITE [J] Diff [%]
Piston 41.34 39.96 3.32
Liner 31.89 33.91 -6.34
Head 44 .88 47.23 -5.24
Total 118.10 121.10 -2.54

‘ —*— Pjston —*— Head Liner —*—Int. Valves —*— Exh.VaJves|
900 T T ‘ T ; ;

800

~
o
(=3

Temperature [K]
D
=3

B
o
o

300 1 1 L 1
0 0.2 04 0.6 0.8 1 1.2 14

Time [s]

Figure 11: Convergence of the temperatures at the gas exposed
surfaces in the combustion chamber.

4.8. 38D FFE engine components thermal analysis

The temporal evolution of the temperatures at the
surfaces of the various engine components exposed to the
combustion gas are plotted in Fig. as these are bound
to be the hottest walls. All the solid surfaces of the engine

reached steady state very quickly, after about 0.6 seconds.

Clearly, the surface temperatures are very different in each
component. The hottest temperature (about 770 K) is
reached in the carbon steel exhaust valves, followed by the
intake valves (about 620 K). The piston top and the head
surface converge at a very similar temperature of about
450 K, while the liner remains at the coolest temperature
of about 390 K. The significant temperature difference
between the valves and the rest can be explained by the
different thermal properties of the materials, and by the
cooling of the piston and head.

The temperature distribution in the various solid parts
of the engine are analysed next. Figures to show
the spatial distribution of the temperature on the various
engine components.

As expected, the surface exposed to the gas is the
hottest wall of the cylinder head (Fig. [12)). The temper-
ature distribution on this surface shows that the highest
temperatures are located near the exhaust ports. These
are refrigerated internally by the cooling liquid, and hence,
the temperature is getting lower at the exhaust outlet. The

coldest parts of the solid head are located at the inlet of the
intake manifold in the regions exposed to the ambient and
the cooling oil. Finally there is a significant temperature
difference of about 120 K between the hottest (473 K) and
the coolest parts (356 K).

Temperature [K]
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Figure 12: Temperature distribution in engine head.
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Figure 13: Temperature distribution in engine valves.

Fig. shows the temperature distribution in the four
engine valves. The two intake valves have exactly the same
distribution and the surfaces in contact with the combustion
gas have the highest temperatures reaching up to 625 K.
The maximum temperature difference is of the order of 250



K, with a minimum temperature of about 373 K in the
valve guides. The two exhaust valves also present identical
temperature distribution, where the hottest surface (773
K)is the one in contact with the chamber gas and the
coldest (373 K) is in the guide valves. In this case the
highest temperature difference is about 400 K.
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Figure 14: Temperature distribution in engine cylinder.

The spatial temperature distribution in the engine cylin-
der is shown in Fig. The hottest regions are located
in the liner part closest to the head, which is part of the
combustion chamber. The coolest regions are the surfaces
exposed to the ambient and closer to the inlet of the coolant
jacket. The maximum temperature difference in this com-
ponent is about 80 K, with the highest in the domain
reaching 422 K and the lowest at 344 K.

The engine piston is one of the most complex parts of
an ICE in terms of heat transfer. Indeed, it moves during
the cycles and it is surrounded by several fluids, such as
the coolant oil and the combustion gas. In addition, the
piston is provided with segment rings, which transfer heat
by means of mechanical friction due to the movement. This
friction was modeled using standard values of the software
[39]. Fig. shows that the spatial temperature distribu-
tion on the piston is in good agreement with some literature
results[36], [50]. The hottest wall is the gas exposed surface,
while the coldest walls are in the coolant oil cavity. Similar
results in spatial temperature distribution have been found
with full CEFD-CHT calculations [37]. However, due to the
simplifying assumptions made for the 1D models described
in this work, some local effects such as hot spots on the
surfaces cannot be predicted with the same accuracy as the
full 3D CFD-CHT. Nonetheless, the 1D-3D FIM allows es-
timating mean temperature values on the surfaces. In this

10

case, the maximum temperature value on the engine piston
is approximately 440 K, while the minimum is about 382
K, i.e the lowest temperature difference of all components,
about 60 K.

Temperature [K]
3819
3845
3870
3895
3920

Figure 15: Temperature distribution in engine piston calculated with
FIM model.

The results obtained for the piston of the SI engine with
the 1D-3D FIM are compared with the solution of a full
3D calculation, where CHT was applied to the same solid
piston and for the same operation point. This calculation
was performed with the program CONVERGE and with
settings previously used in CHT simulations of the same
engine [37]. In order to set adequate boundary conditions,
the piston was divided in five parts also, as indicated in
Fig. [71 Boundary conditions for the piston ring, skirt
and oil cavity were estimated from literature correlations.
The spatial temperature distribution in the solid piston
obtained with the CHT is shown in Fig. As may be
observed, the temperature distribution is very similar and
of the same order of magnitude as the one calculated with
the 1D-3D FIM (Fig. [15)).



Figure 16: Temperature distribution in the solid piston calculated
with full CEFD-CHT simulation.

To further illustrate the similarity of the results, the
average temperatures calculated with both models in the
different piston regions are compared in Table @ In the
1D-3D FIM these values are determined by averaging the
spatial temperature distribution on each surface.

Clearly, both models yield very similar results with a
maximum difference in temperature of less than 5% at the
piston ring. Due to the friction between the piston and
the liner, it is possibly the most complicated region of the
piston. To define accurately the boundary conditions in this
zone, more advanced tribology models may be required.

Though both models show very similar results, the
calculation times are significantly different. In the case
of the CFD-CHT, several cycles iterations are necessary
to converge the model and further calibration settings in
the solid region may be necessary at each cycle. Hence,
these calculations take several days, or even weeks depend-
ing on the processors available. By comparison, the fully
integrated model allows obtaining a spatial temperature
distribution in a few minutes only. However, when the full
CFD-CHT simulation is necessary, the 1D fully integrated
model presented here may provide accurate thermal bound-
ary conditions for the diverse solid parts of the engine.
This would help save significant calibration and computing
time.

Table 4: Boundary conditions on piston for CHT calculations.

Solid 1D-3D model CHT model Percentage
surface Avg. T [K] Avg. T [K] error [%)]
Piston top 429.7 433.3 0.9
Piston crown 426.1 432.8 1.5
Piston skirt 401.7 409.2 1.8
Piston ring 396.5 414.1 4.3
Piston oil 398.6 405.9 1.8

4.4. Engine efficiencies
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The experimental engine volumetric, combustion and
indicated efficiencies were calculated using the experimen-
tal data [44] with the following expressions:

Volumetric efficiency

_ Mair

- 100

= 2
p-Vr @)
where my;, is air mass filled into the combustion cham-
ber at IVC, p is the density of the air upstream and Vp is
the maximum volume of the cylinder.

Tlvol

Combustion efficiency [51]

Neomb = <1 - > -100 (3)

where m g represents the mass of unburned HC emis-
sions, mco is the mass of CO and myye is the injected fuel
mass.

mpc . mco
Miyel 4- Miyel

Indicated efficiency

w
Mtyel * Cp

= 100 (4)
where W is the indicated work of the engine, and Cp
is the calorific power of the fuel.

Finally, the errors between the experimental and the
1D-3D FIM efficiencies were calculated with equation
were s is referred to the experimental values.

Table [f] presents the experimentally estimated engine
efficiencies and those obtained with the 1D-3D FIM. It
shows differences of 6.2 %, 1.8 % and 4.0 % in the volumet-
ric, combustion and indicated efficiencies respectively. The
major difference between both models is on the volumetric
efficiency. This may be due to several reasons that may
affect the 1D-3D FIM results: the simplified meshing of
the intake pipes, the values of the discharge coefficients
that may not be very accurate, and some differences in the
combustion chamber volume due to the 1D simplification.
Nonetheless, the tolerance is acceptable, considering that
the SI engine has some significant experimental dispersion
that cannot be estimated by the model.

Tlin

Table 5: Engine efficiencies.

Exp. [%] GT-SUITE [%] Diff [%)]
Vol. efficiency 77.0 81.8 6.2
Comb. efficiency 96.3 98.0 1.8
Ind. efficiency 43.0 41.3 4.0




5. Conclusions

Accurate prediction of the heat transfer in a combustion
engine is of great interest nowadays to help improve its
thermal efficiency. For this it is important to consider all
the systems included in the engine, such as the cooling and
oil refrigeration circuits.

3D CFD-CHT numerical approaches appear to be one
of the most useful tools to predict the heat transfer in
ICEs. However, they are quite complex to set up and
require excessively long computational times, which renders
them quite costly. For this reason, the cooling systems are
usually not included in the calculations, replaced instead by
estimated boundary conditions based on empirical relations,
that may not be accurate enough.

In this paper a fully integrated 1D-3D new approach
(FIM) has been presented that allows calculating the heat
transfer and the temperature distribution in the various
solid engine elements accurately and very rapidly. The
methodology couples the fluid and solid regions by solving
the gas flow in the engine by 1D modelling and the solid
components with a 3D FEA. Moreover, the coolant jacket
and the oil for the refrigeration of the head and the engine
cylinder block are also taken into account, so that more ac-
curate results can be obtained. These coupled calculations
take only a few minutes once the model has been properly
calibrated.

First, the FIM model has been validated against experi-
mental measurements, proving that the in-cylinder pressure
trace obtained is within the experimental dispersion of the
engine. Then the approach has been employed to calculate
the heat transfer through the combustion chamber walls
and the temperature distribution in all the solid parts of
the engine, such as the head, the intake/exhaust valves,
the piston and the cylinder block. The results of the heat
transfer analysis thus estimated have been compared with
the ones obtained from an accurate CFD—CHT simulation
and a maximum difference of about 6% has been observed
between both methods.

Moreover, very good agreement between both methods
has been found in terms of spatial wall temperature distri-
bution on the piston. Hence, the results presented in this
work suggest that the 1D-3D FIM methodology may be
of great advantage at design stage to estimate rapidly the
heat transfer through the different engine components, and
the wall temperature distribution in the solid parts with
accuracy.

Additionally, the temperature distributions calculated
for the engine components can be employed to define well-
estimated boundary conditions for more complex and ac-
curate CFD-CHT calculations, which are sometimes neces-
sary. Indeed, though this type of 3D simulation tends to
be costly, it is particularly useful to study local thermal
effects which might produce knock in the SI engine. And
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also to assess the transient evolution of the temperature
in engines insulated with some smart coating of the kind
used to reduce heat losses. This is not possible with the
steady state approach described in this paper.

Finally, the engine efficiencies predicted by the 1D-3D
FIM model are reasonably close to the experimental values,
especially considering all the simplifications made in the
1D-3D FIM. However, in future work, it may be interesting
to develop a more advanced and complex model to help
increase the accuracy of the FIM results.
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