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0 INTRODUCTION

The guard-gate can be installed at the inlet
of the pressure tunnel, at the downstream end of
the surge tank or in the draft tube of the water
turbine [1], Figure 1. A hydraulic shape of the gate
and characteristics of the flow-passage system of
the power plant govern the magnitude of pressure
forces during the gate closure. Early experimental

investigations of the hydrodynamic behaviour of
gates have been carried out in the sixties [2] and
[3]. Two types of flow at the downstream end of
the gate have been observed: pressurized flow and
free surface flow. Flow conditions at the
downstream end of the gate may induce very low
pressures; there is increased danger of pipeline
collapse and large pressure oscillations. Air
admission at the downstream end of the gate

Fig. 1. Guard-gate

*Corr. Author’s Address: #�������7
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8��9�����!
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attenuates pressure oscillations [4]. Hydraulic
forces acting on the gate structure have been
carefully investigated [5] and [6]. The magnitude
of hydraulic forces is needed for design of the gate
body and hoist mechanism.

The paper deals with numerical flow
investigations of a vertical guard-gate at different
gate openings. Flow computations are performed by
standard numerical methods [7]. A three-dimensional
finite volume method (FVM) is used [8] and [9].
The FVM is a direct method i.e. the geometry of the
gate should be defined in advance. The
computational results are compared with results of
measurements in a hydraulically similar gate. The
measurements were performed at the Institute of
Hydraulic Research in Ljubljana. Validation study
includes comparison of flow characteristics i.e.
pressure on the gate structure. The accuracy and
robustness of the numerical model (selection of
appropriate turbulence model) are tested for a number
of operating regimes and conclusions about industrial
application of the model are drawn. This would reduce
costs for future laboratory testing. Hydraulic
characteristics of the gate are essential for optimum
design of the gate (body, areation pipe, hoist
mechanism) and prediction of operating regimes in
the hydropower plant flow-passage system [6].

1 COMPUTATIONAL MODEL

Water flow through channel with guard-gate
at fixed opening is cosidered as steady-state flow of
viscous incompressible fluid.  Flow is turbulent (Re
=

 
174

 
000) due to the large volume flowrate (Q = 44.7

l/s) and pipe diameter (D = 0.32
 
m). RANS (Reynolds

Averaged Navier-Stokes) k-ε  turbulent model with
wall functions [10] was used. Despite of some
deficencies, this model is known to be the most
applicable turbulent model for solving real
engineering problems  [11].

1.1 Governing equations

Water flow is governed by conservation laws
[10] and [12] for:
mass

(1)

momentum

(2)

turbulent kinetic energy (t.k.e.)

(3)

and dissipation of  t.k.e.

(4),

where: ρ – density, µ – dynamic (laminar) viscosity,
µ

t 
=

 
Cµ ρ 

k2/ε – turbulent viscosity, µ
ef
 = µ + µ

t
 –

effective viscosity, g – gravity acceleration, U – time
averaged velocity vector, k – turbulent kinetic energy,
ε – dissipation of  turbulent kinetic energy. Constants
of turbulent model are represented in Table 1.

Table 1. Constants of turbulent model

1.2 Discrete model

Geometric model, Figure 2, was built with
CFX-build pre-processor. Because CFX solver uses
blok-structured grids, the model is composed by 72
blocks (solids). Three different geometries were
considered:  30%, 70% and 100% openings.

Grid density is very important in the numerical
solution [13]. If it is too coarse (large control volumes)

( ) 0
�

+ � �
t

∂ ∇ ⋅
∂

U

( ) ( ) ( )( )( )T

ef� � � � �� � � �
t

∂ ∇ ⋅ ⊗ −∇ ∇ ⋅ ∇ ∇ −
∂

U U U U U g

( ) ( ) ( )( )Tt
ef

k

�
�� � � � � �� � � � � ��

t �

  ∂ ∇ ⋅ ∇ ⋅ ∇ ∇ ⋅ ∇ ∇ −   ∂   
U U U U

( ) ( ) ( )( )( ) 2

1 2

Tt
ef

�

� � �
�� � � � � �� � �	 � � 	 �

t � � �

  ∂ ∇ ⋅ ∇ ⋅ ∇ ∇ ⋅ ∇ ∇ −   ∂   
U U U U

	�
 	�
 	�
 ��
 ��


����� ����� ����� ����� �����

Fig. 2. Geometric model of guard-gate at 30% opening
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the solution wil not be accurate enough or iterations
will not converge at all. For very fine grid (small control
volumes) there is a drastically increase in computational
time, computer memory and disk space. So, the
compromising grid size has to be found. In our case,
the grid dependency study [9] is performed on the
model with 30% opening for three grid densities:
- coarse, Figure  3,
- medium, Figure 4,
- fine, Figure 5.

The upstream end of the guard-gate was
selected for analysis of pressure profile results because
the flow conditions are most interesting there. We can
see from Figure 6 that results for coarse grid
exceedingly deviate and therefore this grid is not
appropriate for numerical analysis. Much better

Fig. 5. Fine grid, 197511 control volumes

Fig. 4. Medium grid, 86615 control volumes

Fig. 3. Coarse grid, 9294 control volumes

Fig. 6. Computational grid dependency test
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agreement is with medium and fine grid. Values for
pressure on the wall are practically the same. Due to
the computer limitations (CPU time, available
memory and disk space) and fact that we will compare
values for pressure on the wall, we  used the medium
grid for the rest of the geometry models. We also
checked criteria for grid quality, such as: Orthogonal
Deviation, Grid Expansion, Skew Ratio and Twist
Angle. All parameters were within recommended
value intervals [10].

Velocity U = 0.56
 
m/s (volume flowrate Q =

44.7
 
l/s), 5% turbulence intensity and turbulence length

scale  l∑ 
=

 
0.01

 
m were prescribed as inlet boundary

condition. Numerical model doesn’t include the whole
geometry, because the computational domain extends
to the measuring point P14; we use  measured values
for pressure as outlet boundary condition, Table 2.

Table 2. Boundary conditions at outlet

Initial condition for velocity was U = (0.56 m/s, 0, 0).

1.3 Computation

The commercial CFD package CFX-4.4
from ANSYS was used for flow analysis. The
discretized domain and command file with control

parameters and material properties are needed to
solve the system of equations. Density and dynamic
viscosity at 20°C were 997.8 kg/m3 and 0.00102
kg/ms respectively.

The code uses a segregated solver. This
means that a linearized system of transport equations
is solved for each variable U, V, W, k and ε. The
pressure-implicite with splitting of operators (PISO)
correction scheme was used for pressure
computation. To solve the system of linear equations
for velocity, a Block Stone (BLST) linear solver was
used. For pressure, a method of Conjugate Gradients
(ICCG) and for turbulence, a Line Relaxation
(LRLX) method were used. Reduction factors were:
0.1 for pressure and 0.25 for velocity and turbulence.
The velocity field and turbulence quantities were
discretized with a upwind differencing scheme
(UDS), while pressure field was discretized with a
central difference scheme (CDS). Under-relaxation
factors were: 0.5 for velocity, 0.8 for turbulence and
1.0 for pressure. Convergence criteria residual mass
flow was 10-5 kg/s. Figure 7 shows the convergence
history. Numerical simulation was performed on
DEC AlphaPC workstation (processor Alpha 21164/
533 MHz, 1GB memory).

The results of numerical computation are
velocity and pressure fields in the nodes of discrete
model. Figures 8 to 10 and 11 to 13 show streamlines
and velocity vectors in vertical plane at 30%, 70%
and 100% openings of the guard-gate. The re-
circulation at the downstream end of the guard-gate
may be seen.

�	
�������� 	������

��� �����

��� �����

���� �����

Fig. 7. Convergence history for continuity equation residuum
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2 EXPERIMENTAL APPARATUS

Experimental apparatus is installed in the
High-Head Laboratory at the Institute of Hydraulic
Research, Ljubljana, Figure 14. A model of Plave
hydropower plant (river ��3�) guard-gate was used

in experiments; the scale between the model and
the prototype is 1 : 20.  The model apparatus
includes  scaled prototype gate 4 m × 5 m (width ×
height) with gate chamber; 105 m long, 6.5 m
diameter pressure tunnel at the upstream end and
32 m long, 5.5 m diameter penstock at the
downsteam end of the gate structure. The model
tunnel and penstock axes are horizontal; the actual
prototype penstock axis deviates 34.7o to the right
and 10.2o downwards.

The flow rate in the model system was
controlled by Thompson weir; the pressure head
was adjusted by control gate valve. Pressure head
measurements were performed by piezometric PVC
tubes.

3 COMPARISON OF RESULTS FROM
COMPUTATION AND MEASUREMENTS

Comparison of experimental and numerical
results is divided into three groups. They are defined
with regard to the position of pressure measuring
point on the model of guard-gate, Figure 15.  Upper

Fig. 8. Streamlines at 30% opening of guard-gate Fig. 9. Streamlines at 70% opening of guard-gate

Fig. 10. Streamlines at 100% opening of guard-
gate

Fig. 11. Velocity field at 30% opening of guard-
gate

Fig. 12. Velocity field at 70% opening of guard-
gate

Fig. 13. Velocity field at 100% opening of guard-
gate

Fig. 14. Model of the pressure tunnel; gate
chamber with gate, hoist mechanism, piezometric

taps and areation pipe; and penstock
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group is formed by experimental and numerical data
which are acquired at the middle (z

  
=

 
160 mm) of

the upper side on the guard-gate model. Bottom
group of data was acquired at the middle (z

 
=

 
160

mm) of the bottom side of the model. Due to the
symmetry of the guard-gate model, only the left side
was considered. Measuring points with regard to:

− above: P5, PK1, PK3, P10_z, P11_z, P14_z,
− below: PK5, P10_s, P11_s,P12_s, P14_s,
− left: PQ1, PQ2, P11_l, P14_l.

Pressure measurments and corresponding
numerical results are represented in Figures 16 to 18.
Discrepancies of numerical results from experiment,
which are given in Table 3, are normalized with regard

Fig. 15. Position of piezometric taps in tunnel, gate chamber and penstock

Fig. 16. Comparison of pressures at 30% opening

Fig. 17. Comparison of pressures at 70% opening
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����"� ���� ����� �����

����"� ���� ���� ����

to measured maximum pressure difference, which
appears at particular opening of the guard-gate.

It can be observed from Figures 16 to 18 and
Table 3 that the best agreement between experimental
and numerical  results is at 30% opening of the guard-
gate. Average and maximal descrepancies at this
opening reach  minimum. Also the computed pressure
profiles agree well with measured profiles.
Comparison analysis indicates that the selected
numerical model is appropriate for industrial analysis
of hydraulically similar guard gates.

4 CONCLUSIONS

Analysis of gate hydraulic characteristics is
essential for reliable prediction of loads acting on
the guard-gate. Fluid flow characteristics were
computed with the aid of the RANS k-ε  turbulent
model using wall functions. The system of equations
is solved by the finite volume method. The results of
computations were compared with the results of
measurements in a guard-gate experimental apparatus.
It has been found that the selected numerical model

Fig. 18. Comparison of pressure at 100% opening

Table 3. Descrepancies of computed pressure from measured one.
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is appropriate for industrial analysis of
hydraulically similar guard gates. This would
reduce a number of experimental runs in the future.
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6 NOMENCLATURE

C constants of turbulence model
D pipe diameter
g gravity acceleration
k turbulent kinetic energy
l∑ length scale
Nc number of cells
p pressure
Q volume flowrate
Re Reynolds number
t time
U time averaged velocity vector
U velocity x component
V velocity y component
W velocity z component
x coordinate along pipe

Greek letters:
ε dissipation of turbulent kinetic energy
µ laminar viscosity
µ

ef
effective viscosity

µ
t

turbulent viscosity
ρ density
σ turbulent Prandtl number
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The appearance of fracture surface (e.g.
fracture of the axis in Fig. 2) is typical of a fatigue
damage. Initial crack propagates from the peak of
transverse section into the interior, which is clear
also from a relatively smooth fracture surface
(permanent fracture). After a certain number of
loading cycles N when the crack length becomes
critical, the remaining transverse section breaks
instantaneously (instant fracture).
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Fig. 1. Schematic presentation of damage formation in relation to a machine part [3]

Fig. 2. Appearance of fatigue fracture surface of an axis [4] and a gear tooth
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Wigner-Ville distribution of time-frequency
density of adaptive Gauss functions is expressed
as:

(15).

The function of time-frequency density of
the adaptive Gauss function forms an ellipse with
the centre at (T

p
, Ω

p
). The energy concentration of

Gauss functions is an optimum one. By means of
Gauss functions of various variances and of a
different time-frequency centre, the local behaviour
of each analysed signal x(t) is characterised by the
Gauss function. If the signal features rapid time
change, the Gauss function with a small variance
value suitable for the sudden change has to be
applied. If stable frequency over a longer period
of time is typical of the signal, the Gauss function
with greater variance value is to be used.

By entering (14) into (2), the following
equation is acquired:

(16).

This is adaptive Gabor transform, which
resembles an ordinary Gabor transform.

The adaptive transform has the same
functions of analysis and synthesis, which makes it
different from the Gabor transform. When the
optimum function of synthesis h

p
(t) is achieved, it

is possible to calculate adaptable coefficients B
p
, on

the basis of ordinary operation of internal product:

(17),

which guarantees that local signal behaviour is
really expressed by B

p
.

By entering (15) into (12), a Gauss adaptive
spectrogram, which is based on the function, the
following equation is produced:

(18).
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Fig. 11. Average frequency specter of the spectrogram of vibrations produced by the faultless couple of
gears with ground surface teeth: a) Gabor and b) adaptive
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Table 1. Amplitudes and frequencies of the pulsation of harmonics in relation to the average Gabor
spectrogam of vibrations of the faultless couple of gears with ground surface teeth

�� ������� ���������
�
�� ��� ������ ���������� ���!������

"� !#$% #&� "%�# �   %"  �  )%" &�  %"" �

 � #&(%!&"� "%"((�   %"  � $%""$� �"%"� �

��   !#%&�)�  %!'!�   %"  � #%""#�  "%" "�

!�  & '%'$$� "%� '�   %"  � (%""(� �"%"� �

)�  ($&%(#)� "%"('�   %"  �  �%" ��  %"" �

&� ��#&%")$� "%"(�� $%""$�   %"  �  "%" "�

'� �'&)%��)� "%'#"� &%""&�   %"  � !%""!�

#� !"!!%!$(� "%&& �   %"  � �%""�� $%""$�

(� !) �%&#!� "% �$� $%""$�   %"  �  %"" �

$� !#$ %#)(� "%"&!� �"%"� �   %"  � $%""$�

 "� ) #"%$�!� "%"" �  &�% &(� &)%"&'�  "!% "#�

  � )&&"%"$(� "%"" �  ! % !'�  �(% !!�  !�% !#�

 �� )$�$%�#�� "%"" � #%""#� �"%"� � '%""'�

 !� &!"(%))#� "%""#�   %"  � �"%"� � �%""��

 )� &'(#%'��� "%""$�   %"  � �"%"� � ��%"�!�

 &� '"''%#$#� "%"" � �&%"�'�  &)% '"�  �$% !)�

Table 2. Amplitudes and frequencies of the pulsation of harmonics in relation to the average adaptive
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Fig. 12. Time presentation of the 3rd harmonic (1516.7 Hz) of the spectrogram of vibrations of the
faultless couple of gears with ground surface: a) Gabor and b) adaptive

Fig. 13. Average frequency spectrogram of vibrations of a couple of gears with a crack:
a) Gabor and b) adaptive
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Table 4. Amplitudes and frequencies of the pulsation of harmonics of an average adaptive spectrogram of
the vibrations produced by a couple of gears with a crack
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Table 3. Amplitudes and frequencies of the pulsation of harmonics of an average Gabor spectrogram of the
vibrations produced by a couple of gears with a crack
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0 INTRODUCTION

Stress-corrosion cracking (SCC) is one of
the most dangerous degradation processes to which
metals can be subjected, because it can cause
unexpected failures of structural elements without
any previously visible signs [1] to [4]. The most
exposed groups of metals are stainless steels and
other alloys that exhibit good resistance to the
general corrosion.

Stress-corrosion cracking is a process which
causes the initiation and propagation of cracks by
the simultaneous action of mechanical stress and
corrosion reactions. In general, there are three
different conditions that must be satisfied for the
development of SCC: a material sensitive to SCC,

a corrosion solution that causes localized corrosion,
and a large enough tensile load (in most cases it
can be below the yield point of material). Regarding
propagation, SCC processes are divided into
transgranular SCC (TGSCC) and intergranular SCC
(IGSCC) modes. It is known that the TGSCC
process advances with bigger discontinuous steps,
while researchers do not agree about the
discontinuity of IGSCC. It is only certain that the
individual dissolution and fracture processes (steps)
are much smaller than in the case of TGSCC. In
the past, several different mechanisms describing
TGSCC and IGSCC processes have been proposed.
All these mechanisms show relatively good
agreement for some special cases, but in general
the alternating processes of dissolution and fracture
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have not yet been precisely explained. One
important reason for the insufficient knowledge of
SCC processes are the measuring techniques for
their detection and monitoring. Electrochemical
measuring techniques can only provide the
electrochemical components of the SCC process,
whereas physical measuring techniques can only
provide data about the physical parameters. Also,
conventional electrochemical methods for
monitoring corrosion processes (different types of
potentiodynamic polarization, impedance
spectroscopy, etc.) are not suitable for the detection
and monitoring of SCC processes, since they can
only estimate the susceptibility of the investigated
system metal/corrosion solution to a certain type
of corrosion. For these reasons, acoustic emission
and electrochemical noise are promising
techniques, which have been developed for the
monitoring and characterization of SCC processes.

1 ELECTROCHEMICAL NOISE AND
ACOUSTIC EMISSION, AND PREVIOUS

RESEARCH

Electrochemical noise (EN) is a method that
measures the fluctuations of current and potential
between two electrodes. Three electrodes are
needed for such measurements: a working electrode
and two reference electrodes. Voltage is measured
between the working electrode and one of the
reference electrodes, whereas potential is measured
between the working electrode and the other
reference electrode. In our measurements all three
electrodes were made from the same material,
which means that not real reference electrodes (i.e.
graphite electrodes) but “pseudo” reference
electrodes were used.

Corrosion events on a single electrode are
reflected in the measured current and voltage. In
the case of three equal electrodes no net current
flows and there is zero potential between the
working and the reference electrode. When local
anodic corrosion damage appears at the working
electrode (i.e. breakage of the passive film, the
initiation of pits, the formation of new surface
during SCC), it results in a shift (turn) in the so-
called anodic direction of the measured current and
potential. Originated electrons then travel from the
working electrode to the reference electrodes. If
local anodic corrosion damage occurs at the
reference electrode for current measurement, it is

reflected in a shift of the measured current in the
opposite direction – the cathodic direction
(electrons travels away from the current reference
electrode), and in a shift of the measured potential
in the anodic direction. In the case of local corrosion
damage occurring on the reference electrode for
potential measurements, this is reflected in a shift
of voltage in the cathodic direction. In reality it
should be taken into account that only a part of the
current is measured as described, because part of
electrons can be used up at the same electrode
where they were produced. This is possible because
anodic and cathodic areas can be present on the
same electrode. Consequently, only a very small
part of the current which is a result of local
corrosion damage can be measured, or no current
is measured in the case that all electrons are used
up on the same electrode. In such situations local
corrosion processes are hardly detectable.

The main advantage of the EN method in
comparison with the other electrochemical methods
is its ability to monitor corrosion in a freely
corroding system without any external excitation
signals. This feature makes it possible to measure
the development of the natural corrosion process.
On the basis of fast changes (transients) in the
measured current and voltage, the EN technique
detects the initiation and development of corrosion
processes.

Over last few decades electrochemical noise
measurements have become one of the most
promising methods for the detection and, to some
extend can be used to, characterization of local
corrosion processes [5] to [29]. Positive results have
been obtained in various cases of localized
corrosion. The method proved to be successful in
the detection of unstable pitting corrosion [7] to
[10], and in the detection of the transition from
unstable to stable pitting corrosion [11] and [12].
The method has also been more or less successful
in the case of crevice corrosion detection [10], [13]
and [14]. Numerous measurements have been
performed regarding the study of passive film
formation and breakage processes [15], and also
regarding the study of the effect of corrosion
inhibitors on these processes [12], [16] and [17].

Many more or less successful EN
measurements have also been performed in the
study of SCC. The beginnings of the use of EN
method for the detection of SCC, the first successful
detection of SCC by EN measurements, and

Bajt.pmd 01. 03. 08, 9:3126



27

��������	�
�����	
�
�������
��
����������
�����������
�������� !
���"#

��������������	���
����������������������������������
�����������������

differentiation between the cracking non-active and
the cracking active periods, go back to the 1990’s
[18] to [20]. Over the next period researchers [21]
to [30] succeeded in recognizing single
characteristic events (transients) of EN and
correlated these events with crack growth.
Researchers [21] found that the observed EN
transients corresponded in time with sudden drops
in the simultaneous measured force on the specimen
during tensile tests. In the research the velocity of
crack propagation calculated from the measured
force drop was compared with the current
transients. It was found that the crack propagation
velocity is proportional to the measured current.
In our previous research [24] to [27], which was
performed on stainless steel in thiosulphate
solutions, EN measurements were compared with
simultaneous measured elongation during SCC
processes. A relation between the current transients
and the simultaneously generated elongation rate
was found. A similar approach was used by some
other researchers using pre-cracked compact
tension specimens [28] and [29]. In this research
periodic fluctuations were observed, and it was
assumed that these fluctuations were related to the
periodic propagation of the crack.

The second method used was acoustic
emission (AE) analysis. This analysis is based on
measured acoustic emission, which is a
consequence of the fast energy relaxation that
occurs at a localized source (i.e. crack development
in the material). This relaxation of energy causes a
development of elastic waves that propagate
through the material and can be detected by
piezoelectric sensors. The analysis of acoustic
emission, whose purpose is to detect elastic waves,
was developed in the 1960’s, and since then it has
developed into one of the most successful methods
for the nondestructive monitoring of the initiation
and progress of deformations in materials [31] to
[33]. Besides use for the detection and research of
mechanical defects, as well as other energy changes
in materials [31] to [36], it has also been developed
for the characterization and detection of chemical
processes (corrosion) [33], and the monitoring of
manufacturing processes [33], [37] and [38].

It is characteristic that the AE signal which
is captured by the piezoelectric sensor consists of
oscillating voltages, which quickly rise to the
maximum level, and then drop back slowly to the

previous level. Signals or AE events are caused by
desired events (i.e. crack propagation) and
undesired events (i.e. instrumental noise, external
noise). Due to the large number of AE events, a
trigger level which is a measure for the intensity
of events is defined for each measurement. Only
signals with an intensity above the trigger level are
captured, whereas other signals are eliminated. The
number of AE events is estimated on the basis of
the captured signals. During such characterization
various problems occur: the summation of signals
from different events, and the capturing of
undesired signals that are the consequence of
reflected waves and noise signals from the
surroundings. Not only are some undesired signals
captured, but also some useful signals are lost due
to the described way of measuring.

Regarding the detection and characterization
of SCC, AE analysis can be used for the detection
of mechanical events, as opposed to EN, which
detects electrochemical events. In the SCC process
mechanical and electrochemical events are related
to one other, so the combination of AE and EN could
be the best tool for the detection and characterization
of SCC. The main idea of the combined use of AE
and EN is the simultaneous monitoring of SCC using
both techniques, and the search for a relation between
the mechanical and electrochemical components of
crack formation. The aim of the simultaneous use
of both methods is also to differ between the
transients caused by SCC, and the EN transients
caused by other corrosion events (i.e. the initiation
of corrosion pits).

Several successful investigations, which
used AE for the detection and characterization of
SCC, have been realized in the past [39] to [43].
One of the first investigations of SCC by means of
AE was performed by Newman and Sieradzki, who
are known as pioneers in the field of SCC detection.
They looked for correlations between measured AE
and EN signals. Experiments were performed on
three different systems, and positive results were
obtained in the experiment performed on brass [39].
At that time several AE experiments during SCC
in different systems showed mixed results [40].
Later Jones investigated different types of cracking
by using AE analysis on various materials, and
TGSCC was successfully detected in this research
[40]. On the other hand, results concerning IGSCC
were not so successful. Jones proposed that some
transgranular fracture surfaces were the result of
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ligaments that fracture behind the advancing
intergranular crack front, and that most of the
detected AE signals were the result of the
transgranular part of the fracture. In a continuation
of this research it was established that the AE
technique can reliably detect intergranular stress
corrosion cracks of 200 to 300 µm length and at a
depth of 100 to 200 µm [41]. Some other
researchers have also agreed with Jones’s findings.
They also successfully detected TGSCC, whereas
the detection of IGSCC was described as
problematic. Researchers assumed that the AE
signal during IGSCC comes from small individual
parts of the crack that have a transgranular nature
[42]. In this research it was established that pure
anodic dissolution does not generate observable AE
signals. Several researchers [43] have found that
AE activity due to the SCC process during tensile
tests is the highest immediately after the yield point
is reached and during final fracture.

In our previous research [27], characteristic
EN transients were compared with simultaneous
measured elongation events (discontinuous jumps).
In order to measure these events even more precisely,
and to estimate the sequences of electrochemical and
mechanical events, a combination of EN and AE
was used in this research. At the same time
elongation of the specimen exposed to SCC
processes was also measured. Analysis of the results
from all three types of measurements was performed

with aim of detecting the processes in the case of
transgranular and intergranular SCC, as well as to
get the basic characteristic of the EN and AE signals
which were generated during both types of SCC,
and thus to explore the possibility of detecting and
characterizing different types of SCC with EN and
AE measurements. The main emphasis was on the
simultaneous use of the three methods, and on the
analysis of the simultaneously measured signals
obtained using these methods.

2 EXPERIMENTAL

The experiments were carried out in a
corrosion cell that was filled with a corrosion
solution (Fig. 1 - left). Three electrodes made from
the same material were sealed in the corrosion cell.

The middle electrode had the shape of a
tensile specimen and was loaded during the
experiment. The other two electrodes were straight,
with a constant quadratic cross-section along the
entire length of the electrodes. No mechanical stress
was applied to them during the experiment. These
two electrodes were used as pseudo reference
electrodes for the EN measurements. An apparatus
with a rigid frame was used for the constant load
application (Fig. 1 - right). The tensile specimen was
fixed between two movable jaws that were fixed to
the rigid frame. An arm with weights was fixed to
the bottom jaw. Weights were added or removed so

Fig. 1. Left) The corrosion cell, inside which three electrodes can be seen. The middle electrode with the
reduced cross-section is the working electrode. The AE sensor is fixed to the lower end of the working

electrode. Right) The tensile testing apparatus. The elongation meter is fixed to the frame of the apparatus.
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that the desired load was achieved. The upper jaw
was fixed to the top of the metallic frame. The
distance between the lower and upper jaws could be
adjusted by means of a spindle, which also
transferred the load to the tensile specimen. The
apparatus stood on a rubber support plate, which
enabled electrical isolation from the neighbourhood,
and also damped unwanted vibrations. The tensile
specimen was additionally electrically isolated from
its surroundings by means of non-conducting plugs.
All the mobile elements of the apparatus were tightly
screwed into the desired position, so that no
unwanted oscillations could disturb the experiment.

Measurements were performed with the
three different measuring systems simultaneously
(Fig. 2), and the specimens were monitored up until
failure. EN was measured in a freely corroding
system. The current was measured between the
working electrode (tensile specimen) and one of
the reference electrodes with a zero resistance
ammeter (ZRA), whereas voltage was measured
between the working electrode and the other
reference electrode with a high-impedance
voltmeter. The measured current and potential were
amplified and digitalized using a 16-bit A/D
converter. The sampling rate for EN data collection
was 10 Hz. The resolution of the measured current
was 3 nA, and 30 µV for measured voltage.

A piezo-electric sensor, which was fixed to
the bottom part of the working electrode outside the
corrosive cell, was used for the AE measurements.

Amplification of the AE measuring system was 56
dB. The maximum amplitude was 10 V. The signal
was captured with a frequency of 250 kHz. In order
to eliminate low-frequency disturbances, the signal
was filtered by means of a high-pass filter with a
cut-off frequency of 50 kHz. Since the duration of
the measurements was, in many cases, several tens
of hours, selection of data was performed by using
a simple auto-detection function: when a signal
exceeded a trigger level, the system started to store
the signal for 1 s. An instrument-based noise of 0.008
V was determined, and signals higher than 0.01 V
(the trigger level) were stored. The stored packets
of AE were afterwards analysed using Matlab
software, and compared with the simultaneous
measurements of EN and elongation.

Elongation of the tensile specimen was
measured by means of an inductive probe fixed to the
weights that were hung directly on the tensile specimen.
Resolution of the elongation measuring system was 1
µm, but only changes larger than 2 to 6 µm (taking
into account the presence of noise during individual
measurements) were stored. The size of the stored
changes was defined for each case individually taking
into account the present noise. Two individual
experiments are presented in this paper. The minimum
size of the stored changes was 2 µm in the first
experiment, and 6 µm in the second experiment.

The surfaces of the working and reference
electrodes that were exposed to the corrosive
medium, as well as the fracture surfaces of fracture,
were examined after the experiment was finished.
Visual and scanning electron microscope inspection
techniques were used.

The specimens were made from austenitic
stainless steel type AISI 304. The material was
treated before the specimens were produced in the
following manner: 1) heated to 1050°C, kept at this
temperature for 1 hour - water quenched, 2) heated
to 650°C in a nitrogen atmosphere, kept at this
temperature for 24 hours, cooled down in air. Such
heat treatment causes the growth of austenitic
grains, which in our case had a size of
approximately 250 µm. Chromium carbides Cr

23
C

6

were precipitated at the grain boundaries. It is
known [44] that the described microstructure is
very sensitive to SCC processes.

The experiments were performed in two
different corrosive solutions, and at two different load
levels: 1) in a diluted 0.5 M aqueous solution of sodium
thiosulphate (Na

2
S

2
O

3
), at a load -corresponding to

Fig. 2. Schematic view of the experiment and of
all three measuring systems
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approximately 85 % of the yield point of the material,
2) in a diluted 1.4 % aqueous solution of sodium
thiocyanate (NaSCN), at a load corresponding to
approximately 90 % of the tensile strength of the
material. In the first case stress-corrosion cracks
propagated mainly across the crystal grains –
TGSCC, whereas in the second case cracks were
propagated along the crystal boundaries - IGSCC.

3 RESULTS AND DISCUSSION

In the interpretation of the results, sudden
changes in all three measured signals (fluctuations,
discontinuities) were mainly inspected. It was
expected that the characteristics of IGSCC and
TGSCC could be described on the basis of analyses
of simultaneous events.

Fig. 3. Results of measurements during intergranular stress-corrosion cracking of the heat treated
stainless steel AISI 304: a – left) entire elongation (l), a – right) enlarged detail from the left-hand

diagram (the detail is marked with a frame in the left-hand diagram), b – left) EN: potential and current
for the entire measurement, b – right) enlarged detail from left-hand diagram (the detail is marked with
a frame in the left-hand diagram) with two events, c – left) AE histogram: number of AE events (n) for

the entire measurement, c – right) enlarged detail from the left-hand diagram (the detail is marked with
a frame in the left-hand diagram) with the finest division of events in the time intervals (shorter time

intervals), d – left) SEM image of the specimen surface with a magnification of 30x, and d – right) SEM
image of the fracture surface with a magnification of 700x.
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Typical results of all three measuring
techniques during the entire duration of the
experiment carried out in a diluted aqueous solution
of Na

2
S

2
O

3
 are presented in the left-hand diagrams

in Figure 3. On the right-hand side of Figure 3 there
is an enlarged time detail from the last part of the
experiment. The first diagram (Fig. 3a – left) shows
an elongation measurement, which was monitored
together with AE and EN in order to obtain a better
understanding of the deformation processes during
the experiment. It can be seen that the elongation
increased uniformly, without any sudden jumps that
could be expected due to sudden crack propagation
or opening. In this case the elongation measurement
did not provide useful information about individual
events. In the first part (the first 500 seconds) of
the measured EN signals (Fig. 3b – left), a large
decrease in the measured current can be seen, which
was the consequence of passive film growth on the
surface of electrodes. The passive film protects the
surface of the electrodes against the corrosion,
resulting in a smaller corrosion current. In the last
part of the measurement a large increase in the DC
component of the measured current can be seen.
This increase could be related to the initiation and
growth of cracks. Also in the last part of the
experiment (40 minutes before failure) two typical
EN transients (Fig. 3b – right), which could be
related to individual SCC events, were detected.
However, these transients did not correspond in
time with increases in AE activity (Fig. 3c – right),
or with any observable sudden increase in
elongation. The observed EN transients could have
been generated by alternating dissolution at the
crack tip (according to the slip-dissolution model
[45]), but it is more probable that they were
generated by the initiation of pits [6] to [10], which
were observed on all electrodes after the experiment
was finished. The AE signal did not show any
sudden increases in AE activity, but the AE activity
increased monotonically and approximately
exponentially until failure. For these reasons
individual events could not be determined from the
presented simultaneous measurements.

In order to determine the prevailing mode
of cracking and to characterize the intensity of the
process, analysis of the specimen’s surface (Fig.
3d – left) and fracture (Fig. 3d – right) were
performed using a scanning electron microscope.
It was found that a good two-thirds of the fracture
was brittle and that less than one third was ductile.

Fractographic analysis of the brittle part of the
fracture showed that it was caused by propagation
of the main intergranular crack. On the other parts
of the specimen quite a lot of large cracks
propagating perpendicular to the load direction
were observed. Some of these large cracks can be
seen on the left-hand side of Figure 3d.

From the description above it can be
concluded that despite the great number of cracks
observed in the case of IGSCC, the detection of
individual crack formation or crack growth steps
was not successful. This indicates that the process
is probably fairly smooth or continuous. On the
other hand a relationship between the DC
component of the electrochemical current, AE
activity and elongation was established. For this
reason it can be assumed that these techniques
enabled monitoring of the cumulative process of
IGSCC.

More information about individual SCC
events was obtained by analyzing the three types
of measurements during the SCC of specimens
exposed to a dilute aqueous solution of NaSCN.
Typical results across the entire duration of the
experiment are presented in the left-hand diagrams
in Figure 4. On the right-hand of Figure 4 is an
enlarged time detail from the last part of the
experiment, before failure. The characteristics of
the measured EN, AE signals and elongation are
rather different than in previous case. It can be
clearly seen that in this case the signals are much
less smooth and more variegated. Also, the duration
of the experiment was much longer than in the
previous case, although the load level was higher
(above the yield point) in this experiment. Two
significant increases in the elongation can be seen
in the elongation measurements (Fig. 4a – left).
The increase in elongation at the beginning of the
measurement was probably due to plastic
deformation or yielding of the specimen, which was
loaded beyond its yield point. The final increase in
elongation was the result of final fracture. Two
bigger jumps (discontinuities) in the elongation
increase can also be seen before the final increase
of elongation. In the first part (the first two hours)
of the measured EN signal (Fig. 4b – left) a large
decrease in the measured current can be seen, which
is, as in the previous experiment, a consequence of
passive film growth on the surfaces of the
electrodes. After the initial decrease, the current
stabilized, and did not increase as in case of IGSCC.
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Two characteristic events, which are more
pronounced in the potential measurement than in
the current measurement, can be seen in the last
part of the experiment, before fracture. Both events
occurred together with the above mentioned
discontinuities in the elongation (Fig. 4a) and with
the increases in AE activity (Fig. 4c). The highest
AE activity was expected to be observed at the

fracture, as it was in the case of IGSCC. In Figure
4c an increase in AE activity in the last part of
measurement can be seen, but the AE activity was
not the highest when fracture occurred. The AE
activity was also somewhat higher at the beginning
of the measurement. This increase was probably
the result of specimen’s plastic deformation
immediately after loading, which also caused

Fig. 4. Results of measurements during intergranular transgranular stress-corrosion cracking of the
heat treated stainless steel AISI 304: a – left) entire elongation (l), a – right) enlarged detail from the

left-hand diagram (the detail is marked with a frame in the left-hand diagram), with an elongation jump,
b – left) EN: potential and current for the entire measurement, b – right) enlarged detail from left

diagram (the detail is marked with a frame in the left-hand diagram) with a characteristic event, c –
left) AE histogram: number of AE events (n) for the entire measurement, c – right) enlarged detail from

the left-hand diagram (the detail is marked with a frame in the left-hand diagram) with the finest
division of events in the time intervals (shorter time intervals), d – left) SEM image of the specimen

surface with a magnification of 30x, and d – right) SEM image of the fracture surface with a
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growth of the elongation over the same time
interval.

On the right-hand diagrams of Figures 4a,
b, c, a typical SCC event detected by all three
systems can be seen. On the basis of the
measurement results (presented in Fig. 4), and
taking into account the resolution of the
measurements, it can be concluded that mechanical
events occurred first. These mechanical events
caused the occurrence of new surface, and were
detected as a sudden increase in elongation,
combined with a simultaneous increase in AE
activity. At the same time a sudden decrease in
current, and an increase in potential, followed in
both cases by a slower return to the initial levels,
was observed. Such a shift of the EN signals in the
anodic direction (from the point of view of the
working electrode), and its return to the initial
levels, is characteristic for the occurrence and
passivation of new surface at the crack tip during
crack propagation. The analysis showed that not
all EN transients were accompanied by increases
in AE activity and elongation (Fig. 4). These
characteristic events were probably generated by
the initiation of pits. The presence of pits on the
surfaces of the specimens was confirmed by visual
and SEM inspection after each experiment. On the
other hand, no AE activity increases and sudden
jumps of elongation were found without
accompanying EN transients, meaning that, in the
case of the selected parameters, no significant noise
occurred in the results of the AE and elongation
measurements. It needs to be stressed that the
measured elongation jumps were very small and
close to the limit of the resolution of the measuring
system. Thus it would be very difficult to predict
the growth or opening of cracks just on the basis
of detected elongation jumps, without
corresponding increases in AE activity. An
important fact is also the reduced resolution due to
the elimination of noise, because of which some
useful signals were probably not captured. This was
most likely in the case of the AE measurements,
where it was very difficult to set a proper trigger
level above which signals should be stored. This is
also probably the most important reason that the
number of observed cracks on the specimen was
larger than the number of detected events, which
were characteristic for the development of cracks.

As in the previous case, analysis of the
surface of the specimen (Fig. 4d – left) and of the

fracture (Fig. 4d – right) was performed using a
scanning electron microscope after the experiment
had finished. It was found that a little less than two
thirds of the final fracture was completely brittle,
caused by the SCC process, whereas a little more
than one third was a ductile fracture, caused by
specimen overloading due to the reduced cross-
section. Besides the main crack that caused failure
of the specimen, also two bigger cracks and several
small cracks were observed during the analysis
(Fig. 4d – left). These cracks propagated
perpendicular to the loading direction. From the
observations it was assumed that all the cracks,
except the three major ones, stayed in the initial
phase, and did not propagate further. Fractographic
analysis of the fracture surface showed that the
larger part of the fracture caused by SCC was
transgranular – the crack propagated across the
crystal grains. TGSCC on the austenitic stainless
steel could be described by the slip-dissolution
model. The model consists of two main processes:
dissolving at the crack tip, and a mechanical event
– slip of the crystal planes [45]. These two
processes act alternately, so that the propagation
of the crack is probably non-uniform or
discontinuous. The results of our measurements
indicate this manner of cracking, because from the
typical shapes of the signals from all three
measuring techniques, a discontinuous process can
be assumed.

From the results of the measurements and
analysis of the two different experiments a question
arises how big is the possibility for the detection
of individual event during IGSCC with the
simultaneous use of AE and EN. As has been
previously mentioned, TGSCC is clearly a
discontinuous process, which can be detected by
measurements of AE and EN, which has also been
shown in the case of our measurements. On the
other hand, the results of the measurements
indicated that IGSCC is a much more continuous
process, although it is believed that it is not
completely continuous. This is also in agreement
with the results of some other researchers [40] and
[41], who are also convinced that IGSCC is not a
completely continuous process. However,
researchers have stressed that the detection of
IGSCC by means of AE is not reliable due to the
very small amount of energy that is relaxed during
deformation. The relaxed energy could be below
the detection limit of the measuring method.
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Interpretation of EN results for the IGSCC process
is also difficult. As has been mentioned in the
introduction cathodic surfaces in long cracks can
be located on the crack walls or close to the mouth
of crack. In such cases the measured
electrochemical current represents only a small
proportion of the total corrosion current, so that
small events are probably undetectable. Some
researchers have tried to avoid this problem by
using of so-called compact tension specimens,
where most parts of the specimen is protected by
means of an anticorrosion coating, and only the
active crack is exposed to the electrolyte [29] and
[30]. In this case, the coupling current between the
CT specimen and the electrode placed directly
ahead of the crack mouth is measured. But even in
this case cathodic surfaces are not completely
eliminated, and the distribution of the current is
not completely clear.

Even though our measurements of EN and
AE during IGSCC processes did not detect
individual characteristic SCC events (Fig. 3), which
at the same time proves the statement that IGSCC
progresses more continuously than TGSCC, the
nature of the IGSCC process can be partly described
from the main characteristics of all three
measurements. In the last part of this experiment
(Fig. 3b) the DC component of the measured
electrochemical current increased monotonically,
whereas the DC component of the electrochemical
current in the TGSCC experiment was more or less
constant (Fig. 4b). This observation is in agreement
with those of some other authors [28-30], who also
found a similar increase in the DC component of
the measured current, and an absence of
characteristic EN events. The increase of current
in the anodic direction was probably the
consequence of new anodic surface formation
occurring at the crack tip. On the basis of the
increasing current, it can be assumed that the rate
of new surface formation, and thus the propagation
of the crack, increased until the final fracture, or
that at the same time the number of cracks, and
thus the number of new anodic surfaces at the crack
tip, increased. This assumption was additionally
confirmed by the approximately simultaneous
increase in elongation (Fig. 3a – left), which was a
consequence of crack growth or opening, and also
partly confirmed by the increase in AE activity in
the last part of the experiment, which showed an
approximately exponential increase until the failure

of specimen. The increased AE activity in the last
part of the experiment was probably generated by
plastic deformation of the specimen, caused by
passing the yielding point due to crack propagation
that reduced the cross-section of the specimen. The
second possibility for the generation of AE events
was mechanical breakage of ligaments at the crack
tip. On the basis of our research, it cannot be
confirmed that AE signals are a consequences of
the first, second or both processes, but based on
previous experience it can be assumed that the first
mentioned source of AE is more probable. Further
research is needed to confirm our observations, to
determine the prevailing source of AE during
IGSCC, and to eliminate the possibility that the
increasing current was caused by the initiation and
growth of pits. From the measurements during
IGSCC it was additionally observed that the
increasing signals (the DC component towards the
end of measurement, AE activity and elongation)
were fairly smooth. This indicates smaller steps in
the IGSCC process, and grater continuity of the
process in comparison with the TGSCC process.

4 CONCLUSIONS

The possibility of the combined use of EN
and AE for the detection and characterization of
different types of SCC was investigated on the basis
of experiments performed on austenitic stainless
steel. AE and EN were measured simultaneously.
Additionally, elongation of the specimens was
measured simultaneously. On the basis of the
presented results from the AE, EN and elongation
measurements, it was established that the
successfulness of the used AE and EN methods
strongly depends mainly on the type of SCC.

Detection was only partly successful in the
case of IGSCC. Some specific EN events were
detected, but they did not correspond in time with
changes in elongation or changes in AE activity,
that these EN events could not be related to
individual SCC events. On the other hand, a
constant increase in the DC component of the
measured current was detected in the second half
of the experiment. It is believed that this shift in
the current was the result of new anodic surface
being formed at the crack tip. This assumption
cannot be proved because the EN measurements
cannot reliably distinguish between the propagation
of intergranular cracks with dissolution, and the
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growth of stable pits or crevices. However, the
above statement can be supported by the
simultaneously observed increase in elongation and
the approximately simultaneous increase in AE
activity. However, the exact source of the AE during
IGSCC cannot be determined from the results of
the measurements. Based on previous experience,
it is believed that the plastic deformations caused
by the reduced cross-section are more probable
sources of AE than mechanical breakages of
ligaments at the crack tip. The main reason that no
individual simultaneous events were detected
probably lies in the way of progress of IGSCC the
processes. This is because these processes advance
relatively continuously, which is also reflected in
the greater smoothness of the measured signals.

The detection of TGSCC with the
simultaneous use of all three measuring techniques
was more successful. During the TGSCC processes
several simultaneous AE, EN and elongation events
that were assigned to the SCC process were
detected. Taking into account the time resolution
of the measurements, it was concluded that the
mechanical events occurred first. These mechanical
breakages at the crack tip were detected by a sudden
increase in elongation and a simultaneous increase
in AE activity, whereas the following rapid
fluctuations in current and potential were the
consequence of the occurrence and passivation of
a new surface at the crack tip.

It can be concluded that the detection of an
individual SCC event by simultaneous
measurements of EN and AE depends mainly on
the discontinuity of the SCC processes. For this
reason the detection of the more discontinuous
TGSCC process is more reliable than the detection
of the more continuous IGSCC process.
Simultaneous use of the three techniques in the case
of TGSCC makes it possible to obtain information
about sequences of electrochemical and mechanical
events, as well as information about the
characteristics of these events. On the basis of the
results so far obtained, it is expected that, with
certain improvements to individual measuring
systems, it would be possible to detect individual
events of IGSCC, besides the monitoring of the
cumulative progress of the IGSCC process. On the
basis of the measurements some new data about
SCC processes could be obtained, and this
information would contribute to a better
understanding of SCC mechanisms.
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0 INTRODUCTION

More and more manufacturing companies are
introducing multi-information terminals (MIT) in
order to allow peer monitoring of the production
process. These systems complement business
information systems, such as ERP’s (Enterprise
Resource Planning). There are many ways in which
relevant production data can be collected [1] and [2]:
• entirely manually by filling up special forms,
• automatically from the machines,
• on demand and on-line through special purpose

terminals.
Data of considerable relevance for the

production process encompass the following items:
execution times needed to complete an operation
from the work order, number of manufactured parts,
the amount of scrap parts and duration as well as
root-causes for downtimes.

In order to assure best quality data, events
are recorded at the time and the site of their origin.
According to [3], the quality of information is
measured by accessibility, accuracy, timeliness,
integrity, density, suitability, understandability, and
objectivity.

Specially tailored information terminals
represent a convenient means to record the
production events (Fig. 1). Different technologies

for data entry can be employed, however the most
frequent one is the bar code [5]. Bar code is also
widely used with different working sheets and
personal identification cards.

Fig. 1. A terminal used to record production
events (manufactured by Kolektor Sinabit Ltd.)

Prior to implementing the terminals in the
production process, the following issues have to
be considered:
• distribution of events, typical for the underlying

production process,
• duration of events,
• distances between working places and

terminals,
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• terminals cost, including costs for installation
and maintenance.

Terminal costs can be reduced by cutting
the number of terminals. However, new costs are
introduced because of idle times workers have to
spend while waiting for a free terminal. Hence, our
problem is to find the optimum number of
terminals, which minimizes the overall costs.

The paper is organized as follows. In the
first section the problem of optimum selection of
terminals is stated in the form of a stochastic
optimization problem. Basically, the idea is to
employ a record of production events from the
production history. The second section describes a
simple procedure for solving the optimization
problem by means of simulation. The third section
reports on results, obtained in a real production
plant.

1 PROBLEM STATEMENT

Organization of the manufacturing process
Let us first shortly outline the organization

of a production process in a typical manufacturing
industry.

The basic item is work order, the result of
which are manufactured products. Work order is
usually divided into many discrete operations
defined by the technological procedure. Each
worker is responsible for his/her own workplace
and for handling operations assigned to it. A
workplace consists of one or more machines,
which are capable of executing the specified
operations.

In order to get clear insight into the
production efficiency, the following events have
to be recorded [4]:
• start of each operation,
• end of  work,
• start of a downtime,
• end of a downtime.

The origin of waiting times
At each registration, e.g. at the start of work,

the operator has to enter data about who will
perform the operation (personal number), the
allocation of operation (machine number) and the
code of operation along with the underlying work
order. When a downtime has to be registered, the
worker has to enter additional data regarding the
root cause for it. Downtime code can be found on

a printed bar-code list. The registration procedure
is depicted in Figure 2.

In order to register an event, one has to
access the terminal and enter the relevant data.
Provided the terminal is busy, one has to wait in a
queue. In this paper it is assumed that any of the
available terminals can be freely selected. Time
needed to access the terminal is neglected.

In principle, waiting times could be entirely
eliminated by installing sufficiently many
terminals. However, such a solution is not an
optimum one since by raising the number of
terminals their costs increase monotonicaly.
Therefore, we have to choose a criterion function
that will include both types of costs.

Criterion function
Let N be the number of terminals and J

cost
(N)

their cost normalized per day. This cost is calculated
according to the amortization period of 4 years.
The annual cost implied by a terminal is thus a sum
of amortization costs and maintenance costs. The
former and the latter are as high as one quarter and
one tenth of the purchasing price respectively.

Let J
w
(N) represent daily costs due to the

waiting times. This can be simply expressed as

Fig. 2. Particular stages in the event registration
procedure and emergence of the waiting times
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 (1),

where c
w
 represents labour cost per employee and

τ(N) stays for daily accumulated waiting time.

Comment 1
The time required to enter the data in the

terminal is about 30 secs and this is not considered
as loss caused by waiting.

Comment 2
The accumulated daily waiting time τ(N) is

random variable with a probability density function
p(τ(N)) defined on the open interval [0,∞). Its
analytical expression is not known.

Because of the dispersion in waiting times,
we are looking for such a τα, that the probability
P(τ≤τα) equals 1-α. Here 0≤α≤1 is the degree of
significance. For example, when α=0.05 there is
95% probability that the waiting time at the given
number of terminals N will be τ(N)≤τ

0.05
(N) [6].

The following stochastic optimization
problem should be solved in order to find the
optimum number of terminals:

(2).

Comment 3
Because of the strictly monotonically

increasing function J
cost

(N) on the right side of (2)
and strictly monotonically decreasing function
τα(N), the criterion function (2) is unimodal. In that
case, there exists N*, such that the criterion function
reaches its minimum.

2 SOLVING THE OPTIMIZATION PROBLEM

To solve the problem (2), the knowledge of
event distribution is required. The frequency of
events differs during the working day, depending
on the type of production. In order to estimate the
daily profile of the density of events, some recorded
realization of events is needed. These data are
referred to as the learning data set.

Preparation of  the learning data  set
The acquisition of learning data is done by

means of the currently available acquisition
system. This can be purely manual in some cases.
In other cases process history or diverse

information sources can be utilized. Each recorded
event carries information about the start and the
end of an activity. Accuracy of the learning data is
of considerable importance here so that problems
might occur in cases where data resolution is poor.
For example, manually entered data are rounded
to a half an hour or an hour instead of a second or
minute. A typical consequence of rounding can be
seen in higher density of events around full hours,
which results in higher values of the estimated
waiting times.

Calculation of waiting times on the learning set
Each event is associated a time stamp, i.e.

the date and time of its occurrence. The algorithm
for calculation of waiting times is executed within
5 steps:
1. find the terminal, which will first become

available;
2. estimate the time a terminal will become

available (if terminal is already free, registration
can start immediately);

3. waiting time is calculated as the difference
between the time of availability of the terminal
and the occurrence of the event;

4. waiting time is extended with time required for
data entry;

5. calculated waiting time in step 3 is added to the
daily  accummulated waiting time.

The algorithm results in a sequence of
waiting times:

                               Τ = {τ
1
,...,τ

M
}                       (3),

calculated for each day separately.  The complexity
of the algorithm is O(m*N

max
), where m is the

number of events in the learning set and N
max

 is the
highest assumed number of terminals.

Figure 3 illustrates a simple case in which
waiting times for one and two terminals are
calculated respectively. In both cases there are three
events, which occur at times 2, 7 and 13. Every
event is 7 time units long. The first event, which
occurs at time 2, is immediately processed in both
cases. The same happens with events 2 and 3 in
the case of two terminals. In the case of one
terminal, the first event is still being processed
when the second appears at time 7. In the same
manner the second event is still being processed
when the third one occurs at time 13. Therefore,
handling of the last two events has to be delayed

( )NcJ ww τ=

( ) ( )( )*

1
arg min cost w

N

N J N c Nατ
≥

= +
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from time 7 to time 9 for the second and from time
13 to time 16 for the third event. The diagram shows
waiting times in gray color. To sum up, in the
situation with two terminals there is no waiting time
while in the situation with one terminal, the waiting
time equals 5 units.

Determination of the critical waiting times
In order to approximate the probability

density function of the random variable τ
d
 one can

calculate the histogram derived from the set T (see
Eq. (3)). The distribution function varies with
respect to the number of terminals and its shape is
hard to define analytically.

Optimization method
Let’s first notice that the argument of the

criterion function (2) is integer. In this case we  deal
with the one-dimensional problem, which is
relatively simple. Given the fact that the expected
optimum number of terminals is not high, we apply
a simple optimum seeking procedure, which reads
as follows:

N
opt

= 0, J
opt 

= 1e10
for N = 1 to N

max
 do begin

calculate the histogram of waiting times for
N terminals
calculate the critical waiting time τα
calculate the criterion function J(N)
if J(N) < J

opt
 do begin

N
opt 

= N
J

opt
= J(N)

end
end

Fig. 3. Illustrated calculation of waiting times

Fig. 4. The average number of events per minute during the day. Peaks at 6 am, 2 pm an 10 pm coincide
with the shift changes.
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Fig. 5. Histograms of waiting times for various numbers of terminals. When increasing the number of
terminals, critical expected time approaches zero.

3 CASE STUDY

The approach above has been applied in a
case study related to the manufacturing industry.
The underlying production line employs 60 workers
in the morning and afternoon shift. Figure 4
presents the frequency of events recorded on the
daily basis.

The learning set includes 1205 working
days. We have collected 331448 events during this
time period. Cost parameters c

w
=4.6 and c

0
=15001

were applied in the optimization procedure.
During the optimum search, a new histogram

is calculated for each newly selected number of
terminals. Figure 5 shows histograms for N=1, 2, 3.
The critical expected time τα(N) approaches zero
with the raising number of terminals.

Figure 6 shows the values of the criterion
function (2) in dependence of the number of
terminals.

Figure 7 shows the way the optimum N*
varies with respect to the parameter α . When
increasing α, the optimum number of terminals
decreases. This could be explained by the fact that
increased α leads to the overoptimistic (too short)
waiting times. The recommended value is α=0.05.

4 DISCUSSION

The results deserve some comments:
1. The proposed solution depends very much on

the quality of the learning data set. Special

attention has to be paid to that issue. Namely,
incorrect time stamps, associated with the
recorded events, do not reflect the actual state
of the production process.

2. Surprisingly, the solution presented in this case
study turns to be very similar to the heuristic
solution applied so far in practice. The rule of
thumb being used suggests one terminal for 10
to 15 workers, depending on the size of the plant.

3. Our solution provides clear insight into the
expected costs due to the waiting times
conditioned with the number of terminals.
Moreover, Figure 6 is helpful in figuring out
the cost of additional redundancy. More
precisely, though the optimum is reached for
N*=5, additional costs to install one or even 2
more terminals are almost negligible. However,
the overall system s much more robust in case
that one or more terminals fail to operate
properly.

4. In this stage we did not take into consideration
the site distribution of the terminals. Instead,
we were only searching for the optimum
number of them assuming that the terminals are
distributed uniformly along the production plant
and the paths between work places and the
terminals do not differ much.

5 CONCLUSION

In this paper the problem of optimum
terminal arrangement in the production plant is

1 The units are intentionally omitted.

Kleindienst.pmd 01. 03. 08, 9:3253



54

��������	�
�����	
�
�������
��
����������
�����������
�������� !
�"���

!�
���
	��"����"���#�#�$�

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1
0

1

2

3

4

5

6

7

8

α

N
*

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
0

50

100

150

200

N

J co
st

(N
)

addressed. The problem has been formulated as
optimisation of a stochastic criterion function. Main
goal of this study was to develop the algorithm for
determination of the optimum number of terminals
in the manufacturing industries. The proposed
criterion function takes into account two types of
costs: those due to the waiting times and those caused
by the installation of the terminals. One possible

Fig. 6. Criterion function J
cost

, for a given critical value α=0.05, shown as a function of the number of
terminals N. The lowest value of 17,73 is reached at N = 5.

Fig. 7. Dependence of the optimum number of terminals from the parameter α∈ [0,1]

upgrade of the presented solution would also consider
the geographical dimension of the problem. Namely,
it is not possible to install a terminal at any site in the
production plant. Availability of power and
communication outlets should also be considered.
Possible upgrade should concern the application  of
the information terminals, though they are more
expensive than the traditional ones.
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Fig. 1.  Scheme of longitudinal turning with
exchangeable (adaptable) entry angle κ
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Statistical analysis of experimental data (SW
Statistica) resulted with mathematical models
presented by:
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Statistical analysis of experimental data (SW
Statistica) resulted with mathematical models
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0 INTRODUCTION

The practical tracking concept is very
important from the technical viewpoint. The
consideration of the dynamics behavior of technical
plants during a limited time interval, with a
prespecified quality of that behavior, imposes a
practical request  and necessities, which can be
placed to any technical plant. For many plants the
most adequate tracking concept is the practical
tracking concept. The concept most completely
satisfies practical technical requirements on the
dynamics behavior as well as the quality of the
dynamics behavior. The practical tracking concept
includes physically possible and realizable initial
deviations of the output value, maximum deviations
of the output value permitted in relation to the
desired output value (according to the desired
accuracy), a set of expected and unexpected

disturbances during such a time interval, which is
of a technical interest. The elementwise exponential
tracking has been defined. Each element of vector
y should exponentially approach the
appropriate element of vector y

d
. Elementwise

exponential tracking was introduced by Grujic and
Mounfield [1] to [6]. In those papers the Lyapunov
approach to the exponential tracking study is used.
The approach assumes the existence of the bound
(envelope of the output error vector) which limits
the exponential evolution of the output error vector,
but that bound is not predefined. In this framework
the bounds are predefined and determined with the
function set I

A
(.) and scalar β.

The nonuniform practical exponential
tracking is introduced by Lazic [7], where
definitions, criteria and algorithms for such
tracking are presented for a certain class of
technical objects.
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1 PROBLEM STATEMENT AND
SIGNIFICANCE

The object considered can be described by
a mathematical model expressed by the state and
the output equations:

(1).

The admitted bounds of the vector y of the
object real dynamic behavior are determined by the
vector of desired dynamic behavior y

d
 and sets E

I

and E
A
, as follows:

(2),

(3).

2 DEFINITION

The system Eq. (1) controlled by  ( ) uSu ⋅ ∈
exhibits the practical exponential tracking with
respect to ( ) ( ){ }, , , , , ,I A d zI I S Sτ βΛ ⋅ ⋅  , (Fig. 1), if

( ) ( ) ( )0 0, ,d I d d zI S Sy y d y⋅ ⋅ ∈ × ×    implies:

(4),

and for { }1,2, ,i n∀ ∈ �  and t Rτ∀ ∈  holds

(5),

and

(6).

3 CRITERIA

In order for the system Eq. (1) controlled
by ( )u ⋅  to exhibit practical exponential tracking
with respect to ( ) ( ){ }, I, , , , ,I A d zI I S Sτ β ⋅ ⋅  it is
sufficient that control ( )u ⋅  guaranties:

(7),

where [ [,γ β∈ +∞ .
Arbitrary ( ) ( ) 0,  ,  d d z i IiS S e Ey d⋅ ∈ ⋅ ∈ ∈  and

{ }1,2,...,i n∈  is considered. From Eq. (7) it follows
that:

or in scalar form:

(8).

This equation expresses exponential
decrease of the function ( )ie ⋅ , from starting value

0ie  towards zero. Since 0i Ii Aie E E∈ ⊆  the value of
the error in any time is less than iMAe , and greater
than imAe . It means that the object exhibits practical
tracking with respect to ( ) ( ){ }, , , , ,I A d zI I S Sτ ⋅ ⋅
*�+�,
[7]:

(9).

Based on Eq. (8) and the condition of
theorem [ [,γ β∈ +∞ , it follows that

(10),

(11),
and

(12).

Now, using Eq. (10), Eq. (11), Eq. (12),
( ) ( ) ( ),  ,i di ie t y t y t t Rτ= − ∀ ∈  the function set

definitions ( )II ⋅  and ( )AI ⋅ , Eq. (2) and Eq. (3),
and 1,  Iiα = Λ = , one gets:

(13),

(14),

which considering the arbitrary chosen ( )0 , , ,i de i y d ⋅  
{ }1,2,..., ,Ii d zE n S S∈ × × ×  together with Eq. (9)

satisfies the definition and proofs the theorem.Fig. 1. Practical exponential tracking
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( ) { }( ; ; ) : ( ) ,A d A d AI t E t E⋅ = = − ∈y y y y e e
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4 ALGORITHM

The algorithm is based on the natural
tracking control concept introduced by Grujic. The
main characteristic of this concept, which follows
from the self-adaptive principle, Grujic [8] to [10],
is the existence of the local positive feedback in
the control u (with possible derivative and/or
integrals of u). The local positive feedback
compensates for the influences of the disturbances
and the internal dynamics of the controlled object,
since, during the control construction the
information about them is not used.

The main negative feedback loop in the
output y (with possible derivatives and/or integrals
of y) provides the desired quality of the error
evolution.

The values of all vector elements ( )ty  and
( )ty�  from Eq. (1) are measurable in any time

instant .t Rτ∈
Let Assumption 1 hold, let ( ){ }uS u= ⋅  and

control ( )u ⋅ :

(15),

where D is an arbitrary matrix satisfied
( )det DD 0,T ≠  and [ [,γ β∈ +∞ .

System Eq. (1) controlled by ( )u ⋅ , Eq. (15),
exhibits The practical exponential tracking with
respect to ( ) ( ){ }, I, , , , ,I A d zI I S Sτ β ⋅ ⋅ .

If there is no delay in the feedback loop than
( ) ( )t tu u −= , ;�����
[8] to [10], and following the

vector equation Eq. (15) one gets:

(16).

By multiplying that equation with matrix D
from the left side, the following equation is
obtained:

(17),

which, based on [ [,γ β∈ +∞  and the former
theorem proves this theorem.

This algorithm presents a further
justification of the approach of the natural tracking
control by Grujic and Mounfield. The natural
trackability condition is not considered here. A
further implementation of this algorithm in the
present paper is a simplify attempt and matrix D
will be chosen as an arbitrary matrix.

5 APPLICATION

In this case an electro-pneumatic servo
motor as a plant, presented in Figure 2, is
considered. It consists of:
1. a single acting membrane pneumatic motor,
2. potentiometer (displacement transducer),
3. electro-pneumatic transducer (EPT).

Fig. 2. Electro-pneumatic servo motor

The mathematical model of the mentioned
plant is shown Lazic [11]. Here the first order EPT
is accepted and verified by experimental results.
The electrical part of EPT is very fast and the air
volume of pneumatic line and motor chamber are
relatively small. For this plant that simplification
is very closed to the exact mathematical model of
EPT with a pneumatic motor when their air volume
determines variable pτ  by a very complex formula.

(18),

where:
y - motor spindle displacement,
u - voltage control signal,
p - EPT output pressure.

A block diagram of the considered plant is
shown in Figure 3.
The technical characteristics of the plant are:

0.45pτ = s - EPT time constant,
50.229 10pK = ⋅ Pa/V - EPT gain,

B
v
 = 63050 Ns/m - damping factor,

c
t
 = 93.5 N - Coulomb friction coefficient,

R
L
 = 175 Ω - EPT coil resistance,

K
o
 = 150857.14 N/m - motor spring stiffness,

( ) ( ) ( ) ( ) ( )
( )

1

0

D DD  

, , ,

T T

d I d z

t t t t

t R E S Sτ

γ
−−= + +  

∀ ⋅ ∈ × × ×  

u u e e

e y d

�

( ) ( ) ( )
( ) ( )

1

0

D DD

, , ,

T T

d I d z

t t

t R E S Sτ

γ
−

+ =  
∀ ⋅ ⋅ ∈ × × ×  

e e 0

e y d

�

( ) ( ) ( ) ( )0,  , , ,d I d zt t t R E S Sτγ= − ∀ ⋅ ⋅ ∈ × × ×  e e e y d�

( ) ( ) ( )

( ) ( ) ( ) ( )sgn

p p

v o t m

dp t
p t K u t

dt
dy t

B K y t c y t A p t
dt

τ + =

+ + =  �
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A
m
 = 330.10-3 m2 - membrane area,

y
max

 = 17.5 mm - maximum motor spindle displacement.
A symbolic block diagram of the control

system is presented in Figure 4.
The digital computer simulation of the

practical exponential tracking control algorithm,
based on the self-adaptive principle, in the form:

(19),

for a prespecified 1β = , chosen 1.5γ =
[ [( ), ,γ β∈ +∞  and D 0.1=  is done. The illustration

of the results achieved by the practical exponential
tracking algorithm simulation can be seen in
Figures 5 to 8.

Fig. 4. Control system block diagram

Fig. 5. Output and desired output Fig. 6. Output error behavior

( ) ( ) ( ) ( )Du t u t e t e tγ−= + +  �

Fig.3. (a) The plant block diagram, (b) the equivalent nonlinearity of the plant part shown in the dashed
box of (a)
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From Figure 5 it can be seen that the real
output y is very smooth, and the difference between
y and y

d
 is in permitted boundaries, which can be

seen in Figure 6, the exponential error change ( )e ⋅
is in permitted boundaries ( )

0e e β− ⋅ .
The command pressure (electro-pneumatic

transducer pressure) signal behavior is illustrated
in Figure 7. The control value u (Fig. 8) is rather
rough but lies in the standard signal range -10V to
+10V, without saturations. High frequency
components in the control signal are a consequence
of physical sources - existence of the hysteresis
nonlinearity in the plant.

6 CONCLUSIONS

The results show a high quality of the
practical exponential tracking automatic control.
This type of control ensures a change of output error
value according to a prespecified exponential law.
For the control design, the internal dynamics of the
controlled object need not be known and the
measurement of the real output values only is
required. The practical tracking control algorithm is
based on the self-adjustment principle. The main
characteristic of this principle is the existence of the
local positive feedback in the control u. The
algorithm has been proved based on an assumption
that there is no delay in the local positive feedback
loop. Over a digital computer simulation, the smaller
time step provides the better approximation of the
proposed algorithm. Since very small sampling
period can be realized by using the up-to-date digital
computers, no possible limitations are expected
during the implementation on a real system.

Fig. 7. Electro-pneumatic transducer: output
pressure signal

Fig. 8. Control signal

7 NOMENCLATURE

q rB R ×∈  matrix
n qD R ×∈  arbitrary matrix

( ) : pR R⋅ →d  the disturbance vector function
( )td  the disturbance vector at time t

pR∈d  the disturbance vector
n

AE R⊂  the set of all admitted errors  ( )te  on Rτ ;
closed connected neighborhood of e0
n

IE R⊂  the set of all admitted initial errors
( ) 00 =e e ; closed connected neighborhood of e0

( ) ( ) ( ){ } ( ) ,: , ,  i i ii im iM A IE e e R e e e⋅ ⋅ ⋅ ⋅ == ∈ ≤ ≤
( ) ( ) ( )0; ; , , : n

d R R⋅ ⋅ ⋅ ⋅ →  e e u y z  the output error
response, which at time t represents the
output error vector ( )te  at the same time

( ) ( ) ( ) ( )0; ; , ,dt t⋅ ⋅ ⋅ =  e e u y z e
nR∈e  the output error vector, d= −e y y

( ) ( ){ } ( ) ,min : ,  m A IE⋅ ⋅ ⋅ == ∈e e e , elementwise
minimization

( ) ( ) ( ) ( )( ) ( )1 2 ,  ... ,  
T

m m m nm A Ie e e⋅ ⋅ ⋅ ⋅ ⋅ ==e

( ) ( )( ) ( ) ,max : ,  M A IE⋅ ⋅ ⋅ == ∈e e e , elementwise
maximization

( ) ( ) ( ) ( )( ) ( )1 2 ,  ... ,  
T

M M M nM A Ie e e⋅ ⋅ ⋅ ⋅ ⋅ ==e
( ) : q p qR R R⋅ × →f  the continuous vector function,

( ) ( ), q pC R R∈ ×f x z , which describes plant
internal dynamics

( ) : q nR R⋅ →g  the output function
( ) : 2 2

n nn R R
AI R R⋅ × × → , the set function of all

admitted vector functions ( )y ⋅  on Rτ  with
respect to ( )d ⋅y  and AE

( ) ( ); ;A A d AI t I t E= ⋅  y , the set value of the set
function ( )AI ⋅  at time t, with respect to

( )d ⋅y  and AE
( ) : 2 2

n nn R R
II R⋅ × → , the set function of all

admitted vector functions 0y  with respect
to 0dy  and IE
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( )0;I d II Ey  the set value of the set function ( )II ⋅
at time t, with respect to 0dy  and IE ; if 0dy
is chosen ( )0 ;I d I II E I⇒ =y

] [ { }0, : ,0R t t R t+ = +∞ = ∈ < < +∞
[ [0 0 ,R t= ∞
[ [0,Rτ τ=

n
dS R⊂  the set of all admitted ( )dy ⋅  on Rτ ;

( ) ( ) ( ), n
d d dS t C R Rτ⋅ ∈ ⇒ ∈y y

p
zS R⊂  the set of all admitted ( )⋅d  on Rτ

t time
( ) : ... rR R⋅ × →u  the vector function which

describes evolution of the control vector
( )tu  the value of the function ( )⋅u  at time t

rR∈u  the control vector
qR∈x  the state vector

( ) ( ) ( )0; ; , ,d⋅ ⋅ ⋅ ⋅  y y u y d  the real output response,
which at time t equals the real output vector
at same time,

( ) ( ) ( ) ( )0; ; , ,dt t⋅ ⋅ ⋅ =  y y u y d y
nR∈y  the real output vector

( ) : n
d R R⋅ →y  the desired output vector function
( )d ty  the desired output vector at time t

n
d R∈y  the desired output vector

Rβ +∈
[ [,γ β∈ +∞

{ }1 2,  diag   ... n n
MA MA nMAR e e e×Λ ∈ Λ =

] ]0,τ ∈ +∞  the final moment
( )0 0 ... 0

T qR= ∈0
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Surface defects
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calculation
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Surface defects Decision
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