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Evaluation of the test drive cycle conditions impact on exhaust emissions  
from an internal combustion engine 

  
Test results of exhaust emission sensitivity to engine operating conditions from a vehicle with a compression ignition engine have 

been analyzed. These results were determined in driving tests: NEDC (New European Driving Cycle), RDE (Real Driving Emissions) 
and Malta, an original drive cycle developed at Poznan University of Technology. The tests in the NEDC and Malta cycles were carried 
out on the engine dynamometer in driving tests simulation conditions, while the RDE test was carried out in the real conditions of pas-
senger car traffic. The mean exhaust emission test results of carbon monoxide, hydrocarbons, nitrogen oxides and carbon dioxide as well 
as the mean particle number in individual tests have been provided. A high sensitivity of the tested emission values to the changes in 
engine's operating conditions was found, both for static and dynamic conditions. The strongest impact of engine operating conditions 
was found for hydrocarbons emissions and the number of particles, followed by carbon monoxide, a smaller impact was found for nitro-
gen oxides and carbon dioxide. The largest differences in the values characterizing exhaust emissions were found for the NEDC test, 
which differed the most in dynamic engine operating conditions from other tests that closer resemble real driving conditions of vehicles. 

Keywords: combustion engines, exhaust emissions, test drive cycles 
 
 
1. Introduction 

Fuel consumption and exhaust emissions are strongly 
dependent on the operating conditions of internal combus-
tion engines, both static conditions and, above all, the dy-
namic conditions [2, 3, 6, 12–14]. Exhaust emissions 
showed a larger dependence on the internal combustion 
engines operating conditions than the fuel consumption 
values. Particularly high sensitivity of exhaust emissions to 
the internal combustion engines operating conditions can be 
seen for spark-ignition engines [2, 3, 6]. 

The car engines operating conditions are related to vehi-
cle speed. Therefore, the ecological properties of automo-
tive internal combustion engines are determined by each 
change in vehicle speed. It is visible in the exhaust emission 
test results in various test cycles. 

Drive tests for exhaust emissions measurement from 
cars differ in their creation and properties, depending also 
on the testing method. 

The main two methods of developing a test drive cycle 
include [5]: 
− creating tests based on the synthesis of the speed curve in 

accordance with the assumed characteristics of the vehi-
cle speed characteristics, such as mean speed, maximum 
speed, extreme values of accelerations, speed probability 
density etc., determined in empirical studies of car speed 
characteristics in their real operating conditions, 

− creating tests in accordance with the principle of accurate 
simulation of the speed curve in the time domain based 
on recorded drive cycles of cars in their real operating 
conditions. 
Examples of tests created by the first method include the 

tests: NEDC (New European Driving Cycle) and Japan Mode 
10-11 [16]. The second method was used to design tests: 
FTP-75 (Federal Transient Procedure) and WLTC (World-
wide Harmonized Light Vehicles Test Cycle) [16]. 

Differences in parameters used to simulate different vehi-
cle speed characteristics, e.g. urban and extra-urban driving, 

can be significant [2–7, 11, 15]. The difference in dynamic 
speed characteristic, whose implementation is done in indi-
vidual tests, is particularly noticeable. Based on the analysis 
of drive tests the following pattern can be identified: tests 
created in accordance with the principle of accurate time 
domain simulation are more dynamic than tests developed 
using speed characteristic synthesis in accordance with as-
sumed characteristics of the vehicle speed curve [2, 5]. This 
can cause large differences in the exhaust emission results 
from internal combustion engines of vehicles tested in vari-
ous drive cycles [2–7]. 

This publication presents the exhaust emission test results 
of a compression-ignition engine in a passenger car in va-
rious tests that differ in their creation method and properties. 

2. The aim, method, and test vehicle 
The aim of the research was to assess the sensitivity of 

exhaust emissions from an internal combustion engine on its 
operating conditions in various test cycles. 

The tests used a passenger vehicle equipped with a com-
pression-ignition engine. This was a 4-cylinder 1.3 JTD 
(MultiJet) turbocharged engine with a displacement of  
1.3 dm3, rated in the Euro 4 emission category. The car was  
a Fiat Idea with a mileage of 92,000 km (Fig. 1). 
 

 
Fig. 1. Fiat Idea with mounted exhaust measuring apparatus [1] 
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Latest generation engine was deliberately chosen for the 
tests due to the technical solutions used in it, in particular due 
to the exhaust emission values, so that it is possible to clearly 
verify the impact of the engine operating conditions on ex-
haust emissions. 

The technical parameters of the test vehicle’s engine have 
been presented in Table 1 [1]. 
 

Table 1. Compression-ignition 1.3 JTD (MultiJet) engine technical  
parameters [1] 

Fuel supply Direct injection 

Displacement 1300 cm3 

Engine boost 
Turbocharger with set geometric 

parameters 

Number of cylinders/valves R4/8 

Injection system, maximum injection 
pressure 

Reservoir, 140 MPa 

Maximum power at engine speed 51 kW/4000 rpm 

Maximum torque at engine speed 180 N∙m/1750 rpm 

Oxidation reactor Yes 

Particulate filter  No 

Vehicle curb weight 1250 kg 

 
The tests performer included: 
− NEDC test simulated on an engine dynamometer (Fig. 2), 
− Malta test simulated on an engine dynamometer (Fig. 3), 
− RDE (Real Driving Emissions) tests of the vehicle; in the 

RDE test the analysis divided the cycle into parts: urban 
driving – RDE-U; rural driving RDE-R highway driving 
– RDE-H (Figs 4–7). 

 

 
Fig. 2. Speed curve – v in the NEDC test cycle 

 

 
Fig. 3. Speed curve – v in the Malta test cycle 

 
Fig. 4. Speed curve – v in the RDE test cycle performed  

with a Fiat Idea [1] 
 

 
Fig. 5. Speed curve – v in the RDE test cycle performed with a Fiat Idea – 

drive cycle fragment of the urban drive section – RDE-U 
 

 
Fig. 6. Speed curve – v in the RDE test cycle performed with a Fiat Idea – 

drive cycle fragment of the rural drive section – RDE-R 
 

 
Fig. 7. Speed curve – v in the RDE test cycle performed with a Fiat Idea – 

drive cycle fragment of the highway drive section – RDE-H 
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The Malta test was developed at the Poznan University of 
Technology for the purposes of simulating real driving con-
ditions of a vehicle, similar to the traffic conditions in the 
NEDC test due to the criterion of the mean vehicle speed and 
the road traveled by the vehicle relating to different driving 
conditions [1]. 

The choice of exhaust emission tests in real operating 
conditions done in accordance with the RDE procedure was 
dictated by the fact that this is a test required by the Euro 6d 
standard – this type of vehicle testing is currently preferred in 
terms of their ecological properties regarding the exhaust 
emission results [8, 9, 16]. 

The RDE test was performed in line with the procedures 
set out by the Commission Regulation (EU) 2016/427 [8, 9, 
16]. 

The RDE test includes driving in urban and rural areas as 
well as on highways or motorways. The whole drive cycle 
across different areas with varying speed limits takes place 
continuously. The rural drive section may be interrupted by 
short periods of urban driving if urban areas are on the route. 
Driving on highways and on the motorway may interrupt 
short driving periods in urban or rural areas. 

The Dynoroad 120 kW AVL engine dynamometer station 
was used for the stationary engine tests. This station, 
equipped with a three-phase asynchronous electric motor, 
can be used to test the internal combustion engine in dynamic 
operating conditions. The dynamometer software enables 
simulation of the internal combustion engine operating con-
ditions corresponding to its operation in the real vehicle drive 
conditions. The ISAC 400 software interface installed at the 
stand enables defining parameters for a drive test. As a result, 
it was possible to perform engine tests by simulating the 
conditions equivalent to those in the NEDC and Malta tests. 
A Portable Emission Measurement System (PEMS) was 
used to measure the exhaust emissions and fuel consump-
tion. The exhaust gas analysis was performed with the Sem-
tech DS analyzer. The analyzer meets the ISO 1065 re-
quirements in the field of exhaust emissions testing with  
a PEMS systems. Semtech DS is equipped with the follow-
ing measuring modules: 
− FID (Flame Ionization Detector) – to measure hydrocar-

bons emission, 
− NDUV (Non-Dispersive Ultraviolet) analyzer – using 

UV light to measure the emission of nitrogen oxides, 
− NIDR (Non-Dispersive Infrared) analyzer – using IR 

light to measure the emission of carbon monoxide and 
carbon dioxide, 

− Electrochemical analyzer to measure the oxygen content. 
In addition to measuring the exhaust emissions, the  

Semtech DS analyzer also allows the measurement of ex-
haust mass flow rates. 

Measurement of particulate matter was performed with  
a TSI 3090 EPSS™ (Engine Exhaust Particle Sizer™ Spec-
trometer) enabling, among others determining the particle 
diameter distribution. 

Emission values in dynamic conditions were recorded at 
a frequency of 10 Hz. 

Preliminary tests were performed on the engine dyna-
mometer, aimed at assessing the dependence of mass and 
number of solid particles. The tests were carried out in dy-

namic conditions corresponding to the NEDC test simulation. 
Results of the data analysis have indicated that 90% of all 
emitted solid particles constitute only about 20% of the total 
mass of all solid particles emitted. About 90% of all particles 
contained in the flue gas have a diameter of less than 50 nm, 
while the increase in particle mass is noticeable only for 
diameters greater than 50 nm. The size range accounting for 
80% of the mass of solid particles corresponds only to 10% 
of their total number (the largest particles from 50 nm to 200 
nm in diameter). The results of these analyses were used as 
justification for measuring only of the number of solid parti-
cles (and not their mass) during the tests, which makes it also 
possible to record the particle emission intensity over time in 
dynamic engine operating conditions [13, 14]. 

The equipment used for engine tests, both for the engine 
dynamometer tests and in the real driving conditions, provid-
ed results of the mean road emission of exhaust components 
in the drive cycles, such as: carbon monoxide, hydrocarbons, 
nitrogen oxides and carbon dioxide and the mean number of 
particles. 

3. Results and analysis 
Figures 8–12 show the mean road exhaust emissions in 

each test and the number of particulates. 
The strong relation between the mean road emissions 

value of gaseous exhaust components and the mean particle 
number road emission value for each test cycle is clearly 
visible. 

In most cases, more dynamic properties of test drives fa-
vor higher values of the parameters tested. This is most 
 

 
Fig. 8. Mean carbon monoxide road emissions – bCO in each of the test 

cycles 
 

 
Fig. 9. Mean hydrocarbons road emissions – bHC in each of the test cycles 
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Fig. 10. Mean nitrogen oxides road emissions – bNOx in each of the test 

cycles 
 

 
Fig. 11. Mean carbon dioxide road emissions – bCO2 in each of the test 

cycles 
 

 
Fig. 12. Mean particle number road emissions – bPN in each of the test  
 cycles 
 
clearly visible for the particle number road emission and – to 
a slightly lesser degree – for the road hydrocarbons emis-
sions. In these cases the real driving conditions correspond to 
much higher values of the examined emission quantities. 

The emission characteristics for carbon dioxide and ni-
trogen oxides are the least affected by the dynamic condi-
tions, which differ significantly in the performed test cy-
cles. This is understandable. Carbon dioxide emissions are 
directly related to fuel consumption, and – as is known – 
fuel consumption is much less sensitive to engine operating 
conditions than exhaust emissions other than carbon diox-
ide [2–7, 12]. In the case of nitrogen oxides, the mean en-
gine load [2–7, 12] plays a greater role than the occurrence 
of dynamic operating conditions. The differences in the test 

results for NEDC and Malta tests, which are similar in 
terms of the vehicle's mean speed, especially in the case of 
carbon monoxide, are more unexpected – this is probably 
the result of differences in the dynamic properties of both 
tests. 

In order to perform deeper analysis of the obtained re-
search results, it is necessary to consider differences in the 
used research tests properties. For this purpose, two non-
dimensional characteristics of speed curves, whose imple-
mentation is the analyzed tests, were determined. 
The mean vehicle drive speed value – vAV is: 

  (1) 

where: AV – the mean value operator, t – time. 
The mean vehicle speed is characterized primarily by 

the engine load. 
The mean of the absolute value of the velocity and ac-

celeration product is: 

  (2) 

where: Mod – absolute value operator. 
The mean absolute value of the velocity and accelera-

tion product is proportional to the mean useful power of the 
vehicle in dynamic operating conditions [2, 4]. It is a quan-
tity that characterizes the dynamic properties of the speed 
characteristic. 

Figures 13 and 14 show the mean speed value and the 
mean absolute value of the velocity and acceleration prod-
uct in individual tests. 
 

 
Fig. 13. Mean speed – vAV in each of the test cycles 

 

 
Fig. 14. The mean absolute value of the velocity and acceleration product  
 – A in each of the test cycles 
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The mean vehicle speed in the NEDC and Malta tests is 
similar (in accordance with the assumptions of the Malta test 
synthesis) and – then – in the RDE test. 

In the case of the mean absolute value of the velocity and 
acceleration product, a large difference is clearly visible for 
tests whose mean speed is similar: NEDC and Malta. This is 
the result of the more dynamic properties of the Malta test, 
created with an accurate simulation in the time domain, in 
relation to the dynamic properties of the NEDC test, created 
using the speed characteristic synthesis according to the 
similarity of non-dimensional characteristics with those of 
the simulated process. 

Figure 15 presents the relation between the two consi-
dered non-dimensional characteristics of the performed test 
cycles. 
 

 
Fig. 15. The relation between the mean absolute value of the velocity and 
acceleration product – A on the mean speed – vAV in each of the test cycles 
 

This graph shows the difference between the properties of 
the NEDC and Malta tests. 

Figures 16–20 show the relation between the mean road 
exhaust emissions, and the mean road particle number emis-
sion, and the vehicle mean speed in individual tests. 

Characteristics for the tests: RDE, RDE-U, RDE-R and 
RDE-H were approximated with third degree polynomial, 
assuming the sum of squares as the approximation criterion. 

It should be noted that there is a clear pattern for RDE 
tests [2–4, 6, 7], while for Malta and NEDC tests there are 
significant deviations from the characteristics determined 
for the RDE tests. 
 

 
 
Fig. 16. The relation between the mean road emission of carbon monoxide 
  – bCO and the mean vehicle speed – vAV in each test cycle 

 

 
Fig. 17. The relation between the mean road emission of hydrocarbons –  
 bHC and the mean vehicle speed – vAV in each test cycle 

 

 
Fig. 18. The relation between the mean road emission of nitrogen oxides –  
 bNOx and the mean vehicle speed – vAV in each test cycle 

 

 
Fig. 19. The relation between the mean road emission of carbon dioxide –  
 bCO2 and the mean vehicle speed – vAV in each test cycle 

 

 
Fig. 20. The relation between the mean road emission of particles – bPN  
 and the mean vehicle speed – vAV in each test cycle 
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To assess the impact of the driving conditions modeled 
by individual tests (in NEDC and Malta tests relative to the 
analyzed values in RDE tests) on the mean road exhaust 
emission and the mean particle number, the metric de-
scribed in [10] was used – the relative mean difference in 
values of xi and xi RDE: 

  (3) 

where: xi – mean road emission of individual exhaust com-
ponents or mean road emission of the number of particle,  
i = NEDC, Malta, xi RDE – approximate value of the RDE 
tests characteristic. 

The mean road emission of individual exhaust compo-
nents and the mean road particle number emission in the 
RDE test is modeled as the value of the characteristic  
approximated based on test results in RDE, RDE-U, RDE-R 
and RDE-H tests for mean vehicle speed equal to the mean 
speed in the other tests: NEDC and Malta (example in Fig. 21). 
 

 
Fig. 21. Schematic for determining the approximate characteristic value 
from the results of RDE, RDE-U, RDE-R and RDE-H tests for mean  
 vehicle speed equal to the mean speed in the NEDC and Malta tests 
 

The relative difference of the mean road emission of in-
dividual exhaust components and the mean number of par-
ticles emitted for the NEDC test and the modeled values 
from the RDE test, as well as for the Malta test and the 
modeled values from the RDE test have been shown in Figs 
22 and 23. 

The most impact was found for NEDC and Malta tests 
compared to RDE tests on the mean hydrocarbons and parti-
cle emissions, and the least impact was found on: nitrogen 
 

 
Fig. 22. Relative difference of the mean road emission of individual ga-
seous pollutants and the mean particle number– δ for the NEDC test and 
the modeled values from the RDE test, as well as for the Malta test and the  
 modeled values from the RDE test 

 
Fig. 23. Relative difference of the mean road emission of individual gase-
ous pollutants and the mean particle number – δ for the NEDC test and the 
modeled values from the RDE test, as well as for the Malta test and the  
 modeled values from the RDE test 
 
oxides and carbon dioxide road emissions. There is also  
a larger difference of the non-dimensional characteristics 
values tested for the NEDC test than for the Malta test in 
relation to the values for RDE tests. 

4. Conclusions 
The tests carried out confirm a large dependence of ex-

haust emission values on the internal combustion engine’s 
operating conditions. These conditions are determined by the 
vehicle speed curve in the drive cycle, hence the selection of 
driving tests that simulate real operating conditions on the 
road is important for assessing the ecological properties of 
automotive internal combustion engines with regard to the 
exhaust emissions. 

The average road exhaust emission in drive test cycles 
created by accurately simulating the time domain is clearly 
greater than in tests developed as a synthesis of the speed 
curve based on the similarity of non-dimensional character-
istics of speed characteristic, as shown by this research. The 
main reason for this outcome are the dynamic properties of 
tests created from the drive speed data simulation in the 
time domain [3]. The most visible tendency is the exhaust 
emissions sensitivity to the dynamic conditions of engine 
operation in the case of hydrocarbons and solid particles, 
followed by carbon monoxide. In the case of nitrogen oxi-
des, the dominant factor is the mean engine load, deter-
mined by the mean vehicle speed. 

Tests created based on accurate speed simulation in the 
time domain, that are more difficult to perform regarding the 
exhaust emission from internal combustion engine’s operat-
ing conditions, confirm the validity of adopting such a ten-
dency in the selection of tests in type approval procedures, an 
example of which is the WLTC test. 

Conclusions based on the article research results concern 
the latest generation engine. This fact may be the reason for 
the greater sensitivity of engine exhaust emissions to the 
changes in operating conditions. It is therefore appropriate to 
extend the scope of research in the following directions: 
− comparative studies of newer generation spark and com-

pression ignition engines, 
− engine tests in the WLTC test cycle and the implementa-

tion of pseudorandom car speed curves [5, 7, 11, 15], 
− repeating the engine tests, which will allow to evaluate 

the repeatability of the test results [3, 5, 6]. 
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A physical model of energetic processes in a diesel marine generator set 
 

The paper presents a physical model of energy related processes taking place in a diesel marine generator set. The development of a 

physical model was preceded by an analysis of the design structure of the investigated object and the flow of parameters among the 

functional modules of the model object. The above was completed by developing of functional and topological models. Only their analy-

sis allowed the development of the proper physical model.  

Keywords: physical model, modeling, diesel engine, diagnostics 

 

 

1. Introduction 
According to the requirements of the SOLAS conven-

tion [12], each vessel must be equipped with at least two 

sources of electrical energy. In most of the cases these are 

marine generator sets composed of a medium or high-speed 

combustion diesel engine and a synchronous generator. 

Majority of engines used to power the generators are de-

signs of, as we call it, low diagnosability, which means 

there are no easily measurable parameters providing clear 

information on the engine technical condition. Such engines 

are operated according to hourly service life that assumes  

a renewal of subassemblies after a precisely determined 

period of operation. A much more advantageous strategy is 

the engine maintenance based on its technical condition, 

according to which the maintenance is carried out based on 

intermittent or continuous measurements of the diagnostic 

parameters. To this end, works are underway to develop 

non-invasive (without impact on the engine design struc-

ture) methods of assessment of the technical condition of 

low diagnosability piston engines. The physical model of  

a marine generator set presented in the paper is a prelimi-

nary stage in the development of the method of assessment 

of the engine condition based on the measurement of inter-

phase voltages of the coupled generator. The starting point 

in the conducted investigations was the assumption that the 

engine condition has significant impact on the fluctuation 

of its speed, hence the rotor of the synchronous generator. 

Therefore, any change in the angular velocity (during the 

engine work cycle) results in a deformation of the curve of 

the interphase voltage.  

The first stage of the investigations related to the pro-

cesses occurring in the energy generating devices, in this 

case the engine-generator assembly, is the preparation of 

the research plan. It is most often presented as an algorithm 

containing all forecasted stages of the research [1, 4]. The 

adopted plan has been presented in Fig. 1. 

The presented diagram of the research has been divided 

into two main stages. The first one includes the develop-

ment of a mathematical model of the engine powering the 

generator and the second one, the development of the math-

ematical model of the engine- generator assembly. 

Such an approach to the problem results from the com-

plexity of the modeled processes and the fact that the model 

validation in the case of the investigated marine generator 

sets is practically impossible. This is due to the low diag-

nosability of the engines under analysis (these engines are 

not fitted with indictor valves).  

The stage of modeling of a marine engine is composed 

of the following elements: research object (referred to as 

real object), physical model, mathematical model and  

a computer program. The real object was the marine engine 

of high diagnosability (four stroke piston diesel engine 

fitted with indicator valves). A physical model was devel-

oped for this engine covering selected engine processes. 

The physical model constitutes a basis for the development 

of the mathematical model, whose equations are imple-

mented in the computer program. The mathematical model 

is validated based on a comparative analysis of the obtained 

results of the model and empirical investigations. It was 

assumed that these investigations should be carried out for 

different states of technical worthiness (the same for the 

model and the real object) i.e. full and partial worthiness 

[5]. The performed comparative analysis of the results al-

lows a modification of the model equations until assumed 

adequacy is reached. The obtainment of sufficient adequacy 

denotes completion of the first stage and initiation of the 

second one. 

The second stage, i.e. the development of the mathemat-

ical model of the marine generator set consists in expanding 

the model from stage one by equations describing the ope-

ration of the synchronous generator. Similarly to the first 

stage, the equations of the mathematical model allow the 

extension of the computer program (developed following 

the first stage). The validation of the mathematical model is 

performed through a comparative analysis of the results 

obtained in the empirical research (active experiment) and 

the results of modeling for various conditions of worthiness 

of the generator engine. If the model adequacy is lower than 

the assumed one, the equations are modified until the de-

sired adequacy is reached. All results (obtained in the mo-

del and the experimental research) for the marine generator 

set are stored in an ‘engine condition-symptom’ database, 

which should in the future allow an identification of the 

engine technical condition based on the generator inter-

phase voltage measurements. 

2. Physical model of the energetic processes  

occurring in marine engines 
According to the definitions available in the subject lite-

rature [7, 8], a physical model is a concept of theoretical  
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Fig. 1. RDE tests requirements in Europe [4, 5] 

 

reproduction of phenomena and processes occurring in the 

modeled object (real object). It covers a set of assumptions 

defining a certain simplified representation of an object of 

the model analysis and contains all the relevant quantitative 

and qualitative relations. 

According to the above definition, each physical model 

involves a simplification of reality. The extent of the sim-

plifications depends on subjective and objective factors. 

The objective factors are the current state of knowledge, the 

possibility of identification of all the processes and phe-

nomena occurring in the object and the ability to describe 

them with appropriate qualitative and quantitative relations. 

The subjective factors are the needs and the technical con-

ditions of the realization of the model analysis of the inves-

tigated object. Therefore, majority of models has far rea-

ching simplifications of reality, limited to processes and 

phenomena that are significant from the point of view of 

the researcher [7, 8].  

The development of a physical model is always prece-

ded by an analysis of the design and principle of operation 

of the research object. Particularly significant is the deter-

mination of the mutual relations among the components of 

the modeled object. Such an analysis can be carried out by 

developing a functional and a topological model. The func-

tional model presents the flow of signals (parameters) 

among the components of the design structure of a marine 

engine. The topological model (presented in the form of  

a graph) presents mutual relations among individual param-

eters of the engine operation. Both models aim at incorpo-

rating significant (from the point of view of the researcher) 

features of an object while in the case of the less significant 

ones, simplifications or omissions are applied. 

2.1. Functional model 

The functional model presents the flow of signals (pa-

rameters) among the components of the structure of the 

modeled object. 

The functional model of the engine-generator assembly 

presented in Fig. 2, has been developed for the investiga-

tions related to the influence of the technical condition of 

the engine on the curves of the generator interphase volta-

ges during a work cycle. The assumed designation of the 

model has determined its detail level and the modeling 

range of individual components and processes. In the pre-

sented model the fundamental subassemblies have been 

included (functional modules) of high significance for the 

engine operation: 
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Fig. 2. Functional model of the engine-generator assembly 

 

− air intake KDP, 

− compressor S, 

− intercooler CHŁ, 

− cylinder sections OTSS, 

− engine speed regulator REG 

− generator with voltage regulator, 

− turbine T, 

− bearing nodes, 

− rotating masses, 

− exhaust gas inlet to the turbine KDS,  

− exhaust gas outlet KWS. 

Majority of the functional models (except voltage regu-

lator, engine speed regulator, bearing nodes, rotating and 

reciprocating masses) can accumulate mass of the flowing 

medium and its energy. The rotating masses accumulate 

mechanical energy, thus playing the role of kinetic accumu-

lators. 

Additionally, each of the engine components can accu-

mulate thermal energy generated during combustion of fuel 

inside the cylinders and that resulting from friction. Be-

sides, in the functional model the 'flow' of individual physi-

cal parameters (signals) among the functional modules was 

presented. In the case of flow components, these are mass 

flows of the thermodynamic medium, its temperature, pres-

sure, individual gas constant, specific heat, etc. In terms of 

the heat exchange between the thermodynamic medium, the 

components of the model design structure and the surround-

ings (cooling water, air and lubricating oil) these are heat 

flows or, in the case of cooling water and oil, these are 

mass and temperature flows at the inlet and outlet from the 

cooled component.  

The model assumes a generator with a voltage regulator. 

They were modeled as components generating the moment 

of resistance. Additionally, rotating and reciprocating com-

ponents of the crank-piston assembly were included in the 

model. Due to their mass and moment of inertia, they have 

a significant influence on the values of the fluctuation of 

the angular velocity of the generator rotor as a function of 

crankshaft angle. When developing the functional model, 

the authors also included components influencing the 

course of the engine processes (engine speed regulator and 

bearing nodes). Further in the research, the bearing nodes 

were omitted, as they introduced certain inertia effects to 

the engine processes. Their impact, however, (if operative) 

was miniscule. All engine processes are time dependent. 

The authors decided to take a quasi-static approach in the 

model, which means that all dynamic processes are treated 

as a sequence of consecutive steady states. 

The input parameters for the functional model of a ma-

rine engine are the parameters of the ambient air such as: 

temperature T�, pressure p�, individual gas constant R� and 

humidity φ�. Mass flow of air gets to the intake duct m� 	
�. 

Then, the medium of the parameters: mass flow m� 	
�, 

temperature T	
� and pressure p	
� flows to the compres-

sor SPR, where it is compressed to reach the parameters: 

m� �
Ł, p�
Ł and T�
Ł. The air parameters at the outlet from 

the compressor are the input parameters of the intercooler 

CHŁ. Inside the intercooler, a heat exchange takes place 

between the air and the cooling water. The parameters of 

the cooling water at the inlet to the intercooler are: mass 

flow m� �� and temperature T��. The cooling water at the 

outlet from the intercooler has the parameters m� �� and 

T��. The mass flows of water at the inlet and outlet from 

the intercooler are identical m� �� = m� ��. The air at the 

outlet from the intercooler (at the inlet to the cylinders) has 

the following parameters m� ���, p���, and T���. In the en-

tire air supply system, the value of the individual gas con-

stant is steady and equals R�. A mass flow of fuel m� ��� is 
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fed to the cylinders. Its value depends on the engine speed 

regulator REG. The input parameters in the case of the 

modeled engine speed regulator are: air pressure at the 

outlet from the intercooler p�
Ł and the angular velocity of 

the crankshaft ω. The cylinder walls and the cylinder head 

are cooled with water. The parameters of the cooling water 

at the inlet to the cylinder area are mass flow m� ��� and 

temperature T���, while at the outlet it is m� ��� and T���. 

The mass flows of water at the inlet and outlet are the same 

m� ��� = m� ���. The parameters of the medium in the cylin-

ders are: mass m��, temperature T�� and pressure p��. The 

output parameters from the cylinders are the exhaust gas 

mass flow m� ��, its temperature T�� and pressure p��. The 

medium with these parameters flow to the turbine of the 

turbocharger through the exhaust gas intake duct KDS. The 

parameters of the medium at the exhaust gas outlet from the 

duct KDS, being the output parameters to the turbine are: 

exhaust gas mass flow m� ��, temperature T�� and pressure 

p��. The output parameters from the turbine are: torque M� 

and angular velocity of the rotor ω�. Additionally, exhaust 

gas of the mass flow m� ��, pressure p�� and temperature T�� 

flows out of the turbine. The medium from the turbine 

passes to the exhaust outlet channel KWS, from which it 

gets to the atmosphere. Additionally, in the case of a turbo-

charger, its torque and angular velocity have direct impact 

on the parameters of the air fed to the intercooler. Another 

group of output parameters in the cylinder section (piston 

rod-crankshaft) are the mechanical parameters such as 

crankshaft angular velocity ω and torque M��. These are 

the input parameters for the synchronous generator. The 

output parameters from the synchronous generator are in-

terphase voltages as a function of crankshaft angle U���, 

U���, U��� and moment of resistance M
� being the input 

parameters for the cylinder sections of the engine. Addi-

tionally, in the model, the authors included the influence of 

the rotating components (mass of the crankshaft and the 

rotor of the synchronous generator). The reciprocating 

components have much less significant impact on the fluc-

tuation of the crankshaft angular velocity. They were in-

cluded in the OTSS engine module. 

2.2. Topological model 

Another type of model used in the analysis of the dy-

namics of a combustion engine is a topological model that 

includes the flow of the thermodynamic medium and the 

kinematic relations among the components of the engine 

design structure. This model is made by reproducing the 

functional model in a topological space �o defined as [2, 3]: 

τo = "X, �% (1) 

where: X – finite set of vertexes including the elements of 

the design structure of the modeled object (in this case 

KDP, S, CH, REG, SC, AP, T, KWS, G, O) and the para-

meters describing its thermal flow properties (temperature, 

pressure, medium mass flow, engine speeds, efficiencies 

etc.). Additionally, it presents the mechanical parameters 

such as angular velocity, torque and resistance, Θ – topolo-

gy determined in set X by overlaying binary relations in the 

topological space, understood as relations among the ana-

lyzed subcomponents and parameters of the condition of 

the thermodynamic medium as well as parameters of the 

structure of the subcomponents with particular stress on the 

energy efficiencies of the processes. 

The functional properties of a real object make a finite 

set of pairs "X,�% of the topological space that can be pre-

sented in the form of a finite digraph G(X, �), i.e. elements 

of the set of vertexes X = {xi} combined with the elements 

of the set of relations � = {θj}. This graph shows which 

vertexes are mutually related as well as the type of those 

relations.  

The construction of a topological model is performed in 

three fundamental stages [2]. The first stage includes a selec-

tion of the significant properties of the object functioning and 

reproducing them on a diagram through graph vertexes. The 

second stage consists in determining of the cause and effect 

relationship among the functional properties of the object that 

results from its principle of operation. In the third stage,  

a validation of the model and its potential supplementation is 

performed (determination of the detail level). 

Based on the presented functional model (Fig. 2), a top-

ological model was developed (Fig. 3). In this model, the 

authors distinguished the fundamental components of the 

engine design structure (red) and the efficiency of the pro-

cesses occurring in flow machines (blue). Additional pa-

rameters of the engine processes were marked white. The 

figure presents the relation between the vertexes of the 

graph showing the analyzed components of the design 

structure of the engine-generator set. The diagram of the 

mutual relations was supplemented with mass flows of the 

thermodynamic medium. They can be determined based on 

other parameters describing the energy state of an engine: 

− The mass flow of air fed to the engine is constant for the 

compressor, intercooler and the combustion chambers: 

m� 	
� = m� �
Ł = m� ���. Its value can be expressed as  

a function of volume of the combustion chamber V���, 

cylinder volume efficiency �', air density ρ���, engine 

speed n and number of engine strokes s. 

 m� 	
� = V�� ∙ �' ∙ ρ��� ∙ ,

-
  (2) 

− The fuel mass flow m� ���  is a function of engine speed 

regulator r, position of the fuel rail l, engine speed n and 

charging pressure p���. 

 m� ��� = f"r, l, n, p���%  (3) 

− The exhaust gas mass flow is constant for the combus-

tion chamber and the exhaust gas outlet. It is described 

by the relation: m� �� = m� ���. Its value is a sum of the 

value of the air mass flow m� ��� and the fuel mass flow 

m� ���. 

 m� �� = m� ��� = m� ��� + m� ���  (4) 

The presented topological model of the marine genera-

tor composed of a diesel engine and a synchronous genera-

tor allows determining mutual relations among individual 

components of the assembly. In this model, analogically to 

the functional model, the input parameters are: temperature 

T�, pressure p�, individual gas constant R� and intake air 

humidity φ�. The air feeding the engine goes to the intake 

duct KDP where its pressure drops ∆p�	�. From the duct, 
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the air goes to the compressor, at the outlet of which it has 

the parameters: m� �
Ł, p�
Ł and T�
Ł. The compressor has 

the compression rate π and efficiency ηeS. Similarly to the 

functional model, the heat exchange in the intercooler CH 

was allowed for along with the pressure drop in the inter-

cooler ∆p�
Ł. The air from the intercooler goes to the en-

gine cylinders SC. The cylinders are also fed with fuel mass 

flow m� ���that depends on the engine speed regulator set-

ting R + PP and the fuel system AP. The air mass flow 

feeding the cylinders m� ��� and the mass fuel flow m� ��� 

determine the excess air coefficient �. The function of the 

excess air coefficient is the engine speed ω and the amount 

of heat released following the process of combustion. 

Knowing the material properties and the thickness of the 

cylinder liners, cylinder heads and piston crowns, it is pos-

sible to determine the amount of released heat to the water 

that cools the cylinders. From the cylinder section, flows 

the exhaust gas of the mass flow of m� �� and parameters 

such as: temperature T�� and pressure p��. The exhaust gas 

feeds the turbine of the turbocharger T through the exhaust 

inlet duct. In the turbine, the energy of the exhaust gas is 

converted into torque M� and rotor speed ω�. After leaving 

the turbine, the exhaust has the mass flow m� ���, tempera-

ture T��� and pressure p���. Then it goes to the exhaust 

gas outlet duct KWS, for which the flow resistance 

∆p��� was allowed for. The exhaust gas from the outlet 

(KWS) goes to the atmosphere. As a result of the conver-

sion of chemical energy into heat inside the cylinders, the 

gas force is generated whose consequence is the torque M�� 

and the crankshaft angular velocity ω��. Both the torque 

and the engine speed are the output parameters from the 

cylinder section. These are the input parameters for the syn-

chronous generator. Additionally, the engine speed is the 

input parameter for the engine speed regulator. The output 

parameters of the generator are the value of the interphase 

voltages U���, U���, U��� and the value of the current for 

each of the engine phase I�, I�, I�.  

2.3. Physical model 

Based on the performed logical analysis of the design 

structure, a physical model was developed. It generally 

characterizes the mutual relations between the analyzed 

components of the design structure of the research object. 

Depending on the designation, such a model can be deve-

loped as zero-, one- or multi-dimensional [7, 8]. In simple 

applications, usually zero-dimensional models are used, 

where the only independent parameter is time and the out-

standing parameters are its functions. Adopting a zero-

dimensional model greatly simplifies the mathematical 

equations describing the said relations. Another type of 

models is a one-dimensional model, in which the indepen-

dent variables are time and one geometrical dimension. 

Such an approach to modeling complicates the mathemati-

cal relations but allows analyzing the processes occurring, 

for example, during the flow of a fluid through a channel. 

One-dimensional models are often used during the analysis 

of the wave phenomena in the flow channels of combustion 

engines [6]. Higher groups of models allow a multidimen-

sional (two or three) determination of the flow of a medium 

allowing for such phenomena as turbulence. Due to their 

complexity and a great number of calculations, these mo-

dels are very time consuming and solving them is a great 

challenge even for contemporary computers (great amount 

of time and computing power) [8]. 

 

 

Fig. 3. Topological model of the marine generator set 
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A physical model of thermodynamic and mechanical 

processes constitutes a foundation for the development of 

the mathematical model containing balance equations that 

allow determining the parameters (both thermodynamic and 

mechanical) selected in the physical model. Balance equa-

tions contained in the model can be solved with computer 

software, which is often referred to as the simulation or 

numerical model. In practice, the software only allows  

a quick solution of the equations included in the mathemat-

ical model. 

In the conducted research, it was assumed that the de-

veloped models must allow introducing modifications to the 

engine technical condition. It will allow using them in the 

widely understood diagnostics. The introduction of the 

modification to the engine technical condition allows simu-

lating known and identifiable malfunctions that may occur 

in a real object.  

In the adopted physical model the input parameters are: 

− dimensions of the crankshaft-piston assembly, 

− intake and exhaust valve lifts as a function of crankshaft 

angle h6�� = f"α%, 

− dimensions of the intake and exhaust valve poppet and 

valve face, 

− injector opening angle α���, 

− moment of resistance applied to the engine being the 

consequence of the load from the generator U, I = f"α% 

(allows calculating the fuel mass injected into the cylin-

der during a work cycle), 

− cylinder intake air pressure p��� = f"α%, 

− fuel calorific value W���, 

− fuel temperature T���, 

− cylinder cooling water temperature T���, 

− heat conductance parameters of materials used for the 

pistons, cylinder liners and cylinder head, 

− thickness of the piston crown, cylinder liner and cylin-

der head, 

− moment of inertia of the rotating and reciprocating 

masses. 

The output parameters are: 

− pressure curves inside the engine cylinders p��� = f"α% 

− temperature curves inside the engine cylinders T��� =
f"α% 

− engine speed curves as a function of crankshaft angle 

ω = f"α%, 

− curves of the interphase voltage as a function of crank-

shaft angle U����, U����, U���� = f"α%. 

The proposed physical model has been presented in Fig. 

4 [10, 11]. 
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Fig. 4. Physical model of the marine generator set 
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The physical model of the marine generator set was de-

veloped in order to ensure high universality, i.e. to allow 

modeling of processes occurring practically in any marine 

engine powering a generator. In order to ensure the univer-

sality of the model, the following assumptions were adopted: 

− the model applies to a four stroke diesel engine, 

− the number of cylinders is 1–8, 

− it is possible to freely modify the cylinder firing order,  

− the engine is turbocharged, if not turbocharged, the 

intake air parameters feeding the cylinders p���, T���, 

m� ���, ���� correspond to the parameters of ambient air 

p�, T�, m� �, ��, 

− it is possible to modify the injection angle, 

− it is possible to modify the timing system parameters 

(intake and exhaust valve opening and closing angles, 

valve lifts and their dimensions), 

− it is possible to modify all dimensions related to the 

piston-crankshaft assembly, valve poppet and valve 

face. 

All components of the model are zero-dimensional, i.e. 

the independent variable is time. The first model compo-

nent is the air intake duct, from which the input parameters 

are the parameters of ambient air. From the intake channel 

the air goes to the compressor, at the outlet of which it has 

parameters: p�
Ł, T�
Ł , R�
Ł and ��
Ł. In the case of an 

unsupercharged engine, it is assumed that the parameters 

are p�
Ł = p� = p���, T�
Ł = T� = T��� , R�
Ł = R� =
R��� and ��
Ł = ��. Obviously, the individual gas constant 

for air depends on its processing, hence R� = R	
� =
R�
Ł = R���� = R���� = ⋯ = R���:. The air flowing out 

of the compressor goes to the intercooler, at the outlet of 

which it has parameters: p���, T��� , R��� and ����. Other 

components are the engine cylinders that can accumulate 

mass of the thermodynamic medium, which is denoted by 

mass m��. Significant input parameters of the cylinders 

(except those already mentioned) are the fuel m� ��� and air 

m� ��� mass flows. The air mass flow is a function of char-

ging pressure, air temperature, its humidity, intake valve 

opening and closing angle and cylinder capacity m� ��� =
f;p���, T���, ρ���, V��� , α
6	, α66	 <. The fuel mass flow 

m� ��� directly depends on the setting of the engine speed 

regulator REG, the engine speed ω and the charging pres-

sure p�
Ł. Another group of input parameters are the di-

mensions of the piston-crankshaft assembly, intake and 

exhaust valves opening and closing angles as well as the 

injection advance angle. When modeling the cylinder sec-

tions of the engine, the masses of the piston, the pivot and 

the attributed part of the connecting rod were taken into 

account (marked as m�). These are reciprocating masses. 

Rotating masses were also included in the model (crank-

shaft with an attributed part of the connecting rod, clutch, 

generator rotor). In order to calculate the pressure of the 

gasses, it was necessary to calculate the surface area of the 

piston crown S�. The gas-dynamic output parameters from 

the cylinders being at the same time the input parameters to 

the outlet duct are the exhaust gas pressures p�� and tem-

peratures T��, exhaust gas mass flows m� �� and the isentro-

pic exponents ���. Additionally, the authors included in the 

model the impact of the pressure counteracting the outflow 

of gasses from the cylinders p� and the dynamic of the 

reciprocating and rotating components. To this end, the 

authors considered the distributions of mass of selected 

components of the engine design structure. This was parti-

cularly the case for the piston and the pivot performing the 

reciprocating motion, the connecting rod performing  

a combined reciprocating and rotating motion and the 

crankshaft performing the rotating motion. The combined 

motion of the connecting rod was considered as reciproca-

ting motion of a mass determined with the weight system of 

the head of the connecting rod with the attributed mass, 

while the rotating motion pertained to the foot of the con-

necting rod with the outstanding mass [9]. When building 

the model, forces generated as a result of the exhaust gas 

pressure on the piston crown F�� as well as forces acting on 

the piston through the connecting rod F
� were allowed for. 

Also, the inertia forces of the piston-connecting rod assem-

bly I� were allowed for in the model. In the model, it was 

assumed that all masses and moments of inertia of the sus-

pended mechanisms are treated globally and are attributed 

to the mass and moment of inertia of the crankshaft.  

The torque from the crankshaft is transferred to the rotor 

of the generator M��. The generator acts on the engine 

with its moment of resistance M
�. When modeling the 

generator, the authors assumed that the only rotating mass 

is the mass of the rotor m�. The generator, being a syn-

chronous device, generates alternating three-phase voltage 

of the frequency of 50 Hz (corresponding to the double 

frequency resulting from the engine crankshaft revolution). 

Majority of generators used in the marine sector has two 

pairs of poles for each of the phases. Loading the generator 

with current receivers results in a flow of current of the 

voltage U� and intensity I�. Due to the fact that receivers 

have resistance, the power collected from the generator can 

be expressed as a product of voltage and current. The con-

sumption of power from the generator is a source of load 

for the engine with the moment of resistance M
�.  

3. Conclusions 
The physical model of the processes occurring in the 

marine generator set presented in the paper constitutes  

a basis for the development of a mathematical model of 

energetic processes of a diesel engine powering a synchro-

nous generator. Further research is related to the develop-

ment of mathematical models of a diesel engine, the as-

sessment of its adequacy based on the comparison of the 

model and the experimental results as well as the design 

and assessment of the adequacy of the mathematical model 

of the engine-generator assembly. 

 

Nomenclature 

m mass 

M torque 
m�  mass flow 

n engine speed 
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Nr engine speed setting 

p pressure 

R individual gas constant 

T temperature 
 

U voltage 

χ polytropic exponent 

ω angular velocity 

τo topological space 

 

Abbreviations and indexes 

0 applies to parameters of the atmosphere 

1-2 applies to the voltage between phases 1 and 2 

2-3 applies to the voltage between phases 2 and 3 

3-1 applies to the voltage between phases 3 and 1 

CHŁ intercooler, applies to the air at the inlet to the 

intercooler 

CYL applies to the parameters of air fed to the cylinders 

DOL applies to the intake parameters 

KDP intake duct 

KDS exhaust intake to the turbine 

KWS exhaust outlet 

OP, OP1, OP2 applies to the moment of resistance of the 

receiver 

OTSS marine piston combustion engine 

PAL applies to fuel 

REG engine speed regulator 

Sp  applies to the parameters of exhaust fed to the 

turbine of the turbocharger 

Sp2 applies to the exhaust gas flowing out of the tur-

bine of the turbocharger 

SC applies to the parameters of the medium inside the 

cylinders and at their outlet 

SPR compressor 

T turbine 

w1 applies to the parameters of water at the inlet to the 

intercooler 

w2 applies to the parameters of water at the outlet to 

the intercooler 

wc1 applies to the parameters of water fed to cool the 

cylinders 

wc2 applies to the parameters of water extracted after 

cooling the cylinders 
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The impact of drive mode of a hybrid drive system on the energy flow indicators  

in the RDE test 
 

The drive to reduce fuel consumption of vehicles equipped with internal combustion engines leads to an increasing share of hybrid 

drives used in various means of transport. Such hybrid vehicles, thanks to the use of diesel-electric drive systems, allow for a fuel con-

sumption reduction, and thus to reduce the carbon dioxide emissions. This fuel consumption reduction results from a specifically selected 

energy flow strategy in hybrid systems. This strategy was the focus of the research performed in order to identify the energy flow condi-

tions in a hybrid drive system in driving conditions corresponding to the RDE test. A Lexus LS 500h vehicle was tested in two drive 

modes, while determining the related energy flow conditions, including the operating conditions of: electric motors, internal combustion 

engine and battery. Energy balance was determined taking into account the high voltage battery discharge and charging energy as well 

as the energy recovered during regenerative braking. It was found that in the RDE test conditions the vehicle is in electric mode for over 

30% of the distance and 35% of the drive time, with the energy balance of the vehicle being positive (SOCend > SOCstart). Additionally, it 

was pointed out that the time spent in the electric mode when driving in urban conditions is about 50% and decreases to about 15% for 

highway conditions.  

Keywords: hybrid electric vehicles, energy management, electric range, real driving conditions, real driving emissions test 

 

 

1. Introduction 
The automotive industry has been intensively moder-

nized in recent years in the aspect of exhaust emissions 

reduction. Modern passenger vehicles must comply with 

emission norms in real driving conditions and extended 

environmental conditions relative to the pre-existing dyna-

mometer tests (variable ambient temperature, pressure, 

congestion, driving style etc.) [12]. RDE road tests should 

therefore take into account all possible road situations while 

maintaining a set specific driving style, so that the obtained 

emission results are indicative of the vehicle technical cha-

racteristics [1]. Thus, there is a number of conditions that 

must be met in order to perform these test [3]. 

Vehicle manufacturers continuously introduce modern 

drive systems in order to meet the stringent emission 

norms. Despite the increase in the electric vehicles market 

share, the internal combustion engine continues to be the 

main propulsion mechanism used in vehicle drive systems 

(Fig. 1). Their presence will be noticeable in all kinds of 

hybrid drives [8, 13].  

 

 
Fig. 1. Market forecast on drivetrain topologies for Europe from 2016 to  

 2030 (registration of new passenger cars) [13] 

The share of vehicles with exclusively electric drives is 

estimated at 20%, while the market share of vehicles using 

fuel cell technology and alternative fuels is miniscule.  

In the light of the information presented, it is important 

to conduct research of hybrid vehicles energy balance  

assessment, as they have the largest market share.  

2. Aim of research 
The energy flow method in a hybrid drive system de-

pends on the hybrid drive solution (mild hybrid, full hybrid) 

and on its operating conditions (SOC, battery capacity and 

others). The article authors attempted to determine the im-

pact of driving mode settings (ECO and SPORT) in a vehi-

cle with a full hybrid drive system on its energy flow indi-

cators. To achieve this, drives were made in real conditions 

in accordance with the RDE test requirements. The follow-

ing were performed:  

− The share of hybrid and electric drive use in each phase 

of the drive cycle separated for different drive modes 

was determined. 

− Analyses of energy flow in the vehicle drive from the 

perspective of energy recovery and generation in the 

vehicle. 

− Energy flow indicators were determined and quantified. 

3. Research object 
Measurements of the energy flow were performed on  

a Lexus LS 500h with a hybrid drive system, equipped with 

a spark-ignition internal combustion engine with basic 

technical parameters as listed in Table 1.  

The Lexus LS 500h is equipped with the same drive 

system that was introduced to the market in 2017 in the 

Lexus LC 500h [6]. This was the first time such a hybrid 

drive, so-called Multi Stage Hybrid System – MSHS was 

used in it. This solution is characterized by the addition of  

a four-speed hydrokinetic transmission (Multi Stage Shift 

Device – MSSD) between the planetary gear and the power 
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split device [11]. New drive system components introduced 

in this vehicle have been compared to previous generations 

of drive systems in Fig. 2. 

 
Table 1. Test vehicle technical data [14] 

Combustion engine 

Engine type 
8GR-FXS,  

V6/24-valve 

Displacement [cm3] 3456 

Bore × stroke [mm] 94 x 83 

Compression ratio [-] 13:1 

Fuel injection system electrical fuel injection, D-4S 

Max power [kW] at speed [rpm] 220/6600 

Max torque [Nm] at speed [rpm] 360/5100 

Emission standard Euro 6 

Electric front motor (MG2) 

Max power [kW]  132 

Max torque [Nm] 300 

Battery system 

Type of battery Li-Ion (3.7 V/cell) 

Cell quantity [-] 2 × 42 cells 

Battery power [kW] 44 

Battery capacity [Ah] 3.6 

Energy [kWh] 1.1 

Battery voltage [V] 310.8 

Hybrid drive system 

Hybrid drive system 
10-speed, Lexus Multi Stage 

Hybrid 

Total power of the hybrid drive 

system [kW] 
264 

Top vehicle speed [km/h] 250 

CO2 emission combined [g/km] 141 

 

 
Fig. 2. Multi-Stage Hybrid System configuration [7] 

 

The additional system (MSSD) enables manual gear 

change to shape the vehicle drive dynamics. The additional 

transmission consists of four gears, and it enables simula-

ting ten transmission ratios in the drive system operation 

(Fig. 3a). The last ratio is dedicated for lower engine rota-

tional speeds [7].  

The previous drive system version was equipped with  

a two-stage transmission coupled with an electric motor 

(Fig. 3b) with two transmission ratios 1.9 and 2.9 [10].  

The current solution of the MSSD system, located at the 

output connection of the vehicle drive system (Fig. 3b), has 

four gear ratios (3.538, 1.888, 1.000, 0.650) [5]. The driver 

can choose the driving mode to be either the ten transmis-

sion ratios simulation system, the classic planetary gear 

system or the electric mode. 

The use of MSSD transmission, compared to the two-mode 

solution from the previous generation, allows the transmission 

of up to 3.5-times higher output torque to the wheels than the 

old solution, with the torque share of the internal combustion 

engine significantly increased (Fig. 3b) [4]. 
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Fig. 3. Development of Multi Stage Hybrid System: a) wide-open throttle 

acceleration, b) improvement of output torque [4]  

4. Research methodology 
The tests were performed using software dedicated to 

Toyota vehicles, that registered selected parameters via the 

OBD connector. The signal came from sensors in the drive 

system. The most important ones are: an inductive crank-

shaft speed sensor mounted on a gear wheel, speed and 

torque sensors for electrical machines, an accelerator pedal 

position sensor and an active vehicle speed sensor. The on-

board diagnostic system allowed recording data from the 

hybrid drive system monitor was used to obtain vehicle 
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motion parameters and hybrid drive operating conditions. 

During the tests the following values were recorded: vehi-

cle speed (v), combustion engine speed (n), battery charge 

status (SOC), speed and torque of electric motors and cur-

rent flow to or from the battery (IB). The diagram of the 

performed tests is shown in Fig. 4. In addition, an inde-

pendent system recorded the geographical position of the 

vehicle to determine the route. 

 

 

Fig. 4. A scheme of Lexus Hybrid Drive System along with the applied 

measuring devices (based on [14]) 

 

The test drive was conducted in the Poznan agglomera-

tion and its surroundings in real driving conditions on  

a work day. Traffic congestion occurred during the drive 

(meaning traffic intensity greater than the capacity of  

a given road). The route was about 77 km long and the total 

test drive duration was about 110 minutes. The route in-

cluded fragments of urban, rural and highway traffic (Fig. 

5). Basic parameters of the performed tests are described in 

Table 2. 

 

 

Fig. 5. Map of the road tests route 

 

Table 2. Test conditions for hybrid drive in two driving modes 

Mode 

Parameter 
ECO SPORT 

Test duration [s] 6547 6440 

Test route length [km] 76.86 76.85 

SOC (initial/final) 44.31/57.25 40.78/55.29 

 

The energy flow in the drive system during battery dis-

charging, charging and recuperative braking was also calcu-

lated based on: 

• energy flow: 

 ∆E � � U ∙ I
�	�
��

�	

dt (1) 

The instantaneous values of energy flow ∆E� are divided 

according to the following criteria:  

• discharging: 

 ∆E��� � � U ∙ I
�	�
��

�	

dt�if ∆E� � 0� (2) 

• charging: 

 ∆E�� � � U ∙ I
�	�
��

�	

dt  �if ∆E� � 0 ��� M!"# $ 0� (3) 

• recuperative braking: 

 ∆E!"# � � U ∙ I
�	�
��

�	

dt�if ∆E � 0 ��� M!"# � 0� (4) 

where: U – voltage [V], I – current [A], t – time [h], Mreg – 

braking torque [Nm]. 

The tests were performed in two selected vehicle 

modes, i.e. ECO and SPORT. In order to determine the 

electric mode share in the entire test drive, sections of the 

route characterized by specific parameters were determined 

(equation (1)–(4)). Based on this separation, the modes of 

the hybrid drive system operation were determined: driving, 

acceleration and braking during operation of the hybrid 

drive (HEV), vehicle stop, driving, acceleration and braking 

without the accompanying work of the internal combustion 

engine, i.e. system operation in electric mode (EV). The 

adopted criteria are included in Table 3. 

 
Table 3. Criteria for determining individual modes during the test 

Mode Parameters 

HV drive a = 0 ˄ n > 600 ˄ v > 0 

EV drive a = 0 ˄ n < 600 ˄ v > 0 

HV acceleration a > 0˄ n > 600 ˄ v > 0 

EV acceleration a > 0 ˄ n < 600 ˄ v > 0 

vehicle stop v = 0 

braking a < 0 ˄ v > 0 ˄ n > 600 

EV braking a < 0 ˄ v > 0 ˄ IB > 0 ˄ n < 600 

5. Results analysis 
5.1. RDE test drive conditions 

Table 3 was used to determine the percentage shares of 

drive modes of the hybrid drive system in the test. The 

results were presented in relation to both the test duration 

and the test route length. These results are shown in Fig. 6 

and Fig. 7. 

 

 
Fig. 6. The percentage share of individual driving modes  

in relation to distance traveled during the test 
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Fig. 7. The percentage share of individual driving modes  

in relation to the total test travel time 

 

Hybrid mode drive had the largest share of operating 

time for the ECO test route (36.99%), and the smallest 

share was obtained for accelerating in electric mode (about 

3%). In SPORT mode, the largest share also appears for 

driving in hybrid mode (28.31%). The biggest difference 

between the ECO and SPORT test drives is for this very 

driving mode (8.68%). In relation to the test duration (not 

including the vehicle's stops), the largest percentage share 

in the test drive using ECO mode is attributed to braking in 

electric mode (19.33%). A similar situation (although not 

for the largest share) occurs in the SPORT drive mode. In 

this case, the share of braking in the EV mode is over 20%. 

It follows that braking the vehicle in most cases takes place 

with the combustion engine switched off.  

Similar shares regardless of the vehicle driving mode 

(ECO or SPORT) occur for electric driving (about 10%) 

and for acceleration in these modes (about 6% in each). It 

can be concluded that the change of drive mode does not 

change share of using the electric driving mode significantly.  

The hybrid drive system operating conditions during the 

tests are shown in Fig. 8. The test was divided into indivi-

dual drive modes. An electric and hybrid mode as well as 

parking have been separated and colored individually. They 

were marked with the background colors as: green, red and 

yellow respectively. 

 

 

 
Fig. 8. The performed tests characteristics with a distinction between 

operation in hybrid and electric modes as well as vehicle stop 

 

The characteristic operation of the drive system in hy-

brid mode for the highest test drive speeds can easily be 

seen when analyzing the data from Fig. 8. However, at low 

driving speeds, typical of urban areas, a definite majority 

share of the electric mode and vehicle stops is observed 

(depending on the conditions present on the road). 

5.2. Energy flow in an RDE test 

The research also addressed the subject of type approval 

test – RDE (Real Driving Emissions). In accordance with 

the speed requirements for this test, the drive cycles were 

divided into three sections: urban (red), rural (yellow) and 

highway (green). Instantaneous energy changes were calcu-

lated using equation (1), cumulative values were then calcu-

lated. The results of these calculations are presented in  

Fig. 9. 

 

 

 

Fig. 9. Energy change during the RDE test by section (urban, rural, high-

way) 

 

Analysis of Fig. 9 shows that the overall energy flow is 

positive. The final value for the ECO test is 0.38 kWh, and 

for the SPORT test 0.40 kWh. The boundaries between test 

drive sections are also very clear. They occur in the follow-

ing order: urban, rural, highway, rural and then urban again 

(with small interruptions in the sections continuity).  

Using equations (2)–(4), the test drives were classified 

according to the type of energy lost/recovered. The charg-

ing, discharging of the battery and the so-called recupera-

tion, i.e. energy recovery from braking, both in EV (n < 600 

rpm) and HV (n > 600 rpm) modes – Fig. 10. 

Analyzing the data in Fig. 10, some characteristic test 

sections can be seen. At higher travel speeds, the battery is 

more often recharged from the combustion engine (preva-

lence of blue background). Thus the overall energy flow 

decreases. Both drives exhibit the same relationship. At 

lower speeds (urban and rural sections) the type of energy 

flow through the hybrid drive system changes with a high 

frequency. The drive system is designed to quickly reple-

nish the battery charge level, which has dropped, for exam-

ple as a result of driving in electric mode or assisting the 

internal combustion engine with electricity. 

The energy flow analysis was performed for each se-

ction of the drive test (Fig. 11) as well as for the entire test 

broken down by the vehicle's operating mode (Fig. 12). 

Urban driving conditions constitute approximately 70–75% 

of energy discharged (in both driving modes). However, 

energy recovery in urban traffic conditions provided ap-
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proximately 70% of the total energy recovered in the test 

drive. In the two remaining sections, about 15% of energy 

is recovered for each. So due to the frequent vehicle speed 

changes, the charging energy in the urban section provides 

about 70% of the total charging energy (regardless of the 

driving mode). Due to the specificity of the SPORT mode, 

battery charging is much more common than in the ECO 

mode in the urban and highway phase (Fig. 11a). 

 

a) 

 
b) 

 

Fig. 10. Energy flow with flow conditions determined using equations (1) 

– (5) with the background showing the vehicle travel speed: a) in ECO  

 mode, b) in SPORT mode 

 
a) 

 
b)

 
Fig. 11. Energy flow in the hybrid drive system divided into RDE test  

 modes: a) ECO, b) SPORT 

 

Analysis of the total energy flow balance indicates their 

large similarities for the tested drive modes (Fig. 12). Dif-

ferences amount to about 5% for the analysis of individual 

energy balance components. The differences obtained may 

also result from different initial state of charge of the bat-

tery. In ECO mode the SOC was 44%, while in sport mode 

it was 40%.  

 

a) 

 
b) 

 

Fig. 12 Total energy flow recorded in a hybrid drive system in the two  

 driving modes: a) ECO, b) SPORT 

 

5.3. Electric motors operating conditions and voltage 

amplification 

The similarity of the drive cycles in two driving modes 

(Fig. 8) should result in similar operating conditions for the 

electric motors. The characteristics of the MG1 engine 

(mainly operating as a generator) are shown below. Positive 

torque (irrespective of the rotation direction) indicates en-

gine operation with MG2 motor assist. The scope of this 

work is small and amounts to only a few percent of the total 

time and work output (Fig. 13 – MG2 assist). This motor’s 

contribution to energy generation is much greater. Values 

of generated torque (approximately 100 Nm) at positive 

rotational speeds indicate that this generator works much 

more frequently when the internal combustion engine is 

running. The principle of the planetary gear operation and 

the way in which the internal combustion engine and elec-

tric motors/generators in Lexus/Toyota vehicles are con-

nected indicates that the negative speeds of the generator 

are obtained primarily when the internal combustion engine 

is switched off [2, 9]. Such conditions cause the generated 

torque values to be much smaller and amount to about 50–

70 Nm (these values are similar to each other in both driv-

ing modes – Fig. 13 a and b). 

The MG2 motor has higher power and torque output 

than the MG1 motor, and is connected in parallel with the 

internal combustion engine. Due to such a solution it can be 

used, for example, to increase the output power of the drive 

system. In the "drive" setting (positive speed and torque), 

this motor supports the internal combustion engine or 

drives the vehicle wheels by itself (Fig. 14). Voltage in the 

range 300–400 V is used in a considerable range of work  
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a) 

 
b) 

 
Fig. 13. Operating conditions of the MG1 electric motor in two driving  

 modes: a) ECO, b) SPORT 

 

a) 

 
b)  

 

Fig. 14. Operating conditions of the MG2 motor depending on the inverter 

voltage and vehicle driving mode: a) ECO, b) SPORT 

output. Large voltage values are used only in several areas 

of work (maximum torque values regardless of the rotation-

al speed). This situation is similar in both drive cycles: 

using ECO and SPORT modes. Energy recovery in the 

generator (MG1) takes place using electricity in the 300–

500 V range (scale including negative torque values). Lar-

ger voltage values relate to higher generator rotational 

speeds. The work area during regenerative braking is signi-

ficantly reduced in relation to the area covered by a wor-

king internal combustion engine. Energy recovery does not 

take place at low rotational speeds. In the low speed range,  

a hydraulic brake system is used to apply the load. 

The use of different converter voltage values was ana-

lyzed in the test drive cycle conditions (Fig. 15). It was 

found that 300–400 V are the most commonly used values. 

System operation with larger values is obtained during 

rapid changes in the vehicle speed. This applies mainly to 

acceleration or braking. The results shown in Fig. 15 corre-

spond to those in Fig. 14, since high voltage values are 

more often related to internal combustion engine operation 

than generator mode (regenerative braking). It means that 

these inverter operating conditions relate to the possibility 

of obtaining a high value of torque and power in the MG2 

motor.  

 

a) 

 
b) 

 

Fig. 15. The inverter voltage values in the RDE drive test in two vehicle  

 modes: a) ECO, b) SPORT 

 
Full analysis of the above results indicates that the vol-

tage value in the 300–400 V range occurs 80% of the time 

(Fig. 16). These values are similar in both driving modes.  

 

 

Fig. 16. Percentage shares of inverter voltage ranges in the RDE test  

 conditions for the two driving modes 
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Due to the higher acceleration and deceleration values in 

sport mode, voltage values above the 400 V range can be 

observed more often. Increasing the share of these ranges 

resulted in a few-percent reduction in the voltage being in 

ranges below 400 V. 

5.4. Electric mode use 

The large operation time share of the electric drive in 

the real driving conditions of a vehicle with a hybrid drive 

system is the main focus of work related to the optimization 

of power and energy flow in hybrid drive systems. Hence, 

based on the test drive cycles, the conditions conducive to 

using the electric mode were determined and broken down 

into: constant vehicle speed, acceleration and braking (Fig. 

17). Acceleration of a vehicle weighing over 2000 kg [14] 

has been found to require the operation of an internal com-

bustion engine (or the use of hybrid drive mode). The ac-

celeration time share when driving on only the electric 

motors is small, regardless of which drive mode is used, 

ECO or SPORT.  

 

 

Fig. 17. The share of electric drive mode use relative to time and distance 

travelled with a hybrid drive system in two driving modes 

 

The collective analysis of the vehicle's electric mode 

use indicates that this "emission-free" driving mode is used 

in only about 35% of the travel time (Fig. 18). In [2] the 

authors concluded, based on their research results, that the 

average electric mode driving share ranges from 30–60% in 

urban driving conditions, with a range of different battery 

charge values (higher values of the EV mode share corre-

late with a large initial SOC value). In the performed stu-

dies these results have been confirmed, with the initial SOC 

being around 40%. 

 

 

Fig. 18. Vehicle's operating time share in electric mode relative to the time 

and distance traveled 

 

Analysis of the EV mode operating intervals depending 

on the driving conditions (urban, rural, highway) indicates 

the existence of a relationship between these quantities (Fig. 

19). With the increase of the mean drive speed, the propor-

tion of EV mode decreases rapidly. The share of EV opera-

ting mode is mostly influenced by the limited number of 

vehicle deceleration and braking actions (lack of energy 

recovery) as well as the hybrid system's operation strategy 

defining the battery state of charge. It would be possible to 

increase the EV mode share in the rural and highway driving 

conditions, but it would result in a significant reduction of 

the SOC value towards the end of the driving test. Such  

a strategy is not used due to the lack of a plug-in installation 

on the tested vehicle, which necessitates the use of strategies 

that lead to relatively small SOC changes while driving.  

 

 

Fig. 19. The share of hybrid and electric mode in urban, rural and highway 

conditions in relation to the distance of the vehicle test drive 

6. Conclusions 
From the performed tests and analyzes, it was found that 

the use of the SPORT mode compared to the ECO mode 

results in: 

− increased share of hybrid drive use during acceleration, 

which was caused by the forced operation of two drive 

sources in the hybrid drive system, 

− no significant differences in the energy balance analysis 

results: similar values (with up to 5% error) for charging 

and discharging energy were obtained, as well as for en-

ergy recovery, 

− no significant differences in the shares of individual 

driving modes – the highest values were 8.68% of the 

distance and 3.36% of the drive time for HV driving. 

The energy flow analysis in the hybrid drive system in-

dicates the following: 

− the energy balance for each drive cycle was positive – 

battery energy increased; similarly, the battery SOC 

value increased in the entire test, 

− about 70% of the battery energy changes (charging and 

discharging) took place in the urban driving phase; simi-

lar relation could be observed for energy recovery; the 

remaining driving phases had little impact on the vehi-

cle energy balance; hence these results indicate the high 

potential of using such a drive in urban conditions, 

− high vehicle speeds force the system to operate in hy-

brid mode, during which the engine operation also 

charging the high voltage battery. 

Analysis of the electric driving mode usage indicates the 

following: 

− the EV mode share was about 32% of the total test dis-

tance and about 36% of the test duration, 

− the highest electric mode share values were recorded 

during urban (about 50%) and rural (about 32% on ave-

rage) drive sections; whereas the smallest share of the 
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EV mode was observed on the highway section – 

around 13%, 

− the lowest EV mode share was recorded for vehicle 

acceleration – at about 3% – 97% of the distance co-

vered when accelerating, where the vehicle accelerates 

using the internal combustion engine (or hybrid drive); 

the overall electric drive mode share (excluding accele-

ration and braking) was around 10%. 

The research presented in this paper was performed within the 

statutory work, project no. 05/52/DSMK/0265. 
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Nomenclature 

E energy 

ECO eco mode 

EV electric vehicle 

HEV hybrid electric vehicle 

I current 

IB  battery current 

Li-Ion lithium-ion battery 

MG1 motor/generator 1 

MG2 motor/generator 2 

Mo motor torque 

Mreg braking torque 

MSHS Multi Stage Hybrid System 

MSSD Multi Stage Shift Device 

n engine speed 

OBD on-board diagnostic 

RDE real driving emissions 

SOC state of charge 

SPORT sport mode 

t  time 

U voltage 

V velocity 

 

Indexes 

ch charging 

dis discharge 

reg regeneration 

veh vehicle 
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The impact of vehicle dynamic parameters on the exhaust emissions in RDE tests 
 

The article compares driving test data using the latest legislative proposals applicable to passenger cars with different drives. For 

this purpose, cars of one type were selected, meeting the same exhaust toxicity standard (Euro 6c) and differing in used internal combus-

tion engines (with spark-ignition, compression-ignition and hybrid drive). Several measurements were performed on the same test route 

in accordance with the RDE test guidelines, which requires a several of criteria to be met. These criteria include the length of 

the measuring sections, their overall timeshare and the dynamic characteristics of the drive. A portable emissions measurement system 

(PEMS) was used to record the engine and vehicle operating parameters and to measure the exhaust emissions during tests. This al-

lowed for the monitoring of parameters such as: load value, engine speed and vehicle velocity. Then the obtained results were analyzed 

for their compatibility with the RDE procedure requirements. By determining the road emission of individual harmful compounds for all 

vehicles and the dynamic parameters of drive (relative positive acceleration and product of speed and positive acceleration) in various 

phases of the road test it was possible to compare them. On this basis, the impact of dynamic conditions of road tests on the obtained 

results of the road exhaust emission of harmful compounds for passenger cars with various drives was defined.  

Keywords: exhaust emission, passenger cars, road tests, Real Driving Emissions 

 

 

1. Introduction 
Emission standards are established for the control 

of pollutants emitted from motor vehicles worldwide . Most 

regions also set the limits on carbon dioxide emissions, 

which are directly related to fuel consumption [1, 31]. Ex-

haust emission values are measured in laboratory conditions 

(for passenger cars on the chassis dynamometer) in a fixed 

certification test. This part of the vehicle certification pro-

cess is responsible for its “environmental performance” and 

is the same for all passenger cars. The chassis test is re-

sponsible for the “most likely” road conditions, and per-

forming the same tests for all vehicles entitles to compare 

the emission results between them. However, nowadays, 

more and more attention is given to road tests (which is 

already reflected in the proposed European Union emission 

regulations), known as RDE tests, using mobile research 

equipment type PEMS (Portable Emission Measurement 

System) [23, 28, 29]. The latest research on emission of 

pollutants from motor vehicles in traffic conditions reflect 

the actual ecological performance of vehicles [13–15, 21, 

30]. Most attention is given to the possibility of using such 

tests to calibrate the engines in such a way as to reduce 

emissions not only during the certification test, but also in 

the entire range of engine operation. The authors of papers 

[12] pointed out that new research in real traffic conditions, 

currently simulated in various research tests (NEDC – New 

European Driving Cycle [26], CADC – Common Artemis 

Driving Cycles, WLTP – Worldwide Harmonized Light 

Vehicles Test Procedure [25]), may increase the emission 

of nitrogen oxides from vehicles. They postulated that it is 

necessary to make changes in the vehicles software, stating 

that these changes will be successful only for vehicles fitted 

with spark-ignition engines. Vehicles equipped with com-

pression-ignition engines will require further investments to 

increase the effectiveness of the exhaust gas aftertreatment 

through the use of new methods of reducing the concentra-

tion of nitrogen oxides (e.g. SCR – Selective Catalyst Re-

duction system) [24]. 

Authors of the articles [9, 10], who compared road 

emissions in real driving conditions with the use of PEMS 

analyzers with results obtained using the program 

COPERT, arrived at the same conclusions [16]. It was 

found that in the speed range of 20–120 km/h, the calcula-

tion results obtained in this program are higher by about 

10% for such quantities as fuel consumption and the emis-

sion of hydrocarbons to values from road tests. However, 

with regard to the emission of nitrogen oxides the data from 

COPERT are understated by about 30%. 

Comparative emission studies of Euro 5 emission class 

vehicles carried out in the laboratory on a chassis dyna-

mometer [7] in various driving tests (including NEDC, 

CADC and WMTC – Worldwide Motorcycle Test Cycle) 

also confirmed the results previously characterized. It was 

found that for vehicles with gasoline engines the emissions 

of carbon monoxide does not exceed 1 g/km (permissible 

Euro 5 limit is also 1 g/km), emission of hydrocarbons does 

not exceed 10% of the limit (0.1 g/km) and the emission of 

nitrogen oxides is equivalent to approximately 20% of the 

limit (0.06 g/km). It was also pointed out that the vehicles 

with compression-ignition engines far exceed the accept-

able emission limits of nitrogen oxides – the obtained val-

ues exceed the exhaust emission limit approximately 

4 times (emission limit values for nitrogen oxides in Euro 5 

is 0.18 g/km). 

Studies in road traffic conditions draw attention to sig-

nificant emissions of particulate matter, mainly in nanopar-

ticle range from combustion engines also those powered by 

alternative fuels (e.g. natural gas) [17]. The article also 

emphasizes considerable mileage of the vehicle using alter-

native fuels, which in turn causes an 8 times increase in 

emitted particle number for vehicle with a mileage of 

500,000 km compared to the vehicles with mileage of 

75,000 km. 

With regard to the accuracy of measurements in actual 

traffic conditions the final result depends on operating con-

ditions of the vehicle and the engine (including the speed of 
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other vehicles, road surface, driver’s predispositions and his 

driving style and the aspects of road traffic). These condi-

tions are unpredictable and can significantly affect the out-

come of the emissions measurement. According to the data 

contained in the publications [6, 7, 29] the greatest impact 

on the achieved emission results are thermal state of the 

vehicle (the engine), average speed, driving dynamics and 

road topography. 

The impact of road conditions on the emission results 

was the main subject of the article, which studied SUVs 

with petrol and diesel engines under the conditions of vary-

ing slope of the road. The authors have attempted to esti-

mate the emission changes of individual components  

depending on the angle of road inclination. They demon-

strated that the change in the road slope of 10% resulted in 

a 2-fold change in the emissions for vehicles with spark-

ignition engines and a 1.5-fold change in emissions for 

vehicles with compression-ignition engines. 

Starting from 2017, the process of type approval of new 

passenger car models in European Union includes a proce-

dure for measuring emissions in real driving conditions. 

The European Union regulations (715/2007 [3] and 

692/2008 [2]) for RDE tests is a response to the results of 

studies [8, 11] relating to increased emission of nitrogen 

oxides from vehicles equipped with compression-ignition, 

although such vehicles met permissible standards in labora-

tory tests. Under the new rules [4, 5, 22] for all new type 

approvals from 1.09.2017, and in the case of newly regis-

tered car models from 1.09.2019, the emission of nitrogen 

oxides measured in traffic conditions will not be allowed to 

exceed 2.1 times the maximum limit (for Euro 6 that is  

80 mg/km) or 168 mg/km. However, since 1.01.2020 for a 

new type approval (and since 1.01.2021 for new model 

registrations) this ratio will be reduced to 1.5. It means that 

the maximum emission of nitrogen oxides cannot exceed 

120 mg/km (Fig. 1). 

 

 

Fig. 1. RDE tests requirements in Europe [4, 5] 

 

2. Research aim 
The aim of the research was to compare the exhaust 

emissions in relation to the dynamic parameters of RDE 

tests for vehicles with different drives. This comparison 

was made during the RDE tests on the same test route di-

vided into urban, rural and motorway sections The meas-

urements were performed for the same category of the ve-

hicle equipped with gasoline and diesel engines and for 

hybrid drive. 

3. Research methodology 

3.1. Test route  

The research route has been designated in accordance 

with RDE requirements and divided into 3 sections: urban, 

rural and motorway. The driving distances and shares of 

individual portion of the test have been chosen so that they 

meet the requirements described in the Commission Regu-

lations 2016/427 [4] and 2016/646 [5]. The total distance of 

the test route was approximately 80 km and the average 

velocity was about 45 km/h (Fig. 2). The share of individu-

al sections in test routes is presented in Fig. 3. 

 

 

Fig. 2. The research route with marked RDE test phases 

 

 

 

Fig. 3. The share of urban, rural and motorway sections in test routes 

 

3.2. Research objects  

The objects of research were passenger cars of the same 

make and type but equipped with various drive (Table 1). 

 
Table 1. Characteristics of the research object 

Parametr Gasoline Diesel Hybrid 

Displacement volume 

[dm3] 
1.6 1.4 1.8 

Number of cylinders/ 

valves 
R4/16 R4/8 R4/16 

Maximum power  

at engine speed 

[kW/rpm] 

97/ 

6400 

66/ 

3800 

73/5200 – 

gasoline; 

100 (hybrid) 

Maximum torque  

at engine speed 

[Nm/rpm] 

160/ 

4400 

205/ 

1400–2800 

142/ 

4000 

Volume power ratio 

[kW/dm3] 
60.6 47.0 55.5 

Curb weight [kg] 1240 1250 1415 

 

 

Urban Rural Motorway

36.4

33.6

30.0
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36.5

34.0

29.5

Diesel

25.8

32.9

31.3

Hybrid

2015 2016 2017 2018 2019 2020 2021 2022

NEDC WLTC 

Development and

measurement phase

Conformity Factor (CF) 
NOx = 2.1, PN = 1.5 

RDE for CO, NOx , PN emissions:

EC 427/2016 and EC 646/2016 

Euro 6b Euro 6c Euro 6d 

CO, NOx , PN 

and CO 2 ???

NOx = 1.5, PN = 1.5 
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3.3. Exhaust emission measurement 

The measuring systems are presented in Fig. 4. 

A portable Semtech DS analyser [27] was used for the 

measurement of exhaust emissions from vehicles. It al-

lowed measurements of CO, CO2, HC and NOx. In terms of 

benchmarking and quality control, zero-span checks were 

performed before and after each measurement. Linearisa-

tions of the equipment were carried out every three months. 

Post-processing plausibility checks were made on all data, 

focusing on CO2, to ensure that the data collected were 

realistic. A portable AVL condensation particle counter was 

used to measure the particle number. The emissions mea-

surement equipment had a maximum mass of 69 kg (Gas 

PEMS – 25 kg [19], PN PEMS – 23 kg [20]), together with 

an additional power supply (generator) – 21 kg. 

 
a) b) 

  

Fig. 4. The measuring systems used for testing under real driving condi-

tions 

4. Results 

4.1. Validity of RDE tests 

In Figure 5 results from all test drives are shown using 

the V = f(S). It shows the division of the research route into 

3 portions: urban (V = 0–60 km/h), rural (V = 60–90 km/h) 

and motorway (V > 90 km/h). Despite the similar research 

route, not only the velocity results, but also its average 

values in the individual test portions are not the same. The 

driving parameters defined by acceleration, constant veloci-

ty, braking and stopping are similar. These parameters are 

systemized in Fig. 5. The average values were: for accelera-

tion – 30 ±0.2%, constant driving velocity – 17.75 ±0.25%, 

braking – 33.3 ±0.46%, and for stopping from 19% to 

21.5%. 

Detailed requirements in accordance with the RDE road 

test standard are given below, where the verification of 

defined earlier individual driving parameters conformity 

has been demonstrated and their values are compared also 

giving the permitted range (if required) and with mean 

values also determined. 

The analysis of test distance data in the urban portion 

showed that the tests of the vehicles equipped with a gaso-

line and diesel engines were characterized by the longest 

distance (27 km) and the test of the hybrid vehicle with the 

shortest (26.9 km). However, the values of the driving dis-

tance covered for all test drives within the permissible 

range, i.e. they were more than 16 km (Fig. 6a). 

 

a) 

 

 
b) 

 

 
c) 

 

 

Fig. 5. Velocity profiles and vehicles parameters of motion 

 

The analysis of test distance data in rural portion 

showed that the tests of the vehicles fitted with gasoline and 

diesel engines were characterized by the longest distance 

travelled (25.1 km) and the test of the hybrid vehicle with 

the shortest (24.7 km). The values of the distance covered 

for all test drives within the acceptable range, i.e. they were 

more than 16 km (Fig. 6b). The distance travelled in mo-

torway portion of the test was the longest for the vehicle 

with the hybrid drive (23.5 km) and the shortest for the test 

of vehicle fitted with diesel engine (21.7 km). The values of 

the distance covered for all test drives within the permissi-

ble range, i.e. they were more than 16 km (Fig. 6c). 

The percentage time share of the urban portion in the 

drive test was the highest for drive of vehicle fitted with 

diesel engine (36.5%), and the smallest for the vehicle with 

hybrid drive (35.8%). The percentages of urban share of all 

drives were within the permissible range of 29%–44% 

(Fig .7a). The percentage time share of the rural portion in 

the drive tests was the highest for drive of vehicle equipped 

with diesel engine (34%), and the smallest for vehicle with 

hybrid drive (32.9%). In this respect all drives were valid – 

within the range of 23–43% (Fig. 7b). The analysis of per-

centage time share data of the motorway part showed that 

the test of the vehicle with hybrid drive was characterized 

by the highest value (31.3%), and the drive of vehicle fitted 

with diesel engine with the smallest (29.5%). The shares of 

the motorway portion for all vehicles were within the per-

missible range of 23%–43% (Fig. 7c). 
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a) 

 

 
b) 

 

 
c) 

 

 

Fig. 6. Travel distance comparison of urban (a), rural (b) and motorway (c) 

test drives with the minimum distance (required) and the mean value for  

 all vehicles 

 

a) 

 

 
b) 

 

 
c) 

 

 

Fig. 7. Test time share comparison of urban (a), rural (b) and motorway (c) 

test drives with the minimum distance (required) and the mean value for  

 all vehicles  

Analysis of the average velocity data in urban test por-

tion showed that the highest values were achieved in drives 

of vehicles equipped with diesel engine and with hybrid 

drive (22.1 km/h), and the smallest in test of vehicle fitted 

with gasoline engine (21.8 km/h). The average velocity 

values of all drives were within the permissible range, i.e. 

between 15 km/h and 40 km/h (Fig. 8a). Analysis of the 

average velocity data in rural test portion showed that the 

highest values was achieved in drive of hybrid vehicle  

(77.8 km/h), and the smallest in drive of vehicle fitted with 

gasoline engine (77.1 km/h). The average velocity for all 

drives was similar, although the legislator did not specify 

the permissible velocity range (Fig. 8b). Analysis of the 

average velocity data in the motorway section showed that 

the drives were only slightly differed from each other (the 

dispersion was 0.3 km/h at extreme values between  

103.8 km/h and 104.1 km/h). The legislator did not specify 

the permissible velocity range (Fig. 8c). 
 

a) 

 

 
b) 

 

 
c) 

 

 

Fig. 8. Average vehicle speed comparison of urban (a), rural (b) and 

motorway (c) test drives with the minimum speed (required) and the mean  

 value for all vehicles 

 

The duration of the test was the longest for drive of ve-

hicle equipped with gasoline engine (108 min), and the 

shortest for drives of vehicles fitted with diesel engine and 

hybrid vehicle (105.4 min). All drives were carried out 

within an acceptable time range, i.e. from 90 min to 

120 min (Fig. 9).  

Analysis of the drive test duration data at velocity above 

100 km/h in the motorway part showed that the highest 

value was achieved by the drive of hybrid vehicle (12 min), 

and the shortest in drive of vehicle fitted with diesel engine 

(9.9 min). In all drives the values were higher than permis-

sible range, i.e. more than 5 min (Fig. 10). 
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Fig. 9. Comparison of the drive test duration with the limit values (re- 

 quired) and mean values for all vehicles 

 

 

Fig. 10. Comparison of the drive duration with a speed over 100 km/h on 

the motorway section of the test with the limit value (required) and mean  

 values for all vehicles 

 

Analysis of time share data of vehicle parking duration 

in the urban drive showed that the drive of hybrid vehicle 

was characterized by the highest value (29.8%), and the 

drive of vehicle fitted with diesel engine with the smallest 

(28.6%). All drives reached the stop time share within the 

permissible range, i.e. 6%–30% (Fig. 11). 

 

 

Fig. 11. Share of time spent stationary for the urban portion of the drive 

  test with the limit values (required) and mean values for all vehicles 

 

Analysis of the RPA dynamics data in the urban portion 

showed that the highest value was achieved by the drive of 

vehicle fitted with gasoline engine (0.22 m/s
2
) and the 

smallest by drive of hybrid vehicle (0.19 m/s
2
). All drives 

reached value greater than the permissible value based on 

the average velocity in the urban part (Fig. 12a). The analy-

sis of the RPA dynamics data in the rural portion showed 

that the highest value was obtained in the drive of vehicle 

fitted with gasoline engine (0.07 m/s
2
) and the others were 

slightly smaller. All drives reached value greater than the 

permissible value, e.g. they were valid (Fig. 12b). Analysis 

of the RPA dynamics data in motorway portion showed the 

same trend as in the urban part. All drives reached value 

greater than the permissible value (Fig. 12c). 

a) 

 

 
b) 

 

 
c) 

 

 

Fig. 12. Relative positive acceleration comparison of urban (a), rural (b) 

and motorway (c) test drives with the minimum value (required) and the  

 mean value for all vehicles  

 
a) 

 

 
b) 

 

 
c) 

 

 

Fig. 13. Vehicle speed and acceleration product 95th percentile comparison 

of urban (a), rural (b) and motorway (c) test vehicles with the maximum  

 value (required) for all drives 
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The analysis of the 95
th
 percentile of V⋅a+ for the urban 

portion of the test showed that the highest value was for the 

drive of vehicle fitted with gasoline engine (11.42 m
2
/s

3
) and 

the smallest for the drive of hybrid vehicle (10.19 m
2
/s

3
). The 

values for all the drives were within the acceptable range, 

i.e. they were less than the maximum determined based on 

the average velocity in the urban portion (Fig. 13a). In other 

parts of RDE test the values of this parameter were not 

exceed, it means they were valid. 

4.2. The impact of dynamic parameters of the RDE tests 

on the obtained results of road exhaust emission 

The CO2 characteristic curves were determined on basis 

of the mass of carbon dioxide from WLTC test. It allows to 

define the measurement windows and then the on-road 

emission of harmful exhaust components in each part of the 

RDE test (Fig. 14).  

 
a) 

 

 
b) 

 

 
c) 

 

 

Fig. 14. The carbon dioxides characteristic curves: a) Gasoline, b) Diesel, 

c) Hybrid 

 

The analysis of the obtained on-road emission values of 

particular compounds is indicating: 

– approximately 10-fold greater road emissions of carbon 

monoxide both in rural and motorway portion from the 

vehicle fitted with gasoline engine than from vehicle 

equipped with diesel engine, and 2-fold greater emission 

in these conditions as compared to the vehicle with hy-

brid drive; all vehicles in urban conditions were charac-

terized by similar road emissions of carbon monoxide in 

range 270–320 mg/km (Fig. 15a); 

– approximately 30-fold greater road emission of nitrogen 

oxides in each part of the test from vehicle fitted with 

diesel engine in relation to other vehicles, although in 

urban conditions the vehicle equipped with diesel en-

gine emits nitrogen oxides twice as many as in other 

parts of the RDE test (Fig. 15b); 

– greater road emissions of carbon dioxide from vehicle 

with gasoline engine (by 50%) in comparison to the ve-

hicle equipped with diesel engine – this result was ob-

tained in each part of the RDE test (Fig. 15c);  

– similar road emission of particle number for all tested 

vehicles (Fig. 15d). 

Based on the correlation between driving dynamic pa-

rameters (relative positive acceleration and product of ve-

locity and positive acceleration) and road exhaust emission 

in each part of RDE test the curves (Fig. 15, Fig. 16) were 

determined. They were established for each exhaust com-

pound on the basis of points defining driving dynamics and 

road emission of the particular compound. The obtained 

results can be characterized as follows: 

– increasing carbon monoxide road emissions with an 

increase in relative positive acceleration; the largest in-

crease in emissions was for vehicle fitted with diesel 

engine; 4-fold increase in relative positive acceleration 

(from 0.05 m/s
2
 to 0.21 m/s

2
) results in 30-fold growth 

of carbon monoxide road emissions; the smallest in-

crease in emissions of this compound was for vehicle 

fitted with gasoline engine (by around 50%); 

– increasing nitrogen oxides road emissions with an in-

crease in relative positive acceleration; the largest in-

crease in emission was for vehicle fitted with diesel en-

gine; 4-fold increase in relative positive acceleration 

(from 0.05 m/s
2
 to 0.21 m/s

2
) results in two-time growth 

of nitrogen oxides road emissions; the smallest increase 

in emission of this compound was for vehicle fitted with 

gasoline engine (by around 50%); 

– increasing carbon dioxide road emissions with an in-

crease in relative positive acceleration, the largest in-

crease in emission was for vehicle with gasoline engine; 

3 times increase in relative positive acceleration (from 

0.07 m/s
2
 to 0.22 m/s

2
) results in growth of carbon diox-

ide road emissions by 60%; the smallest increase in 

emission of this compound was for vehicle equipped 

with diesel engine (by around 40%); 

– increasing particle number road emissions with an in-

crease in relative positive acceleration; 4-fold increase 

in relative positive acceleration (from 0.05 m/s
2
 to 

0.21 m/s
2
) results in 3 times growth of particle number 

emissions for all tested vehicles. 
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a) 

 

 
b) 

 

 
c) 

 

 
d) 

 

Fig. 15. Correlations between exhaust emissions and relative positive 

acceleration in particular stages of the test: a) carbon monoxide,  

 b) nitrogen oxides, c) carbon dioxide, d) particle number 

 

The results of relations between road emission and 95
th

 

percentile of the velocity and positive acceleration product 

can be characterized as follows (Fig. 16a–d): 

– reduction of the carbon monoxide emissions with an 

increase of 95
th
 percentile of the velocity and positive ac-

celeration product; an increase of this parameter (from  

11 m
2
/s

3
 to the value about 16 m

2
/s

3
), the result in decrease 

in emissions of carbon monoxide by 50–100 mg/km  

at each 2 m
2
/s

3
 of 95

th
 percentile of the velocity and pos-

itive acceleration product; this relation was similar to all 

vehicles; 

a) 

 

 
b) 

 

 
c) 

 

 
d) 

 

Fig. 16. Correlations between exhaust emissions and 95th percentile of the 

velocity and positive acceleration product in particular stages of the test: 

a) carbon monoxide, b) nitrogen oxides, c) carbon dioxide, d) particle  

 number 

 

– reduction of the nitrogen oxides road emissions with an 

increase of 95
th

 percentile of the velocity and positive 

acceleration product; for the vehicle fitted with diesel 

engine an increase of this parameter (from value of 

11 m
2
/s

3
 to the value of 18 m

2
/s

3
) results in the nitrogen 

oxides emission by 100 mg/km at each 2 m
2
/s

3
 of 95

th
 

percentile of the velocity and positive acceleration 

product ; for other vehicles this impact was negligible; 
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– reduction of the carbon dioxide emissions with an in-

crease of 95
th

 percentile of the velocity and positive ac-

celeration product; for the vehicle fitted with diesel en-

gine and for the hybrid vehicle an increase of this 

parameter (from the value of 10–11 m
2
/s

3
 to the value of 

17–18 m
2
/s

3
) results in decrease in the nitrogen oxides 

emissions by 50%; for the vehicle fitted with gasoline 

engine the impact was larger – reduction of the carbon 

dioxide road emissions from 220 g/km to 130 g/km by 

increasing 95
th

 percentile of the velocity and positive 

acceleration product from value of 11 m
2
/s

3
 to the value 

of 14 m
2
/s

3
; 

– reduction of the particle number emissions with an 

increase of 95
th

 percentile of the velocity and positive 

acceleration product; for both the vehicle equipped with 

diesel engine and hybrid vehicle an increase of dis-

cussed parameter (from 10–11 m
2
/s

3
 to 17–18 m

2
/s

3
) re-

sults in 4-fold decrease in the particle emissions. 

5. Conclusions 
In the fourth quarter of 2018, new testing procedures for 

determining the on-road emission of pollutants for motor 

vehicles entered into force. The European Commission has 

been working on them for several years, and the changes 

will be implemented in two steps. In the first phase (by 

2020) the RDE tests will be used exclusively for monitoring 

and in the second phase (after 2020) they will be required 

as a part of the type approval tests. According to the new 

research procedure (RDE), determining pollutant exhaust 

emission is taken place in real driving conditions. Thanks to 

this solution, the discrepancy between the results obtained 

in laboratory tests and the results obtained in road tests will 

be reduced. 

The article compares driving test data using the latest 

legislative proposals for passenger cars. The measurements 

were performed according to the RDE guidelines for which 

a minimum test duration of 90 minutes – 120 minutes is 

required. The obtained results were analyzed in terms of 

their compliance with the requirements of the RDE proce-

dure. Despite the same research route, not only the results 

of the velocity profile, but also the average velocity values 

in each part of the test were varied. The driving parameters 

defined by acceleration, constant velocity, braking and 

stopping were similar. With regard to the accuracy of the 

measurements in actual operation, it should be noted that 

the final result depends on the operating conditions of the 

vehicle. However, these conditions (such as traffic conges-

tion, driver’s predisposition and his driving style, as well as 

random events occurring during the drive) are unpredicta-

ble. 

The analysis of the individual requirements listed in 

Regulations 427/2016 [4] and 646/2016 [5] confirmed the 

validity of the RDE test procedure for all tested vehicles. 

The purpose of the research was to determine the relations 

between the emission of selected exhaust components and 

dynamics conditions of the drive. These relations have been 

confirmed for all tested vehicles and the general conclu-

sions are as follows: 

– increasing the relative positive acceleration results in an 

increase of carbon monoxide, carbon dioxide, and parti-

cle number on-road exhaust emission for all tested vehi-

cles; 

– increasing 95
th

 percentile of the velocity and positive 

acceleration product results in a decrease of carbon 

monoxide, carbon dioxide, and particle number on-road 

exhaust emission for all tested vehicles. 

 
The study presented in this article was performed within the statu-

tory research (contract No. 05/52/DSPB/0260). 

 

Nomenclature 

a acceleration 

a+ positive acceleration 

b road exhaust emissions value 

CF conformity factor 

EOBD European on-board diagnostic 

EU European Union 

Euro emission standard 

GPS global positioning system 

OBD on-board diagnostics 

PEMS portable emission measurement system  

PN particle number 

RDE real driving emissions 

RPA relative positive acceleration 

S distance 

u share 

V velocity  

WLTC worldwide harmonized light vehicles test cycle 
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Conception of a hybrid pneumatic-combustion rotary vane engine  

– challenge and reality 
 

The paper presents a new concept of applying a rotary vane engine working as the hybrid system including both a combustion engine 

and a pneumatic motor, which were working simultaneously. In the beginning, review on both unconventional piston engine designs and 

similar like solutions on rotary vane engines were conducted. Next, description of the conceptual engine was presented. The concept was 

realized in practice. The prototype engine was built and it was preliminary investigated focusing on problems with cold start and misfir-

ing events which occurred. The engine was tested on LPG and gasoline, however, its main target is to feed it with natural gas. This 

approach is justified as far as the engine finally might work in natural gas reduction stations and would provide electricity of 1kW power 

for station’s own demands.  

Keywords: hybrid pneumatic-combustion engine, rotary engine  

 

 

1. Introduction 
The internal combustion engine as known as a machine 

which achieves its highest possible thermal efficiency 

among all the machinery converting chemical energy from 

a fuel into mechanical useful work resulted from the com-

bustion process taken place inside an engine combustion 

chamber. As discussed by Lenz [1] future for means of 

transport drives belongs to internal combustion engines 

fueled with liquid fuels. Hence, the internal combustion 

engine is still attractive solution and effectively competitive 

to fuel cell drives as well as battery electric vehicles. As 

reviewed, the engine design has been evolving over centu-

ries and currently the most popular is the reciprocating 

engine with piston joined to the crankshaft with aid of  

a connecting rod.  

This engine design has been so well refined that it is 

now the basic type of thermal machine used as a drive in 

the means of transport as well as for generating electricity. 

On the other hand, there are many engine designs that 

have not been implemented on a large industrial scale. 

However, from a certain point of view, they deserve recog-

nition and are therefore also the subject of research in re-

search centers and large automotive concerns. 

Noteworthy is the construction of a rotary piston engine, 

whose prototype was the engine invented by Felix Wankel 

in 1926 and patented in 1936. Its production was discontin-

ued many times and was again resumed, in which one can 

still discern the existing potential for the development of 

this engine type. Mazda has announced launching the Wan-

kel-like engine into series production again. In 2013, Maz-

da created a prototype that incorporated a rotary range ex-

tender to increase range of a car up to 400 km in the car 

Mazda2 (Demio). The engine swept volume of 0.33-liter 

delivers 38 bhp that would be able to recharge onboard 

electric motor's batteries. 

However, the Wankel engine is not the only type of un-

conventional solution for a reciprocating thermal machine. 

There are many different construction solutions. These 

solutions can be divided into several groups as follows: 

− engine with a reciprocating piston, 

− classic engine with a crank and a piston, 

− engine with non-standard crank-piston assembly – rocker 

engine (Commer, Szymkowiak engine [2, 3]), 

− barrel engine [4, 5], 

− opposed piston engine without a shaft – free-piston 

engine integrated with a linear power generator [6], 

− rotary engine – engine with rotational movement of the 

piston, 

− a three-piston engine with its eccentric location – Wan-

kel engine, 

− a vane engine. 

An interesting example of the unconventional engine 

design is the barrel engine by Mazuro et al. [2, 3] shown in 

Fig. 1d. They invented several useful solutions for charge 

exchange and reduce thermal stresses in the engine working 

on various alternative gases. Worth of noticing is the work 

by Zhang et al. [6]. They present a control strategy to im-

prove the output power for a single-cylinder two-stroke 

free-piston linear generator (FPLG) as depicted in Fig. 1c. 

The piston motions, especially the dead center errors, are 

controlled by regulating the profile of the electromagnetic 

force. The results state that the proposed control strategy 

can improve the output power by around 7–10% with the 

same fuel cycle mass. ShokrollahIhassanbarough and the 

team [7] conducted simulation works on a 2-stroke opposed 

piston engine (Fig. 1c) and they provided several benefits 

which distinguish this engine over the classic 4-stroke re-

ciprocating piston engine. As they stated, the current tech-

nology leveraging allows the opposed piston 2-stroke en-

gine to be considered as an alternative for the conventional 

four-stroke engines as mechanical drive in various applica-

tions, mainly in transportation. In general, these engines are 

suited to compete with conventional 4-stroke engines where 

power-to-weight ratio, power-to-bulk volume ratio and fuel 

efficiency are requirements. Authors present a brief advent, 

as well as the renaissance of opposed-piston engines and 

the novel technologies which have been used in the new 

approach. 

Figure 2 presents exemplary designs of rotary engines. 

As seen, the well-known design is the engine in Fig. 2a 

invented by Felix Wankel in 1926 and patented later in 

1936. In 1797 Edmund Cartwright patented an engine  
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a) 

 

b) 

 

c) 

 

   

d) 

 

e)  

 

f) 

 

Fig. 1. Selected examples of various engine design: a) Commer rocker engine, b) Szymkowiak rocker engine [2, 3], c) principle of the opposed piston  

  engine, d) barrel engine [4, 5], e) opposed engine – HOPE [8, 9], f) free piston engine [6] 

 

a) 

 

b) 

 

c) 

 

Fig. 2. Rotary engines: a) Wankel engine, b) rotary engine by J. Watt (1765) [10], c) rotary engine by E. Cartwright (1797) [10] 

 

which was similar to Watt's 'abutment' engine, only with 

two flaps and three baffles working as pistons inside the 

rotating cylinder, as seen in Fig. 2b,c. 

Coming back to main topic concerning rotary engines, 

as known, there are several pros and cons for these uncon-

ventional solutions in engine design. Among others, the 

most important are the following. 

− The pros of rotary engines: 

• Construction is relatively very simple. It contains  

a significantly lower number of parts as compared to 

the classical piston engine. Especially, the engine has 

moving parts in lower number. This makes them cost 

effective and lighter. 

• Power to weight ratio is higher.  

• Vibration generating by the engine is significantly 

lower due, because the engine does not contain any 

reciprocating motion. 

− The cons of rotary engines: 

• Lower overall efficiency. This is mainly because of 

both relatively low compression ratio and incomplete 

fuel combustion in the combustion chamber.  

• Moreover, it causes higher toxic emission, particularly 

UHC and CO are significantly higher than in the clas-

sic IC engine. 

• Lubricating oil leaking and higher oil consumption 

due to burning it in the combustion chamber. By de-

sign, the rotary engine burns oil because amounts of 

oil for lubricating the combustion chamber sealing 

remain there and mix with the fuel. 

• High costs of repairs – as rotary engines are not very 

common, thus, the car service is not equipped with re-

quired tools as well is not experienced enough to pro-

vide effective repairs or even simple maintenance. 

which makes them expensive to repair. 
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2. Conception, construction and operation principle 
The machine was worked out on the basis of the patent 

No. PL 208394 [11] by K. Rzadkosz. It characterizes itself 

with the potential applications as follows: 

− the machine can be used as a combustion engine with  

a high drive torque, which gives the possibility of using 

such an engine as a starter for large stationary gas en-

gines and marine engines, 

− as a pneumatic rotary actuator with high torque, 

− as a pneumatic motor working at middle pressure natu-

ral gas stations, 

− the machine can be used in a hybrid system working 

alternately as an internal combustion engine and as  

a pneumatic motor, 

− the machine can be used as a high-performance com-

pressor. 

The essence of the originality of the construction that 

distinguishes it from the known designs of vane motors is 

the way of guiding the baffles which separate the chambers 

in the cylinder from the each other. The advantage of the 

presented way of guiding the baffles is the slight pressure 

affecting the cylinder's surface, which should significantly 

improve the service life of the baffles and at the same time 

ensure the tightness between the chambers. 

 

 

Fig. 3. Cross-section of the vane engine by K.Rzadkosz [11] 

 

The engine resembles a classic vane motor used in 

pneumatic drive systems. The rotor has 4 baffles that define 

and simultaneously separate the adjacent chambers from 

each other. The rotor with baffles rotates inside the body 

(cylinder) constructed in such a way as to isolate from each 

other the following spaces: the part in which compression 

takes place, the part in which the ignition occurs and the 

part in which the gases are subject to expansion. In this 

mode of operation, it is the engine that works as an internal 

combustion engine and partially resembles the Wankel 

engine with a rotating piston, however, this piston is not 

located eccentrically. 

A special feature of the engine is the baffle mounting 

system that adheres to the cylindrical surface to seal the 

adjacent motor chambers against each other. In order to 

reduce the force from the baffles pushing on the cylindrical 

surface, the author's method of guiding the baffles and 

reducing this force was developed, which directly affects 

the smaller friction losses and the lower wear of the cylin-

der liner and baffles. 

 

 

Fig. 4. a) Prototype of the vane engine by K. Rzadkosz, b) mechanism for 

guiding baffles in the engine 

 

Another special feature of the engine is the use of an 

asymmetrical cylindrical body, which results in a smaller 

compression chamber and a larger expansion chamber. This 

solution leads to increase in engine efficiency, which results 

directly from applying so-called overexpanded thermody-

namic cycle to the engine. 

In the case of engine operation in hybrid mode, the en-

gine will work alternately with combustion and pneumatic 

cycles as presented in Table 1, in contrast to commonly 

used separate exhaust and pneumatic systems. 

 
Table 1. Working conditions for the vane engine 

Operation Mode Work order - Chamber No. 

Combustion engine 1,2,3,4 CNG Combustion 

Alternate work 1,3 Air Expansion 

2,4 CNG Combustion 

or 

1,2 Air Expansion 

3,4 CNG Combustion 

or 

every second cycle: 

1,2,3,4 Air Expansion 

1,2,3,4 CNG Combustion 

Pneumatic motor 1,2,3,4 Air Expansion 

 

For example, the engine is supplied with compressed air 

at a pressure of approximately 30 bar. The expansion takes 

place at the bottom part of the engine (Fig. 3), whereas, the 

chamber located in the upper part sucks air and mixes it 

with natural gas injected into the inlet channel of the en-

gine. The combustion process is initiated by a spark dis-

charge. As mentioned, the fuel is CNG. Expansion of the 

exhaust gases takes place in the same part of the engine as 

the air expansion is done. 
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3. Potential benefits 
One can expect the following parameters to be im-

proved: 

− increasing the engine torque of the air motor with un-

changed air flow – which results from the fact that the 

engine operates in every second cycle as a combustion 

engine, 

− raising the efficiency of the air motor – this is due to the 

fact that alternating operation of the engine in combus-

tion and pneumatic modes leads to increase in the aver-

age temperature of the pneumatic motor, and thus im-

provement in the expansion of the pneumatic medium 

(optionally natural gas or air) is observed. 

− increase in the efficiency of the internal combustion 

engine compared to the rotary piston engine (Wankel 

engine). Due to alternative pneumatic-combustion oper-

ation, the average engine temperature is lower compared 

to the mean body temperature of the internal combus-

tion engine, because expansion work in pneumatic mode 

causes additional cooling effect due to air / gas decom-

pression. Such cooling effect of the engine will not sig-

nificantly reduce its temperature, but this decrease is 

expected. 

− improvement in engine efficiency in the hybrid system 

(gas-pneumatic) results from the overexpansion of the 

exhaust gases. The expansion stroke is longer as com-

pared to the ratio of the compression stroke. 

− as a result of lower temperature of the exhaust gases, the 

temperature of the elements sealing the combustion 

chamber will be reduced, which should partly eliminate 

the defects characteristic for the Wankel engine and thus 

improve the sealing system of the engine. The reduction 

of the average engine temperature is also important in 

determining the technological clearances required to 

provide dilatation as a result of the increase of the en-

gine temperature from the cold start temperature to its 

operating temperature. 

− low emission of toxic exhaust components will mainly 

concern nitrogen oxides whose emission strongly de-

pends on the maximum combustion temperature. 

Unfortunately, increase in HC emission resulting from 

the need to lubricate the cylinder liner is expected, but this 

is a problem commonly found in this type of construction. 

4. Preliminary investigation 
The engine was constructed and preliminary tested at 

the domestic test bed consisted of the dynometer and  

a speed indicator as depicted in Fig. 5a,b. The dynometer 

was built from the 3-phase asynchronous motor with nomi-

nal power of 1.5 kW. 

The technical specifications of the engine are the fol-

lowing: 

− Fuel: LPG/gasoline, ether, 

− Swept volume of a single combustion chamber: 40 cm
3
, 

− No. of chambers: 4, 

− No. of combustion events per one rotation: 4, 

− Ignition system: spark discharge, 

− Compression ratio: 8, 

− Expansion ratio: 11.5, 

− Rotational speed range: 650…800 rpm. 

The engine used to work for several minutes either gas-

oline or LPG as fuels. The problem occurred with high 

misfiring events expressed by COV over 20%. The problem 

was probably supposed by a spark timing actuator working 

not effective enough with the crank encoder. However, cold 

start of the engine might also be a cause, as far as the en-

gine combustion chamber in its top dead centre is in shape 

of elongated gap. 

5. Conclusion 
The vane engine was constructed and investigated pre-

liminary at cold start conditions. The engine misfiring 

events occurred at work. Hence, further work on improving 

a spark system, as well as start of combustion is realized. 

On the other hand, one can state, that first attempts on start-

ing the engine were successful, even though these problems 

reported. 

On the basis of fundamental considerations, the follow-

ing remarks, advantages and essential features were found 

as follows: 

 
 

   a)          b) 

          

Fig. 5. Test bed of the vane engine by K. Rzadkosz 
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− the engine can be easily adopted to work with the over-

expanded cycle, 

− due to alternative work consisted of: expansion of pres-

surized air and combustion events, removal of the ex-

haust gases residuals from the combustion chamber be-

fore the next burning cycle can be achieved, 

− potential for downsizing – small dimensions at high 

performance – for example: the vane engine with two 

rotors with a cubic capacity of a single chamber of 500 

cm
3
 are equivalent in terms of mechanical power to  

a 16-cylinder piston engine of 8 liters (of course assum-

ing the same general efficiency of the engine) with a 

nominal power of 120 kW. It has been taken into ac-

count that such engine will not be overloaded in order to 

obtain its better durability and reliability, 

− the vane engine can work as the source for a system for 

compressed air and electricity of 400 V/32 A with out-

put power up to 20 kW. It will be possible to secure re-

pair workshops in field conditions. 
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Evaluation of mixture swirl in the cylinder chamber in a conceptual system  
with combustion surrounded by inactive gases 

 
Internal combustion engines have seen a reduction of the dynamics of their efficiency growth in recent years. All kinds of new modi-

fications and changes introduced in this field can only manage changes of engine efficiency at the level of a fraction of a percent. Con-
sidering the concept of unification of SI and CI internal combustion engine structures, one can expect to see their efficiency increase by 
the reduction of losses, whose causes and occurrence is commonly known. The improvement of the combustion system is mainly related 
to the reduction of thermal losses generated in this process. Therefore, the current issue is the advanced analysis of any possibilities of 
improving the combustion conditions and more fully understanding the processes that accompany them. The authors of the article see 
such a possibility in the conceptual control of the combustion process, which aims to obtain a combustible mixture surrounded by non-
flammable gases. This way the flame contact with the cylinder walls is limited, which should in turn contribute to reducing the heat 
exchange with the walls. This research is a continuation of previous research work; current work focuses on determining the actual 
distribution of gases in the combustion chamber using the advanced shadow photography method. The article specifies the effect of non-
flammable gas injection pressure increase on the area of the boundary layer formed between the non-flammable gases and cylinder walls.  

Key words: rapid compression machine, schlieren photography, advance combustion management, particle image velocimetry 
 
 
1. Introduction 

The current stage of internal combustion engines deve-
lopment is characterized by a considerable structural simi-
larity of spark-ignition and compression-ignition engines. 
This unification concerns not only similar boost systems, 
but also the combustion systems. Both systems use direct 
fuel injection into the combustion chamber. Similarities 
also occur in exhaust aftertreatment systems, as spark-
ignition engines also now work with values of excess air 
coefficient greater than 1 (stratified charge). A similar ana-
logy can be expected in exhaust gas recirculation (EGR) 
systems. The EGR system that is already widely used in 
compression-ignition engines is also starting to play an 
increasingly important role in spark-ignition engines. 

The main reason for using an exhaust gas recirculation 
system in internal combustion engines is the ability to re-
duce the emission of nitrogen oxides (NOx) by reducing the 
maximum combustion temperature. Increasing the propor-
tion of recirculated gases for high engine loads can effec-
tively reduce the occurrence engine knock (in the SI en-
gine) and reduce the temperature of the exhaust gases. The 
negative aspect of using this system is – as the amount of 
gasses transferred through the EGR increases the fill factor 
decreases, which leads to the reduction of engine torque. 
Research carried out by Alger [2] indicates that a high pro-
portion of recirculated exhaust gases reduces the flame 
propagation rate and leads to combustion process instabi-
lity. The use of new injection systems in DI SI engines [3] 
and further testing of these systems in CI engines [4], con-
tribute to the increase of specific power values obtained 
from these systems. Hence, the combination of advanced 
injection systems with EGR systems can increase the effi-
ciency of these systems. 

Internal combustion engines continue playing an im-
portant role as a source of propulsion for motor vehicles. 
Although there is a growing trend in the automotive in-
dustry of the development of vehicles with hybrid drive 
systems or plug-in vehicles, the modernization of conven-

tional internal combustion engines is essential for maxim-
izing the efficiency of vehicles using them. In the era of 
strong legal restrictions regarding fuel consumption and 
engine exhaust emissions from vehicles, one of the devel-
opment directions of these drives is using alternative pro-
pulsion systems (hybrid and hydrogen drives) [16, 21, 25]. 
Classic drives using spark-ignition and compression-
ignition internal combustion engines are subjected to 
modifications that can be summarized as actions tuning 
the drive systems for operation with direct fuel injection 
and boost systems [5, 9, 11, 14]. 

For a dozen or so years, a trend in the construction of 
car engines could be seen, consisting of obtaining increased 
values of engine operating indicators with reduced stroke 
volumes and a reduced number of cylinders [15, 17]. The 
actions taken by producers fall mainly into two categories: 
–  downsizing primarily based on reducing the engine 

displacement while using additional systems to increase 
the average useful pressure of the engine to compensate, 

– downspeeding – a procedure involving engine speed 
reduction with the simultaneous use of additional sys-
tems increasing the average useful pressure. 
In addition, downsizing was divided into two types: 

static and dynamic [5, 24]. Static downsizing is meant to 
reduce the engine overall size by limiting its displacement 
volume (usually achieved through the reduction of the 
number of cylinders) while compensating for its other ope-
rating parameters so that they do not change. Dynamic 
downsizing is the reduction of the engine's displacement 
achieved by temporarily disconnecting some of the cylin-
ders depending on the engine operating conditions. This 
type of downsizing has so far been applied very rarely and 
used mainly for multi-cylinder engines.  

The combination of these two approaches of internal 
combustion engines modification by manufacturers is 
called rightsizing. It means the proper selection of the drive 
unit (its power) for a given vehicle. This is particularly 
important in cases where a combustion engine with reduced 
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capacity was used in a vehicle where it operated in the 
conditions of reduced overall efficiency.  

In order for all the engine construction changes men-
tioned so far to make a real contribution towards reducing 
the impact on the global environment, it is necessary for 
advanced combustion engines to be introduced in all vehi-
cle models. The development packages for engine series 
manufactured by Mazda, presented by Hirose and Hitomi 
[14], adopt the so-called common architecture concept. The 
first generation of Skyactive engines (with a displacement 

of 1.3–2.5 dm3) was introduced based on this concept. In 
order to increase efficiency, it is necessary to reduce the 
losses of thermal energy supplied with the fuel (heat loss 
through exhaust, cooling, pumping and mechanical). In that 
study [14], the authors point out that just seven control 
factors may enable the reduction of these losses. Figure 1 
shows Mazda's strategy in the pursuit of creating the ideal 
internal combustion engine, for both spark ignition and 
compression ignition engines. 

 

 
Fig. 1. The concept of complete modernization of internal combustion engines; CI and SI engines striving for common construction [14] 

 
According to the presented concept, in order to obtain 

the target state (marked in green in Fig. 1), the combustion 
process should be made adiabatic. This means that it is 
necessary to control the heat exchange with the cylinder 
walls during combustion. Considering the concept of SI and 
CI internal combustion engine construction unification, one 
can expect their efficiency to increase due to reducing some 
of the losses present in current constructions. Hence, the 
improvement of the combustion system mainly means the 
reduction of thermal losses generated in this process. There-
fore, the current research issue is an advanced analysis of 
the possibilities of improving fuel combustion conditions 
and fully describing the accompanying processes. Among 
the many possibilities of increasing the efficiency of the 
engine, the article will focus on the aspect of the possibility 
of the engine thermal efficiency increase with a new com-
bustion system using recirculated exhaust gases. 

2. Aim of research 
Combustion in an internal combustion engine is a highly 

dynamic process, and the phenomena occurring during the 
pre-flame processes take place as a result of chain reactions 
[1]. Once initiated the process cannot be stopped. To 
properly initiate the combustion process, the fuel-air mix-
ture must be prepared accordingly. The quality of the com-
bustion process achieved can be assessed only after its 
completion, often analyzing several combustion cycles 

(which results from the necessity of averaging the values 
obtained, due to the non-repeatable nature of this process).  

One of the main elements used to supply gases to the 
combustion chamber is the air intake system. The ability to 
generate the appropriate turbulence of injected gases de-
pends on its construction. The concept of its operation in-
volves creating a rotational movement of gases in the cylin-
der. The whirling motion is caused using a twist (angular 
momentum) created as the mixture flows into to the com-
bustion chamber. In order to obtain more circular flow of 
gases, the air intake channels must be properly shaped. 
However, as the swirling motion increases, the flow re-
sistance also increases, which leads to the deterioration of 
the fill factor ηv. 

In air intake systems of internal combustion engines, the 
gases are given a swirled motion through a specific geome-
try of inlet channels. The methods of inducing a vortex 
motion can include using: 
− a tangential channel (generates a bend relative to the 

cylinder axis), 
− a spiral channel (generates a bend relative to the valve 

axis), 
− a different position (lift) of the valve seat relative to the 

head combined with the head gathering the material in 
the valve seat proximity, 

− turbulence generator in the channel (Fig. 2), 
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− variable lift of valves, 
− deactivation of valves. 
 

 
Fig. 2. The use of a turbulence generator in the form of a shutter in the 
inlet channel forcing a tumble motion of the gases (for example used in  
 Audi 2.0 FSI engines) [15] 

 
In most internal combustion engine designs the previou-

sly listed types of turbulence occur simultaneously. It is 
possible for one of them to dominate depending on the 
shape of the intake channel, the shape of the piston crown, 
head surface and the engine speed. A given type of turbu-
lence can be noticeable in both macro- and microscale in 
specific phases of the engine's operation cycle.  

There is not much information in the literature regarding 
research into the combustion process control using the 
turbulent swirl of recirculated fumes. Analyzes regarding 
the possibility of generating turbulence are directed pri-
marily at CI engines [7]. There is not much research on the 
combustible mixture formation in SI engines with direct 
gasoline injection taking into account the nature of the 
mixture formation involving recirculated exhaust gases. In 
direct injection, creating too much turbulence can result in 
the fuel being taken along with the gases, which leads to 
problems with mixture ignition at the spark plug. The uni-
formity of the exhaust gas supplied to each cylinder is cur-
rently also a problem. 

The studies performed by Perini [7] concerning the 
modeling of the compression ignition engine cylinder tur-
bulence indicate the possibility of creating a controlled 
turbulence in the chamber using special dampers which can 
be controlled to generate a radial swirl as shown in Fig. 3. 

 

 
Fig. 3. Predicted tangent velocity field in the measurement plane; the “+” 
sign means the calculated vortex center (colors correspond to the velocity  
 of the mixture turbulence) [23] 

The analysis of the SI engines gas distribution is there-
fore not an investigated aspect that requires further experi-
mental research, such as the research presented in this article.  

An experimental analysis of the aspect used to deter-
mine the possibility of generating swirling motion of gases 
in the cylinder chamber of a rapid compression machine has 
been attempted in this paper. In order to do this, the rapid 
compression machine cylinder head was adapted to allow 
non-flammable gases to be introduced near the cylinder 
walls. Injection of gases took place as shown in Fig. 4.  

 

 
Fig. 4. The concept of radial layering of non-flammable (red) and flamma-
ble (blue) gases with the visualization of the injection method (using  
 electromagnetic valves) to the RCM chamber 

3. Research object 
Experimental research on gas turbulence in the combus-

tion chamber have some limitations as a result of the test 
method used. It is impossible to accurately determine the 
distribution of inactive and active gases in the working 
volume of the cylinder. There are research methods that 
enable partial recognition of the stratification of the gas 
charge depending on their composition (shadow method – 
schlieren); it is possible to perform tests using speckle pat-
tern (marking part of the mixture). Regardless of the me-
thod chosen to determine the air-fuel dose distribution in 
the chamber, whenever the image is recorded using a ca-
mera, it is only possible to produce images of a flat two-
dimensional exposure.  

 

 
Fig. 5. Hierarchical research approach to the research topic using the  
 simulation research method and the experiment [6] 
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Model tests enable the extension of the experimental 
analysis of gas swirls in the combustion chamber with in-
formation on: the mass fraction distribution of the compo-
nents supplied to the combustion chamber and the three-
dimensional current characteristic. The hierarchical ap-
proach to solving research problems presented in [6] was 
used for author's research. The connection between simula-
tion and experimental research is presented in Fig. 5. 

The simulation and experimental investigations regar-
ding the possibility of generating mixture turbulence in 
earlier publications [8, 12, 18] were verified using the ex-
perimental method presented in this article.  

The rapid compression machine was adapted for optical 
testing in shadow photography (Fig. 6). The test bench was 
constructed based on the instructions and tips listed in [12, 
13, 20, 22, 27]. The main elements of the system were:  
a concave mirror (1) with diameter ϕ = 150 mm and focal  
f = 750 mm, mirror (9) semi-permeable 50:50 at wave-
length 450-650 nm ±10% with a diameter ϕ = 50 mm from 
Thorlabs, placed at a 45º angle to the optical axis, a light 
source in the form of a diode (10) and a knife-edge (6). The 
remaining elements of the test bench are: electromagnetic 
valve supplying CO2 to the cylinder chamber (2), glass ϕ = 
85 mm enabling optical access to the combustion chamber 
(3), gas outlet solenoid valve from the cylinder chamber (4), 
mirror with optical access from the piston crown side (5) and  
a camera (7) with a lens (8). 

 

 
Fig. 6. The rapid compression machine test bench adapted for optical  
 testing in shadow photography (description in the text) 

 
Optical tests were performed using a high speed camera, 

the parameters and selected filming speeds along with the 
maximum resolution values are shown in Table 1. 
 

Table 1. LaVision HighSpeedStar 5 camera parameters [18] 

Image sensor type CMOS 

Size of the 
photocathode 
pixel  

17 µm × 17 µm 

Maximum 
resolution 1024 × 1024 pixels 

Selected 
maximum image 
capture speed 

3 000 photo/s at resolution 1024 × 1024 
5 000 photo/s at resolution 512 ×××× 512 (capture 

speed used for the research) 
20 000 photo/s at resolution 384 × 152 

Gray-scale 
recording 

Monochromatic 10-bit 

Optical range 380 nm to 800 nm 

The schlieren method (shadow method) was developed 
in the 17th century by Robert Hooke. This technique was 
then refined by Toepler in the 19th century [20, 22]. A ge-
neral schematic explaining shadow measurements is shown 
in Fig. 7.  

 

 
Fig. 7. Diagram of shadow visualization [21] (description in the text) 

 
The light source is placed at the focus of the lens and 

produces a wide parallel beam passing through the sample. 
The light is focused by the lens (L2), and then reaches the 
screen of the measuring camera, set so as to obtain a sharp 
image of the measured sample. In the focus of the lens (L2) 
the knife-edge was set, also known as an optical knife, that 
is moved in a plane perpendicular to the optical axis of the 
system. The path of any ray of light that has not been af-
fected by changes in sample density is marked with a solid 
line, and the angle at which the light refracted α (when such 
density changes occur) – was marked with a dashed line. 
The distance of the skewed light beam from the optical axis 
at the lens L2 focal point is equal to: 

 ∆a � f�α (1) 

In order to obtain the appropriate sensitivity of the 
measurement system, it is necessary for the image of the 
light source that arrives at the focus of the L2 lens (with 
dimensions a0 x b0) was partially cut by the knife-edge. This 
value is strictly determined by the value of aK as shown in 
Fig. 8. 
 

 
Fig. 8. Knife-edge principle of operation [22] 

 
As a result, the rays that have been refracted from the 

axis, increase the camera's matrix illumination (if Δa is 
positive) or are blocked on the blade (if Δa is negative) 
causing local drop in the luminosity of the observed sam-
ple. The relationship regarding the contrast at a given point 
is defined as follows: 

 

 
∆�
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�  
�
��
�

� �

�� dz�   (2) 



    

Evaluation of mixture swirl in the cylinder chamber in a conceptual system with combustion surrounded by inactive gases 

44 COMBUSTION ENGINES, 2018, 175(4) 

where: Ik – the intensity of light on the screen, in the ab-
sence of changes in the sample density and the knife-edge 
cutting off the light source image by the value ak, ∆I = I – Ik 
– the difference in light intensity at a given point of the 
screen relative to Ik, na – the refractive index value outside 
the measurement space. 

Thus, by measuring the intensity of light in various 
places of the camera matrix, a derivative of the refractive 
index can be determined at the corresponding points of the 
measuring space. This allows determining the derivative of 
density: 

 
��
�� � �


��
�

�� � �

��
��
�

��  (3) 

This method is widely used for internal combustion en-
gines research. There are many variations in the configura-
tion of light sources, lenses or mirrors. In the presented 
study the optical path of the test bench was designed as 
described in Fig. 9. 

 

 
Fig. 9. Test bench construction schematic [6] 

 
One of the main construction elements is the semi-

permeable mirror EBS2 from ThorLabs, which transmits  
a beam of light in the ratio 50:50, in the visible range 450–
600 nm (Fig. 10). This mirror allows directing light into the 
measurement space while simultaneously allowing to re-
cord the sample image on the side of the light source.  

 

 
Fig. 10. Transmission and reflection properties of the EBS2 semi-perme- 
 able mirror [10] 

 
The streak method allows registering the density differ-

rence of two mediums. Hence, the choice of gases for the 
experiment was analyzed and presented below. The article 
analyzes the combustion in a spark-ignition engine system. 
In such systems, the stoichiometric mixture (λ = 1) under-

goes combustion, and the process in theory follows the 
equilibrium equation: 

 C�H
 �  m � 

"# O� → mCO� � 


� H�O (4) 

CmHn in the equation refers to the fuel, which for SI en-
gines is gasoline, consisting mainly of aliphatic (chain) 
hydrocarbons with the number of carbon atoms in the chain 
ranging from 6 to 12. There are also some amounts of aro-
matic hydrocarbons and unsaturated hydrocarbons found in 
gasoline, but they are not a significant portion of its compo-
sition [28]. During gasoline combustion in the presence of 
air, exhaust components are produced, and the amount of 
harmful or toxic compounds created in this process depends 
directly on the combustion system quality. Typical values 
for exhaust gases concentration from fuel mixed with air in 
SI engines are shown in Fig. 11. The main gaseous toxic 
components of the exhaust are: carbon monoxide, unburnt 
hydrocarbons and nitrogen oxides. 

Due to the sensitivity of the research method (shadow 
photography), the use of real exhaust gas in tests would 
cause interpretation problems of determining the boundary 
between these gases. The air contains about 78% nitrogen 
and about 21% oxygen, while in the exhaust gas, even 
though the oxygen content is fractional, the nitrogen con-
tent is still prevalent. In the gases emitted by the SI internal 
combustion engine, the share of carbon dioxide becomes 
noticeable, as it reaches over 12%. 

 

 
Fig. 11. The composition of air and exhaust gases in the SI engine (with  
 a catalytic converter) [26] 

 
The following postulates were considered to be criteria 

for the selection of gas to simulate recirculated exhaust 
gases in the research: 
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− a non-flammable gas, 
− greater density than air, 
− a component in a SI engine exhaust gases, 
− easy to store and supply to the RCM combustion cham-

ber. 
Two gases meet the above criteria: carbon dioxide and 

nitrogen. Because nitrogen is present in the air and in the 
exhaust gases, and its density differs only by 3% from the 
density of air, its use would result in the observed changes 
in density differences to be very small. Carbon dioxide, on 
the other hand, has density more than 50% greater than air. 
It is also non-flammable and present in exhaust gases, 
which is why it was chosen for the performed experiments. 

4. Optical analysis of gas distribution 
The processing method of the measuring material using 

LaVision DaVis software is presented in Fig. 12. The first 
stage of postprocessing consists of determining the registra-
tion cross-section and defining the further processing area 
(defining the mask). The circular marker visible in the im-
ages was used for determining the concave mirror center 
with respect to the optical path.  

 

 
Fig. 12. Streak method test results processing 

 
The streak method allowed observation of the gas swirl 

in the rapid compression machine chamber. Sequence 
shown in Fig. 13 is an example. Image analysis (of conse-
cutive frames) allows a qualitative assessment of the flow 
of gas in the chamber (carbon dioxide and air). This move-
ment clearly takes on the character of radial turbulence. 

 

 
Fig. 13. An example of the images showing gas swirl in the chamber 

 
The results of gas turbulence tests recorded for two dif-

ferent injection pressures were presented in Fig. 14. Injec-
ting a non-combustible gas with a pressure of 10 bar causes 
greater gas turbulence than injection at 6 bar (this tendency 
was expected). In addition, there is a relationship between 
the non-combustible gases injection pressure and the width 
of the resulting gas layer. In the tests, a larger width of the 
swirled gas layer in the chamber was obtained at a pressure 
of 10 bar (different radii of air are marked in red).  

 
Fig. 14. CO2 gas swirl comparison for the pressures of 6 and 10 bar 

 
In order to determine the scale range of the process, fur-

ther processing of the results is necessary. To achieve this, 
analysis of the film material was performed using the PIV 
(Particle Image Velocimetry) method. The PIV anemome-
try method is used in velocity area measurements [27]. It is  
a non-invasive method (because it does not require the use 
of flow sensors that disturb the flow) and consists of com-
paring images representing the same background with  
a moving object. The time between recorded images is an 
important parameter in this method that allows determining 
the degree of change (in the performed research the image 
capture frequency was 5 kHz, so the time between images 
was 0.2 ms). Usually, in order to carry out PIV measure-
ments, it is necessary to use a laser to light up the flowing 
molecules (methods using speckle pattern). The so-called 
masks are chosen based on local displacements of markers 
from two images, (these markers are the only element that 
can introduce a disturbance in the tested system). For each 
mask position, a two-dimensional correlation function is 
calculated (Fig. 15). This is a statistic method and it re-
quires that there is an appropriate number of markers within 
the mask. 

 

 
Fig. 15. The principle of using PIV in calculating the flow rate [19] 

 
Although in tests of non-flammable gas turbulence in  

a rapid compression machine, no speckle pattern was used, 
an attempt was made to determine velocity vectors using 
the DaVis software and the PIV image analysis procedure 
implemented in it.  

Images of gas swirls in the entire cylinder chamber were 
chosen for a cross-correlation. Masks were added to the 
images imported for the PIV calculations in order to deter-
mine the image area in which the changes taking place in 
the cylinder were located. The selection of appropriate 
velocity vector calculation parameters was another aspect. 
Multi-pass iterations for a fixed image size of 32×32 pixel, 
a 75% overlay of areas, and a minimum number of transi-

6 bar

10 bar

r6 bar > r10 bar
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tions set to 3. After calculating the velocity vectors the 
results settings were changed to display the current lines, 
(red solid line in Fig. 16), which corresponds to the average 
turbulence in the cylinder volume. In addition, reference 
vectors on the chamber radius were selected and their pa-
rameters determined (Fig. 17). 

 

 
Fig. 16. Gas current lines with CO2 injection pressure of: a) 6 bar,  

b) 10 bar 
 

The shape of the current line in the air flow analysis in 
the vicinity of the non-flammable gas indicates that at in-
creased CO2 gas pressure (10 bar), the size of the space 
without turbulence (ring formed from the current line) is 
increased – Fig. 16. It is possible to introduce flammable 
mixture of air and fuel into this space, which should result 
in the combustible mixture being surrounded by non-
flammable gases. In a situation where the CO2 injection 
pressure was 6 bar, radial turbulence could also be seen, but 
its velocity was lower. Additionally, the current lines were 
arranged in a screw shape, which indicates a lower uni-
formity of the created layer. 

Each obtained vector was described by its direction and 
length equal to the speed. Since the measurement method 
does not have a typical speckle pattern, the speed analysis 
was done in relative values. The maximum speed that was 
calculated was taken as 100%. Then for each vector (Fig. 
17) its parameters were determined in order to show the 
relative velocity of the swirl (Fig. 18).  
 

 
Fig. 17. Velocity vectors with CO2 injection pressure of: a) 6 bar, b) 10 bar 
 

Note that the image capture area is smaller than the ac-
tual cylinder size. Hence it should not be assumed that at 
lower pressures, the boundary layer of the non-flammable 
gas is insufficient to achieve the assumed results. The flow 
velocity has increased by 30% in the area 15–22 mm from 
the center of the cylinder (the diameter of the visible image 
is equal to 50 mm, the RCM cylinder is 80 mm in diame-
ter). The decrease in velocity near the border of the record-
ed image probably results from the lack of information 
(points, markers) outside the observed area.  

 
Fig. 18. Relative vortex velocity in a rapid compression machine chamber  
 at CO2 injection pressure equal to: 6 bar (green), 10 bar (red) 

 
The uniformity of the formed ring surrounding the cen-

ter of the combustion chamber is evidenced by the lengths 
of velocity vectors described by the color palette (Fig. 19) 
on a scale from 0 to 100%. The colors black and blue indi-
cate the smallest values, and the colors orange and red – the 
greatest values of the obtained gas velocity. 
 

 
Fig. 19. Turbulence velocity at CO2 injection pressure equal to: a) 6 bar,  
 b) 10 bar 

4. Conclusions 
Optical method of recording the turbulence using shad-

ow method and using carbon dioxide as a non-flammable 
gas, showed strong response to the observed phenomena. 
The shadow method allows obtaining information neces-
sary to confirm the assumptions made on the creation of  
a new combustion system. As a result, it was possible to 
analyze the combustion process in the vicinity of non-
flammable gases, which will become a part of further re-
search of the article authors. 

It has been shown that a 60-percent increase in the pres-
sure of non-flammable gas injection causes about a 30% 
increase in the relative velocity of gases near the cylinder 
walls (20 mm from the combustion chamber center). How-
ever, as the injected gases pressure increased, no significant 
increase in gas velocity around the combustion chamber 
center was observed. Initiating the combustion process will 
be possible in this region, assuming that the injection and 
ignition of the combustible mixture takes place in a spray-
guided system. 

 
The research presented in this paper was performed within the 

statutory work, project no. 05/52/DSPB/0279. 
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Nomenclature 
ak light beam corresponding to knife-edge 
CFD computational fluid dynamics 
CI  compression ignition 
CMOS complementary metal–oxide–semiconductor 
CO2  carbon dioxide 
DI direct injection 
EGR exhaust gas recirculation 
f focal lengths of lens 
HSS high speed star (camera model) 
Ik illumination from knife-edge to the screen 

LES large eddy simulation 
na refractive index value outside the measurement 

space 
NOx nitrogen oxides 
PIV particle image velocimetry 
RANS Reynolds-averaged Navier–Stokes equations 
RCM rapid compression machine 
SI spark ignition 
ηv volumetric efficiency 
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Signal filtering method of the fast-varying diesel exhaust gas temperature 
   

The paper presents the problem of the impact of external distortions originating on laboratory test stands on the results of measure-

ments of fast-varying diesel exhaust gas temperature. It has been stressed how significant the aspect of the test stand adaptation is during 

an experiment to ensure the smallest possible impact. This paper, however, focuses on the methods of mathematical processing of a 

signal recorded during experimental research of a real object. The most significant parameter requiring filtering is the fast-varying 

exhaust gas temperature in the engine exhaust channel. Methods of mathematical processing adequate to this type of distorted signal 

have been presented, particularly those that can be used in the Matlab environment and consisting in averaging of the obtained curves of 

temperature changes. The results of the application of these methods have also been presented on actual curves recorded during labora-

tory tests and their evaluation has been made.  

Keywords: diesel engine, exhaust temperature, parametrical diagnostics, signal mathematical processing 

 

 

1. Introduction 
Diesel exhaust gas parameter-based diagnostics is an 

important problem of contemporary engineering. The influ-

ence of external factors on the obtained signal is significant 

and engineers should aim at developing efficient methods 

to minimize this distortion. Aiming at a development of  

a method of diagnosis of the components of this type of 

objects based on the measurements of fast-varying exhaust 

gas temperature, a tool should be developed for mathemati-

cal processing and interpretation of the signals obtained 

during research. The performed analysis of the results of 

experimental investigations performed on piston engines 

thus far [12, 15, 1], during which fast varying pressures and 

temperatures of exhaust were recorded, has shown an exis-

tence of many important metrological issues. The most 

significant is the inertia of the thermocouples and the influ-

ence of the external factors (from the test stand and the 

immediate surroundings) on the obtained results. Therefore, 

this influence is to be minimized by selecting appropriate 

measurement techniques and measurement equipment [14]. 

At the same time, algorithms are applied that allow deter-

mining of the actual curve of the fast-varying exhaust  

temperature that is free from the said distortions. This, 

however, requires a selection of an appropriate method of 

mathematical processing of the signal obtained under labo-

ratory conditions. There are many methods of mathematical 

processing of signals distorted with external factors. The 

determination of the right method allows a proper interpre-

tation of the obtained results, which, in the long run, en-

ables a determination of the diagnostic method that would 

allow analyses of the design structure of diesel engines 

based on fast-varying exhaust temperatures. 

The aim of this paper is to present the most appropriate 

(in the author’s judgment) methods of mathematical pro-

cessing of fast-varying gas temperature as a diagnostic 

parameter. The presented methods are part of an algorithm 

aiming at a description of the process of diagnosis of struc-

tural components of diesel piston engines based on the 

exhaust gas temperature in the exhaust system. While the 

methods of fast varying temperature signal filtering are 

known, the procedure of diagnosing of piston machines 

worthiness based on these parameters is innovative. Thus 

far, the most widely applied diagnostic parameter of piston 

machines in laboratory experiments and investigations on 

real objects was pressure. Diagnostic investigations based 

on fast-varying exhaust temperature was performed by 

Rutkowski in 1976, yet this method has not been fully de-

veloped [8]. The components of the method under deve-

lopment are known but the algorithm itself, whose one of 

the elements was presented, has not been described in lite-

rature. The presented methods of signal filtering are often 

described in theory. In this paper, the application of digital 

filters for mathematical processing of the laboratory test 

results has been shown and their usefulness in the process 

of parametrical diagnosis of piston machines has been eva-

luated. 

2. Results obtained on a laboratory test stand from 

a single cylinder diesel engine 
Empirical research was performed on a laboratory test 

stand on a Farymann D10 four-stroke single cylinder diesel 

engine (Fig. 1, 2a,b). The basic engine specifications are as 

follows: 

− rated power 5.9 kW, 

− engine speed 1500 min
–1

, 

− torque 38 N·m, 

− cylinder bore 90 mm, 

− cylinder stroke 120 mm, 

− compression ratio 22:1, 

− displacement 765 cm
3
. 

During the research, the following indictors were re-

corded: 

− exhaust gas temperature recorded with a type K thermo-

couple in a ceramic sheath, 

− exhaust gas temperature recorded with a type K thermo-

couple additionally cooled with a water coat, 

− exhaust gas pressure in the exhaust channel, 

− signal of the top dead center, 

− generator load current (armature), 

− voltage at the terminals of the generator armature, 

− exhaust valve opening signal. 

Table 1 presents the measured control parameters and 

the measurement equipment used in the research.  

For the recording of the fast-varying temperatures, the 

pressures and the top dead center signal, a multifunctional 
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measurement and recording module (DT – 9805 by Data 

Translation) was used. For the storage of the recorded pa-

rameters the authors used Matlab. During the tests, a con-

stant engine speed of 1280 min
–1

 was maintained. The sam-

pling frequency was 8000 Hz. The tests were carried out on 

an unloaded engine and the presented results are an average 

from several consecutive measurements performed under 

the same conditions.  

The parameters of the exhaust gas recorded during  

a single engine work cycle of a four stroke engine were 

analyzed in order to compare the curves of the fast-varying 

temperature recorded with two thermocouples of different 

design and with a graphic tracing being clearer for physical 

interpretation. From the data presented in Fig. 3, one can 

observe a significant difference in the readings of the two 

thermocouples – the average exhaust gas temperature indi-

cated by the water-cooled thermocouple is much lower 

(tens of degrees Centigrade). This requires a further analy-

sis of the influence of the thermocouple cooling on its rea-

dings. An important advantage of the application of a water 

cooled thermocouple, however, are less distorted curves 

with more evident temperature surges, which results from 

the minimization of the heating of the thermocouple body 

from the walls of the channel, in which it is mounted.  

 

 

Fig. 1. Schematics of the test stand with the measurement signals recording and processing system: TSS–Farymann D10 diesel engine; PP – belt trans- 

 mission; G – direct current generator; GRZ – system of heaters [9] 

 

a)               b) 

         

Fig. 2. a) Diagram of the laboratory test stand with the fitting spots of the sensors marked: 1 – Farymann D10 engine, 2 – engine speed and TDC sensor,  

3 – exhaust valve opening sensor, 4 – A/C converter, 5 – recorder, 6 – analysis software, 7 – thermocouple in a ceramic sheath, 8 – pressure sensor, 9 – 

water cooled thermocouple, 10 – exhaust gas channel, A – intake air, B – exhaust gas, C – fuel line; b) view of the laboratory test stand with the fitting 

spots of the sensors of the recorded parameters marked: 2 – engine speed and TDC sensor, 7 – thermocouple in a ceramic sheath, 9 - water cooled ther-

 mos-couple, 3 – exhaust valve opening sensor, 8 – pressure sensor 
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The exhaust valve closing (opening) signal indicated in 

Figs 3–6 is a hypothetical point of valve closing (opening). 

This is caused by the imperfection of the method of recor-

ding of this parameter (Tab. 1). The determination of this 

point within the engine work cycle is only for information 

purposes and is of no significance for the diagnostic method 

under development. Therefore, the values in the figures 

deviating from 720
o
C.A. within a single work cycle of  

a diesel engine, result from the above. They were left un-

modified due to a rather negligible informative value.  

3. The influence of the distortions on the  

fast-varying temperature signal 
There are many factors influencing the signal of the 

fast-varying exhaust temperature in the exhaust channel of 

a diesel engine obtained in the laboratory tests. These are 

mainly the internal and external distortions that come from 

the following sources: 

− unrepeatability of the injection and combustion process-

es for each diesel engine work cycle, 

− wear of the engine components as well as the injection 

system, 

− immediate surroundings of the test stand (ambient air, 

interference of physical fields, etc.), 

− measurement chain (equipment and connection) and the 

power grid, 

− inertia of the temperature recording sensor (thermocou-

ple). 

The listed factors may generate distortions of the tem-

perature signal making it impossible to properly interpret 

the obtained curve. From the analysis of the research per-

formed thus far, it results that there is a deviation from the 

average exhaust temperature reaching several degrees Cel-

sius (Fig. 3). One can also observe a difference of the varia-

bility of the temperature signal of the same exhaust flow 

recorded with two different thermocouples: the water-

cooled and the one without cooling. The heating of the 

thermocouple from the exhaust channel, in which it is fit-

ted, results in much higher temperature readings compared 

to the water-cooled thermocouple. One can also observe  

a less clear and longer-to-respond temperature variability 

curve resulting from a greater inertia of the thermocouple 

without cooling. 

 

Fig. 3. Curves of the temperature changes recorded in the exhaust channel 

of the Farymann D10 engine with two type K thermocouples during  

a single work cycle: 1 – temperature recorded with the exposed thermo-

couple, 2 – temperature recorded with the water-cooled thermocouple, 3 – 

pressure in the exhaust channel, 4 – exhaust valve closing signal, 5 – 

 exhaust valve opening signal 
 

In order to minimize the influence of the external fac-

tors on the results of the Farymann Diesel D10 engine ex-

haust temperature measurements on a laboratory test stand 

(Fig. 2), the exhaust channel was modernized [14]. The 

exhaust channel was made a straight fragment and the sen-

sor along with both thermocouples were fitted at the same 

distance from the exhaust valve. Despite an improvement of 

the technical conditions of the measurements, it is some-

times necessary to develop an appropriate method of mathe-

matical processing of the obtained results. 

4. The proposed method of mathematical  

processing of the fast-varying temperature  

signal – filters in the Matlab environment 
Performance of research on an actual object generates  

a problem of receiving signals that contain distortions. The 

making of a measurement and obtaining a file containing 

measurement data is the preliminary stage of the research. 

For the analysis of the results, it is necessary to apply pro-

per computer software that would allow elimination of the 

distortions from the obtained curves. There is generally 

available software such as Mathcad, Matlab, Microsoft 

Excel or Analysis Toolpak that allows numerical data ana-

lysis. The review of the available software has indicated 

that the most advantageous environment for scientific cal-

culations is Matlab with appropriate Excel support. 

 
Tab. 1. The parameters of the Farymann D10 single cylinder diesel engine recorded on the laboratory test stand  

Item Parameter Measuring device unit Measurement range 

1. Exhaust gas temperature – Tsp1 
Exposed junction type K thermocouple 

(junction diameter 0.2 mm, ceramic sheath) 
oC 0–1000 

2. Exhaust gas temperature – Tsp2 

Grounded type K thermocouple with the 

junction of external diameter of 0.5 mm, 

made from inconell 

oC 0–1000 

3. Exhaust gas pressure in the exhaust channel – psp Optical pressure sensor – Optrand C12296 V 

0–689475.73 Pa (0–100 psi), 

sensitivity 6.01·10–8 V/Pa 

(41.43 mV/psi) 

4. 
Engine speed (angular position oC.A.) – n 

Top dead center – TDC 

Induction engine speed sensor and TDC 

sensor  
min-1 0–3000 

5. Load Current of the generator (armature) – Itw Electric current meter A 0–15 

6. Voltage at the armature terminals– Utw Voltmeter V 0–250 

7. Exhaust valve opening signal 
Gap type opto-isolator with a comparator 

LM393 

V 

mm 

0–5 

10 (gap) 
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The main task of a digital filter is the improvement of 

the quality of the processed signal through its smoothing 

while still maintaining its original shape. Upon the analysis 

of popular digital signal filters, the authors decided on the 

application of 3 filtering methods: Savitzky-Golay filtering, 

median filtering and envelope filtering [16]. 

The Savitzky-Golay filter is a digital filter applied for  

a group of measurement points to smooth the curves i.e. 

increase the signal noise ratio without significant distortion 

of the signal itself. This is obtained in the process of convo-

lution by adapting subsequent subsets of neighboring data 

points to the low degree polynomial with the method of 

least squares. The method, based on established procedures, 

was popularized by Savitzky and Golay in 1964 [18]. 

The median filter is a non-linear filter whose principle 

of operation is selecting the median value of a sequence of 

values in the ascending order of data of the processed point 

and its surroundings. The advantage of the median filter is 

that all of the values that deviate from the average are omit-

ted when new values of the measurement point are calcula-

ted. The envelope filter utilizes the signal envelope, i.e. an 

instantaneous value of the signal amplitude as a function of 

time that changes much more slowly than the signal itself. 

5. The application of the filtering methods in the 

mathematical processing of the laboratory test 

results 
The signal of fast-varying exhaust temperature obtained 

during laboratory tests on a laboratory test stand (Farymann 

Diesel D10) was subjected to mathematical processing. 

After the application of the 3 filtering methods (Savitzky 

and Golay, envelope, median) for the curves recorded by 

both applied thermocouples (Fig. 4 and 5), clearer readings 

were obtained that were free from the noise resulting from 

external factors. One can see, however, a significant delay 

of the exhaust temperature recorded by the thermocouple 

against the records of the pressure pulses. The power grid 

buzz was eliminated as the entire measurement chain was 

powered from a battery. 

 

 

Fig. 4. Temperature change curves recorded in the exhaust channel of the 

Farymann D10 diesel engine with a type K thermocouple (exposed junc-

tion, ceramic sheath) during one of the work cycles filtered in Matlab: 1 – 

temperature recorded with a thermocouple with exposed junction, 2 – 

temperature curve after the Savitzki and Golay filter, 3 – temperature 

curve after the median filter, 4 – temperature curve after the envelope filter 

5 – pressure in the exhaust channel, 6 – exhaust valve closing signal, 7 –  

 exhaust valve opening signal 

 

 

 

Fig. 5. Temperature change curves recorded in the exhaust channel of the 

Farymann D10 diesel engine with a type K thermocouple (grounded) 

during one of the work cycles filtered in Matlab; 1 – temperature recorded 

with a grounded thermocouple, 2 – temperature curve after the Savitzki 

and Golay filter, 3 – temperature curve after the median filter, 4 – tempera-

ture curve after the envelope filter 5 – pressure in the exhaust channel, 6 –  

 exhaust valve closing signal, 7 - exhaust valve opening signal 
 

 

Fig. 6. Curves and changes of temperatures recorded with the two type K 

thermocouples during a single work cycle after mathematical processing in 

Matlab (envelope); 1 – temperature recorded with the exposed thermocou-

ple after mathematical processing, 2- temperature recorded with the water-

cooled thermocouple after mathematical processing, 3 – pressure in the 

exhaust channel, 4 – exhaust valve closing signal, 5 - exhaust valve open- 

 ing signal 

 

All the applied methods of signal mathematical 

processing allowed an obtainment of curves of similar 

parameters (Fig. 4 and 5). The signal obtained after 

filtering is free from distortions resulting from the 

influence of noise caused by external factors (Fig. 6), 

which allows a more detailed interpretation of the 

obtained results. Therefore, a significant usefulness 

can be observed of the signal Matlab filtering method. 

Two important problems remain for further con-

siderations. First, one can see a significant difference 

in the readings of the thermocouples during the tests. 

The influence of the water-cooling (along with the 

heating of the channel walls) of the thermocouples on 

their readings needs to be determined. Another pro-

blem that needs attention is the shift of the tempera-

ture amplitude against the pressure amplitude, which 

results from the inertia of the thermocouple. It is, thus, 

necessary to determine the method of obtaining of the 

actual exhaust temperature, free from errors related to 

phase delay and amplitude distortion [17] of the re-

corded signal against the actual curve. 
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6. Conclusions 

After the preliminary investigations, it is expected 

that the fast-varying exhaust temperature may lead to 

the obtainment of diagnostic information related to the 

technical condition of the engine and the injection 

system. In order to develop a diagnostic method based 

on this parameter, one should allow for the require-

ment of high measurement accuracy, technology and 

ergonomics. The costs of purchase and implementa-

tion of the precise measurement equipment also need 

to be considered. One should mind the minimization 

of external factors. An equally important aspect is the 

selection of a proper method of mathematic pro-

cessing of signals recorded during laboratory tests, 

including the determination of the time constant. 

The proposed method of mathematical processing 

of a fast-varying diesel exhaust temperature signal 

consists in averaging of the signal with filters in the 

Matlab environment. In the next step one should con-

sider developing a method of determination of the 

actual curve of the exhaust temperature change. In 

order to fully evaluate the usefulness of the developed 

method it will be necessary to carry out engine labora-

tory tests for different load conditions and apply the 

proposed method of signal correction for a wider 

group of measurement data. If, after this stage, the 

method is deemed useful, it may be used in further 

research works for mathematical processing of signals 

used in parametrical diagnosing of all types of piston 

machines, which may even increase its usefulness. 
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Investigations on wear and friction in the SI engine valvetrain 
  

The engine valvetrain system operating under insufficient oil lubrication conditions, caused by an incorrect installation of the gasket 
between the block and the head, was tested. The aim of the analysis was to determine the wear intensity and resistance to motion in 
camshaft bearings. A model including a camshaft, bearings, tappet-valve-spring subassemblies and a part of the lubrication system was 
developed. It was used to determine the bearing loads and the amount of oil supplied. The volumetric wear of the camshaft journals and 
bearing covers was measured. For the estimated engine run, the wear rate and resistance to motion were compared for the cases of the 
engine with correct and incorrect lubrication.  

Keywords: camshaft bearings, gasket, friction, abrasion wear, lubrication system 
 
 
1. Introduction 

The proper operation of the internal combustion engine 
is conditioned by the correct operation of all its compo-
nents, especially critical ones, such as the valvetrain. The 
valvetrain contributes to about 6 to 10 percent of the total 
frictional losses in the engine [4]. Excessive resistance to 
motion and wear of mating valvetrain elements result in 
increased fuel consumption, increased oil contamination by 
wear and combustion particles, local temperature rise and 
increased noise and vibration levels that may affect the 
wear and friction in feedback.  

The problems of the theory of wear of the moving ele-
ments of the CI engine valvetrain systems and the analysis 
of the phenomena occurring in the sliding contact as well as 
the mathematical description of this processes are presented 
in the paper [18].  

According to ref. [11], the running-in wear of automo-
tive cam-follower systems was assessed from tests carried 
out using a motored PSA TU3 cylinder head. The changes 
in surface topography occurring through wear can be  
a basis for establishing an objective method of wear evalua-
tion. 

According to ref. [12], preventing the valvetrain wear in 
engines is one of the most important properties of an engine 
oil. The antiwear performance of additives (such as ashless 
dispersants, metallic detergents and zinc dithiophosphate – 
ZDTP, which are commonly used today) and the influence 
of the interaction of the additives were evaluated therein. 
Also, the influence of calcium sulphonate and an overbased 
phenate on the anti‐scuffing performance in engine tests 
and in Falex wear tests were investigated. Finally, the inter-
action of ZDTP, succinimides and calcium detergents and 
their influence on valvetrain wear were studied. 

According to ref. [3], motored single cam lobe 
valvetrain experiments were conducted to evaluate the wear 
protection capability of several 0.05 wt% P containing 
engine oils assuming that the oil is fresh. The wear protec-
tion capability of vehicle drain samples was also evaluated. 
It was observed that oils used in the test provided improved 
wear protection capability coupled with reduced friction. It 

was found that the composition of lubricant-derived protec-
tive films formed with used oils significantly differs from 
that formed with fresh oil, which may explain improved 
wear characteristics and reduced friction of oils used in the 
tests. 

In ref. [4], attempts to reduce frictional losses in direct 
acting mechanical bucket tappet type valvetrains through 
surface finish, surface texture and application of low fric-
tion coatings are described. It was observed that surface 
finish and surface texture could reduce frictional losses, but 
engine oil formulation also plays a significant role. Im-
provements were observed with non-friction-modified oils, 
but with friction-modified oils the overall friction was lo-
wer, however, no additional friction benefit could be ob-
served with surface finish or surface texture. It was also 
found that implementation of proposed GF-4 low-
phosphorus properly formulated engine oils provide similar 
or better wear protection as compared with GF-3 oils con-
taining 0.1 percent of phosphorus. 

In ref. [1], the effect of viscosity on wear under condi-
tions of boundary lubrication occurring in the tester simu-
lating the camshaft-lifter contact in an engine was tested. 
Viscosity reduction was shown to have a profound effect on 
wear, once a critical viscosity had been reached. It was 
found that wear prevention occurs due to a mixture of loca-
lized elasto-hydrodynamic lubrication and surface films 
formed from the anti-wear additive. Their loss resulted in 
an excessive wear. 

According to ref. [6], camshaft bearing failure can be 
caused by an excessive wear. Under high load the thick-
ness of the oil film decreases. If the minimum oil film 
thickness is lower than the micro-asperities on the bearing 
and journal surfaces, the hydrodynamic lubrication is 
compromised and metal-to-metal contact between the 
surfaces is established. Direct friction results in rapid wear 
of the bearing material. 

Another factor often causing the camshaft bearing fail-
ure is the misalignment. The bearing and the camshaft sur-
faces should be aligned when the camshaft is installed in 
the engine. However, distortions of the block, induced by 
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the thermal or mechanical stresses, cause misalignments of 
the bearings. Then, some of the camshaft bearings start to 
operate in a constant metal-to-metal contact with the jour-
nal surface and their lining wears rapidly. The alignment of 
the distorted camshaft bearings housings may be recondi-
tioned by oversize boring. Oversized camshaft bearings 
must be used in such engines. 

Excessive wear of camshaft bearings may also be 
caused by oil starvation conditions at cold start of the en-
gine. The oil path to the camshaft bearings is long in some 
engines. Therefore it takes some time for cold oil to reach 
the bearing surface. At each cold start the camshaft bea-
rings operate in the absence of oil, causing metal-to-metal 
contact. 

Oil starvation may be also a result from an excessive 
leakage of oil due to the large bearing clearance. In contrast 
to cold start, a reduction of the oil pump pressure caused by 
leakage occurs mostly with hot low viscosity oils. 

Typical oil clearance of camshaft bearings is (0.0015–
0.002)D, where D is the bearing diameter [6].  

For the long-term correct operation of the engine timing 
elements, it is critical to perform the necessary repairs, in 
addition to their utilization in the agreement with recom-
mendations of the manufacturer. During their performance, 
a lot of attention must be paid to the process of disassembly 
and assembly of components. Incorrect combinations of 
components may result in serious disruptions in the re-
paired engine and quickly lead to malfunctions. One of the 
examples is the incorrect placement of the gasket between 
the cylinder block and the head of the internal combustion 
engine. This has led to a significant reduction in the amount 
of oil fed to the camshaft bearings and then to their seizing 
and failure of the entire engine. 

The purpose of the present analysis was to investigate 
the effect of limited lubrication of camshaft bearings on the 
resistance to motion and wear intensity under the conditions 
of the engine's working cycle. 

2. Methods and materials 

2.1. Engine and its valvetrain  
The research object was the valvetrain of the four-

cylinder SI R4 1.2 8V engine cooled with liquid, used in the 
FIAT Punto II from 2005. The cylinder diameter and stroke 
for this engine was 70.8 × 78.86 mm, which corresponded 
to the engine capacity of 1242 cm3. Its compression ratio 
was 9.8:1, and the brake mean effective pressure (bmep) 
was of 1032 kPa. The engine, according to the manufactur-
er, achieved a maximum torque of 102 Nm at 2500 rpm and 
a maximum power of 44 kW at 5000 rpm. Exemplary 
graphs of measured values of engine power and torque as  
a function of rotational speed are shown in Fig. 1. They 
were about 10% smaller than the values given by the manu-
facturer. 

The engine's timing was fixed, including one steel inlet 
and outlet valve per cylinder, driven by one camshaft. The 
return of each valve was carried out by a steel valve spring 
cooperating with it. The steel camshaft was driven from the 
crankshaft via a toothed belt with a tensioner. 

 

 
Fig. 1. Exemplary waveforms of measured engine power and torque as  
 a function of engine speed for the tested engine 

 
The diagram of the valve lift as a function of the angle 

of camshaft rotation is shown in Fig. 2. This graph also 
shows the modelled course of pressure in the cylinder in the 
initial phase of opening the outlet valve. A high pressure 
drop is then observed as a function of the angle of camshaft 
rotation. 

 

 
Fig. 2. The graph of valve lifts and modelled pressure pg in the cylinder as  
 a function of camshaft rotation for the tested engine. 

2.2. Camshaft bearings  
The camshaft 4 has radial bearings in three hubs 1, 2, 3 

of slide bearings made of aluminum alloy, lubricated with 
engine oil supplied through the stub 6 from the channel in 
the cylinder head. Axial bearing is realized by means of  
a sliding thrust bearing placed in hub 1. 

 

 

 

Fig. 3. Elements of the valvetrain system in the tested engine a) on the 
engine, b) outside the engine. 1, 2, 3 – bearing covers, 4 – camshaft, 5 – oil 
main line for camshaft bearing, 6 – stub at the outlet of the oil channel in 
  the head 
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2.3. Camshaft bearing lubrication system  
For lubricating the bearings, engine oil supplied from 

the engine oil sump through the system of canals was used, 
under the pressure generated by a gear pump with internal 
toothing. The wheel with external toothing with the number 
of teeth z1 = 11 was placed at the end of the crankshaft and 
directly driven from it. It mated with the internal teeth of 
the pump with the number of teeth z2 = 13. The gearing 
module was m = 4, and the operating tooth width was B = 
13 mm. The working pressure of the oil was 70 kPa at idle 
and 400 kPa at 4000 rpm of the internal combustion engine. 

A linear dependence of oil pressure on the shaft speed 
was assumed. In fact, it is non-linear due to the flow re-
sistance and operation of the pressure limiting valve in the 
oil bus. It was assumed that for existing pressures the over-
all efficiency of the pump is constant and amounts to 0.7, 
and the pump's efficiency does not depend on the value of 
the oil transfer pressure. 

The efficiency of the gear oil pump is determined by the 
formula (1) [13]: 

Q� � 0.5B � r
�� 
 �������� r
�� 

r���r�� 
 r��� 
 ��1 
 �r��/r����u���      (1) 

where: r
� � 0.5�z�  2�m – the external radius of the 
external gear wheel, r
� � 0.5�z�  2�m – the external 
radius of the internal gear, r�� � 0.5z�m – the radius of the 
gear wheel with external teeth, r�� � 0.5z�m – the radius 
of the gear wheel with internal gearing. 

The u parameter is estimated from the formula (2) [13]: 

 u # πr
�/z� (2) 

Estimations of oil inlet velocity for individual contact 
zones in bearings were made using a model developed 
using the finite element method and shown in Fig. 4. 

  

 

 
Fig. 4. Model of the controlled oil volume. a) (Inlet) – place of oil supply 
to the channel in the cylinder head, b) (Outlet 1, Outlet2, Outlet3) – oil  
 outlets into friction contact zones in camshaft bearings 

This model contains a controlled volume of flowing oil 
from the place of its supply (Inlet – Fig. 4a) to the channel 
in the cylinder head, to its outlets (Outlet 1, Outlet2, Out-
let3 – Fig. 4b) into the friction contact zones in camshaft 
bearings. The analyzed oil had physical properties similar 
to that of SAE 5W-40 oil, its molar mass was of 300 
kg/kmol, density of 856 kg/m3, specific heat of 2000 J/kgK, 
dynamic viscosity of 0.013 kg/ms, and thermal expansion 
of 0.13 W/mK. The following boundary conditions were 
introduced: 
a) mass flow 0.00035 kg/s, 
b) a constant pressure of 400 kPa on the oil inlet 
and an ambient pressure condition was introduced at the 
outlets. On the remaining surfaces limiting the controlled 
volume of oil, the condition of rigid smooth walls was 
assumed, on which there is no liquid slip. The assumption 
of a fluid flow with constant properties and constant tem-
perature of 353 K (which corresponds to the temperature 
value of the motor thermal balance) was assumed with the 
allowed occurrence of turbulences (model k-ε). 

2.4. The influence of the gasket position on oil flow  
in the main line for camshaft bearing  

The oil flow in the main line for camshaft bearing is af-
fected by the flow resistance. In the case of correct place-
ment of the gasket, it does not exceed the flow resistance 
provided by the engine manufacturer. The engine oil is 
subject to filtration and has cleaning additives on its own, 
so it is unlikely that debris and pollutions will permanently 
deposit in the oil channels generating congestions that im-
pede or even block the oil flow. 

With the gasket correctly seated (Fig. 5a), the cross-
sectional area of the pocket (Fig. 5c) placed before entering 
the oil main line for camshaft bearings and supplying oil 
into them was of 146 mm2 (circumference of 49 mm). 
When the gasket is in the wrong position (Fig. 5b), the 
cross-sectional area of the above mentioned pocket has 
been reduced to approximately 9 mm2 (circumference 12 
mm). 

 

 
Fig. 5. An arrangement of the gasket relative to the head, a) correct, b) 
incorrect, c) enlarging the view of the pocket before entering the oil main  
 line for camshaft bearings 



    

Investigations on wear and friction in the SI engine valvetrain  

56 COMBUSTION ENGINES, 2018, 175(4) 

2.5. The model of the tappets-camshaft-bearings assembly  
The camshaft is subjected to a load from the torque 

which is balanced by the moments of forces resulting from 
the action of the tappets on the cam side surfaces and the 
mass moment of inertia of the camshaft. The force F of the 
tappet's action on the shaft cam is a resultant of the spring 
force S, the inertial force Bv of the valve, and in the case of 
the outlet valve also the gas force Pg acting on it in the initial 
period of its opening, as described by the formula (3). 

The physical model of the tappets-camshaft-bearings as-
sembly is shown in Fig. 6. The geometry of a single tappet 
has been simplified to a cylinder with a finite length. Each 
tappet was loaded with a force F which resulted from the 
angular position and the rotational speed of the camshaft. 

 F � S  B'  P) (3) 

The spring force was determined from the formula (4): 

 S � k�h'  h,-� (4) 
where: k = 18.89 N/mm – estimated spring rate, hv – valve 
lift, hs0 = 7 mm – measured initially loaded spring deflec-
tion. 

The Pg force from the gas force acting on the outlet 
valve was calculated from the formula (5): 

 P) � 0.25πd
'/�
� p) (5) 

where: daver – mean valve seat diameter, pg – gas pressure in 
the cylinder. 

The course of pressure pg as a function of the rotation 
angle α of the camshaft is shown in Fig. 2. 

 

 

 
Fig. 6a) The model of the tappets-camshaft-bearings assembly, b) The 
finite element grid. 1, 2, 3 – bearing covers with fixed surfaces located on 
the plane containing camshaft bearings axles, 4 – cam shaft, 5 – tappet 
with fixed axis of rotation, F1, F2, F3, F4, F5, F6, F7, F8 – forces loading the 
consecutive tappets mating with the shaft cams 4, FN – force from the 
toothed belt tension, FT – force resulted from the part of the drive torque 
acting on the toothed pulley mounted on the camshaft, R1, R2, R3 – reac- 
 tions in bearings 1, 2, 3 

The inertia force was determined from the formula (6): 

 B' � �m'  m1  0.5m,��d�h/dθ��ω4
� (6) 

where: mv – valve mass, mt – tappet mass, ms – spring 
mass. 

During the mating of the camshaft 1 with the tappets 2, 
the camshaft bearings are loaded substantially on the side of 
the bearing covers 3, the width of which is practically con-
stant. Therefore, only the bearing covers 3 were considered 
in the physical model, and the bearings themselves were 
modeled as short fixed bearings. 

The camshaft journal with the embedded wheel 1 of the 
toothed belt 5 is loaded by (Fig. 7): 
− force FN = 200 N from the belt tension caused by the 

tensioner 2 operation, 
− force FT resulted from a part of the drive torque on the 

crankshaft 3 transmitted via the toothed belt 5 to the 
camshaft 1 and  

the water pump drive shaft 4. 
 

 

Fig. 7. Forces from the toothed belt loading the timing pulley. 1 – toothed 
pulley on the camshaft, 2 – tensioner, 3 – toothed pulley on the crankshaft, 
4 – toothed pulley on the water pump shaft, 5 – toothed belt. FN – force 
from the toothed belt tension, FT – force resulted from the part of the  
 driving torque on the engine crankshaft 

 
The force arm Rc is determined by the formula (7) 

 R4 � R4  h  �d�h/dθ��ω4
� (7) 

where: Rb – camshaft cam radius, hv – valve lift, ωc – cam-
shaft rotational speed, θ – camshaft rotation angle. 

The FT force from the driving torque is estimated from 
the formula (8): 

 F6 � 2d
'/
7� ∑ F9 ∙ R49

9;<
9;�  (8) 

where: dave – pitch diameter of toothed pulley on the cam-
shaft. 

The model of the tappets-camshaft-bearings assembly 
was developed using the Finite Element Method and shown 
in Fig. 6. The surfaces of the bearing covers (1, 2, 3), locat-
ed in the plane containing cam roller bearings axes were 
fixed. The model incorporates contact elements on the mat-
ing surfaces of the cams, the shaft (4) and the front surfaces 
of the tappets (5), and on surfaces of the journals of the 
camshaft 4 and the bearing surfaces of the covers 1, 2, 3 
mating with them. The axes of the tappets (5) have been 



     

Investigations on wear and friction in the SI engine valvetrain 

COMBUSTION ENGINES, 2018, 175(4) 57 

fixed. The tappets 5 have been loaded with forces F1, F2, F3, 
F4, F5, F6, F7, F8, acting along these fixed axes. The cylin-
drical surface of the end of the camshaft 4 on which the 
toothed pulley is mounted has been loaded by the force 
resulting from the force FN from the tension of the toothed 
belt and the force FT from the part of the drive torque acting 
on the toothed pulley mounted on the camshaft. 

The calculations were carried out for the selected angu-
lar position of the camshaft set for two values of the rota-
tional speed of the cam shaft: 750 and 2000 rpm. 

2.6. The model of the resistance to motion  
The camshaft journals are subjected to friction during its 

motion relative to bearing shells. The friction torque MTi 
depends on the reaction in the i-th bearing, the diameter of 
the journal Di and the coefficient of friction f, which de-
pends on many factors, in particular on the value of contact 
stresses pc, slip speed vc, surface layer properties, contact 
geometry, lubricant properties, if present, and the presence 
of environmental pollution and humidity. This is represen-
ted by the formula (9): 

 M69 � 0.5f�p4, v4, oil, contact geometry� ∙ R9 ∙ D9 (9) 

It was assumed that within the analyzed engine cycles, 
the level of pollution and humidity is constant, the engine 
operates at the temperature of the heat balance, so the lubri-
cating properties of the oil do not change. 

Two cases were considered: 
1.  The camshaft bearings operate in the presence of oil 

supplied from the main line for camshaft bearings, and 
then mixed or boundary friction conditions occur in the 
contact zone. 

2.  The camshaft bearings operate in the absence of oil 
conditions and then the conditions of technically dry 
friction occur. 
In the first case, the Greenwood-Tripp model was 

adopted to determine the resistance against movement in 
the interface between inequalities of the mating surfaces 
[10]. The actual contact surface is determined from the 
formula (10) [10]: 

 A�9�hM� = π���NβNσN��A-9F��hM� (10) 

where: A0 – the average (contour) contact surface area 
determined from the FEM model or from the formula (11), 
bearing in mind that the camshaft journal radius is close to 
one of its bearing cover hole, hM = �h − Z,�/σ, – norma-
lized average distance of the contact surfaces. 

The average (contour) contact surface area was deter-
mined from the formula (11) [19]: 

 AR9 = L9D9φ9- ≈ L9D9 U1.52V���7����/W�X��7����/W��YZ
[Z\Z ] (11) 

where: Li – width, Di – diameter, Ci – clearance of the i-th 
bearing.  

Average contact stresses were determined from the for-
mula (12) [10]:  

 p4�hM� = �16/15�16π√2E∗��N�βNb/�σNc/��Fc/��hM� (12) 

The load transmitted by the metallic contact of the sur-
face unevenness in the bearing can be determined from the 
formula (13): 

 R4Rd = p4�hM�A- (13) 

The replacement Young's modulus was determined 
from the formula (14) [19]: 

 1/E∗ = �1 − ����/E� + �1 − ����/E�  (14) 
where: E1 = 210000 MPa, E2 = 70000 MPa Young's modu-
lus, ν1 = 0.3, ν2 = 0.33 – Poisson’s number for the material 
of the camshaft journal and bearing shell, respectively [5, 7]. 

The parameter values were assumed, as follows: 
− Z,� = Z,� = Ra = 0.8 µm – the average height of the 

surface asperities for the camshaft journal and its bear-
ing shell, 

− �,� = �,� = 0.3 ∙ Ra = 0.24 µm – the average standard 
deviation of the surface asperities’ height for the journal 
and the bearing shell. 
The average radius of surface asperities for camshaft 

journal (l = 1) and the bearing shell (l = 2) was determined 
from the formula (15) [8]: 

 �,f = 0.05Sgf� /Ra  (15) 

where: Sm1 = 0.025–0.1 mm for steel precision ground outer 
surfaces of cylindrical camshaft journals [8]. It has been 
assumed, on the basis of initial tests of lapped bearings, that 
the Sm2 values for the lapped inner surfaces of bearing 
shells made of the aluminium alloy are in the range 0.0048–
0.1 mm.  

The values of parameter βs1 were within 0.039–0.625 
mm, and of βs2 within 0.0014–0.625 mm. 

The average density of surface asperities was deter-
mined from the formula (16) [10]: 

 �,� = �,� = Ni/A-  (16) 
The number of asperities on the rough contact surface 

was estimated from the formula (17): 

 Ni = A-/�50 ∙ Ra�� (17) 
It was assumed that: 

− the team average height of the contact surface asperities 
was determined from the formula (18) [10]: 

 Z, = Z,�√2 (18) 
− the team average standard deviation of the contact sur-

face asperities height was determined from the formula 
(19) [10]: 

 �, = �,�√2 (19) 
− the team average radius of contact surface asperities was 

determined from the formula (20) [10]: 

 �,7� = jβ,�7� + β,�7� (20) 
Its values may vary within the range of 0.0014–0.44 

mm. 
− the team average density of contact surface asperities 

was determined from the formula (21) [10]: 
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 �, � �,�√2 (21) 

The function Fc/��hM� was approximated according to 
the formula (22) [15]: 

Fk
�
�hM� = 0.1667 − 0.0776hM + 0.7844hM� − 0.2958hMb +

0.0574hMp − 0.0046hMc  (22) 
The function F��hM� was approximated according to the 

formula (23) [15]: 

F��hM� = 0.5003 − 0.8043hM + 0.5258hM� − 0.1728hMb +
0.0281hMp − 0.0018hMc  (23) 

It was assumed that the mating bearing surfaces had iso-
tropically oriented roughness, therefore the surface texture 
parameter γ was 1. 

Part of the reaction in the bearing transmitted by the hy-
drodynamic force and the resistance to motion dependent 
on it was determined using the averaged Reynolds equation 
(24) for the bearing with rough surfaces [17]. 

12∅, rs
r1 + 6U �

Y �∅4 rs
ru + σ r∅v

ru � = r
Y ru �∅w sx

y
rz

Y ru� +
r

r{ �∅{ sx
y

rz
r{�  (24) 

It was assumed that the value of the team average stan-
dard deviation of the roughness height �Y is close to the 
value of the team average standard deviation of the surface 
asperities’ height �,, so �Y ≈ �,.  

Then the value of the oil film thickness coefficient 
� = h/σY for boundary lubrication is of 6.7, i.e. it is higher 
than 1, which makes it possible to estimate values of the 
pressure effect coefficients ∅w = ∅{ from the formula (25) 
[9, 10, 17]:  

 ∅w = ∅{ = 1 + Cu�7�}  (25) 
For the parameter value γ = 1, the estimated parameters’ 

values are Cϕ = 0.9 and rϕ = 0.56, respectively. Then the 
estimated values f the pressure effect coefficients ∅w = ∅{ 
are equal to 1.31. 

For the value of the coefficient � higher than 5 and the 
parameter value γ = 1, the shear stress effect coefficient was 
estimated from the formula (26) [9, 10, 17]: 

 ∅N = �σY�/σY��1.126e7-.�c� − �σY�/σY��1.126e7-.�c�   

  (26) 

Because there is a dependence: �Y = �Y�√2 = �Y�√2, 
the coefficient value � = 6.7 corresponds to the coefficient ∅N = 0. 

The coefficient value � = 6.7 corresponds to the contact 
coefficient ∅4 = 1 [9, 10, 17].  

For the so-determined coefficients, the formula (24) is 
simplified to the form (27): 

 6U �
Y

rs
ru = r

Y ru �∅w sx
y

rz
Y ru� + r

r{ �∅{ sx
y

rz
r{� �27� 

In order for the average Reynolds equation to be dimen-
sionless, convenient for numerical solution, several dimen-
sionless quantities were introduced. For the sliding bearing, 

the thickness h of the oil film can be determined from the 
formula (28 ) [14]: 

 h = CH = C�1 + εcosθ� (28) 
where: C = 0.05 mm – radial clearance in camshaft bearing, 
θ – angle, H = 1 + εcosθ – dimensionless height. 

Knowledge of eccentricity e of the journal centre rela-
tive to the bearing centre makes it possible to determine the 
relative eccentricity from the formula (29) [14]: 

 ε = e/C (29) 
The dimensionless pressure was determined from the 

formula (30) [14]: 

 pM = �p/�μn�R/C���� (30) 
where: p = R�/�DL� – nominal pressure transferred by 
hydrodynamic force in the contact area of the metallic bea-
ring surface with grease, RH – hydrodynamic force in the 
contact area of the metallic bearing surface with grease, R = 
D/2 – bearing radius, µ [Pas] – dynamic viscosity of the 
lubricant, n [rpm] – rotation speed of the camshaft. 

Because camshaft bearings can be treated as short bear-
ings, therefore simplified formula (27) can be further sim-
plified to the dimensionless form (31) [14]: 

 12π �[
��� r�

ru = r
r{M �∅{Hb rzi

r{M� (31) 

With the following boundary conditions (32) [14]: 

 pM = pM
 for zi = ±1 (32) 

the solution has the form (33) [14]: 

 pM = pM
 + �6π/∅{��L/D��H7b�∂H/ ∂φ��zM� − 1�  (33) 
The radial component of the reaction in the bearing was 

determined by the formula (34) [14]: 

 F6Y = −Wcos� = −�L/D���4πε�/�1 − ε����LDμn�R/
C�� = � � pcosθdxdzY����-

[/�
7[/�   (34) 

The tangent component of the reaction in the bearing 
was determined by the formula (35) [14]:  

F66 = Wsin� = �L/D���π�ε/�1 − ε��b/��LDμn�R/C�� =
� � psinθdxdzY����-

[/�
7[/�    (35) 

Angle deviation of the plane containing the bearing axis 
and the journal axis from the direction of external load 
operation was determined from the formula (36) [14]: 

 � = arctg�0.25π√1 − ε�ε7�� (36) 

Assuming that it occurs (37): 

 |F6Y| = R4Rd + R� (37) 
and (38): 

 F66 = f�R�+f���R4Rd (38) 
where: fdry – the technically dry friction coefficient between 
steel and aluminium alloy, one can determine values of the 
force RH and the coefficient of hydrodynamic resistance fH. 
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The friction torque under the mixed friction conditions 
in the camshaft bearing was determined from the formula 
(39): 

 M669 � �R4Rdf9���  R�f��R (39) 

It was assumed, that the value of the technically dry 
friction coefficient f9��� at the contact zone of the camshaft 
journal surface with the bearing cover surface was close to 
0.46, obtained during the wear tests of the friction pair 
consisting of steel disc and pin made from the aluminum 
casted alloy AK12 in the presence of air [2]. 

In the case where the operation of the i-th camshaft 
bearing takes place in the conditions of lack of oil and then 
the friction torque in the i-th bearing is determined from the 
formula (40):  

 M69 � 0.5f���R9D9  (40) 
The total friction torque in the camshaft bearings is de-

termined from the formula (41): 

 M6 � ∑ M699;b9;�   (41) 
2.7. The model of wear in the camshaft bearings  

The journals made of steel had higher hardness than the 
material of the mating surfaces of the bearing covers made 
of aluminum alloy. Therefore, in further analysis, it was 
assumed that under the mixed friction conditions only the 
bearing covers were worn, and the journal wear was omit-
ted. It was also assumed that the wear of bearings in techni-
cally dry friction conditions was dominated by the wear of 
the bearing covers. 

The volumetric wear was determined on the basis of di-
ameters Dij measured using a micrometer in J = 5 diamet-
rical planes of the i-th bearing. As a reference, the diameter 
Di0 measured in the plane of division of the i-th bearing was 
taken as practically not worn.  

The volumetric wear was determined from the formula 
(42): 

 Z9 # BD9 �D9- 
 J7� ∑ D9�
�;c
�;� � (42) 

Knowing the volumetric wear Zi of the bearing cover, 
the diameter of the journal Di, the reaction Ri and the linear 
wear intensity Ihi or wear indicator K in the i-th bearing, it 
is possible to estimate the number of engine cycles N from 
reaching the failure of the camshaft bearings. 

The formula (43) [19] was used to estimate the number 
N of engine cycles: 

Z9 � A49v{9t � A49Is9v9
'/t � A49Is9πD9n
'/t �
A49��∆h/s�p9�πD9n
'/t � A49�∆h/s��R9/A49�πDn
'/t �
KR9πD9n
'/t → N � n
'/t � Z9/�KR9πD9�  (43) 
where: v{9 � Is9v9
'/ – linear wear speed, v9
'/ � πD9n
'/ 
– average slip speed, p9 � R9/A49 – average (contour) con-
tact pressure, Aci – average (contour) contact surface, Ri – 
reaction in the i-th bearing, nave – average camshaft rotating 
speed. 

The linear wear intensity Ihi and the wear indicator K in 
the i-th bearing can be determined from the formula (44) 
[19]:  

 Is9 � �∆h/s� � Kp9 (44) 
where: ∆h – linear wear, s – wear length. 

The value of the linear wear intensity Ih for camshaft 
bearings operating under mixed friction conditions was 
estimated as equal to 5.8⋅10–8 m/m, which was close to the 
values obtained during the wear tests of the friction pair of 
the contact type: steel ring – AK9 alloy block lubricated 
with diesel oil with the addition of RME [16]. During the 
tests the force of 228 N loaded the block with diameter of 
10 mm. The determined value of the coefficient K was 
2⋅10–14 1/Pa. 

In turn, for the operation in technically dry friction con-
ditions, the value of the K coefficient was estimated to be 
close to the value obtained during the wear tests of the 
friction pair of contact type: steel disc – pin made of the 
AK12 aluminium alloy in the presence of air. The value of 
linear wear intensity was obtained from formula (45) and it 
was of 7.92⋅10–8 m/m. 

 Is � �∆hz7�/sz7�� � �Zgz7�/�ρAz7���/sz7� (45) 
where: Zgz7� = 0.01 g – mass wear of pin, ρ = 2700 kg/m3 
– density of AK12 alloy, Az7� = 78.5 mm2 – disc-pin con-
tact area, sp-d =250 m – wear length [2]. The force loading 
the pin with a diameter of 10 mm was 106 N. The deter-
mined value of the coefficient K was of 5.88⋅10–14 1/Pa. 

3. Research results and discussion 

3.1. Camshaft bearings lubrication system  
The obtained characteristics of the gear oil pump with 

internal toothing are shown in Fig. 8. In the range of con-
sidered engine speeds, its rise increases linearly both the 
pressure p in the range of 70–664 kPa, and the efficiency of 
the pump Qr in the range of 15.7–149.2 mm3/s. 

 

 
Fig. 8. The courses of pressure and efficiency of the gear oil pump with  
 internal toothing as a function of engine speed 

 
The obtained oil pressure distributions for the boundary 

condition at the inlet in the form of a mass flow of 0.00035 
kg/s are shown in Fig. 9. For the boundary condition at the 
inlet in the form of a constant pressure of 400 kPa, the 
pressure distributions are shown in Fig. 10 and the flow 
velocity distributions in Fig. 11. The obtained negative 
pressure values may indicate the possibility of cavitation, 
but may also be a result from numerical causes. The figures 
show that the distributions at the oil outlets for camshaft 
bearings differ from each other in both speed and pressure. 
The most difficult conditions prevail in this respect at the 
outlet 1. 
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Fig. 9. The oil pressure distribution for the boundary condition on the inlet in the form of mass flow 0.00035 kg/s, a) for the oil main line, b) at the inlet, c) 

at the Outlet1, d) at the Outlet2, e) at the Outlet3 

 

 
Fig. 10. Distribution of the oil pressure for the boundary condition at the inflow in the form of a constant pressure of 400 kPa, a) for the oil main line, b) at 

the inlet, c) at the Outlet1, d) at the Outlet2, e) at the Outlet3 
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Fig. 11. Distributions of the oil flow velocity for the boundary condition on the inflow in the form of a constant pressure of 400 kPa a) for the oil main  

line, b) at the inlet, c) at the Outlet1, d) at the Outlet2, e) at the Outlet3 
 

3.2.  Loading of camshaft tappet  
The obtained graphs of speed, acceleration of tappet and 

the F force acting on it are shown in Figs 12a–c. The speeds 
reached the value of 1 m/s, and accelerations reached the 
value of 700 m/s2. Figure 12c shows the vibrations caused 
by the action of valve springs in the model and cylinder 
pressure. 
 

a)  

b)  

c)  

Fig. 12. The waveforms of a) speed, b) acceleration of the tappet, c) force 
 F acting on the tappet as a function of the rotational angle of the camshaft 

3.3. Loading of camshaft bearings  
The obtained reaction values in camshaft bearings as  

a function of rotational angle for its average rotational 
speed of 750 rpm and belt tension of 200 N are shown in 
Fig. 13, and for belt tension of 50 N in Fig. 14. Quadruple 
reduction of the toothed belt tension value may result in  
a reduction of bearing reactions up to 25%. On the other 
hand, the graph obtained for the average rotational speed of 
the camshaft equal to 2000 rpm and the belt tension of 200 N 
is shown in Fig. 15. Here the highest reaction values were 
obtained (up to 1800 N). 

 

 
Fig. 13. The reaction values in camshaft bearings as a function of the 
rotational angle for its average rotational speed of 750 rpm and belt tension  
 of 200 N 
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Fig. 14. The reaction values in camshaft bearings as a function of the 
rotational angle for its average rotational speed of 750 rpm and belt tension  
 of 50 N 

 

 
Fig. 15. The reaction values in camshaft bearings as a function of the 
rotational angle for its average rotational speed of 2000 rpm and belt  
 tension of 200 N 

3.4. Contact pressure in camshaft bearings 
The distributions of contact pressure on the surfaces of 

the bearing covers for the selected fixed camshaft position 
and the rotational camshaft speed value of 750 rpm are 
shown in Fig. 16, and for 2000 rpm in Fig. 17. The values 
of the average contact pressure do not exceed 5 MPa. 

3.5. Friction torque in camshaft bearings 
The course of the technically dry friction torque in the 

camshaft bearings as a function of the camshaft rotational  
 

angle, for two values of rotational speed equal to 750 rpm 
and 2000 rpm are shown in Figure 18. The resistance for 
the latter is almost twice as high as for the first one. 

 

 
Fig. 18. The technically dry friction torque in camshaft bearings as  
a function of its rotational angle, for two values of camshaft rotational  
 speed equal to 750 rpm and 2000 rpm 

 
To illustrate the effect of changing lubrication condi-

tions, changes in the friction torque in the most-loaded 
bearing No. 3 for mixed friction and technically dry friction 
at the contact of the journal with the bearing cover were 
analyzed. Two cases of camshaft rotational speed of 750 
rpm and 2000 rpm were considered. 

For mixed friction conditions, for which the initial 
thickness of the oil film h0 is 2Ra = 1.6 µm, and the dis-
placement resulting from the deformation of surface as-
perities is equal to ∆h = 0.7µm, the obtained value of the 
relative eccentricity was ε=[C–(h0/2-∆h)]⋅C–1 = 0.976. The 
calculations were carried out, assuming the average value 
of the radius of surface asperities βs = 0.014 mm. The 
following parameters were determined: values of forces 
R3, Rcon3, FTR3, FTT3 and RH3, average contact stress p3, 
angle Φ3, resistance coefficient fH3, resistance moments 
MTT3 and MT3. In Table 1 are presented the results of cal-
culations. 

 
Fig. 16. The distribution of contact pressure on surfaces of the bearing covers for the rotational speed of the camshaft equal to 750 rpm 

 

 
Fig. 17. The distribution of contact pressure on surfaces of the bearing covers for the rotational speed of the camshaft equal to 2000 rpm 
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The calculated values of average contact stresses p3 in 
bearing 3 are similar to those determined in the FEM mo-
del, for both considered camshaft speeds, i.e. 750 rpm and 
2000 rpm. 

In both analyzed cases of mixed and technically dry 
friction, it was noticed that the 2.7 fold increase in the cam 
roller rotation speed was accompanied by almost the same 
increases in the maximum bearing load and the maximum 
friction torque. The change of mixed friction to technically 
dry caused an almost 3.5-fold increase in the resistance to 
motion for both considered rotational camshaft speeds. 

 
Table 1. Calculated values of forces R3, Rcon3, FTR3, FTT3 and RH3, average 
contact stress p3, angle Φ3, resistance coefficient fH3, resistance moments  
 MTT3 and MT3 

n R3 p3 Rcon3 Φ3 FTR3 FTT3 RH3 fH3 MTT3 MT3 

[rpm] [N] [MPa] [N] [rad] [N] [N]  [N] [-] [Nm]  [Nm] 

750 1396 2.91 310 0.132 1384 184 1074 0.038 2.20 7.71 

2000 1768 3.67 310 0.132 1753 237 1458 0.063 2.81 9.76 

 

3.6. Wear of camshaft bearings 
The worn camshaft bearing shells from the head side are 

shown in Fig. 19. The worn bearing shells from the bearing 
cover side are shown in Fig. 20. Both surfaces on the side  
 

 
Fig. 19. Appearance of worn bearing bushings of camshaft slide bearings  
 on the cylinder head side, a) bearing 3, b) bearing 2, c) bearing 1 
 

 
Fig. 20. Appearance of worn bearing bushings of cam roller bearings on  
 the side of bearing covers, a) bearing 3, b) bearing 2, c) bearing 1 

of the head and on the side of the bearing covers exhibit 
traces of rubbing through the camshaft journals. However, 
the degree of wear from the side of the bearing covers was 
much higher and the highest in the bearing 3. The wear 
distribution in bearing 1 was the most uneven, which could 
result from the distribution of contact pressure and the load 
on only one side of the bearing. In bearings 2 and 3, the 
stresses were more evenly distributed and the load acted on 
both sides of the bearings. 

The results of the volumetric wear measurements of 
bearings are given in Table 2. 

 
Table 2. Results of volumetric wear measurements of bearings 

K Z1 R1ave Z2 R2ave Z3 R3ave N1 N2 N3 
[1/Pa] [mm3] [N]  [mm3] [N]  [mm3] [N]  [-] [-] [-] 
2⋅10–14 

16.21 300 31.56 700 44.32 1100 
340765 298722 339155 

5.88⋅10–14 115872 101576 115325 

 
The volumetric wear Zi increased, although not directly 

proportional to the average load Riave of the bearings. The 
calculated number of N1, N2 and N3 cycles of the engine 
operation until failure in the case of technically dry friction 
was almost three times lower than in the case of mixed 
friction. 

4. Conclusions 
1.  Incorrect positioning of the gasket relative to the head 

can cause a 16-fold decrease in lubricating oil flow into 
the camshaft bearings. 

2.  The model of the tappets-camshaft-bearings assembly 
developed using the Finite Element Method allows the 
correct estimation of the average contact pressure values 
in the bearings. 

3.  The volumetric wear and resistance to motion in indi-
vidual camshaft bearings increase with the load, the 
course of which for each bearing is different during the 
engine operation cycle. 

4.  The increase in the rotational speed results in the in-
crease in the total resistance to motion in the valvetrain 
and also the increase in the wear intensity of the indi-
vidual camshaft bearings. 

5.  In technically dry friction conditions occurring in cam-
shaft bearings with wrong gasket position in relation to 
the head, the number of motor cycles to failure may be 
three times lower than in case of correct gasket position-
ing enabling mixed friction in these bearings. 
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