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Abstract

The goal of this thesis is to validate a GT-SUITE model of a 3.0L: diesel engine through a series of
steady-state tests. The starting point is the comparison between two versions of the same engine
model. The first model is equipped with an After-Treatment System (ATS), while the second is
not.

The first engine model uses a map of convective heat transfer coefficients, whose values lack
physical consistency, as they deviate significantly from experimental data. This map has been
adopted to achieve an accurate prediction of the tailpipe exhaust gas temperatures, which serve
as boundary conditions for the ATS. In contrast, the second engine model does not include
this map and instead adopts a single convective heat transfer coefficient. This coefficient has a
more physically consistent value but results in an overestimation of the exhaust gas temperatures
compared to the experimental data.

This thesis focuses on the second engine model, with the aim of refining it to better predict
the exhaust gas temperatures, while simultaneously adopting calibration parameters that remain
physically consistent.
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Chapter 1

Introduction

1.1 The concept of ”Digital Twin”

Nowadays one of the main challenges is the reduction of the pollutant emissions, which are se-
riously threatening the enviromental balance. For this reason the legislative restrictions about
them are becoming more and more rigorous. A great responsibility lies with the automotive in-
dustry, which is working hardly to comply with these limitations, developing new technologies
and refining those that already exist. A very important strategy by which it is possible to reach
these goals concerns the so called ”Digital Twin”, i.e. the digital version of a real system that
tries to reproduce as much as possible the functioning and the outcomes of the latter. In this
way, it is possible to carry out tests and studies directly on this virtual system, without resorting
to a real one. The advantages are mainly a more effective development and a greater ease of
optimization, since having a system within a specific software gives more margin of control and
problem solving. Furthermore, a relevant percentage of economical and energetic resources can
be saved, thanks to the possibility of avoiding a real system and its complex experimental setup.
The hard task is to ensure that the virtual system has the highest possible level of fidelity to the
reality, not 100 % achievable, but surely a notable approach can be obtained. This thesis focuses
on this type of task, evaluating the digital twin of a diesel engine.

Figure 1.1: Illustration of ”Digital Twin” concept [1].

1.2 Engine and testing conditions

The engine used in this work is a 3.0L diesel engine, suitable for Light Commercial Vehicles (LCV)
application. The main technical specifications of this engine are reported in Table 1.1. It is a quite
recent diesel engine, compliant to the Euro VI legislation and equipped with all the almost default



systems for a compression ignition engine, i.e. the high-pressure Common Rail, the Exhaust Gas
Recirculation (EGR) and the Turbocharger.

This engine can be subjected to various types of tests. The typology of test on which this thesis is
based concerns the steady-state condition. This means that the engine was run imposing working
points which are independent of time. The tests were performed in a specific experimental test
bench, and their results are taken as the experimental data set of reference. More details about
these steady-state tests, in particular about their working points, will be provided in the next
chapter.

Engine technical specifications

Engine type Furo VI diesel engine

Number of cylinders 4

Valves per cylinder 4

Total displacement 2998 cm?

Bore x Stroke 95.8 mm x 104 mm

Rod length 160 mm

Compression ratio 17.5

Fuel injection system High-pressure Common Rail
EGR type Short-route, equipped with cooler
Turbocharger type VGT

Exhaust flap valve Positioned at the turbine outlet

Table 1.1: Essential technical specifications of the engine.

1.3 Software used

The digital twin of the diesel engine is implemented in GT-SUITE environment, a specific software
for the modeling and simulation of internal combustion engines and much more. In fact, this
software is aimed at many areas of the engineerig fields, allowing to perform a large variety of
actions, from the concept design to the detailed system analysis [2].

GT-SUITE software is made up of many applications. In this thesis two of them will be used, that
are GT-ISE and GT-POST. The first is the main model builder, exploited for the interaction with
the engine model blocks, with the possibility of building new ones and modifying them by the
change of the related parameters. Regarding GT-POST, it is the software application in which
the simulation of the GT-ISE model can run, allowing to consult all the outcomes related to every
model block.

In this thesis, the results of each simulation are extracted from GT-POST and are collected in
Microsoft Excel environment, ordering them into tables. Then these data are imported in MAT-
LAB software, by which specific diagrams are made, to visualize and analyze all the outcomes.
Therefore, for the post-processing of the results, once each simulation has been run, the following
procedural logic is adopted to obtain all the plots shown in the next chapters:

GT-POST — Excel - MATLAB

Regarding the experimental results, they were provided directly by an Excel table. There are a
large amount of quantities, and only the ones considered are imported into MATLAB, to make
the comparison with the corresponding quantities supplied by the engine model.

1.4 Thesis goal

This thesis starts with the analysis of two versions of the same engine model: a version equipped
with After Treatment System (ATS) and a version not equipped with ATS. These two models



will be deeply described and the results of the initial simulation for each engine model will be
examined. Then the two models will be compared, exploring all their differences, beyond the
one related to the presence of the ATS. There will be an important difference that will lead to
discard the engine model with ATS and to focus exclusively to the other model, studying the
effect of some important GT-ISE parameters and understanding how to guarantee to the model
a better estimate capability of the experimental quantities. This work will be performed giving
to the model a physical consistency, i.e. respecting the limits imposed by the physics within the
blocks that define the model itself. Finally, to observe the variation between the original and final
versions of the engine model without ATS, there will be a final comparison about each engine
quantity.



Chapter 2

Description of the two engine models
and initial simulations

2.1 Engine model with ATS

Starting from the engine model with the After Treatment System (ATS), it is possible to observe
the entire configuration in Figure 2.1. The first feature of the model to consider is the large
amount of detail, highlighted by the great number of GT-ISE blocks. This provides to the model
greater possibilities to get closer to a real engine but at the same time gives it a higher level of
complexity.
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Figure 2.1: Engine model with ATS: full view.

It is necessary to take into account two subsystems to describe the whole engine configuration:
the part at the ATS upstream, reported in Figure 2.2, and the ATS itself, shown in Figure 2.3.
Since the first subsystem has a fundamental role in this thesis, especially about the comparison
with the other engine model, it will be accurately analyzed. In fact, all its main parts will be



described, starting from the group that includes the cylinders, the valves, the injectors, and the
manifolds. Then the part which regards the kinematics and the rigid dynamics of the engine
will be illustrated, that is the engine cranktrain. The Exhaust Gas Recirculation (EGR) with its
control, the turbo group with the Variable Geometry Turbine (VGT) control, and the intercooler
will also be shown.

Regarding the ATS model, it has been carefully developed in [3] and since the thesis does not
focus on it, a brief description will be reserved for it.

Figure 2.2: Engine model with ATS: ATS upstream view.
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Figure 2.3: Engine model with ATS: ATS view.

2.1.1 Cylinders, valves, injectors and manifolds

Among the ATS upstream subsystem the first group of blocks that can be described is made up
of the four cylinders, the sixteen valves, the four injectors and the two manifolds, i.e. the intake
and the exhaust ones. This group is shown in Figure 2.4. Every block, in GT-ISE called ”part”,
belongs to a specific "object”, that is the reference element which defines the properties of all
the related parts. In Figure 2.5 it is possible to observe the engine cylinder object, that provides
all the features which the four cylinders, hence its parts, must have. In the main section of this
object, there are different fields, each one with a precise property. It is worth examining the
most important ones. First of all the Initial State Object, which specifies the initial conditions
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Figure 2.4: Cylinders, valves, injectors and manifolds.
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Figure 2.5: Engine cylinder object.

inside the cylinder, i.e. the initial pressure, the initial temperature and the fluid composition.
In this field there is the reference object ” Boost”, in which for this engine model the pressure is
characterized by the experimental boost values case by case, the initial temperature is of 40 °C
and the fluid composition is that of the air. The next field concerns the wall temperature of the
cylinder, which in this case is defined by a reference object, called ” Wallheat”. This object will
be carefully analyzed in one of the next chapters. For the moment it can be briefly described
as the object that defines the geometry and the materials of the cylinder liner, the head, the
valves and the piston. Furthermore, it determines the coolant boundary conditions, therefore
the thermal properties of the coolant and the oil. Another important field is the Heat Transfer
Object, in which the heat transfer properties within the cylinder are specified. In particular, the
heat transfer model that has been chosen in this case is the Hohenberg one, which is suitable for
direct injection diesel engines. In fact, it predicts very accurately the in-cylinder heat transfer
for this type of engine. Then there is the Flow Object field, which shows the flow features inside
the cylinder. The piston cup geometry is specified, and the tumble, the swirl and the turbulence
properties are indicated. Finally, the last field that is worth analyzing is the Combustion Object,
which characterizes the in-cylinder combustion model. All the main properties of the compression
ignition are in this object, for instance the ignition delay, the premixed combustion rate and the
diffusion combustion rate, predicting also the associated emissions.

Regarding the valves, there are eight intake valves and eight exhaust valves, defined by two objects,
one for the intake group and the other for the exhaust group. In these objects the timing, the lift
profile and the flow characteristics of the valves group are determined.

Another important group of parts is that of injectors, defined by a single object reported in
Figure 2.6. Some sections can be observed, and in the figure the fluid one is selected, in which,
considering the engine type, the injected fluid is diesel. Then there is the nozzle section, where
the geometry of the injector nozzle is defined, and two last sections on the right determine the
profiles of injection. These will be explained more in detail in the fourth chapter.
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Figure 2.6: Engine injector object.
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Figure 2.7: Flow volume with general geometry: intake manifold object

Finally, there are the intake and exhaust manifolds, which are defined by the same type of object,
i.e. the flow volume with general geometry. Of course, two distinct objects are used, due to the
different properties and conditions about the intake and exhaust environment. In Figure 2.7 the
object related to the intake manifold is shown. Some sections can be noted, and in the main one
the geometry and the initial conditions are defined. It is possible to observe that there is the
same Initial State Object met inside the cylinder object, and it refers to the boost conditions.
Subsequently, in Thermal section the wall material and its thermal properties are determined,
and this section, about the Exhaust Manifold, will cover a very important role in this thesis.
Therefore, it will be deeply explored in the next chapters. Then there is the Pressure Drop
section, where the pressure losses due to friction are defined. Finally, about the Boundary data
section, the parts contiguous to the manifold and their spatial positioning are specified within it.

2.1.2 Engine cranktrain

The part that holds the kinematics and rigid dynamics of the engine is the Engine Cranktrain,
which is possible to observe in Figure 4.24. The related object is made up of some sections, as it
can be seen in Figure 2.9. The Main section treats the engine type, in this case a four-stroke, and
the speed or load specification, in which the prescribed quantity in the simulation is specified.
In this engine layout the appointed quantity is the speed, and so the corresponding engine load
variation is computed. Then there is another important field, which is the Engine Friction Object,
where the parameters of the engine friction model are specified. GT-SUITE uses the Chenn-Flynn
engine friction model, based on this relation:

FMEP = A+ B -ppaz +C-u+ D -u? (2.1)

where:



A: FMEP constant term [bar]

Pmaz: Maximum cylinder pressure [bar]

e B: maximum cylinder pressure coefficient [-]

e u: mean piston speed [m/s]

e (': mean piston speed coefficient [bar/(m/s)]

e D: mean piston speed squared coefficient [bar/(m/s)?]

For what regards the angle in which the cycle starts, the value is of -140 °CA. Then in the other
sections the details about the cylinder geometry, the firing order, which is the typical one of a four-
cylinders engine, i.e. 1-3-4-2, with evenly spaced cranks, the reference density for the calculation
of the engine volumetric efficiency, which is that of the air, the engine effective rotating inertia
and the loads acting on bearings can be found.
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Figure 2.8: Engine cranktrain.
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Figure 2.9: Engine cranktrain object.

2.1.3 EGR control

An important part of the engine model is the Exhaust Gas Recirculation (EGR) and the related
control, which is of closed-loop nature. The latter is a very crucial part of this engine configuration
and it is worth focusing on it. The EGR control is carried out by the part called ” ControllerEGR”
that can be observed in Figure 2.10. In practice, this block receives two feedback variables, one
from " EGR-cooler-17, i.e. the EGR mass flow rate, and the other from the first intercooler block,
reported in Figure 2.17(a), i.e. the air mass flow rate.

The logic with which the block operates is this: the current EGR fraction can be obtained from
the two feedback variables , and subtracting it to the target one the corresponding EGR fraction
error is computed. The goal of the EGR controller is to ensure a small EGR fraction error, and
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Figure 2.10: Exhaust Gas Recirculation control.
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Figure 2.11: EGR valve controller object.

for doing this the variable on which it acts, i.e. its output, is the orifice diameter of the EGR
valve, called " EGR-Throttle-EXH”. The target EGR fraction is the first field of the Main section
of the EGR valve controller block, reported in Figure 2.11. There is a three-dimensional map,
named ” RLTEGRMap” , which has the EGR fraction as a function of the engine speed and BMEP.
It is possible also to note the field called ” Flow connection part”, where the part on which the
controller acts is specified, i.e. the EGR valve.

2.1.4 Turbo group and VGT control

Comptessor

Pressure-1

Figure 2.12: Turbo group.

The turbo group is a very detailed subsystem of the engine model, made up of various blocks, as it
can be noted in Figure 2.12. It is possible to start from the two green blocks, which represent the



external thermodynamic environments. The ” 180” block defines the thermodynamic conditions
at the compressor upstream, in which there are the cabin pressure and temperature, very similar
to the typical environmental conditions, and the reference fluid is the air. Instead the ” Back-
Pressure-1” block contains the thermodynamic conditions at the turbine downstream, where the
pressure is the same of the compressor upstream, but the temperature is much higher, with a
value of 350 °C, and the fluid composition is that of the exhaust gases.

Before describing the compressor, there are some blocks useful to connect in a realistic way the
compressor itself with the external upstream environment, and they are two orifices and one pipe.
Within the compressor block there are many fields. First of all, the type of compressor is speci-
fied, in this case radial. Then the main dimensions are indicated, the reference thermodynamic
conditions and the compressor map data are specified. The map identifies the operating charac-
teristic of the compressor and is made up of four group of data, which are the corrected speed,
the corrected mass flow rate, the pressure ratio and the efficiency.

The compressor block is connected to the turbine one by ” T'C-shaft” block, which represents the
shaft that links mechanically and kinematically the turbine and the compressor. This block is
used to model the kinematics and dynamics of the turbocharger shaft.

Regarding the turbine, it is defined by a dedicated block, with the same settings typology of
the compressor one. However, the turbine exhibits a more complex feature with respect to the
compressor: it is a Variable Geometry Turbine (VGT). This means that a specific turbine map
corresponds to a specific rack position. Hence, varying the rack position, it is possible to change
the operational characteristic of the turbine. The variation of the rack position is actuated by
the VGT control block, reported in Figure 2.13. It is a closed-loop control like the EGR one. In
this case there is only a feedback variable, which is the pressure inside the exhaust manifold. The
target pressure is the boost one, and a three-dimensional map is exploited, made up of the boost
pressure as a function of engine speed and BMEP. The variable on which the controller acts is
the rack position. In fact, the output of the controller block is directly linked to the turbine one.

eV

Figure 2.13: Variable Geometry Turbine control.
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Figure 2.14: VGT controller object.
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Between the turbine block and the external environment of the turbine downstream there is a
greater number of blocks with respect to the compressor-external environment path. In fact, there
are three orifices and two pipes. In particular, it is worth giving attention to the central orifice,
named ” exh-Flap-1”. It regards the engine flap, and the amount of its overture is controlled by
the open-loop chain on the right(Figure 2.12). The latter is made up of three blocks: a signal
generator, a correlation block and an actuator. The signal generator, reported in Figure 2.15,
provides a signal based on a constant or dependency reference object. In this case the reference
object is a 3D map, in which there is the relative flap closing, i.e. a quantity between 0 and 1, as a
function of the engine speed and BMEP. Since this open-loop controller acts on the hole diameter
of the orifice ” exh-Flap-1”, a block that converts the flap closing signal into a diameter is needed,
and this role is covered by the correlation block, shown in Figure 2.16. This block receives as
input the generated signal and gives as output the corresponding diameter, obtained through a
one-dimensional lookup table. The latter will be carefully explored in one of the next chapters.
The block on the left side of the open-loop chain is the actuator, essential to impose the diameter
value to the flap orifice.
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Figure 2.15: Object of the flap signal generator.
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Figure 2.16: Object of the flap correlation.

2.1.5 Intercooler

A fundamental subsystem of the engine is the intercooler. The most important parts that compose
it are two pipes, shown in Figure 4.21. Their setting layouts is similar to the one of intake and
exhaust manifolds, but they are different objects. In fact, the manifolds are flow volumes, while
the intercooler objects are pipes with circular cross section. Therefore the geometry options are
different with respect to the manifolds ones. Here there is no need to specify the surface area
and volume, but rather the diameters at inlet and outlet end, the length and the discretization
length. The pipe is divided in many sub-volumes and in each one the solution quantities are
computed. The length of each sub-volume is the discretization length. Instead, the pipe object
exhibits the same settings of flow volumes about the thermodynamics, the material definition and
the pressure drop. The intercooler has a proper set of material definition and thermodynamic
properties. Finally, for what concerns the boundary data, they are not present within the pipe
object, but are a feature of the flow volumes.
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Figure 2.17: Intercooler:(a) first pipe object; (b) second pipe object.

2.1.6 After Treatment System

The After Treatment System was shown at the beginning of the section, in Figure 2.3. It is a very
complex system and only the basic structure and the main functioning will be explained. This
system is composed by three main parts, arranged in the following order: the Diesel Oxidation
Catalyst (DOC), the Diesel Particulate Filter (DPF), and the Selective Catalytic Reduction (SCR)
device. The function of the ATS applied in this propulsion system is to reduce the two typical
pollutant emission elements of the diesel engine: the nitrogen oxides (NOx) and the particulates.
This ATS is optimized for the NOx reduction, thanks to a direct model-based controller, which
uses the instantaneous value of the SCR efficiency.

2.2 Engine model without ATS

Figure 2.18: Engine model without ATS.
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This section shows the engine model without ATS. As it can be seen in Figure 2.18, the following
model seems simpler than the previous one. In fact, this configuration has not all the parts that
compose the ATS and all the blocks reserved for the monitoring of the various quantities of the
latter. The sub-systems that were described in the section of the engine model with ATS are
present also in this model. So, all the previous explanation holds for this model too. However,
there are some important differences between the two models, and one of the next chapter is
reserved for a deep analysis of them. For now it is worth discussing only about a difference that
can be noted just observing the model in Figure 2.18: the absence of the closed-loop controllers.
In fact, it is possible to see that both EGR and VGT do not have a closed-loop system, but an
open-loop chain, as the flap one. The structure is the same of the open-loop controller met about
the flap valve, i.e. a signal generator followed by a correlation block and an actuator. The effect
that these open-loop controllers have on the engine simulation will be accurately analyzed in the
next chapters.

2.3 Simulation setup

The main work that can be done with the engine models is to run simulations and observe how
much the quantities provided by the software differ from the experimental ones. Therefore, it
is necessary to provide the same testing conditions of the experimental test bench. The test is
based on the diagram shown in Figure 2.19. It is the Brake Mean Effective Pressure (BMEP) as
a function of the engine rotational speed. There are 126 points and each one constitutes a specific
steady-state test, so in the GT-SUITE language a specific case. The points cloud covers all the
operational domain of the engine, including many load and speed levels.

BMEP vs Engine speed
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Figure 2.19: Operating points in the diagram of BMEP as a function of engine speed.

To observe more in detail the features of the entire series of tests, it can be useful to look at the
diagram of the engine speed and BMEP as a function of the steady-state test number, reported in
Figures 2.20(a) and 2.20(b) respectively. The test number represents the chronological order with
which the steady-state tests were performed. For what concerns the engine speed, it is included in
a range from 850 rpm to 3850 rpm, and different intermediate values were taken. The logic is to
start from the maximum value and then decrease until the minimum one, repeating this execution
nine times. About the corresponding BMEP values, it is possible to observe that many tests were
carried out at precise load levels, and this can be noted looking at the almost horizontal trends in
Figure 2.19. From a chronological point of view, at the beginning there are high loads, for then
going to medium levels, and finally concluding with the lowest ones.
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Figure 2.20: Operating points of the engine speed (a) and BMEP (b) as a function of the test
number.

2.4 Initial simulations

This section shows the analysis of the initial simulations results. The GT-POST environment is
exploited, in which every simulation runs and once the run is finished it is possible to visualize
the outcomes of all the engine quantities. The data of the quantities considered are exported from
GT-POST to Microsoft Excel, where they are collected in tables. Then, to obtain all the related
plots, Matlab is used. Before observing the results, it is necessary to explain the method that is
used for their analysis and specify which quantities have been selected.

2.4.1 Analysis method

The aim of the results post-processing, as it was stated in the previous section, is to compare the
simulation outcomes with the experimental ones. For every selected quantity, two plots can be
exploited. The first one shows the chosen quantity as a function of the case number, meaning
that the number of the steady-state test. In this chart there are two trends, i.e. the experimental
one and the simulated one. The second type of plot exhibits the experimental quantity in the
abscissa, while the simulated one in the ordinate. Hence, a cloud of points can be obtained, and a
single point is a specific steady-state test. In this diagram two important parameters are reported,
very crucial for a quantitative comparison between the experimental and the simulated results:
the Squared Correlation Coefficient R? and the Root Mean Square Error RMSE. The first is
defined by equation 2.2.

Zk Z (Akq - A)(qu - B)

R* = (2.2)
Vo Xy (Arg — A)*(Big — B)?
where:
A= Z?nlA" (2.3)
B= Z?nl A (2.4)

It is possible to note that A and B are two matrices, both with dimension k x ¢. However, in this
case, they are algebraic vectors, with dimension n x 1, where n = 126, i.e. the number of steady-
state tests. In fact, A is the vector of the experimental values of the quantity considered, while B
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is the vector of the corresponding simulated values. Therefore, referring to the R? formulation,
A and B are two column vectors, with £k =n = 126 and ¢ = 1.

A and B are the arithmetic averages of A and B vectors, as it can be observed in the relations
2.3 and 2.4.

Concerning the Root Mean Square Error (RMSE), it is defined by the formulation 2.5, where A
and B are the same vectors considered in the R? definition.

1 n
MSE = | =Y |Bi — Aif? 2.
RMS ”;1:‘ | (2.5)

In all the plots where these two parameters are numerically shown, the corresponding Matlab
functions are exploited, ”corr2” [5] for R? and "rmse” [6] for RMSE. 2.2 and 2.5 are mathemat-
ical definitions of the Squared Correlation Coefficient and the Root Mean Square Error. From
a concept point of view, these two parameters indicate how much the simulated quantity differs
from the experimental one, in terms of correlation, provided by R2, and in terms of numerical
difference, given by RMSFE. The square correlation coefficient has a range from -1 to 1, and if
it increases it means that there is a better correlation between the simulated and experimental
quantity. Instead, the RM SE provides values that can go from zero to infinite and if it decreases
it means that the simulated quantity is closer to the experimental one.

2.4.2 Analyzed quantities

It is necessary to select the main engine quantities to perform the analysis. The list of these
quantities, whose names are directly those of department dictionary, is reported:

e FB_VAL: average fuel consumption during the test;
e mairwet: wet air mass flow rate;

e mairdry: dry air mass flow rate;

e BMEP: brake mean effective pressure;

e p_MAP_Abs: intake manifold absolute pressure;

e T_IM avg: intake manifold average temperature;

o p_ExbTC_Abs: absolute pressure of turbine upstream exhaust gases (exhaust manifold ab-
solute pressure);

e T_EM_avg: exhaust manifold average temperature;

e p_FExaTC_Abs: absolute pressure of turbine downstream exhaust gases;
e T FExaTC': temperature of turbine downstream exhaust gases;

e PMAXi: maximum pressure of cylinder i combustion chamber;

e IMEPi: net indicated mean effective pressure of cylinder i;

e IMEPHi: gross indicated mean effective pressure of cylinder i;

e IMEPLi: pumping mean effective pressure of cylinder i;

e TFMEPi: total friction mean effective pressure of cylinder i;

e N_turbo: turbo angular speed;

e Xr_ CO2: EGR percentage;
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e PCR_pDesVal: boost pressure;
The goal is to obtain an initial overview of the main engine quantities. In the next chapters

further quantities will be analyzed, to go more in detail and improve as much as possible such
overview. However, for now the listed quantities will be examined.

2.4.3 Initial simulation of the engine model with ATS
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Figure 2.21: Average fuel consumption during the test of engine model with ATS: (a) exper-
imental FB_VAL and simulated FB_VAL as a function of the case number; (b) bisector plot of
experimental FB_VAL and simulated FB_VAL.

Starting with the engine model with ATS, the results of the initial simulation can be observed. No
modification has been introduced within the GT-ISE model, and the aim is to look at the behavior
of the simulated quantities. The first is the average fuel consumption during the test FB_VAL,
reported in Figure 2.21. It can be immediately noticed that the experimental and simulated trends
overlap, reaching a very good level of correlation and a very small value of RM SE. This actually
is due to the imposition of the experimental injected fuel mass per pulse inside the injector object
of GT-ISE model, which leads to have a simulated fuel flow rate roughly equal to the experimental
one.

Subsequently, it is possible to observe the wet and dry air mass flow rates, shown respectively in
Figure 2.22 and 2.23. The comparison between the simulated and experimental trend, both for
wet and dry air mass flow rates, gives very good results. GT-POST gives only a type of air mass
flow rate, which does not take into account the humidity. So, the air mass flow rate provided by
GT-POST must be considered as the total air mass flow rate, which in reality coincides with the
wet air mass flow rate and must be compared with the latter. Therefore, the simulated dry air
mass flow rate must be computed, and this can be carried out using the relation 2.6.

mairwet [%} mairwet [%} - Habs,avg [k%}

3.6 3600
The term Hps 404 is the average absolute humidity, obtained by performing the arithmetic average
of the absolute humidity vector, present in the experimental data sheet. This array includes the
experimental values of the absolute humidity case by case, so it has dimension 126 x 1. However,
the values between the cases do not differ much, so it is suitable to rely on an arithmetic average.

(2.6)

mairdry E} =
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Figure 2.22: Wet air mass flow rate of engine model with ATS: (a) experimental mairwet and
simulated mairwet as a function of the case number; (b) bisector plot of experimental mairwet
and simulated mairwet.
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Figure 2.23: Dry air mass flow rate of engine model with ATS: (a) experimental mairdry and
simulated mairdry as a function of the case number; (b) bisector plot of experimental mairdry
and simulated mairdry.
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Figure 2.24: Brake mean effective pressure of engine model with ATS: (a) experimental BMEP
and simulated BMEP as a function of the case number; (b) bisector plot of experimental BMEP
and simulated BMEP.

Another important quantity to analyze is the Brake Mean Effective Pressure (BMEP), shown in
Figure 2.24. It globally follows the corresponding experimental data in an acceptable manner.
The only aspect is that, at high loads, there is a slight underestimation. Actually, also at the
lowest loads, the simulated BMEP is lower than the experimental one, but the difference is minor.
Now, the thermodynamic quantities related to the intake manifold must be analyzed, i.e. the
absolute pressure and the average temperature. The first is reported in Figure 2.25, where it is
possible to note that there is a very good behavior of the simulated trend. Instead, observing the
intake manifold temperature in Figure 2.26, the simulated plot does not follow in a good way the
experimental trend. This is probably due to the effect of EGR, which determines a more complex
thermodynamics of the intake manifold gases, difficult to model.
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Figure 2.25: Intake manifold absolute pressure of engine model with ATS: (a) experimental

p-MAP_Abs and simulated p_MAP_Abs as a function of the case number; (b) bisector plot of
experimental p_MAP_Abs and simulated p_MAP_Abs.
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Figure 2.26: Intake manifold average temperature of engine model with ATS: (a) experimental
T_IM_avg and simulated T_IM_avg as a function of the case number; (b) bisector plot of experi-
mental T_IM_avg and simulated T_IM_avg.

In terms of the thermodynamic quantities inside the exhaust manifold, hence the absolute pressure
and the average temperature of the exhaust manifold, they are shown respectively in Figure
2.27 and Figure 2.28. Regarding the absolute pressure, it is possible to note that there is an
overestimation of this quantity by the engine model, in particular on the upper peaks, for each load
level. In fact, this is confirmed by looking at the RM S E value, which is quite high. In contrast, the
simulated average temperature of the exhaust manifold is much closer to the experimental values.
In some parts of the diagram there is a slight overestimation, while in others an underestimation.
The reason for this inconsistency between the behaviors of the pressure and the temperature
inside the exhaust manifold will be explained in more depth in the next chapters.

Absolute pressure of turbine upstream exhaust gases Absolute pressure of turbine upstream exhaust gases

3500 3500
Experimental p_ExbTC_Abs —_ 2 o
—— Simulated p_ExbTC_Abs g R® = 0.994 %00 e
= 30001 £, 3000 RMSE =160.811 mbar °
3 2 o Q,@
= < ® §
& 2500 12500 -
3 © &0
= o
< £ @,
| x 9
2 2000 " 2000 o°§
< o
] 2
d 5,
1500 - S 1500
E
»n
1000
1000 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 20 40 60 80 100 120 140 1000 1500 2000 2500 3000 3500
Case number [-] Experimental p_ExbTC_Abs [mbar]
(a) (b)

Figure 2.27: Absolute pressure of turbine upstream exhaust gases of engine model with ATS:
(a) experimental p_EzbTC_Abs and simulated p_ExzbTC_Abs as a function of the case number;
(b) bisector plot of experimental p_ExbTC_Abs and simulated p_ExbTC_Abs.
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Figure 2.28: Exhaust manifold average temperature of engine model with ATS: (a) experimen-
tal T_EM_avg and simulated T_-EM_avg as a function of the case number; (b) bisector plot of

experimental T_EM_avg and simulated T_FEM_avg.

The Figures 2.29 and 2.30 show respectively the absolute pressure and the average temperature
of the exhaust gases at turbine downstream. The first quantity exhibits better behavior than the
absolute pressure of the gases inside the exhaust manifolds, as it can be seen by looking at the
RMSFE value, which is lower. On the peaks at high loads there is a slight overestimation, but
globally the simulated quantity follows in a good manner the experimental trend. Regarding the
temperature, the same reasoning carried out for the temperature of the exhaust manifold gases

holds.
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Figure 2.29: Absolute pressure of turbine downstream exhaust gases of engine model with ATS:
(a) experimental p_FzaTC-Abs and simulated p_EzaTC-Abs as a function of the case number;
(b) bisector plot of experimental p_EzraTC_Abs and simulated p_EzaTC_Abs.
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Figure 2.30: Temperature of turbine downstream exhaust gases of engine model with ATS: (a)
experimental T_FzaTC and simulated T_EzaTC as a function of the case number; (b) bisector
plot of experimental T_EzraTC and simulated T_ExzaTC.

Now, it is necessary to analyze the quantities related to the single cylinder. For all the cylinders
the quantities were explored, but in this thesis only the ones related to the third cylinder are
shown, due to their better behavior in following the experimental trends. It must be specified
that the R? and RM SE values do not differ so much from each other, but the third cylinder gives
the best results and so it is worth analyzing them. First of all, there is the maximum pressure
inside the combustion chamber, reported in Figure 2.31. A certain underestimation can be seen
on the upper peaks at high loads, bringing gaps of also 10 bar. This difference reduces with the
next engine model. Then the net indicated mean effective pressure is illustrated in Figure 2.32.
It is worth remembering what is this quantity: it is the integral of the in-cylinder pressure signal
over the entire cycle. Hence, thinking in terms of crank angle and considering that the engine
studied is four-stroke, it coincides with the subtended area of the pressure plot as a function of
the crank angle from 0 °C'A to 720 °C A.

It can be noticed that at high loads there is an underestimation of the IMEP.
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Figure 2.31: Maximum pressure of cylinder 3 combustion chamber of engine model with ATS:
(a) experimental PMAX3 and simulated PMAXS as a function of the case number; (b) bisector
plot of experimental PMAX3 and simulated PMAXS.
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Figure 2.32: Net indicated mean effective pressure of cylinder 3 of engine model with ATS: (a)
experimental IMEP3 and simulated IMEPS3 as a function of the case number; (b) bisector plot
of experimental IMEPS3 and simulated IMEPS3.
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Figure 2.33: Gross indicated mean effective pressure of cylinder 3 of engine model with ATS:
(a) experimental IMEPHS3 and simulated IMEPHS as a function of the case number; (b) bisector
plot of experimental IMEPHS3 and simulated IMEPHS.

In Figure 2.33 the gross indicated mean effective pressure of cylinder 3 is shown. This type of
mean effective pressure coincides with the subtended area of the in-cylinder pressure signal over
the compression and expansion phases. Hence, thinking again in terms of crank angle, it is the
integral of the in-cylinder pressure as a function of the crank angle from 180°C'A to 540°C'A.
This quantity is linked to the net indicated mean effective pressure. In fact, the relation for
Turbo-Charged four-stroke engines (2.7) holds.

IMEP =IMEPH +IMEPL (2.7)

where IMFEPL represents the pumping losses and it is defined as the integral of the in-cylinder
pressure signal as a function of the crank angle over the intake and exhaust phases, i.e. in the
ranges 0°C'A - 180°C'A (intake) and 540°C'A - 720°C'A (exhaust). This quantity will be examined
in the next Figure. Concluding with the IMEPH, it is expected to have the same behavior of the
IMEP and, in fact, the simulated trend is lower than the experimental one at higher loads.
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Figure 2.34: Pumping mean effective pressure of cylinder 3 of engine model with ATS: (a)
experimental IMEPL3 and simulated IMEPLS3 as a function of the case number; (b) bisector
plot of experimental IMEPLS and simulated IMEPLS.
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Figure 2.35: Total friction mean effective pressure of cylinder 3 of engine model with ATS: (a)
experimental TFMEPS3 and simulated TFMEPS3 as a function of the case number; (b) bisector
plot of experimental TFMEPS and simulated TFMEPS.

The pumping mean effective pressure IMEPL is reported in Figure 2.34 and it is possible to note

that in most cases the simulated trend is lower than the experimental one.

overestimation only in the upper peaks at higher loads.
Concerning the total friction mean effective pressure TFMEP, it is necessary to explain the method
with which the experimental quantity was computed. The reference relations are always the ones
of the Turbo-Charged four-stroke engine, given by 2.8 and 2.9.

TFMEP=MFMEP+ AMEP

BMEP =IMEP-TFMEP

TFMEP =IMEP - BMEP
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The TFMEP is made up of two contributions, i.e. the mechanical friction and the contribution
of the accessories, e.g. pumps, camshafts, alternator etc. In fact, MFMEP means Mechanical
Friction Mean Effective Pressure and AMEP Accessory Mean Effective Pressure. By 2.9 it is
also possible to know the link between the BMEP and the IMEP. The difference between them
is precisely the total friction mean effective pressure. Therefore, the experimental TFMEP can
be computed by subtracting to the experimental IMEP the experimental BMEP (2.10). Instead,
GT-SUITE provides the friction mean effective pressure using the Chenn-Flynn model, as it was
illustrated in one of the previous sections. It expresses the dependence of the friction on the
engine speed. In fact, if the engine speed graph in Figure 2.20(a) is observed, it has the same

trend of the simulated TFMEPS.
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Figure 2.36: Turbo angular speed of engine model with ATS: (a) experimental N_turbo and
simulated N_turbo as a function of the case number; (b) bisector plot of experimental N_turbo

and simulated N_turbo.
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Figure 2.37: EGR percentage of engine model with ATS: (a) experimental Xr_ CO2 and simu-
lated Xr_CO2 as a function of the case number; (b) bisector plot of experimental Xr_CO2 and

simulated Xr_CO2.
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All the most important quantities about the single cylinder have been shown. The next quantity
concerns the turbo group and it is the turbo angular speed N_turbo, shown in Figure 2.36. In
most cases, there is good accuracy about the prediction of the experimental results.

Another relevant quantity is the percentage of Exhaust Gas Recirculation, reported in Figure
2.37. There is a satisfactory behavior of the simulated quantity, thanks to the presence of the
closed-loop controller. Furthermore, it is interesting to note that as the load decreases the EGR
percentage enhances. In fact, for high loads a fast combustion is needed, and the EGR effect is
detrimental for the combustion velocity. Therefore, in the initial cases where the load is high, the
EGR percentage must be low.

The last quantity is the boost pressure PCR_pDesVal and can be seen in Figure 2.38. The
simulated boost pressure follows in a very good manner the experimental one and the trend is
very similar to the absolute pressure inside the intake manifold. In fact, the boost pressure is
the pressure at the intercooler outlet, directly connected to the intake manifold. In this case the
relative boost pressure is taken into account, to isolate and observe the boost effect provided by
the turbo group. The very good estimate of the experimental results is due to the presence of the
closed-loop controller of the VGT.
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Figure 2.38: Boost pressure of engine model with ATS: (a) experimental PCR_pDesVal and

simulated PCR_pDesVal as a function of the case number; (b) bisector plot of experimental
PCR_pDesVal and simulated PCR_pDesVal.
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2.4.4 Initial simulation of the engine model without ATS
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Figure 2.39: Average fuel consumption during the test of engine model without ATS: (a)
experimental F'B_VAL and simulated FB_VAL as a function of the case number; (b) bisector plot
of experimental FB_VAL and simulated FB_VAL.

A starting simulation was also run for the engine model without ATS and the same quantities of
the previous engine model are analyzed now.

The first quantity is again the average fuel consumption during the test, which, as it is possible to
observe in Figure 2.39, shows an almost perfect behavior of the simulated quantity with respect
to the experimental one. This occurs because the experimental injected mass per pulse is imposed
inside the injector block of the engine model.

Observing then the wet and dry air mass flow rates (Figures 2.40 and 2.41), there is a slightly
worse behavior than the case of the engine model with ATS. In fact the RM SFE values are higher.
The reason of this is the absence of the closed-loop control of EGR. There is an open-loop chain,
well calibrated, but that cannot reach the precision of a closed-loop controller.
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Figure 2.40: Wet air mass flow rate of engine model without ATS: (a) experimental mairwet and

simulated mairwet as a function of the case number; (b) bisector plot of experimental mairwet
and simulated mairwet.
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Figure 2.41: Dry air mass flow rate of engine model without ATS: (a) experimental mairdry and
simulated mairdry as a function of the case number; (b) bisector plot of experimental mairdry
and simulated mairdry.

Regarding the BMFEP, shown in Figure 2.42, an improvement can be seen about the prediction
accuracy of the experimental trend. This engine model is optimized for some quantities, and one
of these is the BMEP. In the next chapters, the feature which guarantees this improvement will
be carefully explained.

The thermodynamic quantities of the intake manifold are reported in Figures 2.43 and 2.44. About
the absolute pressure, the simulated p_MAP_Abs follows in a worse manner the experimental
results than in the previous engine model. The reason is the absence of the closed-loop control of
the VGT, which leads to an overestimation at high loads and an underestimation at low loads.
The T_IM_avg shows as before a difficulty in estimating the experimental results, as can be also
observed in the graph on the right, where the cloud of points is very dispersed around the bisector.
Actually, there is a further slight worsening with respect to the previous model, but considering
this result in proportion with the scale of values covered by this temperature, it is not such a low
quality result.
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Figure 2.42: Brake mean effective pressure of engine model without ATS: (a) experimental

BMEP and simulated BMEP as a function of the case number; (b) bisector plot of experimental
BMEP and simulated BMEP.
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Figure 2.43: Intake manifold absolute pressure of engine model without ATS: (a) experimental
p-MAP_Abs and simulated p_-MAP_Abs as a function of the case number; (b) bisector plot of
experimental p_MAP_Abs and simulated p_MAP_Abs.
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Figure 2.44: Intake manifold average temperature of engine model without ATS: (a) experi-
mental T_IM_avg and simulated T_IM_avg as a function of the case number; (b) bisector plot of
experimental T_IM_avg and simulated T_IM_avg.

Concerning the thermodynamic quantities of the exhaust manifold gases, they are shown in Fig-
ures 2.45 and 2.44. The absolute pressure is better than the one of the engine model with ATS,
confirmed by the RMSFE value that is decreased from 160.811 mbar to 98.068 mbar. At high
loads there is an overestimation, reaching gaps of also 300 bar. Instead, at low loads there is
an underestimation, anyway lighter than the high loads overestimation. Regarding the average
temperature, the simulated T_EM_avg is higher than the experimental one, reaching a RM SFE of
47.618 °C against the 15.595 °C of the engine model with ATS. The reason, as will be explored
on the next chapters, is in the thermal exchange model of the exhaust manifold, which must be
improved maintaining at the same time the compliance with the physical limits.
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Figure 2.45: Absolute pressure of turbine upstream exhaust gases of engine model without ATS:
(a) experimental p_ExbTC_Abs and simulated p_ExbTC_Abs as a function of the case number;
(b) bisector plot of experimental p_ExbTC_Abs and simulated p_ExbTC_Abs.
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Figure 2.46: Exhaust manifold average temperature of engine model without ATS: (a) exper-
imental T_EM_avg and simulated T_EM_avg as a function of the case number; (b) bisector plot
of experimental T_EM _avg and simulated T_EM_avg.

About the absolute pressure at the turbine downstream (Figure 2.47) the simulated quantity
follows the experimental trend in a satisfactory way. Even if there is a slight worsening with
respect to the p_FEzaTC_Abs of the engine model with ATS, the result is suitable and much better
than the absolute pressure at the turbine upstream. This means that, as it will be possible to
observe in the next chapters, these two pressures do not have a relationship between them. In
fact, they depend on different model parameters.

A completely different behavior is assumed by the temperature T_-FzaTC (Figure 2.48). The
simulated quantity greatly overestimates the experimental one, bringing RMSFE of 68.241 °C,
much higher than 17.998 °C of the previous engine model. The same phenomenon of the average
temperature within the exhaust manifold occurs, and the reason is again the adopted thermal
model, this time the one at the turbine downstream. This reason will be much clearer moving
forward with the thesis.
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Figure 2.47: Absolute pressure of turbine downstream exhaust gases of engine model without
ATS: (a) experimental p_EzaTC_Abs and simulated p_EraTC_Abs as a function of the case num-
ber; (b) bisector plot of experimental p_EzaTC_Abs and simulated p_EzaTC-Abs.
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Figure 2.48: Temperature of turbine downstream exhaust gases of engine model without ATS:
(a) experimental T_EzaTC and simulated T_EzaTC' as a function of the case number; (b) bisector
plot of experimental T_FEzaTC and simulated T_FxaTC.

For what concerns the quanties related to the single cylinder, it is anticipated that they all provide
a better experimental prediction than the ones of the previous engine model. This feature is due
to a precise optimization, whose details will be specified later. Also in this engine model the
quantities of the third cylinder have the best outcomes.

Starting from the maximum pressure of cylinder 3 combustion chamber (Figure 2.49), the RMSE
is decreased from 4.389 bar of the engine model with ATS to 2.830 bar. The simulated trend at
high loads turns out to be closer to the experimental values. The latter behavior is assumed also
by IMEPS (Figure 2.50) and IMEPHS3 (Figure 2.51). In fact, their RM SE values decrease. The
reduction occurs in a more moderate way than the one of maximum pressure PMA X3, but also the
scale of the values covered by these two mean effective pressure quantities must be considered. The
maximum value reached by IMEP3 and IMEPHS3 is about a seventh of the maximum reached by
PMAXS3 and in a proportional way also between the related RM SE values there is approximately
this ratio. This happens because of the direct dependence of the net and gross mean effective
pressures on the in-cylinder pressure. If the maximum value of the in-cylinder pressure signal
increases consequently the subtended area grows, hence the IMEP and IMEPH enhance.
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Figure 2.49: Maximum pressure of cylinder 3 combustion chamber of engine model without
ATS: (a) experimental PMAX3 and simulated PMAX3 as a function of the case number; (b)
bisector plot of experimental PMAXS3 and simulated PMAXS3.
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Figure 2.50: Net indicated mean effective pressure of cylinder 3 of engine model without ATS:
(a) experimental IMEPS3 and simulated IMEP3 as a function of the case number; (b) bisector
plot of experimental IMEPS and simulated IMEPS.
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Figure 2.51: Gross indicated mean effective pressure of cylinder 3 of engine model without ATS:
(a) experimental IMEPHS3 and simulated IMEPHS as a function of the case number; (b) bisector
plot of experimental IMEPHS3 and simulated IMEPHS.

The pumping mean effective pressure is reported in Figure 2.52 and it is possible to observe the
same behavior seen for the two previous quantities: the enhancement of the simulated quantity
at high loads. This occurs because of the direct dependence of the IMEPL on the net and gross
mean effective pressure (2.7). Although here, differently from IMEP3 and IMEPHS, there is an
overestimation on the upper peaks at high loads, that however does not compromise the global
behavior, which brings a lower RMSE values than the previous engine model.

For concluding, about the quantities related to the single cylinder, the TFMEPS is shown in
Figure 2.53. The same reasoning performed for the same quantity of the engine model with ATS
can be repeated. In fact, the resulting simulated TFMEPS of the two models are very similar.
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Figure 2.52: Pumping mean effective pressure of cylinder 3 of engine model without ATS: (a)

experimental IMEPL3 and simulated IMEPLS3 as a function of the case number; (b) bisector
plot of experimental IMEPLS3 and simulated IMEPLS3.
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Figure 2.53: Total friction mean effective pressure of cylinder 3 of engine model without ATS:
(a) experimental TFMEP3 and simulated TFMEP3 as a function of the case number; (b) bisector
plot of experimental TFMEPS and simulated TFMEPS.
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Figure 2.54: Turbo angular speed of engine model without ATS: (a) experimental N_turbo and
simulated N_turbo as a function of the case number; (b) bisector plot of experimental N_turbo
and simulated N_turbo.

Moving to the turbo angular speed (Figure 2.54), it is possible to observe an overestimation at
high loads and an underestimation at low loads by the simulated N_turbo. There is this feature
also in the boost pressure (Figure 2.56), and was also observed in the thermodynamic quantities
of the intake manifold. In fact, the main reason is again the absence of the closed-loop controller
of VGT.
To conclude, the EGR percentage is reported in Figure 2.55 and the simulated Xr_CO2 globally
has more difficulty following the experimental trend, due to the fact that there is not the closed-
loop controller of EGR differently from the engine model with ATS.
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Figure 2.55: EGR percentage of engine model without ATS: (a) experimental Xr_CO2 and
simulated Xr_CO2 as a function of the case number; (b) bisector plot of experimental Xr_ CO2
and simulated Xr_CO2.
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Figure 2.56: Boost pressure of engine model without ATS: (a) experimental PCR_pDesVal
and simulated PCR_pDesVal as a function of the case number; (b) bisector plot of experimental
PCR_pDesVal and simulated PCR_pDesVal.
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Chapter 3

Integration of the closed-loop
controllers into the engine model

without ATS

3.1 EGR and VGT controllers

The Exhaust Gas Recirculation and the Variable Geometry Turbine are two very important
systems of the diesel engine, which ensure many positive results for some characteristics of this
engine type. The EGR guarantees an important reduction of NOx and soot emissions. The VGT
brings to an improvement of the engine performances, a reduction of the fuel consumption and
also some benefits for the emissions. To obtain a correct operation of these two systems, their
control is crucial. Within the engine model, two approaches can be adopted for the EGR and
VGT control: the open-loop approach, called also feedforward, and the closed-loop approach,
called also feedback.

3.1.1 EGR and VGT open-loop controllers

Before showing the EGR and VGT open-loop controllers in detail, it is necessary to review the
basic scheme of an open-loop control (Figure 3.1). This theoretical structure is based on the
concept of black box. A black box is a system with one or more inputs and one or more outputs.
This system certainly has some features that define itself, but they are internal properties and
the important thing is only what the system receives and provides externally.

ld

ry ——n controller plant — )

..................

Figure 3.1: Structure of the open-loop control [7].

The structure of the open-loop control is made up of two black boxes: a plant, in this case the
engine, and a controller, in this case the EGR and VGT. The controller goal is to provide a
command input to the plant such that its output y tracks a desired reference r. The other input
d is the disturbance, that cannot be controllable and the controller should be as little as possible
sensitive to it.

Starting from the EGR controller in GT-ISE, the open-loop chain is shown in Figure 3.2. It
includes three blocks: the signal generator ” EGRexp-opening-1”, the correlation block ” EGRvlv-
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Figure 3.2: Open-loop controller of EGR.

Ezpcorr-17 and the actuator ”9”. This chain, which represents the controller, acts on the EGR
valve called " EGR-Throttle-EXH”, that directly receives the command input and represents the
interface between the controller and the engine, i.e. the plant. The signal generator is the block
which provides the desired reference, that is precisely the experimental EGR valve opening, in
percentage. The latter is reported in Figure 3.3 and, according to the department dictionary,
is named EGRVIv_rAct. It is possible to note that this quantity follows in a coherent manner
the trend of EGR percentage Xr_CO2 seen in the previous chapter: at high loads, since it is
not suitable to have high EGR amounts, the valve is less open, while at low loads the opening
percentage increases reaching also 100 %.
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Figure 3.3: Experimental EGR valve opening.

Concerning the EGR correlation block, it has the role of converting the EGR opening percentage
into a quantity that is compatible with the GT-ISE block of the EGR throttle valve. This quantity
is the hole diameter of the EGR valve. To perform this conversion, a correlation is needed and is
inserted directly inside the related block. It is possible to observe this correlation in Figure 3.4.
The first feature that can be highlighted is the monotonic trend. The input values are the ones
under the name ”X data”, so a vector with values that go from 0 to 100, the same range covered
by the EGR valve opening, i.e. the input of this block. The output values are the ones under the
name 7Y data”, which is the vector of the values of the hole diameter, found through a specific

operation of calibration.
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Having shown all this mechanism, it is possible to understand that to a precise value of EGR
valve opening corresponds a hole diameter value. The latter is imposed to the EGR. valve block,
by the actuator, which is a widely used GT-ISE block.

Template: XYTable - 2-D Data Table X
Home Data Tools = =

iozilois + Arrays ./ Options

([DecrvivcorTableden5500

<[ EGRvIvcorrTable-ens500 Atwi.| XDt L Pty | we MBI ] (& aal HRAX

5.Q Objects . : :
XY Antays - case £ 1
B esrviv-expeor 1 0.0[.]] 1399216376 ... 18
2 1.0[..| 1.936614763[.]
3 2.0[.)] 2455458458 ... 1@ L e ————
4 3.0[.] 2.956197169].. L —T —
5 40 3439275125 L
6 5.0[...| 3.805131041)... o ,”
7 6.0[. 4354198133 A
8 7.0[...| 4.736304107]...] 10 -
s 8.0[..) s.20%71163[.) /
10 9.0l 5.604516015].., 2 4
=L = 2 o8 /

11 10.0[...] 5.99109%848]... ¢ p
12 11.0[...] 6.362478351]...] /
13 120[...] 6.719601713]...] L= 7
14 ol 7062814615 /’/
15 14.0[...] 7.392506235]... L
16 15.0[...] 7.7090602%6]...]
17 16.0[..] 8.012854816[..] |
18 17.0[...] 8.304262609]...] 2
19 18.0[...] 8.583650783...]
0 19.0[...] 8.851380995[.. o | | | | I I I | |
21 20.0[.]| 9.107809395... a 10 20 0 40 50 60 70 a0 a0 100
2 21.0[.. 9.353286628... X Data

Figure 3.4: EGR correlation.

The other important open-loop controller is the VGT one, whose blocks are shown in Figure
3.5. This controller has the same structure of the EGR open-loop chain. Therefore, there is the
signal generator ” VG Texp-op-17, the correlation block ” VGT-Ezxpcorr-1” and the actuator 12.
Within the signal generator, the experimental rack position can be found. The rack position is
the quantity through which it is possible to change the geometry of the turbine. This means that
to a precise rack position corresponds a precise turbine geometry, so a specific turbine operational
characteristic. To understand better the VGT mechanism and what occurs varying the rack
position, it is worth going into more detail.

2=

VGT-Expcorr- VGTexp-op-1
1

P

w ackPos
[2=]
=z
TC-Shaft
Tuspine Compfessor

Figure 3.5: Open-loop controller of VGT.

The rack position determines the rotation of the turbine vanes, illustrated in Figure 3.6. At low
engine speeds, the vanes are turned to reduce the cross-section. Therefore, the exhaust gases that
enter the turbine, considering the same flow rate, flow faster, causing the turbine to rotate faster
and consequently also the compressor. In this way more fresh air is introduced, so higher boost
level is reached. Instead, at high engine speeds, the vanes are turned to increase the cross-section,
so the exhaust gases have less velocity and the boost pressure decreases. It is possible to observe
the rack position together with the engine speed in Figure 3.7. So, looking at the diagram, at
high engine speeds correspond low percentages of rack position, so the vanes are more open and
the turbine cross-section is increased. Instead, at low engine speeds correspond high percentages

37



of rack position, so the vanes are more closed and the turbine cross-section is reduced. At the
minimum engine speed the rack position percentage is maximum, i.e. 100 %. This means that
the maximum level of vanes closure is reached.

Figure 3.6: Variable geometry turbine: (a) the vanes are turned to reduce the cross-section, low
engine speed configuration; (b) the vanes are turned to increase the cross-section, high engine
speed configuration [9].
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Figure 3.7: Experimental rack position together with the engine speed.

The experimental rack position is the variable required by the turbine block in GT-ISE environ-
ment. So, it could be directly delivered to this block, but the software conceives the rack position
as the complement to 1 of the experimental one. Therefore, higher percentages of rack position
correspond to more open turbine vanes, while lower percentages of it correspond to closer vanes.
Because of this difference, a correlation block is needed between the signal generator and the
actuator. The correlation function is shown in Figure 3.8. It can be noted that the X data go
from 0 to 100, the same range covered by the experimental rack position. The Y data are the
corresponding rack position in accordance with the GT-ISE convention. They are given by the
function illustrated that, starting from the origin, increases a little until reaching a maximum in
X =14 and then decreases very slightly.

Finally, the actuator receives the rack position provided by the correlation function and gives it
to the turbine block.
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Figure 3.8: VGT correlation.

3.1.2 EGR and VGT closed-loop controllers

The main advantage of the EGR and VGT open-loop controllers is that they allow to understand
how the command input can influence the engine. In fact, the correlation function must be
chosen and the goal is to find the trend that ensures the engine model the best prediction of
the experimental results. However, referring to the previous open-loop structure of Figure 3.1,
the controller is not aware of what is actually happening to the output of the plant. Therefore,
about the controller design, in particular about the calibration of the correlation function, the
behavior of the plant and its outputs must be carefully known. It will be possible to observe
and understand how a calibration is performed in the penultimate chapter. For the moment, the
only but very important information that is worth knowing is that the closed-loop controllers are
exploited.

The theoretical scheme of a closed-loop control is reported in Figure 3.9. There are again the two
black boxes, and this time there is a new element, i.e. the red arrow. The latter represents the
feedback signal, by which the controller is aware of what is occurring to the plant output. In this
way, the controller can compute the instantaneous error between the desired reference and the
plant output and give to the plant a command input » such that this error is minimized. Thanks
to the feedback, the controller can guarantee the output a very good level of precision, higher
than the one reached by an open-loop control.

d

plant

A 4

controller

Figure 3.9: Structure of closed-loop control [7].

Many types of closed-loop controllers exist. GT-ISE uses one of the simplest, which is the PID
controller, shown in Figure 3.10. It is a controller that performs three actions on the instantaneous
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error e between the desired reference r and the plant output y: a proportional action, an integral
action and a derivative action. In fact, the term PID is the acronym of Proportional Integral
Derivative.

d

Plant >

Figure 3.10: Structure of PID closed-loop control [8].

The resulting command input, provided by the PID controller to the plant, is defined by the
equation 3.1.

u(t) = Kp - e(t) + K; - /0 e(r)dr + Kp - é(t) (3.1)
where
e e(t) =r(t) —y(t) : tracking error;
e Kp-e(t) : proportional action;
o K;- fote(T)dT : integral action;
o Kp-é(t) : derivative action;

The proportional action takes into account the present. It supplies a command input to reduce
the instantaneous tracking error. The integral action takes into account the past. In fact, the
integral is the sum of past values and through it this action ensures a very small tracking error for
constant or slowly-varying references. Finally, there is the derivative action. Since the derivative
itself expresses the variation of the signal, it takes into account the future. Therefore, its action
improves the dynamic performance and robustness of the controller.

The weight of each of these three actions can be tuned through their constants, i.e. Kp, K; and
Kp. It can be a long work to perform, but fortunately GT-ISE provides blocks which execute
this operation themselves.

Starting from the EGR closed-loop control (Figure 3.11), the controller is the block called ” Con-
trollerEGR”. It receives two feedbacks from the engine: the EGR mass flow rate, taken from
" EGR-cooler-1” (Figure 3.11(a)) and provided by the actuator ” 31”7, and the air mass flow rate,
taken from ” Intercooler-1” (Figure 3.11(b)) and supplied by the actuator ”30”. These two feed-
back quantities are needed within the controller to compute the instantaneous EGR fraction in
percentage, using the formulation 3.2.

MEGR
EGRfractwn[%] mair+mEGR 100 (3'2)
The feedback EGR fraction is subtracted from the target EGR fraction, which is the desired
reference. This target is in the form of a 3D map, called ” RLTEGRMap” (Figure 3.12). This
map, which is present inside the controller, is made up of the values of EGR fraction in percentage
as a function of the engine speed and BMEP. So, considering a single GT-SUITE case, i.e. for
a precise couple of engine speed and BMEP values, the corresponding value of reference EGR
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Figure 3.11: EGR closed-loop control.

fraction is selected, from which the current feedback EGR fraction is subtracted. From this
operation the EGR fraction error results, and the aim of the controller is to minimize it, working
with the PID logic. The command input is in the form of a hole diameter, provided by the
controller to the actuator ” 19”7, which delivers it to the EGR valve, called ” EGR-Throttle-EXH” .
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Figure 3.12: Target map of EGR closed-loop control.

Concerning the VGT closed-loop control, the group of needed blocks is shown in Figure 3.13. The
controller is the block called "eVGT”, that receives one feedback, which is the current pressure
inside the intake manifold. The latter is provided by the actuator ”49” to the controller. The
desired reference is the target boost pressure, also in this case under the form of a 3D map (Figure
3.14). It is made up of boost pressure values in [bar|, and as the previous target EGR fraction
map can vary with engine speed and BMEP. Hence, considering a precise couple of engine speed
and BMEP values, the controller selects a specific value of target boost pressure, from which
the feedback pressure is subtracted. The boost pressure error results, and it is essential for the
controller to actuate the command input, always through the PID logic. The command input is
a specific value of rack position, supplied to the turbine by the actuator ” 235”.
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Figure 3.13: VGT closed-loop control.
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Figure 3.14: Target map of VGT closed-loop control.

The EGR and VGT closed-loop controllers have been described. They surely have the advantage
of guaranteeing a high level of precision, and it will be possible to observe this in the next section.
However, all the control logic that has been explained occurs inside the blocks of EGR and VGT
controllers. Therefore, it is not possible to directly handle the control logic, deciding a precise
correlation between the involved variables.

3.2 Integration of the closed-loop controllers into the engine model
without ATS and the effects of integration

This section is reserved for the integration of the two closed-loop controllers into the engine model
without ATS. This means that the open-loop chains that acted on the EGR valve diameter and
on the turbine rack position have been replaced by the EGR and VGT closed-loop structures.
Therefore, a new model has been created, i.e. the engine model without ATS equipped with EGR
and VGT closed-loop controllers.

This new version of the engine model without ATS is very useful to directly observe what effects
have the presence of the closed-loop controllers on the simulation outcomes. However, the main
reason is to align this model to the engine configuration with ATS, in order to examine in detail
the differences between them. This accurate comparison will be performed in the next chapter.
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A simulation with this new engine configuration without ATS was run. All the main engine
quantities were examined and compared with the outcomes given by the original model. For sake
of simplicity, only the quantities that exhibit the greatest differences are shown, and they are:

e Xr_CO2: EGR percentage;

e PCR_pDesVal: boost pressure;

e N_turbo: turbo angular speed;

e mairwet: wet air mass flow rate;

e mairdry: dry air mass flow rate;

e p_MAP_Abs: intake manifold absolute pressure;

e p_ExbTC_Abs: absolute pressure of turbine upstream exhaust gases.

In each diagram there are three trends: the experimental one, the simulated one of the engine
configuration equipped with open-loop controllers and the simulated one of the engine layout
equipped with closed-loop controllers. Furthermore, two tables are reported, one for the squared
correlation coefficients and another for the root mean square errors.

It is worth starting with the analysis of the two quantities directly linked to the EGR and VGT
controllers, which are the EGR percentage (Figure 3.15) and the boost pressure (Figure 3.16).
Both quantities show an improvement of the experimental prediction through the integration of
the closed-loop controllers. The trend of the EGR percentage given by the configuration with
closed-loop controllers is slightly lower than the experimental one in many zones, especially at
high and medium loads. However, it is certainly improved with respect to the original engine
configuration. Instead, about the boost pressure, the new simulated trend follows almost perfectly
the experimental one.

EGR percentage
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40 r Closed-loop controllers 1
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Figure 3.15: EGR percentage of the engine model without ATS: comparison between the original
configuration with open-loop controllers and the new configuration with closed-loop ones.
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Figure 3.16: Boost pressure of the engine model without ATS: comparison between the original
configuration with open-loop controllers and the new configuration with closed-loop ones.

Regarding the speed of the turbo charger, it is shown in Figure 3.17. Again, the introduction of
the closed-loop controllers brings more precision in the experimental estimate, especially at the
upper peaks.
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Figure 3.17: Turbo angular speed of the engine model without ATS: comparison between the
original configuration with open-loop controllers and the new configuration with closed-loop ones.

The wet and dry air mass flow rates, shown in Figure 3.18 and 3.19 respectively, follow in better
way the corresponding experimental trends. It cannot be immediately noticed by looking at the
diagram, because the improvement is not so high. However, observing later the RMSE values it
will be possible to detect the closed-loop controllers effect.
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Figure 3.18: Wet air mass flow rate of the engine model without ATS: comparison between the
original configuration with open-loop controllers and the new configuration with closed-loop ones.
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Figure 3.19: Dry air mass flow rate of the engine model without ATS: comparison between the
original configuration with open-loop controllers and the new configuration with closed-loop ones.

The simulated intake manifold absolute pressure p_MAP_Abs of the engine model with closed-
loop controllers (Figure 3.20) no longer has evident gaps with the experimental trend at high and
low loads. This quantity is above all linked to the boost pressure, and since the experimental
prediction of the latter is improved thanks to the introduction of the closed-loop controllers, the
pressure of the intake manifold behaves equally.

Finally, about the absolute pressure of the exhaust manifold (Figure 3.21) the new simulated
trend has the same variation direction of the intake manifold pressure. In fact, at high loads the
values decrease, while at low loads the values grow, even in greater extent. However, a satisfactory
behavior of the simulated quantity is not reached yet, due to the fact that this quantity depends
on other factors, as it will be possible to observe in the next chapters.
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Figure 3.20: Intake manifold absolute pressure of the engine model without ATS: comparison
between the original configuration with open-loop controllers and the new configuration with

closed-loop ones.
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Figure 3.21: Exhaust manifold absolute pressure of the engine model without ATS: comparison
between the original configuration with open-loop controllers and the new configuration with
closed-loop ones.

The Table 3.1 shows the squared correlation coefficients R? of the simulated trends of both
the original open-loop and the new closed-loop engine configuration. It can be noted that the
correlation between the simulated and the experimental trend improves introducing the closed-
loop controllers, but in a negligible way. The real effect can be observed by looking at the root
mean squared errors RMSE, reported in Table 3.2. All the RMSE values reduce from open-
loop to closed-loop configuration, therefore, as expected, the closed-loop controllers ensure more
accuracy to the engine quantities about the experimental prediction. Through these values it is
also possible to understand which quantities improve more. The greatest improvement, always
paying attention to the scale of values that is covered, is shown by the boost pressure and the
absolute pressure of the intake manifold. Then, there is the EGR percentage, whose RM SE value
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decreases of almost 50 %. Hence, the greatest variation is shown by the quantities directly linked
to the controllers. Instead, a less variation is exhibited by the other quantities, which anyway are
subjected to a discrete improvement.

Open-loop controllers | Closed-loop controllers

Xr_ CO2 0.993 0.999
PCR_pDesVal 0.998 1.000
N_turbo 0.997 0.998
mairwet 0.996 0.999
masirdry 0.996 0.999
p_MAP_Abs 0.997 1.000
p_ExbTC_Abs 0.996 0.998

Table 3.1: Squared correlation coefficients R? of the engine configuration with open-loop con-
trollers and the engine configuration with closed-loop ones.

Open-loop controllers | Closed-loop controllers
Xr_COo2 1.597 % 0.865 %
PCR_pDesVal 39.670 mbar 12.865 mbar
N_turbo 3.720 krpm 3.153 krpm
mairwet 14.318 kg/h 8.385 kg/h
mairdry 3.968 g/s 2.336 g/s
p_MAP_Abs 41.256 mbar 15.775 mbar
p_ ExbTC_Abs 98.068 mbar 72.539 mbar

Table 3.2: Root mean square errors RMSFE of the engine configuration with open-loop con-
trollers and the engine configuration with closed-loop ones.
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Chapter 4

Analysis of the differences between
the two engine models

4.1 Injectors modification inside the engine model with ATS

Before executing a direct comparison of the two engine models, it is necessary to perform an
alignment operation of the two configurations. A step of this process has already been executed
in the previous chapter, in which the closed-loop controllers of EGR and VGT have been integrated
into the engine model without ATS, to associate it more with the version equipped with ATS.
In this section, the aim is to carry out another step of this alignment execution, i.e. to modify
the features of the injectors of the engine model with ATS. The injector blocks are highlighted in
Figure 4.1 and two elements of the injector object are involved in this change: the rail pressure
and the injection profiles.

Figure 4.1: Injectors of the engine model with ATS.

Starting from the rail pressure, the related modification is shown in Figure 4.2. In the original
configuration of the engine model with ATS, the rail pressure is defined by a 3D map in which
the rail pressure values are as a function of the engine speed and BMEP. So, considering a precise
couple of engine speed and BMEP values, a specific rail pressure value can be selected. This map,
highlighted in red in Figure 4.2(a), was replaced by the experimental values of the rail pressure
(Figure 4.2(b)), imposed by the ”Case Setup” section of GT-ISE. In fact, this is a feature that is
own of the engine model without ATS, and after this change the degree of alignment between the
two models is enhanced.

The second modification regards the ”Profiles” section of the injector object. First of all, it is
possible to observe in Figure 4.3 that the engine model with ATS already has an imposition of
the experimental values, which is about the injected mass per pulse of the main injection. This
feature, as observed in the Chapter 2, ensures the simulated average fuel consumption during the
test an almost perfect prediction of the related experimental values. About the injection timing
of the main injection and about the injection mass per pulse and injection timing of the two pilot
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injections, the injector object of the engine model with ATS shows 3D maps. The latter operate in
the same way as the rail pressure map, but their values are the fuel mass quantities and the crank
angles of Start Of Injection (SOI). To also align this feature with the engine model without ATS,
these five maps, highlighted in Figure 4.3(a), are replaced with the corresponding experimental
values (Figure 4.3(b)), always imposed by the ”Case Setup” section.

Object Family  Mass ./ Fluid ./ Nozzle + Profile Settings _/ Profiles
- InjMultiProfil
& Injector1 | Attribute Unit Object Value
¥ Injector2 Time or Angle Array Type time(ms) v
@ Injector3 Pressure or Mass Array Type mass v
¥ Injectord Source of Angle
© | Attached Cylinder
Q| Parton Map
O Driver Reference Object
Rail Pressure (InjectionRateMap only) bar v RLTpRailMap |...
Map Index (XYTableOflnRateMaps only) ion|...
(a)
Object Family  Mass ./ Fluid / Nozzle + Profile Settings ./ Profiles
- InjMultiProfil
& Injector1 Attribute Unit Object Value
<% Injector2 Time or Angle Array Type time(ms) v
& Injector3 Pressure or Mass Array Type mass v
@ Injectord Source of Angle
© | Attached Cylinder
QO | Parton Map
QO | Driver Reference Object
Rail Pressure (InjectionRateMap only) See Case S... [Prail] |...,
Map Index (XYTableOfInRateMaps only) ion...]

(b)

Figure 4.2: Rail pressure modification inside the injector object of the engine model with ATS:
the rail pressure map (a) has been replaced by the experimental rail pressure values (b).

Object Family N -
 Mass ./ Fluid / Nozzle ./ Profile Settings + Profiles
- InjMultiProfi
& Injector1 Attribute Unit Pulse #1 Pulse 22 Pulse 23
@ Injector2 Injected Mass per Pulse mg v RUTFuePre 1|, [Qmain_ma] ..
& Injector3 TRt deg - e 7@‘
& Injector4 e - = - — — :
RLT Dependency Profile Object ion[...] ion[...] ion|...]
Time or Angle Array Multiplier def (=1)[..] def (=1)[..] def (=1)[..]
Pressure or Mass Array Multiplier def i@ def :ZE] def ::@
(a)
OtISCE LS o Mass ./ Fluid / Nozzle ./ Profile Settings + Profiles
- InjMultProfi
& Injector1 Attribute Unit Pulse 1 Pulse #2 Pulse 3
@ Injector2 Injected Mass per Pulse mg [a_piot2] ... [a_piot1] ... [Qmain_mg] [...
® Irjector3 Injection Timing deg [SOI_piot2] ... [SOI_piot1] .. [SOI_main] ...
o Injectord Profile Object bar CRInjRateMap Q CRInjRateMap Q CRInjRateMap Q
RLT Dependency Profile Object ;91’;] »gn@ .gn[;l
Time or Angle Array Multiplier def (=1)[...] def (=1)[...] def (=1)[...]
Pressure or Mass Array Multiplier def (=1)[...] def (=1)[...] def (=1)[...]
(b)

Figure 4.3: Profiles modification inside the injector object of the engine model with ATS: the
highlighted maps (a) have been replaced by the experimental values of injected mass per pulse
and injection timing (b).
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The presence of pilot injections is very important. In fact, they are needed to reduce the com-
bustion noise, linked to the in-cylinder pressure gradient. The pilot injections work on the Heat
Release Rate (HRR) of the premixed phase, which is the phase of the diesel engine combustion
where there is the highest burning rate. The HRR is shaped in such a way that it no longer has
a single high peak but more peaks of lower intensity. This leads to a reduction of the in-cylinder
pressure gradient, resulting in a decrease of combustion noise.

4.2 Comparison of the two engine models

Having aligned the two engine models, it is now possible to make a direct comparison between
them. Therefore, the engine model with ATS and with the new injector object and the engine
model without ATS and equipped with closed-loop controllers are subjected to a simulation and
their outcomes are compared.

The engine quantities that exhibit the greatest differences are reported. In each chart it is possible
to observe the experimental trend, the simulated trend of the engine model with ATS and the
simulated trend of the engine model without ATS.

Starting with the brake mean effective pressure (Figure 4.4), the differences between the results
of the two engine models are detectable at high and medium loads. In particular, at high loads
it is possible to observe that the engine model with ATS underestimates the BMEP, while the
engine model without ATS has a very good behavior. This is consistent with what was shown in
Chapter 2, i.e. the fact that the engine model without ATS is optimized for the BMEP and for
all the quantities regarding the single cylinder. The reasons will be explained in the next section,
reserved for the differences between the two engine models.

Brake mean effective pressure
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Figure 4.4: Comparison of BMEP of the two engine models.

Another quantity that shows an evident difference is the intake manifold average temperature,
reported in Figure 4.5. Both the simulated trends do not follow well the experimental one. As
it was enounced in the Chapter 2, this issue is probably due to the complex thermodynamics
determined by the EGR, and it is hard to develop a suitable model for describing it carefully. In
the engine model without ATS the experimental estimate is also worse, but, considering the scale
of covered values and the difficulty related to this quantity, it is an acceptable result.
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Figure 4.5: Comparison of T_IM_avg of the two engine models.
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Figure 4.6: Comparison of p_FExbTC_Abs of the two engine models.

Concerning the absolute pressure inside the exhaust manifold (Figure 4.6), the simulated trends
of both the engine model with ATS and the engine model without ATS are higher than the
experimental one. In particular, the red trend is higher than the green one in many zones,
exhibiting some singularities in the first four decreasing slopes. The responsible thing of this
behavior, as it will be possible to observe in one of the next sections, is the thermal model
adopted inside the exhaust pipes of the engine model with ATS. This thermal model is focused
on the temperatures optimization, as can be seen in the next diagram, which shows the average
temperature of the exhaust manifold (Figure 4.7). The red trend follows well the experimental
one, even if in some parts there is a little underestimation and in others a little overestimation.
However, it is surely better than the simulated trend given by the engine model without ATS,
that overestimates a lot the temperature inside the exhaust manifold. The same reasoning can
be extended to the temperature of the gases at the turbine downstream (Figure 4.8), which is
estimated much better by the engine model with ATS.
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Figure 4.7: Comparison of T_EM_avg of the two engine models.
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Figure 4.8: Comparison of T_FExaTC of the two engine models.

Having seen directly the comparison between the two engine models about these two temperatures,
it is worth remembering that one of the main goals of this thesis is to improve the estimate of
these temperatures provided by the engine model without ATS. However, this improvement will
be realized exploiting a more physical approach about the thermal modeling adopted inside the
exhaust pipes.

The next group of quantities that exhibit a relevant difference between the two engine models
regards three quantities related to the single cylinder: the maximum pressure inside the combus-
tion chamber, the net indicated mean effective pressure and the pumping mean effective pressure.
Even this time the priority is given to the third cylinder, which shows the best estimate of the
experimental trends. These three quantities are estimated better by the engine model without
ATS, and this is confirmed by looking at the RM SE values, reported in Table 4.2. The PMAXS3
simulated trend (Figure 4.9) given by the engine model with ATS underestimates more than the
green trend in many zones, especially in the upper peaks at high loads. Even about the IMEPS3
(Figure 4.10) it is possible to do the same reasoning, with the only difference that at low loads
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the two simulated trends overlap and both give a slight underestimation of the quantity.

About the pumping mean effective pressure IMEPL3, reported in Figure 4.11, an interesting detail
can be observed. Looking at the related RMSE values, the engine model without ATS gives a
better estimate. However, focusing on the first three upper peaks, the green trend is higher than
the red and the experimental ones. Furthermore, on these peaks, the green trend assumes positive
values. Since the gross indicated mean effective pressure is given by the difference between the
net indicated and the pumping mean effective pressure, it is not closer to the experimental results
like the IMEPS3, but it is more or less equivalent to the one of the engine model with ATS. In fact,
the IMEPHS of the engine model without ATS roughly overlaps with the one of the other engine
model, giving the same level of underestimation, because it is decreased by the IMEPLS that, on
the contrary of the IMEPS3, is overestimated in these first three peaks. For this reason, the plot of
IMEPHS is not shown, because of the insignificant difference between the two simulated trends,

not even at high loads.
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Figure 4.9: Comparison of PMAXS3 of the two engine models.
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Figure 4.10: Comparison of IMEPS3 of the two engine models.
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Figure 4.11: Comparison of IMEPLS3 of the two engine models.

Engine model with ATS | Engine model without ATS

BMEP 0.999 0.999
T_IM_avg 0.881 0.668
p_ExbTC_Abs 0.995 0.998
T_EM _avg 0.998 0.998
T ExaTC 0.993 0.994
PMAX3 0.996 0.997
IMEPS3 0.999 0.999
IMEPLS3 0.977 0.988

Table 4.1: Squared correlation coefficients R? of the engine model with ATS and of the engine
model without ATS.

Engine model with ATS | Engine model without ATS
BMEP 0.343 bar 0.242 bar
T IM _avg 3.415 °C 5.127 °C
p_ExbTC_Abs 161.145 mbar 72.539 mbar
T_EM _avg 15.608 °C 50.337 °C
T FxaTC 17.424 °C 71.272 °C
PMAX3 3.987 bar 3.401 bar
IMEPS3 0.535 bar 0.353 bar
IMEPL3 0.094 bar 0.062 bar

Table 4.2: Root mean square errors RMSE of the engine model with ATS and of the engine
model without ATS.

Regarding the R? and the RMSE values, they are respectively reported in Tables 3.1 and 3.2.
The squared correlation coefficients, with the only exception of the average temperature inside
the intake manifold, turn out to be very similar between the two engine models. The evidence of
the difference between the two engine models can be detected by observing the RMSFE values,
that are all consistent with the reasonings carried out in the previous diagrams analysis. In
summary, looking at these values, the engine model with ATS estimates the temperatures much
better. Instead, the other model gives more reliable results about the remaining quantities that
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have been analyzed above, i.e. the BMEP and the quantities related to the single cylinder.
About the quantities that are not reported, it is possible to state that they have a very similar
behavior between the two engine models, so understanding which ones are estimated better by a
model or another is less important.

4.3 Differences between the two engine models

Since the comparison between the two engine models was executed and some important differences
were noticed about the simulation results, it is necessary to investigate to which causes these
dissimilarities are due. The causes coincide with some differences inside the two engine models
themselves, which were carefully researched inside the GT-ISE environment, comparing block by
block. The main diversities that have been found regard:

e The thermal model inside the exhaust pipes;
e the open-loop chain of the flap;
e the imposed length of the intercooler pipes;

e the engine effective rotating inertia.

Each of these differences will be analyzed, showing directly the content of each GT-ISE block
involved for both the engine models.

4.3.1 Thermal model inside the exhaust pipes
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Figure 4.12: Exhaust pipes blocks.

The first difference concerns the thermal model inside the exhaust pipes. The latter are highlighted
in Figure 4.12 and are the exhaust manifold, which is the block called ” combine Vol2073-1”, the
pipe 7 140” downstream of the turbine and the pipe ” 142” downstream of the flap. These three
blocks have equivalent fields inside the thermal section, shown in Figure 4.13. In particular, in
Figure 4.13(a), the thermal section of the exhaust pipes of the engine model with ATS is reported,
while in Figure 4.13(b) there is the one of the exhaust pipes of the other engine model. The differ-
ence between them is directly highlighted, and it regards the Wall External Boundary Conditions
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Figure 4.13: Thermal section of the exhaust pipes of the engine model with ATS (a) and of the
engine model without ATS (b).

Object. This field is dedicated to the definition of the external environment temperature and of
the coefficient of the heat convective exchange with the surroundings.

The two wall external boundary conditions objects are shown in Figure 4.14. This type of object
is made up of three fields. The first two concern the convective and radiation temperature of the
external environment, while the remainder regards the external convection coefficient. Between
the two engine models both the convective and radiation temperatures differ of 5 °C. In fact, the
convective temperatures are respectively 80 °C and 85 °C, while the radiation ones 85 °C and 90 °C.
However, the main difference lies in the External Convection Coefficient (ECC). This coefficient
for the engine model with ATS is defined by a three-dimensional map, while for the engine model
without ATS by a single numerical value. For simplicity it is better to start discussing about
the external convection coefficient of the second model, because the one of the engine model with
ATS requires further investigation.

The wall external boundary conditions object of the engine model without ATS has as external
convection coefficient a value equal to 7.5mgLK7 which is included in the experimental range of the
convective heat transfer coefficient for the air in natural convection, i.e. 5+ 25%. The air is the
fluid that surrounds the exhaust pipes of the engine and therefore it must be taken into account.
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Figure 4.14: Wall external boundary conditions object of the engine model with ATS (a) and

(b)

of the engine model without ATS (b).

Regarding the wall external boundary conditions object of the engine model with ATS, rather
than a single numerical value, a three-dimensional map is adopted for the external convection
coefficient. This map is shown in Figure 4.15 and it exhibits the numerical values of the external
convection coefficient as a function of the engine speed and BMEP. However, many of these values
are not included in the experimental range of natural convection of the air, but are much higher.
In this way, they do not have a physical consistency. To realize the order of magnitude reached

by this group of values, it can be useful to examine the related diagram.
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Figure 4.15: Map of the external convection coefficients.
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Figure 4.16: Diagram of the external convection coeflicients.

The diagram of the external convection coefficients (Figure 4.16) is a plot of the map shown in
Figure 4.15. Hence, in the abscissa there is the engine speed, while in the ordinate the BMEP.
Subsequently, the third quantity is the external convection coefficient, in the form of a color map,
whose bar on the right includes upper values that are greater than 9 x 10*. The aim of this
diagram is not to show the ECC values point by point, but to provide in a qualitative way the
order of magnitude that these values reach. It is also interesting to note that the highest external
convection coefficients are in an engine speed range of 1500+ 3000 rpm and at high and low loads.
In this way, the temperatures are optimized consistently. In fact, in the cases characterized by high
and low speeds and medium loads, the simulated temperatures overestimate the corresponding
experimental trends, due to the lower amount of heat exchange with the surroundings.

The values of external convection coefficient exploited in the engine model with ATS do not have
a physical consistency, but can be defined as ignorance coefficients, with the aim to optimize as
much as possible the simulated temperatures behavior, simulating a huge heat transfer towards
the external environment far from the physical reality. Since in this engine model there is an
After Treatment System, it is very important to ensure an optimal prediction of the experimental
temperatures, and for this reason this approach is used.

4.3.2 Open-loop chain of the flap

Another relevant difference that was detected between the two engine models is in the open-loop
chain of the flap, highlighted in Figure 4.17. The flap valve is a very important device of the turbo-
group, because it has the aim to control the back-pressure waves of the exhaust gases. These waves
cause a resistance against a flow rate, in this case the exhaust gases one. The main cause of this
phenomenon is the presence of restrictions, which are of the tailpipe and all the components of
ATS. The presence of back-pressure waves determines an incorrect engine operation, causing an
increase in fuel consumption. These waves also bring an enhancement of the emissions, due to
an irregular flow rate inside the ATS, which consequently do not operate correctly. How the flap
system is modeled in the GT-ISE environment was explained in Chapter 2. Here the focus is on
the dissimilarities that this sub-system has between the two engine models. The first difference
is inside the signal generator block, shown in Figure 4.18.

In the signal generator of the engine model with ATS the reference object is a three-dimensional
map, with the same dependence of all three-dimensional maps described so far, i.e. on the engine
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Figure 4.18: Flap signal generator of the engine model with ATS (a) and of the engine model
without ATS (b).

speed and BMFEP. As values, there are the relative flap closing, included in the range between 0
and 1.

The engine model without ATS exhibits directly the experimental flap closing, in this case in
percentage, inside the flap signal generator. It is about the percentage values of the flap valve
closing test by test, so case by case. These are shown in Figure 4.19 and it can be noted that the
trend is characterized by a series of peaks. There is a global increase of the peak values, which
can be explained by the decrease of the mass flow rate of the exhaust gases. The latter, even if
they have not been shown, are substantially characterized by the same trend of the wet and dry
air mass flow rates. As shown in the previous chapters, this trend globally decreases with the
increase of the case number. When the mass flow rate is low, there is priority to preserve it from
the back-pressure waves with a greater closing of the flap valve. The flap closing peaks, especially
the ones that have a greater magnitude than the ones at lower case numbers, coincide with the
minima of the exhaust gases mass flow rate and of the pressure at the flap upstream, hence of the
pressure of exhaust gases at turbine downstream. In fact, even with a low pressure at the flap
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upstream, there is less thrust on the exhaust gases flow rate, which is already small. Therefore,
the flap must be closer so that the exhaust gases are not hindered by the back-pressure waves.

Experimental flap closing
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Figure 4.19: Experimental flap closing.
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Figure 4.20: Flap correlation of the engine model with ATS (a) and of the engine model without
ATS (b).

The second difference that characterizes the open-loop chain of the flap is the correlation block,
reported in Figure 4.20. In particular, the dissimilarity consists in the correlation function. This
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function is necessary to convert the input of the correlation block, which is the flap closing signal,
into a hole diameter, whose value is supplied to the valve block by the actuator.

Analyzing more in detail, the X data of the correlation function of the engine model with ATS
are from 0 to 1, while the ones of the engine model without ATS are from 0 to 100. There is
only a difference in the numerical definition, but the meaning is the same. Both functions have
a monotonical trend, which decreases enhancing the flap closing. The correlation of the second
model (Figure 4.20(b)) shows a higher curvature and greater diameter values both for high and
low flap closing. This is another element of optimization that characterizes the engine model
without ATS.

4.3.3 Imposed length of the intercooler pipes
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Figure 4.21: Intercooler:(a) first pipe object; (b) second pipe object.

The third difference between the two engine models regards the length of the intercooler pipes
(Figure4.21). As observed in chapter 2, in the GT-ISE environment the intercooler system is
made up of two pipes: the first pipe is called ” Intercooler-1”, while the second one is named
" IC-out-17. The intercooler pipe object has already been analyzed, describing all its fields. Here
the focus is on the difference that this object exhibits between the two engine configurations. The
dissimilarity is about the pipe length, which increases for both intercooler pipes going from the
engine model with ATS to the one without ATS.

Object Famiy  Main ./ Thermal / Pressure Drop Object Family  Main ./ Thermal ./ Pressure Drop
(5] ntercooker = intercooler
B intercooler-1 | I Attribute I Unit I Object Value | B intercooler-1 Attribute Unit | Object Value
‘ Basic Geometry and Initial Conditions ‘Basic Geometry and Initial Conditions
Diameter at Inlet End mm v 84.1557|... Diameter at Inlet End mm E4v1557‘,.,
Diameter at Outlet End mm 84.1557[... Diameter at Outiet End |mm 84.1557[..,
Length mm | 896.3495 ...] Length [om 45001...
Discretization Length See CaseS... v DX _int] ... Discretization Length See CaseS.. ox_int [..]
Initial State Name B00stl... Initial State Name s0st...
O smooth | , O smooth
Radus of Bend mm ion| Radus of Bend mm on|
Angle of Bend deg ign | Angle of Bend deg ion[...
Number of Identical Pipes def (=1)[... Number of Identical Pipes | | def (=1
Model Gravity or Ppe Motion =] Model Gravity or Pipe Motion | | 0
Animate Results and Reaction Forces in 3D o Animate Results and Reaction Forces in 30 | | O
(a) (b)

Figure 4.22: " Intercooler-1” block of the engine model with ATS (a) of the engine model
without ATS (b).

Considering the ” Intercooler-1” pipe (Figure 4.22), the length is 896.3495 mm for the engine
model with ATS, while for the other model is 4500 mm. Instead, regarding the ” IC-out-1” pipe
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(Figure 4.23), there is a length of 1017.0353 mm for the first engine model, while a length of
1500 mm for the second one. Therefore, the amount of variation between the lengths is greater
for the first intercooler pipe. It will be possible to observe the influence of this difference of the
intercooler pipes length, as the one of all the other diversities, in the next section.

Object Famly / Main ./ Thermal ./ Pressure Drop i v o e R D
B 1cout B 1cout
B tcoutt I I Atirbute I nit I Obgect Vakoe l B coutt I I Attrbute I unit | Object Value
Basic Geometry and Initial Conditions | \ Basic Geometry and Initial Conditions
Diameter at Inlet End mm . 61.642014... Diameter at Inlet End mm 61.642014[..]
Diameter at Outiet End [ . 61642014 Diameter at Outiet End mm 61.642014[..]
Length mm | 1017.0353[...] Length mm | 1500[..|
Discretization Length See Case S... DX_int] ... Discretization Length See CaseS.. OXin]|...|
Initial State Name | | Al Initial State Name =
Surface Finish | Surface Finish
© | smooth © | smooth
Options | Options
Radius of Bend mm ign Radius of Bend mm ion|.
Angle of Bend |deg ion[) Angle of Bend de | ionl.|
Number of Identical Ppes [ | def (=1 Number of Identical Ppes [ [ def (=0
Model Gravity or Pipe Motion | | =] Model Gravity or Pipe Motion | | 0
Animate Results and Reaction Forces in 30 0 Animate Results and Reaction Forcesin 3 | =]
(a) (b)

Figure 4.23: 7 C-out-1” block of the engine model with ATS (a) of the engine model without
ATS (b)

4.3.4 Engine effective rotating inertia

Figure 4.24: Engine cranktrain.

The last difference is inside the cranktrain block (Figure 4.24), in particular, into the section
reserved for the engine inertia. This section has as field the ”Engine Effective Rotating Inertia”,
which must be specified by a numerical value. This parameter represents the stored kinetic energy
of the engine before the application of a braking torque. Actually, this parameter, in the case of
a simulation with a prescribed constant speed, can be ignored. In both engine models a constant
speed is imposed in each steady-state test, and no influence is expected about the engine effective
rotating inertia. In the next section this behavior will be confirmed. However, these two models
are suitable also for a simulation in transient conditions, where the engine effective rotating inertia
becomes relevant and for this reason is not ignored but is specified with a numerical value.

The engine model with ATS has the inertia value equal to 0.3 kg - m? (Figure 4.25(a)), while in
the second engine model it is equal to 1.5 kg - m? (Figure 4.25(b)).
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Figure 4.25: Engine cranktrain object of the engine model with ATS (a) and of the engine
model without ATS (b).

4.4 Effect of each difference on each engine model

Now that the four differences have been carefully examined, it is very useful to understand which
impact they have on each engine configuration. This effect can be evaluated separately for each
difference through a reciprocal exchange between the two engine models.

For instance, considering the first difference, the wall external boundary conditions object of the
engine model with ATS is inserted into the engine model without ATS, creating in this way a new
configuration without ATS. Viceversa, the wall external boundary conditions object of the engine
model without ATS is inserted inside the engine model with ATS, making a new configuration of
the latter. So, a simulation can be run with each one of these new engine layouts.

The same logic can be adopted for the other three differences. Therefore, the open-loop chains of
the flap, the length of the two intercooler pipes, the values of the engine effective rotating inertia
can be interchanged, creating two new engine configurations for each difference.

The new engine configurations are eight, since the evaluated differences are four. Hence, eight
simulations were run, and for each of them all the important engine quantities can be analyzed.
Furthermore, to detect the impact of every difference on the engine model with ATS and on
the one without ATS, the relative variations in percentage of R?> and RMSE were computed
according to the equations 4.1 and 4.2.

R _R?2
AR2%) = —L m‘;fz el 00 (4.1)
initial
RMSEfinal - RMSEinitial
ARMSFE = - 100 4.2
(%] RMSE;pitial (42)

R?mti o and RM S FEjy,;1iq1 values refer to the starting engine configuration, where no modification
about the differences has been actuated. Instead, R?‘inal and RMSEfinq values refer to each of
the new engine configurations.

Some diagrams in which these variations can be visualized for each engine quantity were made.
However, only the ones about the RM SE relative variations are reported, because the R? ones
are negligible in magnitude and consequently are not representative of the differences influence.
According to their definitions, a positive ARM SE means a worsening of the related quantity,
while a negative ARM SFE indicates an improvement of it.

In Figure 4.26 the RMSE relative variations in percentage for the first ten engine variables are
shown. There are two diagrams, one reserved for the engine model with ATS (Figure 4.26(a))
and the other for the engine model without ATS (Figure 4.26(b)). Every difference is indicated
with a specific color and with a precise denomination. The first difference, i.e. the one related to
the thermal model of the exhaust pipes, is indicated as ”Exh_Thermal”. The difference related
to the open-loop control of the flap is displayed as "Flap”. The diversity about the length of the
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intercooler pipes in the legend has the name "ICL”. Finally, the difference linked to the engine
effective rotating inertia is indicated simply with the name ”Inertia”.
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Figure 4.26: RMSE relative variations due to the four differences of the first ten quantities of
the engine model with ATS (a) and of the one without ATS (b).

Analyzing both plots, it can be noted that the most influent difference is the thermal model of the
exhaust pipes. In particular, the greatest amount of variation is detected for the thermodynamic
quantities of the exhaust pipes, i.e. the pressures and the temperatures at the turbine upstream
and downstream. The thermal model adopted in the engine configuration without ATS leads to
a worsening of the experimental estimate for the pressure at the turbine downstream and for the
temperatures at the turbine upstream and downstream of the engine model with ATS. In fact,
the map of the heat exchange coefficients was adopted with the main goal to align the simulated
temperatures with the experimental ones. A so different model like the one adopted in the engine
layout with ATS leads to a result very far from the beginning one. In contrast, the thermal model
of the engine configuration with ATS improves the pressure at the turbine upstream. The map
of the heat exchange coeflicients did not give priority to the pressure inside the exhaust manifold,
but only to the temperatures, so the pressure of the exhaust manifold did not follow well the
experimental trend.

It can be noted that also the BMFEP is improved by the thermal model based on a single numerical
value, so this is the reason why the engine layout without ATS is optimized for the experimental
prediction of this quantity. Hence, it is possible to appreciate the performance of this differences
analysis: adopting the method of reciprocal exchange of each difference, the advantages and
disadvantages of each of the two engine models can be discovered.

The thermal model based on the map of coefficients consistently improves the temperatures at
the turbine upstream and downstream, observing the reduction of RMSFE, but deteriorates the
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pressures, since this thermal model is not optimized for the latter. Even the air mass flow rates
and the BMEP are made worse.

Regarding the flap difference, the open-loop chain of the engine model without ATS deteriorates
the pressure at the turbine downstream of the engine configuration with ATS. The open-loop
chain of the layout with ATS also makes worse the p_EraTC_Abs of the model without ATS, but
in less extent.

Concerning the other two differences, the influence is minor, especially for the inertia, confirming
what was said above: the engine effective rotating inertia, in a simulation with imposed speed in
steady-state conditions, has a negligible effect. About the pipe length of the intercooler blocks,
having longer pipes like in the engine model without ATS causes a worse experimental estimate of
the reported quantities of the layout with ATS. In contrast, a shorter length is beneficial, seeing
the effect on the engine configuration without ATS.

The only quantity that is immune to each difference is the average fuel consumption FB_VAL,
since it is imposed in both engine models.
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Figure 4.27: RMSFE relative variations due to the four differences of the PMAXi and IMEPi
quantities of the engine model with ATS (a) and of the one without ATS (b).

In Figure 4.27 the RMSFE variations of the maximum in-cylinder pressures and of the net indicated
mean effective pressures of all cylinders are shown. It can be immediately noticed in Figure 4.27(a)
that the thermal model of the exhaust pipes, the open-loop control of the flap and the intercooler
pipes length of the engine model without ATS is beneficial for the PMAX of all cylinders. Hence,
this is the reason why the engine layout without ATS has a better behavior for this quantity. Even
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the net indicated mean effective pressures exhibit an improvement, much higher than the PMAX
of all cylinders. This reduction of the RMSFE values is due to the thermal model of the exhaust
pipes and the flap open-loop chain. Instead, the length of the intercooler pipes deteriorates the
IMEP of all cylinders.

Observing the diagram of Figure 4.27(b), there is only a partial coherence with the plot reserved
to ARMSE of the engine model with ATS. In fact, the thermal model of the exhaust pipes based
on the map of heat exchange coefficients makes worse the IMEP quantities, but on the maximum
pressure of the cylinders combustion chamber it does not have a univocal effect. Some of PMAX
quantities are a bit worsened and others a bit improved. Furthermore, the shorter length of
the intercooler pipes is beneficial for all the quantities shown. Instead, the flap open-loop chain
deteriorates a bit these engine quantities, consistently with the above diagram.
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Figure 4.28: RMSFE relative variations due to the four differences of the IMEPHi and IMEPLi
quantities of the engine model with ATS (a) and of the one without ATS (b).

In the diagrams of the Figure 4.28 the differences effect on the gross mean effective pressures
and on the pumping mean effective pressures of all cylinders is shown. Starting with IMEPH
quantities of the engine model with ATS, the characteristics of the other engine layout have a
positive effect on them, even if the amount of improvement is small. The longer length of the
intercooler pipes deteriorates the pumping mean effective pressures, while for the other differences
there is not a univocal effect. Always about both IMEPH and IMEPL, it is difficult to find a
relation with the other diagram (Figure 4.28(b)). In fact, the characteristics of the engine layout
with ATS do not have a consistent effect on the engine model without ATS, taking as reference
the opposite case, reported in 4.28(a).

Analyzing the last couple of diagrams (Figure4.29), the total friction mean effective pressure of all
cylinders substantially is not subjected to the influence of the four differences. This was expected
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since the simulated quantity of TFMEP is defined by a dedicated computational model, that is
the Chen-Flynn method, depending only on the engine speed. The turbo angular speed and the
EGR percentages turn out to be enough robust to the differences. Instead, the boost pressure
is pretty influenced. In particular, the thermal model based on a single numerical value of the
external convection coefficient leads to a relevant improvement of the experimental prediction of
PCR_pDesVal. This great improvement is also brought by the short length of the intercooler
pipes, observing the diagram in Figure 4.29(b).
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Figure 4.29: RMSFE relative variations due to the four differences of the TFMEPi and last three
quantities of the engine model with ATS (a) and of the one without ATS (b).

Among all the engine quantities, the ones that show the greatest amount of variation are the
absolute pressure of the exhaust manifold p_FExbTC_Abs, the exhaust manifold average tempera-
ture T_EM_avg, the absolute pressure of the exhaust gases at turbine downstream p_FzaTC_Abs
and the average temperature of the exhaust gases at turbine downstream T_FzaTC. This great
variation is due to the difference of the thermal model inside the exhaust pipes. Therefore, it
is worth observing the trends of these variables as a function of the case number. In each plot,
three trends are shown: the experimental one, the simulated one of the engine layout unchanged
and the simulated one of the modified engine configuration. The modification regards the wall
external boundary conditions object, following always the logic of reciprocal exchange between
the two engine models, as explained previously.

In Figure 4.30 the exhaust manifold pressure of both engine configurations is shown. It can be
noticed in Figure 4.30(a) that the thermal model based on a single numerical value is beneficial
for the experimental estimate, in particular among the decreasing slopes of the trend and at the
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upper peaks of low loads. Consistently, observing the Figure 4.30(b), the thermal model based on
the map of the heat exchange coefficients leads to a worsening of the simulated trend behavior.
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Figure 4.30: Thermal model influence on p_EzbTC_Abs of the engine model with ATS (a) and
of the engine model without ATS (b)
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Figure 4.31: Thermal model influence on T-EM_avg of the engine model with ATS (a) and of
the engine model without ATS (b)

Regarding the average temperature of the exhaust manifold (Figure 4.31), the thermal model of the
engine layout without ATS enhances the simulated temperature (Figure 4.31(a)), overestimating
a lot the experimental quantity. Instead, the map of coefficients, optimized for the experimental
prediction of the temperature, brings the simulated temperature of the engine model without ATS
much closer to the experimental trend (Figure 4.31(b)).

Differently from the absolute pressure within the exhaust manifold, the absolute pressure at
turbine downstream of both engine models is worsened by the thermal modification (Figure 4.32).
In fact, the thermal model based on a single numerical value increases the simulated pressure of
the engine layout with ATS (Figure 4.32(a)), increasing the gap from the experimental trend.
Instead, the thermal model with the map of coefficients applied on the engine layout with ATS
decreases the simulated pressure (Figure 4.32(b)), leading equally to an enhancement of the gap
from the experimental values. So in both cases there is a worsening of the simulated p_EzaTC_Abs.
The initial engine configurations exhibit a good experimental estimate of this quantity, and in
fact they were not shown in the previous section reserved for the comparison of the two engine
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models. Probably, this pressure was already optimized with the conditions of the initial engine
configurations, and the use of another thermal model inside the exhaust pipes compromises the
already good results.
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Figure 4.32: Thermal model influence on p_EzxaTC-Abs of the engine model with ATS (a) and
of the engine model without ATS (b)
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Figure 4.33: Thermal model influence on T_EzaTC of the engine model with ATS (a) and of
the engine model without ATS (b)

Finally, about the temperature at turbine downstream (Figure 4.33), the same phenomenon ob-
served about the average temperature inside the exhaust manifold occurs, showing also a greater
variation with the application of a different thermal model. It is possible to observe this in the
next tables, where the RM SE values and their relative variations in percentage are reported.

The tables of the R? values related to the engine model with ATS and the ones related to the
engine configuration without ATS are 4.3 and 4.4 respectively. In each of these tables, the first
column is dedicated to the initial engine configuration, while the second to the modified engine
layout, where the thermal model has been changed. The R? values cannot represent the extent
of the change, because their variation is almost negligible. However, they are reported for sake
of completeness. To detect in a quantitative way the influence of the thermal model change it is
possible to rely on the tables of the RM SFE values, i.e. 4.5 and 4.6. They have the same structural
organization of the R? tables, but also showing a further column, in which there are the relative
variations in percentage of the RMSE values. The AR? values are not reported in the previous
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R? tables due to their negligible amounts.

Initial configuration | Thermal model change
p_ExbTC_Abs 0.995 0.998
T_EM _avg 0.998 0.998
p_ExaTC_Abs 0.999 0.997
T ExaTC 0.993 0.996

Table 4.3: Squared correlation coefficients R? of the engine model with ATS: initial configuration

(first column) and modified configuration (second column).

Initial configuration | Thermal model change
p_ExbTC_Abs 0.998 0.993
T_EM _avg 0.998 0.997
p_ExaTC_Abs 0.997 0.997
T ExaTC 0.994 0.990

Table 4.4: Squared correlation coefficients R? of the engine model without ATS: initial configu-

ration (first column) and modified configuration (second column).

Initial configuration | Thermal model change | ARMSE

p_ ExbTC_Abs 161.415 mbar 85.278 mbar -47.1687 %
T_EM_avg 15.608 °C 56.736 °C +263.499 %
p_ExaTC_Abs 9.930 mbar 44.746 mbar +350.618 %
T ExaTC 17.424 °C 79.167 °C +354.354 %

Table 4.5: Root mean square errors RM SE of the engine model with ATS: initial configuration
(first column), modified configuration (second column) and RMSE relative variation (third col-

umn).
Initial configuration | Thermal model change | ARMSE
p_ExbTC_Abs 72.539 mbar 149.697 mbar +106.368 %
T_EM _avg 50.337 °C 22.735 °C -54.835 %
p_-ExaTC_Abs 12.226 mbar 35.082 mbar +186.949 %
T ExaTC 71.272 °C 16.434 °C -76.942 %

Table 4.6: Root mean square errors RM SFE of the engine model without ATS: initial configura-
tion (first column), modified configuration (second column) and RMSE relative variation (third
column).

Now that the differences between the two engine models have been carefully analyzed and their
impact has been evaluated, it is possible to state that the most relevant dissimilarity is the thermal
model inside the exhaust pipes. The thermal model based on the map of the heat exchange
coeflicients surely optimizes the exhaust side temperatures, which are very important quantities
for a correct functioning of the After Treatment System. However, it has been shown that they
do not have a physical consistency, in contrast to the thermal model based on a single numerical
value. The use of this map-based strategy to model the thermal exchange in the exhaust side of
the engine has the main objective of developing the ATS. Instead, the main goal of this thesis is
to give a physical consistency to the engine model, improving at the same time the experimental
prediction of the engine quantities, in particular the exhaust gas temperatures. Therefore, from
now on, the engine model with ATS will be forsaken, focusing exclusively on the other layout and
improving it.
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Chapter 5

Study of some GT-ISE parameters
and their influence on the engine

model without ATS

From now on, the reference engine model is the one without ATS, equipped with EGR and
VGT closed-loop controllers. The aim of this chapter is to study some GT-ISE parameters,
understanding what are they for and which effect they have on the results of the considered
engine model. In particular, the aim is to improve the pressures and temperatures trend with
respect to the experimental values, and it is important to know if some of these parameter can
help to achieve this goal. Before starting this analysis, it is necessary to make some preliminary
changes. The latter regard the two closed-loop controllers and the hole diameter of orifice 7207,
i.e. the orifice at the flap downstream.

EGR-cooler-1

(a)

Figure 5.1: Block of the EGR (a) and VGT (b) closed-loop control inside which the change is
actuated.

Starting with the EGR closed-loop controller, the block within which the change is actuated is
reported in Figure 5.1(a). It is the EGR controller block, where the three-dimensional map of
the target EGR fraction is replaced by the corresponding experimental values, imposed in the
”Case Setup” section. Then also the VGT closed-loop controller is subjected to a modification.
The block of the VGT controller that implies the change is highlighted in Figure 5.1(b). The
same logic of change of the EGR controller is actuated: the three-dimensional map of the boost
pressure is replaced by the corresponding experimental values, always set in ” Case Setup”. Hence,
the VGT target is now based on the experimental values of the boost pressure.

These changes for the EGR and VGT controllers are reported respectively in Figures 5.2 and 5.3.
In the first, the 3D map " RLTEGRMap” is substituted by the experimental values of the EGR
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fraction ” Xr_C'O2”, and, with the same logic, in the second one the 3D map ” RLTpBoost” is
replaced by the experimental values of the boost pressure ” Boost”.

The reason of this modification about the target of both controllers can be motivated by the fact
of fixing as much as possible the quantities related to them, in order to make the engine model
even more faithful with the experimental results and to appreciate better the effect of the studied
software parameters.
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Figure 5.2: Modification of the EGR closed-loop controller.
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Figure 5.3: Modification of the VGT closed-loop controller.

The other important change concerns the hole diameter of the orifice ” 20”. This orifice is placed
downstream of the flap valve. It can be observed that, as hole diameter, there is the variable
" outlet”, imposed in Case Setup section. It is a vector of 126 values, like the number of cases.
However, since it indicates a geometrical parameter, it has the same value for all cases. The
modification is about this numerical value, which in all the previous simulations was 41 mm. Now
it is changed to 40 mm, considering it as the reference value for studying the GT-ISE parameters.
One of these software parameters is precisely the hole diameter of this orifice, and it will be
possible to discover the effect that it has on the engine simulation results.
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Now that the explained modifications have been actuated, the study of the software parameters
can start, exploiting this new version of the engine model without ATS. Each parameter will be
analyzed separately to detect its influence.
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Figure 5.4: Modification of the hole diameter of the orifice ” 20" .

5.1 Heat transfer multiplier

The first parameter that is worth analyzing is the Heat Transfer Multiplier (HTM) of the exhaust
manifold. This field belongs to the object that defines the manifold, which is the flow volume with
general geometry. In particular, this field belongs to the thermal section of the related object,
and it is the factor that amplifies or reduces the amount of heat transfer between the fluid and
the wall. The HTM of the exhaust manifold can be observed in Figure 5.5. By default, this
parameter is equal to 1. To detect the influence that it has on the engine quantities, it can be
enhanced.
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Figure 5.5: Heat transfer multiplier of the exhaust manifold.

So three simulations were run: the first using a Heat Transfer Multiplier equal to 1, the second a
HTM equal to 10 and the last one a HT'M equal to 100.

All engine quantities have been examined, but the heat transfer multiplier turns out to be very
little influential. Only two quantities are reported: the first is the average temperature of the
exhaust manifold and the second is the temperature of the exhaust gases at turbine downstream.
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A third quantity is also introduced, i.e. the exhaust manifold wall temperature, which can be
very useful since the wall is directly affected by the amount of heat transfer. There is not an
experimental exhaust manifold wall temperature, because of the complexity for carrying out the
measurement. So, only the simulated trends are shown, which are very important to observe the
influence of the heat transfer multiplier.

The average temperature of the exhaust manifold can be found in Figure 5.6 and the temperature
of the exhaust gases at the turbine downstream in Figure 5.7. In both diagrams, there are the
simulated trends for the three values of the heat transfer multiplier and the experimental trend.
It is possible to note that both temperatures are not affected by the variation of the parameter
in question. This can be confirmed by the RMSE values reported in Table 5.1, subject to very
little change.
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Figure 5.6: Effect of the heat transfer multiplier on the exhaust manifold average temperature.
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Figure 5.7: Effect of the heat transfer multiplier on the temperature of the turbine downstream
exhaust gases.
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HTM =1 | HTM = 10 | HTM = 100
T_EM_avg | 54.149 °C 53.521 °C 58.915 °C
T_ExaTC | 75.593 °C 74.133 °C 79.364 °C

Table 5.1: RMSE values of the heat transfer multiplier variation.

The wall temperature of the exhaust manifold, shown in Figure 5.8, is interesting to analyze. It
can be seen that increasing the heat transfer multiplier this temperature enhances. This behavior
is coherent, because enhancing the studied parameter the amount of heat transfer from the fluid
to the wall grows and so the temperature on the wall increases. Furthermore, a detail that can be
highlighted is a great gap between HT'M = 1 and HT' M = 10 and an almost negligible variation
between HT'M = 10 and HTM = 100. There is a saturation effect, so, as the heat transfer
multiplier increases, the wall temperature grows less and less.
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Figure 5.8: Effect of the heat transfer multiplier on the exhaust manifold wall temperature.

5.2 External convection coefficient
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Figure 5.9: External convection coefficient of the exhaust manifold.

Another parameter that can be studied is the External Convection Coefficient (ECC) of the
exhaust manifold. The features of this parameter have already been shown in the previous chapter.
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This parameter defines the amount of convective heat flow per surface and temperature unit
exchanged with the external environment. It is defined by a single numerical value, as highlighted
in Figure 5.9. The imposed value is 7.5 W/(m?K) and to observe which effect has on the simulated
temperatures it can be increased.

The first simulation was run with the initial engine configuration, so with ECC = 7.5 W/(m?K).
Then another simulation was launched, with a greater value of ECC, equal to 20 W/(m?K).
Finally, the ECC was imposed equal to 100 W/(m?K) in a third simulation. In the last two
simulations, the change also regards the temperatures of the wall external boundary conditions
object. Both the external convection temperature and the external radiation sink temperature
are imposed equal to 60 °C. However, this modification is almost negligible and the magnitude of
variation in the results is determined by the ECC, on which the attention is placed.
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Figure 5.10: Effect of the external convection coefficient on the exhaust manifold average tem-
perature.
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Figure 5.11: Effect of the external convection coefficient on the temperature of the turbine
downstream exhaust gases.
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ECC = 7.5 W/(m?K) | ECC = 20 W/(m?K) | ECC = 100 W/(m?K)
T_EM _avg 54.149 °C 50.152 °C 33.580 °C
T_EzaTC 75.593 °C 71.349 °C 52.754 °C

Table 5.2: RMSE values of the external convection coefficient variation.

The same quantities of the heat transfer multiplier analysis are reported, because they are directly
linked to the ECC and exhibit the most relevant variations. The average temperature of the
exhaust manifold is shown in Figure 5.10 and the temperature of the turbine downstream exhaust
gases in Figure 5.11. In both quantities, an increase of the external convection coefficient leads
to a decrease of the gases temperature, bringing them closer to the experimental results. This is
coherent, since a fluid that delivers a greater amount of heat flow to the surroundings consequently
is characterized by a diminuishment of its temperature. Furthermore, the decrease is almost
proportional to the enhancement of the ECC. It is possible to observe this phenomenon also
looking at the Table 5.2, where the RMSE value of each simulated trend is reported. Increasing the
value of the external convection coefficient, the RMSE value decreases in an almost proportional
manner.

The remaining quantity is again the wall temperature of the exhaust manifold. Looking at Figure
5.12, an opposite effect with respect to the HT'M one verifies: increasing the external convection
coefficient, the wall temperature decreases. This derives from the different definition of the ECC
with respect to the heat transfer multiplier. In fact, while the heat transfer multiplier concerned
the amount of heat transfer between the fluid and the wall of the exhaust manifold, the external
convection coefficient involves the exchange of heat between the thermodynamic system of the
exhaust manifold and the external environment. Therefore, the heat is released by both the fluid
and the wall, which define the exhaust manifold system, and for this reason also the temperature
wall decreases. Instead, with the rise of the HTM there was the rise of the heat delivered by the
exhaust gas to the wall, which consequently was characterized by a higher temperature.

Finally, observing the wall temperature trends, there is always a certain proportionality between
the ECC and the decrease of T_-EM_wall.
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Figure 5.12: Effect of the external convection coefficient on the exhaust manifold wall temper-
ature.
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5.3 Turbine multipliers

This section is reserved for the analysis of the turbine multipliers. The effect of these parameters
can be complex to understand and it is necessary to conduct a clear study on the influence that
they have on the intersted engine quantities. The approach is to fix the thermodynamic conditions
of the turbine downstream, and this can be done removing all blocks concerning the flap sub-
system, highlighted in Figure 5.13(a). Therefore, the configuration of the turbine downstream
side becomes like the one shown in Figure 5.13(b).
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Figure 5.13: Removal of flap sub-system from the turbine downstream side.

The aim is to impose the experimental thermodynamic conditions of the turbine downstream,
considering them as the conditions of the exhaust external environment. This can be performed
changing the features of the boundary pressure block ” 1787, highlighted in Figure 5.13(b). The
absolute pressure inside this block was the experimental pressure of the cabin, so the environment
within which the real engine was tested. It is changed replacing this single numerical value by
the experimental absolute pressures of the exhaust gases at turbine downstream (p_ExaTC_Abs).
To guarantee more and more the imposition of these pressure values, the ”inlet-static” condition
is selected.
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Figure 5.14: Change of some thermodynamic conditions inside the boundary pressure block
71767
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The last step before starting with the analysis of the turbine multipliers is to regulate the pressure
drops across the blocks staying in between the turbine and the boundary pressure ones, especially
across the orifice 7 20”. Since the experimental pressure values p_EraTC_Abs must be ensured at
the turbine outlet, the pressure drops must be reduced as much as possible. A solution can be to
change the hole diameter of the orifice ” 20”. There is no longer the Case Setup value ”outlet”,
because was thoughtful for the presence of the flap sub-system. Now that the latter has been
removed, there is the need to recalibrate this parameter, with the aim of ensuring the smallest
possible pressure drop. The first attempt is the default value, as highlighted in Figure 5.15(b).
The diameter value can be enhanced, choosing other five values, that are 53 mm, 54 mm, 56 mm,
58 mm and 60 mm. Six simulations were run, each one with a different hole diameter. In Figure
5.16 the average pressure drop across the orifice ” 20” as a function of the case number is reported,
with the trends for all the diameter values.
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Figure 5.15: Recalibration of the hole diameter of the orifice ” 20”.
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Figure 5.16: Effect of variation of the hole diameter on the average pressure drop across the
orifice ” 20”

Observing the diagram, there is a trend that completely differs from the others. It is about the
trend for a hole diameter of 60 mm. Actually, the latter overlaps the trend related to the default
diameter. So, it can be concluded that the default diameter coincides with a value around 60 mm,
since it gives the same outcome. This trend is made up of negative pressure drops. This means
that at downstream of the orifice there is a greater pressure than the one at the orifice upstream,
phenomenon due to the back-pressure waves. Now that there is no longer the flap valve, these
waves can be present in a greater extent, so a value of the orifice diameter must be found to avoid
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them. The values of diameter different by ”"def’” and 60 mm ensure this. In fact, their pressure
drop trends have positive values, as it should be. In particular, the diameter that guarantees
the lowest pressure drop across the orifice is 58 mm. Therefore, this value is chosen as the hole
diameter value of block ” 20” to perform the analysis of the turbine multipliers.

5.3.1 Turbine efficiency multiplier

The first turbine multiplier investigated is the efficiency one. This parameter belongs to the
”Options” section of the turbine block, reported in Figure 5.17, where the multiplier is highlighted.
The Turbine Efficiency Multiplier (TEM) is the factor that multiplies the turbine efficiency once
derived from the related map, before its imposition. By default, this value is equal to 1 and in
all the previous simulations it was used. To understand what type of effect is caused by this
parameter, it is necessary to use other values. Six simulations were run, each one exploiting a
precise value of this TEM series: 0.9, 1, 1.1, 1.15, 1.2 and 1.25.

%’]Ed Famiy " Main + Options

q Turbine Attribute Unit Object Value |
Mass Multiplier 1 J
Efficiency Multiplier 1 j
User Model Option standard v
Efficiency: PR Lookup Definition same-as-map v
Map Fraction for Entry 1 defﬁ
Wastegate Area Fraction for Entry 1 def T
Outlet Diameter (Connected to BoundaryPressure only) |[mm v defd
Damping Multiplier def (=0) T
Spedific Heat for Enthalpy Drop Calculations inlet
Lower Limit PR Tolerance def (=1E-3 T
| Apply Bearing Friction Losses to Shaft Power ]
Bearing Friction Multiplier def (= T
Oil Properties an J
Oil Temperature K v ign T
| Condense/Evaporate Water Vapor (Non-Refrigerant C... O

Reference Conditions for Corrected Output \

Reference Pressure for Corrected Output bar ~ def (=1.0132 J
Reference Temperature for Corrected Output K def (=283 j

Figure 5.17: ”Options” section of the turbine block: Efficiency Multiplier

All the usual engine quantities have been investigated, but only the ones that exhibit the greatest
variations are reported. The first quantity is the absolute pressure inside the exhaust manifold
(Figure 5.18), which decreases enhancing the turbine efficiency multiplier. In fact, the simulated
pressures approach the experimental trend more and more, which is not so distinguishable because
it is covered by the last four trends, i.e. the ones of TEM = 1.1, TEM = 1.15, TEM = 1.2 and
TEM = 1.25. They are very close to each other and it is useful to rely on the table where
the related RMSE values are shown (Table 5.3). The root mean square errors of p_ExbTC_Abs
are reported in the first column, and it can be observed that the best experimental estimate is
provided by a TEM = 1.1.

Another quantity that is affected by the TEM change is the T_EM_avg (Figure 5.19), which
decreases enhancing the parameter in question. The simulated trends get closer and closer to the
experimental values, as it is confirmed by the RMSFE values that decrease, reaching the minimum
value for TEM = 1.25.

For what concerns the pressure of the exhaust gases at turbine downstream, it does not depend on
the turbine efficiency multiplier, meaning that its variations are negligible changing this parameter.
This result is useful to understand that the TEM influences only the pressure at turbine upstream
and not the one at turbine downstream. Therefore, for changing the second pressure it is necessary
to rely on another parameter, as it will be possible to observe in one of the next sections. Instead,
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the increase of this parameter has a little effect on the temperatures at turbine upstream and
downstream, which reduce a bit.

The other temperature shows a dependence on the TEM: it is the temperature of the exhaust gases
at turbine downstream (Figure 5.20). The same reasoning made about the average temperature
of the exhaust manifold is proposed again here. Enhancing the TEM, the simulated T_FxzaTC
decreases and approaches the experimental trend.
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Figure 5.18: Effect of the turbine efficiency multiplier on the absolute pressure of turbine
upstream exhaust gases.
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Figure 5.19: Effect of the turbine efficiency multiplier on the exhaust manifold average temper-
ature.
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Figure 5.20: Effect of the turbine efficiency multiplier on the temperature of the exhaust gases
at turbine downstream.

p_-ExbTC_Abs | T_EM _avg | T_-ExaTC
TEM = 0.9 175.917 mbar 59.222 °C 80.535 °C

TEM =1 79.923 mbar 52.717 °C 74.951 °C
TEM = 1.1 50.999 mbar 47.518 °C 70.777 °C
TEM = 1.15 59.320 mbar 45.487 °C 69.257 °C
TEM = 1.2 73.233 mbar 43.397 °C 67.653 °C
TEM = 1.25 | 88.096 mbar 41.773 °C 66.525 °C

Table 5.3: RMSE values of the turbine efficiency multiplier variation.

5.3.2 Turbine mass multiplier

The second multiplier that is analyzed is the Turbine Mass Multiplier (TMM). It is highlighted
in Figure 5.21 and by default its value is equal to 1. This parameter is the factor that multiplies
the mass flow rate once it is derived from the related map, before its imposition. To investigate
the effect provided by this multiplier, it is useful to run simulations with other values. Three
simulations were run, the first with TMM = 0.9, the second with TMM = 1 and the third with
TMM = 1.1.

Only a quantity is influenced by this parameter in relevant way, i.e. the p_ExbTC_Abs (Figure
5.22). It can be noticed that for TMM = 0.9 the quantity is overestimated at high and medium
loads, while at low loads the simulated trend follows in a better way the experimental one. A
different behavior has the trend related to TMM = 1.1: a greater approach to the experimental
values at high and medium loads, but a major gap at low loads. Globally, the best trend is
provided by TMM = 1. In fact, the RMSE values are: 110.172 mbar for TMM = 0.9, 79.923
mbar for TMM = 1 and 91.244 mbar for TMM = 1.1. The first value of TMM gives the worst
response, due to the excessive overestimation at high loads. Even with a turbine mass multiplier
greater than the default one, there is not an optimal experimental prediction, due to the relevant
overestimation at low loads.
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Figure 5.21: ”Options” section of the turbine block: Mass Multiplier
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Figure 5.22: Effect of the turbine mass multiplier on the absolute pressure of turbine upstream
exhaust gases.
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Figure 5.23: Case Setup section: ” Qutlet” variable.
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Another important parameter that can be studied is the hole diameter of orifice ” 20”. To per-
form the analysis, it is necessary to restore the flap sub-system. Once all flap blocks have been
reintegrated in the turbine downstream side, the hole diameter of the orifice can be varied. New
values can be directly inserted in the ” Qutlet” variable in the Case Setup section, as it can be
observed in Figure 5.23. This variable is imposed as hole diameter of the orifice 20, like it was
illustrated in Figure 5.4.

The value of the ” Qutlet” variable can be increased, and simulations with 40 mm, 41 mm, 42
mm, 43 mm, 44 mm and 45 mm were run.
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Figure 5.24: Effect of hole diameter of orifice ” 20” on the absolute pressure of turbine down-
stream exhaust gases.
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Figure 5.25: Effect of hole diameter of orifice ” 20” on the absolute pressure of flap downstream.

Analyzing the results, the most relevant dependence on this parameter is about the absolute
pressure at turbine downstream (Figure 5.24) and about the absolute pressure at flap downstream
(Figure 5.25). The latter quantity has never been shown so far, and it is very useful in this section
to examine what happens at flap downstream side, since it is the location of the orifice 20.

The increase of this diameter leads to a decrease of both pressures. In fact, having an orifice
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of greater sizes helps to diminuish the pressure at its upstream. In particular, the pressures at
turbine downstream depend on this parameter. Even the pressure at turbine upstream decreases
with the growth of the orifice 20 diameter, but in less extent than the other pressures. So for this
reason only the pressures at turbine downstream are reported.

Observing the RMSFE values in Table 5.4, it can be noticed that the best experimental estimate is
ensured by a hole diameter of 41 mm. The value of 40 mm provides an excessive overestimation
at high loads, while all other values greater than 41 mm cause an extreme underestimation of the
pressures.

The hole diameter of orifice ” 20", even if in less extent, influences also the pressure at turbine
upstream and the temperatures at turbine upstream and downstream. In fact, enhancing the
diameter, a little reduction of these quantities occurs, and this represents a further advantage
that can be exploited in the final optimization of the engine model, shown in the next chapter.

p_ExaTC_Abs | p_EaFlap_Abs
outlet = 40 mm 26.270 mbar 22.395 mbar
outlet = 41 mm 11.147 mbar 8.310 mbar
outlet = 42 mm 17.172 mbar 21.509 mbar
outlet = 43 mm 30.044 mbar 36.973 mbar
outlet = 44 mm 41.983 mbar 50.771 mbar
outlet = 45 mm 52.401 mbar 62.890 mbar

Table 5.4: RMSE values of the variation of orifice ” 20” hole diameter.

5.5 Coolant and oil boundary conditions of the cylinder object

This last section concerns the thermal properties of the cylinder object and will represent the
most decisive solution to improve the estimate of the temperatures. The study focuses on the
Wall Temperature object, highlighted in Figure 5.27, with the name ” Wallheat”.

)

combineVol-1

=

:0mbme:/‘;l2073»1
I I

Figure 5.26: Thermal modification within the blocks of the cylinders.

The wall temperature object is shown in Figure 5.28 and is made up of three sections. The third
one is exhibited, with the name ”Cooling Boundary Conditions”. As the name suggests, this
section defines the thermodynamic boundary conditions of the cylinder cooling. There are several
fields that define the properties of the two fluids used to cool the cylinders: the coolant and the
oil. For the coolant, the temperature and the heat transfer coefficient of the cylinder side can
be chosen. Then the same quantities can be defined for the head side. About the oil, in the
same way, the temperature and the heat transfer coefficient of the cylinder side can be inserted.
Furthermore, there are the same two quantities but for the piston side. It is possible to notice
that for the heat transfer coefficients of both fluids there are single numerical values, while all the
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temperatures are defined by maps. The latter are three-dimensional maps, where the values of
temperatures in °C are as a function of the engine speed and BMEP, exactly like all the 3D maps
seen so far.
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Figure 5.27: Engine cylinder object.
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Figure 5.28: Wall Temperature object of the engine cylinders.

To examine the influence of the thermal properties of these two fluids, it is useful to modify them
using the following logic, creating these new engine configurations:

e "Coolant HTC”: first engine configuration with a new value of heat transfer coefficient of
the coolant;

e "Coolant HTC&T”: second engine configuration with a new value of heat transfer coefficient
and temperature of the coolant;

e 7Coolant HTC&T” - Oil HTC”: third engine configuration with a new value of heat transfer
coefficient and temperature of the coolant and with a new value of heat transfer coefficient
of the oil;

e "Coolant HTC&T - Oil HTC&T”: fourth engine configuration with a new value of heat
transfer coefficient and temperature of the coolant and with a new value of heat transfer
coefficient and temperature of the oil.

It can be noted that every successive new engine configuration includes all the previous ones.
This logic helps to study in a sequential way the effect of each thermal property.

The heat transmission between the cylinders and the two cooling fluids is mainly of convective
type. In particular, it is a forced convection, since both fluids are governed by pumping systems
in a real engine. Therefore, the new value of the heat transfer coefficient, for both coolant and
oil, is set as the upper estreme of the experimental range of coefficients for water and liquids in
forced convection: 10000 W/(m?K). In fact, the experimental range of these coefficients is 50 +
10000 W/(m?K). A good solution is to take the maximum of this range with the aim to enhance

86



the heat exchange, for reducing the simulated temperatures, but at the same time to comply with
the physical limits of the phenomenon in question.

Regarding the temperatures of the two fluids, the three-dimensional maps are replaced by exper-
imental values, test by test. About the new temperature of the coolant, the arithmetic average of
the fluid experimental temperature at the cooling system inlet and of the one at the cooling system
outlet is exploited. Instead, for the oil temperature it is used the experimental temperature of the
oil in the engine gallery. These two temperatures, functions of the steady-state test number, are
reported in Figure 5.29. Some considerations can be carried out about the two trends. The aver-
age coolant temperature exhibits a trend that increases globally. This enhancement is mainly due
to the decrease of the load. An internal combustion engine at low loads has a lower efficiency, so
a greater heat dissipation occurs, absorbed by the coolant. So, this explains the general increase
of the coolant temperature proceeding with the steady-state tests. Furthermore, it is possible
to see shortly before the test 100 a singularity, where there is a large decrease of the coolant
temperature. This is probably due to a longer time interval from the previous test, which caused
a engine cooling down. A similar phenomenon occurs, even if in less extent, to the temperature of
the oil (Figure 5.29(b)), always looking shortly before the test 100. About the latter temperature,
it has a different behavior with respect to the coolant one. In fact, going ahead with the tests it
shows a global diminuishment and furthermore it has a more orderly trend. This trend follows
the engine speed one: at high engine speeds there are high oil temperatures, while at lower engine
speeds the oil temperature decreases. The oil is responsible for the lubrication and the cooling
of the engine moving parts, for instance the bearings, the pistons etc. At high engine speeds,
the moving parts are subjected to more friction, with a consequent greater dissipation of heat,
absorbed by the oil. Instead, the global decrease of the oil temperature trend can be explained
with the load decrease. The moving parts are less stressed when there is a minor amount of load,
producing less friction and so dissipating less heat.
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Figure 5.29: Average coolant temperature (a) and oil temperature in the engine gallery (b).

It is possible to perform a simulation with each of the new engine configurations, with the aim
of detecting the effect of the thermal modifications described above. The first simulation regards
the initial configuration, so without thermal modifications within the engine cylinder object, i.e.
with the properties shown in Figure 5.28. The second simulation concerns the ” Coolant HTC”
configuration, where the heat trensfer coefficients of the coolant are set equal to 10000 W/(m?K)
and the other properties are the same as the initial configuration. Then the next simulation regards
the ”Coolant HTC&T” engine layout, imposing the coolant temperatures equal to T_-CWC_avg
and with the same settings as the previous configuration. The fourth simulation is of the ” Coolant
HTC&T - Oil HTC” layout, where the heat transfer coefficients of the oil are set equal to 10000
W/(m2?K) and the other properties are the same as the previous ”Coolant HTC&T” engine
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configuration. Finally, the last simulation is about the ”Coolant HTC&T - Oil HTC&T” model,
setting the temperatures of the oil equal to T_OilGal and including all the properties of the
previous configuration.

The changes about the boundary conditions of the coolant and oil mainly impact on the tem-
peratures of the engine model. The other quantities are also influenced, but in less extent and
furthermore their behavior with respect to the experimental results is not compromised. There-
fore, only the temperatures are examined. The first is the exhaust manifold average temperature
(Figure 5.30), where the thermal modifications regarding the cylinders have a reducing effect. In
fact, introducing more and more the changes about the heat transfer coefficients and temperatures
of the coolant and oil, the simulated temperature decreases, approaching the experimental results.
The best trend is given by the engine configuration that includes all the thermal modifications,
i.e. the "Coolant HTC&T - Oil HTC&T”.

Exhaust manifold average temperature

Experimental

800 r Initial configuration
Coolant HTC

Coolant HTC&T

Coolant HTC&T - Oil HTC
Coolant HTC&T - Qil HTC&T ||

900

700

O 600 i
<,

D 500
©

<' 400

11}

- 300
200

100 1

O Il Il Il Il Il Il
0 20 40 60 80 100 120 140

Case number [-]

Figure 5.30: Effect of coolant and oil boundary conditions on the exhaust manifold average
temperature.

The same behavior observed about the T_EM _avg is present also in the other two temperatures,
which are the temperature of the exhaust gases at turbine downstream (Figure 5.31) and the
temperature at flap downstream (5.32). The latter is a new quantity, never shown so far, but
very useful to observe the effect of the analyzed parameters. The behavior of the temperatures
is confirmed by the related RMSE values, reported in Table 5.5. Looking at the root mean
square error values in sequential order, it is possible to note that the reducing effect is smaller
and smaller. In fact, introducing the new heat transfer coefficients of the coolant, the RMSFE
values decrease by almost 10 °C. Then, inserting the new coolant temperatures, the reduction is
by about 5°C, and finally introducing the new heat transfer coefficients of the oil and the new oil
temperatures the reductions are respectively of roughly 3°C and 1°C. Therefore, there is a sort of
saturation effect. However, these modifications will be exploited in the next chapter to improve
the engine temperatures.
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Figure 5.31: Effect of coolant and oil boundary conditions on the temperature of the exhaust
gases at turbine downstream.
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Figure 5.32: Effect of coolant and oil boundary conditions on the flap downstream temperature.

T EM avg | T_ExaTC | T_EaFlap

Initial configuration 54.149 °C 75.593 °C 56.710 °C
Coolant HTC 44.395 °C 65.502 °C 47.700 °C
Coolant HTC&T 39.402 °C 60.333 °C 43.109 °C

Coolant HTC&T - Oil HTC 36.597 °C 57.396 °C 40.548 °C
Coolant HTC&T - Oil HTC&T | 35.439 °C 56.163 °C 39.442 °C

Table 5.5: RMSE values of the variation of coolant and oil boundary conditions.
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Chapter 6

Optimization of the engine model
without ATS and final simulation

6.1 Optimization of the engine model without ATS

Having understood which are the effects of the GT-ISE parameters studied in the previous chapter,
they can be exploited to perform an optimization of the engine model without ATS. This operation
is performed on the engine configuration equipped with EGR and VGT closed-loop controllers,
i.e. the same configuration on which the previous study was conducted. Actually, the goal is to
reintegrate the two open-loop controllers into this optimized configuration, for then performing
a final simulation and comparing the results with the ones of the original engine configuration
without ATS. However, to perform this reintegration, a further step is needed, as it will be possible
to see.

The optimization is based on these GT-ISE parameters:

the boundary conditions of the coolant and oil of the cylinder object;

e the hole diameter of the orifice ” 20" ;

the External Convection Coefficient (ECC) of the thermal model inside the exhaust pipes;

the Turbine Efficiency Multiplier (TEM).

The aim is to exploit the advantages brought by these parameters, knowing the quantities on
which they have relevant effects.

Object Usage " FE Structure and Plotting ./ Initial Material Temps " Cooling Boundary Conditions
DWtheat
- G'v‘iallheat | I Attribute Unit Object value
--O Objects Coolant Boundary Conditions
[&] Engine_cyiinder Cylinder Coolant Temperature See Case S... ~ [T_CWC_avg]|...
Cylinder Coolant Heat Transfer Coefficient W/(m~2K) 10000 r
Head Coolant Temperature See CaseS... [T_cwc_avg] [...]
Head Coolant Heat Transfer Coefficent W/(m~2K) v 10000 |7
. ‘mm%}ml . iz Coolant to Valve Seat Heat Transfer Coefficent W/(m*2K) v 0 [,.,
‘ 0il Boundary Conditions
©0 X} gkvgi ﬁ oy Cylinder Oil Temperature See Case S... [T_oilGal] [
} N Cylinder Oil Heat Transfer Coefficient W/(m~2K) 10000 |7
Piston Qil Temp (Zone 1 for Custom FE Piston) See CaseS... [T_oiGal] L
Piston Oil HTC (Zone 1 for Custom FE Piston) W/(m~2K) v 10000 ]7
+ = |
(a) (b)

Figure 6.1: ”Coolant HTC&T - Oil HTC&T” configuration for the final optimization.
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Starting from the boundary conditions of coolant and oil inside the engine cylinder object, the
reducing effect provided by them on the temperatures was shown in the previous chapter. It was
stated that the configuration that guarantees the best estimate of the experimental temperatures
is the ”Coolant HTC&'T - Oil HTC&T” configuration, in which the heat transfer coefficients are
equal to 10000 W/(m2K) and the temperatures are T_CWC_avg for the coolant and T_OilGal
for the oil. So these modifications are introduced in the new optimized engine configuration, as
reported in Figure 6.1.

The second parameter exploited for the optimization is the hole diameter of orifice ” 20”. The goal
of its utilization is to align the pressures at turbine downstream with the experimental trends.
In fact, in the previous chapter it was observed that the enhancement of this parameter leads to
a reduction of p_FraTC_Abs and p_FaFlap_Abs. It was seen that the value that guarantees the
best experimental prediction is 41 mm, and this value is chosen for the final engine model. The
choice of this parameter is reported in Figure 6.2. This parameter brings also a slight decrease
of p_ExbTC_Abs and of the temperatures at turbine upstream and downstream, feature that is
advantageous for the improvement of their experimental estimate.
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Boost bar v 1.91564|... 2.303735 ... 2.342616 ... 2.406275]...
'-/',0‘\\ Turbospeed RPM 128601...] 13610[... 18010/...] 20420[...]
Speed RPM y 3850 ..., 3500].... 3250[.... 3000/....
PR N { ‘ e [ =
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FlapOpening- — — — —
P pl 9 Joutet mm 4. M |
Time_muitiplier Time Step Multiplier 1. | [<: =
DX_int mm ~ | Discretization Length 200[...] [
178 DX_EGR mem « | Discretization Length 200[...) [ [ [
(a) (b)

Figure 6.2: Change of the orifice ” 20” diameter for the final optimization.

Continuing the optimization with the external convection coefficient, it is enhanced in all the
exhaust pipes to further reduce the temperatures at turbine upstream and downstream. The new
value chosen is 25 W/(m?2K), which is the upper extreme of the typical range of the thermal
exchange coefficient of the air in natural convection (5 + 25 W/(m?K)). In fact, the fluid sur-
rounding the exhaust pipes is the air and the heat transfer way between the two thermodynamic
system is the free convection. The reason of the selected heat transfer coefficient is to increase
the amount of thermal flux towards the surroundings but at the same time to comply with the
physical limits of the air in free convection. The modification of the ECC is reported in Figure
6.3 and applies to all highlighted exhaust pipes.

Object Usage +/ Boundary Conditions
([OreatcExhaust
= DHeathxhaust | |
=1-@ Objects External Convection Temperature C / 85 [
combineVol2073 External Radiation Sink Temperature c v 90
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]g Exh-Manifold

ExhMan_MV
[E5 Flowspit-£6R [ =
Minimum Convection Coeff Imposed by Free Convection M... ()
Bexhc —
FS-Exh-Manif
FS-Exh-Manif1
== FS-Exh-Manif2
combineVol748

Attribute Unit Object value

© | External Convection Coefficient Wim~2K) v 25...
~TE - - -

(b)

Figure 6.3: Change of the external convection coefficient in the exhaust pipes for the final
optimization.
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The last parameter that is modified to perform the optimization is the turbine efficiency multi-
plier. It is enhanced only to 1.05, so as not to deviate too much from the realistic values of turbine
efficiency but at the same time exploiting a little the advantages brought by this parameter in-
crease, i.e. the reduction of the absolute pressure at turbine upstream and of all the temperatures.
It is possible to observe the presence of this new value in Figure 6.4(b).

Now that all the parameters have been updated to obtain the optimized engine model, it is
necessary to reintegrate into the configuration the EGR and VGT open-loop controllers.

éh}ec‘t Family / Main + Options
] Turbine | Attribute Unit Object Value |
Mass Multiplier 1]
Efficiency Multiplier 1.05 _‘I
User Model Option ‘ standard v
Efficiency: PR Lookup Definition same-as-map “
Map Fraction for Entry 1 defﬂ
Wastegate Area Fraction for Entry 1 def T
Outlet Diameter (Connected to BoundaryPressure only) [mm ~ defﬂ
Damping Multiplier def (=0) _‘
Specific Heat for Enthalpy Drop Calculations inlet v
Lower Limit PR Tolerance def (=1E-8 _‘
VGT-ExpcoriGTexp-op-1 Apply Bearing Friction Losses to Shaft Power [ ]
! Bearing Friction Multiplier def (=1 T
Qil Properties ign J
Qil Temperature K ign _‘
TC-Shaft —
= esso? ‘ CondenseEvaporate Water Vapor (Non-Refrigerant C... O
Reference Conditions for Corrected Output ‘
Reference Pressure for Corrected Output bar v def (=1.01325) [...]
Reference Temperature for Corrected Output K v def (=283 :‘

(a) (b)

Figure 6.4: Change of the turbine efficiency multiplier for the final optimization.

6.2 Reintegration of the open-loop controllers into the engine
model without ATS

This section is reserved for the reintroduction of the EGR and VGT open-loop controllers into
the engine model without ATS. The aim is to compare this new optimized configuration with
the initial one, in which there were the two open-loop chains. For this reason, it is necessary to
reintegrate them, to observe the advantages brought by the new optimal parameters.

Running a simulation, it has been detected that at high loads many quantities, in particular the
pressures, are affected by an excessive overestimation of the experimental results. The respon-
sibility for this phenomenon lies with the correlation into the VGT open-loop chain. In fact,
the VGT correlation, reported in Figure 3.8, was calibrated with a turbine efficiency multiplier
equal to 1. Now that there is a new value for this parameter, it is necessary to perform a new
calibration. Therefore, this further step is needed before running the last simulation.

The calibration of the VGT correlation is performed relying on the optimized engine model
equipped with closed-loop controllers. As it is known, this controller typology guarantees a
higher precision than the open-loop chain. So, a simulation of the engine model with EGR and
VGT closed-loop controllers must be run, consulting the rack position imposed on the turbine
by the VGT controller. The goal is to reproduce as much as possible the control given by the
closed-loop VGT, calibrating on it the new correlation of the open-loop chain. The bisector plot
of the rack position is exploited, in which there are the simulated values of the optimized engine
configuration with closed-loop controllers as a function of the experimental values. The correla-
tion is obtained through an interpolation of the rack position points, that can be of various types.
In this case a second degree polynomial interpolation is chosen, performed by a dedicated Matlab
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command, called ”fit”. The magenta curve in Figure 6.5 is obtained. However, this curve has
been compared with the old VGT correlation and they are more or less equivalent. The problem
of the overestimation at high loads remains, so another strategy must be found. The solution is to
impose greater values of rack position at high loads, to have, in accordance with the GT-SUITE
convention, greater openings of the turbine vanes and therefore a decrease of the boost action.
In this way, the problem of the overestimation at high loads can disappear. Therefore, a VGT
correlation with a greater concavity must be obtained. A curve with this feature can be got
imposing the interpolation only on the rack position points of high load, that are the ones in red.
The curve related to this new interpolation is the green one.
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Figure 6.5: Bisector plot of the experimental rack position and of the simulated values of the
optimized engine model equipped with closed-loop controllers.
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Figure 6.6: VGT correlations taking into account all the rack position points (black curve), the

rack position points above 57 % (green curve), 58 % (red curve) and 62 % (magenta curve) of the
experimental BMEP.
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To select the rack position points of the high loads, a load threshold must be chosen, i.e., once this
threshold is decided, only the rack position points referring to a load greater than this value are
considered. This threshold is a percentage of the experimental BMEP, and the selected percentage
is 62 %. Therefore, the green curve of Figure 6.5 is derived imposing this threshold value. Lower
percentages of BMEP were explored, but the resulting curves had a completely different behavior
(Figure 6.6). In fact, it is interesting to note that, decreasing the load threshold from 62 % to
58 % and from 58 % to 57 %, the concavity of the fitted curve changes completely. Using lower
values of load threshold leads to curves with lower concavity, which is not the desired feature. For
this reason, the value of 62 % has been selected.

The updated VGT correlation, suitable for a turbine efficiency multiplier of 1.05, can be compared
with the initial correlation, as it can be observed in Figure 6.7. To medium and high values of
the abscissa correspond higher values of the ordinate, and this is the desired behavior. However,
considering low values of abscissa, lower values of the ordinate are obtained from the updated
magenta curve. It is necessary to restore the ordinate values of the original correlation, because
lower values can create problem of instability in transient simulations. In this thesis only steady-
state simulations are included, but the optimized engine model must be suitable even for transient
conditions. Therefore, the new definitive correlation is created in this way: the first 20 values are
the ones of the original correlation, while the values from the thirtieth to the last one are of the
updated correlation. Regarding the values going from position 21 to 29, they have been modified
by hand, in order to get a matching between the two portions of curve. The new correlation is
reported in Figure 6.8.
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Figure 6.7: Comparison between the original correlation and the updated correlation.

Now, the new correlation can be inserted within the reserved block of the VGT open-loop chain.
The ordinate values of the obtained curve are taken and imported into the block. These values
are highlighted in Figure 6.9(b).

This new VGT correlation represents the last modification performed in the engine model without
ATS. Now it is possible to run a final simulation and observe the results.
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Figure 6.8: Comparison between the original correlation and the new correlation.
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Figure 6.9: New correlation inside the VGT correlation block.

6.3 Final simulation and comparison with the initial configura-
tion

The final version of the engine model without ATS was obtained. The related simulation can
be run, examining all the main quantities and comparing them with the ones of the primitive
version of the engine model without ATS. To have a complete overview of the results provided by
the model, some new quantities are introduced. Indicating them always in accordance with the
department dictionary, they are:

o megr_-CO2_-EGR: EGR mass flow rate;
e Lambda: relative air-fuel ratio;
o cta_volumetric_IM: volumetric efficiency referred to the intake manifold;

e NOz_exh: NOx concentration at catalyst upstream.

For each quantity, the same plot types shown in chapter 2 are shown: the experimental and
simulated quantities as a function of the case number and the related bisector plot. There are
two simulated trends in each plot, i.e. the one related to the optimized engine model without
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ATS and the one related to the initial configuration, with the aim of performing a comparison.
All the squared correlation coefficients and the root mean square errors are collected respectively
in Tables 6.1 and 6.2.

Starting with the average fuel consumption during the test (Figure 6.10), all trends, so both
simulated and experimental ones, overlap. This is due to the reason already explained in the
second chapter, i.e. the imposition of the experimental fuel mass per pulse within the injector
object of the model.
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Figure 6.10: Comparison of the average fuel consumption during the test between the original
and the optimized engine model without ATS: experimental and simulated trends as a function
of the case number (a); bisector plot (b).

Then there are the wet and dry air mass flow rates, reported respectively in Figures 6.11 and
6.12. The variation between the results given by the original engine model and by the optimized
configuration is not so distinguishable only by looking at the diagrams. The change can be
observed referring to the RMSE values of Table 6.2. The final engine layout gets slightly worse
the experimental prediction of these quantities.
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Figure 6.11: Comparison of the wet air mass flow rate between the original and the optimized
engine model without ATS: experimental and simulated trends as a function of the case number
(a); bisector plot (b).
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Figure 6.12: Comparison of the dry air mass flow rate between the original and the optimized
engine model without ATS: experimental and simulated trends as a function of the case number
(a); bisector plot (b).

Regarding the first of the new quantities, so the EGR mass flow rate, shown in Figure 6.13, there is
not a uniform behavior. At high loads the simulated trends follow in better way the experimental
one, while increasing the case number the estimate gets worse. In fact, in the upper peaks, at
medium and low load, there is an underestimation of the experimental results. The two simulated
trends are more or less equivalent and this is confirmed by the two RMSE values, that are very
similar.
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Figure 6.13: Comparison of the EGR mass flow rate between the original and the optimized
engine model without ATS: experimental and simulated trends as a function of the case number
(a); bisector plot (b).

Another new quantity that contributes to the completeness of the results is the relative air-fuel
ratio Lambda. The two simulated trends are directly computed exploiting the simulated mairwet
and F'B_VAL, according the equation 6.1, in which 14 = mairwet and 1y, = FB_VAL.
'{hair
)\ — mfuel 61
. (6.1)
The ay parameter is the stoichiometric air-fuel ratio, taken from the experimental data set and
equal to 14.61.
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The Lambda quantity is reported in Figure 6.14, where it is possible to see that in most cases
the two simulated trends overestimation the experimental one. This occurs particularly in corre-
spondence of the decreasing slopes of the wet air mass flow rate diagram, in which the simulated
mairwet are a little higher than the experimental one. Therefore, according to the relation 6.1, the
relative air-fuel ratio provided by the models overestimates its experimental values. Instead, in
correspondence with the upper peaks at medium and low loads, the experimental relative air-fuel
ratio is higher than the simulated trends. This is always due to the simulated mairwet behavior.
Furthermore, the results provided by the optimized engine model have a more accentuated ten-
dency, both about the overestimation and underestimation of the experimental values. However,
from a global point of view, the two root mean square errors are pretty similar.
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Figure 6.14: Comparison of the relative air-fuel ratio between the original and the optimized
engine model without ATS: experimental and simulated trends as a function of the case number
(a); bisector plot (b).
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Figure 6.15: Comparison of the volumetric efficiency related to the intake manifold between the
original and the optimized engine model without ATS: experimental and simulated trends as a
function of the case number (a); bisector plot (b).

98



A quantity that cannot be neglected is the volumetric efficiency eta_volumetric_IM, shown in
Figure 6.15. Volumetric efficiency is a parameter that evaluates the ability of the engine intake
and exhaust systems to work as an air pumping device. It can be defined as the "measure of the
breathing efficiency of an engine” [9]. The formulation of volumetric efficiency (6.2) shows that
it is defined as the ratio between mg;,, i.e. the air mass per cycle and per cylinder, and Mg id,
which is the ideal reference mass, i.e. the air mass that could enter the cylinder ideally.

Masgr Mair Mair

Ay = — —

_ _ e 6.2
Mair,id PairVd pair'LVd% ( )

Mg 18 the air mass flow rate into the engine, iV is the total engine displacement and n is the
engine speed. Regarding pgi,, it is the air density, that can be evaluated in two different ways,
based on the engine type. For the naturally aspirated engines, it is equal to the enviromental air
density, so the relation pgir = pamp holds, while for the turbo-charged engine, like the engine of this
thesis, the air density is evaluated by the intake manifold thermodynamic conditions, therefore
Pair = PIM -

The simulated trends were not computed, but were taken directly from GT-POST outcomes.
From a first analysis, it can be observed that they do not estimate perfectly the experimental
trend. However, observing both the squared correlation coefficients and the root mean square
errors, actually they have a good behavior. Furthermore, the optimized configuration exhibits a
lower RM SE, probably thanks to, as it will be possible to observe, the improvement of the intake
manifold pressure, necessary for the computation of A, executed by the software.
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Figure 6.16: Comparison of the brake mean effective pressure between the original and the
optimized engine model without ATS: experimental and simulated trends as a function of the
case number (a); bisector plot (b).

Then there is the brake mean effective pressure (6.16), whose trend given by the optimized engine
model gets slightly worse at high loads. In fact, having greater values of simulated BMEP leads
to an overestimation of the experimental values. These higher values of BMEP can be explained
by the exhaust gases temperatures that, as it will be possible to observe, decrease, so less thermal
energy is given to the exhaust and more work is provided by the engine. This is the compro-
mise to accept for having a relevant improvement of the experimental prediction of the exhaust
temperatures, which represents one of the most important results of this thesis.

Regarding the absolute pressure at the intake manifold, it is shown in Figure 6.17. It can be noted
that at high loads, the optimized engine configuration brings an improvement of the experimental
estimate. In fact, the trend provided by the original engine layout overestimates the experimental
values, while the new trend is very close to them. This good behavior is mainly due to the
new VGT correlation, by which the VGT open-loop control can work much better at high loads.
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Decreasing the load more and more leads to a general underestimation of the experimental results,
even greater considering the trend of the optimized engine model. This behavior, exhibited by both
engine models, is substantially due to a limit of the open-loop control, that does not guarantee the
same level of precision of the closed-loop one. However, to maintain the presence of the open-loop
control, it is an acceptable behavior.
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Figure 6.17: Comparison of the intake manifold absolute pressure between the original and the
optimized engine model without ATS: experimental and simulated trends as a function of the case
number (a); bisector plot (b).
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Figure 6.18: Comparison of the intake manifold average temperature between the original and
the optimized engine model without ATS: experimental and simulated trends as a function of the
case number (a); bisector plot (b).

The intake manifold average temperature T_IM_avg is reported in Figure 6.18. There is again
difficulty for the engine model to follow the experimental trend for this quantity. The optimized
layout has also trouble estimating the experimental results, showing even less ability, as it can
be observed in the RM SE table. The main reason is always the dependence on the EGR, which
makes difficult the thermodynamic modelling of the intake manifold. As it will be shown, the
EGR percentage estimate will get worse in the optimized engine configuration, and this explains
the greater RMSFE value of the final engine model T_-IM_avg trend. However, considering the
scale covered by the trends values, the discrepancies are acceptable.
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Figure 6.19: Comparison of the absolute pressure of turbine upstream exhaust gases between
the original and the optimized engine model without ATS: experimental and simulated trends as
a function of the case number (a); bisector plot (b).
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Figure 6.20: Comparison of the exhaust manifold average temperature between the original and
the optimized engine model without ATS: experimental and simulated trends as a function of the
case number (a); bisector plot (b).

Concerning the absolute pressure within the exhaust manifold (Figure 6.19), the final engine
layout exhibites an improvement in the experimental estimate at high loads. The merit of this
goes to the new turbine efficiency multiplier that, as was shown in the previous chapter, has the
effect of reducing the intake manifold pressure with its enhancement. This is confirmed by the
RMSFE value, which reduces from 98.068 mbar to 75.325 mbar.

The average temperature of the exhaust manifold, shown in Figure 6.20, like all other exhaust
temperatures, exhibits the greatest effect of the optimization procedure performed in the engine
model without ATS. The T_EM_avg reduces in a relevant extent, approaching a lot the experi-
mental trend. This is the effect brought by all the modifications introduced in the optimization
phase, in particular by the changes of the coolant and oil boundary conditions within the cylinder
object. There are also the small contributes of the new external convection coefficient inside the
exhaust pipes thermal model, of the new value of the orifice diameter at the flap downstream
and also of the new turbine efficiency multiplier. All these changes lead to a reduction of the
RM SFE value from 47.618 °C to 23.826 °C, reduction that can be appreciated even by looking at
the bisector plot, in which the green points cloud is closer to the bisector than the red points one.
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Figure 6.21: Comparison of the absolute pressure of turbine downstream exhaust gases between
the original and the optimized engine model without ATS: experimental and simulated trends as
a function of the case number (a); bisector plot (b).
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Figure 6.22: Comparison of the temperature of turbine downstream exhaust gases between the
original and the optimized engine model without ATS: experimental and simulated trends as a
function of the case number (a); bisector plot (b).

The absolute pressure of the exhaust gases at turbine downstream (Figure 6.21) does not show a
relevant change between the initial and the final engine model. There is only a slight reduction
in the simulated pressure of the optimized engine model, but it is negligible.

Regarding the temperature T_EzaTC, there is the same effect observed in T_FEM_avg. The extent
of reduction can be observed on the RM S E values, in which the one of the optimized engine model
decreases approximately by 24 °C, exactly like the case of the exhaust manifold temperature. The
difference is that the simulated T-FzaT'C of the initial engine layout starts with a major level
of overestimation, and consequently the new simulated trend does not reach the same amount
of approaching of the T_EM_avg one. However, the quality of the result can be considered
satisfactory.

Now, there are the quantities related to the single engine cylinder. The third cylinder is again
chosen, mainly to perform the comparison with the original engine model. There are again
the maximum pressure inside the combustion chamber PMAX3 (Figure 6.23), the net indicated
mean effective pressure IMEPS3 (Figure 6.24), the gross indicated mean effective pressure IMEPHS3
(Figure 6.25), the pumping mean effective pressure IMEPL3 (Figure 6.26) and the total friction
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mean effective pressure TFMEPS (Figure 6.27). Apart PMAXS3, in which the optimized engine
model shows a slightly worse behavior due to a greater underestimation at high loads, the two
indicated mean effective pressures have a small improvement with the optimization procedure,
and the pumping and total friction mean effective pressures have practically the same behavior.
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Figure 6.23: Comparison of the maximum pressure of cylinder 3 combustion chamber between
the original and the optimized engine model without ATS: experimental and simulated trends as
a function of the case number (a); bisector plot (b).
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Figure 6.24: Comparison of the net indicated mean effective pressure of cylinder 3 between the
original and the optimized engine model without ATS: experimental and simulated trends as a
function of the case number (a); bisector plot (b).
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Figure 6.25: Comparison of the gross indicated mean effective pressure of cylinder 3 between
the original and the optimized engine model without ATS: experimental and simulated trends as
a function of the case number (a); bisector plot (b).
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Figure 6.26: Comparison of the pumping mean effective pressure of cylinder 3 between the

original and the optimized engine model without ATS: experimental and simulated trends as a
function of the case number (a); bisector plot (b).
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Figure 6.27: Comparison of the total friction mean effective pressure of cylinder 3 between the
original and the optimized engine model without ATS: experimental and simulated trends as a
function of the case number (a); bisector plot (b).
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Figure 6.28: Comparison of the turbo angular speed between the original and the optimized
engine model without ATS: experimental and simulated trends as a function of the case number
(a); bisector plot (b).

Regarding the turbo angular speed (Figure 6.28), there is a little improvement at high loads
brought by the optimized configuration. However, the greater amount of underestimation at
medium and low loads provided by the new engine layout leads to a little increase of the RM SFE
value, but it is a value that can be accepted.

The EGR percentage (Figure 6.29) shows a worsening with the optimized engine configuration.
The reason could be the need of recalibration of the EGR open-loop correlation. In fact, since
important modifications were made, a similar procedure adopted for the VGT recalibration could
be necessary. The starting point would be the same, hence the optimized engine model equipped
with closed-loop controllers. However, while in the VGT case there was a known direction, i.e.
the recalibration of the correlation giving priority to the high loads, in the EGR percentage case
there is worse behavior more or less at all the load levels, so it would be more onerous to find a
new EGR correlation that improves the estimate of the experimental quantities related to EGR.
About the boost pressure (Figure 6.30), the behavior is similar to the one observed about the
intake manifold absolute pressure. At high loads, the simulated trend of the optimized engine
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Figure 6.29: Comparison of the EGR percentage between the original and the optimized engine
model without ATS: experimental and simulated trends as a function of the case number (a);
bisector plot (b).
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Figure 6.30: Comparison of the boost pressure between the original and the optimized engine
model without ATS: experimental and simulated trends as a function of the case number (a);
bisector plot (b).

model follows in a better way the experimental one, thanks to the new correlation within the
VGT open-loop chain. The disadvantage is that at medium and low loads there is further level
of underestimation for the new green trend, leading to an increase of the RM SFE value.
Regarding the flap downstream absolute pressure, shown in Figure 6.31, there is not a relevant
change between the initial and the final engine models. In fact, in both cases the precision of the
experimental results estimate is very high. In contrast, for the flap downstream temperature there
is an important change introduced with the new engine layout, as it can be seen in Figure 6.32.
The effect is similar to the one observed for two previous exhaust gases temperatures T_EM_avg
and T_FEzaTC. The discrepancy between the simulated temperature and the experimental one is
reduced, looking also at the bisector plot. The amount of reduction is equivalent to the previous
case, i.e. a RMSFE decrease of about 24 °C.
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Figure 6.31: Comparison of the flap downstream absolute pressure between the original and
the optimized engine model without ATS: experimental and simulated trends as a function of the
case number (a); bisector plot (b).
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Figure 6.32: Comparison of the flap downstream temperature between the original and the
optimized engine model without ATS: experimental and simulated trends as a function of the
case number (a); bisector plot (b).

The last quantity that is worth analyzing concern the nitrogen oxides concentration at cata-
lyst upstream, reported in Figure 6.33. These molecules are one of the most relevant pollutant
emissions of the diesel engine, and there is a need to reduce them for complying with the new
legislations, which are more and more rigorous. The mechanism of formation of these pollutants
is difficult to model inside the software, therefore the simulated trends do not follow in a precise
way the simulated results. However, a certain degree of precision can be reached, looking at the
square correlation coefficients of Table 6.1, which are above 0.9. The introduction of the new
modifications into the engine model leads to a worsening of the experimental prediction, which
however can be considered acceptable given the general difficulty to estimate this quantity.
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Figure 6.33: Comparison of the NOx concentration at catalyst upstream between the original
and the optimized engine model without ATS: experimental and simulated trends as a function
of the case number (a); bisector plot (b).

Original engine model | Optimized engine model
FB_VAL 1.000 1.000
mairwet 0.996 0.994
mazirdry 0.996 0.994
megr_CO2_EGR 0.980 0.977
Lambda 0.994 0.990
eta_volumetric_IM 0.963 0.950
BMEP 0.999 0.999
p_MAP_Abs 0.997 0.996
T IM_avg 0.707 0.662
p_ExbTC_Abs 0.996 0.995
T_EM _avg 0.997 0.998
p_ExaTC_Abs 0.995 0.993
T ExaTC 0.992 0.993
PMAXS3 0.996 0.992
IMEPS3 0.999 0.999
IMEPHS3 0.999 0.999
IMEPLS3 0.996 0.995
TFMEP3 0.918 0.918
N_turbo 0.997 0.996
Xr_CO2 0.993 0.990
PCR_pDesVal 0.998 0.997
p_EaFlap_Abs 0.995 0.993
T EaFlap 0.992 0.993
NOz_exh 0.926 0.900

Table 6.1: Root mean square errors RM SFE of the original engine model and of the optimized
engine model.
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Original engine model | Optimized engine model
FB_VAL 0.037 kg/h 0.037 kg/h
mairwet 14.318 kg/h 18.085 kg/h
mairdry 3.969 g/s 4.998 g/s
megr_CO2_EGR 1.428 g/s 1.667 g/s
Lambda 0.124 0.155
eta_volumetric_IM 0.044 0.032
BMEP 0.226 bar 0.270 bar
p-MAP_Abs 41.256 mbar 48.171 mbar
T _IM _avg 4.928 °C 5.894 °C
p_ExbTC_Abs 98.068 mbar 75.325 mbar
T_EM_avg 47.618 °C 23.826 °C
p_ExaTC_Abs 14.244 mbar 14.795 mbar
T _ExaTC 68.241 °C 44.746 °C
PMAXS3 2.830 bar 3.742 bar
IMEP3 0.332 bar 0.278 bar
IMEPHS3 0.354 bar 0.292 bar
IMEPLS3 0.050 bar 0.061 bar
TFMEP3 0.256 bar 0.257 bar
N_turbo 3.720 krpm 4.027 krpm
Xr_CO2 1.598 % 2.213 %
PCR_pDesVal 39.670 mbar 45.894 mbar
p_EaFlap_Abs 10.184 mbar 11.650 mbar
T EaFlap 68.241 °C 44.746 °C
NOzx_exh 86.632 ppm 91.998 ppm

Table 6.2: Squared correlation coefficients R? of the original engine model and of the optimized
engine model.
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Chapter 7

Conclusions

The goal of this thesis was to validate a GT-SUITE model of a 3.0L diesel engine through a series
of steady-state tests. The activity began with a description of the two engine model versions
initially available: one equipped with an After-Treatment System (ATS), but featuring unphysical
heat transfer coefficients to accurately predict exhaust temperatures and the other without an
ATS, but implementing physically consistent heat transfer coefficients, which, however, led to an
overestimation of the exhaust temperatures.

For this reason, the thesis focused on the second engine model, with the goal of improving its
accuracy in exhaust gas temperature estimate, while maintaining physical consistency.
Subsequently, before performing a detailed comparison between the two engine models, closed-
loop controllers were introduced into the engine model without the ATS, in order to have the
same controller setup for the two models.

Several GT-ISE parameters were analyzed to understand their effects on the engine behavior and
how they could be adjusted to enhance model accuracy. As a result, the engine model without
ATS was optimized, significantly improving the prediction of exhaust gas temperatures as well as
the pressure at the turbine inlet. The optimization process involved adjustments to the boundary
conditions of the coolant and oil within the cylinder object, the hole diameter of the orifice
located downstream of the flap, the external convection coefficient of the thermal model within
the exhaust pipes, and the turbine efficiency multiplier. All these modifications were made while
respecting physical constraints, particularly for the cylinder boundary conditions and the external
convection coefficient. In this way, physical consistency was ensured for the engine model, while
also achieving greater prediction accuracy for the aforementioned engine parameters.

The trade-off was a slight deterioration in the prediction of other quantities, with the exception of
the average fuel consumption during the test and the total friction mean effective pressure, which
remained practically unaffected. However, this represents a good compromise. Furthermore,
volumetric efficiency as well as the net and gross indicated mean effective pressures showed slight
improvements with the optimized configuration.

Regarding future developments for the refined engine model, one possible direction is the re-
assessment of the engine layout through new steady-state tests, in order to evaluate the effects of
different operating conditions. In addition, a subsequent step will be the implementation of the
already available ATS model. Finally, another important future development will be the analysis
of the engine performance under transient conditions over homologation cycles.
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