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Deformable Mirror Control Model for Open-loop Applications

Laser Process Research Team

Haik Chosrowjan, Seiji Taniguchi, Yoshifumi Inada and Masayuki Fujita

1. Introduction

Many optical systems suffer performance degradation due
to the distortion of the light wavefront (WF). When an optical
wave propagates through an inhomogeneous medium such as
the atmosphere, differences in the index of refraction along the
propagation path cause phase distortions. Adaptive Optics (AO)
techniques are often used to compensate such phase aberrations.
AO systems often consist of an active optical element such as a
deformable mirror (DM) to correct the dynamic WF distortions.
While AO has its roots in the astronomy?, it is currently used in
awide variety of medical and industrial applications®.

There are two main AO approaches for the optical WF
correction. Indirect approach?: In this case a WF corrector,
but no WF sensor is used. A performance metric (M2, Strehl
ratio, or PIB (power in the bucket)) is defined, and stochastic
optimization methods are used to improve the performance
metric hence, indirectly correcting the WF distortions. Direct
approach?: It is implemented with a WF corrector, a WF
sensor to measure the aberrations present in the incoming beam,
and a feedback control algorithm to link these two elements in
real time. Both approaches are based on a “closed-loop”
negative-feedback technique hence, relatively slow because of
convergence time requirements for multi-channel DMs. In
specific AO applications with the DM corrector, where fast (~
10 ps) convergence is required, “closed-loop” approaches are
often not applicable. In contrast, by an “open-loop” approach
high operation bandwidth could be achieved, if accurate WF
measurement, data transfer and exact control of the DM
response are fulfilled.

In this report, a control model for hexagonally arranged 61
piezo-actuator (PA) DM is described for ‘“open-loop”
applications. Such control is achieved by a prior displacement

mapping of each single DM actuator along the normal to the

thin mirror surface, while all the other actuators are constrained
at their nominal positions, and determining the effect of that
displacement on the shape of the whole DM. The normalized
shape of the DM when poking a single actuator is called the
influence function® (IF). In general, the IF can be determined by
ab-initio calculations, modelling, and/or direct measurements.
Here we will describe two model cases, namely, with- and

without a cross-talk between the neighboring PAs in the DM.

2. Deformable mirror structure and influence function

In Fig. 1, the arrangement and numbering of the PAs
spiraling from the center, are shown in the frontal (X, Y) profile
of the DM. The coordinates of each PA are easily determined
for d=1 [cm)]. To obtain the IF of a given PA experimentally,
one maximally displaces that single PA, while no voltages are
applied to other actuators. Then the whole shape of the DM,
which is related to the IF for that given PA, is measured. For a
DM with 61 PAs, 61 IFs must be determined. Often, the
displacement of a given PA affects only its closest neighbors, so
the IF can be determined around the immediate vicinity of the
given PA. This is schematically illustrated in Fig. 2 for 2 PAs
(PAO and PA26).

Fig. 1. The position distribution and numbering of hexagonally
arranged 61- element PAs (small yellow-red circles) in
the DM. d is the distance between the closest neighbors.
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Fig. 2. Schematic procedure for determining the IFs for a DM.
Left panel: View of the DM when PAO (top) and PA26
(bottom) are displaced. Right panel: Displacement of
PAO (top) and PA26 (bottom) and corresponding DM
shapes in lateral view. Red colored curves on the right
panel indicate the DM surfaces while the yellow colored

bars indicate individual PAs, respectively.

The DM displacement Zy(x, y) is related to the corresponding
influence function /F(x, y) by the following equation:
Zi(x,y) =C;i*V;*IF;(x,y) @»
Here the C; [um/Volts] is the i PAs response constant, V;
[Volts] is the externally applied voltage to the i PA, and IFi(x,
) is the unitless normalized influence function of the i PA. For
each PA at (x;, y;) coordinates, the corresponding value of the IF;
at (x;, yi) is unity, i. e, the IFi(x;, y) = I. Hence, from each
measured Zx, ) both C; and IFyx, y) for the i" PA can be
determined, if the value of the exterally applied voltage Vi is
known. Next, we will consider modelling of the DM control for

two cases: with- and without the cross-talks between the

neighboring PAs.

3. Modeling the DM
3.1 Case I: No cross-talk between the neighboring PAs

This case is schematically illustrated in Fig. 3, where two states

of the DM are shown: no voltage is applied to the PAs (right)
and equal voltages are applied to intermittent PAs (left). No
cross-talk between neighboring PAs means that the left- and
right PAs (x:1, x:17) from the i PA (x;) to which a voltage is
applied, do not move. Mathematically, for i PA displacement
this can be expressed as follows:

For x,—d<x< x;+d and y,—d<y< y; +d

Zi(x,y) = C;*V;=IF;(x,y) (22)

For x;—d>x; x> x;+dandy;,—d>y; y> y;+d

Zi(x,y)= C;*V;xIF;(x,y) =0 (2b)

z S 2, zm)
N
: /M\M/H\
I I I I 'i X /cm
12 e M d

Fig. 3. Schematic description of the no cross-talk case: (left) No
voltage is applied to individual PAs; (right) Equal
voltages are applied to intermittent PAs. Zx, y) is the
deformation of the DM surface when V; voltage is
applied only to the i PA. Z(x, y) is the total deformation

of the DM surface when V; voltages are applied to

intermittent PAS (... Xiy, Xi2, Xi, Xi +2, Xi+4 .. .). Note that

the Z axis is in gam units while the X axis is in cm.

From above considerations it follows that for any ;j # i,
1Fj(x;, y) = 0. Hence, the total deformation of the DM surface
can be expressed as the sum of the deformations caused by the
N individual PAs when operated separately, 1. e.

Z(x,y) = D0 Zi(xy) = 20 Ci+ Vi< IF(x,y) ()
This case is desirable for reproducing a given random

wavefront by N discrete PAs. The shape of the IFi(x, y) is a

priori given and is determined by the DM material parameters



(stiffhess, roughness, etc.), thickness and radius of the mirror,
distances between individual PAs, etc. These parameters cannot
be changed by applying an external voltage. Hence, the most
optimal control of the DM with N PAs would be moving each
i PA to the position where Z(x;, y) = Zx:, v;) = C*Vi*IFix;,
) = C*V;, because IFifxi, y) = 1.

3.2 Case II: Cross-talk between the neighboring PAs

This case is schematically illustrated in Fig. 4, where two states
are shown: No voltage is applied to the PAs (right) and equal
voltages are applied to intermittent PAs (left). Cross-talk
between neighboring PAs means that the left- and right PAs (x;:
1, X:+1) from the i PA (x;) to which a voltage is applied, move

even without applying an external voltage to them.

Z(Jg, » Zix,p)

Z /um

CLonnannnn—y

. o UL

Fig. 4. Schematic description of the cross-talk case: (left) No
voltage is applied to individual PAs; (right) Equal
voltages are applied to intermittent PAs. Zx, y) is the
deformation of the DM surface when V; voltage is
applied to the i PA. Z(x, y) is the total deformation of
the DM surface when V; voltages are applied to
intermittent PAS (... Xiy, Xi-2, Xi, Xi 2, Xi+4 ...). Even no
voltages are applied to the neighboring PAs (... xis5, Xi3,
Xi1, Xi+1, Xi+3 - ..) they are displaced due to the material
properties and geometry of the DM. Note that the Z axis
is in £om units while the X axis is in cm.

In this case, moving each i PA to the position where Z(x;,
) = Zitxi, ) = C*V;, would be erroneous and will not
reproduce the desired Z(x, y) shape due to the non-zero
contributions from neighboring PAs (IF.i(x;, y;) and IF;+i(x;, )
are not zero). In other words, the condition given by the Eq. (2b)
is not fulfilled. Hence, to control a DM with cross-talk between
the neighboring PAs, one needs to take into consideration the
contributions from the neighboring PAs.

i X /em

3. 2. 1 Calculation procedure for determining V; Voltages
for a DM with cross-talk components

Let’s assume that the wavefont to be reproduced is accurately
measured, and C; coefficients and /Fi(x, y) functions for all PAs
in a DM are known. To consider the cross-talk contributions
from the neighboring PAs, a set of linear equations has to be
composed and solved. This is illustrated in Fig. 5 for 2 PAs
(number 0 and 60) and the group of 61 Egs. 4.

Fig. 5. [lllustration of the cross-talk contributions of the
neighboring PAs on 0% and 60" PA, respectively, in

a hexagonally arranged DM with 61 PAs.

Zy(x0,¥0) = CoVo + C1V1IF1 (X0, ¥0) + C2VoIF,(xg, ¥o) +
+C3V3IF3(xo, ¥o) + C4ValF4(xo, yo) + C5VsIF5(xo, ¥o) +
+C6VeIFs(x0, ¥o) *

.

. @
Zg0(x60,¥60) = C60V0 + C36V36IF36(x60, Y60) +

+C37V371F37(X60, Y60) + C50V50IF59(X60, Y60)

In the group of Egs. 4, the Z(x;, y) are the resulting
displacements of 61 PAs (referred as Z — displacement vector).
Vi(xi, vy are the voltage signals to 61 PAs (referred as V —
voltage vector). Let us look at the first equation in the group of
Eqs. 4. The total displacement of the 0% PA is resulted by the
applied voltage to the 0% PA, and contributions from the 1%, 2™,
31 4% 5% and 6% PAs. In Fig. 5 it is illustrated by a black dotted
circle. Similarly, the total displacement of the 60" PA is resulted
by the applied voltage to the 60" PA, and contributions from the



36", 37" and 59" PAs, respectively. In Fig. 5 this is also
illustrated by a black dotted circle. In analogy, the total
displacement of any i PA is resulted by the applied voltage to
the i" PA, and contributions from the neighboring PAs. As a
result, one will get a set of N linear equations with /N variables
Vi, (i=0...60), and by solving it, one will get the values of the
V; voltages required for reproducing a given DM surface Z. It is
very convenient to write the system of linear equations (Eqs. 4)

in a matrix formalism, 1. €.

Z=MxV 6)
0 1 2 3 4 . 60
o (G CuIFy(0.Y0) CalFylXo ¥o) CalFs(Xo ¥o) CulFy(xo¥o) - 0) Vo 7,
1 [ColFolxyyy) €y CoIFa(xyy,) O 0 .0 A 7,
2 [ColFoliny) CUFy Oy € C3iF3(x3 y2) 0 0 v, z,
3 [ColFolx5,y3) O CIF (x5 y5) €5 CylFy(x3.y3) . 0 Vs Zy
a |ColFy(xyy4) O o C3lFy(xy yy) €y -0 Va Z
5 [ColFolXs,¥5) 0 0 0 CyIFy(x5.y5) ... O Vs L
M= V=|y, | Z=

6 |ColFo(Xe ¥s) CIF (x5 ¥s) O 0 0 .0 6 Zs
7o CIF,(x,.y;) 0 o 0 .0 Vi Z;
s |0 C3IF, (X, Ya) O 0 0 .0 Vs Zy
a o CLIF (%0, Ya) CalFy(Xoys) O 0 .0 Vo Z
wlo 0 0 0 0  Cogl Vo 20

Here Z is the displacement vector, Vis the voltage vector and
M is the DM response (influence) matrix of the (N x N) size -
unique for each real DM. Note that the structure of the M matrix
depends on the geometry of the DM and the line-up of the PAs.
The physical meaning of the M matrix structure is easy to
comprehend; on the i line (or row) are all those components
which affect (or affected by) the displacement of the i PA. The
‘M component of the M matrix shows the influence component
of the j" PA on the i PA.

Finding the solution of the Eq. 5 is straightforward:

V=M1xZ ()

Here M ! is the inverse matrix of M. Summarized, when M
matrix is known, for each given Z — displacement vector it is

straightforward to determine the J’— voltage vector.

4. Analytical model for the influence function IF
To determine the " — voltage vector, one needs to know the
influence functions /Fi(x, y) for all PAs (i=0 ... 60). For a real

DM, the IF(x, y) is determined experimentally. However, for

modelling the DM control procedure analytically, we
approximate the influence functions of 61-element DM piezo-
actuators in a form of circularly symmetrical Gaussian

distribution as follows:

d

IF;(x,y) = exp [m(s) X (M) ] .

Here (x;, ;) are the location coordinates of the i PA, &is the
influence (coupling) ratio between the neighboring PAs and its
value is set within 0 < & < 1 interval, d is the distance between
the PAs, and o >0 is the Gaussian index which value can be
varied depending on the used deformable mirror material
parameters, geometry, thickness, radius, distances between
individual PAs, etc. As an example, let us analyze the profile of
the IF given by the Eq. 7 for the following conditions: x; =0, y;
=0,y =0. The Eq. 7 will be reduced to:

IF;(x,0) = exp [ln(s) * (%)a] ®

In Fig. 7, main properties of the analytical IF, given by the Eq.
8, are presented. As one can see (Fig. 7, left), for fixed oand d,
increasing £means stronger cross-talk between the neighboring
PAs. On the other hand, for fixed ¢ and d (Fig. 7, right),
increasing ormeans more flat-top, but steeper sides of the IF
profile. Summarized, the flexibility of the analytical IF function
given by the Eq. 7 makes possible addressing different DMs
and control cases. In Fig. 8, (x, 0) profiles of typical model
influence functions with- and without cross-talk, used in our
calculations, are presented.

o=4 d=1[cm] e=0.001 d=1 [em]

10 £=0.001 10 o=4
08 £=0.01 08 ag=3
— ~
T £=0.05 S o ag=2
5 5
E 04 ::_ 04
=~ 0z ~ 024
0o
T T T
-2 -1 0 1 2 -2 -1 0 1 2
x fem] x fem]

Fig. 6. Analytical influence function profile /Fy(x, 0) ford =1
cmy; left: IFy(x, 0) for fixed orand varying &; right: IFy(x,
0) for fixed £ and varying o: The numbers on the x — axis

indicate the distances and positions of individual PAs.



IFy(x,0)

x [em]

Fig. 7. Influence function profile IFy(x, 0) for d = 1 cm; red
curve: describing the case I (no cross-talk between the
close neighbors); blue curve: describing the case I1 (10 %
cross-talk between the close neighbors). Corresponding
IF parameters are shown in the figure insets. The
numbers on the x — axis indicate the distances and
positions of individual PAs. The PAs aligned along the x

— axis (thick green segments) are also shown for clarity.

In the following, we will present and discuss two model-
calculation examples of the random wavefront distortion
compensation by the DM control technique described above.
This will be done using influence function parameters given in
the inset of Fig. 7, describing the cases with- and without cross-
talk, respectively. Furthermore, it will be shown that in most
cases, when non-negligible cross-talk effect between the
neighboring PAs exists but is neglected in the calculations,
erroneous sets of V' — voltage vectors are obtained. In all
examples, the Single Index Zemike polynomials are used
according to the definition of the ANST Z80.28/I1SO 24157
standard®, hence they are not redefined again in this report. We
note also that the roundtrip and incidence angle effects on the
DM control have been included in the calculations. All
calculations were performed using a code written for PTC
Mathcad Prime 3.0 software.

5. Calculation examples for WF compensation
5.1 Case I: No cross-talk between the neighboring PAs
Let us assume that a WF with the following Zemike

components has been measured:

Z(x,y) =0%Z0 + 0.09%Z1 - 0.08*Z2 - 0.021*Z3 - 0.536*Z4
+1.149%75 - 0.075*Z6 + 0.745*Z7 - 0.275*Z8 + 0.19%Z9 -
0.035*Z.10 + 0.16%Z11 + 0.21%Z12 - 0.065%Z13 - 0.1*Z14
(C))
Here Z(x, y) is the phase distortion of the measured WF in pum
units. Z0 ... Z14 are the first 15 Zernike polynomials multiplied
with randomly chosen Zemike coefficients. We intend
compensating Z(x, y) by a DM (Fig. 1) which is set at 5 degrees
to the normal of the incident beam with diameter D = 8 cm.
Influence functions of 61 PAs are described by the Eq. 7 with
parameters: & = 0.001, o= 3.3, and the distance d between

closest PAs is 1 cm. The results are summarized in the Fig. 8.

A: Desired shape B: Achieved shape

of the DM of the DM
1.455 pm ya ' B —

Fig. 8. An example of random wavefront distortion
compensation by the DM with 61 PAs; Case I: 0.1 %
(¢ = 0.001) crosstalk between the closest
neighboring PAs. See the figure insets and text for
more details. The color code in both A (desired
shape) and B (achieved shape) wavefronts is the
same for easy visual comparison. On the right panel,

(x, 0) profiles of A and B shapes are presented.

Summarized, good reproduction of the desired shape of the DM
could be achieved in Case I (negligible cross-talk) for random
sets of Zernike coefficients (Eq. 9), indicating successful control
of DM with Case I characteristics. In most cases, however, the
cross-talk between the neighboring PAs is not negligible and
has to be taken into consideration for successful control and

operation of the real DM.




5.2 Case II: 10% cross-talk between the neighboring PAs
Let us assume that a WF with the following Zemike

components has been measured:

7(x, y) = 0*Z0 + 0.35*Z1 - 0.35*72 + 0.3*Z3 - 0.7*74 +
0.2*Z5+0.5%76 + 0.2*Z7 + 0.24*Z8 + 0.22%79 + 0.3*Z10 -
04*Z11 +0.5%Z12 - 0.34*Z13 + 0.5%Z14 10)

Here Z(x, y) is the phase distortion of the measured WF in pum
units. Z0 ... Z14 are the first 15 Zemike polynomials multiplied
with randomly chosen Zemike coefficients. We intend
compensating Z(x, y) by a DM (Fig. 1) which is set at 5 degrees
to the normal of the incident beam with diameter D = 8 cm.
Influence functions of 61 PAs are described by the Eq. 7 with
parameters: £= 0.1, o= 2, and the distance d between closest

PAs is 1 cm. The results are summarized in the Fig. 9.

C: Shape of the DM
excluding the cross-talk

A: Desired shape
of the DM

B: Shape of the DM
including the cross-talk

effect in the calculations  Effect in the calculations
Y4 Y4

Fig. 9. An example of random WF distortion compensation by
the DM with 61 PAs; Case II: 10% (£=0.1) cross-talk
between the closest neighboring PAs. See the figure
insets and text for more details. The color code in all
three shapes A (desired shape), B (achieved shape
including cross-talk), and C (achieved shape neglecting
cross-talk) is the same for easy visual comparison. On
the bottom panel (x, 0) profiles of A and B shapes, as

well as A and C shapes are presented for comparison.

From Fig. 9 it can be seen that the reproduction of the desired
DM shape (Fig. 9A) is quite good when the 10 % cross-talk

effect between the neighboring PAs is included in the
calculations (Fig. 9B), however, when the 10 % cross-talk effect
exists, but is neglected in the calculations (Fig. 9C), the
reproduction of the desired shape is not satisfactory. In that case
erroneous sets of V' — voltage vectors are calculated (often an
overshoot in the generated voltages occurs). This is also clearly
seen in the bottom panel of the Fig. 9, where (x, 0) profiles of A
and B shapes, as well as A and C shapes are presented for

comparison, respectively.

6. Summary and Conclusions

A DM control model based on prior determination of the
Influence Functions (IF) of individual PAs is described for
“open-loop” applications. A model analytical IF in a form of
circularly symmetrical Gaussian distribution is introduced. Two
model cases, without- and with a cross-talk between the
neighboring PAs in the DM, are elucidated. Calculations show
that for random sets of Zernike coefficients, good reproduction
of the desired shape of the DM could be achieved in the case
when negligible cross-talk between neighboring PAs is present.
However, when the cross-talk between the neighboring PAs is
not negligible, it has to be taken into consideration for successful

control and operation of the real DM.
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Non-destructive laser-based inspection of metal pipelines with the use

of pipe eigenmodes

Laser measurement team

0. Kotyaev, Y. Shimada, S. Kurahashi

1. Introduction

In a site of construction, metal pipes are used to carry
water which contains solid elements such as rocks and/or
sands. Usually the inner surface of pipeline is affected by

moving fluids resulting in the decrease of wall thickness

especially at the bottom side of pipeline, as shown in Fig.1.

Preventing dangerous situation caused by thinner walls,
periodical inspection of wall thickness is necessary.

We have developed a laser-based system for remote
sensing of pipe wall thickness via measuring the multiple
reflection frequency of laser induced ultrasonics between
the outer and inner surfaces of pipe wall, as described in
the previous ILT report [1]. The experimental results have
verified that the multiple reflection frequency is inversely
proportional to the wall thickness, and this technique can
be applicable to the pipeline, even it is filled with water.
It should be noted, this sensing system requires that the
laser beams for initiation and detection of ultrasonic
vibration shall be injected vertically to the bottom surface
of pipeline. However, sometimes, bottom side of
inspected pipe is just not accessible for laser beams.

In this report, we present a new method which is free
from this requirement. The method allows to evaluate pipe
conditions with the use of initiation and detection of pipe
vibration eigenmodes instead of multiple reflection in
pipe wall. After impact, pipe ring cross-section undergoes
some deformation and relaxation. In Fig.2, the lowest
eigenmode of pipe is shown. Actually, many more
eigenmodes will be initiated by laser impact. We plan to
use the fact that eigenmode spectrum depends on pipe
cross-section geometry [3]. If inspected pipe gets thinner
bottom part as shown in Fig.1, then corresponding

spectrum will have eigenmodes with lower frequencies.

Fig.2. The first fundamental eigenmode of ring pipe

cross-section natural vibration.

Obviously, applying laser beams to the pipe bottom
where degraded wall is comparatively thinner will
produce eigenmode vibration with higher amplitude, and,
correspondingly, the inspection procedure will be more
sensitive. However, to initiate pipe vibration eigenmodes,
laser impact can be applied to any part of pipe cross
section. That means, there is no need to deliver impact and
probe beams just under the pipe to its bottom part. Both
laser beams can be delivered to any accessible part of
inspected pipe (for example, pipe side), and spectrum of
initiated eigenmode will provide information of the pipe

condition. So, the main task of the present tests is to verify



capability of pipe inspection when impact and probe
beams are delivered horizontally to the pipe side which is
most probable situation in real operation.

Another task of the research is to initiate and detect
vibration eigenmodes in a pipe filled with water.
Experimental results of influence of water presence on

eigenmode amplitude and frequency will be presented.

2. Initiation of eigenmodes by laser impact.

Three pipe samples were provided for the experiments.
(Fig. 3). These are l-meter long pieces, 165.2 mm in
diameter. The pipes are made of steel. Pipe wall thickness:
7.1, 5.0 and 3.7 mm. Outer surface is covered by
protecting paint. These samples were used in the previous

research of pipe wall thickness measurement.[1].

(a) (b) (c)
Fig. 3. Metal pipes used in the experiments.

Wall thickness: 5.0mm (a), 3.7mm (b) and 7.1 mm (c).

The inspected sample was set 6 meters away from the
laser inspection system (Fig.4). CO, laser with pulse

energy of 5J and pulse width of 100ns was used for laser

impact to initiate eigenmodes. No focusing and imaging
was used in the impact beam path. Resulting impact beam
size was about 8 cm. In this case, no surface damage was
produced, however, even in these conditions, it was
possible to initiate detectable eigenmodes. Laser vibration
meter PDV-100 (by Politec Co.) was used for the
detection of initiated eigenmodes. No counter-reflecting
tape was used in the probing point, the probe beam was
positioned on original surface only. Impact and probe
beams were delivered horizontally to the pipe side in the
middle area between pipe holders in order to minimize

influence of the holders on eigenmode initiation.

PDV-100 |F,
E |
1

P

(="

- U
y | Pipe sample

Impact and probe position

Fig.4. Laboratory pipe sample under testing.

Results of the tests are presented in Fig.4. As it was
expected, in three pipe samples with different pipe wall
thickness, spectra of initiated eigenmodes look
significantly different. The thinner pipe wall the lower
eigenmode frequency (see Table 1). So the idea of using
pipe eigenmodes for nondestructive testing has been

basically verified.
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Fig.5. Waveform and spectra of eigenmodes initiated in laboratory pipe samples.

Table 1. Frequency of the first two eigenmodes initiated

in the laboratory pipe samples pipeline. It is covered with thick layer of rust and its

thickness is varied from 9.5 to 11.5 mm.
Pipe wall thickness

7.1 mm 5mm 3.7 mm )
1-st — Pipe wall :’hl_pekwall
-S — ' thickness: ICkness:
mode 750 Hz 550 Hz 350 Hz . 1.5 mm 9.5 mm
2nd | o050 Hz | 1400Hz | 1050 Hz
mode

3. Initiation of eigenmodes in real pipe samples.
In the next step, the tests of pipe samples used at the real

construction site have been performed. Two 400-mm long

samples with 354.5 mm in diameter were prepared, as

shown in Fig.6. One of the samples is a piece of unused Fig.6. Real pipe samples: left - unused one; right — taken

pipe. It practically has no rust, and its wall thickness is from actual water pipe line.

11.8 mm. The other one was cut off from actual water



Fig.7. Pipe sample under tests.

Test of real pipe sample is shown in Fig.7. The same
CO, laser was used as a source of laser impact for
eigenmode initiation, and vibration meter PDV-100 was
used for vibration detection. Probe beam was set on
original surface without any counter-reflecting tape.

Piece of used pipe was set emulating situation when

PDV-100 Signal amplitude, mm/s
0.8

impact and probe beams are directed not to the pipe
“bottom” but to the “side” of inspected pipe line: the most
degraded part of pipe sample wall corresponding to real
pipe bottom was rotated 90° relative to the laser beam
position.

Figure 8 shows obtained waveform and spectrum. The
very promising result is that it is really possible to initiate
detectable eigenmodes in this kind of pipe. Vibration
amplitude and corresponding peaks in the spectrum are
much higher than noise level, so the idea of using
eigenmodes looks very feasible for real pipe inspection.

In Fig.8, the records with 1l-second duration are
presented to visualize entire relaxing vibration. In Fig.9,
rescaled spectra of eigenmodes initiated in unused and

used pipe samples are compared.

Spectral ampliitiude, lin.un

1

0.8

04

Yy .

[

a) Unused pipe sample.

PDV-100 Signal amplitude, mm/s
0.8

|
WL ]

800 200 1 2 3 4 5 6 7 8 9 10
Time, ms Frequency, kHz

03

0.4

03

0.1 |

0
800 200 01 2 3 4 5 6 7 8 9 10

Time, ms Frequency, kHz

b) Used pipe sample.

Fig.8. Waveforms and spectra obtained in unused (a) and used (b) pipe samples



Spectral ampliitiude, lin.un.

1

IS

(=]
w

w
w
¥y
1
i+
w
w

Frequency, kHz

Fig. 9. Comparison of eigenmode spectra. Blue — unused pipe, red — used pipe.

It is clearly seen that eigenmode spectra of unused and
used pipes are very different: frequencies of used pipe
eigenmodes are significantly lower than frequencies of
unused pipe eigenmodes. (The first coincident peaks
around 70 Hz correspond to bouncing of the pipe as a
whole). This fact is very promising: frequency set
difference can be reliably detected in real inspection and

indicate current conditions of inspected pipe.

4. Test of eigenmodes in water-filled pipe.

In real construction site the water pipe line is filled with
water. The presence of water should affect amplitudes and
frequencies of initiated eigenmodes. So, it is important
information whether it is possible to initiate detectable
eigenmodes and evaluate pipe conditions at the presence
of water.

In the final step of experiments to test influence of water
on pipe eigenmodes. the pipe sample shown in Fig. 3 (b)
was used. Figures 10 and 11 show the water-filled pipe
under inspection.

At first, the pipe sample was tested without water, and
after that it was filled with water (Fig.11) and tested again
under the same conditions.

Figure 12 presents waveforms and spectra of initiated

eigenmodes without water and with water.

Fig. 10. Pipe sample filled with water is under

inspection.

Fig.11. Pipe sample filled with water.
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Fig.11. Waveforms and spectra obtained in empty (a) pipe and pipe filled with water (b).
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Fig. 12. Comparison of eigenmode spectra. Red — pipe without water, blue — pipe with water.

First of all, the good news is that detectable eigenmodes
still can be initiated in water-filled pipe. Although
amplitude of waveform looks noticeably lower in the
water-filled case, natural vibration is still clearly visible.
This result is very promising for real pipe inspection.

In Fig. 12, rescaled spectra of initiated eigenmodes are

compared. There is significant difference in frequency

sets between empty pipe and pipe filled with water. As it
was expected, filling pipe with water resulted in
decreasing frequencies of initiated eigenmodes. Moreover,
only low-frequency eigenmodes can survive. However,
amplitude of the first three eigenmodes is high enough for

reliable detection.



5. Discussion and conclusions.

The presented tests have verified the idea that
eigenmodes in metal pipes can be initiated and used for
pipe condition inspection.

Degradation of pipe walls leads to noticeable decrease
of eigenmode frequencies.

To evaluate current condition of inspected pipe with the
use of vibration eigenmodes, it is not necessary to direct
impact and probe beams just under the pipe bottom, where
the most significant degradation of pipe wall may happen.
It is enough for this purpose to investigate eigenmode
spectrum obtained when laser beams are positioned on the
side part of pipeline.

Filling pipes with water results in lowering eigenmode

frequencies with decreased amplitudes. However,

eigenmode detection is still possible and reliable.
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() 0-AB (71 mM) ¥HEREID T = 2 MO
& A OHEERIIC L BT 4 T 4 7R

2. =&

SR EE L, REAR AR R )
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BaA AL 254877 A (DES2) |\ /™ Refo 7344
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mM U SR U T 2NEER (pH 7.6) % V=, FAD (Iso)
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L7 b D& 5 IZZNZEIURT I, 0-AB 1L FAD H10 Iso
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HDEBZ HIND, WILART N IVOBLIIZIZERI N TR
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6 DAAO-0-AB BEATRDIIN AT t L (KHh5E
B LAY MV (KFPAGHR, R 410

nm)

3.2 JxLMIEEALFTIHVR

7(a), )T, Pk 514nm & 500nm TEHI L7=7 =
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RO CT $5IRZ T 573, 384, #45nm 28— %
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LE" (Is0" 0-AB) Eare)
D .. EAEL)

i CT (IS0 0-AB™)
srew ] 3
9 lon Pair (Iso- 0-AB*) '
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AWFFETIENNT D-7 2 Bea i b oo fifd HiAE
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