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Abstract  

 

Thermal oil oxidation is an important reason for the engine oil degradation in trucks. Having 

a comprehensive model that includes all the influential factors while it is feasible for being 

implemented in the ECUs, was aimed for this work. Therefore, the chemical investigating of 

the problem leaded to propose a first kinetic model and its thermal analysis caused 

modelling the oil thermal behaviour. The latter was developed for four compartments: 

Bearings, turbocharger, piston cooling and oil sump in the oil path through the lubrication 

system, because the highest oil temperature happens due to friction, combustion of fuels 

and exhaust gas transportation. Independency from the design parameters of the 

compartments and simplicity of models for the ECU implementation caused to investigate 

two various modelling hybrid approach: physical modelling and control theory approach. The 

first one was done for the bearings and piston cooling, and showed a high level of complexity 

leading to switch to the second approach. The latter was applied for all compartments while 

it satisfied requested requirements.    

To adjust and evaluate the models, an experimental campaign was devoted to acquiring the 

needed parameters with consideration of the project budget. Also using the previous 

simulation and experimental efforts at the company provided a possibility to develop flow 

rate sub-models used in the thermal modelling. 

The proposed model for all compartments, well predicted the oil thermal behaviour for both 

stationary and dynamic operating conditions. A comparison between the experimental data 

for the oil in the oil sump and turbo charger was done to show the reliability of the related 

models in both stationary and transient statuses. For the bearings, the simulation data for 

stationary condition were applied as a reference. The modelled oil temperature after piston 

cooling was compared to a set of experimental data that presented the probable 

temperature in some conditions close to stationary operating points.   
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Glossaries 
Acronyms 

bbj big-end bearing journals 

bbs big-end bearing shells 

BDC  Bottom dead centre 

ECU Engine control unit 

EGR Exhaust gas recirculation 

FCPC  Fuel consumption per cylinder  

FTIR  Fourier transform infrared   

GC  Gas chromatography 

HD Heavy duty 

HMW Higher molecular weight 

LHV Lower heating value 

LMW Low molecular weight 

mbj Main bearing journals 

mbs Main bearing shells 

MIMO Multiple-input and multiple-output systems 

MISO  Multiple-input and single-output systems  

MS  Mass spectrometry 

ODE Ordinary differential equation 

ODI Oil drain interval  

PDSC Pressure differential scanning calorimetry 

ss steady-state 

TDC Top dead centre 

Symbols 

Roman  

A The original oil 

a The constant determined with the consideration of nozzle size  

Ab The contact area that oil touches the bearings [m2] 

Ap The contact area that oil touches the pistons [m2] 

As The surface area of the oil sump that is in touch with air and oil in its both sides [m2] 

At The cross-sectional area that heat transfer between the exhaust gases and oil 

happens in the turbocharger [m2] 

[A] The concentration of original oil [mol m-3] 

[A]0 The primary concentration of original oil [mol m-3] �́ The supply groove axial length [m] 

B The low molecular weight (LMW) primary oxidation products 

b The constant determined with the consideration of nozzle size 

bc The cylinder bore (diameter) [m] 

C The higher molecular weight (HMW) condensation and polymerization products 

Cair The specific heat of air [J kg-1 K-1] 

Coil The specific heat of oil [J kg-1 K-1] 

CP The concentration of all oxidable hydrocarbons in oil  [mol m-3] 

CP0 The primary concentration of all oxidable hydrocarbons in oil [mol m-3] 

CQ The concentration of all oxidation products [mol m-3] 

Cpiston The specific heat of the pistons [J kg-1 K-1] 

Cw The specific heat of water [J kg-1 K-1] ��  The radial clearance [m] 
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d The oil jet diameter [m] 

di The inner diameter of shells [m] 

do The outer diameter of shells [m] 

doil  The oil density [kg m-3] 

dw The piston thickness [m] 

dwater The water density [kg m-3] 

Eact Activation energy [J kg-1] 

f1-2 The functions of the eccentricity ratio 

f(r⁄d) The correlation of local Nusselt number 

g(r⁄d) The integration of the local Nusselt number correlation 

hb The convection heat transfer coefficient for oil in the bearings [W m-2 K-1] 

hg,t The convection heat transfer coefficient for the exhaust gases in the turbocharger [W 

m-2 K-1] 

ho,t The convection heat transfer coefficient for the oil in the turbocharger [W m-2 K-1] 

hp The convection heat transfer coefficient for oil in piston cooling [W m-2 K-1] 

j The ratio of power loss to shaft-centered loss 

k Thermal conductivity material [W m-1 K-1] 

ki The rete constant of reaction i [s-1] 

ki,0 The pre-exponential factor [s-1] 

kjet The thermal conductivity of the oil jet [W m-1 K-1] 

kp The thermal conductivity of the piston material [W m-1 K-1] 

kr The kinetic rate constant [s-1] 

L The bearing length [m] 

LHV The lower heating value of fuel [J kg-1] ��  The length of the bearing blocks (journals and shells) [m] 

mb The mass of the oil cooling the bearings [kg] 

mbearings The mass of the bearings [kg] 

mpiston The mass of the pistons [kg] 

ms The mass of the oil in the oil sump [kg] 

mt The mass of the oil cooling the turbocharger [kg] �� 	 The mass flow rate of oil in the bearings [kg s-1] �� 
��,� The mass flow rate of air in the compressor side of the turbocharger [kg s-1] �� 
��,� The mass flow rate of air in the turbine side of the turbocharger [kg s-1] ��� The fuel consumption [kg s-1] �� � The mass flow rate of water entering the engine [kg s-1] �� �   The mass flow rate of oil in the cooling gallery [kg s-1] �� �   The mass flow rate of oil in the oil cooler  [kg s-1] �� � The mass flow rate of oil in the turbocharger [kg s-1] ������ The average Nusselt number from stagnation point to radial distance r 

Nu0 The stagnation point Nusselt number 

P The all oxidable hydrocarbons in oil 

Pmg The oil pressure in the main gallery [Pa] 

Q The all oxidation products  

Pr The fluid Prandtl number  ��  The total heat produced by fuel combustion [J s-1] �����
� The total amount of heat produced by fuel combustion and consumed by obtained 

work, coolant and exhaust gases [J s-1] ������  The total amount of heat transferred from the turbine, bearing and compressor 

housing to the environment [J s-1] ���  The heat supplied per second which is converted to useful work [J s-1] ��� The heat taken from the piston by cooling water [J s-1] 
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q� �  The heat lost through exhaust gases [J s-1] ��� The heat taken away by the lubricating oil from the pistons [J s-1] ��  The power loss in the bearings [J s-1] ��! The total heat transferred to the main and big-end bearing journals [J s-1] ��" The total heat transferred to the main and big-end bearing shells [J s-1] ��# The total heat produced by friction and transferred to oil in the turbocharger [J s-1] ��$ The total heat transferred to the oil [J s-1] 

R The universal gas constant [J kg-1 K-1] 

RA The ratio of piston surface area to total internal area of combustion chamber 

r The radial distance from the stagnation point [m] 

Re The Reynolds number based on jet diameter %�  The shaft radius [m] 

sp The piston stroke length [m] 

T Temperature [K] 

t Time [s] 

Tamb The ambient temperature [°C] 

Tair,t,i The temperature of inlet air to the turbine side of the turbocharger [°C] 

Tair,t,o The temperature of outlet air from the turbine side of the turbocharger [°C] 

Tb The temperature of oil after the bearings [°C] 

Tbearings The temperature of bearings [°C] 

Tboost The air temperature injected to cylinders [°C] 

Tc The temperature of oil after the oil cooler [°C] 

Tg The temperature of exhaust gases [°C] 

Tp The temperature of oil after piston cooling [°C] 

Tpiston The average temperature of combustion sides of the pistons [°C] 

Ts The temperature of oil in the oil sump [°C] 

Tt The temperature of oil after the turbocharger [°C]  &�� The deviation variable of the oil temperature after piston cooling [°C] &�,�� The average oil temperature after piston cooling at a steady-state condition [°C] 

Tt The temperature of oil after the turbocharger [°C] 

Tw, in The temperature of inlet water to the piston cooling [[°C] 
Tw,out The temperature of outlet water from the piston cooling [°C] 

U The relative surface speed of bearing journals [m s-1] 

Up The overall heat transfer coefficient between the piston and oil [W m-2 K-1] 

Us The overall heat transfer coefficient between the oil sump and air[W m-2 K-1] 

Ut The overall heat transfer coefficient between the exhaust gases and oil in the 

turbocharger [W m-2 K-1] '�( The hydrodynamic volumetric flow rate of oil in the bearings [m3 s-1] '�� The pressure volumetric flow rate of oil in the bearings [m3 s-1] 

x The length of the shaft between the exhaust gases and the oil the heat transfer in the 

form of conduction happens [m] 

z0 The vertical distance of the disc from the nozzle exit [m] 

Greek )  The kinematic viscosity of oil [m2 s-1] 

ε The eccentricity ratio *+,-�,+ The engine efficiency . The dynamic viscosity of the oil [kg m-1 s-1] / The relative jet velocity (averaged over a cycle) [m s-1]: /0+�	(
	���2�+) − /�����, 

ρ Oil density [kg m-3] 

ω The shaft velocity [rad s-1]  



9 

 

1 Literature studies 

1.1 Introduction 

1.1.1 Background 

Oil oxidation is a main process in the engine oil degradation. [1] [2] Despite of oxidation 

inhibitor presence in lubricants, a considerable amount of oil oxidation occurs due to hot 

zones. [1] However, it should be mentioned that without oxygen attendance, there is no 

thermal degradation for oil even in temperatures up to 250 °C. [2] Oil degradation causes oil 

thickening, and forms sludge varnish which lower the oil lubricating effect and accelerate 

engine wear. [2] 

The oil system in a diesel engine vehicle is a closed loop with an oil sump as its both starting 

and ending points. Oil is in contact with variety of temperatures during its path including a 

crankshaft, main and connecting rod bearings, camshaft and its bearings, timing gears, 

pistons, a turbocharger and several other components in the loop. [3] Since high 

temperatures mainly affect the degradation process, determining zones in which the oil faces 

those extreme temperatures, has great importance. Piston cooling, bearings and oil sump are 

considered as the most probable spots for this process. Turbocharger can be noted as a hot 

zone in some engine operating conditions.   

The oil degradation problem has been addressed based on many field tests in which fuel 

consumption has been realized as the most reliable index for oil drain interval (ODI) 

determination. Fuel consumption per cylinder (FCPC) is a readout from stored data in an 

engine control unit (ECU) in a truck. Knowing FCPC and an oil type, ODI can be estimated by 

experimental equations.  

1.1.2 Problem definition 

The aforementioned model includes other types of oil degradation, for instance soot 

formation in oil, and is not exclusively focused on the thermal oxidative oxidation of oil, while 

the latter is the most important reason in oil deterioration process. Secondly, pillars of the 

model are supported by statistical data that only describe an average of real conditions 

experienced by the trucks.  Trucks are programmed for several modes of operation which are 

automatically activated by the ECU for different driving, road and climate conditions. 

However, statistical data does not contain these detail histories. Moreover, working with 

average data cannot give a reasonable result because a thermal oxidative reaction rate does 

not linearly change with temperature.  

1.1.3 Aim 

This project aimed at developing a model for the thermal behavior of engine oil in diesel 

engines based on momentarily driving conditions of trucks consisting of modes, loads and 

speeds. Developing a model that is able to give oil temperatures in the oil sump and after the 

bearings, piston cooling and turbocharger for both stationary and transient conditions. 

1.1.4 Project proposal 

To achieve the model, the oil temperature variation in the oil system, and the time that oil 

spend in each temperature interim, should be investigated.   

An oil flow rate in the system provided by an oil pump is adjusted by different engine 

operating conditions including the engine speed and load. A temperature model that give the 

oil temperature passing the hot zones can interact with oil flow rate distribution model to 

determine the share of each compartment on the oil degradation during the performance of 

an engine.    
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A code in an engine management of truck, can calculate a time-temperature distribution for 

oil in each compartment. By considering the oil distribution in the compartments, a time-

temperature distribution can be gained for the whole system. At each visit of the workshop, 

this pattern can be used by workshop personals to evaluate the degree of oil degradation.  

The amount of oxidized oil  for each temperature interval can be specified by the reaction 

equation. Knowing the total time that oil has spent in each temperature interval, the total 

amount of oil degradation will be clear. Finally, adding all the amounts will give the total 

amount of oil that is degraded over the recent operation of the engine. In this way, the 

workshop personals can assess the time that engine oil should be completely changed. 

1.1.5 Modelling strategy 

The temperature model is gained based on the energy balances over each component. These 

balances contain the oil flow rates in each region, a fuel injection rate and engine efficiency 

that all are dependent on mode, load and speed of an engine. For this reason, the oil 

temperature profile will, also, be conditional on those three factors. By having a possibility to 

determine momentarily mode, load and speed of an engine, the momentarily temperatures 

of compartments and oil flowing in them, will be specified.  

1.1.6 Project delimitation 

In this project a first-order kinetic model is implemented to introduce the oxidation reaction. 

However, the momentarily oil concentration has been assumed to remain intact after passing 

each compartments because of its short resident time. To be clear, the momentarily reaction 

is presumed to be quasi zero-order. This concentration in each zone has been taken equal to 

the oil concentration in the oil sump due to perfect mixing resulting in a homogenous 

condition. The main reason for this simplification is that the oil quality analysis is a post 

process handled in workshops. Thus, it should be independent on the momentarily oil 

concentration. Finding kinetic factors which are inherent properties of the oil is not a focus of 

the project. 

Blow-by and EGR effect are not analyzed in this model. Other oil degradation types, for 

instance fuel dilution, and chemical effects of fuels are not evaluated. 

Amount of oil leaked from the whole oil system is neglected. Since a suitable level of oil in 

the oil pan is subjected to decrease duo to evaporation and other probable reasons, a 

portion of makeup oil will be considered in the system.  

The experimental setups needed for evaluating the oil temperature after the piston cooling 

and bearings are out of the budget defined for this work.  
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2 Theory 

2.1  Chemical analysis 

2.1.1 Oxidation of lubricant oil 

Engine lube oil consists of over 80 percent base oil which mainly affects the lubrication 

performance of the final oil. The remaining 20 percent contains additives including 

dispersant, antioxidants, viscosity improvers etc. that are mainly aimed at improving the base 

fluid functionality. [4] [5] [6] 

As stated by [2], water and carbon dioxide are the main products of the oil oxidation 

reaction. They are produced by oxygen consumption. Polymerization and condensation 

reaction types appear with progressing reaction conversions. 

A number of factors play roles in the oil oxidation process. Having a complex chemistry, base 

oil is a mixture of linear and cyclic saturated hydrocarbons in a variety of sizes and structures. 

[4] Depending on the commercial oil brands, lubricating oil contains a various blend of 

hydrocarbons which have different activities towards oxygen.  According to the variety of 

components, various oxidation behavior with diverse oxidation products, can be expected 

from the process. [7]  

Temperature is observed as the main controlling factors in this reaction. For a broad type of 

oil, a twofold increase of the reaction rate occurs for a 10 °C temperature increase over a 

temperature span between 140 and 180 °C. At higher temperatures, reaction products are 

less water and more other products, for instance carbon monoxide, volatile and fixed acids. 

[7]  

Inhibitors and additives generally decrease the amount of oxygen absorption at a given 

temperature, but the amount of insoluble oxidation products will rise in proportion to the 

amount of oil inhibitor and additive contents. However, additives produce less oil-soluble 

oxygenated material compared to the inhibitors. There are some of inhibitors that is more 

effective in the oxygen absorption reduction, while they produce less lacquer and oil- 

insoluble material. [7] 

As mentioned by [7], the impact of a humid atmosphere on this reaction can be 

underestimated. Therefore, the presence of water vapor as a combustion product in the 

piston gallery and engine operations in humid climates are not influential on the degradation 

process. 

The presence of metals in the oil significantly influence the oxidation reaction. [7] Metals 

generally end up in the lube oil through the additives or as wear products. The wear products 

are formed because of insufficient lubrication, high surface load and roughness, or come 

from oxidative attack of oxygen or peroxides on the metal surfaces. [8] Iron has the greatest 

surface in the oil system, but other metals, for example copper, zinc and Nickel, are present 

pure or as a portion of alloys. [7] Nonetheless, lead is rooted in gasoline as antiknock agents 

and copper-lead bearing corrosion. [8] Additives mainly consist of transient metal salts. 

Moreover, wear of the pistons and other compartments provide iron and aluminum in a bulk 

form. Soluble iron is a powerful oxidant catalyst compared to its massive format. [9] [10] 

However, dissolved copper which is a pro oxidant agent in a lower concentration, (around 20 

ppm), works as an antioxidant in higher concentrations, (for example 2000 ppm). The 

performance of soluble copper in low levels and its metal form change to a inhibitor effect if 

soluble Iron is present in the system. [10] 

According to experimental results achieved by [8], zinc, nickel and aluminum can show 

different behaviors based on their homogeneous and heterogeneous presence and the 

monograde and multigrade oil types. 



12 

 

2.1.2 General reaction kinetics 

Oil degradation has a complicated kinetic. The first reason for this, is a complex composite of 

oil containing several components. Hence, the kinetic models are commonly developed for 

an individual and simpler oil ingredient. Another reason stems from the elaboration of 

analyzing a large number of elementary steps and their reactive intermediates. [11] 

As explained by [11], kinetic models for the thermal oxidation of lubricants are based on two 

main approaches: Model compounds and System complexity. In the model compounds 

approach the main goal is investigation of fundamental chemistry of lube degradation 

focusing on a simpler compound. [1] [2] [4] [11] 

The system complexity approach is aimed at inquiring the effect of system parameters, for 

example catalytic roles of metal surfaces etc. [11] 

To simplify the reaction mechanism, [4] proposed a model including 5 sub reactions classified 

as oxidation, polymerization and evaporation shown as follows: 

 
Figure 1 The simplified reaction mechanism of oil oxidative thermal degradation [4] 

In which A, B and C are taken as presenters of original oil, low molecular weight (LMW) 

primary oxidation products and higher molecular weight (HMW) condensation and 

polymerization products that all are in liquid phase. The formation of varnish and sludge is 

included in C products because they are consumed to form HMWs at the temperatures 

above than 205 °C no matter of the reaction time duration. k1 and k2 introduce composite 

reaction rate constants. Composite evaporation rate constants of original oil, LMW and HMW 

products are k3, k4, k5 which lead to a lumped product. To develop the model, all reactions 

are deemed first-ordered when oxygen is in excess with a constant concentration. 

Antioxidant actions is not taken into account in this model. To characterize the products of 

the reactions, Fourier transform infrared (FTIR) spectroscopy and gas chromatography/mass 

spectrometry (GC/MS) are used. Therefore, the normalized concentration of oil can be 

calculated by this equation: 

 567 = 5679:;(<=><?)� (1) 

The rete constants k1 and k4 are observed to perfectly obey the Arrhenius equation for their 

temperature dependency. [1] [2] [4] [12] 

 @� = @�,9:;ABCD EFG  (2) 

Pre-exponential factor ki,0 and activation energy Eact are experimentally obtained, and depend 

on types of base oil and a choice of experimental methods for analysing the rate of oil 

oxidation.  

Kinetic parameters can also be evaluated by pressure differential scanning calorimetry 

(PDSC). [5]  

There have not been any experimental setups at the company for analysing the oil 

degradation products of each reaction steps till now. A simpler model in which kinetic 

parameters can be determined by FTIR method is demanding. Therefore, the new model 

should not include any pathway-level details.   

2.1.3 Proposed kinetic model  

[13] offered a straightforward model in which all oxidable hydrocarbons in oil, P, and all 

oxidation products (including carbonyl groups), Q, are assumed to be lumped. The 

transformation from A to B is handled by a homogeneous irreversible first-order kinetic law. 

Taking into account that oil passes most of its time in the oil pan. It can be assumed that oil is 
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saturated with oxygen because of air solubility. Moreover as oil in the bearings shortly 

residences and in the hot non-bearings zones it exists as a thin layer which is in a complete 

contact with the air, oxygen can diffuse into the liquid system. Therefore, this reactant can 

be presumed to be in at a constant concentration during the reaction. [1] An isothermal 

condition with a constant volume and perfect mixing, are defined for the model. H → � 

 J�KJL = @��M (3) 

Implementing a mass balance over the system:  

 J�KJL = @�(�M9 − �K) (4) 

The integral of equation gives: N J�K(�M9 − �K) = N @�JL�
9

OP
9  

 �K = �M9(1 − :;<R�) (5) 

By considering kr as a function of temperature following the Arrhenius equation (2), the 

activation energy and pre-exponential factor of the reaction will be examined by knowing the 

rate constant at different temperatures. 

The FTIR method reveals even minor changes in the composition of a sample through a 

spectrum. Comparison of the spectral data of oxidized oil with that of fresh oil reveals that a 

carbonyl band which is a characteristic of the axial deformation of carbonyl bonds (C=O) 

existing in most of the oxidation products. An area under the carbonyl band that is located 

around a wavelength of 1713 cm-1 in the FTIR spectrum will be used in estimating the 

reaction constant. [13] [14] This area is obtained by a subtraction of the spectrum of oxidized 

oil from that of fresh one with a baseline specified from 1635 to 1835 cm-1. [13] As suggested 

by [13], the ratio of CQ/Cp0  at the time of t, can be taken as the portion of carbonyl band area 

of the sample at given time to that of the oil after 164 hours oxidation. The latter has been 

selected as a reference because of assumption that all hydrocarbons are oxidized after 164 

hours. [13] 

The above explanations regarding the reaction kinetics are gathered for the information of 

the company, and are not aimed at being validated by this master thesis. Therefore, they can 

broadly be developed in future.  

2.1.4 Assumptions to utilize the model 

Presumptions for applying formerly suggested model for HD engines, are as follows:  

The first-order reaction model can be exploited with consideration that retention time is very 

short in a way that the concentration change due to the reaction occurring in piston cooling, 

bearings and turbocharger is negligible.  

Since the retention time in piston, bearing and turbocharger compartments is considerably 

shorter than that in the oil sump the concentration of the oil considered in the oil pan is 

uniform in all compartments.  

The reaction rate constants depend on the oil type and the oxygen concentration in the 

system. It follows the Arrhenius equation. [1] 

The deposit formation from reaction products is excluded in the proposed reaction 

mechanism. This underestimation is due to short residence time in the hot spots and a 

restriction for the change of bulk oil before reaching to that reaction step to avoid any 

damages to engine parts. [1] 

The catalytic effect of metals and the inhibition impact of antioxidant additives will only be 

implicitly accounted for the kinetic model.   

The oil oxidation reaction occurs at significant rates in the temperatures above 150 °C. [1] 
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2.2 Thermal analysis 

As a result of the chemical approach to the problem, the presence of oxygen and high 

temperatures that oil confronts during its path in the engine lubrication system are an 

important combination for the oil thermal oxidation.  The first reason is already considered in 

the assumptions for the kinetic model. To develop the later one, a model describing the oil 

temperature changes by time and after passing each hot zones, should be devoted.  

Since the trucks work in steady state and transient conditions, the quantitative thermal 

model should describe oil behavior in both static and dynamic states. The primary preference 

of the project is a model development based on principal laws, mechanistic modeling, for 

instance first law of thermodynamics etc. However, to express some physical terms, for 

example heat transfer coefficients, there is a need to utilize the empirical equations, 

experimental modeling. Therefore, a hybrid strategy that consists of both views, can meet 

the project requirements.  

The complexity of the proposed model by the project, should meet the capability of ECUs. 

Therefore, the reliability of the solution is based on its simplicity in calculations and 

independency from the design parameters that need to be stored afterwards.   

In this section, two different hybrid techniques have been investigated. The first one is based 

on the energy balances and empirical heat transfer coefficient. The second method is 

intended to be an input- output model because of having a high level of flexibility for 

experimental validations. This model, also, basically stems from first law of thermodynamic, 

although it provides the thermal model in a more efficient and independent manner by the 

tools of the control theory.  

Since the final goal of the project is the implementation of the model in the ECU of trucks, a 

simplified approach has been taken for all analytical relations. This physical approach has 

been investigated for piston cooling and bearings in details. However, after observing the 

high level of the solution complexity, the necessity for using the helpful and simple control 

theory tools increased. The required resolution for evaluating the oil temperature in each 

compartment for the final application of the model, which is the oil thermal oxidation, is less 

than the resolution provided by the physical approach. Therefore, the path to model the 

compartments was shifted from the physical to a control theory approach for all 

compartments. In following section the explanation for the second method is immediately 

brought right after the physical one. For the oil in the turbocharger and the oil sump only the 

control theory approach was investigated.  

To model phenomena based on characterizing input- output relationships of a system, 

transfer functions should be developed for each system. By looking at a dynamic behavior of 

dependent variable after each compartment for a change from an operating point to another 

one, an order of system can be estimated. Finding the transfer function parameters can be 

specified based on experimental data. However, as previously noted, this project is aimed at 

justifying each parameter based on physical characterization of the systems. Therefore, the 

derivation of transfer functions is once again started by setting up the energy balances for 

each system. To assure the simplicity of the model, all constitutionally distributed 

parameters are considered to be lumped. Therefore, time is the only independent variable in 

all formulations.  

In all models presented in this work the flow rate of oil before and after each compartments, 

is equal. However it is an independent variable which changes by time. (�� �,�� 	 and �� �)  
2.2.1 Heat transfer in piston cooling 

2.2.1.1 Physical modelling approach 

According to Figure 2, energy flows over the piston compartment with a specified boundary 

can be described as follows: [15]  
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The total heat produced by the fuel combustion, �� , by assuming a complete combustion of 

the fuel can be gain by equation (6) in which LHV and ��� are lower heating value and fuel 

consumption flow rate for all engine cylinders.  �� = ����S' (6) ��� which is the work obtained from the piston movements in cylinders, has a share of the 

combustion heat proportional to the engine efficiency, *+,-�,+, in each engine operating 

condition.  ��� = *+,-�,+��  (7) 

The coolant, water, cools down the engine. Since its temperature is only sensed before and 

after the whole engine unit (Tw,in, Tw,out) and it cools the oil in the oil cooler before cooling 

down the cylinder areas. Therefore, the portion of heat that is removed by coolant in engine 

cooling, ���, is obtained after subtracting the heat that is taken from the oil from the total 

heat transferred to the water with the flow rate of ��� and specific heat capacity of Cw. In 

equation (8), �� �, Ts and Tc stand for the oil flow rate in the oil cooler which is taken equal to 

the oil flow rate that leaves the oil sump, the oil temperature before the oil cooler which is 

equal to the oil temperature in the oil sump and the oil temperature after the oil cooler 

respectively. ��� = �����T&�,�2� − &�,�,U − �� �����(&� − &�) (8) q� �, a part of heat leaves the combustion area by the exhaust gases with the flow rate and 

temperature of �� 
��,� and Tair,t,i, is obtained through equation (9) where the initial enthalpy 

of inlet gases is calculated by �� 
��,� and Tboost that present the air flow rate coming from the 

compressor side of turbo charger and the air temperature after passing the air fan and 

entering the combustion area.  q� � = �
��T�� 
��,�&
��,�,� −�� 
��,�&	����U (9) 

By defining �����
� as: �����
� = �� − ��� −	��� − ��� 

The rest of the heat, �����
�, goes to cylinder walls (liner) and the piston. The heat that is 

transferred to the piston finally ends up in oil, ���, and increases its tempreture to Tp, while oil 

enters to the cooling gallery with the temperature and mass flow rate of Tc and �� M can be 

found by: ��� = �� M����(&� − &V) (10) 

It is assumed that the heat that transfers to the piston upper side has a share from �����
� 
stated by equation (11) that is the ratio of piston surface area to total internal area of 

combustion chamber. The piston surface area is assumed to have an area around 1,4 times 

bigger than a circular plate because of its special design that causes this increase. 26,35% of 

the cylinder stroke length, sp, is assumed as the height of the combustion chamber that 

permit the heat to vertically exchange with the surrounding environment. Also, combustion 

happens when the piston reaches to its highest position in cylinder, top dead center (TDC), in 

which the piston surface is subjected to the highest temperatures comparing the cylinder 

liners. For a cylinder with a bore of bc: ��������
� = %W = 1,4Y Z�� 4G(1 + 1,4)Y Z�� 4G + 0,2635YZ�a� (11) 

 

The mass of pistons, their temperature and specific heat capacity are shown by Mpiston, Tpiston 

and Cpiston. The temperature of the piston compartment is defined as an average of all outer 

side temperatures. The conditions of all pistons are assumed to be exactly the same. 

Up, hp and kp represent the overall, oil side forced convection heat transfer coefficient and 

the thermal conductivity of piston material in order. 
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According to equation (12), overall energy balance for any systems with a specific system 

boundary can be written as: 

 :b:cde	fbg:L − :b:cde	h�Lg:L + :b:cde	ichJ�jLfhb − :b:de	jhba�kiLfhb		= :b:de	�jj�k�g�Lfhb	 (12) 

 
Figure 2 Energy flows over the piston compartments 

Therefore for this system with the boundary shown in Figure 2, the energy balance is: 

 %WT�� − ��� −	��� − ���U − ��� = k�����,�������,� J&�����,�JL  (13) 

Energy balance for oil passing the piston compartment: 

 J(������&�)JL = �� �����&� −�� �����&� − l�6�(&�����, − &�) (14) 

 1l� 8 1m� [ J�@�  (15) 

Heat transfer between oil and the piston compartments has a high level of complexity due to 

the dependency to a piston geometry, design and oil movements after splashing to a piston 

cooling gallery etc. [16] As described by [17], oil is assumed to enter a closed channel, the 

cooling gallery, with a plug flow.  Then it touches a back side of the piston while it shakes in 

the cooling gallery, cocktail shaking movements. At the same time it has a circumferential 

flow. Therefore, the heat transfer between the oil and the piston has mostly been influenced 

by these three types of movements. [16] However, utilizing empirical relations to consider 

the last two type of movements, needs the use of a model available. However, there is a 

possibility to find an average of these heat transfer coefficients including all movement 

effects only based on an engine speed. Meanwhile, a model for heat transfer coefficient 

between oil and pistons without a cooling gallery by using empirical equations suggested by 

[16] and [18] is offered that is based on an average Nusselt number. Without the oil piston 

gallery, the cooling effect is done only by the oil jet flow.  

 m� 8 ������ @0+�J  (16) 

��  

��� 

��� ��� ��� 

Oil inlet flow: 

Coil, �� M, Tc 

System 

boundary 

Oil outlet: 

Coil, �� M, Tp 
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 ��������9 8 [1 [ d(c JG );"];� "G  (17) 

 ��9 8 2.67%:9. !"Hc9.�(p9J );9.��! q/Jr;9.��"
 (18) 

 dqc JG r 8 2(c JG )� {tqc JG rZ uc JG − 1Zv [ �Z�} (19) 

 tqc JG r 8 �:	(� xG ) (20) 

 

 %: 8 /J)  (21) 

 Hc 8 .����@0+�  (22) 

As listed in Table 1, the value of a and b is dependent on the nozzle size. [16] 

d a b 

2.2 1.13 -0.23 

2.3 1.141 -0.2395 

4.1 1.34 -0.41 

5.8 1.48 -0.56 

8.9 1.57 -0.7 

Table 1 a and b values for different nozzle sizes [16] 

Nowadays, most of pistons are designed with the cooling gallery that makes finding the heat 

transfer coefficient in the cooling gallery more complicated the mentioned equation. As 

suggested by [17], an average heat transfer coefficient can be achieved by extended 

empirical equations that considers all types of oil movement in the cooling gallery during the 

piston travel from its top dead centre (TDC) to bottom dead centre (BDC). However, these 

equations to find the related heat transfer coefficient are not explained in that detail here, 

because the control theory approach describing in the next section is independent of their 

application. 

2.2.1.2 Control theory modeling approach 

Equation (13) is written here again:  

 k�����,�������,� J&�����,�JL = %W�����
� −�� �����(&� − &V) (23) 

With assuming that &�����,�, �����
�, &V, �� M and &� are the only variables of the system, the 

above ordinary differential equation is nonlinear. Since implementing linear equations is 

feasible for the engine ECU, all the nonlinear equations should be simplified to their linear 

equivalents.  

Since this simplification of the system is purposely done around the stationary points (initial 

steps), all the variables should be defined as deviation variables which are resulted by a 

subtraction of their values at a steady state condition from their value at the time of t, for 

example: &�� = &� − &�,�� 

To linearize the equation [19], its partial derivative with respect to the intended variable at 

the initial stage should be multiplied to the amount of the variable change from its initial 

value. Therefore, the linearization of equation (23) comes as follows: k�����,�������,� J&������,�JL  
8 yz%W�����
� − �� �����T&� − &VU{��y�����
� ��� ���
� [ yz%W�����
� − �� �����T&� − &VU{��y�� � ��� � 
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[ yz%W�����
� − �� �����(&� − &V){��y&� &�� [ yz%W�����
� − �� �����(&� − &V){��y&� &�� 

Which gives: k�����,�������,� J&������,�JL  8 %W��� ���
� [ z−����T&� − &VU{����� � [ z−������ �{��&�� [ z������ �{��&�� 

By taking a Laplace transform: ak�����,�������,�&�������,� 8 %W�������
� [ z−����(&� − &V){�����|� [ z−������ �{��&��� [ z������ �{��&��� 

The time scale selected for this model at most covers the minimum time that takes for an 

engine to change from an operating point to another operating point. This assumption can be 

conveyed that the oil temperature is identical to the temperature of passing compartments:  &�������,� 8 &��M 

The transfer function for the oil temperature comes as below:  

 &��� 8 1 z������ �{��}k�����,�������,� z������ �{��} a + 1%W�������
� 

−
z&� − &V{�� z�� �{��}k�����,�������,� z������ �{��} a [ 1���|� + 1k�����,�������,� z������ �{��} a + 1&��� 

(24) 

2.2.2 Heat transfer in bearings 

2.2.2.1 Physical modeling approach 

Oil with the flow rate �� 	, and temperature Tc of, enters the bearing compartment. The heat 

produced by friction, �� , is partly removed by oil. The rest is transferred to the bearing 

journals and shells (��!, ��") by the oil placed between them, Figure 3. 

An energy balance over the bearing compartment [20] [21] and for oil that goes through it 

are given by the following equations: 

 J(k	����&	)JL = �� +�� 	����&� −�� 	����&	 − ��! − ��" (25) 

To calculate power loss that heats the oil in crankshaft bearings, [22] offers an approximate 

solution. According to this approach, bearing are assumed to perform in a constant but 

elevated temperature. For an anticipated temperature, the dissipated power is: 

 �� = ~(2Y.��%� ���� ) (26) 

In accordance to [21], oil flow rate in bearings consists of two fed flows: hydrodynamic and 

pressure. The first flow is because of an axial pressure gradient produced by the rotation and 

eccentricity of bearing journals, '�(, while the second one is due to pumping action, '��. 

Therefore, an oil mass flow rate is calculated as follows: 

 �� 	 = �('�( + '��) (27) 

 '�( = �(2 − ��2%� )(l����2 ) (28) 

 '�� = ���H�-. �1.25 − 0.25 q�́�r6 q��́ − 1r9.��� �t� +� �2%�� �
6 q1 − �́�r�t� (29) 
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As explained by [21], f1 and f2 enter the impact of journal eccentricity in calculating the 

pressure flow rate. Their values for different journal eccentricity ratios are brought in Table 

2.  

Eccentricity 

ratio 

f1 f2 

0.2 2.22 3.64 

0.4 2.73 5.12 

0.6 3.13 7.58 

0.7 3.15 9.15 

0.8 2.99 10.96 

0.9 2.61 12.97 

Table 2 f coefficients at different eccentricity values 

 

 
Figure 3 Energy flow in the crankshaft bearings 

Bearings are classified as main and big-end bearings that are respectively connected to 

stationary crankcase panel and moving rods. The temperature of the bearings, Tbearings, is 

assumed to be an average between that of all bearing blocks. Therefore, all bearing blocks 

identically experience the average temperature. The portion of heat conducted from the 

bearing journal surface to the journal/ web interface are given by: [20] 

 ��! = 4YT&	+
��,-� − &	U[(@�� )�	0 [ (@�� )		0] (30) 

Another part of heat flow is assumed to radially convey to both bearing lining and backing 

(shells) can be calculated according to: 

 ��" 8 YT&	+
��,-� − &	U[� @��ln �J�J� ��
�	�

[ � @��ln �J�J� ��
		�

] (31) 

A glance to above descriptions, shows the failure of the physical approach for investigating 

the thermal model capable to be implemented by the ECUs. This method is highly dependent 

to details of design parameter, and its questions is sophisticated. Therefore, a second 

approach should be chosen that efficiently covers its drawbacks. 

2.2.2.2 Control theory modelling approach 

The energy balance for the oil crossing the bearing compartments is:  

 k	���� J&	JL = �� −�� 	����(&	 − &V) (32) 

Therefore, the amount of oil that accumulates in the bearings, mt, is considered to be zero in 

different operating conditions, because the flow rate of oil before and after the 

compartment is equal. The heat that produced by the friction in bearings is presumed to be 

completely transferred to the oil. In other words, the portion of that heat transmitted 

through oil, and goes to the bearing journal, ��! , and the shells, ��",	are neglected. 

Consequently, the oil temperature after the bearings is: 

 &	 8 &� [ �� 
�� 	���� (33) 

The bearing journal The 

bearing 

shells 

��" 

��! 
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2.2.3 Turbocharger 

2.2.3.1  Control theory modelling approach 

The energy balance for oil cooling down this element with the flow rate �� �  and the 

temperature of Tt, can be written as below:  

 
Figure 4 Simple schematic of a turbocharger 

 k����� J&�JL = ��# + ��$ −�� �����(&� − &V) (34) 

The thermal energy in a turbocharger has two main sources: friction produced in the 

bearings, ��#, and heat that comes from the turbine side of the turbo, and finally ends up in 

the oil, ��$. (Figure 4) Since the latter is much more considerable, the heat released by the 

friction,	��#, has been neglected in the operating conditions in which the exhaust gas flowing 

in the turbine side of the turbo has severely high temperatures. In zero-load-percent 

operating conditions in which the temperatures of exhaust gases is relatively cold, it is 

assumed that the friction heat is the main reason for the oil temperature rise, and is 

completely transferred to the oil and not the bearings structures.  

Since there is no mass accumulation in the compartments, the mass of the oil in the bearing 

(mt) can be neglected. As presented by, ��$  is obtained by the following equation in 

accordance to the drawn system boundary which includes the heat transferred by a forced 

convection in the turbine side, a conduction mechanism in the area between the oil system 

and the turbine and a forced convection heat transfer by the flowing oil, Figure 4. [23] 

 ��$ = l�6� �T&
��,�,� [ &
��,�,�U2 4 &� [ &V2 � (35) 

 1
l� 8

1
m-,� [

�
@ [

1
m�,� (36) 

The portion of force convection heat transfer by the hot exhaust gases, with the heat transfer 

coefficient of hg,t and area of At, is considerably higher than the conduction (with the thermal 

conductivity k and heat transfer distance x) and forced convection by the oil (with the heat 

transfer coefficient of ho,t). Therefore, the overall heat transfer coefficient, Ut, is assumed to 

be estimated by hg,t.  

Therefore, the oil temperature after this compartment can be calculated by: 

 &� 8 1
�Tm-,�6�U2 [�� ������

�m-,�6� T&
��,�,� [ &
��,�,�U2 [�� �����&�� 
(37) 

2.2.4 Oil sump  

2.2.4.1 Control theory modelling approach 

Referring to Figure 5, the energy balance over the oil sump with the total heat transfer 

coefficient and area of Us and As respectively for the heat transfer with ambient, can be 

expressed according to: 
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Figure 5 A simplified sketch of an engine lubricant system only including hot zones 

 k����� J&�JL = �� �����T&� − &�U + �� 	����(&	 − &�) + �� �����(&� − &�) −l�6�(&� − &
�	) − �� �����(&� − &V) 

(38) 

Since the oil sump that is considered in this work, is located in the test bench with almost 

stagnant surrounding air, the heat transfer between the oil in the pan and its environment is 

mostly governed by the natural convection and thermal conduction. The overall heat 

coefficient is assumed to be constant for the all operating conditions. This assumption cannot 

be taken for the oil sump in moving trucks, because forced convection by air flow increases 

the heat transfer to the ambient. 

The oil level changes in the oil pan during the engine operation. Since the oil pump is 

supplied by the power produced by the engine rotation, changes in the engine speed directly 

affects the oil flow rate leaving the oil pan. It is assumed that remaining oil mass in the pan 

changes linearly with the engine speed. 

The transfer function for the oil temperature in the oil pan is obtained by: 

 &���8 �z����(&� − &�){�����|� [ [����(&	 − &�)]�����|	 [ [����(&� − &�)]�����|�[ z������ �{��&��� [ z������ 	{��&��	 [ z������ �{��&��� − l�6�&��
�	− [����(&� − &V)]�����|�[ z������ �{��&���� 1�k�����a + ����z�� � +�� � +�� 	 +�� �{�� + l�6�� 
(39) 

3 Experimental work 

3.1 Experimental work description  

To validate the model parameters, an experimental campaign was devoted in which the 

dynamic and static thermal behaviors of oil flowing in compartments were investigated. 

However, time limitation and high costs of experiment, force us to delimit the experimental 

plan for the validation of only operating points in which many of trucks spend most of the 

time. Furthermore, the possibility to sense the oil temperature in compartments where the 

oil is subjected to highest temperature, is not available. The design that gives the possibility 

for the sensor installations, demanding costly sensors and instruments which bear extreme 

temperature conditions and shortage of time for these types of engine preparations, were 

the restricting reasons for this work.  
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3.2 Methods 

Half and maximum load were chosen for 1100 and 1900 rpm speed engines. Generally, the 

highest engine efficiency and power are respectively experienced by the engine in those 

speeds. Idle point which happens in zero percent load and a 500 rpm engine speed was also 

studied. To have a consistency in measurements done in all operating points and the nature 

of system nonlinearity, zero-percent-load operating points in each examined engine speed 

were taken as an initial steps. Therefore, to go from a non-zero-load operating point to 

another, there was a need to come back to the related initial condition and then following up 

the new path.  

A schematic map of the experiment is brought in Figure 6 which shows the order that 

operating points, red-filled circles, were examined in each mode of the engine in the 

experiment.  

 
Figure 6 The map of operating point examination 

Moreover, two runs were done to check the oil thermal behavior by the passage of time 

when the experiment is started from a cold start to reach the maximum load and maximum 

speed of 1900 rpm in both modes.  

Since the time takes for stabilizing the oil temperature in the different operated points was 

unknown and non-identical for the all compartments, an automatic experimental plan was 

developed. According to that plan after a step response to the system, working in that 

condition continued until that the oil temperature change was less than 1 °C per minute in 

the oil sump. The shortest and longest time allowed for the system stabilization in one 

operating status was 5 to 60 minutes proportionately. Also, the coolant temperature at the 

outlet of engine cooling, was chosen to 90 and 20 °C for the positive and negative responses 

in order.  The reason for selecting a low coolant temperature for negative responses, quick 

engine cool down, is the decrease in the whole duration of experiment.  

3.3 Engine setup  

The engine used in this experiment was a four- stroke engine. It is a 6-cylinder inline type 

which meets Euro 6 emissions legislations.  

3.3.1 Gauges 

The gauges used in this work are shown in Table 3.  

 

Measured Parameter Measurement unit 

Engine speed [rpm] 

Engine load [%] 

Oil pressure in the main gallery [barA] 

Fuel consumption [g/min] 

Exhaust gas flow rate blowing in the turbine [kg/hr] 

Air flow rate blowing in the compressor side of the 

turbocharger 
[kg/min] 

Air temperature at the entrance of cylinders [°C] 

Temperature of exhaust gases in the inlet of turbine [°C] 

Temperature of exhaust gases in the outlet of turbine [°C] 
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Temperature of inlet air to the compressor [°C] 

Oil temperature after the oil cooler [°C] 

Oil temperature in the oil sump [°C] 

Coolant temperature after engine cooling [°C] 

Coolant temperature before the oil cooler [°C] 

Oil temperature after the turbocharger [°C] 

Table 3 Gauges used in this work 

Since finding the coolant and oil flow rates needed special sensors and arrangements, no 

gauges were mounted for these purposes with the exception of an oil pressure sensor. The 

later provided a criterion along with the oil pump type for finding oil flow rate in the bearings 

and turbocharger. The oil flow cooled in the oil cooler and flowing in the piston cooling 

nozzle were obtained from experimental data previously done. 

For coolant flow rates in different operating points, experimental data provided were used.   

For the oil temperature after the turbo, that was not defined as the standard gauge in the 

ECU of the engine, there was a demand for the installation of an excess sensor in a pipe at 

the outlet of turbocharger by an expert mechanic. The next step was devoting a test gauge 

for recording its value which was not already defined in the ECUs of production engines.  

3.4 Experimental results 

All the data from the recorder are filed in three files which subsequently correspond to 

whole ramp cycles and a cold start experiment.  Data from the aforementioned gauges with 

sampling time of 1 second for all sensors, are used in the next chapter for the modeling the 

systems in both stationary and dynamic conditions. 

In Figure 7, the engine operating ramps (numbering 1 to 5) that are caused by the changes in 

the speed and load of the engine (right and left axis in order) are shown. As a response of the 

systems, temperature behavior in the oil sump, after the oil cooler and in the turbocharger is 

plotted for the same cases in Figure 8.   

The maximum oil temperature which has been sensed after passing the turbo, is almost 128 

°C at maximum condition. Increasing the speed from 1100 to 1900 rpm while the load is zero 

does not sensibly increase the oil temperature in all compartments. Standing in the idle 

condition causes a considerable decrease in the oil temperatures referring to ramp 5 in 

Figure 9. Raising the operational load is the most substantial reason for the temperature 

growth. The time for the temperature stabilization in the oil sump which include the highest 

amount of oil compared to the other studied spots, is roughly 15 minutes. Figure 9 is a 

magnified representative of oil thermal behavior after the turbo for a load ramp from 0% to 

50% in 1100 rpm. As it shown the average value of gauges in the last 60 second of initial and 

final stage is taken as the steady state values. These values in all examined operating points 

and their application in the thermal models are extensively discussed in data analysis in next 

chapter.  
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Figure 7 Step responses in the engine operation in mode 4 

 
Figure 8 Oil temperature behavior in the different compartments in cases 1 to 5 
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Figure 9 Oil temperature in the turbo after receiving a load increase from 0% to 50% 

4 Modeling 
Considering the equations that describe the oil temperature in each compartment 

(summarized below), the oil temperature follow a first-order system, first-order 

inhomogeneous linear ordinary differential equation, in piston cooling and the oil sump. On 

the other hand, the temperature of oil after the bearings and turbocharger are well defined 

as functions of the heat and oil flow rate in the compartments and the oil temperature in the 

inlet of the system.  

Piston cooling: 
 k�����,�������,� J&�JL = %W�����
� −�� �����(&� − &�) (40) 

 �����
� = ����S'T1 − *+,-�,+U − �
��T�� 
��,�&
��,�,� −�� 
��,�&	����U −(�� ���T&�,�2� − &�,�,U − �� �����(&� − &�)) 
(41) 

Bearings: 

 &	 8 &� [ �� �� 	���� (42) 

Turbocharger: 

 &� 8 1
�Tℎ-,�6�U2 +�� ������ �ℎ-,�6�

T&
��,�,� + &
��,�,�U2 +�� �����&�� 
(43) 

Oil sump: 

 k����� J&�JL = �� �����T&� − &�U + �� 	����(&	 − &�) + �� �����(&� − &�) −l�6�(&� − &
�	) − �� �����(&� − &V) 

(44) 

4.1 Data analysis 

The parameters in equations (40) to (44) are categorized to four groups. Constants, 

experimental data gained by the present work, data achieved by the experimental or 

simulation work done by other personals and variables which their modeling is the main goal 

of this project.  
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60 s 

Final stage 
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Constants 
Cair, Cpistons, Coil, Cw, doil, 

dwater, mpiston, LHV 

Parameters gained by the 

experimental or simulation work 

done by other personals at Scania 

�� 	 , �� � , �� � , �� � , ��� , �� , *+,-�,+  

Parameters achieved by the 

experimental work of this thesis 

Speed, Load, �� 
��,� , �� 
��,� , ��� , Pc, Tamb, Tair,t,I, Tair,t,o, 

Tboost, Tc, Ts, Tw,in, Tw,out 

Variables Tb , Tp , Ts, Tt 

Table 4 Parameter classification 

4.1.1 Constants 

Referring to Table 5, a series of parameters is taken as constant values by neglecting their 

changes with temperature and pressure. Data for the oil are for 10W-30 oil, and come from 

the oil property database of the AVL Excite program. The value for its specific heat is 

estimated to that of steel (AISI 302). [24] The properties of water and air are considered at 

the temperature of 300 K. [24] The LHV of fuel is for diesel which is used in the engine test 

benches, and is saved in data with saved in Scania data archive with the same protocol 

numbers of experiments done during the experimental campaign. These values are 

consistent in all stationary and dynamic models. 
 

Table 5 Constant values used in the model 

4.1.2 Data from internal resources at Scania 

These parameters come from different resources, and are the result of current models or 

experimental work at Scania. Their availability for different engine operating point and 

dependency to various operating parameters are inconsistent to each other. However, all the 

information is for stationary operating conditions. Since current work includes both 

stationary and dynamic operating conditions, defining models can estimate their values in 

different engine operations is essential. For changing from an operating status to another 

one, an instantaneous change is presumed for all the models of this data classification. A 

linear regression was chosen for all models in which data are correlated to the related 

function by a least-squares fit. Starting model for each case is a model consisting of linear 

terms of each predictor. If the ordinary R-squared of the model was below that 90%, the 

model was promoted to a second-order polynomial. P-value testing for checking the 

hypothesis of no correlation was always done to remove the terms with a p-value above than 

5%.  

To keep the simplicity of the model for its application in the ECU, the degree of polynomials 

was not increased to more than two.  

4.1.3 The parameters obtained in thesis experimental campaign 

As explained before in the experimental chapter, fourteen operating points have been 

selected for the experimental investigation. The aforementioned parameters that were 

measured by installed sensors have been used in both stationary and dynamic models. The 

sampling time of all used sensors was one second. It should be noted that their values are 

Constants values Units 

Cair 1005 [J kg-1 K-1] 

Cpistons 480 [J kg-1 K-1] 

Coil 2083 [J kg-1 K-1] 

Cw 4179 [J kg-1 K-1] 

doil 864 [kg m-3] 

dwater 996.5 [kg m-3] 

LHV 42.44e6 [J kg-1] 
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obtained from the corresponded experimental parameters after changing their unit to SI 

system in the case of the unit incompatibility. (Table 6) 

Parameters Speed Load �� 
��,�  �� 
��,� ��� Pc Tamb 

Unit [rpm]  [%] [kg/min] [kg/h] [g/min] [barA] [°C] 

Table 6 Parameters and their related gauge 

Parameters Tair,t,i Tair,t,o Tboost Tc Ts Tw,in Tw,out 

Unit [°C] [°C] [°C] [°C] [°C] [°C]  [°C] 

Table 7 Parameters and their related gauge (continued) 

They were achieved for the stationary points as average values of the last 60 seconds before 

changing the steady-steady operating status and going to another operating condition.  

For the dynamic conditions momentarily values of each parameters are used as inputs of the 

models. Moreover, the time duration that takes for the oil temperature in the oil reservoir to 

reach to a steady-steady condition after receiving a step response by changing the engine 

load, is investigated. Their time values for each case number are summarized in the table 

below. (Table 4) 

 

Case no. 1 3 4 6 7 8 10 11 13   14 

Time [s] 474 875 738 759 656 474 976 672 767 653 

Table 8 The time duration to reach a stationary status for each case investigated in experimental campaign 

  



28 

 

4.2 Operating conditions 

4.2.1 Stationary engine operation 

For the steady-state engine operating conditions, which are the initial and final values for the 

dynamic models, the time derivatives are equal to zero. Therefore the oil temperature is 

obtained by inserting the equation parameters in the equations (45) to (47): 

4.2.1.1 Piston cooling: 

 

&� = &� + 1�� ����� %W 
�����S'T1 − *+,-�,+U − �
��T�� 
��,�&
��,�,� −�� 
��,�&	����U− q�����T&�,�2� − &�,�,U − �� �����(&� − &�)r� 

(45) 

4.2.1.2 Bearings: 

 &	 = &� + �� �� 	 × ���� (46) 

4.2.1.3 Turbocharger: 

The heat transfer coefficient in equation (47) is not available, and the oil temperature after 

the turbo is experimentally measured. Therefore, fitting a function that shows its value in 

different operating points is aimed in this project. According to empirical equations offered 

by [25], the heat transfer forced convection in the turbine side of the turbo is dependent on 

the exhaust gases flow rate. For this reason, an empirical equation (48) was correlated to 

heat transfer coefficients in all operating points to the flow rate of exhaust gases with an 

ordinary R-squared of 89,31%. The data of the oil flow rate in turbo charger used for this 

correlation are the results of the empirical oil mass flow rate model in turbo. The heat 

transfer coefficient that is correlated to the mapped data is presented in equation (49), 

which has the ordinary R-squared of 86,96%. 
 &� = 1

�Tℎ-,�6�U2 +�� ������ × �ℎ-,�6� T&
��,�,� + &
��,�,�U2 +�� �����&�� 
(47) 

ℎ-,� = 14,0525 ×�� 
��,� + 1,005 (48) ℎ-,� = 14,3540 ×�� 
��,� + 1,1352 (49) 

4.2.1.4 Oil sump 

The Us As in the equation (50), is supposed to be 100 W/K for the all investigated operating 

conditions. Since the oil temperature in the oil pan was experimentally measured during the 

experimental campaign, comparing the latter with modeled oil temperature values, can gives 

a criterion for evaluating taken Us As value. 

 &� = T�� �����&� +�� 	����&	 +�� �����&� + l�6�&
�	 +�� �����&VUT�� ����� +�� 	���� +�� ����� + l�6� +�� �����U  (50) 
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4.2.2 Dynamic engine operation 

The oil temperature in the bearing and turbo compartments, are achieved by validating time-

varying parameters in the equations (42) and (43). However, the oil temperature in the oil 

sump and piston cooling follows a first order system.  

To find the transient behavior of the first order systems in response to different inputs, the 

mentioned equations need to be linearized as explained in the theory chapter. Also, writing 

the equation parameters in the deviation format gives possibility of defining initial conditions 

at the time of zero.  (Equations (51) and (52)) 

 J&��JL = − ����z�� �{��k�����,�������,� &�� − ����z&� − &V{��k�����,�������,���� � + ����z�� �{��k�����,�������,� &��  
[ 1k�����,�������,� %W��� ���
�  

(51) 

 

 J&��JL 8 − qz�� � [ �� � [ �� 	 [ �� �{�� [ l�6����� r[k�]�� &�� [ [&	 − &�]��[k�]�� ��� 	 
[ z&� − &�{��[k�]�� ��� � − [&� − &V]��[k�]�� ��� � [ [&� − &�]��[k�]�� ��� � − l�6�����[k�]�� &�
�	 
[ z�� 	{��[k�]�� &�	 [ z�� �{��[k�]�� &�� [ z�� �{��[k�]�� &�� [ z�� �{��[k�]�� &��� 

(52) 

To simulate the oil temperature after these two compartments, another approach, explained 

in the next section, should be taken. 

4.2.2.1 State space analysis 

To simulate the oil temperature for the first order systems, a state space analysis is selected. 

This approach is a powerful tool for modeling multiple-input and multiple-output systems 

(MIMO). Also, it contribute to a time-domain environment instead of frequency domain 

which is defined for the transfer functions in the classical control theory. [26]  

The temperature of the oil after the piston,	&��, is a state variable of the system (single 

output). The mass flow rate of oil in the cooling gallery, the temperature of oil after the oil 

cooler, the share of the heat produced in the combustion area going to the oil (��� �, &�� and ��� ���
�  respectively) are considered as the system inputs of the piston compartment 

(multiple-outputs). Expressing the equation 51 in the format of matrices gives the state-

space representation of the system. (Equation (53)) 

 �&��� �
= �− z������ �{��k�����,�������,�� z&��{
+ �− ����z&� − &V{��k�����,�������,� ����z���{��k�����,�������,� � %Wk�����,�������,��� �

��� �&����� ���
�� 

(53) 

The same approach has been taken for the oil temperature in the oil reservoir. The state 

representation of equation (52) is shown by: 
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�&��� � =	
�− z�� � +�� � +�� 	 +�� �{�� + l�6�����5k�7�� � z&��{

+ �5&	 − &�7��5k�7�� z&� − &�{��5k�7�� − 5&� − &V7��5k�7�� 5&� − &�7��5k�7�� − l�6�����5k�7�� z�� 	{��5k�7�� z�� �{��5k�7�� z�� �{��5k�7�� z�� �{��5k�7���

���
���
���
���
��� 	��� ���� ���� �&�
�	&�	&��&��&�� ���

���
���
���

 

(54) 
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in which &�� is the system state variable. The system inputs are shown in the matrix including ��� 		Lh	&��.  
In both cases, the output of the system is the same as the state variables. The matrices 

multiplied in the state variable and input matrices, describe the relationships between state 

and inputs and output variables. Therefore, both previously mentioned first-ordered systems 

are multiple-input and single-output systems (MISO). 

The value of inputs in the duration of reaching from a stationary condition to another steady-

state condition are continuously given to the system as a step while the shortest time 

interval between two measurements of a parameter is equal to the sampling time.  

5 Results and Discussion 

5.1 Data analysis 

The values given by these empirical models are brought with the results of interpolation 

between two sets of closest mapped data points which those empirical relations are based 

on. In some operating points (cases) which the value of an effective variable exceeds the 

introduced range of mapped data, the output of threshold is selected. However, the 

extrapolation of those points has been done by the empirical relations.   

To compare the resolution of empirical models in predicting the parameter values in each 

operating condition, following figures show their errors.  

To find the relative error, the result for the subtraction of values gained by interpolation of 

mapped data from values calculated by models, is divided by values gained by linearization of 

mapped data. 

Referring to Figure 10, the empirical equation, second-ordered polynomial, used for the zero-

load operating points in stationary conditions gives almost half amount for the oil mass flow 

rates comparing to the values given by linearization of mapped data. However, using even 

the first-ordered polynomial can give flow rates with relative errors of less than 4% for non-

zero-load operating statuses.  

 
Figure 10 The relative errors of bearing oil mass flow rate between the proposed empirical equation and mapped 

data in different cases 

According to Figure 11, the empirical equation for heat produced by sliding friction in 

bearings, gives lower amount of relative errors in the non-zero-load operating conditions in 

comparison to zero-load operating conditions.  

The reason for having a high level of errors in zero-load operating statuses for both bearing 

flow rate models, is that data offer the heat and oil mass flow rates for the minimum oil 

temperature of 60 °C in the compartment entrance, while the measured oil temperature in 

the experimental campaign is around 30 °C. This low level of oil temperature in the entrance 
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at zero-load operating points is the result of fast cooling down the engine for negative 

responses during experimental campaign by adjusting the engine outlet coolant temperature 

at 20 °C. Assuming the threshold temperature for the mapped data gives the values closer to 

real engine operating conditions at 0% loads, while extrapolation by empirical equations 

increases the amount of relative errors. 

 
Figure 11 The relative error of friction heat flow rate in bearings between the proposed empirical equation and 

mapped data for different cases 

The relative errors for the piston cooling, Figure 12, show zero values for zero-load operating 

conditions which is because of the reason that the experimental data which the empirical oil 

flow rate equation is based on, are for non-zero-load operating conditions. Therefore, zero 

values of oil flow rates in zero-load operating conditions are taken for both experimental 

data and empirical equation. The empirical equation gives less than 4% relative errors in 

comparison with the experimental data in non-zero-load operating status. 

 
Figure 12 The relative error of the oil mass flow rate of piston cooling between the proposed empirical equation 

and experimental data in different cases 

In Figure 13, the relative errors for the oil mass flow rate in the oil cooler have the highest 

amount at idle points. The reason for this high amount of relative errors in the operating 

points with zero percent loads is the aforementioned rapid engine chilling by the outlet 

coolant temperature of 20 °C. However, the offered empirical equation are based on 

experimental data for the minimum temperature and load threshold of 95 °C for the coolant 

temperature after the engine cooling and 10% percent load. For the same reason, the higher 

level of relative errors for forecasting the coolant mass flow rate can be seen at zero-load 

operating condition comparing with non-zero- load operating points in Figure 14. 
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Figure 13 The relative error of the oil mass flow rate in the oil cooler between the proposed empirical equation and 

experimental data at different operating conditions 

 
Figure 14 The relative error of the coolant mass flow rate in the oil cooler between the proposed empirical 

equation and experimental data at different operating conditions 

The oil temperature at the turbo entrance is below 40 °C, mapped data threshold, at idle and 

1100 rpm with 0% load operating conditions which is due to the fast heat removal from the 

engine. Therefore, the extrapolation done by the empirical equation produces higher relative 

errors in predicting the oil mass flow rate in turbo for these points as observed in Figure 15. 

 
Figure 15 The relative error of the oil mass flow rate after the turbo between the proposed empirical equation and 

experimental data in different cases 
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5.2 Operating conditions 

5.2.1 Stationary operating conditions 

As mentioned in the project delimitation, measuring the oil temperature after the piston 

cooling needs special experimental facilities. Therefore, the only data for validating the 

model result is a set of experimental data. It should be mentioned that this experimental 

work is done for another engine while the total time spent in each operating condition was 

not aimed at reaching to a steady-state condition. Therefore, the base engine is similar with 

the one used in the experimental campaign, although the installed pistons are different.  

As presented in the project limitations, a possibility for investigating the oil temperature 

after the bearings in the experimental campaign was out of the thesis scope. Due to 

unavailability of the mentioned experimental data, the results of the simulation work that 

were previously used in estimating the oil mass and heat flow in bearings, are again taken as 

a reference in this section. These data are the temperature rise of flowing oil in the main 

bearing one of the crankshaft bearings.  

Looking at low temperatures of the exhaust gases in the turbo charger at operating points 

with 0% load, the increase of the oil temperature should not happen because of the heat 

transfer with the turbine side of the turbo. At those operating points the share of heat 

production by the friction in its bearings becomes considerable, while it is neglected when 

high temperatures of exhaust gas blowing in the turbine. Having this approach, equation (55) 

is the fitted function presenting the heat produced by friction in different speed at 0% load 

with the ordinary R-squared 86,24%. Equation (56) is its equivalent for the mapped data with 

the ordinary R-squared 48,76%. ��# = 0,1 × ai::J − 0,4 (55) ��# = 0,05 × ai::J − 110  (56) 

The difference between the oil temperature rise due to passing the compartment given by 

thermal models and that of the experimental or simulated results divided by the latter, is 

shown as an relative error in various operating conditions. These errors are shown in 

following figures for each hot part. Moreover, the impact of applying the empirical models, is 

shown in a manner that changes in the results of the thermal models before and after 

implementing these empirical relations become distinguished.  

According to Figure 16, the amount of relative errors increases in zero-load operating points 

by implementing the empirical equations of heat and oil mass flow rates. The high level of 

relative errors caused by the extrapolation of mapped data as previously discussed in section 

5.1, finally gives the lower oil mass and higher heat flow rates in order for zero-load 

operating conditions. As a consequence, considerably higher oil temperatures after bearings 

are obtained for aforementioned operating conditions in comparison to the simulated data. 
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Figure 16 Relative errors in predicting the oil temperature rise in bearings with simulated data before and after 

implementing the flow rate models 

Since the oil flow from the piston nozzle is zero in zero-load operating conditions, no 

comparisons for those points are shown in Figure 17. As expected by low relative errors of 

the oil flow rate model noted in 5.1, implementation of the empirical equation does no 

change the results of the proposed thermal model. Generally, the thermal model predicts 

lower oil temperatures after the piston cooling compared to experimental data with the 

exception of operating points with full load and engine speed in both modes.   

 
Figure 17 Relative errors in predicting the oil temperature rise in piston cooling with experimental data before and 

after implementing the flow rate model 

In predicting the oil temperature after the turbo charger as seen in Figure 18, using the oil 

mass flow rate model does not change the amount of relative errors for all operating points 

with the exception of idle points in both modes in which the highest level of error happens 

after applying the mass flow rate model. As explained in section 5.1, the low mass flow rates 

given by extrapolation of mapped data results in higher modeled oil temperature than the 

experimental data for idles.  

The low amount of errors in almost all examined operating conditions prove the reliability of 

proposed model for the heat transfer coefficient of forced convection in non-zero operating 

conditions and the heat produced by sliding friction for zero-load operating points. 
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Figure 18 Relative errors in predicting the oil temperature rise in turbo with experimental data before and after 

implementing the flow rate model 

In accordance to Figure 19, exerting the oil and coolant mass flow rate model into the 

thermal model for the oil sump, estimates almost the same amount of relative errors as using 

the mapped data for the temperature difference of the oil in the oil pan and after the oil 

cooler between the results of model and experimental data.  

 
Figure 19 Relative errors in predicting the oil temperature rise in oil sump with experimental data before and after 

implementing the flow rate models 

5.2.2 Dynamic operating conditions 

5.2.2.1 Bearings 

Considering the equation (42), the momentarily values of the engine speed, load, the oil 

temperature after the oil cooler and pressure in the main gallery, experimentally measured 

by the sensors in the test cell, were implemented in the oil mass flow rate and friction heat 

flow rate. The following figures show the oil temperature after bearings simulated in various 

ramps, the outlet of the compartment, along with the oil temperature after the oil cooler, 

the inlet of the compartment.   

As observed in Figure 20, the difference between the outlet and inlet oil temperature of the 

compartment is considerably higher in zero-load operating conditions (green arrows) in 

comparison to non-zero load operating conditions (purple arrows). As previously discussed in 

section 5.2.1, these large amount of difference caused by the forced cooling of the engine 

from non-zero-load to zero-load operating conditions. Otherwise these differences are lower 

when the coolant temperature is identical for both positive and negative ramps. 
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Figure 20 Simulated oil temperature after the bearings (outlet) and experimentally measured oil temperature after the oil cooler (inlet) 
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To closely have a look at the oil thermal behavior in the bearings, a magnified view of the 

ramp from case 2 to case 3 is shown in Figure 21.  

All the enlarged figures for the bearing and turbo, show the last 60 seconds before giving the 

step to the system, initial steady state conditions. Also, the last 60 seconds in which the 

system is assumed to reach the stable final conditions, are included in the time that the 

system behavior is shown.  

As shown in Figure 20 by orange arrows, there are an instant and small increases in the oil 

temperature after giving negative responses to the system while the temperature at the 

compartment inlet has delay to response this negative step.  These changes happen exactly 

at the time that the engine load decreases. Also, the oil pressure in the main gallery instantly 

changes with the load. Therefore, the oil mass and heat flow in bearings, which are functions 

of the oil pressure and load and in order, are affected, and result in increasing the oil outlet 

temperature. When the inlet oil temperature starts to respond the step by its decrease, that 

small increase of the outlet temperature becomes damped. 

 
Figure 21 Dynamic behaviour of the oil temperature after the bearings- ramp from case 2 to 3 

It should be mentioned that the oil mass flow rate in the bearings should be calculated by 

equation for all investigated operating statuses, although it gives more accurate values for 

predicting the oil temperature for operating point with zero percent loads comparing to non-

zero ones. Otherwise, using the first-ordered polynomial given by for non-zero-load 

operating conditions, causes discontinuity in the simulation by giving a zero oil mass flow 

rate in some operating points during the ramps. It can be explain in this manner that the 

thermal model for the bearings is based on no energy accumulation in the system which 

means that operating points with zero mass flow rate are already excluded by the thermal 

model assumptions.  

As it can clearly been seen in Figure 20, the temperature predicted by model sharply 

decreases by the changing the operating point from maximum load and speed to idle. This 

matter is naturally caused by the model assumption that considers no oil mass accumulation 

in this compartment. 
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5.2.2.2 Turbocharger 

According to Figure 23, the thermal model of oil after the turbo charger well follows the 

experimentally measured data. 

Referring to green arrows in Figure 23, the modelled oil temperature after the turbo, the red 

plot, responds to the given positive or negative response faster than the experimentally 

measured temperature, the blue plot. The oil temperature after the turbo considering 

equation (43) is function of the exhaust gas inlet and outlet temperatures in the turbine side 

of the turbocharger and its gas flow rate which change fast with the engine load. Also, the oil 

temperature is dependent on the oil mass flow rate that changes with the oil pressure in the 

main gallery. The oil pressure quickly alters with engine load. Therefore, the oil temperature 

after the turbo has the faster response to the engine load changes comparing to the 

measured data.  

For the same reason, in the ramps going to idle points, unevenness shown by magenta 

arrows in Figure 23, can be seen. The reason is because of a sudden change in the load signal 

form its zero value when the engine speed decreases from 1900 to 500 rpm in refer to Figure 

7.  

As explained in part 5.2.1, the heat transferred to the oil in zero-load operating condition is 

considered to be due to fiction given by equations (55) and (56) for empirical oil mass flow 

rate and mapped data in order, because the exhaust gas temperatures are low in these 

operating statuses. It seems that the proposed function gives lower amount of heat than the 

needed amount to reach the experimentally measured temperatures in reference to the 

orange arrows in Figure 23. Therefore, this function can become more complicated than only 

being function of the engine speed. 

To have a close look to the oil thermal behaviour after passing this compartment, Figure 22 

shows both the results of the model and experiments for the ramp from case 2 to case 3.  

 
Figure 22 Dynamic behaviour of the oil temperature after the turbo- ramp from case 2 to 3 
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Figure 23 Simulated and experimentally measured oil temperature after the turbo 
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5.2.2.3 Piston cooling 

As discussed in section 4.2.2.1, oil temperature after this compartment is affected by three 

inputs: the oil mass flow rate in the cooling nozzle, oil temperature at its entrance and total 

heat flow rate produced in the combustion chamber. The result of state space analysis for 

this first order system, which is the oil temperature at the outlet of piston gallery in response 

to aforementioned inputs, are shown inFigure 24 for the ramp from case 2 to 3.  

 

 
Figure 24 Oil temperature at the entrance (input) and outlet (output) of piston cooling system versus time for the 

ramp from case 2 to 3 

It should be noted that for the zero-percent-load operating conditions, the oil mass flow rate 

should be assumed to a non-zero value. Otherwise, considering the system forcing function, 

equation (24), the steady-state system gain for the total heat flow rate input goes to infinity. 

To avoid this problem, the oil flow rate for the operating point with 0% load is presumed to 

be 0.1 kg/s for all the dynamic conditions. 

The proposed thermal model for the oil after piston cooling, gives higher temperatures for 

the final stages compared to corresponded stationary temperatures. These errors are partly 

due to linearization of the related differential equation. Also, according to the piston cooling 

transfer function and the amplitude of total heat flow rate; the oil temperature in final 

conditions is mainly affected by the heat flow input. The fluctuation seen at the end of the 

ramp in Figure 24, is because of the coolant temperature oscillation at the inlet and outlet of 

the engine cooling. 

5.2.2.4 Oil sump 

As discussed in the section 4.2.2.1, the thermal behavior of the oil in the sump, as the system 

output in response to its nine inputs is shown for the ramp from case 2 to 3 in Figure 25. 

Since the oil temperature in the oil sump was measured in the experimental campaign, their 

comparison can evaluate the reliability of proposed model that well predicts the oil dynamic 

behavior in this compartment. 
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Figure 25 Simulated and experimentally measured oil temperature in the oil sump- ramp from case 2 to 3 

6 Conclusion 
Mode of the engine does not significantly affect the oil thermal behavior. Engine load is more 

influential factor than the engine speed on the oil temperatures in all compartments.  

Stationary results of all compartments: in agreement with experimental or simulated data. 

Empirical proposed equations for the flow rates, the HTC turbo and sump and oil level in the 

sump were suitably chosen to reach this agreement. 

To calculate the oil temperature in the piston gallery by the proposed model, the 

temperature in the oil pan is needed. Therefore, there is no possibility for removing this 

sensor form the oil pan if the oil temperature after piston cooling is needed to be calculated 

by the proposed model. 

The equation for the friction in the turbo can become more developed than being a linear 

function of engine speed to predict the friction in the turbo bearings for zero-load operating 

conditions. 

Dynamic results for the oil sump in positive ramps and the turbo accord the experimentally-

measured values. 

To decrease the anticipated oil temperatures after the piston cooling in dynamic conditions, 

a substantially lower gain for the heat flow input should be considered comparing with the 

stationary operating statuses.  

7 Future work 
With consideration of proposed kinetic model, there is an urge to investigate pre-exponential 

factor and activation energy for different engine oil usually used by trucks.  

In case of an urge to run the engine in special operating conditions, for example in winter 

tests in the north of Sweden, the mapped data for the oil mass flow rate and sliding fiction 

should become more comprehensive to minimize the extrapolation errors.  

To evaluate the modeled oil temperature after the piston cooling, there is a need to have 

more reliable experimental or simulation data that show the stationary and dynamic oil 
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thermal behavior. Since the used experimental data were not aimed at reaching to stationary 

conditions.  

Finding the heat transfer coefficient between the oil and ambient for the moving trucks when 

the heat transfer mechanism is controlled by forced convection. 

More work on the turbo charger regarding its sliding friction should be done in the future. 
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