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ABSTRACT

Engine out exhaust gas is an input to the engine system components downstream, which are directly or
indirectly responsible for air charge control, emission regulation, torque control or are used as feedback to the
engine control system. This makes the accurate prediction of the exhaust gas an important criterion for the
control system. Automotive manufacturers use map based models for the prediction of exhaust temperature at
known engine operating conditions. The aim of this thesis is to design a predictive physically based exhaust
temperature model for a typical diesel engine. The model predicts the temperature of the exhaust gases at the
end of the exhaust port with acceptable levels of accuracy. Previously available map based models were
specific to the engine and required extensive test data for creation and validation of such maps. The model
developed in this thesis is physically based, which enables its usage across a range of typical diesel engines
with reasonable modifications. This thesis also includes two different modelling approaches for the
temperature prediction. One being an averaged out cyclic approach while the other being a more resolved
computation at crank angle degrees. Data from test rig is used as input parameter for calibrating and tuning the
models. An attempt to understand the transient effects at the end of the exhaust port is also a part of the thesis
and precedes the discussion on modelling.

Keywords: - Diesel Engine, Engine Out Exhaust Temperature, Heat Transfer, Hohenberg Overall Heat
Transfer, Crank Angle Resolved Model, Dual Cycle Model, Wiebe’s Curve, Mass Fraction Burnt, Calibration,
Tuning, Optimization, Transient Behaviour, Temperature Sensor, Part Load Test
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Nomenclature

Symbol

Description

Fuel mass fraction burned

The efficiency parameter of the Wiebe function
The form factor of the Wiebe function
Combustion duration

Crank angle

Crank angle at start of combustion

Intake air charge temperature

Mass flow rate of EGR gasses

Mass flow rate of the fresh air charge

Temperature in the exhaust manifold at the end of previous cycle

Intake air temperature

Ratio of the specific heat

Specific heat at constant pressure

Specific heat at constant volume

Pressure inside the cylinder when piston is at TDC
Pressure inside the cylinder when piston is at BDC
Volume occupied by gas when piston is at BDC
Volume occupied by gas when piston is at TDC
Temperature inside the cylinder after compression stroke
Assumed wall temperature which is equivalent to the T1
Mass flow rate of both EGR gasses and fresh air

Overall heat transfer coefficient for exhaust gas
Hohenberg coefficient 1

Hohenberg coefficient 2

Piston velocity

Temperature after heat transfer

Specific heat at constant volume

Convective heat transfer coefficient of coolant

Area available to gases in cylinder for heat transfer
Wall temperature after heat transfer

Area available to coolant around cylinder for heat transfer
Temperature at the end of constant volume combustion
Mass of fuel injected

Mass fraction of fuel burnt at constant volume

Calorific value of Diesel fuel

Unit

Degree
Degree
Degree
K
Kals
Kals
K
K
KJ/Kg K
KJ/Kg K
N/m?
N/m?

J/IKg



aw
Acw
Myort
Tlhm
T
Py (n)
Y
Com)
Cony
Twi

theta(n)
fue lbr n)
hg cmb(n)

Tmodelled

Tmeasured

Pressure at the end of constant volume combustion
Pressure at the end of Compression

Volume at the end of constant volume combustion

Total mass available for heat transfer after constant volume combustion

Temp. at the end of constant volume combustion after heat transfer
Temp. of cylinder walls after constant volume combustion
Temperature at the end of constant volume combustion

Volume at the end of constant volume combustion

Total mass available for heat transfer after constant pressure combustion

Specific heat at constant volume

Temp. at the end of constant pressure combustion after heat transfer
Temp. of cylinder walls after constant pressure combustion
Pressure at the end of expansion

Volume at the end of expansion

Temperature at the end of expansion

Total mass available for heat transfer during expansion
Temp. at the end of expansion after heat transfer

Exhaust port wall temperature

Gas heat transfer coefficient in port

Area available for heat transfer from gas to port wall

Area available for heat transfer from coolant to port wall
Mass in the control volume of port

Temperature after heat transfer at n where n is the crank angle degree
Temperature of air in intake manifold

Pressure at intake at n where n is the crank angle degree
Gamma at CAD n

Specific heat at constant pressure at CAD n

Specific heat at constant volume at CAD n

Wall temperature at CAD n

Crank Angle Degree

Mass of fuel burnt at CAD n

Overall heat transfer coefficient for crank angle n

Modelled Exhaust gas Temperature at the end of Exhaust port

Measured Exhaust gas Temperature at the end of Exhaust port

N/m?
N/m?

Kg

Kg
KJ]/Kg K
K
N/m?
N/m?

m3

K
Kg

KJ/Kg K
K]/Kg K
K
Degree
Kg
W /m?K
K
K
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Abbreviations

BDC

CAD

CAE

DPF

EGR

HT

IAT

MAF

PV

TDC

Bottom Dead Center
Crank Angle Degrees
Computer Aided Engineering
Diesel Particulate Filter
Exhaust Gas Recycling
Heat Transfer

Intake Air Temperature
Mass Air Flow
Pressure vs Volume
Top Dead Center

Y axis of the plot

X axis of the plot
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1. Introduction

This thesis is conducted in cooperation with Volvo cars and Chalmers University of Technology. Aim of the
thesis is to design a physically based exhaust temperature model to predict the engine out exhaust gas
temperature at end of the exhaust port of a typical diesel engine. The modelling of the exhaust temperature is
useful for turbo protection and as a control signal for systems downstream of the exhaust ports.

1.1 Background

Increasing volumes of vehicle units sold every year has led to a surge of emission levels in the environment. In
order to control the levels of emission, legislations are getting stringent. These governing policies have put the
automakers in a dilemma to come up with better solutions to meet these regulations while keeping the price
and performance reasonable. Car manufacturers have been travailing to design many complex systems to
overcome this legislation problem without compromising the performance and fuel economy of the vehicle.
An understanding of the engine out exhaust temperature levels leads to a better predictability and control of the
system. To measure the temperature at end of exhaust becomes a very critical task but with the absence of a
sensor at this location in a stock vehicle, the temperature has to be modelled. Two approaches that can be used
to design such a complex system can be a map based or an equation based predictive model.

Currently, map based modelling approach is being used by the automakers to predict final exhaust temperature
at the end of the port, unfortunately, this approach may have limitations that need to be solved by using new
approaches. The map based model is based on extensive testing and calibration of the maps. This can be a
unique process for each engine thereby deviating from a general solution of the problem. The maps used can
be seen as black boxes which cannot be correlated to physical phenomenon of the processes in the cylinder.
Development of physically based model can eliminate these riddles that occurs in map based model.

1.2 Thesis Goal

The main goal of this master thesis is to develop a model that can be used to predict the engine out exhaust gas
temperature of the diesel engine. The developed model should be physical or equation based, easy to
understand and have acceptable level of accuracy. The model can be optimized and implemented in the
existing control system.
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2. Physical System

This section describes the physics based approach to model the processes occurring in cylinder and port. Some
important aspects relevant to the entire 4 stroke cycle and the transience effects are discussed in following
subsections. Three locations of interest for modelling purposes are, combustion chamber, exhaust port and the
sensor itself.

2.1 Combustion Chamber

Steady state operation of the engine is a rare occurrence in the actual drive cycle. Yet the knowledge of engine
performance and characteristics at steady state operating points allows much better understanding of the
system functionality. This can further be developed into a physical model which can accommodate for
different time dependencies. The combustion chamber is the location where chemical energy of fuel converts
into other forms of energy. The mechanical output is only a fraction of this energy. While the rest is dispersed
as heat losses, noise, losses through the exhaust gases and other phenomenon. The processes occurring in the
combustion chamber within a cycle can be broadly studied in four stages as discussed in following
subsections.

2.1.1 Intake

The intake air charge flows in through the air filter into the turbocharger where it is compressed and sent to the
charge air cooler. The pressurized air charge is collected in the intake manifold and then distributes into the
intake ports. The exhaust gases are recirculated and mixed with the fresh air charge in the intake manifold. The
manifold design allows the intake air charge to acquire the desired amount of swirl to facilitate better mixing
and combustion. The swirl is controlled by a control signal operating a valve in the manifold. The MAF sensor
signal provides the air flow through the manifold. The IAT sensor detects the temperature of the intake air. The
pressure sensor at the output of the turbocharger measures the boost pressure. The pressure of air after charge
air cooler is either modelled or measured with a sensor. The important valve event for this process are the
intake valve opening and closing. The Intake valve opens a few crank angle degrees after TDC and closes a
few crank angle degrees after BDC. The late intake valve opening is typically to avoid any valve overlap
situation.

2.1.2 Compression

The air charge that enters the cylinder starts getting compressed as soon as the piston starts moving from BDC
towards TDC. The compression process in an ideal dual cycle is assumed to be isentropic/ adiabatic where no
heat or mass is lost from the system to the surroundings. The system being the closed cylinder with air charge
trapped inside it. In this process work is done by the piston on the gases to compress it. The adiabatic
correlation leads us to a specific value of gamma, which is the ratio of the specific heat capacity at constant
pressure and specific heat capacity at constant volume. The compression of the gases continue till the piston
reaches the TDC. The heat capacities are a function of the temperature of the gas in the system. The
temperature of the gases gradually increases as the volume decreases and this leads to a final temperature at the
end of the process. This implies that we have a different gamma for each operating point of the engine.

2.1.3 Combustion

The process of combustion is a heat release process that occurs due to conversion of chemical energy of the
fuel to thermal energy. Some important phenomenon related to combustion are discussed in the following
subsections.

2.1.3.1 Injection Timing

The injection of the fuel occurs at a predetermined CAD. This is specific to the control system of the engine.
The injection of fuel is done in pulses. The pulses may consist of a main pulse, pilot injection pulses and post
injection pulses. The Major fraction of the fuel meant to produce torque is injected in the main injection. The
post injection is meant to prolong the combustion process. This late injection can be used to increase the
temperature of the exhaust gases by allowing some fuel to burn downstream of the exhaust manifold. This may
help in the oxidation of soot in the DPF of the exhaust aftertreatment system. In the system that we model, the
energy released from the fuel is assumed to be only from the main injection.
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2.1.3.2 Rate of Heat release

The heat release in case of an averaged heat release rate computation can be directly obtained by calculating
the total chemical energy content in the total mass of fuel burned. This simplification overlooks the time or
CAD dependency of the heat release rate. Alternately, the rate of heat release in diesel engines can be
computed for each CAD from the thermodynamic laws [1].

dQn v av 1 dp (1)

dt _y—lpd_t+y—1 dt

This formulation requires the pressure trace within the cylinder. A control system in the vehicle does not make
this measurement and therefore a different approach has to be taken to compute the heat release rate. This
system uses a Wiebe’s correlation to develop a heat release rate profile (Figure 1).

x, = [ 1.0 —exp (—M1 x (9 — gb)MZH) 2)

gdur

Wiebe’s correlation defines the mass fraction of fuel burned for a given crank angle degree. The mass fraction
burned is a function of the combustion duration and start of combustion crank angle degree. The coefficients
M1 & M2 are optimized for the model to generate a desired exponential curve.

2.1.3.3 Constant Volume and Constant Pressure

The combustion in an ideal Otto cycle is at constant volume and combustion in an ideal Diesel cycle occurs at
constant pressure. Based on previous studies, a combined approach has been found to be more accurately
depicting a real engine cycle [1]. In case of the Dual cycle approach, we assume combustion to begin at
constant volume and then transition into constant pressure combustion. The illustration represents different
parts of the cycle in the Pressure versus VVolume plot (Figure 2).
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Figure 1: - Typical Wiebe’s Curve. Y-Fuel Mass Fraction burnt, X-CAD.

18



Pmax 3

B NTAKE

B comPRESSION

Pressure

4 Constant Volume Combustion

- Constant Pressure Combustion

. I exnausT

Vclearance >
B 'N Vstroke '
VTDC Volume VBDC g

n

Figure 2:- Ideal Dual Cycle P-V Diagram

2.1.4 Expansion

During this stage of the cycle, the combustion gases in the cylinder expand in volume as the piston moves
from the TDC to BDC. This expansion can be considered identical to an adiabatic expansion. Since the system
is similar to a closed system, there is no mass or heat transfer into or out of it. Work is done by the piston on
the gases to expand them. The adiabatic expansion is assumed to have a certain gamma value. This is
determined by the specific heat con at constant volume and constant pressure.

2.2 Exhaust Port

The port can be geometrically approximated as a hollow metallic tube with a certain wall thickness. The flow
of the gases through the port and the loss of heat out of the control volume of the port determine the final port
out temperature levels. The pulsation effects in the port are also discussed in the section.

2.2.1 Exhaust
The last phase of the cycle includes expulsion of the exhaust gases out of the cylinder. The gases move out
through the exhaust valve as it opens. The system pressure equals the pressure at the exhaust port at this stage.

2.2.2 Heat Transfer

Heat Transfer is one of the significant sources of energy loss from the system [1]. Heat is lost in all the stages
of the cycle and through several components of the engine. Cylinder walls, cylinder head, piston, exhaust port
are the primary locations from where heat is lost from the system. The coolant present around the cylinder
walls carries away this lost heat from the system to the radiator, from where it is dissipated into the
atmosphere.

2.2.3 Port flow pulsation

The exhaust gas flow through the control volume in the exhaust port is a time varying quantity. This can be
visualized by a plot of mass flow of gas through port with respect to crank angle degrees. The CAE data of a
simulated engine has been depicted in the figure below (Figure 3). There is no mass flow when the exhaust valve
is closed, but on opening two pulses can be observed with different peak values. The Exhaust temperature
profile however has three peaks during the exhaust valve closed duration, followed by a larger peak when the
exhaust valve opens. The additional peaks in temperature are the pulsation effects from the exhaust manifold.
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Figure 4:- Waveforms assumed for the transient model. Y (left) -Mass flow rate & Y (right) - Exhaust temperature, X-CAD.

The CAE data is used as a reference to develop an input signal for the transient model. A quadratic cam profile
is assumed and a mass flow pulse is developed based on it. The exhaust temperature along crank angles can be
assumed to have two steady levels of temperature, one, when the valve is closed and the other when it is open.
This is represented in the pulse as shown below (Figure 4).

2.3 Temperature Sensor

The system has certain types of transience which are studied and the effects are understood. The transient
model developed for this purpose is a separate model, simulating the transient equations in the system. The
parameters though in the model are not tuned as the purpose of the model is to only study the transient
behavior and not to accurately quantify it. However, the temperature sensor characteristics used for the model
are according to the specifications provided by the supplier of sensors at engine test rigs.

2.3.1 Transient Sensor measurements

The pulses assumed for the mass flow and the exhaust temperature are used as input for the transient model in
Simulink. This enables a study of the temperature profiles at different locations in the system. The illustration
(Figure 5) represents the locations at which the time varying temperature profiles are computed in the model.
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Figure 6 :- Transient Model temperature output at various locations. Left- Temperature Pulses viewed within a scale of 0.5
second. Right — Temperature Profiles viewed over a period of 100 seconds.

The output pulses from the transient model are as shown in the plot below (Figure 6). The color of the pulses
indicates the location at which they are modelled. The transience can be observed for the pulses. The time
frame on the axis is very short i.e. about 10 seconds. This is not sufficient to visualize the transient growth of
the temperature signal. For this purpose, a longer time duration of about 100 seconds is observed. The closely
spaced green pulse give an impression of a green band as do the other colored signals. This plot however
enables us to see the transient growth of the signal with respect to time. The final measured exhaust
temperature reaches a final steady state value after a delay of several seconds with a time constant of around
20 seconds in this case.

2.3.2 Parameter variation effect on transient and steady state

Transient response study is necessary to understand the behaviour of the model under different varied input
parameters. Basically, in transient response, many input characteristics of model such as material density,
engine load and other heat transfer coefficient for coolant & Gas have been changed to see the effect on the
model’s transient behaviour. The evaluated values for temperatures can be analysed for two characteristics i.e.
time constant of the signal (transient behaviour) and the final steady state value. The plots in successive
subsections represent the transient behaviour on the left y-axis (in red) and the steady state value on the right
y-axis (in black). The variation of these parameters allows us to understand their effects on the steady or
transient characteristics.
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2.3.2.1 Sensor probe diameter

In following (Figure 7), effect of variation of sensor probe diameter is seen on the model output parameters. As
the diameter increases, the time constant also increases gradually due to change in surface area of the sensor to
sense
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Figure 7 :- Effect of variation of sensor diameter on time constant and Final steady state Temperatures. Y (left) - Transient
characteristic of time constant of the exhaust gas temperature at end of exhaust port. Y (right) — Final steady state
Temperatures, X- Sensor diameter.
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the gas temperature, but rest of the parameters such as Exhaust temperature, port wall temperature, and
measured value remain constant for each varied sensor diameter. In this plot sensor diameter has been varied
from 3 mm to 6 mm at 5 different intervals.
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2.3.2.2 Sensor heat transfer coefficient

Heat transfer coefficient is also one of the main factors that need to be considered for understanding the
transient effect. As shown in following (Figure 8), time constant decreased when heat transfer coefficient of the
sensor material increased for each given interval. Heat transfer coefficient value varied from 50 (W/m2K) to
200 (W/m2K) at 5 different intervals.

2.3.2.3 Port material

Density of the material also influences heat transfer phenomenon. In (Figure 9), effect of varied port material
density can be seen. With varied density of port material, time constant of sensor also increased gradually, but
there is no effect on the final steady state levels.

2.3.2.4 Coolant temperature

In the following (Figure 10) we see that transient response of coolant temperature does not show any significant
influence on the model output parameters and time constant, but even then very minor rise can be seen for the
final steady state temperature whereas there is no effect on the transient nature of the signal.
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Figure 9 :- Effect of variation of port wall material density on time constant and Final steady state Temperatures. Y (left) -
Transient characteristic of time constant of the exhaust gas temperature at end of exhaust port. Y (right) — Final steady state
Temperatures, X- Port wall material density.
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2.3.2.5 Average temperature

The band input signal representing the exhaust temperature at the valve increases with the load on the engine.
An increase in the average band temperature is indicative of increase in load. There is no change in time
constant with change in load. The steady levels of the temperature profiles however increase linearly with the
engine load. In this case the average band temperature is varied from 400C to 800C to simulate different load

conditions. It is illustrated in (Figure 11).

2.3.2.6 Convective heat transfer coefficient of the coolant.

Following (Figure 12) shows the effect of the convective heat transfer coefficient of coolant on model output
parameters when it varies consecutively from lower value 50 (W/m2K) to 200 (W/m2K) for five different
intervals in between. It is observed that the increasing value of convective heat transfer coefficient of coolant

in the model has no effect on the time constant but the steady temperature levels gradually decrease.
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2.3.2.7 Heat transfer coefficient of the gas.

In following (Figure 13), we see the effects of varying the overall heat transfer coefficient of the gas. As the
overall heat transfer coefficient of gas increases from 1000 (W/m2K) to 5000 (W/m2K), the time constant
decreases. The temperature measured at sensor and the port wall temperature both increase. But we can see a
decrease in the exhaust gas temperature out of the exhaust port.

2.3.2.8 Engine speed

In the following (Figure 14), the engine speed parameter has changed the time constant trend slightly and it
means that time constant is a directly dependant variable of the engine speed. Engine speed mainly influences
the exhaust out temperature whereas port wall temperature and the measured gas temperature at the sensor
remain almost constant.
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Figure 13 :- Effect of variation of gas overall HT coefficient on time constant and Final steady state Temperatures. Y (left) -
Transient characteristic of time constant of the exhaust gas temperature at end of exhaust port. Y (right) — Final steady state
Temperatures, X- Gas overall HT coefficient.
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3. Modelling

There are two different modelling approaches explored in this section. The first approach is a generalized one
and intends to be simple and less computationally demanding for the control system. The second model aims
at capturing more detailed attributes of each cycle and is resolved in crank angle degrees.

3.1 Dual Cycle Model

This model is based on a combination of the Otto cycle and the diesel cycle wherein the combustion part of the
cycle partially takes part at constant pressure and partially at constant volume. All the steps of the Cycle are
described below (Figure 15) with the physical equations governing them.
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Figure 15 :- Pressure-Volume Diagram. Left- Typical P-V diagram for diesel cycle. Right- Typical P-V Diagram for dual cycle.

The intake air charge characteristics at the end of the intake stroke are measured parameters. The charge air
temperature and pressure are the parameters recorded after the charge air cooler. The initial volume at the
beginning of compression stroke i.e. when the piston is at TDC, is the clearance volume.

3.1.1 Intake stroke

The fresh air charge is sucked in through the air filter and then finally reaches the intake manifold. The fresh
charge is mixed with exhaust gases that are recirculated into the intake to reduce the flame temperatures. The
signal from the mass air flow sensor is used to calculate the air mass flow rate. The intake air temperature
sensor gives the temperature of the incoming charge. The effective temperature of the charge after the Charge
air cooler is acquired from an existing model in the control system. The final temperature of the air charge is
the balance between the temperature of the fresh air charge and the EGR gas temperature.

o Megr _(TMear__\\p
= (megr + Wqir >Temprev " (1 (megr + Wair >> Tin (3)
3.1.2 Compression stroke

The air charge is compressed in this part of the cycle to reach ignition temperatures. The compression is
modelled as an adiabatic process with fixed adiabatic coefficient gamma. In the model start of compression is
when the piston is at the BDC and begins to move upwards to the TDC. The end of compression is assumed to
occur at the TDC position of the piston. Assuming ideal gas laws for adiabatic compression, we can compute
the final pressure and temperature of the gases in the system after compression.

V1= (%) 4)
P,=P, (%)y ®)
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(6)

Heat transfer is modelled after the compression is complete. The major fraction of heat lost is assumed to be
lost through the walls of the cylinder and cylinder head. A single wall boundary is assumed for the gases.
Using first law of thermodynamics, we can write a heat balance equation for the transfer of heat from the gases
through the walls to the coolant. The coolant temperature is a measured signal in the control system. The wall
temperature at this stage is assumed to be equal to the intake charge temperature. The coolant jacket around the
cylinder sleeves and cylinder head act as a heat sink.

Tyy=T, (7)

my = megr + Wair (8 )

The Hohenberg equations are used to compute an overall heat transfer coefficient for the system.

©)

0.8
— -=0.06 -0.4 0.8
hy = Clx (V1 )*<<100000) >*(T1 Yx(sp + C2)

An energy balance is used to compute the temperature after heat transfer and then the new wall

temperatures are Computed.
Ty, * (M Gy + hyAy) = (MG T, + heAgT,, 1)

(10,
= MGTs+ hedgTuy

2t = " (m, Cy + hyAg) 11)

TWZ * (thg + h'CA.l]) = (th!]Tth + h'CACTC) (12)
_ (hyAgTy,, + heAT,)

w2 (thg + hcAg) (13)

3.1.3 Combustion

The combustion process in diesel engines is a process of heat release from the fuel over several crank angle
degrees. In this modelling approach, we assume a lumped heat release from the entire quantity of the fuel
injected into the system. Complete combustion is assumed for the fuel. Combustion is assumed to occur in two
phases. The first phase is the constant volume combustion and the second phase is constant pressure
combustion.

Constant volume combustion is characteristic feature of an ideal Otto Cycle. The combustion of the fuel in this
phase occurs at constant volume. So the volume before and after the combustion remains the same. This stage
simulates a sudden release of heat into the system from the fuel.

Constant volume combustion: Temperature, pressure and volume are computed for this stage of the system.

(T3a - Tzht) * (quel + Wair + megr)cv = quelxcvth (14.)
.. queZXCVth >
Ty3a =T,  + zn]_corr(
s 2t (quel + Wair + megr)Cv (15')
T3a
Py, =P
Sa : <T2ht> (16)
Vs, =V, a7)

Heat transfer is modelled after the first phase of the combustion is complete. The total mass in the control
system is the sum of the air mass, fuel mass and recirculated exhaust gases. The wall temperature is computed
as a balance between the coolant temperature and the temperature of the gases after compression. Using first
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law of thermodynamics, we can write a heat balance equation for the transfer of heat from the gases through
the walls to the coolant.

m; = queleuel Xy + Wair + megr

corr (18)
Overall heat transfer coefficients are computed using the Hohenberg correlation.
P2 0.8
gy = CLx (V2725) = ((100000) >* (27" = (sp + €22 (19)

The heat balance of the system gives us the final wall temperature and the temperature of gases after heat
transfer.

Ay =4, (20)
Tsaht * (mZCV + hglAg) = mZCVTSa + hglAgTwz (21)
T. _ mZCv3aT3a + hglAgTwz
Sant (mZCVSa + hglAg) (22)
Ty, * (hg14g + R AL) = hy1AgTag,, + R AT, ©3)
T = hg14¢T3q,, + hc AT,
Y3a (hg14q + hcAL) (24.)

The fraction of the fuel that remains after the constant volume combustion, is assumed to undergo constant
pressure combustion. Constant pressure combustion is characteristic feature of an ideal Diesel Cycle. The
combustion of the fuel in this phase occurs at constant pressure. So the pressure before and after the
combustion remains the same. This stage simulates an expanding gas mass that is a result of formation of
gaseous species on combustion and the rapid expansion of these gases pushing the piston downwards.

Constant pressure combustion: Temperature, pressure and volume are computed for this stage of the system.

(T3 - TSaht) * (quel + Wair + WTprev) Cp = (quel(l - xcv)qhv) (25)

Wryel 1- Pfuel Xev ) Qhy
(e (1= Pructgy, Hew) )

T3 =T. +
Sahe (quel + Wair + megr)Cp (26)
Py =P34 (27)
T3V3a
v, =23
> Tag (28.)

Heat transfer is modelled after the second phase of the combustion is complete.

Overall HT coefficient post constant pressure combustion is computed. After which the heat balance gives
final temperatures for the wall and the gas.

M3q = Wryer + Wryel + Megr (29)
—0.06 Py \°° -0.4 08

hop = C1x (V)7 (100000) *(Tsan) — *Gsp + €2 (30)
T3, * (M3aCusa + hgaAg) = M3aCr3aTs + hg245Twsq (L)

_ M3qCyp3aTs + RgpAgTy sy,
Sh (m3an3a + th * Ag) (32)
Tys * (hngg + hcAc) = hgAgT3y,, + he * AcTe (33)
Y3 =T (hyyd, + hoAy) (34)
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3.1.4 Expansion

The exhaust gases in the cylinder begin to expand after the end of combustion, as the piston moves towards the
BDC. In the model, this is assumed to be an adiabatic expansion for ideal gases. Similar to the compression
phase, an adiabatic expansion coefficient gamma defines the characteristic expansion curve. The pressure and
temperature of the gases is computed after the adiabatic expansion

Y3 = Cpg /C"3 (35)
AN
P, =P, + (—) (36.)
4 3 V4
T,=T (V3)Y3_1
4 3nt v, (37)

Heat transfer is modelled after the expansion phase of the cycle is complete.
Over all HT coefficient post expansion is computed and the heat balance gives the final gas temperature.

Py \** -o. _
hy, = C, * (V4 * —0.06) * ((100“000) >* (T3) "D % (s + )™ (38)
mz = quel + Wair + megr (39)
Cpa
Y, = (L) 40.
=z, (40)
Ty * (M3Cyy + hyAy) = msCpyTy + hyAyTys (41)

mzCpuTy + hyAgTys

42.
(m3Cys + hyAy) (42)

T4ht =

3.1.5 Flow through Exhaust Port

The exhaust gases flow through the exhaust port after coming out of the exhaust valve. The port is a metallic
chamber surrounded by coolant jackets which act as a heat sink. The exhaust gases lose heat into the coolant
through the port walls. A control volume is assumed in the port and an energy balance equation is used to
compute the port wall temperature. After which the final energy balance of the control volume in the port is
used to compute the exhaust gas temperature coming out of the port.

Twpore * PgporcAgw + helew = g, o AgwTs + heAcey T (43.)
gportigw T Melew

Mport = Meiow * €9Tcorr * Wair + Wryel) (45.)

Tinodettea * (MporeCpa + g, Ag) = MporeCoaTay, + Ry o Ag, Twpor (46.)

T,

m

Mport CoaTan, + NgyorAgwTwpore
odelled = ( 2 2z (47)

MyortCpa + hg A

port” "gWw

3.2 CAD resolved Model

This model is also a physical equation based model with computations being done along crank angle degrees.
The resolution of these computations is every 10 crank angle degrees. The computations are done over 4
strokes of the piston and so covers one cycle of the four stroke compression ignition engine. All the steps of
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the Cycle are described below with the physical equations governing them. The pictorial representation of the
cycle events along crank angle degrees is illustrated below (Figure 16).
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Figure 16 :- lllustration of valve events along Crank Angle Degrees in a 4 stroke Diesel cycle as implemented in the model.

3.2.1 Intake stroke

The fresh air charge is sucked in through the air filter and then finally reaches the intake manifold. The fresh
charge is mixed with exhaust gases that are recirculated into the intake. The final temperature of the air charge
is the balance between the temperature of the fresh air charge and the EGR gas temperature. This temperature
is calculated for the end of the compression stroke. This is then used as the input gas temperature for the
compression stroke. The temperature is computed at only one crank angle degree, i.e. at BDC since gas
mixture temperature just before the start of compression is relevant for the model.

ml = wg; + Mgy, (48.)

thetagy, = Pryer * 360 * combgy,, (m_N) (49.)
corr 1000
megr megr
T1 =|—"—)*T,[dk 1-——— T;
ht(180) <megr + Wair) . 4[d ] * ( <megr + Wair>> *lim (50)
Pi(1g0) = P1 (51.)

3.2.2 Compression stroke

The air charge is compressed in this part of the cycle to reach ignition temperatures. The compression is
modelled at crank angles (180,200 & 350) before the end of the compression stroke i.e. when the piston
reaches the TDC. In this case also the process is assumed to be adiabatic with fixed adiabatic coefficient
gamma. Assuming ideal gas laws for adiabatic compression, we can compute the final pressure and
temperature of the gases in the system after compression. The gamma for the adiabatic compression is
computed using the specific heats and the temperature & pressure are computed following that.

oo = (@) (52)
180) —
89 7\ €10y
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Vl<180) Y1501
T 200) = T1(280) * <V1(200)> (83.)

V1(1so) faeo
Pl(zoo) - P1(180) ) <V1(zoo)> 64)

Using first law of thermodynamics, we can write a heat balance equation for the transfer of heat from the gases
through the walls to the coolant. The coolant temperature is a measured signal in the control system. The wall
temperature is also computed by energy balance. The coolant jacket around the cylinder sleeves and cylinder
head act as a heat sink. Hohenberg heat transfer correlations are used to develop overall heat transfer
coefficient for the process.

Ac(a00) = Ag(zoo) (55.)

) ~0.06 P1(200) 08 04
B opizany = Wirleorr* C1* (Vi) *<<100000 (o) * G + €2 (56.)

(hgcmp(zoo) * Ag(zoo) * T1(200) +hex A”(ZOO) * TC)

Tw1 = o
(200)
hgcmp(zoo) * Ag(zoo) e x Ag(zoo)
Cpaoo
e (22)
200 Cvs00
B my CV(ZOO) * Tl(zoo) + hgmp(znn) * Ag(zoo) * TWl(ZOO)
T1ht(200) - )

my * (Vzo0) + hg(:mp(ZOO) * Ag(zoo)

The computations for 200 crank angle degree are repeated for the CAD 350, i.e. 10 degrees before TDC.

3.2.3 Combustion

The combustion process in diesel engines is a process of heat release from the fuel over several crank angle
degrees. In this modelling approach, we create a heat release profile with dependency on the crank angle
degrees. Complete combustion is assumed for the fuel. Only the fuel in the main injection is considered to be
contributing to the heat release process.

Temperature computed after compression to 350 CAD,

Y200—1

Vi 0
_ (200)
T1 (350, = T1z00m, * (V1(350)> (60)

Wiebe Function is used to develop a rate of heat release curve for each operating point. This is done by
tuning the various parameters of the Wiebe function. Combustion duration for each operating point is
optimized. The reference values for combustion duration are taken from Heywood [1]. The combustion
duration can be seen to range from 6 to 10 Ms. The combustion duration is modelled as a function of
fuel quantity available for combustion and is monotonically increasing with increase in fuel quantity.
Since the engine speed is known at each operating point, we can calculate the crank angle duration for
the combustion.

180 N
deltarneras, = thetagse) * (T) — (360 + injiim,) (61.)

While using the Wiebe function, the parameters M1 and M2 are tuned so as to accommodate other effects in
the combustion process. The values for these parameters are kept constant for all operating points and are not
optimized for individual points. This is to keep the shape of the heat release curve consistent. Xsi.e. the
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fraction of fuel burnt at a given crank angle is computed. The mass fraction and successively total mass of fuel
burnt at 350 CAD is computed using the Wiebe function,

deltatheta_pusitive(350)
Xb3so = <1'0 —exp <_M1 * < thetag,, _> wk (My + 1) (62.)

fuele350 = quel * xbgso (63)

This fuel quantity is used to compute the heat release in the system on complete combustion of the injected
fuel at this crank angle. The heat release results in increased temperature and pressure of the gas in the system
which is further computed.

fuelbrgso * qh,;

Ti350 = Thzsoc (64)
(fuelpyygy + Wair + Mgy ) * (Cl’uso))
V1 Y (200)
_ (200)
P1(350) = P1(200) * (V ) (65)
1(350)

The overall heat transfer coefficient is computed using Hohenberg correlations to obtain final wall and gas
temperatures after the combustion at this crank angle degree is complete.

m1(350) = Wqir + fu6lb7'350 + megr (66)

0.06 Py 08 0.4 0.8

= Y 350 =0 X
Py empaso = €1 * (Viaso)  * ((100000) ) *(Pizso) (5 + C2) ©7)
T _ thmb(350) * A9(350) * T1(350) + he * Ac(350) * T, (63 )
wizsg — .

hgcmb(350) * A9(3so) +he AC(350>

Yzs0) = CP3s0)/CV(350) (69.)
T M) * CVs0) * Tasso) + Mo paso) * Ao ase) * Twicaso) 20
1(350)ht — ( )

m * Cv, h, * A
1350 @50 T Mg pas0 * 49350

Computation for the next CAD angle i.e. 360 follows. The fuel injected between the previous and the current
crank angle degree contributes to the increase in temperature and pressure of the system which is computed
using the equations similar preceding equations.

Temperature computed after compression to 360 CAD,

Y200-1
V1(350)> 200 oL

T1 (3600, = T1(as00m * (Vl(seo)

180 L
deltnera,y,, = thetagseo) * (?) — (360 + injyim,) (72)

The mass fraction and successively total mass of fuel burnt at 360 CAD is computed using the Wiebe function,

deltacheca_posicive
g0 = (1'0‘% (‘M1*< ) e (0 1) 72
fuelyy g0 = Wruer * Xp 350 = fuely,, (74)

This fuel quantity is used to compute the heat release in the system on complete combustion of the injected
fuel at this crank angle. The heat release results in increased temperature and pressure of the gas in the system
which is further computed.
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quIbrge,o * qh,,

Ti360 = Tizg0c T+ (75.)
(fuezbrseo + Wair + megr) * (Cp(zso))
A Y(350)
_ (350)
Pressn = Proso * (V1(360)> (76)

The overall heat transfer coefficient is computed using Hohenberg correlations to obtain final wall and gas
temperatures after the combustion at this crank angle degree is complete.

m1(360) = Wair + fuele36o + megr (77)

0.06 Py o8 0.4 0.8

_ —0, 360 -o0. .
hgcmb360 =G (V1360) * <<100000) > * (Tlgeo) *(sp + C) (8.
T _ hgcmb(360) * Ag(sso) *Ti(360) T e * Ac(ae0) * Tc 79)
wil3e0 — .

hg cmb(zs0y * B9 ze0y T e * Acaen)
Y60y = CP@Ee0)/ CVs0) (80.)
_ Migzen) * (60 * Thze0) + hgcmb(360) * A9(3eo) * Twi(s60)

T1(360)ht - (81.)

M2360 * CVG60) T hgcmbm *Ag o

The same computations are continued at a resolution of every 10 crank angle degree, till the exhaust valves open.

3.2.4 Expansion

The exhaust gases in the cylinder begin to expand after the end of combustion, as the piston moves towards the
BDC. In the model, this is assumed to be an adiabatic expansion for ideal gases. In case the injection starts
after the piston moves down from the TDC, the gases in the cylinder expand adiabatically. This delay in
injection leads to an expansion of the gases before combustion start which is also included in the model.

The computations for heat release also continue along with the expansion. The pressure and temperature
increase due to expansion along crank angle degrees is optimized using correction factors.

The discussed phenomenon are reflected in crank angle degrees after TDC and continue till exhaust valve
opening.

180 o
deltarnera ,,,, = thetase) * (T) — (360 + injiim ) (82.)
deltatheta_posicive(43o)
Xbazo = (1'0 —exp <_M1 * < thietadw > # (My + 1) (83.)
fuelbr430 = Wryel * Xpyzg — fuezbr420 (84)

fuezbr430 * qhv

T2430 = T2g20ne (85)
(fuelbr430 + Wair + megr) * (Cp(no))
P 430 = Piny (86.)
v, Y(420)—1
3 (420)
Taea30) = Temeorr * T2(a30) * <V2(430)> 7
Vz Y (420)
_ (420)
P29(430) = Pomeorr * PZ(430) * <V2(430)> o)
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m; (430) = Wqir + fuelbr430 + megr (89)

Acyzo = Ag,50 (90.)

p 0.8 \

_ -0.06 2e430 -04 0.
hgcmb430 =0Cpx (VZ430) * ((100000) ) * (T2e430) * (SP + CZ) (91)
T _ hgcmb(430) * A9(430) * T2 430) T e * Ac g0 * Te ©2)
w2(430) — .

hgcmb(430) * A9(430) +he AC(430)

Y30y = CP30)/ CVaso) (93.)
T _ M2330) " CV(a30) * Toe(430) + hgcmb(430) * Ag(430) * Twz430) 94
2(430)ht (94.)

M2430 * CVa30) + hgcmb430 *Ag 50

The computations follow at every 10 crank angle degree till the exhaust valve opens.

3.2.5 Exhaust

The exhaust valve opening leads to the flow of exhaust gases through the exhaust port. A control volume
assumed in the port and an energy balance is used to compute the wall temperatures of the port and the final
gas temperatures after flow through the port.

Rgore * Ag,, * Tossoy + e * Acy, * T

T, = (95.)
Wport hgport * Agw + h, * ACW
mport = egTcorr * mflow * (Wair + quel + megr) (96)

The modelled exhaust gas temperature is finally computed at the end of the exhaust port after heat loss to the
surrounding port walls.

Myore * Cp, * Ta(s30yne T hyport *Ag o * Twpore

Tmadelled = mport « Cp4 + hgport *Agw (97)
The error between the modelled and the measured temperature is minimized by optimizing the tuneable

parameters in them model.

(98)

€T abs = Imodelled — Tmeasured
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4. Model Tuning

4.1 Test data

The test data available from previous tests in different engines are used to tune the models. The control system
signals available from the test rigs are used as input to the model. The objective is to be able to use control
system signals from the production ready engines. The test data recorded was for different operating points
with specific variations in engine parameters. The types of test data recorded are discussed in following
sections.

4.1.1 Focused tests
The test performed under this category had specific parameter variations. Four different data sets were used
individually to tune the model. The variations in each dataset is as follows:

1. EGR system 1: First system of exhaust gas recirculation

2. EGR system 2: Second system for exhaust gas recirculation
3. Turbo Actuation: Variation in turbocharger parameters

4. Swirl Actuation: variation of pre-combustion Swirl

The final tuning of the model is done by the combined data from all four above data sets. This leads to
improved calibration of the model.

The test data however available in this category has some transient characteristics. The model predicts steady
state values for the exhaust temperature. But the measurement of the temperature at the engine test rig is done
in short intervals. The operating points may switch from a high load condition to a low load condition very
quickly. The sensor element of the probe and the wall temperatures change at a slower rate and so the
transience of the signal leads to improper data recording. This does not reflect the steady state operating
condition of the engine. The same is illustrated in the figure below (Figure 17).

| Test Progression |

+ -+

Load

+
+4r

Similar o/p points but different
Temp levels:
1. Preceding step is different
“+ 2. Stabilization time 30 to 60 secs

RPM

Figure 17:- Sample Engine dynamometer Test progression along various operating points, for focussed tests.

The cluster of points in a localized operating region should end up at similar steady state temperature values.
But often this might not be the case. If the preceding step of a point in the cluster was a high load point then
the temperature levels in the system are high.

4.1.2 Part load tests
The part load testing of the engine gives us a different data set for the model tuning. This data is closer to a
steady state operating condition of the engine. There are three such data sets used in this category:

1. Part Load Test 1
2. PartLoad Test 2
3. Part Load Test 3

The combined data of all the three data sets is used to tune the model. The tuned parameters of the model were
calibrated to achieve improved accuracy of the exhaust temperature model.
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4.2 Dual Cycle model tuning

The model has several parameters which depends on other factors. In order to compensate for these factors, we
tune the model parameters. The following parameters in the model were tuned. For visualization of the
parameter tuning, parameters from one of the data set is plotted after the description.

The heat transfer coefficient of the coolant, hc is tuned to get an optimized value for the dataset (Figure 18). The
coolant flow in the sleeves around the cylinder and the cylinder head keep varying based on the water pump
speed. The water pump being coupled to the crankshaft runs at a speed proportional to the engine speed. Heat
carrying capacity of the coolant is dependent of the flow characteristics, which in turn depends on the speed of
the engine. Hence the correction factor of coolant heat transfer coefficient is tuned as a function of the engine
speed.
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Figure 18 :- Tuned Heat transfer coefficient of coolant. X- Engine speed (rps).
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Figure 19 :- Y-Fuel fraction burnt at constant volume. X- Swirl value.

The mass of fuel burned at constant volume, x_cv is adjusted to get a more accurate heat release as it shown in
(Figure 19). The heat is ideally released as a function of the crank angle degrees. In the model, we assume
complete heat release from the fuel. This effect results in a different temperature at end of combustion. So x_cv
helps define the fraction of injected fuel burnt at constant volume. The remaining quantity is combusted at
constant pressure.
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The adiabatic expansion coefficient, gamma (y,) is indirectly tuned by tuning the specific heats. The
temperature of the gases after the end of combustion are much higher than at intake. The specific heat values at
constant pressure and constant volume are dependent on temperature and as a result an effective gamma value
for this temperature range is computed by this model. The temperature dependency curves of specific heats are
obtained from previous simulations.

Effective area of heat transfer from gas to the port walls, Ag_w is a parameter that is tuned in the model within
constraints. The area available for heat transfer can vary based on the piston position and due to possible
existence of hot and cold temperature zones in the system as it shown in (Figure 20).
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Figure 21 :- Effective area of heat transfer from port walls to coolant. Optimized constant.

Effective area of heat transfer from port walls to the coolant, Ac_w is a parameter that is tuned in the model
within constraints (Figure 21). The area available for heat transfer can vary based on the piston position and due
to possible existence of hot and cold temperature zones in the coolant flow.

Hohenberg coefficient C1 and C2 are tuned parameters that take into account, factors that may result in a
different value of heat transfer (Figure 22). Factors like swirl turbulence or local ignitions and others.
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Figure 22 :- Left - Hohenbegr coefficient 1. Optimized constant. Right- Hohenberg coefficient 2, X- Engine speed (rps)
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Figure 23 :- Mass correction in port control volume, X- Engine speed (rps)

Mass flow rate of the gases m_flow through the exhaust port influences the effective mass of the gas in the
control volume (Figure 23). This is corrected by calibrating it with the engine speed.

Heat transfer coefficient in the exhaust port ht_port is a tuned parameter. This varies with increased flow
characteristics like turbulence and it is tuned with respect to the engine speed and it can be seen in (Figure 24).
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Figure 24 :- Heat transfer coefficient of gas in the exhaust port, X- Engine speed (rps)
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Figure 25 :- EGR mass correction, X- EGR fraction

The mass of gas flowing through the control volume in the exhaust port may vary based of the flow behavior
in the port. The EGR gas mass being recirculated in the cylinder can influence the flow behavior in the port.
As a compensation to this effect, an egr_corr factor is used while computing mass of gas in the control volume
of exhaust port (Figure 25). With increase of exhaust recirculation, the mass in the port control volume

decreases.

The start of main injection determines beginning of heat release from the fuel. The dual cycle approach does
not take this into account. To compensate for the injection timing, a factor inj_corr is used. This is a
compensation on the temperature computation after beginning of heat release and can be illustrated in (Figure

26).

41



inj_corr
Smoothed

1.00 . .

095}

0.90}. ..... T ST ........ :
E ; ; BB reference weight
8‘ : B8 current weight
= : : 3 -+ fitted data

085w ) . [P o

: : R
. H ' I T
N - cad
0.80 bt iomvee S R i . i |..i..!..' I
i R
1 i H
LRI B I
075 N N e
. 3 ¢ H
1 I P PR H i
-15 -10 -5 0 5
inj_tim

Figure 26 :- Correction factor for injection timing, X- Inject start Crank angle Degree
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Figure 27 :- Correction of fuel mass fraction burnt based on fuel pressure, X- Fuel injection pressure.

The fuel pressure during injection influences the spray pattern and the combustion delay. This effect is
factored in by using the correction P_fuel_corr. The factor is used in the computation of the mass fraction
burned during constant pressure and mass fraction burned during constant volume combustion. Increasing fuel

injection pressure leads to higher value for the factor (Figure27).

4.3 Assumptions in Dual Cycle Model

The intake closes a few crank angle degrees after the BDC. During this period as the piston moves up, the air
charge can be expelled out instead of getting compressed. But an ideal situation is assumed and this effect is
ignored.

The fuel is sprayed into the air charge before the piston has reached the TDC. This results in charge cooling
effect as the atomized fuel evaporates utilizing the heat from the air charge. This effect is also not taken into
consideration.

All of the fuel is assumed to be combusted. This might not occur due to several related factors. The amount of
heat release would thereby differ from the modelled value.
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The dual cyclic behavior of the 4 strokes is not the case in a real engine. This dual cycle approach is still a
close approximation and therefore used as a basis for this model. Part of the fuel is assumed to burn at constant
pressure and the rest at constant volume.

Heat transfer in the port is computed by using one single control volume. This averaged computation leads to
loss of some accuracy and can be improved by considering several other control volumes. The area available
for heat transfer is assumed to constant and is equal to the area of the cylinder bore surface.

The geometric compression ratio is assumed constant for computation purposes. But the actual compression
ratios may vary over time due to deposits and incompressible particles in the cylinder.

Valve events influencing the flow and mixing are compensated by correction factors and are not physically
modelled.

4.4 CAD Resolved Model Tuning

The model has several parameters which are dependencies on other factors. In order to compensate for these
factors, we need to tune the model parameters. The following parameters in the model were tuned. For better
visualization of the parameter tuning, parameters from one of the data set is plotted after the description.

The time taken for combustion of the injected fuel, comb_dur is a tuned parameter. It is dependent on the
amount of fuel injected in the main injection pulse. This is incremental with increasing fuel injection since it
takes more time to combust a larger mass of fuel. The combustion duration is optimized for all operating
points to develop a curve which captures the monotonic increase. Effect of tuned parameter comb_dur can be
seen in given illustrated (Figure 28).

The Wiebe curve parameters M1 & M2 are optimized for the entire data set resulting in one optimized set of
values representing the shape of the curve and it can be seen in (Figure 29).
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Figure 28 :- Tuned combustion duration based on fuel quantity injected, X- Fuel injected (Kg/stroke)
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Figure 30 :- Temperature correction for unburnt fuel quantity. X- Mass fraction of fuel burnt at CAD 530 Figure 31 :- Heat
transfer coefficient correction due to swirl. X- Swirl induced.

The rate of heat release might be such that the entire mass of fuel is not burnt within the modelled number of
crank angle degrees. To add the effect of this remaining fraction of fuel a correction factor T_corr is
introduced which is illustrated in (Figure 30). This does not increase the temperature if the fuel fraction
remaining at the last modelled crank angle degree is zero. For other cases, the temperature is compensated by
this correction factor.

The swirl in the fresh charge is adjusted by mechanical actuation in the intake manifold. This results in
different flow characteristics, different charge mixing and ultimately different levels of heat transfer effects.
This is compensated in the compression part of the model where the factor swirl_corr is used as a product to
the overall Hohenberg heat transfer coefficient. This factor is optimized for each operating point with a
dependency on the mechanical actuation of the swirl valve. Effect of swirl_corr is represented in (Figure 31).
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Figure 31 :- EGR quantity correction. X- EGR ratio

The correction factor egr_corr is multiplied to the mass of EGR flowing into the intake to mix with fresh
charge. This is optimized for each operating point and is dependent on the estimated EGR flow ratio after
Sensor correction (Figure 32).

The heat transfer coefficient of the coolant, hc is tuned to get a final heat transfer coefficient for the coolant
(Figure 33). The coolant flow in the sleeves around the cylinder and the cylinder head keep varying based on the
water pump speed. The water pump being coupled to the crankshaft runs at a speed proportional to the engine
speed. Heat carrying capacity of the coolant is dependent of the flow characteristics, which in turn depends on
the speed of the engine. Hence the correction factor of coolant heat transfer coefficient is a function of the
engine speed.
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45



Ac_w Ag_w
FEEL IR IR LR
mmm upper bound 0.004 ___| == upper bound
0.005F - oeeen F e -..{mmm lower bound === [ower bound
++ . fitted data +« fitted data
B reference weight H reference weight
' ¢ I current weight E current weight
0.004 - - - 0.003}
0.003f - oioien
B 20,002
Es 2
0.002f - oiiin
0.001+
0.001F e
0.000 0.000

Figure 33 :- Left- Effective area of heat transfer from coolant to port walls. Right - Effective area of heat transfer from gas to
port walls.

The adiabatic expansion coefficient, gamma (y,) is a tuned parameter. The temperature of the gases after the
end of combustion are much higher. The specific heat values at constant pressure and constant volume are
dependent on temperature and as a result an effective gamma value for this temperature range is computed by
this model.

Effective area of heat transfer from gas to the port walls, Ag_w is a parameter that is tuned in the model within
constraints (Figure 34). The area available for heat transfer can be varying based on the piston position and the
temperature zones in the system. The area available for heat transfer can be varying based on the piston
position and the temperature zones in the coolant flow.

Hohenberg coefficient C1 and C2 are tuned parameters that take into account, factors that may result in a
different value of heat transfer (rigure 35). C2 is optimized for each operating point and is dependent on the
piston speed acting as a correction factor to the piston speed term in the Hohenberg equation for overall heat
transfer coefficients.
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Figure 34 :- Left - Hohenberg coefficient 1. Optimized constant. Right- Hohenberg coefficient 2, X- Engine speed (rps)
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Figure 35 :- Mass correction in port control volume, X- Engine speed (rps

Mass flow rate of the gases m_flow through the exhaust port influences the effective mass of the gas in the

control volume. This is corrected by calibrating it with the engine speed (Figure 36).

Heat transfer coefficient in the exhaust port hg_port is a tuned parameter. This varies with increase flow
characteristics like turbulence and it is tuned with respect to the air flow control signal acquired from the mass

air flow sensor. This is representative of the gas mass flow through the exhaust (Figure 37).
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Figure 36 :- Heat transfer coefficient of gas in the exhaust port, X- Engine speed (rps)
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Figure 37 :- Correction of fuel mass fraction burnt based on fuel pressure, X- Fuel injection pressure.

The fuel pressure during injection influences the spray pattern and the combustion delay. This effect is
factored in by using the correction P_fuel corr. The factor is used in the computation of the mass fraction
burned during constant pressure and mass fraction burned during constant volume combustion. Increasing fuel
injection pressure leads to higher value for the factor (Figure 38).

The absence of cylinder pressure trace measurement makes it difficult to validate the modelled pressure. To
avoid large deviations from actual cylinder pressure, a correction factor P_em_corr, dependent on the
modelled exhuast pressure is used. The correction is a product with the in-cylinder pressure computed after
TDC. The correction factor is used at each computation after TDC upto the exhaust (Figure 39).
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Figure 38 :- Correction of in-cylinder pressure, X- Exhaust manifold pressure.
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Figure 39 :- Correction of in-cylinder Temperature, X- Exhaust manifold pressure.

The introduction of a pressure correction based on exhaust gas temperature implies that a temperature
adjustment would also influence the temperature levels. Therby a correction factor, T_em_corr is multiplied to
the computed temperatures in the model (Figure 40).

4.5 Assumptions in CAD resolved model

The resolution of computation for this model is every 10 crank angle degrees. This resolution is fixed for all
operating conditions. The time scale for different speeds are different and lead to faster or slower changes in
the system. But this model computes all operating conditions at the same resolution.

Valve opening and closing at different speeds leads to varying gas flows. This is not considered in the model.
Rather, the valve events are assumed to be instantaneous and computations are made at these discrete crank
angle degrees.

Only one main injection pulse is assumed to contribute to the combustion in the cylinder. Post and pilot
injections are not considered for in cylinder combustion. The complete combustion of fuel injected in main
injection is assumed.

The fuel is sprayed into the air charge in the cylinder. This results in charge cooling effect as the atomized fuel
evaporates utilizing the heat from the air charge. This effect is also not taken into consideration.

In all operating points, the start of injection occurs a few crank angle degrees before or after the piston reaches
TDC. Combustion is assumed in these cases to start at the instantaneous crank angle degree. Since no physical
correlation is used for computing ignition delay, the phenomenon is compensated for by tuning the combustion
duration itself.

Heat transfer in the port is computed by using one single control volume. This averaged computation leads to
loss of some accuracy and can be improved by considering several other control volumes.
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5. Results and Discussions

5.1 Dual Cycle Model Tuning

The dual cycle based model is developed by tuning several parameters in the model and by realizing the model
using physical equations as discussed in previous sections. Two types of data set were used to tune the model.
The focused tests are a combined set of data from a specific set of tests in the engine rig as discussed earlier.
The second set of combined data is data recorded during part load tests. The steady state values of the
modelled exhaust temperature are compared to the measured values in the dataset.

5.1.1 Focused Test combined

The datasets for four different engine tests are combined to form a single larger data base. The same is used to
tune the Dual Cycle model. The modelled and the measured exhaust temperature is plotted for comparison and
analysis (Figure 41).

The scatter of the several data points makes it difficult to visually evaluate the accuracy of the model.
Although it is clear that the model is unable to capture several localized linear temperature profiles for steady
states in close proximity. This phenomenon can be attributed to the transient effects that were captured in the
measured exhaust temperature at the test rig (Figure 42).
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Figure 40 :- Exhaust gas temperature at end of exhaust port, Modelled and Measured
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Figure 41 :- Histogram of temperature difference between measured and modelled Exhaust gas temperature
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The histogram of error between the modelled and measured temperatures, gives a better visualization of the
error distribution. The root mean squared error of the exhaust temperature is 27 degrees Celsius.

5.1.2 Part load combined

The engine test data for part load test of the engine are used to tune the model. This consists of a combination
of three different part load tests. The exhaust temperature from these datasets is compared with the modelled
value. The tuning parameters are of two types, one which is dependent on a varying parameter along the

operating region of the engine. The other is an optimized constant which has the same value for all operating
points (Table 1).

Tuning parameters of the constant type are optimized for the entire dataset. The optimum values of these
parameters are enlisted in the table below.

Table 1 :- Optimized constants for the dual cycle model, part load test data

Parameter Tuned value | Unit Parameter | Tuned value Unit
Ac_w 0.0049 m? C1 68.32 --
Ag_w 0.0049 m?2

The model is tuned to the dataset and the calibrated parameters are used to compute the final temperature of

the exhaust. This exhaust temperature is compared to the measured value in the test rig at the end of the
exhaust port in the engine (Figure 43).

The model follows well the measured value at mid range temperatures. But the low temperature trends lose
accuracy in the model (Figure 44)
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Figure 42 :- Exhaust gas temperature at end of exhaust port, Modelled and Measured
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Figure 43 :- Histogram of temperature difference between measured and modelled Exhaust gas temperature

The histogram of errors between the modelled and the measured is plotted to understand the spread of the error
across the test data. The root mean squared error of the exhaust temperature for this model is 9 degree Celsius.

The maximum number of data points lie at the zero-error part of the histogram, indicating close following of
the model with the measurement.

5.2 CAD Resolved Model Tuning

The CAD resolved model is developed by tuning several parameters in the model and by realizing the model
using physical equations along with actual valve and injection events as discussed in previous sections. Two
types of data set were used to tune the model. The focused tests are a combined set of data from a specific set
of tests in the engine rig as discussed earlier. The second set of combined data is data recorded during part load

tests. The trends of the tuned parameters are discussed and the modelled value of exhaust temperature are
compared to the measured values in the dataset.

5.2.1 Focused Test combined
The datasets for four different engine tests are combined to form a single larger data base. The same is used to

tune the CAD Resolved model. The measured and modeled values of exhaust temperature are plotted to
understand the model accuracy (Figure 45).
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Figure 44 :- Exhaust gas temperature at end of exhaust port, Modelled and Measured
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10 Temperature difference histogram (measurement-model)
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Figure 45 :- Histogram of temperature difference between measured and modelled Exhaust gas temperature

The scatter of the several data points make it difficult to visually evaluate the accuracy of the model. The
model is unable to capture several localized linear temperature profiles for steady states in close proximity.
This phenomenon might be as a result of transience effects that were captured in the measured exhaust
temperature at the test rig (Figure 46).

The histogram of error between the modelled and measured temperatures, gives a better visualization of the
error distribution. The root mean squared error of the exhaust temperature is 26 degrees Celsius. The error in
this case is shifted more towards the negative axis direction. This implies that the modeled temperature in most
cases is higher than the measured values.

5.2.2 Part load combined

The engine test data for part load test of the engine are use d to tune the model. This consists of a combination
of three different part load tests. The control signals from the data set are used in the model and the final
temperature of the exhaust is compared with the modelled value. There are several other tuning parameters in
the model which are tuned to achieve a desired level of model accuracy. Some of the constant tuned
parameters are enlisted below in (Table 2).

Table 2 :- Optimized constants for the CAD resolved model, part load test data

Parameter Tuned value | Unit Parameter | Tuned value Unit
Ac_W 0.0049 m? M1 4.0378 --
Ag_W 0.0018 m? M2 1.604 =

C1 49.67 --

The modeled temperature of the exhaust gas closely follows the measured values of exhaust gas temperature.
This can be observed by plotting the measured against the modelled values (Figure 47).
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Figure 46 :- Exhaust gas temperature at end of exhaust port, Modelled and Measured

Temperature difference histogram (measurement-model)
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Figure 47 :- Histogram of temperature difference between measured and modelled Exhaust gas temperature

The accuracy is higher in the mid temperature ranges and is low in the low temperature range. Trends in the
higher temperature range are also well captured by the model (Figure 43).

The temperature difference between the modelled and the measured temperature is the error. The error is
plotted as a histogram to understand the spread of the error. As in the above figure, most of the steady state
point error lies within +/- 20 degrees Celsius. The root mean squared error is computed for this distribution and
is found to be 13. The apparent bell curve shape of the distribution has its maximum close to zero.
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6. Conclusion

The map based approach of modelling the engine out exhaust gas tends to be a black box model where
correlation to physical phenomenon is difficult. The accuracy achieved in the physical models built using two
different approaches, indicate a possibility of being able to switch to a physical model. The focused test data
set do not yield desired results and the main reason is attributed to the transience in the measurement of the
data itself, as discussed in the previous sections. The part load tests however are apparently devoid of this
measurement transience as loads shift gradually. The CAD resolved model and the Dual cycle model are well
tuned for these data sets and have achieved the desired level of accuracy. The Crank angle resolved model can
achieve an RMS value of about 13 while the RMS in case of the Dual cycle model is 9 (Figure 49).
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Figure 48 :- Exhaust gas temperature RMS error

A preferred choice among the two physical approaches, seems to be the dual cycle model. This model is not
only simpler but also gives a better accuracy with respect to the available datasets. The crank angle degree
model is more physically based as it has a higher resolution of computation and also heat release phenomenon
is structured on the basis of typical Wiebe correlation. With the inclusion of the transient equations in the
physical model, it would be possible to implement the model in the existing control system.
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7. Future Scope

Data acquisition: cylinder head and cylinder liner temperature measurements can be used to further calibrate
the model. This provides scope to be able to correspond to the actual wall temperature and will give a better
estimation of the heat loss.

Transient model tuning and validation: The transient equations can be included in the current model to be
able to have it running in the control system in real time.

Increase model complexity: drive modes & other effects can be included to capture other phenomenon or
operating modes in the engine.

Analyse and validate with larger and more data sets: More datasets from test cell can make the model more
robust and can improve the calibration of the model parameters resulting in improved accuracy of the model
output.
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