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Fast Running 1D model of a heavy-duty diesel engine
Master’s thesis in Automotive Engineering
ADAM ERLANDSSON
Department of Mechanics and Maritime Sciences
Chalmers University of Technology

Abstract
This thesis deals with creation of one-dimensional (1D) Fast Running Model (FRM)
for a heavy-duty diesel engine for the purpose of Hardware-in-the Loop (HiL) virtual
testing. The FRM was created from a detailed model of a Volvo Penta D13 engine.
Investigation of the effects of different calibration practices was carried out on the
sub-system level. The conversion procedure and the best calibration practices are
presented in detail. The obtained FRM reached real-time while running on the HiL
VIRtual TEst Cell (VIRTEC) at Volvo Penta, while yielding satisfactory results for
engine performance.

Keywords: Engine model, FRM, HiL, virtual testing, calibration, Real-Time, Volvo
Penta.
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1
Introduction

The automotive industry has grown by huge leaps in the recent decade, especially
automotive powertrains have seen significant improvements in performance driven
by consumer demand and emission regulations. The internal combustion engine
is an integral part of modern automotive powertrains used worldwide as an energy
converter, transforming chemical energy into mechanical work. The relative low cost
of the utilization of an ICE makes it most attractive in multiple applications, e.g. in
marine, industry, truck or car sector to mention a few areas. The trend in automotive
industry moves towards electrification and a greener approach as natural resources
and legislation become more exploited and sophisticated respectively. Nevertheless,
the technology of electric motors and batteries has its limitations which speaks for
the argument that the ICE will be used in foreseeable future(8). Moreover, the
potentials of internal combustion engines can be improved by implementation of
advanced technologies.

The implementation of these technologies requires complex control system which
ensure adequate engine performance under different operating condition while also
regulating engine output emissions. The engine management systems employ micro-
processors in conjunction with electronic sensors and actuators in modern engines.
This has become very practical in modern heavy duty diesel engines which use high
pressure common rail injectors that require precise control of the injection pressure
and consequently the injection timing which affect the performance and emission
characteristics(2).

The development of such controls unit is a tedious, time consuming and labour in-
tensive. The testing of control logic and calibration of hardware contribute heavily
to the difficulty of developing a complex control unit which has to regulate multi-
ple engine subsystems. Testing and verification of the Engine Management System
(EMS) is of a great importance and it is hence essential to reduce the development
time as well as the costs involved. As a result, there is an inherent need for de-
velopment methods which are efficient, reliable and accurate while also catering to
reduced time and cost(1).

In this context, modeling based approach is beneficial and desirable in the develop-
ment of modern powertrains. Hardware-in-the-Loop (HiL) technology has become

1



1. Introduction

an indispensable tool for development and verification of engine control and man-
agement from research to production phase. as Hardware-in-the-Loop (HiL)(4).
The HiL is a virtual test-rig with the physical ECU, some physical actuators, and
an engine model. With present hardware and computational, HiL simulation en-
vironments require simulation models that are able to run in real time or faster.
Therefore, one of the main challenges that automotive companies face is to cre-
ate fast running models that are sufficiently accurate for predicting the underlying
physics of phenomena of interest(2).

When developing real-time capable engine models, one needs to consider both the
application and and the model predictive capabilities. The mean value modelling
approach is characterized by computational speed faster than Real-Time (RT). How-
ever, this approach does not predict engine breathing and combustion, and hence
it is not advisable anymore. A more suitable approach is to use a 1D Fast Run-
ning Model (FRM) that captures gas dynamics and predicts cylinder combustion in
crank-angle resolution(6).

FRMs are typically created from the corresponding detailed engine model. The
detailed geometry is simplified into coarse one and the gas dynamics remains cap-
tured. In this manner the number of computations per time step is reduced, making
it possible for the model to run in real time or faster. Importantly, the cylinder
combustion remains resolved in crank-angle resolution just as in the detailed model.
Employing predictive, crank-angle-degree resolved combustion models that can be
re-calibrated is essential for HiL simulations(4)(3).

The thesis work deals with the conversion of the detailed GT-POWER model of a
D13 Volvo Penta engine into the FRM to be ultimately used in the VIRTEC (VIR-
tual Test Cell) HiL system. The present work is a part of the joint VirCal (VIRtual
CALibration) project between Chalmers and Volvo Penta.

This Master thesis was performed as a part of the joint project between Volvo Penta
and Chalmers University of Technology.

1.1 Aim
This project aims at developing predictable real-time capable engine model that is
suitable for virtual testing. It includes the following main steps:

• Development of a real-time capable model based on the engine configuration
and measurement data but without a detailed model.

• Increasing the model flexibility and reducing the efforts needed for model cal-
ibration.

• Increased knowledge in component modelling in general.

2



1. Introduction

• Ensuring high model fidelity to accurately predict engine performance and
exhaust emissions.

1.2 Objective
• Conversion of the detailed GT-POWER model of the Volvo Penta D13 engine

into the FRM.
• Detailed description of the conversion process for all relevant subsystems.
• Calibration of the FRM including the description of the important calibration

parameters and operating points.
• Verification of the calibrated FRM.
• Description of best practices for component calibration.

1.3 Borders and limitations
• The models will not be improved to even greater accuracy than the baseline

detailed model.
• Computational speed is of a greater interest rather than accuracy. The accu-

racy is of importance, hence it should be good enough. Thus, within given
tolerances or close-by.

• Aftertreatment won´t be a field of topic more than analyzing emissions data.
• Further investigation in combustion and heat transfer models is outside the

objective.
• No further interest in test cells rather than using test cell data is an input and

for calibration. In the end, the measurements will be compared with simulated
data. The test cell data is a steady-state speed sweep.

• Engine design is not within the scope as the model created should represent
the same engine.

• Testing the model in a HiL-system is out of the range and is externally taken
care of.

• NN is not performed internally, nonetheless will be a practice used to support
the thesis if needed.

• If used, Simulink will be used for process data only, the responsibility is within
the integration between GT-POWER and Simulink.

• The FRM is derived from an existing engine, thus not a FRM from scratch.
• It will not be verified with a driving cycle of any sort due to time constraint.

3
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2
Theoretical and Modelling

Background

In the following sections the underlying theory will be explained and presented.
It will focus on the essential material regarding FRMs. Discretization, solver, run
speed, governing equations and heat transfer will be the subjects of matter for deeper
understanding.

2.1 Governing Equations
This section will present the governing equations used in the commercial 1D model-
ing software GT-POWER, describing the laws of nature considering fluid dynamics.

The laws of mechanics are written for one defined system, one fixed mass. These
laws specify what happens when the defined system interact with its surroundings,
where the boundaries separates the externalities and the system. The system ap-
proach let us establish a dynamic mechanical analysis of the environment. With that
spirit in mind, fluids in motion (fluid dynamics) can also be studied by converting
a system analysis to a control volume analysis. In fluid dynamics, specific regions
are the subject of matter rather than individual masses and the system particles
only occupy the laws for only an instant, until the next system of particles arrive.
There is a need of converting the basic mechanical system laws to a control volume
approach. Reynolds Transport Theorem (RTT) can be applied to all the basics me-
chanical laws and re-write them into control volume form. By doing so, the result is
the Navier-Stokes equations. Namely, comprising the mass conservation equation,
the momentum equation and the energy equation. The expressions presented are
simplified for unsteady compressible one-dimensional fluid flow, since those fairly
represent the flow within an engine. The full derivation can be found in appendix
whilst the end result from the derivation will be presented without further ado(7).

Mass Conservation∫
cv

∂ρ

∂t
dV +

∑
m

(
ρmAmVm

)
out

-
∑
n

(
ρnAnVn

)
in

= 0 (2.1)

The first term in equation 2.1,
∫
cv

∂ρ
∂t
dV , is the change within the control volume

(CV) with ρ as the density which is not constant. Note that CV and CS stand for
"control volume" and "control surface", respectively. Evidently, dA and dV stands

5



2. Theoretical and Modelling Background

for an infinite small control surface and control volume respectively. The other terms
describe the flow in and out over the control surface and are often referred to as the
flux terms. Considering the flux terms, the sign convention depends on the direction
of the normal unit vector (n). The velocities Vn and Vm are the cosine or normal
component of the relative velocity between the fluid and the control volume, and A
is the control surface area. The indices "m" and "n" stands for the vector and scalar
properties belonging to the out- and in-going fluid(7).

The Momentum Equation

∑
F =

∫
cv

∂

∂t
ρVdV +

∑
m

(
ṁmVm

)
out

-
∑
n

(
ṁnVn

)
in

(2.2)

The force F =
[
Fx, Fy, Fz

]
is determined from the net result of the right hand side

of the impetus equation above. ṁ is the massflow through the control areas(7).

The Energy Equation

Q̇ - Ẇs - Ẇv = ∂

∂t

[ ∫
cv

(
ĥ+ 1

2V2 + gz
)
ρdV

]
+
∫
cs

(
ĥ+ 1

2V2 + gz
)
ρVndA (2.3)

∫
cs

(
ĥ+ 1

2V2 + gz
)
ρVndA =

∑(
ĥ+ 1

2V2 + gz
)
out
ṁout -

∑(
ĥ+ 1

2V2 + gz
)
in
ṁin

(2.4)

Starting with equation 2.3 above, Q̇ is the heat added to the system. Ẇs is the
work performed from the system and Ẇv is the shear work due to viscous stresses
of the control surface. The negative convention implies work performed on the
surroundings. The term in the parentheses "

(
ĥ + 1

2V
2 + gz

)
" represent the sum of

different energies. ĥ is the internal energy, 1
2V

2 is the kinetic energy and gz is the
potential energy. g is the gravitational constant and z is the vertical distance from
any arbitrary coordinate system defined. Equation 2.4 is the expanded flux term.

2.2 Discretization
Two different discretizations are present, i.e. both in space and in time. Both space
and time discretization are discussed in this subsection(5).

The piping system itself is a discrete system of volumes (spatial grid), continuously
it can be further divided into sub-volumes. For example, one pipe (one volume)
can be discretized into several sub-volumes, which contain events of computations
at every time step. Figure 2.1 illustrates the spatial discretization of a pipe(5).
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2. Theoretical and Modelling Background

Figure 2.1: Spatial discretization of a pipe.

A coarser discretization leads to shorter simulation run time. Although, the gain
is simulation speed, the compromise would be the accuracy. On the contrary, finer
resolution normally result in the sacrifice of simulation run time with having reliable
accuracy instead. However, there is a limit whereas refining the resolution is of no
advantage, i.e. the refined discretization only add up computational time without
improving the accuracy. The objective could be to find this limit, where maximum
accuracy is achieved using the greatest discretization length possible. Depending
on the solver used, the discretization length has different impacts. Although, for
both the implicit and the explicit solver, with refined discretization the computa-
tional time will grow. The reason is the creation of more sub-volumes this imply,
where calculations are performed regarding the fluid flow. From hereon, the Courant
criteria will be the difference. The explicit method has a proportional dependency
between sub-volume discretization and timestep size, due to the usage of the Courant
criterion. Smaller discretization requires smaller timesteps for the solution to be nu-
merically stable and thus more computationally heavy. Moreover, the explicit solver
will henceforth be discussed to explain how quantities are calculated using the spa-
tial and time discretization grid(5).

2.2.1 Explicit Method
The solved quantities are averages across the flow pathway and thus defined as one-
dimensional (1D) flow. The partial differential equations can be integrated over
time using either implicit or explicit method. As previously mentioned, the natural
continuous geometry is discretized into sub-volumes in order to enable numerical
calculations. Every pipe is sectioned into at least one sub-volume and all flowsplits
are single volumes at all times. Boundaries connect the adjacent sub-volumes where
vector variables are calculated. Scalar quantities are calculated at the centers of the
sub-volumes, as seen in figure 2.1. Massflow rate, internal energy and density are
the primary solution variables used for the explicit method and are input for the
conservation equations. The explicit method calculates the state of the system at
the next time step from the state at the current timestep. Thus, the right hand side
of the Navier-Stokes equations is known by implementing values from the current
timestep. The derivative is known and the partial differential equations are inte-
grated over the timestep, thereby utilizing the adjacent volumes and the boundary
conditions. Specifically, in every sub-volume border, the NS momentum equation

7



2. Theoretical and Modelling Background

is computed. This setup is referred to as staggered grid when vector quantities are
calculated on the borders and scalar values in the centre. This solver tends to be
stiff, meaning too large timesteps will create amplified errors of exponential growth,
hence small timesteps are required. The timestep size is restricted by the Courant
condition and will ensure numerical stability, which will be discussed henceforth.
The small timesteps required for this solver option makes it undesirable for rela-
tive longer simulation runs. However, the explicit solver is desirable whenever high
resolution is needed to capture the flow behaviour, e.g. to capture highly unsteady
flow. Nonetheless, if accurate pressure pulsations and wave dynamics are of a greater
priority, the explicit method is recommended. Temperature and pressure for each
timestep are calculated in the following ways(5):

I] The mass and energy in one volume are obtained through the energy and conti-
nuity equations.
II] As the mass and the volume are known variables, the density is computed and
resulting in two more known, the density and energy.
III] All the mentioned equations of state for each kind determine energy and density
as a function of temperature and pressure. The solver will run a pre-set of patches
with values on temperature and pressure until they satisfy the previously calculated
species, i.e. density and energy(5).

The timestep will be discussed to complete the information about the solver.

2.2.2 Timestep

The explicit method is a non-iterative method, depending on the current and neigh-
bouring volumes´ states. Therefore, when calculating quantities such as temperature
and pressure it needs criteria for numerical stability. Hereby, the Courant condition
is introduced, which restricts the timestep. Basically, next calculation cannot be
performed to far from the current one, since it is a neighbouring dependency be-
tween them. An infinite small step from the current volume should return a small
change in the calculated quantities for the next one coming. This will ensure a more
refined discretization and more accurate results by default. Moreover, the Courant
criteria relates the timestep and the discretization length. The sub-volume length is
nothing less than the discretization length of a pipe. In practice, the solver choose
its timesteps to meet the following Courant condition(5):

∆t
∆x

(
|u|+ c

)
6 0.8 ∗m (2.5)

∆t is the timestep, ∆x is the discretization length, u is the local flow velocity, c is
the speed of sound, m is the timestep multiplier and 0.8 is derived from actual fluid
physics.
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2. Theoretical and Modelling Background

2.3 Combustion Model
The general calculations will be described in this section. The engine model utilizes
a fully predictive combustion model(4). The usage of a fully predictive combustion
model takes into account in-cylinder variations during the combustion. It takes
more parameters into account while calculating a unique burn rate for every other
engine operating point. This means that, depending on the engine operating point
conditions with different load, rpm, EGR, residuals and e.g. different injection
timings, the burn rate is derived. This is referred to a reverse run by the fact that
the burn rate is the result from cylinder pressure traces. The predictive combustion
model is calibrated against these pressures traces together with very detailed injector
data. With further calibration of typical diesel combustion properties, the error
between measured cylinder pressure and simulated can come down to a maximum of
1[MPa] difference. Moreover, very detailed information can be found in the appendix
section A.3.9.1.

2.4 GT-POWER
GT-POWER is an engine simulation software and is a part of the bigger GT-SUITE
package from Gamma Technologies (GT). GT-SUITE can be used to model almost
any technical system, stretching from 0D all the way to 3D flow.

The models in the software are highly physical and aiming to mimic the engine tech-
nologies such as air filter, compressor, inter-cooler, cylinders and turbine to achieve
good accuracy. The model setup can vary to a great extent as different engines
are based on different technologies. Most commonly engine models consider cylin-
ders, crankshaft, ports, valves and the piping system. The engine components are
connected through the piping system, where different pipes can be represented to
establish the flow properly. Everything used in the model of the physical engine is
referred to as objects. There is a folder for each component property to capture,
depending on what technology is modelled. For example, typical flow objects (pipes)
contain geometry, thermal and pressure drop folders. This ensures the object per-
forms as the actual component regarding friction (pressure drop) and heat transfer
attributes. However, the inputs to a certain object can be off different nature. It can
be a constant value, a parameter, another reference in the constellation of a map or
actuators of different sorts. It often depends on the user’s resources or scope how
much data are used and imposed in the model. Own made calculation circuits can
be performed within the model if the default selection is insufficient. The software
can predict steady-state or transient engine operation and the outputs could be time
resolved, crank-angle or single value quantities.
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3
Engine Modelling

First, this section describes the 1D detailed engine model which is used as a baseline
model for derivation of a 1D Fast Running Model (FRM). Subsequently, the revision
of the FRM is discussed in detail. Lastly, the individual subsystem conversions are
presented.

3.1 Detailed Engine Model
The detailed model features of the Volvo D13-700 heavy-duty diesel engine. This
is a 6 cylinder 12.8 L displacement engine with a twin scroll variable geometry tur-
bocharger. Figure 3.1 represents the engine model with its subsystems: intake pipes,
boost pipes, Charge Air Cooler (CAC), EGR, intake manifolds, cylinders, turbine,
and exhaust pipes.

As described in the previous section, the Navier-Stokes equations are solved for each
discretised volume in the flow direction. The combustion is modeled using DI Pulse
model for diesel engines developed by Gamma Technologies (GT). It is important
to note that this is a predictive combustion model, i.e. the burn rate is calculated
based on in-cylinder properties. Another important feature of the predictive model
is that it can be re-calibrated.
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3. Engine Modelling

Figure 3.1: Detailed model - Defined sub-systems for the D13 engine model
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3. Engine Modelling

3.2 Fast Running Model

The detailed model need to be reviewed prior to its conversion to FRM. The following
steps need to be undertaken:

• Removal of exhaust manifold heat calculation.

• Removal of intake manifold cylinder wall reference objects, wall temperature
and heat transfer calculations.

• Imposition of new cylinder wall reference temperature object for intake mani-
fold from the detailed model for all engine operating points.

• Extraction of burn rates from detail model simulation and imposition onto the
model to be converted.

• Extraction of fuel fraction burned from detail model simulation and imposition
onto the model to be converted.

• Extraction of start of combustion timing in crank angle degrees from detailed
simulation and imposition onto model to be converted.

• Extraction of intake and exhaust valve face and valve back temperature to be
included through reference objects.

• Extraction of the cylinder head, piston head and skirt temperatures and sub-
sequently imposition of zone based temperatures.

3.2.1 Engine Operating Range

Experimental data chosen for the FRM calibration and verification correspond to
Part Load Map (PLM). The test cell measurements were performed for 169 operating
points through a steady-state speed sweep. This means that a specific amount of
fuel is injected through the engine´s whole RPM range. Then, the injected mass is
lowered and the speed sweep starts once again. This procedure is illustrated in figure
3.2. The speed sweep procedure is replicated until the lowest load is ran through.
Steady-state implies that before transition from one engine operating point to the
other, the measured values should be fairly stable. The term "Case" used through
the report refer to different engine operating points. The numbering of the operating
points is from high load to low load, while the engine speed is varying from high to
low as well. All operating points from circa case 100 and forth represent low load.
Note that higher loads have greater importance since they represent the typical
operating area for the engine. Figures 3.2 and are normalized due to the projects
confidentiality.
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Figure 3.2: Normalized injected fuel mass over a steady-state speed load sweep.

Figure 3.3: 27 normalized data points for representation of the engine´s total
operating area.

Figure 3.3 above illustrates 27 points that were chosen to represent the engine op-
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erating range. The idea was to represent the mid- and high-load range with more
points since those were of greater interest. Noticeably, there are still around ten low
load cases represented, counting from vertical axis values of 0.4 and below. It should
be noted that, the speed of operation of this diesel powered heavy-duty engine ranges
from 600 to 2100 [RPM] with a maximum torque of 2500[Nm] and a power of 700[hp].

3.3 General FRM conversion
The FRM conversion involves the following steps: 3.3.1-3.3.4, to ensure successful
volume reduction and yet maintained accuracy.

3.3.1 Tagging
All engine components and subsystems considered for simplifications and calibration
need to be tagged. The following subsystems are regarded herein: Intake pipes,
boost pipes, intake manifold, exhaust manifold, EGR pipes and exhaust pipes. An
example of subsystem tagging is illustrated in figure 3.4 for the sub-system "Intake
Manifold".
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Figure 3.4: Exemplification of a tagged sub-system, the intake manifold.

3.3.2 Volume simplification
To simplify the model geometry and hence increase its run speed the flow volumes
within a subsystem are lumped into a single pipe or a flowsplit.
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Figure 3.5: Conversion of detailed intake manifold to a FRM with illustration of
the reduced number of volumes.

Figure 3.5 illustrates the intake volume reduction where 23 flow volumes got reduced
to a single flowsplit.
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3.3.3 Calibration
The simplified subsystem need to be calibrated to insure the model predictability.
For that purpose, the following parameters are usually considered: Heat Transfer
Multiplier (HTM) and Friction Multiplier (FM) in pipes and flowsplits, while orifice
diameter is tuned to calibrate the pressure drop. Two different approaches are used
to evaluate the multipliers: Minimizing approach and Target approach.

3.3.3.1 Minimizing approach

min
(
|∆ẋ|

)
= {∆ẋ = ẋsim

(
DIA ∧HTM ∧ FM

)
− ẋexp} (3.1)

, where :


DIA =

[
m,m+ 1, ..., n - 1, n

]
HTM =

[
i, i+ 1, ..., j - 1, j

]
FM =

[
i, i+ 1, ..., k - 1, k

] ,


m = 50, n =110 [mm]
i = 0, j = 3 [1]
k = 5 [1]

(3.2)

The minimization seen above is between simulation data and test cell measure-
ment. In this first approach ẋsim is the simulated property and ẋexp is the measured
value. It could be minimization of any property, including temperatures, pressures
or massflows. ẋsim is achieved through varying the tuning variables/parameters; the
diameter (DIA), HTM and FM simultaneously. The typical ranges are also sorted,
whereas the diameter varies between 50 and 100[mm]. HTM varies between 0 and
3, meaning the greater the number, the greater the heat transfer occur. Any value
between 0 and 1 implies less heat transfer. The same applies to the FM, but within
0 and 5. These intervals are used unless it is stated differently.

3.3.3.2 Target approach

Target
(
xexp

)
, xsim

(
DIA ∨ HTM ∨ FM

)
→ xexp, xexp =

[
P ∨ T

]
(3.3)

From hereon, either the diameter or the HTM or the FM is used, i.e. a single tuning
variable is varied to match the measurements. The targets could be either pressure
or temperature. xexp is the engine test cell quantity and xsim is the corresponding
simulation value.

3.3.4 Validation
The FRM is run to validate the computational results against test cell measurement
data. Figure 3.6 illustrates the change in the real-time factor after each subsystem
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simplification. It can be seen that the factor becomes lower after each volume
reduction of every sub-system, meaning less computational time. The improvement
in subsystem properties after calibration is herein exemplified by showing the results
for turbine temperatures and pressures, see figure 3.7. It can be noticed that the
properties are more aligned within the tolerances after the calibration step. Turbine
temperatures are typically the most sensitive property and got affected the most.
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Figure 3.6: The change in Factor of Real-Time for each system reduced, one after
the other.

Figure 3.7: Turbine properties - Temperatures and pressure percent difference,
inlet and outlet.

With the overall FRM process explained, the detailed simplification of each system
or component will now be deduced in the following chapters, section 3.5.1-3.5.6.
Although, a more thorough and theoretical explanation will firstly by provided for
deeper understanding and will unveil how this benefits the simulation run speed.
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3.4 Factor of Real-Time

The model delivered needs to be Real-Time (RT) capable, since the ECU environ-
ment in reality needs to take decisions equally fast or even faster. Evidently, RT is
the actual time during an event or process occurs, with immediate response from
the system observed. For example, if an event takes one minute in the engine test
cell to occur, the same time duration has to be valid for the model as well. The
HiL rig will also not function with a non Real-Time model, it will crash. Therefore,
the RT will be frequently monitored during the FRM simulation process. Anything
slower or faster than RT is referred to as a factor of RT and is a measure of how far
away or close RT the process actually is. Hence, it is a direct property to observe
where RT has a "Factor of RT" equal to one. If the process is slower, the "Factor of
RT" will be greater than one. Obviously, a "Factor of RT" smaller than one can exist
and means that the process occurs faster than RT. The process in this project is
computational time for the engine model and how long that process occurs depends
on the simulation run speed. Mentioning the run speed as the criteria to reach a
FRM RT capable, there are three influencing factors: Machine hardware, machine
software and model complexity. The latter one concerns the detailed model as the
complexity is increased with the details included. Looking into model complexity,
the following steps can be done to increase run speed and reach a RT FRM (3):

(i) Decrease the amount of calculations per time step. To achieve this, the total
amount of sub-volumes (discretization) can be decreased by lower the number of
cylinders or adjust the combustion model. Decreasing the amount of sub-volumes
can be done through lumping volumes together. Then the calculation for one simu-
lation time step will be for the lumped volume, instead of all individual branches of
volumes and going through each one of them. The ability to predict combustion is
especially important for transient conditions and for accurate numbers for emission
levels. Less predictive model typically do not adjust according to different engine
conditions for every operating point (same combustion profile for every case), has
more imposed values, needs more experimental data, but is in turn faster. Hence,
decreasing the number of cylinders take away the number of times the combustion
profile needs to be determined.

(ii) Increasing time step size. Timestep size comes from sub-volume length through
the “Courant Criterion” and also depends on the local flow velocity. Comparable
is to have a less refined mesh, lower resolution. In the end, greater discretization
length (sub-volume length), the greater time step and faster computation(3).

(i) decreasing the number of calculations per time step (fewer sub-volumes) and
(ii) increasing the simulation time step size. If the time step is increased, meaning
that the calculations are done with greater crank angles degrees in-between, the
combustion profiles may change shape. If predictive combustion is a requirement,
then sub-stepping can be done for the cylinder in order to capture it(3).
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3.5 Detailed Conversion Procedure
This subsection describes the FRM conversion on the sub-system level. The conver-
sion process started from the exhaust system with the highest velocities requiring
short time steps. This means that, starting there would save the most computational
time and the FRM process will go through faster.

3.5.1 Exhaust Manifold

3.5.1.1 Volume Reduction

It is important to note that the exhaust system has been split into two branches
which enter the respective manifold of the twin scroll turbine. Thus, the system
is tagged as two parts including the exhaust port volume, the runner volumes, the
collector, the flowsplits volumes and the pipe volume. The simplified two-scroll
exhaust manifold can be seen in figure 3.8 together with the detailed system.
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Figure 3.8: The reduction step of volumes for the exhaust manifold sub-system.

3.5.1.2 Calibration

Minimizing and targeting approach were both tested, and the one that performed
better was used for a given subsystem. The approaches tried to calibrate the turbine
inlet temperatures. Either varying the HTM and FM, or only varying the HTM is
recommended.
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3.5.2 Exhaust Pipes

3.5.2.1 Volume Reduction

The exhaust pipes comes after the turbine and compressor shaft. It consists of the
Exhaust After Treatment System (EATS) and the output end pipes. It contains
mostly straight pipes and flowsplits volumes. The EATS is an extensive package
with a significant amount of volumes. Thus, adopting this system simplification
early in the FRM process will help the FRM conversion duration for the better. The
transformation can be observed in figure 3.9 leaving only two volumes, a flowsplit
and a bell-mouth respectively.

Figure 3.9: The reduction step of volumes for the exhaust pipes´ sub-system.

3.5.2.2 Calibration

Though multiple approaches can be used, targeting exhaust pressure was performed
by varying the orifice diameter.
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3.5.3 EGR Pipes

3.5.3.1 Volume Reduction

The EGR circuit comes after the exhaust manifold and reconnect to the intake pipes
via the EGR mixer just before the intake manifold. The result is three volumes,
namely a flowsplit, a bellmouth and a pipe. The simplification can be seen in figure
3.10.

Figure 3.10: The reduction step of volumes for the EGR pipes´ sub-system.

3.5.3.2 Calibration

For a real-time model, the maps has to be updated. Subsequently, throttle angle
or valve lift is calibrated to match measurements of CO2 mole fraction and then an
EMS signal has to be fitted using a trend line.

3.5.4 Boost Pipes

3.5.4.1 Volume Reduction

The boost pipes is another extensive subsystem and computational heavy due to
all the volumes. It starts after the compressor and continues to the CAC-throttle,
just before the EGR-mixing. The simplification results in for volumes, where the
heat exchange, cooling of the charge is still simulated after the simplification. The
reduction process can be seen in figure 3.11.
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Figure 3.11: The reduction step of volumes for the boost pipes´ sub-system.
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3.5.4.2 Calibration

In this step, the minimization approach is used, with respect to air massflow. The
diameter is varied between 45[mm] and 75[mm] together with the HTM and FM
tuning parameters.

3.5.5 Intake Manifold

3.5.5.1 Volume Reduction

The intake manifold comes after the EGR-mixer and goes to the straight six cylinder
bank via the ports. The reduction leaves two volumes behind where one flowsplit
represent the whole manifold basically. The reduction can be seen in figure 3.12.

Figure 3.12: The reduction step of volumes for the intake manifold sub-system.

3.5.5.2 Calibration

In case of the intake manifold, targeting the compressor outlet pressures by varying
the HTM is the recommended approach.
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3.5.6 Intake Pipes

3.5.6.1 Volume Reduction

The intake pipe subsystem set the first diameter on the engine´s cold side with the
bell-mouth. The other volumes before the reduction are an air-filter and the very
special compressor inlet volume. In the end, the reduction can be captured in figure
3.13.

Figure 3.13: The reduction step of volumes for the intake pipes´ sub-system.

3.5.6.2 Calibration

In this step, the diameter of the pipe is varied between 70mm and 120mm to achieve
the measured compressor inlet pressure. The calibration approach is targeting and
the calibration point used is with respect to the maximum airflow. If nothing else
is stated, the maximum airflow point will always be used for calibration.
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Results and Discussion

The resulting graphs and figures need some preliminary explanations since the same
structure is used throughout the chapter. The tolerances are limits driven by Volvo
Penta as their industry standard about which levels of percent differences (errors)
between simulation and experiment values are acceptable. The experimental values
come from a PLM run from the engine test cell. The percent difference is given
by XSim−XExp

XExp
, where XSim and XExp represent simulation and experimental values,

respectively. The result of this calculation is referred to as Difference [%]. Pressures
and temperatures have tolerances of 5% and airflow rate 3%. Pressures and temper-
atures are from the compressor and the turbine inlets and outlets, the airflow rate
is for the cold side of the engine.

4.1 The Final FRM Model
The main findings presented in this section concern simulation run speed and results
for the compressor and turbine pressure and temperatures, as well as the airflow rate.
In addition, best calibration practice is discussed.

4.1.1 Factor of Real-Time

Figure 4.1: The final Factor of Real-Time accomplished for the FRM model

In figure 4.1 above the final Factor of Real-Time can be observed for all the simulated
cases. The end result was the average factor of real-time of 1.07. For comparison, the
average factor of real-time for the detailed model was 39.4. The FRM reached Real-
Time with a Factor of Real-Time close enough to 1, with a predictive combustion
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model. Hence, the model fulfills the real-time prerequisite to be used in a HiL
environment.

4.1.2 Timestep Angle

Figure 4.2: The resulting time step in CAD for both detailed model and FRM.

In figure 4.2 the crank angle degree (CAD) resolution is shown for all PLM points for
both detailed model and FRM. The purpose is to show how much the crank angle
degree increase between every other calculation in the volumes. It is expected to
increase in comparison to the detailed model which is visualized. The pattern of the
CAD also follows the engine test cell speed and load sweep, i.e. the observed trend
is not noise. The timestep is after all flow velocity dependent, locally. Following the
Courant criteria as the explicit solver is used, higher local velocities implies smaller
crank angle timestep for numerical stability. As the local velocity ∆x

∆t increase and
discretization length ∆x is the same, the crank angle timestep ∆t needs to be refined
in order for the Courant criteria to hold. For the detailed model the timestep in
CAD is was always below 1. It was possible to increase this CAD step in the FRM
and hence increase the model run speed.
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4.1.3 Compressor and Turbine Temperatures

Figure 4.3: The percent difference for compressor and turbine temperatures, inlets
and outlets.

In figure 4.3, the final percent difference for compressor and turbine inlet and out-
let temperatures can be observed. The purpose is to show the difference between
the FRM simulated results and the measurement data. Note that the compressor
inlet temperature has been imposed in the model. Compressor outlet temperature
difference is entirely within the 5% limit. Compressor properties have been easier
to calibrate in comparison to the turbine properties. The hot side of the engine in
general has been more demanding to calibrate and this can be due to more unsteady
flow and greater velocities. Another reason could be errors being accumulated and
pushed further downstream in the model and coming to expression in the very last
components, e.g. the turbine. The turbine inlet as seen in the graph could have
been better of course, nevertheless the majority of the engine points are still within
the 5% limit. The turbine inlet properties, temperature and pressure, have been
the hardest to predict within the tolerances. Even after re-calibration to enhance
their predictions, there is often a trade-off. This trade-off is typically expressed the
strongest between the turbine inlet and outlet properties, meaning that if the inlet
properties are enhanced, the outlet get worse and vice versa. It also leads to the con-
clusion that the turbine inlet properties were sacrificed to a certain extent in order
to enhance other component properties and that this trade-off was the most bene-
ficial in overall for the model predictive capability. To conclude the FRM model´s
prediction ability of the turbine temperatures, the inlet and outlet are overestimated
and underestimated respectively. Another pattern observed is that if the mentioned
overestimation is mitigated, the underestimation typically get magnified proportion-
ally. Considering this statement, the ultimate over- and underestimation relation is
more or less achieved. Meaning, the underestimation is in the same magnitude as
the overestimation.
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4.1.4 Compressor and Turbine Pressures

Figure 4.4: The percent difference for compressor and turbine pressures, inlets and
outlets.

In figure 4.4, the final percent difference for compressor and turbine inlets and outlets
pressures can be observed. The compressor inlet and outlet result can be seen in
the upper figures, left and right, respectively. Looking at all graphs, it can strongly
be motivated that the result is really proper and within the tolerances given. The
pressures look far better than the temperatures described previously. This is due
to the trade-off discussed for the temperatures. However, once again the turbine
inlet pressures could ideally have been better looking. Preferably, the turbine outlet
could have been worsened to enhance the inlet as described previously with the
temperatures. This relation is not always possible to realize since the outcome also
depends on other predicted properties, e.g. the airflow rate. The red line crossing
appear at engine operating point hundred, giving 100 [mg] of injected fuel mass,
anything beyond that operating point has less injected fuel mass and lower load.
With that enlightened knowledge, the graphs can be analyzed further in detail.

4.1.5 Airflow Rate
In figure 4.5 the airflow rate percent difference is presented. The vertical dotted red
line shows where the low engine load starts and has importance when discussing the
results. The importance of the data observed, the engine points, are discussed in
great detail in chapter 3.2.1. In short terms, the greater loads are of more interest
since those are the typical engine operating points. Low loads for the D13 Volvo
Penta engine are typically around less than 100 [mg] of the injected fuel mass, giving
BMEPs (Brake Mean Effective Pressures) of 6-8 [bar] or 600-750 [Nm] of torque.
The airflow percent difference is seen to be within a 5% limit at least, i.e. before
the low loads starts. Beyond the engine point for the start of low loads, the percent
difference have escalated in magnitude. However, the important operating range
leaves satisfactory results, considering the first part of the graph with greater loads.
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The mean value for those engine operating points percent difference comes below
3% which was the tolerance limit.

Figure 4.5: The resulting percent difference for the airflow rate.

4.2 Best calibration practice
In this section the best calibration practice will be explained thoroughly for all the
sub-systems of the engine model: Intake pipes, boost pipes (CAC), intake mani-
fold, exhaust manifold and exhaust manifold. Before one sub-system calibration
starts, a few considerations need to be made regarding how the calibration should
be performed since there are different alternatives to choose from. Firstly, the com-
putational method needs to be determined - should the calibration process make use
of targeting or minimization? Targeting is where simulation absolute property values
are compared with reference data (herein the PLM data). Minimization is a mathe-
matical method to minimize the difference between simulation and experiment data.
Which engine operating points should be used for calibration and bench-marking?
In this project, either maximum airflow or maximum engine speed operating point
were considered. In summary, these three questions need to be addressed before
calibration:

I] Which calibration point to use, maximum airflow or maximum engine speed?
II] Which calibration approach to use, targeting or minimizing?
III] Which property to calibrate against: Pressure or temperature, compressor or
turbine, inlet or outlet? Or simply massflow?

What makes it more complex is the fact that there are many combinations possible
within I]-III] and that is why the investigation is desirable. Which combination of
I]-III] is the most appropriate one for a specific sub-system calibration?

Figure labelling:
The figure labels for this chapter need a separate nomenclature explanation:
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Min(dP) - Minimizing the pressure difference, compressor or turbine, inlet or out-
let.
Min(dT) - Minimizing the temperature difference, compressor or turbine, inlet or
outlet.
Min(mdot) - Minimizing the airflow rate difference on the cold side.
Target(Pexh) - Targeting exhaust pressure, upstream the turbine.
Max RPM - Using maximum engine speed as calibration point.
Max air - Using maximum engine airflow rate as calibration point.
Reference - A previous non-calibrated state of values and properties.

Properties used for each calibrated system:
The labelling in the figures change meaning depending on which sub-system that
is discussed, it depends on the location in the engine model. The closest located
property (of compressor or turbine) to the system up for calibration will be used
because that gives the most accurate calibration:

Intake Pipes - Compressor inlet pressure.
Boost Pipes - Compressor outlet pressure.
Exhaust Manifold - Turbine inlet temperature or pressure.
Exhaust Pipes - Turbine outlet temperature or pressure.

To be noted:
Temperatures are not used for calibration property on the cold side. If massflow is
used, it is always from the same location; engine´s cold side, intake pipes, regardless
of sub-system calibrated. Thus, the massflow should be the same in every location
in the model and in reality (mass conservation).

4.2.1 Intake Pipes

Figure 4.6: Calibration results for airflow rate using two calibration points maxi-
mum airflow and maximum engine speed.
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Figure 4.7: Calibration result for compressor inlet pressure using two calibration
points: maximum airflow and maximum engine speed.

Figure 4.6 shows that both calibration points (maximum air flow and maximum
engine speed) provide rather similar results for predicting air flow rate. However,
the results for the compressor inlet pressure (see figure 4.7) show that the maxi-
mum airflow calibration point is the better choice. In addition, both minimizing
and targeting calibration approaches provide satisfactory results. Although, using
minimization as approach may not settle for one solution. For example, if the upper
limit is increased for the tuning parameters (DIA, HTM and FM) for the range
of calibration, the diameter will always end up with the greatest diameter for the
given interval. That is expected since it is a minimization approach, it will always
settle for a solution within the given interval and when checking other intervals the
solution will most likely be another one. The person performing the calibration
using minimization as approach has to be aware of this implication. In this sce-
nario, experience would contribute a lot. The choice of calibration approach will is
not of significance for this sub-system. Nevertheless, using another property than
compressor inlet pressure was not possible, result became unreasonable.
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4.2.2 Boost Pipes

Figure 4.8: Boost Pipes - Pressure and massflow minimization approach, using
max engine speed and max airflow as calibration points.

The results shown in figure 4.8 concern the compressor outlet pressure and air mass-
flow. It is seen that using maximum airflow calibration point to minimize air mass-
flow provides the best alignment with measurement data. It should be noted that
targeting massflow approach lead to convergence issues. Usually, the compressor
outlet pressure is the calibration property and not the massflow. Thus, targeting
approach can be used if the compressor outlet pressure is targeted but it is not
recommended as the primary calibration approach.
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4.2.3 Exhaust Manifold

Figure 4.9: Exhaust Manifold - Minimizing pressure and temperature difference,
using max engine speed and airflow as calibration points.

Figure 4.9 shows that the approach for calibrating the exhaust manifold temperature
is to minimizing the turbine inlet temperature using the maximum airflow point for
calibration.Targeting approach works equally well (not shown herein). Minimizing
approach makes it possible to vary three variables (diameter, HTM, FM) contrary
to targeting approach when only one variable can be varied. With that in mind,
minimizing approach provides better possibility for accurate calibration. Therefore,
minimizing approach seems to be preferable approach. However, the upcoming
subsystem "Exhaust Pipes" will reveal that this is not the case for all subsystems.

37



4. Results and Discussion

4.2.4 Exhaust Pipes

Figure 4.10: Exhaust Pipes - Airflow rate and turbine outlet pressure percentage
difference, using maximum airflow point for calibration.

Figure 4.11: Exhaust Pipes - Turbine inlet and outlet temperature percentage
difference, using maximum airflow point for calibration.

The calibration of the exhaust system, concerns properties downstream the turbine.
The results in figures 4.10 and 4.11 are obtained for maximum airflow calibration
point. The simulations did not converge when using maximum engine speed cali-
bration point. Figure 4.10 shows that minimizing the airflow is not good calibration
approach. The same figure illustrates that minimizing the temperature should not
be considered for turbine outlet pressure calibration. When analyzing the turbine
temperatures in figure 4.11, minimizing the exhaust pressure results in unacceptable
differences between simulated and measured data. Therefore, targeting the exhaust
pressure using maximum airflow emerges as the best choice. Moreover, as in the
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most calibration runs performed, it becomes the matter of reaching trade-off for the
turbine properties since it always happens that one of them will be out of the toler-
ance range. One example is shown in figure 4.11 for the turbine inlet temperatures.
The targeting approach was chosen as the primary calibration approach, but the
turbine inlet temperature predictions are worse compared to any other calibration
approach available. If these properties are under the process of improvement, de-
creasing turbine inlet temperature percentage difference usually worsens the outlet
temperature and vice versa. If the previous statement unlikely does not hold, some
other property will not be predicted with sufficient accuracy. Most likely airflow,
which is of greater hierarchy and will thereof not be sacrificed.

4.2.5 Comments
The purpose of the results presented in this chapter is to motivate the best cali-
bration practice and to exclude non-suitable calibration approaches for every sub-
system. The exact choice of pressures and temperatures for the calibration approach
depends on how close the sub-system is to the turbine and compressor inlet and out-
let locations. For example, the sub-system exhaust manifold is the closest to the
turbine inlet, and both temperature and pressure were investigated. It is done in
this manner since this give more accurate calibration result and makes more sense
rather than choosing two systems offset from each other. For example, calibrating
the exhaust manifold multipliers by targeting the intercooler massflow, which would
be non-intuitive. Absolute percentages graphs could have been used to only dis-
play the error percentage between simulation and measurements. However, if both
positive and negative percentages are present, the model performance trend can
be monitored. Positive and negative percentages giving trends towards over- and
underestimation, respectively. Another important remark is that the sub-systems in-
vestigated are dependent on each other and earlier calibrations performed, meaning
that different choices in calibration procedure would lead to different results.
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5
Conclusions and Future Work

The aim of this thesis is to build a real-time capable high fidelity engine model to
be used in HiL applications in virtual testing. The engine under consideration is the
D13-700 Volvo Penta heavy-duty diesel engine. The focus of the work was to create
a GT-SUITE Fast Running Model (FRM) using the detailed engine model and Part
Load Map (PLM) data.

The detailed description of the detailed model - FRM conversion process is described
in Chapter 3.5. The discussion includes the choice of the sub-systems, the geome-
try simplification, and the calibration procedure. The created FRM, which uses a
predictive combustion model, is capable to run in real-time on the HiL system. The
crank angle degree (CAD) for which the combustion is predicted is flow velocity
dependent and it follows a zig-zag pattern through a speed-load sweep.

The gas-flow path was calibrated using the highest mass flow rate operating point.
The predicted massflow rate was within specified tolerances for high loads, which
are typical engine operating points. The intake pipes were calibrated using tar-
geting approach for the compressor inlet pressure. Charge Air Cooler (CAC) was
calibrated using minimizing approach for the massflow rate. The calibration of the
intake manifold was carried out by targeting compressor outlet pressures. Moreover,
for the exhaust manifold both minimizing and targeting approaches for turbine in-
let temperature proved to be useful. Finally, the exhaust pipes can be calibrated
effectively targeting the exhaust gas pressure.

Regarding the recommendation for future work, one important aspect to consider is
improving the calibration practice by using advanced optimization tool which can
vary multiple parameters to achieve the given target. Another possibility would be
to explore and investigate additional calibration approaches where multiple subsys-
tems are calibrated simultaneously. Moreover, improvement of the accuracy of the
static maps used in the FRM is highly important for HiL applications. Further ad-
justment of measurement sensor locations needs to be considered as well to provide
better fit with the corresponding location in the base model. The model need to be
tested and further calibrated for transient operating conditions, using for instance
Non-Road Transient Cycle (NRTC).
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Finally, the best practice recommendation for the future FRM re-calibration is pro-
vided.

If the calibration is performed for the first time, the subsystems should
be calibrated in the following order:

1. Exhaust Manifold
2. Exhaust Pipes
3. Boost Pipes
4. EGR Pipes
5. Intake Manifold
6. Intake Pipes

If re-calibrating, the following steps should be undertaken:
1. Update maps
2. Boost Pipes
3. Exhaust Manifold
4. Exhaust Pipes
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A
Appendix

A.1 Governing Equations Derivation
The laws of mechanics are written for one defined system, one fixed mass. These laws
specify what happens when the defined system interact with its surroundings, where
the boundaries separates the externalities and the system. The system approach let
us establish a dynamic mechanical analysis of the environment. With that spirit
in mind, fluids in motion (fluid dynamics) can also be studied by converting a
system analysis to a control volume analysis. In fluid dynamics, specific regions
are the subject of matter rather than individual masses and the system particles
only occupy the laws for only an instant, until the next system of particles arrive.
There is a need of converting the basic mechanical system laws to a control volume
approach. Reynolds Transport Theorem (RTT) can be applied to all the basics laws
and re-write them in control volume form. The basic mechanical laws considered
for the RTT will now be presented(7).

msyst = const,∨, dm
dt

= 0 (A.1)

Equation A.1 above is conservation of mass, it is fixed and do not change. msyst is
the mass for a system and is constant(7).

F = ma = m
dV
dt

= d

dt

(
ma

)
(A.2)

Equation A.2 above is Newton´s second law of motion. If a system have unbalanced
forces, leaving a residual force acting on the mass and expose it for acceleration. F
is the net force, a is the acceleration and V is the velocity of the mass. It is referred
to as the linear momentum relation within fluid dynamics(7).

M = dH
dt

(A.3)

The third relation presented, equation A.3 above is the angular momentum exerted
if a net moment M is present. It is a rotational effect and H = ∑(

r×V
)
δm is the

angular momentum around the centre of mass. Just as Newton´s 2nd law, this is a
vector relation and stretches in the x-,y- and z-direction(7).

δQ - δW = dE,∨, Q̇ - Ẇ = dE

dt
(A.4)
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Equation A.4 is the first law of thermodynamics. δQ is added heat to the system,
δW is work performed on the surroundings by the system and dE is the system
energy and must change according to the relation prescribed(7).

A.1.1 Reynolds Transport Theorem
The universal mechanical laws for system analysis can be converted to fluid dynamics
by observing specific regions rather than masses. To enable this, RTT is used and
can be adopted using equations A.1-A.4. The specific region observed is enclosed by
a control volume (CV) for enabling study of the flow for instants in time. Applying
a control volume can be seen below(7).

Figure A.1: Control volume enclosing a fluid flow.

The control volume can be stationary, in movement or deformable depending on the
circumstances. The velocity relation

(
Vrel = V - Vcs

)
shows the relative movement.

Where V is the fluid velocity and Vcs is the control surface velocity. If the control
volume is stationary we have Vcs = 0 and no relative velocity is present, fluid or flow
velocity is equal to the control volume´s. dA is an infinite small surface element on
the control surface. For every other element dA, the velocity can vary. Therefore,
to obtain the total flow properties all elements dA needs to be integrated over the
whole surface. What gives the control volume depend on the flow speed

(
V
)
and

how long the time instant (dt) for observation is. Thus, dV = dA · Vdt is one
volume element and while integrated, the whole volume is obtained for the observed
flow. If integration of an arbitrary flow with an arbitrary control volume is adopted,
the general RTT can be stated as followed(7):

d

dt

(
Bsyst

)
= d

dt

( ∫
cv
βρdV

)
+
∫
cs
βρ
(
Vrel · n

)
dA (A.5)
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d

dt

( ∫
cv
βρdV

)
=
∫
cv

∂

∂t
βρdV (A.6)

Vrel · n = Vrel cos θ = Vn (A.7)

∫
cs
βρ
(
Vrel · n

)
dA =

∫
cs
βρVndAout -

∫
cs
βρVndAin (A.8)

Bsyst =
[
m,mV,H, E

]
, β = dBsyst

dm
(A.9)

In equation A.5 and A.9 above, the left hand side concern the system property
exposed for analysis where the mechanical system

(
Bsyst

)
can be either mass

(
m
)
,

momentum
(
mV

)
, momentum torque

(
H
)
or energi

(
E
)
. Bsyst can be any vector

or scalar property of the fluid. By letting Bsyst represent one of the mechanical
properties presented in equation A.9 the RTT can be re-written from its general form
in equation A.5 with the control volume approach. In the general RTT equation(
A.5

)
, the right hand side will be further explained before derivation of RTT special

cases. The first term, d
dt

( ∫
cv βρdV

)
, is the change within the control volume (CV)

with ρ as the density and β as the amount of Bsyst per unit mass. Note that CV
and CS stand for "control volume" and "control surface" respectively. The second
term describes the flow in and out over the control surface and is often referred to
as the flux term. Considering the flux term, the sign convention depends on the
direction of the normal unit vector (n) and Vn is the cosine or normal component of
the relative velocity. Continuously, special cases of the RTT will be presented, i.e.
the continuity (mass conservation), momentum and energy equation(7).

A.1.2 Mass conservation
Equations A.1 and A.5 - A.9 are used in the general RTT, but now narrowed down
for the special case of mass conservation. Thus, making the conversion from the
mechanical system law A.1 with the RTT adoption(7):

Bsyst = m, β = dBsyst

dm
= dm

dm
= 1 (A.10)

(
dm

dt

)
syst

= 0 = d

dt

( ∫
cv
ρdV

)
+
∫
cs
ρ
(
Vrel · n

)
dA (A.11)

Equation A.13 above is under the assumption of constant mass. With additional
assumptions it can be re-written further(7):

Vcs = 0 ⇒ Vrel = V (A.12)
The expression above consider a fixed stationary control volume rather than a de-
formable one. The expression develops to the following state being(7):∫

cv

∂ρ

∂t
dV +

∫
cs
ρ
(
V · n

)
dA = 0 (A.13)
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Assuming one-dimensional flow with "n" and "m" number of inlets and outlets re-
spectively, the expression can be developed as stated below(7):∫

cv

∂ρ

∂t
dV +

∑
m

(
ρmAmVm

)
out

-
∑
n

(
ρnAnVn

)
in

= 0 (A.14)

The expression above is for one-dimensional compressible flow, i.e. unsteady flow
within the control volume. If steady flow is considered, the following equation can
be motivated(7):

∂

∂t
= 0⇒

∫
cv

∂ρ

∂t
dV = 0 (A.15)

It is important to remark that a flow can be unsteady and in-compressible, but will
still lead to the same conclusion as above. If the fluid flow is in-compressible, the
density will be constant and the derivative will anyhow disappear. The implication
essentially leads to the elimination of the change within the control volume and only
the flux term can be considered from now on(7):

∑
n

(
ρnAnVn

)
in

=
∑
m

(
ρmAmVm

)
out
⇔
∑
n

(
ṁn

)
in

=
∑
m

(
ṁm

)
out

(A.16)

Finally, if inlets and outlets are not considered one-dimensional, the upper expression
has to be integrated over the cross section instead(7):

ṁcs =
∫
cs
ρ
(
V · n

)
dA (A.17)

A.1.3 The Linear Momentum Equation
In similar fashion as for the conservation of mass, the linear momentum equation
will now be derived. The first derivation was very detailed and the other following
derivations wont have the same refinement unless something new is to be presented.
Applying the assumptions for the momentum equation leads to the following equa-
tions and expressions using equations A.2 and A.5 - A.9. Thus, utilizing Newton´s
2nd law with Reynolds transport theorem to successfully make the conversion form
a mechanical mass system perspective to the one of a control volume(7):

Bsyst = mV, β = dBsyst

dm
= dmV

dm
= V,Vcs = 0 ⇒ Vrel = V (A.18)

∑
F =

(
dmV
dt

)
syst

= d

dt

( ∫
cv

VρdV
)

+
∫
cs

Vρ
(
V · n

)
dA (A.19)

To be noted is the non-existent density (ρ) contribution in the control volume term.
Adding one-dimensional inlet and outlet flow, steady flow or the property of an
in-compressible fluid as previously explained leaves us with the final expression:

∑
F =

∑
m

(
ṁmVm

)
out

-
∑
n

(
ṁnVn

)
in

(A.20)

The force F is hereby a vector F =
[
Fx, Fy, Fz

]
.
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A.1.4 The Energy Equation
Reynolds transport theorem is applied on the first law of thermodynamics, using
equations A.4 and A.5 - A.9 and the following can be obtained:

Bsyst = E, β = dBsyst

dm
= dE

dm
= e,Vcs = 0 ⇒ Vrel = V (A.21)

dQ

dt
- dW
dt

= dE

dt
= d

dt

( ∫
cv
eρdV

)
+
∫
cs
eρ
(
V · n

)
dA (A.22)

e = einternal + ekinetic + epotential = ĥ+ 1
2V2 + gz (A.23)

Where positive Q and negative W implies heat added to the system and worked per-
formed by the system, respectively. "e" is the energy per unit mass and consists of
multiple contributions regarding internal-, kinetic- and potential energy. After ad-
ditional work on the expression, which can be further studied in Frank. M. White´s
7th ed. of "Fluid Mechanics" pp.188-190, the final product is:(7)

Q̇ - Ẇs - Ẇv = ∂

∂t

[ ∫
cv

(
ĥ+ 1

2V2 + gz
)
ρdV

]
+
∫
cs

(
ĥ+ 1

2V2 + gz
)
ρVndA (A.24)

Where Ẇs is the work performed from an arbitrary machine and Ẇv is the shear
work due to viscous stresses of the control surface.

Ẇ = Ẇshaft + Ẇpress + Ẇvisc = Ẇs + Ẇp + Ẇv (A.25)

Where Ẇ is the net rate work for a stream surface (SS) and Ẇp is pressure forces
occurring on the control surface only.

Ẇp =
∫
cs
p
(
V · n

)
dA, Ẇv = -

∫
cs
τ ·VdA (A.26)

Where "τ " is the stress vector on the surface "dA" and is dependent on the specific
surface attribute. "p" is the pressure force on a small surface element "dA".

Ẇ = Ẇs +
∫
cs
p
(
V · n

)
dA -

∫
cs

(
τ ·V

)
ss
dA (A.27)

ĥ = û+ p

ρ
(A.28)

Equations A.27 and A.23 are substituted into A.22. Adding substitutions of equa-
tions A.23 and A.28 give the final expression for the energy equation stated in
equation A.24 above. If an one-dimensional assumption is adopted for the final
expression, the flux term adjust accordingly to equation A.29 below:(7)

∫
cs

(
ĥ+ 1

2V2 + gz
)
ρVndA =

∑(
ĥ+ 1

2V2 + gz
)
out

ṁout -
∑(

ĥ+ 1
2V2 + gz

)
in

ṁin

(A.29)
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A.2 Emission Result

This section present the remaining results not discussed, emission predictions. Firstly,
the carbon oxides are presented and sequentially the hydrocarbons and the carbon-
dioxides. For every other species (except CO2) there will be three plots each for
deeper understanding. All plots presented outweigh simulation data against mea-
surements. First off, an error percentage plot will appear. Secondly comes, a plot
showing the ppm (parts per million) difference in absolute values. Lastly, a plot of
ppm absolute values will be presented to show if the trend is on the path.

A.2.1 NOx, Nitrogen Oxides

From hereon the NOx species will be reviewed according to the structure stated
above.

Figure A.2: NOx percentage difference, simulated versus measurements.
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Figure A.3: NOx ppm absolute difference, simulated versus measurements.

Figure A.4: Normalized NOx ppm values, simulated versus measurements.
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In the most upper plot, figure A.2, the NOx error percentage can be seen. The
tolerance had a limit of 10%. Further plots are presented to show a broader analysis
on why the graph looks as such, referring in sequential order figure A.3 and A.7.
The latter figures mentioned show that the majority of the points have a deviation
of about 100 ppm in absolute difference comparison. And if the very last plot
(A.7) with the absolute values are overseen, it does not look that bad as the very
first percentage plot would suggest. That motivates why all these plots were used
for this one species. The presentation of the data can be miss-leading if not fully
investigated. The last plot are for example normalized with the data set´s maximum
value.

A.2.2 HC, Hydrocarbons

From hereon the HC species will be reviewed according to the structure stated above
and in the same spirit as of the carbon oxides.

Figure A.5: HC error percentage, simulated versus measurements.
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Figure A.6: HC ppm absolute difference, simulated versus measurements.

Figure A.7: Normalized HC ppm data, simulated versus measurements.

IX



A. Appendix

In the most upper plot, figure A.5, the HC error percentage can be seen. The
tolerance had a limit of 10%. Further plots are presented to show a broader analysis
on why the graph looks as such, referring in sequential order figure A.6 and A.7.
The latter figures mentioned show that the majority of the points have a deviation of
about 1 or 2 ppm in absolute difference comparison. And if the very last plot (A.7)
with the absolute values are overseen, it can be seen why this was a particular tricky
species to capture. The graph is normalized due to the project´s confidentiality. The
measured values are to begin with really low for the majority of the engine points.
It is just until the low load points, talking about injected masses in the quantity of
a few unit singular milligrams. The significant HC quantities, counting ten of ppms,
starts at the 160th engine operating point of the 169 available and could perhaps
therefore be overlooked.

A.2.3 CO2, Carbon-dioxides
From hereon the CO2 species will be reviewed as followed down below.

Figure A.8: CO2 mole fraction absolute values, simulated versus measurements.

In figure A.8 the CO2 mole (volume) fraction can be perceived. The mole fraction
property is a way to target the correct amount of EGR-% and can be read more
about in appendix section A.3.13. By reviewing the figure, it can be stated that the
targeting is of a decent nature, but could be improved.

A.3 FRM General Modelling Blue Print
In section A.3 the connections, measurement inputs, simulation inputs, calibra-
tion parameters, design constants and default values are pointed out and explained
thoroughly. Starting with the intake components on the cold side and continue
downstream all the way through the cylinders to the hot side´s exhaust pipes. The
figures are from the point in time were the FRM was fully calibrated and final in
such. However, it looked slightly different when the Simulink Harness integration

X



A. Appendix

was implemented. The implementation required to replace all controllers with maps
instead. Thus, the mapping procedure is also covered for the components concerned.
"Measurement inputs" are measured data from an engine test cell. "Simulation data"
is either extracted values from a simulation or values to impose component limits.
"Calibration parameters" are parameters which have been optimized using GT´s op-
timizer tool. "Design constants" are all physical data giving the engine its geometry
or performance. "Default constants" have the same quantity and values suggested
initially by GT-POWER. Initial conditions such as temperature, pressure and hu-
midity is not presented as they occur for every volume. "Discretization length" will
not be addressed as it as already heavily covered in chapter 2.2. If one of these
sub-headings is missing, it means there was nothing to include or it has already
been mentioned.

A.3.1 Intake Environment

Figure A.9:
Intake
Envi-
ron-
ment

Connection:
This object connects to the intake pipes. The component can be seen in
figure A.9.

Description:
This object describes ambient conditions such as temperature, pressure,
humidity and fluid composition.

Measurement inputs:
Pressure, temperature and humidity.

Default constants:
Fluid properties.

A.3.2 Intake Pipes

Figure A.10: In-
take Pipes

Connection:
This object connects the ambient environment and the
compressor. It includes a pipe and a restriction ob-
ject (bellmouth). The component can be seen in figure
A.10.

Description:
The typical representation of the simplified piping system. In
every volume a computation is done, how often depends on
the discretization length. How the computation is performed
depends on which solver is used, explicit or implicit see the-
ory chapter 2.2.1. The restriction uses a diameter to limit
the flow, the pipe model correct surface area and volume for
the intake pipes and is also needed for the compressor later on. The restriction´s
orifice diameter is used for calibration and is varied to achieve correct compressor

XI



A. Appendix

inlet pressures. The same analogy can be applied to Friction Multiplier (FM) and
Heat Transfer Multiplier (HTM). Greater diameter implies more air particles and
hence more particle and wall collisions establishing the pressure required. The FM
accounts for pressure drop losses, the greater FM, more wall friction and hence
greater pressure drops. Greater HTM means more heat transfer will occur and dis-
sipate according to convection. The bellmouth will have an overhead diameter if
used between the exhaust manifolds.

Calibration parameters:
FM, HTM, orifice diameter.

Design constants:
Pipe length, inlet diameter or bore (equation relating bore and inlet diameter), over-
head diameter.

Default constants:
Fluid properties, discretization length, number of holes and hole thickness. Last two
if used between two exhaust manifolds.

A.3.3 Compressor

Figure A.11: Com-
pressor object

Connection:
This object connects the intake pipes, turbocharger shaft and
boost pipes (CAC). The component can be seen in figure
A.11.

Description:
Represents a compressor in a supercharged or turbocharged
engine. It is of great importance of neighboring volumes to
have correct diameters because this object use velocities and
calculates the total pressure ratio taken from the nearby sub-volumes. Different
compressors are available depending on the user´s available data, with more data
the further detailed and trust-able predictions. GT-SUITE predicts turbine or com-
pressor speed and Pressure-Ratio (PR) at each timestep and are therefore known
(because of the map look-ups). The massflow rate and efficiency are later on looked
up and imposed in the solution. Compressors are very sensitive though, the mass-
flow rate can fluctuate rapidly sometimes. It happens because of the stall (“surge”)
line is crossed just a bit or when the speed lines are very flat, thus small changes
in PR results in large massflow changes. Upon that, the code has a damping mech-
anism with a real physical meaning, it´s the natural damping of the air mass and
momentum in the compressor. This reduces the compressor´s extreme massflow
rate fluctuation magnitudes. The massflow rate is later on imposed in the adjacent
volume borders, and may be damped as stated. The outlet temperatures is calcu-
lated using enthalpy changes across the turbine and the compressor. The change
in enthalpy, and hence the power created or used is calculated from their specific
efficiency equations(5).
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Calibration parameters:
PR, massflow and efficiency. If the map is not matching the compressor perfor-
mance, it can be optimized by varying these parameters.

Design constants:
Rack position, compressor map.

A.3.4 Charge Air Cooler (CAC)

Figure A.12: CAC object

Connection:
This object connects the compressor and
CAC-throttle. To describe the CAC tech-
nology there are three objects used; The
pipe object as previously presented, the heat
ex-changer object and the flow split vol-
ume. The components can be seen in figure
A.12.

Description:
The heat exchange object is typically used for
FRMs (Fast Running Models) used in RT (Real-
Time) applications. The flow split is an alterna-
tive piping, when multiple openings exists (5). A
performance approach can be used instead, but
usually causes solver instability due to large time
steps. The meaning of this heat ex-changer is to deliver an outlet CAC temperature
and can be more or less predictive. Here the a semi-predictive efficiency approach is
used. The intercooler outlet temperature is still imposed, but is calculated through
the efficiency, CAC inlet and coolant temperature. The efficiency is looked-up using
massflow rate, whereas higher massflow result in decreasing CAC efficiency(4). This
component highly determines the airflow and is another sub-system up for calibra-
tion. It should be calibrated early as the other components in the engine aligns after
the airflow calibration. The orifice diameter is varied in the heat ex-change object
to meet compressor outlet pressures.

Measurement inputs:
RPM, injected mass, CAC outlet temperature and ambient temperatures.

Calibration parameters:
The orifice diameter, HTM and FM.

Design constants:
Volume (bore related equation), surface area, length, expansion diameter (bore re-
lated equation).
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Default constants:
Discretization length.

A.3.5 CAC-throttle

Figure A.13:
CAC-throttle

Connection:
This object connects the CAC, EGR-circuit and the in-
take manifold. The component can be seen in figure
A.13.

Description:
Used to avoid back-pressure, creating a vacuum and let the
EGR flow pass in to the intake manifold. Is angled parallel with the flow (90 de-
grees, fully open) when no EGR is used. Valves, orifices and throttles all requires
discharge coefficients (CDs). The CDs are simply a ratio of flow areas, the effective
flow area through the reference area to be specific. The CDs originates from the
isentropic flow equations through a nozzle. Friction losses and errors in assumed
velocity profiles are included, i.e. accounted for. Mathematically, it´s just a ratio
over flow rates for the nozzle – actual flow rate over the ideal one (max)(5). The
CDs are ideally taken from the specific engine setup, established from laboratory
measurements but can also be simulated values.

Measurement inputs:
CDs, CAC-throttle angle.

Design constants:
Reference diameter.

A.3.6 Intake Manifold

Figure A.14: Intake manifold

Connection:
This object connects the EGR-circuit, CAC-throttle and intake valves. It is mod-
elled with another flow split volume. The component can be seen in figure A.14.

Description:
As previously described. However, depending on what kind of component that is
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modelled, different material properties can be used and even calibrated. For exam-
ple, the external convection coefficient has been modified to fit the circumstances of
this component using the optimizer. The HTM is calibrated to target compressor
outlet pressures.

Calibration parameters:
The external convection coefficient, diameter, HTM and FM.

Design constants:
Boundary conditions such as diameter and characteristic length (bore related), vol-
ume (bore related), surface area.

A.3.7 Intake Valves

Figure A.15:
Valve object

Connection:
This object connects the intake manifold and the engine cylinder. The
component can be seen in figure A.15.

Description:
Describes a cam-driven valve with lift-profile, geometry and flow char-
acteristics. Uses a map for lash clearance height, versus valve face
temperature, to define how much it can expand. Lift arrays are used with Crank
Angle Degrees (CAD) versus lift[mm]. Further on, the component also utilizes CDs
as described earlier with the exception of lift/diameter as X-array. The flow area
multiplier can be used in optimization which regulate the effective flow area.

Measurement inputs:
CDs.

Calibration parameters:
Flow area multiplier.

Design constants:
Valve lash clearance, lift profiles (CAD vs lift files), valve reference diameter.

A.3.8 Injectors

Figure A.16:
Injector object

Connection:
This object connects to the engine cylinder. The component can
be seen in figure A.16.

Description:
This object allows multiple injection pulses, typically used for DI
diesel engines. Can use modeling of nozzles to simulate the multiple injection if data
is missing. Preferably using injector references and maps from manufacturer to look
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up energizing time and unit injector pressure. Mapping which sort out which engine
point is

Measurement inputs:
Rail pressure, pre-/main-/post-injected mass, pre-/main-/post-SOI (injection tim-
ing), injector rate map (milliseconds (X)/Rail pressure (Y)/ Injection rate (Z)),
RPM (X)/Injected mass (Y)/index (Z)-map.

Design constants:
Nozzle hole diameter, number of holes per nozzle, nozzle CD.

Default constants:
Diesel fluid properties.

A.3.9 Cylinder

Figure A.17:
Cylinder object

Connection:
This object connects the injector, intake and exhaust valve. The
component can be seen in figure A.17.

Description:
Defines combustion and heat transfer. Can make use of imposed values all the way
to fully predictive combustion. The fully predictive combustion is the more desirable
since it will adapt to different conditions, which imposed burn rates will not typically
do. The cylinder uses temperatures for heat transfer calculation and can be either
set or calculated every CA. The cylinder is further divided into zones, to accomplish
the heat transfer estimation. There are three cylinder wall zones, three piston zones,
three cylinder-head zones and valve face and back areas. If ’WoschniGT’ is used, it
calculates in-cylinder heat transfer coefficients with the calssical Woschni correlation
without swirl(6). DI-pulse will be explained down below in section A.3.9.1. DI-pulse
is the fully predictive combustion model for diesel engines.

Simulation data input:
in-cylinder temperatures valve face and back, cylinder zone 1/2/3, piston zone 1/2/3,
head zone 1/2/3, burn rate (with SOI and fuel fraction burned), Heat Transfer Model
(WoschniGT), convection temperature evaluation.

Calibration parameters:
Valve back heat transfer multiplier.

Design constants:
Head/bore area ratio, piston/bore area ratio.

A.3.9.1 DI-Pulse

DI-pulse is a fully predictive combustion model for diesel engines. The meaning of
"predictive" in this context is that the combustion rate is always calculated and not
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a constant. To manage this, the combustion model attempts to model the most
important combustion physics occurring. The model adjust to varying conditions,
for example different injected mass, RPM and EGR. Therefore, the benefits are quite
evident. Generally, the normal thing to say is that the gain is accuracy and the lost
is in simulation run speed. However, the penalty of this implementation or any
other use of controllers should not be the cause of a significant drop in simulation
run speed(4).

A.3.9.1.1 Cylinder Pressure Matching
The typical combustion calculation use burn rate and calculates cylinder pressure,
hence referred to as a "forward" run. With a predictive combustion model, the burn
rate is unknown. Therefore a "reverse" run is implemented, using measured cylinder
pressure traces to define the burn rates. Cylinder pressure is the input and the burn
rate is the output calculated by GT-POWER. The reversed and the forward run
use the same two-zone combustion methodology. It implies both methods include
the full chemistry and thermodynamics without any simplifications. In the reverse
run, fuel transferred from the unburned to the burned zone is iterated within each
timestep until the simulated cylinder pressure matches the measured one. The fol-
lowing energy equations are used for the two-zone model and are solved for each
timestep(4):

Unburned Zone:

d(mueu)
dt = -pdVu

dt - Qu +
(

dmf

dt hf + dma

dt ha
)

+ dmf,i

dt hf,i (A.30)

Where,

mu = unburned zone mass hf = fuel mass enthaply
eu = unburned zone energy ma = air mass
p = cylinder pressure ha = air mass enthalpy
Vu = unburned zone volume mf,i = injected fuel mass
Qu = unburned zone heat transfer rate hf,i = injected fuel mass enthalpy
mf = fuel mass

Burned Zone:

d(mbeb)
dt = -pdVb

dt - Qb -
(

dmf

dt hf + dma

dt ha
)

(A.31)

Where index "b" denotes the burned zone and is otherwise similar to equation A.30,
but applied for the other zone. In equation A.30 on the right hand side, the first
term to the last stands for pressure work, heat transfer, combustion and enthalpy
from injected fuel. At each timestep a mixture of fuel and air is translated from
the unburned to the burned zone. The starting point of the trapped mass is in the
unburned zone, including EGR and residual gases. Later on, the mixture starts to
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transfer to the burned zone, were the transfer rate is determined of the burn rate
and is calculated of the combustion model. Once everything have transferred to
the burned zone, a chemical equilibrium is carried out for the whole burned zone.
The chemical equation establish the species concentration and when the composi-
tion is determined the internal energy can be determined for each species. Further
on, all species’ internal energies are summed up and the entire burned zone energy
is obtained and applying energy conservation gives the zone temperatures and the
cylinder pressure(4).

Finally, the simulated pressure has to match the measured one. This usually done
by a separate calculation off-set from the project, using the same input measure-
ments and geometry. First off, a coarse burn rate calculation is done using Woschni
correlation and assumptions. Secondly, the calculated burn rate is applied during a
forward simulation and the heat transfer is saved. Thridly, one final computation
of the burn rate is done with the true heat transfer. Lastly, final burn rate is used
to provide results for comparing simulation and measurement(4).

A.3.9.1.2 Calibration
Although DI-pulse is fully predictive, it is still derived from simplifications and as-
sumptions. To compensate for this, calibration of a hand full of physical multiplier
constants is required. The achievement with these multipliers is to represent the
combustion system in the best, and widest operating range possible. The multipliers
concerned are namely; entrainment rate, ignition delay, premixed combustion rate,
diffusion combustion rate, NOx calibration and N2 oxidation activation energy. The
mentioned multipliers will tune the injection (spray) and combustion accordingly(4).

Entrainment Rate Multiplier The fuel spray is injected and slows down as the
surrounding burned and unburned gases are entrained to the pulse. The mixing
of pulses happens through entrainment. The entrainment rate is determined by
applying the momentum conservation equation. An empirical relation for spray tip
penetration determine the velocity and position. In the end, it affects injector nozzle
velocity, breakup time and spray tip length(4).

Ignition Delay Multiplier Based on each pulse and the conditions within it, the
ignition delay is computed separately using Arrhenius expression. This factor in- or
decrease it(4).

Premixed Combustion Rate Multiplier It is a specific combustion. The present
mixture during ignition is set aside for premixed combustion. It has a kinetic rate
limitation and this factor in- or decrease it(4).

Diffusion Combustion Rate Multiplier After ignition, the remaining entrained
gas and unmixed fuel will mix and combust in a primary diffusion phase. The rate
of this sate or phase of combustion can be tuned(4).

NOx Calibration Multiplier Used for prediction of net rate of NOx formation(4).
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N2 Oxidation Activation Energy Multiplier Multiplies the activation energy of
N2 oxidation rate. Values lower than 1 will increase the NO formation. The inverse
will happen for values greater than 1(4).

A.3.10 Exhaust Valves

Figure A.18:
Exhaust valve

Connection:
This object connects the cylinder and the exhaust manifold. The
component can be seen in figure A.18.

Description:
Uses same parameters and inputs as the intake valve, but for the
hot side. However, the exhaust lift has a more thorough look-
up. It has a minimum, main and boost lift profile depending on the load. It also
simulates a valve leakage. The forward and reverse CDs are for once not the same
quantity and the reverse CD has more points (more carefully mapped) since it spans
over a greater data range of CDs. The mapping is further different in the sense of
data arrays, with static pressure-ratio (X), Lift over diameter (Y) and the CDs as
(Z) output.

Measurement inputs:
CDs, static pressure ratio.

Calibration parameters:
The exhaust valve lash could be optimized.

Design constants:
Valve reference diameter (bore equation), lift, exhaust lift profiles, exhaust valve
lash.

A.3.11 Crankshaft with auxiliary

Figure A.19: Crankshaft and
auxiliary

Connection:
This object connects to the cylinders and the
auxiliary torque. The components can be seen
in figure A.19.

Description:
Defines the reciprocating dynamics of the ICE.
Translates pressures acting on the pistons to
torque acting on the crankshaft. Defines cylin-
der and crankshaft characteristics such as ge-
ometry, cylinder firing and shaft performance.
Thus, the engine friction is carefully taken care
of. The auxiliary mapping is to model the auxil-
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iary losses. The power loss is calculated and transferred via an actuator to a friction
object, applied for a rotating part (the crankshaft). It uses two look-ups where a
power fraction and an injection power loss is the outcome respectively. The first one
uses injected mass and rail pressure to find the power-fraction. The second one uses
RPM and injected mass to find the injector´s power consumption.

Measurement inputs:
RPM, mean piston speed, rail pressure.

Simulation inputs:
Injector power fraction and power consumption.

Calibration parameters:
FMEP, peak cylinder pressure factor, mean piston speed squared factor.

Design constants:
Bore, stroke, TDC (Top Dead Center) clearance height, compression ratio, connect-
ing rod length (stroke equation) and CA at IVC (intake valve closing).

A.3.12 Exhaust Manifold

Figure A.20: Exhaust manifold

Connection:
This object connects to the exhaust valves, wastegate and the turbine inlet. The
component can be seen in figure A.20.

Description:
It is a flow-split object which has been described previously, the differences will be
covered though. It uses imposed exhaust port wall temperatures. The component
is utilized for calibration whereas the HTM is varied to achieve measured turbine
inlet temperatures, exhaust gases. It has a overhead diameter between both exhaust
manifolds.

Measurement inputs:
RPM.

Simulation inputs:
Extracted exhaust port wall temperatures.
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Calibration parameters:
HTM and FM.

Design constants:
Expansion diameter (Bore related equation), surface area, volume (Bore related
equation).

A.3.13 EGR Pipes

Figure A.21: EGR
valve

Connection:
This object connects to the exhaust manifold and the vol-
ume downstream of the CAC-throttle. The component
can be seen in figure A.21.

Description:
It is a direct EGR circuit, meaning it is directed precisely after the exhaust manifold
and before the turbine. The pressure depends on what comes out of the cylinder, it
is not extra pressurized neither cooled. This is the meaning of the CAC-throttle, to
create a "vacuum" environment which naturally will drive the EGR into the intake
manifold. The EGR opening can be done in several ways, for example either with
a valve or throttle mechanism. In the end, the important data is the CDs, as for
any transitioning geometry. The CDs can be laboratory measurements or extracted
simulation data. The diameter can and should be calibrated against either EGR
percentage or CO2 mole (volume) fraction. The PID-controller is used to target the
CO2 fraction. The controller is replaced with mapping when the RT-version comes
to place. The map-values need to be optimized every time a significant change is
performed in the engine. The engine management system (EMS) signal which goes
from zero to hundred percent needs to be correlated to the throttle angle. There-
fore, the throttle angle is optimized once again against the CO2 mole fraction and
later plotted against the EMS-signal. From there, a trend-line can be tracked to fit
the data in the most appropriate manner possible. Manual intervention can occur.
Lastly, the values are created in the map and imposed. The same procedure is done
for the CAC-throttle.

Simulation inputs:
CDs, reference diameter (overridden).

Calibration parameters:
The orifice diameter or/and the EGR-valve map.
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A.3.14 Turbine

Figure A.22: Turbine
object

Connection:
This object connects to the exhaust manifold, tur-
bocharger shaft and the exhaust pipes. The component
can be seen in figure A.22.

Description:
It functions as explained in compressor section A.3.3 re-
garding the mapping. The turbine can be calibrated in-
stead of changing the waste-gate diameters. By varying
the turbine massflow and efficiency multipliers to mini-
mize the difference between measured boost pressure and
simulated.

Measurement inputs:
Engine RPM. (map includes turbo RPM, massflow, efficiency and PR)

Simulation inputs:
Maximum pressure ratio, maximum speed (reduced).

Calibration parameters:
Massflow and efficiency multipliers, efficiency shape factor at low BSR, efficiency
intercept at high BSR, massflow ratio at 0 BSR, massflow ratio exponent.

Design constants:
Rack array and turbine map.
Default constants:
Waste-gate diameter.

A.3.15 Wastegate

Figure A.23: Waste-
gate object

Connection:
This object connects to the exhaust manifold, com-
pressor downstream volume and turbine downstream
volume. The component can be seen in figure
A.23.

Description:
Whenever the boost pressure is too high, the exhaust gases is bypassed the turbine
via the WG. The WG diameter proportion depends on what pressure the com-
pressor downstream volume measures. It can be controlled and actuated which is
recommended. Any controllers used usually do not slow down the computation sig-
nificantly. However, in the case of a RT-model, any controls cannot be used and
have to be replaced by some sort of mapping.
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Measurement inputs:
Compressor outlet pressure.

Design constants:
Maximum turbo speed, maximum WG diameter, initial WG diameter and its dura-
tion.

A.3.16 Turbo Shaft

Figure A.24: Turbo shaft object

Connection:
This object connects to the turbine and the com-
pressor. The component can be seen in figure
A.24.

Description:
The shaft object is used whenever the inertia of
a rotating part is of importance. The model is
1D-rotational. The significance of this object lies
in the ‘Mechanical efficiency’ attribute. The attribute is used during simulation in
order to model the losses by applying a friction torque between the object and the
ground. In this case, the ‘Mechanical Efficiency’ attribute is “def” which imply the
efficiency is 100%. Instead the ’tc-bearing-01’ is used, implying the losses directly on
to the shaft by adding “negative” energy on to the shaft. Input torque is known, the
absolute losses and hence the output torque and power. The torques of compressor
and turbine powers are used to calculate turbocharger shaft speed. The result is a
speed dependent mapping of the power-loss due to inertia.

Measurement inputs:
Turbine speed.

Simulation inputs:
Shaft power-loss mapping.

Design constants:
Static torque, initial angular position, shaft moment of inertia.

Default constants:
Mechanical efficiency.
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A.3.17 Exhaust Pipes

Figure A.25: Exhaust
pipes

Connection:
This system connects to the turbine, wastegate and the
ambient environment. The component can be seen in fig-
ure A.25.

Description:
Previously described in section A.3.2. This system of
pipes is the last component up for calibration. The ex-
haust pipe orifice diameter is varied until turbine outlet
pressures are achieved.

Calibration parameters:
FM, HTM, orifice diameter.

Design constants:
Pipe length, inlet diameter or bore (equation re-
lating bore and inlet diameter), overhead diame-
ter.

Default constants:
Number of holes and hole thickness. Last two if used
between two exhaust manifolds.
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