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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 Unit 

𝑥𝑏 Fuel mass fraction burned - 

𝑀1 The efficiency parameter of the Wiebe function - 

𝑀2 The form factor of the Wiebe function - 

𝜃𝑑𝑢𝑟 Combustion duration Degree 

𝜃 Crank angle Degree 

𝜃𝑏 Crank angle at start of combustion Degree 

𝑇1 Intake air charge temperature K 

𝑚𝑒𝑔𝑟  Mass flow rate of EGR gasses Kg/s 

𝑤𝑎𝑖𝑟  Mass flow rate of the fresh air charge Kg/s 

𝑇𝑒𝑚𝑝𝑟𝑒𝑣
 Temperature in the exhaust manifold at the end of previous cycle 𝐾 

𝑇𝑖𝑛 Intake air temperature 𝐾 

𝛾1 Ratio of the specific heat - 

𝐶𝑝1
 Specific heat at constant pressure 𝐾𝐽 𝐾𝑔 𝐾⁄  

𝐶𝑣1
 Specific heat at constant volume 𝐾𝐽 𝐾𝑔 𝐾⁄  

𝑃2 Pressure inside the cylinder when piston is at TDC 𝑁 𝑚2⁄  

𝑃1 Pressure inside the cylinder when piston is at BDC 𝑁 𝑚2⁄  

𝑉1 Volume occupied by gas when piston is at BDC 𝑚3 

𝑉2 Volume occupied by gas when piston is at TDC 𝑚3 

𝑇2 Temperature inside the cylinder after compression stroke 𝐾 

𝑇𝑤1 Assumed wall temperature which is equivalent to the T1 𝐾 

𝑚1 Mass flow rate of both EGR gasses and fresh air 𝐾𝑔/𝑠 

ℎ𝑔 Overall heat transfer coefficient for exhaust gas 𝑊 𝑚2𝐾⁄  

𝐶1 Hohenberg coefficient 1 - 

𝐶2 Hohenberg coefficient 2 - 

𝑠𝑝 Piston velocity 𝑚 𝑠⁄  

𝑇2ℎ𝑡
 Temperature after heat transfer 𝐾 

𝐶𝑣 Specific heat at constant volume 𝐾𝐽 𝐾𝑔 𝐾⁄  

ℎ𝑐 Convective heat transfer coefficient of coolant 𝑊 𝑚2𝐾⁄  

𝐴𝑔 Area available to gases in cylinder for heat transfer 𝑚2 

𝑇𝑤2 Wall temperature after heat transfer K 

𝐴𝑐 Area available to coolant around cylinder for heat transfer 𝑚2 

𝑇3𝑎 Temperature at the end of constant volume combustion 𝐾 

𝑤𝑓𝑢𝑒𝑙  Mass of fuel injected 𝐾𝑔 

𝑥𝑐𝑣  Mass fraction of fuel burnt at constant volume - 

𝑞ℎ𝑣 Calorific value of Diesel fuel J/Kg 
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𝑃3𝑎 Pressure at the end of constant volume combustion 𝑁 𝑚2⁄  

𝑃2 Pressure at the end of Compression 𝑁 𝑚2⁄  

𝑉3𝑎 Volume at the end of constant volume combustion 𝑚3 

𝑚2 Total mass available for heat transfer after constant volume combustion Kg 

𝑇3𝑎ℎ𝑡
 Temp. at the end of constant volume combustion after heat transfer 𝐾 

𝑇𝑤3𝑎
 Temp. of cylinder walls after constant volume combustion K 

𝑇3 Temperature at the end of constant volume combustion K 

𝑉3 Volume at the end of constant volume combustion 𝑚3 

𝑚3𝑎
 Total mass available for heat transfer after constant pressure combustion Kg 

𝐶𝑣3𝑎 Specific heat at constant volume 𝐾𝐽 𝐾𝑔 𝐾⁄  

𝑇3ℎ𝑡
 Temp. at the end of constant pressure combustion after heat transfer 𝐾 

𝑇𝑤3 Temp. of cylinder walls after constant pressure combustion 𝑁 𝑚2⁄  

𝑃4 Pressure at the end of expansion 𝑁 𝑚2⁄  

𝑉4 Volume at the end of expansion 𝑚3 

𝑇4 Temperature at the end of expansion 𝐾 

𝑚3 Total mass available for heat transfer during expansion 𝐾𝑔 

𝑇4ℎ𝑡
 Temp. at the end of expansion after heat transfer 𝐾 

𝑇𝑤𝑝𝑜𝑟𝑡
 Exhaust port wall temperature K 

ℎ𝑔𝑝𝑜𝑟𝑡
 Gas heat transfer coefficient in port 𝑊 𝑚2𝐾⁄  

𝐴𝑔𝑤 Area available for heat transfer from gas to port wall 𝑚2 

𝐴𝑐𝑤 Area available for heat transfer from coolant to port wall 𝑚2 

𝑚𝑝𝑜𝑟𝑡 Mass in the control volume of port Kg 

T1ht(n) Temperature after heat transfer at n where n is the crank angle degree K 

Tim Temperature of air in intake manifold K 

𝑃1(𝑛) Pressure at intake at n where n is the crank angle degree 𝑁 𝑚2⁄  

𝛾(𝑛) Gamma at CAD n - 

𝐶𝑝(𝑛) Specific heat at constant pressure at CAD n 𝐾𝐽 𝐾𝑔 𝐾⁄  

𝐶𝑣(𝑛) Specific heat at constant volume at CAD n 𝐾𝐽 𝐾𝑔 𝐾⁄  

𝑇𝑤1(𝑛) Wall temperature at CAD n K 

𝑡ℎ𝑒𝑡𝑎(𝑛) Crank Angle Degree Degree 

𝑓𝑢𝑒𝑙𝑏𝑟(𝑛)
 Mass of fuel burnt at CAD n Kg 

ℎ𝑔𝑐𝑚𝑏(𝑛)
 Overall heat transfer coefficient for crank angle n 𝑊 𝑚2𝐾⁄  

𝑇𝑚𝑜𝑑𝑒𝑙𝑙𝑒𝑑  Modelled Exhaust gas Temperature at the end of Exhaust port K 

𝑇𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑  Measured Exhaust gas Temperature at the end of Exhaust port K 
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Abbreviations 
__________________________________________________________________________________ 

BDC Bottom Dead Center 

CAD Crank Angle Degrees 

CAE Computer Aided Engineering 

DPF Diesel Particulate Filter 

EGR Exhaust Gas Recycling 

HT Heat Transfer 

IAT Intake Air Temperature 

MAF Mass Air Flow 

PV  Pressure vs Volume 

TDC Top Dead Center  

Y Y axis of the plot 

X X axis of the plot 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



12 
 

 

 

  



13 
 

Contents 

ABSTRACT ..................................................................................................................................... 5 

ACKNOWLEDGEMENT ............................................................................................................... 7 

NOMENCLATURE ............................................................................................................................... 9 

ABBREVIATIONS ........................................................................................................................ 11 

1. INTRODUCTION ................................................................................................................... 15 

1.1 BACKGROUND ............................................................................................................................... 15 

1.2 THESIS GOAL ................................................................................................................................ 15 

2. PHYSICAL SYSTEM ............................................................................................................. 17 

2.1 COMBUSTION CHAMBER.................................................................................................................. 17 

2.1.1 INTAKE ................................................................................................................................................. 17 

2.1.2 COMPRESSION ....................................................................................................................................... 17 

2.1.3 COMBUSTION ........................................................................................................................................ 17 

2.1.4 EXPANSION ........................................................................................................................................... 19 

2.2 EXHAUST PORT ............................................................................................................................. 19 

2.2.1 EXHAUST .............................................................................................................................................. 19 

2.2.2 HEAT TRANSFER ..................................................................................................................................... 19 

2.2.3 PORT FLOW PULSATION ........................................................................................................................... 19 

2.3 TEMPERATURE SENSOR ................................................................................................................... 20 

2.3.1 TRANSIENT SENSOR MEASUREMENTS ......................................................................................................... 20 

2.3.2 PARAMETER VARIATION EFFECT ON TRANSIENT AND STEADY STATE ................................................................. 21 

3. MODELLING ......................................................................................................................... 27 

3.1 DUAL CYCLE MODEL ....................................................................................................................... 27 

3.1.1 INTAKE STROKE ...................................................................................................................................... 27 

3.1.2 COMPRESSION STROKE ............................................................................................................................ 27 

3.1.3 COMBUSTION ........................................................................................................................................ 28 

3.1.4 EXPANSION ........................................................................................................................................... 30 

3.1.5 FLOW THROUGH EXHAUST PORT ............................................................................................................... 30 

3.2 CAD RESOLVED MODEL ................................................................................................................... 30 

3.2.1 INTAKE STROKE ...................................................................................................................................... 31 

3.2.2 COMPRESSION STROKE ............................................................................................................................ 31 

3.2.3 COMBUSTION ........................................................................................................................................ 32 

3.2.4 EXPANSION ........................................................................................................................................... 34 

3.2.5 EXHAUST .............................................................................................................................................. 35 



14 
 

4. MODEL TUNING ................................................................................................................... 37 

4.1 TEST DATA ................................................................................................................................... 37 

4.1.1 FOCUSED TESTS ...................................................................................................................................... 37 

4.1.2 PART LOAD TESTS ................................................................................................................................... 37 

4.2 DUAL CYCLE MODEL TUNING ............................................................................................................. 38 

4.3 ASSUMPTIONS IN DUAL CYCLE MODEL ................................................................................................ 42 

4.4 CAD RESOLVED MODEL TUNING ....................................................................................................... 43 

4.5 ASSUMPTIONS IN CAD RESOLVED MODEL ............................................................................................ 49 

5. RESULTS AND DISCUSSIONS ............................................................................................. 51 

5.1 DUAL CYCLE MODEL TUNING ............................................................................................................ 51 

5.1.1 FOCUSED TEST COMBINED ....................................................................................................................... 51 

5.1.2 PART LOAD COMBINED ............................................................................................................................ 52 

5.2 CAD RESOLVED MODEL TUNING ....................................................................................................... 53 

5.2.1 FOCUSED TEST COMBINED ....................................................................................................................... 53 

5.2.2 PART LOAD COMBINED ............................................................................................................................ 54 

6. CONCLUSION ....................................................................................................................... 57 

7. FUTURE SCOPE .................................................................................................................... 59 

BIBLIOGRAPHY .......................................................................................................................... 61 

 

 

  



15 
 

 

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

𝑑𝑡
=  

𝛾

𝛾 − 1
 𝑝 

𝑑𝑉

𝑑𝑡
+

1

𝛾 − 1
 𝑉 

𝑑𝑝

𝑑𝑡
  

(1.) 

 

 

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).  

 

 𝑥𝑏 = (1.0 − 𝑒𝑥𝑝 (−𝑀1 ∗ (
𝜃 − 𝜃𝑏

𝜃𝑑𝑢𝑟

)
𝑀2+1

)) (2.) 

 

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 Volume plot (Figure 2). 

 

 

Figure 1: - Typical Wiebe’s Curve. Y-Fuel Mass Fraction burnt, X-CAD. 
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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 3:- Plots from CAE data. Y (left) -Simulated Mass flow rate & Y (right) - Simulated Exhaust temperature, X-CAD  

 

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 5:- Illustration of gas flow through exhaust port. Signal colours depicted as used in the transient model plots 

 

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  

 

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. 

 

 

Figure 8 :- Effect of variation of sensor heat transfer 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- Sensor heat transfer coefficient. 

 

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. 

 

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. 

 

Figure 10 :- Effect of variation of Coolant Temperature 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- Coolant Temperature. 
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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. 

 

 

Figure 11 :- Effect of variation of Average cylinder out exhaust temperature 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- Average cylinder out exhaust temperature. 

 

Figure 12 :- Effect of variation of coolant convective 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- Coolant convective HT coefficient. 
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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. 

 

 

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. 

 

Figure 14 :- Effect of variation of Engine speed 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-Engine Speed. 
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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.  

  

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. 

 
𝑇1 = (

𝑚𝑒𝑔𝑟

𝑚𝑒𝑔𝑟 + 𝑤𝑎𝑖𝑟

 ) 𝑇𝑒𝑚𝑝𝑟𝑒𝑣
+ (1 − (

𝑚𝑒𝑔𝑟

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.  

 𝛾1 = (
𝐶𝑝1

𝐶𝑣1

) (4.) 

 

 𝑃2 = 𝑃1 (
𝑉1

𝑉2

)
𝛾

 (5.) 
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𝑇2 = 𝑇1 (

𝑉1

𝑉2

)
𝛾−1

 

 

(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. 

 
𝑇𝑤1 = 𝑇1 

 
(7.) 

 
𝑚1 = 𝑚𝑒𝑔𝑟 + 𝑤𝑎𝑖𝑟 

 
(8.) 

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

 

 

ℎ𝑔 = 𝐶1 ∗ (𝑉1−0.06) ∗ ((
𝑃1

100000
)

0.8

) ∗ (𝑇1−0.4) ∗ (𝑠𝑝 +  𝐶2)0.8 
(9.) 

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

temperatures are computed. 

  
𝑇2ℎ𝑡

∗ (𝑚1𝐶𝑣 + ℎ𝑔𝐴𝑔) =  (𝑚1𝐶𝑣𝑇2 + ℎ𝑐𝐴𝑔𝑇𝑤1) 

 
(10.) 

  
𝑇2ℎ𝑡

=
𝑚1𝐶𝑣𝑇2 + ℎ𝑐𝐴𝑔𝑇𝑤1

(𝑚1𝐶𝑣 + ℎ𝑔𝐴𝑔)
 

 

(11.) 

  
𝑇𝑤2 ∗ (ℎ𝑔𝐴𝑔 + ℎ𝑐𝐴𝑔) = (ℎ𝑔𝐴𝑔𝑇2ℎ𝑡

+ ℎ𝑐𝐴𝑐𝑇𝑐) 

 
(12.) 

 
𝑇𝑤2 =

(ℎ𝑔𝐴𝑔𝑇2ℎ𝑡
+ ℎ𝑐𝐴𝑐𝑇𝑐)

(ℎ𝑔𝐴𝑔 + 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 − 𝑇2ℎ𝑡

) ∗ (𝑤𝑓𝑢𝑒𝑙 + 𝑤𝑎𝑖𝑟 + 𝑚𝑒𝑔𝑟)𝐶𝑣 = 𝑤𝑓𝑢𝑒𝑙𝑥𝑐𝑣𝑞ℎ𝑐 

 
(14.) 

  
𝑇3𝑎 = 𝑇2ℎ𝑡

+ 𝑖𝑛𝑗_𝑐𝑜𝑟𝑟 (
𝑤𝑓𝑢𝑒𝑙𝑥𝑐𝑣𝑞ℎ𝑐

(𝑤𝑓𝑢𝑒𝑙 + 𝑤𝑎𝑖𝑟 +  𝑚𝑒𝑔𝑟)𝐶𝑣

) 

 

(15.) 

  
𝑃3𝑎

= 𝑃2 (
𝑇3𝑎

𝑇2ℎ𝑡

) 

 

(16.) 

  
𝑉3𝑎

= 𝑉2 

 
(17.) 

    

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.  

 
𝑚2 = 𝑤𝑓𝑢𝑒𝑙𝑃𝑓𝑢𝑒𝑙𝑐𝑜𝑟𝑟

𝑥𝑐𝑣 + 𝑤𝑎𝑖𝑟 + 𝑚𝑒𝑔𝑟 

 
(18.) 

Overall heat transfer coefficients are computed using the Hohenberg correlation. 

  ℎ𝑔1 = 𝐶1 ∗ (𝑉2−0.06) ∗ ((
𝑃2

100000
)

0.8

) ∗ (𝑇2ℎ𝑡)−0.4 ∗ (𝑠𝑝 +  𝐶2)0.8 

 

(19.) 

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

transfer. 

  
𝐴𝑔 = 𝐴𝑝 

 
(20.) 

 
𝑇3𝑎ℎ𝑡

∗ (𝑚2𝐶𝑣 + ℎ𝑔1𝐴𝑔) = 𝑚2𝐶𝑣𝑇3𝑎 + ℎ𝑔1𝐴𝑔𝑇𝑤2 

 
(21.) 

 
𝑇3𝑎ℎ𝑡

=
𝑚2𝐶𝑣3𝑎𝑇3𝑎 + ℎ𝑔1𝐴𝑔𝑇𝑤2

(𝑚2𝐶𝑣3𝑎 + ℎ𝑔1𝐴𝑔)
 

 

(22.) 

 
𝑇𝑤3𝑎

∗ (ℎ𝑔1𝐴𝑔 + ℎ𝑐𝐴𝑐) = ℎ𝑔1𝐴𝑔𝑇3𝑎ℎ𝑡
+ ℎ𝑐𝐴𝑐𝑇𝑐 

 
(23.) 

 
𝑇𝑤3𝑎

=
ℎ𝑔1𝐴𝑔𝑇3𝑎ℎ𝑡

+ ℎ𝑐𝐴𝑐𝑇𝑐

(ℎ𝑔1𝐴𝑔 + ℎ𝑐𝐴𝑐)
 

 

(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 − 𝑇3𝑎ℎ𝑡) ∗ (𝑤𝑓𝑢𝑒𝑙 + 𝑤𝑎𝑖𝑟 +  𝑤𝑟𝑝𝑟𝑒𝑣
) 𝐶𝑝 = (𝑤𝑓𝑢𝑒𝑙(1 − 𝑥𝑐𝑣)𝑞ℎ𝑣) (25.) 

   

 𝑇3 = 𝑇3𝑎ℎ𝑡
+

(𝑤𝑓𝑢𝑒𝑙 (1 − 𝑃𝑓𝑢𝑒𝑙𝑐𝑜𝑟𝑟
𝑥𝑐𝑣) 𝑞ℎ𝑣)

(𝑤𝑓𝑢𝑒𝑙 + 𝑤𝑎𝑖𝑟 + 𝑚𝑒𝑔𝑟)𝐶𝑝

 

 

(26.) 

 
𝑃3 = 𝑃3𝑎 

 
(27.) 

 
𝑉3 =

𝑇3𝑉3𝑎

𝑇3𝑎ℎ𝑡

 

 

(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. 

 𝑚3𝑎 = 𝑤𝑓𝑢𝑒𝑙 + 𝑤𝑓𝑢𝑒𝑙 + 𝑚𝑒𝑔𝑟 (29.) 

 

 
ℎ𝑔2 = 𝐶1 ∗ (𝑉3𝑎)−0.06  ∗ ((

𝑃3𝑎

100000
)

0.8

) ∗ (𝑇3𝑎ℎ𝑡)
−0.4

∗ (𝑠𝑝 +  𝐶2)0.8 

 

(30.) 

 
𝑇3ℎ𝑡

∗ (𝑚3𝑎𝐶𝑣3𝑎 + ℎ𝑔2𝐴𝑔) = 𝑚3𝑎𝐶𝑣3𝑎𝑇3  + ℎ𝑔2𝐴𝑔𝑇𝑤3𝑎
 

 
(31.) 

 
𝑇3ℎ𝑡

=
𝑚3𝑎𝐶𝑣3𝑎𝑇3  + ℎ𝑔2𝐴𝑔𝑇𝑤3𝑎

(𝑚3𝑎𝐶𝑣3𝑎 + ℎ𝑔2 ∗ 𝐴𝑔)
 

 

(32.) 

 
𝑇𝑤3 ∗ (ℎ𝑔2𝐴𝑔 + ℎ𝑐𝐴𝑐) = ℎ𝑔2𝐴𝑔𝑇3ℎ𝑡

+ ℎ𝑐 ∗ 𝐴𝑐𝑇𝑐 

 
(33.) 

 
𝑇𝑤3 =

ℎ𝑔2𝐴𝑔𝑇3ℎ𝑡
+ ℎ𝑐𝐴𝑐𝑇𝑐

(ℎ𝑔2𝐴𝑔 + ℎ𝑐𝐴𝑐)
 

 

(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 = 𝑐𝑝3
 /𝑐𝑣3

 (35.) 

 𝑃4 = 𝑃3 ∗ (
𝑉3

𝑉4

)
𝑌3

 (36.) 

  

 
𝑇4 = 𝑇3ℎ𝑡

(
𝑉3

𝑉4

)
𝑌3−1

 

 

(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. 

 

 ℎ𝑔𝑒
= 𝐶1 ∗ (𝑉4 ∗ −0.06) ∗ ((

𝑃4

100000
)

0.8

) ∗ (𝑇3ℎ𝑡 
)

−0.4
) ∗ (𝑠𝑝  +  𝐶2)

0.8
 (38.) 

   

 

𝑚3 = 𝑤𝑓𝑢𝑒𝑙 + 𝑤𝑎𝑖𝑟 + 𝑚𝑒𝑔𝑟 

 
 

(39.) 

 𝑌4 = (
𝐶𝑝4

𝐶𝑣4

) (40.) 

   

 

𝑇4ℎ𝑡
∗ (𝑚3𝐶𝑣4 + ℎ𝑔𝐴𝑔) = 𝑚3𝐶𝑣4𝑇4  + ℎ𝑔𝐴𝑔𝑇𝑤3 

 
 

(41.) 

 𝑇4ℎ𝑡
=

𝑚3𝐶𝑣4𝑇4  + ℎ𝑔𝐴𝑔𝑇𝑤3

(𝑚3𝐶𝑣4 + ℎ𝑔𝐴𝑔)
 (42.) 

 

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. 

  

 𝑇𝑤𝑝𝑜𝑟𝑡
∗ ℎ𝑔𝑝𝑜𝑟𝑡

𝐴𝑔𝑤 + ℎ𝑐𝐴𝑐𝑤 = ℎ𝑔𝑝𝑜𝑟𝑡
𝐴𝑔𝑤𝑇4 + ℎ𝑐𝐴𝑐𝑤𝑇𝑐 (43.) 

 𝑇𝑤𝑝𝑜𝑟𝑡
= (

ℎ𝑔𝑝𝑜𝑟𝑡
𝐴𝑔𝑤𝑇4 + ℎ𝑐𝐴𝑐𝑤𝑇𝑐

ℎ𝑔𝑝𝑜𝑟𝑡
𝐴𝑔𝑤 + ℎ𝑐𝐴𝑐𝑤

) (44.) 

 𝑚𝑝𝑜𝑟𝑡 = 𝑚𝑓𝑙𝑜𝑤 ∗ 𝑒𝑔𝑟𝑐𝑜𝑟𝑟 ∗ (𝑤𝑎𝑖𝑟 + 𝑤𝑓𝑢𝑒𝑙) (45.) 

 𝑇𝑚𝑜𝑑𝑒𝑙𝑙𝑒𝑑 ∗ (𝑚𝑝𝑜𝑟𝑡𝐶𝑝4 + ℎ𝑔𝑝𝑜𝑟𝑡
𝐴𝑔𝑤

) = 𝑚𝑝𝑜𝑟𝑡𝐶𝑝4𝑇4ℎ𝑡
+ ℎ𝑔𝑝𝑜𝑟𝑡

𝐴𝑔𝑤
𝑇𝑤𝑝𝑜𝑟𝑡

 (46.) 

 𝑇𝑚𝑜𝑑𝑒𝑙𝑙𝑒𝑑 = (
𝑚𝑝𝑜𝑟𝑡𝐶𝑝4𝑇4ℎ𝑡

+ ℎ𝑔𝑝𝑜𝑟𝑡
𝐴𝑔𝑤𝑇𝑤𝑝𝑜𝑟𝑡

𝑚𝑝𝑜𝑟𝑡𝐶𝑝4 + ℎ𝑔𝑝𝑜𝑟𝑡
𝐴𝑔𝑤

) (47.) 

 

 

 
 

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).  

 

Figure 16 :- Illustration 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. 

 
 

𝑚1 = 𝑤𝑎𝑖𝑟 + 𝑚𝑒𝑔𝑟 (48.) 

   

 𝑡ℎ𝑒𝑡𝑎𝑑𝑢𝑟 = 𝑃𝑓𝑢𝑒𝑙𝑐𝑜𝑟𝑟
∗ 360 ∗  𝑐𝑜𝑚𝑏𝑑𝑢𝑟  (

𝑚𝑁

1000
) (49.) 

 

 
T1ht(180) = (

megr

megr + wair

) ∗ T4[dk] + (1 − (
megr

megr + wair

)) ∗ Tim 

 

(50.) 

 𝑃1(180) = 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. 

 
𝑌(180) = (

𝐶𝑝(180)

𝐶𝑣(180)
) 

(52.) 
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 𝑇1(200)
= 𝑇1(180)

∗ (
𝑉1(180)

𝑉1(200)

)

𝑌180−1

 (53.) 

   

 𝑃1(200)
= 𝑃1(180)

  ∗ (
𝑉1(180)

𝑉1(200)

)

𝑌180

 (54.) 

 

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(200)
= 𝐴𝑔(200)

 (55.) 

 

 
ℎ𝑔𝑐𝑚𝑝(200)

= 𝑠𝑤𝑖𝑟𝑙𝑐𝑜𝑟𝑟 ∗  𝐶1 ∗ (𝑉1(200)
)

−0.06

∗ ((
𝑃1(200)

100000
)

0.8

) ∗ (𝑇1(200)
)

−0.4

∗ (𝑠𝑝 +  𝐶2)0.8 

 

(56.) 

 

 𝑇𝑤1(200) =
(ℎ𝑔𝑐𝑚𝑝(200)

∗ 𝐴𝑔(200)
∗ 𝑇1(200)

+ ℎ𝑐 ∗ 𝐴𝑐(200)
∗ 𝑇𝑐)

ℎ𝑔𝑐𝑚𝑝(200)
∗ 𝐴𝑔(200)

+ ℎ𝑐 ∗ 𝐴𝑔(200)

 (57.) 

 

 𝑌200 = (
𝐶𝑝200

𝐶𝑣200

) (58.) 

 

 𝑇1ℎ𝑡(200)
=

𝑚1 ∗ 𝐶𝑣(200) ∗ 𝑇1(200)
 +  ℎ𝑔𝑐𝑚𝑝(200)

∗ 𝐴𝑔(200)
∗ 𝑇𝑤1(200)

𝑚1 ∗ 𝐶𝑣(200) + ℎ𝑔𝑐𝑚𝑝(200)
∗ 𝐴𝑔(200)

 (59.) 

 

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, 

 

 𝑇1(350)𝑐
= 𝑇1(200)ℎ𝑡

∗ (
𝑉1(200)

𝑉1(350)

)

𝑌200−1

 (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. 

 𝑑𝑒𝑙𝑡𝑎𝑡ℎ𝑒𝑡𝑎(350)
= 𝑡ℎ𝑒𝑡𝑎(350) ∗ (

180

𝜋
) − (360 + 𝑖𝑛𝑗𝑡𝑖𝑚𝑐

) (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. Xb i.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, 

 
𝑥𝑏350

= (1.0 − 𝑒𝑥𝑝 (−𝑀1 ∗ (
𝑑𝑒𝑙𝑡𝑎𝑡ℎ𝑒𝑡𝑎_𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒(350)

𝑡ℎ𝑒𝑡𝑎𝑑𝑢𝑟

) ∗∗ (𝑀2 + 1))) 

 

(62.) 

 𝑓𝑢𝑒𝑙𝑏𝑟350
= 𝑤𝑓𝑢𝑒𝑙 ∗ 𝑥𝑏350

 (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.  

 𝑇1350
= 𝑇1350𝑐

 +
𝑓𝑢𝑒𝑙𝑏𝑟350

∗ 𝑞ℎ𝑣

(𝑓𝑢𝑒𝑙𝑏𝑟350
+  𝑤𝑎𝑖𝑟 + 𝑚𝑒𝑔𝑟) ∗ (𝑐𝑝(180)

)
 (64.) 

 

 𝑃1(350)
= 𝑃1(200)

∗ (
𝑉1(200)

𝑉1(350)

)

𝑌(200)

  (65.) 

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)
= 𝑤𝑎𝑖𝑟 + 𝑓𝑢𝑒𝑙𝑏𝑟350

+ 𝑚𝑒𝑔𝑟 (66.) 

 ℎ𝑔𝑐𝑚𝑏350
= 𝐶1 ∗ (𝑉1350)

−0.06
∗ ((

𝑃1350

100000
)

0.8

) ∗ (𝑇1350)
−0.4

∗ (𝑠𝑝  +  𝐶2)
0.8

 (67.) 

 𝑇𝑤1350
=

ℎ𝑔𝑐𝑚𝑏(350)
∗ 𝐴𝑔(350)

∗ 𝑇1(350)
+ ℎ𝑐 ∗ 𝐴𝑐(350)

∗ 𝑇𝑐

ℎ𝑔𝑐𝑚𝑏(350)
∗ 𝐴𝑔(350)

+ ℎ𝑐 ∗ 𝐴𝑐(350)

 (68.) 

 𝑌(350) = 𝐶𝑝(350)/𝐶𝑣(350) (69.) 

 𝑇1(350)ℎ𝑡
=

𝑚1(350)
∗ 𝐶𝑣(350) ∗ 𝑇1(350)

 + ℎ𝑔𝑐𝑚𝑏(350)
∗ 𝐴𝑔(350)

∗ 𝑇𝑤1(350)

𝑚1350
∗ 𝐶𝑣(350) + ℎ𝑔𝑐𝑚𝑏350

∗ 𝐴𝑔350

 (70.) 

 

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, 

 𝑇1(360)𝑐
= 𝑇1(350)ℎ𝑡

∗ (
𝑉1(350)

𝑉1(360)

)

𝑌200−1

 (71.) 

 

 𝑑𝑒𝑙𝑡𝑎𝑡ℎ𝑒𝑡𝑎(360)
= 𝑡ℎ𝑒𝑡𝑎(360) ∗ (

180

𝜋
) − (360 + 𝑖𝑛𝑗𝑡𝑖𝑚𝑐

) (72.) 

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

 
𝑥𝑏360

= (1.0 − 𝑒𝑥𝑝 (−𝑀1 ∗ (
𝑑𝑒𝑙𝑡𝑎𝑡ℎ𝑒𝑡𝑎_𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒(360)

𝑡ℎ𝑒𝑡𝑎𝑑𝑢𝑟

) ∗∗ (𝑀2 + 1))) 

 

(73.) 

 𝑓𝑢𝑒𝑙𝑏𝑟360
= 𝑤𝑓𝑢𝑒𝑙 ∗ 𝑥𝑏350

− 𝑓𝑢𝑒𝑙𝑏𝑟350
 (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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 𝑇1360
= 𝑇1360𝑐

 +
𝑓𝑢𝑒𝑙𝑏𝑟360

∗ 𝑞ℎ𝑣

(𝑓𝑢𝑒𝑙𝑏𝑟360
+  𝑤𝑎𝑖𝑟 + 𝑚𝑒𝑔𝑟) ∗ (𝑐𝑝(350)

)
 (75.) 

 

 𝑃1(360)
= 𝑃1(350)

∗ (
𝑉1(350)

𝑉1(360)

)

𝑌(350)

  (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 + 𝑓𝑢𝑒𝑙𝑏𝑟360

+ 𝑚𝑒𝑔𝑟 (77.) 

 ℎ𝑔𝑐𝑚𝑏360
= 𝐶1 ∗ (𝑉1360

)
−0.06

∗ ((
𝑃1360

100000
)

0.8

) ∗ (𝑇1360
)

−0.4
∗ (𝑠𝑝  + 𝐶2)

0.8
 (78.) 

 𝑇𝑤1360
=

ℎ𝑔𝑐𝑚𝑏(360)
∗ 𝐴𝑔(360)

∗ 𝑇1(360)
+ ℎ𝑐 ∗ 𝐴𝑐(360)

∗ 𝑇𝑐

ℎ𝑔𝑐𝑚𝑏(360)
∗ 𝐴𝑔(360)

+ ℎ𝑐 ∗ 𝐴𝑐(360)

 (79.) 

 𝑌(360) = 𝐶𝑝(360)/𝐶𝑣(360) (80.) 

 𝑇1(360)ℎ𝑡
=

𝑚1(360)
∗ 𝐶𝑣(360) ∗ 𝑇1(360)

 + ℎ𝑔𝑐𝑚𝑏(360)
∗ 𝐴𝑔(360)

∗ 𝑇𝑤1(360)

𝑚2360
∗ 𝐶𝑣(360) + ℎ𝑔𝑐𝑚𝑏360

∗ 𝐴𝑔360

 (81.) 

 

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. 

 𝑑𝑒𝑙𝑡𝑎𝑡ℎ𝑒𝑡𝑎(430)
= 𝑡ℎ𝑒𝑡𝑎(430) ∗ (

180

𝜋
) − (360 + 𝑖𝑛𝑗𝑡𝑖𝑚_𝑐) (82.) 

 

 
𝑥𝑏430

= (1.0 − 𝑒𝑥𝑝 (−𝑀1 ∗ (
𝑑𝑒𝑙𝑡𝑎𝑡ℎ𝑒𝑡𝑎_𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒(430)

𝑡ℎ𝑒𝑡𝑎𝑑𝑢𝑟

) ∗∗ (𝑀2 + 1))) 

 

(83.) 

 𝑓𝑢𝑒𝑙𝑏𝑟430
= 𝑤𝑓𝑢𝑒𝑙 ∗ 𝑥𝑏430

− 𝑓𝑢𝑒𝑙𝑏𝑟420
 (84.) 

 

 𝑇2430
= 𝑇2420ℎ𝑡

 +
𝑓𝑢𝑒𝑙𝑏𝑟430

∗ 𝑞ℎ𝑣

(𝑓𝑢𝑒𝑙𝑏𝑟430
+ 𝑤𝑎𝑖𝑟 + 𝑚𝑒𝑔𝑟) ∗ (𝑐𝑝(420)

)
 (85.) 

 

 𝑃2430
= 𝑃𝑖𝑛𝑗 (86.) 

 

 𝑇2𝑒(430)
= 𝑇𝑒𝑚𝑐𝑜𝑟𝑟

∗ 𝑇2(430)
∗ (

𝑉2(420)

𝑉2(430)

)

𝑌(420)−1

 (87.) 

 

 𝑃2𝑒(430)
= 𝑃𝑒𝑚𝑐𝑜𝑟𝑟

∗ 𝑃2(430)
∗ (

𝑉2(420)

𝑉2(430)

)

𝑌(420)

  (88.) 
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 𝑚2(430)
= 𝑤𝑎𝑖𝑟 + 𝑓𝑢𝑒𝑙𝑏𝑟430

+ 𝑚𝑒𝑔𝑟  (89.) 

 

 𝐴𝑐430
= 𝐴𝑔430

 (90.) 

 

 ℎ𝑔𝑐𝑚𝑏430
= 𝐶1 ∗ (𝑉2430

)
−0.06

∗ ((
𝑃2𝑒430

100000
)

0.8

) ∗ (𝑇2𝑒430
)

−0.4
∗ (𝑠𝑝  + 𝐶2)

0.8
 (91.) 

 

 𝑇𝑤2(430)
=

ℎ𝑔𝑐𝑚𝑏(430)
∗ 𝐴𝑔(430)

∗ 𝑇2(430)
+ ℎ𝑐 ∗ 𝐴𝑐(430)

∗ 𝑇𝑐

ℎ𝑔𝑐𝑚𝑏(430)
∗ 𝐴𝑔(430)

+ ℎ𝑐 ∗ 𝐴𝑐(430)

 (92.) 

 

 𝑌(430) = 𝐶𝑝(430)/𝐶𝑣(430) (93.) 

 

 𝑇2(430)ℎ𝑡
=

𝑚2(430)
∗ 𝐶𝑣(430) ∗ 𝑇2𝑒(430)

 + ℎ𝑔𝑐𝑚𝑏(430)
∗ 𝐴𝑔(430)

∗ 𝑇𝑤2(430)

𝑚2430
∗ 𝐶𝑣(430) + ℎ𝑔𝑐𝑚𝑏430

∗ 𝐴𝑔430

 (94.) 

 

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.  

 𝑇𝑤𝑝𝑜𝑟𝑡
=

ℎ𝑔𝑝𝑜𝑟𝑡
∗ 𝐴𝑔𝑤

∗ 𝑇2(530)
+ ℎ𝑐 ∗ 𝐴𝑐𝑤

∗ 𝑇𝑐

ℎ𝑔𝑝𝑜𝑟𝑡
∗ 𝐴𝑔𝑤

+ ℎ𝑐 ∗ 𝐴𝑐𝑤

 (95.) 

 

 𝑚𝑝𝑜𝑟𝑡 =  𝑒𝑔𝑟𝑐𝑜𝑟𝑟 ∗ 𝑚𝑓𝑙𝑜𝑤 ∗ (𝑤𝑎𝑖𝑟 + 𝑤𝑓𝑢𝑒𝑙 + 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. 

 𝑇𝑚𝑜𝑑𝑒𝑙𝑙𝑒𝑑 =
𝑚𝑝𝑜𝑟𝑡 ∗ 𝑐𝑝4

∗ 𝑇2(530)ℎ𝑡
+ ℎ𝑔𝑝𝑜𝑟𝑡

∗ 𝐴𝑔𝑤
∗ 𝑇𝑤𝑝𝑜𝑟𝑡

𝑚𝑝𝑜𝑟𝑡 ∗ 𝐶𝑝4 
+ ℎ𝑔𝑝𝑜𝑟𝑡

∗ 𝐴𝑔𝑤

 (97.) 

The error between the modelled and the measured temperature is minimized by optimizing the tuneable 

parameters in them model. 

 𝑒𝑟𝑟𝑎𝑏𝑠 = 𝑇𝑚𝑜𝑑𝑒𝑙𝑙𝑒𝑑 − 𝑇𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 

(98.) 
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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). 

 

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. Part Load 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.  

 

Figure 18 :- Tuned Heat transfer coefficient of coolant. X- Engine speed (rps). 

 

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 ( 𝛾𝑒 ) 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).  

 

Figure 20 :- Effective area of heat transfer from gas to port walls. Optimized constant.  

 

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) 

 

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) 

 

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).  
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Figure 26 :- Correction factor for injection timing, X- Inject start Crank angle Degree 

 

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. 



43 
 

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). 

 

 

Figure 28 :- Tuned combustion duration based on fuel quantity injected, X- Fuel injected (Kg/stroke) 
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Figure 29 :- Optimized constant, Wiebe curve parameter 1 and 2  

 

 

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.  

 

Figure 32 :- Tuned heat transfer coefficient of coolant. X- Engine speed (rps) 
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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 (𝛾𝑒) 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 (Figure 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. 

 

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). 

 

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). 

 

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).  

 

Figure 40 :- Exhaust gas temperature at end of exhaust port, Modelled and Measured  

 

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 

 

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) 

 

 

Figure 42 :- Exhaust gas temperature at end of exhaust port, Modelled and Measured 

Parameter Tuned value Unit Parameter Tuned value Unit 

Ac_w 0.0049 𝑚2 C1 68.32 -- 

Ag_w 0.0049 𝑚2    
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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). 

 

Figure 44 :- Exhaust gas temperature at end of exhaust port, Modelled and Measured 
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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 

 

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). 

Parameter Tuned value Unit Parameter Tuned value Unit 

Ac_w 0.0049 𝒎𝟐 M1 4.0378 -- 

Ag_w 0.0018 𝒎𝟐 M2 1.604 -- 

C1 49.67 --    



55 
 

 

Figure 46 :- Exhaust gas temperature at end of exhaust port, Modelled and Measured 

 

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 48). 

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). 

 

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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



60 
 

 

  



61 
 

Bibliography 

__________________________________________________________________________________ 

 

[1]  J. B. Heywood, Internal Combustion Engine Fundamentals, New York: McGraw-Hill, 2011.  

[2]  P. Skogtjran, "Modelling of the exhaust gas temperature for the diesel," MSc thesis in Vehicular 

Systems Linköping university, 2002. 

[3]  A. Verem and H. Kerai, "Physically Based Models for Predicting Exhaust Temperatures in SI Engines," 

M. Sc. Thesis, Department of Electrical Engineering, Linköping University, 2016. 

[4]  "Engineersedge," 2017. [Online]. Available: 

http://www.engineersedge.com/heat_transfer/convective_heat_transfer_coefficients__13378.htm 

(Available 2017 June) 

 

 

 


