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The presented papers at the 7th edition of the International Conference CO-
FRET ‘14 held from 23.04-25.04.2014 by the Conservatoire National des Arts et 
Métiers de Paris under the auspices of the Société Française de Thermique (SFT), 
Romanian Society of Thermal Engineering (SRT),  French Automotive Engineers 
Society (SIA) and the Society of Automotive Engineers of Romania (SIAR) with 
the  support of l’ Agence de l’ Enviroment et de la Maitrise de l’Energie (ADEME), 
were organized in conjunction with the conferences topics, as follows:
Energy efficiency • Renewable energy sources • Environmental protection • 
Thermodynamics • Heat and mass transfer • Combustion and gas dynamics • 
Process Engineering • Thermal and electrical machinery • Renewable energy 
and low carbon • Poly-generation • Energy storage and conversion, manage-
ment and control energy flows • Economics and Energy • Environment and sustainable development • Recycling 
and new energy sources • Green Chemistry • Education and training • Environmental regulations
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The Earth population rapid growth and the associated energy needs, depletion 
announced of the fossil fuel resources, continued growth of greenhouse gas 
emissions and the climate induced changes are some of the major challenges faced 
professionals. 
In this context, the automotive propulsion hybridization is a transition technology 
that allows an increased energy performance and environmental protection for the 
existing cars, no significant changes in use.

The hybrid engines are a complex subject that requires a multidisciplinary approach.
François Badin presents exhaustively in this book the hybrid vehicles, their components, organization, control, 
and the costs of the vehicle life cycle.
The book begins with an overview of the different operating conditions of the vehicle, which allows the reader an 
easy understanding of the links established between the hybrid vehicles development and the methods used to 
compare the performances of various design solutions.
The author presents the basic principles regarding the operation of the thermal and electrical powertrain, the 
energy storage systems, architecture, components, functions and the energy control for this type of vehicle.
The following is a comprehensive analysis of the different life-cycle engines, the costs and availability of materials. 
This book provides the basis for understanding and appreciation of various technologies applied in the design, 
development and use of hybrid vehicles, the costs, and the conditions of development of these technological 
solutions.
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The seventh edition of the Colloque Francophone en Energie, En-
vironnement et Thermodynamique COFRET’14 was held from 
April 23 to 25, 2014 at the Conservatoire national des arts et mé-

tiers de Paris, an institution full of history, founded on October 10, 1794 
following the proposal of Abbé Grégoire, which houses currently, State 
Museum of Arts and Crafts (Arts et Métiers). Thus, participants were 
able to discover, among other things, Lavoisier’s cabinet, steam vehicle   
(„le fardier“) made by Cugnot, Denis Papin’s digester („le digesteur“), the 
airplane built by Clément Ader... 
This scientific event was a success thanks to Franco-Romanian team in-
volvement. 100 articles were selected from 164 proposals submitted. 63 
communications were selected for oral presentation and 37 for poster 
presentation type. The articles have been published in the conference 
proceeding (1154 pages, ISSN 2269-1901).
Of the 100 articles, 42% came from Maghreb, 31% from Central and East-
ern European countries and 27% from the Western Europe.
Non-francophone participants effort for writing articles in French was 
particularly appreciated. 73 articles were written in French, 27 in English.
This edition marked the beginning of the involvement of French and Ro-
manian Society of Automotive Engineers (SIA and SIAR). We all know 
the current challenges of the automotive industry for sustainable mobil-
ity; hence the idea of involvement of these two professional societies as 
part of this scientific conference on energy, environment, thermodynam-
ics. Therefore, this issue of Romanian Journal of Automotive Engineering 
(Revista Ingineria Automobilului) was dedicated to COFRET’14. Other 
articles were selected to be published in special issues of the Romanian 
“Termotehnica” Journal and the International Journal of Energy and Envi-
ronmental Engineering.
We are thanking to our fellow organizers and participants; also thanks 
are due to ADEME (Agence De l’Environnement et de la Maîtrise de 
l’Energie) for his constant support ever since the debut of the EURECO 
network (Énergie Utilisée Rationnellement dans les Pays d’Europe Cen-
trale et Orientale), 20 years ago.
We invite you now to attend the next edition of COFRET, which will be 
hosted in 2016 by the University “Politehnica” of Bucharest.

 

La septième édition du COlloque FRancophone en Energie, Envi-
ronnement et Thermodynamique COFRET’14 s’est déroulée du 
23 au 25 avril 2014 au Conservatoire national des arts et métiers 

de Paris, lieu chargé d’histoire fondé le 10 octobre 1794 sur proposition 
de l’abbé Grégoire et qui abrite en son sein le musée d’Etat des arts & mé-
tiers. Les participants ont eu le loisir de découvrir entre autres, le cabinet 
de Lavoisier, le fardier de Cugnot, le digesteur de Denis Papin, l’Avion de 
Clément Ader…
Cette manifestation a connu un franc succès grâce à l’implication et à la 
compétence de collègues dévoués, dont l’équipe porteuse franco-roumaine. 
100 articles ont été retenus sur 164 propositions soumises. 63 communi-
cations ont été sélectionnées pour un exposé oral et 37 pour une présenta-
tion poster. Les articles ont fait l’objet d’une publication dans les actes du 
congrès sous la forme d’un volume de 1154 pages  (ISSN 2269-1901).
Sur les 100 articles, 42% émanent des pays du Maghreb, 31% des pays 
d’Europe Centrale et Orientale et 27% des pays d’Europe Occidentale.
L’effort des participants non francophones pour une publication en 
langue française est particulièrement salué. 73 articles ont été rédigés en 
français et 27 en anglais.
Cette édition a marqué le début de l’implication des Sociétés des Ingé-
nieurs de l’Automobile de Roumanie (SIAR) et de France (SIA). On 
connaît tous les enjeux actuels de l’industrie automobile pour une mo-
bilité durable, d’où l’idée d’implication de ces deux sociétés dans le cadre 
d’un colloque ayant comme thèmes l’énergie, l‘environnement, la ther-
modynamique. Par conséquent, ce numéro de la Revue Ingénierie de l’auto-
mobile a été dédié au COFRET’14. D’autres articles ont été sélectionnés 
pour être publiés dans des numéros spéciaux de la revue Termotehnica et 
de International Journal of Energy and Environmental Engineering.
Nous remercions les collègues organisateurs et participants ainsi que 
l’ADEME (Agence De l’Environnement et de la Maîtrise de l’Energie) 
pour son soutien constant et renouvelé depuis qu’existe le réseau EURE-
CO (Énergie Utilisée Rationnellement dans les Pays d’Europe Centrale 
et Orientale), soit environ 20 ans.
Nous donnons rendez-vous à tous lors du prochain colloque COFRET’16 
prévu à Université «Politehnica» de Bucarest.

Michel FEIDT, Pierre PODEVIN, Georges DESCOMBES, Adrian CLENCI 

COFRET’14 & SIAR
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Interview with Mr. Nicolas MAURE
CEO of Dacia and Managing Director of Renault Romania
Interviu cu domnul Nicolas MAURE
Preşedinte Director General Dacia şi Director General Renault Romania

 Automotive Engineering: Mr. Maure, 
as CEO of Renault Romania, could you 
give us an overview of the group situ-
ation in our country and how you see 
its development in the context of a glo-
balized automotive industry?
nicolas MAURE: As you know by 
now, 2014 is a double anniversary for 
us: 15 years since Dacia was privat-
ized and 10 years since the launch of 
the 1st Logan. Since 1999 up to now, 
Renault invested over € 2.2 bn in 
Romania, to bring the Mioveni plants 
up to standard, but to also bring all 
jobs and qualifications specific in the 
automotive industry to Romania. 
Moreover, in 2004 the pioneer Dacia 
product was launched, i.e. the Logan. 
Since then, the Dacia range devel-
oped and renewed itself. Dacia cur-
rently has the youngest car range in 
Europe, with 8 models: Logan, Logan 
MCV, Sandero, Sandero Stepway, 
Lodgy, Dokker, Dokker van and, of 
course, Duster. 
You see, now the group is “complete” 
in Romania because in the previous 
years, our activities developed and di-
versified. We are getting now in a con-
solidation period in which we should 
take advantage of our assets in order 
to maintain our competitiveness and 
to bring more business to Romania.

AE: To what extent is Renault Romania 
willing to be more present in Romania 
and worldwide?
nM: Romania is the 2nd country 
of the Renault group worldwide in 
terms of number of employees and 
it plays a significant role in the group. 
Romania is the cradle of the Logan 
range, which is currently manufac-
tured in 13 plants worldwide. Renault 
Technologie Roumanie – the engi-
neering division – is in charge with 
the mass production and the new 
developments of the range, which, 
by the way, is the most important in 
Renault. Our activities have an im-
pact that go much beyond Romania’s 
borders, and now we have to see how 
we can intensify them. We do not plan 
the opening of other manufacturing 

sites in the country, but we have to 
look for ways to increase productivity 
and take advantage of the presence of 
all professions in Romania.
AE: In France, in general, and Renault 
is of course a key player, there is a strong 
cooperation between universities and 
industry in R&D: both product and 
technology wise. SIAR which at present 
is mostly made up of representatives 
of the academia (professors, students, 
PhD students) estimates that the coop-
eration level between universities and 
the industry is insufficient, for the time 
being. What would be the main areas 
to be developed between universities in 
Romania and Renault Romania? 
nM: During the last years, Renault 
Romania concluded partnerships 
with several technical universities 
from Romania, targeting certain ar-
eas:
– setting up master programs in auto-
motive projects, logistics, noise and 
vibrations;
– internships in different business 
units of Renault Romania, especially 
engineering – RTR; manufacturing: 
plants and Matrite – die casting unit 
or logistics (over 100 students per 
year);
– presentations (on new products and 
technologies) delivered by Renault 
and Dacia experts at universities.
Of course, cooperation has to con-
tinue and we have to find shared 
interests that would benefit both to 
the industry and to universities and 
students.
AE: What do you think of the follow-
ing proposal: Renault Romania should 
suggest some topics as research lines for 
common partnerships with Romanian 
universities?
nM: Until now, the cooperation with 
universities focused on the develop-
ment of curricula and internships, so 
that the students, our future employ-
ees be better prepared: theoretically 
and practically – and meet the mar-
ket requirements. This is our target 
and we want to make sure that the 
partnerships, started some years ago, 
will be fruitful. In a second phase, we 

shall talk about 
research partner-
ships, but we have 
to find the appro-
priate topics and 
framework so that 
both the company 
and the universi-
ties make good 
use of it.
AE: Companies in 
Romania estimate 
that the practical 
training of students 
is insufficient. Do 
you think part-
nerships could be 
concluded between 
universities and 
Renault Romania 
(and its suppliers) 
so that the technical competences of stu-
dents and PhD students improve?
nM: Indeed, we also noticed a lack 
of students’ practical training. In 
order to better this aspect, Renault 
Romania already runs an important 
internship program – Drive your 
future. Each year, over 100 students 
are received for 3 months in the en-
gineering, manufacturing, logistics 
or support function teams and they 
work, guided by tutors, on concrete 
projects that enable them to acquire 
practical competences and to get 
a first experience in the company. 
Many of these students are hired 
when internships come to an end. 
Of course, there can be ways to make 
this system more efficient for both 
parties. 
AE: In 2014 SIAR organized a 1st edi-
tion of a scientific contest for students in 
automotive engineering. The national 
level test shall take place during the 
Annual International SIAR Congress 
(23.10-25.10.2014, hosted by the 
University of Craiova). The purpose is 
to encourage students and young au-
tomotive engineers. Do you think that 
Renault Romania could sponsor/sup-
port this national contest? 
nM: I congratulate you for this ini-
tiative of encouraging young talents; 

I think Romania needs to help its 
youths to express themselves and to 
build a road map for their career. For 
the time being, since it is only now 
that I found out about this initiative, I 
can say that our HR and engineering 
teams will contact the SIAR teams to 
see to what extent this contest could 
be interesting for us, too. 
AE: What would be, according to you, 
the main orientations for automotive 
engineer training and how could the 
university curriculum insure a high level 
of competencies and adaptability to fu-
ture challenges in this industry?
nM: This industry is one in 
which the pace of technological and 
connectivity progresses is more and 
more rapid. In just a few years we 
switched from “classical” ones to tur-
bocharged, downsized engines and 
to electric and hybrid cars which are 
more and more connected. Young 
engineers should have access to these 
technologies, to new materials in 
order to design and build the car of 
tomorrow. That is why, cooperation 
between university and companies is 
essential, not only for automotive en-
gineering, but also chemistry and IT. 
AE: Thank you, Mr. Managing 
Director, for this interview and success 
in your responsibilities.
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InTRODUCTIOn
Efficiency, low level of the harmful 
emissions and low level of the noise 
are essential requirements imposed 
on public transport vehicles. These 
requirements cannot be successfully 
provide by conventional drives with 
internal combustion engines and thus 
the importance of the use of electric 
and hybrid vehicles in public trans-
port increase. The importance of elec-
tric and hybrid vehicles in the field 
of city public transport means is still 
increasing. In order to properly design 
the drives of these vehicles, their ap-
plication and the real possibility of its 
use in the operation has to be obvi-
ous. Efficiency of utilization of these 
drive systems depends on their right 
combination and dimensioning [4], 
[6]. Due to the need to reduce the ve-
hicle energy consumption and emis-
sions some systems for the accumu-
lation of kinetic energy from braking 

which would be otherwise wasted by 
heat as well as systems which switch 
off the combustion engine while ve-
hicle standing as stop/start system 
are currently designed [2]. Proposals 
similar devices as well as the hybrids 
are usually based on driving cycles 
for determining of fuel consumption 
and harmful emissions, for example 
Braunschweig bus cycle as seen in 
Figure 1 [3]. However, these cycles 
are simplified and don’t contain the 
grade resistance or real progress of 
braking deceleration. In contrast, in 
normal traffic, there is often a short-
term braking, respectively slow down, 
which can be only a minor source of 
recovered energy [8]. The aim of this 
paper is to show to what extent the 
use of standard driving cycles for the 
design of electric drives, respectively 
hybrid drives of vehicles, is consistent 
with real conditions. 
1. REAl DRIVIng CYClES
For the purpose of comparison of 
standardized and real driving cycles 
several measurements of real driving 
cycles in different cities of Poland, 
Czech Republic and Slovakia were 

performed. The measuring equip-
ment consisting of measuring unit 
DAS 3 with contactless speed sensor, 
CORRSYS-DATRON Pedal Force 
Sensor and GPS receiver NaviLock 
NL-302U (Figure 2) were used 
for collecting of the data on vehicle 
movement. Measured were speed, 
distance, acceleration, breaking point 
and elevation. Table 1 shows the ba-
sic characteristic parameters of driv-
ing cycles measured in chosen cities 
of Central European region and the 
bus lines of the public transport in 
Zilina. To measure the real driving 
cycles were deliberately selected cit-
ies with higher populations, more 
complex transport systems and larger 
city area, where is a higher proportion 
of reasons for stopping or reducing of 
the speed, which is a potential source 
of re-use of the energy. The meas-
urements capture the real city traf-
fic in the afternoon rush hours from 
15:00 to 17:00 hrs. (typical for this 
region) characterized by an increased 
number of traffic jams and longer 
standing at intersections, which was 
reflected in the regimes of frequent 

acceleration and braking. The course 
of real driving cycle of the bus line 27 
can be seen in Figure 3. The real driv-
ing cycles of specific bus lines were 
measured in both directions, there 
and back, to ensure the objectivity 
of measurements. Figure 4 represent 
the course of the line route 27 and 
the figure 5 the elevation profile. Re-
sults driving cycles analysis shown 
the relatively big height differences 
in elevation profiles. However, the 
significantly differences in this values 
can be also between individual lines 
within the city. Analysis of the pos-
sibility of using the stop/start system 
for buses is shown in the Figure 6 
and in the Table 2. Average value of 
the standing time in real cycles of bus 
lines was 15.6 % of the total cycle time. 
This value approximately corresponds 
to the value of standing time in the 
theoretical bus cycle Braunschweig, 
which is 16.55%. On the other hand, 
in New York cycle is this value 54.67%. 
The above mentioned differences are 
significant and highlight the need for 
the appropriate selection of theoreti-
cal driving cycle for designing correct 

Fig.1. braunschweig bus cycle [3] Fig. 2. Measuring equipment

Possibilities of using non-conventional drives 
in public transport vehicles
Posibilităţi de folosire a sistemelor neconvenţionale 
de propulsie la autovehiculele de transport public

 
Dalibor BARTA

Martin MRUZEK

University of Zilina, Univerzitna 1, Zilina 010 
26, Slovakia
dalibor.barta@fstroj.uniza.sk

abstract
Right sizing of key components combined or hybrid drives is the essence of their effecti-
ve work. For this it is necessary to know the energy requirements of the vehicle. Energy 
intensity of the vehicle can be determined on the basis of a driving simulation based on 
driving cycles for fuel consumption and harmful emissions measuring. These driving 
cycles are simplified and do not include the grading resistance, therefore they are insuffici-
ent to determine certain specific conditions. Compilation of driving simulation based on 
real driving cycles measured during the vehicle driving in urban traffic seems to be more 
appropriate for specific vehicles such as buses for public transport are. 
Driving cycles measured in real traffic capture specific driving conditions of the city, re-
spectively specific bus line characterized by the number of accelerations and stops, by slope 
or driving speed. Based on these values can be specify much more accurately the demanded 

power of the vehicle and thus, can be selected the appropriate drive configuration with res-
pect to the possibility of using energy recovery, or to optimize its operation while standing 
at bus stops or intersections [1]. As shown by measurements on selected bus lines of Zilina 
public transport, the average value represents 15.6% of the cycle duration. 
Bus operation in urban traffic of each city is specific. Also in the use of buses on various 
lines of the city can be big differences. Therefore, in terms of performance requirements of 
the vehicle and its dynamic characteristics, it is possible to consider a modular adaptive 
hybrid drives. Such drives would be proposed on the basis of real driving cycles measured 
on specific lines routes in cities of bus customers with the possibility of control strategy 
change according to the needs of the use of the vehicle.

Keywords: public transport; hybrid drives; real driving cycles; stop/start
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drive for the region, respectively lead 
to the idea of   an individual approach 
to sizing hybrid drive for a specific city. 
2. HYbRID DRIVE 
SIMUlATIOn
Serial hybrid drive of a bus was simu-
lated in Matlab Simulink. Measured 
actual driving cycles were used as 
an input to the simulation. Required 
power of the bus was calculated 
based on the real driving cycle and 
selected parameters. Based on the 

control strategy behavior of individu-
al components of the hybrid system 
was simulated. Internal combustion 
engine operated in one revolution 
mode where the specific fuel con-
sumption is the best. The operation 
of combustion engine was controlled 
by state of charge (SOC). If the SOC 
reaches preset lower limit combus-
tion engine was turned on. When 
SOC reaches preset top limit where 
the battery was fully charged engine 

was turned off [5], [7].  The simula-
tion was done for 3 types of buses 
with specific parameters for different 
occupancy 25, 50, 100%. Four vari-
ants of serial hybrid drive with differ-
ent parameters of key components 
were simulated. Two types of internal 
combustion engines with different 
power, two types of Li-ion batteries 
with different capacity, electric trac-
tion motor and two types of genera-
tors were used. As can be seen from 
Table 3, the value of recoverable ener-
gy Erek increases with the occupancy 
of the vehicle visibly well as the value 
of the average power Paver. Percentage 
of recoverable energy %Erek relative to 
the energy required to pass the cycle 
E does not change significantly from 
the occupancy. This is due to the fact 
that in addition to increasing the 
value of recoverable energy increases 
the energy expended to pass the cy-
cle too. The Table 4 shows, that the 
maximum difference in the average 
power values at comparison with all 
three lines in both directions rep-
resent for example at the bus B3 up 
to 25 kW, between lines 21 and  27. 
These results point to the need of in-
dividual approach to the proposal of 
hybrid buses for each line. Interested 
are values   of %Erek, which achieved 
on average 50%. Maximal value of 
%Erek was 78%.
COnClUSIOn
Correct design of a hybrid drive de-
pends on the appropriate choice and 
arrangement of individual elements 
in terms of their size, performance 
and capacity. Driving cycles meas-
ured in real traffic capture specific 
driving conditions of the city, respec-
tively specific line characterized by 
the number of starts and stops, grade 
or driving speed and better charac-
terize the real situation of the traffic 
in the city. Impact of the organization 
and the management the traffic in 
the city greatly affects the ratio of the 
time of standing and driving.

The concept of design of a modular 
hybrid drive with adaptive manage-
ment has its justification in the de-
sign of urban buses, because it allows 
complete individualization of buses 
with hybrid drive with an emphasis 
on ensuring minimum impact on the 
environment and reducing of eco-
nomic costs.
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InTRODUCTIOn
The problem of vehicle stability 
represents a subject of high interest 
and it is important part of vehicle 
safety. It depends on many factors 
such as road conditions, lateral 
aerodynamics, tire characteristics, 
the driver experience [3, 4]. With 
the upward trend in fuel economy, 
the vehicle manufacturers have 
led to reduce or minimize vehicle 
mass and aerodynamic is becom-
ing important in the quest to vehi-
cle stability. Through the years, the 
consecrated efforts in the automo-
tive industry for the amelioration 
of vehicle stability are considerable. 
Mainly, these efforts are focused on 
development of the new solutions 
how to keep the vehicle trajectory. 
Among these solutions, for exam-
ple, we could mention the systems 
of type ESP (Electronic Stability 
Program) that has for role to reduce 
the chance for a driver to reach crit-
ical lateral driving condition (over-
steer or understeer).
The generated forces between the 
tire and the ground surface play a 
primordial role in the vehicle sta-

bility during its movement. Then, it 
is essential to know these efforts in 
order to predict the vehicle trajec-
tory. In fact, during a cornering, the 
slip angles are produced and the 
tires generate the lateral efforts that 
make turn the vehicle in the wished 
direction by the driver. A specified 
modeling of these last parameters 
leads then to a better evaluation of 
possible trajectory and as a result 
to a better stability control [7, 9]. 
So, the slip angles and the efforts in 
the contact zone tire/road are the 
essential variables to diagnose the 
vehicle behavior and to control the 
risk of accidents connected with 
danger maneuvers.
In the literature, many authors 
look into the modelling of vehicle 
lateral dynamic [1, 2, 4, 6]. In gen-
eral, these authors make a call on 
fundamental principles of dynamic 
and kinematic. For example, to de-
scribe the lateral dynamic, Segal 
[8] presents a model of tree degree 
of freedom. The model is called “Bi-
cycle Model” when the roll motion 
is neglected. This model is used for 
studies of lateral vehicle dynamics 
(yaw, lateral speed and slip angle). 
The modeling of vehicle dynamic 
behavior has to take into account 
the tire elasticity in the contact area 
tire/road (see Figure 1). This will 
give the possibility of better pre-
dict the vehicle trajectories and to 
develop a more reliable diagnostic 
tool. Nevertheless, this modeling is 
a complex subject and it is still the 
subject of a lot of researches [4, 6]. 
In these studies, the models are es-

sentially based on a combination of 
the impact of various tire parame-
ters and environment (air pressure, 
temperature, road and etc.) on the 
forces generated at the base of the 
wheel.
This paper presents the investiga-
tion of the vehicle stability and 
particularly the movement on 
curved trajectory. The main goal 
is to study the influence of some 
vehicle parameters such as vehicle 
speed, position of center of gravity, 
tire cornering stiffness and steering 
angle while the vehicle is turning. 
In this context, a computer simula-
tion model is developed to describe 
the vehicle behavior in extended 
interval of driving conditions from 
normal to the limits of controllabil-
ity. This model has two degrees of 
freedom (df): translation around 
the axis O

y and rotation in axis Oz. 
The complete vehicle is considered 
as suspended mass related to the 
wheels. This relatively simple mod-
el is widely used in the literature 
[2, 8] to describe the lateral accel-
eration, yaw and slip angle. These 
proposed parameters make it possi-
ble to describe a vehicle during the 
turning maneuver. The study aims 
are to define the criteria for the de-
tection of risk situations.
Our description methodology of 
the proposed model comprises tree 
sections:
– Introduces the linear vehicle 
model, used for the simulation,
– Describes the simulation method 
and the proposed indicator to de-
termine the risk of tire slipping,

– Results are analyzed and shown 
that the vehicle speed when corner-
ing is the most critical for vehicle 
stability.

1. DESCRIPTIOn 
METHODOlOgY OF THE 
MODEl : 
1.1. Model of the vehicle
Modeling the vehicle dynamic be-
havior in all is a complex subject 
and requires good knowledge of 
the components involved and their 
physics. The first step in the study 
of the lateral behavior of the vehicle 
is to create a mathematical model 
that have to represent the physical 
system with good approximation. 
The formulation of the following 
model takes into account these as-
sumptions: 
– The vehicle and its model are 
symmetrical to the axis Ox;
– The dynamical process (displace-
ment around the axis Oz) isn’t ex-
animated;
– The laterals forces are due to cen-
trifugal force;
– The tire lateral force varies lin-
early with the slip angle; 
– The camber angle is neglected;
The tire angles (τ) are small (cos τ 
=1et sin τ = τ).
The used model in the research is 
called “four wheels model”. The dif-
ferent parameters of the model are 
schematized on figure 3. This mod-
el is widely used in the literature 
to represent the characteristics of 
lateral dynamic [2, 8]. The vehicle 
motion is defined by its translation 
around the axis Oy and its rotation 
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about the axis Oz. The vehicle is 
considered as a rigid body (sprung 
mass) related to the wheels. This 
model is completed with a linear 
model of force in the contact zone 
tire/road.
In this research, we have assumed 
the front and rear lateral forces to 
be proportional to the tire slips 
angles. This functional link is ex-
pressed into the following relation:
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1.2. Model of lateral tire force
The slips angles are calculated by 
knowledge the vector angle in the 

point of contact between the tire 
and the ground. Assuming that the 
angles are small, the relationships 
are developed below [6]:
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Where Cα represents the tire cor-
nering stiffness which depends on: 
road adherence µ, the tire internal 
pressure p and tire vertical force 
Fz. The determination of its value 
is primordial and it could be ex-
ecuted only by experimental way 
[10, 11].

1.3. Vehicle modelling
We obtain a linear model with four 
varying parameters: 
– The longitudinal speed (V); 
– The steering angle (δ); 
– The rigidity of the tire (Cα); 
– The position of vehicle centre of 
gravity (lf and lr).
For the differentials equations de-
scribing the system the following 
are valid:
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Figure 3 describes the block dia-
gram of vehicle modeling. The 
simulation has been realized in 
large interval of driving condition 
from normal to the limits of con-
trollability. 
First, the block “Input” supplies 
the necessary simulation data. The 
parameters: m, Iz, lf and lr character-
ize the chosen vehicle. The steering 
angle δ simulates the driver actions, 
while the tire cornering stiffness 
is chosen as a function of the tire 
vertical load Fz and the tire internal 
pressure p. 
Then, the block “Vehicle Model+ 
Tire Model” uses this data from the 
first block to solve differential equa-
tions 3 and 4 to obtain lateral accel-
eration, yaw rate and slip angle. 
The vehicle dynamic estimation 
and detecting the limit saturations 
of the efforts in the contact zone 
tire/road is executed in the third 
block. 
Finally, the block “Output” shows 

the vehicles trajectory and tires slip 
angles. At the same time, it indi-
cates if the tires are sliding and as a 
consequence if the limit of control-
lability is achieved.
2. COMPUTER SIMUlATIOn
Vehicle models were built in MAT-
LAB in order to analyse the state 
and to predict the vehicle behav-
iour under the different initial con-
ditions of vehicle speed, steering 
angel, tire cornering stiffness and 
vehicle position of centre of gravity. 
The choice of this software is moti-
vated by the diversity of its integra-
tion methods. 
Lateral instability may be as a re-
sult of unfavourable weather and 
slippery road conditions, or due to 
the excessive speed in a curve. The 
poor-handling is another reason for 
lateral instability which represents 
a significant proportion of the ve-
hicle accidents. In this context and 
to judge the vehicles behaviour in 
a path curve, it is adopted a test 
called “angular dynamic”. The aim 
of this test is to keep the vehicle at a 
constant speed on a constant radius 
turn with a constant steering wheel 
angle. This steering behaviour of 
the vehicle is estimated with the 
gradient K:

LC
ml

LC
mlK

R

F

F

R

αα
−=                     (5)

Three different steady-states can be 
identified:

→=→= RFK αα0  the vehicle 
is neutral;

→>→> RFK αα0  the vehicle 
shows understeer;

Fig. 1. Contact zone tire/road

Fig. 2. „ Four wheels model“

Fig. 3. block diagram of vehicle modelling
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→<→< RFK αα0  the vehicle 
shows oversteer.
Equation 5 shows the importance 
of the vehicle position of the center 
of gravity lf/lr and tire cornering 
stiffness Cα in terms of maneuver-
ability.
In our work, we chose a pneumatic 
tire size “175/70R13 T 82” with 
internal pressure of 2 bar and vari-
ation of tire vertical load Fz from 
3 kN to 8 kN which means chang-
ing of tire cornering stiffness Cα 
(changing in the state of contact 
zone tire/road). Vehicle param-
eters are given in table 1.
3. CASE STUDIES
The figures presented in this sec-
tion show the trajectories obtained 
at different initial conditions of the 
system. The effects of the vehicle 
speed, the position of vehicle cen-
tre of gravity, the tire cornering 
stiffness and the steering angle are 
studied and discussed.
3.1. The vehicle center of gravity 
is located near to the front axle 
When the vehicles center of grav-
ity is located near to the front 
axle, the vehicle shows under-
steer (K>0), it means that the slip 
angle of the front tires is greater 
than the slip angle of the rear 
tires. Figure 4 presents the ve-
hicle simulated trajectories at a 
vehicle speed of 5 m/s. The steer-
ing angle is varied between 5° and 
30° and the curves are plotted 
for different coefficients of tires 
cornering stiffness. It can be seen 
from these figures that the aug-
mentation of the steering angle 
decreases the radius of the tra-
jectory curve. This represents a 
risk when the slip angles are high. 
Also, we can observe that the slip 
angle decreases with augmenta-
tion of tire cornering stiffness.
In a second simulation, the vehicle 
speed is increased to 10 m/s. The 
objective is to simulate the effect of 
speed on the vehicle path. The re-
sults obtained are presented in Fig-
ure 5. By comparison with Figure 

Table 1: Simulation parameters

Fig. 4. Vehicle trajectory estimated at speed V = 5 m/s, K>0

Fig. 5. Vehicle trajectory estimated at speed V = 10 m/s, K>0

Fig. 6. Vehicle trajectory estimated at speed V = 5 m/s, K<0

Fig. 7. Vehicle trajectory estimated at speed V = 10 m/s, K<0

Fig. 8. Vehicle trajectory estimated at speed V = 15m/s and steering angle δ = 5o, K>0 and K<0 

Parameter Sym-
bol Value

Total mass of the vehicle [kg] m 1603
Total yaw inertia of the vehicle [kgm2] Iz 3156
Distance between CG and front axle [m] lf 1,050
Distance between CG and rear axle [m] lr 1,525
Tire front cornering stiffness [kN/rad] CαF (30÷50)
Tire rear cornering stiffness [kN/rad] CαR (30÷50)
Front steering angle [grad] δ (0-32)
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4, it can be seen that the displace-
ment increases as a consequence of 
the augmentation of vehicle speed. 
Also, the augmentation of vehicles 
speed doesn’t permit to attack the 
turn with steering angle greater 
than 10°.
3.2. Vehicle center of gravity is 
located near to the rear axle 
When the vehicle center of gravity 
is located near to the rear axle, the 
vehicle shows over steer (K<0), it 
means that the slip angle of the rear 
tires is greater than the slip angle of 
the front tires. Figure 6 presents the 
vehicle simulated trajectories at a 
vehicles speed of 5 m/s. The steer-
ing angle is varied between 5° and 
30° and the curves are plotted for 
different coefficients of tires cor-
nering stiffness, again. The steering 
angles effect on the curve radius is 
confirmed. 
Figure 7 shows the trajectories 
when the speed is 10 m/s. Once 
again, the vehicle displacement in-
creases with the augmentation of 
vehicle speed and the turn may be 
attacked with a maximal steering 
angle of 10°. 
When vehicle speed is increased to 
15 m/s as can be seen from Figure 
8, the displacement increases too 
and the previous conclusions are 
confirmed, concerning the effect 
of vehicle speed. At this speed, the 
maximum steering angle allowed 
is 5°. We can conclude that the ve-
hicle speed controls the maximum 

steering angle by which the turn 
can be taken. 
3.3. The centre of gravity is in the 
middle of the vehicle
To illustrate the influence of the 
tire cornering stiffness of the ve-
hicles trajectory we fix the center 
of gravity in the middle of the ve-
hicle. Some of simulations results 
are shown in figure 9. In this case, 
the simulation is made at vehicles 
speed of 10 m / s and steering an-
gles from 5o to 10o. When the tire 
cornering stiffness of front axis Cαf 
is greater than the tire cornering 
stiffness of rear axis Cαr the vehicle 
has the tendency to enter in a lot of 
turns. This means that the slip angle 
of the rear tires is greater than the 
slip angle of the front tires.

COnClUSIOn
One of the objectives of this work 
has been to develop vehicle model 
that could be used to investigate 
the vehicle lateral behaviour. The 
purpose of this model is to charac-
terize the vehicle stability during 
the cornering follow the dynamic 
state of the system and steering an-
gle applied to the wheel. A method 
is proposed to determine the risk 
of tire slipping. The choice of this 
indicator is based on the efforts es-
timation in the contact zone tire/
road. This choice is justified by the 
fact that the saturation of efforts 
in the contact zone shows that the 
wheel is no longer able to ensure 

the stability of the vehicle.
The analysis of the results shows 
that the vehicle speed has an im-
portant influence on the vehicle 
stability. This can be explained by 
the fact that the steer angle needed 
to follow a circular turn depends 
largely on the vehicle speed. On the 
other side, when the vehicle speed 
is increased, the tire transversals 
reactions rise and therefore the slip 
angles also increase. The results 
show that the coefficient of under/
oversteer K is related to the loca-
tion of the centre of mass and the 
stiffness value of the tire. 

Future work will be to improve 
vehicle stability by implementing 
load transfers during the turning 
manoeuvre [1, 4, 6, 8].

nomenclature
m – total mass of vehicle, kg;
Iz – total yaw inertia of vehicle, 
kgm2;
Vx – vehicle speed around axis Ox, 
m\s ;
lf & lr – distance between CG front 
& rear axle, m;
Cαf & Cαr tire front & rear cornering 
stiffness, N/rad;
δ – steer front angle;
αf & αr – front & rear tire slip angle, 
degree;
y – displacement around lateral axis 
Oy, m;
ψ – yaw motion (rotation in axis 
Oz), degree ;

Fxn – representing the longitudinal 
efforts in the contact zone tire/
road, N;
Fyn – representing the lateral efforts 
in the contact zone tire/road, N;
y  – lateral acceleration, m/s2;
ψ  – yaw acceleration, rad/s2;
K – coefficient understeer or oversteer;

Fig. 9. Vehicle trajectory estimated at speed V = 10m/s, K>0 and K<0 
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InTRODUCTIOn
Unsteady gas dynamics at the inlet 
of the internal combustion engine 
have a first order influence on per-
formance and consumption of the 
engine. This is particularly true for 
naturally aspirated engines where 
air filling is completely governed by 
the dynamic behavior of the pres-

sure upstream and downstream of 
the valves. In practice, this involves 
the use of 0D/1D computational 
codes and characterization tech-
niques for choosing the right geom-
etry (length and diameter) of the 
intake and exhaust. For the intake 
line, the goal is to reduce the losses 
while having a maximum pressure 
peak at the inlet valve closing event. 
This combination would ensure 
optimum filling conditions for the 
cylinder [4]. This phenomenon 
is known as „acoustic filling“. The 
linear acoustic theory can be used 
at the engine intake to predict the 
resonance frequency of the air line 
and to calibrate some characteristic 
quantities [5] [6]. It is in this spirit 
that a compromise between pres-
sure losses and acoustic resonance 
must be respected when optimiz-
ing the engine’s air intake.
With the advent of downsized en-
gines on the automotive market 
and the emergence of turbocharg-
ers, the design of the air intake has 
become very dependent on the 
choice of these elements. Thus, a 
turbocharger is accompanied by a 
charge air cooler (CAC) to cool the 
fresh air admitted, the intake line 

thus becomes   more complex and 
difficult to characterize. In highly 
turbocharged engines, acoustic 
filling effects are often neglected 
in favor of simpler techniques of 
pressure loss reduction. The wave 
action effects are neglected and 
the potential gain in volumetric ef-
ficiency is thus not exploited like 
it’s done for naturally aspirated en-
gines  [7] [8]. The intake pressure 
is then entirely provided by the tur-
bocharger. This affects the opera-
tion of these engines that are then 
designed around the turbocharger 
operating points. The boost pres-
sure is thus optimized for some 
particular engine operating points 
that have the greatest potential of 
enthalpy at the exhaust gases. The 
turbocharger then ensures proper 
boost pressure for high speeds and 
loads but does not allow for signifi-
cant boost pressure at low engine 
speeds.
The result is a deterioration of 
torque at low speeds where a tur-
bocharged engine produces less 
torque than a naturally aspirated 
one with comparable power. This is 
accompanied by an increase in spe-
cific fuel consumption as well per-

formance and drivability degrada-
tion during transients. There exist a 
wide range of systems to solve this 
problem such as the use of a dou-
ble boost with two turbochargers 
in series, each dedicated to a range 
of speeds with two cooling loops 
[9]. Also, „E-Boosting“ can be used 
where an electric motor drives the 
compressor [10] [11]. Such tech-
nologies remain today relatively 
expensive.
Moreover, Watson [12] and Sato et 
al. [13] have demonstrated that it 
is possible to maintain an acoustic 
resonance at the intake of a tur-
bocharged Diesel engine and to 
benefit from pressure waves. This 
point deserves further investiga-
tion especially for low speeds (be-
low 1500 RPM) where acoustic 
resonance may increase the volu-
metric efficiency and compensate 
for the lack of boost pressure. This 
acoustic resonance at low speeds 
requires the establishment of a 
system of standing waves at the 
engine intake. In practice this is 
accomplished by benefiting from 
an acoustic reflection at a specific 
location of the intake line. In fact, 
if we consider that the intake valves 
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Haitham MEZHER1

 
Jérôme MIGAUD2

David CHALET1

Vincent 
RAIMBAULT2

1 LUNAM Université, École Centrale de Nantes
LHEEA UMR CNRS 6598, 1 rue de la Noë, BP 92101
44321 Nantes Cedex 3, France
2 Mann+Hummel France SAS, 53061 Laval, France
haitham.mezher@ec-nantes.fr

abstract
In order to increase the volumetric efficiency of downsized engines, turbochargers may be 
used. They allow the increase of the intake pressure and are associated with a charge air 
cooler (CAC). The main disadvantage of a downsized turbocharged engine (compared 
to a naturally aspirated one) is the deterioration of low-end torque caused by the lack of 
enthalpy of the exhaust gas at low engine speed and load. 
To investigate this issue, the intake line of a turbocharged Diesel engine was analyzed, focusing on 
the pressure waves at the inlet [1] [2] which are most often overlooked on these engines in favor 
of pressure loss reduction. A first step of the study is to identify the potential resonance for the esta-
blishment of standing waves at low engine speeds. Experimental tests with different pipe lengths 
upstream and downstream of the charge air cooler (CAC) were performed on an electrically 
driven engine test bench (pulse generator). This was done to study the influence of pressure waves 

on the air filling of the engine and determine the optimal length of the air circuit.
In a second step, and to better understand the dynamic phenomena at the intake, the reflec-
tion coefficient at the interface of the CAC is calculated (method of pressure wave decom-
position) from measurements on the engine test bench (with combustion). This allows to 
characterize the unsteady behavior of this element and to better discern the influence of the 
upstream and downstream ducts on engine filling.
Finally, a new active system is proposed, it consists of a long pipe designed for acoustic tu-
ning (low end torque) and a short pipe to minimize losses (high speed power generation). 
The acoustic response of this element is compared to that obtained with an equivalent len-
gth of straight pipe on the dynamic bench [3].
Keywords: Turbocharged internal combustion engine, acoustic supercharging, reflection 
coefficient, acoustic response, upstream / downstream CAC ducts, low end torque
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act as an acoustic source and that 
the air column of the intake line 
is the acoustic load, then the pres-
sure waves created at valve closing 
would generate a system of stand-
ing waves after their reflection on 
a given interface. Since the aim is 
to improve low-end torque, a low 
frequency resonance is required. 
In other words, the reflection must 
occur at a relatively distant location 
from the valves (acoustic source). 
This therefore cannot correspond 
to a reflection at the interface of the 
primary runners with the volume 
of the inlet manifold, for this would 
require primary runners of great 
length, as has been experimentally 
shown by Taylor et al. [14].
It is in this context that the work of 
this paper is presented. The objec-
tive is, at first, to identify an acous-
tic resonance that can improve the 
low-speed filling of a turbocharged 
engine. A first experimental cam-
paign was conducted on a 1.5L 
Diesel engine driven by an elec-
tric motor where the dynamic 
pressure traces were recorded as 
a function of the lengths between 
valves, compressor and CAC. 
These lengths have been modified 
using interchangeable rigid pipes. 
This allowed to use the engine as 
a pulse generator and to highlight 
the influence of the geometry of 
the intake line on the dynamic in-
take pressure.
Then experimental tests on an en-
gine bench (with combustion) 
were performed in order to validate 
the previous results and to study 
the impact of the air intake line on 
the volumetric efficiency. These 
results also are used to calculate 
the reflection coefficient inside 
the charge air duct in order to bet-
ter understand the phenomena of 
wave propagation and better iden-
tify the role of each component of 
the air intake.

Finally, a compromise between 
acoustic resonance at low rota-
tional engine speeds and losses at 
high engine speeds is proposed as 
a new active part. The idea of   this 
system is to have a small diameter 
long pipe at low speed and a short 
pipe with a large cross section 
for high speeds. A compromise 
is thus reached between the gain 
related to the acoustic effects at 
low speeds and permeability im-
provement for high speeds. A con-
cept is proposed and its acoustic 
response is compared to that of a 
rigid straight pipe having an equiv-
alent characteristic length. The 
respective acoustic responses were 
recorded on a specific impedance 
bench where the complete intake 
line was tested with an excitation 
source of mass flow. 
1. ElECTRICAllY DRIVEn 
EngInE bEnCH – PUlSE 
gEnERATOR
The electrically driven engine 
bench is a device whose goal is to 
use the engine as a pulse genera-
tor without the effects of combus-
tion. Gas dynamics at the intake 
can consequently be easily studied 
as a function of the geometry for 
example. A turbocharged Diesel 
engine with a cylinder displace-
ment of 1.5L is chosen as the ba-
sis of this study. The objective is 
to obtain an acoustic resonance 
at the engine’s intake for low en-
gine speeds in order to increase 
the volumetric efficiency for these 
operating ranges where the turbo-
charger lacks the needed efficiency. 

Figure 1 shows the zone of inter-
est in the boost pressure mapping, 
it ranges from 1000 RPM to 1500 
RPM. This operating range is often 
the most solicited especially in ur-
ban conditions and a torque gain 
at these speeds will be reflected as 
an enhanced transient response or 
an improved fuel consumption de-
pending on the choice of the gear-
box [15]. 
Figure 2 shows the schematic of the 
intake line of the engine in ques-
tion. The first acoustic reflection 
to check is the one that occurs be-
tween the primary runners and the 
plenum. The frequency of this wave 
satisfies equation (1) which is the 
equation of the quarter wave reso-
nance in the primary runner [16]. 
ω is the angular velocity corre-
sponding to the natural frequency 
f ( 2 fω π= ). L  is the length 

of the primary runner and 0c  the 
speed of sound.

 
(1)

The volume of the plenum is 
relatively small (340 ml), it is fit-
ted with short primary runners 
(120mm), an acoustic resonance 
at the interface of these two ele-
ments is difficult to achieve for 
the low frequencies in question. 
In fact, the resonance frequency 
for an engine speed of 1250 RPM 
is equal to 41.6Hz. This rotational 
engine speed is centered in the 
zone of interest of Figure 1. This 
is the fundamental frequency of a 
4-cylinder 4-stroke engine. Such a 

low frequency resonance implies 
extremely long primary runners (~ 
2 meters).
It is therefore necessary to obtain 
a reflection at a greater distance in 
order to have the desired acous-
tic resonance. For this reason, the 
lengths of the ducts between the 
intake manifold and the CAC (air 
cooler) as well as between the CAC 
and the compressor were experi-
mentally modified on the engine 
bench. The engine is driven at the 
crankshaft by means of an electric 
motor, and as there is no combus-
tion, the turbine is supplied with air 
by a hot air blower according to the 
boost pressure set points given in 
Figure 1. A water cooled charge air 
cooler is used: it is more efficient 
from a thermal point of view than 
a classic air to air CAC and thanks 
to its compact size, offers enhanced 
permeability and packaging. The 
intake line is equipped with 5 pie-
zo-resistive instantaneous pressure 
sensors (Kistler Type 4043). A first 
sensor ( 1p ) is installed at the in-
let of the manifold while the other 
pairs are installed on the intake line 
as shown in Figure 2.
Parametric study
The objective of this section is to 
take a look at the influence of the 
lengths upstream and downstream 
of the CAC on the pressure traces 
at the inlet manifold but also to 
characterize the dynamic behavior 
of the water cooled CAC from a dy-
namic point of view.
If an acoustic reflection at the inter-
face of this element exists, it will be 
theoretically possible to calibrate 
the lengths in order to obtain a 
maximum pressure during the clos-
ing of the intake valve for rotational 
speeds around 1250 RPM and thus 
improve volumetric efficiency at 
low speeds.
The experimental approach con-
sists on initially fixing 

2 0.9L m=  
and then varying the length of 1L  
from 0.2m to 2.9m while compar-
ing amplitude and phase of the 
pressure traces for the engine rota-
tional speed of 1250 RPM. The in-
ternal diameter of the tubes is equal 
to 28mm.
Figure 3 shows some signal results 

Fig. 1.  boost pressure (barA)

Fig. 2. Schematic of the engine’s intake line
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of dynamic relative pressure as a 
function of the length between the 
CAC and the manifold. Results 
show that the maximum pressure 
amplitude is reached for a length 
of 1.5m. It has a value of 200 mbar 
at the intake valve closing. The am-
plitude of this resonance is reduced 
for the other lengths and particu-
larly for 0.2L m= .
Secondly, the effect of the length 

2L  is studied while keeping 

1 1.5L m= . This is done in order 
to understand the influence of the 
duct length upstream of the CAC 
on the dynamic pressure at the 
manifold. Figure 4 shows the re-
sult for three lengths: 0.9m, 1.5m 
and 2.9m. Dynamic pressures 
show little difference between 
the 3 lengths: amplitudes around 
200mbar are always obtained in the 
manifold for these three configura-
tions. That being said, the length of 
1.5m for the CAC’s upstream duct 
shows a slight increase in the pres-
sure amplitude. This means that 
the length 2L  in the tested ranges 
has little influence on the dynamic 
pressure.
The same experimental procedure 
was repeated with

2 0.9L m=  and 
by varying the engine’s rotational 
speed, always with an interest in the 
low end region. Figure 5  shows the 
amplitude of pressure during clos-
ing of the intake valve in mbar with 

1L  lengths (0.2m, 1.5m and 0.9m) 
for speeds ranging from 1000 RPM 
to 2000 RPM. Results show that 
acoustic propagative effects are 
present on such an intake line and 
that the length between the CAC 
and the valves could indeed be used 
to calibrate the acoustic resonance 
at the intake. It can be also be im-
portant to note from Figure 5  that 
the 0.2m length kills any acous-
tic resonance for low speeds and 

that the 1.5m length provides the 
best amplitude of pressure below 
1400 RPM. The 0.9m length ena-
bles large pressure amplitudes that 
reach 240 mbar for the rotational 
speed of 1750 RPM. Note that for 
these speeds (above 1500 RPM) 
boost pressure becomes significant 
(2 bar absolute) and thus any gain 
in air filling thanks to acoustic ef-
fects becomes less interesting than 
it would be at low speeds where 
boost pressure is near atmospheric 
pressure.
2. EngInE bEnCH
The same experimental setup for 
the intake line shown in Figure 2 
was reproduced on the engine test 
bench. The objective is to confirm 
the results under actual engine op-
erating conditions (with combus-
tion) as well as explain the profiles 
of the dynamic pressures traces 
with a physical interpretation and 
give an idea on the possible gain in 
volumetric efficiency.
Reflection coefficient
Pressure waves that propagate at 
a frequency below the cutoff fre-
quency (frequency at which the 
transverse modes are present) are 
considered one dimensional plane 
waves [17]. The absolute pres-
sure is considered to be the sum of 
two components: an average pres-
sure value and a dynamic value. 
Applying linear theory to the dy-
namic pressure provides analytical 
solutions that can be written in the 
form given by equation (2) in the 
frequency domain

 
(2)

In equation (2), ( , )P x ω  is the 
Fast Fourier Transform of the pres-
sure ( , )p x t  which is measured 
at an abscissa x  of a tube. β +

 
and β −

are respectively the com-

plex wave numbers [18]. They are 
given by equation (3) as a function 
of the Mach number M  and the 
visco-thermal coefficient α  [19].

 
(3)

P+  and P−  are the complex ampli-
tudes of the direct and reverse wave 
form respectively. Their sum con-
stitutes the pressure signal ( , )P x ω .
Peters et al. define the energy re-
flection coefficient as it given by 
equation (4). This reflection coef-
ficient characterizes the propaga-
tion of the pressure waves through 
a discontinuity taking into account 
Mach number effects. Transmitted 
and reflected waves at the interface 
of the discontinuity are thus mod-
eled. The Mach number is calcu-
lated from the measurement of the 
mean pressure and mass flow as 
well as the temperature at the in-
take of the engine. 

 
(4)

Figure 6 gives the acoustic 1D 
schematic of the wave action 
propagation for the intake line 
given in  Figure 2 with the lengths 

1 1500L mm=   and 
2 900L mm=  .

The reflection coefficient charac-
terizes the dynamic behavior of wa-
ter cooled CAC by determining the 
portion reflected at the interface of 
this element.
For the calculation, a pair of sen-
sors is used. The frequency spec-
trum is swept by running the en-
gine at speeds ranging from 1000 
RPM to 4000 RPM in steps of 100 
RPM, which gives a frequency 
resolution of 3.33 Hz for the sec-
ond harmonic H2 of the engine. To 
eliminate any inconsistency issues 
arising from measurement noise 
and non-linearities in the calcula-

tion of the reflection coefficient, 
the frequency component of the 
pressure ( , )P x ω  is replaced by 
its auto-spectrum )( ,PP x ω and a 
calculation of the mathematical 
coherence is done in order to only 
keep the frequencies which coher-
ence is equal to 1 [21].
Figure 7 shows the modulus of the 
calculated reflection coefficient 

ER . The frequency range studied is 
between 0.1Hz up to 400 Hz. This 
bandwidth is sufficient to study 
the behavior of pressure waves at 
the intake of the engine and this is 
because the frequency content of 
the pressure waves that influence 
engine filling are located in the low 
frequency region spectrum.
The reflection coefficient has val-
ues greater than 0.5 for frequen-
cies lower than 75 Hz, which cor-
responds in terms of second engine 
harmonic H2 to a speed of 2250 
RPM. This reflection exists at the 
interface of the water cooled CAC 
and explains why it is possible to 
have an acoustic resonance be-
tween the CAC and valves. It allows 
establishing a system of standing 
waves between these two bound-
ary conditions. The correct choice 
of the length will yield a maximum 
pressure condition at intake valve 
closing (IVC). The large amplitude 
of the reflection coefficient also 
helps to explain why the choice of 
the length 

2L  has little influence on 
the pressure in the intake manifold.
Optimized air filling
The air filling for a turbocharged 
engine is thus considered to be op-
timized if:
1. Acoustic resonance at low engine 
speeds, as explained in the previous 
paragraph are present. They would 
increase the volumetric efficiency 
of the engine with the choice of 
the adequate length of pipe. This 
acoustic filling is beneficial for low 
speeds where the pressure losses 
are low.
2. Pressure losses are minimal for 
high rotational speeds where boost 
pressure becomes significant. For 
these speeds, reducing pressure 
losses becomes of first order im-
portance and highly influential for 
engine filling.
In order to quantify the potential 

Fig. 3.  Dynamic pressure as a 
function of l1 at 1250 RPM, l2 
= 0.9 mm
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function of l2 at 1250 RPM, 
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gain in air filling, the volumetric ef-
ficiency (relative to the mean boost 
pressure) is plotted in Figure 8 and 
the torque in Figure 9 following the 
experimental tests on the engine 
test bench for the two cases men-
tioned above.
The first case is to use a tube of 
1.5m between the CAC and the 
valves to achieve a pressure peak 

of 200 mbar just before IVC (inlet 
valve closing) for speeds around 
1250RPM. The second case is to 
use a tube of 200mm between the 
CAC and the valves (CAC almost 
integrated to manifold). In both 
cases, the distance between the 
compressor outlet and the CAC is 
kept at 0.9m and the boost pressure 
is kept constant regardless of the 

geometry and follows the values 
given in Figure 1. Results collected 
on the engine bench are in agree-
ment with measurements on the 
electrically driven engine (pulse 
generator).
The use of long pipe allows for an 
8% increase of the volumetric effi-
ciency at 1200 RPM compared to 
the short duct and this is thanks to 
the acoustic resonance which “forc-
es” more air into the cylinder. This 
results in a torque increase of 18% 
for this rotational speed. Note that 
on the engine bench, the length 
between the valves and the CAC 
is slightly greater than 1.5m due to 
different adaptation parts, which 
gives a smaller resonance frequen-
cy (around 1200 RPM).
On the other hand, for high speeds, 
maximum volumetric efficiency is 
measured at 2700 RPM with a 15% 
improvement when the short duct is 
used compared to the long one. The 
torque gain is 11% with the short 
duct for this speed. The use of the 
short air duct significantly reduces 
pressure losses and thus helps to im-
prove engine performance.
A second acoustic resonance is 
found between 2200 RPM and 
2300 RPM that gives a slightly bet-
ter torque with the 1.5m duct. This 
second acoustic resonance corre-
sponds to the second harmonic of 
the first resonance. 
3. ACTIVE SYSTEM
Concept proposal
The previous work allows the pro-
posal of an element with an active 
system that establishes a resonance 
at low speeds for an improved 
torque response (long duct) and 

pressure losses reduction at high 
engine loads and speeds for an in-
creased power generation (short 
duct).
Such a system has the ability to 
switch between the long duct 
(1.5m) and short duct (0.2m) from 
the rotational speed of 1900 RPM 
for instance (based on Figure 8 and 
Figure 9). 
A throttle-like actuator enables the 
choice of the correct air duct de-
pending on the engine rotational. 
The length along the neutral axis 
of the spiral duct length is equal to 
1.5m, while the short duct is close 
to 0.35m. The equivalent internal 
diameter of the long duct is equal 
to 28mm, while the short pipe has 
a diameter of 50mm to minimize 
pressure losses.
Acoustic response
The proposed active system has 
been manufactured according 
to the geometrical specifications 
mentioned above. The objective 
in this section is to experimentally 
verify that the acoustic response 
of the active system (long duct) is 
similar to that obtained with the 
1.5m long rigid pipe tested on the 
engine bench and on the pulse 
generator. The idea is to validate 
the prototype before moving on to 
more detailed engine tests in order 
to fully characterize the active sys-
tem on the engine.
For this, an impedance bench is 
used, it is the dynamic bench pre-
sented by Fontana et al. [3] and in 
the work of Chalet et al. [22] [23]. 
The dynamic bench creates a mass 
flow excitation at the valve location 
of the intake system and measures 
the consequent pressure response 
just upstream of the intake valves. 
The impedance of the line can be 
calculated there. The acoustic re-
sponse of the intake line is charac-
terized by the resonant frequencies 
and the amplitudes of the pressure 
signal.
The excitation on the bench dy-
namic occurs in two stages: at the 
beginning, a constant mass flow 
(100 kg.h-1 in this case) is aspirated 
through the intake line. Once the 
pressure drop is stabilized, the air 
flow is extinguished very quickly in 
0.5ms. The result is a pulsed excita-

Fig. 6. 1D acoustic propagation for the pressure wave decomposition

Fig. 8. Volumetric efficiency with  L1 = 1.5 m and L1 = 0.2 m
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tion of the air mass flow contained 
in the line.
The experimental setup of Figure 2 
is installed on the dynamic bench. 
The intake head is installed on the 
bench in a manner to excite the 
first cylinder. The valves for the 
other cylinders are kept closed.
Figure 12 shows the impedance 
modulus evaluation of the two air 
intake lines for frequencies rang-
ing from 0.1Hz to 300Hz. The 
results show a peak for the first 
rigid pipe 1.5m around 40Hz, 
which corresponds to an acoustic 
resonance of the rotational speed 
of 1200 RPM (second harmonic 
H2 of the engine). This peak in the 
acoustic impedance explains the 
enhanced volumetric efficiency at 
this rotational speed. 
The analysis of the impedance 
modulus for the active system 
(long pipe setup) reveals a simi-
lar peak at 40Hz with a decrease 
however of 60% in the imped-
ance amplitude compared to the 
straight pipe. This suggests that 
the acoustic resonance at 1200 
RPM is still maintained but the 
potential in pressure amplitude 
would be lower for this system at 
the closing of the intake valve. In 
other words, the equivalent length 
of the proposed system still main-
tains the resonant frequency but 
some phenomena due to the shape 
of the duct reduce the amplitude. 
This can be due to three-dimen-
sional effects caused by the spiral 
shape of the element or to acoustic 
damping at the interface between 
the short duct and the long one. 
COnClUSIOn
The air filling of a downsized turbo-
charged engine was studied start-
ing with experimental tests on an 
electrically driven engine where the 

upstream and downstream lengths 
of the CAC have been modified and 
the pressure in the intake manifold 
analyzed. The amplitude of pressure 
pulsations at the inlet valve closing 
event gave an image of the acoustic 
resonance that depends on the geom-
etry of the air intake line.
Acoustic reflection at the interface of 
the CAC was highlighted. The meas-
urement of the reflection coefficient 
using the engine’s excitation on the test 
bench shows a reflection at the CAC’s 
interface and the establishment of a 
system of stationary waves between 
this element and the intake valves. The 
engine measurements (with combus-
tion) were used to quantify the gain 
in torque and volumetric efficiency in 
the case of a long duct (improvement 
of low end torque thanks to the acous-
tic resonance) and a short duct (bet-
ter filling at high speed through the 
reduction of losses).
The results allowed proposing and 
manufacturing an active system where 
the length of the pipe between the 
CAC and the valves is variable de-
pending on engine speed. The acous-
tic response of the system is compared 
to that of a rigid pipe using the dy-
namic bench (pulse excitation of flow 
mass). The results show a good fre-
quency representation accompanied 
with losses in amplitude that deserve 
further investigation in order to have 
an active system that can achieve the  
maximum potential of acoustic reso-
nance at low speed and a high perme-
ability at high speeds. 
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InTRODUCTIOn 
More than 20% reduction of the 
emissions up to 2020 in compari-
son with the level in 1990 is the ma-
jor target of the European Union. 
The greenhouses gases (CO2, CH4, 
NOx, etc.) represent the major part 
of the atmospheric pollution. The 
CO2 which represents more than 

60% of the greenhouses gases is a 
product of the fossil fuel burning 
processes. The transport in EU ac-
counts for more than 25% of the 
total CO2 emissions. Reciprocat-
ing engines are also widely utilized 
in power plants, agricultural ma-
chines, construction machines, etc. 
For CO2 reduction it is necessary 
to reduce the engine fuel consump-
tion which means to increase the 
engine global efficiency. Despite 
advanced technologies, the engine 
efficiency of more than 35% is 
achieved only with a certain type 
of engines. In fact more than 60% 
of fuel energy is lost in form of heat 
through the exhaust gas and cool-
ing system. The efficiency can be 
increased by engine cycle improve-
ment or by waste heat recovery. 
In the last decade a number of ad-
vanced engine technologies, such 
as direct injection, variable turbine 
geometry, variable compression ra-
tio, variable valve timing, advanced 
combustion processes – HCCI 
and CAI, have been developed [1, 
2]. However, number of research 
reported limited engine efficiency 
improvement. 
Waste heat recovery seems to be 
the most prospective way to in-
crease engine efficiency and reduce 

fuel consumption [3, 4]. A study 
[3] reveals that waste heat recov-
ery by exhaust gases is the most 
effective due to the highest exergy. 
Several techniques for exhaust heat 
recovery are known: 
• Conversion of exhaust gas energy 
into mechanical energy by means 
of supplementary turbine: turbo-
compounding ;
• Conversion of exhaust gas energy 
into mechanical energy by means 
of heat machine: Rankine cycle, 
Ericson engine, Stirling engine, etc.  
• Conversion of exhaust gas energy 
directly into electrical energy by 
means of thermogenerators 
The Rankine cycle indicates the 
highest potential in energy recov-
ery due to a small effect on the 
backpressure and the highest effi-
ciency which can reach more than 
10% [4, 6]. A preliminary research 
conducted on a diesel engine in-
tended for a tractor revealed that 
waste energy through exhaust gases 
in within the range of 28.9% to 
42.5% of fuel energy at full load [7]. 
The aim of this study is to evalu-
ate the influence of heat exchanger 
geometrical parameters on heat 
transfer and engine backpressure of 
a Rankine cycle intended for a trac-
tor engine.  

1. THE RAnKInE CYClE 
OPERATIOn 
Principle of a Rankine cycle for en-
gine exhaust heat recovery applica-
tion is presented in Figure 1. 
The system consists of – tank, 
pump, heat exchanger-evaporator, 
turbine and condenser. The pump 
increases the fluid pressure dur-
ing the phase a-b. The pressure 
at point b depends on the type of 
fluid. In the heat exchanger b-c the 
fluid is heated by exhaust gases on 
three different stages: preheating, 
evaporation and overheating. The 
process c-d is expansion of the 
preheated vapour. Different types 
of expander can be used such as 
turbine or piston machine. The 
mechanical power on the output 
shaft of the expander can be added 
to the crankshaft of the engine or 
can be transformed into electrical 
power by a generator. At the end of 
the circuit the fluid condensation is 
carried out in the condenser: pro-
cess d-a. 
Working fluid thermodynamic 
parameters development are pre-
sented at p-h and T-s diagrams in 
Figure 2 
1.1. Pump
The pump consumes mechanical 
energy to increase the pressure at 

Numerical Optimisation of a Rankine Cycle Heat 
Exchanger Geometrical Parameters Intended
for a Diesel Engine
Optimizarea numerică a parametrilor geometrici 
ai schimbătorului unui sistem Rankine pentru 
un motor de tractor agricol

abstract
Significant reduction of CO2 emissions of reciprocating engines is a major target for the 
years to come. The waste heat recovery of exhaust gases using Rankine cycle is one of the 
most prospective ways for further engine efficiency improvement. A tractor engine was 
chosen for development of the exhaust heat recovery system. The experimental study of 
that engine revealed that it operates most of the time at constant speed and constant load.
A preliminary research permitted to determine the enthalpy of exhaust gases at the most 
typical operating points of the engine map. This study revealed that the enthalpy is wi-
thin the range of 50kW to 80kW as the exhaust gases temperature is within the range 
of 700K to 800K. 

This paper presents a numerical study of the heat exchanger geometrical parameters 
(size, volume, heat transfer surface, etc.) influence on the heat transfer effectiveness. The 
results revealed that the effectiveness can be increased by reducing the mean temperature 
of the cold fluid in the exchanger. In addition, it was obtained an optimal value of the 
heat transfer surface over that the heat flow by the exchanger remains a constant for each 
value of the volume. The exhaust backpressure and engine output power are influenced 
significantly by heat exchanger volume. 

Keywords: Waste heat recovery, Reciprocating engine, Simulation, Heat transfer, Heat 
exchanger.
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the system up to 30 bar, depending 
on the fluid [3]. 
1.2. Heat exchanger (Evaporator)
The heat exchanger is an impor-
tant element for the Rankine cycle 
overall efficiency. Inside it the heat 
exchange between exhaust gasses 
and working fluid is carried out. 

The heating process is conducted 
with phase changing of the working 
fluid. Shell and tubes are the most 
commonly used heat exchangers 
designs. Two types of exchanger 
are known depending on the direc-
tion of the fluids flow: counter-cur-
rent and co-current. The tempera-

ture developments for both type of 
exchanger are presented in Figure 
3. Counter-current heat exchanger 
provides better effectiveness of the 
heat transfer. 
The heat rate through the exchang-
er can be estimated as follows [8]: 
Q = A.a.Tlm

 – heat transfer surface, ;
 – overall heat transfer coeffi-

cient, ;
 – logarithmic mean tempera-

ture difference, .
 can be estimated as follows:

In case of counter-current flow 

In case of co-current flow

1.3. Expander 
The expander converts the work-
ing fluid energy into mechanical 
energy on the output shaft of the 
machine. Two types of expander 
are used: piston machines and tur-
bines [9-11]. The main features of 
piston machines are: less specific 
power and heavier construction. 
They are suitable for a Rankine cy-
cle with small output power. The 
speed of rotation of these machines 
provides opportunities to connect 
them directly to the shaft of a con-
ventional generator.  
The turbines provide higher specif-
ic power but their efficiency is quite 
low in the case of small turbine size. 
Different type of turbines can be 
utilized such as: radial and axial 
turbines, screw, scroll, etc. 
1.4. Condenser 
The fluid changes the phase from 
vapor to liquid in the condenser at 
constant temperature and pressure. 
It is recommended to use fluids for 
which the condensation pressure is 
equal or higher then atmospheric 
pressure when the condensation 
temperature is the same as the am-
bient. The condenser of a conven-
tional automobile air-conditioning 
system is most commonly used.
1.5. Fluids 
A number of fluids can be used in 
the system such as: water, ethanol, 
methanol, propane, isobutene, ben-
zene, NH3, R245fa, R134a, R113, 
R123, etc. The mixture of two fluids 

is possible as well. The working flu-
ids should satisfy different require-
ments such as global worming fac-
tor (GWP), flammability, toxicity, 
melting temperature, performance 
of the cycle, etc. [4, 12]. The choice 
of a working fluid also depends on 
the heat source (exhaust gases) 
temperature. For example, water 
is more suitable in the case of high 
temperature heat sources as well 
as organic fluids are preferred for a 
low temperature source. A number 
of researches reveal that Rankine 
cycle efficiency is higher when wa-
ter is used as working fluid [4-6]. 
2. EngInE MODEl 
A preliminary study of a tractor 
engine was conducted by means 
of a model in advanced simulation 
code AVL Boost. [7]. In that model 
a combination of 0D and 1D ap-
proach was applied. By means of 
a numerical simulation an energy 
balance of the engine was carried 
out as well as energetic and exer-
getic analysis of the exhaust gases 
was conducted at a location of ex-
haust system defined as inlet of the 
Rankine cycle heat exchanger.  
For heat transfer simulation in the 
heat exchanger of the Rankine cy-
cle it was necessary to build anoth-
er model of the engine in simula-
tion code AVL Boost RT. This soft-
ware is developed for heat transfer 
analysis in combustion engines and 
cooling system simulations as well. 
The engine model is based on 0D 
model in the cylinder as well as in 
the intake and exhaust system. The 
model is shown in Figure 4. 
The engine’s main parameters are 
listed in the Table below. 
The engine is intended for a trac-
tor. It is a diesel engine, equipped 
with direct injection Common rail 
system and turbocompressor. An 
intercooler is fitted in the intake 
system in the path of compressed 
air. An exhaust gas recirculation 
system and a post-treatment sys-
tem are not installed. The boost 
pressure is limited to 1.8 bar by a 
waste gate. The effective power of 
the engine is 110kW at 2000rpm 
as well as the maximum torque is 
630Nm at 1400rpm.  
The engine (Figure 4) is represent-
ed in the model by different blocks: 

Fig. 1. Rankine cycle operation diagram

Fig. 2. Rankine cycle T-s and p-h diagrams 

Fig. 3. Temperature variation in heat exchangers with different flow directions

Fig. 4. Engine model developed in AVl boost RT
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intake system, exhaust system, fuel 
system, cylinders, etc. The intake 
system involves several volumes 
(plenum1, plenum2 and intake ple-
num) as well as the compressor and 
the intercooler. The exhaust system 
is modelled in a similar manner. The 
exhaust manifold is replaced by vol-
ume. Down from the exhaust mani-
fold the turbine is represented. The 
heat exchanger is represented before 
the inlet of the silencer. An analy-
sis of the exhaust system design 
revealed that the location situated 
1800mm down from the turbine 
outlet is the most appropriate place 
for heat exchanger inlet. The com-
pressor and turbine are connected 
by a common shaft.
As the intake and the exhaust sys-
tem are represented by the volumes 
the engine model is presented by a 
single cylinder. The result achieved 
is multiplied by the total number 
of cylinders to obtain the total en-
gine parameters. The 0D cylinder 
model is based on the first principle 
of thermodynamics. In order to es-
timate the gas exchange processes 
the valves lift curves are imposed 
in the model. The combustion pro-
cess is defined by Vibe function. 
This correlation makes it possible 
to estimate the rate of heat release as 
a function of the crankangle. Com-
bustion chamber heat transfer was 
simulated by separating the cylinder 
wall to three zones with different 
temperature: top of the piston, cyl-
inder head and cylinder wall. Fric-
tion losses calculation was imposed 
in the engine model. The losses were 
estimated as a function of the engine 
configuration, type of valve train 
mechanism, type of oil, etc.  
3. EngInE MODEl 
VAlIDATIOn 
The model validation was carried 
out as the engine performance 

predicted by the model presented 
above was compared with the per-
formance measured on the hydrau-
lic test bench and that achieved by 
1D model of the same engine [7]. 
During the engine test the engine 
torque, fuel consumption, air mass 
flow, intake air pressure, etc. were 
measured. A comparison between 
the experimental output power and 
predicted engine power by means 
of both 0D and 1D model obtained 
respectively by AVL Boost RT and 
AVL Boost was conducted at full 
engine load. The results are pre-
sented in Figure 5. A maximum 
deviation of 5% is observed at 
1000rpm, which corresponds to 
2.5kW in absolute value.
An exhaust gas energy evaluation 
is important for development of an 
exhaust heat recovery system. The 
enthalpy of exhaust gasses is de-
fined by gas temperature, mass flow 
and specific heat capacity. Those 
exhaust gasses parameters obtained 
by the models in AVL Boost RT 
and AVL Boost are presented in 
Figure 6 and 7. 
The small deviations between the 
predicted values by the model in 
AVL Boost RT and that measured 
on the test bench as well as the val-
ues predicted by 1D model in AVL 
Boost allowed us to use the engine 
model for further numerical simu-
lations. 
4. nUMERICAl 
SIMUlATIOn OF THE HEAT 
TRAnSFER. 
4.1. Heat exchanger model
Into the heat exchanger of the Rank-
ine cycle heating of the working 
fluid by exhaust gas of the engine 
is carried out. The exhaust gas-
ses enthalpy should be enough to 
evaporate the working fluid to the 
end of exchanger. Simulation code 
AVL Boost RT cannot simulate the 

processes in the elements of the 
Rankine cycle due to the stage of 
development of this software. For 
that reason a simulation model of 
the heat exchanger simpler then a 
real physical model was chosen. In 
this simulation the heat exchanger is 
represented by the geometrical pa-
rameters from the exhaust gas side 
(volume, heat transfer surface, tubes 
size, etc.) and by mean temperature 
on the heat transfer wall (wall of the 
tubes). The model of the heat ex-
changer is presented in Figure 8.
4.2. Heat exchanger parameters 

The exhaust gas proceeds through 
the tubes with fixed geometrical 
parameters. The other parameters 
such as volume, heat transfer sur-
face, mean wall temperature are 
variable depending on the simula-
tion. The volume was changed by 
changing the number of the tubes. 
The mean wall temperature cor-
responds to the fluid parameters. 
The main parameters are listed in 
the Table 2.   
4.3. Study at 1400rpm
Tractor engines run most of the 
time at high engine load more than 

Table 1. Engine main parameters 

Fig. 5. Engine effective power validation

Fig. 6. Exhaust gas specific heat capacity b) – Exhaust gas mass flow

Fig. 7.  a) – Exhaust gas temperature; b) – Exhaust gas enthalpy

Fig. 8. Heat exchanger model

Type of engine Perkins 1106D

Number of cylinders 6 in line

Volume 6.6 liter

Bore 105 mm

Stroke 127 mm

Compression ratio 16.2

Valves per cylinder 4



20

Ingineria  automobilului    Vol. 8, no. 3 (32) / september 2014

80% of the maximum load. For that 
reason an engine operating point at 
full load and 1400rpm was chosen 
for primary simulation. This operat-
ing point corresponds to maximum 
engine torque. In this simulation the 
influence of two geometrical param-
eters of the exchanger (volume and 
heat transfer surface) was studied and 
the mean wall temperature as well. 
The results are presented in Figure 9.     
The results revealed that the heat 
rate through the exchanger is under 
a significant impact of the mean wall 
temperature value. The heat transfer 
effectiveness is only 25% in case of 
wall mean temperature of 200°C. The 
maximum effectiveness of 88% was 
achieved with the lower value of the 
temperature. The heat rate depends 
on the heat transfer surface. For each 
value of the volume exists a bound-
ary value of heat transfer surface. 
Over this value the heat rate remains 
a constant. This boundary value is 
within the range of 10m2 to 40m2 
depending on the volume. Based on 
the results the same effectiveness can 
be achieved with each of the studied 
volume. However, the heat exchanger 
volume has significant impact on the 
hydraulic losses in the exchanger. 
This analysis is presented in Figure 

10. Utilizing the heat exchanger with 
volume of 3l increases the backpres-
sure up to 106kPa. It decreases the 
engine output power by 0.75kW. The 
backpressure as well as the output 
power remains constant when the 
volume is over 10l. 
4.4. Study at 2000rpm
This study was conducted at full load 
and at engine speed corresponding to 
maximum engine power. The results 
are presented in Figure 11. 
The results obtained at 2000rpm 
revealed similar tendency as those 
obtained at 1400rpm. The maximum 
heat rate through the exchanger is 
92.8kW which represents 90% of 
exhaust gas enthalpy. The boundary 
values of the heat transfer surface re-
main the same at both engine speeds. 
This means that boundary values 
only depend on the volume. 
Figure 12 presents the influence of 
the volume on backpressure and 
output power at 2000rpm and full 
load. At that speed the influence of 
the volume is most significant then 
at 1400rpm due to higher mass flow 
through the heat exchanger. The 
backpressure can reach 116kPa as the 
output power can decrease by 2.3kW 
in case of 3l volume of the heat ex-
changer. The influence of the volume 

is insignificant when the volume is 
bigger than 10l. 
COnClUSIOn
This study presents a numerical 
simulation of heat transfer in the 
heat exchanger (evaporator) of the 
Rankine cycle exhaust heat recovery 

system of a diesel engine. The model 
of the heat exchanger as well as the 
engine model was built in advanced 
simulation code AVL Boost RT. This 
approach provides opportunities to 
study the exhaust gas enthalpy de-
pend on the engine operating point 
and heat transfer in the exchanger at 
the same model. 
The engine model was validated 
by comparison of predicted engine 
output power with that obtained by 
1D model in AVL Boost as well as 
the output power measured on a test 
bench. The maximum deviation ob-
served is 5% or 2.5kW at absolute val-
ue. The exhaust gasses temperature, 
mass flow and specific heat capacity 
obtained by the model developed in 
current study were compared with 
that values predicted by 1D model of 
the engine in AVL Boost. 
The study of the influence of heat 
exchanger geometrical parameters 
on heat transfer rate was conducted 
at two operating points: 1400rpm 
– which correspond to maximum 
torque and 2000rpm – the speed at 
maximum output power. The influ-
ence of heat exchanger volume, heat 
transfer surface and mean wall tem-
perature is similar for both operating 
points. The heat transfer efficiency 
can be increased by decreasing the 

Table 2. Heat exchanger geometrical parameters 

Fig. 9. Influence of heat exchanger volume and heat transfer surface on heat flow rate at different mean wall 
temperature and at 1400rpm 

Fig. 10. Influence of heat exchanger volume on backpressure and 
output power at 1400rpm

Length of tubes 1m

Tubes hydraulic diameter 10mm

Number of tubes variable

Volume variable

Heat transfer surface variable

Mean wall temperature variable
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mean wall temperature. The results 
revealed that for each value of the vol-
ume there exists a boundary value of 
the heat transfer surface over that the 
heat transfer rate remain constant. 
The heat exchanger volume affects 
the engine backpressure and out-
put power as well. The influence in-

creases as a function of engine speed. 
At 2000rpm, the backpressure can 
increase up to 116kPa hence it de-
creases the engine power by 2.3kW. 
Based on the results the optimal val-
ues of the heat exchanger geometri-
cal parameters are: volume - 10littres 
and heat transfer surface – 25m2. An 

increase of those values does not in-
crease more the heat exchanger ef-
fectiveness. 
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InTRODUCTIOn
The automotive industry, as one of 
the key sectors in world economy is 
an important consumer of parts and 
components manufactured using 
the methods of powder metallurgy 
(PM). The automotive manufac-
turers are facing the challenge to 
provide low weight components, 
increased serviceability, long opera-
tional life and reliability in order to 
produce safe, reliable, energy saving 
and comfortable cars at low price. 
The opportunities to use PM for 
mass production of precise compo-
nents are very attractive for the auto-
motive industry.
The methods of powder metallurgy 
allow creating new materials, which 
are very difficult or even impossible 
to produce using other ways. Ap-
plying these methods, very complex 

and different combinations of metal, 
metal and non-metal components, 
porous materials with control of 
porosity in a wide range, etc., can 
be produced. Powder metallurgy 
presents opportunity to reduce to 
the minimum the metal waste in 
chips during producing goods and 
parts with complex shape. PM also 
presents an opportunity to produce 
parts with complex shape at de-
creased labor consumption. The fac-
tor of metal utilization in many cases 
can be as high as 96 – 98 %. 
In order to make a realistic evalu-
ation of applicability and service-
ability of parts and components 
produced using the methods of PM, 
respective tests must be executed.
The aim of the present paper is: after 
studying the technology for produc-
tion of goods using the methods of 
powder metallurgy, to produce sin-
tered gearwheels for a personal car 
gearbox, the properties of which to 
be investigated by stand and road 
tests.

1. TECHnOlOgICAl 
PROCESS FOR PRODUCTIOn 
OF COMPOnEnTS USIng 
THE METHODS OF POWDER 
METAllURgY
The technological process for pro-
duction of parts using the methods of 
powder metallurgy comprises – fig.1:

- production of powder;
- preparation of the compound;
- forming (compacting);
- sintering (baking);
- pressing (forging in a container);
- secondary technological opera-
tions (thermal and chemical and 
thermal processing, calibration, 

Technology for sintering and testing of gearwheels 
for automotive gearboxes
Tehnologie pentru sinterizarea şi testarea roţilor dinţate 
pentru cutiile de viteze ale automobilelor

abstract
In this paper, a method for testing of gearwheels for automotive gear boxes manufactured 
using the methods of powder metallurgy is presented, and the results obtained by this 
way are given. The methods of powder metallurgy comprise powder formation, forming, 
sintering, secondary pressing and heat treatment of gearwheels for automotive gearbo-
xes. This modern technology presents opportunity for saving material and energy for the 
production of gearwheels, increase of productivity and reducing the net costs of the goods. 

Using this technology, a number of gearwheels were produced, which were used in auto-
motive transmissions. The tests for fatigue and wear were done on a special re-fabricated 
test bench operating on recirculation power scheme. Afterwards the gearbox with the 
tested gearwheel was mounted on an automotive for road tests. The analysis of the results 
shows that the gearwheels produced by the technology of powder metallurgy can be used 
in automotive gearboxes.
Keywords: Sintering; Gearwheel; Testing Equipment; Gearbox
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Fig. 1. Diagram of the technological process for production of parts 
using the methods of powder metallurgy [7]

Fig. 2. Principle diagram on a three zone furnace
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seeping, machining etc.)
1.1 Methods for powder 
preparation
All of the methods for powder prepa-
ration in powder metallurgy used in 
modern practice can be divided in 
two major groups – mechanical and 
physicochemical. Sometimes a com-
bined method is used in order to 
reduce the costs and to improve the 
properties of the finished product.
Mechanical methods
These are technological processes, 
where the raw materials are grinded, 
crushed, scraped, screened and they 
reduce their initial size without sub-
stantial change of the chemical com-
position. Some of the mechanical 
methods are:
- Grinding and crushing – it’s most 
effective when as raw materials are 
used metal waste, chips, trimmings, 
etc. They are inserted in different 
types of grinding mills: ball, verti-
cal, vibratory, etc., where they are 
crushed. In this way powders from 
iron, chrome, aluminum, steel and 
ferrous alloys are produced.
- Dispersion (sputtering) of melted 
metal or alloy. It is one of the most 

efficient and widely spread methods 
for production of quality powders 
from aluminum, lead, zinc, ferrous 
alloys, steel and iron.
- Granulation – casting of metal into 
water, allowing production of rough 
powders from iron, copper, silver, etc.
Physicochemical methods
The physicochemical methods pro-
vide production of powder materials 
by deep physicochemical conversions 
of the raw material. Such methods are:
- Recovery of oxides and salts – 
widely spread and efficient method, 
especially when as raw materials 
ores, waste from metallurgy and 
other cheap raw materials are used. 
These methods are used for produc-
tion of iron, copper, nickel, cobalt, 
tungsten, molybdenum, tantalum, 
etc. The powders produced this way 
are easy to be pressed and sintered.
- Electrolysis of metal salts – the 
produced powders are pure, due to 
removing the admixtures during the 
electrolysis process. The powders are 
expensive for the low productivity and 
increased consumption of electricity.
- Dissociation of metal carbonyls – 
it’s used for production of carbonyl 
powders from iron, nickel, chromi-
um, molybdenum and alloyed pow-
ders from iron or nickel. The pow-
ders are very pure, but are expensive.
- Condensation – method for pro-
duction of powders from metals with 
low evaporation temperature: zinc, 
cadmium, etc. Because the powder 
contains many oxides, this method is 
with restricted application.
- Interstitial corrosion – this method 
was developed for production of pow-
ders from chromium-nickel steels. 
The metal powders are character-
ized by their physical, chemical and 
technological properties. The physi-
cal properties are determined by: 
shape of particles, size of particles 
and granulometric composition of 
powder, specific surface, density 
and micro hardness. The chemical 
properties are characterized by con-
tents of prime metal into the pow-
der, admixtures or impurities, gases 
in  absorbed or  dissolved  condition. 

Fig. 3. Chemical and thermal treatment carburization
t1 – time for heating; t2 – time for saturation; t3 – time for cooling to the 
hardening temperature; t4 – hold time

Fig. 4. View of the gearwheel for 
an automotive gearbox produced 
using the methods of powder 
metallurgy

Fig. 5. layout of the test bench for testing sintered gearwheels for 
automotive gearboxes
1 – electric motor; 2 – propeller shaft; 3 – mechanical clutch; 4 – 
gearbox; 5 – damper; 6 – loading device; 7а and 7b elastic coupling; 8а 
and 8b – automotive gearboxes; 9 – rigid axle differential assemblies; 
10 – load lever; 11 – gear

Table 1
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The technological properties are 
characterized by bulk density, flowa-
bility, compactability and shaping. 
The physical, chemical and techno-
logical properties are in direct con-
nection with the method for powder 
preparation. The main characteris-
tics of powders provide production 
of sintered parts with required prop-
erties. The knowledge of powder 
properties is required for the organi-
zation of the technological process 
for workpieces and parts in powder 
metallurgy.
- Electrolysis of metal salts – the 
produced powders are pure, due to 
removing the admixtures during the 
electrolysis process. The powders are 
expensive for the low productivity and 
increased consumption of electricity.
- Dissociation of metal carbonyls – 
it’s used for production of carbonyl 
powders from iron, nickel, chromi-
um, molybdenum and alloyed pow-
ders from iron or nickel. The pow-
ders are very pure, but are expensive.
- Condensation – method for pro-

duction of powders from metals with 
low evaporation temperature: zinc, 
cadmium, etc. Because the powder 
contains many oxides, this method is 
with restricted application.
- Interstitial corrosion – this method 
was developed for production of 
powders from chromium-nickel 
steels. 
The metal powders are character-
ized by their physical, chemical and 
technological properties. The physi-
cal properties are determined by: 
shape of particles, size of particles 
and granulometric composition of 
powder, specific surface, density and 
micro hardness. The chemical prop-
erties are characterized by contents 
of prime metal into the powder, ad-
mixtures or impurities, gases in ab-
sorbed or dissolved condition. The 
technological properties are char-
acterized by bulk density, flowabil-
ity, compactability and shaping. The 
physical, chemical and technological 
properties are in direct connection 
with the method for powder prepa-

ration. The main characteristics of 
powders provide production of sin-
tered parts with required properties. 
The knowledge of powder properties 
is required for the organization of the 
technological process for workpieces 
and parts in powder metallurgy.
1.2 Mixture preparation
The powder is a voluminous solid 
body comprising huge number of 
fine particles, which can run freely 
when shaken or inclined. The mix-
ture preparation is done by mixing 
powders with different contents us-
ing mixing equipment, most often 
called mixers. The mixing continues 
till the compound becomes ho-
mogenous. To improve the mixing 
of powders with different physical 
properties water, spirit, glycerin, etc. 
are added. With some powders, to 
improve compacting and shaping, 
different plasticators such as paraf-
fin, rubber, zinc stearate, etc., are 
added.
1.3 Powder formation
The formation is giving shape, size, 
density and mechanical strength 
to the powder and is required for 
the following production of the 
component. The initial volume of 
the poured material is compacted, 
which causes consolidation of the 
powder and the required work-
piece is formed. The powder com-
paction is being done by pressing 
in metal press moulds, casting slips, 
etc. The formation, more than any 
other operation, plays a significant 
role in the general process of pow-
der metallurgy.
The formation is executed in the fol-
lowing main steps:

- Powder dosing (by volume or by 
mass);
- Pouring the powder mixture in the 
press mould (die);
- Compacting;
- Separation of the moulding from 
the press mould.
In a typical formation process, an 
automatic press is used, which is 
equipped with an adapter carrying 
the press mould, punches, knock-
outs and limiting rings. The forma-
tion can be unilateral or bilateral. 
Most often the cavity of the press 
mould is closed in its bottom by 
the lower punch and is filled with 
powder from above. Afterwards the 
upper punch is lowered and after 
closing the powder – pressing by 
both punches. At the end the upper 
punch is pulled out and using the 
lower punch the “raw” workpiece – 
the mould is pushed out from the 
press mould.
1.4 Sintering (baking)
The sintering is the basic technological 
operation in PM. During this process, 
the powder mould is converted into a 
sintered part with final physicochemi-
cal properties of a compact material.
The sintering is a process of heat 
treatment where the “raw” workpiec-
es formed from metal powder are 
converted in coherent solid bodies at 
temperatures lower than the melting 
temperature of the main metal com-
ponent, in that time inter-particle 
cohesion is being established and the 
properties of the material are format-
ted. To prevent oxidation of metal 
components, it is being done in re-
duction or neutral gas atmosphere. 
Structure formation of the alloys is 
done at two stages. The first stage 
consists in increasing of the contact 
surface among the particles, part of 
the open micro pores are closed or 
are converted into closed pores. The 
second stage is reduction of part of 
the closed pores, formation of crys-
tal structure by different conditions 
of mass transfer. Sintering of “raw” 
workpieces is done in a three zone 
furnace – fig. 2. As a result, the pow-
der particles are bonded by diffusion 

1V / 0.083 = 12.05 kgf.m 12.05* 9.81=118.2 n.m
Fig. 6. A tape record from Robotron 02060 recorder

Fig. 7. Principle diagram for measuring the loading torque in the loop 
of the test bench
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and other nuclear transport mecha-
nisms. In this way, by increasing den-
sity and respectively reducing poros-
ity, the physicochemical processes 
in formed alloys of the bodies are 
established. Physicochemical prop-
erties as strength, hardness, electrical 
conductivity, etc. are increased.
The temperatures for sintering of 
iron based alloys are between 950 °C 
and 1150 °C, while for alloy steels are 
above 1150 °C.
1.5 Secondary compaction
After primary sintering, the parts 
can be pressed again. The additional 
pressing is done in special sizing 
closed press moulds called dies or 
containers. It can be done in hot or 
cold condition. Usually this opera-
tion is done to increase the density, 
which can be provided by the first 
pressing. When the tolerances of 
sizes are close, a part which is very 
similar to the final one can be pro-
duced and most of the machining to 
be eliminated.
2. PRODUCTIOn OF 
SAMPlES FOR TESTIng 
For the goals of the present paper, 
gears for an automotive gearbox 
were produced using the technol-
ogy of powder metallurgy. The pow-
der for production of the samples 
is based on an alloyed in advance 
powder Astaloy Mo of Höganäs 
Company, produced by sputtering 
of steel melt with water. There is 
in its chemical composition 1,5 % 
Мо (Molybdenum). It has a filling 
density of 3,00 g/cm3, flowability of 
25s/50g and density of the compact-
ed workpiece 7,10 g/cm3 at pressure 
of 600 МРа. To the total amount of 
powder, 2 % Cu (Copper), 0,6 % 
C (Carbon) and 0,6 % Zn-st (Zinc 
Stearate) were added. The prepared 
mixture is poured into a closed press 
mould and is pressed at pressure of 
600 MPa. The mould is inserted into 
a three zone tunnel furnace with 
protective atmosphere of Nitrogen 
and Carbon for sintering at 1200 °С 
for an hour. The sintered sample is 
subjected to secondary cold pressing 
in a closed press mould (container) 

at pressure of 800 MPa to increase 
density and accuracy of dimensions. 
Afterwards the sample is hardened 
by chemical and thermal treatment 
carburization – fig. 3, to provide high 
hardness and durability of the sur-
face layer.
Using the stated technology, a gear-
wheel was produced, fig. 4, for an au-
tomotive gearbox with the following 
parameters: number of teeth 34, tip 
circle diameter De = 89 mm, root cir-
cle diameter Di = 77.75 mm, diam-
eter of the pitch circle D = 85 mm.
3. DESCRIPTIOn OF THE 
TEST bEnCH 
The bench testing of automotive 
transmission units on fatigue gives 
the possibility to find out “weak” 
parts in them. Increasing the fatigue 
strength and durability of the weak 
part in an automotive increases the 
service life of all units of the assem-
bly. Testing the fatigue and durability 
only such parts and, in some cases, 
separate units, gives the opportunity 
to significantly reduce the costs for 
the testing and the need to use many 
samples. In this case, it is necessary 
to study the progress of failures at 
identical modes of operation, as in 
such case the operational load of the 
parts can be reproduced much more 
accurately than with bench testing 
of all units. In bench testing it is pos-
sible to create operational loading 
processes, to solve in a simple way 
a number of problems connected 
with the design, production technol-
ogy and quality of production and 
to evaluate operational life of unit’s 
parts.
To conduct the test bench experi-
ments for fatigue and wear of sin-
tered gears in automotive gearboxes, 
a test bench for testing propeller 
shafts and drive axles of automotive 
transmissions, working on recircu-
lation power scheme at the Depart-
ment of “Combustion engines, auto-
mobile engineering and transport” 
at the Technical University of Sofia 
was used. For the purpose of the 
present study, an addition to the test 
bench was designed and produced, 

which allows testing of automotive 
gearboxes, too. In such a way, the 
test bench was improved and the 
range of the units tested on it was in-
creased. The layout of the improved 
test bench is presented on fig. 5.
The drive of the test bench is done 
by the electric motor 1. By a propel-
ler shaft 2 and a mechanical clutch 3, 
the torque is transmitted to the gear-
box 4 by which the rotational speed 
can be changed. The damper 5 de-

creases the vibrations before driving 
the loading device 6, which is a two 
shaft reducer, supported on one of 
its shafts. It divides the drive in two 
ways. The first one – the upper of the 
figure, by a propeller shaft transmits 
the torque to the upper rigid axle 
differential assembly. The second 
one, the lower on the scheme, by an 
elastic coupling 7a, the automotive 
gearbox 8a with the tested sintered 
gearwheel, the automotive gearbox 

Fig. 8. layout of the automotive for road tests and placement of the 
strain gauges with radio transmitter

Fig. 9. graph of the value of measured torque at slow release of the 
clutch pedal and switching off the engine

Fig. 10. graph of the value of measured torque at fast release of the 
clutch pedal and successive fast pressing



26

Ingineria  automobilului    Vol. 8, no. 3 (32) / september 2014

8b with reference gearwheel and 
an elastic coupling 7b the torque is 
transmitted to the lower rigid axle 
differential assembly. The gear-
boxes 8a and 8b are mirror placed 
and are coaxial with their input 
shafts one against the other and are 
engaged to one and the same gear. 
The left and right half-axes of both 
rigid axle differential assemblies 
are connected by gear drives 11 to 
close the loop of the test bench.
The loading device 6 is applied to 
create loading torque, the power of 
which circulates in the test bench 
– a phenomenon known as “recir-
culation of power”. Measuring the 
torque acting in the loop is done 
by using torquemeters with ten-
siometers glued to the shaft con-
necting the two-shaft reducer 6 
with the coupling 7a on fig. 5. The 
directions of main stress vectors 
subjected to torsion are orientated 
at an angle of 45 ° with respect to 
its axes and cause compressive and 
tensile stresses. This is the reason 
the two tensiometers to be placed 
at an angle of 45 ° with respect to 
its axis and to be connected to two 
adjacent loops of the bridge circuit. 
Before the assembly of the shaft in 
the test bench, a calibration of the 
tensiometers is to be made. This 
is done subjecting the shaft to tor-
sion with different loads and the 
voltage of the sensors is recorded. 
Afterwards, the quantity of volts 
corresponding to a torque of 1 kilo-
gram-force-meter is evaluated. The 
results of the calibration of the shaft 
used in the test bench to determine 
the value of torque in test bench’s 
loop are given in table 1.
Calibration is done to be able af-
ter mounting the shaft on the test 
bench to measure the torque in 
the loop and to find out, whether 
it is sufficient for testing the sin-
tered gearwheel in the automotive 
gearbox. If necessary, the loading 
torque can be reduced or increased. 
On fig. 6, a tape record from Robo-
tron 02060 recorder is shown with 
the value of the measured torque 

after the loading device in the test 
bench. To improve the reading, the 
signal is amplified five times.
The analysis of the record shows 
that the value is sufficient to test the 
prototype sintered gearwheel.
On fig. 7, the principle diagram for 
measuring the loading torque in the 
loop is shown.
4. METHODS OF 
PERFORMIng bEnCH 
TESTS
When starting the test bench for 
testing the sintered gearwheel, an 
attention have to be paid for any 
unusual and loud noise and at giv-
en time intervals the temperature 
of the automotive gearbox is meas-
ured. It is compared with the tem-
perature of the automotive gearbox 
with the reference gearwheel. Dur-
ing the first hour, the measuring 
intervals are at 15 minutes, while in 
the next two hours the intervals are 
at 30 minutes. After reaching the 
operational temperature, the meas-
urements are taken at every two 
hours. Increased temperature in 
the automotive gearbox with test-
ed gearwheel is an indication that 
some problem there may exist. The 
experience shows that it’s possible 
in the beginning till the bedding of 
the tested gearwheel to have some 
difference between temperatures, 
but it is for a short period of time.
Another important operation for 
checking the condition and op-
eration of tested gearwheel is done 
by stopping after given number 
of cycles the test bench. The oil is 
drained from the automotive gear-
box with the tested gearwheel; then 
it’s filtered and checked for metal 
particles. If such are found, they 
are collected and all data for their 
size, shape and mass are taken and 
recorded. The gearbox is washed 
up and oil is poured to continue the 
cycles till next inspection. The oil 
must be changed if the number of 
operational cycles exceeds its ser-
vice life. The number of operational 
cycles that must be done depends 
on the placement of the gearwheel 

in the gearbox. They are at the least 
if the tested sintered gearwheel is 
used in the reverse gear and the 
biggest if it is in the gear which is 
most used in the car during the ser-
vice life and are consistent with the 
service life of the gearbox planned 
by the manufacturer.
The tested samples endured with-
out changing their properties and 
operation the planned cycles at the 
bench tests.
5. EqUIPMEnT AnD 
METHODS FOR 
PERFORMIng ROAD TESTS
The goal of the road test is to ob-
tain information about the tested 
sintered gearwheel assembled in 
the automotive gearbox in real op-
erational conditions. To accomplish 
this goal, the automotive gearbox 
was fit to a personal car loaded with 
the maximum allowable load. The 
purpose is to load its transmission 
and the tested gearwheel to the 
maximum. The automotive is sub-
jected to heavy operational modes 
and the gear where the tested wheel 
is engaged. 
During the tests, the value of the 
torque transmitted by the tested 
gear in the gearbox from the engine 
to the final drive was measured and 
evaluation has been made whether 
this is the maximal value for this 
automotive. The value must be con-
formed to the speed ratio of the gear 
where the tested gearwheel is fitted. 
The frequent and prolonged hold of 
the maximal value is an indicator of 
a reliable test. To execute the meas-
urement on the propeller shaft con-
necting the gearbox with the final 
drive, two strain gauges were glued, 
connected to a radio transmitter – 
fig. 8. The shaft was calibrated in the 
same way as the shaft for the bench 
tests. On fig. 9 and fig. 10, graphs 
with the torque measured during 
the tests are presented.
COnClUSIOnS
From the aforesaid, the following 
conclusions can be made:
- The technology for production of 
parts using the methods of powder 

metallurgy provide a solution to 
the challenge of making compo-
nents with low weight, increased 
serviceability, maximal operational 
properties, durability and reliabil-
ity, which the automotive manufac-
turers face.
- For the purpose of the present 
work, by using the technology of 
powder metallurgy, prototypes of 
gearwheels for an automotive gear-
box were produced. 
- Bench tests for fatigue and wear 
of sintered gearwheels running in 
an automotive gearbox were made, 
according to methods specially de-
veloped for the purpose on a test 
bench for testing automotive trans-
missions, operating on recircula-
tion power scheme, which for the 
purpose of the present work was 
improved.
- Road tests were made for sintered 
gearwheels running in an automo-
tive gearbox.
The results presented in this work 
show that sintered gearwheels can 
be used in automotive gearboxes.
The authors are of the opinion that 
besides in automotive gearboxes, 
components produced by the 
methods of powder metallurgy will 
be used widely in other automotive 
units and assemblies.
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In the last twelve years, 1250 students performed practical activities at Group Renault Romania, and one third of them were employed 
by the company. Renault Romania currently has about 17,000 employees, of which a large part consists of young professionals.

By organizing Drive Your Future, Renault Romania meets the students’ willingness to take the first step in your career and get familiar 
with the specific activities of the automotive industry. They can thus benefit from a relevant experience in the chosen field, guidance 
from Renault Romania specialists throughout the internship, the possibility of achieving the diploma project, and the opportunity to 
attend employability workshops (training for a job search).

Drive Your Future Internship Program 2014 was launched in late 2013. Then specific topics have been published for internships 
practical activities. To access the internship, the students have chosen a theme depending on their specialization, and have applied and 
participated in a selection interview.  Traditionally, the stage of practical activities allocated to address a topic lasts three months, but 
depending on the specific departments where trainees were integrated, some continues beyond this period. During April-June 2014, 
90 students from around the country had practical activities to Renault Romania in an internship lasting three months. 22 students 
continued the activities beyond this period.

They were able to get acquainted with the main activities of Renault Romania: 
- Industrial platform from Dacia Pitesti; 
- The Renault Technologie Roumanie engineering center in Bucharest (design) and Titu (test vehicles and mechanical organs) 
- Renault Commercial Roumanie (commercial subsidiary) 
- In support activities (Department of Information Systems, Logistics). 
During the Drive Your Future program, trainees were guided by tutors, specialists in the various departments: http://www.renault-
technology-roumanie.com/?lang=en/careers/students-corner/ 

The experience of Renault Group Romania in this respect was shared international community at FISITA Congress that took place 
between 02.06 - 06.06.2014 (Maastricht, Netherlands) in the Educators Seminar, as part of FISITA „Your Future in Automotive“ 
developed to help young people who study automotive engineering in to design and build a career in the automotive industry: 
http://www.yourfutureinautomotive.com/..
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