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Traffic management system in the city of Rijeka
Siniša Vilke1 *, Frane Tadić2, Borna Debelić 3, Davor Mance4
University of Rijeka, Faculty of Maritime Studies, Rijeka, Croatia 1,2,3
University Of Rijeka, Faculty of Economics and Business 4
sinisa.vilke@uniri.hr
Abstract: This article analyzes examples of good traffic management practices in several European cities. The practices analyzed relate to
providing more accurate information about public transport arrivals, optimizing demand for crosswalks, red ucing congestion in urban
areas, and reducing demand for trips to parking lots in the city center. Smart mobility projects such as CEKOM Connected Traf fic create
high-quality urban transport solutions and promote innovative, sustainable, clean and energy-efficient transport modes. The aim of this
paper is to present the positive results of different traffic management methods that lead to better traffic flow, less congestion, lower primary
energy consumption and less pollutant emissions.
The activities of this scientific research project are related to the development of innovative urban and multimodal solutions in the city of
Rijeka. The primary outcome indicator will be a platform for aggregating data for urban mobility and transport decision making. The scope
of the platform envisions more efficient use of public-private infrastructure, resources, and assets in the field of transport. In addition, it was
necessary to accurately measure traffic, meteorological and environmental parameters in the city of Rijeka to protect the environment,
increase safety and achieve sustainability of the transport system in the urban area.
As part of the research activities of the Connected Traffic project, a prototype solution for traffic simulations has been developed. The aim of
the simulations is to show how the use of innovative methods in the context of intelligent solutions can manage traffic in urban areas. The
purpose of the simulation is to test innovative scenarios and standard operating procedures for decision sup port.
Keywords: INTELLIGENT TRANSPORT SYSTEMS, URBAN TRAFFIC MANAGEMENT, CITY OF RIJEKA, URBAN MOBILITY,
SUSTAINABLE TRANSPORT.

2. Urban traffic management

1. Introduction

With the rapid development of cities, urbanization in the
transport sector began to approach the limits of sustainability,
especially in densely populated areas. However, the smooth flow of
traffic is necessary for the quality of life, and at the same time
affects the economic sector. Therefore, as the need for transport is
constantly increasing, traffic jams, traffic accidents, reduced
pedestrian safety and excessive environmental pollution are
becoming more frequent.

Quality traffic management is one of the basic goals of the city
authorities, considering that today it significantly affects the quality
of life of citizens and at the same time represents a good basis for
further economic growth. Traffic congestion is an obstacle to many
urban areas around the world and requires the introduction of
additional traffic management methods to address the problem. The
conventional approach sought to eliminate the problem by
additional road construction, but this option did not prove to be an
effective solution. In the past few years, the issue has been solved
by applying better management of existing capacities. Furthermore,
such an approach requires additional tools that have proven to be an
effective solution in traffic control through the examples of various
cities.

Traffic management in urban areas where traffic flow is
hampered by a large share of individual transport, inefficient traffic
routes and inadequate urban plans, effectively solves traffic
congestion problems and reduces the negative impact of traffic on
the environment. Urban traffic management requires a balance
between traffic throughput, safety and sustainability, which with a
high population density, different modes of transport (pedestrians,
cyclists, public transport, motorized vehicles) and a high proportion
of shorter journeys, is quite a challenge [1]. The positive trend of
rapid development of cities from year to year is becoming an
increasing problem in most cities around the world. Urbanization of
cities increasingly conditions mobility and brings traffic to the limit
of sustainability, especially in densely populated places.
Unhindered traffic is a major obstacle for the growing number of
car users, but also for passive citizens in the role of pedestrians,
cyclists and other users who are indirect participants in the city's
transport network.

The implementation of such systems meets certain criteria for
increasing traffic safety, which are presented below in this paper
through the above examples of good traffic management practices.
Increased safety, reduction of air pollution, priority passage of
various traffic participants, better control of urban areas and
reduction of traffic congestion caused by road works or traffic
accidents are some of the criteria as possible solutions to the
problem of urban mobility in cities [1].
The paper "Review of Good Practices in the Introduction of
Traffic Management Systems and Urban Mobility" provides a
detailed review of examples of good practices in traffic
management, while Chapter 3 of this paper provides a summary of
the previously mentioned paper as a continuation of the analysis [1].

“A traffic control system generally uses traffic signals to control
traffic flow at intersections and uses historical and real-time
measured data to derive signal plans” [3]. Given the flexibility to
adjust the measurement of traffic disturbances, the time control
system can be characterized as a fixed and modern version. A fixed
time control system, i.e., signal plans that are calculated offline and
cannot be adjusted to real-time traffic flow disturbances are
considered a conventional system, while the characteristics of a
modern system are traffic response that can update signal plans
according to current traffic data [3].

In addition to the examples of good practice, this paper seeks to
present the transport system of the city of Rijeka and its further
improvement of traffic management. Besides, the paper presents the
City's involvement in Smart City Connected Traffic. Such a project
aims to create an advanced information and communication system
that will serve as decision support in urban mobility management.
The purpose of the concept is to enable more efficient use of publicprivate infrastructure, resources, and property in the field of
transport to protect the environment, increase safety, and achieve
sustainability of the transport system in the urban area.

“Traffic control can be regarded as a multiagent application in
which car-agents and traffic-light-agents need to coordinate with
each other to optimize the traffic flow and avoid congestions” [4].
Agents' actions are mostly triggered by traffic information that is
distributed in the environment on a practical and conceptual level.
Therefore, abstractions from the environment naturally correspond
to the scenario of the traffic control mechanism.

The development of innovative products and services expected
after the completion of the CEKOM project will relate to the field
of smart city technology and will be implemented through various
pilot projects in the city of Rijeka, which will significantly affect
the status of Rijeka as one of the smart cities in Croatia [2].
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Effective traffic management requires ITS (Intelligent Transport
Systems) instruments that have positive effects on increasing traffic
flow, reducing pollution and increasing safety. For example, realtime information on environmentally friendly modes of transport
such as walking, cycling and public transport can encourage citizens
to use sustainable modes of transport more often, while optimizing
traffic signal control can reduce fuel consumption and pollutant
emissions. Research shows that the implementation of ITS in
modern cities opens the potential to reduce greenhouse gas
emissions by as much as 60 % by 2050 and the possibility of
reducing the number of fossil fuel cars in urban transport by 50 %
by 2030 [5].

system will approve the road crossing, while in situations when
there are no pedestrians at the pedestrian crossing or if a pedestrian
presses the road crossing button and gives up, the system will not
allow crossing the road [10].
Twenty years ago, Stockholm had major problems with traffic
jams, especially in the city centre. Therefore, it was decided by the
city authorities to introduce fees for entering vehicles in certain
areas of the city. The charging of a fee for entering a certain part of
the city by vehicle was introduced in Stockholm, given that such an
example of good practice has already shown satisfactory results in
London [11].
The introduction of a fee for vehicles entering certain zones has
resulted in a reduction in CO 2 emissions by 14 % or 25 000 tons per
year, or a reduction in transport by 22 % or 100 000 passengers per
day with a reduction in travel time by 30 to 50 % [12].
Fees are charged using a system based on wireless RFID
(Radio-frequency identification) technology. Furthermore, the
system uses a toll charger and a traffic signal device in combination
with an operating system developed by IBM [11].
Payment is made by contactless method or by using an
electronic toll collection device that charges directly from the user
account. Video cameras with an ANPR (Automatic number-plate
recognition) system installed are also in use, enabling the record of
the number of registration plates on the vehicle or the vehicle
identification without a toll collection device to control the payment
of the fee [11]. User billing options for the traffic saturation zone
are as follows [13]:
• direct debit ("autogiro") - enables automatic debiting of the
user's bank account or offers the possibility of combining with an
electronic account,
• electronic invoice ("e-invoice") - the possibility of using
Internet banking,
• payments - at the end of each month, the Swedish Transport
Agency (Transportstyrelsen) sends a salary card to the owners of
vehicles registered in Sweden.
Not all vehicles are required to pay a fee for passing through
certain zones, e.g. [14]: ambulances, buses, diplomatic vehicles,
people with disabilities, military vehicles, hybrid or electric
vehicles, motorcycles and mopeds, and vehicles registered in other
countries.
The introduction of toll zones has resulted in a reduction in
traffic amount of about 20 %, which is equivalent to 100 000 passes
per day through toll zones. The load on the main roads was also
reduced by 30 – 50 %, which reduced the variability in travel time,
while the emission of harmful gases was reduced by 10 – 14 %.
Given the introduced fees, more than half of drivers decided to
replace the passage of toll zones with alternative routes, while other
drivers passed through the toll zone at the time when there is no toll.
In large urban areas, there is often a problem of finding a
parking lot, so city authorities with "tools" for parking management
are trying to reduce vehicle traffic or relieve the load on roads in
certain areas. The parking management in the city of Vienna began
in 1994, in addition to the long-term reduction of the need for
parking. One of the primary reasons for the introduction was to
provide many parking spaces with certain benefits for residents
living near the parking lot. [15].
With the implementation of the parking management system,
parking requirements have been reduced by 20-40%, while as an
additional result, the behavior of traffic participants has changed.
Furthermore, the introduction of the new system has led to higher
demand for other forms of transport (mostly increased use of public
transport, changing routes or shorter stays in certain areas), thus
reducing traffic congestion and the negative impact on the
environment.
The primary objectives of the parking space management
system are [15]: reduction of car traffic and harmful impact on the
environment, a better situation for parking and public transport
(reduction of unauthorized parking), improved availability of cargo
and delivery; renewed public space and improved road safety,
higher revenues to improve urban transport, improved urban
housing environment.

3. Examples of traffic management systems in
European cities
Examples of good traffic management practices include ways to
address urban mobility in densely populated areas in terms of
sustainability efficiency, safety and the environmental segment. The
most common problems are traffic jams and accidents, problems
with city parking and low pedestrian safety [1].
The purpose of introducing the RTPI system is reflected in
greater reliability, more efficient system monitoring, reduction of
congestion and decrease of external costs. Also, several European
cities like Turin, Helsinki and London have introduced the RTPI
system.
Displaying information about the arrival of buses at the station
makes it much easier for public transport users to plan a trip. Access
to real-time public transport arrival information is available at the
station, it is also possible to access the information by entering the
bus station number using the website or the DublinBus application.
To facilitate the use of visually impaired people, the option of
receiving information via SMS messages with the possibility of
reading information by voice program has been introduced.
Automatic transmitters built into buses or GPS monitoring
enable the operation of the bus arrival information system, while the
software predicts the time of arrival at the next bus station. The
control system then sends the data to the bus station notification
screen, i.e., counting the minutes until the bus arrives. The vehicle
location system is charged for data updating, which sends
information at 30-second intervals, ensuring accuracy during the
arrival time of the bus displayed on the notification screen. The
National Transport Administration (NTA) monitors the reliability of
the information to provide a better service [6].
The most common problems that can reduce the accuracy of
information are operational segments such as [6]: technical
difficulties, breaks, closed roads, mechanical problems and traffic
congestion.
RTPI predicts the arrival of public transport using the location
of the vehicle, so if the vehicle remains in traffic jams, the
information on the arrival of public transport will be adjusted to
current conditions.
Large crowds at pedestrian crossings are common in London,
which is one of the largest cities in Europe. The implementation of
the SCOOT system has contributed to a better and safer pedestrian
crossing without the negative impact of slowing down road traffic
[7].
The SCOOT pedestrian system is an effective way to manage
traffic as it reduces congestion in densely populated areas,
especially in pedestrian traffic. The system brings benefits in traffic
management in terms of bus priority, traffic saturation control based
on feedback, incident detection, online saturation measurement,
vehicle emissions and pedestrian priority [8].
The collection of information is carried out at 3 890 distinct
locations with the help of about 15 000 detectors that contribute to
the optimization of traffic signals in favor of pedestrians, i.e., by
optimizing the crossing time [9]. Furthermore, the SCOOT system
uses cameras with the possibility of counting pedestrians at the
pedestrian crossing, which solves the problem of uneven pedestrian
traffic. Moreover, if the camera detects enough pedestrians, the
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Parking management requires one form of transforming a part
of the city district, i.e., turning one part into short-term parking
zones. The price of parking increases from 1.20 to 2 euros per hour,
which resulted in lower demand for parking.
Revenues from parking management are earmarked for further
investment in the improvement of the Vienna transport system. The
principle of parking management policy emphasizes that traffic
costs are borne by traffic users and not by society.
To take full advantage of the implementation of the parking
system in the city of Vienna, it is necessary to observe and apply a
traffic management model such as: increase short-term parking fees,
improve sufficient capacity and high-quality public transport,
introduce affordable annual public transport tickets, development of
"Park & Ride" system facilities, use of municipal residential
garages, amendments to building regulations to reduce minimum
parking requirements [15].

the environmental component and the encouragement of alternative
innovative and intelligent forms of transport. The platform will be
able to accept and process the planned amount of input data in realtime and expand it as needed for future requests and traffic increase
[18].

4. Traffic management in the city of Rijeka –
project Connected Traffic
Figure 1. Data Aggregation Platform [18]

Taking practices of several European cities as an example, the
use of the well-known ITS measure in this area provides remarkable
results in increasing the overall efficiency of the road transport
system. By using such services, cities create an efficient, safe, and
sustainable transport system. They provide tools that enable
efficient traffic management and have a positive impact on
increasing traffic throughput, reducing pollution and increasing
safety.
The City of Rijeka is currently using an automatic traffic
management system which, with its technological capabilities, aims
at optimal traffic management in the given conditions. The system
is modular and easily adapts to new traffic conditions, and with its
modern technology, it enables the control of traffic lights depending
on the actual (current) traffic loading the traffic network. The
system also enables upgrading of traffic subsystems from different
areas of traffic, which significantly contributes to an additional
increase of inflow within the city [16].
The current operation of the Automatic Traffic Management
System (ATMS) has enabled: maximum utilization of the existing
traffic network in the center of Rijeka, better flow of the main
longitudinal directions - traffic corridors, direct 24-hour monitoring
of traffic in the city center, automatic remote control of traffic
lights, central reprogramming of traffic lights or individual traffic
zones, immediate fault diagnosis and faster troubleshooting,
automatic collection of traffic load data and savings in electricity
consumption of about 51% compared to old traffic lights.
Through the participation of the City of Rijeka in the research
and development activities of the project Connected Traffic,
elements of the entire decision support system within smart cities
are defined with the possibility of application in traffic. Solutions
using cloud computing technologies will enable easier integration of
electronic applications to improve communication and availability
of public and commercial services for citizens and businesses [17].

The basic functionality of the data aggregation platform is to
transform, store and forward data received at the input, southbound
interface from the senses and/or systems and/or applications to the
southern interface according to the applications and systems that
will use that data, as illustrated in Figure 1.

4.2. Technological concept
The existing results in this paper relate to all previously
completed activities of the Connected Traffic project that the
partners have successfully carried out. The preliminary activities
were defining the scope of the project, which will serve as the
produced platform for controlling, coordinating, informing, and
managing the total traffic of the determined area. After the broader
zone of the city of Rijeka was defined as the designed area of the
project, all the existing documentation regarding urban and spatial
planning and proposed solutions were examined.
By completing the questionnaires and conducting interviews
with key stakeholders of the traffic of the wider urban area of the
city of Rijeka, an analysis of the existing transport system and
identification of the source and type of data has been performed.
The need for analysis is implied by a large amount of data present
in the transport system, which will grow further with the
introduction and implementation of innovative technologies.
Therefore, the collection of data is needed to create a basis for
decision support. The main participants are direct representatives of
road, maritime, air, and rail transport. In addition to them, other
relevant participants of the transport system have a significant role
in the elaboration, which also contributed significantly to the further
definition of the project platform [2].
The most important and critical elements of the transport
infrastructure for carrying out measurements to be carried out in the
experimental phase of the project were identified. Consequently, the
partners determined how the traffic, meteorological and
environmental parameters will be measured for the traffic flow
analysis. The measurement of traffic parameters will make it
possible to obtain quantities showing the efficiency of the transport
system and the level of service. By measuring meteorological
parameters, traffic participants will always have an insight into
current conditions that directly affect traffic safety, but also the
current state of the roads. Furthermore, measuring ecological
parameters will provide an overview of the real state of the
environment of the urban area, i.e., insight into the level of

4.1. Research and development activities

Through the research and development of the project activities
of Connected Traffic, the aim is to create a platform for monitoring,
coordinating, informing and managing all traffic in the urban
environment, using the latest technologies and bringing together all
the resources relevant to the insight of the necessary information
related to the mobility of users. Particularly emphasis shall focus on
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environmental pollution by CO 2 emissions. By further parameters
elaboration, the project partners have identified and analyzed
functional requirements for traffic, ecological and meteorological
sensors that will meet the functionality of these parameters under
different conditions. For the traffic parameters, the following
sensors functional requirements are identified: identification and
categorization of traffic modes, counting of traffic modes,
simultaneous monitoring of all vehicles, identification of
movement/routes for each vehicle, calculation of movement speed
for the vehicle and pedestrian, calculation of standing time at the
intersection for the vehicle and pedestrian, calculation of
deceleration/acceleration for the vehicle, calculation of time of
passing through the intersection, and advanced functionalities
including detection of deviations and linking of information.
Concerning meteorological parameters, the following functional
requirements are determined: measurement of atmospheric
conditions, temperature, humidity, dew point, air pressure, wind
speed and direction, type, amount and intensity of precipitation and
horizontal visibility. Ecological parameters are: particulate matter,
volatile organic compounds, nitrogen oxide, carbon monoxide,
sulfur dioxide and other greenhouse gases [2].

SELECTED
INTERSECTIONS
R24 – Strossmayerova –
Tito square
R26 – Žrtava fašizma –
Fiumara
R88 – Brajdica – Delta
R29 – Jelačić square
Figure 2. List of intersections and system views in principle [18]

Further s research and development steps of the project will
focus on the design and future realization of a complete integrated
system, including a center for management and monitoring,
targeting services and organizations whose activity is related to
transport, but also on the possibilities of a wider use of the system
in the function of smart cities. A consequence of the system will be
the possibility of increasing the level of safety in the protection of
people and property through preventive procedures [17].

The project activity is analyzed in detail by exploring the
technological concept of sharing and exchanging resources,
infrastructure, and assets in the field of transport using the sharing
economy platforms. This activity aims to achieve a more
environmentally friendly transport system and to increase safety in
the city area by using sharing concepts and benefits. Through the
conducted interviews with end-users, as well as potential sharing
economy stakeholders the possibilities of applying four concepts in
the context of a smart city were defined: Centralized market supply,
sharing public administration vehicles, encouraging multimodal
transport and easier access to events.

4.2.1. Testing innovative scenarios using simulation tool
As part of the research activities of the Connected Traffic
project, a prototype solution for traffic simulations has been
developed. The aim of the simulations is to show how the use of
innovative methods in the context of intelligent solutions can
manage traffic in urban areas. The purpose of the simulation is to
test innovative scenarios and standard operating procedures for
decision support.
The development of a simulation model forms the basis for a
prototype simulation solution. Regarding the functionality and
sustainability of the simulation model, the urban area and the wider
administrative area of the city of Rijeka were considered. The
process of creating a simulation model required the use of multilayer traffic models integrating the macro, meso and micro levels of
traffic simulations, the creation of a traffic network, i.e., the
creation of a basic road network as well as the categorization of
traffic and the regulation of intersections. Demand zones were then
defined based on the travel needs of different social groups by
population and trip purpose. In addition, OD matrices or definitions
of travel demand for a given time interval were created.

Although all concepts are positively perceived by end-users and
potential stakeholders through detailed evaluation and analysis, the
concept which refers to easier approach to events was selected for
further project activities development as the best evaluated and
potential serviceable one.
Research and definition of advanced traffic analysis algorithms
at intersections for detecting traffic anomalies and detecting
incidents and dangerous situations have been made. Connected
Traffic project partners have defined the technological concept of a
data aggregation platform in the function of decision-making in
urban and multimodal transport and urban mobility, which would
make the platform a central place for sharing general traffic
information to improve road safety. Intersections and traffic
corridors where device tests would be carried out are also defined
[18].

Simulated scenarios are defined that describe traffic phenomena,
trigger specific action strategies, and test key traffic parameters.
They also serve as decision support for traffic management and
precede the prototype traffic simulation solution. The defined traffic
scenarios consist of regular and extraordinary events and traffic
conditions.

Furthermore, the identification of key and critical parts of
infrastructure elements within urban agglomeration that were
identified as locations suitable for testing and validation of solutions
defined 4 final intersections out of the proposed 7 that will be
equipped with video surveillance and video analytics. The final
intersections and general representation of the system are shown in
Figure 2. Anomaly detection of selected intersections consisting of
video surveillance equipment with coordination for power supply
and transmission of signals to the surveillance center, data storage
servers, client computers, and associated video analytics software,
and data processing, distribution and display software are shown.
[18].

Figure 3. Simulated scenarios [2]
The events and conditions usually require the initiation of
certain actions that fall within the scope of traffic management and
may exceed the authority of the traffic control unit or trigger the
execution of certain automated procedures. Within the framework
of the developed traffic simulations, it is possible to create various
performance policies and analyze them in terms of selected traffic
variables and traffic parameters to improve traffic efficiency and
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increase the level of service. To create a simulation, six dynamic
scenarios were created (Figure 3), representing a combination of
traffic events with previously defined standard operating
procedures.

5. Conclusion
Nowadays, choosing the optimal solution to the traffic problem
of urban centers is not an easy task. We are witnessing excessive
use of passenger vehicles in cities, which are facing increasingly
unfavorable traffic situations every year. Finding an effective
solution for most cities is still a great challenge. It is necessary to
satisfy several segments such as bandwidth, safety, environmental
awareness, economic cost-effectiveness, and many others.
As one of the output project indicators, a set of advanced
analytical solutions is developing to support decision making in the
field of urban traffic. The system defines new standard operating
procedures that can be activated manually, automatically based on
values received from the data aggregation platform, and
automatically through direct notification. In addition, incident
situations as well as regular and extraordinary traffic scenarios have
been defined for the detailed development of prototypes for traffic
simulations. Simulation models have been developed to test specific
traffic scenarios resulting from defined standard operating
procedures.
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Abstract: The technological progress in computer technologies gave rise to new possibilities and progresses for numerical and iterative
methods. As being one of the computational studies, computational fluid dynamics is highly related to today’s advances. There are various
types of methods and algorithms developed to model complex phenomena of fluid flow. In this study, we will introduce a new, still in
development stage, CFD code with a pre-processor and a solver. Our research is focused on developing and studying a CFD code for
mainly internal flows. Laminar and turbulent 2-dimensional flows can be analyzed using the software. The code is equipped with a graphical
user interface (GUI) to make it simple to use. The GUI has the all-necessary components to define and analyze a fluid flow problem. We used
an open-source post processor in order to visualize flow data and linked it to GUI, so the resulting software is a complete CFD package. The
entire software is written using Python which has an easy code structure and rich code libraries. In order to decrease the time for
convergence, code is modified with Numba and Cython libraries. To confirm accuracy of the solver, various basic test cases from the
literature such as backward facing step flow, impinging jet flow, flow across a square cylinder, lid driven cavity flow are tested for both
laminar and turbulent flows and the results was described in detail.
Keywords: COMPUTATIONAL FLUID DYNAMICS, NUMERICAL METHODS, COMPUTER MODELING, OBJECT ORIENTED
PROGRAMMING
execute. It consists of solvers and data manipulator files for each
case. The user can create new cases by modifying or writing files.
OpenFOAM has its own pre-processing and post-processing
environments. It does not have a user interface to make it easier to
use program. It needs practice, experience and detailed knowledge
to master the OpenFOAM.

1. Introduction
The advancement in computers and programming languages
provides new horizons for researchers in many areas. Especially in
computational mechanics which uses numerical methods to
simulate the engineering problems requires many numbers of
iterations. In that regard the advancement of computational methods
are tightly related to computers. Especially last few years gave rise
to an exponential growth of computational process speed and
memory so the accuracy of the solutions becomes better and
geometrically more complex flows can be handled. It can be said
that trend in applied physics and engineering tends to CAE
(Computer-Aided Engineering) and CFD because the method gives
lots of data at the conceptual design of a system.

Ruinz et al [2] introduced an overview of their interactive CAE
software. They developed an automatic hexa-mesher with an
interactive solver which is based on OpenFOAM libraries. Their
Virtual Wind Tunnel application uses incompressible laminar
Navier Stokes equations with PISO algorithm. They present some
result obtained from a flow test case. The main reason why their
study mentioned is that they describe what an interactive CFD code
needs. Basically, defining a variable, modifying it or changing it
effects the entire code.

From the perspective of engineers, the aim of a CFD code is to
study the system of interest to obtain general design limits of the
system. As a result of the complexity of the nature of fluid flow,
rather than modeling all flow related phenomena, a general idea
about the flow variables can be found using CFD methods. Rather
than constructing huge prototypes of the test system, CFD methods
can give various information and data. Numerical computations can
simulate flow in a part of the ocean, atmospheric phenomena, air
flow inside complex structures which cannot be constructed inside
laboratories. With this, number of experiments to verify a model
can be reduced drastically.

In some studies, GPU is used to solve the equations. The
advantage of using multiprocessing on GPU decreases the time to
solve the equations and they are powerful tools with high
performance. Cohen et al [3] implemented incompressible Navier
Stokes equations with CUDA. Double precision computations were
made and it is resulted that double precision calculations are
multiple times faster than single precision. Niksiar et al [4]
implemented a co-located incompressible flow solver on GPU with
480 processor. The CUDA is used in the process. They used lid
driven cavity flow to analyze the code with two different strategies.
They observed that using GPU, the code has become 40 times
faster. Similarly, multi languages can be used for CFD programing.
Python is used by other researchers for their CFD applications
previously. Ramachandran [5] used Python scripts with
multilanguage libraires to develop and study high resolution vortex
method.

As a result of the computer advancement, there are number of
CFD software in industry and literature. We can divide CFD
software into two main categories; open source and commercial.
Open source CFD codes can be downloaded and can be used by the
user. The user can manipulate the source code to their respective
problem. The commercial software are published under license. The
annual fee of the license changes with different attributes such as
the number of users, parallel computation capability or whether the
license is commercial or academic. Both commercial and opensource codes have pros and cons. Aside from using software the
user can write their own code too. By doing that, they can construct
all of the algorithm with full control. Generally, for specific
problems in researches, we see this approach.

As a result, we can employ CFD software for our own field of
research or purpose. This study describes the design and
development of a CFD software with a pre-processor and a solver.
The libraries from Qt Designer used to design the graphical user
interface (GUI). Qt Designer is a GUI design tool for building user
interfaces which has lots of capabilities. The GUI contains a basic
geometry and mesh designer, widgets to confirm flow parameters.
The code does not have a post processor. In order to visualize flow
variables, ParaView [6] can be used. The code is able to solve
incompressible laminar or turbulent steady flows. The software can
create orthogonal structured grids. For pressure-velocity correction,
SIMPLE and PISO algorithms are used. For convection, QUICK
and PLDS discretization schemes are used. The code is written by
an object-oriented programming language Python. The Python is a
high-level object-oriented programming language that contains a
user-friendly code library.

The features of a CFD code such as design of the interface,
problems they can handle, the languages they have written changes
the software completely. Open Source Field Operation and
Manipulation or shortly OpenFOAM is an open source CFD code
which is written with C++ [1]. The code has a very wide range

of applications such as incompressible or compressible flow
analysis with different turbulence models, heat transfer and
multiphase flow in 3D. OpenFOAM is a collection of libraries to
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𝜇𝑡
𝜀
𝑔𝑟𝑎𝑑 𝜀 + 𝐶1 2𝜇 𝑡 𝑆𝑖𝑗 . 𝑆𝑖𝑗
𝛿𝜀
𝑘
𝜀2
− 𝐶2 𝜌
𝑘

In the next section, first we describe the governing equations of
the flow with discretization process and solution algorithms. Then
we give explanations about the code. The explanation of the code
can be split in two parts. First, we describe the programming of the
flow algorithms, then process of coding of the GUI will be
explained. In the chapter 3, we give the results of an example
analysis solved by the code and describe the results with the ones
from the literature. The detailed results and the plots of the results
will be given. In the last section, we discuss our contributions and
give future directions of the of the code.

𝑑𝑖𝑣(𝜌𝜀𝐔) = 𝑑𝑖𝑣

In these equations; 𝐶1, 𝐶2 , 𝐶𝜇 , 𝛿𝑘 and 𝛿𝜀 are constants. The
Reynolds Averaged Navier Stokes which contains continuity, u and
v momentum equations with k-ε turbulence model equations are
described till now. Basically, depending on the cases the code
solves these 5 equations iteratively. If the flow is assumed to be
laminar, the turbulence model equations will be neglected. To
provide this, different switches are implemented to the code.

2. Materials and Methods

We cannot use the governing partial differential equations as
they are to solve the flow area. The numerical solution of these
differential equations can be described as finding their values at
specified discrete points. The discretization process consists of two
main components as geometry discretization and equation
discretization. We used staggered grid arrangement. In two
dimensional flows, it is easier and practical to use this method. The
code is able to deal with axisymmetric cases. For plane or
axisymmetric flow geometries, steady conservation equation for any
general scalar variable 𝜙 can be expressed as,

2.1 Numerical Parameters
To simulate fluid flow applications, first of all it is necessary to
describe the mathematical form of the physical behavior of the fluid
flow. The code is focused on two dimensional, incompressible,
laminar and turbulent steady flow of the Newtonian fluids.
Turbulence is modeled using the standard k-ε model. Since the code
is designed to analyze both laminar and turbulent flows, the
Reynolds Averaged Navier Stokes equations in the literature are
used. The continuity and momentum equations in x and y directions
can be seen below,
𝑑𝑖𝑣(𝜌𝐔) = 0
div(ρUU)=-

∂p
∂ -ρu'2 ∂ -ρu' v'
+μdiv gradU +
+
∂x
∂x
∂y

div ρVU =-

∂p
∂ -ρu' v'
∂ -ρv '2
+μdiv gradV +
+
∂y
∂x
∂y

∂
∂
∂ j ∂ϕ
∂ j ∂ϕ
ρr j Uϕ +
ρr j Vϕ =
r Γϕ
+
r Γϕ
+r j Sϕ
∂x
∂y
∂x
∂x
∂y
∂y

(1)

𝜕𝑈𝑖
𝜕𝑃
𝜕
=−
+
2𝜇𝑆𝑗𝑖 − 𝜌𝑢𝑗 ′ 𝑢𝑖′
𝜕𝑥𝑗
𝜕𝑥𝑖 𝜕𝑥𝑗

(3)

(4)

Where;

𝜙

1 𝜕𝑈𝑖 𝜕𝑈𝑗
𝑆𝑖𝑗 =
+
2 𝜕𝑥𝑗 𝜕𝑥𝑖

𝜕𝑈𝑖 𝜕𝑈𝑗
2
+
− 𝜌𝑘𝛿𝑖𝑗
𝜕𝑥𝑗 𝜕𝑥𝑖
3

1
1 𝑖𝑓 𝑖 = 𝑗
𝑎𝑛𝑑 𝑘 = 𝑢′2 + 𝑣 ′ 2
0 𝑖𝑓 𝑖 ≠ 𝑗
2

Where;
𝜙

𝑑𝑖𝑣(𝜌𝑘𝑼) = 𝑑𝑖𝑣

𝑘2
𝜀

𝜇𝑡
𝑔𝑟𝑎𝑑 𝑘 + 2𝜇 𝑡 𝑆𝑖𝑗 . 𝑆𝑖𝑗 − 𝜌𝜀
𝛿𝑘

𝜙

𝑎𝑖 + 𝐹𝑒 𝐴𝑒 − 𝐹𝑤 𝐴𝑤 + 𝐹𝑛 𝐴𝑛 − 𝐹𝑠 𝐴𝑠 − 𝑆𝑃 𝜙

𝑎𝑝 =

(13)

𝑖

In Equation (13), 𝐹𝑒 , 𝐹𝑤 , 𝐹𝑤 , and 𝐹𝑠 can be expressed as the net
flux over per each face. For convective fluxes, QUICK scheme of
Leonard[8] and The Power-Law Scheme(PLDS) of Patankar[9] is
implemented to the code. For pressure and velocity coupling, The
Semi Implicit Method for Pressure Linked Equations (SIMPLE) and
Pressure Implicit with Splitting of Operators (PISO) [10] algorithms
are implemented.

(6)

The methods to define boundary conditions are implemented to
the code. Inlet, symmetry, outlet and wall boundary conditions can
be described by the user. Inlet and wall conditions have subconditions to define whether the flow is laminar or turbulent.

(7)

In these equations, k is the turbulent kinetic energy, 𝜇 𝑡 is
turbulent or eddy viscosity and 𝛿𝑖𝑗 is a mathematical operator
Kronecker delta. Classical k-ε model uses Boussinesq hypothesis to
calculate 𝜇 𝑡 turbulent viscosity. The equations can be seen below
𝜇 𝑡 = 𝜌𝐶𝜇

(12)

𝑖

Where;
𝛿𝑖𝑗

𝜙

𝑎𝑖 𝜙𝑖 + 𝑆𝑈 𝜙

𝑎 𝑝 𝜙𝑃 =

(5)

In these equations, 𝑈 and 𝑉 are mean velocities in x and y
directions, 𝑢′ and 𝑣 ′ are fluctuating velocity components, 𝑆𝑖𝑗 is the
strain-rate tensor, µ is the molecular viscosity and 𝑼 is the velocity
vector. The last term of the Equation 4 is called Reynold’s stress
term. We use turbulence models to find the effect of the Reynold’s
stress term. According to Boussinesq hypothesis [7], Reynolds
stresses might be proportional to the mean rates of deformation
described before. So, for incompressible flows,
𝜏𝑖𝑗 = −𝜌𝑢𝑖 ′ 𝑢𝑗 ′ = 𝜇 𝑡

(11)

Where x and y are the directions in the coordinate system, U
and V are time averaged local velocities, Γ𝜙 is turbulent exchange
coefficient and the 𝑆𝜙 is the source term. In summary, this equation
describes the flux balance in a chosen control volume which two
terms on the left side contain convective transport. The first two
terms in the right side are diffusive transport term and the last term
is the source term. The term 𝑗 is to control whether the flow is
axisymmetric or not. If the flow is plane, 𝑗 = 0 and for
axisymmetric flow, 𝑗 = 1. We modified governing equations of
flow in the form of Equation (11). Then, modified equations are
discretized. For general variable 𝜙, the discretized equations are in
the form,

(2)

In tensor form, momentum equations can be written as
𝑈𝑗

(10)

2.2Definition of Software
In this chapter, we describe the process of programming of the
software. In a complete CFD package, there are generally 3
components. A pre-processor, a solver and a post processor. Some
software that has all these components and some software which
has at least 2 of them. Each of them has its pros or cons. This code
consists of a complete package with a pre-processor and a solver.
Rather than designing a post-processor with full purpose, the
software gives a resulting file that can be used by free postprocessors. Attention is given to design a user friendly, fast and
upgradable solver with GUI. The GUI is designed with Qt Designer
which is a user interface designer that uses Qt Widgets as the base.

(8)
(9)
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variables, and it is tested to increase the speed of the solver. The
results of these test are given in the next chapter.

All the components of GUI are designed with Qt Designer then
linked with the pre-processor and solver. The GUI contains all
properties which we need for our case.

3. Results and Discussion

The first item of the menu bar is file operations. In second menu
bar, we create flow domain. We basically create a rectangular
surface with user defined lengths in x and y directions. The input
value consists of four values which are length in x and y directions
and the number of nodes in both directions. With defining these
four values, we create our basic grid. After this, the grid can be
modified by using expansion and division operations. In order to
analyze more complex geometries, definition of rectangular and
circular shaped solid obstacles is implemented to the code. The
rectangular and circular obstacles are blocked-off regions method
which is introduced by Patankar [9]. By marking some of the
control volumes, this region can be inactive or blocked so, these
control volumes are treated as desired complex boundary. This is
established by assigning desired 𝜙 values to blocked regions. Since
we define these regions as solid, all variables are set to zero. In
order to achieve this, we use large source terms in discretized form
of the equations.

3.1 Lid Driven Cavity Flow
To verify the accuracy of the solver, number of test cases are
solved and various parameters are tested. In this chapter, we will
introduce detailed results obtained from these cases. In literature, in
order to verify the accuracy of the CFD software lid driven cavity
flow is considered as one of the standard test cases. The problem
has different versions such as singular driven cavity flow, two-sided
cavity flow in two or three dimensional. In this study, singular
driven cavity flow is tested. The schematic view of the case can be
seen from Figure 3.

In our third menu bar, we define solver related variables.
Viscous model, fluid type, pressure velocity coupling and
discretization schemes have to be defined. The defined boundary
conditions in previously are all implemented to the code. The menu
consists of items to define the described boundary conditions. In the
next menu bar, we define reference pressure point and initialize
problem. The sixth menu is solver. To this point, we basically
defined input parameters which is part of the pre-processing. The
convergence criteria in this study is assumed as if the absolute
normalized residuals of variables U, V, k, ε and mass source of the
pressure correction are less than the user defined residual, the
solution is converged. The absolute normalized residual can be seen
from Equation (14)
𝑅𝑒𝑠 𝜙 =

𝑎𝑖 𝜙𝑖 + 𝑆𝑢 − 𝑎𝑝 𝜙𝑝 /𝐹𝑖𝑛

Figure 1: Lid driven cavity flow

In this figure, U and V are the velocity components in x and y
directions. The lid above the figure moves with a constant speed
𝑢 = 1 in x direction while the other edges are not moving. As a
result of the simplicity of the problem, many researches are made
and confirmed by lots of different studies and researchers. Some of
them which are used in this study are [14-21]. For varying Reynolds
numbers, tests are made.

(14)

𝑛=𝐴𝑙𝑙 𝑁𝑜𝑑𝑒𝑠

The last menu is designed to save data. After the analysis
completed to visualize the output data, we need to save them. The
location can be selected with file manager. After defining the case
name, the software will derive the output data file. The output data
is in .dat format. The output data contains flow variables U, V, P
and if the flow is turbulent, k and ε with nod point data. There are
open-source post processing software can be used to visualize the
data. The Para View[6] is tested for output files and confirmed that
plotting contours of variables, defining streamlines and plotting
charts are possible. Also processing the data and saving it in
different forms is possible.

Different parameters are tested in these cases. First, mesh
independency study is made. In order to do that, equally spaced
8x8, 16x16, 64x64, 126x126 and 256x256 grids are used to
calculate the flow field of lid driven cavity flow problem by setting
Re=100. In order to see detailed info, numerical results are
compared with the ones from the literature. These are the values of
minimum and maximum V velocities along the y=0.5 and the
minimum U velocity along the x=0.5. As can be seen from Figure 2,
mesh independent results were achieved for 126x126 grids. The
analyses were also performed for Reynolds number 400 and 1000.
Figure 4, 5 and 6 are the centerline velocity plots. The numerical
results of the problems and characteristic values of the problem can
be seen from Table 1, Table 2 and Table 3. The center location of
the vortices for these cases can be seen from Table 4. The extrema
of the velocities, their locations and location of the vortices gave
satisfactory results.

The Python language is an interpreted high level language we
use for programming[11]. So, using purely Python in numerical
computations is not very effective. In literature, Python is classified
as one of the gluing languages. Glue languages are used for
connecting software components. In that regard, Python is slower
for numerical computations as a result of being an interpreted
language.
In order to solve this problem which means to speed up the code
some modifications are tested. First, the TDMA solver is written
purely in Python without any change. After that the solver is
modified using Cython and Numba libraries. Cython is an
optimizing static compiler for Python programming language [12].
We write Python codes that which call C or C++ codes in program.
We can use it with scientific libraries of Python such as NumPy.
The language creates C type functions and variables which are
efficient. By using Cython, fast C type libraries can be implemented
to existing Python codes. Numba is a popular JIT compiler [13] that
translates a part of Python code into fast machine code. Numba is a
run time compiler designed to be used in numerical computations.
The Numba decorated function or code is compiled into machine
code for each run. In this study NumPy arrays are used to drive
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all[17]
Botella et all[20]
-0.214

0.4581

-0.2538

0.8104

0.1796

0.237

-0.2109

0.4531

-0.2453

0.8047

0.1753

0.2344

-0.214041

0.4585

0.253804

0.81006

0.179572814

0.23682

Ghia et all[22]
No of Grid: 8x8

Marchi et all[15]

No of Grid : 16x16
No of Grid: 64x64

Table 2:Numerical results and comparison for Re = 400

No of
Grid:126x126
No of
Grid:256x256

Current Study
Ghia et all[22]

Min U
-0.3269

Y min
0.28235

-0.3273

0.2813

-0.3287295

0.27979

Min V
-0.45074
0.4499
0.454058

Marchi et all[15]

X min
0.86275

Max V
0.30154

X max
0.22745

0.8594

0.302

0.2266

0.86182

0.30383231

0.2251

Table 3:Numerical results and comparison for Re = 1000
Figure 2: Centerline U velocities

Min U

Y min

Min V

X min

Max V

X max

-0.3832

0.17255

-0.51896

0.9098

0.37139

0.16078

-0.3829

0.1719

-0.5155

0.9063

0.371

0.1563

-0.3764

0.1602

-0.5208

0.9102

0.3665

0.1523

Current Study
Ghia et all[22]
Marchi et all[15]

Table 4: Location of the Vortices
No of Grid :8x8
No of Grid: 16x16
No of Grid: 64x64
No of Grid:126x126
No of Grid:256x256

Primary Vortex
Re 100

Figure 3: Centerline V velocities

y

x

y

Secondary Vortex Left
x
0.03529,
0.03529

y

Current Study

0.6159,0.73275

0.94118, 0.06275

Bruneau[21]

0.6172, 0.7344

0.9453, 0.0625

0.0313, 0.0391

Vanka [23]

0.6188, 0.7375

0.9375, 0.0563

0.0375, 0.0313

Schreiber [24]

0.6167, 0.7417

0.9417, 0.0500

0.0333, 0.0250

Re 1000

Figure 4. Centerline velocity profiles Re 100

x

Secondary Vortex Right

x

y

x

y

x
0.08235,
0.07843

y

Current Study

0.52947, 0.56471

0.86275, 0.1173

Ghia [22]

0.5313,0.5625

0.8594,0.1094

0.0859,0.0781

Bruneau[21]

0.5313,0.5586

0.8711,0.1094

0.0859,0.0820

Vanka [23]

0.5438,0.5625

0.8625,0.1063

0.0750,0.0813

Botella [20]

0.5308,0.5652

None

None

Ercan [19]

0.5313,0.5654

0.8643,0.1123

0.0830,0.0781

As last with lid driven cavity flow case, the solver with different
modifications are tested. The CPU times of the solvers which is
written purely Python, modified with Numba and Cython are tested.
The decrease in the CPU time can be seen from Table 5. As we can
see, the high CPU time of Python in numerical calculations can be
decreased by different methods. Especially, the decrease by using
Numba is remarkable.
Table 5: Decrease in CPU in %
Grid Number/Iteration
8x8 /
Number
667
Pure Python CPU
Base
Time(s)
Cython CPU Time(s)
4.22
Numba CPU Time(s)
16

Figure 5.Centerline velocity profiles Re 400

16x16/594
Base

32x32/
1222
Base

64x64/
3532
Base

8.81
31.74

6.6
35.69

10.51
38.70

3.2 Backward Facing Step Flow
Backward facing step flow is another fundemental engineering
flow in literature. The simplicity of the case is important for the
models where flows with a separation and reattachment in closed
systems with the sudden change in geometry. Schematic of the case
can be seen from Figure 7.

Figure 6.Centerline velocity profiles Re 1000
Table 1: Numerical results and comparison for Re = 100
Min U

Y min

Min V

X min

Max V

X max

-0.13064

0.375

-0.18443

0.875

0.12465

0.25

-0.17339

0.4375

-0.21556

0.875

0.1502

0.25

-0.20961

0.45312

-0.24755

0.8125

0.17442

0.23438

-0.21286

0.456

-0.2519

0.8125

0.17813

0.24

-0.21377
-0.2106

0.45882
0.4531

-0.25334
-0.2521

0.81176
0.8125

0.17923
0.1786

0.23922
0.2344

8x8
16x16
64x64
126x126
256x256
Bruneau et
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Figure 8: Impinging jet flow

As a result of isotropic turbulence assumption of eddy viscosity
models, it is reported that [31] k-ε model gives poor results with
experiments. In this study, axisymmetric flow is testes which means
the right half of the geometry is modeled and left side is assumed as
the symmetry of the right side. The analyses are made with Re =
7900 and 12500 with H/D = 6 and 8.

Figure 7: Backward facing step flow

There are lots of numerical and experimental researches to
verify the effect of the expansion in geometry. In this study, the
expansion ratio H/h is set to 2. As boundary conditions, a fully
developed flow profile is defined at the inlet. The length of the
analysis is set to a ―far away‖ which differs for different researches.
The case is analysed with different Reynolds numbers 300, 400, 600
and 800. Numerical results and the results from literature can be
seen from Table 6, 7,8 and 9

Figure 9: Re 7900 Vector Plot

Table 6: Re 300 Numerical Results
Re 300

x1

Current
Study
Barton
1[25]
Barton2(
25)
Ercan
[26]
Table 7: Re 400 Numerical Results
Re 400
x1
Current Study
Ercan

7.2841081
7.14

Figure 10: Re 12500 Vector Plot

7.08
6.751

Figure 11:Re 7900 H/D = 6 k Plot
x2

x4

x3

8.6966855

8.801499

10.99822976

2.196731

8.237

7.731

10.037

2.306

(26)
Figure 12: Re 7900 H/D = 6 ε plot
Table 8: Re 600 Numerical Results
Re 600
x1

x2

x4

x3

Current Study

10.62786

9.104781

16.5368774

7.432097

Barton 1[25]

10.72

8.72

16.15

7.43

Barton 2 [25]

10.32

8.26

15.65

7.39

Marinova [27]

10.74

8.66

16.224

7.564

Ercan [26]

10.349

8.84

15.833

6.993

Figure 13: Re 12500 H/D = 8 k plot

Figure 14: Re 12500 H/D = 8 ε plot
Table 9: Re 800 Numerical Results
Re 800
x1

x2

x4

x3

Current

11.9866

10.00737

21.1294696

11.12209

Ercan [26]

11.834

9.476

20.553

11.077

Marinova [27]

12.182

9.642

20.944

11.302

Barton [25]

10.99

8.55

19.55

11

Keskar et al [28]

12.192

9.706

20.958

11.252

Kim et al [29]

12

-

-

-

Gartling [30]

12.2

9.7

20.96

11.26

The vector and contour plots of the results are given in Figure 9
to Figure 14.The analyses confirms that the k- ε model over
estimates kinetic energy and dissipation near stagnation point, even
though the vector plot gives a general idea about the shape of the
flow.
3.4 Flow Across a Square Cylinder
Flow over different shaped bodies inside or outside an enclosed
volume such as circular or square cylinder which creates wake is
another important flow in literature. In most of the engineering
applications, we can see a structure where fluid flows around single
or multiple bodies in such as thermal applications and aerospace.
So, this problem holds huge importance. A schematic of the
problem we studied can be seen from Figure 15.

3.3 Impinging Jet
Using the mass and heat transport capabilities of the fluids onto
orthogonally to a surface to heat or cool is an important flow in
engineering applications. Impinging jet flow is used as a test case to
verify the turbulence models. In this study, we used this case to
study k-ε model implemented to the solver. Schematic view of the
geometry can be seen from Figure 8.
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Figure 15: Schematic of flow across square cylinder

In this study, the flow is considered laminar and steady. For low
Reynolds numbers till to critical Reynolds number, symmetric two
recirculation area occurs behind the square cylinder. The length of
the recirculation area increases till critical Reynolds number. The
value of the critical Reynolds number changes with different studies
[32-39]. For this problem, analyses were made with Re = 1, 2, 20
and 40. We can see the results from Figure 16 and Figure 17: Re =
20 / Re = 40 Case The results confirm that cases with higher Re
numbers than 1, the length of the recirculation are increases, which
matches with Sharma et al [33].

Figure 16: Re = 1 / Re = 2 Cases

Figure 17: Re = 20 / Re = 40 Cases

4. Conclusion
It has been seen that Python language is quite useful for
scientific computations and teaching purposes of the basics of CFD
in a number of ways. First of all, the language is easy to learn and
effective all-around. There are powerful libraries most of which are
open-source modules for Python and, it is easy to implement
methods from Cython and Numba. It is also possible to interface to
C/C++ or Fortran libraries. On the other hand, codes in pure Python
without libraries and parallelization is apparently slower. In order to
decrease CPU time usage, using multiprocessing with or without
GPU and multi-language code libraries need to be tested in the
future 3-D version of the code.
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Abstract: Pedestrians are the most vulnerable road users and traffic accidents involving pedestrians are the most complex type of traffic
accident to analyse. The paper describes the kinematics of traffic accidents involving pedestrians and presents statistical data on pedestrian
traffic accidents. The main element which needs to be calculated regarding a pedestrian collision is the impact speed of the vehicle involved
in the collision. This paper aims to present various models of vehicle impact speed calculation. As a part of this paper, several crash tests
were conducted using a pedestrian dummy to determine the reliability of the models. Additionally, the PC-Crash simulation software was
also used to calculate the impact speed of the vehicle.
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classification of vehicle-pedestrian collision is shown in Chart 1
below and is divided into frontal collision, lateral striking and
running over. The specified classification of vehicle-pedestrian
collisions was defined during the 1970s and remains unchanged
to this day. [4]

1. Introduction
Traffic accidents are one of the leading causes of death in the
world. If we analyse the number of fatalities in traffic accidents,
20% of them are pedestrians. As pedestrians are the most
vulnerable traffic users, a significant portion of pedestrian
accidents results in injury or death.

Pedestrian
accidents

Determining the impact speed of a vehicle in a vehiclepedestrian collision is one of the most important elements in the
analysis of this type of traffic accident. Accurate and precise
speed estimation is crucial for court and administrative
procedures, but also for understanding and successfully
reconstructing the event. When analysing a traffic accident, it is
necessary to determine the exact cause of the accident in order to
prevent and take action aimed at reducing the number of
pedestrian fatalities.

Frontal collision

The paper presents various types of vehicle-pedestrian
collisions: frontal collision, lateral striking collision and running
over. The paper also analyses several different methods for
calculating vehicle impact speed in vehicle-pedestrian collisions.
These methods were used in realistic crash tests of pedestrian
collisions.

Lateral striking
collision

Run-over

Frontal collision
with full overlap

Typical lateral
striking

Roll-over

Frontal collision
with partial
overlap

Atypical lateral
striking

Run-over

Chart 1 Pedestrian accidents classification
Frontal collision is a collision between the front part of the
vehicle and the pedestrian’s body that fully or partially overlaps
with the outline of the vehicle and is sub-divided into full frontal
collision and partial frontal collision. A full frontal vehiclepedestrian collision is a collision where the body of the
pedestrian fully overlaps with the outline of the vehicle and at the
moment of impact partially or fully takes over the speed of the
vehicle. [3].

Traffic accident simulation software is used in addition to the
classic methods for determining vehicle speed and their relevance
is demonstrated in the paper. Contrary to the classic methods,
software tools take into consideration all relevant parameters and
incorporate modules for the visualisation of conducted
simulations, thereby enabling a visual presentation of
pedestrian’s movements from the moment of impact until
stopping.

Partial frontal pedestrian collision is a collision between the
front part of the vehicle with the pedestrian where the body
partially overlaps with the outline of the front part of the vehicle.
Partial frontal exit collision is when the pedestrian is exiting the
outline of the front part of the vehicle at the moment of impact.
Partial frontal entry collision is when the pedestrian is moving
towards the vehicle’s trajectory and partially enters the outline of
the front part of the vehicle [5].

2. Statistical number of pedestrian casualties
Pedestrians are among the most vulnerable groups of road
users. In the period from 2010 to 2018, in the European Union
there were 280,000 severely injured pedestrians and 51,000
pedestrian fatalities. The number of pedestrian fatalities has
decreased by 2.6% on average each year from 2010 to 2018. In
2019, the EU registered 5,180 pedestrian deaths which account
for 21% of fatalities in traffic accidents [1]. In 2019, 297 people
were killed in traffic accidents in the Republic of Croatia, with
pedestrians accounting for 26.2% of the fatalities. In 2020, there
were 237 fatalities, with pedestrians accounting for 16%. [2] On
average, 20% of all fatalities in traffic each year are pedestrians.

Lateral striking is a type of accident in which the pedestrian
comes into contact with the side of the vehicle. Scientific papers
divide lateral striking impact into typical and atypical. In a
typical lateral striking, the pedestrian’s body comes into contact
with the side of the vehicle which is behind the vehicle’s front
part. In the case of a typical lateral striking, the vector of the
pedestrian’s centre of gravity is directed forward and sideways,
with possible rotation around the central vertical axis. In the
atypical lateral striking, the pedestrian comes into contact with
the protruding parts of the vehicle or parts that have detached
from the vehicle due to contact with the pedestrian, such as side
mirrors or rooftop cargo [6].

3. Pedestrian collision
Analysis of traffic accidents involving pedestrians requires a
special approach due to the complex dynamics of pedestrian’s
movements before, at the time of and after the impact. The main

The last category of vehicle-pedestrian collisions is run-over.
Run-over accidents are categorised as run-over and run-over by
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wheel [3]. Run-over is described as a traffic accident in which the
pedestrian comes into contact with the vehicle’s undercarriage.
Run-over by the wheel is a run-over in which at least one wheel
runs over a part of the pedestrian’s body. In addition to the above
categories, the run-over can be classified as simple and complex
with respect to the position of the pedestrian’s body immediately
before the run-over. In a simple run-over, the pedestrian was
already laying on the road before the collision, which was not
caused by the previous contact with the vehicle than ran over the
pedestrian. In a complex run-over, the pedestrian is struck down
by the vehicle and is then run over as he is laying on the road [3],
[5], [7].

account their respective masses. The model for calculating
impact speed is [10]:
𝑣𝑛 =

𝑚𝑣

∙ 2∙𝑎∙𝑆

[2]

where, in relation to the main equation, the loss of speed is
calculated relative to the vehicle mass mv and the pedestrian’s
mass mp.

4.2. Calculation of vehicle speed based on
pedestrian throw distance
The method for defining speed based on pedestrian throw
distance is based on the premise that we know the location of the
primary contact between the vehicle and the pedestrian, i.e. place
where the vehicle struck the pedestrian, as well as the final
location where the pedestrian stopped after sliding on the road.
The total pedestrian throw distance is defined based on the
distance between these two locations, and is used to approximate
the vehicle’s impact speed using the following equation:

4. Methods for calculating vehicle impact speed
In order to determine the cause of a traffic accident involving
a pedestrian, the key fact that needs to be determined is the
vehicle speed at the moment of contact with the pedestrian.
Several different models for determining vehicle speed are used
depending on the type of pedestrian collision. Methods for
calculating vehicle impact speed can be classified as methods that
apply to all types of collisions and methods that apply only to
pedestrian accidents. The most commonly used methods that
apply to pedestrian collisions and that will be further discussed in
this paper are the calculation of speed based on skid marks,
pedestrian throw distance, vehicle damage, throw distance of
windshield fragments and determination of speed using data from
the EDR (Event Data Recorder). A proper scene investigation
and analysis of documented traces have to be conducted in order
to apply any of the above methods.

𝑣n=12· 𝑆𝑜𝑑𝑝𝑗

[3]

In the above equation, Vn is the car impact speed expressed as
[km/h], and Sodpj is the pedestrian throw distance expressed as
[m]. It must be noted that the above equation can be applied if the
following conditions are met: the braking of the vehicle at the
moment of impact resulted in deceleration greater than 3 m/s2,
the accident was a full frontal pedestrian collision and the results
may vary ±10 %. With partial braking or braking resulting in
smaller deceleration, the contact between the pedestrian’s body
and the vehicle is longer, the carrying phase is longer, which may
lead to greater deviations in the results, making them unreliable.
The specified equation was devised during the tests conducted by
the Institute for Motor Vehicles at Technische Universität in
Berlin, based on the simulations of collisions with a dummy,
175cm high and weighing 75kg. The tests were also corroborated
by the analyses of real-life accidents. [8] Based on the previous
tests, Kramer established that the functional dependence between
the average throw distance of an adult and the impact speed of a
car can be analytically shown using the following quadratic
function:
𝑆𝑜𝑑𝑝𝑗 = −0.348 + 0.28 ∙ 𝑉𝑛 + 0.062 ∙ 𝑉𝑛2
[4]

4.1. Calculation of vehicle speed based on skid
marks
One of the simplest methods for calculating speed in a
collision, including collisions involving pedestrians, relies on
vehicle skid marks. This method can be applied if the skid marks
have been documented and if the exact location of impact is
known. In most cases, pedestrian collisions are caused by the
driver’s delayed reaction. As a result, the vehicle forcibly brakes,
leaving skid marks on the pavement. These marks are the result
of the force generated by the vehicle’s braking system which is
through tyres transferred to the pavement. Visible traces must be
reliably measured during the scene investigation and marked on
the situation plan in order to determine the speed of the vehicle at
the start of skid marks. The skid marks alone are not sufficient
for determining vehicle speed. In order to accurately estimate the
speed of the vehicle at the start of skid marks, it is necessary to
determine the deceleration of the vehicle at such braking. To
accurately estimate the speed based on resulting skid marks, the
vehicle’s braking coefficient and the coefficient of friction at the
time of the accident in question must be determined. The speed is
calculated based on the length of the mark caused by hard
braking using the following equation [8]:
𝑉= 2∙𝑎∙𝑆

𝑚 𝑣 +𝑚 𝑝

The throw distance of children is generally around 20%
greater than the throw distance of adults. If deceleration is taken
into account, the equation is as follows:
𝑆𝑜𝑑𝑝𝑗 = 0.0178∙ 𝑎 ∙ 𝑉𝑛 + 0.0271∙

𝑉𝑛2
𝑎

[5]

The impact speed can be derived from the following:
𝑉𝑛 =

[1]

0.1 ∙ 𝑎4 + 37 ∙ 𝑎 ∙ 𝑆𝑜𝑑𝑝𝑗 − 0.33 ∙ 𝑎2 ± 3.6

[6]

In order to efficiently apply the above equations in defining
vehicle impact speed, the following conditions must be met:
 Full collision with the pedestrian (full frontal collision)
 The collision was caused by a car
 The collision is in the braking path
 Vehicle deceleration is greater than 3 m/s2
 In the case of smaller children that are struck by a vehicle
with greater impact speed, the throw distance is shorter

where “V” is the speed of the vehicle at the start of skid
marks expressed as [m/s], “a” is the deceleration of the vehicle
expressed as [m/s 2] and “S” is the length of skid marks expressed
as [m]. In order to estimate the speed of the vehicle on impact
with the pedestrian based on the documented skid marks, it is
essential to accurately and unambiguously determine the location
where the vehicle struck the pedestrian. The authors of papers
examining the calculation of vehicle speed based on documented
skid marks specify that with modern vehicles equipped with the
anti-lock braking system (ABS), the hard braking marks are
usually visible only when using photo filters or infrared
spectroscopy [9]. The model for calculating vehicle speed from
skid marks needs to be expanded with the equation for
calculating speed loss when two objects collide, taking into

The above equations for calculating vehicle speed based on
the pedestrian throw distance are used when the accident is a full
frontal collision. In the case of partial overlap with the vehicle,
when less than the half of the width of the pedestrian’s body is
impacted by the front left or right part of the vehicle, the distance
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from the location of impact and the pedestrian’s final location
can be calculated using the following equation:
𝑉𝑛 = 10 ∙ 𝑆𝑜𝑑𝑏

𝑣𝑛= 80 km/h, from 17 to 25 m
𝑣𝑛= 90 km/h, from 19 to 29 m, from the location of impact.
Based on the experimental results, we can estimate what the
speed of the car was when the breaking of the windshield or
headlight lens occurred. Ten fragments distributed over a surface
area of 1 m2 are considered the point when the glass fragments
first fell to the ground.

[7]

4.3. Determining speed based on vehicle damage
The vehicle impact speed can be determined based on the
position and the intensity of damage to the vehicle [11]–[14].
Determining the vehicle impact speed based on initial contact of
the pedestrian’s head on the parts of the vehicle body.

If we know the distance between the position of the vehicle at
the moment when the glass breaking occurred and the position
where the glass fragments on the pavement begin, we can
estimate the vehicle speed at the moment of glass breaking by
using the following equations:




For a windshield flush with the front part of the vehicle:
𝑉𝑛 = 2.75 + 1.65 ∙ 𝑆𝑜𝑑𝑘𝑠
[8]
For a windshield behind the vehicle hood:
𝑉𝑛 = 20 ∙ 𝑆𝑜𝑑𝑘𝑠
[9]
For headlight lenses:
𝑉𝑛 = 2 + 1.7 ∙ 𝑆𝑜𝑑𝑘𝑠
[10]

4.5. Determining the speed using the Event Data
Recorder (EDR)

Figure 1 Determining impact speed based on initial contact of the
pedestrian’s head on the vehicle [14]

It is not uncommon that the traces at the scene of a pedestrian
accident are not properly documented or visible, or that the
pedestrian throw distance is unknown. Conducting a quality
analysis of vehicle-pedestrian collisions lacking input data for
vehicle speed calculation can be difficult. This is one of the many
reasons why the event data recorder (EDR) was introduced. The
event data recorder is a chip installed in the airbag control
module. All new cars are equipped with an airbag control
module, but not necessary with an EDR. The tendency is to
install an EDR that would record the vehicle dynamics in as
many cars as possible [15].

Figure 1 shows points on the vehicle where the pedestrian’s head
made initial contact with the vehicle body. The points are marked
by the speed in km/h, used to evaluate the impact speed. The
damage to the vehicle is compared to the vehicle’s earlier image
and the initial contact between the pedestrian’s head and the
vehicle’s body is determined. The approximate vehicle speed is
determined based on this comparison. The downside to this
method of determining vehicle impact speed is that the speed
cannot be estimated accurately and unambiguously, but only the
minimum and maximum speed at which the collision could have
occurred can be determined. The pedestrian’s height and position
at the moment of collision, as well as the structure of the front
part of the vehicle, affect the accurate estimation of the speed of
the vehicle.

The EDR continuously records the vehicle’s dynamics,
condition of individual vehicle systems and at sudden changes in
speed or deceleration (characteristic of a collision), detects a
collision through the sensors installed on the vehicle and records
data from approximately 5 seconds before to 250 ms -2 seconds
after the collision. The length of recorded data depends on the
generation of the EDR, with newer devices recording more data.
The data recorded in the EDR during a collision represent new
input data that can be applied to calculate the impact speed. In
some accidents, the impact speed can be estimated solely based
on the data recorded by the EDR as the device records the vehicle
speed [10].

4.4. Determining speed based on windshield
fragment throw distance
An approximation of the car’s impact speed in cases when we
know both the location of impact and the windshield fragment
throw distance Sodks , i.e. the distance where approximately 20
glass fragments, 5-10 mm in diameter, are found. The glass
dissipation size R is not included in the calculation. With the
average windshield height (H=1.2 m), the car impact speed can
be estimated relative to the distance Sodks , according to the chart
shown in Figure 2.

In order to conduct an accurate analysis of an accident, the
data stored in the EDR cannot be the only source of information
but should be incorporated with other data collected during or
after the scene investigation, thereby contributing to a more
accurate analysis of the accident. [15]
The use of the EDR in vehicle-pedestrian collisions becomes
problematic when the vehicle is not equipped with active
pedestrian protection systems. As a result of a significant
difference between the pedestrian and vehicle masses, there is no
significant change in the vehicle speed and consequently, the
EDR fails to recognize a collision. In newer vehicles with
installed active pedestrian protection systems, the EDR records
data that can be used in the pedestrian collision analysis [16]. In
less complex cases, the impact speed can be deducted from the
EDR data. However, in more complex accidents the EDR data
must be loaded into simulation software to accurately determine
the vehicle’s impact speed.

Figure 2 Impact speed relative to the windshield fragment throw
distance [8]

4.6. Calculating speed using PC-Crash simulation
software

Thus, according to the above chart:
𝑣𝑛= 40 km/h, from 5.8 to 12.5 m
𝑣𝑛= 60 km/h, from 13 to 20 m

The software packages designed for pedestrian accident
analysis enable the visualisation of the pedestrian’s movement
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from the moment of primary contact with the vehicle up until his
final ground impact. The option of creating a simulation of the
collision and conducting a comparative analysis of vehicle
damage and pedestrian injury make such software a highly
efficient tool for clarifying the circumstances of such an accident.

in Figure 4. Damaged front bumper, dented hood and cracked
right headlight and turn signal light are also visible. The intensity
and height of the dent on the hood can be linked to the impact of
the dummy head. Given the position of the damage and the fact
that the vehicle is a commercial van, the impact speed cannot be
estimated based on the pedestrian head-on-vehicle contact.

In a 3D simulation of the vehicle-pedestrian collision, the
vehicle is regarded as a single rigid body, whereas the
pedestrian’s body is shown using the Multibody simulation
model, i.e. as a system of interconnected bodies that provides a
realistic view of such an accident and adequately demonstrates
pedestrian’s movements. The pedestrian is modelled as a system
consisting of 16 elements connected by joints, and each of its
positions can be defined along the x, y and z axes. This kind of
imaging makes it possible to precisely determine the pedestrian’s
movement or position at the moment of impact [3], [17], [18].

Figure 4. Damage to the commercial vehicle
As there is no record in the investigation report that the
vehicle left skid marks, the method for defining vehicle speed
based on skid marks cannon be applied, even though the type and
condition of the pavement are known and could be used to
determine the deceleration of the vehicle.

Figure 3. Illustration of the Multibody system in PC-Crash
Figure 3 shows an illustration of a walking multibody in PCCrash simulation software. Depending on the pedestrian’s body
type and position at the moment of impact, the simulation
software adjusts the multibody to fully mimic the pedestrian
involved in the accident.

At the moment of impact with the dummy, the vehicle (a
commercial van and not a car) did not brake and the dummy
represented a child. Therefore, the conditions for applying the
method for calculating speed based on the pedestrian throw
distance were not met in this case. The speed calculated using the
empirical equation designated [3] in this paper, was 64.84 km/h
and using the Kramer’s equation 67.3 km/h.

In order to make a simulation of a vehicle-pedestrian
collision, the first thing that needs to be determined is the exact
location of the impact. Determining the pedestrian’s exact
position and speed vector on impact is also essential. PC-Crash
will calculate the impact speed based on the throw distance,
provided that as much known data as possible is loaded into the
software.

The second crash test simulated a collision between a
Hyundai Accent car and an adult dummy at the speed of 64.00
km/h. The dummy throw distance was 30.80 m. It was raining
and the surface was therefore slippery. In this case, the dummy
was wearing a hat that after the collision landed within 1.0 m
from the impact location, and we can therefore conclude that the
hat theory applies to this case.

5. Comparative analysis of the methods for
calculating vehicle impact speed
In order to compare the methods for defining the vehicle
impact speed in a vehicle-pedestrian collision described in the
previous section, we will use the data obtained from the crash
tests conducted by the Institute of Traffic-Technical Expertise of
the Faculty of Transport and Traffic Sciences. A total of three
crash tests were conducted, simulating a collision with a dummy.
The tests included a collision between a Renault Traffic
commercial van and a child dummy and two collisions between a
Hyundai Accent and an adult dummy at different impact speeds.
The crash tests were carried out under test conditions, where all
input parameters and test results were known. Regardless of that
fact, we will examine the applicability and relevance of
individual methods in defining vehicle speed.

Figure 5. Damage to the vehicle in the second crash test

Crash test 1 involved a collision between a Renault Traffic
commercial van and a child dummy at an impact speed of 54
km/h. The dummy throw distance was 29.20 m. It was rainy and
the surface was therefore slippery. The dummy was wearing a
baseball hat that after the collision was found 7.30 m away from
the impact location. It can be thus concluded that the theory that a
hat falls within a radius of 1.0 m from the impact location cannot
be applied in this example and that in a real-life collision its
application would lead to false conclusions. The collision with
the dummy left significant deformations on the vehicle, as shown

Figure 5 shows a damaged front bumper, a large dent on the
hood and a cracked windshield in the bottom left part whose
shape indicates that it was caused by the dummy’s head. Based
on the damage and the illustration of the speed estimation
according to the head-on-vehicle contact shown in Figure 1, we
can conclude that the impact speed ranged from 50 to 60 km/h,
which indicates some deviation from the actual impact speed of
64 km/h.
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Skid marks in the length of 24.10 were documented in the
scene investigation report. The average deceleration of 5.4 m/s 2
corresponding to the type and condition of the surface was taken
from the literature and applied. The speed calculated based on
skid marks was 58.01 km/h, deviating by approximately 6 km/h,
which can be explained by the deceleration tolerance, which
according to literature can range in this case from 4.0 to 6.8 m/s 2,
and the minimum vehicle deceleration resulting from the
collision with the dummy. Since the vehicle began braking only
after it had struck the dummy, it can be assumed that the speed at
the start of the skid marks was also the impact speed. At the
moment of impact, the vehicle did not brake. Therefore, the
conditions for applying the method for calculating speed based
on pedestrian throw distance are also not met in this case,
although the calculated speed of 66.6 km/h does not deviate
significantly from the actual value. If using Kramer’s formula for
the calculation, the resulting speed is 69.4 km/h.

of such traces in a specific case were not met. Table 1 shows all
calculated results expressed as km/h.

The third test was a collision between a Hyundai Accent car
and an adult dummy at the speed of 80.00 km/h. The dummy
throw distance was 38.00 m and it was also rainy.

As can be seen in Table 1, none of the relevant methods for
defining the speed of the vehicle provided satisfactory results in
the first example, i.e. for the commercial van, except the
simulation conducted using PC-Crash software. There was no
record of skid marks left by the commercial van in the scene
investigation report, thus this method could not be applied. Speed
calculations based on pedestrian throw distance and Kramer’s
formula considerably deviate from the actual impact speed. Since
the vehicle in question was a commercial van, the pedestrian
head-to-vehicle contact chart was also excluded as a method for
determining the impact speed.

Skid marks
Pedestrian throw
distance
Kramer
Based on head-onvehicle contact
Speed calculated in PCCrash
Actual impact speed

Test 1
-----

Test 2
58.07

Test 3
-----

64.84

66.60

74.00

67.30

69.40

77.99

-----

50-60

60-70

54.50

64.90

81.10

54.00

64.00

80.00

Table 1. Results of impact speed calculations using different
methods

In the second example, the greatest imprecision with regard
to the impact speed of the vehicle is evident in the data obtained
based on the head-to-vehicle contact (50-60 km/h). In this
example, the speed calculated based on pedestrian throw distance
deviates the least from the actual impact speed if we take into
account just the conventional methods. The most accurate speed
calculation was again obtained by using the PC-Crash simulation
tool.
In the third example where the actual impact speed was 80.00
km/h, the method based on skid marks again cannot be applied,
since no skid marks were documented. The impact speed
determined based on head-to-vehicle contact deviates
considerably from the actual speed, i.e. it is 10-20 km/h slower.
The most relevant conventional method applicable in this
example is the method for calculating speed using Kramer’s
formula, where the calculated speed deviates from the actual
speed by 2.01 km/h. An even more accurate result was obtained
using PC-Crash simulation software.

Figure 6. Damage to the vehicle in the third crash test
Figure 6 shows a cracked front bumper, cracked front right
headlight, a dent and damaged paint on the hood, a dent on the
right A-pillar and a cracked windshield with penetration into the
cabin around the central right part. Judging from its shape, the
penetration was caused by the dummy’s head. Based on the
damage and the illustration of the speed estimation according to
the head-on-vehicle contact shown in Figure, we can conclude
that the impact speed ranged from 60 to 70 km/h, which indicates
a deviation from the actual impact speed of 80 km/h. For the
impact speed of 80 km/h, the head-on-vehicle point of contact
would be on the very top of the windshield. There is no record of
skid marks in the investigation report; therefore, the method for
calculating speed based on skid marks cannot be applied. At the
moment of impact with the dummy, the vehicle did not brake, so
the conditions for applying the method for calculating speed
based on the empirical equation for pedestrian throw distance
were also not met in this case, although the results do not deviate
significantly from the actual value. The vehicle speed calculated
using the empirical equation was 74.00 km/h and using the
Kramer’s equation 77.99 km/h.

As the above results show, the vehicle impact speed in a
vehicle-pedestrian collision can be most accurately determined
by using simulation software. PC-Crash simulation program uses
established mathematical and empirical methods for calculating
vehicle impact speed. It is thus evident that it provides the most
accurate result.

6. Conclusion
Traffic accidents are one of the leading causes of death in the
world. Each year, 1,240,000 road users on average die in traffic,
of which 270,000 (22%) are pedestrians.
According to the conducted research presented in this paper,
we can conclude that the traffic accidents involving pedestrians
are the most complex type of traffic accident to analyse. The type
of pedestrian collision dictates which method will be selected for
calculating vehicle speed and the most accurate speed calculation
will be obtained if several different calculation models are used.
As can be seen in the paper, the most accurate calculation of
impact speed was obtained by using PC-Crash simulation
software.

Conducted calculations show that the methods relevant to
these examples are the methods for defining speed based on skid
marks, based on pedestrian throw distance and Kramer’s
equation. Other methods are not relevant since there was no
record in the investigation report of the accident traces that could
be applied in these methods, or the conditions for the application
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An issue that became evident during the writing of this paper
is that the models that are still used in the analysis of pedestrian
accidents are outdated. These models were developed some fifty
years ago which, given the technological advances in
infrastructure and vehicles, reduces the relevance of the
calculations. The models that correlate the vehicle speed and the
pedestrian throw distance were empirically derived from tests
and real-life traffic accidents. From today’s standpoint, the
equipment used to test and validate these models is inaccurate
and technologically obsolete. The issue in defining models based
on tests lies in the fact that the collision with the pedestrian is
conducted on a test dummy that is supposed to mimic the human
body and its movements in the collision. The joints of the test
dummies used did not have the flexibility of human joints.
Additionally, these dummies resemble the human body only in
terms of mass and height, and no other properties mimic the
actual pedestrian’s movements on impact with the vehicle.

[12]

[13]

[14]

[15]
[16]

Yet another issue is the fact that the vehicles that were used
in defining the models are today considered old-timers. As a
result, the pedestrian throw distances were significantly different
due to the front profiles of the vehicles and the materials used to
manufacture the front parts of the vehicle.

[17]

[18]

To calculate the impact speed of the vehicle as precisely as
possible, simulation tools have to be used as they ensure the most
accurate calculation of vehicle speed. A downside to the
simulation tools is their complexity and the extensive knowledge
that their application requires.
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Ţeljko Šarić1, Krešimir Ećimović 2, Andrej Kunštek1, Tomislav Kučinić 1
Faculty of Traffic and Transport Sciences 1 – University of Zagreb, Croatia
Technical School Daruvar2 - High school Daruvar, Croatia
zeljko.saric@fpz.unizg.hr
kresimir.ecimovic@gmail.com
andrej.kunstek@fpz.unizg.hr
tomislav.kucinic@fpz.unizg.hr
Abstract: The analysis of each traffic accident is carried out based on recorded traces at the scene of the traffic accident and the damage
caused to vehicles. One of the basic parameters in the analysis of traffic accidents is the mutual position of the vehicle at the time of the
collision. To define the collision position of the vehicle, it is necessary to determine the intensity and compliance of the vehicle damage. The
development of photogrammetry has enabled the creation of 3D models based on which the intensity and mutual compliance of vehicle
damage can be more clearly shown, which increases the relevance of the determined collision position of the vehicle. Accordin gly, this paper
will present the process of creating 3D models of damaged vehicles and will analyze all the possibilities of applying photogrammetry in
defining the collision positions of vehicles.
Keywords: TRAFFIC ACCIDENTS, PHOTOGRAMMETRY, VEHICLE 3D MODELS, VEHICLE COLLISION.
and interpreting photographic images and samples of recorded
radiant electromagnetic energy and other phenomena. As the name
implies, science originally consisted of photo analysis, however, the
use of film cameras has greatly diminished in favor of digital
sensors. Photogrammetry has expanded to the analysis of other
records, such as digital images, aerial acoustic energy patterns, laser
measurements, and magnetic phenomena. [1]

1. Introduction
After the collision process of one or more vehicles, it is
necessary to enable the forensic expert to reconstruct the collision
process based on the investigation and calculate the necessary
parameters. One of the most important parameters is the speed of
the vehicle before the collision. Today’s vehicles are much more
resilient and can absorb much more energy in a collision process
than vehicles twenty or more years ago. In the design of passenger
cars, there are different types of bodies: sedan, convertible sedan,
coupe, extended sedan, van, convertible, multi-purpose vehicles and
special vehicles. Apart from the type, it is more important to
differentiate the body according to the construction of the
superstructure. There are three basic types of body construction:
separate body, body with load-bearing frames and self-supporting
body.

The basic idea of the photogrammetric method is the
reconstruction of optical directions, i.e., defining the equations of
directions connecting points on an object and their projections in
photography. When measuring in space, it is necessary to capture
the object from at least two camera positions. The two images then
form a stereo pair, and the photogrammetric reconstruction of space
using stereo pairs is called stereophotogrammetry. In the past,
optical directions have been reconstructed by the optomechanical
process using large and expensive devices or stereo instruments.
The analysis of the images was lengthy and complicated and limited
to specialized measuring institutes, so photogrammetry was rarely
used in industry. With the development of digital cameras and
computer image processing, automated photogrammetric systems
have been developed. The development of the method connected
two areas, which are:

The most used materials for vehicle body construction are steel,
galvanized steel, aluminium sheets, plastics and composite
materials. Carbon fiber is increasingly used in sports cars due to its
very good properties and strength-to-weight ratio. The bodywork as
such is an important part of passive vehicle safety. The role of
passive body safety is to mitigate as much as possible the impact of
vehicle kinetic energy in a traffic accident. To mitigate the impact
of impact kinetic energy, the bodywork must be solid, torsional,
tensile, and compressive, bending, and thermal stress resistant.

- photography and
- metrology.
Due to the need for high accuracy of measurement results,
reliability and automation of the photogrammetric system,
photographs must be of high quality. Digital cameras are getting
better and better day by day, the limits of photo quality and
resolution size are constantly shifting, which is important for
measurement accuracy. At the same time, the prices of equipment
on the market are falling, so the equipment is becoming more
widely available. Metrology deals with techniques for determining
the 3D coordinates of a measuring object from photographs. [2]

The body can be divided into internal and external safety area.
Internal safety reduces the risk of injury to the vehicle's passenger
compartment by reducing acceleration and forces acting on
passengers and the driver. The aim of the measures is to ensure the
survival of passengers and drivers and to ensure the operation of
those systems that affect the safe removal of passengers. According
to the analysis of traffic accidents, the most common causes of
injuries to passengers are direct (direct, frontal) collisions with 60 65% and side collisions with 20 - 25%.

The advantage of this scanning method is that it is not necessary
to have physical contact with the object being scanned. With the
development of technology, today's sensors for collecting
information are, in addition to digital photography, thermal or
multispectral cameras. LIDAR systems are also used to create a
digital 3D model of the observed object or area.

The materials used in the design of the structure are adapted to
absorb as much kinetic energy as possible during the collision.
Today's vehicles would have to pass a crash test to be on the
market, and important data on the speed and amount of damage are
collected from these tests.
The application of photogrammetry in the creation of 3D
models of the vehicle involved in the collision makes it easier to
determine the damage and determine the speed of the collision.

Areas where photogrammetry is applied:
- forensics,
- archeology,
- architecture,
- building,
- automotive industry,
- medicine,
- mapping of geological information,
- reverse engineering, etc.

2. Theoretical basis of photogrammetry
Photogrammetry has been defined by the American Society for
Photogrammetry and Remote Sensing as the art, science, and
technology of obtaining reliable information about physical objects
and the environment through the processes of recording, measuring,
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In the papers stating the conformity of ETS and Δv in the case
of real central impacts of two passenger cars, in which the
deformations are approximate, there are deviations between the lost
speed Δv in the impact process and the size of ETS. Therefore, the
impact estimation based on deformations in central impacts has a
larger area of scatter in the value of the results. [4]

For the operation of a computer program in photogrammetry,
the basic algorithm is SFM based on stereoscopic photogrammetry.
Using the collected photographs taken from various angles around
the SFM object, the algorithm allows the determination of the
internal and external orientation parameters of the camera. In this
way, it is not necessary to enter additional coordinates by geodetic
methods, which reduces the complexity of the scanning process
itself, but by entering them, the accuracy and speed of the procedure
itself is increased. In order for the process to be successful, it is
necessary to have as many photos of the object being scanned as
possible.

According to Zeider, F. Deformationsverhaiten von
Kraftfahrzeugen bei Autprallversuchen unter praxisegerechen
Verscuchsbedingungen from 1979, the ETS designation was
associated with equivalent speed in testing, but this proved to be a
disadvantage because the energy of equivalent speed may deviate
from the speed in the test. To avoid this shortcoming, a new
expression was introduced - EES. Expressing the speed is done
according to the expression:
1
𝑊𝑑 = 𝐸𝑑 = 𝑚 𝐸𝐸𝑆 2
2

(1)

where Wd work is spent on deformation [J], Ed - deformation energy
[J], m - vehicle mass [kg], EES - energy of equivalent speed [km/h].
In oblique collisions of two vehicles, a part of the kinetic energy
of the vehicle is converted into rotational energy. The second part of
the kinetic energy is expended on the path of calming during
translational motion. Experiments have shown that part of the
kinetic energy of vehicle deceleration is less than the part of energy
expended on vehicle deformation. [4]

Fig. 1 The way to properly photograph an object for the needs of the SFM
algorithm [3]

For each photo, points of interest are detected, and those points
are tracked through other captured photos to determine the camera
position and coordinates of the captured object. In this procedure,
errors occur that can be corrected by using the least squares method
for nonlinear functions.

During a collision of a vehicle, permanent deformations of the
vehicle occur, for which it is necessary to consume a certain amount
of vehicle energy. Energy consumption is the kinetic energy of the
vehicle that can be displayed using a virtual amount of speed from
the EES. For an authentic assessment of the EES, it is necessary to
perform several different crash tests of vehicles in different
conditions, because the depressions formed on vehicles by the
action of deformation energy depend on different parameters. The
amount of deformation energy changes during the collision so that it
increases to the maximum value in the compression phase, and in
this phase the greatest damage to vehicles occurs, while in the
restitution phase the deformation energy decreases and, in this
phase, there is a return of partially elastically deformed vehicle
material. respectively the return of part of the consumed energy,
which causes permanent damage to the vehicle. [5]

The first and basic problem affecting the SFM algorithm is the
determination of three-dimensional coordinates of corresponding
features on multiple photographs taken from different angles. The
initial step is to identify features in individual photos that can be
used to link shots. Today, the established method of solving the
latter problem is the SIFT mathematical algorithm. It is a system
used to identify features in each shot that are invariant to scale
change and rotation, and partially invariant to changes in lighting
and camera point of view (Figure 2). Points of interest, that is, the
observed features are automatically detected through all scales and
all locations in each image. A corresponding descriptive vector is
added to each identified and isolated feature. The descriptive vector
is obtained by transforming local image gradients into sizes that are
quite insensitive to variations in illumination and orientation. The
mentioned vectors that describe a particular feature are unique
enough to allow the recognition of corresponding features in
extremely large data sets. [2]

The EES value depends only on the bulk energy Ed and the
mass of the vehicle m. If the EES value of one of the vehicles
involved in the collision of two vehicles is known, then it is
possible to determine the EES value of another vehicle if it is
unknown. reaction. This can be represented by the following
equation: [7]
𝐸𝐸𝑆1
=
𝐸𝐸𝑆2

𝑚2 𝑆𝐷𝑒𝑓 1
𝑚1 𝑆𝐷𝑒𝑓 2

(2)

where m1 is vehicle 1 mass in [kg], m2 - vehicle 2 mass [kg], Sdef1 the depth of the recess of the vehicle 1 caused by the deformation
force during the collision of the vehicle in [m], Sdef2 - the depth of
the recess of the vehicle 1 caused by the deformation force during
the collision of the vehicle in [m], Ed - the energy spent on damage
of two vehicles that collided in [J].

Fig. 2 The SIFT algorithm parses a photo into a database of extracted
features

3. Determining the speed of movement of vehicles
based on deformations

If data to determine the deformation energy of colliding
vehicles are not available, then the deformation energy of the
collided vehicles may be calculated either using a velocity
deformation curve based on multiple tests of different vehicle
collision speeds or a force displacement curve based on a single
impact test. In addition to the above methods, there are other
methods for calculating the EES value, namely: the energy grid
method (energy grid), approximate equations and algorithms based
on damaged vehicles. [5]

The expression for the kinetic energy comparison is defined by
½ · M · ETS 2, where ETS is the speed at which the comparison is
performed in the collision experiment. Regardless of the partial
deflection when the vehicle hits a rigid wall, the ETS is identical to
the change in speed Δv during the impact process. Assessing
damage in real central collisions is not difficult, as there are many
attempts to record all types of collisions in the automotive industry.
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When calculating the EES value, the data contained in the EES
value catalog, which were obtained from various crash tests of
different vehicle models, are most often used. The EES value
catalog contains photographs of vehicle damage, which are
arranged according to vehicle models and types of collisions. This
allows catalog users to calculate the impact strength quickly and
reasonably, i.e., the collision speed of the vehicle, based on the EES
value, which is based on a visual comparison of the actual damage
to the vehicle with those in the EES value catalog. [5]
Delta-V (∆v) is a common notation used in mathematics, and
especially in physics to denote a change or difference in velocity. In
the context of a motor vehicle collision, ∆ specifically refers to the
change in speed between the trajectory of the vehicle before and
after the collision. [6]
∆𝑣 = 𝑣2 − 𝑣1

Fig. 3 Vehicle collision with an obstacle [5]

If vehicles have the same dimensions, strike an obstacle at the
same speeds, and have the same deformation path (Figure 3), then
the following equation holds, [5]:
2
2
𝑀1 ∙ 𝑣10
𝑀2 ∙ 𝑣20
(4)
𝐸𝑘1 =
; 𝐸𝑘1 =
2
2
To facilitate the assessment of vehicle damage and the
calculation of energy consumption during vehicle collisions, a
catalog has been prepared that includes a wide range of vehicles and
their damage. This catalog is updated daily with new examples and
results of accidents for each vehicle, thus reducing error and
increasing accuracy in the calculation. For the time being, when
using EES, optical comparison is preferred over computer
comparison, due to a better assessment of the damage in the
photographs of the damaged vehicle. Collision tests are used as a
basis for computational analysis, from which impact forces are
measured, and quantities such as impact speed, vehicle mass, etc.
are known. In addition to the reconstruction of traffic accidents, the
EES is also used in insurance companies in the analysis of
collisions.

(3)

where v1 vehicle speed before collision [m/s], and v2 - vehicle speed
after collision [m/s].
The utility ∆ for characterizing collision severity emerged in the
1970s, in the context of collision reconstruction analysis. The
National Highway Traffic Safety Administration (NHTSA) has
commissioned the development of a collision reconstruction
program called CRASH. This program is used to estimate ∆V
vehicles involved in a collision based on measurements of their
structural deformation. The original version of the CRASH tests
was able to estimate the impact speed of the vehicle to an accuracy
of about 12% of the actual collision speed. [6]
The EES value reconstruction method is usable only if the value
of the EES can be determined from the remaining deformations. A
prerequisite for this is good documentation of vehicle damage,
which can be seen in the pictures of photo documentation of mostly
every traffic accident. Comparative images for determining the EES
value are available today from crash tests, and from the automotive
industry for comparison. There are several ways of testing that are
usually performed at different speeds and for different types of
collisions and impacts. There are the following types:

3.1. Energy grid for collision analysis purposes
According to Campbell's work, the starting point is that during a
frontal impact, i.e., a collision with a solid obstacle, a certain
deformation of the vehicle occurs, which is a function of the impact
speed (EBS - Equivalent Barrier Speed). [5] The procedure of
reliable determination of deformed energy is based on a new model
which involves the construction of specific energy raster diagrams
for each make, type and model of vehicle. At the very beginning of
this procedure, it is necessary to perform the percentage and
geometric redistribution of deformed energy over the entire width
of the vehicle.

- frontal impact, i.e., a collision of a vehicle with a solid
obstacle
- frontal impact into one of the 30 ° oblique obstacles
- frontal impact in a stepped obstacle with 50% coverage
- frontal impact in a stepped obstacle with 30% coverage
- side impact at right angles with a solid impact vehicle
- side impact below 45 ° from the front with a solid impactor
- side impact below 45 ° rear with solid impact vehicle
- impact at the height of the rear window glass with a solid
impact vehicle.

Vehicle impact tests on a fixed obstacle can establish a
relationship between deformation and known speed in the test.
Based on the known impact speed of a solid fixed obstacle, the
degree of strength of the vehicle can be determined, and on the
basis of the measured values of deformations. The strain width w 0 is
divided into six equal areas in which the strain depth is measured
from C1 to C6 (Figure 4). For the known width of the vehicle, the
weight of the vehicle, the amount of speed up to which there are no
visible deformations b 0 and the test speed of impact on the obstacle
Vt, the vehicle strength is obtained as follows: [8]

For these tests, test speeds (ETS) are known, which means the
speeds at which the tests are performed. These ETS data do not
always and in all cases correspond to the EES, which should be
considered in the assessment. Also, the weight of the tested vehicle
and the weight of the test load (hard hit vehicle) should be
considered. The results of test values are regularly published in
professional journals. [5]

𝑆 = 𝐵 ∙ (𝑣𝑒ℎ𝑖𝑐𝑙𝑒 𝑤𝑖𝑑𝑡ℎ)

If it is assumed that the vehicles partially penetrate each other,
then there is no difference, [5]. If, for example, in the event of a full
collision of two vehicles, a thin steel plate is placed between them,
the plate would remain in the same place during the collision and
can be removed after the collision. The plate has virtually no impact
on the collision. If the board is big enough so that drivers can’t see
it, they would have the impression that they have crossed a solid
obstacle. To protect passengers, the crash test determines the
maximum values of vehicle deceleration that must not be exceeded
(Figure 3). The kinetic energy possessed by the vehicle when hitting
an obstacle is converted into deformation work. [7]
Fig. 4 Measurement of deformation depth [8]
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(100%). The program requires a lot of working memory on the
computer. The more photos, the more working memory is needed.

During the investigation of the traffic accident, the technician
photographs the deformations of the vehicles involved in the traffic
accident. The way the photo documentation of deformed vehicles is
carried out is very important and should be carried out according to
the rules of the profession. It is important that when photographing
certain parts of the vehicle that have suffered deformations, a meter
is also photographed so that the depressions can be read later from
the photographs. With the help of software tools, recesses can later
be displayed in scales from which the work consumed for this
deformation can be calculated, and the impact speed can be
calculated using expression (6).
𝐸𝐵𝑆 =

2 ∙ 𝑊𝑑𝑒𝑓
𝑚

(6)

Fig. 6 Dispaly of the sorting of photos in Agisoft Metashape

The next step in the Agisoft Metashape software tool is to
generate a dense cloud model. After calculating the camera
position, the program calculates the depth information of each
camera. Depth information is merged into one point called a dense
point cloud. In order to make the calculation as good as possible, it
is necessary to select the maximum amount in the program that is
possible depending on the hardware capabilities of the machine. As
with the previous step, this part depends on the amount of working
memory, and 32 GB and more is recommended.

where Wdef is the total value of the deformed work on the vehicle
[J], and m - total vehicle mass [kg].

4. Research methodology and equipment
For photographing a damaged vehicle from all angles, the use of
an unmanned aerial vehicle, the so-called drone, because it is not
possible to cover all corners of the vehicle with a classic camera.
When shooting with a handheld camera, it is not possible to take
photos above your height, and there is a need to use a drone. For the
end result to be as accurate as possible, it is necessary to shoot the
damaged vehicle from all angles and with sufficient folding of
photos for easier processing in software tools for photogrammetry.

4.1. Drone DJI Phantom 4 PRO photography
For photography, the Phantom 4 PRO drone (Figure 5) was
used, which provides the possibility of stable flight and shooting in
high resolutions. The drone has four engines located on the edges of
the aircraft, which allows it a stable flight and easy handling. A
remote control is required to operate the drone. For safer control
and flight of the drone, it has built-in sensors that prevent the drone
from colliding with obstacles around it. The Phantom 4 PRO drone
has a built-in 1-inch camera and a 20-megapixel CMOS sensor. The
drone camera has a mechanical shutter that eliminates distortions
that occur when shooting objects when the camera is moving, and
this feature is very important in photogrammetry and therefore this
drone with a built-in camera has an advantage over others that do
not have this feature.

Fig. 7 Building dense points in Agisoft Metashape

With the data from the previous step, it is possible to create a
network, i.e., a polygon - mesh. The program offers several
methods for building polygons, and Arbitrary is the option that best
suits this model. Before starting this step, it is necessary to
determine the maximum number of polygons and points. In the
model shown in the figure below, there are 2,239,419 polygons and
1,120,791 points.

Fig. 5 DJI Phantom 4 PRO drone [9]

4.2. Agisoft Metashape software tool
Agisoft Metashape is a software tool for photogrammetry and
one of the most popular in the sector. Using high-resolution
photographs, the program can use the photogrammetry technique to
generate 3D models of photographed objects. The application of
this software tool is in various industries, e.g., in the computer game
industry, in construction, in traffic, geodesy, etc.

Fig. 8 Display of mesh in Agisoft Metashape

In case the model needs to be exported to another program, such
as PC-Crash, it is necessary to optimize the model for easier
handling in other programs. One of the basic steps of optimization
is to reduce the number of polygons and points. Agisoft Metashape
offers this feature called Decimate Mesh. The model above in the
picture has too many polygons and too many points. The image
below is a comparison of the network before and after optimization.

By loading and uploading photos, the photos need to be aligned.
The program calculates the position of each photo around the
photographed object, and it is possible to determine the accuracy:
small (25% of possible), medium (50% of possible) and high
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or laptop so that the camera and smartphone are directed to the scan
location, as shown in the image below.

Fig.11 Display of LiDAR sensor and smartphone before scanning [11]

When everything is set, scanning is done by looking through the
LiDAR camera that is displayed on the smartphone screen. The
appearance of green in the place to be scanned indicates that there is
enough data so that it can be moved to the next place. Walking
around the vehicle with the camera facing it creates a cloud of dots
and thus the vehicle is scanned. If the orientation is lost in the
process, it is necessary to take a step back for the program to
recognize the already scanned parts and continue scanning. The
scan result of the two vehicles is shown in the figure below.

Fig.9 Display of different numbers of polygons after optimization in Agisoft
Metashape

Building the texture is the last step in the reconstruction of the
vehicle, which is not necessary, but in some cases the reconstruction
comes in handy because it allows a more realistic view of the
vehicle. Agisoft Metashape offers a total of six different ways to
create texture. Figure 10 shows the final texture result on a model of
25,000
polygons.

Fig.12 Scanned vehicles Škoda Felicia and Renault Thalia

Fig.10 Display of textured model in Agisoft Metashape

5. Research results and discussion

4.3. LIDAR camera Intel Real Sence L515

For this paper, the Department of Traffic Accident Expertise of
the Faculty of Transport and Traffic Sciences in Zagreb organized a
crash test between two vehicles. The Autodesk AutoCAD software
tool was used to display the damage. For the purposes of the
comparison, it is necessary to have a 3D model of an undamaged
vehicle to be able to compare it with a model of a damaged one.
The damage display is shown in Figures 12 and Figure 13, and the
3D model of the undamaged vehicle is shown in green. The 3D
model after damage is shown in red.

As part of the experiment, this paper used a LIDAR camera
(Light Detection and Ranging), which is a depth camera that uses
MEMS mirror scanning technology, providing better laser power
efficiency compared to other technologies, with less power
consumption of 3.5 W for depth streaming.

Fig.11 LIDAR camera (RealSence L515) [10]

The scanning process begins by registering and installing the
DOT3D software tool on your smartphone or laptop. By connecting
the LiDAR camera L515 with a USB cable and running the DOT3D
software tool, you can start scanning a damaged vehicle. The easiest
way is to stick the LiDAR camera on the back of your smartphone

Fig.13 Vehicle damage - side view
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The collision position of the vehicle was defined using two
methods from this paper - photogrammetry, drone shooting and
LiDAR camera recording. The vehicles were prepared and scaled in
the Agisoft Metashape program to match the actual dimensions. A
known measure on the vehicle is taken for scaling, e.g., the length
of the license plates. Several more well-known measures have been
taken for more accurate scaling. In practice, special markings are
used that are placed on the object before taking photos. Figure 14
shows the collision position of the vehicle with satisfactory overlap
and the measured collision angle of 123º.
Fig.15 Photos of the damaged Škoda Octavia vehicle (EES catalog) and the
Škoda Felicia test vehicle

From the photographs collected in the EES catalog, it is difficult
to estimate the depth of damage because the photographs were
taken from an unfavorable angle for the application of this method.
In such a case of determining the depth of damage to the vehicle,
only the experience of a forensic expert or the use of some other
method to determine the speed of the collision comes to the fore.
For the purposes of this paper, the Department of Traffic
Accident Expertise of the Faculty of Transport and Traffic Sciences
in Zagreb, organized and performed a "crash" test between two
vehicles. A Škoda vehicle (Felicia) collided with a parked Renault
(Thalia) vehicle in an organized test. After the test, an investigation
was done, and the vehicles were photographed. For the analysis of
the traffic accident, in this case of the crash test, the software tool
PC-Crash 13.1 was used. This software tool allows the user to
reconstruct a traffic accident very accurately and realistically. One
of the possibilities of this program is to determine the depth of the
damage with the help of a photograph taken on the floor plan
(Figure 16).

Fig.14 Display of the collision position - floor plan (photogrammetry)

When entering vehicles that were scanned with a LiDAR
camera and processed in the DOT3D software tool, the format of
the output files from that program was considered. Point Cloud
scanned models were entered and cut to obtain the outer contour of
the vehicle. With the prepared scanned models, the models are
manually adjusted to match the damage as well as possible. The
measured angle after adjustment was 114º.

Fig.14 Display of the collision position - floor plan (scanned vehicles)

5.1. Comparison of photogrammetry with the
classic photography method in vehicle deformation
assessment
For the purposes of this comparison, the EES catalog of
vehicles with similar damages as on the tested Škoda Felicia and
Renault Thalia vehicles was searched. The Škoda Octavia found in
the EES catalog was involved in a car accident with a Renault
Kadjar. A Škoda vehicle collided with the front end of the vehicle
in front.

Fig.16 Display of the depth of damage to the vehicle in the PC-Crash
software

In the PC-Crash software, it is neccessery to load a photo that
was taken from above so that the damage which was caused after
the collision can be seen. After scaling the photograph, the
deformation line was drawn (green line in Figure 16). Based on this
line, the software calculates the difference between the shape of the
vehicle before and after the damage and shows the measurement of
the depth of damage in eleven points. With these measurements, the
program calculates the values of the damaged vehicle (Figure 17).
For the program to successfully perform the calculation, a vehicle
with similar characteristics is selected from the NHTSA catalog.
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kinetic energy as possible during a collision and thus increase the
passive safety of drivers and passengers.
A collision of one or more vehicles can have a lot of variations
and ways in which it can happen. There are different methods of
determining the speed of a vehicle before a collision. Each method
has its advantages, disadvantages, and the type of collision to which
it can be applied. During each investigation, the vehicles involved
in the accident are photographed. By reducing the price of the once
expensive technology of digital images and photo processing, the
technology of making 3D models from recorded digital photos,
photogrammetry, naturally arose.
Photogrammetry is a technology that can generate a 3D model
of a captured object from captured photographs using known
algorithms and computer processing. The application of this
technology in the creation of 3D models of vehicles involved in a
traffic accident significantly facilitates the assessment of damage
and the level of dents caused by the collision. The symbiosis of this
technology with well-known programs, such as PC-Crash, leads to
very relevant results in determining the impact speeds and
determining the position of the vehicle before the accident.

Fig.17 Calculation of EBS value after damage reading

According to the photographs obtained after the investigation, it
is sometimes difficult to determine the exact damage and the way
the collision occurred. As this is a laboratory experiment, the value
of the impact speed of the tested Škoda Felicia vehicle is known, in
contrast to the vehicle Škoda Octavia from EES catalog, from the
beginning of this chapter. New technologies, such as
photogrammetry and LiDAR camera recording, have become very
accessible and more cost-effective. The application of the
mentioned technologies expands the possibilities of the software
tool itself, such as PC-Crash, and serves as an additional input
parameter for more accurate calculation or estimation. If a forensic
expert had a 3D model of a damaged vehicle after a car collision, he
could more easily determine the method by which he would
calculate the impact speed. This way of looking allows the expert to
look at the vehicle from all angles and distances without any loss in
image or model quality. By comparing the difference in damage
from Chapter 5, it can be also seen how much the geometry of the
vehicle itself is disturbed after the collision.

When the classic method of estimating vehicle deformation
after traffic is compared with the new approach via photogrammetry
or LiDAR camera, positive shifts in the estimation of deformation
depth are obtained. In addition to depth, the estimator has an insight
into the 3D model from which you can see many more details of the
vehicle, from all angles, which is a significant improvement over
classic photography.
This paper shows the possibilities of applying photogrammetry
on the example of a collision process between two vehicles in a
crash test at the Faculty of Transport and Traffic Sciences in
Zagreb. The vehicles were analyzed and photographed after the
collision, so that photogrammetry technologies could be applied to
create 3D models. The analysis showed that in this case the damage
on the vehicle is not reliable to be relevant to the EES catalog.
Without photogrammetry technology, such an assessment would be
difficult because it would be made from exclusively classic
photographs taken during the inspection.

The picture below shows that the front bumper of the Škoda
Felicia remained undamaged in the "crash" test, and this damage
would not be suitable for the example of the application of the
mentioned method in the third chapter. By displaying a 3D model,
the estimator can come to this conclusion faster and easier.
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Fig.17 Demonstration of photogrammetry options for determining damage

Vehicles from the EES catalog that have similar damage are
taken for comparison, eg the Škoda Octavia from the beginning of
this chapter. The damage assessment itself also depends on the
estimator’s experience, but such a 3D view of the damaged vehicle
would allow the less experienced estimator to determine the damage
and observe some other parameters after the traffic accident more
accurately.

6. Conclusion
Today’s vehicles have changed significantly in the way of
construction, design, and technology from vehicles more than
twenty years ago. This change affected the behavior of the vehicle
in the collision process. Vehicles have become more resilient and
can absorb more kinetic energy than before. The properties of
today's vehicles are a product of the mentioned ways of designing
the structure and using several types of materials to absorb as much
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Abstract: The scope of this paper is using Dijkstra algorithm in Python to get the urban transport optimization one step further, by finding
the best route, besides analysing the shortest one. Studying urban transport routes has been first analysed by Dijkstra algorithm taking into
consideration two parameters, the number of stations and distances between stations. After this, the code of Dijkstra algorithm has been
implemented in Python, adding the demand for travelling in each station.
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1. Introduction
Optimizing urban transport routes is a significant problem in
planning the network of transport routes. In general, users of the
urban transport face problems such as the long-time of waiting in
the station, bus arrival schedule inaccuracies, incompatibility
between bus routes and passenger’s trails, and the insufficient
capacity. These problems have generally led to the use of private
transport which in return creates non-favourable effect by
increasing the consumption of fuels, environment pollution,
traffic jams, occupation of parking public spaces, and number of
accidents. An optimization of bus network would gradually lead
to a decreasing of the above-mentioned phenomena, as it would
make the selection of the most reasonable routes according to the
frequency of use by citizens.
Considering that each transport problem should be seen as a
whole, no transport model can be applied in another situation. In
this paper we have initially analysed the existing route, and the
coverage of the respective city area; then we performed finding
the shortest routes from the departure bus stop to the arrival one,
in order to decrease the bus itinerary; then we analysed the
walking distances from the surrounding residences to the closest
bus stop. [1]
Geographic Information System - GIS has been employed to
conduct the analysis of all these steps. For the finding of the
shortest distances, we have calculated the distances between
stops, which have been saved in the database and have later used
in the Dijkstra algorithm. This algorithm allows the finding of the
shortest distances in the urban transport routes from one
departure stop to another destination stop in the entire city map.
Except calculating the shortest route, using Dijkstra algorithm,
and referring to the studied map, we have calculated also the
most optimal route based on the frequency of travellers in each
bus stop. This has been done by implementing Dijkstra on
Python.

Figure 1. Urban transport bus stops extracted from Open Street Map

Table 1. Some of the bus stops coordinate
Bus stops
longitude
21.1586457
21.0933585
21.1999393
21.1746672
21.136493
21.1526946
21.1645186
21.151867
21.1634699
21.1914291
21.198251
21.1953934
21.1621979
21.1650763
21.1649044
21.1648593
21.1740565

2. Data collection
For a better and more accurate analysis of the urban transport
modelling in the city of Prishtina, seventy-seven bus stops of the
urban transport network have been used in the analysis. Their
coordinates can be found in the following table and their location
can easily be verified if they are put in any of the online map
services or GIS systems.
The following figure shows the above-mentioned locations
extracted from the Open Street Map - OSM application. The dots
represent the locations of the bus stops. They are also attached
the respective coordinates which serve us for further analysis.
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latitude
42.6596867
42.6371888
42.6263928
42.6253341
42.7210963
42.6306523
42.6472796
42.63093
42.6483035
42.6427801
42.6733365
42.6458422
42.647671
42.6623588
42.6626514
42.6596793
42.655638

osm_id
4870504746
3502701121
4987259828
5032771323
5040838124
5320470421
4321932197
5320470521
4321932198
5377640038
4331977901
5377640040
4342371169
4434318892
4434319590
4434324490
4434327690
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Table 1 is compound of the coordinates for each bus stop,
which are defined by osm_id using OSM for some of the stops,
so the algorithm can easily identify each bus stop for further
calculations.
Figure 2 gives a description of the data saving process in
Structured Query Language, which will serve to calculate the
shortest route using Python.

Figure 3. Visualising the shortest route found by Dijkstra
Table 3. Bus stop distances
Start
A*
B
C
D
E
F
D
H
H
J
L
M
N
H

Figure 2. Data saving process

In order to effectively calculate the shortest routes from
different locations in the network, we have created the matrix of
distances between all stops in Prishtina route network. These
distances will be used as parameters in function of optimizing
existing routes and creating new routes accordingly.
Table 2. The matrix of distances between bus stops
osm_input_id
4870504746
4870504746
4870504746
4870504746
4870504746
4870504746
4870504746
4870504746
4870504746
4870504746

osm_target_id
3502701121
4987259828
5032771323
5040838124
5320470421
4321932197
5320470521
4321932198
5377640038
4331977901

distance(m)
5908.427
5014.722
4035.962
7059.213
3262.026
1459.963
3242.472
1324.942
3279.321
3583.478

End
B
C
D
E
F
G
H
I*
J
L
M
N
O
K

3. Implementation
problem

Distance (m)
454
479
441
566
718
327
774
714
552
327
658
713
322
369

and

addressing

the

Number of passengers or the factor of using the existing
routes has been considered for optimizing, changing, or adding
new routes. Number of passengers has been calculated for each
bus stop, where Nt represents the total number of passengers per
route, and Ni represents the number of passengers per respective
bus stop:

The analysis for findings the shortest distance and going by
as few as possible stops, has resulted very effective. This analysis
considers as parameters the distances between bus stops and
through Dijkstra algorithm can be found the shortest distance. [2]
In the following table are indicated bus stops named
alphabetically from A to O and the distances between them. Only
fifteen bus stops have been taken as samples to visualize Dijkstra
algorithm in finding the shortest distance between stations. [3]
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𝑁𝑡 =

𝑁𝑖

(1)

𝑖=1
Table 4. Number of passengers of the route “Linja 1”

Linja 1 - AB
Bus stop Number of
passengers
1
10
2
13
3
14
4
15
5
16
6
24
7
24
8
24
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Linja 1 - BA
Bus stop Number of
passengers
1
3
2
20
3
30
4
39
5
39
6
36
7
36
8
35
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9
10
11

27
24
0

9
10
11

weight which takes absolute value based on the differences
between the number of passengers entering and those exiting the
network of the urban transport. [4]

32
24
0

In this way, to conduct the calculation of passengers served in
one station, we can calculate the number of passengers who enter
the network Ii and the number of passengers who exit the
networkOi :

According to the table of results, in the first route direction
there are forty-seven passengers in the network, while on the
return route, there are sixty-five passengers. Nevertheless, not all
the bus stops have had the same number of passengers. The
following table shows that some of the stops are much less
frequented.

𝑛

𝑆=

Table 5. Number of passengers entering and exiting the network of urban
transport

Linja 1 - AB
Bus
Number of
stop
passengers
Enter Exit
1
10
0
2
6
3
3
1
0
4
2
1
5
3
2
6
9
1
7
4
4
8
3
3
9
5
2
10
4
7
11
0
24

𝐼𝑖 + 𝑂𝑖

(2)

𝑖 =1
Table 6. Number of served passengers per bus stop

Linja 1 - BA
Bus
Number of
stop
passengers
Enter Exit
1
3
0
2
18
1
3
14
4
4
12
3
5
3
3
6
10
13
7
0
0
8
2
3
9
1
4
10
2
10
11
0
24

Linja 1 - AB
Bus stop
Number of
passengers
1
10
2
9
3
1
4
3
5
5
6
10
7
8
8
6
9
7
10
11
11
24

Linja 1 - BA
Bus stop
Number of
passengers
1
3
2
19
3
18
4
15
5
6
6
23
7
0
8
5
9
5
10
12
11
24

Table 7. Normalized values of distances and number of passengers
per bus stop

To optimize this route, in finding the shortest distance
between two points, we can consider as potential parameters also
the number of passengers per bus stop. This can be used as a

osm_id_prej

osm_id_deri

Distan
ce (m)

Normalized
distance

4436375390
1458787667
4434319590
4434334789
4436261491
4436292791
4436381092
4434334789
2070906981
2070906981
4342371169
4469391589
4436274090
4436292791
2070906981

1458787667
4434319590
4434334789
4436261491
4436381092
1458787612
4436431589
2070906981
4461986290
4342371169
4469391589
4436274090
4436292791
1458787612
4434334790

454
479
441
566
718
788
327
774
714
552
327
658
713
322
369

0.657223796
0.621813031
0.675637394
0.498583569
0.283286119
0.184135977
0.837110482
0.203966006
0.288951841
0.518413598
0.837110482
0.368271955
0.290368272
0.844192635
0.777620397

Passeng
ers
number
13
2
5
8
10
5
3
4
9
12
8
6
12
2
3

According to table 6, the values for the number of passengers
and the values for the distances between stations are different;
therefore, it is necessary to normalize the values. This
normalization of values is done for the values between 0 and 1:

𝑋𝑛𝑒𝑤 =

𝑋 − 𝑋𝑚𝑖𝑛
𝑋𝑚𝑎𝑥 − 𝑋𝑚𝑖𝑛

Normalized
passengers number

Selection ratio

0.705882353
0.058823529
0.235294118
0.411764706
0.529411765
0.235294118
0.117647059
0.176470588
0.470588235
0.647058824
0.411764706
0.294117647
0.647058824
0.058823529
0.117647059

0.681553074
0.34031828
0.455465756
0.455174138
0.406348942
0.209715047
0.47737877
0.190218297
0.379770038
0.582736211
0.624437594
0.331194801
0.468713548
0.451508082
0.447633728

Due to the high values that large distances create after the
normalization; it is necessary to minus for 1 point the value
extracted through the formula (3). After the values normalization
for the number of passengers and the distance between stations,
we get values as shown in the following table. During the
creation of the route, the chance of selecting the next stop can be
done through calculating the average of normalized values of the
distance and the number of passengers, where M i represents the
value of the distances and N i represents the value of the number
of passengers:

(3)
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𝑆𝑖 =

𝑀𝑖 + 𝑁𝑖
2

5. Conclusion

(4)

The paper has been conducted analysing and studying the
movements of citizens and the use of the urban transport routes,
extracting statistics. From the in-field work we have analysed the
route with the highest frequency of use and formed the model for
urban transport routes optimization in Prishtina. Applying this
model would facilitate the traffic situation and would create
premises for a better use of urban transport. This would also
affect the increase of route rationale for both the costs and
itinerary. The code of Dijkstra algorithm implemented on Python
was built to be applicable in any given transport problem, using
several parameters of the route, the distance between bus stops
and the demand of passengers per each bus stop. This algorithm
gives us the opportunity to build optimal solutions for the routes.

For assessing the route performance, we can calculate the
average value of each selected stop:

1
𝑆=
𝑛

𝑛

𝑖 =1

𝑀𝑖 + 𝑁𝑖
2

(5)

According to the analysed data, we take the minimal value
one passenger served in one bus stop and maximal value of
twenty-four passengers served in one bus stop. Whereas, as the
shortest distance we have selected the value of 212 and for the
longest, we have selected the value of 918. These values can be
changed depending on the data to be extracted in different given
times and locations. [5]
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Table 8. The selection weight between bus stops
osm_id_prej
4436375390
1458787667
4434319590
4434334789
4436261491
4436292791
4436381092
4434334789
2070906981
2070906981
4342371169
4469391589
4436274090
4436292791
2070906981

4. Results of
Python

osm_id_deri
1458787667
4434319590
4434334789
4436261491
4436381092
1458787612
4436431589
2070906981
4461986290
4342371169
4469391589
4436274090
4436292791
1458787612
4434334790

Shkalla e zgjedhjes
0.681553074
0.34031828
0.455465756
0.455174138
0.406348942
0.209715047
0.47737877
0.190218297
0.379770038
0.582736211
0.624437594
0.331194801
0.468713548
0.451508082
0.447633728

implementing Dijkstra on

The built code for solving this problem has been
implemented on Python. To execute the code, it is necessary to
write the name of the Dijkstra function, which accepts two
parameters, the origin and the destination, and the created graph
through the matrix of distances.
After executing the code, where as a parameter two stations
are
given,
Sorigin='4436375390'
as
a
start
and
Sdestination='4461986290' as the end of the route, we can see that
the most optimal route calculated by Dijkstra is:
1.

['4436375390', '1458787667', '4434319590', '4434334789', '
2070906981', '4461986290']
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Abstract: The greater interest of people living in urban areas has been accompanied by an increase in demand for motorized movements and
other forms of active movements in these areas. As a result, traffic problems have been in creased extremely for these road users both in
terms of the quality of movement and safety. This research is focused on identifying factors related to the quality of motori zed and nonmotorized movements in urban areas, a particular case study of the municipality of Fushe Kosova, and the design of a model for traffic
optimization in urban areas. The current approach to prioritizing the solution of motorized traffic problems, especially in d eveloping
countries, has proved ineffective because, in the absence of addressing other mobility requirements (pedestrian, cyclist mobility), road users
have been encouraged more to use this form of transport, leaving no room for other alternatives. The research aims to apply advanced
methods for handling and managing traffic problems based on the principle of inclusion and building a model for optimizing traffic
operation based on a specific case. The model is built using the programming language “Synchro,” which enables the analysis,
optimization, and simulation of all forms of transport: motorized traffic, movement of pedestrians and cyclists in the road network planned
following these requirements. Obtained results show the advantages of using different forms of transport depending on the selected concept
and the priority of certain forms of transport. The summary results and their comparison in terms of quality for different time intervals,
including the different conditions of access to urban areas, are presented in tabular forms.
Keywords: LOS, DELAY, VEHICLE, MOVEMENTS, SIMULATION
The main local roads consist of two lanes, with two-directions of
movement. There are sidewalks, which do not fulfill the needs of
pedestrian movements, because in certain parts the width of
sidewalks are less than the minimum required width. As result a
number of car-pedestrian crash have been caused [5]. So the road
safety in this urban zone is not in high level. The different mutual
needs in local or urban areas and others impacts (vehicles parking
needs, fulfilling of business requirements or commercial purposes),
do that the urban mobility its unsustainable.

1. Introduction
Growing size of cities and increasing population mobility has led to
a surge in the number of vehicles on roads [1].
Traffic flow in heterogeneous conditions is highly complex and is
difficult to predict the flow behavior on urban roads. Driver’s
comfort, convenience, traffic volume, lane width, grade type,
geometric design, travel delay and safety are the major concerns on
urban roads which are to be taken care [3]. LOS monitoring and
traffic volume which represents quality transport has become
indispensable. Traffic congestion and decreasing level of service
has become major issues in most of the cities and results its impact
on urban economy and its environment [2]. The route a vehicle
takes through the network is dictated by a complex interaction
between objectives of each vehicle and constraints imposed by the
city on the roads. The objective of all vehicles movement with
minimize of the time and without delay, it takes to travel from the
source to the destination and it may re-route if the traffic conditions
on their path deteriorate due to congestion [7]. An integrated city
road network will enable faster, more comfortable and safer travel
from source to destination [4].
In the concrete case of the research is included a part of urban road
network of the F. Kosova. The layout of urban-local roads are in
the form of a network, forming rectangular shapes of residential
areas roads.

Fig.1. Urban zone of Fushe Kosova

This urban area includes connecting roads “Dardania”, “Hajrullah
Zymi”, “Shefki Kuleta”, “Pajazit Islami”, “Fehmi Lladrovci”,
“Tahir Zemaj”, “Agron Rrahmani”, and “Dedë Gjo Luli”. There is
no categorization of these roads, but from the function and the
layout in blocks a categorization can be created, such as from
geometrical dimensions, function of road (approach ), and
movement (figure.1.).

Also in functional terms, traffic control intersections applied in
some cases do not provide an acceptable level of service.

Geometric parameters of this part of the road, number of lines in
available for movements, and approach of traffic in intersections
result in not an appropriate LOS (level of service) and
consequently, the quality of traffic operations is not acceptable
(especially at peak hours). Also in terms of road safety [5], due to
the high demands of motorization traffic and other traffic
participants for access from the side parts, urban zone its
characterized from unappropriated LOS.

2. Methodology

Road safety problems continue to be a concern for cyclists, without
cycling lines and a lack of accommodation infrastructure to
encourage people to use bicycles or other forms of active
movement.

For the purposes of the research, was used the automatic method of
demand receiving for motorized traffic through cameras (figure 2),
also is used the manual method and counting at characteristic points
in the road network segments.
Data processing is realized by algorithm applying, which is
preliminarily prepared in programming language "Python" [8]. By
applying this algorithm, it is possible to count and categorize the
traffic vehicles from video camera record, such as: car, van,
minibus, bus, truck etc.
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3. Modeling, analysis, and optimization
By applying HCM mathematical model and Synchro model, has
been analyzed: the quality of traffic operation inside the urban
zone, especially at intersections, traffic problems, time delays, and
general level of service. The left turns at intersections have been
identified with greater delays and a very poor level of service. Even
though according to the ICU calculation method, the capacities of
some intersections have not been exceeded, in general in most
intersections according to the HCM model, the level of service is
unacceptable (in mainly intersections is F).

Fig.2. Traffic volume count from video- camera
For traffic quality indicators analysis, optimization, and derivation
of the results of this research are used HCM mathematical model
and software model "Synchro" which uses the same mathematical
model (HCM 16 edition).
In the framework of traffic operation quality indicators, are
analyzed some of important indicators such as: intersection capacity
utilizes, v/s ratio, v/c ratio, progression factor, delay for vehicle,
adjusted flow approach delay and approach LOS.
The obtained results then, are tested in the traffic simulation model
built through the "Sim Traffic" software.

Fig.5. Intersections capacity utilize calculation

Fig.6. Intersections volume/balancing
The results about movements quality at the intersections with the
biggest problems in the traffic operation (especially for left turns),
are shown in the incorporated tables inside figure 7 as well as in
table 1.

Fig. 3. “Synchro” model built for urban zone which was included
in research
Within the road network of the urban area, have been selected the
intersections with the main problems in the traffic operation, the
biggest delays in the traffic and the poor quality of LOS ( level of
service), (fig. 4.).

Fig.4. Selected intersections with the main problems in the traffic
operation inside urban zone
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So some of the roads within the urban area have been transform
into one-way streets in order to eliminate left turns in conflict with
other morotized movements at intersections.
Referring to roads width inside the road network of "Dardania",
through the transformation into a one-way road, it is possible to
accommodate non-motorized movements such as pedestrians and
bicycles, and also one part of these roads can be used for car
longitudinal parking.
Through the reorganization of motorized traffic, respectively
transformation of some roads into neighborhood "Dardania" in
roads with one-way traffic and giving priority to certain directions
(following the principle of eliminating as many left turns as possible
at intersections), are improved some traffic parameters such as:
indicators of traffic quality (LOS, intersections delay etc.),
intersections capacity, providing acomoditation of active
movements and, in general, is improved urban mobility inside this
zone.
Based on the above recommendations for measures application,
through which it is possible to eliminate some left turns at some
critical points in intersections, through the "Synchro" model has
been realized the optimization of traffic parameters and have been
obtained results which are shown in figure 9 and table 2.

Fig.7. Interections delays and LOS
Results obtained for one intersection inside road network of urban
zone analyzed, are shown in table.1.

Fig.8. Model optomization

Table.1 HCM unsignalized intersection capacity analysis

After traffic situation analysis through the above models and
assessing of loads condition and traffic flow in the road network of
Fushe Kosova, and also considering the high demand for active
non-motorized traffic, it is proposed traffic flow reorganize in some
"Dardania"
neighborhood roads. This reorganize include
transforming two-directions street into one-direction street.
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Fig.9. Interections delays and LOS after traffic parameteres
optimization
Fig.10. Model testing through simulation

After the optimization model was applied through the traffic
reorganization inside the road network in urban area, for the same
intersection for which the results of movements quality
corresponded to the level of service F, they have passed to the
service levels E and B (result for one intersection, table 2).

Based on the obtained results related to traffic quality indicators, by
traffic parameters optimizing and traffic reorganizing inside the
area, transforming several two-way streets into one-way streets,
eliminating left turns as much as possible, and dhe giving priority to
certain directions at intersections: the improvement of the quality
of traffic operation within this area has been achieved and, has
increased possibility to accommodate non-motorized movements
such as pedestrians and bicycles and, also for one part of these
roads are increased possibilities for car longitudinal parking.
In line with these results, for responsible entities that manage with
traffic problems in that area have been recommended to implement
these measures in order to better manage traffic problems and
increase the quality of urban life.

Table.2 HCM unsignalized intersection capacity analysis after
traffic parameters optimaziton

3. Conclusion
Referring to research results, we can conclude that through traffic
parameters optimization and traffic reorganization of the inside
urban zone, without the need for major infrastructural interventions,
it is possible to improve the quality of motorized traffic and other
movements within urban areas.
In concrete study case, by optimization model applaying, through
the traffic reorganization inside the road network in the urban area,
for the same intersection for which the results of movements quality
corresponded to the level of service F, they have passed to the
service levels E and B.
Based on the obtained results related to traffic quality indicators, by
traffic parameters optimizing and traffic reorganizing inside the
urban area, transforming several two-way streets into one-way
streets, eliminating left turns as much as possible, and dhe giving
priority to certain directions at intersections: the improvement of
the quality of traffic operation within this area has been achieved
and, has increased possibility to accommodate non-motorized
movements such as pedestrians and bicycles and, also for one part
of these roads are increased possibilities for car longitudinal
parking.

From the model testing through the simulation, it is also concluded
that at the intersections entrance can not be seen vehicle rows
lengths and the time delays are acceptable (fig.10.).
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Abstract: With more than 1.35 million fatalities worldwide each year, road crashes are among the world’s most significant public health and
injury prevention problems. In the last decade, with the new technological breakthroughs, a significant effort has been devoted to improving
different safety systems related to infrastructure and vehicles. Road marking and road signs represent main road elements whose main task
is to provide timely and necessary information to the drivers related to the upcoming situation. In other words, they warn and inform drivers
about the conditions and construction characteristics of the road, guide road users through the traffic network and regulate traffic in a safe
way. Therefore, continuous monitoring and testing of their quality is of great importance for road safety in general. The a im of this paper is
to present Croatian experience regarding the quality testing of road markings and signs in last decade. Overall, the analysis confirmed that
systematic control of road markings and signs will positively affect their quality and optimize maintenance activities.
Keywords: ROAD MARKINGS, ROAD SIGNS, QUALITY CONTROL, ASSET MANAGEMENT, MAINTENANCE

3.1. Road markings

1. Introduction

Retroreflection measurement of road markings can be done in
two ways: static or dynamic measuring method. Static method
refers to the use of hand-held retro reflectometer which enables the
measurement of daytime and night-time visibility. The daytime
visibility (Qd) according to European Standard EN 1436:2018
(Materials for Road Markings – Characteristics) represents the road
markings visibility observed at an angle of 2.29° at a distance of 30
m under diffuse light, while the night–time visibility or
retroreflection (RL) represents the retroreflection of a light beam
from the tested surface at an angle of 2.29°, with a light inlet angle
of 1.24° and at a distance of 30 m with low–beam headlights on a
vehicle. Both are expressed in mcd·m-2·lx-1.

When looking at the road infrastructure, road markings and
traffic signs are an integral part of it and represent the basic means
of communication between the relevant road authorities and road
users. Based on their classification, i.e., meaning, the purpose of the
road markings and traffic signs is to manage, regulate, inform, and
warn road users to ensure their safe movement throughout the
transport network. [1] Thus, they represent important road safety
elements whose presence may influence road users in a positive
way and increase overall road safety. [2]
Especially important role road markings and traffic signs play
during conditions of reduced visibility in driver sees what the light
from vehicles headlights lighten [3]. For road markings and traffic
signs to be seen during such conditions, they must be
retroreflective. Retroreflection is a measure of an object’s ability to
reflect light back towards a light source along the same axis from
which it strikes the object [4]. Therefore, to ensure adequate retro
reflectivity levels both road markings and traffic signs should be
periodically checked. Several methods of quality control and
maintenance are used in practice such as visual inspections, typical
service life or different measurement methods. Overall, worn,
damaged and/or insufficiently retroreflective road markings and
traffic signs have shown to be an influential factor to occurrence of
road accidents [5,6] during low visibility conditions.

Dynamic method includes the measurement of night-time
visibility with dynamic retro reflectometer installed on the left or
right side of measuring vehicle. The method allows continuous
measurement of the night-time visibility of road markings while
driving. Principle of measuring visibility at night with dynamic
retro reflectometer is the same as in static measuring device. [8]
In the Republic of Croatia, the conducted tests ensure
prescribed quality of road markings which comprise [9]:
− preliminary tests or convenience tests,
− routine tests,
− control tests,
− additional control tests,
− arbitration tests,
− tests prior to the expiry of the defect’s liability period.

Quality testing of road markings and traffic signs, according to
EN 1436:2018 and EN 12899-1, includes various tests such as
retroreflection and chromatic measurements, durability, resistance
to weathering, accelerated natural weathering for traffic signs etc.
Since in road traffic most decisions (90 %) are based on visual clues
[7], form the safety point of view, the most important tests are those
related to the visibility, i.e., retroreflection of road markings and
traffic signs. Therefore, the aim of this paper is to present the
impact of continuous control of road markings and traffic signs
retroreflection on their long-term quality. The paper presents results
of quality testing of road markings and traffic signs during last 10
years in the Republic of Croatia with analysis and conclusions of
collected data.

Convenience tests include tests aimed at proving the
convenience or suitability of a material intended to be used for
applying road markings, based on the foretold type of marking and
prescribed quality. Ongoing tests, conducted by the Works
Contractor, determine the prescribed quality of material, and works
performance. The tests comprise testing of the thickness of wet and
dry paint layer, testing daytime and night-time visibility in dry
conditions, testing night-time visibility in wet conditions (only for
type II road markings − road markings with special properties
intended to enhance the retroreflection in wet or rainy conditions)
and slip resistance.

2. Methods for quality control of road markings
and traffic signs in Croatia

Control tests, ensured by the Road Authority, determine
whether the quality of the road markings system is compliant with
the prescribed requirements. Mentioned tests comprise:

Measuring retroreflection of road markings and traffic signs
give the road authorities an inside look at how road marking and
traffic signs perform, in which condition they are, and how well
conductors do their job. This section provides a basic description
for quality control of road markings and traffic signs performed in
the Republic of Croatia.

− control tests prior to the application of road markings which
include identification, that is, verification of compliance
(chemical and physical tests) between the delivered samples
of the road markings material and the information presented
in the certificates.
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− control tests during the application of road markings, which
include testing of the drying time, the thickness of wet and
dry layer, the quantity of retroreflective material (glass
beads) in the material and visual inspection of road
markings.

3.1. Quality testing of road markings in Republic
of Croatia
Control tests which determine whether the quality of the road
markings system is compliant with the prescribed requirements are
in Croatia conducted by a dynamic measuring device. The road
markings are measured continuously within the measuring area and
their average value is recorded for every 25, 50 or 100 meters,
depending on the predefined settings. The measurements are
conducted for two reasons: 1) with the aim of determining the road
markings that need to be renewed (after winter period) and 2), after
the renewal of the markings when it is necessary to carry out the
control of the contractors. The aforementioned measurements have
been conducted on state road and highways (both private and
national).

− control tests applied on road markings, which include
testing daytime and night-time visibility in dry conditions,
testing night-time visibility in wet conditions (only for type
II road markings) and slip resistance, as well as testing of
the road markings geometry in terms of designed road
markings width and length.
Additional control tests are conducted only if control tests on
applied road markings resulted in limit values, while arbitrary tests
involve repeating the control tests, if the Road Authority or the
Contractor did not conduct the tests appropriately. An authorized
legal entity which has not taken part in the disputed tests, or which
has been approved by both parties conducts the tests to determine
the quality of applied road markings and its compliance with the
quality agreed for the duration of the warranty period.

3.1.1. State roads
Figure 1 shows map of all state roads in Republic of Croatia,
which are, according to Croatian law, defined as important routes
for road traffic between various parts of the country and as such
represent secondary level roads (roads category below motorways).
The length of state roads in Republic of Croatia is slightly longer
than 7.307 km.

4.2. Traffic signs
The coefficient of retroreflection of traffic signs (RA) is defined
as the coefficient of luminous intensity of a plane retroreflecting
surface to its area or as ratio od returned intensity to incident
illumination divided by area of the retroreflector. The metric unit
for retroreflection coefficient is cd·lx 1·m2. [10]
Retroreflection of traffic signs is measured by portable retro
reflectometer containing an internal light source and a
photoreceptor, and during the test they are placed on the surface of
the sign to exclude the influence of daylight. Measurements with
aforementioned device are performed according to European
standards EN 12899-1: Fixed, vertical road traffic signs – Part 1:
Permanent signs. Mentioned standard defines entrance and
observation angles for different vehicle types and sign position.
However common geometry implies an observation angle of 0.33°
and entrance angle of 5°.
During the quality check, retroreflection of each colour on the
traffic signs should be measured and comply the minimum
retroreflection defined in the EN 12899-1 for RA1 and RA2, or in
Consiglio nazionale delle ricerche: Common understanding of
assessment procedure (CUAP): Microprismatic retro-reflective
sheetings, 2002. for RA3 for the sign to be technically valid. The
coefficient of retroreflection (RA) of all printed colours, except
white, shall be not less than 70 % of the values defined in the EN
12899-1. [11]

Fig. 1 State roads in Croatia [13]

Together with the state roads authority, measuring plans are
developed each year depending on the maintenance priorities of
road authority, their budget and road safety data. Table 1 shows
measurements that were part of long-term check plan in Croatia.

3. Decade of road marking and traffic signs quality
testing in Croatia

From the table it can be concluded that in ten-year period (from
2010-2020) a total of 99.846 km of road markings was measured.
There has been a total of 63.995 km of new lines (contractor
control) and a total of 35.851 existing lines that were measured. All
these measurements have been conducted to complete quality
control plane made from Croatian Roads and creating a master plan
to achieve visibility with minimal cost of renewal.

Department for Traffic Signaling at the Faculty of Transport
and Traffic Sciences, University of Zagreb is conducting
systematical measurements of road markings and traffic signs
quality for over ten years on the roads in the Republic of Croatia.
The department is an accredited testing laboratory (according to EN
ISO/IEC 17025: 2017) for, among other, retroreflection
measurements of road markings (both static and dynamic method)
and traffic signs. To ensure the analysis of the conducted
measurements, Department has developed softwares called
Retroreflection and SmartGis where all the results from current and
previous measurements are stored. Softwares also provides insight
into detailed data about each road marking and traffic signs such as
status, GPS coordinates, positions, type, materials, pictures etc. The
following paragraphs will show the aforementioned measurement
results in last 10 years in the Republic of Croatia.

Table 1: Total number of measured kilometers of road markings on state
roads in Croatia
Total measured kilometers
Period
Existing lines
Total (km)
New lines (km)
(km)
2010-2011
14.096
9.614
4.482
2011-2012
17.918
8.372
9.546
2013-2014
13.591
9.354
4.237
2015-2016
23.377
17.414
5.963
2017-2018
10.453
7.394
3.059
2018-2019
10.043
4.262
5.781
2019-2020
10.368
7.585
2.783
Total
99.846
63.995
35.851
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Table 2: Total number of measured kilometers of road markings on
motorways in Croatia
Total measured kilometers on motorways in
Croatia
Period
HAC
AZM
2011-2012
5.217 km
2013-2015
663 km
2016-2018
707 km
2019-2020
19.408 km
709 km
Total
26.705 km

Overall, when looking at the average values of retroreflection of
all measured renewed markings on state roads in Croatia (Figure 2),
it can be noticed that values increased each year during the last
decade. Although the average values each year increased by few
percentages, the overall increase from 2010 to 2020 is around 13 %.

Average value of retroreflection on new road marking on
motorways under the jurisdiction of AZM (Highway A2) at first
two years was 296 mcd·m2·lx-1, in following two years was 358.5
mcd·m2·lx-1, and during last two years was 429.5 mcd·m2·lx-1
which indicates 17 % increase and 16 % within the observed period
(Figure 4).

Fig. 2 Average value of retroreflection of road marking on all state roads by
year

3.1.2. Motorways
Motorways in Croatia are the main transport network in Croatia.
There are three network operators of which two are founded by
government and one by joint venture. Operator BINA Istra oversees
motorways A8, A9 (142 km), Highway Zagreb-Macelj (AZM) is in
charge for highway A2 (62 km), and Croatian motorways (HAC)
are in charge for A1, A3, A4, A5, A6, A7, A10 and A11 (1219 km).
The motorway network of Republic of Croatia is presented in the
Figure 3.

Fig. 4 Average value of retroreflection on highway A2 (AZM)

3.2. Quality testing of traffic signs in Republic of
Croatia
As mentioned earlier, retroreflection of traffic signs is measured
using handheld retroreflectometer device in accordance with the
European and National standards and specifications. Expect the
retroreflection, technical characteristic such as height, distance from
the edge, compliance of signs with Regulations, etc. are also
analysed. Measurements in state roads and motorways were carried
out with the aim of creating a database of traffic signs, determining
quality of traffic signs and with the aim of determining the priority
of maintenance, i.e., replacement of dings that do not meet the
prescribed criteria.

3.2.1. State roads
As mentioned earlier the length of state roads in Republic of
Croatia is slightly longer than 7.307 km. In period 2013. – 2020. a
total of 150.981 traffic signs have been measured and collected.
Quality testing of traffic signs was conducted at 6.954,238 km,
which represent 97 % of all state roads in the Republic Croatia. In
total of 150.981 traffic signs that are collected, 27.428 traffic signs
are warning sings, 38.787 are mandatory sings, 42.257 are
information signs, 7.828 are guidance signs, 9.217 are additional
panels, 24.042 are classified as road equipment and 1.235 are
without code (Грешка! Източникът на препратката не е
намерен.5).

Fig. 3 Motorways in Croatia [13]

Table 2 shows conducted measurements on motorways in
Croatia during a ten-year period. From below, it can be seen a
systematical increase in total number of measured kilometers, as
well as involved motorways. Unlike state roads, motorways under
jurisdiction of HAC, were not measured systematically and
continuously. On the other hand, motorway A2 (AZM) was
measured systematically since 2013, as shown in Table 2. For this
reason, below will be presented data obtained by measuring road
markings on highway A2 (AZM).
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Fig. 8 Total percentage of traffic signs by the class of retroreflective
material that meet and do not meet minimum retroreflection values on state
roads

Fig. 5 Total number of analyzed traffic signs classified by meaning on state
roads

3.2.2. Motorways
The analysis of the retroreflection material from which traffic
signs are made, showed that 99.576 signs are made from class I,
40.943 from class II and 10.462 from class III (Figure 6).

There is a total amount of 8.257 traffic signs on motorways
under jurisdiction of HAC in Croatia. By that means that on
motorways A1, A3, A4, A5, A10 and A11, out of total traffic signs,
the most numerous are of information signs (C) with percentage of
35.25 %. Following are mandatory signs (31.20 %), guidance signs
(14.06 %), additional panels (7.79 %) etc. (Figure 9).

Fig. 6 Total number of analyzed traffic signs classified by class of
retroreflective material on state roads
Fig. 9 Total number of analyzed traffic signs classified by meaning on
motorways

As year of production and implementation was recorded during
the quality control, the average age of traffic signs was calculated.
As shown from the Figure 7, average age of class I signs was 8.08
years, class II 6.87 years, and class III 5.67 years. In total, average
age of traffic signs on Croatia state roads is 7.54 years.

The analysis of the retroreflective material from which traffic
signs are made, showed that 7.59 % of all signs are made from
Class I, 89.66 % from Class II and 2.75 % from Class III material
(Figure 8). Croatian regulations for motorways demand only several
signs to be made from Class III material, majority of the signs must
be made from Class II. Although according to regulations, there
should be no Class I signs on motorways, their share is relatively
small (7.59 %).

Fig. 7 Average age of traffic signs by class of retroreflective material
(years) on state roads

Total percentage of traffic signs classified by class of
retroreflection material that meet or do not meet the minimum value
of retroreflection which can be seen from the Figure 7. From the
Figure 8 out of 99.576 signs made of class I, 75.722 of them meet
minimum retroreflection values. From 40.942 signs made of class II
material, 32.455 of them meet the minimum values. Also, 12.318
traffic signs made of class III meet the minimum values.

Fig. 10 Total number of analyzed traffic signs classified by class of
retroreflective material on motorways

Regarding the age of traffic signs on Croatian motorways,
average age of traffic signs is almost 11 years (Figure 11). Average
age of traffic signs that are made from Class I is 9 years, Class II is
11 years and Class III 7 years.
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Republic of Croatia. According to the presented results, it is visible
that the level of retroreflection of road markings is continuously
increasing during the measurement years. Several studies have
shown a positive effect of quality maintenance of traffic signs and
road markings on general road safety. The United Kingdom's
Traffic Safety Foundation has issued a report on road safety
monitoring on main roadways in 2013. The analysis has shown that
traffic signs and road marking are one factor contributing to
increased safety on seven out of ten analysed roads, leading to an 87
% reduction in overall number of injured. [12]
The collected results show that systematic road markings and
traffic signs control plan can lead to the increase in their quality and
thus results in more efficient maintenance system and improved
visibility which ultimately leads to safer roads. In accordance with
that, it is safe to say that constantly quality testing of road markings
and traffic signs, can increase road safety. In addition, the lack of
proper maintenance effectively cancels the safety benefits that can
be gained through new vehicle technologies like ADAS systems, for
instance Lane Departure Warning Systems (LDWS). Also, it is
estimated that by 2025 at least half of the vehicles on Europe’s
roads will have some ability to “read” the road ahead. These
vehicles will not work properly if the road markings and lines upon
which they rely are not maintained to a high standard.

Fig. 11 Average age of traffic signs by class of retroreflective material
(years) on state roads

Analysis of traffic signs according to the coefficient of
retroreflection showed that the general condition of signs on
motorways is satisfactory. 71.9 % of signs placed on the highway
meet the minimum requirements of retroreflection and 28.11 % do
not meet the minimum requirements of retroreflection. Of the total
number of traffic signs, most traffic signs that meet the minimum
requirements of retroreflection belong to traffic signs made of Class
II. For traffic signs made of Class III, 2.31 % meet the minimum
requirements while only 0.44 % do not meet the minimum
retroreflection requirements (Figure 12).

5. References
1. H. Fleyeh, J. Roch, 2013. Benchmark evaluation of hog
descriptors as features for classification of traffic signs,
International Journal for Traffic and Transport Engineering, 3(4):
448-464. doi: 10.7708/ijtte.2013.3(4).08
2. T. Miller, (1992). Benefit-cost analysis of lane marking,
Transportation Research Record.
3. D. Babić, M. Fiolić, & D. Žilioniene, (2017). Evolution of static
and dynamic method for measuring retroreflection of road
markings. Građevinar
4. C. Debaillon and P. Carlson (TTI) Y. He, T. Schnell and F. Aktan
(OPL), Updates to Research on Recommended Minimum Levels for
Pavement Marking Retroreflectivity to Meet Driver Night Visibility
Needs, Operator Performance Laboratory Center for Computer
Aided Design the University of Iowa, (2007)

Fig. 12 Total percentage of traffic signs by the class of retroreflective
material that meet and do not meet minimum retroreflection values on state
roads

5. D. Babić, M. Modrić, D. Babić, M. Fiolić, (2019). Evaluating the
influence of road markings’ retroreflectivity on road safety in low
visibility conditions, ZIRP, Zagreb

4. Conclusion
Traffic signalization is an integral part of every modern road
and as such is a basic means of warning, regulating, guiding and
informing traffic participants. The importance of traffic signals for
the safety of the traffic system is especially evident in conditions of
reduced visibility when drivers almost completely rely on traffic
signals as the main source of information. Modern road traffic
demands safe movement of users under normal circumstances and
especially at night and/or in circumstances of reduced visibility.
Quality solutions in the field of traffic signalization, especially
traffic sings and road markings, can be achieved with relatively
small investments and continuous maintenance.

6. M. Ferko, A. Stažnik, M. Modrić, H Dijanić, (2019). The impact
of traffic signs quality of the frequency of traffic accidents, Promet –
Traffic & Transportation, Zagreb
7. P. Thurston: Pavement Markings Role in Enhancing Road Safety
Strategies, Road marking Industry Association of Australia, (2009)
8. European, s. (n.d.). EN 1436 Materials for Road markings Characteristics required for road users.
9. Guidelines and technical requirements for performing works on
renewing road markings. Zagreb: Croatian Roads, (2010).

In Croatia, retroreflection measurement of road markings and
traffic signs are conducted by the Department for Traffic Signaling
at the Faculty of Transport and Traffic Sciences for more than ten
years. Methodology of measurement is based on the European and
National standards and specifications. Benefits of this whole system
are numerous. Some of them are, that this kind of system provides
are reduction of maintenance cost, optimization of road
maintenance activities, it provides up-to-date database, optimization
of road maintenance patrol schedule, new information generated by
maintenance patrol. System is useful in legal disputes, property
protection and provides increase regarding of the road safety. Thus
affects the safety of drivers, especially when driving in adverse
weather conditions. Proof of this are the results of measuring the
quality of road markings on state road as well as on motorways in

10. European, s. (n.d.). EN 12899-1: Fixed, vertical road traffic
signs. In Part 1: Permanent signs.
11. Consiglio nazionale delle ricerche: Common understanding of
assessment procedure (CUAP): Microprismatic retro-reflective
sheetings, 2002.
12. European Union Road Federation. Improved Signage for Better
Roads. An ERF Position Paper towards improving Traffic Signs in
European
Roads.
Bruxelles;
2015.
Available
from:
https://issuu.com/erf9/docs/erf_position_paper_on_vertical_sign
13. Ministry of the Sea, Transport, and Infrastructure, Available
from: https://mmpi.gov.hr

43

trans&MOTAUTO '22

Perspectives of the auto world during the pandemic – international and national view
Nataša Tomić-Petrović
University of Belgrade, Faculty of Transport and Traffic Engineering, Belgrade, Serbia,
e-mail: natasa@sf.bg.ac.rs
Abstract: We live in a time of the Covid pandemic, when losses are being noticed in the car industry. Experts state that stabilization of the
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2021, hybrid electric cars were equalized with "diesels" on the European Union market. Last year, 1.901.239 new hybrid electric vehicles
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increased the safety of traffic participants, given priority to pedestrians and cyclists, reduced emissions and improved energy efficiency,
while expanding pedestrian zones. The National Association of Autonomous and Electric Vehicles has launched a project aimed at
increasing environmentally friendly traffic in Serbia. Eco 2 line of electric buses works in Belgrade from January 2022. And in Serbia, parts
for Audi, Porsche and BMW will be produced in the "Motherson" factory, which was opened at the end of November 2021.
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2021 it was announced that company “Siemens” intends to make
the city of Kragujevac the center for train production in Europe.

1. INTRODUCTION
The first car magazine was published in the United
States in 1895 under the title "The Horseless Age", which clearly
showed that the old mode of transportation became oldfashioned.

In April 2021, our capital Belgrade was awarded for
the best Urban Mobility Plan.2 Belgrade is the winner of this
year's the European Sustainable Urban Mobility Planning
(SUMP) Award, given by the European Commission and
launched in 2012. Our city has increased the safety of traffic
participants, given priority to pedestrians and cyclists, reduced
emissions and improved energy efficiency, while expanding
pedestrian zones.

“Lancia”'s 115 years and memories of more than a
century of famous Italian elegance remain. The Lancia brand was
founded in Torino on November 27th 1906 by Vincenzo Lancia
and Claudio Fogolin, car enthusiasts employed by Fiat. Although
there are no new models in "Lancia" today, their first car was
produced in 1908. And that was the "Lancia" model with 12 hp.
The fame of the brand grew, they went through the First World
War, followed by the models "Lambda", "Augusta", and after the
Second World War in 1950, "Lancia" presented the model
"Aurelia", the first car in the world with a V6 engine. By the way,
"Ipsilon" is the longest up-to-date and the best-selling "Lancia"’s
model in history, with more than three million cars sold.

The National Association of Autonomous and Electric
Vehicles3 has launched a project aimed at increasing
environmentally friendly traffic [see: 1] in Serbia. Eco 2 line of
electric buses works in Belgrade from January 2022. But due to
the introduction of this line, one bicycle path in the city
disappeared.
It is planned that the construction of the subway in our
capital starts from the 1st of November 2021. The first line has
been announced in 2028, and the second in 2030. At the same
time, works on the BG train are under way. [see: 4]
And in Serbia, parts for Audi, Porsche and BMW will
be produced in the "Motherson" factory, which was opened at the
end of November 2021.
And after several months of testing and evaluation of
cars that are present on the Serbian market since the beginning of
2021, in April 2022, the commission announced the results and
the car of the year in Serbia in 2022 is "Toyota Jaris Cross". At
the same time, due to the high level of safety, availability on the
market, favorable vehicle maintenance conditions and despite the
extraordinary circumstances of the pandemic, "Volkswagen ID.4"
was rightly crowned with title of the electric car of the year in
Serbia in 2022.

Today we live in a time of the Covid pandemic, when
losses are being noticed in the car industry. [see: 5] Experts state
that stabilization of the market is not expected before 2023. In
China, production has been slowed down since the beginning of
the pandemic, and this continued in 2021, and the production of
semiconductors for cars and technical devices are bearing the
brunt. The digital age [see: 3] and pandemic are rapidly changing
our lives.
Data from the European Automobile Manufacturers
Association (ACEA) showed that for the first time in 2021,
hybrid electric cars were equalized with "diesels" on the
European Union market.1 Sales of the gasoline using cars in the
EU fell by 17.1% last year, and of all new cars registered in the
EU, hybrid vehicles made 19.6%, electric vehicles on batteries
9.1%, and plug-in hybrids for 8%.

A school example of the evolution of the model is the
new "Peugeot 308" on whose instrument panel is the flag of the
French Republic. It is a sophisticated vehicle equipped with
radars and sensors. It is considered to be the most aggressive
"lion" so far, because the car knows how to brake itself,
everything works on the button. The quality of all functions is the
highest, but still, if the driver is taller /185 cm/, there is no room
left behind him for an adult passenger, what is the most serious
shortcoming. Due to the lack of cars, every model that arrives in
Serbia is sold.

2. THE CASE OF SERBIA
In April, 50 years ago, the production of "Stojadin" i.e.
"Zastava 101" began, which was presented at the fair in Belgrade
in April 1971 and it was produced until November 2008.
1.045.458 cars left the factory in Kragujevac, what makes it the
best-selling "Zastava" model in the history. In the 12th of April
2022, the production of Fiat 500 L continued, after the return of
workers from the paid leave. At the “Fiat-Chrysler Automobile
Serbia” factory, cars will be produced in two shifts, and up to 200
cars will come off the lane in one shift. The specific management
plan for the car factory in Kragujevac is still unknown and in July

Previous winners of this award were the cities of Brussels, Manchester, Malmö,
Bremen and others.
3
This non-profit professional organization is a regional partner for urban mobility
of the European Institute of Innovation and Technology and in April 2021. It
launched the "E-retrofit" project. The "Fiat 500 L" was chosen as a model
vehicle.
2

1
Last year, 1.901.239 new hybrid electric vehicles were registered on the common
market.
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April 2021, after the investigation, the National Traffic Safety
Agency asked "Ford" to withdraw the vehicles, i.e. when there
were 11 cases of tearing off the roof racks on the "SUV Explorer"
vehicles. This withdrawal referred to models produced in 2016
and 2019.

3. NEWS FROM THE AUTOMOTIVE
INDUSTRY IN THE WORLD
It is interesting that the German "Volkswagen" (VW)
became the main partner in the project of "greening" the traffic
system on the Greek island of Astypalaia 4, in the Southeastern
Aegean. [see: 2] The German giant supplies the island with 1,000
electric vehicles of various types and purposes, so as to replace
1,500 vehicles powered by fossil fuels. Vehicle charging stations
and a system of renewable electricity - generators for solar and
wind power - will also be provided. Unfortunately,
"Volkswagen" has to compensate 8.5 million of its customers in
the EU who before 2015 bought diesel vehicles of that company
with a built-in eco-decoy what was an industrial scandal. It was
announced that in 2017 it was acknowledged that more than
600,000 vehicles sold on the American market were equipped
with special cheating software, so the official control of harmful
gas emissions showed 40% lower values than those achieved in
regular traffic. VW has also joined a growing group of
manufacturers developing autonomous multi-purpose electric
vehicles. VW has presented a concept of robotaxi called
"onepod", which has large glass surfaces and drives itself while
passengers have an undisturbed view on the surroundings.

“Toyota” has presented the new crossover "bZ4X", the
first model in the new series of battery electric vehicles (BEV),
and the name of the series "bZ" is an abbreviation of "beyond
Zero". The advantages of this new electric SUV vehicle are
thanks to the use of the battery7 as an integral part of the chassis,
under the vehicle floor, which is spacious and comfortable. This
vehicle will also offer advanced technological functions,
including a solar panel on the roof, to help charge the battery
while driving or at rest. However, the American plan is that half
of the cars will be zero-emission.
From Korea, they presented a super modern SUV with
advanced technology, "Hyundai Tuson Hybrid", which is the
fourth generation of "Tuson" which reaches a maximum speed of
193 km/h. And finally, the "Hyundai jonic electric"8, a Korean
electric car, which confirmed the practicality of everyday city
driving.
The Bavarians have introduced the "BMW 14" - the
premiere of the new generation of "BMW drive" command
system that focuses on the functionality of the touch screen. This
model is a combination of sporty energy typical for BMW and a
range that brings peace on long journeys with the elegance of
design, spaciousness and practicality of the four-door model.
Produced in the Munich plant, it is a fully electric and the range
with full batteries is between 510 and 590 km, depending on the
version.

And in Croatia, the company "Rimac cars" (innovator
is Mate Rimac, and he founded the company in 2009) presented a
new vehicle. It is the first Croatian production car, called
"Nevera" /after an unexpected and strong Mediterranean storm
that "runs" on the Adriatic Sea/. This remarkable car has even
1,914 horsepower and can develop a top speed of 412 kilometers
per hour. This hypercar is expected to go on sale. And during
July 2021, this Croatian company5 became the majority owner of
"Bugatti", a well-known French sports car manufacturer, which
has so far operated within the "Volkswagen" group.

"Tesla" is the most famous company that produces
electric cars, and one of the new companies is the Chinese "NIO"
electric car company, which announced the ET7 model, an
electric sedan with autonomous driving technology, as well as a
new luxury electric crossover EC6. Despite the pandemic that
reigns, "Renault" has confirmed its leading position on the
European electric car market.

According to the research, Chinese consumers are more
willing to accept alternative powertrains than European or
American customers. At the beginning of 2021, the Chinese
phone manufacturer "Xiaomi" informed the public that "Xiaomi"
plans to start the production of electric cars in the year 2024.
However, the electric model "Mask Myth 9" with three rows of
seats for six passengers and a system for biometric driver
recognition was presented at the salon in the Chinese metropolis
of Guangzhou. With one charge of lithium-ion batteries, the
range is up to 520 km, and it is announced that a version with a
range of 650 km will appear in 2023. In January 2022, sales of
electric cars increased by 132% compared to January last year.
Although the price of raw materials, such as lithium, is rising.

.
And when we speak about safety the German giant
Daimler AG, which owns Mercedes-Benz, has registered an
interesting patent, which deflates tires at high speed in the case of
emergency. When the standard braking system fails, the driver
could be able to activate an additional function and thus stop the
vehicle. This patent includes a central (control) unit and an air
release mechanism, and is primarily intended for electric /hybrid
models, although it could also be used by cars with internal
combustion engines. Daimler AG has focused on electrified
models, as they do not use brake cables and hydraulic systems,
but drive-by-wire technology. The deflated tire adheres more to
the ground and creates more friction, which contributes to
stopping the vehicle. But if you blow out too much air it can fall
off the rim. Because of that German engineers designed a
pressure balancing valve to solve the problem. We will see when
this technology will come to life in four-wheelers, and there are
many candidates. The models from the EQ family are primarily
considered.
Ab aeterno it was dreamt of extending the age of
human existence on all meridians. It was dreamt of moving into
outer space, and the possibility of salvation was sought in the
event of overpopulation on the Planet Earth and other dangers.
Attempts were also made to develop ideas about the means of
penetration into space (Tsiolkovski KE 1857-1935). Belief in
science was almost unlimited.

And the Romanian manufacturer "Dacia" made a hit
with the electric car "Spring"6. This car is increasingly in
demand, it is the cheapest electric car in Europe, and its sales in
Serbia should start in 2022. 7,.000 Dacia Springs have already
been ordered from Germany.
In Malaga, a 100% electric driverless bus has appeared
in Spain, which travels six times a day from the port to the center
of Malaga, in the south of Spain. This was initiated by the
company "Avansa".
The American company Ford Motor has to withdraw
617.000 vehicles due to the problems with the roof racks of
vehicles, after an investigation on the problem during 2020. In
4

This island has an area of 97 square kilometers and is an exemplary model of an
island with "climate-neutral mobility". This is a unique example in this part of the
world, because all commercial and service vehicles will be powered by
electricity.
5
It will own a share of 55% in Bugatti, and produces electric powertrains and
batteries for the world's major carmakers, as well as small series of exclusive
electric sports cars, such as “Nevera“.
6
"Spring" is 3.73 meters long and with a single battery charge (27.4 kWh) provides
a range of up to 230 kilometers. It is powered by an electric motor with 44 hp.

7

With a fully charged battery, the expected range is more than 450 kilometers,
depending on the version.
8
Unlike most electric cars, the e-motor is at the front, as in classic models.
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And today… ..in connection to space exploration, at the
beginning of December 2021, several space missions were
organized from various parts of our planet. Launch of "Falcon 9"9
from the Space Center in Cape Canaveral. "Currently, the golden
age of human spaceflight" is considered by experts from NASA,
and new astronaut flights to the Moon are planned for 2025 at the
latest. The mission of a Chinese solar-powered space robot rover
landed on the moon three years ago to explore the dark side of
this celestial body and it continues.
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And after several months of testing and evaluation of
cars that are present on the Serbian market since the beginning of
2021, in April 2022, the commission announced the results and
the car of the year in Serbia in 2022 is "Toyota Jaris Cross". At
the same time, due to the high level of safety, availability on the
market, favorable vehicle maintenance conditions and despite the
extraordinary circumstances of the pandemic, "Volkswagen ID.4"
was rightly crowned with title of the electric car of the year in
Serbia in 2022.
The turmoil in the world, especially the crisis and the
war in Ukraine have led to many changes, "Audi", for example,
has stopped production in certain locations. Despite the
announcements on the closure, from the Russian factories the
plants of "Stelantis" and "Micubishi" were still working at the
end of March 2022. The transport of goods10 also suffered losses.
Some firms have a problem maintaining the liquidity. Anyway
the electric car market has experienced rapid growth and
evolution.
With hope that the war in Ukraine will end soon, we
shall continue to hope and save our Planet for the next
generations…
Concordia civium, murus urbium – (Harmony of
citizens is the rampart of the cities).

9
The task of "Falcon 9" is to place NASA's powerful X-ray device in Earth orbit,
which should detect and explore black holes and neutron stars.
10
About 10,000 companies are operating in the transport sector, of which 1,700 in
the international sector.
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Abstract: The acceptance and popularity of formal modeling is increasing in the development of safety-critical railway interlocking systems,
because it allows the specification of the system’s functionality using mathematically rigorous rules. The goal of the research described here
is to introduce a simple, easy-to-learn, and useful UML (Unified Modeling Language) subset that supports railway engineers in developing
the functionality of system elements at the system planning level. The selection of this UML subset is based on our practical experience. We
examine the properties and limitations of this subset through a case study using the Yakindu Statechart Tools. The components specified with
the proposed UML subset can be easily transformed into timed automata that we studied using the UPPAAL framework. In the paper, we
also present the UPPAAL model for the case study. We are currently working on the implementation of a transformation using the UML
subset presented in this paper, which makes it possible to generate formal models from Yakindu to UPPAAL in an automated way.
Keywords: RAILWAY, FUNCTIONAL SPECIFICATION, UNIFIED MODELLING LANGUAGE, TIMED AUTOMATON
studied using the UPPAAL framework. At the end of the paper, we
put the results into a broader context (Section 5) and give a
conclusion (Section 6).

1. Introduction
The use of Model-Based Systems Engineering (MBSE) is
gaining popularity in the development of transport applications [1].
This field is also preferred by railway engineers due to the
advantages and power of modeling. In practical applications,
formalisms such as e.g. the Unified Modeling Language (UML) are
widespread [2]. A number of workbenches have already been
prepared to support the use of UML during the system development
lifecycle (without claiming completeness: Enterprise Architect [3],
Yakindu Statechart Tools [4], etc.).

2. Related work
The Gamma Statechart Composition Framework (GSCF) is an
integrated toolset to support the design, verification and validation,
and code generation for component-based reactive systems [8].
GSCF provides a modeling language and framework for the
hierarchical decomposition of statechart components in an objectoriented way. The framework is currently integrated with 3 rd party
modeling tool (Yakindu Statechart Tools) and model checker
(UPPAAL) to support formal verification of the constructed
models. GSCF automatically generates an implementation of an
individual component. This environment also allows backannotation and test generation. The main difference between the
GSCF and our proposed framework is that the former targets
software engineers as end-users, whereas we aim to support railway
engineers with our specification-verification environment. The
objectives, processes, and tools used in both frameworks are
similar. However, our methodology does not deal with code
generation, because it is not intended to support that level of
abstraction. Both frameworks hide the inherent complexity of using
formal methods by offering a high-level user interface.

Railway transport is a traditionally safety-critical engineering
field. In the current practice of railway system development, the
level of expected safety is determined by the necessary risk
reduction [5]. Functional safety aims at preventing the unacceptable
risk of physical injury or damage to the health of people caused by
the erroneous operation of a system, with the proper implementation
of one or more safety functions [6]. The specification of the correct
functionality of the system is a core concept of safety, the
implementation of which is the responsibility of the domain
engineers.
One way to meet the requirements of safety-critical applications
is through the application of formal methods [7]. Formal modeling
provides an opportunity to precisely specify the functionality of
systems using logical-mathematical rules. Even though formal
methods are claimed (several pieces of research support this claim)
to help avoid specification errors, domain engineers are reluctant to
use them in the system design/development activities. The reason:
their application often requires significant additional expertise,
since they are abstract, computer science-based methods.
Consequently, railway engineers can often only acquire these skills
after years of hard work.

The research goal of the thesis by D. Darvas [9] was to analyze
the applicability of formal methods in the domain of industrial
control systems and propose a specification-verification
environment. The main challenges of the chosen domain were
performance and usability. The author proposes the application of
model checking to support the software development of industrial
control systems. The described platform supports domain engineers
by hiding the formal details, the computer science-based
mathematical background. The case studies of this work are related
to the European Organization for Nuclear Research (CERN). In
connection with our research, the following results of the thesis are
relevant: formal specification for programmable logic controller
(PLC) modules and model checking of critical PLC programs. Our
research goal connects very closely to this thesis with differences in
the domain and abstraction level.

The research described in this paper aims to present a simple
case study demonstrating the practical application of a methodology
that supports railway engineers in the construction and verification
of formal specifications. The proposed specification-verification
environment aims to decrease the need for a mathematical/computer
science background/knowledge at the system development level.
The application of the proposed framework supports the creation of
correct, complete, consistent, and verifiable functional
specifications of a given component. In summary, this approach
leads to a significant improvement in quality and distributes the
development costs more evenly among the related lifecycle phases.

The paper of Y. Y. Nazaruddin et al. [10] presents an
application of a formal methods-based model checking for safety
verification of a railway interlocking system. The proposed model
checking techniques are implemented on a timed automaton of the
considered interlocking system. The safety behavioral specification
is expressed as Computation Tree Logic (CTL) formulas. The
UPPAAL tool is used to perform the model checking. The
distinction between this study and our research is that we performed
modeling and model checking at the component design level, while
the study [10] implemented it at the system level.

In this paper, first, we give an overview of the background
related to our research goal (in Section 2). Thereafter in Section 3,
we present a practical UML subset that supports railway engineers
in developing the functionality of system components at the system
planning level. In Section 4, we describe a simplified case study
through which it is presented how can use the given UML subset in
practice to specify the functionality of a component. As part of our
case study, we show one possible way of how the specified
component can easily be transformed into timed automata that we

Paper [11] is a very recent survey that gives an overview related
to formal specification and verification of smart mass transit
railway interlocking systems. This survey also refers to our research
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work [12], in which we give an overview of the proposed
framework with a case study. Paper [12] places the proposed
framework in the development process and the described case study
shows the application of the methodology step by step.

is based on the assumption that we have an embedded software that
starts to "run" after the power supply is switched on, and continues
to work until the power supply is switched off.

3. Methodology
In this section, we outline the overall methodology we propose
in our other paper [12]. The main steps to be performed by railway
engineers are as follows (note, that the main steps of the process
comply with the best practice based on [6]):
1.

inputs of the process: requirements from the stakeholders
(mainly in natural language), system requirements
specification, architecture design, and the distribution of
system requirements to components;

2.

specification of each component: interfaces, functionality
(behavior), configurations (parametrics), and the rest of the
requirements;

3.

formal verification: the transformation of the requirements
defined in step 2 into temporal logic (CTL) formulas [7],
the transformation of the component defined in step 2 into
formal models (timed automata) [7];

4.

Fig. 2 Subset of UML statechart based on [13]

4. Case study

outputs of the process: formally verified component
specification.

In this section, we describe a case study about a simple
component – namely detection point – using the methodology
described in Section 3.

As the overall methodology was already introduced in the paper
[12], in this paper, we focus on step 2 more in detail. However, the
case study presented later (in Section 4) covers the whole process,
so it demonstrates the approach outlined in the list above in its
entirety.

The purpose of the detection point is to detect a railway
vehicle‟s presence within its scope. The functionality of the
detection point is described simply: If the train is over the detection
point it is „occupied‟, and when the train is not over the detection
point it is „free‟. These are functional requirements of the detection
point in a high level of abstraction. We note, that railway engineers
can significantly supplement this behavior during the specification
of a system based on the experiences gained so far and domainspecific knowledge. So the described functionality above can be
complemented by the several interactions with end-users (operators)
and designers during the development process. In this paper, we do
not write about these processes, thus the case study can be discussed
in a very simple way.

The proposed methodology provides a specification
environment for designing the functionality of each component of
the system. This specification environment builds on four pillars
related to a component: requirements, interfaces, configuration, and
behavior (step 2 above). Many existing solutions can be used to
describe these artifacts. Our approach uses structured natural
language for specifying the requirements, UML component
diagrams [13] and a tabular description form for the interface
definitions, a specific tabular method for defining the configuration
elements, and UML state machines [13] for describing the
behavioral aspects of a component. We found that railway system
engineers can easily create the specifications given in step 2 by
using only a subset of the UML diagrams (see Fig. 1 and Fig. 2).
These subsets are shown in Fig. 1 (UML component diagram) and
Fig. 2 (UML statechart). In both figures, the red parts are not used
in the proposed methodology described above.

As described in the previous paragraph, the functionality of the
detection point at a high level of abstraction can be specified by the
following two functional requirements:
A.

If a train is within the scope of the detection point, it
provides an „occupied‟ signal.

B.

If a train is not within the scope of the detection point, it
provides a „free‟ signal.

Based on described functionality in the previous paragraph, the
interface specification of the detection point can be specified with a
combination of Fig. 3 and Table 1.

Fig. 1 Subset of UML component diagram based on [13]

A significant part of the discarded UML subset marked in red in
Fig. 1 and 2 can be easily replaced with the retained UML subset
marked in blue. The selected, blue-marked subset allows to express
the same information much simpler and more concisely as the
omitted, red-marked subset, which helps with the clarity and
portability of the specification.
Another example of such simplification is that we do not use a
“terminate” pseudostate in our statechart subset shown in Fig. 2,
because we used the precondition, that components cannot be
created, and terminated at any time during the software lifecycle
(that is all components are eternal in this approach). This approach

Fig. 3 Interfaces of detection point (UML component diagram)
Table 1 Interface specification of detection point
Identifier
Presence
Occupancy
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Type
Input
Output

Codomain
[free | occupied]
[free | occupied]

Initial value
occupied
occupied

Brief description
Presence input.
Occupancy output.
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Based on the interface specification (Fig 3. and Table 1) and the
functional requirements (A and B), a possible implementation of the
detection point in Yakindu (version 3.5.9) is shown in Table 2 and
Fig 4. Note that for the sake of simplicity, the case study is not
equipped with parameters (e.g., time), i.e., there is no given
configuration specification. This means that the set of configuration
elements in this case study is empty, i.e. from the point of view of
modeling in Yakindu it is an empty set.

The other variables in Table 4 support simulation and model
checking (see the details in the description of each automaton).
Table 4 Declarations in UPPAAL
// External interfaces of detection point - Input variables
bool in_presence_p = true;
// Input - Presence
// External interfaces of detection point - Output variables
bool out_occupancy = true;
// Output - Occupancy
// Channels and variables for simulation
chan CYCLE;
// Tick, start new cycle (1 tick == 100 ms)
bool ISRUN = false; // Tick ran (true: ran, false: did not run)

Table 2 System definition implemented in Yakindu
@CycleBased(100)
// 100 ms long cycle
@ChildFirstExecution

// Run control, permissions within a tick
broadcast chan ALLOWEDRUN; // Running permissions of functions
int PERMISSION = 0;
// Running permissions of functions:
// 0: not used, initial
// 1: INPUTGENERATOR is allowed to run
// 2: PRESENCEHANDLING is allowed to run

interface:
// External interfaces of detection point - Input variables
var in_presence_p : boolean = true
// Input - Presence
// External interfaces of detection point - Output variables
var out_occupancy : boolean = true
// Output - Occupancy

The automaton called „tick‟ consists of two states (Fig. 5). The
'start' state is a committed state, so there is no time delay in this
state. In the „run‟ state the component performs its functions. When
the „tick‟ automaton transits from the „start‟ to the „run‟ state, a new
cycle begins („CYCLE!‟). A cycle lasts 100 ms (Table 5). The cycle
length is represented by the invariant of the „run‟ state, i.e. „t<=1‟.
When the component has finished running, the automaton goes
from the „run‟ to the „start‟ state. The „tick and „runcontrol‟ (see
Fig. 6) automata are interleaving in terms of control. The „tick‟
automaton gives run permission to the „runcontrol‟ using channel
„CYCLE‟. The „runcontrol‟ automaton indicates to the „tick‟
automaton when it has finished running using the variable „ISRUN‟.
When the cycle ends, the clock variable „t‟ will reset, and the
variable „ISRUN‟ will return to false.

Fig. 4 Statechart of detection point implemented in Yakindu
Fig. 5 Automaton ‘tick’ for time handling

Starting from the Yakindu model of the detection point
described above, we also constructed the UPPAAL model of this
component. For this, we used the UPPAAL version 4.2.24.

Table 5 Declarations of automaton timehandling
// Clock variable
clock t;
// Length of a tick/cycle (in 100 ms units)

Before the UPPAAL model of the detection point could be
called ready for simulation and model checking, it needed certain
additional features. Three things were necessary to implement for
the UPPAAL model of the detection point to make it suitable for
simulation and model checking: time handling (by the automaton
called „tick‟), execution control (by the automation called
„runcontrol‟), and input function (by the automaton called
„inputgeneration‟, when applicable). The supplementary automata
are included in the system declaration part of the UPPAAL model
(see Table 3). Accordingly, the UPPAAL model of the detection
point consists of four automata, of which the functionality of the
detection point (see Fig 4) is realized by the automaton
„presencehandling‟ (see Table 4 and Fig. 8).

The automaton called „runcontrol‟ is responsible for execution
of the component‟s functions in the correct sequence (see Fig. 6).

Table 3 System declarations in UPPAAL
// Automata
tick = TC();
runcontrol = RC();
inputgenerator = INPGEN();
presencehandling = PH();

Fig. 6 Automaton for execution control

// Automaton - Cycle generator
// Automaton - Run control
// Automaton - Input generator
// Automaton - Presence handling

Each of the automatons belonging to the detection point
functions has a unique identifier („PERMISSION‟). In this case
study, identifier 1 is the automaton „inputgenerator‟ and identifier 2
is „presencehandling‟. The order of execution matches the numeric
order of identifiers: first „inputgenerator‟ then „presencehandling‟.
Each automaton receives its run permission via the broadcast
channel „ALLOWEDRUN‟, and they use the variable
„PERMISSION‟ to examine if it is their turn.

system tick, runcontrol, inputgenerator, presencehandling;

Table 4 declares the interface variables of the detection point
(„in_presence_p‟ as input and „out_occupancy‟ as output variable).
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One possible input function of the detection point implemented
in UPPAAL is shown in Fig. 7. The parameters and declarations of
this automaton are described in Table 6. Depending on our
modeling purposes – but not necessarily in all cases – we may need
an input function for each component. This function can be
specified in several forms. In our case study, we constructed an
input function for the presence inputs of the component detection
point that covers all possible input combinations. The created
function is shown in Table 6. Each cycle begins with the detection
point object reading its input. The input to be read is always
randomly selected (see Fig. 7, „inp:int[0,1]‟) from the set of
specified input combinations. The automata perform their task
depending on the detected input and current state. (Note that in this
case study the detection point does not have parameters and timers.)

and used for the presented case study. We have found that the
transformation between the two tools can be ensured according to
simple rules for the defined UML subset, which provides a good
opportunity to automate part of the process.
Table 7 Results of model checking
Req.
CTL formulas
in_presence_p == true -->
A
out_occupancy == true
in_presence_p == false -->
B
out_occupancy == false

Result of model checking
Property is satisfied.
Property is satisfied.

We worked together with domain engineers during the
development of the described case study. Our conclusion is that one
possible small subset of UML statecharts and UPPAAL automata
could be easily mastered by railway engineers. For this reason,
domain engineers did not refuse to use formal methods in this way.
We found that the main difficulty for the domain engineers is to
prepare the requirement specification. The problem is that they do
not deal with the formalize-ability aspects of the requirements
during the preparation of specifications. To solve this issue, we
began to develop an intermediate domain language in this field of
the railway.

6. Conclusion

Fig. 7 Automaton for input generation

In this paper, we presented the applicability of a formal
modeling-based methodology through a case study. The proposed
process we have performed provides a specification-verification
environment for railway engineers. This framework facilitates the
construction of high-quality functional specifications during the
development compared to traditional development. We found that
the proposed UML subset could be applicable in the railwayspecific domain to support formal modeling and model checking
already in the early stages of the lifecycle. During the
transformation from the Yankidu to the UPPAAL, we found that a
part of the proposed process can be well automated. We are
currently working on the implementation of this transformation
tool.

Table 6 Declarations of automaton input generator
// Input generator function
int setinput(int inp){
if (inp == 0) {in_presence_p = false;}
else if (inp == 1) {in_presence_p = true;}
return 0;
}

The presence handling function implemented in UPPAAL is
shown in Fig. 8. This automaton is constructed based on the state
machine shown in Fig. 4. The variables are named equally in the
Yakindu and UPPAAL models, so the “transformation” can easily
to trace.
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Fig. 8 Automaton to presence handling.

So far so, with the activities performed in the previous
paragraph, we have constructed a formal model of the detection
point in the form of a timed automaton from the specification of the
railway engineering domain. At this point, only another input is
missing to verify the model, which we would like to do in this case
study with model checking: specifying requirements „A‟ and „B‟ by
CTL formulas. The formalized requirements and the results of the
model checking are shown in Table 7.

5. Results and discussion
Our research focuses on a formal modeling-based methodology
to support railway engineers during the development lifecycle. The
proposed environment builds on a UML subset for specification and
model checking for verification. In this paper, we summarized the
main steps of the proposed methodology, described the UML
subset, and presented the steps of the process in a case study from
the UML specification of a component to the model checking. The
Yakindu Statechart Tools and UPPAAL framework were selected
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Abstract: The paper deals with the development of the unaccompanied combined transport (UCT), in Romania. Firstly, it presents statisti cs
and performs a quantitative analysis, depicting a sharp decline of the UCT after 1990, its low weight in the total freight transport volumes
and the main characteristics of the domestic traffic which has had a higher weight than in the neighbouring countries and is almost
completely connected with the Port of Constanta. The qualitative analysis indicates a great weight of the empty boxes (generating higher
costs and prices), the disappearance of several type of services during the time and the fact that the Port of Constanta has not become a real
engine for UCT yet. The paper identifies as reasons for these evolutions the changes in the economy, the cancelation of the support measures
implemented before 1990, the route competition, the competition with other ports at the Black Sea, the constraints for the transit through the
Bosphorus Strait and the lack of practical support measures. It is interesting that the policies and the strategies before and after 1990 are
practically identical, but the measures implemented before 1990 are not compliant with the European legislation. Secondly, th e paper
performs a comparison between the UCT with rail legs and the road transport. The analysis depicts several structural, technical, and
operational issues (poor status of the railway infrastructure and container terminals, the charges for the use infrastructure that are higher in
the railway case and the investments in the roads) making UCT not attractive on the market. On the other hand, the calculations based on
the method used in the Marco Polo Programme, respectively using the EcoTransit application indicate lower external costs and important
savings in CO2 and other polluting gases. Thirdly, the paper deals with the possible support measures, emphasizing that the measures
implemented in Austria could be models for the Romanian authorities. European legislation related to the state aids also need s revisions, so
that it would not embarrass the transport policies. The main conclusion is that UCT could develop only if subsidies and other appropriate
support measured would be implemented.
Keywords: COMBINED TRANSPORT, TRAFFIC VOLUME, PRODUCTION SCHEME, PRODUCTION COST, EXTERNAL COST,
POLLUTION, SUPPORT MEASURES
When the subject of carriage is a container, a swap body or a
semitrailer (identified in accordance with the international standards
ISO6346 and EN13044), we talk about unaccompanied combined
transport (UCT) [6]. The paper deals with the development of the
unaccompanied combined transport (UCT), in Romania.

1. Introduction
For decades, the combined transport was defined as a door-todoor service performed by at least two transport modes [1]. This
meaning is kept in the “European Agreement on Important
International Combined Transport Lines and Related Installations‟
(AGTC)” and in the “Convention for the Unification of Certain
Rules for International Carriage by Air”, originally signed in 1929
in Warsaw and last time amended in Montreal, in 1999. However,
in the seventies from previous century, this concept has been
replaced by multimodal transport [2].
Today, in Europe, we also deal with a special form of
multimodal transport, respectively the intermodal transport having
the characteristic that the loads are not divided when they are
transferred from one mode of transport to another one [3]. It is
interested that in America, this term is used as a synonymous for
multimodal transport [4].
Moreover, the intermodal transport also has a particular form of
implementation, for which the name of combined transport is given.
In this new approach, the combined transport is defined as
“intermodal transport where the major part of the European journey
is by rail, inland waterways or sea and any initial and/or final legs
carried out by road are as short as possible” [3].
The general definition practically does not impose any
constraint for loads or for the length of the different legs. From this
perspective, even if the combined transport is seen as a solution for
shifting the traffic from roads to other less polluting transport
modes, it does not help the efforts to implement the transport
policies having this aim. Therefore, the „Council Directive
92/106/EEC of 7 December 1992 on the establishment of common
rules for certain types of combined transport of goods between
Member States‟ comes with the following provisions [5]:
1.The subjects for the combined transport must be “the lorry,
trailer, semi-trailer, with or without tractor unit, swap body or
container of 20 feet or more” [5];
2.The road legs are limited:
 “between the point where the goods are loaded and the
nearest suitable rail loading station for the initial leg, and
between the nearest suitable rail unloading station and the
point where the goods are unloaded for the final leg, or;
 within a radius not exceeding 150 km as the crow flies from
the inland waterway port or seaport of loading or unloading.
[5]”
3.The carriage on rail, inland waterway or sea “exceeds 100 km
as the crow flies” [5].

2. Development of the UCT in Romania
Table no.1 depicts the main moments in the development of the
UCT services in Romania.
Table no. 1: Moments in development of UCT in Romania [7]
Year Event
1955 Start of containerisation in Romania
Setup of the railway units specialised in trucking and
handling intermodal units
1958 Entry into force of a Domestic Freight Tariff, including
“General conditions for carriage of the containers”
1969 First transports of large containers with length of 10‟
1970 Start of operations in the first container terminal, București
Basarab
Run of the first train carrying large containers of 10‟, between
București Basarab and Brașov
1972 Introduction of the course of “Multimodal transports” in the
study programme dedicated to the students enrolled at the
specialization “Railway remote Control and Transport
technology” (today, “Transport engineering”) of the faculty of
Transports from the Polytechnic Institute of Bucharest (today
POLITEHNICA University of Bucharest)
1973 Start of operations in the first modern container terminal, 16
Februarie 1933 (today Bucureștii Noi)
1974 Adoption of a strategy for the development of Romania
stipulating the following ideas: “a rational weight will be
given to any transport mode, the aim being to use in the most
efficient way the inland waterways and railways in order to
avoid the pollution” [8]
1975 Publication of regulation regarding the large containers by the
Romanian Naval Register
1978 Adoption of a strategy for the development of Romania
stipulating: “it is necessary to use in the most efficient way all
the means and to optimise the transport, respectively to
implement on a large scale the modern technologies,
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force at that time, at least one terminal should have had to be
developed in every country department.
On the other hand, in the same year the performance of the
combined transport in the total railway performance measured in
tonnes carried on railways reach only to 3.3% (10.103 million
tonnes from 306.302 million tonnes) [11,12].
After 1989, a very sharp decline occurred, as indicated in the
figures no. 3 and 4. Today, the traffic volumes measured in TEU
and tonnes represent only 12,57%, respective 21.4% from the
volumes recorded in 1989.The main reasons for this evolution are
the structural changes in the national economy generating the
disappearance of the national transport plans, bankruptcy and
closure of most of the traditional clients, the liberalisation followed
by a development of the road transport and the lack of any support
measure [11, 12].
Negative effects had the bankruptcy of the former units of the
Romanian Railways. specialised in trucking and terminal operating.
In the reforming process of the Romanian Railways, they were
transferred, in 1998, to the newly created national freight operator
as a subsidiary, then they were privatised in 2002, but this process
did not help them to survive. Thus, UCT lost important resources,
specialised staff and knowledge, which could be replaced with
difficulty.
Statistics depict the UCT characteristics in Romania [13]. Thus:
1. In comparison with other countries, such as Poland, the
UCT has not developed during the last two decades. The values of
the traffic volume measured in TEU has kept relatively constant. A
decrease could be observed in the period of the financial and
economic crisis started in 2008, but a recovery has occurred later.
2. UCT in Romania is performed using almost exclusively ISO
containers. The numbers of swap bodies and semitrailers carried on
railways could be neglected. This fact is generated by the fact that
the road carriers in Romania have not invested in swap bodies or in
specific semitrailers, cranable and compliant with the UIC standards
for carriage on rail wagons. However, during the last decade, some
foreign companies have organised freight transport in cranable
semitrailers to and from a terminal connected to the main border
station between Romania and Hungary (Curtici). This traffic is
served in Romania by the railways only on the border line, on 8 km,
while the respective customers have preferred for the rest of the
Romanian territory only the pure road carriage. This happens due to
the poor status of the railway infrastructure, generating higher
transit times and costs than in the case of the roads.
3. UCT keeps a low weight in the total performance of the
railways, both in terms of tonnes and tonnes - kilometres (fig. no.
5). An increase could be observed in the last years in the case of the
performances measured in tonnes - kilometres, due to the routing
through Romania of the containers from Turkey to the Western
countries or vice versa by the subsidiaries in Romania and Bulgaria
of two traditional operators from other countries.
4. In Romania, the traffic flows served by the UCT are
unbalanced. The empty intermodal transport units (fig. no. 6) have a
very high weight in the total performances of the UCT, even if this
weight has known a small decrease in the last years. It varies
between 30 – 40%, in comparison with Germany, where only 20 25% from the TEUs are empty. This characteristic could be
explained through two aspects:
a)
The demand characteristics. The transport intermediaries
claim that they have encountered difficulties in finding goods
which could stuff the intermodal transport units on the return
trips. Impossibility to operate the intermodal transport units in the
load – load system imposes to the transport providers to increase
the charges invoiced to their customers at levels allowing them to
cover the costs of the empty run of the units, too. Consequently,
UCT becomes more expensive than other solutions.
b)
The fact that the intermodal transport units belong to the
shipping companies or to the European intermodal transport
operators, having their own optimisation solutions in connection
with them. Consequently, the units are not repositioned in
Romania, so that they could be operated in the load – load system.

Year Event
especially the palletisation and the containerisation”.
1986 Publication of the “Guidelines for the combined transport
through the ECM units”
1993 Ratification by Romania of the European Agreement on
Important International Combined Transport Lines and
Related Installations (AGTC)
1999 Issuing of the Government Ordinance no. 33 from 30th of
August 1999 establishing rules in the combined transport of
the goods, approved through the Law no. 401 / 2002
2000 Issuing of the Government Decision no. 193 / 2002 approving
the Guidelines for application of the Government Ordinance
no. 33 from 30th of August 1999 establishing rules in the
combined transport of the goods
2001 Issuing of the Government Decision no. 1003 from the 4th of
October 2001 approving the “Strategy for the development of
the railway system in Romania, in the period 2001 – 2010”,
including a section dedicated to the intermodal transport
2003 Start of operations in Constanţa South Container Terminal
(CSCT), in the Port of Constanta
2007 Launch of the Operational Sectoral programme
TRANSPORT, stipulating the promotion of the intermodal
transport and the modernisation of some terminals
2009 Star of operations in Rail Port Arad (at Curtici)
2011 Approval of the “Strategy for intermodal transport in
Romania 2020” through the Order of the Minister of
transports no. 457 from 20th of June 2011 – never
implemented
2020 Approval of the “Strategy for the development of the railway
infrastructure 2021-2025”, containing an annex related to the
intermodal transport
It is interesting to remark that the strategies in 1974 and 1978
include principles that are practically identical with those ones
defined in the European white papers published in 2001 and 2011,
respectively in European documents adopted during the las decade.
Regarding the first container terminal built in Romania (16
Februarie 1933, today Bucureștii Noi), this one was designed by
Romanian engineers, without the help of foreign consultants, with a
configuration which be considered actual even today.

3. Trends and evolutions
The UCT in Romania knew its golden period between 1970 and
1989. The strategies mentioned in the table no.1 were implemented
through investments in container terminals, rolling stock and other
equipment, staff formation and specialization, adoption of specific
operational regulations, as well as through strong support measures.
In the centralized economy at that time, the transport tasks were
being allocated with priority to the railway system and to the inland
waterways through the national transport plans. At the same time,
bans were imposed to the road transport, which was limited at short
distances of no more than 100 km [9]. Practically, taking into
account the average distances recorded in that period, this one was
employed only for pick-up and delivery services from / to clients
not served by railways.
The traffic volumes recorded in this period were impressive.
According to the data available on website of the Organisation for
Economic Co-operation and Development (OECD), Romanian
Railways carried more containers than the railways in the two
German states taken together (figure no. 1). In terms of tonnes, the
performances in Romania are quite similar with those in the two
Germanies (figure no. 2).
A monography published at the e 65th celebration of the
Bucharest Regional Railway Branch confirms these facts. It
indicates that, in 1983, the volume of the goods dispatched in
containers from this branch reached to 900000 tonnes [10].
In 1989, 29 container terminals were being operational, and 19
others were being under construction. According to the plans in
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Fig. no. 1: Traffic volumes measured in TEU, in the period 1970 – 1990 [11]
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90 000

Traffic volume - Tonnes carried

60 000

Germany

30 000
0

2004

Romania

2005

2006

2007

2008

2009

2010

2011

2012

2013

2014

2015

2016

2017

2018

2019

2020

Germany 34 424

46 066

51 898

60 258

66 022

55 421

60 524

64 301

66 230

71 094

66 458

64 358

58 329

56 075

61 301

63 698

64 948

Romania

3 953

3 135

3 082

2 375

1 398

1 881

2 611

2 372

2 094

2 324

2 053

1 856

2 617

2 601

2 114

2 164

2 842
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Fig. no. 5: Weight of the UCT in the total railway freight traffic in Romania, between 2004 and 2020 [13]
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5. An interesting evolution could be observed in the case of
the volumes recorded in the different traffic types. Between 2004
and 2020, the weight of the international traffic has significantly
decreased, the TEUs of import and export volumes becoming
practically neglectable, both in terms of volumes and weight in the
total traffic volume. The transit seems to become more important
due to the subsidiaries in Romania and Bulgaria of two traditional
railway operators in other countries, which rerouted intermodal
transport units from or to Turkey on the Romanian railway network.
On the other hand, the domestic traffic has known an important
increase in its weight, becoming from far dominant.
6. UCT in Romania differentiates from the similar services in
the neighbouring countries, in which the international traffic looks
more important than the domestic one. Moreover, in Bulgaria, the
highest weight is recorded in the case of the transit traffic. This
difference could be explained through the fact that the railway
routes through Romania between Western countries and Turkey,
respectively between China and Europe are longer than on the
competing routes through Serbia, respectively Belarus and Poland.
Compared with the other Balkan route, the Romanian route is
characterised by a longer Diesel leg, too. In this context, we should
observe that no regular or experimental train has passed through
Romania from or to China.
7. The statistical records corroborated with the traffic flows
published in the General Master Plan of Transport [13, 14] lead to
the conclusion that almost the entire domestic traffic is connected
with the Port of Constanta. On the other hands, the port mainly
serves the foreign trade of Romania, due to its geographical
position. From this perspective, we could assert that the domestic
traffic is, in fact, international. The transport of intermodal transport
units is registered in domestic rail traffic, between railway stations
located on the national territory, but the goods inside them go or
come from abroad.
In the case of the Port of Constanta, we should also observe that
the container traffic volume knew its maximal value in 2007,
respectively 1.4 million TEU. It has decreased during the
economical crises and has not recovered later. In 2020, only 643025
TEU passed through the port. For comparison, the number of boxes
handled in the Port of Gdansk increased from 512000 TEU in 2010
to 1924000 TEU in 2020.
A breakdown taking into account the transport means used for
the container transport to and from the port of Constanța is
presented in table no. 2.

scale in the case of the ports located at the Black Sea in comparison
with other European ports.
Looking at the rail services dedicated in Romania to the
intermodal transport units, specific features could be also revealed:
1. In domestic traffic, the trains have in composition only
wagons loaded with ISO containers and are commissioned by one
single client [7, 13, 15];
2. Trains serving more clients could be observed only in
international traffic [15];
3. The most important clients of the container trains use their
own facilities for loading or unloading the boxes to and from the
wagons. In such cases, transhipment and road legs miss. A good
example is the main Romania car manufacturer (SC Automobile
Dacia SA) [15].
4. In the last decade, the services have been performed
between [15]:
 Private sidings to terminals or vice versa;
 Public sidings in a station to terminals or vice versa;
 Terminals to terminals.
5. The services are organised mainly as the shuttles and the Yshuttle trains (shuttles with antennas). From this perspective, an
evident regress regarding the implementation of different
production systems could be remarked in the comparison with the
container rail transport in 1989 (table no. 3).

4. Competition with other type of services
Taking into account the geographical position and conditions, in
Romania, both competition and cooperation between the different
transport modes are possible. From this perspective, the container
carriage on rails could not be competed by the solutions involving
the sea transport. On the other hands, for different traffic relations
and customers, alternative solutions to the UCT with rail legs are
possible on roads and inland waterways.
Regarding the road transport, statistical data differentiating the
pure container road carriage and the road legs related to the UCT
solutions are not available. However, as the table no. 4 shows, in the
case of the unitised loads, the customers have changed their
preferences opting for container rail carriage more than for road
services. Roads still remains the main competitor for UCT through
the conventional services recording much higher volumes than the
total ones related to the railway transport [13].
At the same time, the container river transport on Danube has
always been a weak competitor (table no. 4). Its traffic volumes
knew a constant increase till 2011 and a sharp decline after this year
[13]. In the best year for the inland waterways, three companies
provided services on the Danube [15]:
 Mainrom, between Constanta and Giurgiu and serving
mainly the Bucharest area;
 Bulgarian River Shipping Company, between Constanta and
the Bulgarian ports at the Danube, respectively Belgrade;
 Helogistics Holding GMBH, between Constanta and
Budapest [16].
The decline of the container river transport has been generated
by the bankruptcy of the Mainrom Company (effect of the
financial–economic crisis started in 2008 and competition with land
services) and the cancellation of the Helogistics services only after
one year from their start, due to the low demand and poor
navigation conditions [16].

Table no. 2: Breakdown of the container traffic volumes, in
TEU, through the Port of Constnața [7]
Inland
Year TEU
Rail
Road
Sea
waterways
2007 1411414 14.70% 14.80%
69%
1.60%
2009
594303
18.33% 51.14% 29.03%
1.50%
2019
666036
0,26%
Not available
2020
643725
0,19%
In these circumstances, it is obviously that the Port of Constanța
has not become a real engine for the UCT with rail legs in Romania.
Its poor performances in container traffic could be explained by [7]:
1. Development of container terminals in the Ukrainian and
Russian ports at the Black Sea and the competition with these ports.
2. The preferences observed in the case of many great shipping
companies to establish hubs in the Mediterranean ports and to serve
the ports at the Black Sea (including Port of Constanța) only with
feeder ships, carrying containers mostly for or from the local market
(pick-up and delivery services);
3. The size constraints imposed by the Turkish Straits for the
passage of the ships. Practically, ultra-large-container ships (ULCS)
having lengths of 400 m and carriage capacities of more than 20000
TEU are not allowed on Bosphorus Strait. The biggest portcontainer
ships which have called on the Port of Constanța have not overcame
a length of 300 m in length and a capacity of approximatively 9000
TEU. Consequently, we could talk about problems of economy of

5. Issues in the UCT development
In comparison with the unimodal solutions (supposing only a
simple carriage between the sites of the consignor and the
consignee), UCT supposes the following processes and operations:
1. Road carriage on the initial leg, between the consignor and
the combined transport terminal;
2. Transhipment between the road vehicles and the railway
wagons, done directly or after handling and temporary storage;
3. Rail carriage to another terminal;
4. Transhipment between the railway wagons and the road
vehicles, done directly or after handling and temporary storage;
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Table no. 3: Production systems used in Romania [7]
Description according to the Intermodal
Transport Association (EIA)

Description according to the DIOMIS project commissioned by
1989
the International Union of Railways (UIC)
Direct Shuttle
trains Y-shuttle train (train with antennas)
O/D lanes
No DIOMIS equivalent
Liner train

Shuttle
Liner
production
systems

Triangular service
Conventional liner service

Group train

Collection and distribution
service
Hub-and-spokes
Network
production
systems

No DIOMIS equivalent

No EIA equivalent
Shuttle network

No EIA equivalent

2017

2020

YES

YES

YES

YES

YES
NO
YES

YES
NO
YES

YES
NO
NO

YES
NO
NO

YES

NO

NO

NO

-

-

-

Less-than- Turntable production system
trainload
No DIOMIS equivalent
O/D lanes
Gateway production system – HUPAC model

Gateway network

2011

YES

NO

NO

NO

YES

YES

YES

YES

NU

NO

NO

NO

Hub-and-spokes - Intercontainer – Interfrigo model

YES

YES

NO

NO

Mainhub / Megahub production system

NO

NO

NO

NO

Mixed intermodal/conventional production system

DA

NO

NO

NO

Table no.4: Container traffic volumes specific to the roads, railways and inland waterways [13]
Transport Unit of
mode
measure
Road
IWW
Road
Rail
IWW
Rail
IWW

2008

2009

2010

18443 20425 19989 14084
Thousend
tonnes

Rail

2007

Million
tonnes km
TEU

2011

2012

2013

2014

2015

2016

2017

2018

2019

2020

1414

1129

2021

1012

1479

781

784

381

639

563

3082

2375

1398

1881

2611

2372

2094

2324

2053

1856

2617

2601

2114

2164

124

128

142

182

146

59

5

9

3

80

60

3

8

2

2253

1747

1262

918

356

337

349

307

484

197

251

125

188

142

612

465

280

657

919

830

733

813

561

605

818

969

1002

1022

52

50

44

54

54

26

4

5

2

21

15

2

4

2

320923 260936 181238 250781 347064 286415 233409 260706 328126 328850 418049 406683 344212 296830
9927 11555 11721 12579 16129

6739

5.

Road carriage, on the last leg, between the last
terminal and the consignee.
Consequently, UCT with rail legs must cope with:
1. Structural issues generated by the specific UCT
operations:
a) Possible supplementary durations making the overall
transit times higher than in the case of the road
transport:
 Transit times related to the initial and final road legs
(1 – 3 hours);
 Standstill times in terminals for the intermodal
transport units;
 Duration of the handling and transhipment between
the rail and road systems in terminals;
 Transit times on railway legs higher than in the case
of the road transport, due to longer distances,
regulations and infrastructure status;
b) Planning and scheduling of the different operations, as
well as the allocations of the necessary resources,
generating additional costs;
c) Resources having specific costs:
 Specialised staff (crane operators, etc);
 Specific equipment (reach stackers, rail-mounted
gantry cranes, etc);
 Power or the Diesel fuel consumed by the specific
equipment;
2. Technical and operational issues in connection with
the rail legs of the UCT:

1155

3114

1380

6664

4839

1266

1821

1242

a) Shuntings for composing or decomposing the train sets
when the useful length of the tracks in terminals are
lower than the train lengths;
b) Shuntings for transfer of wagons or train sets between
the terminals and the railway stations serving them;
c) Procedures imposed by the railway safety regulations in
the dispatching station, in transit stations or in the
arrival station of an intermodal train (technical and
commercial checks, brake tests, etc.);
d) Locomotive change if the traction system changes;
e) Administrative procedures imposed by the railway
legislation and regulations;
f) Limits imposed by the clearance profile to the size of
the assembly formed by every wagon and the containers
loaded on it;
g) Possible decisions of the infrastructure managers that
could generate delays in the train circulation, affecting
in a negative manner the punctuality.
In addition to these factors, in Romania, negative effects occur
due to the poor infrastructure status, consequence of the lack of
investments for modernization during the last 30 years and of the
important delays in overhaul [14]s. Despite the fact that the train
lengths and gross tonnages could be considered satisfactory, the rail
infrastructure comes with limitations for the technical speed (even
on modernized lines), a very low commercial speed and a clearance
profile for the intermodal consignments under the requirements of
the European regulations and customer expectations. Table no. 5
presents a comparison between the situation on the Romanian rail
network to the trains and the standards stipulated in the European
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 in the case of a 40‟ container, carried alone on a railway
wagon included in the composition of a train with 35 wagons
loaded everyone with a 40‟ container and running on on 250 km:
– before 2018, [(15 lei / train-km : 4.95 lei/€) x 250 km] :
35 containers / train = 21.64 € / container;
– Since 2018, 0.3 x 21.64 = 6.5 euro / container.
However, during the last 15 years, private companies invested
in the development of the Rail Port Arad, a terminal connected to
the border station Curtici, respectively in the development of three
smaller intermodal facilities in Ploiesti and in the area of Bucharest.

Table no. 5: Railway and intermodal parameters in Romania versus
the international standards [7]
Target
Unit of
Actual value
Parameter
Moderni- New
measure
in Romania
sed lines lines
Vehicle
AGTC
UIC B UIC C
UIC B
loading
P/C 45 – P/C
Intermodal
P/C 70 – P/C 400
gauge
375
85 - 90
Speed
[Km/h]
Minimal 120
Commercial
speed 18 km/h
Authorise v≤100
22.5
22.5
d mass per km/h
[t/axle]
20,5
axle
v≤120
20
20
km/h
Authorised mass per
[t/m]
8
8
7,2
linear meter
Minimum
useful
siding
length
= [m]
750
750
500-700 m
maximal train length
Train weight
[t]
Minimal 1500 t
1400 - 3000

6. UCT benefits
Benefits will be presented in the case of services between the
Bucharest area are and the Port of Constanta. Calculations are done
using the Marco Polo methodology, for the external costs [20],
respectively the EcoTransIT software tool (compliant with the
European Standard EN 16258:2012), for the quantities of pollutants
avoided [21]. They are based on the following assumptions:
 For intermodal transport units:
– Container type: 40‟ container (Universal) ;
– Container gross weight: 28 t / container;
– Container tare: 4 t / container;
 For the UCT with rail legs:
– Railway relationship: Titan terminal (served by
Bucuresti Sud railway station) – Constanta South
Container Terminal (served by Constanta FerryBoat
station);
– Load on wagon: 1 40‟ container / wagon;
– Train composition: 35 wagons / train
– Distance on the road leg around Bucharest: 50 km;
– Load on a road vehicle: 1 40‟ container / vehicle;
 For pure door-to-door road transport:
– Distance: 275 km;
– Load on a road vehicle: 1 40‟ container / vehicle.
Consequently:
 Table no. 6 presents the calculations and the savings in
external costs generated;
 Table no. 7 depicts the quantities of pollutants avoided
when using the UCT.

Agreement on Important International Combined Transport Lines
and Related Installations (AGTC) or required by the customers.
Investments have been made and modernization works have
been performed only on the different sections of the railway line
included on the actual Orient / East - Med Corridor / Pan European
Corridor IV. These works are not finished even if, according to
forecasts from 2011, they would have had to be finalized for several
years [7]. At the same time, they have always embarrassed the rail
traffic, coming with limitation of the line transport capacity and
producing important delays for the trains and consignments.
Therefore, the combined transport operators and the direct
customers seem to prefer to organize UCT solutions with road
transport on very long distances, to and from the Romanian –
Hungarian border and rail legs including only a section of 8 km in
Romania and on longer segments abroad.
Regarding the other railway lines composing the Romanian
railway network, no modernization work has been performed up to
now and they have continuously deteriorated. The main effects are:
 Poor quality of the railway carriage and UCT;
 Unpredictability in delivery of the intermodal transport
units;
 Poor utilisation of the resources, due to the longer turnround
cycles for wagons and locomotives and the long period in the same
service for the staff;
 Increase of the transport costs on the railway legs.
At the same time, despite the fact that 29 land terminals were
being operational in 1989, only 4 of these could be used today. In
the period after 1989, the continuous and sharp decline of the UCT
made difficult decisions for their modernization. Later, the Sectoral
Operational Programme TRANSPORT 2007 – 2013 made available
some funds for modernisation of terminals, but no project
developed.
All these issues have happened simultaneously with huge
investments in the modernization of the roads and construction of
highways, increasing the attractivity of the road transport.
Moreover, the policy for charging the infrastructure use has
proved totally favorable to the road transport. For more than one
decade, the standard toll for heavy lorries has been kept at the level
of 1210 euro / year and lorry [17]. If a lorry runs 1100000 km / year
[18], this value is equivalent with 0.01 euro / km. This Romanian
toll is 41 times lower than the toll applied on the Austrian roads (on
the highways in Austria, the tolls are even much higher) [19]. At the
same time, the normal charge for the rail infrastructure use is higher
in Romania than in Austria [19].
A comparison between the tolls and the charges for the rail
infrastructure use indicate the following values:
 In the case of a 40‟ container carried on roads on 250 km,
0.01 euro/km x 250 km = 2.5 €/ container;

7. Support measures
A simple check on the website of the European Commission in
the area of the state aids reveals a lot of decisions approving
subsidies for combined transport in different countries and different
periods [22]. Moreover, the financial support has come, many
times, with additional measures facilitating the UCT development.
From this perspective, Austria seems to be a good example and
model. Therefore, table no. 8 presents the possible support
measures, comparing the situation in Romania with that one in
Austria [7, 23], .
Practically, in Romania, no aid measure has sustain the
development of the UCT. This fact happens, even if some legal
provisions have allowed such actions. Firstly, the Government
Ordinance no. 88 / 1999 stipulate that the government is allowed to
subsidize the purchasing of equipment for combined transport
(vehicles, handling equipment, intermodal transport units and
computer systems). Unfortunately, after the accession of Romania
at the European Union, such measures could be implemented only
after their approval by the European Commission. Secondly,
„Council Directive 92/106/EEC of 7 December 1992 on the
establishment of common rules for certain types of combined
transport of goods between Member States‟, as it was amended after
the accession of Romania and Bulgaria to the European Union,
allows the exemption from the payment of the vehicle taxes if such
vehicles would be used in combined transport. Unfortunately, the
Romanian Fiscal Code does not contain provisions in this way.
In this context, special comments need the European
regulations. Firstly, we should observe that Austria provides an
example in which measures supporting the accompanied combined
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Table no. 6: Savings in external costs generated by the run of a container train between the Titan terminal and Constanta South Container Terminal (located in the Port of Constanta)
External costs – Unaccompanied combined transport
Savings
External costs - road
Traffic data
transport
Road leg
Diesel traction
Electrical traction
TOTAL
Container
number

Net tonnes
/ container

km

Unit cost
in euro /
1000 tkm

Euro /
train

km

Unit cost
in euro /
1000 tkm

Euro /
tren

km

35

24

275

42.40

9794.40

50

42.4

1780,80

9.27

Unit cost
in euro /
1000 tkm
18.7

Euro
/ train

km

145.61

219.7

Unit cost
in euro /
1000 tkm

Euro /
train

6.7

1236.70

Euro /
train
3163.11

Table no. 7: Quantities of pollutants avoided by the run of a container train between the Titan terminal and Constanta South Container Terminal
Pollutant
Road
UCT
Quantities of pollutant
avoided
Road leg
Rail leg
Total
GHG emissions (calculated as
CO2 equivalents)

Carbon dioxide (CO2)

Sulfur dioxide (SO2)

Nitrogen oxides (NOx)

Non-methane hydrocarbon
(NMHC)

Particulate matter (PM10)

Well-to-tank

1

0,31

0,95

1,26

-0,26

Tank-to-wheel

6

1,29

0,05

1,34

4,66

Well-to-wheel

7

1,6

1

2,6

4,4

1

0,33

0,85

1,18

-0,18

Tank-to-wheel

6

1,27

0,05

1,32

4,68

Well-to-wheel

7

1,6

0,9

2,5

4,5

2,96

0,5916

2,8997

3,4913

-0,5313

Tank-to-wheel

0,04

0,0084

0,0003

0,0087

0,0313

Well-to-wheel

3

0,6

2,9

3,5

-0,5

3

0,3

1,2

1,5

1,5

Tank-to-wheel

16

3,7

0,8

4,5

11,5

Well-to-wheel

19

4

2

6

13

1,7

0,44

0,04

0,48

1,22

Tank-to-wheel

0,3

0,06

0,06

0,12

0,18

Well-to-wheel

2

0,5

0,1

0,6

1,4

0,1

0,03

0,21

0,24

-0,14

Tank-to-wheel

0,3

0,06

0,03

0,09

0,21

Well-to-wheel

0,4

0,09

0,24

0,33

0,07

Well-to-tank

Well-to-tank

Well-to-tank

Well-to-tank

Well-to-tank

tonnes

tonnes

Kg

Kg

Kg

Kg
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Euro /
train
6631.29

Euro /
container
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Measure type
Austria [23]
Financial support Aids for terminal construction and modernisation [23]

Aids for purchasing equipment used in combined traffic [23]
Aids for feasibility studies[23]
Direct subsidies (grants) [23]
Traffic type
Type of intermodal unit
Gross weight
Domestic
GC20, WAB 20, WAB 25 Up to 25 t
> 25 t
GC 30, WAB 30
Up to 25 t
> 25 t
GC 40, SAN 70, WAB 40 Up to 25 t
> 25 t
Import
- GC20, WAB 20, WAB 25 Up to 25 t
export
> 25 t
GC 30, WAB 30
Up to 25 t
> 25 t
GC 40, SAN 70, WAB 40 Up to 25 t
> 25 t
Transit
GC20, WAB 20, WAB 25 Up to 25 t
> 25 t
GC 30, WAB 30
Up to 25 t
> 25 t
GC 40, SAN 70, WAB 40 Up to 25 t
> 25 t

Fiscal support

Bans

Other measures

30–100 km
19
12.50
26.60
19
36.10
22.70
16.20
10.70
22.90
16.30
31.10
19.50
9.50
6.50
14.30
10.00
19.50
11.90

Table no. 8: Support measures – comparison between the situation in Austria and Romania
Romania [7]
Sectoral
Operational No fund spent,
Programme
TRANSPORT No terminal built or
2007 – 2013
modernised
Operational Programme Great No fund spent up to now
Infrastructure
NO
NO
NO
101–250 km >250 km
29.80
36.20
19.50
23.70
38.30
44.40
29.50
37.20
49.80
55.80
35.30
45.10
25.80
31.40
16.80
20.50
33.10
38.40
25.50
32.20
43.10
48.30
30.40
39.00
16.40
18.70
10.50
12.00
21.00
22.90
16.00
19.00
27.40
28.70
16.10
23.00

Excempting from the payment of the tax for road vehicles that are used exclusively on the initial and final leg [23]

NO

Reimburstment of 15 % from the montly tax for road vehicles, for every transport in Ro-La trains or if it is a part
NO
of a combined transport with semitrailers [23]
Bans for road vehicles overcoming 3,5 t [23]:
Only on a limited number of road sectors and in specific
periods from the year
 Every Saturday, in the time interval 15:00 – 24:00
 on every Sunday and in holydays in the time interval 00:00 – 22:00
 In the period 6th of July – 31st August,on every Saturday and on the 3rd of October in the time interval 7:00 și
15:00
 In the period 4th January – 14th of March, on the highways A12 Inner and A13 Brenner
 during the night, for vehicles overcoming 7.5 tonnes, in the time interval 22:00 - 05:00
 Temporary bans for heavy vehicles on the Brenner corridor, for reasons related to the high air pollution
Very high tolls taking into account the pollution standards. Special tolls for certain highways, including during the
NO
nights [23]
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Drastic limitation of the number of transit permits for vehicles registered in countrias that are not members of the
NO
European Union [23]
Table no. 9: Comments in connection with the „Community guidelines on State aid for railway undertakings” (2008/C 184/07) [25]
Provisions in the Communication from the Commission
Comments
„Community guidelines on State aid for railway
undertakings” (2008/C 184/07)
“102. As regards aid for rail infrastructure use, the eligible costs  The definition are not clear and could generate different interpretations:
are the additional costs for infrastructure use paid by rail
 In the restrictive approach, only the charge for the use of the infrastructure;
transport but not by a more polluting competing transport mode.”
 In the largest approach, the total cost of rail transport. This approach underlies on the fact that the rail transport must comply with
rules more severe that in the road system and that it is not possible without specific operations (train circulation according to
schedules / trainpaths, commercial and technical checks in the dispatching station, on route and in the destination station, test
brakes, etc.).
 The Commission practice has been, since 2012, to include in the eligible costs only the infrastructure use charge and the fees related
to the terminals.
“103. As regards aid for reducing external costs, the eligible  The study of the different decisions adopted by the European Commission in connection with the state intensions to grant aids for
costs are the part of the external costs which rail transport makes
different forms of combined transport or railway transport reveal the fact that different methodologies had been used. For example,
it possible to avoid compared with competing transport modes.”
Austria and France presented calculations based on methodologies developed in these countries, while Italy and Romania employed
the Marco Polo methodology. At the same time, no methodology has become a standard. There are only recommendations. Different
methodologies could lead to different results.
 The definition does not indicate anything in connection with the methodology for calculating the external costs. As different
methodologies have been used, with possible different results, there is a risk to generate different interpretations and decisions for
similar conditions and situations.
„107. The Commission considers that there is a presumption of  Based on the study of the different decisions adopted by the European Commission in connection with the state intensions to grant
necessity and proportionality of the aid when the intensity of the
aids for different forms of combined transport or railway transport, it could be asserted that these aid intensities could no t be
aid stays below the following values:
sufficient. For instance, in the case of the decisions regarding the single wagonload traffic and the combined transport in Austria, the
(a) for aid for rail infrastructure use, 30 % of the total cost of rail
figures presented in a clear manner in these documents revels higher differences between the cost of the rail-based solutions and road
transport, up to 100 % of the eligible costs;
carriage (even if Austrian request complied with the standard intensities). At the same time, the Commission admitted that the total
(b)for aid for reducing external costs, 30 % of the total cost of
costs specific to the Alpine Rolling Motorway and to the Ro-La trains in Romania could be covered with aids having intensities of
rail transport, up to 50 % of the eligible costs”;
more that 30% from the total costs.
 The customers will choose the rail or UCT services only these services will bring real benefits to them. Real benefits mainly mean
for customers charges / prices lower than the prices specific to the road transport . Other benefits such as shorter transit times could
interesting in specific circumstances. From this perspective, the provisions at point 107 do not comply with the customers‟
behaviour and could not help the development of the UCT.
“108. For aid above these thresholds, Member States must  The study of the different decisions adopted by the European Commission depict the fact that this provision prolonged the
demonstrate the need and proportionality of the measures in
assessment procedures.
question.”
 The Romanian experience in connection with the Ro-La trains proves that supplementary explanations are necessary and that
arguing could represent real challenges in the relation with the Commission staff.
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multimodale”, Conference of Railway Rolling Stock, Club Feroviar,
Bucharest, 19 May 2021 (2021);
8. SBORA T., TĂNASE G., ȘERBAN D., “ Econmia,
organizarea ;I planificarea transporturilor”, Editura Didactică și
Pedagogică, Bucharest (1979);
9. ***, „Sectoral Operational Programme Transport 2007 –
2013. Final version”. Ministerul Transporturilor şi Infrastructurii,
Bucharest (2007).
10. ***, „Mărturii și împliniri 1919-1984”, Regionala C.F.
București, Bucharest (1984);
11. ***, Internet website of the Organisation for Economic Cooperation
and
Development
(OECD),
https://data.oecd.org/transport/container-transport.htm, visited on
the 15th of March 2022;
12. FISTUNG D., MIROIU R., POPESCU T., „Transportul
feroviar în România, de la apariție și până în prezent”, în Noua
Enciclopedie a României. Cunoașterea enciclopedică a României –
Caiet de lucru 4 – Transporturi, Centrul dde Informare și
Documentare Economică, National Economical Research Institute
„Costin C. Kiriţescu“ belonging to the Romanian Academy,
Bucharest, (2019);
13. ***,
Internet
website
of
the
Eurostat,
https://ec.europa.eu/eurostat/web/transport/data/database, visited on
the 1st of March 2022;
14. ***, Internet website of the Ministry of transports and
Infrastructure in Romania, http://www.mt.gov.ro/web14/strategiain-transporturi/master-plan-general-transport/documente-masterplan1/613-documente-master-plan-general-de-transport, visited on
the 1st of March 2022;
15. TĂNĂSUICĂ N.M., “Transportul unităţilor de transport
intermodal pe căile ferate din România”, Conference organized by
Club Feroviar with the theme „Tasks of the railway transport in the
development of competitive logistical solutions”, Constanța, 5 – 6
April 2011 (2011);
16. ***, website of the Helogistics company, .
www.helogistics.at/index.php?pid=138lang=2&nid=12, visited on
the 9 martie 2011;
17. ***, Internet website of the National Highway and Road
Infrastructure (CNAIR), http://www.cnadnr.ro/, visited on the 15th
of March 2022;
18. ***, Internet website of theNational Union of Road Hauliers
in Romania, https://www.untrr.ro/ro/, visited on the 1st March 2022;
19. ***,
Internet
website
of
the
ASFINAG,
https://www.asfinag.at/, visited on the 1st of March 2022;
20. BRONS M., CHRISTIDIS P. „External cost calculator for
Marco Polo freight transport project proposals”, European
Commission - Joint Research Centre, Louxemburg (2011);
21. ***, Internet websie of the EcoTransIT project,
https://www.ecotransit.org/en/emissioncalculator/, visited on the 1st
April 2022;
22. ***, Internet website of the Europpean Commission (state
aids cases), https://ec.europa.eu/competition/elojade/isef/index.cfm,
visited on the 1st of March 2022;
23. ***, Internet website of the Federal Ministry of Climat
Action, Energy, Mobility, innovation and Technology of Austria,
https://www.bmk.gv.at/public.html, visited on the 15st March 2022;
24. ***, Internet website of the European Commission,
https://ec.europa.eu/commission/presscorner/detail/en/CJE_03_50,
visited on the 15th of March 2022;
25. ***, Internet website of the European Commission
https://eur-lex.europa.eu/legalcontent/EN/TXT/?uri=celex%3A52008XC0722%2804%29, visited
on the 15st of March 2022.

transport (prohibition of lorries carrying certain type of goods on
the Brenner corridor) had to be removed following an infringement
procedure started by the European Commission. In the
Commission‟s opinion, the Austrian brake the European rules
regarding the liberalisation of the transport and the competition
[24]. Secondly, we must remark that the “Community guidelines on
State aid for railway undertakings” contain provisions embarrassing
the adoption of support measures. Comments on this topic are
presented in the table no. 9. All these facts lead to the idea that the
European regulation in the area of state aids, liberalisation and
competition in the transport sector could create real barriers in the
implementation of the policies and strategies aiming to shift the
traffic from roads to other less polluting solutions.

8. Conclusions
UCT has a real tradition in Romania. Despite remarkable
achievements before 1989, such services are employed at a very
low level on the transport market, due to structural, technical and
operational issues. Particularly, the poor status of the railway
infrastructure and terminals corroborated with the long transit times
specific to them have determined the customers to prefer the road
transport.
At the same time, the UCT comes with real benefits for the
society and iis seen, in the official strategies and programmes, as a
solution for shifting the traffic from roads and for sustainable
development. It could develop and reach to the performances in the
past only through intelligent measures increasing its attractivity.
Based on the Austrian experience, the UCT development is
possible through:
 Investments in the railway infrastructure;
 Development and modernisation of the terminals;
 Direct grants (subsidies) for operations;
 Financial support for acquisition of specific equipment
(specialised wagons, trucks, containers, swap bodies, computer
systems, etc.);
 Fiscal measures, such as excepting from the payment or
reducing the different taxes and charges;
 Real changes in the principles and policies regarding the
charging for the use of the rail infrastructure, respectively for the
use of roads;
 Bans for heavy road vehicles;
 Severe limitations in the number of the transit permits for
heavy road vehicles registered in countries that are not members of
the European Union;
 Internalization of the external costs.
Last but least, the European legislation in the areas of transport
liberalisation, competition and state aids needs important revisions.
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Abstract: The paper is focused on composite materials with a polymer thermosetting matrix reinforced with long (continuous) fibers. These
materials offer their specific properties that can be used in various areas of industry. From this point of view, polymer matrix composites
are, due to their mechanical properties and low weight, the most promising material for use in various application solutions. However, their
disadvantage is the high price, which is higher than the price of conventionally used materials. The method of production of components
from composite materials itself requires precisely specified technological procedures, which differs slightly from the traditionally used
methods of component production, e.g. of metal materials.
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of aluminum, magnesium and titanium alloys. For use at high
temperatures, metal matrices are made of nickel alloys.

1. Introduction
The current worldwide trend in automotive production is to
reduce the weight of cars, which allows carmakers to fulfill their
intention to intensively reduce fuel consumption and thus the
production of harmful emissions. The issue of composite materials
is very extensive and concerns not only the automotive industry. It
accompanies developments in land, air and water transport.

The main advantage of polymer matrices in composites is their
low density, which is one of the main areas of their use in aircraft
construction. One of the disadvantages is the low thermal stability
of the polymers. The most important composites have thermoset
matrices, such as polyester and epoxy resins.
Ceramic matrix composites are light and very hard materials,
but they are very brittle. However, they can be used in
environments with very high temperatures. Ceramic matrix
composites can be oxidic or non-oxidic in nature. [3]

The application possibilities and uses of composites are diverse.
They are becoming more widespread, also due to their excellent
mechanical properties due to their weight. These materials offer
their specific properties that can be used in various areas of
industry. From this point of view, polymer matrix composites are,
due to their mechanical properties and low weight, the most
promising material for use in various application solutions.
However, their disadvantage is the high price, which is higher than
the price of conventionally used materials.

According to the geometric shape of the reinforcement, the
composites are divided into:
• particulate,
• fiber: ˗ with short fibers,

The method of production of components from composite
materials itself requires precisely specified technological
procedures, which differs slightly from the traditionally used
methods of component production, e.g. of metal materials. Glass,
aramid or carbon fibers are used to reinforce the polymer matrices
to increase the stiffness of the composite. The size of the particles
added to the matrices is a significant factor. Likewise, the direction
and orientation of the fibers, or the amount of reinforcement, will
affect the resulting properties. This offers the possibility to set the
parameters and properties of the composite to best suit the specific
conditions in which the component will be used.

˗ with long fibers,
• skeletal.

Fig. 1 Types of reinforced composites [2].

2. Characteristics of composites

In the case of particulate composites, one dimension of the
reinforcement structure does not significantly exceed the other
dimensions. The reinforcing particles may have a spherical, platelike, rod-shaped and irregular shape.

Composite materials are made of two or more materials with
different physical, chemical and mechanical properties. The final
material created by combining these components has significantly
better properties than the properties of the individual components.

Fiber composites have reinforcement structures in one direction
significantly larger than in the other. Short fiber composites have a
significantly longer fiber length compared to the size of the product.
On the contrary, for long fiber composites, their length is
comparable to the size of the product.
The skeletal composites are formed by a porous matrix which is
permeated by a continuous supporting skeleton. [2, 4]

The selection of the individual components of the composites
takes into account the conditions under which the composite will be
used, such as the required strength, durability or its service life. The
separate components of composites, generally called components,
are divided into a matrix and a filler. [1]
Distribution of composite materials

According to the direction of the fibers in the matrix, the
composites are divided into:

According to the nature of the composite matrix, we divide it
into the following groups:

• undirectionally short or long fibers,

 with a metal matrix,

• two-way or multi-way reinforcement,

 with non-metallic matrix:

• random orientation fibers: ˗ short,

˗ organic materials: polymer matrix,

- long. [4]

˗ inorganic materials: ceramic matrix.
Metal matrices are characterized by ductility and toughness
compared to polymer matrices. Metal matrices are most often made
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According to the most important manufacturers, the most
commonly used thermoset and thermoplastic matrix types include
the following:

Fig. 2 Example of reinforced fiber orientation [5].

THERMOSETS

THERMOPLASTICS

• unsaturated polyester (UP),

• polypropylene (PP),

• vinyl ester (VE),

• polyamide (PA),

• unsaturated epoxide (EP),

• polycarbonate (PC). [1, 6]

• polyamide (PA),

2D random orientation of fibers occurs in composites made by
the method of pressing thin-walled components or in composites
from mats. 3D random fiber orientation occurs in composites
produced by injection molding or extrusion. In a composite material
with randomly oriented fibers, we can speak of isotropy, so its
properties are independent of the orientation of the fibers. The
disadvantage is that one-way orientation of the fibers can occur,
making the material anisotropic. [5]

The properties of the most commonly used thermoplastic and
thermosetting matrices can be seen in the following table.
Table 1: Overview of matrix properties [6]

Matrix type

Density
[g/cm3]

Young’s
modulus
[GPa]

Tensile
strength
[MPa]

• metals,

Thermosets

1.1 - 1.67

1.3 - 6.0

20 - 190

• non-metals: ˗ inorganic: ˗ ceramic material,

Polyesters

1.1 - 1.5

1.3 - 4.5

45 - 85

- glass,

Epoxies

1.1 - 1.4

2.1 - 6.0

35 - 90

- Ad basalt,

Vinyl esters

1.05 - 1.2

70 - 90

3.5 - 4.5

˗ organic: ˗ polymers,

Polyamides

1.2 - 1.9

3.0 - 3.1

80 - 190

˗ polyamide fibers, kevlar,

Thermoplastics

0.9 - 1.45

1.0 - 4.0

20 - 250

˗ nylon. [4]

Polypropylene

0.9

1.1 - 1.5

28 - 41

Polyamide

1.42

2.8 - 3.4

76 - 83

Polycarbonate

1.21

2.1 - 2.8

62 - 76

According to the reinforcement material we know:

The fibers can be man-made, natural (glass, carbon, aramid,
basalt and others) or other reinforcing materials. The role of the
fibers is to provide the matrix with the required strength and
stiffness, thus helping it to resist cracks and fissures. [1]

Polyester matrix composites

3. Properties of polymer composites with long
fibers

Polyester resins are the most widely used resin systems in the
shipbuilding industry. They are also used in the construction
industry and for the production of common structural composite
parts. The basic types of unsaturated polyester resins are:

The current trend in the automotive sector is to reduce weight,
which directly contributes to reducing fuel consumption and thus to
reducing the emissions that cars produce. From this point of view,
polymer matrix composites are the most promising material due to
their mechanical properties and low weight. However, their
disadvantage is the high price, which is higher than the price of
conventionally used materials.

• orthophthalic - lowest price. average properties.
• isophthalic - better than orthophthalic. better chemical and
thermal resistance.
• fumaric - good chemical and thermal resistance.

Each of the polymer composites has properties that make the
composites more attractive for use in automotive manufacturing
than conventionally used materials. These features include at least
one of the following:

• chlorophthalic - is non-flammable. but mechanical properties
are worse than other species.
• vinyl ester - very good chemical and thermal resistance.

• high strength, • corrosion resistance,

Unmodified and unsaturated polyester resins have a high
shrinkage during curing. which is in the range of 7 to 8%. They are
fragile and easily create microcracks. which are an undesirable
element. The electrical properties are very good. as is the resistance
to ultraviolet radiation. The resins saturate the fibers well. but the
bond strength of the matrix and the glass fiber is lower. [7]

• high rigidity, • high strength to weight ratio,
• high ductility, • low maintenance,
• thermal properties, • resistance to weather conditions,
• low weight, • good resistance to cracking,

For processing. it is necessary for the resin to contain still other
substances. such as catalyst. accelerator. additives. and chemical
refractories. In order to achieve the best material properties. it is
necessary to add the accelerator and the catalyst in well-measured
amounts according to the ratios given for the individual resins. An
excess of catalyst causes a shortening of the gelation. while its lack
causes insufficient curing. Fillers are added in amounts up to 50%
by weight of the resin. but some additives can affect the flexural
and tensile strengths of the laminates. The description and
suitability of the selected polyester resins can be seen in Table 2
below. [7]

• chemical resistance, • versatile use. [1]
Today, there are a large number of polymer-based composites.
These materials are based on the combination of reinforcement and
macromolecular material in order to improve mechanical properties.
Many of the properties of composite materials depend on the
appropriate combination of matrix type, reinforcement used, and
manufacturing process.
The basic component of the composite matrix is a polymer that
binds the filler of organic or inorganic origin. The matrix is divided
into thermosetting and thermoplastic in polymer composites.

63

trans&MOTAUTO '22

Table 2: Selected polyester resins from HAVEL COMPOSITES CZ s.r.o.

Polyester resin

List

HAVEL pol. 1

Basic orthophthalic
accelerated.

resin.

which

is

HAVEL pol. 2

Standard orthophthalic. pre-accelerated. lowemission and thixotropic resins.

HAVEL pol. 4

Clear. UV stable and non-accelerated resin.

HAVEL pol. 5

Non-accelerated resin suitable for the production
of more demanding parts.

HAVEL pol. 6

Standard orthophthalic pre-accelerated resin with
a lower price. It is suitable for the production of
structural parts of ordinary fiberglass. where price
is the main criterion.

HAVEL pol.
H 834

Table 3: Hardeners overview of company HAVEL COMPOSITES CZ s.r.o.

pre-

Resin

It is a moderately reactive thixotropic resin that is
pre-accelerated with low shrinkage. It is designed
for the production of ships and other composite
parts. It is suitable for production by spraying or
manual laying. It has a high heat stability up to
95 °C

Mixing ratio

Pot-life
100g at 20 °C [min]

Parts by
weight

Parts by
volume

133 MGS

100:35

100:40

10 - 15

135 MGS

100:35

100:40

25 - 30

136 MGS

100:35

100:40

60 - 120

500 MGS

100:40

100:50

10 - 15

H 285

100:40

50

H 505

100:27

15 - 30
100g at 25 °C [min]

H 10

100:45

100:50

15 - 25
100g at 25 °C [min]

Vinyl ester matrix composites
Vinyl ester resins have a molecular structure similar to
polyester. but primarily differ in the position of their reactive sites.
which are located at the ends of the molecular chains. They are easy
to handle. especially at room temperature. while providing
mechanical properties comparable to epoxy resins.
Compared to cheaper polyester resins. they have better chemical
resistance. including hydrolytic stability. which contributes to easier
control of curing time. Polyester resins have poorer resistance to
water and other chemicals. corrosion resistance and lower heat
resistance. However. their price is lower compared to vinyl ester
resins and they cure faster. They are used in the production of gas
pipelines. cooling towers. shipbuilding and rotor presses.
In general. vinyl ester resins. which are unsaturated thermoset
resins. combine the best properties of polyester and epoxy resins.
[6, 7]

C

100:60

50

L

100:40

40
100g at 20/45 °C [min]

386 MGS

100:35

100:40

300 - 360 / 80 - 120

Table 4: Overview of epoxy resins HAVEL COMPOSITES CZ s.r.o.

Epoxy
resin

List of resins

LH 145

Resin with very low viscosity and resistance to
crystallization. Suitable for the production of sporting
goods. boats and car parts.

LH 160

Laminating resin with low viscosity. high hardness and
chemical resistance. It is used for the production of boats
and boat accessories. sports equipment. models and
molds. It is more prone to crystallization at low
temperatures.

LH 260

It is a clear resin that is resistant to crystallization with a
higher viscosity compared to LH 160. Available in three
variants - with UV stabilizing substances. with a
defoamer for faster removal of microbubbles and with
limited flammability.

LH 289

It creates a smooth and shiny surface. and is most often
used as a glaze for artificial stone. It is characterized by
a lower price.

LH 288

Special epoxy resin with extremely low viscosity. which
is suitable for infusion technologies. Products made with
this resin are characterized by high hardness.

LH 300

Resin with higher viscosity and high heat resistance up
to 150 ° C. It is very important to follow the
technological procedure in the production of composites.

L 20

It has good adhesion to wood. steel materials. plastics.
ceramics and other similar materials.

C

Chemically very resistant epoxy resin. It is used in the
construction of stops. tanks and pipelines.

L 285
MGS

High quality resin that is certified for the aerospace
industry and model production. In combination with the
hardener. it forms a very viscous mixture. thanks to
which the fibers are supersaturated faster.

Epoxy matrix composites
Epoxy resins outperform most other types of resins due to their
mechanical properties and resistance to degradation. which is why
they are used in the aerospace industry. Another application of
epoxy resins is in the shipbuilding industry. thanks to increased
adhesion properties and resistance to water degradation. In this area.
they are used as a primary construction material. a secondary
application for hull shells or as a replacement for polyester
composites and gelcoats. They can also be used as adhesives and
sealants. varnishes. paints. but also as laminar resins for a wide
range of applications.
They can be easily and quickly cured at any temperature in the
range of 5 to 150 ° C. depending on the type of accelerator used.
One of the most advantageous properties is low shrinkage during
curing. which makes it possible to minimize internal stresses. They
have high adhesive strength. good chemical resistance and high
electrical insulation capacity.
They differ from polyesters in the method of curing. where they are
cured with a hardener instead of a catalyst. Curing can be
accelerated by the application of heat. which means that the higher
the temperature. the sooner the curing of the resin is achieved. In
other circumstances. curing may take several hours. [7]
An overview of hardeners. their mixing ratios with epoxy resins and
the curing time of epoxies can be seen in Table 3.
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the composite. Each resin has a gel time specified by the
manufacturer. which can be influenced by the type of resin used or
by changing the hardener used. Ambient temperature also affects
the rate of transition of the resin to the gel state.

4. Evaluation of the properties of polymer resins
and composites
The similarity of epoxides to vinyl esters is in the long chain
molecular structure and in the reactive sites located at the end of the
chain. The difference is that in epoxy resins. these sites are formed
by an epoxy group instead of an ester group. As a result. they have
extremely good resistance to the aquatic environment.

Curing at a controlled temperature changes the viscosity of the
resin. which increases with increasing temperature until the resin is
completely cured. By increasing the curing temperature to a certain
limit. it is possible to improve the mechanical and thermal
properties of composites. As the temperature rises. the curing time
of the resin decreases.

Compared to polyesters and vinyl esters. epoxies have very
good fatigue resistance. which is also one of the many reasons why
they are used in the aerospace industry. The main disadvantages
include high cost. critical mixing ratios and corrosivity.

The type of reinforcement used in the composite has a
significant effect on the mechanical properties of the composites.
Carbon composites had the highest strength-to-weight ratio
compared to other composites. but their ability to absorb energy
was low due to the brittleness of the material. Glass fiber reinforced
composites had significantly higher energy absorption after postcuring at elevated temperatures compared to carbon composites.
approximately 3.6 times. By combining the reinforcement fibers. a
balance of the mechanical properties of the composite can be
achieved. However. the post-curing of the already cured composite
does not have such a significant impact on the mechanical
properties of the composites compared to the initial curing of the
composites at elevated temperature.

Reinforcement of matrices with different fiber content. as well
as different orientation and type of reinforcement affects the
mechanical properties of the resulting composite material.
Therefore. it is important to pay attention to the appropriate choice
of matrix and reinforcement and other additives. as well as to the
selection of a suitable production technology.
Table 5: Properties of selected materials with composites

Material

Density
[g/cm3]

Young's
modulus
[GPa]

Tensile
strength
[MPa]

7.87

207.0

365.0

7.87

207.0

1722.0

Aluminum alloy 6061-T6

2.70

68.9

310.0

Titanium alloy Ti-6Al-4V

4.43

110.0

1171.0

Stainless steel 17-7 PH

7.87

196.0

1619.0

High-strength epoxy matrix
with carbon fibers (nonoriented)

1.55

137.8

1550.0

High-tensile epoxy matrix
with carbon fibers (nonoriented)

1.63

215.0

1240.0

Epoxy matrix with E-glass
(non-oriented)

1.82

39.3

965.0

Epoxy matrix with Kevlar
(49%) (non-oriented)

1.38

75.8

1378.0

Epoxy matrix with carbon
fibers (quasi-isotropic)

1.55

45.5

579.0

SMC pressed
(isotropic)

composite

1.87

15.8

164.0

Vinyl ester matrix with glass
fibers
(67%)
(randomly
oriented)

1.84

19.3

269.0

Vinyl ester matrix with glass
fibers
(50%)
(randomly
oriented)

1.80

15.8

166.0

Steel SAE 1010
processed )

( cold

Steel AISI 4340

At the same time. however. by additional curing of the already
cured composite at room temperature. the mechanical properties can
be further increased to a certain temperature. regardless of the
reinforcement used. The process of post-curing in the furnace at
elevated temperature results in an average of 10% increase in the
impact resistance of the material and a 9% increase in tensile
strength. which does not represent such a significant improvement
in mechanical properties as in the initial curing. Finally. it is
important to note that it is necessary to examine specific types of
composite materials in this way. Such an examination would
determine the temperatures at which the material needs to be cured
in order to fully exploit its potential and achieve maximum
mechanical properties.

hardened and tempered
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5. Conclusion
In the production of composites. it is important to pay attention
to the processing time of the resin. the so-called Gel time. Gel time
is the time during which the viscosity of the resin changes. after
which it is no longer possible to work with the resin or the
individual layers of the resin and the reinforcement are not
sufficiently connected. If this time is not observed. cavities may
form after curing or the individual layers may separate from each
other. resulting in reduced mechanical properties or deterioration of
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Abstract: The paper presents the possibilities of using reverse engineering in the digitization of automotive components and their
modification. A CAD model of the part was created based on the scanned point clouds. Subsequently, this model was compared with the
original cloud points. The point clouds were scanned by a laser 3D scanner in PolyWorks software. The reference 3D model was created
from a point cloud in the CATIA program. The comparison of the scanned point cloud and the reference model is performed in PolyWorks.
The Check IMAlign project module is used for this. This module allows you to compare the scanned point cloud, it is merged from several
scanned lines into one whole point cloud, which are created by a CAD model. The preparation of the 3D scanning arm FARO PLATINUM
ARM and the process of scanning the prototype of the front fender of the car are described.
Keywords: REVERSE ENGINNERING, DIGITIZATION, POINT CLOUD, CAD MODEL, DESIGN COMPONENT
significant financial resources that would otherwise be needed to
store these items.

1. Introduction
At present, the process of Reverse Engineering is a very often
used term, which refers to the engineering activity of creating
objects equivalent to their model, on the basis of which they were
created. The basic precondition for the implementation of Reverse
Engineering is therefore the existence of an object that needs to be
converted into a 3D form. Another important part of this process is
the tool for implementing the transfer of a real object into a virtual
form. This tool is digitization. With the help of 3D scanners or in
other words digitizers, it enables this engineering activity to be
carried out. This technology has found its application in many areas,
such as industry, healthcare, culture, film and many others.

Additional production - enables the production of products
that their original manufacturer no longer produces, by obtaining a
digital product model.
Spare parts - in the case of a product that is no longer
manufactured, no spare parts are produced for it or it is unique, it
enables the production of a replacement part by scanning the
damaged part.
Digital media, games and animations - reverse engineering
can also be used as a means of creating digital characters and
scenery for computer games, movies and animations from the
concept of an artist / designer model.

The paper points out the possibility of using digitization as a
support for reverse engineering in modeling a real car component. It
offers a description of the procedures for the implementation of
digitization and creation of 3D models from the acquired point
cloud. The aim is to create a model of the fender of the vehicle
identical to the model. The reconstruction of the point cloud into the
resulting 3D surface was processed in the Catia V5 software using
the surface creation method with the support of a polygonal
network. This made it possible to create a continuous enclosed area
from which the resulting area model of the car's front fender could
be generated.

Cultural and artistic heritage - allows you to scan a variety of
works of art with high resolution and care for the scanned product
for the needs of their restaurant or reconstruction.
Healthcare - Reverse engineering helps to create accurate
reproductions of organs or bone structures.
Orthopedic engineering - in the process of creating orthopedic
aids, the scanned data provide extremely important data, without
which the designers would not be able to design the final product
exactly tailored to the customer.

2. Possibilities of using reverse engineering

Many other uses - significant assistance in product design,
CAD model updates, software analysis of real components using
various FEM systems, rapid production of models by
Rapidprototyping, creation of parts for vehicle tuning and much
more. [2, 3]

The primary goal of the reverse engineering process was to
implement the transfer of the real model into digital form. Over
time, new applications of reverse engineering have emerged in
many other industries, not just the engineering industry. Examples
of such applications are research of historical objects, development
of computer games and applications or even in the process of
quality control in production and the like. The problem with reverse
engineering is that, in theory, this technology is widely applicable
and there are many possibilities for its application, but in practice it
is a little different. The main brake on the use of the reverse
engineering process is the price of 3D scanners and specialized
software. In both cases, it is in the order of thousands to tens of
thousands of euros. [1]

3. Digitization of an automotive component
The whole process of digitization is always carried out in
several consecutive steps:
• In the first step, it is necessary to perform an analysis of the shape
of the component that will be scanned. If the part is too
complicated, it is good to divide it into several smaller parts and
scan them independently.

Possibilities of using reverse engineering:

• Based on the analysis carried out in the first step, the type of 3D
scanner is selected, followed by the specific model with which the
scanning process itself will be implemented.

Packaging design - allows you to use the exact areas and
textures that were obtained by scanning the necessary samples when
solving the packaging design.

• After selecting a suitable 3D scanner, it is necessary to prepare it
for calibration (if necessary) and it is also necessary to prepare the
scanned part for scanning.

Product ergonomics - allows you to use the data obtained by
digitizing hand-made models and mock-ups when completing the
final product design.

• In the fourth step, the process of scanning or digitizing the
component itself follows. This step is quite difficult and any error in
this step means that the scan will have to be repeated.

Digital archiving - thanks to the ability to archive tools,
samples and prototypes in digital form, it is possible to save
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• After a component is scanned, clouds of scanned points, which
appear to form areas, are stored in the software that communicates
with the scanner. These clouds need to be modified before they can
be exported to CAD software. In this step, the so-called scan
cleaning and alignment is performed.

distance than specified, the system could not correctly record the
surface points of the object. The digitizer does not always ideally
capture images in one line. These disturbances were caused by poor
reflection of the laser beam from the surface of the scanned object,
or in the case of digitization of complex shapes, where erroneous
reflections of the rays also occurred.

• In the next step, the modified point cloud is exported to CAD
software, in which its reconstruction will take place. Before the
reconstruction itself, it is necessary to adjust the point cloud in CAD
software, either by trimming or filtering the number of points. There
are several ways to reconstruct scan areas, depending on the
complexity of the component.
• After the creation of surfaces and their connection, a
comprehensive model is created, with which it is possible to work
in various ways [4 - 6].
Scanned component
A component that is the body part of the vehicle was designated for
scanning. This is the left front fender of the VW Polo. Specifically,
it is a part originating from a model under the group designation
6N2 manufactured from October 1999 to October 2001.

Fig. 2 Scanning component.

The component that was to be digitized was a bare molding. It was
not treated in any way against corrosion, it was not sprayed with
paint or any varnish.

The biggest problems were caused by the corners and edges of
the fender in question. All these problem areas therefore had to be
scanned several times in succession until a sufficient number of
points were obtained lying on these surfaces for future
reconstruction of the object in CAD software. This fact significantly
prolonged the whole process of digitization. After all the necessary
points have been scanned, they have been corrected and modified so
that they can be exported to an IGS file. Overall, the process from
the beginning of the digitization to its completion and the storage of
the point cloud took about an hour.
Point cloud adjustment
The point cloud had to be modified in Polyworks software
before its export in IGS form. The so-called scan overlap reduction
is required. When scanning a component, it was not possible to
avoid partial overlapping of individual scans of the object surface.
However, these overlapping points were completely unnecessary
and rather made it more difficult to work with the overall set. They
unnecessarily increased the amount of data that needed to be
modified and would make the whole reconstruction difficult.
Therefore, it was necessary to eliminate these overlaps using the
automatic function. The course of this step can be seen in Figure.3,

Fig. 1 Front fender of the car and FARO Platinum Arm Laser Scan V3
connected to PC

The FARO Platinum Arm Laser Scan V3 scanner was chosen
for scanning. This device combines CMM touch scanner technology
with a non-contact laser scanning method. The device can operate
in seven axes. In terms of dimensions, the device is 1.8 meters high
and is therefore the smallest of the offered scanners of this type of
the mentioned manufacturer. The laser scanning method was chosen
for the needs of digitization of the given component. This is mainly
due to the scanning speed, as the laser scanner allows you to obtain
up to 19,200 points per second, which would not be possible with a
touch screen. Overall, the tactile method is laborious and suitable
for measuring rather than scanning objects. The system is connected
to a PC via a USB port, where it works with Polyworks software,
but it is also compatible with Geomagic or Rapidform software. The
manufacturer states the accuracy of laser scanning + -35µm. At the
ideal distance of the scanning head from the body, the system can
scan 640 points in one line, which in practice corresponds to
approximately eight centimeters wide of the incident beam. The
scanner can scan up to 30 images per second. The scanning head
weighs a total of 370 grams, which is not a lot of weight, but when
shooting larger objects, it still causes considerable physical fatigue.

Fig. 3 Scan during overlap reduction and the resulting point cloud.

CAD model creation
Working in Catia V5 software was the last and most timeconsuming operation in the process of renovating fender surfaces.
At the beginning of the whole operation, it was necessary to open a
new product in the Shape module and specifically in the
DigitalizedShape Editor.

Scanning process
The scanned object had to be properly prepared and secured against
any movement. The entire scanning process took place in
collaboration with software designed to support the 3D digitizer. In
this case, Polyworks software was used. All points that the system
subsequently scanned were simultaneously displayed on the
software desktop on the PC screen. On the computer monitor, the
scanned points appeared as a uniform surface, but only ostensibly
due to their tight arrangement. If the laser head was at a greater

The entire digitized cloud contained more than two million
points. Such a volume and thus also a point density is unnecessary
for construction. Therefore, the DigitalizedShape Editor contains a
Filter command that reduces the number of scanned points.
However, this is not a random filter. The system required
determining the size of the radius around each point where no other
point should be located. In this way, he was able to reduce
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unnecessary information from the scan. P used a dog olomer two
millimeters. In practice, this means that the points were at least two
millimeters apart. This step reduced the entire scan to 78,398 points.
The filtration resulted in 3.33% of the scanned points as a
percentage. This may seem like a significant minimization of the
scan, but in practice this reduced number of points was enough to
reconstruct the surface of the scanned fender.

only the curves describing the edges of the fender, because such an
area would be inaccurate and there would be too much deviation of
the modeled surface with respect to the actual surface of the body.
Due to the greatest possible accuracy, the gradual creation of partial
areas of the scanned fender was started. In the case of the formation
of these sub-areas, it was necessary for the individual curves that
were to create these areas to form closed geometric shapes. If a
situation occurred in which the created geometric shape did not
occur, the software was not able to create the described surface. The
creation of shapes with four vertices was ideal. In such cases, the
software usually created the required areas without any problems. In
the case where a break or edge appeared on the polygon network, in
most cases there was an attempt to place a curve on it. This is due to
the easier connection of individual surfaces using other functions of
the Catia V5 software as well as to minimize uneven transitions
between individual parts of the fender Fig. 6.

Fig. 4 Point cloud filtering.

The last step before the actual reconstruction of the VW Polo
fender was the creation of the so-called polygonal network. This
step was performed using the MeshCreation function. When
creating the network, the software had to define whether it would be
2D or 3D mesh. It was also necessary to indicate whether the
network should be shaded, smoothed, in the form of triangles, and it
was very important to define the maximum distance of neighboring
points that make up the individual sections of the network. As can
be seen in Figure 7, the resulting polygon mesh was in 3D, shaded,
smooth, and the maximum distance of adjacent points was 6
millimeters.

Fig. 6 Polygonal network creation.

After the creation of individual closed geometric figures, the
reconstruction of partial areas followed. First of all, a network of
3D curves was created on the front of the fender, ie on the part that
is part of the vehicle's exterior design and is visible when looking at
the vehicle. Subsequently, the areas from this network were
reconstructed. This was followed by the lower part with the handle,
the rear part, oriented to the cab with the driver, and finally the
upper part, which is clamped to the beam of the vehicle structure.
The area between the curves itself is created using the Power Fit
function, which is found in the QuickSurfaceReconstruction module
of the Catia V5 software. In this function, the surface to be created
is defined not only by the boundary curves, but also by the so-called
pulling of the surface to the triangulation network. This minimizes
the total deviation of the created area from the triangulation
network.
After entering all the necessary data and pressing the Apply
icon, the created area between the boundary curves was displayed
on the software desktop. If a surface was created within the
tolerance specified in the Power Fit work window, no warning is
displayed in the bottom window. Likewise, the software did not
point out any major deviations, and therefore their value. In figure
number 40 it is then possible to see this mentioned area, which was
created at the beginning of the whole process of reconstruction of
the geometry of the object by translating 3D curves.

Fig. 5 Polygonal network creation.

After the network was created, several smaller holes were
created on the surface of the object. If a larger point distance
dimension were used, these holes would not have to be created at
all, but the accuracy of the network would be reduced. The software
developers also anticipated such a possibility, so it was possible to
easily heal these holes using the FillHoles feature. The program
required the maximum diameter of the holes to be sealed and
subsequently marked them on the software desktop.

As soon as all partial areas of the fender were created, the
activity of connecting these sections of the scanned object was
started. To implement this step, it was necessary to switch to the
Generative Shape Design module. After expanding the options
located below the Join icon, there was a Healing option that allowed
these partially created areas to join. The Healing function also made
it possible to join surfaces that had certain gaps between them,
which was different from the Join function. After selecting this
option, it was first necessary to define the areas that needed to be
joined. The program required the marking of at least two areas.
However, their maximum number was not limited in any way. After
defining the connected sections, it was necessary to determine the
connection parameters. These were the continuity of the connection,
the distance of the merging and the distance of the objects. In the

4. Reconstruction of surfaces using 3D curves
Reconstruction of surfaces using 3D curves was performed in
the Quick Surface Reconstruction module, which is located in the
shape directory. After switching to the mentioned module, the first
steps of creating the geometry of the object could be performed. On
the right side of the desktop, there was a 3D Curve icon between the
commands.
Gradually, curves were created between which a reconstructed
fender area was to be created. The goal was to create several
surfaces on different parts of the object and gradually connect them.
It was impossible to create the required surface reconstruction using
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case of determining tangential continuity, it was then possible to
define the angle of the tangent and the angle of the objects. In the
case of this work, continuity through individual points was usually
chosen, in other words Point continuity. To ensure the connection,
the merging distance was then chosen to be 1 mm, which was the
maximum possible value. In the case of object distances, the
maximum possible value, ie 0.1 mm, was similarly
determined.

component are usually retained, only the shape design changes. The
change was made in the area of the headlight compartment. A
change in the contour copying the shape of the headlight was made,
which was replaced by a new type of headlight. Another innovative
change that was made was the relocation of the turn signal to the
rear-view mirrors. In this case, this turn signal light is no longer in
the area of the front fender. This was the subject of a second major
change, when the opening for the original turn signal light was
removed and the area was filled with the Multy-sections Surface
function. Both of these adjustments were made by creating 3D
curves, the Extrude function in Generative Schape Design, and then
trimming the required areas with the Trim function.
By creating such a modified model, only one of the many
applications of digitization in practice was presented. In this
particular case, it turned out that with the help of a 3D scanner and
suitable software, the designer is able to promptly realize his design
visions. That's why 3D scenarios and digitization are an integral
part of the vehicle design process today.

Acknowledgement:
This contribution is the result of the project implementation:
APVV-16-0359, APVV-20-0303, VEGA No. 1/0497/20 and KEGA
036TUKE-4/2021. This support is highly appreciated by the
authors. Conflicts of Interest: The authors declare no conflict of
interest.

Fig. 7 Joining surfaces using the Healing function.

After creating all the holes and defining the necessary
roundings, a finished 3D model of the fender of the VW Polo 6N2
is created. This model was created using the method of translating
3D curves. This model was relatively high, which is represented by
Fig. 7. In this figure, it is possible to see the overlap of the
polygonal fender network and the 3D model. The more intense the
overlap of these elements, the more accurate the model with respect
to the polygon network, and thus to the point cloud itself and the
real scanning object.

References
1. M. Dúbravčík, Š. Kender. Application of reverse engineering
techniques in mechanics system services In: Procedia Engineering :
Modelling of Mechanical and Mechatronics Systems. Zemplínska
Šírava, Slovakia. - Košice : TU, (2012) Vol. 48 , p. 96-104. - ISSN
1877-7058
2. V. RAJA, _J. K. Fernandes: ReverseEngineering, An Industrial
Perspective. Londýn: Springer, (2008). - ISBN 978-1-84628-855-5
3. J. Slota, M.Mantič, I. Gajdoš. Rapid Prototyping a Reverse
Engineering v strojárstve. Košice: TUKE - Edícia študijnej
literatúry, (2010). P. 207 - ISBN 978-80-553-0548
4. M. Dúbravčík, Š. Kender , Š. Babjak. Using of 3D scanner in the
automotive design. In: Transfer inovácií. (2012), Vol. 22, p. 121124. - ISSN 1337-7094.
5. M. Dúbravčík, Š. Kender. 3D scanning and measurement with
3D measuring devices. In: It-strojár. (2011), p. 1-4. - ISSN 13380761
6. B. Shabani, Z. Pandilov. Analyzing and application of reverse
engineering for desingn and development of mechanical parts. In:
Mechanical Engineering – Scientific Journal, (2017) Vol. 35, No. 2,
p. 89–96. - ISSN 1857–5293

Fig. 8 3D model of the fender and overlapping 3D model and polygonal
network.

Fig. 9 Final modified 3D model of the fender.

5. Conclusion
Digitization can be used in many ways. This includes, for
example, the measurement of deviations, deformations or
anomalies, the preservation of historical artifacts and the like. One
option may be to use digitization in reverse engineering processes.
It can be the creation of a product design or the creation of product
innovations. The subject of scanning and reconstruction of the
geometry of the shape was the fender of the VW Polo car. Its
modification was based on the fact that when creating a facelift of
vehicles, the original handles and basic dimensions of the
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Optimization of the rubber forming process for the sheet metal part
using numerical simulation.
Juliy Martyn Kulya*, Miroslav Tomáš , Emil Evin
Technical University of Kosice, Slovakia
* juliy.martyn.kulya@tuke.sk
Abstract: This article focuses on the optimization of manufacturability for the aluminium cover produced by rubber forming. Aluminium
Al6016 was considered as a material for the cover and its constitutive equations Hill 48 and Hollomon described its properties. The
Mooney-Rivlin hyperelastic material model defined material properties for a punch made of rubber. Pam stamp software was used to create
the simulation model and evaluation. Results were optimized from the view of thickness red uction and punch stroke when two different
rubber hardness were selected.
KEYWORDS: RUBBER FORMING, ALUMINUM SHEET, NUMERICAL SIMULATION.

1. Introduction
Rubber forming is one of the unconventional forming
technologies, just like hydroforming, electromagnetic forming, and
blast forming, incremental forming [1-3]. Rubber forming is
advantageous for the production of prototype stampings, where the
role of the die is formed by rubber and any blank holder is required,
which simplifies the construction of the tool and the production of
prototypes. We distinguish two basic methods of rubber forming.
The Guerin method uses the principle of expansion of rubber
enclosed in a steel case. The advantage is that the rubber does not
leave any marks on the surface. The disadvantage is the need for
large forces, although large pressures have a positive effect on
increasing plasticity [1,2]. The Marform method is also suitable for
deep drawing of steel and nonferrous sheets. The difference is in the
layer of rubber, which is larger here. The height of the rubber must
be at least three times the height of the molding in order to avoid
rapid wear and loss of elasticity of the rubber) [2,3].

Figure 2. Marform method [5]
The project presents a case study of the manufacturability of a
sheet metal component (cover) by the rubber forming method. The
aim of the study was to verify the formability of the aluminium
sheet when processed by Rubber Forming technology. The process
was optimized for two different rubber hardness specified for the
punch, from the view of the effect on thinning of the material, and
contact between die and blank.

In practice and research, several authors have compared rubber
forming technology with other forming technologies. Peng et al [4]
investigated rubber forming for various molding materials, where
they examined the hardness of the rubber to the process result. In
the simulation, the authors used the hyper-elastic Mooney-Rivlin
model to describe the properties of a rubber die. The results of the
investigation were suitable rubber hardness and friction conditions
to achieve a uniform molding without breaking. Afteni et al. [5],
summarized rubber forming technologies, where they described the
production of different types of molding and different types of
production methods - Guerin process (Fig.1), Maslennikov process,
Marform process (Fig.2), Demarest process, Verson-Wheelon
process,, Verson Hydroform process and SAAB process. They also
analyzed the results of numerical simulation of selected rubber
forming technologies for selected types of moldings for the
automotive and aerospace industries. Younis et al. [6] investigated
the process of drawing a roll with rubber and used the experimental
results to verify the numerical simulation of rubber forming. The
rubber rod was made of polyurethane with different hardness and
thickness. Numerical simulation determined suitable process
parameters for different shapes of the bottom of the cylindrical
yield.

2. Materials and Methods
6016 aluminum is a 6000 series aluminum alloy: there is
significant alloying with both magnesium and silicon, and the alloy
is formulated for primary forming into wrought products. 6016 is
the Aluminum Association (AA) designation for this material. In
European standards, it will be given as EN AW-6016. A96016 is
the UNS number. Additionally, the EN chemical designation is
AlSi1,2Mg0,4. The thickness of material was a0 = 1,2 mm.
Mechanical properties are shown in Table 1 and basic material data
were used as follows:
-

Density 2700 kg.m-3

-

Young’s modulus 7x105 MPa

-

Poisson’s constant 0.3

Table 1. Mechanical Properties of aluminum Al6016
Material

Al6016

Re

r0

r45

r90

K

n

[MPa]

[-]

[-]

[-]

[MPa]

[-]

116

0.38

0.48

0.66

425

0.26

Constitutive material equations
To describe material behavior during simulation, yield law and
hardening curve needs to be defined. The Hill 48 anisotropic
plasticity yield law, which include Lanksford’s coefficients shown
in Tab. 1, was used to describe elastic-plastic transition as follows
(Eq. 1): [7,8]

Figure 1. Guerin method; [5]
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where: W is strain energy density, A and B are material
parameters and W(I3) is a penalty function for incompressibility
(using ν = 0,499: Poisson’s ratio), I1, I2 and I3 are the strain
invariants [11]. The parameters of the Mooney-Rivlin model for
two hardnesses of rubber punch used in the simulations are shown
in Table 3.

(1)

To describe material behavior beyond the yielding the
Hollomon hardening model (Eq. 2) was used as follows: [9,10]
,

(2)

Table 3. Parameters of Mooney-Rivlin model for rubber punch [4]

where K is material constant, n is strain hardening exponent.
The values of constants for Al6016 are in the table. 1. Stress-strain
curve based on this material model is shown in Fig. 3

Rubber Hardness

Constant A

Constant B

[Shore °]

[MPa]

[MPa]

55

0.382

0.096

70

0.736

0.184

Simulation model was modeled for Rubber Forming
technologies, and the model comes from the die shape (1), which
was imported into the PamStamp in the .igs format. Next, a rubber
punch (3), and blank (2) were defined in simulation software.
During the simulation rectangular blank 380x296 mm were used.
Adaptive meshing was set to blank in order to reduce computing
time with the initial element size of 3.2 mm and refinement level 2.
The die was set as a rigid body surface tool and the rubber punch
was set as a volume tool assigned to Mooney-Rivlin hyperelastic
material model. The simulation model is shown in Fig. 5.

Figure 3. Material strain hardening curve: Al6016;

3. Simulation settings
The Mooney-Rivlin hyperelastic material model was used to
define the punch material model. In the fig. 4 shows all the
parameters of the die material that were used for the simulation.

Figure 5. Simulation models - Rubber Forming

4. Results
The results of the simulation of the sheet forming of aluminium
sheet are illustrated in Table 4. The results are illustrated in 3
different positions, which are important to reach full contact of the
blank and die at the end of the forming. Fig. 6 shows selected
positions used to judge the contacts.

Figure 4. Parameters for rubber die material.
In the Mooney-Rivlin generalized model, the density of
deformation energy in the case of compressibility is expressed by
the relation (Eq. 3): [4,11]
Figure 6. Positions to judge the contact between blank and die

(3)

When considering Shore 55 hardness for the rubber punch at a
stroke of 25mm, there is no full contact in all 3 selected positions. If
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Table 5. Results of sheet forming in 3 important positions, with
two different hardness of elastic punch
Hardness
Stroke
Position 1
Position 2
Position 3

the stroke is increased to 30mm, then full contact occurs at the
corners of the drawpiece in positions 1 and 3, in the inner overlap
position 2 there is no full contact. Full contact in all 3 positions was
achieved at a stroke of 35mm.

Shore 55

For a Shore 70 hardness of the rubber punch at 25mm stroke,
contact was also not made in all 3 positions, with the filling of the
die being greater compared to the Shore 55 rubber hardness. After
increasing the stroke to 30mm there is full contact in all 3 positions.
The same full contact can be observed at a stroke of 35mm.

Shore 70

Among all simulations, we chose the two most suitable variants
with different hardnesses of the rubber punch. For Shore 55 it is the
most suitable version with 35mm stroke, because the version with
stroke 30mm and 25mm strokes is not enough for complete sheet
deformation. For the Shore 70, we chose the version with stroke
30mm , because it’s suitable stroke for sheet to reach full contact in
all positions. Versions with 25mm stroke it is not enough reach full
contact for two different punch hardness selected.

Stroke
25

Position 1

15%

7%

9%

30

37%

8%

31%

35

37%

8%

31%

25

27%

9%

28%

30

40%

7%

33%

35

40%

7%

33%

The results were calculated using a graph that was plotted in the
cutting plane. The plane was placed at the most critical point of
each position. The table shows the largest value of the sheet metal
thinning at each position.
For Shore 55 rubber hardness, comparable thinning occurred at 30and 35-mm stroke with a maximum value of 37% in position 1.
Similarly, for shore 70 rubber hardness, the thinning is comparable
at 30 and 35mm stroke with a maximum value of 40%.

Table 4. Results of sheet formation in 3 important positions, with
two different hardness of the elastic punch.
Shore 55
Position 2

25

Position 3

After assessing the simulation results (contact, thinning), we
can conclude that two variants are suitable for comparison of the
effect of rubber hardness: for Shore 55 the variant with 35mm
stroke is suitable, and for Shore 70 the variant with 30mm stroke is
suitable.
To compare the effect of rubber hardness on the pressability of the
sheet metal, the results of the thinning of the sheet metal after
pressing and the risk of material failure (FLD) were selected.

30

Figure 7 shows that when deforming with rubber with a Shore
55 tensile hardness and a 35mm stroke, there is a 37% shrinkage of
the material in position 1.
35

Stroke
25

Position 1

Shore 70
Position 2

Position 3

Figure 7. Results of sheet deformation with Rubber punch of
hardness Shore 55 (Thinning)
30

Figure 8 shows that when deforming rubber with Shore 55 rubber
hardness and a stroke of 35mm there is no failure of the material the deformation is below the forming limit curve.

35

Table 4 shows the values of plate thinning in all positions with
different boundary conditions
Figure 8. Results of sheet deformation with the Shore 55 (FLD)
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In Figure 9 it is shown that when deformed by a rubber with a
rubber tensile hardness of Shore 70 and a stroke of 30mm, the
material thinning by 40% in position 1.

4.

L. Peng,; P. Hu; X. Lai; D. Mei; J. Ni.: Investigation of
micro/meso sheet soft punch stamping process – simulation
and experiments. Materials & Design 2009, Vol. 30, p. 783790.
5. C. Afteni; G. Costin; I. Iabob; V. Paunoiu,; T. Virgil. A review
on sheet metal rubber-pad forming. The Annals of „Dunărea de
Jos” University of Galaţi 2018, Fascicle VI, p. 1-6.
6. K.M. Younis; A.I. Aljarjary; J.J. Shukur. Numerical and
experimental investigation of parameters affect the forming
load during rubber pad sheet metal forming. IOP Conference
Series Materials Science and Engineering 2019, Vol. 518(3), p.
1-12.
7. D. Banabic. Sheet metal forming processes – consitutive
modelling and numerical simulation; 1st ed.; Berlin Heidelberg
: Springer-Verlag, Switzerland, 2010; pp. 301.
8. J. Slota. Numerical simulation of sheet metal forming, 1st ed.;
Kosice : Technical University, Slovakia, 2016; pp. 194.
9. A. Hrivnak; E. Evin; Formability of metal sheets, 1st ed.;
Kosice : Technical University, Slovakia, 2004; pp. 223.
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and Numerical Simulation of the Deep Drawing Process of a
Box-Shaped Product Focused on Material Limits
Determination, Metals 2019, 9, art. num. 1058.
11. PamStamp users guide, ESI group 2020.

Figure 9. Results of sheet deformation with Shore 70 (Thinning)
In Figure 10 it is shown that the deformation of a Shore 70 rubber
with a rubber ductility and a stroke of 30mm does not damage the
material.

Figure 10. Results of sheet deformation with Rubber punch of
hardness Shore 70 (FLD)

Conclusion
In this article, I addressed the technology of sheet metal forming
using rubber forming technology, the aim was to compare the
formability of aluminium sheet metal with two different hardnesses
of Shore 55 and Shore 70 rubber.
Based on the results of the simulation, it can be concluded that the
variants for Shore 55 with a stroke of 35mm and for Shore 70 with a
stroke of 30mm are suitable for comparing the effect of rubber
hardness on the formability of the sheet. The increased rubber
hardness results in a higher value of thinning (40%) than the softer
rubber (37%). The effect of greater thinning is the greater holding
power of the harder rubber.
Shore 55 hardness rubber requires a greater stroke (35mm) than
harder rubber for maximum contact of the material with the tensile
strength. Both variants demonstrate compression without breaking.
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Quality assessment of heterogeneous welding joints made by gmaw method
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Abstract: At present, various types of steel grades are used in the production of welded structures and assemblies, resp. combinations of
ferrous and non-ferrous metals. In these mutual combinations, it is necessary to know the specifics of weldability of both materials, to choose
a suitable welding technology and a suitable filler material. In the experimental part, the quality of heterogeneous welded joints was verified
by the GMAW method. A protective gas atmosphere of 82% Ar + 18% CO2 was used for welding (M21 - ISO 14175: 2008). The possibilities
of welding and mutual combinations of austenitic stainless steel with structural non-alloy steel, structural alloyed high-strength steel with
structural non-alloy steel were assessed. The quality of welds was evaluated using non-destructive and destructive tests in terms of
standards: visual test STN EN ISO 17637, capillary penetration test STN EN ISO 22476-12, internal errors were evaluated using radiation
tests STN EN ISO 17636-1. The destructive tests used the tensile test STN EN ISO 6892-1, the weld fracture test STN EN ISO 5173 and the
Vickers hardness test STN EN ISO 6507-1, the bending impact test STN EN ISO 9016 and the metallographic analysis according to STN EN
ISO 17639.
KEYWORDS: GMAW METHOD, NON - DESTRUCTIVE TESTING, MECHANICAL PROPERTIES, QUALITY OF JOINTS
than the bonded base materials. These conditions can be provided in
particular with different combinations of metallic materials which
are mutually soluble or are capable of forming solid solutions in a
relatively wide range of mutual concentrations, e.g. in welding Cu
and Ni, Cu with single-phase Cu alloys, Al with Al single-phase
alloys and the like [8-13].

1. Introduction
GMAW (MIG / MAG) stands for Gas Metal Arc Welding,
which in turn means arc welding with a melting electrode in a
protective atmosphere. It is a welding process in which the heat of
an electric arc, which burns between the additive and the base
material, creates a mutual connection of the materials. The principle
of operation is that the current is supplied to the electrode by means
of a contact nozzle, i.e. a tip in the torch, which is connected to the
positive pole of the current source. The electrode in the form of a
wire, which is wound on a coil, is moved by a certain displacement
to the place of the weld by a constantspeed in a mechanized way by
means of pulleys[1]. Subsequently, the electrode melts at the point
of arc and the metal from the filler material is transferred to the
weld pool. The weld is brought about by a protective atmosphere
that protects the weld pool from the adverse effects of the
surrounding atmosphere. The advantages of this method lie in high
productivity compared to other welding methods. This method is
suitable for automation and robotization of welding work and its
scheme is shown in Fig.1 [2-4].

The additive material is selected on the basis of a common
chemical composition than the base material, which has a lower
melting point. When welding metals with low mutual solubility by
GMAW technology (MIG / MAG), e.g. steels with Cu or Cu alloys,
the best solution is to use the so-called metal interlayers which are
deposited on one or both welded surfaces. Such formed metal
intermediate layers must be of sufficient thickness in order to
prevent direct melting of the individual base materials. In Cu
welding, such interlayers with a higher Ni or nickel content of highalloy nickel or copper alloys are often used. By using such
interlayers, various other metallurgical problems are often solved,
such as e.g. problem with Cu leakage into steel.[14-16]
The primary elements in the protective atmospheres used in
GMAW (MIG / MAG) technology are Ar and CO2. Other
secondary elements in multicomponent argon-based protective
atmospheres are elements such as He and O2. Technical argon is
produced from air. Argon is divided on the basis of its purity,
namely argon 4.6 (Ar 99.996%), argon 4.8 (Ar99.998%) or argon
5.0 (Ar 99.999%). However, in MIG / MAG welding, pure argon is
rarely used. Nevertheless, it is a component of many mixed gases
used in GMAW (MIG / MAG) welding in a wide range [17].
Carbon dioxide is most often used in GMAW (MIG / MAG)
welding. It is used either alone as a shielding gas or as one of the
main components of numerous mixed gases formed mainly in
combination with argon. Carbon dioxide as a one-component
shielding gas can only be used for short-circuit MAG welding of
non-alloy and low-alloy steels. However, its advantage is the low
price [18-19].
As additional materials in GMAW technology (MIG / MAG)
are used solid wire electrodes or so-called tubular electrodes which
have a similar chemical composition to the base material have
suitable welding properties. Both types of electrodes are supplied
wound on steel or plastic coils and are packed in suitable protective
packaging that prevents deterioration against moisture or improper
handling [20].
The aim of the contribution is to evaluate the quality of welded
joints of various qualities on selected basic materials, additional
materials and shielding gases. The quality of individual welds will
be evaluated using non-destructive and destructive tests.

Fig. 1.Scheme of GMAW (MIG / MAG) welding technology
MIG / MAG technology is commonly used to join steels of
different grades. However, during welding, the characteristic
properties of welding must be taken into account, in particular the
large depth of melting of the welded materials. When applying this
technology, there is a large mixing of materials in the weld metal.
As a result, an undesirable chemical composition of the weld metal
may occur. For this reason, GMAW (MIG / MAG) welding uses
variants that reduce the depth of the weld. For example, short arc
welding or pulse welding is used [5-7].
The subsequent welding procedure must be chosen so that the
arc does not directly melt the weld surface, so that it is always
oriented correctly to the prefabricated weld bead. It is also
convenient to use filler materials that have a lower melting point

2. Materials and methods
For the purposes of the experiments, 3 combinations of
materials were chosen. The experiments were performed in a
combination of structural steel, austenitic stainless steel and
nickel alloy.The chemical composition of the individual
materials in the following subchapter come directly from the
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Table 8.Mechanical properties of NiMo16Cr15W material, DIN
17744 09/2002
Yeld
Limit of
A
strength
strength
0.2%
Measured
360 MPa
741 MPa
68%
values

material sheets. The individual materials used for the
experiment are in Table 3 and the combinations of materials are
shown in Table 3. 4.
Table 1.Used materials
Materials used in experiment
A
X2CrNiMo 17-12-2 (1.4404) -austenitic stainless
steel, EN 10028 - 7
B

S355J2W- structural non-alloy steel, EN 10025-1

C

NiMo16Cr15W (2.4819) - nickel alloy, DIN
17744 09/2002

D

S235JR + N - structural non-alloy steel, EN
10025 - 2

E

S690QL1 - structural alloy steel, EN 10025 - 2

F

S355J2 + N - structural non-alloy steel, EN
10025 - 2

Table 9.Chemical composition of material S235JR + N, EN
10025 - 2 (% wt)
C
Si
M
Ni
Cr
Mo
S
P
Cu
n
0.14

2.

C-D

3.

E-F

0.45

1.28

10.04

16.63

2.02

0.032

0.004

0.159

1

0.009

0.009

0.031

0.293

0.51

Table 7.Chemical composition of NiMo16Cr15W, DIN 17744
09/2002 (% wt)
C
Si
Mn Cr
Mo
S
P
Fe
Cu
0.03

0.40

16.18

15.44

0.002

0.04

5.52

0.02

0.02

0.2

1.53

0.01

0.02

0.001

0.008

0.009

0.01

0.3

0.99

0.19

0.6

0.192

0.04

0.011

0.0013

Additive material and shielding gas used for the
combination of materials (1), X2CrNiMo 17-12-2 EN 10028
and S355J2W EN 10025
For the given case of welding austenitic stainless steel
X2CrNiMo 17-12-2 EN 10028 and structural steel S355J2W
EN 10025, an additional material with the designation E309LT0
- 1 was chosen.(C1) on the basis of standard EN13479 with the
trade name Shield - Bright 309L X - tra with a diameter of 1.2
mm according to standard EN ISO 17633 - A from ESAB. It is
an additional material with a rutile filling intended primarily for
welding steels with a chromium content of 22-25% or 10-14%
nickel. It is also suitable for welding difficult-to-weld ferriticmartensitic stainless steels and for forming undercoat layers
during welding of clad steels. The chemical composition of the
additive material is shown in Table 17 and its mechanical
properties are shown in Table 18. A mixture of gases M21 ISO

0.17

Table 6.Mechanical properties of material S355J2W, EN 10025
-1
Yeld
Limit of
A
strength
strength
0.2%
Measured
401 MPa
508 MPa
29%
values

0.002

0.004

Table 14.Mechanical properties of material S690QL1, EN
10025 – 2
Yeld
Limit of
A
strength
strength
0.2%
Measured
690 MPa
770 MPa
14%
values

Table 5.Chemical composition of material S355J2W, EN 10025
- 1 (% wt)
C
Si
Mn P
S
Al
Cu
Cr
Ni
0.4

0.005

Table 13.Chemical composition of material S690QL1, EN
10025 - 2 (% wt)
C
Si
Mn Ni
Cr
Mo
Al
P
Cu

0.036

Table 4.Mechanical properties of material X2CrNiMo 17-12-2,
EN 10028 – 7
Yeld
Limit of
A
strength
strength
0.2%
Measured
357 MPa
582 MPa
55%
values

0.073

0.03

Table 12.Mechanical properties of materialS355J2 + N, EN
10025 - 2 (% wt)
Yeld
Limit of
A
strength
strength
0.2%
Measured
382 MPa
518 MPa
28%
values

Table 3.Chemical composition of X2CrNiMo 17-12-2, EN
10028 - 7 (% wt)
C
Si
Mn Ni
Cr
Mo N
S
P
0.024

0.01

Table 11.Chemical composition of material S355J2 + N, EN
10025 - 2 (% wt)
C
Si
Mn Ni
Cr
Mo
S
P
Cu
0.17

A-B

0.64

Table 10.Mechanical properties of material S235JR + N, EN
10025 – 2
Yeld
Limit of
A
strength
strength
0.2%
Measured
337 MPa
452 MPa
33%
values

Table 2.Combinations of individual materials during welding
Number
Combination of used
materials
1.

0.19

0.05
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Table 20.Mechanical properties of the additional material
marked OK ARISTOROD 55 EN ISO 16834– A
Yeld
Limit of
A
strength
strength
0.2%
Measured
690 MPa
770 MPa
20%
values

14 175 18% CO2 + 82% Ar was chosen as the protective
atmosphere.
Table 15.Chemical composition of additive E309LT0 - 1 (C1)
EN ISO 17633 - A
Volume%

C

Si

Mn

P

S

Cr

Ni

Fe

0.032

0.66

1.46

0.021

0.004

24.5

12.8

residue

Designation of evaluated samples
Individual test specimens made of different combinations of
materials carry their markings so that the individual specimens
cannot be confused throughout the process. The designation of
the samples is shown in tab. 23.

Table 16.Mechanical properties of additive material E309LT0 1 (C1) EN ISO 17633 – A
Yeld strength
Limit of strength A
0.2%
Measured
410 MPa
546 MPa
38%
values

Table 24.Identification of individual test specimens
Combination of
used Designation of evaluated
materials
samples
A-B
ST 5
C-D
CO 011
E-F
RS 29

Additional material and shielding gas used for the
combination of materials (2), NiMo16Cr15W, DIN 17744
09/2002 - 7 and S235JR + N EN 10025 – 2
For the given case of welding of nickel alloy NiMo16Cr15W,
DIN 17744 09/2002 and structural steel S235JR + N EN 10025
- 2, THERMANIT NIMO C24 was chosen as additional
material on the basis of standard STN EN ISO 18274 with a
diameter of 1.2 mm. It is a solid wire. This filler material is
suitable due to the high nickel content for welding nickel-based
alloys but also its combinations with structural steel. It has
excellent resistance to corrosion and oxidizing environments.
The chemical composition of the additive material is shown in
Table 19 and its mechanical properties are shown in Table 20.
Inoxline HE30H2C was chosen as the shielding gas on the basis
of the STN EN ISO 14175 standard. This shielding gas is
composed of 68.8% argon, 30% helium, 2% hydrogen and
0.12% carbon dioxide.

Fig. 4.Sample of material combination A -B (1)

Table 17.Chemical composition of the additive marked
THERMANIT NIMO C24 EN ISO 18274
C
Si
Mn P
Fe Cr Mo
Ni
Volume% 0.01 0.1 0.2 0.005 0.3 23 16.1 residue
Table 18.Mechanical properties of the additional material with
the designation THERMANIT NIMO C24 EN ISO 18274
Yeld
Limit of
A
strength
strength
0.2%
Measured
420 MPa
700 MPa
40%
values

Fig. 5.Sample of material
combination C -D (2)

Fig. 6.Sample of material
combination E - F (3)

Testing methodology

Visual examination according to STN EN ISO 17 637

Capillary (penetration) test according to STN EN ISO
22476 – 12

Radiation test method according to STN EN ISO
17636 – 1

Tensile test according to STN EN ISO 6892 – 1

Test of fracture of welds of metallic materials
according to STN EN ISO 5173

Vickers hardness test according to STN EN ISO 6507
–1

Bending impact test according to STN EN ISO 9016
Metallographic test according to STN EN ISO 17639

Additional material and shielding gas used for the
combination of materials (3), S355J2 + N EN 10025 - 2 and
S690QL1 EN 10025 – 2
For the given case of welding the combination S355J2 + N EN
10025 - 2 and S690QL1 EN 10025 - 2, an additional material
with the designation OK ARISTOROD 55 with a diameter of
1.2 mm was used on the basis of the standard EN ISO 16834 A. It is a solid non-copper alloy wire. It is used for welding
high-strength steels. The chemical composition of the additive
material is shown in tab. 21 and its mechanical properties are
shown in tab. 22. The M21 Arc 18 gas with an argon content of
82% and a carbon dioxide content of 18% was chosen as the
shielding gas on the basis of EN ISO 14175.
Table 19.Chemical composition of the additive marked OK
ARISTOROD 55 EN ISO 16834 - A
C
Si
Mn P
S
Cr Ni Fe
Volume% 0.12 0.71 1.38 0.013 0.005 0.58 0.53 residue
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Table 28. Penetration test report of the test specimen
marked ST 5

3. Results
Visual tests according to STN EN ISO 17 637
Table 25. Visual test report on test specimen marked ST 5
Object
Butt weld Dimensions
t=12mm
of specimen
Identification
ST5
Surface
Mechanical
of speciment
quality
Material
1.2+8.1
Heat
CR ISO
treatment
15608
Type of
136/PA
Dimensions
welding
of weld
Done by
STN EN
Range of
100% weld
code
ISO
testing
surface
6520- 1
15mm
surroundings
Evaluated by STN EN
Lighting
520 lx
ISO 5817

Test
specifications
Object

EN ISO
3452-1
Butt weld

Material

1.2+8.1
CR ISO
15608
-

State of
treatment
Dimensions
of specimen
Extent of
testing
Manufacturer
Cleaner
Inspection
temperature
Developing
time

EN 23277
level 1
Identification
number
Drawing

State of test
surface

ST5
-

Clean,
brush
down

T=12mm
100%
Hellig
Reiniger
87
25°C

Penetrant
system
Penetrant
Developer

II Cd
Kontrastor
88
Entwickler
89
15 min

Penetration
time
15 min
Deviations
none
from test
specifications
According to capillary tests no defects on sample ST5
were found.

According to Visual test report sample was admissable.
Table 26.Visual test report of the CO 011 test specimen
Object
Filet weld
Dimensions
T1=30mm
of
T2=6mm
specimen
Identification
CO 011
Surface
Mechanical
of speciment
quality
Material
1.1+43 CR
Heat
ISO 15608
treatment
Type of
136/PB
Dimensions
A= 4mm
welding
of weld
Done by
STN EN
Range of
100% weld
code
ISO
testing
surface
17637:2011
15mm
surroundings
Evaluated by
STN EN
Lighting
550 lx
ISO 5817

Table 29. Penetration test report of the test sample
marked CO 011
Test
EN ISO
EN 23277
specifications
3452-1
level 1
Object
Butt weld
Identification
CO 011
number
Material
1.1+43 CR
Drawing
ISO 15608
State of
State of test
Clean, brush
treatment
surface
down
Dimensions
T1=30mm
of specimen
T2=6mm
Extent of
100%
Penetrant
II Cd
testing
system
Manufacturer
DiffuPenetrant
BDR
Therm
Ch.NR.2116
Cleaner
BRE
Developer
BDR
Ch.NR.2219
Ch.NR.2319
Inspection
25°C
Penetration
15 min
temperature
time
Developing
15 min
Deviations
none
time
from test
specifications
According to capillary tests no defects on sample CO
011 were found.

According to Visual test report sample was admissable.
Table 27. Visual test report of the test sample marked
RS29
Object
Filet weld
Dimensions T1=30mm +
of
20mm
specimen
Identification
RS 29
Surface
Mechanical
of speciment
quality
Material
S355+S690
Heat
treatment
Type of
135
Dimensions
12FW a=9,
welding
of weld
penetration
1.5
Done by
STN EN
Range of
100% weld
code
ISO
testing
surface
17637:2011
15mm
surroundings
Evaluated by
STN EN
Lighting
520 lx
ISO 5817

Table 30. Penetration test report of test sample RS29
Test
specifications
Object

EN ISO
3452-1
Butt weld

Material
State of
treatment

S355+S690
-

Dimensions
of specimen

According to Visual test report sample was admissable.
Capillary (penetration) tests according to STN EN
ISO 22476 – 12

Extent of
testing
77

100%

EN 23277
level 1
Identification
number
Drawing
State of test
surface
12FW a=9,
penetration
1.5
Penetrant
system

RS29
Clean,
brush
down

II Cd

trans&MOTAUTO '22

Manufacturer
Cleaner
Inspection
temperature
Developing
time

DiffuTherm
Reiniger
87
25°C

Penetrant
Developer

Kontrastor
88
Entwickler
89
15 min

Penetration
time
15 min
Deviations
none
from test
specifications
According to capillary tests no defects on sample
RS29 were found.

RT radiation test according to STN EN ISO 17636 – 1

Table 31. Radiation test report using RT test specimen
marked ST5
Material

Description

NDT plan

S355J2+N

-

-

Quality
level

Welding
method

Welding
position

Test
according to

Test
according to

Thickness

EN/ISO
17636

EN ISO
10675

12/12mm

Level class

Category of
test

Procedure
number

2

B

002-1G

Source of
radation
Ir192

Focus

SFD

3mm

400mm

Settings

Film
sensitivity

Foll

100Ci3,7TBq

AGFA
Geavert D5

Pb 0.030mm

Film
production
number

Developer

Densitometr
y

EACH
4650022

Automatic
NDT-E

MD12

Exposition
placement

Negatoskop

Scale

Seifert

ISO62W10

Parametric

Fig. 20. Metallographic test of the test specimen marked ST 5

Fig. 21. Metallographic test of the test sample marked CO 011

According to radiation tests on sample ST5 results were
satisfying.

Fig. 22. Metallographic test of the test sample marked RS29

Metallographic tests according to STN EN ISO 17639

4. Conclusion
The main goal of the article was to point out the
evaluation of the quality of welded joints made of
different grades of steel using GMAW technology. The
consumables used in the individual material combinations
were selected from the catalog of welding consumables
and were selected with regard to the chemical
composition of the base materials. If the difference in the
melting temperature of the two base materials is large, the
additive material is adapted to the melting temperature of
the base material whose melting point is lower.
Furthermore, it is important that the additive material has
sufficient ductility in order to overcome the thermal
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expansion of the individual materials to be joined.
Individual shielding gases were selected on the basis of
recommendations from Messer Tatragas, spol. Ltd. For
the first combination of materials X2CrNiMo 17-12-2 EN
10028 and S355J2W EN 10025, it was chosen as a
shielding gas with the designation M21 according to STN
EN ISO 14175 because it is suitable for low-alloy and
alloyed carbon steels, has excellent mechanical properties
and is suitable for different sheet thicknesses. For the
second combination of materials NiMo16Cr15W, DIN
17744 09/2002 and S235JR + N EN 10025 - 2 it was
chosen as a shielding gas with the designation Inoxline
He30H2C according to STN EN ISO 14175 due to the
fact thatthis mixed gas is suitable for welding alloys with
a high nickel content, has very good welding metal flow
properties and has a stable welding arc. For the last
combination of materials S355J2 + N EN 10025 - 2 and
S690QL1 EN 10025 - 2, the same shielding gas was
chosen as for the first combination of materials.
Non-destructive and destructive tests were
subsequently performed for all three combinations of
materials, on the basis of which the quality of the welded
joint, the suitability of the combination of individual
materials, the suitability of the choice of additional
material and shielding gas were determined. Based on the
results of non-destructive and destructive tests given in
the protocols, it can be stated that all combinations of
materials with selected additional materials and shielding
gases meet the requirements, and the quality of the welded
joint is satisfactory.
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Determination of the quality of renovation layers in tribological conditions
Janette Brezinova1,*, Henrich Sailer1
Technical university in Kosice, Letna 9 Kosice 04001, Slovakia1
janette.brezinova@tuke.sk
Abstract: Molds designed for high-pressure casting of aluminum are exposed to very intense thermal, mechanical but also chemical stress
during their operation. This stress leads to a synergistic effect of a combination of high -temperature corrosion processes in molten metals,
under real conditions associated with mechanical wear. High-temperature corrosion in the environment of liquid metals occurs in the
foundry industry, when casting molten metal most often into steel molds. Repair of worn parts of molds by welding, which can be performed
even after their irreversible surface degradation, is a very efficient, cost-effective and envi-ronmentally acceptable form of their
maintenance, while the chemical and physical properties are welded layers if they exceed the properties of the original material.
KEYWORDS: DIE CASTING, DAMAGE SURFACE, CASTING DIES, MOLTEN ALUMINIUM, CLADDING, HIGH-TEMPERATURE
CORROSION, LASER, MIG PULS

due to the high demands on the construction of the welding
equipment[13].

1. Introduction
High Pressure Die Casting (HDPC) is a technological process
widely used for casting complex aluminum castings, mainly
associated with the automotive industry. In this process, molten
metal with a temperature of 670-710 ° C is forced into the cavities
of the molds at filling speeds of 30-100m/s, under pressures ranging
from 40-80 MPa [1]. This-loading, in combination with the
corrosive properties of liquid aluminum, leads to alu-minization or
oxidation of them old surface, which results in thermal fatigue of
the sur-faces followed by cracking, soldering and erosive wear. The
service life of die matrices-made of steel alloys is approximately
100,000 cycles and can be increased either by heat-treatment, thin
coating or welding [2-4]. At present, the issue of surface treatment
of va-rious materials is becoming more and more important. It
offers savings in strategic ma-terials and at the same time enables
the production of components with specific surface and volume
properties. Because resources are limited by conventional
technologies, it is becoming increasingly difficult to meet more
advanced customer needs [5-6]. There are many methods for
substrate treatment, but coatings developed, for example, by electrostatic, chemical, physical deposition techniques, have lower bond
strengths or verylow reproducibility than surfacing. Refurbishing
worn parts of machines is a very efficient and environmentally
friendly form of their maintenance. This option can reduce the environmental impact over the whole lifecycle of the component by
up to 63.8% [7].

Figure 1. Schematic representation of laser beam welding [13]

TIG (Tungsten Inert Gas)

Laser welding

Non-melting tungsten electrode (TIG) welding technology,
otherwise known as Gas Tungsten Arc Welding (GTAW), is a
welding method in which the gas protecting the welding bath and
the non-melting electrode is usually argon fed to a welding nozzle
at the end. The additional material is fed to the welding bath in the
form of a wire [15].
The TIG method also enables welding without additional
material. The advantage of this technology is the welding of a wide
range of materials such as stainless steel, aluminum and its alloys,
copper or magnesium, while good weldability is guaranteed in all
welding positions. Its main advantage is the welding of thin
materials from 0.3 to 5 mm. The main disadvantage of this
technology is low productivity, which limits it to smaller-scale
work. The welding torches used in the TIG method are divided into
two types. The first type is an air-cooled burner used for smaller
operations, loaded with a current of up to 200 A. At a high current
density of up to about 400 A, burners are used which are cooled
mainly by water [16-98].
The non-melting welding electrode material must have a high
melting point, good electrical, thermal conductivity and low
electrical resistance. Tungsten with a melting point of 3370 ° C
meets these requirements. Pure tungsten electrodes are used in
predominantly alternating current welding of light metals, but more
often, electrodes with an admixture of thorium oxide, cerium or
zirconium are used, which improves the stability of the electric arc

Laser welding is a technology used to create coating layers with
improved properties, or to recoverd efects in worn parts of the
surface and base layers of components. Due to the high energy
density and relatively small heat affected area, this method is
suitable for-processing a wide range of materials. It is mainly used
in th eautomotive, aerospace, me-dical, nuclear and oil industries. In
the aero space industry, the welding of layers to alu-minum alloys
has an increasing potential to improve their surface properties [810]. This technology uses highly concentrated waves of light,
concentrated at a certain point. In the area affected by the laser
beam, atomic bonds disintegrate, causing it to heat up. The three
most common types of lasers used in laser welding equipment are
gas, se-miconductor and fiber. The laser beam is guided into the
welding device by one or more optical fibers concentrated at one
point. With each fiber added, the intensity of the laser beam also
increases [11-14].Before the laser beam leaves the welding device,
a combination of collimator and focusing lenses is often used to
direct this radiation to a very small area. An important part of the
laser welding equipment is also the nozzle supplying the protec-tive
atmosphere gas, most often CO2. this gas prevents contact between
the weld pool and the atmosphere. Another possibility is laser
welding without a protective atmosphere, for example when
welding plastics. Vacuum welding is possible but difficult to use,
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and improves its ignition. Another parameter of the welding
electrode is its shape. When welding with direct current, its tip is
sharpened at an angle of 45 °, but when alternating current they are
not ground, instead they melt slightly with increasing current until
they are rounded [20].

Uddeholm Deivar 1.2344 welding wire, DIN-X40CrMoV51
with a diameter of 1.2 mm and a hardness of 51 HRC was used as
an additional material for the formation of welding layers [36].
Table 3. Parameters of welding
Welding
technology

Disc laser
welding

Welding
equipment

The
TruDisk 4002
solid-state disk
laser with BEO
D70 focusing

MIG Pulse
Welding:
Welding
equipment

Fronius TPS600i
welding power source

Focal

200 mm

Welding
current

196 A

Laser

1.8 kW

Welding
voltage

23.8 V

400 μm

Wire
speed

Welding

10 mm. s-1

Welding speed

8 mm. s-1

Focusing

- +6 mm

Arc
length
correction

3

70 cm. min-1

Pulse/dynamics
correction

0.0

Ar

Shielding
flow rate

Ar 30 l. min -1

length
power
Optical
fiber diameter

feed

6.5 m. min-1

speed

Fig. 2 Schematic representation of the MIG / MAG method
[18]

2. Materials and Methods
Two different technologies were used for the production of the
samples below, while the aim of the work was to determine the
impact of individual technologies not only the quality but also the
chemical composition of the welds and the minimization of the
heat-affected area. Each of the technologies listed below has a
different heat input, which is reflected not only in the quality of
the weld but also in the degree of mixing of the base material with
the weld metal.

Wire
feed speed
Shielding
gas flow rate

Element

Wt. [%]

C

0.397

C

0.35

Mn

0.72

Cr

5.00

Si

0.238

Si

0.20

P

0.004

Mo

2.30

S

0.002

Mn

0.50

Cr

0.969

V

0.60

Fe

95.76

Ni

1.253

Mo

0.438

V

0.089

W

0.12

gas

Distance
burner - sheet
metal surface

base material was
preheated to 300 ° C
before welding

19 mm

3. Results
For structural analysis of the welds, Tescan Vega-3 scanning
electron microscope (SEM) images were selected, capturing the
interface of the base material and the weld as well as the heat
affected area. The chemical analysis of the individual welds was
evaluated for each sample from the base material area, the mixing
zone and the weld pool.
Weld 01 (disk laser)

Table 2. Chemical composition
of the additive material [36]

Wt. [%]

l.

5 mm

The welds were applied to samples of two base materials. On
base material made of nickel - chrome - molybdenum vanadium
steel 1.2714, DIN - 56NiCrMoV7, with hardness 44 HRC Tab. 1.

Element

30

Pre heating of
base material

Two disk laser welding samples (sample 01), MIG Pulse
(sample 03), were applied to the additive material. Sample welds
marked 01, 03 were applied on a substrate of nickel - chromium molybdenum - vanadium steel 1.2714, DIN - 56NiCrMoV7.
Uddeholm Deivar 1.2344, DIN - X40CrMoV51 1.2 mm diameter
welding wire was used as an additional material. Pin on disk tests
and hardness curves were performed on the samples.

Table 1. Chemical composition
of the base material

min-1

Fig. 3 Weldment 01. Electron microscope image, capturing the
interface of a) weld metal, b) heat affected area, c) base material
Based on the chemical analysis of the weld metal 01 formed by
the disk laser, it is possible to evaluate that due to the mixing of the
base material and the weld metal, the original value of chromium in
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the upper weld metal layer was not reached. Another element for
which a visible increase can be observed is vanadium.
Weld 03 (TOPTIG)

Fig. 7 Scheme of the tribo wear track on sample 03 produced by
the Pin-on-Disc test

Fig. 4 Weldment 03. Electron microscope image, capturing the
interface of a) weld metal, b) heat affected area, c) base material
During the chemical analysis of the weld marked 03 made by
the TOPTIG technology, the smallest decrease of the elements,
especially chromium in the weld metal, is visible, in comparison
with the elements contained in the additional material.
Chemical analyzes have shown that in the heat-affected area,
individual materials are mixed, ie. base and additional material in
the weld metal. The value of chromium in the weld metal is crucial,
which in no case reached the limit of 5.00%, soaked in the additive
material. The decrease of this element can be attributed mainly to
the thermal influence of the material in the process of welding. The
value of mixing the base material and the weld metal is minimal,
which is confirmed by the fact that the hardness of all welds
evaluated in the previous analysis was around 500 HV0.5.

Fig. 8 3D picture of the tribo wear track on sample 03
produced
by the Pin-on-Disc test

4. Conclusions
The presented article is focused on the analysis of the quality of
two types of welds in-tended for the renovation of molds in highpressure aluminum casting. Two different welding and disk laser
welding technologies and MIG Pulse welding were used to produce the test specimens. Uddeholm Dievar 1.2344 welding wire
was used as an addi-tional material in all samples due to the fact
that this material is used in the renewal and renovation of functional
parts of molds, for die-casting of aluminum. In the theoretical part,
the problems and mechanisms of wear of die matrices for highpressure aluminum casting are characterized, together with an
overview of welding technologies used in the formation of welding
layers in various industries. The experimental part was focused on
determining the quality of the above welds. The quality of the welds
was assessed on the basis of the heat-affected zone, which was
determined from the course of the graphs, when measuring the
hardness. Tribological parameters of the welds were investigated
using the Pin-on-disc test. From the measurement of the hardness of
individual samples, it is possible to deduce that the narrowest heataffected area had a weld marked 03, created by the TOPTIG
method. The widest heat affected area was recorded on a sample
labeled 01, created by a disk laser. Based on the Pin-on-disc test, it
is possible to use that sample 03 is much smoother and the shift of
the coating material from the center to the wear sides was less
pronounced. Based on the implemented experimental work, it is
possible to recommend these technologies in practice in order to
renovate the molds. Better results were obtained with a sample of
weld 3 marked TOPTIG.

Fig. 5 Scheme of the tribo wear track on sample 01 produced by
the Pin-on-Disc test
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Fig. 6 3D picture of the tribo wear track on sample 01
produced
by the Pin-on-Disc test

82

trans&MOTAUTO '22

3. References
1. Changrong Chen et al.: Energy based approach to thermal
fatigue life of tool steels for die casting dies. In: International
Journal of Fatigue Volume 92, Part 1, November 2016, Pages 166178.
2. J. Lin et al.: Design methodology for optimized die coatings:
The case for aluminum pressure die-casting In: Surface and
Coatings Technology 201 (2006) pp. 2930–2941.
3. K. Domkin, J.H. Hattel, J. Thorborg, Modeling of high
temperature- and diffusion-controlled die soldering in aluminum
high pressure die casting, J. Mater. Process. Technol. 209 (8) (2009)
4051–4061.
4.
Sundqvist M., Hogmark S.: Effects of liquid aluminium on
hot-work tool steel Tribol. Int. 26 (1993) in International Journal of
Fatigue p. 129.
5. H. Zhu, J. Guo, J. Jia, Experimental study and theoretical
analysis on die soldering in aluminum die casting, J. Mater. Process.
Technol. 123 (2) (2002) 229–235.
6. Z.W. Chen, M.Z. Jahedi, Die erosion and its effect on
soldering formation in high pressure die casting of aluminium
alloys, Mater. Des. 20 (6) (1999) 303–309.
7. K . Venkatesan, R. Shivpuri, Experimental and numerical
investigation of the effect of process parameters on the erosive wear
of die casting dies, J. Mater. Eng. Perform. 4 (2) (1995) 166–174.
R. Markežič et al. Engineering Failure Analysis 95 (2019) 171–
180179.
8. A Mohammed, M.B. Marshall, R. Lewis, Development of a
method for assessing erosive wear damage on dies used in
aluminium casting, Wear 332–333 (2015)1215–1224.
9. LF. Hou, Y.H. Wei, Y.G. Li, B.S. Liu, H.Y. Du, C.L. Guo,
Erosion process analysis of die-casting inserts for magnesium alloy
components, Eng. Fail. Anal. 33 (2013)457–564.
10. D.W.C. Baker, K.H. Jolliffe, D. Pearson, The resistance of
materials to impact erosion damage, Philos. Trans. R. Soc. A Math.
Phys. Eng. Sci. 260 (1110) (1966) 193–203.
11. Persson, S. Hogmark, J. Bergström, Temperature profiles and
conditions for thermal fatigue cracking in brass die casting dies, J.
Mater. Process. Technol. 152(2) (2004) 228–236.
12. C. Rosbrook, Analysis of Thermal Fatigue and Heat Checking
in Die-Casting Dies: A Finite Element Approach, PhD thesis Ohio
State University, 1992.
13. F. Medjedoub, G. Dour, S. Le Roux, P. Lamesle, M. Salem, P.
Hairy, F. Rézaï-Aria, Experimental conditions and environment
effects on thermal fatigue damageaccumulation and life of diecasting steel X38CrMoV5 (AISI H11), Int. J. Microstruct. Mater.
Propert. 3 (2–3) (2008).
14. P. Hansson, “Modern prehardened tool steels in die-casting
applications,” Materials and Manufacturing Processes, vol. 24, no.
7-8, pp. 824–827, 2009.
15. Uddeholm,
“Dievar,”
2014,
(18.10.2021)
internet:
http://www.uddeholm.com
16. D. Klobčar, J. Tušek, B. Taljat, Thermal fatigue of materials
for die-casting tooling, Mater. Sci. Eng. A 472 (1) (2008) 198–207.
17. D. Schwam, J. F. Wallace, and S. Birceanu, “Die Materials for
Critical Applications and Increased Production Rates,” Case
Western Reserve University, 2002.
18. Methodical measurement and evaluation of adhesive cohesive
behavior of thin film - substrate systems, 2005, (19.10.2021)
internet: https://www.opi.zcu.cz/adheze.html
19. J. Tkáčová,E.Zdravecká,E. Evin,M. Tomáš,D. Jakubéczyová:
Koroze a ochranamateriálu 63(4) 159-166 (2019).
20. D. Klobčar, et al.: Thermo fatigue cracking of die casting dies.
In: Engineering Faliure Analysis Volume 20, March 2012, pp. 4353.

83

trans&MOTAUTO '22

Influencing factors on the speed of vehicles in the school and kindergarten zones on the
territory of Novi Sad
Assistant Prof. Milja Simeunović PhD., Full Prof. Zoran Papić PhD., Assistant Nenad Saulić PhD
Faculty of Technical Sciences – University of Novi Sad, Novi Sad, Serbia
mlekovic@uns.ac.rs.

Abstract: Pedestrians, in addition to cyclists, represent the most vulnerable road users. Children from an early age participate in tra ffic as
pedestrians, so the need to increase their level of safety is understandable. The speed limit in a school and kindergarten zones, by installing
different types of calming measures, is one of the measures applied to protect children in traffic. It often happens that despite the speed limit
and placement of speed humps on the roads, drivers do not respect the speed of movement and move at a much higher speed than allowed.
Within this work, the speed of vehicles in the zones of some schools and kindergartens in the area of Novi Sad was measured. Based on the
obtained results, factors that have an impact on the regime of vehicle movement in the investigated areas have been identified.
Keywords: SHOOL AND KINDERGARTEN ZONES, CALMING MEASURES, SPEEDING

1. Introduction

3. Research methodology

Children from the earliest age participate in traffic. Their
inexperience and the role they play in traffic make them the most
vulnerable road users. The safety of this category of road users is a
great challenge for experts dealing with these problems. In recent
years, there has been a growing trend in the number of road traffic
accidents in Serbia. Comparing the number of fatalities per million
inhabitants in Serbia and other European Union countries, it can be
seen that Serbia is among the last few countries [1]. The number of
children in road traffic accidents is not negligible. About 32% of the
total child fatalities in road traffic accidents are pedestrians. The
largest number of pedestrian children died in the cities (97%), of
which 86% of children fatalities outside intersections. As many as
20% of children fatalities, and 24% of children were injured at the
pedestrian crossing [2]. All these indicators show that it is necessary
to take maximum care of the safety of children in populated areas.
The highest concentration of children is in the kindergarten and
school zones, where preschool children generally do not participate
in traffic on their own. Therefore, various technical and regulatory
measures are most often applied in these zones, which increase the
safety of pedestrians.

The research was conducted in the area of Novi Sad, at selected
locations in the primary school and kindergarten zones. A total of
20 locations were selected. During the research, an analysis of all
selected locations was performed. By visiting each individual
location, data on traffic signals, calming measures on the road and
the organization of parking in the area of schools and kindergartens
were recorded. In addition, vehicle speeds were measured. Vehicle
speeds were measured by the Bushnell Velocity Speed Gun
Detector (Figure 1), which has a speed measurement range of 16322 km/h. At a distance of 25-450 m, the maximum value of the
measurement error is 1 mph. Speeds of those vehicles that were less
than 16 km/h and could not be detected by radar were recorded as
speeds of 15 km/h.

2. Traffic regulation in school/kindergarten zones
The application of technical and regulatory measures is
necessary in areas of intensive pedestrian flows, especially children.
Certain measures are applied to prevent pedestrians from
improperly using traffic areas intended for the movement of
vehicles. Other measures are aimed at warning motor vehicle
drivers to enter the zone of increased concentration of pedestrians.
In Serbia, some of the measures have been implemented in school
zones are prescribed by law.
According to Article 163 of the Law on Traffic Safety, it is
envisaged that the school zone is marked with appropriate traffic
signals, that the traffic experts take appropriate measures to increase
child safety and that the speed of vehicles is limited to 30 km/h in
populated areas and 50 km/h outside populated areas in the period
from 07 to 21 h [3]. Limit the speed of vehicles are usually
implemented by applying traffic signs and setting different types of
calming measures. By applying various measures to slow down
traffic, the speed of vehicles is reduced and the level of safety of all
road users is increased. At low speeds, if necessary, drivers have a
greater opportunities of avoiding a car accident.

Fig. 1 Bushnell Velocity Speed Gun Detector

3.1. Research results
By analyzing the selected locations, it was determined that the
following traffic signals were installed at all locations in primary
school zones: pavement marking V-15.1 "SCHOOL" and traffic
signs III-28 "school zone" and III-28.1 "end of school zone". Traffic
sign I-15 "children on the road" have been set up in the kindergarten
zones, which, among other things, indicate the proximity of the
kindergarten.

Despite all the measures that are taken in school zones, it often
happens that drivers do not respect the set restrictions. Within this
paper, the research was performed, which included measuring the
vehicle speeds in the school and kindergarten zones. The aim of the
research was to determine the effect of the applied measures in
these zones and to possibly determine the factors that influenced the
speeding.
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Table 1 Research results
Number
Location of traffic
Parking
lines
PS 1
2
yes
PS 2
4
yes
PS 3
2
no
PS 4
4
no
PS 5
2
yes
PS 6
2
yes
PS 7
6
no
PS 8
2
no
PS 9
1
yes
PS 10
2
yes
K1
2
no
K2
2
no
K3
2
yes
K4
1
yes
K5
2
no
K6
2
yes
K7
2
yes
K8
2
yes
K9
4
yes
K 10
2
yes

Fig. 2 Pavement marking "SCHOOL"

Calming
measures

Min.
speed

Max.
speed

Aver.
speed

yes
yes
yes
no
yes
yes
no
yes
yes
yes
no
yes
yes
no
yes
no
no
yes
yes
yes

22
27
16
31
18
20
44
22
18
24
19
23
36
20
32
32
21
18
28
18

42
49
30
57
51
39
65
65
41
39
37
38
47
34
49
70
62
47
47
33

29
39
20
45
29
26
54
39
30
30
28
30
39
27
40
43
41
28
37
25

Note: (PS – primary school; K – kindergarten)

Speeding (%)

120

Fig. 3 Traffic signs III-28 "school zone" i III-28.1 "end of school zone"
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Fig. 4 Traffic sign "children on the road"

The organization of parking at the researched locations can also
influence on the traffic flow and vehicle speed, so that the existence
of parking lots in the school and kindergarten zones has been
recorded. It often happens that vehicles are parked on the street
when children arriving or leaving school/kindergarten, which causes
traffic congestions, so recording was not done during these periods.

6

Fig. 5 Participation of measured speeds over 30 km/h in the total number of
measured speeds (%)

The analysis of the locations with the highest number of
measured speeding, concludes that the highest number of speeding
was recorded on the primary street network, ie on the main city
roads. On the roads with a large number of traffic lanes and where
no calming measures were installed (locations 4 and 7), all
measured speeds were over 30 km/h. The highest average speeds
were recorded at these two locations. The share of speeding on the
secondary street network is significantly lower. The lowest speeds
were measured at location 3, which is expected because it is a dead
end street.

Table 1 shows the results of the survey, for each individual
location, giving data about the number of lanes in the street where
the school / kindergarten is located, the existence of parking in the
observed street, the existence of calming measures on the road, as
well as measured vehicle speeds (minimum speed, maximum speed
and average speed).

3. Conclusion

By analyzing the data, it was determined that the speeds at the
observed locations range from 16 km/h to 70 km/h. The law defined
that the speed for school zones in populated areas is limited to
30 km/h. The measurement results show that most vehicles at the
observed locations had a speed higher than 30 km/h. This is the best
illustrated in Figure 5. Figure 5 shows the share of measured vehicle
speeds exceeding 30 km/h of the total number of measured speeds,
observed by locations. At a quarter of the observed locations, all
measured speeds were higher than 30 km/h, while at only one
location all measured speeds were below 30 km/h.

The road safety of children must be a high priority for traffic
safety experts and other road users. It is necessary to constantly
work on improving the measures that are being implemented. First
of all, it is necessary to design a set of preventive measures, and
only after that should repressive measures be carry out. The
research conducted in this paper shows that most drivers do not
respect the set signalization and speed limits that are set in the
school and kindergarten zones. Speeding in zones where no calming
measures is significantly more pronounced than in zones where
calming measures exist. In the zones with calming measures, even
at 65% of the locations, the average speed was up to 30 km/h. The
class of street in the road network also has a significant influence on
the measured speeds.
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Abstract: The activity of snow removal on public roads is of particular importance for ensuring road transport in winter and implicitly for
maintaining a stable, predictable and efficient economic and social climate. The organization of road snow removal is usually done by the
local public authorities, through the public road administrator, varying depending on the geographical and climatic location of the road site.
In Romania, the snow removal activity is regulated by the "Regulation on preventing and combating snow on public roads", indicative AND
525-2013, developed by the National Company of National Highways and National Roads in Romania. The snow removal activity is usually
performed on the basis of a service contract and is temporary, depending on the evolution of meteorological phenomena and climatic zones.
The actions to prevent and combat the consequences of dangerous meteorological phenomena are carried out a ccording to their intensity on
the following phases, as follows: prevention of icing formation and its neutralization, spreading of anti-skid material and snow removal. The
preventive spreading of the anti-skid material is recommended to be done first on the entry / exit arteries in / from the localities. The activity
of mechanical cleaning of public roads (streets, bridges, alleys, roundabouts) of snow with blade machines is performed when the snow layer
exceeds the thickness of 5 cm. The activity is carried out by successive passages, starting from the axis of the road to the curb, until the
complete removal of the snow layer.
Keywords: ROAD, SNOW, WINTER, TRANSPORT, BLADE, CLEANING
the rest of the public roads that must be maintained in a state of
viability. Level IV comprises the sectors of public roads with low
vehicle traffic.
Snow removal equipment groups are grouped on bases,
subbases and support points. The main types of machinery and
equipment used in snow removal are the following:
1) All-wheel drive machine, (Fig. 1) [2] equipped with:
- Snow blade with left-right rotation system and / or universal
plow with variable geometry, with two movable blades that allow
their positioning at different angles (sharp, obtuse, 180 degrees).
- snowblower (only in snowy areas);
- Spreader with a minimum capacity of 3 m3, mounted on the
base machine chassis;
- Pre-wetting installation (only where there is a calcium chloride
installation);
- Front mechanical brush;
- Cable / Rigid towbar for vehicles.
The equipment must be operated from desks mounted in the cab.

1. Introduction
The activity of snow removal on public roads is of particular
importance for ensuring road transport in winter and implicitly for
maintaining a stable, predictable and efficient economic and social
climate. Snow removal means the clearing or clearing of snow
partially or over the entire width of the roadway or road platform,
when the snow layer exceeds 15 cm. Removing snow is an act of
clearing snow from the entire road platform, including snow cords
that may favor another snowfall.

2. Results and discussion
The organization of road snow removal is usually done by the
local public authorities, through the public road administrator,
varying depending on the geographical and climatic location of the
road site. In turn, the administrator of the public road may carry out
the snow removal operations with the equipment from his own
endowment or through a commercial company with which he
concludes a service contract. Given the high cost of snow removal
operations, determined by the costs of materials, labor, equipment
and transportation, the organization of road snow removal must be
carried out with maximum efficiency and minimum resources, at a
quality necessary to ensure smooth traffic on public roads on during
the winter, without endangering the safety of road users.
In Romania, snow removal is regulated by the "Regulation on
preventing and combating snow on public roads"[1], indicative
AND 525-2013, developed by the Romanian National Company of
Motorways and National Roads. According to the above-mentioned
regulations, the public road management units must prepare the
snow removal in the summer, by drawing up the operational plans
for the operation by July 15. These plans stipulate that the period of
action against icing and snow must be between 20 October this year
and 31 March next year. on November 1. Also the existence of a
permanent stock of fuel necessary to ensure the operation of the
machinery for at least 14 days must be ensured. Snow guard panels
are installed until December 1 of each year.
Depending on their importance, the roads are divided into
several levels of intervention. Level I includes highways, public
roads with four lanes, public roads with two lanes, which connect
the capital with the county-residence municipalities and those that
connect the municipalities with the county-residence municipalities,
public roads (national, county or communal), which ensures the
connection with railway stations, ports, airports, border crossing
points or which conditions the supply of important economic
centers with raw materials, food or labor and the national roads that
connect the tourist resorts. Level II includes the rest of the national
roads that are part of technical class III and the county roads that
ensure the connection with the communal centers. Level III includes

Fig. 1 All-wheel drive machine for snow removal.

2) High-capacity all-wheel drive tractor, equipped with:
- Snow blade, with left-right rotation system and / or universal
plow with variable geometry, with two movable blades that allow
their positioning at different angles (sharp, obtuse, 180 degrees).
3) Dumper truck with the formula of 4x4, 6x4 or 8x4 wheels
and the payload of at least 10000 kg, equipped with:
- Blade with left-right rotation system;
- Spreader capacity min. 6 m3 optional pre-wetting system;
- Cable / Rigid towbar for vehicles.
The equipment must be operated from desks mounted in the cab.
4) Self-propelled snowblower all-wheel drive;
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5) Backhoe loader with all-wheel drive, equipped with front
bucket and / or plow;
6) Wheel loader;
7) Self-towing truck with a wheelbase of at least 8x4, equipped
with special installations for towing and towing road trains:
- Capstan;
- Winch;
- Special lifting arm.
8) Van with double cab, with special signaling panel for closing
the traffic;
9) CaCl2 preparation station;
10) Motor grader (Fig. 2) [3] with minimum engine power 160
hp;

If two or more blade vehicles are assigned to a road sector, they
can work independently, the start of the race will be delayed
depending on the length of the road sector, the working speed and
the abundance of snow. In this way a closed circuit can be achieved
by ensuring the continuous presence of the machine on the road.
Vehicles with blades will be equipped with a telephone or
transceiver to ensure and inform operatively on road traffic
conditions. The other means of patrol shown, which have low
working speeds (10 - 20 km/h), but close, will be used in
formations, on road sections less than 30 km long.
The choice of work teams is made taking into account the
climatic character, the length of the road, the difficulties and the
level of intervention of the respective road sector.
The control of icing and snow is done using both non-slip
materials and chemical fluxes. The mixtures must be homogeneous
and spread evenly over the road surface. The use of salt is effective
only for temperatures on the road surface higher than - 7° C. Pure
salt should be used only on well-sealed clothing only with the
approval of the public road administrator. Calcium chloride or
equivalent chemical fluxes will be used for lower temperatures.
The preventive spreading of the anti-skid material is
recommended to be done first on the entry / exit arteries in / from
the localities [4]. The activity of mechanical cleaning of public
roads (streets, bridges, alleys, roundabouts) of snow with blade
machines is performed when the snow layer exceeds the thickness
of 5 cm. The activity is carried out by successive passages, starting
from the axis of the road to the curb, until the complete removal of
the snow layer.

3. Conclusion
Fig. 2 Motor grader.

The road administrator must organize efficiently and properly
both the information and control system on the condition of the
roads and the way of preparation and operation during the winter.
The management and coordination of the prevention and
intervention activity for the control of road ice and snow must be
carried out through coordination units established at central and
territorial level by the public road administrator.
Given that the coordination of snow removal equipment and its
judicious distribution of different road sections is of great
importance, it is advisable to equip the equipment with GPS-type
tracking systems to provide real-time access to detailed information
on the location of the equipment. snow removal, route, speed, fuel
consumption, number and duration of parking.

11) Crane truck at least 40 tons.
The actions to prevent and combat the consequences of
dangerous meteorological phenomena are carried out according to
their intensity on the following phases, as follows: prevention of
icing formation and its neutralization, spreading of anti-skid
material and snow removal.
Road snow prevention is achieved by patrolling with
equipment. This action takes place during quiet snowfalls or when
the blizzards are light (wind strength below 30 km/h), and the
scattered snow cannot immobilize the equipment on the road. If the
wind force rises above that value and the snow is scattered in
increasing numbers, the patrol action ceases and the machines
withdraw, working to the base of residence or, if not possible, to the
first locality on the route, in order to maintain traffic conditions for
cars, buses or trucks that are covered in blizzard. The equipment
used for patrolling is generally blade machines (graders, etc.) or
vehicles with a metal blade mounted on the front (all-wheel drive
multi-purpose machines, backhoe loaders, dump trucks, road
tractors, etc.). Preferably, the blades will be fitted with rubber
knives with metal insert. The most efficient patrol machine is the
vehicle with adjustable blade, which is characterized by high blade
mobility, high working speed and has the advantage that from a
certain speed (usually over 30 km/h) throws snow from the side of
the road platform. Their range is 30 - 50 km depending on the
difficulties of the route, the frequency and abundance of snow.
The patrol formation is led by a technician and accompanied by
a truck, which transports fuel and lubricants in sufficient quantities
to ensure the supply of equipment on the road during the action.
The equipment within the formation will work staggered in a
transversal profile to include at least one traffic lane. Due to the fact
that by patrolling the snow is collected in cords towards the edges
of the platform, the equipment formations will be completed with
turbo-milling equipment, which can also be used to remove the
snow collected in front of the parapets. In areas with frequent
blizzards, it is not allowed to keep the snow cords on the road
platform, first releasing the part corresponding to the direction of
the prevailing wind.
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Abstract: In many countries in the world, including Georgia, tourism has become one of the leading sectors of the country's economy and a
source of raising public finance. Tourism is recognized as one of the priority areas for the development of the Georgian economy and
contributes to the socio-economic development of the country. In particular, it is important to explore the existing tourism transport
infrastructure and introduce the innovative technologies in its management. The paper describes some innovative methods whose use will
contribute to the development of tourism in Georgia and will significantly increase the attraction of visitors.
Keywords:TOURISM INDUSTRY, TOURISM INFRASTRUCTURE MANAGEMENT, TOURIST ATTRACTIONS, TOURIST CLUSTER.

1. Introduction
Georgia, with its geopolitical location and existing natural,
historical or cultural resources, has tremendous opportunities for
tourism development. A comparison of the growth rates of the
world and Georgia in the tourism sector shows that in the last five
years the number of travelers in Georgia has been growing at a
much faster pace than in the world, with the exception of the
pandemic period. The international tourism market is one of the key
components of Georgia's economic growth. The share of transport
services in the overall structure of tourism services is more than
40%. Today, when tourism is recognized as one of the priority areas
of economic development of Georgia, and it contributes to the
country’s socio-economic development, it is especially important to
study the existing tourism transport infrastructure and introduce
innovative technologies in its management.

Changing the forms of customer relationship;

o

Increasing the impact of the sector on the economy.

These parameters influence the management methods used in
the current practice of tourism management in Georgia. Today,
strategic, conceptual and program-targeted approaches are most
often used in management. The results of applying these approaches
are the targeted programs, strategies and concepts for the
development of regions and cities, as well as sectoral visions and
strategies. The target-oriented approach is relatively new. Among
these there are programs of scientific and technical, economic,
social, regional, and environmental orientation. The target-oriented
method of management is widely used today, however, it has a
number of significant drawbacks, namely:
1. Methodological incompleteness (researchers have no a
common point of view on the basic concepts of target-oriented
planning and management, the ratio of the plan and target complex
program; this method is used in most cases to improve the existing
management systems);
2. Low cohesion of control systems with the problems for which
they are created;

2. Preconditions and means for resolving the
problem
Market signals at the current stage of tourism development are
characterized by several groups of parameters as follows:

3. Lack of methods for calculating the economic efficiency of
programs;

1. Economicი:
o

Economic growth and integration;

o

Raising the level of economic development of the regions;

o

Increased investment in the tourism industry;

o

Raising the level of infrastructure development of the
country;

o

Hypercompetition.

4. Low efficiency in solving the problems set by the program;
5. Lack of responsibility for the results of the programs.
These shortcomings fully applicable to programs built using the
target-oriented approach; in addition, the lack of an integration
approach in them can be distinguished. For example, “Development
of domestic tourism in Georgia and “Development of domestic and
inbound tourism in Georgia” indicate the dependence of tourism on
the development of transport and engineering networks, the
development of certain types of transport and the effectiveness of
their management. However, the programs for the development of
certain types of transport, transport strategies, the visions for the
development of certain areas of the transport industry do not take
into account either the needs of the tourism industry or tourists,
despite the ever-increasing influence of tourism on transport.
Particular attention is paid to the development of tourism
infrastructure. The program considers 3 possible scenarios for the
development of domestic and inbound tourism:
1) Development of tourism infrastructure in all subjects,
regardless of their economic development, infrastructure
development and the level of tourism potential;

2. Political:
o

Development of state and regional tourism policy;

o

Simplification of tourist formalities;

o

The impact of political events on tourism demand.

3. Sociocultural:
o

Changing lifestyles;

o

Increased demand for tourism services;

o

Raising the tourists’ demands;

o

Increasing travel accessibility and raising population
mobility;

o

Development
technology.

of

information

and

2) Development of tourism infrastructure for a limited number
of subjects of Georgia, the most promising in terms of the
development of domestic and inbound tourism;

communication

3) Development of the most promising tourism infrastructure in
terms of the development of domestic and inbound tourism using
the cluster approach, as well as the implementation of projects
directed at the accelerated development of interregional tourism
opportunities and improving the quality of services.

4. Industry group:
o

o

Development of consolidation and integration processes;

o

Development of new tourist destinations;

o

Development of a range of tourism services;

The program selects the third scenario. As result of the
implementation of the program activities, it is planned to create a
network of modern resort and tourist facilities within the relevant
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tourist, recreational and auto-tourist clusters that meet international
standards and can significantly increase the competitiveness of the
country's tourism services market. Why the auto-tourist clusters
were chosen, and what they are? These clusters will become
enlarged investment projects that provide for the creation and
construction of new tourist facilities in limited areas provided with
appropriate state support. The tourism cluster is a set of tourist and
recreational special economic zones created by the decision of the
Government of Georgia and located in one or more areas of the
territory of Georgia and municipalities defined by the government.
Special economic zones of tourist-recreational type represent
another direction of tourism development management in Georgia.
The creation of such zones has 2 goals:
1.

To develop the existing resort areas

2.

To attract investment to the region.

is slightly behind the level of training of specialists in tourism
(difference is 1 point), the same and higher rates (7 points each)
were obtained by airports and air transport. The service satisfaction
level indicator in tourism rated 8 points. Overall, the specialists
emphasized the low level of development of transport infrastructure
in tourism in Georgia and the urgent need to undertake a number of
state measures to radically change the inter-regional tourism
opportunities and the quality of services.
A special role in the development and management of transport
infrastructure in foreign countries is played by the state, which was
originally the owner of major transport resources and remains the
main investor in transport tourism infrastructure and is responsible
for the strategic development of transport. In order to realize and
effectively manage the country's transport potential, states use the
following mechanisms:
1) Privatization or partial privatization of transport complex
enterprises on the basis of concessions, lease agreements or other
forms of public-private partnership in order to attract public
investments;
2) Comprehensive state regulation and financing of the
transport complex;
3) Attracting private companies to manage state property
without the right of ownership being transferred to them.
4) A combination of several options.
The popularity of urban passenger transport among the
population varies from country to country: in the US it accounts for
15-20% of total travel, in Japan and France - 20-30%, in the UK
and Germany - 30-40%, in Russia – more than 75% [Stephen J.
2009. 447], but tourists very often use urban passenger transport
while staying in another country. However, every country and not
every city can offer tourists convenient travel schemes, comfortable
and safe transportation, interesting routes. The awareness of tourists
about the local transport system and effective management plays an
important role in this. In developed countries, this sector is actively
developing deregulation, privatization and reduction of state
subsidies, in order to gradually move to covering the operating costs
of urban passenger transport, not from the state budget, but from the
local budget. In countries that are leaders in terms of tourism
competitiveness and tourist infrastructure development, government
subsidies to cover the operating costs of transport reduced to zero.
At the same time, the government maintains the relevant legislative
regulation of transport activities of administrative, control and
supervisory nature. The main trends in the management of tourism
transport infrastructure in developed countries are as follows:
•
Demonopolization and privatization of transport
enterprises;

The mechanism for establishing special economic zone
for tourism development is widely used in many countries.
Modern researchers of the transport industry name 5 main areas
that can be attributed to the management of the development of
tourism transport infrastructure services, namely: the development
of transport infrastructure, the improvement of transport
infrastructure management, the introduction of innovations in the
field of transport infrastructure management, changing the role of
government in the management of transport infrastructure and the
work of non-governmental organizations and associations. Let us
consider these areas in more detail.
1. Development of transport infrastructure through: -improving
the road network; - traffic calming; - promotion of "smart driving";
- improvement of the regulatory and legal support of the transport
industry;
2. improvement of transport infrastructure management
through:
- management of traffic flows; - management of public
transport; - use of a client-oriented approach; - organization of
parking sites and lots;
- use of automated control systems (monitoring, video
surveillance, automatic control systems, electronic payments).
3. Introduction of innovations in the field of transport
infrastructure management through: -use of intelligent transport
systems; - navigation and information services.
4. A change in the role of the state in the process of managing
the development of transport infrastructure network is seen by
theoreticians in the form of the development of various mechanisms
of public-private partnership, which, unfortunately, do not work in
Georgia to the full extent.

•
Modernization of the existing transport networks,
increasing their capacity;
•
Reducing the share of transport costs in the value of
products and services;

5. The work of non-governmental organizations and
associations. Some researchers propose in their works the creation
of a non-profit organization - an association of representatives of
the tourism and transport sector, however, instead of integration,
transport and tourism companies more often choose competition,
penetrating into each other's business environment, creating
subsidiary companies or departments engaged in transportation.

•

Development of the new modes of transport;

•

Reducing the number of vehicles in large cities;

•

The priority development of urban transport.

In developing countries, the main focus is on increasing
transport capacity, rapid development of roads and railways,
construction of airports, and development of local airlines. The
main role of transport infrastructure has always been to ensure
access to tourist destinations. At the same time, at this stage, the
foreign experts in the planning and development programs of tourist
areas are reassessing the transport infrastructure. The reassessment
of the role of transport in tourism began in the late 1980s. It has
been realized that the growing flows of tourists who have the
opportunity to travel to almost any part of the world could cause
irreparable damage to some areas and lead to the degradation of
tourism resources [World Economic Forum. 2013].

We have polled a staff employed in the field of tourism
throughout Georgia, with the aim of identifying problems related to
the transport services of tourists, which prevent tourism
development. A total of 50 specialists in the field of tourism aviation, rail, road transport (as the main form of transport in
tourism) were interviewed. In the survey, which included an
assessment of the level of development of tourism transport
infrastructure in Georgia, the lowest score was 3 points (out of a
maximum of 10 points) for bus stations and road infrastructure,
followed by road infrastructure with 4 points, rail transport, road
transport, railway stations and the level of service in transport
(equal points (5 points each), the level of staff training in transport

There are three main strategies in the field of tourism transport
management in developed foreign countries:
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•

1. Measures to tighten the use of tourism resources, their
fencing, traffic restriction and redistribution, promotion of the use
of alternative means of transport.

•
A stringent system of rules and fines in transport and
parking areas;

2. Regulation of the use of territories by restricting/prohibiting
entry from the territory zone, introduction of entrance fees (the most
controversial option), use of special traffic schemes for visitors,
management of public and private transport networks, speed limit,
size of groups of visitors, characteristics of vehicles used, and
marketing.

•
Methods are used to reduce congestion in historic centers,
specially protected areas, highways and city streets
(prohibition/restriction of entry) .
In addition to the above conditions, new programs are
constantly being developed to improve the tourism transport
infrastructure:

3. Establishing oversight of the location, scale, activities and
type of tourism activities that affect traffic flows.

•
Special bike trails have been arranged to improve the
conditions for cycling;

Strategies share similar objectives, but none of them are
universal. There are several interstate partnerships dealing with the
transportation of tourists, including: NETS, based on the
Association for Sustainable Mobility, G.A.S.T. - Association of Car
Free Tourist Destinations and IACF - Association of Car Free
Tourist & Spa Destinations in Bavaria, MOST and others.

•
Great attention is paid to the promotion of ecological
forms of transport.
The above approaches to tourism transport infrastructure
management are mostly related to developed countries where
transport and tourism infrastructure is well developed and provided
with a high level of management.
The process of managing tourism transport infrastructure in
developing countries has a slightly different vector of development,
the aim of which is primarily to create transport infrastructure, and
in the absence it, to develop new tourist destinations and attract the
flow of tourists. In the Arab countries (United Arab Emirates,
Qatar), the economy began to recover by shifting from the
manufacturing sector to the service sector, with the creation of
airlines and airports, the development of the country's transit
capacity, and the promotion of the country as a tourist destination.
China's economy defines tourism as a growth point for further
economic growth, and transport infrastructure - as a means of its
development.

The foreign tourist centers address the problems of tourism
transport infrastructure development in different ways. First of all,
attention is paid to air transport, airlines, airports, because in many
countries most of the visitors arrive to the country by air. In large
countries and island states, regional and local aviation play an
important role in transportation of travelers. Tourist buses, taxis,
public transport are the main means of transporting them to the host
country. Buses, trains, ferries, sea and river boats are used by
tourists both for traveling between countries and for excursions. The
tourism business of each country or region has a priority to develop
a specific type of transport.
The United States and Canada have the most developed aviation
and road (private and rental) transportation. The most developed
network of rail and bus routes is also popular in Central European
countries (Austria, Great Britain, Germany, Switzerland), as well as
travel by car. In the Scandinavian countries and states that have
islands, sea transport is in high demand. An example of an ideal
tourist transport system is the Swiss transport system, which has
created and is successfully operating the Swiss Travel System. A
special advantage of the Swiss Travel System is the variety of travel
documents. The Zurich Card is a ticket for all types of urban and
suburban transport. At the same time a discount card, Swiss Pass,
Swiss Youth Pass, Family Card and others are designed for
different categories of travelers, combining the desire to see as
much as possible and save money when ordering excursions. The
permit is valid for the entire transport network. There is a huge
tourist demand for the panoramic railway routes, of which
Switzerland has the most: Glacier Express, Mont Blanc Express,
Swiss Chocolate Train and others. A unique tourism product has
been created based on the country's tourism transport infrastructure.
Tourists can find out more about travel system opportunities on
the Internet and at tourist ticket offices at major stations and
airports, as well as in travel companies around the world [Pender L.
2005; 322]. The foreign tourist centers have the opportunity to
provide travelers with quality tourist transport services for the
following reasons:
•
All types of transport are well developed and coordinated,
regardless of ownership form;
•
Transport infrastructure
requirements for comfort and safety;

facilities

meet

3. Conclusion
When tourism is recognized as one of the priority areas for the
development of the Georgian economy and contributes to the socioeconomic development of the country, it is especially important:
1. To study the existing tourist transport infrastructure and to
introduce innovative technologies in its management;
2. To work out the main directions for the development of
tourism transport infrastructure in Georgia;
3. To identify the general problems of the regions in the
development of tourism transport infrastructure.
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modern

•
A bilingual information environment is available to most
visitors;
•
Strategic planning of tourism and transport has been
developed;
•
Modern level of management of tourism and transport
enterprises is provided;
•

Marketing support for tourism and transport;

•

Flexible price offers for different categories of tourists;

Public transport priority is ensured;
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Приложение на безпилотни летателни апарати в
интелигентни транспортни системи
Галина Чернева
Висше транспортно училище „Т. Каблешков“, София, България
cherneva@vtu.bg
Резюме: В последните десетилетия се наблюдава значителен интерес към безжичните сензорни мрежи (БСМ) като
възможност за дистанционно управление и мониторинг на редица критични инфраструктури. Заедно с това се развива
създаването и използването на безпилотни летателни апарати (БЛА) за различни цели.
Интеграцията на БЛА и БСМ може да се използва успешно в реализацията на интелигентни транспортни системи (ИТС). В
настоящия доклад се разглеждат и анализират възможностите за приложение на БЛА в автомобилната безжична мрежа
VANET като предпоставка за организация на ИТС.
Ключови думи: БЕЗЖИЧНИ СЕНЗОРНИ МРЕЖИ, ИНТЕЛИГЕНТНИ ТРАНСПОРТНИ СИСТЕМИ
динамична топология – възлите на мрежата се движат
с висока скорост и могат да променят посоката си;
неравномерна плътност на разположение на възлите
на мрежата;
ограничено трасе на движение;
наличие на препятствия (сгради и т.н.);
децентрализирана структура;
неравномерен комуникационен трафик на мрежата.
Характерните особености на VANET формират някои
основни проблеми при реализацията на мрежата, свързани с
прекъсване на връзката между възлите, липса на център за
управление и др.
Възможен вариант за решаване на споменатите проблеми е
използването на БЛА (фиг.2), които да се вградят в
инфраструктурата на мрежата и да организират устойчива
връзка между възлите й.
-

1. Въведение
Съвременното информационно и технологично развитие
създава нови възможности за приложение на информационните
технологии във всички отрасли на икономиката. Едновременно
с това се развиват сензорните технологии, особено в сфери,
свързани със събиране и обработка на данни, мониторинг и
дистанционно управление. Приложенията на безжичните
сензорни мрежи (БСМ) (Wireless Sensor Networks - WSN )
включват наблюдение и контрол на различни обекти и процеси
в
бита, индустрията, транспорта. Сред най-важните
технологични постижения на XXI век
е създаването и
разпространението на безпилотни летателни апарати (БЛА).
Едно от приложенията им е, че могат да образуват мрежа,
както помежду си, така и с наземни устройства. Развитието на
БЛА и Интернет на нещата дава възможност за създаване на
летателни сензорни мрежи.
По-нататъшното развитие и
усъвершенстване на тази концепция води до появата на нов
вид комуникационни мрежи, наречени „Ad-Hoc“-мрежи. Тяхна
особеност е динамичната, променлива топология, състояща се
в автономно работещи възли, които могат да осъществяват
връзка със съседни
устройства и да се обединяват в
самоорганизираща се мрежа. Ad-Hoc-мрежите се внедряват
активно в различни сфери, в т.ч. и в транспорта. Сред тях е и
автомобилната целева мрежа VANET (Vehicular Ad Hoc
Networks). Основното й предназначение е предаване на
информация между транспортните средства и осигуряване на
безопасност на движението. Развитието на такива БСМ е
предпоставка за създаването на интелигентни транспортни
системи (ИТС), Intelligent Transportation System (ITS). В
настоящия доклад се разглеждат и анализират възможностите
за приложение на БЛА в автомобилната безжична мрежа
VANET като предпоставка за организация на ИТС.

БЛА

-

Фиг.2. VANET с БЛА

Използването на БЛА в БСМ VANET позволява значително
да се увеличи радиуса на взаимодействие на възлите в
мрежата, както и да се организира по-добра връзка между тях.
и Периметърът на действие се
увеличава,
тъй като
оборудването на БЛА е значително над земята и затихването на
сигналите се намалява.
VANET използва специално разработения комуникационен
протокол VANET IEEE 802.11p, който е част от протоколи за
безжичен достъп в транспортна среда - IEEE 802.11p/WAVE
(Wireless Access in Vehicular Environment) [3]. В тях е
предвиден един управляващ канал (CCH, Control Channel),
предназначен за управление на мрежата, и шест служебни
канала (SCH, Service Channel), използвани за предаване на
информация.
С помощта на IEEE 802.11p се създават интелигентни
автомобилни Ad-Hoc-мрежи (InVANETs) за лесна и ефективна
комуникация между транспортните средства. Те имат
възможност за връзка чрез V2V (Vehicle-to-Vehicle)
комуникация
или
чрез
включване
към
фиксирана
инфраструктура V2I (Vehicle-to-Infrastructure). Тогава се
осъществява
комуникация превозно средство-път (V2R),
реализирана чрез крайпътни точки за достъп (RSU). По този
начин се реализира по-добро обслужване при слаби мрежи и
далечни разстояния.
На стандарт IEEE 802.11p се базира радиовръзката на къси
разстояния (600–1000т) Dedicated Short Range Communication -

2. ИТС на базата на VANEТ
Автомобилната мрежа VANET (фиг.1) е една от БСМ, чрез
която може да се предава
информация на участниците в
движението относно аварии, навигация, ремонтни дейности,
ограничения на скоростта и т.н.

Фиг.1. Модел на автомобилна мрежа VANET

Сред характерните особености на VANET може да се
отличат:
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DSRC. Тя е с ограничена площ на радиопокритие, но този
проблем може да се реши с използването на БЛА в качеството
на временен летящ възел. По този начин се осъществява
включване на автомобила в мрежата, дори когато е извън
обсега й на действие.

 2nrvt 


pk

k

e2 nrvt

(5)

k!

Интензивността на входящия поток, която е брой заявки за
единица време, се определя като:

3. Моделиране на БСМ VANET с БЛА като
система за масово обслужване

I


t

 2rvn
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pk

Като се има предвид, че сензорната мрежа обслужва
множество транспортни средства, тя може да се разгледа като
система за масово обслужване (СМО), на чийто вход постъпва
поток от заявки за обслужване (фиг.3). Обслужват се тези от
тях, които се намират в зоната на обслужване.
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Фиг.5. Зависимост
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Фиг.3. БСМ VANET с БЛА като СМО

4.Заключение

Основна характеристика на СМО е интензивността на
входящия поток от заявки.
Нека БЛА се движи праволинейно със скорост  .
Входящият поток от заявки има случаен характер. Наземните
възли на сензорната мрежа (заявките) са разпределени
случайно в зоната на обслужване, която е кръг с радиус r. За да
бъдат обслужени заявките, те трябва да попадат в зоната на
обслужване.
За време t БЛА изминава разстояние (фиг.4):
(1)
x  t .

В настоящата работа е представена възможност за
приложение на
БЛА в автомобилната безжична мрежа
VANET. На тази база е предложен модел на сензорната мрежа
във вид на система за масово обслужване. Изведена е
зависимост за интензивността на потока от входящи заявки в
системата, (наземни възли на сензорната мрежа). Доказано е,
че тя
зависи от радиуса на зоната на обслужване,
вероятностната им плътност на разпределение и скоростта на
движение на БЛА.
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Фиг.4. Зона на обслужване

От теория на вероятностите [5] е известно, че вероятността
даден брой събития да се случат във фиксиран интервал от
време или пространство при постоянна скорост се описва с
разпределението на Поасон:
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където k е броят на заявките,
 - очакван брой заявки в зоната на обслужване.
Зависимостта

pk  f  k  при

различни  е дадена на

фиг.5.
Величината  може да се изрази като
  nS ,
където, съгласно фиг.4, плошта
S  2rx  2rvt ,
а n e броят заявки за единица площ.
Като се вземат предвид (2), (3) и (4), следва, че

(3)
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93

trans&MOTAUTO '22

Measures for improving pavements roughness
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Abstract: The occurrence of road accidents due to a pavement surface with inadequate roughness is an alarming issue. This problem
involves not only the design, construction and maintenance of road pavements, but also the properties of the materials used in the asphalt
mixes, traffic volume and vehicle speed, as well as tire characteristics, human factors, environmental conditions and many other contributing
elements. As a result, there is a growing awareness of these problems and adequate measures have to be taken by road administrations in
order to improve traffic safety. For the design, construction and maintenance of a modern road network, along with strength and
sustainability, skid resistance has become an integral part of a safe and efficient road system. With the increase in traffic speed and volume,
the road pavements built today must have initial and continuous qualities of high skid resistance. It is a well-known fact that the pavements
skid resistance is reduced primarily by mechanical wear and polishing due to traffic action; however, to what extent the friction
characteristics are diminished and the other causes and effects of this reduction are problems that road engineers have to face. Although the
automotive and tire industries have contributed greatly to the research and development of skid-resistant road pavements, it is quite obvious
that most of the improvements will go to pavements. In the following, the paper will focus on establishing the roughness criteria that can be
applied from the early stages of the construction of a road infrastructure, by selecting those materials and techniques that lead to a high
level of roughness and thus traffic safety. Also, the paper presents the results of recent experimental studies undertaken to determine the road
roughness, using the microtexture as well as macrotexture criteria, conducted in Romania on the national roads DN 2 km 212 + 000 and DN
15 km 290 + 870.
Keywords: PAVEMENTS, ROUGHNESS, MACROTEXTURE, MICROTEXTURE, SKID RESISTENCE.
Macrotexture is the large-scale roughness that exists on the road
surface due to the arrangement of the aggregates and controls the
drainage capacity of the pavement [2].
The combination of microtexture and macrotexture, together
with the way these textures change due to traffic and climatic
factors, form the general drag resistance of a particular road.
Damage to the road surface (smoothing or sanding), together with
the accumulation of surface water in the form of rain, snow or ice,
can lead to inadequate skid resistance. Inadequate skid resistance
can lead to a higher incidence of road accidents. There is currently
no agreement on the standards that can be used to optimize skid
resistance, despite a significant amount of research.

1. Introduction
Globally, interest in improving road safety has long since
begun. In 1969, the Highway Research Center published a study
regarding skid resistance of road pavements conducted in four
states. The Office of Public Roads, along with state highways in
Colorado, Wyoming, Utah, and New Mexico, also performed
specific tests to determine the importance of surface characteristics
in increasing the road safety. All these tests have been performed
with a special trailer belonging to the Public Roads Office,
following ASTM criteria and procedures. 979 tests have been
conducted on a variety of pavement types and highway systems.
Due to its open-textured surface, seals using a bituminous mixture
made in the bituminous plant mix offered the highest coefficients of
skid resistance; followed by chip seals, asphalt concrete and cement
concrete. In the case of chip seals, as in all other areas, the annual
average daily traffic and the age of the road pavement have proven
to be the most influential factors [1].

Skid resistance represent the opposing force which is developed
in the tire-road contact area [2]. This resistance, also called skid
friction, is a significant component of traffic safety, as it is essential
in maintaining the control of the vehicle and decreasing stopping
distances in urgent braking situations.
Skid resistance has two major elements: adhesion and the socalled hysteresis phenomenon [3]. Adhesion is the result of the
shearing of the molecular bonds formed when the rubber tire is
pressed in close contact with road pavement aggregates. Hysteresis
results from the dissipation of energy when the tire rubber is
deformed when passing over the asperities of a rough pavement [2].

A large difference in skid resistance between inner and outer
lanes on four-lane roads has been frequently observed in the four
states. The study concluded that the use of bituminous plant mix
seals is the best way available to ensure a high quality, non-skid
surface, not only as a strategy to improve existing surfaces, but also
in the construction of new roads [1]. Based on these results,
adequate roughness measures need to be analyzed and implemented
from the design phase of road pavements.

These two components of skid resistance are linked,
respectively, to the two key properties of asphalt road surfaces,
namely microtexture and macrotexture.

The relationship between accidents frequency and pavement
texture of a road surface is often overlooked, but this is an
important factor in road safety. Road pavement with high skid
resistance properties can be a significant factor in reducing the
likelihood of an accident. Skid resistance is related to both the
properties of the vehicle tire and the road surface and can be
affected by the volume and composition of traffic, the depth and
pattern of the tire tread, the temperature of the pavement, the
presence of water (rain) and other driving conditions [2].

Previous studies agree that both the microtexture and the
macrotexture of a pavement have an important influence on the
pavement skid resistance.
Microtexture deals with irregularities on the aggregates surfaces
that affect adhesion. The size of the microtexture depends on the
initial roughness on the surface of the aggregate and the ability of
the aggregate to retain this roughness against the polishing action of
the traffic [4]. Consequently, microtexture is an aggregate-related
property that can be controlled by selecting aggregates with
desirable polish strength characteristics. The evaluation of the
aggregates regarding their polishing behavior can be performed
using laboratory testing procedures developed for this purpose.
Microtexture and adhesion contribute to skid resistance at all speeds
and is the predominant influence on skid resistance at speeds below
30 mph [5].

The pavement surface must ensure an adequate level of friction
at the tire-road interface for the safe operation of vehicles in normal
weather conditions. The texture of the road surface is defined by
two parameters: microtexture and macrotexture.
Microtexture is fine-grained granulation (≤ 1 mm deep) on the
surfaces of coarse aggregates. The microtexture is responsible for
the direct contact between the tire and the road, thus providing
resistance to skidding.

Macrotexture deals with the larger irregularities on the road
pavement that affect the hysteresis. These are associated with voids
between the constituent aggregates in the wearing course. The size
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of this component will depend on some factors, including the size,
shape and particle size of aggregates used in road construction, the
specific construction techniques used in laying the wearing course
[6]. Macrotexture is also significant in providing drainage channels
during the tire-surface interaction, thus reducing hydroplaning. This
phenomenon is the loss of tire traction caused by a film of water
separating the tire from the pavement surface [2].

Other means of reducing the flow of surface water on the road
are porous asphalt concrete pavements. These surfaces also provide
a means of draining water under the tire, thus reducing the potential
for hydroplaning.
―Asphalt surfaces with internal drainage‖ is another technique
to reduce the water film on road surfaces, by using asphalt mixtures
with discontinuous particle size distribution. This internally drained
road pavement has the potential to minimize the water film and
hydroplaning and can reduce the thickness of the water film by
allowing internal drainage, which effectively reduces the amount of
water to be drained on road surfaces. Most research reports
highlight the internal drainage aspects of porous asphalt mixtures.
However, the improved surface texture it provides may be of equal
or greater importance than the internal drainage it provides [2].

The main purpose of determining skid resistance is for quality
control during construction and for subsequent road management.
Road friction values are used in road network studies, evaluation of
intervention strategies, criteria for new construction, accident
investigations and winter road maintenance, among other purposes.
Skid resistance values are also taken when potential road safety
problems are observed and when the road surface has recently been
repaired to correct friction problems [2].

Porous mixtures have been widely used in Europe. These
mixtures are usually placed with binders that are modified with
fibers or polymers. These mixtures contain about 20% air voids,
which is significantly higher than the mixtures used in the U.S.
Road surfaces with porous mixtures also offer high values of skid
resistance and help to remove water from the road surface.

Historically, macrotexture measurement has been obtained by a
volumetric technique [7]. This basic method consists of spreading a
known volume of material (sand, glass beads or grease) on the road
and measuring the covered area. Dividing the volume by area
provides the depth of macrotexture (average texture depth, MTD).

The effectiveness of porous mixtures can be improved if
drainage systems are installed inside pavement layers. Continuous
material drainage systems that can be placed either transversely or
longitudinally with the direction of flow [8].

The current ASTM standard [7] for macrotexture measurement
requires the use of glass beads instead of sand. The material has
been changed for two reasons: glass beads spread more evenly than
irregularly shaped sand, and very low yields are usually obtained
when sandbags are screened.

Although porous asphalt mixtures are generally accepted as
useful in reducing hydroplaning, their performance has been
unsatisfactory in many states, as several states have completely
eliminated their use. Instead, they are widely used on motorways in
Europe, especially in France and the Netherlands [9].

Good skid resistance on flexible pavement surfaces could be
achieved by controlling both microtexture and macrotexture. In the
case of microtexture, it largely depends on the composition of the
aggregates. Good skid resistance must be achieved by selecting
quality, sand-resistant aggregates. An ideal aggregate for the asphalt
mixture should be composed of hard, coarse, angular minerals, well
glued in a softer matrix, so that a gradual differential wear occurs
[2].

Another method for water film control is to maximize the
texture of the surface. The reduction in the water film is directly
proportional to the increase in macrotexture. Because porous
asphalt surfaces are usually made of relatively coarse aggregates
with a grain size curve with a minimum amount of sand-sized
material, they generally produce high levels of macrotexture. The
macrotexture, in other asphalt surfaces, is also controlled by the
granulometric curve of the aggregate.

The macrotexture will depend on the specific type of mixture,
the particle size of the aggregate (dense or porous mixture) and the
stability of the mixture. There are two types of road pavements that
can be used to achieve a high level of macrotexture in new roads:
open graded asphalt concrete - for flexible pavements and textured
surface for rigid pavements (PCC). However, the reshaping of the
existing pavement can be achieved by overlapping open graded
asphalt concrete, grooving, cold milling and seal layers [6].

3. Laboratory testing. The asphalt mix design
Various experiments have been carried out which included
different components of the asphalt mixture, such as the types of
binders and aggregates, with different particle sizes, the percentage
of air void and the binder content and the measurement effect of
these variables on the macrotexture.

2. Elements the affect the skid resistance
Skid resistance is generally considered a problem when the road
is wet, as it is known that dry road pavements provide sufficient
skid resistance to stop vehicles. Thus, previous test procedures and
safety studies related to skidding have focused on wet road
conditions. Vehicles traveling at low speeds on wet roads develop
full hysteretic frictional force on the surface. At low speeds, surface
water is squeezed from under the vehicle's tire, keeping it in full
contact with the surface. However, the skid resistance properties
deteriorate as the vehicle speed increases.

Variations in microtexture and macrotexture were studied by
manipulating the selected variables in the design of the asphalt
mixture. Asphalt mixes are designed to meet specific volumetric
and stability requirements by manipulating a number of variables.
The controlled variables that could affect microtexture and
macrotexture were the following:
• The maximum nominal size of the unit;
• Type of aggregates;
• Percentage of air voids volume;
• The type of granulometric curve of the aggregates.

As mentioned above, maintaining good skid resistance is very
important in wet conditions for traffic safety. Research efforts have
been made to identify improved methods of draining rainwater from
the surface of multi-lane roads and to develop guidelines for their
implementation. Drainage plays an important role in mitigating
hydroplaning and splashing and spraying, as these two issues tend
to depend on the thickness of the water film on the road.

As previously reported, previous research has indicated that
macrotexture is affected by the maximum nominal aggregate size,
which is defined as the smallest sieve through which 100% of the
aggregate sample will pass.

Ways to reduce the thickness of the water film is important for
the safety of drivers, avoiding dangerous situations. Some of the
techniques developed to reduce the water film are: alteration of road
geometry; installation of drainage accessories, use of permeable or
open graded asphalt mixtures, Portland Cement Concrete grooves
and improving the surface texture by selecting and designing the
bituminous mixture.

The types of aggregates used in this study were limestone
(sedimentary rock) and gravel. These types were selected because
they are commonly used and are both abundant in Wisconsin. The
percentage of air voids in an asphalt mixture can significantly affect
the performance of asphalt pavement. Voids in asphalt mixtures (at
optimum binder content) can be reduced from about eight percent at
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the beginning of a road's life to about three percent after a
significant traffic load. The voids used in this study were between
four and eight percent for hot mix asphalt mixtures, and for porous
asphalt mixtures, the voids were between 15 and 20%.

harder bitumen (D 50/80), which gives asphalt mixes a higher
stability in conditions of heavy traffic and high temperatures.
Natural aggregates used in asphalt mixes must have a number of
characteristics, in particular the following: to be clean; to show as
little wear as possible under the traffic; to be homogeneous in terms
of mineralogical composition; to come from rocks of a basic or
neutral nature, which allow a good adhesiveness to be achieved; if,
however, acid rock aggregates are used, it is absolutely necessary
either to add surfactants to the bitumen or to treat the aggregates
with these substances or with lime; to have high compressive
strength, so they don’t shatter under traffic and weather effect; the
shape of the aggregates should be polyhedral.

A significant aspect in the roughness of a road pavement during
the service period is the polishing of the aggregates. The related
issue to consider is the gradual (microscopic) wear of homogeneous
aggregates to determine the relevant physical properties of these
minerals in the wear process. Wear is measured as a weight loss of
the material.
The importance of the types of aggregates used in the mixtures
of rough asphalt concrete also derives from the degree of wear.
Microscopic study of worn surfaces revealed two phenomena:
scratches and disintegration. Fast-wearing minerals tend to show
both types of damage, while slow-wearing minerals do not show
scratches, only a small amount of disintegration. Rapid wear occurs
when the abrasive was harder than the mineral. Wear is proportional
to the load and inversely proportional to the hardness. Slow wear of
minerals less hard than abrasive was independent of load.
Disaggregation is related to energy concepts, while scratching was
related to hardness. However, the hardness of the aggregates proved
to be the most important parameter in the rapid wear of
homogeneous minerals.

To increase the compactness, filler is added, which reduces the
volume of voids in the mix, but increases the specific surface area
of the natural aggregate. The filler increases the plasticity of the
bitumen and favors the adhesion to the natural aggregate. At the
same time, it increases the internal friction of the bitumen and the
cohesion and thereby improves the behavior of the asphalt mix.
Bitumen mixed with filler hardly changes its chemical composition.
The filler prevents the bitumen from aging by acting so that the
bitumen retains its binder properties for a long time. The dosage
judiciously dosed in relation to the other components increases the
compactness and the specific surface of the natural aggregate, thus
ensuring, together with the bitumen, the mechanical resistance and
the stability at high temperatures of the asphalt mixes. However, the
excess filler is harmful, as the mechanical strength and stability at
high temperatures decrease, and lumps form in the asphalt mix,
reducing its workability. Overdose bituminous coating has surface
irregularities and is less resistant to water. In order to obtain a
maximum resistance of the asphalt mix, it is necessary that all the
natural aggregate be covered with a bituminous film as thin as
possible. The higher the thickness of the bitumen film, the lower the
resistance to shear and plastic deformation. Obtaining such a fine
bitumen film is only possible by filerization. Laboratory studies
performed on asphalt concretes, following the relationships fillervolume of voids, filler-cohesion of the asphalt mix and the
resistance to plastic deformations under the action of the track
simulator led to the following conclusions:

The predominant variable in tire-road surface friction under wet
road conditions is the texture of the road surface itself. Skid
resistance depends on a surface that ensures the penetration of the
water film and drainage channels. One of the factors that can
change these characteristics is the smoothing and rounding of the
aggregates in the asphalt mixture exposed by the abrasives found on
the road. This process is caused by the removal of particles or wear
on a microscopic scale and is commonly referred to as sanding. The
amount of wear over a period of time can have a direct effect on the
skid resistance of road pavement. The cause for concern here is the
gradual (microscopic) wear of the homogeneous aggregates
contained in the bituminous mixture.

4. Asphalt mixtures in Romania

• the ratio between bitumen and filler is an important factor in
terms of stability. The filler modifies the properties of the binder,
leading to a better viscosity. This fact justifies the theory that the
filler acts not only on reducing the volume of voids, but with the
help of its very fine particles, it modifies the properties of the
bitumen.
• the addition of asbestos fibers, as a filler, in proportion 1…
3% has a favorable effect on the cohesion of the asphalt mixture and
its good behavior under traffic.

Asphalt pavement mixtures are construction materials made
from mixes obtained on a dosage judiciously determined basis, from
natural or artificial aggregates and filler, agglomerated with
bitumen through an appropriate technology. They have multiple
usage, being mainly used for construction of flexible road
pavements and base layers. The most used asphalt mixes aggregates
are: stone of all kinds, natural and crushed sands, ballast and
crushed ballast and gravel, artificial aggregates such as sorted blast
furnace slag, granulite, crushed pile slag, etc. Under certain
conditions it can be used quarry waste, industrial by-products, etc.
The choice of natural aggregates must be made with discernment,
knowing that under certain conditions a wide range of local
materials processed and treated can be used, which leads to asphalt
mixes with satisfactory technical characteristics, which are cost
efficient.

The term ―bituminous materials‖ generally includes all
materials consisting of aggregates coated with either bitumen or tar,
the latter term being a binder used predominantly before the
bitumen era. Bituminous materials are used almost exclusively in
road construction, although bitumen is also used successfully for
industrial applications and other forms of construction, such as
roofing elements, paints, special waterproofing coatings, etc. Today,
a wide variety of bituminous materials are used in construction,
each with its own distinctive features. The selection of appropriate
materials for each application is based on technical, economic and
environmental criteria [10].

The conditions that natural aggregates must meet in order to be
used in road pavements are well defined and refer to the size and
shape of the aggregate, the nature of the road support, granularity,
etc. They must be particularly clean, have good adhesion to the
bitumen used, have adequate mechanical strength and be resistant to
wear. The most frequently used filler with the best results is
obtained by grinding limestone. The bitumen used in road
pavements has a decisive importance in their behavior, its type
being chosen depending on the asphalt mix we want to prepare,
more precisely the physical-mechanical characteristics considered
for the mixture. One can use pure bitumen, modified bitumen,
additive bitumen, bitumen derivatives (bituminous emulsion, cut
bitumen). Regarding the consistency of the bitumen used, it varies
in a wide range depending on the type of asphalt mix. If the bitumen
currently used is type D 80/120, there is a general tendency to use

The United Nations Statistics Division estimates that world
bitumen production in 2018 was about 119 million tons [10].
Currently, bitumen has over 250 known applications, the majority
of which are still used in road construction and civil engineering,
for roof waterproofing. It is estimated that 85% of the total bitumen
produced is used in transport infrastructure, as a binder in various
bituminous mixtures. About 10% of the bitumen is used for roofs
(eg shingles, hot-applied built roofs, cold-rolled roofs, etc.) and (c)
the remaining part (about 5% of the total) is used for a variety of
applications (coating for water pipes, bitumen paints, waterproofing
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DN 2 km 212+000 ÷ 212+040

and sealing materials, etc.); this sector is generally called other
applications ‖[11-13]. According to Eurobitume [13],
"approximately 93% of all bitumen supplied in Europe in 2017
went to the road sector, while the remaining 7% went to industrial
and other applications". Bitumen is mainly used in bituminous
mixtures, which, according to ISO 15642 [14], is defined as a
"homogeneous conglomeration of building materials consisting of
sized mineral aggregates, possibly additives and fillers, coated
collectively and uniformly with binder".

Fig. 2 In-situ placement of positions under investigation
Table 1: Data and calculations regarding the determination of the depth of
the macrotexture of the pavement surface by the volumetric technique MTD right lane DN 2 km 212 + 000 ÷ 212 + 040
Indicative
Di,
Diameter mm
test
mm MTDi,
3
V, mm
Obs.
surface,
mm
D1 D2 D3 D4
code / no.
B1.1
175 164 164 169 168 1.13
1m from shoulder
B1.2
170 168 165 160 166 1.16
0.5m from axis
B1.3
162 162 161 169 164 1.19
1m from shoulder
B1.4
158 155 159 152 156 1.31
0.5m from axis
B1.5
151 152 153 152 152 1.38
1m from shoulder.
25000
B1.6
150 158 159 160 157 1.30
0.5m from axis
B1.7
179 178 169 174 175 1.04
1m from shoulder
B1.8
155 157 158 160 158 1.28
0.5m from axis
B1.9
155 152 160 156 156 1.31
1m from shoulder
B1.10
155 156 160 160 158 1.28
0.5m from axis
1.24

5. Case studies. Roughness measurement on
national roads in Romania
One of the necessary conditions for traffic safety is to ensure a
proper roughness, by achieving a good grip between the tire and the
pavement surface in order to increase its anti-skid quality. Road
roughness is characterized by the value of the SRT or MTD
indicator. The roughness of rigid road pavements can be determined
only by the MTD method, but for bituminous pavements the two
methods can be used in parallel, adopting the most unfavorable
grade.
The MTD method consists in spreading on the analyzed surface
a volume of 25 cm3 of fine sand in the form of a circular spot. The
sand will fill the road pavement voids to the level of roughness.
MTD is determined by relating the volume of sand to the surface of
the stain.

Table 2: Data and calculations regarding the determination of the depth of
the macrotexture of the pavement surface by the volumetric technique MTD left lane DN 2 km 212 + 000 ÷ 212 + 040

SRT - Skid Resistance Test (Fig 1) allows the assessment of
road roughness by measuring the skid resistance between the
pendulum of the SRT device and the road pavement surface.

Indicative
test
V, mm3
surface,
code / no.
B2.1
B2.2
B2.3
B2.4
B2.5
25000
B2.6
B2.7
B2.8
B2.9
B2.10

Diameter, mm
Di, MTDi,
D1 D2 D3 D4 mm mm
152
171
154
170
152
153
160
160
144
175

155
167
150
170
160
148
162
155
153
165

158
172
160
160
160
150
165
160
147
180

160
166
157
157
157
146
168
163
152
170

156
169
155
164
157
149
164
160
149
173

Obs.

1.30
1.12
1.32
1.18
1.29
1.43
1.19
1.25
1.43
1.07
1.26

0.5m from axis
1m from shoulder
0.5m from axis
1m from shoulder
0.5m from axis
1m from shoulder
0.5m from axis
1m from shoulder
0.5m from axis
1m from shoulder

Given that the national road DN 2, km 212 + 000 in terms of
traffic is a road of technical class II, according to the roughness
criteria established by AND 605 [18], the pavement meets the
minimum conditions regarding MTD, the average values
established on the road being greater than 1.2. Based on this
consideration, the pavement has an appropriate roughness and the
condition of skidding resistance is met.

Fig. 1 SRT device - Skid Resistance Test [15]

Experimental studies on the roughness of road pavements by
determining the microtexture, as well as macrotexture have been
conducted in Romania, in order to establish the correlation between
these two characteristics which have a significant impact on the skid
resistance of road pavements. Therefore, through the Road
Laboratory belonging to the Iasi Regional Directorate, tests were
carried out to establish the exact value of the skidding
characteristics. The tests are part of the admissibility conditions that
must be met when constructing / rehabilitating road pavement
sections, a lower value means that the road sector does not meet the
minimum skidding resistance.

DN 15 km 290+850 ÷ 290+890

Therefore, studies were carried out on establishing the
roughness on the national roads. As follows is presented only the
results obtained on the roads DN 2 km 212 + 000 and DN 15 km
290 + 870. The tests performed are in accordance with the
provisions of the regulations SR EN 13036-1: 2010 and PTE D-36
[16], for macrotexture, respectively SR EN 13036-4: 2012 and PTE
D-37 [17] for adhesion by the SRT pendulum method.

Fig. 3 In-situ placement of positions under investigation
Table 3: Data and calculations regarding the determination of the depth of
the macrotexture of the surface pavement by the volumetric technique MTD right lane DN 15 km 290 + 850 ÷ 290 + 890
Indicative
test surface,
code / no.
B1.1
B1.2
B1.3
B1.4

Macrotexture measurement
These measurements were carried out during the execution of
the pavement maintenance works, in order to establish the
fulfillment of the roughness criteria.
97

V,
mm3

25000

Diameter, mm
D1

D2

D3

D4

Di,
mm

MTDi,
mm

382
351
359
359

348
407
348
362

365
362
334
373

387
379
362
337

371
375
351
358

0.23
0.23
0.26
0.25

Obs.
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B1.5
B1.6
B1.7
B1.8
B1.9
B1.10

328
321
318
301
348
274

302
317
334
294
329
278

334
309
317
295
326
272

318
334
327
318
330
294

321
320
324
302
333
280

DN 2 km 212+000 ÷ 212+040 right lane

0.31
0.31
0.30
0.35
0.29
0.41
0.29

Fig. 5 In-situ placement of positions under investigation
Table 4: Data and calculations regarding the determination of the depth of
the macrotexture of the surface pavement by the volumetric technique MTD left lane DN 15 km 290 + 850 ÷ 290 + 890
Indicative
test surface,
code / no.
B2.1
B2.2
B2.3
B2.4
B2.5
B2.6
B2.7
B2.8
B2.9
B2.10

V,
mm3

25000

Diameter, mm
D1
332
253
348
263
373
262
289
295
255
301

D2
349
238
331
265
358
258
262
283
254
295

D3
347
255
345
265
303
257
275
297
265
303

D4
342
245
350
254
361
265
274
290
245
296

Di,
mm

MTDi,
mm

343
248
344
262
349
261
275
291
255
299

0.27
0.52
0.27
0.46
0.26
0.47
0.42
0.38
0.49
0.36
0.39

Table 6: SRT values determined on site DN 2 km 212+000 ÷ 212+040 right
lane

Obs.

Surface
identification,
code / no.
B1.1
B1.2
B1.3
B1.4
B1.5
B1.6
B1.7
B1.8
B1.9
B1.10

Considering that the national road DN 15 km 290 + 890 from
the traffic point of view is a road of technical class II, according to
the roughness criteria established by AND 605 [18], the pavement
does not meet the minimum conditions regarding MTD, the average
values established on the pavement being less than 1.2. Based on
this consideration, the road does not have a proper roughness and
the condition of skid resistance is not met, and applying additional
measures are needed to increase the roughness, such as the
execution of a roughness treatment.

SRT roughness
SRT
Temp. SRT
obtained, PTV average
Correcti value,
units
value,
Obs.
on, PTV PTV
PTV
units
units
1 2 3 4 5
units
70 71 71 71 70
71
-1
70
1m from shoulder
72 72 71 72 72
72
-2
70
0.5m from axis
76 76 76 76 76
76
-2
74
1m from shoulder
77 77 77 78 77
77
-3
74
0.5m from axis
73 73 73 72 72
73
-4
69
1m from shoulder
74 74 74 75 74
74
-4
70
0.5m from axis
76 76 76 75 75
76
-4
72
1m from shoulder
77 77 77 78 77
77
-4
73
0.5m from axis
78 78 78 77 77
78
-3
75
1m from shoulder
78 78 78 77 77
78
-3
75
0.5m from axis
72

Given that the national road DN 2, km 212 + 000 is a road of
technical class II, according to the roughness criteria established by
AND 605 [18], the pavement does not meet the minimum
conditions regarding the minimum admissible SRT value (the
pavement must present it, the average of the established values on
the sector being larger than 80). Based on this consideration, the
road does not have a proper roughness and the condition of skid
resistance is not met, and it is necessary to apply methods to
increase the roughness, such as the execution of roughness
treatments. Although the MTD value came out properly,
corroborated with the SRT value, it is considered that the road does
not meet the minimum roughness condition.

Measurement of pavement surface adhesion by pendulum test
method
DN 2 km 212+000 ÷ 212+040

Measurement of tread adhesion by test method with pendulum
DN 15 km 290 + 850 ÷ 290 + 890 right lane

Fig 4 In-situ placement of positions under investigation
Table 5: SRT values determined on site DN 2 km 212 + 000 ÷ 212 + 040 left
lane

Fig. 6 In-situ placement of positions under investigation
Table 7: SRT values determined on site DN 15 km 290 + 850 ÷ 290 + 890
right lane

SRT
SRT
SRT
roughness average
Surface
Temp.
value,
identification, obtained,
value, Correction,
Obs.
PTV
PTV units
code / no.
PTV PTV units
units
1 2 3 4 5 units
B2.1
75 75 75 75 75 75
-4
71 0.5m from axis
B2.2
74 74 74 73 73 74
-4
70 1m from shoulder
B2.3
79 79 79 79 79 79
-4
75 0.5m from axis
B2.4
72 72 72 72 72 72
-3
69 1m from shoulder
B2.5
80 80 80 80 79 80
-2
78 0.5m from axis
B2.6
73 73 73 73 72 73
-2
71 1m from shoulder
B2.7
73 73 73 72 72 73
-4
69 0.5m from axis
B2.8
77 77 77 77 78 77
-3
74 1m from shoulder
B2.9
72 72 72 71 71 72
-2
70 0.5m from axis
B2.10
73 73 73 73 73 73
-3
70 1m from shoulder
72

SRT roughness SRT
SRT
Surface
obtained, PTV average Temp.
value,
identification,
units
value, Correction,
PTV
code / no.
PTV PTV units
units
1 2 3 4 5
units
B1.1
57 56 56 56 55 56
-1
55
B1.2
59 59 59 59 59 59
-2
57
B1.3
58 57 57 56 56 57
-2
55
B1.4
58 58 58 58 58 58
-2
56
B1.5
58 58 58 57 57 58
-2
56
B1.6
56 55 55 55 54 55
-2
53
B1.7
57 57 56 56 56 56
-2
54
B1.8
56 56 55 55 56 56
-2
54
B1.9
58 59 60 58 58 59
-2
57
B1.10
56 56 55 56 56 56
-2
54
55
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Obs.

1m from shoulder
0.5m from axis
1m from shoulder
0.5m from axis
1m from shoulder
0.5m from axis
1m from shoulder
0.5m from axis
1m from shoulder
0.5m from axis
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Measurement of pavement surface adhesion by the test method
with pendulum DN 15 km 290 + 850 ÷ 290 + 890 left lane

Fig. 7 – In-situ placement of positions under investigation
Table 8: SRT values determined on site DN 15 km 290 + 850 ÷ 290 + 890
left lane
SRT
SRT
SRT
roughness average Temp.
Surface
value,
identification, obtained, PTV value, Correction,
Obs.
PTV
units
code / no.
PTV PTV units
units
1 2 3 4 5 units
B2.1
56 56 56 56 55 56
-2
54
0.5m from axis
B2.2
63 62 62 61 62 62
-1
61 1m from shoulder
B2.3
55 55 54 54 54 54
-2
52
0.5m from axis
B2.4
63 63 63 64 63 63
-2
61 1m from shoulder
B2.5
58 58 58 59 58 58
-2
56
0.5m from axis
B2.6
53 53 53 53 52 53
-1
52 1m from shoulder
B2.7
53 53 52 53 53 53
-2
51
0.5m from axis
B2.8
66 66 66 66 66 66
-2
64 1m from shoulder
B2.9
56 56 57 57 57 57
-1
56
0.5m from axis
B2.10
63 63 63 63 63 63
0
63 1m from shoulder
56

Given that the national road DN 15, km 290 + 870 is a road of
technical class II, according to the roughness criteria established by
AND 605 [18], the pavement does not meet the minimum
conditions regarding the minimum SRT value that the pavement
must present, the average of the established values on the sector
being less than 80. Based on this consideration, the road does not
have a proper roughness and the condition of resistance to skidding
is not met, requiring the application of adequate methods to increase
the roughness, such as the execution of roughness treatments.
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Development of an 1D simulation model to optimize performance and emissions of large
gas engines
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Abstract: The main subject of this paper is the development of a multicylinder engine model for the prediction and optimization of engine
performance based on one-dimensional (1D) simulation. 1D simulation is widely used to preoptimize engine geometry and operating
parameters to achieve performance targets and comply with operational and emission constraints. Due to the short calculation times, 1D
simulation allows the evaluation of a larger number of variants. As new engine concepts are developed, many operating parameters are first
defined and optimized with a 1D multicylinder engine model. This model illustrates the full complexity of the engine with its geometry,
turbocharging and combustion parameters. In this paper the design of experiments (DoE) method is used in connection with 1D simulation
to determine the optimal engine configuration as well as parameters related to the combustion process, i.e., valve timing, compression ratio,
ignition timing, excess air ratio. This approach enables the determination of the maximum engine efficiency while taking the boundary
conditions and the constraints of nitrogen oxide emissions (NOx) and knock into account. The method also enables the reduction of the
cylinder-to-cylinder deviations by improving the gas dynamics and the fuel metering in the main combustion chamber and in the prechamber, which is especially important for the multicylinder engine. The simulation results are validated with experimental investigations on
a single cylinder research engine.
Keywords: GAS FUELED ENGINES, 1D SIMULATION

bed is being designed, it is important to adapt the gas dynamics in
the intake and exhaust piping system. The objective is to achieve
similar conditions in the cylinder of the SCE and the corresponding
multicylinder engine.

1. Introduction
In recent years the demand for high-performance engines has
increased, which drives their continued development. When a new
gas engine is being developed, a global optimum for the operating
parameters should be found so that the engine can be operated at the
best possible efficiency and the required power output without the
occurrence of knock and while complying with valid emission
legislation. Whereas the current German legislation [1] for gas
engines defines the nitrogen oxide emissions limit as
500 mg/m³ (norm) @ 5% O2, the trend is towards a further
reduction
to
250 mg/m³ (norm)
@ 5% O2
(Gothenburg
Protocol [2]) or 75 mg/m³ (norm) @ 15% O2 (EU Directive
2010/75/EU [3]). This paper describes the evolution and the
important role of 1D simulation modeling in the development of a
new high-performance gas engine. The required sub-models and
boundary conditions are discussed and an application is provided as
an example of successful use of the methodology.

2. LEC Development Methodology
The 1D simulation that is part of LDM (LEC Development
Methodology) [4] is an efficient tool that meets the demands for
flexibility, predictability and computational time for this type of
investigations. LDM is based on the intensive interaction between
simulation and experimental investigations on single cylinder
research engines (SCE) and multicylinder engines (MCE), see
Figure 1. This methodology makes use of 3D CFD simulation and
0D/1D engine cycle simulation. While 3D CFD simulation is
mainly employed to optimize the details of relevant processes (e.g.,
mixture formation and combustion in the prechamber and main
combustion chamber, determination of the location of knock),
0D/1D engine cycle simulation is applied to pre-optimize
significant engine parameters (e.g., compression ratio, valve
timing). When applying the LDM methodology, it must be
guaranteed that the results from single cylinder tests can be
transferred to the multicylinder engine. For this it is necessary to
acquire boundary conditions at the SCE to get conditions
comparable to the ones of the multicylinder engine. Not only the
thermal boundary conditions but also the conditions at the
beginning of the intake stroke (temperature, pressure, and incylinder gas composition) are required. These conditions are
determined in an iterative process based on 1D engine cycle
simulation of the multicylinder engine and the single cylinder setup.
The design of the single cylinder test bed has some specific
features. While the piping system of the single cylinder engine test

Fig. 1 LDM: LEC Development Methodology

3. Database and data analysis for the calibration
and verification of the 1D model
For following the LDM, in a first step a reference case has to be
created using measurement data from a physical engine with the
purpose of further development and calibration of the simulation
model. The SCE configuration, described in this paper, is equipped
with gas scavenged pre-chambers and about 6 dm³ cylinder
displacement volume. The available database includes
measurements for variations of compression ratio, NOx emission
level, ignition timing, intake charge temperature, pre-chamber
energy and exhaust gas pressure. Configurations with two different
valve lift profiles were used. Furthermore, measurement some
performed at the knock limit.
Measurement data are required for the development and
calibration of models as well as for the calculation of the rates of
heat release for direct specification in the 1D simulation. Developed
at the LEC, the engine cycle calculation program LEC CORA is
used to analyze the operating points measured on the test bed. The
software package CORA (Combustion Optimization, Research and
Analysis) was designed to analyze and simulate the high-pressure
cycle of the working process of combustion engines. It enables the
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analysis of measured pressure traces as well as simulation of
cylinder conditions during the high-pressure cycle upon
specification of the rate of heat release histories or the rate of heat
release models. The software is used in combustion analysis mainly
for pressure offset, compression ratio and top dead center
adjustment as well as pressure history analysis (high-pressure cycle)
and loss analysis.
The high demand on the quality of the measurements used as a
basis for analysis, leads to the necessity to check this quality,
whenever possible directly and automatically at the test bed, to
allow early detection of errors [5]. In this context, a methodology
for automated error diagnosis on engine test beds was developed at
the LEC. The algorithms this system is relying on, are provided in
the “LEC MCheck” (LEC Measurement Check System) software
solution and are used directly on the test bed. A consistent use of
these tools guarantees a high quality of measurement data and the
resulting rate of heat release histories, which in turn is
advantageous, when calibrating simulation models and interpreting
the results.

Fig. 3 Implementation of the functions in the MCE model

4.2. NOx model and knock prediction
The NOx concentration that arises during combustion is
calculated from the well-known Pattas and Häfner model [6] in the
used software, which accounts for the formation of thermal NO
using an extended Zeldovich mechanism. The temperature of the
burned zone for simulating the post-flame reactions is calculated
from the heat release rate (ROHR) model with a two-zone submodel. In addition, the two-zone modeling approach enables to
determine the maximum temperature in the unburned combustion
zone, which is assumed as a reasonable indicator of conditions for
knock events and as a criterion for the knock limit. The assumption
is, that the knock behavior of the engine stays unchanged in case
that this temperature is constant. Another possibility for knock
prediction is the application of the LEC knock model [7]. The basic
idea behind this model is to ascribe the statistical phenomenon of
the occurrence of knock-cycles to the similar statistical
phenomenon of the ignition delay scatter. The method uses models
for the ROHR, knock timing and knock intensity. Because the LEC
knock model requires a wide measurement database with operating
points at the knock limit for its calibration, typically it is not used at
this stage of the engine development.

4. Development of the MCE model
As baseline simulation model, the MCE model with prechambers for each cylinder, gas mixers and two stage
turbocharging, is used. The compressors and turbines are depicted
with corresponding maps. The model is created using the
commercial software package GT Power. One challenge in the
development of a pre-chamber gas engine simulation model is to
determine the conditions, not only in the cylinder, but also in the
pre-chamber (PC) as accurately as possible, because the combustion
in the PC influences the behavior of the main chamber. For this
reason, also the pre-chamber, pre-chamber gas valve and the piping
system of the PC gas rail are depicted in the 1D model for each
cylinder. The pre-chamber gas valve is a check valve, and it is
modelled with high complexity: pin mass, valve spring stiffness,
valve maximum displacement and flow coefficients. The prechamber gas rail is also modelled in detail, in order to reproduce the
gas dynamics in the rail and the fuel flow into the pre-chamber
thoroughly.

4.3. Other features of the MCE model

4.1. Modelling of the combustion process

In most of the common applications, large-bore gas engines
operate at constant NOx emission levels. For this reason, a NOxcontroller is implemented in the MCE model, so that it continuously
varies the EAR until the target NOx level is reached.
One issue, when using such a highly complex model, is the
relatively long computing time. In order to reduce it, for some
investigations the turbochargers are rep laced with a block, which
uses a function for calculation of the exhaust back pressure. The
function is based on the turbocharger main equation [8], and in this
case it is possible to use a constant turbocharger efficiency and
constant compressor bypass ratio. For the adjustment of the exhaust
back pressure in the model an orifice connection in the exhaust
piping of the model is used.
With respect to NOx-emission, the 1D MCE model typically is
calibrated by using NOx variations measured on a single cylinder
research engine. With this approach very good agreement of the
simulation results with the measured EAR at the same NOx level
can be achieved. Due to the high complexity of the system and the
large number of free parameters, the statistical method Design of
Experiment (DoE) is a useful tool to support this calibration. The
free parameters optimized on the basis of this approach are typically
compression ratio, control of the combustion process, valve timing
and turbocharger design. The typical goal of the investigations is to
achieve the highest engine efficiency possible while fulfilling the
boundary conditions of permissible NOx emission limits, maximum
cylinder peak firing pressure and knock-free operation [9]. Figure 4
provides an overview of the optimization process using the DoE
method.

1D simulation requires the rate of heat release in the cylinder
and in the PC. Measurement data from relevant operating points,
measured on SCE, are used to determine the actual rate of heat
release history using engine cycle calculation. The combustion
duration in the cylinder and the fraction of fuel burned are
additionally adjusted as functions of excess air ratio (EAR), because
those parameters are strongly dependent on EAR. Those functions
are determined from measured EAR variations on the SCE test bed,
Figure 2.

Fig. 2 SCE measurement: Fraction of fuel burned as a function of EAR.

Figure 3 represents the implementation of the functions for
combustion duration and fraction of fuel burned in the cylinder
module of the 1D MCE model.
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simulation plan with 26 cases is generated, the cases are simulated,
and mathematical models for prediction of engine efficiency,
temperature of the unburned zone and peak firing pressure are
created. Figure 5 shows the very good agreement between the
observed values and the predicted ones. With the help of the
optimizer tool in the MODDE software the optimal variant is
determined, and the valve timings for a new camshaft can be fixed.
With the newly designed and machined camshaft measurements on
the SCE test bed with variation of ignition timing and compression
ratio have been performed.

Fig. 4 Procedure for applying DoE methods for 1D simulation.

5. Applications of the 1D simulation model and
results
Different engine configurations were compared with the 1D
MCE model. First, the model was calibrated on the base of SCE
measurements. Thereby different measurement series were used:
Brake mean effective pressure (BMEP) variations, NOx variations,
as well as measurements at the knock limit. The following
configurations were investigated:
• base concept with Miller valve timing, compressor bypass
and mixture preparation with a gas mixer,
• mixture preparation with port fuel injection (PFI) for each
cylinder instead of a centrally located gas mixer for all
cylinders and control of the peak firing pressure,
• mixture preparation with gas mixer and variable valve
control.

Fig. 5 DoE investigation: observed vs. predicted values.

The measurements have confirmed the optimal MFB_50% for
maximal engine efficiency from DoE investigation. The efficiency
gained by the compression ratio increase from simulation and from
measurement are also in the same range. The measurements
confirmed also the efficiency increase with the new valve lift
profile.

The simulations with the 1D model have shown that all
configurations have similar EAR deviations from the average value
in the PC at ignition timing. In order to balance those EAR
deviations in the pre-chambers, PC solenoid valves can be used
instead of check valves.
The implementation of the PFI for each cylinder instead of a gas
mixer is a potential improvement. In the case of PFI, a gas valve
admits the fuel into the intake port in front of the intake valve, then
the mixture of air and fuel flows into the cylinder, when the intake
valve is open. The objective is a reduction of the cylinder-tocylinder deviations of the multicylinder engine, because the PFI
concept allows a cylinder-specific fuel control. As a consequence,
the balancing of the peak firing pressure is possible.
The application of variab le valve control, allows a zero
compressor bypass and as a consequence an efficiency increase and
a reduction of unburned hydrocarbon emissions (HC), but it also
requires more procurement costs and leads to higher friction losses.
There is high potential in the layout of the valve lift curves for
the first two configurations above. The valve lift curves influence
the cylinder temperature, residual gas content and as a consequence
the nitric oxide emissions formation and the knock tendency. In
addition, the valve overlap is responsible for a part of the HC
emissions.
With the defined BMEP and NOx-level as target values a highend gas engine is optimized using the 1D MCE model. Thereby the
design of experiments method is used. The target is to increase the
engine efficiency, on the condition that NOx and peak firing
pressure must not exceed the previous ly given values. Following
factors for the DoE investigation are chosen: position of the ROHR
(crank angle at 50% mass fuel burned in the cylinder, MFB_50%),
intake valve opening, intake valve closing, exhaust valve opening
and exhaust valve closing. The constraints are knocking combustion
(described by the maximum temperature in the unburned zone) and
EAR. Measurements on the SCE test bed have shown that the
combustion stability deteriorates once the EAR exceeds a critical
threshold. With the help of the commercial software MODDE a

6. Summary and outlook
This paper presents the relevance of 1D simulation during the
development process of high-performance large bore gas engines by
taking different development constraints into account. 1D
simulation models of different designs and at different levels of
detail were discussed in relation to each specific issue. The model
was calibrated on the base of SCE measurements. As a result, it was
possible to increase the BMEP and engine efficiency. The
simulation results were confirmed by measurements at the SCE test
bed.
Further investigations are planned with increased compression
ratio and adaption of the MFB_50%.
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Abstract: The contact pattern and contact line calculation is an essential part of the design of worm gears. The existing calculation
algorithms are based on the law of gearing. For this reason, cases like meshing interferences can only be analysed to a limited extent. The
simulation of the hobbing process of enveloping wormwheels, introduced here, makes it possible to generate any wheel flank precisely. For
the contact pattern calculation, one wheel flank is generated from the cutter geometry and one from the worm geometry. These two
generated flanks are brought into contact. For each flank coordinate, the distance to the opposite flank is obtained. The graphical
application of this distance over the wheel coordinates results in a contour diagram that is known as the contact pattern. The contact line
calculation of worm gears also shows on which part of the flanks power is transmitted at a certain rotational position. For this calculation,
the wheel flank generated from the cutter is brought into contact with the worm flank at any angular positions.
Keywords: WORM GEARS, ENVELOPING WHEEL, HOBBING PROCESS, CONTACT PATTERN, CONTACT LINES
For gearings that are operated in both directions of rotation, the
contact pattern is oriented centrally on the gear flank. If the gear
unit is used primarily for one direction of rotation, the contact
pattern is shifted to the run-out side. This favors the lubricant film
buildup and increases the efficiency. In Figure 1, the inlet side is on
the left and the outlet side on the right for both gears. [1]

1. Introduction
Worm gear units allow high gear ratios in one gear stage and
therefore require less mounting space than other gear units that
deliver the same gear ratio. Compared to spur gears, they are less
efficient due to the high sliding movements, but there are
applications in which this is actually an advantage. A good example
are worm gear units for elevators. Here, the worm gearing can be
designed to be self-locking. This helpfully causes the elevator to
move only by the drive of the motor on the worm side and not by
the output torque resulting from the weight of the passengers. An
additional brake can be avoided in this case. Another positive
feature of worm gear units is the high possible overlap of the teeth,
which results in very smooth running.

2. Prerequisites and means for solving the problem
The previous section shows that the load profile calculation is
an essential part of the design and manufacture of worm gears. In
order to save costs and time in the production of a good contact
pattern for a specific application, there still exists different software
tools that calculates the contact pattern in advance with defined
flanks and tool geometry. These programs are based on the law of
gearing. The enveloping gear flank contour is determined
analytically by the tooth contact to the worm flank. This purely
analytical approach leads to problems in critical cases like meshing
interferences. Likewise, the calculation of special gears such as
worms with a large number of teeth or worms with a very small
center pitch angle is not possible.

The line contact between the worm and the enveloping wheel
requires them to be matched very precisely with each other. The
wheel is usually made of centrifugal casting bronze. This shows a
good run-in behavior. It means that production-related gear
deviations or drive-related deformations with initially high wear can
be compensated. During the run-in phase, the wheel flank adapts to
the worm geometry and the efficiency improves.
The run-in behavior can be optimized by varying the gear and
manufacturing parameters. Small deviations between the worm and
cutter geometry prove to be effective. Theoretically congruent flank
geometries cannot be paired congruently in real terms, resulting in
large wear.
To check the mounting situation of the two gears, a contact
pattern test is applied by brushing the wheel flanks and then
spinning the gears under load. The basic idea is that the contact
pattern should not extend over the entire wheel flank in order to
avoid root and edge supports as a result of deformation. However,
when noise behavior is a high requirement, the contact pattern is
positioned over a relatively large area and towards the root of the
tooth (Fig. 1, left). The contact pattern for worm gears exposed to
impact and high loads is smaller and positioned toward the tooth tip
(Fig. 1, right). [1]

Fig. 2 Worm with a high number of teeth (top) and with one tooth and a
small pitch angle (bottom)

Fig. 1 Ideal contact patterns for low-noise (left) and highly stressed
gearings (right) [1]
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3. Solution of the examined problem
To calculate the contact pattern and contact line of any worm
gear, a numerical approach is chosen which is presented in the
following. The hobbing process of the enveloping gear flank from
the tool contour is simulated. This simulation uses a modification of
the algorithm already successfully used for spur gears [2]. A surface
element is being specified on the wheel blank, which includes the
surface within the pitch angle of the wheel. This surface element is
defined with two grid boundary functions. One function is located
at the tooth tip (Fig.3, black) and one at the tooth root (Fig. 3,
green). A certain number of points (Fig.3: 30 points) is defined on
both functions. The connections between the respective opposite
points of the grid boundaries are made of straight lines (Fig.3, gray),
which pass through the volume element as a grid.

Fig. 5 Wheel contour (blue) resulting from the hobbing simulation between
tooth root and tooth tip (purple) as a sequence of intersection points with
minimum distance to the tooth root boundary (green) for each grid line

In the case of spur gears, it is only necessary to carry out the
simulation of the hobbing process in a spur plane of the gear, since
the gear contour, apart from the torsion due to the helix angle, does
not change over the width of the gear or hardly changes with a
clearly defined width crowning. The enveloped wheel contour of a
worm gear, on the other hand, has a significant change in shape
over the wheel width. For this reason, the hobbing simulation is
performed in several parallel sections. In each of these cuts, the 2D
cutter contour is required. For this purpose, the contour in the axial
section plane of the tool is first determined from the gear data.
Predki [3] provides the calculation of the axial section contour for
the common flank shape ZA, ZI, ZN, ZC and ZK of worm gears. In
addition, the vertical crowning can be included in the form of a
parabola according to DIN 3975-1 [4]. By screwing the axial profile
geometry around the tool axis, not only the 3D geometry can be
derived, but also the 2D contour in the selected parallel sections can
be determined.

Fig. 3 Cutter contour and surface element on the wheel blank at pitch
position 0°

This grid is rotated around the wheel axis depending on the
position of the cutter geometry, so that the kinematics between the
wheel blank and the tool of the hobbing process are correctly
reflected. For each grid line, it can be determined in a specific
rotational position if and where there is an intersection with the
cutter contour. The grid is rotated from the central rotational
position (Fig. 3) first to the right and then to the left until no new
intersection points are found between the cutter contour and the grid
lines that are closer to the tooth root boundary function (green).

Fig. 6 3D cutter geometry, axial section profile (green) in axial section
plane and calculated tool contour (red) in any section plane.

Figure 7 shows the calculation algorithm for determining the
tool contour in a parallel section plane (yellow) from the axial
section plane (x = 0). The contour profile is shown as a red
sequence of points. It is possible to determine the coordinates of
each point in the plane via an associated screw angle delta. This
angle is calculated trigonometrically from the x-coordinate xplane of
the plane and the Z-coordinate of the axial section point:

Fig. 4 Cutter contour and surface element on the wheel blank at -9° (top)
and pitch position 11° (bottom)

During rotation in one direction, the intersection point of each
grid line that is closest to the tooth root boundary function is saved
from all rotation positions. The connection of all these saved points
per grid line, provides the hobbed wheel contour. Any material of
the wheel blank that is below these intersection points is removed in
the hobbing process. [2]
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For
F the calculaation of the contact pattern, a wheel flank is
geneerated once from
m the cutter andd once from thee worm. The wheel
w
flank
k from the cuttter geometry iss the real flank
k before the ruun-in
phase of the worm
m gear, and thhe wheel flank from the worm
w
metry represents the ideal wheeel flank after run-in
r
wear. Thhese
geom
wheeel flanks are rottated towards eaach other so thaat they touch at one
pointt.

Fig. 7 Illustratioon of the deterrmination of thhe screw angle for
Fi
deetermining the toooth contour in a parallel
p
section plane
p
(x = xplane) from
f
thhe axial section pllane (x = 0)

Fig
g. 9 Pairing of thee two generated eenveloping wheel flanks.
f

Between
B
all flank points, thhe distance can
n be calculatedd as
show
wn in Figure 10.

In each parallel section, the cutter contour can be calculatted in
eacch pitch. With this
t tool contouur, the wheel coontour is determ
mined
in all
a parallel secttion as shown in
i Figure 5. The separate 2D wheel
w
conntours (Fig.8, blue)
b
are combbined to form the
t entire 3D wheel
w
flannk. For this puurpose, a cubicc interpolation is used to gennerate
more grid points over the entire wheel geomettry (Fig.8, grayy). On
the one hand, thee number of sections
s
is incrreased, but alsso the
num
mber of flank points
p
in each of these sectionss is increased annd set
to a fixed numberr. This way, thhese cuts can be connected annd the
entire wheel flankk is created from
m the hobbing simulations off each
parrallel section in detail.

distance
d
= radiuus • (αS – αF)

(2)

Fig
g. 10 Distance callculation betweenn the two wheel fllanks

A contour line diagram
d
is thenn generated (Fig
g. 11), on whichh the
flank
k distance is plotted
p
for eacch wheel flank
k coordinate. This
T
conto
our line diagraam is the contaact pattern of th
he gears. It cleearly
show
ws where the innitial contact zzone and conseequently the ruun-in
wearr will take placce. The contactt pattern can th
herefore be useed to
evalu
uate how suitabble the selectedd cutter geometrry is for generaating
the wheel
w
flank.

Figg. 8 Perspective view
v
and radial section
s
of the envveloping wheel coontour.
Thee intersection pooints from the hobbing
h
simulatioons are gray annd the
inteerpolated grid poiints are blue.

For illustratioon purposes, a smaller numbeer of grid lines and
h
been chossen in
secction planes as well as interpoolation points have
the figures. To acchieve good caalculation resullts, at least 1000 grid
linees and 30 parrallel intersections are seleccted. The folloowing
inteerpolation is doone with at leasst 40 interpolatiion sections and 100
poiints per flank.

Fig. 11
1 Contact patterrn – contour line diagram, distancce 0 in blue point
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In contrast to the contact pattern, the contact lines are calculated
from the flanks actually in contact, which are the wheel flank and
the worm flank. The position of the worm flank can be determined
from the kinematics of the two gear partners for a given pitch
position of the wheel flank. A contact line is automatically set.

4. Results and discussion
The developed algorithms were implemented in the software
"Trabi 10" at the chair of industrial and automotive drivetrains at
Ruhr-University Bochum. This software not only provides the same
results for standard gears that can be calculated with existing
software, but now also provides results for the mentioned borderline
cases (meshing interferences, high number of teeth, etc.). The
software is already used in industry and shows a very good fit
between theory and practice as can be seen in figure 15.
Outlet

Inlet

Fig. 12 Contact line of wheel and worm flank at a specific pitch angle

In each of the parallel sections of the gear, the point of
minimum distance between the flanks is determined. If this point is
below a defined limit value, this point counts as a contact point and
is part of the contact line. All parallel sections are processed and all
found contact points are connected to the contact line. By passing
through different pitch positions from the beginning to the end of
the tooth contact, the contact line diagrams in the radial section of
the worm wheel and in the worm transverse section are obtained.

Fig. 15 Comparison between calculated contact pattern with Trabi 10
(top) and the manufactured contact pattern at “Zahnradfertigung Ott”
(bottom)

5. Conclusion

Fig. 13 Contact lines in the transverse section of the worm

The software "Trabi 10" with the presented calculation
algorithms provides for the first time the possibility to calculate the
contact patterns and contact lines of any worm gears without
restrictions. Overall, the software is characterized by the fast
calculation of many gear variants and the stability of the numerical
algorithms. The influence of the various gears and manufacturing
parameters on the contact pattern and the contact lines quickly
becomes evident and a deep understanding for the correct design of
the manufacturing tool is created.

In addition, the contact lines can be viewed in the top view of
the worm. The points that leads to the contact line can also be
combined as a meshing line for each parallel section. This allows
the length of the contact to be identified.
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Fig. 14 Contact lines in the worm face section
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The overlap εγ can be determined from minimum (ymin = A)
and maximum (ymax = E) of these mesh lines, which directly
indicates the quality of the gearing:

εγ =

AE
px 1

=

y max −y min
px 1

(3)
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Extension of geometry and investigation of deformation on crossed helical gears to increase
load capacity and performance
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Abstract: Crossed helical gear units are used in many applications. They range from actuators and power take-offs to household appliances
and functions in automotive engineering and production processes. The design is often based on a material combination of steel-worm and
plastic-wheel. Based on the research on high efficient plastic materials, they already replace a large number of steel applications. In order
to improve the load capacity and performance of crossed helical gears, they must be understood in detail. This article deals with a new
calculation method to design optimized flank geometries and to investigate them with regard to their properties in gear mesh. In addition, the
deformation and the load distribution in the gear mesh will be examined in more detail. The observation is made in the normal section. In
this section, all relevant influences on the performance of the gearing can be analyzed. The pressure and deformation are verified with the
help of an FEM-simulations.
Keywords: CROSSED HELICAL GEARS, PLASTIC GEARS, FEM-SIMULATION

1. Introduction
The multitude of applications of crossed helical gear units
requires quickly adaptable and optimally designed gearings.
Crossed helical gears are found in actuators and auxiliary drives as
well as they are increasingly used in automation processes. The
high gear ratio in a small space is a great advantage, like it is in
worm gears. The development of highly efficient and resilient
plastic materials makes it possible to replace more gear applications
with steel wheels by plastic wheels. The material behavior of plastic
is different than steel. A number of influencing factors have to be
taken into account. This paper describes the approach in a research
project in which a new calculation method for designing and
calculating the loads on crossed helical gears was developed. To
investigate the meshing behavior and load distribution of crossed
helical gears, it is necessary to know the exact geometry.
Niemann and Winter [1] calculate the geometry of a crossed
helical gear using a counterpart rack. The rack rolls on the two pitch
circles of the individual gears. The gears, considered in this article,
consists of a worm and a helical gear. For this reason, the terms
worm and wheel are used in the following text. Niemann and
Winter [1] calculate the meshing, pressures, sliding paths etc. only
at the screw point. Boehme [2] has extended the approach. He
defines a counterpart rack from two known gears. The rack is a thin
counterpart rack in space. Boehme calculates the variables along the
entire path of contact. His approach allows changes for axis
distance and changes in the axis crossing angle of 90°. VDI 2736-3
[3] provides a simple procedure for the initial evaluation of the
load-carrying capacity. In order to be able to take all necessary
influences into account, the investigations must be carried out in
more detail.

Fig. 1 Coordinate systems of the crossed helical gear (normal section) and
Q-profile

For further investigations, it is necessary to determine some
basic parameters of the gear pair to be designed: the numbers of
teeth z1, z2, the normal modulus mn and the centre distance a, the
pressure angle in the normal section α n, the shaft angle Σ and the
two helix angles β 1 and β2. From these parameters, the remaining
parameters can be calculated. The reference profile is selected
according to standard with DIN 867 [4].
The parameters are defined in individual coordinate systems.
The right-hand coordinate system of wheel 1 (system 1) and wheel
2 (system 2) are shown in Fig. 1. For the analysis in the gear
meshing, both wheels must be considered in one system. This is
done by a global coordinate system X, Y, Z, which corresponds to
the system of wheel 1. The counterpart rack has a local coordinate
system q, which is also shown in Fig. 1. A fourth order polynomial
(equation 1) forms the rack profile. This will be called Q-profile in
the further cause of article. The individual coefficients q 0 to q4 can
be chosen arbitrarily. The pitch is considered in the coefficient q 0.
q1 considers the normal pressure angle and influences the gradient
of the flank line. q 2, as well as q 3 allow various modifications to the
profile for optimum design of the gears. In this article, for the
involute form only q 0 and q 1 are used.

The calculations in this article are also based on the gear
geometries derived with the help of a counterpart rack arranged in
space. The geometry of the worm and the wheel is generated by
applying the law of gearing. Pressures and sliding paths can be
calculated in the entire contact path. The distribution of load on the
individual teeth has an influence on the running behavior and loadcarrying capacity of a gear. The more tooth flanks are in contact, the
less load each individual tooth has to bear. The load distribution on
the tooth flanks depends on the stiffness of the plastic material and
the deformation of the teeth. To verify the calculation, these
correlations are analyzed with the help of FEM-simulations.

2. Calculation process
A crossed helical gear consists of two cylindrical gears. The
axes of these two gears cross at a shaft angle Σ and have the center
distance a.
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Fig. 3 Deriving the gear geometry from the counterpart rack and the gear
law

The rack can be used in different angular positions. This enables
variable shaft angles according to Boehme [2]. The path of contact
is limited by the two tip diameters. The start of meshing A results
from the cross point of the path of contact with the tip diameter of
gear 2, the end of meshing E results from the cross point with the
tip diameter of gear 1.
The path of contact is derived from the two transverse sections.
In each transverse section, there exists a pitch point E1,2. From
these, the pitch point ES of the crossed helical gear is obtained.
From the coordinates of the contact points in each contact position,
the line of contact is obtained. Graphically, the pitch points are
determined by finding the point of intersection of the path of
contact with the X, Z plane, or the Y, Z plane. This results in a pitch
point in each transverse section. The total contact ratio ε γ results
from the transverse contact ratio εα and the overlap ratio εβ under
consideration of the overlap angles φα and φβ and the number of
teeth z 1.

Fig. 2 Profile of the counterpart rack of an involute flank with q 0 and q 1; the
fourth order polynomial from equation 1 is shown in orange

The parameter u describes the flank course of the Q-profile,
which is initially limited by the dedendums hf1 and hf2. It is assumed
that the tip diameters result from the diameter of the material
cylinders during the manufacturing process. For plastic wheels, the
type of manufacturing process determines the tip circle. The
rounding on the Q-profile are only required to create the tooth root
fillets of the two wheels. The transition between the tip fillet of the
Q-profile and the flank line is tangential and smooth. Mirroring a
flank creates a whole tooth, so the whole counterpart rack can be
generated. Fig. 1 shows the counterpart rack, the rack profile is
shown in Fig. 2. To describe the complete Q-Profile, tangent and
normal vectors at the Q profile have to be determined. These
become particularly important when considering the velocities in
meshing and the Hertzian theory. For the transformation of the
tangent vectors into the transverse sections of the wheels, the helix
angles β1 and β2 are required. The Q-profile, including the vectors
associated with, are transformed in the coordinate systems of wheel
1 or 2.

εγ =

ye1(u) = (r01 − zp1 u ) ∙

y ′ p 1 (u)

360 °

∙ z1

(4)

To ensure that the gears created can be used in practice without
problems, they are examined for meshing interference.
The equivalent radii of curvature for arbitrary curves are
calculated using Bronstein [5]. To describe the tooth surfaces in
three dimensions, the parameters u and v are being used. The
parameter v describes the flank in the width direction, the parameter
u describes the flank surface in the height direction. A shaft angle of
90° between the mesh lines can cause them to coincide with the
principal curvature directions and lead to problems in the numerical
evaluation. To prevent this, a transformation of the mesh lines u, v
by the angles τg and τh, to the lines g and h is applied.

The path of contact results from the points of contact with the
Q-profile. The observation is made in the transverse section of the
worm or the wheel. For each point on the path of contact, there is
one point of contact on the rack and one on the flank. The rack
moves translationally along the profile reference line. The gear
rotates with angular velocity ω 1, 2 around its own axis of rotation. A
profile point P on the rack meets the wheel point S at the pitch point
E. The z-coordinate of the point on the rack corresponds to the zcoordinate of the pitch point. For the y-coordinate, the law of
gearing is considered. The parameters from equation 3 depend on
the variable u, which describes the flank course.
z ′ p 1 (u)

φ α +φ β

Fig. 4 Parameter network for describing the tooth surface

(3)
The principal curvatures are calculated using Bronstein [5].
With the corresponding formulas, curvatures on curved surfaces can
be determined in general. With the help of an extension [6], the
principal curvature directions are determined to match the
previously determined principal curvatures. It is possible that a
principal curvature radii runs towards infinity. To exclude
singularities in calculation the reciprocal of the radii is used. This
procedure is also particularly suitable for calculating modified flank
shapes. There are no restrictions with regard to geometry. To
determine the angle between the two principal curvature directions,
both wheel flanks are brought together at the contact points. This is
important to find the position and orientation of the two semiaxes of
the contact ellipse.

With the aid of a known point E, a point S on the flank is
determined. Both gears mesh with each other, if each mesh with the
counterpart rack.

The calculation program analyze the Hertzian pressure along the
entire path of contact. The Hertzian theory is carried out according
to known methods [7]. Instead of the rolling cylinders, two
ellipsoids in contact are considered for a general view. The
necessary tooth normal force is determined from the torque balance
about the x1 axis.
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Plastic has a different material behavior than steel. The
temperature dependence of the E-modulus as well as the stiffness
behavior have a significant influence. A material parameter
considers the influence of the plastic gear. The load distribution on
the tooth flanks in tooth meshing changes due to the load-dependent
deformation of the plastic wheel. To calculate the deformations, the
steel worm is considered as a rigid element. Plastic is the more
stressed and deformed material. The gears will fail on the plastic
wheel.

3. Simulation
The contact points of crossed helical gears of all meshing tooth
flanks are located in the normal section plane. Therefore, to analyse
tooth deformation, it is useful to determine the 2D tooth contours of
both gears in this plane.
Fig. 6 shows a worm and the normal section plane (gray)
through the z-axis, which is orthogonal to the tooth flanks. The
transverse section geometry (orange) is also shown below.

In his work, Pech [7] derived the deformation of a plastic gear
based on a bending beam. He uses a non-linear material model and
describes the shape of the beam with the help of the tooth tip and
height, as well as the normal module of the gear. The total
deformation of the plastic gear is determined from the tooth bending
and the surface deformation according to Hertz. The following
figure shows the equations and correlations of Pech graphically.

Fig. 6 Worm with screw helix of an axial section point

At first, for crossed helical gears with a helix angle of β > 45°, it
is useful to determine the axial section geometry from the transverse
section contour. In the further course, this is done for the worm. For
this purpose, the helix function for an arbitrary tooth flank point P is
used. In Fig. 6, the point P and the respective helix function are
shown in black. With the curve parameter t, the helix describes the
screwing of a flank point around the x-axis. Here, ttot is the total
number of revolutions over the wheel width b. The radius r and the
angle φ are calculated in the x-plane (x = xP) of the point P.

Fig. 5 Total deformation of a gear flank with the approach of Pech [7]

The procedure according to Pech is integrated in the new
calculation. Now it is possible to determine the total deformations
λzus depending on the load Fn at each meshing position. The
parameter κu∙Fn describes the load distribution depended on the
teeth in contact. At the end, the total deformation is a combination
of the bending deformation λpechF and the Hertz surface deformation
δ HF. A curve of tooth deformation in the form of a 3rd order
polynomial is assumed. This is consistent with the data according to
Pech. The course and the assignment is done with the parameter
fR2(u)3.
λpechF κu, u = fR2 u

3

∙ A0 ∙

mn
b 2eff ∙ s n 2

3
3 ∙E

2ϑ

∙ κu ∙ Fn ∙ cos
(αn )

A1

(5)
λzus κu, u = λpech κu, u + δHF (κu, u)

t
ttot

+ xP
Helix(t, xP , yP , zP ) = r y , z ∙ cos(2π ∙ t + φ(y , z ))
P P
P P
r yP , zP ∙ sin(2π ∙ t + φ(yP , zP ))
(7)
b∙

(6)

r(yP , zP ) = yP 2 + zP 2

(8)

φ(yP , zP ) = arctan2(yP , zP )

(9)

To calculate the axial section contour, the curve parameter t is
determined, when the y-component results in 0. In this way for each
point in the transverse section, an axial section point is directly
defined.

This allows further information to be derived from the extended
path of contact. The load distribution in the contact area can be
determined with the help of the deformation from the plastic gear.
The calculation for distributing the load among the meshing tooth
flanks in detail is being further refined in current research work.

The normal section profile can also be determined with the
helix function in a similar way to the axial section profile. For
crossed helical gears according to Boehme [2], the normal section
plane does not necessarily have to include the z-axis. In this case,
the point M in this section (xM, yM, zM) describes the shortest
distance orthogonal to the z-axis. By transforming the helix, the
normal section is located in the xz-plane. The coordinate
transformation can be described mathematically with equation 10.

The velocities and efficiencies at the pitch point are determined
analogously to Boehme [2]. It is possible to calculate them at any
position of the contact line. With the help of the velocities at the
flank, the lubrication of crossed helical gears can also be studied in
more detail in subsequent research topics. To be able to calculate
the sliding paths (worm and wheel), it is important to know the
orientation of the contact ellipse. The orientation is considered
relative to a horizontal line through the pitch point. The sliding path
is an indication for wear and can be calculated with the contact time
and the contact ellipse. It is determined how the flank of a wheel
moves as a function of the running parameter u through the contact
ellipse. The contact time is determined with the help of the
tangential velocity and the path through the contact ellipse.

cos β − 90°
Helixn t, xP , yP , zP = sin β − 90°
0

− sin β − 90°
cos β − 90°
0

xM
Helix t, xP , yP , zP − yM
zM
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1

(10)
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Table 1: Basic data of the reference gear pair [7] and [2]

The contour in the normal section results from the transformed
helix and the condition y = 0. The numerical root-finding algorithm
provides the curve parameter t of the desired point in the normal
section. Fig. 7 shows the axial section point in black. From this
point a normal section point results, shown in green. Performing the
described procedure for all points (of the axial section profile)
results in the green contour in the normal section.

worm
Center distance
Normal module
Normal pressure angle
Axis crossing angle
Helix angle
Number of teeth
Tip diameter
Root diameter
Profile shift factor
Face width

wheel
30 mm
1,25 mm
20°
90°

82,493°
1
12,068 mm
6,443 mm
0
32 mm

7,507°
40
52,932 mm
47,307 mm
0
10 mm

In the following table, the calculation results from different methods
are compared. Boehme [2] compared his results with those of Pech
[7]. VDI 2736-3 [3] is generally used as a basic design guideline.
Table 2: Comparison of the calculation results to the reference gearing
VDI
New method Boehme [2]
2736-3 [3]
Total contact ratio
1.8367
1.8369
1.8369
Tooth normal force
212.835 N
216.93 N
215.86 N
110.79
110.83
110.12 N/mm2
Hertzian pressure
N/mm2
N/mm2
Efficiency
54.55 %
54.32 %
54.54 %
Sliding velocity
0.758 m/s
0.769 m/s
0.758 m/s
Sliding path wheel 2
35.46 mm
38.81 mm
Hertzian deformation
62.35 μm
Total deformation
109.58 μm
-

Fig. 7 Determining the normal section contour from the axial section

With the tooth stiffness model it is possible to determine the
deformation of points on the tooth flank in the normal section. This
enables the calculation of the actual overlap and the load
distribution. To validate this model, an FE-routine in the normal
section geometry of the gears was set up. Nodes are defined on the
contour lines. By screwing them along the helix functions, the 3Dmesh of the gears is generated.

The parameter show good agreements in the results. VDI 27363 calculates the parameter at the screw point. To compare the values
at the screw point, the results from the calculation according to
Boehme and the new method are also given at this point. However,
the values can be determined at any point on the contact line. With
the help of the new method, it is also possible to obtain a good
result regarding the total deformation with simple equations. This is
an important basis for the investigation of the load distribution in
the tooth mesh.

5. Conclusion

x

In this research work, the calculations on crossed helical gears
were extended. The load distribution in the multiple engagement
was examined depending on the existing load and the stiffness of
the plastic material. The tooth deformation was taking into account
with the load distribution. The simplifications assumed in the
calculation provide good agreement in both approaches. A
counterpart rack profile is defined using the fourth-order
polynomial. The geometries of the two wheels are derived with one
side of the rack in each case. By meshing with the rack, both wheels
also mesh with each other. It is possible to consider shaft angles
deviating from 90°. In addition to crossed helical gears, the
calculation can also be used for spur gears. This new calculation
process for crossed helical gears forms the basis for new improved,
designed and optimized gears of various application areas. It shows
great potential for improvements. The calculation values always
assume the highest load on the gear unit. The potential for
improvement is far from exhausted and will be further investigated
in this ongoing study, also like the study of the load distribution in
the tooth engagement in detail. New flank geometries and
modifications for crossed helical gears are being developed to
improve the gears and make them more efficient.

Fig. 8 FE-mesh generation from the normal section profiles

By generating the flanks from the normal section, only the
relevant parts of the gears (that can come into contact) are meshed.
This context is shown in Fig. 8 as well as the mesh that is refined in
the area of the tooth contacts. The constraints are drawn in orange.
The crossed helical gear is constrained in all degrees of freedom.
Only at the worm, axial displacement in the x-direction is allowed.
The axial force resulting from the input torque is introduced at the
worm (red). The advantage of this FE-model results in the
deformations and occurring stresses which are calculated directly at
the nodes in the normal section.

4. Results and discussion
To prove the calculation, a reference gear pair was calculated. Pech
[7] and Boehme [2] use the following gear-geometry:
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Influence of profile modifications on the scuffing load capacity of high contact ratio gears
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Abstract: Scuffing is a spontaneous gear failure mechanism resulting in a disrupted surface. Scuffed gears are more sensitive to dynamic
excitation and friction. Besides the lubricant and the material, the scuffing load capacity is mainly dependent on the gear geometry. High
contact ratio gears exhibit a lower load carrying capacity due to an increased dissipation of frictional heat in the outer mesh positions. In
this paper this phenomenon is addressed with experiments and simulative analysis. Based on these works, recommendations for adequate
profile modifications are derived to maximize the load carrying capacity regarding scuffing of high contact ratio gears.
Keywords: CYLINDRICAL GEARS, SCUFFING, GEAR FRICTION, FLASH TEMPERATURE, PROFILE MODIFICATION
the surface. As an alternative indicator for scuffing, energy criteria
are suitable [5, 17]. These criteria additionally consider the local
contact time and representing the absorption of thermal energy into
the contact points.

1. Introduction
Warm scuffing is a spontaneously occurring, adhesive damage
mechanism of highly loaded slide-roll contacts, e.g. in gears [1, 2].
Scuffed surfaces are more sensitive to vibration and exhibit poorer
frictional properties. The verification of the scuffing load capacity is
often mandatory in the design process of drive systems. With regard
to increasing power densities, especially in high-speed electric
mobility drives, high contact ratio gears are preferably used.
Extending the length of the usable involute leads to improved
dynamic properties with lowered excitation of vibrations but it can
be more susceptible to scuffing [2–5]. In this paper, experimental
and simulative results of a high-speed test rig for cylindrical gears
are presented and used to demonstrate the load sensitivity regarding
scuffing of high contact ratio gears. Moreover, the influence of
profile modification on the local loads during a full gear mesh are
shown. On this basis, recommendations for adequate profile
modifications to improve the scuffing load capacity are derived.

2.2 High contact ratio gears
To minimize manufacturing costs for gear hobbing, uniform
rack profiles have become established in gear production [2].
Standard rack profiles according to ISO 53 [18] result in a contact
ratio of εα = 1.4 – 1.6. In view of increasing flexibility in
production, it is becoming more and more common to deviate from
these standard profiles and design the gear geometry to meet the
load condition as required. The dynamic of drive trains is becoming
increasingly important, which is why high contact ratio gears with
better stiffness properties are used.
High contact ratio gears (εα = 2.0) imply the utilization of a
larger effective range of the theoretical involute (T1 to T2). The
resulting gain in contact ratio has a positive effect on the load
distribution, but also leads to greater distances between the root or
tip mesh positions to the pitch point. Thus, the gear mesh is affected
by greater sliding velocities, which leads to a specifically greater
dissipation of frictional heat and higher flash temperatures (Fig. 2).
From a design point of view, the scuffing load capacity of high
contact ratio gears can be addressed with suitable profile
modifications by relieving the highly loaded contact points close to
the edge of the path of contact.

2. State of the art
2.1 Scuffing of cylindrical gears
In the case of scuffing, contact points weld locally and are
immediately torn apart due to the meshing kinematic [6, 7]. The
damage that occurs is always found in pairs (pinion/wheel) at the
outer mesh positions A or E with characteristic marks in rolling
direction [8]. Scuffing is initiated by heat dissipation in the slideroll contact under the influence of friction [8–10]. Scuffing
preferably occurs at contact points with positive slip of the driving
pinion, which are located at the tooth tip. The counterparts can be
found at the tooth root of the driven wheel (red highlighted mesh
positions in Fig. 1). For high contact ratio gears it has also been
experimentally proven that scuffing occurs in flank areas with
negative slip [5, 11, 12].
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Fig. 2 Influence of the tooth height on the local scuffing loads
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3. Methodology

A

3.1 Experiments

ω

The experiments shown in this paper were carried out on a highspeed gear test for investigating the load carrying capacity of
cylindrical gears with pitch line velocities up to vu = 100 m/s. The
basic operating principle consists of a back-to-back arrangement of
two gearboxes of equal transmission ratios in a closed power loop.
The operating principle corresponds to the same as used in
conventional gear test rigs according to DIN ISO 14635 [19] but is
designed to cover higher speeds.

Non-damaged flank

Driving pinion

gear body

Fig. 1 Scuffing of cylindrical gear pairs

The flash temperature method according to Blok [9, 13] has
become established as an indicator for scuffing. It is used in the
most reputable standards ISO 6336-20 [14] and AGMA 925-A03
[15]. Flash temperatures describe the frictional energy input into the
material near the surface below the contact area in the form of a
temperature rise. On a macroscopic scale the temperature field
extends up to 0.1∙bH into the material depth related to the Hertzian
contact width bH [16]. The maximum temperature is located close to

Fig. 2 shows the schematic layout of the high-speed test rig. In
the test gearbox, the test wheelset (2) is thermally insulated by an
insulating housing (3). The test gears are injection-lubricated (1)
and separated of the bearings without mixing of the lubricating oil
circuits. The closed power loop (4) between the test and slave
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correspond with the Hertzian pressure in pitch point. In each load
stage, the test gears are loaded for 15 minutes until constant
temperature conditions are established. After completion, the flanks
are optically inspected for damage and the torque load is increased
until the test gears meet the failure criterion described in [19]. To
supply lubricant at increased operational speeds, injection
lubrication was installed. In the experiments plain mineral oil of
viscosity grade ISO VG 68 was used. The lubricant temperature
was set to 90 °C.

gearboxes is loaded with torque by a mechanism integrated in the
slave wheelset (6). Passing a rotary transmission (8), an axial force
is hydraulically applied to the axially shiftable slave wheels (7),
resulting in a torque load due to the helix angle. The slave pinions
are joint stiff to their shaft. Torque and speed are measured with a
torque measuring flange (5). An electric motor (9) feeds in the
necessary drive power to maintain the power circuit. Tab. 1
displays the technical specifications.
Schematic test rig principle
2

ϑÖl,VZ,1

Tab. 3: Test conditions
Denomination Symbol

1
6

4

Pitch line
velocity
Hertzian stress
(pitch point)
Test duration
Lubricant
temperature

7
p1 p2

T2, n2

ϑÖl,La,1

8
Fax

5

3
ϑÖl,La,2

Fax

vu

Lubricant

Tan, nan

ϑÖl,VZ,2

Unit

Variant 1

m/s

20 to 70

20 to 55

146 to 1841

146 to 1841

pHC

MPa

-

min

15

15

ϑoil

°C

90

90

-

-

(12 load stages SSKS) (12 load stages SSKS)

9

Test gearbox

Variant 2

ISO VG 68

ISO VG 68

(plain mineral oil)

(plain mineral oil)

Slave gearbox

3.2 Simulation
For the modeling of the loaded gear contacts, a load distribution
approach by Walkowiak [20] is used. By taking into account
material stiffnesses, the local load and velocity parameters between
the start and the end of the contact path can be calculated. This
approach also allows to consider profile modifications with respect
to local load situations in the outer mesh positions. Based on the
local load parameters and the EHL-condition, coefficients of
friction are calculated using a model by Löpenhaus [21] (Eq. 1).

Fig. 3 Schematic principle of the high-speed test rig (HDP)
Tab. 1: Technical specifications of the high-speed test rig (HDP)
Symbol
Unit
Value
Denomination
Centre distance
a
mm
203.3
rpm
Rotational speed pinion shaft
n1
up to 12000
Nm
Torque load at wheel shaft
T2
up to 4000
kW
Circulating mechanical power
Pmech
up to 3300
ϑoil

°C

The estimation of scuffing is done by evaluating frictionsensitive load parameters as the flash temperature or the specific
contact energy. For calculating local contact temperatures near the
surface, a thermal FD-network is used covering a depth of mn/50.
The trajectory of the heat source along the involute causes a heat
flux to diffuse into the material through the Hertzian contact
patterns. Beyond the model approach by Blok, the thermal network
can represent temperature-increasing effects due to the meshing
kinematic in the outer mesh positions. According to Joop [5], the
time-related energy absorption in the Hertzian contact patterns,
specific contact energy (Eq. 2), is suitable as a model approach for
the local scuffing load capacity. The general modeling approach is
schematically shown in Fig. 4. Further information can be found in
[5].

up to 120

For testing purpose, two gear variants (Variant 1 and Variant 2)
with a high contact ratio were used. Both variants differ in their
maximum sliding speed due to the choice of the normal module.
The profile shift coefficients were designed by balancing the
specific sliding velocities at the tip and root mesh positions. Each
geometry variant covers two sub-variants of profile modifications.
The modification-variant A represents a geometry without a profile
modification. For modification-variant B, a tip relief was applied in
each case. In terms of materials, the test wheels were made of
18CrNiMo7-6 with a conventional case hardening. After profile
grinding, the surface roughness in profile direction was Ra = 0.3 µm
(Tab. 2).
Tab. 2: Test gear geometry
Symbol Unit
Denomination
Normal module
Number of teeth
Face width
Normal pressure
angle
Helix angle
Profile shift
coefficient
Tip circle diameter

Variant 1

Variant 2
EHL contact

mn
z1 / z2
b1 / b2

mm
mm

4.50
36 / 54
22 / 20

5.50
30 / 45
22 / 20

αn

°

20.00

20.00

ω1

β

°

5.00

5.00

ω2

x1 / x2

-

0.141 / -0.135

-0.060 / -0.568

da1 / da2

mm

174.63 / 253.45
A
B
0.0 /
22.5 /
0.0
22.5
0.0 /
6.75 /
0.0
6.75

176.69 / 253.94
A
B
0.0 /
27.5 /
0.0
27.5
0.0 /
8.25 /
0.0
8.25

Modification

Profile
modification

(2)

Ca1 / Ca2

µm

lCa1 / lCa2

mm

Gear friction
µr

Contact pressure
acc. to. Hertz

EHL-pressure

ߩ1

body 2

E2
hmin

h0

ߩ2

2bH

FN

body 1

E1

Contact temperature
Heat flux

FR

Frictional energy input

body 1
λ1, cM1, ρ1
q1

q(t)

v

vt1

q2
vt2

The test conditions were based on the methodology of the
scuffing test acc. to DIN 14635-1 [19] (Tab. 3). Operating speeds
were varied as part of the project. The torque levels are chosen to

body 2
λ2, cM2, ρ2

Fig. 4 Simulation approach to estimate scuffing

114

Pfric

Lubricant temperature

(1)

t

trans&MOTAUTO '22

model presented allows to calculate the local loads and the
influence of the profile modification. The dissipation of frictional
heat is mainly dependent on the local tribological load condition of
normal force, sliding speed, coefficient of friction and the EHL
conditions. In addition, effects such as the stiffness-related
extension of the contact time and the engagement kinematics in the
outer mesh positions have an impact on scuffing. Using profile
modifications, mainly the load distribution can be modified. The
sliding velocities, curvatures and the influence on the coefficient of
friction are less dependent of the profile modification.

4. Experimental results
The experimental results in Fig. 5 show that the tooth height
influences the scuffing load capacity negatively. A larger tooth
height leads to increased relative sliding velocities. In the test points
the failure load stage is reduced by approx. 1 – 2 load levels SSKS. In
each individual test condition, the profile modification has a
positive effect on the load capacity compared to the unmodified
reference. Further information on the determination of the failure
load stages depending on the damage pattern can be found in [11,
22]. An analysis of the pitch line velocity on the scuffing load
capacity can be found in [5, 12].

Scuffing load stage SSKS [-]

12

Var1-A
Var1-B

10

Var2-A
Var2-B

8
6

Fig. 6 Picture of a scuffed gear flank with a close-up SEM image

4

To evaluate the scuffing load capacity of various profile
modifications, Fig. 7 shows the local load distribution in form of
the contact pressure (a) and the normal force (b), the specific
contact energy (c) and the contact temperatures (d) along the path of
contact. The path of contact is represented by the involute radius of
the driving pinion to indicate the damage location and the effects
during the outer meshing positions. For the simulation the basic
geometry is identical to variant A. The variants without or less tip
relief (variants Ca1 = 0 µm to Ca1 = 40 µm) exhibit large normal
forces in the outer meshing positions as well as double rollovers of
individuals points, which leads to locally high contact temperatures
and frictional loads. On the other hand, the area around the pitch
point is less heavily loaded. As the amount of tip relief increases,
the normal force is concentrated in the region around the pitch
point, which leads to reduced load of the outer mesh positions. The
almost linear increase in the contact normal force of the variant
Ca1 = 80 µm is desirable here. Lowering the normal forces, results
in the scuff-sensitive flank points being relieved in terms of their
temperature development. The scuffing load carrying capacity
significantly benefits from the profile modified involute. However,
the load capacity regarding pitting can decrease due to the higher
contact pressure around the pitch point. Ultimately, these two types
of stress must be weighed up against each other.

2
0
20 | 20

40 | 43

70 | 65

20 | 25

50 | 55

Pitch line velocity vu [m/s]

Fig. 5 Scuffing load capacity of the test points

Fig. 6 shows a picture of a scuffed pinion flank after the test.
The damage pattern is present uniformly along the flank line. In
tangential direction the scuffing marks extend from the outer mesh
positions close to the pitch point. SEM images of the local damage
points confirm the material welding. The welded contact points are
torn apart by the meshing kinematics and a worn and fractured
surface with an accumulation of small pores appears. In the nondamaged areas, the grinding grooves of the profile grinding process
retain.

5. Transfer of the evaluation method
From the experimental results, it is evident that the scuffingsensitive design of gears with high contact ratio can be compensated
by an adequate profile modification. Scuffing is initiated at the
outer mesh positions due to overextending the local load carrying
capacity. For improving the load carrying capacity the dissipation of
frictional heat in these points must be reduced. The simulation

In the design process of profile modifications, it is important to

Fig. 7 Analysis of different profile modifications on the scuffing load carrying capacity
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compensate for elastic tooth deformation so that double rollovers
and impulse-like initial engagements do not occur in the outer mesh
positions. As a design suggestion, the following strategy can be
recommended for high contact ratio gears:

[11] M. Joop, H. Ittenson, Örtliche Fresstragfähigkeit.
Abschlussbericht zu Forschungsvorhaben FVA 598 II (2018)
[12] J. Vorgerd, P. Tenberge, Scuffing of cylindrical gears with
pitch line velocities up to 100 m/s, Forschung im Ingenieurwesen,
Jg. 2 (2021)
[13] H. Blok, Measurement of temperature flashes on gear teeth
under extreme pressure conditions, Proc. Gen. Disc. Lubric. 2, p.
14–20 (1937)
[14] ISO 6336-20, Calculation of load capacity of spur and helical
gears - Part 20: Calculation of scuffing load - Flash temperature
method (2017)
[15] AGMA 925-A03, Effect of Lubrication on Gear Surface
Distress (2003)
[16] J.C. Jaeger, H.S. Carslaw, Conduction of heat in solids, 2.
Edition (1959)
[17] J.O. Almen, Surface Deterioration of Gear Teeth, Conference
on Mechanical Wear (1948)
[18] ISO 53,
Stirnräder
für
den
allgemeinen
und
Schwermaschinenbau - Standard-Bezugszahnstangen – Zahnprofile,
(1998)
[19] DIN ISO 14635, FZG-Prüfverfahren Teil 1 - FZGPrüfverfahren A/8,3/90 zur Bestimmung der relativen
Fresstragfähigkeit von Schmierölen, (2006)
[20] M.
Walkowiak,
Örtliche
Belastungen
und
Verschleißsimulation in den Zahneingriffen profilkorrigierter
geradund
schrägverzahnter
Stirnräder
zwischen
Einfederungsbeginn und Ausfederungsende, PhD-thesis RuhrUniversität Bochum (2013)
[21] C. Löpenhaus, Untersuchung und Berechnung der
Wälzfestigkeit im Scheiben- und Zahnflankenkontakt, PhD-thesis
RWTH Aachen (2015)
[22] L. Schlenk, Untersuchungen zur Fresstragfähigkeit von
Großzahnrädern. PhD-thesis Technische Universität München
(1995)

1. The tip relief must fully compensate for the elastic deformation
of the tooth pair. Due to the larger tooth height, Ca1 = mn/100 as
an approximate value for the tip relief is recommended to
compensate for high loads. The shape of the profile
modification (linear, progressive) can be used to improve the
actual contact ratio of the lower loaded gear contact. Transition
functions between the non-modified involute, the modified
involute and the tip rounding also lead to better curvature
conditions.
2. The length of the profile modification must be applied so that a
smooth load gain during the gear mesh is achieved. In the case
of high contact ratio gears, the profile modification extends
close to the pitch point.
3. The modification of the flank line relieves the edges of the gear
width and compensates for torsional deformations.

6. Discussion
In this article, the influences of high contact ratio gears on their
scuffing load capacity are shown. Due to their large tooth height,
high contact ratio gears can be more sensitive to scuffing if the
profile is not sufficiently modified. In the gear design, it is
important to reduce the load in outer mesh positions and thus the
dissipation of frictional heat. In the experiments, an increased
scuffing load capacity of gears with a tip relief could be determined
compared to non-modified gears. Recommendations on the design
of profile modifications could be derived based on a simulation
model.
The experiments shown were all carried out with plain mineral
oil and profile-ground gears. In modern gear applications,
cylindrical gears with enhanced surface conditions are increasingly
used. In addition, the load-carrying capacity of lubricants can be
significantly increased by the addition of additives. In the moderate
pitch line velocity range, these effects have already been confirmed
experimentally. For the high-speed applications, there is still a need
for research to determine whether these improvements in load
carrying capacity also hold at higher speeds and under improved
EHL-conditions.
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a
b
bH
cm
da
e
h0
hmin
lCa
mn

[mm]
[mm]
[mm]
[J/kg K]
[mm]
[-]

Center distance
Facewidth
Half Hertzian contact width
heat capacity
Tip circle diameter
Weight parameters

[µm]
[µm]
[mm]
[mm]

Central EHL fluid film thickness
Minimum EHL fluid film thickness
Length of tip relief
Normal modulus

n1
pH
q
rE

[rpm]
[MPa]
[W]
[mm]
[-]
[s]
[-]
[-]
[m/s]
[m/s]
[m/s]
[-]
[mm²]
[-]
[µm]

Rotational speed
Hertzian stress
Frictional heat
Involut radius
Slide-roll ratio (slip)
Local contact time
Profile shift coefficient
Number of teeth
Sliding velocity
Tangential velocity (pitch point)
Sum velocity
Engagement point of active root circle
Hertzian contact pattern
Engagement point of pitch circle
Tip relief

sl
tK
x
z
vg
vu
vΣ
A
AK
C
Ca
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E

[-], [GPa]

Engagement point of tip circle, Modulus of
elasticity

EK
FN
FR
Pfric

[mJ/mm²]
[N]
[N]
[W]
[W]
[µm]
[-]
[-], [Nm]
[-]
[-]
[°]
[°]
[-]

Specific contact energy
Normal Force
Friction Force
Frictional heat
Mechanical power
Arith. mean roughness
Failure load Stage
Tangent point, Torque
Lubricant factor
Surface factor
Normal pressure angle
Helix angle
Heat sharing factor

[-]
[mPas]
[-]
[-]
[mm]
[K]
[°C]
[°C]

Contact ratio
Dynamic viscosity
Specific fluid film thickness
Coefficient of friction
Radius of curvature
Flash temperature
Oil temperature
Contact temperature

Pmech
Ra
SSKS
T
XL
XOS
α
β
γ
εα
ηoil
λ
µr

ρred
ϑflash
ϑoil
ϑC
Indizes
1,2
Pinion / wheel
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Numerical investigation of wind-assisted ship propulsion systems
Deyan Krastev
Bulgarian Ship Hydrodynamics Centre - BAS, Varna
D.Krastev@bshc.bg
Abstract: The paper studies three of the most applicable wind-assisted ship propulsion systems: soft sails, Dynarig sails and Flettner
rotors, in particular the wind forces on the sails. Traditionally, and still most reliably, these forces are determined by model testing in wind
tunnels. Unfortunately, experimental results of different WAPS are quite scarce. On the other hand, the intensive development of
Computational Fluid Dynamics (CFD) nowadays allows faster and more economical evaluation of aerodynamic forces and optimization of
shapes. CFD modelling is applied here for evaluation of the aerodynamic forces on sails.
Keywords: ENERGY EFFICIENCY, RENEWABLE ENERGY RESOURCES, WIND PROPULSION.

1. Introduction

(3)

The introduction of stringent regulations aimed at reducing the
COx emissions stimulated the search of different methods and
systems for energy efficiency, both novel and existing. The
utilization of wind power is one of the obvious solutions. Wind
sailing is the first propulsion system in navigation since ancient
times. There are shortcomings of sailing compared to motor
propulsion. However, today they can be overcome by means of the
modern mechanical, electronic and IT technologies and make the
hybrid motor/sailing propulsion in commercial shipping a viable
solution. There is a long list of the most studied wind-assisted
propulsion systems (WAPS) technologies: traditional sail, DynaRig,
Flettner rotor, kite, wing-sail, turbo sail, wind turbine [1]. Three of
these technologies – traditional sail, DynaRig and Flettner rotor –
are analyzed in the paper on the basis of case studies.

(4)

CL 

CD 

L
1  AIR .V 2 . AT
2

D
1  AIR .V 2 . AT
2

-

Lift coefficient

-

Drag coefficient

2. Aerodynamic forces on sails
Fig. 2. Pressure distribution

2.1. Wing sails (Soft Sail, DynaRig)
The aerodynamic forces acting on the sail(s) are functions of the
apparent wind speed (AWS) and apparent wind angle (AWA). The
apparent wind speed is a vector sum of the true wind speed (TWS)
and the ship velocity – Fig. 1.
(1)

(2)

AWS  VS2  TWS 2  2.VS .TWS . cos TWA

 TWS .sin TWA 

AWA  arctg 
 VS  TWS . cos TWA 

Fig. 3. Sail forces

Where: L – lift (N), D – drag(N), V – flow velocity (m/s),
- air density ( kg / m3 ),

AT

 AIR

2

- projected sail area ( m ).

The lift and the drag are functions of the angle of attack,  . The
angle of attack is the difference between the apparent wind angle
AWA and the trim angle of the sail SA:  = AWA-SA. SA is the
angle between the centerline of the ship and the sail’s chord.
The major purpose of the sail is to generate aerodynamic thrust
for the ship (X). The air flow around the sail causes also a side force
(Y) which, depending on the size and position of the sail, leads to
yaw and heeling moments.

Fig. 1. True wind and apparent wind

The flow around a sail features difference of the speeds between
the leeward and windward side and, according to the Bernoulli’s
principle (Fig. 2), pressure difference. For practical reasons the
resulting aerodynamic force is usually decomposed into lift (L)
normal to the flow direction and drag (D) in the direction of the
flow (Fig. 3).

The relation of lift and drag with lateral and longitudinal forces
depends on AWA:

The aerodynamic forces are normally presented in nondimensional form:

(5)
(6)
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In contrast to other applications of wing shapes (airplanes,
propeller blades, etc.) where maximum Lift/Drag ratio is searched
for, maximum thrusting force is the target of the sails. The sails can
operate in two modes: (a) like a wing and (b) like an air
dam/stalling. The two options can be explained with the fact that
above a certain value of the angle of attack the drag (D) prevails
over the lift (L). And from formula (5) it can be deduced that for
different combinations of apparent wind angle (AWA) and sail trim
angle (SA), either lift or drag is dominating in the thrusting force X.
Thus, by controlling the sail trim angle SA, the maximum X can be
attained for arbitrary apparent wind angle AWA.

3.1. Soft sail
Soft sails are maybe the most common type nowadays. It has
plenty of setting and control lines that allow adjustment of the angle
of attack according to weather conditions. Can be manufactured by
dacron and modern kevlar/carbon. Advantages: various settings of
sail shape, low cost of materials, low external power for control
winch(es). Disadvantages: needs for a competent crew to operate on
it, short life of sails. A soft sail was designed for application to a
real ship [2].
Figure 6 shows the shape of the sail and the computational mesh
for the simulation. The results for the pressure distribution over a
horizontal section plane are illustrated in Fig. 7.

2.2. Flettner rotor
Flettner rotors make use of the Magnus effect (Fig. 5) for generating
thrust to the ship. This phenomenon consists in the fact that if a
body is spinning in a fluid flow a force is developed on the body
perpendicular to the flow direction.
A Flettner rotor is a cylinder, of height HFL and diameter DFL with
endplates of diameter DE, mounted vertically to the deck of a ship.
A motor rotates the cylinder in the air stream and a lift force is
generated that can contribute to the propulsion of the ship.
The forces, lift LFL and drag DFL, and the torque QFL on the rotor are
converted and used in non-dimensional form:
(7)
(8)
(9)

Fig. 6. Shape and computational mesh of soft sail

The torque Q is also important for Flettner rotors since it
determines the power to be spent for spinning the rotor
PDFL=2(RPM/60)Q.

Fig. 5. Magnus effect

With fixed dimensions of the rotor and direction of the forces
predetermined by the apparent wind angle the basic operational
parameter to control the values of the forces are the RPM of the
rotor. The relevant non-dimensional parameter is the “spin ratio”
SR=U/AWS, where U=nDFL is the peripheral speed of the
cylinder.

Fig. 7. Pressure distribution around soft sail

The results for the forces on the soft sail are presented in Figs. 8
and 9.

In the ship’s frame of reference (Figure 1) the longitudinal and
side forces on the rotor are expressed as:
(10)
(11)
Depending on the side of the true wind the direction of rotation
is reversed.

3. Test cases
The flow, pressure distribution and forces on each of the
investigated WAPS are simulated using the software product STAR
CCM+. The effect of the basic operational parameters, the angle of
attack for the sails and RPM of the rotors is observed. Diagrams for
the propulsive force and side force with respect to the apparent
wind angle are developed for each WAPS. The efficiency of the
three WAPS in terms of the ship propulsion is summarized and
compared.

Fig. 8. Lift and drag coefficients of soft sail at various angles of attack
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The results for the forces on the Dynarig sail are presented in Figs.
12 and 13.

Fig. 9. Thrust and side forcecoefficients of soft sail at optimum SA and
various AWA

3.2. DynaRig
Fig. 12. Lift and drag coefficients of Dynarig sail at various angles
of attack

The DynaRig is a close-to-square sail with a rotating mast and
fixed camber, typically between 10% and 12%. It can be
manufactured with soft material such as dacron or kevlar/carbon
and also by lightweight plates. Advantages: good efficiency and
high level of automation. Disadvantages: external power for
operation, static sail shape. A Dynarig sail was designed on the
basis of publications [3]. The height/maximum chord length was 2
and the camber 12%.
Figure 10 shows the shape of the sail and the computational
mesh for the simulation. The results for the pressure distribution
over a horizontal section plane are illustrated in Fig. 11.

Fig. 13. Thrust and side force coefficients of Dynarig sail at
optimum SA and various AWA

3.2. Flettner rotor
On the basis of published parametric studies [4] a rotor of
HFL/DFL = 6 and DE/DFL = 2 was modelled and investigated by
CFD. The forces and the torque on the rotor are computed with
STAR CCM+. The full-scale Reynolds number is ensured by
adjusting the wind speed and RPM to cover a range of spin ratios.
Figure 14 shows the shape of the sail and the computational
mesh for the simulation. The results for the pressure distribution
over a horizontal section plane are illustrated in Fig15.

Fig. 10. Shape and computational mesh of Dynarig sail

Fig. 14. Shape and computational mesh of Flettner rotor

Fig. 11. Pressure distribution around Dynarig sail
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4.

Analysis and conclusions

The aerodynamic forces on three wind-assisted propulsion
systems are analyzed by CFD simulations – soft sail, Dynarig sail
and Flettner rotor. In terms of propulsive force the two types of sail
are comparable. The Dynarig sail has advantage at lower apparent
wind angles (< 650), at higher angles (700 to 1300) the soft sail is
better and the two types generates almost equal trust at angles above
1300 where they operate in air-dam mode.
The thrust coefficient of the Flettner rotor is higher than that of
the sails. However it must be taken into account that the frontal area
of Flettner rotors cannot be increased arbitrarily and after
subtracting the power needed to spin the rotor the effect is
comparable to that of the sails.

Fig. 15. Pressure distribution around Flettner rotor
The calculated forces in non-dimensional form as functions of
the spin ratio at different apparent wind angle are displayed in Figs.
16 and 17.

Therefore, no decisive preference can be given to any of the
systems from aerodynamic point of view only. Any decision should
be made considering the specific structural and operational profile
of the ship.

The forces increase with spin ratio up to SR  4 but tend to
constant values for higher SR values. The torque on the other hand
grows monotonously with spin ratio. The thrusting force contributes
to the propulsion of the ship while the torque determines the power
to be spent for driving the rotor. That means an optimum value can
be found for the spin ratio SR, hence the RPM, providing maximum
net benefit.

The experience gained and the findings of the present study can
be useful in evaluating the effect of WASP systems on energy
efficiency and conceptual design of such systems.
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Fig. 16. Thrust and torque coefficient of Flettner rotor for
varying spin ratio and AWA.

Fig. 17. Side force coefficient of Flettner rotor for varying spin
ratio and AWA.
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Abstract: In this paper, two-cylinder steam turbine, which operates in nuclear power plant is analyzed from the energy viewpoint. Along with
the whole turbine, energy analysis is performed for each turbine cylinder (High Pressure Cylinder – HPC and Low Pressure Cylinder –
LPC). A comparison of both cylinders shows that the dominant mechanical power producer is LPC, which a lso has much higher energy loss
and much lower energy efficiency. Therefore, any potential improvement of this steam turbine should be based dominantly on th e LPC,
which also has a dominant influence on energy analysis parameters of the whole observed turb ine. The whole turbine produces real
(polytropic) mechanical power equal to 1247.69 MW, has energy loss equal to 352.70 MW and energy efficiency equal to 77.96%. According
to obtained energy efficiency value it can be concluded that the whole analyzed stea m turbine is comparable to main marine propulsion
steam turbines, while its energy efficiency is much lower in comparison to steam turbines from conventional steam power plant s which
operates by using superheated steam.
KEYWORDS: TWO-CYLINDER STEAM TURBINE, NUCLEAR POWER PLANT, ENERGY LOSSES, ENERGY EFFICIENCIES
nuclear power plant is steam-steam heat exchanger [14]. Moisture
separation and steam reheating processes occur between HPC and
LPC.
LPC of the analyzed turbine has four steam extractions. Steam
mass flow rate extracted in each LPC extraction is delivered to low
pressure condensate heating system. After expansion in the LPC,
remaining steam mass flow rate is delivered to the main condenser
for condensation [15]. It should be highlighted that in this analysis
all additional losses related to a steam turbine and both of its
cylinders (steam mass flow rate leakage through gland seals, losses
in power transmission, heat losses, etc. [16, 17]) are neglected.

1. Introduction
The highest percentage of electrical power worldwide is
produced by using various steam turbines. Steam turbines today can
be found not only in many different power plants [1-5] but also it
can be used in ship steam propulsion systems [6-8], for
simultaneous production of heat and electrical power [9, 10], and
for various other purposes.
Nuclear power plants also use steam turbines for the electrical
power production. The specificity of such steam turbines can be
found in a fact that they dominantly operate with wet steam, while
the most steam turbines from other power plants dominantly operate
by using superheated steam [11]. The reason of wet steam usage in
nuclear power plants is steam temperature and pressure, which are
much lower in comparison to conventional steam power plants and
which are limited according to nuclear reactor specifications. On the
other side, nuclear reactors produced high steam mass flow rate,
much higher than is produced in conventional steam power plants
[12, 13]. Due to condensate droplets, wet steam brings several
additional losses in the turbine inner process which did not occur
when turbine operates by using superheated steam.
In this paper is performed energy analysis of a steam turbine
from nuclear power plant. It is detected which cylinder has the
dominant influence of the whole turbine energy analysis
parameters. Also, it is detected cylinder which should be a baseline
for further improvement of the analyzed steam turbine and its
process. According to obtained energy analysis parameters, the
whole observed steam turbine is compared with other steam
turbines from conventional and marine steam power plants.

Fig. 1. Scheme of the two-cylinder steam turbine from nuclear
power plant and operating points necessary for the energy analysis

3. Steam operating parameters required for the
analysis and h-s diagram of the analyzed turbine

2. Scheme and operating characteristics of twocylinder steam turbine from nuclear power plant

Steam operating parameters (pressure, temperature, mass flow
rate and quality) in each operating point from Fig. 1 are found in
[18] and presented in Table 1.

The scheme of the analyzed steam turbine, which operates in
nuclear power plant is presented in Fig. 1. Steam turbine consists of
two cylinders: High Pressure Cylinder (HPC) and Low Pressure
Cylinder (LPC). Both cylinders are connected to the same shaft
which drives an Electrical Generator (EG).
Steam produced in the nuclear reactor cycle is delivered from
steam generators to the HPC. HPC has one steam extraction through
which a certain steam mass flow rate is delivered to high pressure
feed water heating system. Remaining steam mass flow rate, after
expansion in HPC, is sent to reheating system.
Reheating process in the analyzed nuclear power plant is
performed in a standard configuration – this process consists of
moisture separation firstly and then steam reheating. In a moisture
separation process, obtained condensate from wet steam is delivered
to high pressure feed water heating system, therefore the steam
mass flow rate at the HPC outlet (operating point 3, Fig. 1) will be
higher than the steam mass flow rate at the LPC inlet (operating
point 4, Fig. 1). Steam reheating is performed with a certain amount
of additional steam of the highest temperature and pressure in the
process, taken directly from steam generators. So, reheater in

Table 1. Steam operating parameters of the observed turbine for
real (polytropic) expansion
O.P.*
1

Specific Specific
Temperature Pressure
enthalpy entropy
(°C)
(bar)
(kJ/kg) (kJ/kg∙K)
282.10
66.220 2771.4
5.832

Mass flow
rate (kg/s)

0.9961

1943.04

0.8933

161.49

0.8676

1781.55

2

219.22

22.850

2602.2

5.886

3

186.62

11.650

2519.2

5.959

4

237.70

11.080

2911.3

6.820

Superheated 1456.71

5

164.30

4.960

2777.6

6.893

Superheated

6

125.77

2.378

2654.5

6.920

0.9727

83.36

7

96.41

0.891

2499.9

6.938

0.9250

116.34

8

55.05

0.158

2386.9

7.339

0.9100

69.92

9

40.61

0.0763

2325.5

7.450

0.8964

1120.13

* O.P. = Operating Point (according to Fig. 1)
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Steam quality equal to 1 denotes dry saturated steam, while steam
quality equal to 0 denotes condensate. Steam specific enthalpy and
steam specific entropy in each operating point from Fig. 1 are also
presented in Table 1 – they are calculated from known steam
pressure, temperature and quality by using NIST REFPROP 9.0
software [19]. All the operating parameters presented in Table 1 are
related to real (polytropic) steam expansion process.
Ideal (isentropic) steam expansion process of any cylinder (valid
for any cylinder of any turbine, not only for the observed turbine) is
the process which begins at the same operating point as the real
(polytropic) expansion process. In ideal steam expansion process in
each cylinder, steam expand between the same pressures with
identical steam mass flow rates as in the real process, but assuming
always the same steam specific entropy as at the beginning of the
expansion. Therefore, steam operating parameters for the ideal
(isentropic) expansion process are obtained mathematically and
presented in Table 2. In Table 2 can be clearly seen that the
pressures and mass flow rates are identical as in Table 1, while
steam specific entropies are always the same for each cylinder.
Operating points related to ideal (isentropic) steam expansion
process are marked with the same numbers as in Table 1 and Fig. 1,
but with an addition of abbreviation – is.

4. Energy analysis equations
4.1. General energy analysis equations and balances
The first law of thermodynamics defines energy analysis of any
system or a control volume [21, 22]. While disregarding potential
and kinetic energies, which have a low influence on the entire
energy balance, energy balance equation of any system or a control
volume can be written as [23]:
𝑄+𝑃+

Pressure
(bar)

Mass
flow rate
(kg/s)

1
2is
3is
4
5is
6is
7is
8is
9is

66.220
22.850
11.650
11.080
4.960
2.378
0.891
0.158
0.0763

1943.04
161.49
1781.55
1456.71
66.96
83.36
116.34
69.92
1120.13

inlet

= 𝑄+𝑃+

𝐸𝑛

outlet

.

(1)

In the above equation, 𝑃 is mechanical power and 𝑄 is energy
transfer by heat. 𝐸 𝑛 is a total energy power of fluid flow, defined
according to [24] as:
𝐸 𝑛 = 𝑚 ∙ ℎ.

(2)

In Eq. 2, 𝑚 is a fluid mass flow rate and ℎ is fluid specific
enthalpy (fluid energy content). During any system or a control
volume operation, fluid mass flow rate leakage usually did not
occur, therefore the valid mass flow rate balance is [25]:
𝑚inlet =

Table 2. Steam operating parameters of the observed turbine for
ideal (isentropic) expansion
O.P.*

𝐸𝑛

𝑚outlet .

(3)

The overall definition of any system or a control volume energy
efficiency is [26]:

Specific entropy Specific enthalpy
(isentropic
(isentropic
expansion)
expansion)
(kJ/kg∙K)
(kJ/kg)
5.8317
2771.4
5.8317
2575.2
5.8317
2460.7
6.8195
2911.3
6.8195
2746.1
6.8195
2614.6
6.8195
2456.2
6.8195
2216.4
6.8195
2127.6

𝜂en =

cumulative energy outlet
cumulative energy inlet

.

(4)

Presented equations and balances will be used in energy analysis
of the whole observed steam turbine and each of its cylinders.

4.2. Energy analysis equations of the observed steam turbine
Markings in all the equations presented in this section will be
related to operating points from Fig. 1 and Fig. 2.
High Pressure Cylinder (HPC)
- Real (polytropic) and ideal (isentropic) mechanical power:

* O.P. = Operating Point (according to Fig. 2)
According to data from Table 1 and Table 2 is drawn h-s diagram
for the ideal (isentropic) and real (polytropic) steam expansion
processes through both analyzed turbine cylinders, Fig. 2. Between
the HPC and LPC occur moisture separation and steam reheating
processes which resulted with an increase in steam specific enthalpy
(between operating points 3 and 4). It also should be noted that
almost entire steam expansion process in both observed turbine
cylinders occurs under the saturation line (only operating points 4
and 5 are in the superheated steam area), Fig. 2. Almost the entire
turbine operation under the saturation line is the characteristic not
only for the observed, but also for any other steam turbine which
operate in nuclear power plant [20].

𝑃re,HPC = 𝑚1 ∙ ℎ1 − ℎ2 + (𝑚1 − 𝑚2 ) ∙ ℎ2 − ℎ3 ,

(5)

𝑃id,HPC = 𝑚1 ∙ ℎ1 − ℎ2is + (𝑚1 − 𝑚2 ) ∙ ℎ2is − ℎ3is .

(6)

- Energy loss:
𝐸 𝑛loss ,HPC = 𝑃id ,HPC − 𝑃re,HPC .

(7)

- Energy loss per unit of produced mechanical power:
𝐸 𝑛loss ,power ,HPC =

𝐸 𝑛 loss

,HPC

𝑃re ,HPC

∙ 100.

(8)

- Energy efficiency:
𝜂en ,HPC =

𝑃re ,HPC
𝑃id ,HPC

.

(9)

Low Pressure Cylinder (LPC)
- Real (polytropic) and ideal (isentropic) mechanical power:
𝑃re,LPC = 𝑚4 ∙ ℎ4 − ℎ5 + 𝑚4 − 𝑚5 ∙ ℎ5 − ℎ6 +
𝑚4 − 𝑚5 − 𝑚6 ∙ ℎ 6 − ℎ 7 + 𝑚4 − 𝑚5 − 𝑚6 −
𝑚7 ∙ ℎ 7 − ℎ 8 + 𝑚 9 ∙ ℎ 8 − ℎ 9 ,

(10)

𝑃id,LPC = 𝑚4 ∙ ℎ4 − ℎ5is + 𝑚4 − 𝑚5 ∙ ℎ5is −
ℎ6is + 𝑚4 − 𝑚5 − 𝑚6 ∙ ℎ6is − ℎ7is +
𝑚4 − 𝑚5 − 𝑚6 − 𝑚7 ∙ ℎ7is − ℎ8is + 𝑚9 ∙
ℎ8is − ℎ9is .

(11)

- Energy loss:
Fig. 2. Ideal (isentropic) and real (polytropic) steam expansion
processes in h-s diagram through both analyzed turbine cylinders
(drawn according to data from Table 1 and Table 2, using [19])

𝐸 𝑛loss ,LPC = 𝑃id,LPC − 𝑃re,LPC .

(12)

- Energy loss per unit of produced mechanical power:
𝐸 𝑛loss ,power ,LPC =
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𝐸 𝑛 loss ,LPC
𝑃re ,LPC

∙ 100.

(13)
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- Energy efficiency:
𝜂en ,LPC =

𝑃re ,LPC
𝑃id ,LPC

which means that the dominant influence on this parameter for the
whole turbine has LPC.
.

(14)

Whole Turbine (WT)
- Real (polytropic) and ideal (isentropic) mechanical power:
𝑃re,WT = 𝑃re ,HPC + 𝑃re,LPC ,

(15)

𝑃id,WT = 𝑃id ,HPC + 𝑃id,LPC .

(16)

- Energy loss:
𝐸 𝑛loss ,WT = 𝑃id ,WT − 𝑃re ,WT .

Fig. 4. Energy loss and energy loss per unit of produced
mechanical power for the whole analyzed turbine and each its
cylinder

(17)

- Energy loss per unit of produced mechanical power:
𝐸 𝑛loss ,power ,WT =

𝐸 𝑛 loss ,WT
𝑃re ,WT

∙ 100.

Considering both cylinders of the analyzed steam turbine, LPC
which is the dominant mechanical power producer and which has
higher energy loss, also has much lower energy efficiency in
comparison to HPC, Fig. 5. The energy efficiency of the HPC is
81.45%, while of the LPC is 75.95%. Whole turbine energy
efficiency is equal to 77.96% what again confirms that LPC has the
dominant influence on the whole turbine energy analysis
parameters.
According to obtained energy efficiency of the whole analyzed
steam turbine from nuclear power plant, it can be concluded that
such energy efficiency is comparable to the energy efficiency of
main marine steam turbines at the highest loads [28]. Also, it is
expected that such turbine from nuclear power plant has much
lower energy efficiency in comparison to steam turbines from
conventional steam power plants [29] because in nuclear power
plant steam turbine operates dominantly by using wet steam.
Operation with wet steam (steam under the saturation line) brings
several additional losses in the turbine operation (inner turbine
losses) [30].

(18)

- Energy efficiency:
𝜂en ,WT =

𝑃re ,WT
𝑃id ,WT

.

(19)

5. Results and discussion
Real (polytropic) steam expansion process involves several losses
which did not occur in ideal (isentropic) steam expansion process.
The expected result is that mechanical power of the whole turbine
and each turbine cylinder is lower in the real in comparison to ideal
expansion process, Fig. 3.
As can be seen from Fig. 3, the dominant mechanical power
producer from the observed turbine is LPC which mechanical
power is approximately two times higher (in both real and ideal
expansion processes) in comparison to HPC.
The whole observed turbine develop 1247.69 MW of mechanical
power (real steam expansion process), while in an ideal situation the
whole turbine can develop 1600.39 MW of mechanical power.
Therefore, the ideal (isentropic) steam expansion process shows
maximum mechanical power potential of the whole turbine (or each
cylinder) which can be developed if all the losses are neglected.

Fig. 5. The energy efficiency of the whole analyzed turbine and
each its cylinder
Further research of the observed steam turbine from nuclear
power plant will be performed by using various artificial
intelligence approaches [31-33]. If possible, it will be performed
optimization. Low pressure cylinder of the observed turbine, which
has a much higher energy loss and much lower energy efficiency in
comparison to the high pressure cylinder will be the baseline for
any further research and improvement.

Fig. 3. Real (polytropic) and ideal (isentropic) mechanical power of
the whole analyzed turbine and each its cylinder
The difference between ideal and real mechanical power of the
whole analyzed steam turbine and each of its cylinders represents an
energy loss. As shown in Fig. 4, the dominant mechanical power
loss, if observing both cylinders, occurs in LPC (more than two
times higher in comparison to HPC). Energy loss of the whole
turbine is equal to 352.70 MW.
Energy loss per unit of produced mechanical power is the
variable related to specific fuel consumption in internal combustion
engines [27]. Specific fuel consumption allows comparison of, for
example, high power slow speed marine two stroke diesel engines
and low power automotive fast speed four stroke diesel or gasoline
engines. Energy loss per unit of produced mechanical power allows
comparison of different steam turbines (or its cylinders), regardless
of steam operating parameters, developed power, size, or any other
parameter related to each turbine.
Energy loss per unit of produced mechanical power equals
22.78%, 31.66% and 28.27% for the HPC, LPC and the whole
observed steam turbine, respectively. Comparison of HPC and LPC
shows that per unit of produced mechanical power LPC has a much
higher energy loss. The energy loss per unit of produced mechanical
power of the whole turbine is much closer to LPC than to HPC,

6. Conclusions
In this paper is performed energy analysis of the two-cylinder
steam turbine, which operates in nuclear power plant. Mechanical
power, energy loss, energy loss per unit of produced mechanical
power as well as energy efficiency are calculated for each cylinder
and the whole observed turbine. The most important conclusions
from the performed analysis are:
- The dominant mechanical power producer from the observed
turbine is LPC which mechanical power is approximately two times
higher in comparison to HPC. The whole observed turbine develop
1247.69 MW of mechanical power in the real (polytropic) steam
expansion process.
- Comparison of both turbine cylinders shows that LPC has much
higher energy loss and energy loss per unit of produced mechanical
power in comparison to HPC. Energy loss of the whole turbine is
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352.70 MW, while energy loss per unit of produced mechanical
power of the whole turbine is 28.27%.
- Energy efficiency of the whole turbine is 77.96%, which makes it
comparable to main marine steam turbines at the highest loads.
Such energy efficiency is notably lower in comparison to steam
turbines from conventional steam power plants, what is an expected
occurrence because steam turbine in nuclear power plant operates
with wet, not superheated steam.
- LPC has much lower energy efficiency in comparison to HPC
(75.95% in comparison to 81.45%), so any possible improvement of
this turbine should be based firstly on the LPC.
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Acoustic emission method of diagnostic of elevating rudder covering in places of lightning
strikes impact
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Abstract: Acoustic emission (AE) is the process of emission of mechanical waves by materials caused by dynamic local restructuring of its
internal structure under the influence of stresses of any kind. The source of AE is plastic deformation, the formation and growth of cracks,
the outflow of a working fluid (liquid or gas) through holes. The AE method, unlike other methods of non-destructive testing (NDT), is
passive, i.e. using the physical field of emission generated by the defects themselves. The acoustic emission (AE) method is based on the
registration and analysis of acoustic waves arising in the process of plastic deformation and fracture (crack growth) of diagnostic objects. It
makes possible to determine the places where the structure of the material changes when lightning strikes the covering of the elevating
rudder for the composite laminate from which the elevating rudder of the RRJ aircraft is made.
KEYWORDS: acoustic emission; diagnostics, elevating rudder; composite laminate; lightning stroke.

Introduction
The acoustic emission (AE) method is based on the registration and
analysis of acoustic waves arising in the process of plastic
deformation and fracture (crack growth) of diagnostic objects. It
makes possible to determine the places where the structure of the
material changes when lightning strikes the covering of the
elevating rudder for the composite laminate from which the
elevating rudder of the RRJ aircraft is made.
When llightning acts on the elevating rudder, the covering of which
is made of two panels of 7-layer carbon composite, it becomes
necessary to diagnose the material in places close to the visual
destruction of the covering of the elevating rudder. A potential
change in the structure of the layers of the composite material can
occupy much larger areas than the zones of visual surface damage
to the composite covering.[1]

a)The root part of elevating rudder.

The object of diagnostic
The object of diagnostic is the RRJ aircraft elevating rudder made
of composite materials, which is a three-component honeycomb
core construction of two 7-layer panels and a honeycomb core.[2]
The elevating rudder passed certified tests for lightning stroke in
accordance with the program before the trials.
The value of the rupture load of the elevating rudder after lightning
stroke was determined, which made up to 110% of the rupture load
as a result of the trials.

b)

The end part of elevating rudder.

Fig.2. The zones of lightning impact on the elevating
rudder.
Device for Elevating rudder Diagnostics by
Acoustic Emission Method.

The appearance of the elevating rudder after static crushing
tests is shown in Fig.1.

For the diagnostic was used a portable two-channel
acoustic emission device POCKET AE-2 under the control of the
AEWin package to which piezoelectric converter were
connected. [5]

Device settings during diagnostics are shown in the Table below.

Fig.1.The elevating ruder after lightning strikes impact by the end
of crushing tests.

Threshold

HFF

30 dB

5 kHz

LPF
1000
kHz

Preamplifiers

Sampling
frequency

inside 26 dB

2 MSPS

Tab.1. Conduction of diagnostics by the AE method is
shown in the photo Fig.3.

The zones of lightning impact on the elevating rudder in the
area of the root and end parts are shown in Fig. 2, from which it can
be seen that there is one in the root part, and two places of lightning
impact in the end part.

127

trans&MOTAUTO '22

PB1, PB2 and PB3: blue - hammering, red - intensive crushing
(acoustic emission method) and green - initial damage (acoustic
emission method).[6]

Fig.3. The diagnostic of the elevating rudder’s part by AE
method.
Fig.6. Diagnostics of PB1 zones in the root part of the
elevating rudder. Blue - hammering, red - intensive crushing
(acoustic emission method) and green - initial damage (acoustic
emission method).

Piezo sensors attachment on the construction of the skin
of the elevating rudder is shown in Fig.4.Triple reservation of AE
measurements was carried out (three independent sensors and
measuring devices) to strengthen reliability of diagnostics.

Diagnostics of places of damage to
the elevator when exposed to
lightning (place PB 2)
400,00
200,00

-400,00

0,00
-200,00
0,00
-200,00
Молоток

200,00

400,00

Инт.фаза(АЭ)

Нач.фаза (АЭ)
Fig.4. Piezo sensors attachment on the construction of
the skin of the elevating rudder.
Fig.7. Diagnostics of PB2 zones in the root part of the
elevating rudder. Blue - hammering, red - intensive crushing
(acoustic emission method) and green - initial damage (acoustic
emission method).

The block diagram of acoustic emission measurements
for the elevating rudder’s notch zones, from where the triple
reservation of the acoustic signal measurement can be seen, is
shown in Fig.5.

1,5 cмBlock diagram of acoustic emission measurements for
elevating rudder’s notch zones.
The results of diagnostics of the elevating rudder covering in
places affected by lightning.
The object of research was the root and end parts of the
elevating rudder after lightning strikes, on which acoustic sensors
were glued. In the places of diagnostics (impact by lightning), the
object was locally heated up to 80C. At the same time, the probe
scanned the area from the center of lightning impact to the
periphery. As a result, two zones of emission variation were
observed: a weak one along the periphery and a strong one closer to
the center. The attached Figs. 6 - 8 show the damage zones in zones

Fig.8. Diagnostics of PB3 zones in the root part of the elevating
rudder. Blue - hammering, red - intensive crushing (acoustic
emission method) and green - initial damage (acoustic emission
method).
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On Fig.9. Zones of diagnostics of the elevating rudder PB1
are applied the object of diagnostics (the root part of the elevating
rudder): central unpainted - material delamination by taping;
middle orange - intensive phase of AE and extreme blue - initioal
phase of AE.

References:
1.
2.

3.

4.

5.

Fig.9. Zones of diagnostic of the elevating rudder.

6.

The following results were obtained investigating the
covering of the elevating rudder in places affected by lightning by
acoustic emission method:










the diagnostic of changes in the structure of the
composite material of the elevating rudder in places
affected by lightning РВ1, РВ2 and РВ3 was conducted;
the zones of change in the structure of the composite
material near the places of lightning impact were
determined;
the zone of a strong change in the structure of the
material was found by manually tapping the covering
directly near the destruction zone and is an ellipse for the
PB1 zone with dimensions of 100x200 mm
the zone of intense and initial changes in the structure of
the composite was determined by the acoustic emission
method (intense - 350x500 mm);
it is necessary to conduct strength tests of the samples of
the elevating rudder covering in the zones РВ1, РВ2 and
РВ3 and compare the obtained characteristics with the
characteristics of samples from undamaged covering to
confirm the diagnostic results. [3;4]

Conclusion.
The diagnostics of the elevating rudder covering zones near
the places of lightning impact was performed by the acoustic
emission method. The zones of intensive and initial changes in the
strength characteristics of the elevating rudder covering in places
affected by lightning were determined. The zone of a strong change
in the structure of the material was found by manually tapping the
covering directly near the destruction zone and is an ellipse for the
PB1 zone with dimensions of 100x200 mm. The zone of intense
and initial changes in the structure of the composite was determined
by the acoustic emission method (intense - 350x500 mm).
There is a good agreement of zones of change in the strength
characteristics of the elevating rudder in the area of lightning
impact, obtained by acoustic emission methods and strength tests of
samples.
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Determination of the quality of welds produced by robotic welding
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Abstract: The paper focuses on the evaluation of the quality of fillet welds produced robotically by the method of impulse synergic welding
MAG. This welding technology is used in the automotive industry in the production of rear seat backs for passenger cars. In the process of
automated production, the speed of the process, accuracy, and quality of the made joints are important. Several factors affect the accuracy
and quality of welded joints. The paper presents the results of research where the influence of filleting of fillet welds on their quality was
confirmed. Visual and capillary methods were used to determine the quality of welds, metallographic analysis for evaluation depth of weld
root penetration, strength properties of welds were evaluated by static tensile test. Statistical ANOVA methods were used to process the
obtained values. Experimental work confirmed that the depth of welding of the weld root into the base material has the greatest influence on
the final quality of fillet welds. It is this parameter that results in the elimination of the weld and thus the entire produ ct.
Keywords: WELDING, AUTOMOTIVE, ROBOTIZATION, DEFECTS, ROOT WELD, ANOVA
greatly reduce the amount of labor and reduce the technical
requirements on the operation of workers. They have the advantages
of stability, high repetition accuracy etc. Robotic autonomous
welding is one of the key technologies in intelligent welding
manufacturing [1-4]. In the jointing of thick plates, such as
shipbuilding and pressure vessels, multi-pass robotic welding has
the advantages of high welding efficiency and quality and has been
widely used to reduce the heavy labor caused by large numbers of
welds. However, due to the thermal deformation or the assembly
error, the teach-playback welding robots cannot adapt to the
variation in welding trajectory, which leads to the decrease of
welding quality [5]. Therefore, the vision sensor-based welding
seam tracking is urgently needed to realize intelligent zed robotic
multi-pass welding. Robotization, automation and digitalization will
be the important development direction of welding process, and the
research of seam tracking has become on of the significant research
field of welding equipments [6].

1. Introduction
The automotive industry struggles continuously with the need to
increase competitiveness and profitability. Due to their structural
importance, metallic components and systems represent a major
part of the weight of an automobile. These metal components are
connected by different technologies to create multiple subsets, to
get the final product. Therefore, several sets of metallic components
need to connect [1].
Welding is a joining process used to join two materials (usual
metals) by controlled coalescence of temperature and pressure.
There are many types of welding process developed for various
applications. Ensuring the weld quality with minimal cost and time
is of great importance in a manufacturing industry [1,2].
MAG/MIG, TIG, submerged Arc and laser welding processes are
those more commonly used in industrial applications [1,2]. It is
known that the welded joint of two components is the most
susceptible zone to initiate fatigue crack, significantly reducing the
component lifetimes [2]. In several cases, those welded connections
are subjected to repeated loading, which may lead to fatigue failure,
mainly high cycle fatigue regime, associated with many loading
cycles. Fatigue is the result of regular or irregular cyclic stresses
imposed on the component, that may lead to fatigue cracks initially
microscopic, that propagate to visible cracks, leading to the rupture
of the component [2]. Residual stresses along the welded joint
imposed by heating and cooling cycles may cause a decrease of the
fatigue life of welded components. The weld joint geometry also
has an important effect on the fatigue life of the structure. A
defective weld geometry may also increase tensions in the welded
joint. Weld joint geometry depends on the process and the operation
parameters (the welding energy, welding speed, voltage, electric
current, wire feed speed). In the MAG process, the welding speed
and energy are lower than those used on the laser process. Thus,
higher base material dilution, penetration and arear of the heat
affected zone can be expected. However, concentration of residual
stresses also increases [2].

1.2 Defects of welded joints
With increasing requirement of service reliability, some
key components call for higher mechanical performance,
especially the fatigue reliability and corrosion resistance for
the welded structure [7]. The fatigue mechanism of the
metallic components with welded joints is an important
scientific issue, because welding process can cause an obvious
loss of fatigue strength [8]. For the metallic component, the
fatigue crack often initiates from the site that suffer a high
stress concentration, and therefore the fatigue crack usually
starts from the weld toe of the welded metallic component, at
which the change of weld surface geometry causes obvious
stress concentration. Slag inclusion, porosity, inhomogeneous
microstructure, and various cracks are some typical defects,
that are unavoidably formed in the welding process [8-12].
According to the ISO 6520-1 standard, we recognize two
main groups of welded joint defects [9,10]:
1.

Welding quality can be improved by proper welding automation
with aid of robots and online monitoring mechanisms. Automated
robotic welding is commonly used for the joining of thin sheet
metals for automotive industry due to the precision and speed of the
welding process. Without proper process optimization, high speed
robotic welding for automotive industry is known to have defects,
such as porosity, weld concavity and cyclic humping. Several
welding parameters can be adjusted to optimize the robotic welding
is decreasing the welding speed, changing the intensity distribution
of the heat on the surface of the substrate, changing the type and
flow rate of shielding gas used during welding process etc.
However, decreasing these parameters leads to a loss in productivity
which can be costly in large scale manufacturing endeavors [2,3].
Along with the development of social productivity and the progress
of science and technology, welding robots are more and more
widely used in a industrial production. Welding robots can not only
greatly improve the production efficiency and quality, but also can

Internal defects, which include an overheated root,
unboiled root, shrinkage, and others

Fig. 1 Internal defects of welds
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2.

External (surface) defects, which include cracks,
cavities, inclusions, cold joints and non-penetrations,
longitudinal cracks in the weld metal, resp. in the base
material, metal spatter and other

Fig. 3 Monitored parameters of fillet welds

The welding torch (Fig.4) is located on a robotic arm, which
contains a feeder for feeding and removing wire of additional
material.
Fig. 2 External defects of welds

2. Materials and Methods
In the automotive industry, profiles are used for the rear seat
backs, which have a closed square profile measuring 25.4 mm in
two-phase cold-rolled steel with a thickness of 1.3 mm. Two-phase
ferritic-marensitic steel HCT 590X was used in the analyzed nodes.
The European designation of this steel is EN 10338. The chemical
composition as well as the mechanical properties of HCT 590X are
given in Tab. 1 and. Tab.2.
Table 1: Chemical composition of HCT 590X
Element C
Si Mn P
S
Al
Weight
[%]

0.15 0.75 2.5 0.04 0.015 1.5

Cr+Mo Nb+Ti
1.4

0.15

Table 2: Mechanical properties of HCT 590X
Tensile strength [MPa]

590

Yield strength [MPa]

550

Ductility [%]

12

V

Fig. 4 Welding torch on a robotic arm with automatic feed slider

B

0.2 0.005

The tested weld nodes on the car seat frame formed by MAG
robotic welding are shown in Fig.5. Visual control according to ISO
17637 and NDT capillary test according to ISO 23277 were used to
evaluate welded joints. Microhardness was measured by the
Vickers method according to ISO 9015-2. A modified static tensile
test according to ISO 6892-1 was designed to determine the
strength of welds. The static tensile test was performed on a
TIRATEST 2300 device.

Welds in the analyzed nodes were created robotically by MAG
pulse synergic welding technology. CO 2 working gas and inert
(protective) gas Ar in the ratio CO 2 / Ar = 82% / 18% were used.
G3Si1 welding wire with a diameter of Φ 1.0 mm intended for
welding fine-grained steels with a minimum Re up to 470 MPa was
used as an additional material for all types of welds. The chemical
composition of the additional material is given in Tab. 3.
Table 3: Chemical composition of the G3Si1 additive material
Element
Weight %

C

Mn

Si

Fe

0.07

1.4

0.85

-

The parameters of the welding process are given in Tab. 4 and
the monitored parameters of fillet welds are shown in Fig.3:

Fig. 5 The tested weld nodes

Table 4: Parameters of MAG welding
Gas
Voltage Current
consumption
[V]
[A]
[l/min]
18-32

80-300

18

Wire feed
speed
[m/min]

Welding
power
[kg/h]

Weld metal
recovery
[g/100g]

2.7-15.0

1.0-5.6

96

3. Results and discussion
3.1 Strength of fillet welds
Two types of jigs were designed for the modified static tensile
test. In the case of the first jigs (Fig.6), the vertical part of the
sample was clamped using mechanical forceps. After starting the
test, the sample was released. This problem was solved by welding
a steel sheet to the vertical surface of the sample. Nevertheless,
there was till a very strong deformation.
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Table 6: Limit tolerances of weld errors

Weld nodes
316

317

336

339

Min. Max. Min. Max. Min. Max. Min. Max.
Boiling the root
(mm)
Inflammation in
the material 1
(mm)
Inflammation in
the material 2
(mm)

Fig. 6 Sample in the mechanical forceps

The second type of jig (Fig.7) was designed to hold the sample
with hydraulic forceps, thus ensuring a firm grip on the vertical part
of the sample. The sample was deformed even with this type of jig
and the subsequent loading.

Porosity (mm)

0.13

0

0.13

0

0.14

0

0.14

0

0

0.26

0

0.27

0

0.28

0

0.28

0

0.26

0

0.27

0

0.28

0

0.28

0

0.53

0

0.54

0

0.55

0

0.57

Fig. 8 Suitable weld (a), unsatisfactory weld – inflammation in the material
(b) – weld node 316

Fig. 7 Sample in the hydraulic forceps

3.2 Microhardness of fillet welds
3.4 Statistical analysis of fillet welds
In terms of microhardness, similar values were achieved due to
the use of the same production technology and the additional
materials. However, slightly higher values were found for the weld
metal compared to the base material. The microhardness values for
the base material are given in Tab.5:

The number of welds in individual tested weld nodes, which
were in the normal tolerance value of welds for the monitored
parameter of root depth boiling are given in Tab.7:

Table 5: Microhardness of basic material

Table 7: Number of welds in the standard

Microhardness values HV 0,1
Basic
material

293

234

213

240

AVERAGE
245

Weld nodes

245

The minimum and maximum values of HV0.1 for individual
weld nodes were measured:
 For weld node 316 Hvmin = 270, resp. HVmax = 308
 For weld node 317 HVmin = 216, resp. HVmax = 333
 For weld node 336 HVmin = 201, resp. HVmax = 212
 For weld node 339 HVmin = 242, resp. HVmax = 262

316

317

336

339

34

36

35

36

25

24

25

27

73.5

66.7

71.4

75

Number of weld in the standard
Percentage [%]

A graph (Fig.9) was the constructed from the measured values,
which shows and describes the average values of the monitored
parameter (root welds), the range of measured values for individual
weld nodes and their standard deviations. The ANOVA statistical
tool used the F test to verify the null hypothesis H0. It is true that
we reject H0 if F ≤ α; α = 0,05. Significance of F test the weld
nodes addiction to parameters Z1, Z2 and L1, L2 is shown in Tab.8:

3.3 Metallographic analysis of fillet welds
The basic monitored parameter was the depth of the root
boiling, which had to reach values in the range of 0 to 0.14 mm. In
addition to welding errors such as inflammation in the material, the
depth of root boiling proved to be a crucial parameter in evaluating
the quality of welds. The depth of boiling of the root into the base
material was the only parameter that showed regular deviations
from the allowable values. In Fig. 8 is shown a weld, that did not
exceed any of the limits in Tab.6, so it can be marked as a suitable
weld (Fig.8a) and the unsatisfactory weld (Fig.8b) due to
inflammation in the material, where the measured value was 0.31
and the limit tolerance of weld errors is 0.26 from Tab.6:

Table 8: ANOVA – level of significance
Significance F - test
Weld nodes

132

Addiction to Z1 a Z2

Addiction to L1 a L2

316

0.0137

0.0468

317

0.1047

0.9616

336

0.0012

0.9328

339

0.3002

0.1080
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3. A. Sumesh et.al.: Establishing Correlation Between Current
and Voltage Signatures of the Arc and Weld Defect in GMAW
process, Arab. J. Scie. Eng., 2017, Vol. 42, pp. 4649-4665
4. M. Shehryar Khan et.al.: Numerical modelling and experiment
validation of the effect of laser beam defocusing on process
optimization during fiber laser welding of automotive presshardened steels, Journal of Manufacturing Processes 2021, Vol. 64,
pp.535-544
5. R. Xiao et. al.: A feature extraction algorithm based on
improved Snake model for multi-pass seam tracking in robotic arc
welding, Journal of Manufacturing Processes, 2021, Vol. 72, pp.
48-60
6. Kunxi Xue et. al.: Robotic seam tracking system based on
vision sensing and human machine interaction for multi-pass MAG
welding, Journal of Manufacturing Processes 2021, Vol. 63, pp. 4859

Fig. 9 Graph of average values of weld nodes

4. Conclusions

7. V. Knysh et.al.: Influence of hardening by high-frequency
mechanical impacts of butt-welded joints made of 15KhSND steel
on their atmospheric corrosion and fatigue fracture resistace,
Materials Science, 2018, Vol.54, pp. 1-9

The paper is the result of research into the evaluation of fillet
welds created robotically by the MAG welding method. The basic
material was two-phase ferritic-martensitic steel HCT 590X. The
work methodology included destructive and non-destructive
methods of measuring the quality of welds. Visual and capillary
methods did not identify any non-compliant welds. The
microhardness evaluation did not show any difference between the
hardness of the base material and the weld metal of the individual
welds with respect to the same welding parameters. Using an
optical microscope, 25 samples from each weld node were analysed
separately by metallographic analysis. The total number of samples
was 100 pieces. A total of 26 pieces were determined for faulty
connections. The resulting weld quality was assessed based on the
depth of root penetration in the base material. Experimental work
has confirmed that the quality of fillet welds is affected by the depth
of root penetration into the base material. This parameter effect can
be caused by several factors:

Incorrect position of the welding torch

Incorrect trajectory of the welding torch

Dimensional tolerances of input components

8. H. Polezhayeva et.al.: Fatigue performance of friction stir
welded marine grade steel, Int. J. Fatigue, 2015, Vol. 81, pp. 162170
9. Peter Babčanský: Determination of the quality of fillet welds
in the automotive industry, Diploma thesis, 2019
10. H. Yamamoto et.al.: Weld toe modifications using sphericaltip WC tool FSP in fatigue strength improvement of high-strength
low-alloy steel joints, Mater. Des., 2018, Vol. 160, pp. 1019-1028
11. W. Ting, W. Dongpo, H. Lixing, Z. Yufeng: Discussion on
fatigue design of welded joints enhanced by ultrasonic peening
treatment (UPT), In: Int. J. Fatigue, 2009, Volume 31, pp. 644-650
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The vehicle that can move on an accidental field
CÂRJALI EROL
Universitatea OVIDIUS Constanta
Romania
Abstract: The designed vehicle can move on rough terrain (with multiple bumps); also (the vehicle) can climb a sloping terrain (with a
relatively large angle).
The movement (of the vehicle) is not continuous; contact with the ground (tread) takes place periodically, simulating the steps taken by a
moving man; this movement is obtained by generating a hypocycloid.
The vehicle will move with the help of four wheels; they (wheels) will lift and move the vehicle when they come in contact wi th the road
(ground).
the fixed circle and the moving circle. Point A will move to point
M.

1. Introduction
Off-road vehicles are able to travel on rough terrain. Their
purpose (of off-road vehicles) is to transport materials and people
in difficult conditions [2].
Off-road vehicles can use large tires (diameter and width),
tracks or combinations thereof (Fig. 1, 2).

Fig. 3
Note:

  NOx, '  MO' N,

(1)

in trigonometric sense and we obtain:

AN  MN,

(2)

(în sens trigonometric), adică:

a  b' ,

(3)

where from:

' 
Fig. 1

a

b

such as:
relationship that will be
used in the following

'   

(4)

(5)

ab
,
b

From the triangle OO’M we obtain:

OM  OO '  O 'M,

(6)

Fig. 2
The vehicle presented in this paper uses a hypocycloid curve
in combination with a chain drive.

which results in:

x  prOx OO'  prOx O'M;

2. General aspects

(7)

y  prOy OO '  prOy O 'M.

The hypocycloid is the curve described by a point on a nonslip circle, on a fixed circle; the small circle runs inside the large
circle.
The landmark xOy is chosen, consisting of two parameters of
the fixed circle of center O, so that the axis Ox passes through
point A, initial point of contact between the circles in question
(fig. 3) [3].
Consider rolling the center circle O 'from position
A to an arbitrary position, with N the point of contact between

But

prOx OO'  OO'  i   a  b  cos ;
prOy OO '  OO '  j   a  b  sin ;
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prOx O'M  O'S  i  bcosMO'x''   bcos( '   180) 
  bcos( ' )   bcos

(9)

ab
;
b

In geometry, a hypocycloid is a flat curve drawn by a
point fixed on a circle that rolls inside another larger
circle. It is similar to a cycloid, where the circle rolls on a
straight line.
If the smaller circle has radius r and the larger circle has
radius then the parametric equations for the curve are
given by [5]:

Fig. 6

cos(k  1) 

x()  r(k  1) cos  
;
k  1  (10)


Fig. 7
The hypocycloid transmission (fig. 5) is composed of a
toothed crown and a running system.
The running system (fig. 8) together with the toothed crown,
imparts to the wheel of motion a displacement after a
hypocycloid curve. Moreover, the drive wheel also has a rotation
about its own axis, received through a chain drive.

sin(k  1) 

y()  r(k  1) sin  
.
k  1 

If k is integer, then the curve is closed and has k cupside.
If k is a rational number, then the curve has p cupside.
If k is an irrational number, then the curve never closes
and fills the space in the large circle except for a radius
disk in the center of the large circle.
A hypocycloid with three cupids is called a detoid.
A hypocycloid with four cupids is called an astroid.
Chain transmissions are indirect mechanical
transmissions (via the chain); they transmit the motion
(and torque) between two or more parallel shafts.
The principle diagram of the chain transmissions is
presented in figure 4 (1 - driving wheel; 2 - driven wheel;
3 - chain); In addition to these elements (1, 2 and 3), chain
drives may have tensioning devices, lubrication devices, as
well as chain housings or guards [3].

Fig. 8
The vehicle is designed so that the four wheels of movement
come into contact with the ground (the road) in turn (for a short
time, what will be the calculation below).
The vehicle moves using hypocycloid curves on the four
motion systems.
Considering
and
results
r  30mm,
R  90mm

k

90mm
; k  3.
30mm

Fig. 4
The gear is the mechanism consisting of two gears, which
transmit the rotational movement and torque between two
shafts, through the teeth that are successively and
continuously in contact (gearing).

3. Presentation of the device
The vehicle (fig. 5) is equipped with an internal combustion
engine and two gearboxes that transmit through the four
intermittent couplings, movements for the four satellite supports
(fig. 6), which in turn transmit motion to the four hypocycloid
transmissions (fig7) [1, 4].

Fig. 5

For the initial point

   0 , the

y  0 mm (see figure 3).
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In figure 3 it is observed that for

R  a  90mm and

r  b  30mm, when rotating at an angle it

Point M is located on the Ox axis, at elevation:

60mm  30mm  30mm.

  90o , is

obtained:
• the length of the arc on the radius circle R  a  90mm, is:

• the rotation angle for the small, radius
r  b  30mm, obtained with the relation:

circle is
Point M is located on the Oy axis at elevation:

0mm  0mm  0mm.

It is observed that the quotas are respected.
The following is the calculation of the vehicle movement.
Figure 7 shows that the vertical displacement is 25 mm.
Calculate the angle at which the wheel of motion comes into
contact with the ground (tread):

where from
Next, determine the position of the M
point by rotating the small circle with '  270o (where   90o ).

Consider the speed of the satellite support n  10 rot . The
1
min
rot
rot
speed of the satellite wheels will be n  10
 3  30
.
2

min

min

The movement is transmitted through the chain, with a ratio of 2,
ie the speed of the movement wheel is n  60 rot .
3

Point M is located on the Ox axis, at elevation:

min

Approximating the contact time of the wheel of motion with the
ground (running path), we obtain:

30mm  0  30mm.

t

1s
360o

1s
 0,161s.
6, 2

58o

Point M is located on the Oy axis at elevation:
60mm  0mm  60mm.
It is observed that the quotas are respected.
In figure 3 it is observed that for R  a  90mm and
r  b  30mm, when rotating at an angle it is obtained:
a

• the length of the arc on the radius circle R  a  90mm, is:

• the rotation angle for the small, radius circle is r  b  30mm,
obtained with the relation:

where from
b
Fig. 9

Next, determine the position of the M point by rotating the small
circle with '  540o (where   180o ).

The peripheral speed of the wheel of movement is:
v    400mm  60

rot
rot
mm
   400mm 1
 1256
.
min
s
s Moving the

to a wheel contact is s  0,161s 1256 mm  202,31mm.
s
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If the movement wheels are offset, which can be obtained during
assembly, the displacement with the four wheels will be four
times greater than 0.161 s, ie: S  202,31mm  4  809, 24mm.
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4. Conclusions
The vehicle can travel on rough terrain. If the movement
wheels are equipped with "sticking" elements (in the form of
cones or pyramids) the possibility of slipping is eliminated.This
vehicle can also be used on a stepped road, adapted (the road) to
the possibilities of the road system or the road system can be
adapted to the existing conditions in the field.
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Application of hardfacing arc methods in Bulgarian ship repair SME
Yordan Denev
Technical university of Varna
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Abstract: The paper deal with methods for hardfacing used in small and medium sized ship repair enterprise. The difference between
welding and hardfacing are explained. In first part of the paper are analyzed disadvantages and advantages of arc hardfacing welding
methods, materials and consumables in hardfacing. After that are described two case studies from ship repair industry. In ship repair SME
with restricted resource some of hardfacing methods are not applicable. In this paper are described hardfacing methods which are
applicable in this type of ship repair yard.
Key words: HARDFACING, SHIP REPAIR, SMALL AND MEDIUM ENTERPRISES, SHIELTED METAL, ARC WELDING

1.

Introduction.

Small and medium sized enterprises(SME) are the backbone of
Europe industry. Their workplace are about 90% of all in the
European Union. In Bulgaria SMEs in ship design, shipbuilding and
ship repairing are more than 30[10].
SMEs are subjected to
different constrains. Some of them can be divided into two
categories: technological constrains and functionality constrains.
Technological constrains impact to normal functionality of SME
shipyard and they can be connected with geometrical limited(
length, breath, depth of building facilities), crane lifting capacity
and etc. Functionality constrains are connected with limited access
to financing, limited personal number, limited personal skills and
capabilities.
In ship repair industry in some cases are necessary different detail
or elements form ship hull, machine and mechanisms to be
hardfacied. This method is used when wearing of details and
elements is not so big and their functions are not so important.
Hardfacing is process where on surface is applied metal to fill wear
part of the detail is. This process is applied in rebuilding, design and
fabrication of details in all heavy industries and partly in ship repair
industry. The difference between welding and hardfacing process is
that in welding the two parts are connected together while in
hardfacing process has rebuilding the details dimensions. In
hardfacing process all welding methods are applicable but take into
account production equipment and restrictions of SMEs mainly are
used arc welding methods.
Hardfacing is similar like welding process but not at all. In some
cases, this process required special equipment and material.
Hardfacing can be done with powder spraying while this method is
not applicable for welding.

2.

Fig.1. Shielded metal arc welding scheme[6]

2.2. Submerged arc welding process
Submerged arc welding process has some advantages:
easy for automatization- in modern manufacturer this
method is fully amtomatizated;
heighter hardfacing speed than shielded metal arc
welding;
easy for operation- it isn’t require special skills;
it can be semi mechanized method;
heighter coefficient of efficiency

Arc hardfacing methods

The arc methods for hardfacing can be divided into several types:
shielded metal arc welding, submerged arc welding, flux core arc
welding electric arc and plasma arc welding[1].

2.1.

Shielded metal arc welding

This method is mostly used in all area of heavy industry. It has
some advantages:
simply for operation- it is not necessary special equipment
and devices;
easy for transportation;
possibilities for operation in different position;
it is applicable for all types of steel;
it can be used for hardfacing of different material
thickness and wear;

Fig.2. Submerged arc hardfacing [4]
Disadvantages are:
height impute temperature;
expensive equipment and consumables

Disadvantages of the method are:
low hardfacing speed;
low coefficient of efficiency;
height impute temperature;

2.3 Flux cored arc welding
Advantages of flux cored arc welding are:
height hardfacing speed;
possibilities for hardfacing wide range of wears;
Easy to operate;
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Correct polarity;
Welding position
Welding technique;

Table 1. Dilution degree in different welding methods
Welding method Abbreviation Type
Dilution, %
Shielded metal arcd
1
SMAW
manual
15-30
welding
Gas tungstun arc
manual/
2
TIG
15
welding
automatic
Submerged arc
3
SAW
automatic
30-50
welding
semiGas shielded metal
automatic
4
MIG/ MAG
15-35
arc welding
/
automatic

Fig.3. Gas shielded metal arc welding [8]
Disadvantages of this method are:
in a lot of manufacturers machines and equipment for this
method are mechanization. This didn’t allow hardfacing in different
position in the space;
expensive equipment and consumables in comparing with
shelted metal arc welding process;

In a lot of cases resistance and durability of hardfaced layers depend
on pattern type. There are different pattern types. On fig. 6 are
shown more used types in ship repair industry.

2.4. Plasma arc welding(hardfacing)
Advantages of this method are:
suitable for automatization;
night melting point materials can be used;
precise control over thickness and shape;
Fig.6. Pattern types used in hardfacing [9]

3.

Materials used in hardfacing process

Selection of material for hardfacing depends on chemical
composion of basic metal. In hardfacing like in welding has two
rules:
Rm1≈Rm2;
Chem1≈ Chem2
where: Rm1- tensile strength of basic metal; Rm2- tensile strength
of hardfacing metal; Chem1- chemical composion of basic metal;
Chem2- chemical composion of hardfaced metal;
Mechanical characteristic of hardfaced metal depended on filler
metal. Different types of hardfacing electrodes for different
mechanical characteristics of hardfaced area are shown on fig.7.

Fig.4.Plasma arc welding [5]
Disadvantages:
limited mobility;
height cost for equipment;
Important characteristic in hardfacing is dilution. The dilution is the
relation between area of welding metal in rebuilding layer and all
welding area, fig. 5. The mathematical equation is:

Where: B- rebuilding metal, A- hardfaced metal

Fig.5. Dilution calculations [9]
Different hardfacing methods has different dilution degree. In
table1 are shown dilution degree of different hardfacing methods.
Maximum degree has submerged arc welding and minimum gas
tungsten arc welding. The maximum dilution degree of submerged
arc welding is due to automatic operation.
In dilution process important is to be controlled. According [9]
there are some factors:
 Right welding procedure;
 Welding sequence;

Fig.7. Types of hardfacing electrodes [3]
Hardfacing weld metal ca be divided into several categories [3]:
 Iron based;
o Martensitic and austenite alloys;
o Carbide rick alloys;
 Non iron based;
o Cobalt alloys;
o Nickel alloys;
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Martensitic;
o Good metal to metal resistance;
o Good impact resistance;
Austenitic;
o Excellent impact resistance;
o Good build up alloys;
o Fair abrasion resistance;
Carbide rich;
o Excellent abrasion resistance;
o Good heat treatment;
o Poor impact resistance;
Cobalt and nickel based;

All of this metal categories have proper mechanical, chemical and
resistance characteristics. Selection of them for industry depends
form applications and field of element working environment.
In ship repair industry hardfacing in mainly used for details jointed
on abrasion and friction impacts. In this case hardfacing electrodes
should be selected with height abrasion resistance from fig.7.
According [7] authors widely described materials, processes and
consumables for hardfacing process. They described the problem
from view point of hardfacing is to improve and extend life of
different parts and components.

4.

Fig.9. Hardfacing of anchor chain star [2]
The same hardfacing process with plasma arc welding will take 2-3
time more time because the workers should to done additional
operations like dismounting, transportation to workshop, hardfacing
and mounting again. If we have a lot of operations, it will be better
to fabricated new element or construction but it is related with
higher cost.
On fig.8 and fig.9 with black fields are marked hardfaced area of
anchor chain hawse pipe and anchor chain star. They are impacted
to height abrasion and friction action. In this case hardfacing
operations are done with electrodes for welding de=3.25mm.

Hardafing in ship repair SME.

In SME take into account technological and functionality constrains
it has a production limitations. Some of these limitations are done
by lack of personal skills form one side and impossibilities of SME
to adequate financing from other. Lack of financing leads to
limitations of production equipment, personal skills and
consumables. In this case is good practice SMEs to use some of
hardfacing methods mentioned in point two. These methods didn’t
require special equipment and personal skill. These methods are
shielded metal arc hardfacing and flux cored arc hardfacing.
In paragraph 2 are mentioned advantages and disadvantages of
every one of possibility arc hardfacing method in SME. Shielded
metal arc welding is most applicable in hardfacing process because
it use welding equipment and machines but different type of
electrodes. In cases when we have deep wearing of ship hull and
equipment elements for example anchor chain hawse pipe we
should to used hardfacing with shielted metal arc method we just
need to take hardfaced electrodes or welding electrodes and to do it.
The pattern used in this case is juxtaposed passes perpendicularly of
wear.

5.

Conclusion

From described advantages and disadvantages of arc hardfacing
methods in SME take into account restricted production facilities,
personal skill and lack of financing not all of methods are
applicable. Most applicable are shielded metal arc welding and flux
cored arc welding.
Hardfacing process in applicable for all metals and their alloys used
in shipbuilding, ship repairing and heavy production industries.
Hardfacing is reconstruction method reduced final cost of details or
components of mechanical systems compared with new building.
At this method the operator can to select filler material for
reconstructed of wear part of details or components depends on
working medium. By selecting of proper filler material is possible
to achieve abrasive resistance, impact resistance and heat and
corrosion resistance. Last two characteristics are very important for
details and components from shipping and ship repair industry.
Future work of the topic will be oriented to analyze of technological
characteristics of welding electrodes used in hardfacing.

6.
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Fig.8. Hardfaced area of anchor chain hawse pipe[2]
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LNG fueled ship type "C" storage tank pressure rise particularities related to the
bunkering flow
Delyan Hristov
Nikola Vaptsarov Naval Academy - Varna, Bulgaria
d.hristov@nvna.eu 1, d.hristov@naval-acad.bg1
Abstract: In the proposed publication it is conducted simulation-based experiment with the bunkering process of type "C" LNG containing
tank. According to the specific features of the LNG bunkering process it is analysed the nature of the boiling off mechanism of the cryogenic
fluid during bunkering transfer. The attained data by the experiment is analysed including the specific condition of heat ingress simulation.
On the base of the results there are stated conclusions and recommendations to the ship operators related to the limiting conditions of the
pressure vessels operation as it is the type "C" tank.
Keywords: LNG AS MARINE FUEL, TYPE C BUNKERING TANK, BUNKERING FLOW, TANK PRESSURE RISE, HEAT INGRESS TO
TANK

1. Introduction
The specifics in the operation of this kind of LNG tanks is
related to their ability to handle higher pressures than the other type
of LNG tanks, but with restricted volumes available due to the
specifics of the shapes of the pressure vessels as they are. On the
end of the filling process of such a tank, the restricted free volume
rapidly changes the condition of the gases on top of the liquid to
high rate of pressure rise. As during the bunkering, the liquid
flowing through the bunkering line receives heat from the
surrounding area (see Fig. 2) it is considered an intensive
evaporation rate [12] which need to be evaluated.

The new generation ships with reduced CO 2 emissions as part of
the IMO strategy for the reduction of the greenhouse gas emissions
from ships nowadays force the development of various technologies
[1, 2, 4, 5, 7, 14] to scope with the problem, but mostly rely on
liquified natural gas (LNG) as fuel. The specifics of the LNG
handling but are not well known by the majority of the seafarers and
this led to great concern about the safety of the growing number of
gas fueled ships which are not gas tankers as their purpose. There
are a number of issues related to the specifics of handling the LNG
as a cryogenic liquid able to evaporate, expand and burn shortly
after it is accounted loss of containment of a pipeline or tank
holding the same. The hazards of the LNG are with direct effect on
the human health and need to be minimized as reasonable as
possible to not allow uncontrolled spillage of LNG due to loss of
containment.
In this publication it will be considered the bunkering process
related with LNG extensive evaporation and the problem with
handling it to safe state so it could not exceed the safety margins of
the pressure release valves or the material strength of the system.
The aim in the publication is to provide proper guide to the
operators about the tank pressure changes during bunkering, related
to the flow of the LNG transferred, thus facilitating the training
process on the new topics related to the gas handling [8, 10]. The
tasks linked to the aim accomplishment will be to perform a
planned experiment with various transfer rates on a type C holding
tank while there are similar surrounding conditions so to evaluate
the influence of the rate of the transfer and the boil-off rate of the
LNG which in turn would rise the pressure in the tank.
In the case of usage of type C tanks, the pressure rise can be
allowed to reach higher limits compared to the other types of tanks
with close to atmospheric operating pressure, but on the final stage
with limited free volume of the tank the pressure could rapidly
change its value, so to pass the higher limit.

Fig. 2 Bunkering system and bunkering tank [15].

3. The experiment with the bunkering flow
It is considered the bunkering experiment to be carried out at a
simulated environment as it is the LNG Pac simulator of
Wärtsilä[15]. The simulation allows to be carried out different
scenarios with flexible parameters in an acceptable authenticity if
the simulation model [6, 9, 11] is closely matching with the real
object. These can be performed with real systems in an expensive
and complicated manner [3]. In the case of the LNG Pac simulation
there are several authorities confirming the realistic and
comprehensive features of the model facing the requirements of the
classification societies to serve as proper model of the real LNG Pac
system.

2. The type C tank and the LNG system
In the publication the object under evaluation is type C double
shell LNG tank with as shown on Fig.1 with total capacity of 130
m3. These types of tanks are commonly used on small scale ships
with average power outputs and short range of service [16], so to be
able frequently to be refueled. Such kind of pressure vessels but
with larger scales up to 1300 m3 or similar volumes could be seen
on large ocean-going vessels as bulk carriers, car carriers, tanker
vessels.

The simulated experiment allows to be performed critical
operations with marginal parameters [13, 17, 18] while no safety
issues and additional risks may occur in the real environment and
this advantage is used to reproduce the different flow of the
bunkering transfer up to the filling limit of the tank on every
attempt. The other advantage is that we have ready empty tank in

Fig. 1 LNG tank type C double shell vacuum insulated [15]
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every consecutive start of the simulation process from same initial
condition.

even higher flow than the performed the pressure could overcome
the opening pressure of the relieve valve.

For the experiment the tank was filled with minimal amount of
liquid LNG, so to be sufficiently cooled down with no additional
resistance in the bunkering system. The vapor return manifold has
been operated with same back pressure. Several bunkering transfers
were carried out with different flows through the bottom filling line
and the pressure development was registered at a specific level of
25, 50, 75 and 95 % filling of the tank. Same scenario was repeated
with simulated heat ingress to the tank as 25% of compromised
insulation efficiency, which may be considered the realistic limit of
the insulation deterioration during the entire service of the system
with normal wear rate. The approach with the heat ingress was
intended to evaluate the influence of the tank maturity and the
normal wear process to the daily routines while bunkering on the
end of service life of the ship. The results obtained are shown in
table 1.

The experiment repeated with heat ingress to the tank gave
results as per the Fig.4, where slight deviations with the normal
condition of the tank are encountered.

Table 1: Results obtained by the experiment
Bunkering flow
Bunkering flow
Bunkering flow
50 m3/h
100 m3/h
150 m3/h
Tank filling
capacity [%]
LNG Tank
LNG Tank
LNG Tank
Press. [bar]
Press. [bar]
Press. [bar]
25
1.7
1.79
1.78
50
1.81
2.01
2.09
75
2.11
2.57
2.78
95
3.46
5.09
6.77
Bunkering process with heat ingress 25%
Tank filling
Bunkering flow
Bunkering flow
Bunkering flow
capacity [%]
50 m3/h
100 m3/h
150 m3/h
LNG Tank
LNG Tank
LNG Tank
Press. [bar]
Press. [bar]
Press. [bar]
25
1.72
1.76
1.86
50
1.84
2.02
2.12
75
2.15
2.59
2.89
95
3.63
5.14
6.63

Fig. 4 Pressure rise in the tank with different flow of the bunkering with heat
ingress to the tank

The polynomial equations of the both experiments compared
show slight differences between the normal technical condition and
the condition with insulation impaired :
y = 0,92x2-3,034x+4,04

(1)

2

y = 0,87x -2,842x+3,955

(2)

Equation (1) and (2) express the pressure rise on flow 150m3/h.
Both show similar mathematical type and close value of the
coefficients on the variables. Same is for the equations for the flow
on 100 m3/h, (3) for normal condition and (4) for the heat ingress
condition:
y = 0,575x2-1,829x+3,125

4. Experiment data analysis

(3)

2

y = 0,5725x -1,7915x+3,0625

The data attained was processed at MS office tool as figures and
trending lines were acquired. The data for the plain experiment is
shown of Fig. 3

(4).
3

The equations for the curves for 50 m /h flow show similarity as
with the other flows and close behavior on both cases (5) for normal
condition and (6) for deteriorated condition:
y = 0,31x2-0,992x+2,425
2

y = 0,34x -1,096x+2,525

(5)
(6).

The obtained lines for both scenarios are shown simultaneously
on Fig.5.

Fig. 3 Pressure rise in the tank with different flow of the bunkering.

The regression models attained by the analysis show close
matching with the real process in a polynomial mathematical model
of 3rd order. The three modes of the bunkering flow led to different
pressure rise on the second half of the tank filling which is related
to the reducing free volume of the half of the cylinder as it is the
shape of the tank. At the same time the boil-off rate is increasing
with the rise of the flow due to the intensified mixing of the liquid
in the tank thus increasing the internal friction in the liquid.

Fig. 5 Pressure rise in the tank compared on normal and deteriorated
condition

The pressure difference between the lowest considered flow and
the highest one is around 3 bar. It can be expressed that in case of

142

trans&MOTAUTO '22

7.
K. Nedev, An investigation of control system for ship
cleaning equipment, First International Marine Engineering
Conference, Engineering Faculty Nikola Vaptsarov Naval
Academy, Varna, (2018), pp. 141-147. ISBN 978-619-7428-31-5.
8. M. Vasilev, New challenges against instructors for marine
engineers, Trans&Motauto (2015), Varna
9. M. Vasilev, Usage of FESTO simulator for marine systems,
Trans&Motauto (2015), Varna
10.
Se-Hyun Han; Yong-Sup Yun; Jong-Su Kim; YoungChan Lee, A Study on the Development of Educational Programs
for LNG Bunkering in Consideration of the Safety System, Journal
of the Korean Society of Marine Environment & Safety Research
Paper Vol. 22, No. 3, pp. 268-277, May 31, (2016), ISSN 12293431(Print) / ISSN 2287-3341(Online)
11.
W. Cheng; J Yonglin, Modeling, simulation and analysis
of tank thermodynamic behaviors during no-vent LNG bunkering
operations, Cryogenics, Volume 120, (December 2021)
12.
Yude Shao; Yoon-Hyeok Lee; You-Taek Kim; Ho-Keun
Kang, Parametric Investigation of BOG Generation for Ship-toShip LNG Bunkering, Journal of the Korean Society of Marine
Environment & Safety, Vol. 24, No. 3, pp. 352-359, May 31, 2018,
ISSN 1229-3431(Print) / ISSN 2287-3341(Online)
13. И. Бакалов, Използване на симулационен комплекс за
провеждане на обучение и тренировки по борба с пожари
Морски научен форум, том 2, Варна (2016)
14. И. Бакалов, Р. Бакалова, Използване на алтернативни
горива в корабните дизелови двигатели, икономически фактор.
Шумен, Конференция с международно участие "МАТТЕХ
2014". ISSN: 1314-3921 стр. 228 - стр. 232
15.
Wärtsilä LNG Bunkering and Fuel Gas Supply System
Simulator
16.
ABS, LNG Bunkering: Technical and Operational
Advisory, (2021)
17.
Г. Димитров; Й Сивков, Съвременните технологии в
бъдещето на плавателния състав Варненски медицински
форум, т. 6, бр. 2, 2017 с.152-155
18.
Г. Димиров, Интелигентни приложения за оценка на
риска по време на корабна маневра, Заключителна
конференция „Науката в служба на обществото – 2014“
сп.”Известия“ – стр.117-123 Съюз на учените Варна 2014г.
ISSN 1314-3379

5. Conclusions
According to the experiment results analysis they can be stated
the following conclusions:
The bunker flow rise lead to increased pressure in the tank
of the bunkering completion due to the increased boil-off
rates.
With bunker flow adjustment it is possible to reduce the
pressure in respect to the limiting conditions during
bunkering. Proper bunkering flow management will act as
a countermeasure on the bunker tank pressure rise.
The influence of the heat ingress in the lower extend gives
low impact on the pressure rise. This lead to the following
conclusion that the insulation maturity of the tank will not
change the tank behavior during bunkering processes
significantly during the extend of its operating life.

6. Acknowledgements
The extend of the experiment carried out reaches a specific
single procedure of bunkering an LNG tank through bottom filling
line and may be seen some differences in other approaches.
The experiment is carried out in Nikola Vaptsarov Naval
Academy simulator of LNG bunkering system on the available
models reproducing real objects with the extend of the simulation
capabilities.
The conclusions stated may not be in force for larger tanks with
larger surfaces which can be seen on larger ocean-going vessels.
For proper evaluation of the similar processes with such tanks there
must be conducted additional experiments.
The aim in the publication is achieved, to express the pressure
dependence on the bunkering transfer flow as the influence of the
heat ingress to the tank.
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Methane number influence on the dual fuel four stroke marine engine performance at high
load range
Delyan Hristov
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Abstract: In the present publication it is considered the technology and the features of the operation of the newly introduced in the m arine
industry wide spreading dual fuel four stroke engines. There are analysed the significant differences between the conventional Diesel engines
and the dual fuel Otto engines in their operation process. The influence of the gas fuel quality in the case of the dual fuel engines is in the
main concern underlined. Simulation based experiment is carried out for data attaining, related to the performance of the dual fuel engines
influenced by the fuel quality on high load range. The acquired data is analysed, and evaluation of the engine derating outcome is
performed. On the base of the results are stated conclusions and recommendations to be followed by the engineering crew members dealing
with such kind of engines on board LNG fuelled ships.
Keywords: LNG METHANE NUMBER, OTTO CYCLE MARINE ENGINE, KNOCKING OF THE ENGINE, GAS FUEL QUALITY, HIGH
LOAD OPERATION
requirements of the IMO tier III NOx emission standard without
after treatment of the exhaust gases.

1. Introduction
In the transition time of shipping decarbonization the
intermediate way to partly reduce the carbon emissions is the use
the LNG as fuel. Although there are different approaches to
improve the efficiency and to reduce the emissions from ships [1, 2,
4, 5, 13], there is no such fuel available fuel nowadays as the natural
gas to be able in due time to cover the infrastructure and
technological demand in same time with such reduction of the
harmful engine emissions.
Aside from the safe issues with the handling and storage of the
LNG onboard there are other technical challenges in the operation
of the dual fuel engines with their specific features compared to the
conventional marine diesel engines.
Most of the electrical generator driving engines operating on
LNG rely on the dual fuel Otto cycle concept. Special feature of this
type of engines is that they have to keep proper air/fuel ratio in a
specific narrow range, so to achieve low emission operation as they
are intended as a main difference with the Diesel cycle engines.

With the special features of the dual fuel four stroke engines Fig. 1 Lean burn concept for four stroke dual fuel engines [10].
most of the marine engineers are not aware of. In this publication
the aim is to represent the influence of the LNG quality to the
With the lean burn engines with fuel-air ratio around 2 it is kept
engine normal operation. Especially the influence of the methane
the low NOx emission mode []. On low load ranges the change of
number to the ability the engine to be loaded to specific range
the fuel-air ratio outside this limit will lead to increased emissions
without safety issues. The tasks scheduled to be performed are:
but as the engine load is increased the deviation in the fuel-air ratio
- To clarify the four-stroke dual fuel Otto cycle engines features
will lead to knocking phenomenon or misfiring. As these are Otto
- To perform experiment in a simulated environment with four
cycle engines, they rely on the mixture compressing in the cylinder
stroke dual fuel engine with different grades natural gas, so to
and in that case the gas fuel quality would influence the knocking
express the influence of the fuel quality to the combustion
tendency. Steady and controlled combustion and ignition would
process.
occur in the case the methane content of the natural gas
(corresponding the Methane number) used as fuel is as high as
2. The dual fuel four stroke engine type Wärtsilä
possible. In the available sources of natural gas there is no pure
L20DF
natural gas containing only Methane. There are other hydrocarbon
ingredients with usually lower self-ignition temperature than the
The object in the publication is a four-stroke dual fuel engine
Methane which generally lowers the resistance of the compressed in
Wärtsilä 6L20DF operating on the lower margin of the high speed
the engine cylinder gas on self-ignition. The DF engines
range has the characteristics as shown in Table 1.
manufacturer’s set up certain lower limits of the Methane number of
Table 1: Engine 6L20DF characteristics
the fuels used with the engines, depending on the engine rating at
Wärtsilä 6L20DF
which the engines would be fully operational in the high load range
Cylinder bore
200 mm
without knocking to occur.
Stroke
Piston displacement
Number of valves
Speed
Power output

280 mm
8.8 l/cyl.
2 inlet valves and 2 exhaust valves
1200 rpm
1110 kW

In the cases when the Methane number of the gas fuel is lower
the limit set, the sequence of the operation on high loads would be
the engine to start knocking. Due to that the manufacturers set
derating algorithm for the engine operation with low methane
number fuels to protect the engines from harmful uncontrolled
combustion. In that case the ship operators should expect what
would be the derating extend and what will be the available power
of the engines operating on gas to manage proper power
management of the ship’s electrical plant [3, 7].

The majority of the existing modern dual fuel engines used in
marine applications have the same principle of operation as the
above-mentioned engine. These are dual fuel lean burn concept
engines [10, 11] which rely on a specific air/fuel ratio to meet the

144

trans&MOTAUTO '22

The basic comparison between the conventional diesel engine
and the dual fuel lean burn engine combustion process shows that
with the Diesel cycle engine, due to the non-homogenous fuel-air
mixtures even the exceeded amount of air present in the cylinder
available, the combustion is stable and there is no necessity to
adjust the air-fuel ratio in such extend as with the dual fuel engines.
On the flame front there are always rich fuel/air mixtures [11]
which keep the combustion fast and steady, although these are the
conditions to generate nitrogen oxides and particular matters due to
the high peak temperatures. On the other hand, the diesel cycle fuel
injection manner has no relation with pre-ignition due to the lack of
fuel in the cylinder during the compression stroke. The Diesel cycle
operating engines appear that could operate in any condition with
sufficient and exceeding amount of air in the cylinder, without
tendency to knock or misfire (if no other issues), but the dual fuel
engines would require proper fuel-air ratios to be adjusted and
controlled during the gas fuel mode, so to keep smooth operation.

4. Experiment results analysis
The corresponding derating of the engine on gas mode with
natural gas with lower methane number than 80 as it is the lower
limit of the manufacturer for normal operation of the entire load
range, seems that there would be several specifics which need to be
taken in to account while operating the engines in such conditions:
- The bunkered LNG fractions will determine the initial
methane number of the fuel in use. In that case the requirement for
the quality for the bunker delivery quality must be with as high as
possible methane number of the LNG to obtain proper operation of
the dual fuel engines.
- The weathering process of the LNG in the tank must be
considered and on the base of the initial value to be planned actions
to reduce the influence of the dropping methane number by proper
power management of the electrical plant.
- In case of deviations between the requested quality and the
delivered LNG laboratory analysis to be rejected the receiving of
the bunker.
- In case of lower methane number value, as far it is from the
lower limit as lower to be the load of the engines so to avoid
knocking.
- In case of intended manual adjustment of the load limit of the
engines to be considered the specific features of the engine control
system and the means of lean burn process control as the ignition
timing, fuel air ratio and the charge air system performance.

3. The experiment
In the present publication it will be reported an experiment with
dual fuel engine in gas fuel mode with different grades of natural
gas with lower methane number than the required from the engine
manufacturer, to present the derating scheme of the engine while
reducing the Methane number of the fuel. The experiment is carried
out in simulated environment [6, 8, 9, 12] to facilitate the process of
use different gas fuel grades as these are the capabilities of the
simulator.

5. Acknowledgements
The tasks in the publication to be presented experiment and
results to be analysed was accomplished. The features of engine
derating due to low methane number of the LNG used as fuel shows
that there must be additional precautions to be considered by the
engineers handling these power plants.
The simulated experiment allows to be carried out different load
modes tests of the engines with different grades of fuels, so to
facilitate the preparation of the further operation of the engines with
the following bunkering batches of LNG.
The outcome of the publication could be beneficial to the
marine engineers and superintendents to better understand, clarify
and explain the differences in the operation of the dual fuel and the
diesel four stroke engines.

They were performed checks on the engine performance on
maximum load mode (100% setpoint) of the engine while the
Methane number of the gas fuel was gradually reduced from 80 MN
to 60 MN as these are the ranges possible to be faced in the real
practice with use of LNG as fuel in the IGF code ships, while the
bunkered gas fuel weathering process has been developed. The
results obtained in the experiment are presented in Table 2.
Table 2: Engine derating related to the Methane number.
Methane
Engine actual load
Engine set up load
Number
[%]
[%]
79.94
99.9
100
77.49
97.5
100
75.03
95
100
72.52
92.5
100
69.96
90
100
67.46
87.5
100
64.99
85
100
62.47
82.5
100
60.03
80
100
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Abstract: Damage to the turbocharger of the 8400kW diesel engine, which had operated about 66 640 running hours, has caused off hire of
the vessel for 10 days and the turbocharger repair had cost more than half a million euros. The study performed on this work consi sts of
evaluating the consequences of the low turbocharger performance on the fuel oil consumption and the reasons for this. Specific data were
collected and analysed in order to create an appropriate mathematical model between the studied parameters. Measurements and data
collected were performed a month before turbocharger damage and after the TC overhaul (with new cartridge). As results can be concluded
that losses in turbocharger performance is very important for the efficient operation of the main engine, they must be monitored and
analysed.
Keywords: TURBOCHARGER, MARINE DIESEL ENGINE, PERFORMANCE, FUEL CONSUMPTION, REGRESSION ANALYSIS.

1. Introduction
Turbochargers (TC) are used with internal combustion engines
to increase power output, reduce fuel consumption, and reduce
emissions. As one of the key systems of the marine power plant
diesel engine, the turbocharger directly affects whether the diesel
engine can continuously and stably provide the power required for
the ship. At present, the fault diagnosis of the marine turbocharger
has not been paid enough attention yet and in most cases, the
method of „ex post diagnosis‟ is still adopted. The current
turbocharger fault diagnosis method mostly adopts single-machine
and offline mode and has certain hysteresis. Various performance
parameters observed during the operation of the equipment are
processed and analyzed to determine whether a damage has
occurred, the type of fault and its cause. It is necessary to adopt a
new method based on the existing fault diagnosis theory and
technology, to obtain a diagnostic model that can solve practical
problems [4, 5].

7.Gas inlet casing
8.Nozzle ring
9.Turbine wheel
10.Bearing casing
11.Diffuser
12.Compressor wheel
13.Compressor casing

The aim of this research is to provide a review of influence of
turbocharger technical condition on engine fuel consumption and
the reasons for turbocharger low performance. Our target is by
collected data to find appropriate mathematical methods to obtain
qualitative relationships between the engine fuel consumption and
turbocharger revolutions.

During a sea passage of the vessel the main engine was
operating at load about 50 % of nominal power. The TC
temperature inlet (Tin) was 752K and TC outlet temperature (Tout)
was 691K. The speed on the turbocharge was 148 s -1. The data was
still within the limits of normal operation. On 02nd February 2021 at
02:00 LT the duty engineer called the bridge to reduce the load of
the engine as there was an unusual noise from the turbocharger side.
After primary checking of the main engine had observed high
exhaust gas temperatures and metal particles in the lube oil filter.
Lube oil filter high differential pressure alarm had found active.

The objects of research was a four-stroke medium speed marine
engines MAK 9M43C type with its ABB turbocharger TPL76-C33
type located on aft end of the engine (fig. 1) [2].

The subjected turbocharger was thoroughly inspected and
investigated by the chief engineer on board of the vessel. The
turbocharger / Cartridge was carefully disassembled for inspection
and assessment of the components, findings have been documented
by means of photographs. The components have been visually
assessed. The investigation has been focused on possible causes and
contributing factors. The objective of the investigation is to
determine how the subjected issue had happen.
Considering the information available following possible failure
causes could have led to the failure of cartridge smooth rotation and
the excessive axial movement of compressor wheel supports
increase of clearances in radial and axial bearing beyond the limits.
This further validates that the bearings and shaft have worn beyond
usable limits. The rubbing of the compressor wheel (fig.3) with wall
insert may be the consequential damage [3, 10, 11].

Fig. 1: One turbocharger located on aft end.

The turbocharger components are shown in fig. 2 as bellow [12,
13]:
1.Filter silencer
2.Radial plain bearing
3.Thrust bearing
4.Bearing bush
5.Radial plain bearing
6.Gas outlet casing
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of the turbocharger. Moreover, the used data had been collected in
almost the same load condition of the vessel.
The research technology covers two stages.
The first step is to gather appropriate information parameters
before the turbocharger is damaged and the same information
parameters after repairing the turbocharger.
In statistical modelling, regression analysis is a set of statistical
processes for estimating the relationships between a dependent
variable (often called the 'outcome') and one or more independent
variables (often called 'predictors'). In our case a dependent variable
“x” is the turbocharger revolutions (n, s -1) from one side and from
another an independent variable “y” – the engine fuel oil
consumption (Bs, kg/s). Once a regression model has been
constructed, we can confirm the goodness of fit of the model and
the statistical significance of the estimated parameters. Commonly
used checks of goodness of fit include the R-squared. The Pearson
correlation coefficient (R), is a measure of the strength and
direction of the linear relationship between x and y. This is the bestknown and most commonly used type of correlation coefficient.

Fig. 3: Rubbing of the compressor wheel.

The collected data and the obtained mathematical model
provide a basis for future analyzes and checks on the condition of
the turbocharger, as well as for continuous monitoring. Logically,
we can assume that an error in the data used in the range of 4-5 % is
permissible within the measuring instruments, as well as the
operator. Following the logical reasoning, we can conclude that the
error above the mentioned 4-5 % is not due to the means of
instrument error, but due to the causal relationship between the
dependent variable x and the independent variable y. The larger
error, the stronger relationship between x and y. The main
advantage of regression analysis is that the contribution of each
parameter can be quickly quantified.

Fig. 4: Presence of unburnt oil along with carbon deposits.
Inspection of other components on board (refer figure 4) relates
the fact that there was presence of unburnt oil along with carbon
deposits. This could likely be the reason of unbalance in the shaft
which might have led to rubbing of compressor wheel and
ultimately leading to failure of other components.
From another point of view there is a possibility of lube oil
starvation which would have led to the damages to the bearings and
shaft ultimately resulting in failure of other components.

The used data was collected one month before the T/C failure
and the same data was collected after the T/C overhaul are given in
the following table 2 and table 3.

With regard to contamination (fig. 5), water has penetrated in
the gas outlet housing, which has caused contamination by mixing
with unburned oil and carbon [1], leading to unbalance in the shaft
and further causing failure of other components.

Table 2. Before damage

Fig. 5: Contamination by mixing with unburnt oil, carbon,
water.
With available information, failure of cartridge group could
likely be from the 3 probable reasons: Presence of unburnt oil, Lube
oil Starvation, Presence of water [14, 15].

2. Statistical analysis
It is very important to note that due to a good combination of
circumstances, the presented data were collected a month before the
accident as well as for a month after the repair of the turbоcharger.
Therefore, we can certainly exclude the influence of the technical
condition of the engine (fuel valves, fuel pumps, piston-cylinder
liner group, exhaust valves, etc.) [6, 7, 8, 9] on operation condition
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Table 3. T/C overhauled.

TCrev.,
[1/s]

[kg/s]

TCrev.,
[1/s]

[kg/s]

x1

y1

x2

y2

158,33

0,1383

183,33

0,1919

158,33

0,1451

213,33

0,2175

158,33

0,1473

218,33

0,2434

163,33

0,1594

230

0,2675

165

0,1722

231,67

0,259

191,67

0,2106

231,67

0,2528

170

0,1684

241,67

0,2553

175

0,1863

246,67

0,2754

186,67

0,1865

248,33

0,2718

186,67

0,184

250

0,2628

203,33

0,2051

250

0,2659

213,33

0,1979

250

0,2688

215

0,2273

251,67

0,2865

216,67

0,206

258,33

0,2821

230

0,256

246,67

0,2667

248,33

0,3063

263,33

0,3215

Bs,

Bs,
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Table 4: Predicted value y1, y2 and y_e.

The second step was to find mathematical models proving the
causal relationship between the factor xi and the objective function
yi. In order to run a statistical analysis a number of significant
parameters, responding to equation (1), must be identified [16].
y = f (xi) + e

x

Bs1,
kg/s
y1

Bs2,
kg/s
y2

Δy

y_e, %

180

0,191

0,178

0,013

6,55

187

0,198

0,189

0,01

4,89

194

0,206

0,199

0,007

3,35

201

0,214

0,21

0,004

1,92

208

0,222

0,22

0,001

0,59

215

0,229

0,231

-0,002

-0,65

222

0,237

0,241

-0,004

-1,82

229

0,245

0,252

-0,007

-2,9

236

0,252

0,262

-0,01

-3,92

243

0,26

0,273

-0,013

-4,88

250

0,268

0,283

-0,016

-5,79

257

0,275

0,294

-0,018

-6,64

264

0,283

0,304

-0,021

-7,45

n, 1/S

(1)

The regression analysis was run by excel app using the data in table
2 and table 3. The regression curve was drawn by a scatter plot and
line equations and the R2 value was displayed at figure 7.

Fig. 7. Influence of fuel consumption Bs to the TC revolutions n.
Before TC damage we found a linear relationship between x and y
as follows:
y1=0.0015*x - 0.0918

(2)

In case with repaired TC the linear relationship between x and y
was found as follows:
y2=0.0011*x - 0.0073

(3)

According to the represented interest of TC revolutions in the range
from 180 s -1 to 264 s -1, using the dependences obtained from the
regression analysis, we can record the obtained and predicted values
for y1 and y2 by applying values for x (n). To determine the error in
percentages (y_e) between y1 and y2, we need to calculate the
difference between y1 and y2 (Δy) and then the error y_e, % by
below equations (4) and (5) :
Δy= y1 - y2
y_e= (Δy / y1)*100, %

Fig.8: Polynomial dependence of the error.

3. Conclusion
3.1 According to the information and data collected, the
damage to the cartridge group can be due to 3 possible
reasons: - Presence of unburned oil, Lube oil starvation,
Presence of water. Therefore, in case of suspicion of
malfunction or deviation from the normal condition, the
responsible engineers must carry out the appropriate
checks and measurements prescribed by the manufacturer,
regardless of the working hours provided for in the
maintenance schedule.
3.2 The present result shows that there is no relationship
between the change in turbine speed (due to poor
technical condition) and the fuel oil consumption of the
engine. The calculated error y_e is in the range +/- 7%
only at low and high loads of the main engine. In the most
used engine modes (30% - 80%) the error is less than 4%,
which confirms the conclusion.

(4)
(5)

The results obtained from the used formulas are shown in tabular
form in table 4.
Fig. 8 represents polynomial dependence of the error in percentages
to the TC revolution between a turbocharger with new cartridge and
a turbocharger for forthcoming repairs. We have note that TPL 76C33 max. revolutions are 342 s -1. So, in the researched interval of
rotation 180 – 264 s -1 the error is in range of 6.55 % to -7.45 %.
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ЕЛЕКТРИЧЕСКО ЗАХРАНВАНЕ НА МОДУЛЕН ПРИНЦИП С ВГРАДЕНА
ДИАГНОСТИКА ЗА КОСМИЧЕСКИ ЛЕТАТЕЛНИ АПАРАТИ.
MODULAR POWER SUPPLY WITH BUILT-IN DIAGNOSTICS FOR SPACE AIRCRAFT.
Инж. – физик Ташев В. Л., Гл. асистент Манев A. П., физик Вълев Д. Тодоров
Институт за космически изследвания и технологии – Българска академия на науките, филиал Стара Загора, България
veselinlt@abv.bg, amanev@abv.bg
Abstract: The incorporation of diagnostic functions in electronic devices gives them greater autonomy and reliability. Each module is
duplicated and connected to a "wire OR" circuit to another module similar to it. This allows the other to be switched on automatically in the
event of a fault in one of the modules. The power supply is built on a modular principle. In this case, four independent modules were used.
Each of these modules can be selected with the appropriate output voltage and current consumption, depending on the user's wi shes. This
device is designed and built of 3 standard low voltage units and one for high voltage of 2000 V. The output voltages are well filtered and
protected against short circuit. A rechargeable battery maintains all voltages for a period of time when the main power supply fails. When
the main power is restored, the emergency power is turned off and the battery enters charging mode. The power supply is assembled from
factory-made modules from leading technology companies.
Keywords: power supplies, DC / DC converter.

1. Увод

2. Блок - схема на захранващия блок.

Електрозахранването е предназначено за автономно
работещи електронни устройства. То е изградено на модулен
принцип, в случая от четири независими модула. Всеки един от
тези модули може да бъдат проектиран и разработен с
подходящо напрежение и консумация на ток, в зависимост от
желанието на потребителя. В настоящия уред са проектирани и
вградени 3 стандартни модула за ниски напрежения и един за
високо от 2000 V. Изходните напрежения са добре филтрирани
и защитени от късо съединение. Вграждането на диагностични
функции в електронните устройства им осигурява по-голяма
автономност и надеждност. За целта всеки модул е дублиран с
втори такъв и е свързан по схемата ''проводниково ИЛИ'' с
другия модул аналогичен на него. Това позволява в
захранването да се вгради саморегулираща функция в смисъл,
че когато се повреди един от модулите автоматично да се
включва втория. В случая е използвана нова технология, при
която захранващия блок сам открива повредата, когато
възникне такава и след това я поправя. Друга особеност на
захранващия блок е наличието на акумулираща батерия. Тя
поддържа всички напрежения за определен период от време,
когато централното захранване се повреди. След като
основното захранване се възстанови, аварийното се изключва и
акумулаторната батерия преминава в режим на зареждане. С
други думи дублирането на модулите позволява от една страна
работа с резервно захранване при отпадане на основното, а от
друга автоматична подмяна на модулите, ако някой от тях се
повреди. Тези особености на захранващия блок му дават
възможност да работи с голяма сигурност на борда на
космически станции, безпилотни спътници и летателни
апарати, както и военни съоръжения при тежки условия на
експлоатация.

Първичният източник на захранване е бордовата батерия с
със стандартно напрежение от 28 волта. Вторичното
напрежение, подавано към електронната апаратура, трябва да
бъде галванически развързано от това на на бордовата батерия
и добре филтрирано, за да се намалят шумовете. Захранващият
блок е построен на модулен принцип, като всеки модул
представлява
фабрично
произведено
устройство
с
необходимата гъвкавост, високи параметри и надеждност.
Блок-схемата на захранващия блок е показана на фиг. 1.
Модулите в захранващия блок на фиг. 1 са означени
както следва:
Модул „DC/DC преобразователи” – 4 броя от №1 - №4.
Модул „Регулатор на високо напрежение” от 2000 V – 1
брой, №4.
Модул „ Регулатори на ниско напрежение” от +5V и ±12V –
3 броя от №1 - №3.
Модул „Генератор на ток” – 1бр.
Модул „Компаратор” – 1 бр.
Модул „Акумулаторна батерия” – 1 бр.

Освен висока надеждност, захранващия блок, притежава
също висок к.п.д. и подходящо охлаждане без вентилатор (при
космически приложения). За да може да работи при тежки
условия на високи и ниски температури, високи ускорения,
вибрации, да е с ниско тегло и други. той е асемблиран от
готови фабрично изработени модули на водещи високо
технологични компании. Използвани са нови и модерни
преобразователи на напрежение от типа DC/DC, а за
високоволтовото захранване - модулен блок производство на
фирмата Hamamatsu, както и нови прецизни регулатори на
напрежения с добра филтрация и ниско ниво на шум.

Фиг. 1. Блок схема на захранването
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Модулите
„DC/DC
преобразователи”
преобразуват
първичното бордово захранване или аварийно от батерията, в
подходящо вторично. To се стабилизира и филтрира от
регулаторите на ниско и високо напрежение. Изходните
напрежения идващи от бордовата батерия и тези от аварийната
батерия са свързани по схема „проводниково ИЛИ”
посредством развързващи диоди. По този начин аварийното
захранване се включва няколко милисекунди след отпадане на
щатното захранване и се изключва веднага след неговото
възстановяване. Изглаждащите кондензатори не са показани на
блоковата схема. Генераторът на ток осигурява възможно найблагоприятните условия за зареждане на акумулаторната
батерия. Компараторът следи за заряда на батерията и я
изключва веднага след достигане на номиналното напрежение.
Това осигурява както максимален капацитет на батерията така
и максималния и живот.

Параметри на захранващия високоволтов модул:
Захранващо напрежение от +12 ± 0.5V.
Ток на консумация от 15 до 95 mA .
Изходно напрежение променящо се от +200 V до +2000 V.
Изходящ ток – 2.0 мА.
Температурен коефициент ±0.01 %/о С.
Размери 46х24х12 мм, тегло 31 г.
В захранващия блок са включени защити при обръщане
поляритета на входното захранване, при продължително
претоварване на изхода и късо съединение на изхода.

5. Списък и функции на Модули „ Регулатори
на ниско напрежение”

3. Списък и функции на Модулите „DC/DC
преобразователи”.

За филтриране и стабилизация на напрежението +12V и
+5V, съответно в Регулатор 1 и Регулатор 3 се използва чипът
LM117A, а за филтриране и стабилизация на напрежението 12V, съответно в Регулатор 2 се използва чипът LM137A.

Отделните
модули
DC/DC
преобразователи
са
производство на фирмата АIMTEC и са избрани както следва:

5.1. Регулатор на положително напрежение
LM117.

1. DC/DC 1 – AM6TW2415DZ. Този модул преобразува
захранващото напрежение от бордовата батерия 28V в две
изходящи напрежения, съответно от +15V и -15V. Той е с
мощност 6 W и ток на консумация 0.2 А.
2. DC/DC 2 – AMSR1-7809-NZ. Този модул преобразува
захранващото напрежение от бордовата батерия 28V в
изходящo напрежение +9V. Той е с мощност 9 W и ток на
консумация 0.5А.
3. DC/DC 3 – AMSRL-7812-NZ. Този модул преобразува
захранващото напрежение от бордовата батерия 28V в
изходящo напрежение +12V. Той е с мощност 6 W и ток на
консумация 0.5А.
4. DC/DC 4 – AM6Q-0515-DZ. Този модул преобразува
захранващото напрежение от акумулаторната батерия 9V в
изходящи напрежения от +12V и -12V. Той е с мощност 6 W и
ток на консумация 0.2 А.
Избраните чиповете съдържат в корпуса си високочестотни
трансформатори с високо изолационно съпротивление, които
развързват галванически входното и изходното напрежение.

Серията LM117 са регулируеми стабилизатори за
положително напрежение с 3 извода. Те са в състояние да
осигурят на изхода си ток от порядъка на 1.5 А при диапазон на
напрежението от 1.2 до 37 V. Тези регулатори са изключително
лесни за използване и се изисква само 2 външни резистора за
да се определи изходното напрежение. Освен това LM117 са
монтирани в стандартни транзисторни опаковки(корпуси),
които лесно се прикрепват към печатната платка. Тези
регулатори предлагат и пълна защита срещу претоварване,
която е характерна за интегралните схеми. Освен това в чипа е
предвидено лимитирано ограничаване на тока, термична
защита, както и безопасна зона на защита.

5.2.
Приложение
на
регулатора
напрежение LM117 в захранващия блок.

на

В захранващия блок е използвана схемата за типично
приложение на регулатор на напрежение LM117 препоръчана
от производителя и е показана на (фиг. 2).

Общи параметри на DC/DC преобразователите:
Висока ефективност достигаща до 85%.
Амплитуда на входното напрежение 4:1.
Работен температурен диапазон от -40оС до +85оС.
Охлаждане до 6 W – свободно въздушно.
Изолация между входа и изхода от 1500 до 3500 VDC
Изолационно съпротивление > от 1000 МΩ
Има защита от продължително късо съединение на изхода,
а възстановяването след отпадане на късото съединение става
автоматично.
Вътрешна честота на превключване е 260 kHz.
Честотата на превключване от 260 kHz се подтиска
ефективно от мрежови П-филтър с високи технически
характеристики.
Максимална амплитуда на входа от -0.7 до +40 V.
Пиково входно напрежение до 100 ms.
Вълнови шум до 20 MHz – 60 mV от пик до пик.
Тегло – 26 г.
Габарити 32х21х10 мм.

Фиг. 2. Регулатор на положително напрежение

5.3 Изчисляване на изходното напрежение на
регулатора.
Изчисляването на изходното напрежение се извършва по
формула (1)

4. Модул „Регулатор на високо напрежение”
Устройството C9619-51 е произведено от фирмата
Hamamatsu. То представлява модулен високоволтов блок
предназначен за захранване на електронни фотоумножители с
положително напрежение. Схемата на конструкция гарантира
висока стабилност и ниска потребляема мощност. Модулът
високоволтово захранване осигурява стандартните защитни
функции, които са високо надеждни.

(1)
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1. Модул Регулатор на високо напрежение с габаритни
размери 62х45х15 мм и тегло 100 грама – 1 брой, който е
показан на фиг.4.

5.4. Регулатор на отрицателно напрежение
LM 137.
Серията LM137 са регулируеми стабилизатори за
отрицателно напрежение с 3 извода. Техните характеристики са
много близки до тези на регулаторите LM 117 и често се
използват съвместно, когато са необходими стабилизирани
напрежения с различен поляритет. Регулаторите LM 137 се
допълват идеално с регулаторите на положително напрежение
LM 137.

6. Модул „Генератор на ток” .
Модулът „Генератор на ток” е показан на фиг. 3
Фиг. 4. Регулатор на високо напрежение

2. Модул DC/DC преобразователи с габаритни размери
32.25х21.35х10.5 мм и тегло 26 гр. – 4 броя, които са показани
на фиг. 5.
3. Модул регулатори на ниско напрежение в стандартен
пластмасов транзисторен корпус с габаритни размери
10.16х14.48х4.45 мм - 3 броя, които са показани на фиг. 6.

Фиг. 3. Генератор на ток.

Предназначението на този модул е да осигури
стабилизиран ток от 0.5 А за зареждане на акумулаторната
батерия. В зависимост от капацитета на батерията зарядния ток
може да се увеличи или намали с помошта на потенциометъра
на фиг. 3. Генератора на ток може да се включва и изключва от
управляващия вход. Това се прави с цел от една страна
акумулаторната батерия винаги да е максимално заредена, а от
друга зареждането да се прекрати след достигане на
номиналната стойност на нейното напрежение.

7.
Модул
„Компаратор”
„Акумулаторна батерия”.

и

Фиг. 5. DC/DC преобразователи

модул

Акумулаторната батерия се състои от 6 елемента с
номинално напрежение 1.5 V и капацитет 3000 mAh.
Компараторът следи за нивото на батерията и включва
генератора на ток, когато напрежението на батерията спадне
под определена стойност. За целта в компаратора е въведен
хистерезис, така че нивото на включване се различава от
номиналната стойност на напрежението на заредената батерия.
По този начин се избягва непрекъснатото превключване за
заряд на батерията, което същественно удължава нейния
живот.

Фиг. 6. Регулатори на ниско напрежение

Модулите генератор на ток и компаратор се състоят от по
един чип със стандартен корпус и няколко дискретни елемента.
Всички модули са пригодни за монтаж на печатна платка.
По желание на потребителя могат да се добавят и други
захранващи напрежения, като за целта се подменят или добавят
съответните DC/DC преобразователи и регулатори на
напрежение.

8. Заключение

ЛИТЕРАТУРА

Така проектираната схема за захранване на електронна
апаратура монтирана на космически станции отговаря на
високите изисквания за ниско тегло, малки габарити, ниска
разсейвана мощност и висока надеждност. Това се постига,
чрез използване на малък брой готови модули изпълняващи
определени функции. Модулите са фабрично производство с
гарантирано от фирмата производител високо качество,
надеждност и стабилни характеристики в широк температурен
диапазон. Надеждността на целия захранващ блок се гарантира
от малкото на брой външни връзки между модулите, като
самите те са с висока надеждност.

[1] Aimtec “Application of DC-DC converters.
[2] HAMAMATSU “Pfoton counting, using Photomultiplier
Тubes”.

В резултат на това проектиране с помощта на готови
модули се получава компактен и миниатюрен захранващ блок
състоящ се от:
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