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A b s tr act: This study presents procedures being
performed when projecting and realizing experimental sci-
entific researches by application of the automated measu-
rement system with a computer support in all experiment
stages. A special accent is placed on the measurement sys-
tem integration and mathematical processing of data from
experiments. Automation processes are described through
the realized own automated monitoring system for re-
search of physical phenomena in the cutting process with
computer-aided data acquisition. The monitoring system is
intended for determining the tangential, axial and radial
component of the cutting force, as well as average tem-
perature in the cutting process. The hardware acquisition
part consists of amplifiers and A/D converters, while as for
analysis and visualization software for PC is developed by
using MS Visual C++. For mathematical description of
researched physical phenomena CADEX software is made,
which in connection with MATLAB is intended for pro-
jecting, processing and analysis of experimental scientific
researches against the theory for planning multi-factorial
experiments. The design and construction of the interface
and the computerized measurement system were done by
the Faculty of Mechanical Engineering in Skopje in col-
laboration with the Faculty of Electrical Engineering and
Information Technologies in Skopje and the Institute of
Production Engineering and Automation, Wroclaw Uni-
versity of Technology, Poland. Gaining own scientific-
research measurement system with free access to hard-
ware and software parts provides conditions for a com-
plete control of the research process and reduction of in-
terval of the measuring uncertainty of gained results from
performed researches.

Key words: monitoring system; automation; forces; tempera-

ture; cutting; turning

1. INTRODUCTION

Cutting process by turning is one of the most
widespread machining processes by material re-
moval. The surface layer constitution at these ma-

chining types is in many cases various. Variety
results from insufficient number of data and insuf-
ficient knowledge of physical phenomena in cut-
ting area upon characteristics of the technological
surface layer.

It is familiar that during the transformation of
the removed layer into chips as a result of ener-
getic transformations, significant quantity of heat
discharges in the cutting area.

Heat created during the cutting process is on
one hand a result dependent on applied machining
parameters (v, f, a,...), machined material condition
and stereo metric cutting tool characteristics
(x5, A, % Ps,...). On the other hand, this created heat
(max. temperature) is a significant factor, which
has a dominant effect on the mechanism for chip
creation, the processes that occur during cutting
tool wear (abrasive, adhesion, diffusion, heat, oxi-
dizing), magnitude of cutting forces during the cut-
ting process. Cutting process resistances are in di-
rect correlation (dependence) with the force and
the thermal model of residual voltage creation. All
this effects upon creation of resultant characterris-
tics in the newly constituted technological surface
layer /TSL/[1,2,3,4].

Therefore, it is vital in machining processes
by material removal to be precisely aware of the
temperature and forces magnitude that occur in the
cutting zone, particularly on the working surfaces
of cutting tool.

Temperature in the cutting process can be de-
termined analytically and experimentally, for
which a large number of methods were developed
[5,6]. One of experimental methods that is mostly
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used is the method of the natural thermo-couple,
where the cutting tool and the workpiece constitute
the natural thermo-pair. Methods with the natural
thermo- couple are simple for application, however
require knowledge in thermo-electrical character-
ristic of the natural thermo- couple, while its de-
termining is performed exclusively in the experi-
mental way [2,7].

Occurrence of contemporary cutting machines
and cutting materials, especially the cutting cera-
mics, provided pre-conditions for application of
significantly higher cutting speed. High tempera-
tures and dynamics of material removal in condi-
tions of higher cutting speed more intensively act
onto mechanisms for chip creation and wearing
processes of the cutting tool, as well as onto tech-
nological effects in /TSL/. Increased stiffness is
required from the system Machine-Device-Work-
piece-Cutting tool (MDWC). Error reduction is
required from the system for cutting temperature
measuring, which occures when transferring signal
from the workpiece and the cutting tool. The tem-
perature and resistance measurement system in the
cutting process has to provide recording of suffi-
cient data for relatively short time interval. The
application of the computer technique has to pro-
vide measurement uncertainty interval reduction
on results gained from measurements. Measuring
uncertainty interval reduction on gained results
shall contribute to more valid determination of
temperature and cutting process resistances.

Identification of researched phenomena (phy-
sical phenomena in the cutting area and technolo-
gical effects in the surface layer) in intensified
conditions is possible only by implementation of
monitoring systems for automation of experimental
researches. Resolving these types of tasks is mostly
performed by connecting mechanical engineering
with electronics in combination with informatics.
Informatics has to provide methodical approach
when performing experiments, adequate transfer of
signals and their processing, which ends with
mathematical modeling of researched phenomena.

Reaching argumentative conclusions for the
cutting process occurrences is possible only if the
monitoring system has opened access to hardware
and software modules and provides simultaneous
identification of cutting process resistances and
temperature.

The solution of such a complex process as
temperature and cutting forces process determina-
tion, which is presented in this study, is result of
many years mutual research activity performed by
the Faculty of Mechanical Engineering in Skopje
in collaboration with the Faculty of Electrical
Engineering and Information Technologies in

Skopje and in collaboration with the Institute of
Production Engineering and Automation, Wroclaw
University of Technology, Poland.

In such conditions the following is created:
possibilities for identification of physical phenol-
mena in the cutting process, data bases for selec-
tion of optimum parameters in machining by cut-
ting, data for forecasting wearing process of cut-
ting tool and determining time frame for cutting
tool replacement. Possibilities are created for qual-
ity management of the workpiece surface layer,
optimization of the cutting tool stereometry, man-
agement of the chip shape and its removal, updat-
ing cutting inserts manufacture technology and
their cutting properties, as well as determining er-
rors in machining, etc.

2. CONTRIBUTIONS FROM SCIENTIFIC
RESEARCH AUTOMATION

The high science development nowadays con-
tributes to intensifying and spreading out of scien-
tific researches, increasing number of researchers
involved and increasing costs for their conducting.

Experimental scientific researches have signi-
ficant meaning in comparison with theoretical sci-
entific researches. Theoretical researches are char-
acterized by high approximations and difficulties
in determining limiting conditions and precise de-
scription of research process changes by means of
mathematical models [1].

This justifies the automation implementation
in all stages of the scientific-research process. By
automation of experimental scientific researches is
the following expected: reduction of time needed
for research performing; experiment results pre-
sented in a form suitable for quick implementation
in industrial practice; cost price reduction for re-
search preparation and conducting; cost reduction
for electricity, compressed air and other energetic
resources, reduction of number of people involved.
Automation provides possibilities for conducting
new types of experimental researches, finding op-
timum solutions for given tasks, creating economi-
cally justified technologies; machines with high
technical characteristics, high-quality materials,
etc. Automation increases reliability of systems for
scientific research conducting, providing terms for
gaining precise and reliable information for min.
number of experiments and excluding the possibil-
ity for occurrence of undesirable interruptions in
the research process till the moment of gaining
needed data. This excludes the need of repetitive
and additional researches. Monitoring and automa-

Mech. Eng. Sci. J., 28 (1), 31-60 (2009)
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tion shall provide adjustment onto changed condi-
tions in next scientific researches and multiple
equipment use for conducting various experimental
researches and multiple time reduction for experi-
ment conducting. Raising research quality level,
getting rid of manual activities and providing terms
for higher creativity are possible only by automa-

3. EXPERIMENTS PLANNING
AND ANALYSIS

When analyzing experimental scientific rese-
arches the experimenter mostly always performs
majority of activities that are presented with a chart
on Figure 1.

tion of all processes. Initially it is necessary to define the researched
object; number of independent variables (input fac-
tors), researched hyperspace and form of output

function (research objective).

- —

DEFINING REVISION ASSESSMENT
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Fig. 1. Experimenter activities when planning and analyzing experimental scientific researches [3].

Basic pre-condition for gaining desired results
i.e. research objective is the clear formulation of
the researched problem. Often the formulation of
the researched problem is done in two stages.

In the first stage direct value determination of
researched variables is done through evaluation of
the acceptability of measured values of responses,
which are in functional dependence with research-
hed variables.

Maw. unnc. nayu. ciuc., 28 (2), 41-60 (2009)

The second stage is characterized by gaining
mathematical models as result of the evaluation of
certain constants or parameters, which are in func-
tion of input independent variables.

Such mode of problem formulation can be
done exclusively by an expert excellently familiar
with the researched field. For the purpose most
often methods of prior inquiry ranking are applied,
where the Delphi method mostly represented and
effective.
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When using this method successful preparati-
on of activities in the first stage can be done. Na-
mely, preparation is performed based on the ana-
lysis of opinions gained by experts, hired as com-
petent in the researched field. Within the frames of
this stage also simultaneously check of criteria for
acceptability of multifactorial experiment is done
[3]. Simultaneously, as a result of prior performed
activities the initial mathematic model is adopted,
the number of variables and the hyper-space limits
are accepted.

Then, the experimental matrix-plan design is
initiated, where the experimental plan is possible to
be selected from the offered list of plans. Further
on, the factor variation levels are selected. Then,
experimental plan changes are possible to be done
in sense of determining necessary experiments
number by supplementing or reducing the number
of experimental points in the plan.

In further activities, verification of criteria for
the plan selection is done i.e. check of its efficien-
cy and possibility for realization. As a result of this
verification the selected experimental plan is con-
firmed (approved). If the criteria from the previous
stage are not met, certainly a new plan is selected
and previous stages are repeated. Once an experi-
mental plan is selected, the same is recorded in a
certain medium or exported in the certain form.

In the next stage a realization of conducted
measurements is performed against the selected
experiment plan. Data gained from performed
measurements are archived in the computer hard-
disc or automatically stored in certain data bases,
formed when performing measurement in real
time. The sequence of entered data, gained from
experiments, is checked for the purpose of identi-
fying presence of random, systematic and gross
errors. Selection of the mathematical model type,
which is in correlation with the selected experi-
ment plan, is done in the following stage. The
model class and the sub-class, the model order and
the factor interaction order are selected. Selection
of model terms that we include in the model is
done for the purpose gained function to approxi-
mate researched phenomena in the sufficiently re-
liable mode.

There is a possibility selected function to be
standard (not to deviate much from the mathemati-
cal model defined in the beginning) or to be non-
standard. Selection of a new function is available
also that shall fully differ from the initial mathe-
matical model.

In the following stage the coefficients for the
selected function are determined and the approxi-
mation acceptability check is done. If the experi-
menter accepts the selected function then in the

next stage the adoption of the significance level i.e.
coefficient a is done. If experimenter does not ac-
cept the selected function, the returns to the stage
selection of the mathematical model type, which is
always in correlation with the selected experiment
plan and a selection of a new approximation func-
tion is done.

Then the stage follows when the significance
level value o is entered and the model adequacy
verification is done. If the significance level value
o is not satisfactory, then a new significance level
value a is selected and the procedure is repeated. If
the selected significance level value o is satisfacto-
ry, then evaluation of coefficient significance in
the adequate mathematical model is done in the
next stage.

After performed evaluation of coefficient sig-
nificance in the mathematical model, the experi-
menter has a possibility to modify the function.
Then he defines a new form, however then the pro-
cedure returns backwards onto the selection of the
approximation function type and he implements a
new function. If he is satisfied by the gained func-
tion, the mathematical model, then in the following
stage the starts with graphical and tabular present-
ing of results gained from experiments performed
and in the end the performs their analysis.

4. EXPERIMENTER ACTIVITIES WHEN
PROJECTING AND REALIZING
EXPERIMENTAL SCIENTIFIC RESEARCHES

Experimental scientific research stages with
implemented automation are presented in Figure 2
[3, 8]. The first activity is adopting a correspond-
ding language (1) with strictly defined terms,
which serves for describing the issue, the subject
of research.

Defined terms of the language provide perfor-
ming quantitative measurements of determined qu-
antities, which are not always directly measurable.

For defining values of those quantities it is
necessary to find out relations that provide their
indirect quantitative interpretation.

In the next stage the experimenter selects cor-
respondent methods and measurement techniques
(2), when the experimenter disposes with a possi-
bility to act upon the researched object and meas-
ure correspondent output quantities.

Output and input quantities are concrete val-
ues of physical quantities.

In the third stage (3), the experimenter deter-
mines the experiment objective, recording it in the
form of a function and at the same time defining

Mech. Eng. Sci. J., 28 (1), 31-60 (2009)
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input and output quantities. Analysis of researched
hyper-space follows which is a realistic mathe-
matical model on input and output in terms of in-
put and output values.

This is realized by dimensional analysis im-
plementation. If the postulates for dimensional in-
dependence of input variables are met, then the
selected function can be considered as a quantita-
tive-qualitative function (4).

In the fifth stage (5) the function form is se-
lected as a function with a given form; a function
selected from the function menu, a differential
equation with a given form and differential equa-
tion selection from the equation menu.

Determination of the interval of changes of
independent variables follows (6), where the ex-
perimenter reaches decisions based on his own ex-
perience, consultations made with experts and lit-
erature sources. Measurements points (7) are de-
termined in defined hyper-space i.e. the experiment
is planned.

Adopting research |
problem description

Mathematical model
verification

DEFINITION OF INPUT AND

LT OQUTPUT QUANTITIES
12

1
v T

Selection of methods and
measurement technigue

Realization of identification
algorithm

EXPERIMENT
METHODOLOGY

2
Determination of research
aim Research data collection

IDENTIFICATION THEORY
1

DEFINITION OF INPUT AND
QUTPUT QUANTITIES
3

v T

Analysis of selected input
quantities

MATHEMATICAL STATISTICS
10

EXPERIMENT
DIMENSIONAL ANALYSIS
4 9
Selection of function form
for research object Projection of measurement
description systems and their
-+ installation -+
THEORY OF PROCESS
EXPERIMENT METROLOGY
METHODOLOGY 5 8

v

Definition of experimental
hyperspace

EXPERIMENTER DECISION

I

)

Experiment planning
EXPERIMENT PLANNING
THEORY

7

'y

Fig. 2. Experimenter activities when projecting and realizing
experimental scientific researches [3, 8]

Experiment planning is possible to be per-
formed in two modes. The first mode is issue of a

Maw. unnc. nayu. ciuc., 28 (2), 41-60 (2009)

plan prior the experiment conducting and its reali-
zation against the plan independent of gained in-
formation. The second mode is so called real time
planning when the plan changes are foreseen even
on its strategy in dependence on current gained
information from measurement processes. This
mode requires a higher automation level of the
whole experiment and implementation of fast
computers with large memory.

Functions for data accumulation, planning,
commanding control systems and transformation
of data have to be linked and integrated in one sys-
tem. Such planning is rather more rational.

Taking into account the information gained
from (2) and (7), measurements systems (8) are
selected and installed. The whole measurement
system realization is possible only after performing
the planned experiment, since then the number of
necessary accessories is known. The selection of
accessories, measurement systems and methods
and measurement techniques, which have effect on
the value of estimated model parameters, is crucial
for precision of measured quantities. When per-
forming an experiment the experimenter knows the
required precision for the process describing and
permitted error, as well as the form of the condi-
tion against which the gained mathematical model
is going to be verified. Then, the experimenter ap-
plies correspondent algorithms, programs and
technical means.

Automation of all activities is not possible, if
the specifics of tasks and the significant participa-
tion of heuristic procedures is taken into account.
Here the dialog between the experimenter and the
computer is welcomed, when the computer is sup-
plied with programs and corresponding devices for
input and output. Experiment projecting, actually,
presents a whole of activities of the experimenter,
until the moment when he is able to perform the
experiment, and those are the activities from (1) till
(8). The technical realization is performed by im-
plementing measurement systems and systems for
computer commanding and control. During the
time of experiment performing signal transfer is
required from measurement systems into the com-
puter for the purpose of storing data and enabling
numerical signal transfer from the computer onto
units for management with executive devices.

For the purpose analogue-digital and digital-
analogue converters are applied. The installation of
the program support and correspondent technical
systems provides realization of the following func-
tions: registering measurement data; transforma-
tion and transfer of registered measurement results;
experiment planning and conducting; as well as
controlling technical devices of researching appa-
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ratuses. Alternatively, this is going to provide in-
terventions during research progress and trans-
forming of its results.

Once these activities are the performed expe-
riment realization (9) can initiate. Measurement
data are accumulated in an orderly mode, when
two possibilities exist, accumulation of statistically
unverified data and accumulation after correspon-
dent statistical data processing (10). Experiments
are required, which are going to inform us in which
degree or in which case it is possible to trust the
experiment. Based on certain statistical procedures
whole program libraries are built to serve for veri-
fication of measured quantities.

Those programs can be used for measurement
results conversion by means of a computer. Pro-
grams can be applied for measurement control
when repeating static measurements for getting
estimators of mean values and dispersion with cor-
responding characteristics.

In such cases it is more convenient to present
only the storing of estimators of required quanti-
ties, not the measurement results, as well. Further
on, measurement results are processed in accordan-
ce with the algorithm of the identification theory
(11). The identification algorithm is performed by
application of correspondent programs. After each
function order change within frames of its class,
for instance, polynomial class, it is checked whet-
her the number of adopted, during planning, meas-
uring points is larger than the number of required
parameters in the function. If such non-equation is
not met then planning is repeated. If this procedure
exhausts the possible function orders and meas-
urement basis and then gained mathematical model
requirements for precision are not met, it is re-
turned to procedure (5), when a different function
form is selected. If the identification procedure
with return link does not lead towards reaching a
,,correspondently precise” model then be has to re-
turn to procedures (2) and (8), analyzing the mea-
surement methods and measurement technique, or
onto activity (1). In the last case, the experimenter
concludes for the non adequate description of the
process to the reality, mostly that some quantity in
the description is missing, which significantly in-
fluences the research. In the end, the gained mathe-
matical model (12) is verified by checking the pre-
cision with which it describes experiment results
into defined researched hyperspace, not only in
measuring points. If precision is smaller than the
foreseen one, further procedure is identical as in
part (11).

5. POSSIBILITIES OF COMPUTER ORIENTED
SYSTEM CADEX FOR AUTOMATIC
PROCESSING OF DATA FROM RESEARCH

The computer oriented system CADEX
(Computer Aided Design and analysis of EXperi-
ments) is intended for conducting experimental
researches and is made against modular principle
(Fig. 3). The same allows upgrade with programs
and creation of new data bases. The main menu
consists of modules for: additional auxiliary activi-
ties, file name listing, new file creating, changes,
processing of data from experiments, printing empty
templates, tabular results presenting, graphical result
presenting, exit from program.

For protection from misuse a special program
LISDAT]1 is implemented in the program package
CADEX, which serves for software placing in
function of the CADEX system. By its start initial-
izing and preparing of all necessary data bases for
results’ processing is performed. The CADEX sys-
tem is out of use without LISDAT]I.

The module POMOS contains sub-programs
for performing following activities: forming coded
matrix plans (LISDAT?2), creating files with values
of the Fisher’s and Student’s distribution (OFF-
IST), test of file function with Fisher’s and Stu-
dent’s distribution (TEST) and performing dimen-
sional analysis (DIMANAL).

The program DELFI is also made within the
CADEX, which assists in performing ranking of
independent variables.

The program LISDAT2 provides: new file
opening — coded matrix plan DVOPRED, DVO-
VRED, TRIPRED, CETPRED, PETRED, and con-
trol i.e. change of entered data with an option for
program ending.

The program OFFIST provides file creation
with values of Fisher’s and Student’s distribution
for various significance coefficients o and degrees
of freedom.

The program DIMANAL includes calculation
of determinant and matrix rank, which actually is
basis for analysis performing.

Formed files with their names could be found
in the data base DATIME, in which could be enter-
ed through programs LISTDAT and FORDAT.

The program FORDAT serves for new file
creation, when previously a correspondent experi-
ment plan is selected, which was earlier entered in
a coded form. After accepting certain experiment
plan from suggested matrix plans, automatically an
individual table is generated in which values of in-
dependent variables are entered. Experiment hy-
perspace is formed. Possibility exists to supple-
ment the CADEX system with a new experiment
matrix plan.
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Fig. 3. Computer oriented system for automatic research data processing, CADEX [3]
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IZMDAT is a program for performing
changes in already formed files if some mistakes
are made.

RECFOR is a program for printing empty
templates — charts with data of input independent
variables and charts with data necessary for ex-
periment — matrix plan conducting.

Programs AKTPRI1, AKTPR2, AKTPR3,
AKTPR4 and AKTPRS5 provide experiment data
processing and mathematical models’ gaining.
These programs provide defining of coefficients in
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mathematical models with and without correlation,
evaluation of coefficient significance, correlation
of input-output information, dispersion analysis, as
well as a review of characteristics for the mathe-
matical model variant selection. Mathematically
processed results presenting can be done on a dis-
play or on a printer, as a table or as a graphical in-
terpretation. The program PRIREZ serves for this.
Graphical interpretation is achieved by means of
the professional program MATLAB (Fig. 4).
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*f-axis factor
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Fig. 4. Window for graphical interpretation of mathematical model

6. DEVELOPMENT OF THE MONITORING
SYSTEM FOR EXPERIMENTAL SCIENTIFIC
RESEARCHES IN THE CUTTING PROCESS
BY MACHINING WITH TURNING

The monitoring system for performing ex-
perimental scientific researches at the cutting proc-
ess is based on the usage of a Personal Computer
(PC) as a fundamental unit of the system. The pro-
cedure for creating a monitoring system in this
case consists of developing interface hardware and
software modules which are going to connect the
research process to the PC. Hardware interface
parts have a task to adjust and make acquisition of
signals information that come from the process
then submit the same to the PC.

Reviewing various solutions stated in litera-
ture for the purpose of providing experimental re-
search in the cutting process, the newly created
monitoring system for investigating force compo-
nents and temperature in the cutting process con-
sists of:

— interface for the personal computer intended
for signal adjustment and acquisition;

— software in MS Windows surrounding in-
tended for a PC;

— modernization of the analogue-inductive
dynamometer for force components measuring in
the cutting process;

— two paths for temperature measurement in
the cutting process using the method of natural
thermo-pair.

6.1. Signal acquisition and data processing

Digitalization of analogue signals, which are
interpretation of physical quantities intensity, is a
task of the acquisition card that is part of the PC
interface as part of the described monitoring sys-
tem [9, 10]. Signal digitalizing is performed by
acquisition and recording in a binary form. After-
wards binary sequences are transmitted into the
PC.

This procedure is managed by means of a mi-
crocontroller. As initial criteria for interface design
are the input transport mediums or modes for in-
formation transmission into the PC. Those can be
through USB, RS232, the parallel or PCI ports on
the PC. Design of protocol for data transfer from
the microcontroller into the PC follows. Windows
application design with a possibility to directly
communicate with the microcontroller using se-
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lected transport medium has to provide compatibil-
ity with the PC operation system. Projecting of
microcontroller software is also necessary for ma-
nagement of the acquisition with certain frequency
of data collecting and enabling data submission to
the PC in “real time”. Instead of individual A/D
converter for whose management an additional
system should be used, it has been decided to use
the Microchip microcontroller PIC16F877.

This microcontroller is the latest generation
and has a 10-bit A/D converter built-in with a pos-
sibility to define internal or external referent volt-
age levels and it can do 8-channel digitalizing. For
10 bit conversion needs 12 conversion tact within a
time period shorter than 1,6 pus or it uses 20 us as
total time for conversion. In real conditions this
time is a little longer because of time needed for
the channel selection, test of conversion comple-
tion, adding control bits for the channel and low
and high bit.

Max frequency of the tact generator is 20 MHz.
Then, in accordance with the above stated, micro-
controller provides 50000 conversions per second.

The nature of our researches defined a need of
collecting several samples per one revolution of
workpiece. For max. speed of 2000 revolutions per
minute and 5 samples per revolution the system
should perform conversion and acquisition of
2000*5/60 i.e. 167 samples, which is far below the
possibility of the selected system. The microcon-
troller contains a built-in module for serial syn-
chronous and asynchronous communication both
ways simultaneously, the USART (Universal Syn-
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chronous Asynchronous Receiver Transmitter)
with a possibility for easier communication speed
adjustment. It is decided to use communication
speed of 115200 bps since this speed provides flow
of max number of data through communication
line. For the communication protocol an 8 data bits
with start and stop bit at frequency of 20 MHz of
tack generator is selected. Against the fact that
each sample includes 2 x 8 = 16 bits, at this regime
it could transfer 115200/16 = 7200 samples in “real
time”. If four channels are simultaneously used,
three for monitoring of cutting force components
and one channel for temperature monitoring, 4000
samples need to be sent.

In the procedure for design of an electrical
scheme of acquisition card we used the program
package for design and simulation Proteus 6.3
Demo. This software has a library of analogue and
digital components, including microcontrollers,
virtual terminals, signal generators, measuring in-
struments, oscilloscopes, logistic analyzers and
generators (Fig. 5). The friendly screen interface
provides easy design and construction of A/D con-
verter. The microcontroller connection to a pro-
gram that manages its work can be done by simple
“browse” option. After electrical scheme realiza-
tion and successful logic control of links, a de-
signed assembly function simulation is initiated.
This program package allows use of the option for
performing the program step by step with a possi-
bility to track the values of all registers and defined
variables as well as the “real time”.
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Particularly underlined is the use of a virtual
terminal for serial communication with which we
easily simulated the personal computer as integral
part of our assembly. The program that manages
the microcontroller function is written in C-
language for microcontrollers. The compiled pro-
gram in the mechanical code is recorded in the mi-
crocontroller with a realized programmer for mi-
crocontrollers.

The electrical scheme for the microcontroller
PIC16F877 connecting to serial interface RS232 is
shown on Figure 6. The microcontroller is powered
by 5 V power supply. The integral circuit MAX232
is connected to pins RC7 and RC6. These pins are
connected to the microcontroller USART.

The reason for using the integral circuit MAX
232 is adjustment of the voltage level of the com-
munication to RS232 interface of the personal
computer. Logistic “0” at RS232 is the voltage
level of +3 till +12 V, while as on the microcon-
troller it is 0 V. Logistic “1” at RS232 is the volt-

age level of -3 till —12 V, while as on the micro-
controller this is 5 V. On three bits of the port E,
REO-RE?2 switches are connected on the mutual
end thereby providing the high or low voltage
level. The microcontroller function speed is se-
lected with certain combination of switches. The
tact generator is made by connecting a quartz crys-
tal and capacitors on the pins OSC/ and OSC2.
The 9-pin connector is marked with P/ on the elec-
trical chart serves for connecting with RS232 inter-
face through a cable. The connector P/ (Fig. 6)
makes this simulation interactive since the pro-
vides connecting of simulated communication to
real RS232 interface of the personal computer.
Thereby, possibilities are given for checking i.e.
simulation of the communication protocol with the
personal computer software.

A prototype version of the personal computer
interface, which is integrated in the monitoring
system, is presented in Figure 7.
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Fig. 7. Prototype version of personal computer interface
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6.2. Software for data processing and presentation

The software that is developed for the moni-
toring system support has the name FORTMON,
acronym from FORce & Temperature MONitoring
(Fig. 8). The FORTMON window is divided in
two parts. The left one is intended for graphical
interpretation of forces and thermo-voltage de-
pendent on time, while as the right one contains a
multiple controls selection. Besides the standard
status and the title line also contains a line with
tools and menu in its window.

The part intended for graphical interpretation
is divided into a network with dimensions 20x10.
Horizontal divisions of network present the time
axis, while as on vertical divisions overlap axis of
5 signals for force or thermo-voltage, correspond-
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ingly. The network is dynamic and flexible. If the
application window size is changed, the network
size also changes. Controls are located in the first
tab of the selection intended for signal selection.
The first three channels refer to cutting force com-
ponents.
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Fig. 8. Appearance of monitoring system software screen
a) temperature measurement b) cutting force measurement

The fourth and fifth the channel contain se-
quences of values of thermo-voltage, which is
gained in two various paths.

The next controls right next to the channel
marks are the selectors for values of divisions of
the network for each signal of the vertical axis.

Selected values of these selectors are shown
in the left upper corner of the network. Then selec-
tions for vertical axis orientation for each of the
signals follow.

This tab has also selectors for the work mode
of a dynamometer for each component individua-
lly, since the same has a possibility to work in two
modes. Signals can be drawn with two various line
thicknesses, which is changed by the option
CurvesWeight?2 in this tab.

Maw. unnc. nayu. ciuc., 28 (2), 41-60 (2009)

In the second tab controls are located in four
groups. The first group shows information for the
network size expressed in pixels, which the user
has available for presenting data in sequences. Cur-
rently it is selected network to show each n point
so the whole sequence would be included in the
network. If the user makes other adjustments, reset
can be made to this view by clicking the key
marked as ToDisplayWidth. Screen width and se-
lection of each n point determines the value of the
division for time axis, which is shown in the bot-
tom right part of the network. The second group is
a selection for the acquisition type in terms how
long it lasts. It could be continuous by selecting
option Loop or periodical by selecting option
Manual. This selection adjusts the value of the
constant that is sent to the interface by pressing the
key Start in the tool menu for acquisition start.
This signalizes to the microcontroller software to
perform data acquisition in order to fill-in sequen-
ces once or the same to continue with the acquisi-
tion in a cycle until pressing the key Stop from the
tool menu. The third group is for selection whether
acquisition is performed on the first four ports of
A/D converter wherein the signals for force com-
ponents and the signal for thermo-voltage arrive or
on the fourth and fifth wherein the signals for
thermo-voltage arrive against the two paths.

The last control in this tab is the slider with
which signals that are shown on the network can
be scrolled.

The last tab is intended for data processing. It
has possibility for activating or deactivating lines
for limiting part of time axis. Right columns in this
tab are intended for presenting the average value of
points that are located over the selected part of
time axis. This tab also includes a field wherein a
comment that is recorded along with the data of the
sequences can be write. Last in this tab is the group
of controls intended for vertical axis calibration.
Here it can be determined which values shall be
presented as initial i.e. shall be positioned on the
center vertical line for each channel.

Standard functions for recording and recalling
data from sequences are located in the tool line and
menu, while as with standard functions for copying
in work memory of the PC the part with graphical
interpretation is copied. This allows the same to be
transferred onto other software for further graphi-
cal presentation.

There are two icons = := |[-mn | in the tool line,

which are used for signal submission onto the micro-
controller, which controls acquisition start and end.

The application supports simultaneous open-
ing of multiple windows in which various adjust-
ments and views of graphical interpretation can be
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select and it is also possible each channel to be
processed individually or in combination.

Linear interpolation is used for drawing ac-
quisition signals over the network.

7. ANALYSIS OF EXISTING SYSTEMS
FOR TEMPERATURE MEASUREMENT
IN THE CUTTING PROCESS AT TURNING

If we review the existing systems for tem-
perature measurement in the cutting process [6, 11,
12, 13, 14, 15, 16], we shall determine that various
solutions with various applied automation exist i.e.
a signal transfer from the workpiece and the cut-
ting tool into the PC by application of certain inter-
face. Various solutions have certain advantages
and disadvantages and are linked to the level of
measuring uncertainty of gained results from mea-
surements, as well as to the cost price of measure-
ment equipment.

Two ways are applied in terms of getting sig-
nal from workpiece. One way is by application of a
sliding device i.e. the Hottinger device, product of
the company Hottinger Baldwin Messtechnik
GmbHa, which is positioned contrary of the clamp-
ing head, on the main spindle Figure 9 [11, 13] and
Figure 10 [5, 13]. Figure 9 presents the connection
of cutting machine elements to measuring analogue
accessory for temperature measurements in the
cutting process, as well as the limited application
of the Hottinger device, which is conditioned by
the pass-over through the main spindle and the ac-
cessibility till its opposite end. The inaccessibility
till the opposite end of the main spindle, seen con-
trary from clamping head, is clearly expressed on
numerically controlled /NC/ lathes, which limits
the Hottinger device application. Figure 9, work-
piece (1) is clamped in a clamping head (2), insu-
lated by means of special washers (4).
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Fig. 9. Scheme for connecting cutting machine elements to
measuring analogue accessory by using of a Hottinger head;
Bobrovskii, V.A, Afanaseev F.E. [11, 13].;

Fig. 10. Scheme for connecting cutting machine elements
to measuring analogue accessory by using sliding rings
onto the machined object. Detailed description of coding
is given in [5, 13]

The Hottinger device is marked with (5). The
cutting tool (3) is positioned in a holder (6) insu-
lated with a washer (4) in order not to disturb the
thermo-couple workpiece-cutting tool in case of
contact with other machine parts. The center (9) is
insulated from tailstock (7) with foil (8). Foil re-
duces contact stiffness between the center (9) and
the tailstock (7) resulting into vibration occurrence
in the cutting process. Additional influencing fac-
tors that can disturb the test process are imple-
mented in this way.

Another way for signal transfer from the
workpiece is with sliding rings placed on the work-
piece and brushes placed on the stationary part of
the machine (Fig. 10) [5, 13]. This mode is applica-
ble when the main spindle is inaccessible, which is
the most common case on the NC machines.

For the purpose of reducing the interval of
measuring uncertainty of results gained from per-
formed temperature measurements a special device
is designed for signal transfer from the machined
object (Fig, 11) [2, 17].

Fig. 11. Cross-section of the device for signal transfer from
the machined object. Detailed description of coding is given in
[17]
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7.1. Installation of the newly created monitoring
system for temperature measurement in the cutting
process by machining with turning

Realized two paths for thermo-voltage trans-
fer from the natural thermo-pair workpiece-cutting
tool and their connecting to the monitoring system

Hottinger's
Device

Device designed
bysprof. Mikolaj

Tool
holder

—
-,

for temperature measuring at the cutting process
are presented in Figure 12. Two ways are applica-
ble, as already mentioned, for signal transfer from
the workpiece. One way is by application of the
Hottinger device, product of the company Hot-
tinger Baldwin Messtechnik GmbH, which is posi-
tioned on main spindle opposite the clamping head.
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Fig. 12. Scheme for the signal path in the monitoring system for temperature measuring

Other way, for the purpose the monitoring
system to be able to determine the path influence
upon the signal for the signal transfer from the
workpiece, a special device the designed by pro-
fessor Mikolaj Kuzinovski (patent solution) [17].
Thermo-voltage transfer by cutting tool is per-
formed by means of a redesigned cutting tool
holder, which provides contact from the bottom
side by means of a strained copper needle (Fig.
13).

Fig. 13. Cross-section of cutting tool holder, specially adjusted
for temperature measuring [2].
1 — thumb, 2 — Al,05 chip breaker, 3-ceramic cutting insert
MC2, 4 - mica, 5 — washer, 6- mechanism, 7 — insulation bush,
8 — safety cap, 9 — signal conductor, 10 — connection

Temperature signals’ amplifier consists of
two channels that have a task to perform amplifica-
tion of transferred thermo-voltage that is generated
in the natural thermo-couple. It also performs gal-
vanic separation of the thermo-couple circuit from
the circuit, which consists of the acquisition card
and the personal computer. Additionally, galvanic
separation serves to protect the acquisition card
and the personal computer from eventual electric
shocks that might occur in the installation of the
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natural thermo-couple and to remove acquisition
card effects upon the circuit with the natural
thermo-couple.

Galvanic separation serves to protect the ac-
quisition card and the personal computer from
eventual electric shocks that might occur in the
installation of the natural thermo-couple and to
remove acquisition card effects upon the circuit
with the natural thermo-couple. For the purpose,
channels have an optocoupler insulation amplifier
1SO100 and electronic components for supporting
its function (Fig. 14).
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Fig. 14. Electrical scheme of the thermo-voltage amplifier
channel

Such a positioned amplifier has nominal
given amplification of 148 times given with value
ratio of resistors R,/ R; Transferred thermo-voltage
from the natural thermo-couple is brought at input
of connections 15-17, while as the amplified signal
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from Vyypu, connection 3 is transferred to the ac-
quisition card. Vital properties of ISO100 are high
precision, linearity and temperature stability. This
is gained by coupling a LED diode in the feedback
of the internal primary operation amplifier with the
LED diode at input of the secondary operation am-
plifier. It is powered with max £18 V, while as due
to the existing galvanic separation the powering of
the primary and the secondary operation amplifier
is necessary to be performed with two individual
galvanic separated sources. For max foreseen am-
plifier output, which has to be in the range of A/D
convertor 0—5 V, two galvanic individual power
supplies are used with the value 7, = £12 V and
Vo= £12 V. The optical feedback can segregate
voltage difference of 750 V.

Nominal given amplification depends upon
tolerance of marked resistors’ value with which
ratio the amplification is defined. The determinati-
on of real amplification is performed by defining
the supposed linear mathematical model on the
amplification curve. For the purpose familiar volt-
age levels are charged on input, while as results
presented in Table 1.

Table 1
Results of thermo-voltage amplifier calibration
(mV)

Input Output 1 Output 2

0.0 0 0

5.0 754 757

6.0 906 912

10.0 1464 1473

14.0 2158 2174

k 151.42 152.45

The tangent of the inclination angle of the line
presents real amplification and it is determined
against the method of least squares of experimen-
tally gained points.

7.2. Functional test and verification of interface
for temperature measurement in the cutting
process by machining with turning

Interface functional check is done in three
stages. Initially amplifier check is done in a way
that familiar voltages are brought to amplifier input
from a signal generator and by means of a two-
channel oscilloscope input and output voltages are
simultaneously recorded in time range. It is con-
cluded that the amplifier amplifies the signal, while
as the amplification coefficient is correspondent to
the value defined with the ratio Ri/R,. Satisfactory

non-linearity is concluded, which amounts 0,01%

as given in factory data for the integral circuit
ISO100.

Then check of a A/D convertor is performed
by getting periodic signals at its input with various
frequencies and wave forms when gained values
correspond to the defined precision of 5/1024
Volts (Fig. 15).

In the end measuring of generated thermo
voltage at the turning process is done (Fig. 16)
[13], with cutting speed v = 300 m/min, feed
f=0.16 mm/rev and cutting depth ¢ =1.0 mm.
Machined material is carbon steel (C 1630), cutting
inserts are type SNGN 120712 manufactured from
mixed ceramics MC2 (Al,O; + TiC) from the com-
pany HERTEL. Average thermo-voltage of 9.54 mV
is measured. Using previously defined relation for
describing the dependence of thermo-electrical
characteristic for the natural thermo-couple C1630-
MC2 (T = 104.426 — 42.646u + 44.734u" — 4.9371°
+ 0.17u) [8,11,14] average temperature of
890.95 °C is gained.
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Fig. 15. Time form of periodic signals gained when checking
A/D convertor with periodic signals
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Fig. 16. View on the thermo-voltage signal and the application
window
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Verification of the newly created computer-
aided temperature measurement system in the cut-
ting process by machining with turning is confir-
med by performing the same such an experiment in
ITMiA in Wroclaw University of Technology, Po-
land. Measured average temperature of 881.59 °C
differs for approximately 5% in terms of our meas-
urements [13, 15].

If it is taken into account that another inter-
face type is used for measurements performed in
ITMiA in Wroclaw University of Technology, Po-
land it can be concluded that newly created inter-
face fully meets the needs for temperature meas-
urement in turning processes.

8. INSTALLATION OF A NEWLY CREATED
MONITORING SYSTEM FOR FORCE
MEASUREMENT IN THE CUTTING PROCESS
BY MACHINING WITH TURNING

Faculty of Mechanical Engineering in Skopje
is equipped with the inductive dynamometer type
Fisher Messtechnik Typ EF2 D3 NR 24570, manu-
factured by the company Helmut Fischer GMBH
& Co from Germany, which consists of the cutting
tool holder with inductive measuring cells for a
force transfer into electrical signal and an indicating
instrument, which consists of a measuring bridge
and signal intensity indicators. The principle of
function of this measurement system is misbalance
of the measuring bridge for each component indi-
vidually. Since stated installation is of an obsolete
type where human factor in value reading and reg-

|
|
|
|
|
|

Cutting tool |—»

istering isn’t excluded, as well as the difficult ex-
periment conducting, and even impossible reading
of values of all components during experiment
conducting, its modernization initiated [18, 19, 20].
During the modernization process of inductive dy-
namometer we followed the latest technological
trend, which means multi-discipline approach to in-
tegral projection and development of new products
and systems, which is also applied in creation of
scientific-research areas. The trend called mechatro-
nics integrates expensive mechanical parts of sys-
tems by using intermediate electronics, computers
and software, while as results into a cost-effective,
computer modernized system with properties as
latest contemporary units applied in the same field
[21].

In this case, due to the specific design of the
force measurement system, upgrade was performed
without disturbing its functionality in neither one
segment and using it only as a signal source (Fig.
17). It is connected to a personal computer by
means of an amplifier and a signal adjuster and the
already described data acquisition card.

The design of electrical scheme for the cir-
cuit, whose task is to prepare the signal for acquisi-
tion, is done by means of the software Circuit-
Maker Demo. The signal from indicating instru-
ment is transferred by means of a voltage follower
designed with the operation amplifier TLO84.
Marked with U1A and U1B on the scheme shown
on Figure 18.

PC

Sis

—

RX n
_ DATA \
. |ACQUISITION s -
! CARD e 2 -
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Dynamometer {4 @

Fig. 17. Schematic layout of the monitoring system signal path for cutting force measuring

Fig. 18. Electrical scheme of analogue signal amplifier
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The voltage follower has infinite large input
impedance thereby providing its connecting to the
circuit of measuring bridge without any effect
upon it. The signal is then transferred to the fol-
lowing connection made of operation amplifier
marked with U1C and resistors R3, R4, R5 and R6,
which present a differential amplifier. Its task is to
provide a resultant the voltage level which is the
difference between voltage levels on indicator
ends. In this way a signal is provided proportional
to voltage drop on the indicator, which is propor-
tional to the current that flows through the indica-
tor. In that way a signal is gained proportional to
difference in value from a differential sensor, since
through the indicator current flows proportional to
the difference in value from the measuring bridge,
of which the differential sensor and the indicator
are integral part.

In the next steps it is necessary this signal to
be transformed so it can be suitable for acquisition.
The highest signal value that can occur on differ-
rential amplifier output correspondents to the hig-
hest voltage drop that can occur on indicator ends.

The indicator is an ampere meter, which
reaches the highest arrow inclination when current
of 100 pA flows through it at internal resistance of
1750 Q. This means that the highest voltage that
occurs on indicator ends is 17.5 mV. For amplify-
ing this value for acquisition needs, which is per-
formed in interval of 0—-5 V an inverter amplifier is
used, which consists of the operation amplifier
U1D and resistors R7, R8 and R9 with nominal
given amplification in terms of resistors R§ and R7
with value of 21 times. Expected max signal value
at inverter amplifier output is 3.7 V.

VM B 7

A possibility exists for occurrence of negative
voltage values on inverter amplifier output at even-
tual dislocation of the differential sensor in con-
trary direction (out of the cutting process). Block-
ing of negative signal values for the purpose of
protecting connections for acquisition that do not
function with negative values is performed by a
connection of a precise diode consisting of the op-
eration amplifier LM741 and the diode 1N914.

A voltage follower is positioned, as a separate
connection, on the amplifier end, which consists of
an operation amplifier marked as U2 on the electri-
cal scheme, however in this case it is charged with
+ 5 V in order to provide max level limitation of
output signal onto = 5 V. This is due to the possi-
bility higher current flow to occur through the in-
dicator than the permitted one, which can create a
signal within the amplifier with higher voltage
value than calculated operating values. This volt-
age follower removes also the effects of acquisi-
tion circuits upon amplifier function. A capacitor
Cl is connected at the voltage follower input for
the purpose of balancing signal pulse form thereby
making it suitable for acquisition.

System calibration is performed by loading
known force in direction of action of certain com-
ponent and indications on the monitoring system
are read. Loading with known forces by means of
weights with known mass, which are positioned so
that can act with their own weight in direction of
individual components (Fig. 19).

Weights mass is determined by weighing in

the Metrology Institute at the Ministry of Economy
of R. Macedonia.

Fig. 19. Measurement system calibration by loading with known force

Once creating tables with correspondent val-
ues, the same are graphically presented (Fig. 20),
and a force dependence model is created from the

monitoring system indications. A linear function is
adopted for this dependence y = kx. Readings can
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be expressed in force measuring units by a model
implementing into the monitoring system software.

F[N]

1] 150 300 450 800 7S50
A/D output

Fig. 20. Calibration diagram

9. CONCLUSION

Application of the automated monitoring sys-
tem intended for performing experimental re-
searches fully justifies the idea for its creation.
Such conclusion is based on the fact that by appli-
cation of the newly created monitoring system in
researches simultaneously more output values in
real time are recorded, which the researched phe-
nomena are described with.

In our case these are temperature and the re-
sultant force in the cutting process expressed thro-
ugh the tangential, axial and radial components. In
this way more creative actions are possible to be
performed by the experimenter, as well as analysis
of applied methods for experiment planning, analy-
sis of gained results, experiment error defining,
analysis of gained mathematical models for de-
scription of researched phenomena and verification
of the same.

Test results and verification confirm success-
ful realization of interface. The application of an
integral circuit ISO100 for signal amplifying ex-
hibited as an excellent choice since the same meets
specific amplifier requirements. The small non-
linearity given in factory data during test perform-
ing was confirmed and thereby led to dispersion
reduction of the gained results. The possibility for
amplification defined with external components
makes the integral circuit ISO100 suitable for ap-
plication since it provides easier transfer of ampli-
fied signal within A/D converter range for various
thermo-elements and various max temperatures.
The use of the microcontroller PIC16F877 to act as
an A/D converter evidenced as an exclusive advan-
tage in the whole interface since most vital func-
tions as A/D conversion and communication with
RS232 interface are integrated in it. It is easily
programmed, while as an electrical scheme design

Maw. unnc. nayu. ciuc., 28 (2), 41-60 (2009)

software with its implementation in them is world-
wide applied. The use of the program package for
design and simulation of Proteus 6.3. Demo is par-
ticularly underlined as software offering all desired
possibilities in these procedures.

The created monitoring system characterizes
with open access to hardware and software compo-
nents, thereby providing analysis of the adequacy
of selected hardware components and software so-
lutions in terms of signal acquisition.

It is determined as necessary to perform up-
grade and modernization of old systems by sup-
plementing electronics and software. Actually, the
mechatronics approach is applied in modernization
stages of the existing research equipment. Results,
which are gained by calibration of experimental
area for research of components of the cutting
force and temperature in cutting process during
turning, exhibited high stability of hardware solu-
tions.

Verification of experimental methods and ap-
plied methods for conducting experimental re-
searches showed concordance with the gained re-
sults from researches done in ITMiA in Wroclaw
University of Technology, Poland, against the
same terms of experiment conducting.

The created CADEX system in connection
with the MATLAB provides use of partial experi-
mental plans as a justified solution that allows time
shortening for experiment conducting and savings
in economic aspect.

Applied logarithm transformations of data
when determining dependences in mathematical
models of cutting processes implement a “mistake”
however its use is justified in terms of detected
changeable dispersion of data gained at research of
cutting processes’ phenomena.

The computer aided process for physical phe-
nomena research in cutting processes makes the
creation of basis for knowledge easier by gaining
information for machining of various machined
materials and with various cutting materials.

In this way pre-conditions are created for the
optimum selection of machining parameters in cut-
ting processes and management of mechanical and
heat model for creating residual stresses, which
effect surface layer properties.

The more intensive actions performed in
sense of reducing uncertainty of results gained
from measurements and effect defining certain fac-
tors is justified, all with a purpose to reduce or
eliminate its negative effect in research hardware
equipment and software.

Basic pre-disposition for gaining recognizable
results in researches is development and possessing
own hardware scientific-research equipment and
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software for research of physical phenomena in
cutting processes and technological effects in the
surface layer with an open access to hardware and
software components.

Possibilities are created for conducting con-
tinuous development actions in the monitoring sys-
tem structure.
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Bo TpyIoT ce MpeTcTaBeH: MOCTAKHTE KO CE U3BELY-
BaaT MPH [IPOCKTUPAbE U pealn3alija Ha eKCIePHMEHTaTHH-
Te Hay4YHHM MCTPaKyBara CO NPUMEHA Ha aBTOMAaTH3HMpPaH Me-
PEH CHCTEM CO KOMIIjyTepcKa HOAPIIKA BO CHTE €TaIll O UC-
TpaxyBameTo. [loceGeH akUeHT e HafeH Ha HHTErPHPAEmETO
Ha MEPHHTE CHCTEMH M MaTeMaTHdkara o0paboTka Ha HHOp-
MalIHTe Ol eKcIepuMeHTHTe. IIpolecuTe Ha aBTOMATH3ALM-
jara ce ONHMILAHH NPEKY PEaU3UPAHHOT COICTBEH aBTOMATH-
3MpaH MOHHTOPHHI CHCTEM 3a HCTPaXyBambe Ha (QU3HUYKHUTE
M0jaBH BO MPOLECOT HA PEKEHE CO KOIJYTEPCKH MOTIIOMOT-
HaTa aKBHU3HLMjAa HA MOJATOLUTE. MOHHTOPHHT CHCTEMOT €
HaMEHET 3a ClIe[IChe¢ Ha TAHICHIIMjalHaTa, aKChjalHaTa 1 pa-
JMjajiHaTa CHila Ha PEKEHETO, KaKo U Ha cpeHaTa TeMIepa-
Typa BO MPOLECOT Ha PEKEHE. XapBEPCKHOT e 3a aKBH3H-
[yja ce coCToM oJ 3acuiyBaud W A/J] mperBopyBady, a 3a
aHANIN3a W BU3yeNH3aLHja pa3BHEH ¢ copTBEp 3a MepCOHATCH
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kommjyrep Bo MS Visual C++. 3a MareMaTn4ko ONMUIIYBambe
Ha HCTpaXyBaHUTe (DU3MUKK MOjaBU CO3MANCH € codTBep
CADEX Bo crpera co MATLAB HameHeT 3a IpoeKTHpame,
00paboTKa ¥ aHAIN3a Ha €KCIePUMEHTAIHUTE HayIHH HCTpa-
JKyBarba, COIJIAaCHO TeopHjaTa Ha IUIAHHpame Ha MOBeke (ak-
TOpPHUTE eKcrepuMmeHTH. M3Benbara Ha MHTEP(EjCOT U KO-
MIIjyTEepU3UPAHUOT MEPECH CHCTEM ce n3paboTeHn Ha MammH-
ckrotT akynrer Bo Ckomje Bo copaboTka co (hakynTeToT 3a
Enexrporexnuka u nadopmanucku texuonaoruu Bo Ckorje n
co Uucruryror 3a Texnonoruja Ha MammHu 1 ABTOMAaTH3a-
muja npu Bpormascka IMomurexnuka, Ioncka. CoznageHnor
COICTBEH HAYYHO- MCTPAXYBAYKH MEPEH CHCTEM CO OTBPEH
HPHUCTANl /10 XapIBEPCKHOT M CO(PTBEPCKHOT el co3laBa
YCJIOBM 32 IIEJIOCHA KOHTPOJIa HA HCTPaKyBauyKHOT INPOLEC U
3a HaMallyBame Ha MHTEPBAIOT HA MEPHATa HEOAPEAECHOCT Ha
JOOUEHUTE PE3yNTaTH O] U3BEICHUTE UCTPAXKYBAA
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A b str act: The braking systems of road motor
vehicles areresponsible a great deal for the active safety of
road motor vehicles, participants in road traffic, and are
frequent reasons for causing traffic accidents. The condi-
tion of the regulators of the braking process in braking
systems of road motor vehicles has enormous influence on
the active safety in road traffic. Therefore, it is considered
as an area where continuous research should be con-
ducted. This paper discusses the influence that broken
regulator of breaking forces has on the stability and steer-
ability of a heavy motor (commercial) vehicle.

Key words: Vehicle braking system; braking forces; adhesion
coefficient, regulation and regulators of braking
forces, steerability, stability

1. INTRODUCTION AND BACKGROUND

The braking systems of the motor vehicles are
complex technical systems the operability and
functionality of which greatly influence the overall
performances of the vehicle; and most importantly,
they are essential for the security and safety of ve-
hicles in traffic.

Besides the full functionality and operability
of all its devices and subsystems, in every braking
system there is a necessity of efiicient regulation of
the braking forces that are conveyed to certain ax-
les of the vehicle. Having in mind the huge number
of factors that influence the efficiency of the brak-
ing process, the largest number of which are of
accidental — stochastic charachter (a stress per ve-
hicle, weather conditions and the condition of road
foundation, conditions of adhesion between the
wheels and the road foundation, micro and macro
relief of the road etc.) it is clear that it is a very

complex problem that, besides the great advance-
ment and development of vehicles and their tech-
nical systems, it continues to be one of the most
frequent causes for traffic accidents.

This study deals with the braking systems of
motor vehicles, especially the problem related to
the need and the objectives of regulating the brak-
ing forces of motor vehicles, and describes the
most important segments derived from the experi-
mental tests of the braking system of one sample of
the target group of vehicles, that is, heavy motor
vehicles with pneumatic gear train mechanism in
the braking system (pneumatic brake).

2. THEORETICAL BASIS AND SUBJECT
OF EXAMINATION

The basic condition the braking system must
fulfill is that in a situation of maximum possible
efficiency of braking it does not jeopardize the
steerability and stability of movement of the vehi-
cle, i.e. that during the braking the vehicle moves
on the track dictated by the driver. This condition
could be fulfilled only if the braking does not jeop-
ardize the main function of the wheel - its rolling
on the foundation. Having in mind that the
blocked wheel is no longer in condition to provide
side reactions to any external distortion, the vehi-
cle with blocked wheels is instable, and the exter-
nal distorting forces (side wind, side gradient, cen-
trifugal force, etc) can "throw it out" of the desired
track.

The blocking of the braking wheel can be
prevented only if the braking force Fk which is
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conveyed to the circumference of the wheel, in any
moment of the braking process, is equal to the
maximum possible (border) force of adhesion be-

tween the wheel and foundation ¢__ (which de-
pends on the vertical stress of the wheel G;, that
is, the vertical reaction of the foundation Z, and on
maximum border value of the adhesion coefficient
Prax )

The subject of our examination is what hap-
pens in case of drastic distortion of conditions of
stability during braking, or more precisely, when
the wheels on the rear axle of the tractor are
blocked in circumstances of articulated vehicle.

The challenge to conduct this research origi-
nated from a real traffic situation, more precisely a
heavy traffic accident between an articulated vehi-
cle composed of tractor with harnessed semitrailer
and a passenger motor vehicle.

It was clear that the interrupted traces of the
trailer (Figure 1) originated from blocked wheels,
that peridocally, or one large portion of time of the
braking process, did not have a contact with the
road.

Fig. 1.

Such traces, which are often seen on our
roads, were an indicator of defectiveness of the
device for regulation of the braking forces of the
rear axle wheels of the tractor.

The state of the articulated vehicle after the
stop was an indicator that the driver lost his control
over it which resulted in heavy traffic accident, as
shown in the Figure 2.

For the purposes of our tests, the objective of
which was the possible link between the defective-
ness of the regulator of the braking forces of the
trailer and the catastrophic consequences on the
road safety, we used a tractor (tow truck) make

"FAP" type "1935" (Figure 3) foreseen to harness
semitrailer.

Fig. 3.

It was a tow truck with a pneumatic braking
system and a mechanical suspension system (steel
leaf springs). The regulation of the braking forces
on the rear axle of the tractor was carried out with
the device for Automatic Regulation of the
Braking Forces on the rear axle wheels depend-
ing on the exerted stress (ARBF). This device,
was attached to the rear axle as shown on Figure 4.

.

Fig. 4.
For the purpose of the tests we chose a vehi-
cle with these characteristics because of the possi-
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bilities to simulate different situations by acting on
the rod and thus, influence the braking pressure
that was conveyed to the braking cyllindres on the
rear axle wheels, in order to conduct the necessary
tests.

3. RESEARCH METHODOLOGY

We conducted the tests in order to check the
operability and performances of the braking system
of the tractor and its device for regulation of the
braking forces — ARBF. In that, the tests on output
performances of the braking system of the vehicle
(the braking forces of the front and rear axle) was
conducted on the examination installation with
rolls in the laboratory for motor vehicles of the
abovementioned institute, while the polygon tests
were taken over in order to assess more objectively
all important characteristics of the braking system.
By that, we mean the behaviour, that is, the stabil-
ity of the vehicle in the process of braking. For that
purpose we installed measuring devices on special
positions of the examined vehicle to measure the
values of acceleration on the axles of the vehicle.
The positions of the measuring devices, as well as
the equipment used in these mesurings are shown
in the diagram in the Figure 5.
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Fig. 5.

The examination of the dynamic characteris-
tics, i.e. the behaviour of the vehicle during the
braking process was carried out in two characteris-
tic cases of braking, braking on a straight road and
braking in a curve. In order to define more clearly
and more precisely the role of the ARBF-device,
that is, its proper functioning throughout the brak-
ing process, during the examination we simulated
three different states of the regulator of braking
forces that corresponded to different states of stress
on the rear axle, such as:

— Existing (neutral) state of the regulator (no
intervention on the rod of the regulator,)
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— State in which the rod of the regulator is in
end lower position and

— State in which the rod of the ARBF device
is in end upper position, which corresponded to the
state of the regulator in circumstances of maximum
stress on the rear axle of the tractor.

In each of abovementiomed states of the
ARBF-device, there was an exchange of the flow
of compressed air through the regulator toward the
braking cylinders of the brakes on the rear axle
wheels, depending on the stress exerted on the
axle.

For the needs of this study, as most interest-
ing and most specific, we chose the existing state
(unloaded vehicle and with no intervention on the
ARBEF device) and the state of ARBF device simu-
lating full stress on the rear axle (maximum flow
of air) when the vehicle was unloaded (Figure 6
and diagram on the Figure 7).

H=180mm

a= arcsin@ ~ 59°
210

Fig. 7.
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4. ANALYSIS AND FINDINGS

The first phase of the test dealt with the ex-
amination of the performances of the braking sys-
tem in laboratory. For this condition of the regula-
tor (braking forces) we obtained the following re-
sults:

Front axle:
kal =15974 N, kad =12768 N,

that is, total force
Fy = 28742 N

Rear axle:
F; =8689N, F;;=6742N,

that is, total force
F, =15431N.

After we noted proper functioning of the ve-
hicle braking system, that is, satisfactory output
performances (working pressure of the air in the
system and final product — braking forces on the
axles) we made polygon tests, when the braking
was straight and when it was in a left curve.

The polygon tests on the behaviour of the ve-
hicle and its stability in the braking process were
composed of the following:

— Acceleration of the vehicle up to speed of
30 km/h and then sudden braking on a straight road
and

— Acceleration of the vehicle up to speed of
30 km/h and then sudden braking in a left curve.

During these tests, through the accelerators
placed on the front and rear bridge in the middle of
the vehicle, we obtained information that indicates
accelaration and slowdown in different directions,
such as: front bridge in a vertical direction as well
as lenghtwise and diagonal direction (on x, y and
z-axle) and the rear bridge in vertcal direction and
lengthtwise, on x, and z-axle.

After completing the polygon tests, in state of
the regulator when there was production of maxi-
mum braking forces on the rear axle (in circum-
stances of no stress exerted) we witnessed the fol-
lowing:

During the tests of braking on a straight road,
we noticed an immediate blocking of the wheels on
the rear axle, while the wheels on the front axle
were not blocked.

During the tests of braking in a curve, the

front and rear axle wheels were blocked and this
time we were witnesses of the most unfavourable

condition, that is, initial blocking of the wheels of
rear before the front axle.

It is interesting that in both cases, the blocked
wheels of the rear axle of the trailer left interrupted
braking traces that are shown on Figures 8 and 9:

Fig. 9.

Having in mind that the initial blocking of the
wheels of the rear axle means loss of the stability
of the vehicle, it was obvious that it was a question
of the most unfavourable case. Especially in the
case of an articulated vehicle (tractor+semitrailer).

When we speak of a combination of a tow
truck and a semitrailer, the negative effects of the
blocking of the braking wheels on certain axles
(especilally on the rear) are more complicated.

In case of blocking of the rear — motive axle
of the tractor, besides the side distorting forces that
could not accept blocked rear wheels, the charge of
the semi-trailer had decisive and dramatic influ-
ence. As a result of the charge of the mass of the
semi-trailer, there was a break off of the pulling
train in the joint connection (case 3 in a diagram in
the Figure 10), which lead to irretrivable loss of
control over the articulated vehicle and its stabil-
ity, having in mind that the driver was not able to
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react fast enough in order to regain control and
thus, the stability of the articulated vehicle.
. dnokupano wpxaro
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Fig. 10.

Especially interesting is the analysis of the in-
terrupted traces of braking made by the blocked
wheels on the rear axle, or more precisely, their
origin. We will try to explain this through the Fig-
ure 11.

Fig. 11.

In a circumstance of defective regulator of the
braking forces (with blocking of the rod of the
ARBF-device in the end upper position we simu-
lated defectiveness of the regulator), that is, its
blocking in the position in which the pressure of
the braking fluid towards the braking cylinders of
the brakes on the rear axle wheels is maximum, on
the circumference of the braking wheels of the rear
axle maximum of braking forces will be exerted.
In regard to the unburdened rear axle, this happens
when the vertical reaction on the rear axle is mini-
mum “Zz”.
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In case of such extremely large braking forces
on the rear wheels of the tractor, there is a torque
(diagram in the Figure 11) that influences the sus-
pension system, thus deforming (compressing) the
leaf springs. When these braking forces reach cer-
tain maximum value Fj, (having in mind the in-
terdependence of the curves of adhesion from glid-
ing p=f (/1)) shown in the diagram on the Fig-
ure 12, that is, after reaching the maximum value
of adhesion, ¢, .  the same starts to decline while
the gliding simultaneously increases, which results
in decline of the forces F)_. As a result, the torque

that act on the strings decline, which leads to their
discharge, repeated intensive contact between the
wheels and the foundation (increase of the vertical
reaction “Zz”) and hence to repeated increase of
the values of forces F)_. Thus, a periodical "leap"

of the rear axle of the tractor takes place, which
results in such interrupted traces of braking of the
blocking rear wheels (Figures 8 and 9).
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Fig. 12.

The inability of the blocked wheels of the rear
axle to counter the smallest side distorting force
(such as centrifugal force during movement — brak-
ing in a curve), causes slip of the wheels of the rear
axle, and of the rear part of the vehicle from the
desired direction.

As we can see in the Figure 8 and in the dia-
gram on the Figure 13, the rear axle of the tractor
slipped from the desired track of movement of the
vehicle to the right, that is, to the outer side of the
curve. In Figure 8 we can also see the continous
braking traces that derived from the wheels on the
front axle as well as the interrupted braking traces
from the wheels on the rear axle. By comparing the
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traces, that is, their length we noticed the follow-
ing: While the braking traces from the front wheels
followed the track of movement in the left curve,
the traces of the rear wheels were "straighten" in
regard to the curve as a result of the slip of the rear
part of the tractor toward right (to the outer side of
the left curve).

Fig. 13.

As far as the results of the measuring of ac-
celeration of the axles of the tow truck in proper
directions, are concerned, (front axle: length wise,
diagonal and vertical, rear axle: length-wise and
vertical), it is most favourable when the analyses
are made by comparing same dimensions measured
during tests in different simulated conditions of the
ARBEF device.

It can be concluded that the increase of values
of the vertical acceleration on the rear axle (that
exceed 20 m.s”) were result of the abovementioned
"leap" of the discharged rear axle when the braking
wheels were completely blocked. This can be seen
from a comparative description of the separated
diagrams of the vertical accelerations of the rear
axle of the tow truck, for two different states of the
ARBF device — neutral state (upper diagram) and
the state of ARBF device which enabled maximum
braking force on the wheels of the rear axle of the
trailer (lower diagram). Hence, Figure 14 shows
the comparative diagrams of braking in a straight
road, while Figure 15 shows braking in a curve.

In addition it has to be mentioned that, in both
cases, the upper diagram refers to a neutral posi-
tion of an automatic regulation of the braking
forces device, whereas the lower diagram shows
the values of acceleration in a case of the third po-
sition of the automatic regulation of the braking
forces device, practically simulated its incorrect-
ness.

amis2)

a(mis2)

t(s)

Fig. 14.

a(mis2)

a(mis2)

5. CONCLUSION

The results obtained by research of the
breking system, the behaviour of the vehicle during
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the process of breking and their comparison to the
traffic accident we were studying (Figure 1 and 2),
clearly implicated the following:

Characteristic traces of blocked brake wheels
of the tested vehicle (Figure 8 and 9), in compari-
son to those from the articulated vehicle (at traffic
accident) refer to a very similar situation and thus
to the source of unstable behaviour of the articu-
lated vehicle.

The rear-axle of a tractor (considering the
harness empty semi-trailer) was unloaded. On the
other hand, in such conditions the ARBF device
enabled the flow of a big pressure towards brake
cylinders of the rear-axle wheels. Considering the
size of a vertical reaction (“Zz”), brake forces pro-
duced along the perimeter of the rear-axle wheels,
were bigger than the moment values of a maximum
(border) forces of adhesion X,,,, =Z-¢ that lead
to their instant blockade.

Further on, this blockade was followed by a
so-called mechanism of "leap" of the rear axle
(simulated in our examination) resulted with inter-
ruption of the traces.

At the same time (Figure 1) the articulated
vehicle moved on a left curve and side distorting -

centrifugal force acted on it, which could not be
balanced with appropriate reactions on the blocked
wheels of the axle of the tractor.

In a view of the above the conclusion be-
comes quite observable and evident: Inaccurate
ARSK device, during the process of braking, can
cause a serious and irretrievable destabilisation of
a vehicle, leading to catastrophic consequences
against traffic safety.
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Peszume

HEOIIXOOHOCT O1 PEI'YJIUPAILE HA CMIIATA HA KOYEIBE
BO CUCTEMUTE 3A KOYEILE KAJ ITATHUTE MOTOPHHA BO3UJTA
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16-itia Maxeooncka yoapra 6puzada 6p. 18, Croiije, Makedonuja
dean_brkovski@intertranssped.com.mk

Knyuynn 300poBu: cucTeM 3a KO4ethe Kaj MOTOPHU BO3WIIA; CHIIM Ha KOYEHE; KOe(PUIUEHT Ha IPUJIENyBahE;
peryianyja u peryJaTopu Ha KOUHUTE CHIIU; YIIPABIUBOCT; CTaOUIHOCT.

Cucremure 3a KOUeHe Kaj IaTHUTE MOTOPHH BO3W-
Jla ce NMPEeMHOrYy 3HayajHM M OTOBOPHM 3a aKTHBHATA
6e36eqHOCT Ha BO3WJIAaTa KOW C€ YUYECHWIH BO MATHUOT
coobpakaj Kako TakBu, THE ce YeCcTH NPUYMHUTEIN 32
HacTaHyBame Ha cooOpakajum He3dropm. Cocrtojb6aTa Ha
peryiaTopute Ha KOYHHTE CHJIM BO CHCTEMHUTE 3a
KOUYelme Kaj BO3WiIaTa HMMa OTPOMHO BIIMjaHWE Bp3
akTHUBHaTa 6e30eHOCT BO MaTHUOT cooGpakaj. [Topanu

Mauw. unxe. Hayu. ciuc., 28 (2), 61-67 (2009)

TOa, MPOIEHKA € JIeKa Toa € 00yacT BO Koja MOCTOjaHO
Tpeba @a ce BpIIAT WCTpaxXyBama. IlIpeaMerT Ha
UCTPAXKyBalhe BO PaAMKHUTE Ha OBOj TPY/ € BIIUjaHHETO
KO€ HEWCIpaBeH peryjaTop Ha KOYHH CHJIM O UMa Bp3
CTa0WJIHOCTa W YOPABIMBOCTa HA TEIIKO MOTOPHO -
KOMEPIIHjaTHO BO3MIIO, MMOTOYHO Tersay 3a
MOJIYNIPUKOJIKA.
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A bstract: Identification of motor vehicles is one of
the most interesting, but an incredibly complex area.The num-
ber of cases of uncovering the originally imprinted number
(previously removed and changed) and uncovering the original
identity of vehicles is quiet immense. Considering those in-
formation as quite appalling and motivating, this paperwork
treats closely those problems revealing some basic elements,
several methods and procedures in order to give a short review
of this area. Its intention is to give a closer approach towards a
science and expert public community, since this complex area,
although originates from them, still remains captured in cer-
tain strict and severe procedures of a state establishment.

Key words: Vehicle identification number (VIN); iden-
tification-type plate; deformation of the crystal grids; restitu-
tion; provoked contours of the removed number; welded joints

1. INTRODUCTION

The procedures applied in the process of iden-
tification of motor vehicles for the purpose of resti-
tution of the imprinted, then removed numbers
from metal surfaces, are as a rule, used in forensic
examinations in the laboratories of institutions
dealing with fight against crime (or institutions that
are functionally or in any other way related to
them).

Although this is so, from a technical aspect,
the process of restitution of imprinted numbers is
also interesting from a scientific point of view. It is
known that forensics, which can be defined as a
science of providing evidence, consists of many
scientific disciplines, including the technical sci-
ences.

Within the procedure for complete identifica-
tion of the motor vehicles, from a technical point

of view, especially interesting is the mechanism for
restitution - provoking the visible contours from
the removed numbers that were imprinted on the
metal surfaces. In other words, besides the review
on the identification of the vehicles in general, it is
interesting to define what happens in the structure
of the material itself, which actually provokes the
contours of the elements that were previously re-
moved by mechanical means (scrapping) to be
visible again.

The author of this study, during his many
years of experience as an expert for identification
of motor vehicles, was countless times engaged in
problems related to identification of motor vehicles
of suspicious origin. It also involves restitution as a
procedure, having in mind that identification num-
bers of these vehicles in great number of cases
were changed by mechanical means. Of course, the
purpose of these changes was to change the iden-
tity of the car, that is, to conceal its true (original)
identity.

The identity of each vehicle is determined by
the vehicle identification number (VIN), which is
imprinted (or in recent years engraved) by the pro-
ducer during the production process. The identifi-
cation number of all passengers and commercial
vehicles made more recently (more precisely made
after 1981), consists of seventeen elements (com-
bination of numbers and letters), and represents
one and only bearer of the identity of the vehicle,
by which the factory that produced the vehicle
should be able to recognise it even after thirty
years. All the elements in the positions of the iden-
tification number have their meaning, i.e. they in-
clude the characteristics and the identity of the ve-
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hicle. The same identification number that is im-
printed on the certain position, almost always is
also evident on a suitable identification plate that is
embedded or fastened to certain positions of the
metalwork of the car.

Therefore, with the change of the identifica-
tion number of the vehicle (even with the change
of only one of its seventeen elements), the identity
of the vehicle is changed. The change of the im-
printed identification number may be accompanied
by removal or/and modification (forging) of the
identification plate, or some other identification
characteristics by which the vehicle can be identi-
fied.

2. WAYS OF CHANGING
THE IDENTIFICATION NUMBERS
OF THE MOTOR VEHICLES

Depending on the make and type, on the ve-
hicles constructed with self-supporting construc-
tions, the imprinted (engraved) identification num-
ber may be found on several positions envisaged
by the producers. In cases of some vehicles, the
numbers are positioned on certain places inside the
engine, on others inside the passengers' cabin, but
there are also models where the identification
numbers are imprinted in the trunk. In the vehicles
that are constructed on classic frame supporting
constructions (chassis), usually the identification
numbers are imprinted on one of the supporters of
the chassis.

The Figure 1 shows an example of identifica-
tion number of passenger car "Mercedes" type
"E220", that is imprinted on the floor of the pas-
senger cabin, while the Figure 2 shows accompa-
nying identification plate embedded on the same
vehicle.

Made in DAIML :

Bermany

Fig. 2. Identification plate on the vehicle Mercedes type E220

In the vehicle (Sport Utility Vehicle) of the
type Mercedes ML with a construction of the
frame supporting construction (chassis) the identi-
fication number is imprinted on the right length-
wise supporter of the chassis.

Examples of the imprinted identification
number as well as the identification plate of this
type of vehicle are shown on Figures 3 and 4.

Fig. 4. Identification plate on the SUV vehicle
Mercedes type ML

There are several basic ways of changing
(forging) the identification numbers, that is, chang-
ing the identity of the vehicles:

1) Full (or partial) removal of the imprinted
number by scrapping the metal and additional im-
pressing of other number (or elements of the num-
ber).

2)The removal of the originally imprinted
number by cutting off a piece of the metalwork on
which it is imprinted, and additional inserting and
welding of another piece with originally imprinted
number.

3) Change of only some of the elements of the
originally imprinted number, and

4) Welding of a piece with originally im-
printed number (without previously removing the
existing original number).

Further in the text, we will briefly review in-
dividually each of the abovementioned methods of
changing the identification numbers of the vehi-
cles. To illustrate the methods better, examples
from the practice will be given.

Mech. Eng. Sci. J., 28 (2), 69-76 (2009)
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2.1. Removal of the identification number
by scrapping and impressing of other number

In the factories during the process of imprint-
ing the identification number of the vehicles (in
most cases done by press), under the influence of
the mechanical force, the elements (borderlines,
numbers and letters) composing the number are
imprinted on the envisaged position.

During the mechanical scrapping with a pur-
pose of removing the imprinted identification
number (or some part of it), the layer of the re-
moved material must be as thin as possible (in or-
der to remove the visible signs).

Otherwise, the removal of a thick layer of the
material, would distort the configuration of the
foundation on which the number is imprinted, i.e.
it would be visible that in the part of the imprinted
number some additional mechanical intervention
was made, of course, on a place where it should
not have been done.

After removal of the identification number by
using this method, on the processed foundation
with appropriate imprinters new marks are im-
printed, which, understandably, by their character-
istics (dimensions and form) must be as close as
possible to the removed elements. These are the
marks that carry the changed identity of the vehi-
cle. By painting the foundation, after the additional
treatment with colour, that of course, must com-
pletely match the colour of the rest of the metal-
work of the vehicle, as well as with the removal
and change of the identification plate, it seems that
forces change of the identity is completed.

2.1.1. Provoking visible contours
of the removed part

As a result of the mechanical force, used to
imprint the elements of the identification number
into the metal, besides the visible impressed ele-
ments on the surface of the metal, the "informa-
tion" about the imprinting, in a form of the change
of the metal structure (that is, change - deformation
of the crystal grids) is conveyed deeper to the
lower layers of the metal. Or in other words, on the
place where the imprinting happened, the structure
of the metal is changed (deformed) more deeply.

The in-depth transfer of the information from
the imprint as well as the change of the structure of
the material is shown in the Figures 5 and 6.

Maw. unnc. nayu. ciiuc., 28 (2), 69-76 (2009)

Fig. 6. Deformed crystalgrid

This layer, which has experienced deep trans-
formation of the structure, that is, its crystal gird,
gives an opportunity for appropriate treatment of
the foundation in order to restitute the elements of
the removed number, i.e. to recover its visibility.

There are two methods to achieve this:

— Use of chemical reagent for restitution of
the removed numbers: After the technical prepara-
tion and polishing of the foundation from which
the imprinted numbers have been removed, the
foundation is treated with certain chemical re-
agents.

— Thermal treatment: After the technical pre-
paration and polishing the foundation from which
the imprinted numbers have been removed, the
foundation is first warmed up to certain degree and
then suddenly cooled off.

Having in mind the necessary equipment, and
the difficulties when the second method is used
(need of more specific equipment, greater destruc-
tiveness and danger of damaging and even burning
of inflammable materials around the place of
treatment), the most used method in practice is the
restitution of removed numbers with chemical re-
agents. The thermal treatment is used in excep-
tional cases, that is, only when certain conditions
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are met and there is no danger of additional dam-
ages.

In any case, both methods cause the same ef-
fect, and that is:

— Provoking different reaction on the spots on
which the structure of the metal is in different ten-
sional state (in accordance with the abovemen-
tioned in-depth changes of the structure of the
metal on the spots where the mechanical strength
acts during imprint).

This shows that when the material that is re-
moved by scrapping is thick, the deformations on
the metal structures are smaller and all this dimin-
ishes the possibility to regain the visibility of the
contours of the removed elements of the identifica-
tion number.

The provoking of the contours of the removed
originally imprinted identification numbers with a
certain technical and chemical treatment can be
seen in the practical examples given further in the
text.

In the processing of the identification number
on the chassis of the Sport Utility Vehicle make
Mercedes ML (whose imprinted number of the

Fig. 8

chassis was shown in picture 3), the changes of the
identification number are noticed in its serial part.
On the twelfth position of the number, at the addi-
tionally imprinted element 1, from the contour ob-
tained by restitution it is obvious that the removed
element is 7 (Figures 7 and 8).

Another characteristic example of the restitu-
tion of the removal of the originally imprinted
identification number is the following example of
treatment, made on the identification number of
PMV Mercedes E 270 CDI. In the case of this ve-
hicle, there was a complete removal of the original
identification number, i.e. all of the seventeen ele-
ments of the identification number were removed
and new ones were imprinted in their place. The
existing identification number of the vehicle before
the detailed treatment was WDB2110161A014358
(Fig. 9), and after the procedure for restitution of
removed numbers, the contours were obtained of
the original (removed) number

WDB2110161A003711 (Figures 10 and 11).

_F'—'— I
B Wi LOLE
Fig. 9 The existing ideication number
of the vehicle Mercedes E 270 CD

Fig. 10. VIN after restitution

Fig. 11. Obtained contours of the original (removed) serial
part of the VIN

2.2. Change of the identification number
by cutting off a piece

As mentioned before, it is not a small number
of cases when the change of the identity of the ve-

hicle. i.e. of the identification number is done by

cutting off a piece of metal on which the original
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identification number is imprinted and after that a
piece with the same dimensions is inserted and
welded, from a same make and type of vehicle, and
in most cases, a piece with originally imprinted
number. In this case, with an additional mechanical
treatment the welded joint is well conceived in or-
der to make it impossible to be discovered.

In the following example of imprinted vehicle
identification number of PMV Opel Vectra (Fig.
12), after the treatment exactly such case was dis-
covered. The closed contour of the welded joint
(Fig. 13) shows that the existing identification
number WO0L000036T1094445 is placed on a
piece that has been additionally inserted and
welded after the removal of the originally im-
printed number.

Fig 13. Closed contour of the welded joint around
the VIN number

In some cases, the reagent for restitution of
the removed numbers can also be used to find out
well hidden contour of the welded joint (Fig. 14).

What is characteristic about these cases (at
least most of them) is that the identification num-
ber itself, i.e. its features (form, dimensions of the
elements, method of imprinting) completely match
those imprinted in the factory (meaning they are
originally made). In such cases, having in mind the
inability to retrieve the removed original identifica-
tion number, other, alternative possibilities for
identification that are offered by every producer,
must be applied (identification numbers on certain

Fig. 14. Closed contour of welded joint around
the VIN number
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structures, production number, hidden, secret la-
bels with identification characteristics, etc).

2.3. Change of the identification number
by altering some of the elements of the number

Sometimes in practice there are cases when
the change of the identity of the vehicle is forcibly
done with the individual change of only one or two
of the existing elements of the originally imprinted
identification number. Usually in order to make the
recognition of the changes less possible, the exist-
ing elements (numbers and letters) are altered into
elements with a similar form.

For example: 3 and 8, 5 and 6, B and E, E
and F, etc.

Hence, the most part of the identification
number remains in iits original (factory) shape, and
this of course makes it difficult to determine the
change of the identity of the vehicle.

Such an example can be seen on Figures 15 and
16. In this concrete case there has been a change of
the original element 3 into the existing element 8.

2.4. Additional insertion of a piece with imprinted
number (without previously removing the existing
original number)

At the end of this part, in which we gave a
short review of the possible methods of change of
the original identification numbers of the motor
vehicles, it should be mentioned that there are also
cases where simple welding, sticking (or other way

Fig. 16. Original element 3 under the existing
element 8

of fixing) of metal piece with the imprinted num-
ber, without even removing the original identifica-
tion number.

Namely, the existing identification number
WVWZZ737YP297774 of the PMV Volkswagen
type Passat (Fig. 17) is imprinted on a metal plate
that has been additionally inserted and fixed (at-
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tached) on the position of the originally imprinted
identification number.

Fig. 17. VIN number of vehicle VW Passat

The additionally inserted plate, together with
the unremoved originally imprinted identification
number, are shown on Figure 18.

Fig. 18. Originally printed VIN number together
with additionally inserted plate

3. CONCLUSIONS

From the many years' practice in the field of
identification of motor vehicles, we can say that of
all the methods for changing the identification
numbers that were elaborated earlier in the text, the
most common one is the method of mechanical
removal (scrapping) of the originally imprinted
number, that should bear the changed identity of
the vehicle.

However, having in mind the skilfulness
which is applied in making those amendments of
the identification numbers, in most cases the tech-
nical treatment and restitution prove successful and
they result in determining the removed — original
number; however we have to say that this method
(which is most widely used in our country) has
certain shortcomings.

Considering the technical treatment of the
foundation which should reveal the contours of the
elements of the removed number, such as removal
of the colour, scrapping and the treatment with the
chemical reagent (with abrasive characteristics), it
is a question of a destructive method which leads
to lasting damaging of the metal foundation.
Therefore, in order to overcome such a situation, in
the process of restitution of the removed numbers,
all over the world, new methods and techniques are

being developed for improvement of the expert
opinion.

One such a technical device produced by the
company “Regula” LTD is the set for identification
of the identity numbers of the motor vehicles ap-
plying the method for magnetic and optical visu-
alization. The manufacturer of this device,
“Regula” LTD, is a scientific and industrial com-
pany, seated in Minsk, Belarus, formed in 1992 by
a group of engineers from the Belarusian State
Polytechnic University.

The method of examination of this device (as
shown on the Figure 19) is completely non-
destructive, that is, it does not cause any damage
on the examined vehicle.

Fig. 19. Regula LTD

Besides the possibility for restitution, this
technical device contains a complete laboratory for
examining disputable documents and other security
papers, new generation of passport readers, etc.
This device is designed for examination of motor
vehicles for the following purposes:

— Identification of the auhtencity (genuine-
ness) of the identification number,

— Restitution of the original numbers in case
they are damaged (unrecognisable) due to corro-
sion, layer of gloss, paint over the number, etc.,

— Restitution of the original numbers in case it
is determined that they have been changed
(forged),

Determining the technology used in changing
the identification numbers.

The identification of the motor vehicles as a
whole, including the procedure for restitution of
the imprinted (then removed) numbers, still repre-
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sents a very complex problem that requires both
experience and knowledge. As described in this
short text and in the examples, having in mind the
destructiveness of the abovementioned methods,
this experience is decisive first of all in the phase
when it needs to be determined whether there are
enough indicators that such a treatment should be
applied on the identification number, and thus to
cause inevitable damages.

It is not a small number of cases when, apart
from the appropriate and detailed treatment of the
position, we did not succeed in restitution of the
removed numbers, although we were certain that
the number was changed. In such cases the knowl-
edge and experience come forward, and the con-
centration is focused on series of other parameters
that could additionally help in the decision whether
the vehicle has its original identity or not and then
to begin to determine its genuine identity.

The producers themselves adopt procedures
that assist the experts in their efforts to identify the
motor vehicles.

Consequently, some producers imprint the
identification number on several positions (some
VOLKSWAGEN models already have two im-
printed numbers).Some producers offer the possi-
bility to read the identification number of the vehi-
cle directly from the display of the instrument
panel. Many producers, besides the imprinted iden-

tification number and identification plate (that
must be accessible for control) have other "hidden"
identification characteristics that serve as a base to
identify the vehicle (and which, of course, are
available only for the experts that deal with the
problem of vehicle identification).

However, as a general conclusion from a
many years' experience in identification of the mo-
tor vehicles, the following can be said: if the
change has been made in the identification number
of the vehicle regardless of the method applied, the
detailed and thorough treatment must result in re-
vealing the changes. This is because there is no
technical treatment that would result in "ideal" re-
trieval of the treated surface in its original state.
The only question that remains is whether we
should be able to find out the removed VIN num-
ber of the vehicle in order to determine it's origi-
nally identity.
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Abstract: Product development is a complex and
important phase of an overall creative chain of new prod-
uct development. University education has big problems in
making quality personnel who will give solutions to all
challenges meet in the practice. Industry will confront
more and more with the absence of quality personnel and
will require from the university to educate personnel who
will be able to respond to the today and future challenges.

In order to improve this situation for young engi-
neers who work in the companies, it is required for engi-
neering education to improve the key qualification during
studies.

In the framework of the KaLeP (the Karlsruhe edu-
cation model for product development) educational model
and its use in the higher education, an example of imple-
mentation of the integrated product development (IP) at
the Faculty of Mechanical Engineering in Nis is presented
it’s achieved through the training of young engineers to
implement KaleP for product development in regional
industries.

Key words: KaLeP educational model; product development

1. INTRODUCTION

He base of the Kal.eP educational model is
product development understanding. Product de-
velopment is a process oriented towards integrated
planning and prototype realization of new technical
solution: it begins from assessment of the product
profile, concept development and design of the
technical system, and continues with the building
of prototype and assessment of its validity during
the testing. Art and science of product develop-
ment introduce methods, processes, management,
design of elements and subassemblies, with aim to
create new technical solution. Product develop-
ment is absolutely one of the most important fields
of initiative and innovation performances which
elevate to a successful company. The engineers
must have high knowledge for processes, commu-

nication ability and high potential for ideas realiza-
tion. The factor of success is not the methodology,
management or information technology, but just
the human idea of an individual in the team. Mar-
kets require increasing of engineer innovation per-
formances and human idea which will be in the
center of product development [1].

The engineers have to be team players, to be
skillful in the technique with their knowledge, able
in the business management, have to be prompt for
bringing decisions and their implementation. Con-
sidering these problems A. Albers [1,5,6] from the
university in Karlsruhe, Institute for Product De-
velopment (IPEK) in 1999 developed the KaleP
educational model.

2. KALEP EDUCATIONAL MODEL
FOR PRODUCT DEVELOPMENT

The aim of the KaL.eP educational model is to
introduce occupants in product development in the
engineering education. The KalLeP model com-
prises three approaches in giving knowledge in
practical form: through lectures, practice/work-
shops and project work. These three approaches
allow effective learning of theoretical problems
through lectures, demonstration of their application
through examples and practical work in workshops
and intensive practice at realistic work environ-
ment (project work). Figure 1 shows these three
approaches for gaining knowledge [1].

THE KARLSRUHE EDUCATION MODEL KalLeP
Education Environment

Key qualification

Lecture
Exercise course

Fig 1. Three approaches of KaLeP [1]

Creation of realistic
Environment

Integrated
Project work
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KaLeP has three educational phases in train-
ing engineers. The first phase starts in the second
semester in courses “Mechanical Engineering 1, 2,
3”, the second phase begins in the sixth semester in
the course: “Methods for Product Design” and the
third and last phase with a goal for student spe-
cialization for the product design is in the course:
Product Integration Development in the ninth se-
mester. The three educational phases are character-
ized with their focus on important fields in product
development with specific knowledge in: system,
method and processes (Fig. 2) [1].

The core of the KalLeP model is the main
course “Integrated Product Development”, e.g. the
third educational phase from engineering educa-
tion. In the period of four months, 25 students in
four teams realize independently product develop-
ment. With use of literature, with help of the lec-
tures, with direct contribution of specialized per-

sonnel from the industry and workshops the stu-
dents develop a product for a company.

Systems
MKL

Education 7
Bl

Key qualfication i h'.gh | [

medium

extreme high

= Team work
= Self organization
Communication

= methodological skills
« Creativity techniques

Team leading

Key Team development
qualification « Project
Elaboration potential management
content = Presenlation

techniques

Number | 800students || 400 students 30 students
Fig. 2. Three elements of education: system, methods

and process [1]

In Figure 3 a flowchart of organization of
teams and their ambience is shown.

Management
project management

A 4 A 4
Technology coach

Innovation coach

A 4
Method coach

i i

Technology

Development
partner

Product innovation

-

i

Product development center

Fig 3. IP — Structure of the project [1]

Lectures for IP are oriented towards a specific
goal, to help the students understand the theoretical
procedures of the development process. In addition
to the lectures, an important stage is the practical
work, workshops and the continuous contact with the
company for which the product is being developed.
The acquired knowledge from the lectures, practi-
cal methods and from the workshops, are better
applied in product development to be realized [1].

3. APPLICATION OF THE KALEP MODEL IN
EDUCATIONAL PROCESS OF THE FACULTY
OF MECHANICAL ENGINEERING IN NIS

At the beginning of the project in collabora-
tion with a company the project task was defined
and students were separated in four teams. On the
base from results from testing, teams were com-
posed. The testing was at the project beginning.
Each team had equipment with computers for all

Mech. Eng. Sci. J., 28 (2), 77-87 (2009)
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team members. The teams had access to all infor-
mation resources of the Center for Product Devel-
opment at the Faculty of Mechanical Engineering
in Nis.

Four student teams developed a project with
the help of the professors, industry professionals

and the results from the project were presented to
the project partner and the company management
on dates specified for presentations.

During the project, three presentations and
one final presentation were realized (see Figure 4).

Tazk Mame

[oct'o

Feh '09

[Sep'08 ot 08 [Nov 0B |Dec 08 [Jan'09
17 7 [z a5 [2[m[mw[2]almwlamlal7ra[n]ala[na]zs1 sz

Praject start

Research of market and technalogy state
Presentation of market and technology state
Defining product profile

Presertation of product profile

Defining concept

Pre=entation of product concept

Design and development

Final presentation

Fig 4. Project plan

The first phase from the project was research
of the market situation and the available technol-
ogy which resulted in the first presentation of
situation on the market and current situation. The
second phase of the project was defining product
profiles. The third phase of the project was devel-
oping product concepts. The last phase was com-
pletely product development. The teams had differ-
rent tasks for product development, two teams de-
veloped such as a products: two-stage pipe turbine
and a solar tower, for the company Amiga Kraljevo,
and two teams developed products: such as an
automatic machine for armature bending and cut-
ting and an automatic machine for armature straig-
htening and cutting, for the company Profit Nis.

At the beginning of the project, the project
tasks were defined in corporation with two compa-
nies interested in development of specific products
and the students were separated in four teams. The
teams were formed based on the results of testing
organized at the beginning of the project.

Start of Determination of Development Detailed product
project product profiles of concepts development

4. INTEGRATED PRODUCT DEVELOPMENT

Integrated product development (IP) can be
defined in the following way: IP is a systematic
approach in development of high quality, market
competing, efficient products or services across
integrate application of overall and multidiscipli-
nary methods, processes and organization forms, as
well as manually and computer promote tools, with
minimum but enduringly useful production factors
and resources [2].

IP comprises fields of product development
process, from product life cycle, way of thinking
and work with people, team work, overall organi-
zation methods, innovation technology, also vari-
cose shape of communication and information. IP
comprises many steps from idea and identification
of market requirements to making and product
launch on the market [2].

As shown on the figure 5, IP consists of the
following phases: start of project, determination of
product profiles, development of concepts, detail
of product development and prototype realization
for the project task.

Prototype
realization

S—

——

Realization phase in the educational frame

7\ )

Realization phase in the company

Fig S. Phases in IP
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4.1. Project task definition and project start

Armature production and sale which used in
the construction is in slight increase everyday. The
market requirements for large quantities of arma-
ture provoked the requirement to develop a new
and totally automatic machine for big production.

The task is defined directly from the require-
ments of the company Profit Nis and its strategy
for further development of the company in the con-
struction field, e.g. production of short armature
bended forms, long armature bended forms and
straight armature.

4.2. Research of the current situation
on the market

With aim to estimate objectively the market
situation, two researches were conducted from the
aspect of:

— products which are made on the automatic
machine

— technological solutions that exist today

To define the capacity of the automatic ma-
chine we had to determine the consumption of
short armature frames in the region. For that aim
we made three questionaires:

— questionnaire for the storehouses that sell
armature,

— questionnaire for the Chamber of Com-
merce,

— questionnaire for the construction institute
of R. Serbia.

The results gathered with these three different
methods were very similar, what give us confirma-
tion that the results are realistic (see Figure 6).

MNumber of the Armature
Tata from the Average sale of storehouse in

constriction armature R. Serbia
material I 105 tons/year x 330 storehouses = 34 650 tonslyear

Consumption

Armature
consumption in 1 m? Armature
Data from the R. Serbia huilding Consumption

Institute of Construction 1323073m2 x 0.035 tons/im?2 = 34 730 (onslyear

Tatal building in

Armature
Consumption
43712 tonsigod

Data from the

Chamber of commerce

Fig. 6. The quantities of armature consumption got
from the questionnaires base

From realized questionry, we established that
20 % from armature to sell in straighten form and
80 % to sell in bend form in each shape such as
short bended forms and other warped shapes.

From the data collected with the market re-
search the armature consumption distribution for
R. Serbia for 2007 and the Nis region for 2007 is
made as shown in the figures 7 and 8.

Ostal Grad Beograd
o #1%
Madvanski JuZnobanatski

29% 2%

Pomoravski /  Branicevski NiSavski
4% 3% 6%

Fig 7. Assessment of armature consumption
for the R. Serbia for 2007

Dolievac_ Merosina
0% 4%

Razanj
1%
Gadzin Han

1% Svrlig
Aleksinac 2%

8%

Ni§ - Mediana
56%

Ni§ - Crveni Krst
5%

Ni$ - Pantalej
%

Ni§ - Palilula
15% o )
Ni$ - NiSka banja

1%

Fig. 8. Assessment of armature consumption
for the Nis region for 2007

With results of the market research we were
able to find the distribution of the existing mecha-
nization that exist at the warehouses in R. Serbia
which are used for armature production. The as-
sessment is shown in Figure 9.

Have hand
machine for Have semi automatic machine for

armature bending armature bending
Have automatic line
20% I_. for armature
straightening and

39%
i 4% bending

Don't have machine for
23% =—> armature straightening and

14% bending

Have machine only for
armature straightening

Fig. 9. Assessment of the distribution of different types of
mechanization available at warechouses in R. Serbia

The market research of the existing technical
solution helped to determine some features of the
existing machines that is not adequate in correla-
tion with the demands on this market. The existing
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machines are mainly expensive, have big machine
universality which means making of bend form in
different shapes and underused possibilities of the
machine, for machine control high specialized per-
sonnel, is needed the machine has a waste etc.

The results from the market research and
analysis of the company give the following conclu-
sions:

— the automatic machines on the market are
much expensive,

— the machinery on the market has high uni-
versality,

— most of the time is spent for production of
short rectangle forms,

— dominant product of the market is short
bend armature forms,

— specialized machines for production of short
rectangle forms do not exist in the region,

— capacity of specialized machine needs to be
1.3 tons/day to satisfy the Nis region,

— in correlation with company management
we decided to use the existing machine for arma-
ture straightening,

— we can make the line system from the exist-
ing armature straightening, the new cutting ma-
chine and the bending machine.

4.3. Definition of the product profile and selection
of the product profile

The company Profit Nis has machines for bar
armature straightening and also has two manual
machines for armature bending. We will make five
profiles from the existing machines and additional
new machines. We know that the company task is
production of short armature bended forms, long
armature bended forms and straight armature.

On the base of the market analysis five prod-
uct profiles were determined.. The profiles are the
following:

Product profile 1:

— Develop a new system which is composed
from the machine for bar and rebar armature
straightening and the machine for bending of short
forms. The system has line processing. It is shown
on the first flowchart in figure 10.

— Two existing manual bending machines to
be used for bending of long bend forms. It is
shown on the second flowchart in Figure 10.

— The existing machine for straightening will
be used only for bar straightening. It is shown on
the third flowchart in Figure 10.

Mauu. unnc. nayu. ciiuc., 28 (2), 77-87 (2009)
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Fig 10. Product profile 1

Product profile 2:

— Develop a new system which is composed
from the machine for bar and rebar armature
straightening and the machine for bending of short
forms. The system has line processing. It is shown
on the first flowchart in Figure 11.

— From two existing manual bending ma-
chines we will make a machine only for long bend
forms. It is shown on the second flowchart in Fig-
ure 11.

— The existing machine for straightening will
be used only for bar straightening. It is shown on
the third flowchart in Figure 11.

Input material _.| Straightening Bending

Cutting }_. Final product
REBARBAR Stralghtened bar

Shart bent farm

Input material Bending Final product
—— REBARBAR | 02 Cther warped shapes
Input material N
fobd B Firal product
Straighte Catt
Bl Straightenzd bar

Fig. 11. Product profile 2

Product profile 3:

— Develop a highly productive automatic ma-
chine for straightening, bending and cutting of bar
and rebar armature for all armature shapes. It is
shown on the first flowchart in Figure 12.

— The existing machine for straightening will
be used only for bar straightening. It is shown on
the second flowchart in Figure 12.
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Fig. 12. Product profile 3
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Product profile 4:

— Develop a highly productive automatic ma-
chine for straightening, bending and cutting of bar
and rebar armature only for long bend forms. It is
shown on the first flowchart in Figure 13.

— Using of the existing straightening machine
and two manual bending machines for short bent
forms. It is shown on the second flowchart in Fig-
ure 13.

— Develop a new machine only for bending of
short bent forms with small capacity. It is shown
on the third flowchart in Figure 13.

Final product

Input material — ;
H Other warped shepes

Input meterial Fi

P inal product

BAR Straightensd bar

Input material " Fingl

Hend product
—— REBARIBAR S Shor bert form
Input material

Bending Final product
___ REBARBAR - e Short bent form

Fig. 13. Product profile 4.

Product profile 5:

— Develop a combined machine which will
contain the old bar straightening machine and the
additional new machine for bending of short forms,
which needs to run 10 hours per day to fulfill its

Profil 1 Profil 2

Pofieice  P=11 888 Prfi price

s Mat profit for 1year

capacity. It is shown on the first flowchart in Fig-
ure 14.

— Develop a highly productive automatic ma-
chine for bar and rebar armature straightening.

— Two existing manual bending machines to
be used for bending of long bend forms. It is
shown on the third flowchart in Figure 14.

Shart bert form

Input materisl Straighte - - :
-

Inpout materisl X Final product
Straightenin Cutt
REBARBAR Straightened bar

Input matesisl Bending Final procuct
— REBARBAR [* 02 Other warped shepes

Fig. 14. Product profile 5

The presented profiles were further assessed
based on five criteria such as: profile price, waste
generated, net profit per year, maintenance cost
and ergonomics. The results are presented at the
Figure 15 with a spider diagram. These results
were presented by the company management at the
second meeting. Although the third profile was
ranked as most effective, the company for which
the profile is developed decided to give highest
priority to the low cost which resulted in selection
of the third product profile to further developing.

Profil 3
P=13,79 Proie pie
N
ol N
Mt profit for 1year Waste " - |"-,\ “. Mt profit for 1year
S, 2 -, Bt

\. rd
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Wimste g \"\\\ Met profit for 1y\=_tar
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Met profit for 1year
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Fig 15. Assessment of the product profiles
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4.4. Development of concept and selection
of the best concept

In order to develop a concept of the new ma-
chine specialized for bending of short forms, we
analyzed the existing solutions and also developed
new innovative conceptual solutions.

Main sub functions of the system are deter-
mined to be the following: appointing of coil on
the entry part, straightening, cutting, bending and
storage. The conceptual solutions for sub functions
are given in the morphological matrix shown in the
figure 16. The used method of morphological ma-
trix is elaborated in literature [2], page 166.

Sub function Executors
1.1 1.2 1.3 1.4 1.5
Appointing of coil
on entry part
Straightening The straightening will be executed on the existing machine for armature straightening
3.2 33 3.4
I :'_1:_‘_- PRoFiLishpi
Cuttin 1‘ i Ei‘zi'ﬁé
g i Q >
4.3
Bending
5.2 53
LA \ ]
Storage %ﬁ[m [ ]{;s | ?\; 7
=y

Fig. 16. Morphological matrix

Combining the partial solutions given in the
morphological matrix we come to four variant
concepts for performing the main function of the
system. The concepts of combining different fields
of the morphological matrix for solving the sub
functions are shown in the Figure 17.

Partial functions Executions
Appointing of coil 1.1 1.2 1.3 14 15
on the entry part | | ) )
Straightening #Existi* mailine for straightening
\ 4
Cutting ‘& 32 \3;?\1?
Bending 4.1 . \/‘,
44 145
o
Storage 51 1 5.2 5.3 &~
L Y
+ v
V3 V4V2 V1

Fig 17. Various solutions - concepts
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Based on technical and economical criteria
(explained in detail in literature [2], page 225) the
conceptual solution V4 was determined as the most
promising solution for further development.

The conceptual solution V4 was proposed
by the project team at the third meeting before the
management of the company. In correlation be-
tween the team and management of the company,
the following constraints were proposed:

The armature straightening will be performed
on the existing machine,

The bending process will be for the range of
dimensions from 100x100 mm to 400x400 mm
rectangle forms and the armature diameter GA @6
and GA o8,

The number of workers for the machine is
limited to one worker,
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The investment limit is up to 25 000 €
The operations will be performed in a linear
process.
4.5 Detail product development and engineer-
ing
The structure of the linear system for pro-

duction of straightened bars and short bend forms
is given in figure 18.

exsting Sfraightened bars
machine Short bend forms

FINISHED PRODUCTS

Fig 18. Linear production process

4.5.1. Armature uncoiler system

The input module consists of three uncoilers
for holding armature coils. The three uncoilers ro-
tate around the main axis and around their own
axis which is the reason for having three uncoilers
to reduce the delay for change of armature coils.
When armature coil is spent, the next armature coil
is ready for processing and thus the delay in re-
spect to the system which has only one uncoiler.
The system with three uncoilers has the advantage
in respect to the system with one uncoiler, so there
is no delay for changing coils.

The armature from the uncoiler goes in the
system for straightening. This system already ex-
ists in the company.

The dimensioning of the uncoiler system is
determined on the base of the axial force caused by
the weight of the coils and their own weight and
also the radial force caused by pulling the opera-
tional rolls performed by the straightening unit.

Fig 19. Armatureof the uncoiler system

4.5.2. Armature cutting system

From the straightening system, the armature
goes to the cutting system.
The cutting system is composed from two

units: mechanical units and control system unit for
control cutting on the defined length.

The elements of this mechanical unit are
given in expanded view in the figure 20 (left) and
the complete system is shown in figure 20 (right).

Cutting is executed with the help of flying
knives. The system is started by the electromotor
(1). The power is transferred through the belt re-
ducer (2), gear box (3) and electromagnetic clutch
(4) to the gear couple (5) which consists of the
same gears with ratio 1. The system has also elec-
tromagnetic brakes (6). Driven pulley at the same
time is flywheel which accumulates kinetic energy
which is used for fast starting of the system when
the electromagnetic clutch is turned on. When elec-
tromagnetic clutch is turned off, the electromag-
netic brake is turned on for stopping the system.

This cutting system has a few advantages: the
cutting of armature without stopping of the rest
units, cutting at the defined length, low energy
consumption, the system is easy for maintenance.

The dimensioning of the cutting system is de-
termined on the base of the force needed for arma-
ture cutting.

Fig. 20. Armature cutting system

Mech. Eng. Sci. J., 28 (2), 77-87 (2009)
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4.5.3. Armature bending system

From the cutting system, the armature goes to
the bending system.

The production unit system for short armature
rectangle forms is shown in the Figure 21.

Input

Manipulator
storage

Bending tool
Base

Warehouse

Fig. 21. Bending tool

The machine is composed of the entry storage
for cut bars, automatic control system for counting
the bars and their range in vertical direction bars
introducing them in the directional unit, system for
feeding with bars, bending system, output manipu-
lator and storage for finished products.

From the entry storage, cut bars with proper
length pass though the automatic control system
which counts up to 10 bars with diameter of 8 and
range them in vertical directional unit. With help
of the pusher which consists of the system thre-
ad/thread spindle and positional sensors, the bars
come to the bending tool.

The bending tool bends the bars in four opera-
tions (Figure 22).

o e et o
I phase
II phase
IIT phase

IV phase =
L) )

b)

Fig 22. (a) Phases of short bent forming; (b) The first idea
of dimensional 3D view of the bending module
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This system differs from other systems on the
market which usually makes five operations for the
same bent form. Differences come from the possi-
bility proposes of the system to make two bents in
the last operation.

Typically for this tool is that it consists of a
needle roller bearing an outside fat wall ring which
is used to perform armature bending (see Figure
23). The design of this module is innovative and is
not found at the other machines on the market. A

system of channels provides lubrication for the
needle roller bearings. The structure of the com-
plete module for bending is shown in the Figure
24,

Fig. 24. Cross section of the bending module

To evaluate the performance of the system the
structural analysis in ANSYS V11 Workbench was
performed which proved that stress and deforma-
tion at structural parts are below the limits. The
deformed situation of the bending tool is shown in
the Figure 25.
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Fig 25. Deformation state of the bending tool

5. ECONOMIC ANALYSIS

Economical analysis was made to evaluate the
profit at time span of three years. For this analysis
in the calculation we get the total profit, costs and
net profit (see Figure 26 and Table 1).

The price for overall system is also calcu-
lated.

Economic profitable

151200 €
160000 ¢

140000

120000

100000
80000 53809€
60000
40000
20000 n

o] . . -

Total profit Costs MNet profit

78288 €

Fig. 26. Economic profit of the overall system

Table 1

Cost of the automatic machine (€)

Uncoiler Cutting tool Bending tool Automation Total

1900 3470 9100 10 000 24 470

By comparing the price for overall system of
24470 € and the net profit for three years of 53 800
€, we can conclude the production system for ar-
mature bending pay off for 1,5 years.

6. CONCLUSION

The overall analysis performed the first phase
of the project indicated the need for a highly spe-
cialized machine for production of short bend
forms with a rectangle shape. The product devel-
opment process resulted in an innovative design of
modules of the bending machine, integration of
operations and increasing of the throughput. de-
tecting the ability of reducing one the ability of
reduced one working operation, because competi-
tion machines process execute in 5 working opera-
tions, where as with our machine it is executed
with 4 operations. The developed machine special-
ized for bending short armature forms can bent
simultaneously up to 10, and reduces the waste to
the minimum (practically zero).

In this paper an application of the integrated
product development process in accordance to the
KaLeP model developed at the University in
Karlsruhe, is presented. The practical example was
defined in corporation with the Faculty of Me-
chanical Engineering in Nis and the regional indus-
tries in Serbia. The experience got from the use of
the KaLeP educational model is of big importance
for the young engineers of the development thing.
The KaleP educational model is proven as a valu-
able method for successful education and training
of young engineers in the area of product devel-
opment. The industry evaluated high the results of
the project especially in the systematic improve-
ment of capabilities of the engineers.
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Pa3Bojor Ha HpoW3BOA € €JHA KOMIUIEKCHA M BaXKHA
Gbaza ol LEJIOKyIHAaTa KpeaTHBHA BEpUra Ha CO3JAaBAabETO HA
HOB TIPOM3BOA. YHHBEP3UTETCKOTO 00pa30BaHUE MMa IOJEMHU
MpoOJIeMH BO CO3aBAK-ETO HA KBAIUTETEH U CIOCOOEH Kaxap
KOj K& OJIrOBOPH Ha NPEAM3BUIUTE KO CE jaByBaaT BO IIPAK-
THuHarta pabora. HaycTpujaTa ce moBeke ce coodyBa CO He-
JIOCTHT Ha KBAJIUTETHO CIIocoOeH Kamap u Oapa oJ yHHBEp3U-
TETUTE J1a co3JajaT Kajap Koj ke OArOBOpU Ha JEHENIHUTE H
UJTHUTE NPEU3BHILIH.

Co wen 3a noo0OpyBame Ha OBaa CUTYyaLlja Ha MJIaIuTe
WHXHHEPH BO KOMITAHUHTE, TTIABHO Oapame 3a HHKHHEPCKOTO
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Bo oBoj tpyn onumian ¢ KaLeP (Karlsruhe o6paszosen
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KOj ce peanm3upaiie BO paMKUTe Ha MaIuHCKHOT (akynrer
BO Humi, 1 rosemuTe ycriecu mTo I MMaaT MIIaJuTe HHKEeHe-
pu npu npumeHara Ha KaLeP mMoznenor 3a pa3Boj Ha IpoU3BOX
BO KOMITaHHUTE.



Mechanical Engineering — Scientific Journal, Vol. 28, No. 2, pp. 89-94 (2009)

CODEN: MINSC5 - 411
Received: November 12, 2009
Accepted: December 11, 2009

ISSN 1857-5293
UDK: 529.3.007 : 62-523.8

Original scientific paper

DEVELOPMENT OF AIR SPRING DYNAMIC MODEL FOR VEHICLE SUSPENSION

Viktor Gavriloski, Emilija Vetadzokoska, Nake Babamov, Jovana Jovanova

SS Cyril and Methodius University, Faculty of Mechanical Engineering,
P.O Box 464, MK-1001 Skopje, Republic of Macedonia
gviktor@mf.edu.mk // ema@mf.edu.mk // nik@mf.edu.mk // jovana@mf.edu.mk

A bstract: This Air springs are well-known for their
low transmissibility coefficients and their ability to vary load
capacities easily by changing only the gas pressure within the
springs. Air springs can be used for a mechatronic approach in
suspension design because of their ability to provide a con-
trolled variable spring rate and they offer simple and inexpen-
sive automatic levelling. Air spring dynamic model with fre-
quency dependent characteristics has been developed for the
purpose of this research. The mathematical model enables ap-
plication of the model in simulation without many experimen-
tally obtained parameters. Frequency dependence of the stiff-
ness characteristic implemented in the new model is the main
difference between the classical models and the new dynamic
model. The verification of the dynamic air spring model is
done by an experiment. The experimental results and results
obtained by simulation in Matlab/Simulink are compared.

Key words: air spring, dynamic model, vehicle suspend-
sion system, mechatronic

1. INTRODUCTION

One of the basic and most important systems
in a vehicle is the suspension system. The major
purpose of any vehicle suspension system is to iso-
late the body from road unevenness disturbances
and to maintain the contact between the road and
the wheel. Therefore, the suspension system is re-
sponsible for the ride quality and driving stability.
The design of a classical passive suspension system
is a compromise between these conflict demands.
However, the improvement in vertical vehicle dy-
namics is possible by developing an air spring sus-
pension system.

The air spring is mainly used in commercial
vehicles, but lately it is also used in higher classes
of passenger vehicles. The main advantages of the
air spring suspension system to the classical one
are:

Simple stiffness decreasing for obtaining soft
suspension for increased comfort and decreased
transfer of shocks;

Constant natural frequencies of the system for
the normal loading rank;

Constant suspension space between the sprung
and unsprung mass independent of load;
Regulation opportunity of the stiffness and
achieving an adaptive stiffness coefficient to the
conditions.

The given advantages give the reason for the
use of these systems in passenger vehicles. As main
disadvantages are the higher price, the higher main-
tenance costs and the possibility of mechanical
damages.

Despite the fact, that the air springs for pas-
senger cars are commercially available, there are
not enough researches devoted to their dynamic
characteristics. Quaglia and Sorly [3] discuss the
vehicular air suspensions from design aspects, but
not from a control viewpoint. The researches in this
area are mostly for commercial vehicles. In [2], a
detailed overview of the constructive characteristics
and the theoretical assumptions for the processes in
the air springs are given. There are also some re-
sults from experimental analyses.

Presthus [3] develops few dynamic air spring
models for rail vehicles. In his paper the nonlinear
mathematical air spring model is developed and the
results are compared with the experimental results.
But this paper can not be used for air springs in
passenger vehicles.

Therefore, a new dynamic model of an air
spring was developed. The new dynamic model
with frequency dependent characteristics was veri-
fied by experiment.
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2. AIR SPRING MODELING

The air spring system, figure 1, consists of an
air balloon (primary volume) connected to a reser-
voir (additional volume) by a pipeline system.
Since the stiffness of the air spring depends on the
total volume, with an electromagnetic valve the
additional volume can be included or excluded
from the system, and the stiffness can be changed.
When the system is disposed to vibrations, the gas
gets compressed or expanded, and the pressure be-
comes equal in the primary and the additional vol-
ume. Considering the dimensions and the construc-
tion of the pipeline there is a phase difference be-
tween the pressures in the two volumes.

>ro

Fig. 1. Air spring system
1. Air balloon; 2. Additional volume; 3. Electromagnetic valve;
4. Pipeline; 5.Compressor; 6. Levelling sensor

Modelling of an air spring is based on the ba-
sics of thermodynamics and fluid dynamics. Al-
though the process itself is quite complex, in the
literature the air springs are usually presented with
simplified equivalent mechanical models.

The modelling of an air spring, presented here,
does not take in consideration the levelling system
because these changes are very slow. Here the
mathematical models incorporate the stiffness and
the damping characteristics of the air spring.

Under the vibrations, the behaviour of the
compressed air within the air spring system is poly-
trophic. The minimal stiffness is when there is an
isothermal change of the gas state (for frequencies f
< 0.1 Hz), and the maximal stiffness is with adia-
batic state change (for frequencies >3 Hz).

Analyses of the vehicle vertical dynamics
show special interest around the frequency domain
from 0 to 20 Hz. Classical dynamic models, as well
as the manufacturer’s technical data are for very
low frequencies from 0 to 1 Hz. But the experimen-

tal analyses show nonlinear frequency dependence
of the mechanical characteristics of the air spring.
The change of the stiffness of the air spring is pre-
sent when there is an additional volume and it de-
pends on the size of the balloon, the volume of the
additional reservoir and the length and the diameter
of the pipeline connecting the two volumes.

The difference between the classical and the
new dynamic model is presented on the following
Figure 2. From the figure it can be concluded that
the classical model is only valid for low frequen-
cies.

10

= new dynamic model
—==classical model

Stiffness [N/m]
1

0 5 10 15 20 25
Frequency [Hz]

Fig.2. Comparison of classical and new dynamic model

2.1. Classical model of an air spring

The absolute pressure in the air spring and the
force coming from the elastic element are:

Po = P + Pat (1)

F,=(Po — Pat) A = P A 2

where [ is the absolute pressure in the air spring,
Pa is the pressure of the atmosphere, pg is the
measured pressure in the air spring, Ag is the effec-
tive area and F, is the vertical force.

The stiffness characteristic of the pneumatic
element can be determined from the equations
above:

e p _p WA dpy
+dzA*7pB dz+dzA€'

dF, dA,
c, = =Pg——
dz

fodz

3)

If the gas condition change is determined that
it is polytrophic, the following equation is valid:

pV" = const 4)

where n is the polytrophic coefficient.
The equation (I1.4) is differentiated:

Mech. Eng. Sci. J., 28 (2), 89-94 (2009)



Devel opment of air spring dynamic model for vehicle suspension 91

dier%Vn =0

d
il Vn — Vn—l
S (PV")= Pyt T -

From the equations above, follows that:

2
C, :%+ pB%:CZI +C,
Vv dz (6)
The equivalent mechanical model according to
the classical approach is presented in Figure 3, con-

sisting of 2 springs with stiffness ¢z and cz.

sz/%/( Cz
=

Fig.3. Classical model

2.2. New dynamic model of an air spring

To derive the new mathematical model of the
air spring and to determine the needed parameters,
a physical model of a simplified air spring is used.
The model of an air spring is shown in Figure 4.

In order to take in consideration the change in
the gas state in the two volumes, an approximation
has been introduced by implementing a mechanical
barrier (fictive piston) in the pipeline. The me-
chanical barrier is considered to be with neglected
mass, and equivalent fluid mass that is moving
through the pipeline is added to the barrier. This
approximation is justified because small amount of
fluid oscillates between the two volumes. The pis-
ton displacement is marked with the coordinate z
and the displacement of the fictive piston is marked
with the coordinate Z,.

F,
— =\ )
| zp p V
V R, VR
p87 B An:]
- ) -

Fig.4. Air spring physical model
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The piston displacement causes a pressure
change in the cylinder (balloon) and the additional
reservoir:

Ps = Py + AP
Pr = Py +APg (7

where: Py is the initial pressure, and A pg and
Apr are the pressure difference in the balloon and
the reservoir. After the displacement the new vol-
umes of the balloon and the reservoir are defined
with:
Vg =Vgo —2As +Z,A,

Ve =Veo — Z,A, ®

Where Ag is the effective area of the piston, A,
is the cross section area of the pipeline, and Vg and
Vo are the initial volumes of the balloon and the
reservoir. Since the gas state change is polytrophic,
the following equation is valid:

PV, = p,V, =const Q)

where n is the polytrophic coefficient.
Assumptions for small changes for the gas
state are made by using the following linearization:

(V+AV)' =V"+n-AV.V™! (10)

and the form of equations for the gas state change
is:

pnvaon = (pn +Apa)' B/Bon + n(7 ZAef + ZpAp)VBorH:I
PVen” = (P +APg)- V" (- 2,8, Ve, (11

After rearranging:

Am{ApBHJ.[n(—ZA\MMJ:O
Py Py Vi

ADR{ADBHM”(— ZpAp)]ZO
Po Po VRU (12)
Because of the relatively small growth of the

pressures in the balloon and the additional reservo-
ir, the following approximations have been made:

Apg «l Apg

o : Po
b

B0

<<1

With implementation of these approximations
in equation 12, the pressure change becomes:

n -z, A
Apg = P, (ZAer : p)
BO
nz A
A ~ P™ P
Pr = Py Ve, (13)
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From the force balance that acts on the piston
from the cylinder and from the motion equation of
the fiction piston, the following equations come
out:

Fz = &f Ps — &f Pa
o 5 2
mz, =(Aps —Apg)A, —by, A 2, (14)

where: py is the outside ambient pressure, by is the
coefficient for the pressure fall from the flow resis-
tance in the pipeline, and the pressure fall is taken
in consideration with the quadratic change. The by,
reduced to the surface of the fictive piston A, gives
the damping coefficient b= bp, Ap.

By rearranging the expressions the following
equations are the result:

nA,’ nA, A
Aefz_pOAepr

p
Fz:(po_pal)Aef + :

Veo Veo P
mz, = P, NA; A, 7 ponAp~Z _ponAp~Z _b z?
Y, V; P v P Fp %P
B0 B0 RO (15)

The equivalent mechanical model that is im-
plemented is shown in Figure 5.

Fig.5. New dynamic model

To fit the equivalent model, equations (15)
need to be scaled for the fiction piston displacement
from the pipelines by scaling factor k;:

o [v +Vay le
Aé VRU
kz ponAef Ap _ kl p()nAef Ap
VBO VBU

(16)

The solution of this linear system of equations is:

_ ﬁ Vro
|
A, (Vso +VR())
k, =k

an

By replacing for the constants k; and ks:
Fz = Fs +ZCy+ (Z_ ZI)CZZ

Mz =(Z_ZI)C22_bz z12 (18)

where:
Fa :(po - pat)Aef .

b

o - PoNA Ve,
* VB() +VR0 VBU ;

2
c = Py N A,
1 Vg + Ve

b,=b AV M=m A Ve
b Ap (VB(] +VR0) . Ap (VBO +VR0)

In the presented dynamical model, the change
of the effective area is neglected, because for the air
spring the experiments were made for, this change
is very small. But for certain types of air springs,
this change cannot be neglected, so in the new
complete dynamic model a nonlinear spring was
implemented with stiffness Cx:

ba =P g (19)

In the new full dynamic model, friction force,
experimentally determined, could also be imple-
mented to enable a more precise definition of the
curve “force-displacement”. The force is consid-
ered to grow slowly till it reaches the maximum
value following the expression:

(20)

The value z, changes every time the direction
of the displacement changes, 2=0.

The new dynamic model of an air spring with
frequency dependent characteristics is shown in
Figure 6. The new full dynamic model consists of:
two linear springs C; and Cp, that represent the
stiffness of the spring; a non linear spring C5 that
describes the change of area due to deflection; a
mass M, a nonlinear viscous damper b, and a fric-
tion damper Fg which describe the inertia of the air
in the pipe between the air bag and auxiliary vol-
umes.

[7777777777777777777777777777777777777777777777777777

Fig. 6. New full dynamic model

Mech. Eng. Sci. J., 28 (2), 89-94 (2009)
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3. EXPERIMENTAL VERIFICATION

The verification of the dynamic air spring mo-
del is done by an experiment. Experimental results
and results obtained by simulation in Matlab/-
Simulink are compared, and a graphical representa-
tion of the results is given in Figure 7 and Figure 8.

_x10"
8
78k | Simulation-VIpl K
: =-= Simulation-V1p2 S
==- Measurement-Vlpl ,,/,.’
T | weeee Measurement-V1p2 s
— /‘-'.
£ 65 i
& e
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S
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= 5.5
»n
5.
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4 . . . .
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Frequency [Hz]

Fig. 7. Frequency dependent stiffness characteristics for
additional volume 1

The diagrams show that the simulation results
match the experimental results. This verifies the
new dynamic model for the air spring suspension
system.

4. CONCLUSIONS

Air springs are well-known for their low
transmissibility coefficients and their ability to vary
load capacities easily by changing only the gas
pressure within the springs.

This paper has outlined improvements of the
classical model with a new dynamic model of an air
spring with frequency dependent characteristics.

It is shown that connecting an additional vol-
ume to the air spring gives two values of the stiff-
ness property and the design parameters of the
surge pipe that connects two volumes influence the
frequency dependence of the stiffness properties.
The stiffness frequency dependence could enable
design of an air spring with lower stiffness for
lower frequencies and higher stiffness for higher
frequencies, which will improve road holding and
riding comfort at the frequencies near the sprung

Mech. Eng. Sai. J., 28 (2), 89-94 (2009)

Experimental results and simulation results in
Matlab/Simulink are obtained for two different ad-
ditional volumes and for two different pressures:

- Vro= 0.00094 m’, pz=302 kPa (labelled as V1pl1),
- Vro= 0.00094 m’, p=508 kPa (labelled as V1p2),
- Vro=0.0074 m’, pz=297 kPa (labelled as V2pl),
- Vro=0.0074 m®, pg=508 kPa (labelled as V2p2).

14
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12 K X4
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~~~~~
e

.

10 ¢

Stiffness [N/m]

—— Simulation-V2p1
=-= Simulation-V2p2

—=- Measurement-V2pl
----- Measurement-V2p2

0 .':': 1.0 1.5 2.0 25
Frequency [Hz]

Fig. 8. Frequency dependent stiffness characteristics for
additional volume 2

mass natural frequency. The proposed air spring
with additional volumes has two main benefits:
possibility for the vehicle level control and possibil-
ity for suspension stiffness control. With the design
of the surge pipe that connects the volumes a possi-
bility is given to tune the frequency range where the
additional volume is operating.
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K.]'Iy‘-IHPI 360p0B](I! MMHEBMATCKHU €JIaCTUYCH CIIEMEHT; TUHAMUYKUA MOJCII; CUCTEM 34 IOTIIUPpAE; MEXaTPOHMKA

Bo 0BOj Tpyn pa3BHEH € IUHAMHYKH MOJEN 3a
MTHEBMATCKU €JIaCTUYEH eJIEMEHT OJ CHUCTEM 3a MOTIH-
pame Ha BO3WIO cO ppeKPpeHTHA 3aBHCHOCT Ha KPYTOC-
Ha KapakTepucTHka. [[HeBMATCKUTE CIACTHYHH €JICMCH-
TH MOXeE Jla ce ynoTpebar 3a MeXaTpOHHIKH IPOCTAI BO
IU3ajH HAa CHCTEM Ha TOTHHpAamke Kaj BO3WIA MOpaad
HUBHAaTa CHOCOOHOCT Ja OBO3MOXKAT ypaBYBauKH
KOC(UIMCHT Ha NPUTYITyBakbe. MaTeMaTHYKUTO MOJEIT
OBO3MOXKYBa ymorpeba Ha MOJCIOT BO CUMYJaluu 0e3

MHOT'Y eKCTIEPIMEHTAITHO JOOMEHH MapaMeTpH.

®pekdeHTHaTa 3aBUCHOCT Ha KPYTOCHA KapakTe-
PHUCTHKA BHECEHAa BO HOBHOT MOJICI € TJIaBHATA Pa3JInKa
Mery KJIaCUYHHOT M HOBHOT JAWHAMHUYKK Mojen. Bepwu-
¢ukanujata Ha AMHAMAYKHOT MOJIEJ HAa MHEBMATCKH
eJIaCTHUYECH eJIEMEHT € HalpaBeHa Co eKcrepuMeHT. Exc-
MEepUMEHTAIHUTE PE3YJITATH U Pe3yNITaTuTe JOOUEHH CO
cumynaiyja Bo Matlab/Simulink ce criopenenu.
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A bstract The am of this paper is to simulate the
sloshing phenomenon using OpenFOAM CFD software pack-
age. The present paper treats a 2D numerical simulation of a
partidly filled tank that is located on a LNG carrier. Experi-
ments were done on a rectangular tank excited with different
excitation periods and amplitudes and the pressure was meas-
ured at certain locations on the tank walls. The goa of this
research is to compare the experimental data for the pressure
with the pressure results obtained with the CFD software. It is
shown that the obtained results match well with the experi-
mental data.

Key words: Sloshing, rectangular tank, numerical calculation,
OpenFOAM

1. INTRODUCTION

The doshing phenomenon can be defined as a
violent behavior of a fluid inside partially filled
tanks. This phenomenon is of a great interest in
marine, automobile and space industry. It is known
that partially filled tanks are prone to violent slosh-
ing under certain motions. The large liquid move-
ment creates highly localized impact pressures on
tank walls which may cause structural damage and
affect the stability of the vehicle which carries the
tank. The impact pressure, in general, depends on
the nature, amplitude and frequency of the tank
motion, liquid filling ratio, liquid properties and
tank geometry. When the frequency of the tank
motion is close to the natural frequency of the lig-
uid inside the tank, large impact pressures can be
expected.

The doshing problem has been to a great ex-
tent investigated in the last 50 years. The first at-
tempts were based on mechanica models of the
phenomenon by adjusting terms in the harmonic
equation of motion. These types of techniques are
used when time-efficient and not very accurate
results are needed.

The second series of investigations solves a
potential flow problem with a very sophisticated
treatment of the free-surface boundary conditions
that extends the classica linear wave theory by
performing a multimodal analysis of the free-
surface behavior. This approach is very time effi-
cient and accurate for specific applications but it
cannot handle overturning waves and neither is it
clear how it could resolve the flow for generic ge-
ometries and baffled tanks.

The third group of methods solves the nonlin-
ear shallow water egquations with the use of differ-
ent techniques.

The fourth group of techniques used to deal
with highly nonlinear free-surface problems is
aimed at solving numerically the incompressible
Navier—Stokes equations. One can solve the nonli-
near potential flow problem with afinite difference
method in a 2-D tank that is subjected to horizontal
and vertical motion. The results are very good but
this approach suffers from similar shortcomings to
the multimodal method. Also, one can solve the
complete problem by using a finite difference
scheme and a VOF formulation for tracking the
free-surface with very promising results. [1]

2. THEORETICAL BACKGROUND

Sloshing phenomena in moving rectangular
tanks can usually be described by considering two-
dimensional fluid flow. The difficulty of describ-
ing and obtaining the exact solutions to the prob-
lem of liquid sloshing is simplified by making sev-
eral assumptions concerning the nature of the fluid
and the type of the flow:

e incompressible fluid
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e jrrotational flow
e N0 sources or sinks.

The above mentioned assumptions allow clas-
sical potential flow theory to be used. According

to this theory, the velocity ¥ can be expressed as a
gradient of avelocity potential:

Vg=V (1)

The mass conservation law (the continuity of
the fluid) is given by:

VV =0 )

The condition that must be satisfied in the
fluid domain is represented by the equation:

V2p=0 ©)

The linearized form of the Bernoulli’s energy
equation for the free surface is given by the follow-
ing expression:

o p

—+—+gz=0 4
o, gz (4)

where only the gravitational force has been
taken into account as important body force. From
the last equation, the pressure can be expressed as:

__, (%
p= p( 5 gZJ ©)

Boundary conditions

In order to solve the problem, two boundary
conditions can be introduced: boundary condition
on the free surface of the liquid and boundary con-
dition on the tank walls. The free surface boundary
condition is given by the following equation:

2
90,49 o for o=t (6)
o2 oz 2

where z = h/ 2 represents the free surface of the
liquid in the tank. This condition states that the

pressure at the liquid free surface is equal to the
static pressure of the gas above the liquid.

The boundary condition on the tank walls
states that the liquid velocity, perpendicular to the
tank walls, must be equal to the velocity of the
tank. This condition is represented by:

9 _y
on

Equations (3), (6) and (7) represent the
Boundary Vaue Problem which has to be solved
based on the motion of the tank. [2]

(7)

The most violent behavior of the liquid can be
expected when the natural frequency of the liquid
and the frequency of the tank motion are equal.
The natural frequency of the liquid can be calcu-
lated as follows:

w=x(2n-1)g/a)tanh[z(2n-1)n/a)] (8)

3. EXPERIMENTS

The experiments have been performed on a
rectangulars tank [1]. The dimensions of the tank
are: length 900 mm, height 508 mm and breadth 62
mm which is actually quasi 3D. The tank is sub-
jected to a harmonic rolling motion with amplitude
of 4 degrees. The rotating axis, as shown on Fig.1,
is located on the centerline at 184 mm from the
bottom line of the tank (point O). Three different
experiments have been performed, concerning the
fluid height in the tank and the excitation frequen-
cies of the tank (Tab. 1). For case A, the fluid
height is 93 mm and the excitation period is 1.91
seconds which is equal to the natural frequency of
the fluid (resonant period). For the second case,
case B, the fluid height in the tank is 222 mm and
the excitation period is 1.32 seconds, which again
equals to the resonant period of the fluid in the
tank. The fluid height for case C is the same as
case B, 222 mm from the bottom line but the exci-
tation period is 1.19 seconds which is 90 percents
of the resonant period.

S ensor 2
508

7 *0
Sensor 1 184 222

+ *

Fig. 1. Tank geometry and position of the sensors

Table 1

Water levels and frequencies considered

Case Water Level Excitation period Angle Amplitude

(mm) ©
93 1.91
B 222 132
222 1.19 4

Mech. Eng. Sci. J., 28 (2), 95-99 (2009)
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The pressure is measured at different loca
tions which are aso shown on Fig. 1. For the first
case, the pressure is measured at the sensor loca-
tion 1 and for the cases B and C the sensor location
2 is considered. The pressure sensors used in the
experiments are BTE6000 — Flush Mount with a
500 mbar range.

4. OpenFOAM

OpenFOAM is free, open-source CFD code
[3], developed for solving problems in the field of
fluid mechanics. It has a wide range of pre-
described solvers. For the purpose of this paper,
interDyMFoam solver is selected. This is a specia
solver developed for solving sloshing problems. It
is based on a Reynolds Averaged Navier Stokes
(RANS) model with Volume of Fluid (VOF) sur-
face capturing method.

For the ssimulations, the cell dimensions are
10 mm X 10 mm X 10 mm so the computing do-
main has 27000 cells (Fig. 2). The viscosity and
the gravitational forces have been taken into ac-
count. The surface tension force has been ne-
glected. The initial time step for the calculation is
0.05 seconds. For solving the first time derivative
terms, Euler (first order, bounded, implicit) scheme
is used. For the divergence terms Gaussian discre-
tization is chosen with cubic interpolation of the
values. All other terms are solved using Gaussian
discretization with linear interpolation.

Fig. 2. The computational domain in OpenFOAM

For both the experiment and numerical calcu-
lation, the liquid in the tank is water with these
properties:

—density 998.2 kg/m®

— kinematic viscosity 1.004-10° m?/s
and the gas above the water in the tank is air with:

—density 1 kg/m®

— kinematic viscosity 1.48-10°° m’s.

Mauw. unnc. nayu. ciuc., 28 (2), 95-99 (2009)

5. COMPARISON OF THE EXPERIMENTAL
DATA AND CFD RESULTS

The obtained results and the comparison with
the experimental data are shown on Fig. 3to 5.

The experimental roll time history dightly
differs from the perfect sinusoidal law (at least in
the initial phase in which an infinite acceleration
would be needed to represent the exact sinusoidal
law). This is not considered during the numerical
simulation and exact sinusoida roll motion is ap-
plied to the numerical model.

The pressure time history for case A is given
on Fig. 3. In general, the first and second peaks of
the pressure are not captured correctly because the
experimental roll time history is not applied to the
numerical simulation. From the third peak and on,
the order of magnitude is captured correctly. An
example of kinematics capturing is presented on
Fig. 6, showing a good qualitative capturing of the
sloshing impact phenomena.

Case A Pressure - Time history

101600
OpenFOAM ——
101400 [ Experiment —
101200 T
101000 [ n ‘

i

100800 [

Pressure (Pa)

100600 I
100400 [\

| \‘ ‘h
100200 [ \ \ A { V
il L ‘ i ‘ 1

100000

99800
0
Time (s)

Fig. 3. Case A Pressure — Time history comparison

For case B, the pressure time history is shown
on Fig. 4. Here, we can see that the pressure peaks
are over predicted at the start of the simulation but
later the pressure is captured more accurately, even
still over predicted. The free surface capturing for
this caseis shown on Fig. 7.

Case B Pressure - time history

102500 OpenFOAM ——
Experiment —

102000

101500 | |l [ |
|
| [

IR

101000

Pressure (Pa)

100500

100000

99500
0 5 10 15 20 25 30 35 40

Time (s)

Fig.4. Case B Pressure — time history comparison
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For the case C (Fig. 5) it is interesting the
presence of beating type phenomenon with pres-
sure peaks of oscillating amplitude and not peri-
odic with the same value for each period. The beat-
ing type phenomenon is captured but the pressure
peaks are overestimated during the whole time his-
tory mainly due to numerical diffusion. Pressure
curve shapes are captured correctly with a sort of
secondary peak during excitation phase and a more
bell-shaped curve during the damping phase. The
experimental results show under-pressure after
each impact. This is because of the sensitivity of
the measuring equipment. The free surface captur-
ing isshown on Fig. 8.

Case C Pressure - time history

101000 OpenFOAM ——
Experiment —

100800

100600 [

100400

Pressure (Pa)

100200 [

100000

99800
0 5 10 15 20 25 30 35 40

Time (s)

Fig. 5. Case C Pressure — time history comparison

Fig. 6. Case A - free surface capturing

Fig. 7. Case B —free surface capturing

Fig. 8. Case C — free surface capturing

6. CONCLUSION

From the comparisons we can see that the
pressures predicted by the numerical calculation
are rather satisfactory in general, with a sufficient
correspondence with the experiments. The most
problematic case is the third case, where the beat-
ing phenomenon is captured but still the pressure
peaks are over predicted.

Improvements can be made with refining the
mesh and increasing the cell number. Here it is
important to mention that increasing the cell num-
ber leads to rapid increasing of the computational
time. Other remark we can mention, in order to
improve the results, is using different numerical
schemes and decreasing the time step of the simu-
lation, which again leads to increased CPU time. In
the foregoing cases, interDyMFoam solver was
used. This solver solves two — phase flow.

In future, in order to decrease the CPU time,
one — phase solver can be developed. Also, HPC
(High Performance Computer environment) can be
used (parallel processing) to decrease the computa-
tional efforts.

OpenFOAM is an idea platform for further
developments including automatic post-processing
of the results, calibration of other potential codes
and developing of coupled solver for seakeeping -
sloshing calculations.
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Peszume

HYMEPNYKA CUMYJAIINJA HA SAINIMCKYBAIBLE BO IIPABOATOJIHU PESEPBOAPU
CO ITAKETOT OpenFOAM CFD

®unmn Annpeckn’, 3opan Mapkos', L ouis Diebold?, Thomas Gazzola?

'Mawuncku paxyaitieiti, Yrnusepsuiteitu 6Ce. Kupua u Meitioduje,
. gpax 464, MK-1001 Ckoiije, Peiiy6.auxa MaxedoHuja
’Bureau Veritas, Marine Division, Research Department, Paris, France
fandreski @yahoo.com

LlenTa Ha 0BOj Tpyy € Aa ce cumyiaupa EeHOMEHOT
Ha 3aIUTNCKYBamkeTO KopucTejku ro codrBepckuotr CFD
maker OpenFOAM. Ilpuroa e m3BeneHa 2D Hymepmuka
cUMyJlallja Ha JEJIYMHO HaIlOJIHET pe3epBoap Koj WITO e
nonupaH Ha LNG Hocau. ExcnepuMeHTHTE ce U3BElCHH
Ha TIpaBoarojieH pe3epBoap Koj IITO ce mobyayBa co pas-
JINYHU TIEPUOMIM M aMIUTUTYAU Ha nmobyfa U Mpu Toa € u3-

Mauw. unnc. nayu. ciuc., 28 (2), 95-99 (2009)

BpUIEHO MEPEH-E HAa IPUTUCOKOT Ha ONpPEJENECHH JTOKAIUI
Ha SUJOBUTE Ha pe3epBoapoT. Llenra Ha oBa ucTpaxyBa-
BE € [la Ce CIopeflaT eKCNEPUMEHTAIHUTE NOAaTONH 3a
IIPUTUCOKOT KOj CE jaByBa IO PE3epPBOApOT CO pe3ylTa-
tute pobuenu npeky CFD cumymanunre. Ce mokaxysa
neka goOWeHuTe pe3yiTaTH J0OpO KOpecIoHAupaaT Cco
€KCIEpUMEHTATTHUTE MEPEHA.



