1 NETHOD_ANDW M\TUS FOR ULTRASONI C TESTI NG The i nvention rel ates
ﬁethod of determining strength and rel ated nmechani cal properties of

g RP cop

0 a
paper

and Sinmilar products, both on-line and off-line, using an ultrasonic wave

transm ssion and reception system The invention 5 also provides an
apparatus for neasuring the strength and related nechanical properti
paper and similar products. It is generally desirable for manufactur
paper and |ike products to measur e the nechan|cal oro-ertles of the
products to ensure tMELIDE AN Ad nb ar PO

[ ntended uses. - Unirhy jnGGRiidh Yel tés% P bndtRol S B IHiAS FHRRRS
§ e‘?’?ﬂ‘cut f

_ been necessary to neasure the eS|re properties troms

es of
ers of
r

NG,

elafed'@S

romt he

: pager hs heet , Pemhage:d_l aplngpeﬂt:es_;of paper arat bmnlilarsprpaluctsclhio?n Io# Iinerandomfﬁ-une,n]g
t t { nt at { rt 0
‘the entire sHEBE Bh ysaRoricovaya tansmissioR aud feRRPtan Sustentq the Anyantion
of f-1ine g ogR®SproRRiEd 4 a@ﬂdrét‘ﬂb%ﬁhéﬁs%ﬁh?&hb%t#én%th 4ndOrbldtéd rhBehanical

devel opnent of an on-line method apparatu measuri ng strengt
properties iBroRgsies ahaaper and sigilarRrogductsst i mati on of Young's modul

us.

Baum and Habeger - fi 5 gtat Aol ioP A4 sBEFor BPbaosl bhATRE!SroBUbASI

a short burst of

measure the mechanical properties of their products to ensure that the product

will meet the requirements of their intended uses. Until recently, in order to test

10 these properties, it has been necessary to measure the desired properties from

samples, cut from the paper sheet, in the laboratory. This method is particularly

time .consuming and the results obtained are in no way representative of the
properties of the entire sheet or roll.

To overcome the problems associated with the off-line process, Baum

15 and Habeger discuss in U.S. 4,291,572 the development of an on-line method

and apparatus for measuring strength properties in paper and in particular an

estimation of Young's modulus. Baum and Habeger disclose the use of

applying a single ultrasonic pulse or a short burst of pulses of ultrasonic waves

to the sheet product and measuring the "time of flight" for the puise to reach the

20 receiver. Knowiﬁg the distance between the transmitter and the receiver, the

velocity of the wave can be calculated. Young's modulus can then be estimated

from 'the velocity of the wave. However, there are a number of problems

//_@§sociated with the Habeger and Baum on-line method of measuring Young's

modulus and other strength characteristics. In particular, because of the noise

25 associated with an on-line system, it is difficult to segregate the extraneous

noise from the transmitted pulsed signal and as such it is quite difficult to

accurately identify the pulsed signal and thus calculate the "time of flight" of the

pulsed signal. Apart from the problem of noise, there is additionally an interface

problem where a mismatch of impedances between the material of the

' . 30. transmitter / receiver and of the product may cause problems with taking

measurements. As is often the case, the impedance to the wave of the
transmitter / receiver when compared to the impedance to the wave of the sheet
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the presence of reflections of the pulsed signal at the interfaces, ( such as air /
paper) and sample edges. Reflections as well as noise affect the ability to
measure accurately the "time of flight® of a pulsed signal, since similarly the
10 original pulsed signal is difficult to identify from the reflected signals.

Habeger and Baum have taken some steps to address the problems of
their system and in particular in relation to the problems of noise, impedance
mismatch, and reflections. Extra readings and manipulation of the data or in the
case of reflections, waiting until the reflections have subsided, are steps which

15 have been taken in an attempt to minimise the problems associated with the
Habeger and Baum system. However, all of these solutions require a significant
amount of time which is not generally available in an on-line procedure. For
example, it has been observed that it can take up to six minutes to provide an
averaged measured result because of the noise and the measurement

20 technique previously utilised. On a modern paper machine, six minutes on-line
represents many kilometres and/or tonnes of paper resulting in significant
wastage of product if the sheet product does not meet the strength requirements
of the desired purpose. :

Another type of instrument has been developed in an attempt to

25 continuously monitor the mechanical properties of paper. The instrument
originally designed to monitor the elastic moduli of continuously moving
polymeric sheets was adapted to measure elastic modulus on moving wet
paper. The apparatus when operated transmits a continuous sonic wave of
known constant frequency into the sample, the phase shift that occurs between

30 the transmitter and receiver is measured and the wavelength is determined from
the measured phase shift. This approach is termed the "continuous-wave-
phase-shift* measurement technique. As was the case with the “puised



. t he ‘sheel product. This results in a change of phase and distortion of the
single pul se signal which once again nakes it difficult to identify the

transmitted signal and to calculate the "time of flight". 5 Anot her
probl em associ ated with the Habeger and Baum system and hence the ability
to accurately neasure the "tinme of flight', of the pul sed signal, is the
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10 Thus, it is the object of the present invention to provide a method and
apparatus which will overcome some of the problems of the prior art and in
particular, measure relatively accurately and preferably on-line, the strength and
related properties of materials and in particular, paper sheet product.

The present invention is directed to a method of measuring strength

15 characteristics and related properties in a sheet product including the steps of :-
(a) providing a continuous sonic swept frequency wave within the sheet

product;

(b) receiving the continuous sonic swept frequency wave; and
(c) taking measurements in order to ascertain the time the wave takes to

20 reach the receiver after transmission. '

Because of the nature of the signal and in particular, the relationship of
frequency and time of the signal, it is possible to utilise a means for filtering
desired frequencies from undesirable frequencies such as noise and
reflections. In prior art methods such filtering was not possible.

25 Advantageously, by using a continuous sonic swept frequency wave, it is
possible to relatively quickly, quantitatively and accurately measure the “time of
flight" of -the signal from transmission to reception, and hence relatively
accurately measure the strength moduli in the longitudinal, shear and Z-
directions. This was not possible with the prior art methods of Baum and

30 Habeger and the "continuous phase shift" method which relied upon the

comparison of the pulse shape of the received signal with the transmitted signal,



,represents many kil onmetres and/or tonnes of paper resultlng I n significant
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requi'renents of the desired purpose. Another type of instrunent has been
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change in the frequency of the signal transmltted to that received is determined.
Preferably, the continuous ultrasonic swept frequency wave is a linear
sweep with constant amplitude. A linear sweep is where, for a constant sweep
rate, the instantaneous frequency varies linearly with time.

10 . Thus, because the instantaneous frequency varies linearly with time from -
measuring the change in frequency and knowing the distance between the
transmitter and receiver, the wave velocity can be calculated.

More preferably, the duration of the linear sweep is equal to the
measurement time. '

15 As well as transmission and reception means, the method preferably
utilises a means for filtering or separating and comparing desired frequencies
from both correlated noise (caused by the excitation signal, such as distortion
and reverberation) and uncorrelated noise (which is independent of the
excitation signal, for example, the movement of the sheet product and machine

20 noise) as well as reflections. A preferred means for filtering or separating and
comparing desired frequencies is a phase locked loop. Other suitable
frequency based filters and tracking means may also be advantageously used,
including a crystal filter. |

The invention also provides an apparatus for measuring strength

25 characteristics and related properties in a sheet ineluding -

(a) means to transmit a continuous ultrasonic swept frequency wave within
the sheet product;

(b) means to receive the continuous ultrasonic swept frequency wave; and

(¢) means for taking measurements in order to ascertain the time the wave

30 takes to reach the receiver after transmission;

Preferably, the means for taking measurements includes a means for filtering,
separating and comparing the desired signals and more preferably the



~Simlarly, in order to ensure that the reading taken is an accurate
nmeasurenent, 5 a | ow constant frequency signal is used, however, sonic

si gnal.s used by the prior art have been found to be generally susceptible
to noise, generally external machine (or uncorrel ated) noise, which once
again makes identification of the propagated wave extrenely difficult,

| eading to i naccurate neasurenents being tai ned. 10 Thus, it is the
object of the present invention to provide a nmethod and apparatus which
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Advantageously, the same transmission / reception arrangements can be
used to measure longitudinal, shear and Z-direction moduli, whereas in prior art
10 arrangements, this was not possible and different set-ups were required for
each measurement. |
Furthermore, due to the use of the continuous swept frequency wave, it is
possible to set up sets of transmission / reception systems across the width of
the sheet product, wherein respective transmitted frequencies selectively
15 operating within a predetermined range of frequencies and thus each of the
systems will not interfere with each other. Thus, unlike in prior art methods
where it was extremely difficult, if not impossible to obtain on-line values of
strength across the entire width of the material simultaneously, advantageously,
the present invention provides a relatively quick and accurate means to obtain
20 this valuable information.
An embodiment of the invention will now be described with reference to
the accompanying drawings.
Figure 1 illustrates a preferred embodiment of the generated and
received wave form. - |
25 Figure 2 illustrates a block diagram of the basic preferred components of
the apparatus of the present invention. _ |
Figure 3 illustrates an example of a testing rig suitable for measuring Z-
direction modulus.
Figure 4 illustrates a dispersion map of a paper sample.
30 The generated linear waveform or signal is preferably a continuous
swept frequency wave. This type of continuous wave has an instantaneous
frequency which varies linearly with time, and thus the difference in the
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apparatus of the present invention. The apparatus generally comprises a
means to generate a signal, 1, 2, 3 and 4, a means to transmit a signal, 5, a

means to receive the signal, 6, and a means to separate or selectively filter and

compare the signal received, 7.

10 The waveform is preferably generated using a main control unit (MCU), 1,
which controls an adjustable ramp generator, 2, to produce a ramp waveform
which is then fed to the voltage controlled oscillator (VCO), 3. The output of the
VCO, 3, is the swept frequency wave,' which is then, preferably, amplified (item
4) prior to being transmitted. The means to transmit the waveform, 5, in the

15 sheet product are usually piezo-electric devices. Similarly, the means for
receiving the wave form, 6, are also piezo-electric devices. In some instances,
such as Z-direction measuremént, the transmitter can also function as the
receiver.

At least one transmitter is used to send the wave signal and preferably

20 one or more recéiver devices can be used. The receiver devices may be placed
appropriately around, preferably in a circular pattern around, the transmitter
device. Similarly, sets of transmitter / receiver systems can be placed along the
width of the sheet product, so as to obtain strength readings across the width of
the material.

25 The means to selectively filter and compare the signal received, 7,
preferably, selects the desired signal based upon frequency As indicated
previously, the means to selectively filter and compare the signal, 7, preferably
collects and filters the received signal and then compares the received signal
with the transmitted signal. Preferably the means for selectively filtering and

30 comparing the signal, 7, contains a phase locked loop but similarly a crystal
filter may be used. Additionally, the means for separating and comparing the
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. Preferably, the continuous ultrasonic swept frequency wave is a |inear
siveep with constant anplitude. A linear sweep is where, for a constant
sweep rate, the instantaneous frequency varies linearly with tinme. 10
Thus, because the instantaneous frequency varies linearly with tine from
measuring the change in frequency and know ng the di stance between the
transmtter and receiver, the wave velociE@ can be cal cul ated. More
preferably, the duration of the linear sweep is equal to the nmeasurenent
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selectively filtering and comparing the signal 7, is a control system which

generates an output which is synchronised in frequency and phase to an input
10 signal. Thus, the phase locked loop (not shown) is linked to the wave generator
and more preferably the voltage controlled oscillator, 3, wherein the output of
the voltage controlled oscillator, 3, is synchronised with the pull range of the
phase locked loop (not shown). The "pull range" is the range of frequencies
upon which the phase locked loop (not shown) can acquire lock with an
15 incoming signal. In this case, the incoming signal to the phase locked loop (not
shown) will be the received signal.'
Preferably, the phase locked loop (not shown) will consist of a phase
detector and a low pass filter in the forward signal path (from the receiver, 6)
and a voltage controlled oscillator (VCO) in the feedback path (to the traném itter,
20 5). Each of the transmitter / receiver arrangements will preferably utilise a
phase locked loop device (PLL) and most preferably a digital PLL. The
advantage of using a digital phase locked loop is that the reference input (that
the PLL compares the input frequency with) is digital (and thus has minimal drift)
and is derived from the transmit signal. This means there is a relatively constant
25 relationship between the PLL reference and the amplified input signal. This
relationship is seen as a frequency difference and therefore a stable measure of
the experienced delay time. |
Additionally, a simple filter (not shown) may be required after the phase
locked loop so that a continuous voitage output, linearly related to the frequency
30 difference is produced. _
In use, transmitter / receiver arrangements will preferably be spread
across the width of the sheet product. This is possible since it is possible to set



. (a) means to transmt a continuous ultrasonic swept frequency wave wthin
the sheet product; (b) nmeans to receive the continuous ultrasonic swept
frequency wave; and (c) means for taking measurenents in order to
ascertain the tinme the wave 30 takes to reach the receiver after
transm ssion; Preferably, the means for t?#ing measurenents includes a
“nmeans for filtering, separating and conpa® ng the desired signals and nore
preferably the 5 frequencies of the signals. Preferably, the nmeans for
filtering arip ceagihrtragsmitterddsrecaiver @araangementdies transm candckeckiveos.
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Respective continuous swept frequency waves may be propagated in the
sheet product, (whilst it is on-line) and received by the receiver and further
filtered by the phase locked loop. The frequency of the input (or generation)
signal is compared with the frequency of the received signal and any difference
10 in the values is due to the delay between transmission and reception. Having
knowledge of the distance between the transmitter and receiver, the wave
velocity can be calculated and an approximation of strength modulus can be
obtained.
Similarly, by offsetting the frequency of the reference wave it is possible
15 to measure both longitudinal and shear modulus using the same equipment.
Also, the modulus in the Z-direction can also be obtained by using the method
and apparatus of the present invention.
The testing apparatus shown in Figure 3 consists of a means to generate |
a signal (9), a sample testing means (10) and a means for analysing the results
20 (10). In most cases a computer is used for analysis of results. The sample
testing means (11) consists of a transmitting means (5) and a receiving means
(6). The sample (not shown) is placed between the transmitting and receiving
means for measurement.
The characteristics of a paper sample can be represented by a
25 dispersion map. This is preferably represented as a graph with velocity on the
vertical axis and frequency on the horizontal axis. An example of a dispersion
map generated in the machine direction of a paper sample is shown in Figure 4.
The velocity and frequency shown both refer to ultrasonic waves which are
transmitted through the-paper sample. Dispersion maps will vary depending on
30 whether the sample is in a longitudinal direction or a shear direction orientation.
Dispersion is the frequency dependence of wave velocity in materials.
The frequency of the wave changes the speed at which the wave travels in a



i used t o mreasur e | ongi tudi'nal, shear and Z-direction noduli, whereas in
prior art 10 arrangenents, thIS was not possible and different set-ups were
requirred for each neasurenent. Furthernore, due to the use of the

conti nuous swept frequency wave, it is possible to set up sets of

transm ssion / reception systens across tlge width of the sheet product,
wherein respective transmtted frequencies selectively 15 operating within
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and rapidly. .
Prior to the developmentlof the method subject of this invention,
10 dispersion curves have been difficult to generate by time-of-flight pulse
techniques because there are a number of modes occurring at the same
frequency. These modes interfere with each other and make the measurements
difficult to interpret. However, the continuous swept wave method accepts a
received signal that falls within é certain propagation delay interval. The
15 dispersion map is built up by sweeping the transmitted frequency but only
accepting received frequencies that correspond to a narrow range of wave
velocities. A suitable range of transmitted frequencies is from 10k Hz to 2MHz.
The paper manufacturing process results in paper symmetry conditions
defined by nine elastic properties.
20 C11 is the machine direction elastic stiffness constant
Ca2z is the cross direction elastic stiffness constant
Cs3 is the Z-direction elastic stiffness constant (Z-modulus)
C44 is the machine direction -Z-direction shear stiffness
| Css is the cross direction -Z-direction shear stiffness
25 Css is the machine direction-cross direction shear stiffness
C12 is an in-pane stiffness
C1a is an out-of-plane shear stiffness
Co3 is an out-of-plane stiffhess _
A dispersion map generated in the machine direction for a sample
30 provides a value for C1q which is the elastic stiffness constant for the machine
direction. This is represented by the horizontal asymptote of dispersion curves



. directian nodulus. Figure 4 illustrates a dispersion map of a paper sanple.
30 The generated |inear waveformor signal is preferably a continuous
swept frequency wave. This type of continuous wave has an instantaneous
frequency which varies linearly with tine, and thus the difference in the

"~ 6 instantaneous frequency between the trapgnmtted and received wave is a
nmeasure of the delay between transm ssion and reception. Reference is made
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control unit ( , 1,
5 taken with the sample in the machine direction and the velocity is equal to

(Css/p)o.S. |
Use of this information, in conjunction with the value of Cga3, the out-of-
plane modulus allows for c_alculation of the value of Cq3 (out-of-plane shear
stiffness). (Css can be measured independently by methods known in the art
10 such as time-of-flight). '

2rn | Cyy C33C55
®,= — C.(2C..+C)+C.C 0
p 13 55 13 11755
where n is the order of the wave mode;
_15 On is the frequency where the sharp vertical asymptotes occur;
h is the apparent thickness of the paper; and

Cij are the various elastic stiffnesses.

(Mann, R.W., Baum, G.A., and Habeger, C.C., “Determination of all nine
orthotropic elastic constants for machine made paper.” Tappi, February_ 1980,

20 Vol. 63, No.2, pp 163 - 166).
The generation of a dispersion map in the cross direction gives valuable
information also. The velocity of the horizontal asymptote of the dispersion

curves Sq to Sy, is equal to (Ca2/p)0.5 (C2o is the cross direction elastic stiffness

constant). Furthermore, the velocity of the plateau of A is equal to (C44/p)0.5

25 (Ca4 is the machine direction -Z-direction shear stiffness). -Using formula (1)
above it is therefore possible to substitute Cz, for C14 and Cy4 for Cs5 so as to
obtain Cz3 instead of Cys.



~which cantrols an adjustable ranp generator, 2, to produce a ranp waveform
which is then fed to the voltage controlled oscillator (VCO, 3. The output
of the VCO 3, is the swept frequency wave, which is then, preferably,
anplified (item4) prior to being transmtted. The neans to transmt the
waveform 5, in the 15 sheet product are tiually pi ezo-el ectric devices.
Simlarly, the means for receiving the form 6 are al so
pi ezo-electric devices. In sone instances, such ect]on measurenent,
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wi dth of 9he material. 25 The nmeans to selectively filter and conpare
the signal rMamnvetdal) 7, preferably, selects the desired signal based upon
frequency. As jndicated previously, the nmeans to selectively filter and
conpare the aé'!‘ignal 7, preferabl y collects and filters the received signal
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rererabply tne rrean&ug_r ?_I_’_Id’lsg]
where Vgg45 is the velocity of the in-plane shear wave propagated in a direction
10 45° to the machine and cross directions (Mann et al). As the in-plane shear
velocity has been found to be relatively independent of the direction of
propagation, Vg45 may be adequately replaced with the shear velocity obtained

from formula (2) to give:

1 2 [(C,,~C,) T
15 sz”ﬂcss—i(cll+czz)] '[_u—z_iz—] "'Css “)
(Mann et al).

Thus, measurement of the position of the vertical and horizontal

asymptotes for the various modes coupled with the out-of-plane stiffness can
potentially provide all the system parameters.

20 Alternatively the dispersien curves generated by a sample can provide
information about C33, the out-of-plane modulus. The following formula is used:

® h z -
C33=P[_n} (5)

where m, can be measured from the dispersion map; and

h = thickness of the sample.
25 This formula is based on the assumption that Ca (and Czg) is relatively small
which is the case for most paper samples. |
The use of this formula (5) in conjunction with the apparatus end method
of this invention allows for the determination of the out-of-plane modulus whilst



- 30 conparing the signal, 7, contains a phase |ocked loop but simlarly a
crystal filter may be used. Additionally, the means for separating and
conparing the 7 received signal nmay contain a high gain anplifier (not
shown) and a conparator wave "hardener”™ (not shown). The high gain
anplifier (not shown) increases the |ow | é6| signal received and any
anbi ent noi se. The conparator wave "hardeh€r" preferably 5 follows the high
gain anplifier, and as the nanme suggests "hardens" the signal; converting
the signal imaking ingplane measurementgur ati on The preferred phase | ocked | oop

Signal 7. 1s o coht BRS8NSR B R Jarhble' §mBHRdRE GRTRA' | s ' Bone

synchroni secbyan bemmdwnraﬁgmbage to an input 10 signal. Thus, the phase
| ocked | oop (‘hot | nk to the wave enerai or agbermre pr ef erably

the vol tage cont rg ?@'@W@gﬂ Ithet |'°k"§ssv6Pfe?eﬁ’3Pq AR GaNoPe aeceliginad
control | e% Q?no%bgﬁrgmg_aeqﬂ@gf%ﬂﬁpﬁg'& fl'?éjs bﬁ]t?ﬁlspéﬂr{ b? reﬂ%e&%nﬁ)wse

| ocked | 0&p range e range o0 guenci es
on the dispersion map which is the zeroth assymetric flexural wave. Bending

occurs at 1/4 the wavelength of the frequency so it is therefore possible to read
the appropriate velocity from the vertical axis of the dispersion map.
The velocity is then used in the following equation:

10 v=diy
where -~ v is velocity;
' d is sample thickness; and
tq is the time of flight of the wave through the sample in
seconds

15 to determine the sample thickness.

Furthermore, the continuous wave method can be used to measure the Z-
modulus directly. This method relies on reflections between surfaces providing
nulls or minimas in magnitude as the frequency is swept. As the wave
frequency changes standing waves are set up between the sensors which give

20 minima. These standing waves are related to the dimensions and sound
velocity of the materials the wave is propagating through. The frequency at
which these minima occur will be altered by increasing the time delay between
the sensors. This is done by inserting the sample into the apparatus. A
knowledge of the thickness of the sample then allows for the interpretation of the

25 shift in null frequencies to give wave speed through the thickness direction of
the sample and therefore an estimate of elastic Z-modulus.

Thus, advantageously, the present invention provides a method wherein
the problems of noise, reflections, and impedance mismatch are greatly
reduced and data results are obtained in real time. By measuring preferred -

30 frequency, this provides a relatively accurate, quantitative method of

 determining the wave velocity through the sheet product. By comparison, the
prior art methods relied upon the comparison of the pulse amplitude or shape



. upon which the phase | ocked | oop (not shown) can acquire lock with an 15

i hcoming signal. In this case, the incomng signal to the phase | ocked | oop
(not 'shown) will be the received signal. Preferably, the phase |ocked | oop
(not shown) will consist of a phase detector and a |ow pass filter in the
forward signal path (fromthe receiver, 6* nd a voltage controlled
oscillator (VCO in the feedback path (to fThe transmitter, 20 5). Each of

the transmitter / receiver arrangenents wll preferably utilise a phase

| ocked | oop Hapswmittedand Jaaeived; whichragigdigatedjinraviously, was partiewlarhe
of using a dingi h i eahe il Ll i e
PLL conpar esh%ﬁgall’arﬁg'utaﬁﬁtégﬁé%%y E\‘/?\/l19 {?%)o? ité %ﬁ%’?dtjh?ﬁ§£ﬂd§ tB Eﬁ%u'ﬂgtﬁ Rqé{;#ﬁén? bh
drift) and ithedmethoss whichh wére necessary tosowprabmeTtheproblenss withithe isystem.
relatively constant 25 rel ationship between the PLL reference and the
anplified input signal. This relationship is seen as a frequency difference
and therefore a stable neasure of the experienced delay tinme. Additionally,
a sinple filter (not shown) may be required after the phase | ocked | oop so
~ that a continuous voltage output, linearly related to the frequency 30
difference is produced. In use, transmtter / receiver arrangenents wll
preferably be spread across the width of the sheet product. This is

possi ble since it is possible to set



.8 uio_ each transnmitter | receiver arrangenent to transmt and receive a
predeterm ned frequency band. The use of the phase | ockeg=toc '
each "arrangenent enabl es each of the individual continuo

waves to be distinguished fromone another. Preferably, fhe piggg
electric devices will contact at |east onqgide of the s S-ad1
Respective continuous swept frequency waves' nmay be propagat ed in the shes
product, (whj t er and further
filtered by {he=Jghitiialle o JEIE INVENTIQINARE A FOLLOWSH: (or

generation) si gnal |s corrpar ed with the frequency of the recei ved signal
and any difference 10 in the values is due to the delay between
transm ssi onland Aemethod of measunipgkstrangtd phacdcteristias andunelatad: prapartiesin

transmtter r | ,. , ocjty can be cal cul ated and an
appr oxi mat i o%r%?egﬁfé@ﬁ“%@{f\ﬁﬁégéﬁ%@ obtained. Simlarly, by offsetting
the frequency of {de r previdime aveustindouss sbARS sivept Jfﬁeciusrf@awaﬁ/e withih the
| ongi tudi nal and shear sﬂggtuilnl%sdulétSI ng the sane equi pnen
(b) receiving the continuous sonic swept frequency wave;
(c) taking measurements in order to ascertain the time the wave takes

to reach the receiver after transmission.

2. A method according to claim 1 wherein the swept frequency wave is an
ultrasonic swept frequency wave.

3. A method according to claim 1 or claim 2 wherein in order to ascertain

the time the wave takes to reach the receiver after transmission, the change in
the frequency of the signal transmitted to that received is determined.

4. A method according to any one of claims 1 to 3.wherein the ultrasonic
swept frequency wave is a linear sweep with constant amplitude.

5. A method according to any one of claims 1 to 4 wherein the duration of
the linear sweep is equal to the measurement time.

6. A method according to any one of claims 1 to 5 wherein a phase locked
loop is used to separate and compare desired frequencies.

7. A method according to claim 6 wherein the phase locked loop is a digital
phase locked loop. :

8. An apparatus for measuring strength characteristics and related
properties in a sheet including
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. Also, the nmodulus in the Z-direction can al so be obtained by using the
met hod and apparatus of the present invention. The test iﬁglsarjf? arat
in Figure 3 consists of a neans to generate a signal (), a‘h )I*é‘\$5‘§EfN
means (10) and a nmeans for analysing the results 20 (1 ses
conmputer is used for analysis of results. ghe sanpl e testing means
consists of a transmtting neans (5) and !i recei ving neans (6). The sanple
(not shown) is placed between the transmtting and recei Vllgg means for

measur enent . The @lar af€aNsdo; kansnit 2 paplinualispitiasepic swepbireguenee Wayp a
25 di spersion map. Thi g, h?‘ tﬁbegrgegg}d(dd(ﬁpresent ed as a graph with velocity
on the vertical axis ancs requency on the horizontal axis. An exanple of a
di spersion map gefiyr at means to receive ttien eonliimeans sonicswepp Miequenaymavef s
shown in Figure 4. The v$l ocity and frequency shown both refer to

ul trasoni ¢ waves whi ch®3fe transnitted t hrough t he paper sanple. D spersion

maps will vary de@?nd'ﬁ@aﬁﬁ 8P takiey Rdadurmenr® Irfotder it a’kcleﬁ%ih tHeltin@ the

direction or a shear direction orientation. Dispersion is the frequency
dependence of wave vel Wavejakes W@Bhéh%fe%@ﬁa@jd@ﬂﬁm@ﬂmhe wave changes
the speed at which the wave travels in a

9. An apparatus as claimed in claim 8 wherein the means to transmit a
continuous swept frequency wave transmits an ultrasonic swept frequency
wave.

10. An apparatus according to claim 8 or 9 wherein the means for taking
measurements includes a means for separating and comparing the desired
signals and more preferably the frequencies of the signals.

11.  An apparatus according to claim 10 wherein the means for separating
and comparing the desired signals includes a phase locked loop.

12. An apparatus according to any one of claims 8 to 11 including at least
one transmission means.

13. An apparatus according to claim 12 including at least one reception
means.
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9 naterlal In the case of paper the frequency dependence of a sound wave
tTavelllng t hrough paper is quite marked. This is due to the scatterlng of
fibrés and their size relative to the wavel ength of the pr

- The di spersion map, generated by the apparatus and net hod oﬂHKhSﬁE@THAS
invention can be used to provide val uable in-process info natlonsabngg.FﬁEN
characteristics of a sanple of paper. Fygthernore, as the apparates—aas
nmet hod can be -used on-line, information about the paper sanple can be

obtained easily and rapidly. Prior to the devel opnent of t nmet hod subj ect
of this invention, 10 dispersion curves have been difficult to generate by

time-of-flight pulse t echni ques because there are a nunmber of nodes -
occurring at the same frequency. These nodes interfere with each® other and
make the measurements difficult to interpret. However, the continuous: smept
wave mnethod accepts a received signal that falls mnthln a certain
propagation delay interval. The 15 dispersion map is built up by sweeping
the transmtted frequency but only accepting received frequencies that
correspond to a narrow range of wave velocities. A suitable range of
transmtted frequencies is from 10k Hz to 2MHz.

METHOD AND APPARATUS FOR WLITRASONIC TESTING
ABSTRACT

The invention relates to a method of determining strength and related
mechanical properties of paper and similar products, both on-line and off-line
using an ultrasonic wave transmission and reception system. The invention
also provides an apparatus for measuring the strength and related mechanical

properties of paper and similar products.
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The paper manufacturing process results i paper symetry conditions

deff ned by nine elastic properties. 20 " [err] is the machine direction
el astic stiffness constant [err] is the cross direction elastic stiffness
constant [err] is the Z-direction elastic stiffness constant (Z-nodul us)
[err] is the machine direction -Z-disl{lé?’tion shear stiffness [err] is the
cross direction -Z-direction shear I¥fness 25 _ [err] is the machine
direction-cross direction shear stiffness [err] is:-an in-pane stiffness
[err] is an out-of-plane shear stiffness [err] is an out-of-plane stiffness
A di spersion map generated in the machine direction for a sanple 30
provides a value for [err] which is the elastic stiffness constant for the
machi ne direction. This is represented by the horizontal asynptote of

di spersion curves 1 0([err] to[err] (see Figure 3). The velocity

measur enent obtained fromthis
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asynptote is equal to [err] (p is apparent density). Furthernore, [err],

t he' out - of - pl ane sheer nodul us, can be obtai ned by neasuring the plateau of
t he di spersion curve [err]. This neasurenent is also 5 taken with the
sanple in the machine direction and the velocity is equal to [err]. Use of

this information, in conjunction wt value of [err], the out-of- plane
nodul us al lows for cal culation of th ue of [err] (out-of-plane shear
stiffness). [err] can be neasured i ndependently by nethods known in the art
10 such as tinme-of-flight). [err] where n is the order of the wave
node; 15 [err] is the frequency where the sharp vertica
asynptotes occur; h is the apparent thickness of the paper; and [err]
are the various elastic stiffnesses. (Mann, R W, Baum G A, and Habeger,

hstants for nmachi ne
163 - 166). :The
ves val uabl e

pt e of t he

C.C., "Determnation of all nine orthotropic el ast
made paper." Tappi, February 1980, 20 Vol. 63, No.
generation of a dispersion map in the cross direct§
information al so. The velocity of the horizontal ag
di sper si on e i

F (transmit) - F (receive)

- F (receiver)

chwilaieniind

K
g
&
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E=COS (kt\ 2)




curves Jerr] to [err] is equal to [err] is the cross direction elastic
stiffness constant). Furthernore, the velocity of the plateau of Ao is
equal to [err] 25 [err] is the machine direction -Z-direction shear
stiffness). Using formula (1) above it is therefore possible to substitute
[err] for [err] and C44 for [err] so 0 obtain C23 instead of [err].

It is also possible to calculate [erE??Eihe stiffness defined by the
velocity of a shear wave in the plane of the paper sheet) and [err] from
the information al ready obtained. [err] where [err] is the velocity of the
i n-pl ane shear wave propagated in a direction 10 [err] to the nachine and
cross directions (Mann et al). As the in-plane shear velocity has been
found to be relatively independent of the direction of propagation, [err]
may be adequately replaced with the shear velocity obtained fromfornula
(2) to give: [err] (Mann et al).

Fig 3.
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meastrement of the position of the vertical and horizontal BSiA8ts0e396

"the various nodes coupled with the out-of-plane stiffness can

tiagllv . nrovide all the svystemnparaneters 20 Alternativel Y1 he

ok BR C UFEREFJERCARITBACT Fontinuipnl ese §f trfiow i) i nf or mati on about [err]

t he gut=of=prame Todutus. —The foftowng formura 75 used: 2 [err| WIere

~can be neasured fromthe dispersion map; .and h = thickness of the"
e. 25 This fornula is based on the assunption that [err] (and [err])

i s ¢l Amededd/ofSdménminingsrehgthidng relaed rethaniod propardes cfopapeeand simdlariprodatts,

formula (5) in conjunction with the apparatus and nethod of this:

| nventbotn ondline wnd fofif-lihdresing & eontimmus thrasénic kweptifrequengy waee wansmissionumd st
12 making in-plane neasurements. In general, the thickness of a sanple is
meas rrecepdibfisiystems, The mvcmqnmlsp provides an apparatus for measuring the strenath and related

mechanical propemes of paper and similar products.

{ The apparatus comprises a signal generating means (9), 2 sample testing means (11) consisting of

_' transmitting means (1 1) and receiving means (_6), and a means for analysing (10) the received results.
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by”any of the known nethods. Alternatively, the thickness of a paper

can be ascert'ained by 5 neasuring the bending stiffness of the sanple.

can be determned from/[err] on the dispersion nmap which is the zerot
assynetric flexural wave. Bending occurs at 1/4 the
frequency so it is therefore possible to read the ap REPEA@ENE%H‘@HEE

the vertical axis of the dispersion gy .The velocit

fol | o ng equation: [err] where % is velocity; ﬁs
hfbadﬁztﬂégsa

re the conti

t hi ckness; and td is the tine of flight of the wav
seconds 15 to determ ne the sanple thickness. Furthe
wave nethod can be used to neasure the Z- nodul us di

ectly. This nethofl

sanﬁle
Thi s
h

|

from
he

ple in

upus

relies on reflections between surfaces providi ng nul Fs—ot—mntras—tn
magni tude as the frequency is swept. As the wave frequency changes st

andi ng

waves are set up between the sensors which give 20 nminima._These standing

waves are related to the di nensi ons and sound vel oc Lﬁyg%ééﬁ%ﬁﬁgéﬁkﬁ|5 t he

wave i s propagating through. The frequency at REPLACED

METHOD AND APPARATUS FOR ULTRASONIC TESTING

ABSTRACT

~ The invention relates to a method of determining strength and related
mechanical properties of paper and similar products, both on-line and off-line
using an ultrasonic wave transmission and reception system. The invention
also provides an apparatus for measuring the strength and related mechanical

properties of paper and similar products.

Figure 3
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1 .

whi ch, 't hese minima occur will be altered by increasing the Fm
bet ween the sensors. This is done by inserting the sanpl ntg(gt&g& 9 '
apparatus. A know edge of the thickness of the sanple then jal 33? 8Ehf
interpretation of the 25 shift in null frequencies to give mave speed
t hrough the thickness direction of the sgmple and therefdre an estinate of

el astic Z-nodul us. Thus, advantageously, the present inv ' ~Orv+ -

net hod whergj r ' refl Walc [ ] h
T oot st faBL2 T ibart, akiten' e, fakARfa M (BRETARCGigleo e
measuri ng pneasurecdf @ delayzeteeenttransmissiondand eeqeptiani Vdeferancalissmade

tirtati t hod, of det ) Ni th ity th h_th heet
o aduct . ByOchRAR LOHRnBUBRIAS & PrefBrBa S ParIradnd, SR et tarale Aldh o
the pul se a@Bhjvieddyvave fahape 1 3 transmtted and received, which as

i ndicated previously, was particularly inaccurate, due to the sensitivity '
of the sBgnal, ahigure Rilustrates toe lgerenalcowtingre! thet Basis aampanertseot the

necessary to,OvehGOMR LS pPL SR tibA. t'?ﬂe?!ﬁb&@tus generally comprises a

means to generate a signal, 1, 2, 3 and 4, a means to transmit a signal, 3, a
means to receive the signal, 6, a means to separate or selectively filter and

HIEET |

crae-oTray” "

compare the signal received, 7. and an output device, 8.
10 The waveform is preferably generated using a main control unit (MCU), 1,
o . which controls an adjustable ramp generator, 2, to produce a ramp waveform
which is then fed to the voltage controlled oscillator (VCO), 3. The output of the
VCO, 3, is the swept frequency wave, which is then, preferably, ampiified (item
4) prior to being transmitted. The meahs to transmit the waveform, 5, in the
15 sheet product are usually piezo-electric devices. Similarly, the means for
receiving the wave form,. 8, are also piezo-electric devices. In some instances,
such as Z-direction measurament, the transmitter can also function as the
receiver. '
At least one transmitter is used to send the wave signal and prefarably
20 one or more receiver devices can be used. The recsiver devices may be placed
appropriately around, preferably in a circular paitern around, the transmitter
AL device. Similarly, sets of transmitter / receiver systems can be placed along the

width of the sheet product, so as to obtain strength readings across the width of
the material. ' .
25 The means to selectively filter and compare the signal recsived, 7,
preferably, selects the desired signal based upon frequency. As indicated
previously, the means to selectively filter and compare the signal, 7, preferably
collects and filters the received signal and then compares the receaived signal
with the transmitted signal. Preferably the means for salectively filtering and
30 comparing the signal, 7, contains a phase locked loop but similarly a crystal

filter may be used. Additionally, the means for separating and comparing the



W cffaim 1. A nmethod of neasuring strength characteri stf T atee—
properties in a ‘'sheet product including the steps of: ( REPLKEEMPEHE& I
continuous sonic swept frequency wave within the sheet prdéduct; (D)
receiving the continuous soni c swept frls’quency wave;. (c taQq)rme 1993
nmeasurenents in order to ascert ai nthe time—the—weve t afeg to reach t
recei ver MWealaifansni ssion and def e[rl_mrty}-ﬁg\ HASEBERN r{engt Ir—charact-er r".i LS
and related properties fromsaid asurmﬂm&m@DZ A hod according to
claim 1 wherein the swept frequency=wave XUl tTasoni ¢ SWept 1 requency
wave. t ¢ t he
fime the s R oE e S R S AR B A PR R ange i n
t he frequémayshiettprodacyinaludingtheistépsiof:o that received is deternined. 4.
A met hod according to claim2 wherein the ultrasonic swept frequency wave
is a linear sweep with constant anplitude.

(a) providing a continuous sonic swept frequency wave within

"the sheet product;
(b)  receiving the continuous sonic swept frequency wave;
(c)  taking measurements in order to ascertain the time the wave
takes to reach the receiver éfter transmission and
U determining the strength characteristics and related

properties from said measurements.

2. A method according to claim 1 wherein the swept frequency wave is -

an ultrasonic swept frquency wave.

3. A method according to claim 1 wherein in order to ascertain the time
the wave takes to reach the receiver after transmission, the change in the

frequency of the signal transmitted to that received is determined.

4. A method according to claim 2 wherein the ultrasonic Swept frequency

— wave is a linear sweep with constant amplitude.

5. A method according to claim 4 wherein the duration of the linear

sweep is equal to the measurement time.

6. A method according to claim 3 wherein a phase locked loop is used to

separate and compare desired frequencies.

7. A method according to claim 6 wherein the phase locked loop is. a

digital phase locked loop.

* € L M § *



i s equal

to the nmeasurenent tinme. 6. A nethod accordingtt

| REPLACEMENT SriEEeTF

5. A pethod according to claim4 wherein the duration of

=¥ eriel
a phase | ocked | oop is used to separateqand conpare des( ri daf(fgg]ﬁg[ﬁ%le .

A met hod according to claim6 wherein the phase | ocked | o

phase | ocked | oop. 15 8. An apparatus for neasuring btrength

characteri&t AR appanagusit for pmeasuring sstrengths eharacteristi j

transmt a continuous sonic-.swept frequency wave within the sheet product;
Reeknehid

(b)  rearf¥OPEHaSID; 8

"$uous sonic swept frequency wave; and (c)

~N S

to

means for taking measurenments in order to ascertain the tine the wave takes
to reach the receiver after transm ssion so as to determne the strength
characteristi cdapnd mebars ¢d transmit a continuous sonic swept frequency wave

within the sheet product;

(b) means to receive the continuous sonic swept frequency

wave; and

{c) means for taking measurements in order to ascertain the time
the wave takes to reach the receiver after transmission so as
to determine the strength characteristics and related

properties.

9. An apparatus as. claimed in claim 8 wherein the. means to.transmit- a.

continuous sonic swept frequency wave transmits an ultrasonic swept

frequency wave.. .

10. An apparatus -according to claim 8 wherein the means for taking

measurements includes a means for separating and comparing the:desired

signals and more preferably the frequencies of the signals.

11. An apparatus according to claim 10 wherein the means for separating

and compéring the desired signals includes a phase locked loop.

12. An apparatus according to claim 8 including at least two transmission

means.

13. An apparatus according to claim 8 including at least two reception

means.

* C L M S *



properties. ;9. An apparatus as clained in claim8 wher e’g\iﬁ;‘&ﬁ A 8
transm-t a continuous sonic swept frequency wave trans AHICEN a3 it
. swept frequency wave.. 10. An apparatudeéaccording to clgim 8 wheréein the
means for taking rreasurerrents includes a neans for sepafati ga) HAR 1998P4r i
the desired si gnal S and rmre pr ef erably the frequenm es the signals.| 1
1. An appe ' i 3 g N f ar

conparing the deS|red S|gnals |ncludes a phase Iocked lloop. 12. An

apparatus according to claim8 including at |east two transm ssion neans.

13. An apparatus accordi ng to cl ai RS TRXCEdI ng at | east two reception
nmeans.

A method of determining strength and related mechanical properties of
'paper and similar prbducts, both on-line and off-line using a continuous
ultrasonic swept frequency wave transmission and reception system. The
invention also provides an apparatus for measuring the strength and

related mechanical properties of paper.

ng
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We claim:

~or

1. A method of measuring strength characteristics 3nd related properties

in a sheet product including the steps of:

(a) providing a continuous sonic swept frequency wave within
the sheet product;
(b} receiving the continuous sonic swept frequency wave;
(c)  taking measurements in order to ascertain the time the wave
takes to reach the '_receiver after transmission. and
determining the strength characteristics and related

properties from said measurements.

2. A method according to claim 1 wherein the swept frequency wave is

an uitrasonic swept frequency wave.

3. A method according to claim 1 wherein in .order to ascertain the time
the wave takes to reach the receiver after transmission, the change in the

frequency of the signal transmitted to that received is determined.

4. A method according to claim 2 wherein the uitrasonic swept frequency

wave is a linear sweep with constant amplitude.

5. A method éccording to claim 4 wherein the duration of the linear

sweep is equal to the measurement time.

6. A method according to claim 3 wherein a phase locked loop is used to

separate and compare desired frequencies.

7. A method according to claim 6 wherein the phase locked loop is a

digital phase-locked loop.

* [ L M 1] *



