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EXECUTIVE SUMMARY

This project is a three Phase project with the final goal of demonstrating a single-point, non-
contact monitoring system which can be mounted to a scanning platform. Ultimately, this
monitoring system will be used to control the papermaking process. Phase I of the project,
which this report covers, was concerned with evaluating available technologies for the
monitoring system, including stiffness and fiber orientation measurement methods. Phase II will
demonstrate an integrated system in a laboratory setting. Phase II will also begin to look at the
process control issues, in particular, what to do with the information available from the
monitoring system. Phase III will take the integrated system from Phase II to several mills for

field trials.

At the end of Phase I, we are proud to announce that all goals for the first year have been met

or exceeded.

On the instrumentation side of the project, a pair of web simulators were constructed which
can take strips of machine made papers and move them at speeds in excess of 40 m/s, plus apply
a simulated “flutter”. These instruments have allowed the evaluation of 5 different types of laser
based ultrasound detection systems (for determination of stiffness properties) on moving paper in

a laboratory setting. These detectors included:

e Fabry-Pérot

¢ Frequency domain photorefractive interferometers
e Time domain photorefractive interferometers

e Self-mixing vibrometer

e Photoinduced-EMF



il

All five detectors were capable of measuring ultrasound waves on stationary paper, and three
(Fabry-Pérot, self-mixing vibrometer, and photoinduced-EMF) were able to make measurements

on various grades of paper at production speeds (up to 25 m/s) completely non-contact.

Fiber orientation distribution (FOD) is another area of investigation during Phase I of the
project. Two fiber-orientation measuring instruments were built and successfully tested. The
first is based upon the measuring of dyed fibers in a sample, and is intended as a reference
instrument. The second is based upon non-contact light transmission/scattering through the

sample. Both were found to agree well with each other.

Also beginning earlier than originally planned, the equipment to evaluate the effect of

moisture content and temperature on ultrasonic velocities has begun to be assembled.

Phase II of the project will involve the integration of these technologies into an instrument
that will be used to probe the fundamentals of the papermaking process, with the intent to control

the paper machine for optimal product properties.
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1 INTRODUCTION

1.1  Motivation for Present Work

Baum stated in a landmark paper published in 1987 the following (Baum, 1987):

“The elastic properties of paper form a basic set of parameters which are useful
for monitoring the effects caused by changes in process variables, capable of
predicting end use performance, and overall, help to provide a better
understanding of the fibrous network we call paper. Elastic parameters also are
important in product design and modeling, e.g., in the construction of tubes,
boxes, food containers, etc. Eventually their use will help to control the paper
machine automatically. Because most of the elastic parameters needed to
describe paper can now be determined easily and non-destructively using wave
propagation methods, the opportunity exists to move forward in each of these
areas.”

In the context of real-time control of the papermaking process, which is the long-term
motivation behind the present project, Table 1.1.1 summarizes in a very simple way the effect of
machine variables on different elastic stiffness properties (Baum, 1987; Ishisaki, 1997). It can be
seen that the inverse problem of predicting the behavior of individual sub-processes from elastic
stiffness measurements is complex because some of the processes can produce similar trends on
stiffnesses (e.g., refining and wet pressing). This implies that additional information is needed
such as the geometrical fiber orientation distribution (FOD) and the stiffness orientation
distribution (SOD). Differences between FOD and SOD can be appreciated in Figures 1.1.1 and
1.1.2. In Figure 1.1.1, one can see that the FOD for laboratory machine-made paper samples
manufactured under different wet straining and restrained conditions is unaffected by these

processes. This is not the case for the SOD in Figure 1.1.2, which is sensitive to wet straining

and/or restrained drying. Contrary to FOD, SOD depends upon built-in stresses.



Table 1.1.1 Effect of machine variables on elastic stiffness properties.

Elastic Refining Anisotropy Wet MD Wet Restrained
Stiffness Level Ratio Pressing Straining Drying
Constants Level Level
From Low From Low | From Low | From Low From Full
to High to High to High to High Restraints to
CD Only
MD: C,, 5 % 5 7 0
CD: C,, D { D 7 D
ZD: C,, i) 0 ) 1 0
MD-CD: C,, { T 0
MD-ZD: C, ) ) {
CD-ZD: C,, y T J

Control
Sample
R = 2.1

No Change

00 210 10050
0% Straining 0% Straining

MD-CD Restrained Drying MD Restrained Drying

No Change | ..« l. | No Change

2% Straining 2% Straining
MD-CD Restrained Drying MD Restrained Drying

Figure 1.1.1 Geometrical Fiber Orientation Distribution (FOD) for different paper
samples manufactured under different wet straining and restrained drying conditions.
Control sample (MD/CD ratio = 2.8) is in upper left corner. Straining and restraint
drying do no appreciably affect the FOD.



Control
Sample

CD
Shrinkage

0% Straining 0% Straining
MD-CD Restrained Drying MD Restrained Drying

Shrinkage
Elongation
Rotation

MD
Elongation

2% Straining 2% Straining
MD-CD Restrained Drying MD Restrained Drying

Figure 1.1.2 Stiffness Orientation Distribution (SOD) obtained for different paper
samples manufactured under different wet straining and restrained drying conditions.

Control sample is in the upper left corner. Restraint drying and wet straining affect
SOD.

To this day, nobody has attempted to tackle the inverse problem presented by Baum,
experimentally, numerically, or theoretically. Because it is so difficult, it is believed that an
experimental approach must first be investigated to gather hard evidence. Also, it is postulated
that existing information obtained on a paper machine (grammage, thickness, moisture content,
web temperature) and currently unavailable information such as stiffness properties, FOD and
SOD, can be used in a meaningful manner to provide a preliminary layout of a model to control

the papermaking process.

1.2 Introduction to the Project

The task of achieving real-time control of the papermaking process is a long-term goal. First

it is necessary to develop appropriate instrumentation to determine stiffness properties, FOD, and



SOD, and demonstrate the functioning of this instrumentation first in the laboratory, then in a
mill environment. Since measurements would be of limited interest without an attempt to
interpret them and predict the impact of machine variables on paper mechanical properties, it is
important to begin as early as possible an investigation of the relationships between machine
variables and mechanical properties. This is the essence of this project. Commercialization of
technology, development of process control strategies, actuators, and development of a
monitoring system considering full sheet inspection rather than a scanner-based approach are

beyond the scope of the project.

The purpose of the project is two-fold:

1) To develop and demonstrate from the laboratory to the mill a new technology aimed
at determining stiffness properties, FOD and SOD on a moving paper web;

2) To begin an investigation of the inverse problem of relating paper mechanical
properties to paper machine variables.

There have been several research and development efforts associated with the development
of test methods to monitor paper stiffness properties on a moving web. However, all of them
have focused on the use of contact methods to probe paperboard. It is believed that the
availability of a non-contact method is largely preferable for several reasons: no potential
damage to the web, rich information content, extended grade monitoring. There are two possible
approaches: air-coupled transduction and laser-based ultrasound. The use of air-coupled
transducers is a priori attractive because it offers simplicity and is cost-effective. However, it
suffers from one major problem: measurements are sensitive to air path parameters (temperature,
humidity level, turbulence level). Also, the available information may be inadequate. The
second approach, laser ultrasonics, is more complex, but can provide the desirable information

(stiffness properties, FOD, and SOD). This approach was chosen for the following reasons:



Extensive scientific support;

Rich and reliable information content;

Simultaneous detection of FOD and SOD;

Unlikely to damage to the web;

Test method suitable for fine papers and paperboards (universal method);
Potential for 100% web inspection implementation.

As a first step aimed at demonstrating the concept of laser ultrasonics on non-moving paper,
The Institute of Paper Science and Technology requested the assistance of the Georgia Institute
of Technology (GIT) in 1994 to initiate research work on the use of lasers to excite and detect
Lamb waves in paper. Exploratory internal funding for a one-year project was awarded by both
institutions in September 1994. Results were obtained very early in the project (see Figure 1.2.1)
and showed that the technique was very promising. Since then, results have been reported on

different paper and paperboard grades (Brodeur et al., 1997).
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Figure 1.2.1 Laser ultrasonics validation results as obtained using different non-
moving paper and paperboard samples. One can see that machine direction (MD) and
cross-machine direction (CD) velocity results gathered using contact transducers and
laser ultrasonics are in very good agreement (Brodeur et al., 1997).



The next step in this endeavor was to address the more challenging task of performing laser
ultrasonics measurements on moving paper, first in the laboratory, then on a paper machine. A
research proposal was submitted to the Department of Energy, Office of Industrial Technologies
Agenda 2020 Program in 1996. The following organizations were invited to collaborate with
IPST: Idaho National Engineering and Environmental Laboratory, Georgia Institute of
Technology, and Honeywell-Measurex Corporation. The proposed work considered a three-

phase project over a four-year period:

e Phase I (Year 1): Laboratory Demonstration on Moving Paper (Proof of Concept);
e Phase Il (Years 2 and 3): Laboratory Demonstration of On-machine Prototype System;

e Phase III (Year 4): Field Demonstration of On-machine Prototype System.

The proposal was reviewed and recommended for funding by the Sensors and Controls Task
Group of the American Forest and Paper Association. The Department of Energy awarded a
three-year contract to IPST in September 1997 and funding was granted for the first two phases
of the project. It was agreed that additional funding would be provided for Phase III on the basis
of successful completion of Phase II. An updated version of the original proposal, which was
submitted to DOE in June 1997 to reflect the initial funding of Phases I and II, is reproduced in

Appendix A.

As soon as the project was authorized, the research team met for the first time at IPST.
Following an intensive brainstorming session on the latest scientific and technical developments
in the field of laser ultrasonics, a research plan for Phase I was devised. This plan was

continuously reviewed and updated to optimize resources and fully meet or exceed project



objectives. Also, two extensive review meetings were held in March and May. The actual
Statement of Work for Phase I can be seen in Appendix B. Also, anticipated Tasks for Phases II

and III, and an updated Time Schedule for the full project are displayed in Appendix B.

Now, one year later, we are very pleased to report that we were able to fully meet or exceed
project objectives for Phase I, especially the laboratory demonstration of laser ultrasonics on
moving paper. The experimental methodology and the results are reported in the following

sections.

1.3 Deliverables

Deliverables for the full project duration are:

Phase I (Year I):

e Laboratory demonstration of laser ultrasonic characterization of moving paper (Proof of
Concept).

e Development of image analysis and light scattering methods for fiber orientation

measurements.

Phase II (Years II and III):

e Laboratory demonstration of single-point on-machine prototype system to monitor the
mechanical behavior of paper during papermaking (include integrated detection of fiber and
stiffness orientation distributions).

e Development of a preliminary model relating mechanical properties of paper to papermaking

processes.



Phase III (Year IV):

e Mill demonstrations (fine paper and linerboard paper machines) of single-point on-machine
prototype system mounted on a scanning platform to monitor the mechanical behavior of
paper during papermaking.

e Technical and economical assessment of technology.



2 EXPERIMENTAL METHODOLOGY

2.1 Introduction

One of the major unknown variables in the strategy to understand and control the
papermaking process is the stiffness properties of the web. Ultrasonics has long been used to
determine, non-destructively, the stiffness of materials. This section details the use of non-

contact, laser-based ultrasound generation and detection on a moving web.

This section starts off with a review of laser ultrasound generation and detection. Five
different laser ultrasound detectors are then described and evaluated. In order to determine how
well they work on moving paper, a laboratory web simulator was constructed. Finally, an optical
scanning technique is described which reduces surface noise, and the effect of laser wavelength

on generation is investigated.
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2.2 Spectral Absorption of Paper (J. Gerhardstein, IPST)

From an optics standpoint, paper is a diffuse reflecting material with widely varying spectral
response. Some papers are designed to reflect most visible light to appear to have a high
brightness, and others absorb much of the visible spectrum. From the standpoint of building a
laser ultrasonic measurement system, it would be best to choose lasers with wavelengths that will
provide consistent results across grades for their desired tasks. Hence a literature search was
undertaken to try to determine what regions of the visible or non-visible spectrum would be best

for detection and excitation.

The majority of work in the literature available on light absorption in paper is concerned with
the visible region (400-700 nm), and for the most part is only concerned with a single value
called “Brightness”. TAPPI has several methods to measure optical properties in the visible
region (T-442, T-452, T-480, T-519, T-524, T-525, T-527, T-534, T-646, T-653, T-1209)

(TAPPI, 1998), and these heavily populate the available literature.

There are several good references in the literature as to spectrophotometric measurements of
paper. Jordan and O’Neill (1988) performed a round-robin study on four samples to determine
the accuracy and precision of colorimeters. These samples cover a wide range of products and
pulp types. A graph of the percent reflectance for these samples in the visible region is shown in
Figure 2.2.1. The manilla is the only unbleached sample of the four. It shows much lower
reflectance from 400-500 nm than the bleached samples do. Reflectance generally increases

from the blue (400 nm) to the red (700 nm).
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Figure 2.2.1 Reflectance curves for a series of samples used in a round-robin study
for wavelengths from 400-700 nm, reproduced from Jordan and O’Neill (1988).
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Figure 2.2.2 Spectral response of bleached and unbleached sulfite and kraft pulps
from 400-700 nm. Samples are: A) bleached sulfite; B) unbleached sulfite; C) bleached
kraft; D) unbleached kraft. Reproduced from Scott and Dearth (1992).
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Figure 2.2.2, from Scott and Dearth (1992), shows reflectance for bleached sulfite (A),
unbleached sulfite (B), bleached kraft (C) and unbleached kraft (D). All four pulps have a higher
reflectance at higher wavelengths. As expected, bleached pulps (A & C) reflect more light

across the entire visible region than their respective unbleached pulps (B & D).

Red Construction
Paper

r Blue Report Cover j

Absorbance (log 1/reflectance)

T T 1 T T !
400 450 500 550 600 650 700 750 800
- Wavelength, nm

Figure 2.2.3 Spectral response for dyed papers. Reproduced from Biermann (1996).

In Figure 2.2.3, Biermann (1996) shows absorbance (=log;o 1/reflectance) for different
colored papers. As expected, different colors absorb different wavelengths. This diversity of
spectral responses makes the visible region a difficult area to try to find a universally high

reflection or absorption band in.
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Figure 2.2.4 Specific Absorption Coefficient, pulps A-C are bleached hardwoods, D
is a bleached softwood, and E is an unbleached softwood. Reproduced from Scott and

Dearth (1992).

Figure 2.2.4, from Scott and Dearth (1992) shows the specific absorption coefficient from
350-1600 nm. Five pulps are shown; A through D are bleached and E is unbleached. There is a
weak absorption peak in the infrared (IR) at 1250 nm and stronger one at 1500 nm, and a general
trend of increasing absorption from 600 nm down into the ultraviolet (UV). Absorption reaches

a minimum around 1100 nm for all samples except the unbleached one (E).

Fluorescent dyes are common in many high brightness papers. Figure 2.2.5 shows
measurements from Scott and Dearth (1992) on the effect of fluorescence in paper. Addition of

fluorescent dye increases emission in the blue (450 nm) region while increasing absorption in the

UV (375-400 nm).
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Figure 2.2.5 Effect of fluorescence in paper. Reproduced from Scott and Dearth
(1992).
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Figure 2.2.6 Absorption by lignin in the UV as measured by the photoacoustic
technique. Graph «a is data for pine wood lignin in situ. Graph b is data for milled wood
lignin powder from spruce. The effect of cellulose absorption has been removed.
Reproduced from Gould (1982).
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Absorption in the UV is quite strong for most samples due to lignin. Figure 2.2.6 shows

work by Gould (1982) in which a photoacoustic technique was used to measure absorption in

lignin. The data shown is for pine and spruce lignin, where the effect of cellulose has been

removed. Strong absorption is seen in both samples in the 250-300 nm region.

The IR is a particularly interesting region to look for absorbance in paper, as many lasers

have fundamental frequencies in the 1-2 micron region due in part to the telecommunication

industry’s use of fiber optic communications. In Figure 2.2.7, results from Pope (1995) show

absorbance spectrum from 1200 to 2400 nm. Absorbance peaks at 1500, 1920, 2100 and 2300

nm are present.
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Figure 2.2.7 Absorbance spectrum of paper from 1200-2400 nm, showing
absorbance regions attributed to cellulose and water. Reproduced from Pope (1995).

Two lasers are currently used in the laser ultrasound setup: one for detection and one for

generation. In order to optimize the detection laser, a wavelength that provides good reflection
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from the web is preferred. In order to optimize generation, a wavelength that provides good
absorption would likely be best. Widely varying absorption spectrum of different papers in the
visible (400-800 nm) region due to dyes, fluorescence, bleaching and pulping methods (see
Figures 2.2.1 — 2.2.5) indicate that this region would not provide a universal solution for either
generation or detection. However, relatively good absorption bands in the UV and near IR due
to lignin and cellulose, respectively, exist. From the perspective of getting light to absorb into
paper, running either a UV (200-350 nm, see Figures 2.2.4 and 2.2.6) or an IR (1400 or 2100 nm,
see Figures 2.2.4 and 2.2.7) laser should be best. As lignin content in paper tends to vary
significantly as a function of pulping processes and bleaching, using the IR absorption band due

to cellulose should provide more repeatable generation.

Reflection generally increases with increasing wavelength in the visible region (see Figures

2.2.1,2.2.2, and 2.2.4), to a minimum absorbance around 1100 nm (see Figure 2.2.4).

Several lasers exist in these suggested bands. For excitation, a laser such as Er:glass, which
has a fundamental at 1540 nm and sufficient pulse energy and repetition rate would be a good
choice. This region is also typically referred to as “eye safe”, as the human eye is less sensitive
to wavelengths in this region than other wavelengths around it. Safety is a serious concern with
the generation laser due to the high optical powers typically needed to produce ultrasound. The
laser of primary interest in the suggested detection region is the CW Nd:YAG, with a
fundamental wavelength of 1064 nm. This laser is very common and typically quite
inexpensive. Both the Nd:YAG and Er:glass lasers are also solid state which will reduce their

maintenance requirements, size and electrical power consumption.
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2.3 Paper Samples (B. Pufahl, IPST)

In order to investigate laser ultrasonics techniques over a broad range of conditions, several
paper and paperboard samples were obtained from different manufacturers. Samples were
chosen based on percentage of total paper production and those that would benefit most from on-
line stiffness measurements. Moreover, they represented a wide range of grammages and
different bleaching conditions. Newsprint, art paper, copy paper, and raw stock paper were
chosen because of the impact of on-line stiffness measurements to the operation of the paper
machine. A medium sample and three grades of linerboard were chosen due to market share and
also because of the need for enhanced strength properties of the final product (corrugated
containers). Bleachboard and sack grades were chosen because of the need for uniform strength
in these products. A summary of the basic properties of the paper samples is presented in Table
2.3.1. Machine direction surface roughness measurements utilized an Emveco stylus contact

system, which reports average differences between two successive samples.

Table 2.3.1 Basic Paper properties.

Paper Sample Grammage | Thickness | Felt Side Surface | Wire Side Surface
(g/m?) (um) Roughness (um) | Roughness (um)

Newsprint 44 64 2.85 3.02
Art Paper 58 63 3.66 5.05
Copy Paper 80 91 2.66 2.83
Raw Stock Paper 87 106 3.20 4.66
Sack 87 109 5.36 5.96
26-1b Medium 125 195 8.53 9.80
33-1b Linerboard 163 203 7.98 6.73
42-1b Linerboard 205 276 9.81 7.62
Bleachboard 262 363 3.76 3.09
69-1b Linerboard 336 453 5.73 6.66
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All samples of a particular grade were cut at the same cross-machine position from a single
roll. To ensure uniformity of samples throughout the length of the paper, samples were cut
alternating between static test and dynamic test samples. The static test samples were cut to
dimensions of 18 cm machine direction by 18 cm cross machine direction while the dynamic test

samples were cut to 100 cm machine direction by 20 cm cross machine direction.

The static samples were preconditioned at 23° C and 20% RH for 24 hours according to
TAPPI test method T402 om-93 (TAPPI 1993). Following the preconditioning, the samples
were conditioned at 23° C and 50% RH for another 24 hours. Every fifth sample of the twenty
static samples was removed and measured under TAPPI standard conditions at 23° C and 50%
RH. The static samples tested using the laser ultrasonic equipment at IPST were maintained at
23° C and 50% RH while the samples at INEEL were not kept under temperature and humidity
constraints. However, temperature and humidity were monitored during experimentation at

INEEL.

The following parameters were measured for the five samples: grammage (TAPPI T410 om-
93), soft-platen thickness (TAPPI T551 pm-92), hard-platen thickness (TAPPI T411 om-89),
surface roughness (see below), in-plane velocities (Van Zummeren et al, 1987), out-of-plane
velocities (Habeger and Wink, 1986), and stiffness orientation angle (maximum stiffness angular
offset with respect to machine direction). From these parameters, the following values were
calculated: soft-platen apparent density, MD/CD velocity ratio, MD/CD stiffness ratio, MD-CD
Poisson’s ratio, CD-MD Poisson’s ratio, and the stiffness constants Cyy, Czz, C33, Ca4, Css, Ces,
and C;, (Mann et al, 1980). An 80 kHz wave was used for determination of in-plane ultrasonic

velocities via contact transducers on all paper grades. A 1 MHz wave was used to determine out-
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of-plane ultrasonic velocities for all grades except for the art paper, which was tested with a 5
MHz wave. Both out-of-plane waves were propagated through 20 mm neoprene-faced delay
lines with a contact pressure of 50 kPa. Ultrasonic velocities obtained by contact methods were
used as a basis for comparison with laser ultrasonic measurements. Table 2.3.2 contains the

contact ultrasonic values recorded for the different paper grades.

Table 2.3.2 Contact Ultrasonic Stiffness Measurements.

Newsprint | Art Paper Copy Raw Sack
Paper Stock
Paper

Soft Platen Density (g/cm’) 0.686 0.928 0.876 0.818 0.801
MD Longitudinal Velocity (km/s) 3.274 3.470 3.468
CD Longitudinal Velocity (km/s) 2.322 2.459 2.779
MD Shear Velocity (km/s) 1.651 1.757 1.893
CD Shear Velocity (km/s) 1.651 1.774 1.915
45° Shear Velocity (km/s) 1.634 1.744 1.882
MD/CD Longitudinal Velocity 1.410 1411 1.248
Ratio
MD/CD Longitudinal Stiffness 1.99 1.99 1.56
Ratio
MD-CD Poisson's Ratio 0.19 0.18 0.20
CD-MD Poisson's Ratio 0.37 0.36 0.31
Stiffness Polar Angle (°) -0.9 -1.8 -11.4
ZD Longitudinal Velocity (km/s) 0.217 0.631 0.415 0411 0.444
ZD-MD Shear Velocity (km/s) 0.600 0.501 0.487
ZD-CD Shear Velocity (km/s) 0.540 0.485 0.440
Ci (GPa) 9.39 9.85 9.64
Cx (GPa) 4.72 4.95 6.19
Cs; (GPa) 0.032 0.369 0.151 0.139 0.158
Cus (GP2) 0.251 0.195 0.145
Css (GPa) 0.311 0.208 0.173
Ces (GPa) 2.39 2.53 2.87
Ci2 (GPa) 1.77 1.77 1.93
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2.4 Moving Web Simulator (B. Pufahl, IPST)

A web simulator system was developed to provide a controlled environment for simulating
the behavior of a paper web in an open draw. Factors considered during design of the system
included: maintaining machine direction orientation of the paper sample, providing an
unsupported area of paper for testing, variable speed capability, accurate positioning for flutter
simulation, and an adjustable base for aligning the motion of the paper perpendicular to the laser.
Two web simulators were built, one for use by IPST and another for INEEL. The INEEL system
was installed in April. After some minor changes to the design of the drive system, the IPST

system was installed in June.

Acrylic Cylinder

Flexible Shaft

Motor Controller

Actuator Controller

Figure 2.4.1 Web simulator cylinder detail.
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Paper samples of the size 84 cm machine direction by 20 cm cross-machine direction are
attached to two acrylic drums that are separated by 5 cm (see Figure 2.4.1). In addition to the
separation gap, one configuration of the system utilizes drums that have 10.0 cm diameter access
holes (see Figure 2.4.2). This configuration allows the transducers to be mounted behind the
paper during sheet flutter simulation as well as during smooth operation (no flutter). Another
configuration utilizes solid disks mounted to the drive shaft and the acrylic drums (see Figure
2.4.3). In this arrangement, the vibration of the surface of the drums is minimized while the

maximum speed of the system is substantially increased.

Drive Wheels

Linear Guide Actuator

Transmission

Motor

Figure 2.4.2 Wire side access configuration.
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Paper

Solid Disk

Linear Guide

Flexible Shaft

Figure 2.4.3 Solid Disk Configuration.

The system utilizes a variable speed DC drive that currently provides a speed range from 0.4
to 13.5 m/s (25 to 810 m/min or 82 to 2660 fpm) in the configuration with the access holes
(configuration #1). In the configuration utilizing solid disks mounted to the drive shaft
(configuration #2), the speed range is from 2 to 47.5 m/s (120 to 2850 m/min or 394 to 9350
fpm). A linear electromagnetic actuator with integral position feedback is utilized for simulation
of sheet flutter. This arrangement provides 2 cm peak to peak displacement at frequencies up to
10 Hz with a reduction in displacement to 0.25 mm at 100 Hz. The actuator also has the
capability of producing complex wave shapes in addition to basic sine waves. Accurate speed
control of the cylinder during flutter trials is accomplished through the use of a flexible drive
shaft. Surface speed is monitored by a fiber optic trigger that senses reflective tape attached to

the cylinder.

All hardware is controlled by a custom LabVIEW program utilizing a National
Instruments data acquisition card. The software allows the user to control surface speed via RS-

232 cabling to the motor controller. Timing signals from the motor tachometer and cylinder
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trigger are used to determine cylinder speed and rotation position at the time of lasing. Similarly,
LVDT feedback from the linear actuator is used to determine distance from the paper sample to
the optics, linear velocity, and direction of travel. The program also allows the user to control
the frequency and amplitude of the linear displacement as well as step and hold to a given linear

position.

Several safety features were added to the design to prevent operator injury or damage to
the laser and optics in the event of a failure. These features include: a completely enclosed drive
system; a detachable hood covering top, sides, and back of the acrylic cylinder; a fail-safe brake
on the motor; an emergency switch to disable power to all system components; locking collars
on the linear slides; and a cylinder design that includes aluminum backing rings for strength and
prevents the cylinder from being thrown from the machine in the event of a failure. In addition,
all rotating elements were specified to operate at approximately 75% of their recommended

continuous speed.

At this time, the INEEL system has operated for over 100 hours at a maximum speed of
400 m/min. INEEL has also taken advantage of the linear actuator capabilities to determine the
effects of depth of focus and sample movement on the laser detection system. The IPST system
has operated for approximately 40 hours with a maximum speed of 1800 m/min. Both systems
are currently using a single cylinder arrangement with a narrow paper sample attached to the

cylinder.
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2.5 Laser Ultrasonics

2.5.1 Introduction

The reception of ultrasonic signals propagating along moving paper webs is a challenging
assignment. The webs travel at high speed in mechanically noisy environments. Progress has
been made using piezoelectric techniques, nonetheless laser detection promises significant
advantages. The ability to receive ultrasonic signals without contacting the web is the foremost
attraction of the laser approach. Laser interferometry can recover a trace of the ultrasonic
disturbance by mixing a reference beam with another coherent laser beam reflected from the
surface. There is no need to struggle with direct piezoelectric connections to the paper. The
papermakers' reservations about instrument damage to the product fall away. Also, laser
interferometry is a more broadband detection method; pulse transmissions are not distorted and
elongated as they are when using the more resonant piezoelectric techniques. Measurements can
be made at higher frequencies allowing application to shorter ultrasonic paths. The laser
detectors are much more sensitive to antisymmetric mode propagation than are piezoelectric

instruments.

The experimental investigation of laser-based methods to generate and detect Lamb
waves in paper constituted the bulk of the research work during Phase I. Since the main goal
was to demonstrate that laser ultrasonics can indeed be successfully used to detect Lamb waves
in moving paper, our first task was to analyze all existing approaches and determine which ones

would most likely work on moving paper before proceeding to experimental work.
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2.5.2 Principles of Laser Ultrasonics generation (E. Lafond, IPST)
On paper products, like many other materials, there are basically four ways to generate

ultrasound with a laser beam. The means of generation depend on the power density of the spot

(power/area of the spot) at the surface of the material (Scruby et al., 1990; Castagnede et al.,

1992; Edwards et al., 1989).

At low power density, the generation occurs in the so-called thermoelastic regime. In this
regime, the surface of the material is heated very quickly by the laser beam. The sudden thermal
expansion and subsequent contraction caused by heating generate stresses inside the material in a
very short time, which become ultrasonic waves. In this regime, the ultrasonic waves are
generated in the plane of the material. In the case of paper, this regime is expected to generate

mainly in-plane Sy waves (see Figure 2.5.1).

In-plane displacement Out-of-plane displacement 45 degdisplacement

< N Paper sheet t

v

Figure 2.5.1 Definitions of displacement directions.

At higher power densities, the laser spot can be intense enough to vaporize the material
surface to a depth of a few nanometers or micrometers. The sudden vaporization of the material
creates a reaction over the surface that in turn generates stress mainly in the out-of plane
direction. Waves generated using this ablation regime are essentially Ay waves due to the out-of-

plane stresses.
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At an intensity in between those of the thermoelastic and ablation regimes occurs the so-
called intermediate regime, which utilizes a combination of slight ablation and thermoelastic
expansion. This regime generates both in-plane and out-of-plane waves and thus is appropriate

when we need to generate both Sy and A waves.

The fourth way to generate ultrasonic waves is in the high energy plasma regime where
vaporized and ionized particles from the material surface can start a laser-generated plasma at the
laser spot. The plasma can also be ignited in the air by focusing the laser beam tight enough that
the intensity exceeds the breakdown level of the air. This plasma creates a shock wave that
propagates in the air and the incoming wavefront generates out-of plane stresses and
displacements when it hits the material. The amount of energy required is much higher than for
the other generation regimes and the spectrum of waves generated usually consists of lower

frequencies. Therefore, this method of generating ultrasound was not investigated.

2.5.2.1 Generation of ultrasound

Table 2.5.1 FWHM and maximum pulse power for Continuum Surelite I-20
Nd:YAG pulse laser.

Wavelength: 1064 nm 532 nm 355 nm
(infrared) (green) (ultraviolet)
Pulse FWHM 5-7 ns 4-6 ns 4-6 ns
Maximum energy per 420m] (theor.) 160mJ (theor.) 55ml] (theor.)
pulse 413mlJ (meas.) 168mJ (meas.) 57m] (meas.)
Repetition rate 20 Hz 20 Hz 20 Hz

The generation system used at IPST is a pulsed Nd: YAG laser capable of generating a 1064
nm fundamental wavelength (near infrared), plus harmonics at 532 nm (green) and 355 nm

(ultraviolet) with the use of nonlinear optical crystals. The laser is a Continuum Surelite I-20
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with doubling and tripling crystals, and wavelength separators. The FWHM (Full Width at Half

Maximum) of the laser pulse and the maximum energy are displayed in Table 2.5.1.

The diameter of the beam at the output of the laser is 6 mm at 1/¢” intensity. This beam
needs to be focused, typically into a spot of 1 mm or less on the paper so that it can generate high

frequency acoustic waves.

INEEL also uses a pulsed Nd: YAG for laser generation of ultrasound. This laser operates

at 1064 or 532 nm, with a pulse length of 15 ns and up to 400 mJ of energy per pulse.

The maximum energy available from the pulsed lasers is far too high for paper and would
damage its surface when the spot is focused, so the beams are attenuated using an optical

attenuator placed after the output of the laser beam.

Contact piezoelectric transducers specially designed for sending So or Ao waves into the

paper can also be used for ultrasound generation.

The set up of the laser based ultrasound system used at IPST is a relatively standard one.
The pulsed generation laser is the master of the system and triggers the data acquisition. The
detection system detects displacements continuously since the laser used for the detection system

is CW (Continuous Wave). The setup at INEEL is very similar.

2.5.2.2 Data acquisition system
Traditional time based signals are recorded in a straightforward manner. At the output of
the interferometer, the signal may be sent directly to the data acquisition system, or an ultrasonic

- preamplifier may be used to boost the signal before recording. The preamplifier used at IPST
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has a gain of 39.2 dB with a bandwidth of 16 kHz to 6 MHz at -3 dB. Figure 2.5.2 shows a

picture of the data acquisition system used at IPST.

Figure 2.5.2 Data acquisition system, IPST setup. Computer with A/D is on the left,
and digital oscilloscope is on the right. Panametrics preamplifier is the small blue box
between the computer monitor and the oscilloscope.

The A/D board used with the IPST laser-based ultrasound setup allows a sampling rate of
130 MSamples/sec on one channel or 65 MSamples/sec on 2 channels. It is an 8 bit (256 levels)
A/D board which allows collection of pre- and post-trigger data for recording times ranging from
afew pus up to a few ms on 5 different voltage scales. The A/D board is driven with custom

software written in LabVIEW and the data files are saved in an ASCII format.






