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Abstract

The growth of line-speeds and the demand of high-quality products in process industry have
increased the importance of on-line operation monitoring of processes. The operation monitoring
of rotating components in process industry is typically carried out by an automatically operating
on-line monitoring system. Sensors attached to bearing housings monitor the vibration behavior
of the running. The operation monitoring system usually collects also process data like tempera-
ture, pressure, loading and torque or power of drive motors. Advanced systems like neural net-
work or expert monitoring systems can find out causalities between the vibration and process
data. These causalities can be used for fault diagnostics or automatic or supervised control of the
machine.

This paper describes an acoustic emission measurement system that is used for operation
monitoring of the cover of rotating rolls in line contact. The developed monitoring system is in-
stalled in a pilot roll station. The pilot roll station corresponds to a soft calendar or a soft coating
unit of a commercial paper machine. The paper describes the operation monitoring system and
presents measurement results of some running conditions. The running conditions simulate cover
damage and a situation where acoustic emission can be used in control of the running.

1. Introduction

Cylindrical rolls in rolling contact are typically used in paper machines and in steel mills. In
steel mills usually un-covered steel rolls are used. In paper machine sections, like in calendars
and coating units, soft roll applications are common. In these cases the rolls typically have poly-
mer cover with thickness of 10 — 20 mm. The reason for the use of soft-covered rolls is the larger
contact area that can be achieved by the soft cover. The production speeds have risen, especially
in paper machinery. Higher line speeds create growing requirements for the running stability of
the machine.

A new trend is to build the production lines complete integrated. In paper-making process
this means the integration all the sections of the machine in a single line. This sets high require-
ments for the reliability of process and increases the importance of operation monitoring.

When sensors are mounted strictly to machine parts, we can achieve the greatest accuracy in
measurement of running parameters and of process variables concerning this component. Trans-
fer of the measurement data from rotating machine parts requires wireless data transfer solutions.
In the case of rotating rolls in contact, acoustic emission (AE) is generated by deformation of the
cover, micro-sliding between the contacting surfaces and crack nucleation and growth in the
cover. The cover can loosen locally from the casing of the roll. This causes frictional micro-
movement between the cover and the casing that generates acoustic emission.
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The operation monitoring system for polymer cover of rotating rolls is installed in a pilot roll
station at Tampere University of Technology. The system consists of measurement computer on
the roll, of a wireless LAN bus for data transfer from the rotating measurement computer to the
analysis computer and of the user interface implemented with LabVIEW™ development envi-
ronment.

2. Acoustic Emission Sources in Roll Contact

Acoustic emission generated by the contact of rotating rolls can be used in fault diagnostics
of the cover and in control of the running of the rolls. A typical and very serious failure mecha-
nism in soft covers starts when a detrimental dirt particle adheres on the surface of the cover. The
particle causes a local, strongly deformed place on the cover. This deformation generates local
heat, so called “hot spot”, and the thermal expansion can destroy the cover by cracking it. Some-
times the cracking can be like explosion. The clean cover can also locally loosen from the sur-
face of the casing of the roll. This generates friction and heat that destroy the cover.

The dominating phenomena in the soft cover in normal running are depending on the mate-
rial of the cover and on the contact and running parameters. The acoustic emission generated by
these normal running phenomena can be used in control of the running parameters like contact
line load, relative driving moment share between the rolls or the sliding in closing process of the
roll contact and the stability of the running of the rolls. An unstable running condition of the
rolling contact is a resonance vibration caused by time delay of the elastic deformation of the
cover [1, 4-6].

Acoustic emission can be generated by many other mechanisms than mentioned above. This
can make it difficult to monitor the phenomenon under consideration. Acoustic emission can be
generated from pressure vessels of air and hydraulics systems, from welding, from mechanical
impacts, from fretting and from sliding contacts. These effects can disturb AE measurement es-
pecially in field environment. If the AE sensor is fitted inside a rotating roll, disturbances arise
mainly from the support bearings of the rolls [2].

3. Measuring System

In the pilot roll station, one of the rolls is coated with soft polymer cover and the other roll is
un-coated hard roll. The width of the line contact of the rolls is 4.4 m. The AE sensor is situated
inside the hard roll because the covered roll is heated by hot water. Because of the heat and in
order to get reliable fitting of the sensor on the inner surface of the casing a wave-guide is used.
The sensor is piezo-electric resonance sensor. In Fig. 1 the pilot roll station and the acoustic
emission sensor inside the non-covered roll are shown.

3.1 Measuring device

The measuring device is assembled on the shaft end of the hard roll, see Fig. 2. The AE
measuring device contains an analog filter having central frequency of 200 kHz and band-width
of one octave, a 46-db amplifier and an A/D converter with sampling rate of 1 MHz. The meas-
urement principle is AE count rate, and the measurement unit also contains variable threshold
level. The size of the unit is large due to other measurement facilities, like acceleration and strain
gauge measurements. The power supply for amplifier is fed via sliding rings.
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Fig. 2. The measurement device on the end of the lower roll.

3.2 Wireless data transfer and user interface

The measurement data is transferred with wireless LAN Ethernet connection from the meas-
urement computer to the analysis computer that is located in the control room. The wireless
transfer distance is about 10 m. The link is in accordance with the standard IEEE802.11, and has
the carrier frequency of 2.4 GHz [7]. The WLAN transmitter is fitted on the box of the measur-
ing device, see Fig. 2.

The AE count method reduces the amount of the transferred data to the level suitable for the
capacity of the wireless connection. The measurement unit calculates the AE count rates and
transfers them as packets to the analysis computer. The AE packets are analyzed in the analysis
computer as a pulse queue that indicates changes of the AE on the circle of the roll. The roll is
equipped with a pulse encoder that makes it possible to position the pulse count packet. If the
measurement result contains many pulse bars the measurement result shows like a continuous
line. This can be noticed from the graphs of the measurement results presented later in the text.
In Fig. 3 the principle of the AE data acquisition and wireless measurement data transfer of the
roll station are shown.
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Fig. 3. The principle of the AE data acquisition and wireless measurement data transfer from the
rotating roll to the analysis computer.

The measurement computer in the roll uses RT-Linux™ operating system. The data commu-
nication is also implemented with Linux™ operating system. In transferring the AE pulse count
packets with WLAN, the UDP (User Datagram Protocol) protocol is used to send time-stamped
packets in 0.1-1000 ms intervals. The UDP protocol is faster than TCP protocol, because it uses
transfer mechanism of the net’s lower layers when TCP builds its transfer mechanism over these
layers [3]. The reason to use of the UDP protocol in this application is the real-time demands.
The definition of a real-time system is when a control value is given as an input, with a 100%
assurance the output comes during a certain time. The definition does not specify the length of
the time. The laboratory measurement analysis system can be considered as a so-called soft real-
time system with a real-time delay of 1000 ms maximum.

The user interface is implemented with LabVIEW™ development environment. From the
interface it is possible to adjust the threshold level for AE count, to adjust the sampling rate of
the AE count packets and total measurement time. With the “Configure” function the configura-
tion of the measurement is transferred to the measurement computer in the rotating roll. The
measurement result is saved on the hard disc of the analysis computer for further analysis. The
user interface is shown in Fig. 4.

4. Experiments

The operation monitoring system has been tested with a simulated cover fault condition and two
running conditions where the AE can be used in control of the running of the rolls. At first the
system was calibrated for adjusting the suitable threshold level. The test conditions were fol-
lowing:

simulated fault condition

— two pieces of paper on the surface of the hard roll

control condition

— chance of the line load in the roll contact and

— resonance-running condition caused by the delay of the relaxation of the roll soft

cover.
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Fig. 4. The user interface of the acoustic emission monitoring system. “Measure AE” is AE
measurement. “Measure AD” and “Inputs” are associated to other measurements.

The sampling rate in all measurements was 2 kHz that corresponds the sampling time of 500
ps. In the measurement results the “AE activity” shown in the figures means the number of AE
counts per 500 ps. Because the “AE activity” is proportional to the rotational speed of the rolls,
depending on the AE count method, the rotational speed of the rolls was stable during individual
measurement.

5. Results and Discussion
5.1 Calibration of the measurement system

The basic construction of a piezoelectric sensor is simple and reliable. However, bad meas-
urement cables, bad cable connectors or incorrect mounting of the sensor can cause errors in
measurements. Great care must be used in the case when the sensor is installed inside the roll. If
the fitting of the sensor or the cables are incorrect it is impossible to repair the installation with-
out removing the roll from the machine. In this investigation the absolute values of the AE activ-
ity was not under examination, so the calibration of the sensor was not such an important ele-
ment. The condition of the measurement system was confirmed by testing the measurement
chain before and after measurements. In these tests a spring-loaded impulse peak was used. The
impulse was focused on the end flange of the roll where the AE sensor was situated. Another
method could be the "Pencil Lead Break" method according to ASTM standard number E 976-
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84. One calibration measurement result is shown in Fig. 5. There are five impulses given during
a 10-s period.

The impulse is rather sharp compared to the phenomena that generate acoustic emission in
rolling contact of the test rolls. However, the threshold level was adjusted to suit the measure-
ments with the impulse tests. In these measurements the rolls were not contacting each other but
rotating slowly.
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Fig. 5. Measurement result of one calibration test.

5.2 Two pieces of paper on the surface of the hard roll

This measurement simulates the conditions when there is a contaminant particle attached on
the surface of the cover or on the surface of the hard roll. A situation like this is also found if the

cover is locally loosening from the surface of the roll casing. The measurement result is shown in
Fig. 6.

The highest peaks in the Fig. 6a indicate the time when the paper pieces pass the line contact
zone. The paper pieces were round with diameter of 10 mm and thickness of 0.2 mm. In the fig-
ure the points of the passing time of the paper pieces are marked. The distance of the paper
pieces were 620 mm on the circle of the roll. Rotational frequency of the hard roll is 3.55 Hz,
diameter of the hard roll is 524 mm and line load is 18 kN/m. The time differences correspond
the location of the paper pieces.

5.3 The chance of the line load in the roll contact

The rolls are designed with crowning for nominal line load of 15 kN/m. With that line load
the pressure in the contact is designed to be even. In the measurements the line load was changed
from 10 kN/m to the value of 20 kN/m. The AE result of the influence of the line load is shown
in Fig. 7. With larger line load the hard roll penetrates deeper inside the soft cover. This in-
creases the deformation of the cover, the length of the contact zone and micro sliding. These
phenomena generate increasing level of acoustic emission. From the measurement result shown
in Fig. 7, it can be seen that there is a delay of about 5 s in the line load control system before the
line load stats to rise.
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Fig. 6. a) Result of the measurement “two pieces of paper on the surface of the hard roll”. b) The
measurement result when the papers were removed.
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Fig. 7. Measurement result of the influence of the line load on the acoustic emission.

Furthermore there is some fluctuation in the line load control circuit just after the control
command. The result is strongly filtered therefore the graph looks smooth. By calibrating the AE
level to correspond the line load, it is possible to use the AE level for direct measurement of the

line load in the contact.

5.4 The resonance-running condition

The resonance condition caused by the relaxation time delay is especially harmful running
condition of the contacting rolls. This kind of resonance condition occurs when the rotational
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speed of the rolls is such that the cover has not enough time to relax from the deformation that
has exerted on it in the contact zone. The condition is at worst when the resonance frequency is
an integer multiple of the roll rotational frequency. In that kind of resonance condition the rolls
are vibrating relative against each other. This means that the line load is changing in the fre-
quency of the resonance. This phenomenon generates AE like the change of the line load. The
result of the resonance condition is shown in Fig. 8.
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Fig. 8. Result of the measurement of the resonance condition. a) Frequency spectrum of AE
count signal. b) The time signal of AE count. Line load is 18 kN/m.

From the frequency spectrum of the AE count result it can be detected the rotational fre-
quency 4.87 Hz of the covered roll and its several harmonic components. The resonance fre-
quency 121.7 Hz and its first harmonic component also can be seen clearly from the spectrum.
The resonance frequency is exactly 25 times the rotational frequency of the covered roll. This
tells us that the resonance is caused by the delay phenomena of the cover. The resonance condi-
tion can be eliminated by chancing the rotational frequency so that it is not an integer fraction of
the frequency of 121.7 Hz.

6. Conclusions

This paper presents a wireless on-line AE monitoring system of the cover of rotating rolls.
The monitoring system is implemented in a pilot roll station of Laboratory of Machine Dynamics
at Tampere University of Technology.
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The tests have shown that the AE count method is a suitable method for wireless measure-
ment data transfer of the AE signal. The AE count method has also the advantage that it is like a
“triggered” signal that makes it possible to position the AE source on the circle of the roll cover.
The disadvantage of the AE count method is that the AE count rate depends on the rotational
frequency of the roll.

The methods used in control of the line load of contacting rolls in industry environment typi-
cally are based on indirect measurement methods. The line load is calculated for example from
the hydraulic pressures according the geometry of the loading system. With the AE measurement
system presented in here it is possible to monitor the line load of the contact direct. The tests
have also shown that with the measurement system it is possible to detect contaminants, which
are on the surface of the rolls.

The resonance running condition caused by the delay of the deformation of roll cover is a
harmful phenomenon. It stresses the mechanical constructions and lowers the quality of the
product. The AE measurement can be used in adaptive control of the roll rotational frequency.
The goal in this kid of control is to drive the rolls in a certain driving window where the vibra-
tions are at an acceptable level.
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