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Abstract: The novel results of the R & D activity of TDI for modeling and investigation of nonlinear defotima
SIE SB RAS in the field of the optical measuringwave processes.

technologies, as well as laser technologies farisglsafety Oil-drilling platforms on Sakhalin coast (Russiave

problems are presented. To measure the rocks stnelsto - : . .
revent the mountain impact, as well as for basi geismic protection systems using masswe_platf(ﬁrmqoo
b ' (fons) and the four friction pendulum bearings. Tleywe

investigations, a set of optical-electronic  defarsnand Iirpited cumulative traveled distance (about 3 kA®.soon
systems was developed and produced. For permanen

; i, . ; S as this distance exceeds that value, the bearimysids be
noncontact bearing position inspection  of = oil-dd replaced. We have developed optical-electronic esyst
platforms on Sakhalin coast (Russia) we have deeelo SAF\)KHAL.IN f i P i pt ¢ beari em;;
optical-electronic method and system SAKHALIN. X or permanent non-contact bearing position
Multifunctional laser technological system LsP-2000"'SPeECtion and traveled distance measurement. iouatt

equipped by two Nd-YAG lasers was developed fotirg possibilities and. experimental results for SAKHALINe
welding and surface micro profiling with ablatiomopess presented and discussed.

(working range of 3 2 x 0.6 n¥, positioning error less than Laser material processing (cutting, welding) of laRye-
10 mkm). Results of development and testing theiafieed  size objects and treatment (ablation) of their ane$ take
high productive laser measuring machine, based omultifunctional universal laser technological systeSuch
structured illumination, for 3D inspection of gspacers for system (LSP-2000) was developed at TDI SIE. It has
Russian nuclear reactors with micron resolution areoordinate (X-Y-Z$-6) table with Computer Numerical
presented. Using high-speed laser noncontact methdde  Control system, table displacement range of 3x 0,6 n?
base of triangulation position sensors, TDI SIE hagposition error less than 10 mkm) and changeabler NG
developed and produced automatic laser diagnogéie®  |asers for material processing and treatment. Befan SP-
COMPLEX for inspection of geometric parameters deel 2000 technical peculiarities and performances areng

pairs (train speed up to 60 km/hr.), which is used
successfully on Russian railways. Safety of nuclear reactors VVER-1000 and VVER-440
[4] and ensuring their high exploitation reliahjlitake 100
. ARt ; % noncontact inspection of all parts of fuel assiésb
Keywords: optical measuring technology, laser technology.inCIuding grid spacers. We have developed and medithe
1. INTRODUCTION specialized laser measuring machine, based ontusteac
' illumination, which enables 3D inspection of gridasers
Modern industry and science take novel opticalwith micron resolution and high productivity (sotmendred
measuring systems and laser technologies for gplitiual  times faster than CMM).
tasks, including safety problems for mining, otbraic and
railway industries [1-4]. The novel TDI SIE’s rewulin
these trends are presented.

Ensuring the safety of running trains is the actask of
railways exploitation and transport of passengersl a
cargoes all over the world. We have developed bjuged

Effective investigation of non-linear processesbiack laser noncontact method for geometrical parameters
structures of geo medium requires comprehensivinspection of moving 3D objects on the base ohtgidation
measurement of wave, deformation and power parameteposition sensors using fast-response PSD lineaysmand
using the multi-channel measuring systems [2]. Theroduced automatic laser diagnostic system COMPE&EX
development of universal technical means (with eokd noncontact inspection of geometric parameters oéelh
metrological characteristics) for automatic measwmet of  pairs. Principle of self-scanning for running fletigars and
these parameters in nature and laboratory conditioier testing results for system COMPLEX are given.
the physical experiments is very actual. For meament
the rocks stress and prevention the mountain impadiave
developed a set of optical-electronic deformers syslems



2. ROCKS NONLINEAR GEOMECHANICAL
STUDY BY MEASURING TECHNIQUES

In order to reveal the mechanisms of rock bursts in

mines, it is necessary to study mining-induced muesats
of structural inhomogeneities of rocks, rock stnatu
displacement, and deformations. It is required ®asure
displacements of geoblocks and strains at diffepentts of
a massif depending on location of these pointstivelao
underground working contour in geomedia with badtunal
and induced jointing, and with allowance for stusat
features (disintegration zones, tectonic faultdlags or
filling masses failed by rock pressure or blastiedg.).
Institute of Mining and TDI SIE SB RAS have devetdpa
prototype of a borehole multichannel optical-elexic
longitudinal deformometer (from here on meter).

Fig. 2. Scheme of position sensor: 1 - insertion,-2novable bushing,
3 - photodetector, 4 — LED.

built-in into the bar section and movable bushngounted
on the insertion so that to move longitudinally rejothe
guide [6]. The current position of the bushing tiekato the
insertion is determined by the position of the Egbt on
the photodetector. Such design allows minimizatérthe

The technical solution of measuring displacemerits o>€NSor size, simplifies fastening device, and deer® the

geoblocks in a rock mass is based on a “slide galegs'.

The idea is realized using a measuring bar, whidhstened
inside the massif in a borehole, and a positiors@emwith

his sensing element attached to the rock and capaibl
moving freely along the bar. The bar consists aftisas

connected by pipe couplings. The sensor is set sgcaon
of the bar. By doing so, we ensure the modularegaty of

the instrument.

Measurements in rock masses are frequently condiucte

using horizontal boreholes drilled in mine workimalls
towards the section to be inspected. In this cdbe,
borehole (Fig. 1) usually intersects rock blo&&s ..., G
formed by disintegration zones [3] and gets deepean

intact massif par€,. Prior to installation, we need to choose

a reference poinO in C,, check points in geoblocks;,

mass and overall dimensions of the instrument. d¢J#iese
sensors (Fig. 3) we have developed the measurisgray
providing automatic measurements of longitude shafhd
deformations in rocks (actual tests in mine working

Fig. 3. Position sensor.

Modern phenomenological theory of pendulumtype
waves, based on studies of geomechanical wave ggesén

C,,..., G between the zones of disintegration, and number Gftructurally inhomogeneous rock masses, takesingrout

Sensors.

The bar sections and sensors together is a pickalgep
Measuring bar2 is fastened at the reference pofbtvia

the detailed laboratory testiraf models of block geomedia
under uniaxial and biaxial loading. In contrastimo situ
experiments, stand trial conditions can be varigtely, and

supportl (Fig. 1). According to the number of measuredt IS Possible to analyze effects of stress ststt@jn rate as

blocks, sensor8 are installed on the bar with the sensing

elements fastened to the rock at the podtsGC,,..., G.
Having such arrangement, displacement of ittie block
under inspection will cause the same displacemérihe
sensing element of the corresponding sensor aloadar,
which is recorded by an electron device.
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Fig. 1. Scheme of measuring bar and sensors in biwae.

The position sensor is based on an
photosensitive recording device such as the posgénsing

S3270-type photodetector PSD produced by Haman@su

with a resistive layer and electrodes. The sengoipped by
LED has the following characteristics: the measweim

range ist 17.5 mm; the measurement erroti8.02 mm.

The sensor has the following design (Fig. 2): itiserl

well as properties and behavior of rocks under derp
loading modes. The obtained measurement data reind b
processed both in the course of experiment and #fe
completion. For these purposes we have developed a
prototype of a micrometer position display sensdth va
microprocessor data collection system.

When measuring equipment for the geomechanical
stand, the main attention has been focused oneatr@hic
micrometer display sensor and its design with the of a
photosensitive charge-coupled device (CCD) wittE®L

The sensor consists of two parts (Fig. 4): a casing
serving a basis guide and a mobile stem capable of
displacing along the guide. The LED is installed ttve
stem, and the photoreceiver, i.e. CCD-bar is asdngside

electrothe casing along the guide. When the stem displdtes

current position relative to the casing is deteedimy the
coordinate of the LED-generated spotlight on the
photoreceiver. The micrometer sensor has beendtdste
determine precision of its characteristics. Itfiewn that the
error is no more thatt 3 mkm, and with due regard for the
gauging characteristic based on the average cuofes
repeatability, the sensor error can be reducedntdrh.



v
Fig. 4. Functional arrangement of sensor: 1 - mobgl stem;
2 - light source; 3 - CCD-bar; 4 - CCD-bar control;light source
control; 6 - synchronization input; 7 - synchronizdion output;
8 - KLM-1 microcontroller; 9 - USB output.

The information measuring system on the base
electronic micrometers as a laboratory equipmemtvigding
the investigations on the processes models thatgkice on
structured rocks) has been developed. The systaure
the data collection within the process of modeleoty
disintegration as well as their transmission on WBBnnels

into personal computer. This system has 8 funclipna

finished position sensors, unified into the comnsystem
using the switchboard. The quantity of sensors ban
increased when needed. It
architecture.

3. FRICTION PENDULUM BEARING
DISPLACEMENT MEASURING TECHNOLOGY
FOR OIL PLATFORM

As it is known, the mining of oil and gas offshdse
carried out using the drilling platforms, which @gremely
massive and inert (Fig. 5). In order to avoid egbes

Topside of the Platfor
Weight: 28 000 tons
Dimension180x100 nf

Friction Pendulu

Bearing

Platform Leg linked

Fig. 5. An ail-drilling platform scheme.

stresses on platform it consists of few large paxtsmally
base and legs). Four friction pendulum bearingsuaesl for
mechanical link between the base and legs. Theirgsar
functionality is to provide the protection of théatform
from all possible mechanical loadings on the lé@d tmight
affect the base with the drill and other sensitegiipment
(seismic movements, ice shifts, etc.).

Normally in the majority of regions around the wbthe
bearings lifetime is at least 30 years of contirmuase. The
corresponding lifetime for the Sakhalin shelf, adiag to
the estimations of scientists, can be from onectoyears,
which is much shorter that the normal service piégiod of
the drilling platform. The most important paramet&hich

is provided by system

allows estimation the bearing resource, is meagutire
cumulative distance traveled by the bearing frone th
beginning of its service (no more than 3 km). Asrs@s
cumulative travel exceeds that distance the besrahguld
be replaced.

For measurements of bearings movements the automati
optical-electronic system SAKHALIN was developets |
main aim is continuous noncontact measurement ef th
bearing location and calculation of the total disatraveled
by the bearing for any defined time period.

Measuring principle of the system (Fig. 6) is based
optical image processing. The passive part of stem
(optical target) is fixed on one part of constronti while
oActive part — a field measurement sensor — is liadtan
another part of construction that moves relativeh first
one. This sensor continuously captures and prosethee
image of optical target. On the output, after pesoey the
relative displacement of these two parts of cowsiwa is
obtained with high degree of accuracy.

Fig. 6. Measurement systm location: 1 - slider beag, 2 - support,
3 - platform, 4 — image unit, 5 — target.

The system SAKHALIN (Fig. 7) is certified as a
measuring tool as well as for the use in explosive
environments (for gas and oil industry). It is desd for
continuous 24-hours operation during 30 years.nitEn
technical characteristics are the following: meament
range on the X and Y axes is + 350mm; absolute énrthe
measurement range is + 0.6mm; measurement rat® is 3
meas./s.; maximum movement speed of the objecterund
measurement without accuracy loss is from 0 uprugl;

Fig. 7. System SAKHALIN: optical measuring and eletonic units.



working temperature for control panel is from 0 tgp

special CNC system. The positioning of each stage i

+ 40°C. This system was put through tests accepted feedback-controlled and based on the linear incréahe

customer.

4. LASER TECHNOLOGICAL SYSTEM LSP-2000

We have developed the multifunctional

optical sensors, which provide the required stagsition
information (position error 1 mkm).

» The ability to process the articles with the arbitary

lasersurface shapesFor that purpose the processing head can

technological system LSP-2000 for processing andhake the movements with 5 degrees of freedom. The

treatment of 3D articles: cutting, welding and aag micro
profiling with ablation process. The LSP-2000 systés
equipped by two Nd-YAG lasers. The robotics for kager
head positioning and CNC control interface are jated for
processing and treatment of parts with arbitragyotogy.

The system spatial working range is about 3 x 0.6 ni.

Inside this range all types of laser processingaifns can

be performed with contour displacement accuracyugbo ¢

+ 10 mkm for any point of trajectory. The generawiof
the system is presented in the Fig. 8. The LSP-2¢4%)

Fig. 8. Laser technological system LSP-2000 and enjed fragment of
its working processing head.

developed as the universal laser processing systém
unique combination of the certain parameters / riecth
characteristics. These characteristics are listbab

e Multifunctionality.

processing head can be moved by XYZ carriage fioghrg
the head to the desired processing region. Also, vere
possible movements are added in polar coordingtsers.
The head could rotate azimuthally and verticallyai@ B
coordinates) in the processing region thus it adléavorient
the head perpendicularly to any of surface elenoérthe
arbitrary 3D object, which is under processing.

Long term parameters stability. The expected time for
the single article processing is approximately 80rk. The

system is designed for continuous 24 hours worle Bhg

term stability of this device was provided using timear

motors and sliding parts having the air gap. Thegap in

the moving parts makes the system mechanics fnietss

and it is provided with the compressed air or pregion
bearing principle.

At the present time LSP-2000 is under industrial
operation.

5. 3D GRID SPACERS INSPECTION TECHNOLOGY

As known, a grid spacer for reactor VVER-1000 is
multicell piece like honeycombed cellular struct{Fgg. 9).
Each cell of the grid spacer represents a hollanwhalled
integral prism, 20 mm in height, with three cyliiudd
protrusions in the direction of the cell centereTheasuring
technology must allow to inspect the following pasders
of grid spacers (Fig. 10): diameters D of the
circumferences inscribed in the cells; diametes§™Dof the
circumferences inscribed in the guide channels;
distances between neighboring cell¥ I(center-to-center
distances), i.e. distances between the centeteahscribed

the

It means the ability to perform a circumferences in the cells; the centers shifts tioé

range of technological and processing operatiorschE inscribed circumferences for cells relative to gspacer
operation using custom laser processing heads,iresqu design drawing @ (the position shifts); overall dimensions
custom positioning accuracy, different positionspged and  B® “for spanner”.

movement patterns depending on the operation. This

requirement was fulfilled using two types of teclugical
lasers. The first laser MLTI-500 for cutting and leieg
(produced by “Tulamashzavod”) has the
parameters: the pulses repetition frequency is BRO
average power output is 500 Wt, laser wavelength (64
mkm. Its purpose is laser cutting and laser weldihgny
metals with thickness of less then 6 mm. The sedaser

for ablation of thin metal films on dielectric saces has

pulses repetition frequency of 300 Hz, high pulsewer ¢

10" W), laser wavelength is 0.532 mkm, and averageepow

output is 10 Wt.

« Large processing working field (3% 3 x 0.6 nT). The
absolute positioning accuracy in the whole workiiedd is
better than 10 mkm. The special XYZ movement stage
developed in order to move the tool (laser proogskeads,

etc) to anywhere in the working field with required

following

‘ ___ &
Fig. 9. A grid spacer for reactor VVER-1000.

Since the use of existing universal contact co@tin
measuring machines (CMM) for 3D measurements af gri
spacer geometry is associated with high time expaed
(up to 4 hours), we have created the specializettomact
high productive laser measuring machine (LMM) [4].

For solving this task we have developed the madiifie

accuracy. The stages movements are controlled by tfnethod, whichis based on a multipoint structured



Fig. 10. Grid spacer geometric parameters under ingection.

_; i
illumination. It ensures fast, noncontact, autoragD- Fig. 12. Laser measuring machine under operation.

measurements of many objects (Fig. 11). is shown in Fig. 13. Here, diameterg(jlDand coordinates

X)), Y(j) of the inscribed circumferences centers in 16
cross-sections (¥ j < 16), as well as 2D graphs and 3D
configuration of the cell hole are presented.

The laser measuring machine for 3D inspection a gr
spacers has gone through a complete cycle of atstise
Novosibirsk plant JSC NCCP. The time of measurerént
the indicated grid spacer parameters does not eéxczenin,
which is more than 300 times faster than existinyersal
contact coordinate measuring machines. At presktl lis
under operation at the Novosibirsk plant JSC NCCP.

Cell information |
Cellnumber  [g4
Diam

Ds () el
8914

Fig. 11. The multipoint structured illumination 3D inspection // e
method applied to a single segment of grid spaceelt — \
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In the case of 3D inspection of grid spacer cells,
consisting of three protrusions, it takes threel@@r beams
matrixes (for simplicity only one light matrix ifiewn).

8935 76454 44135

8942 76453 44135

25 mkm 9 3951 76453 44136
10 8960 76432 44136

= 11 BO96E 76453 44136
12 8977 76454 #41%
13 8987 76454 44136
14 8397 76455 44136
15 3007 76435 44138
9018 , (18 8018 76455 44134

The laser measuring machine includes the threengtan
laser-electronic measuring head for cell and chahakes

perception, scanning X-Y table, electronics andiveare f‘g{? oot e s b sl | sy o

i i i i ower tlerarce Minfm) 25747
(Elg. 12). The scanning X-Y table with the working IS o 2 HALIER
displacements 308 300 mni (OFL-2121 SM) ensures a

controlled displacement of the grid spacer in tleawof the Fig. 13. Individual geometric information from LMM about every cell
photoreceiver unit in the direction of X and Y coimates hole of the grid spacer: its 3D image, the diameterl(j) and the

. . - centers coordinates X(), Y «(j).
and a rotation of the grid spacer in the X-Y plane.

Three methods of visualization and inspection of. LASER WHEEL PAIRS DIAGNOSTIC
measurement results are envisaged. The first of theINSPECTION FOR RUNNING TRAINS
represents diameters in the form of a cartogranhefgrid
spacer with color distinction between cells and ncied
holes. According to the second visualization mettaifts
of centers cell and channel holes¥Sare represented as
grid spacer cartograms with vectors going out df aed
channel centers. The module of vectors and theéctions
on appropriate scale illustrate the shifts, thercof vectors
designate their belonging to the tolerance. Andalfy, in
the representation of the distances between neigitbeells
(center-to-center distancesy’| one can see on the screen

the grid spacer “skeleton”. dashed lines connecting gathered by the aperture of a receiving objectiVhe

d.rawr_1 centers ,Of cells and channell holeg dgsigrmal objective forms an image of the illuminated surfaocae in
situations (within the tolerance), while solid lndesignate 1o pgp plane (Fig. 14b).

distances between cells going beyond the tolergape

For regular dimension inspection of wheels we have
developed high-speed laser noncontact method and
measuring technology for geometrical parametenseicison
of moving 3D objects on the base of triangulatiasifon
sensors using fast-response position sensor detP&D
(50 000 meas/s). This method is based on the pieaf
wheel self-scanning (Fig. 4} by using active measuring
sensors of the triangulation type. In this casebeam
produced by a laser diode is focused on the surdédbe
moving object under inspection. The scattered beéam

Using this method TDI SIE has produced automasena
diagnostic system COMPLEX for noncontact inspectién
geometric parameters of wheel pairs (Fig. 15), uidicig:
width (A) and thickness (B) of wheel rim; distarimetween

In all the representation methods, one can inspest
individual sizes and a 3D configuration of any cel
channel hole. The result of the measurement otcetie
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Fig. 14. The principle of self-scanning of runnindreight car wheel ()
using active measuring sensors of the triangulatiotype (b).

inner sides of wheels (E); thickness of wheel fang);
uniform rolling (F); wheel diameter (D); differencef
diameters of wheels in a wheel pair D=D,. Measuring
error is about 0,5 mm. Measurements are fulfilleéregight

systems allowed to improve the safety of railwaguistry in
Russia.

Fig. 17. Sysfem COMPLEX under operation in winter
(West-Siberian railway).

7. CONCLUSION

Solving many actual safety problems in mining, oll,
atomic and railway industry as well as in scienakes
noncontact optical measurement technologies witbrami

cars speed up to 60 km/hr. The range of working€solution and productivity from 500 to 10 000 nisasve

temperatures is from -8@Qip to +50 C.
b)

m

DI D2

Fig. 15. Wheel parameters under inspection.

Figure 16 shows an example of the wheel reconstiuct
profile (cross-section). The required geometricaiameters
are calculated from the reconstructed profile, endeing,
the algorithm of calculating the parameters follote
method of their measurement by means of a starwbentzct
meter.

=laix

e

Fig. 16. A wheel reconstruction profile (cross-seittn).

External view of this system COMPLEX is presented i
Fig. 17. The developed diagnostic system COMPLE
corresponds to the best world prototypes. At thesgnt
time, COMPLEX more than two years is in operatidn a

West-Siberian Railway. Today 20 systems COMPLEX are

in operation on 6 Russian regional Railways (froraskbw
to Far East). There were inspected more than 2Bomil
wheel pairs for the period of system COMPLEX
exploitation. 300000 alarming reports were receivedre
than 17000 carriages were rejected. The applicatidhese

0

have developed, implemented and tested some nptiehb
measuring systems and laser technologies. For qinin
applications there were developed and producedtywes

of sensors for industrial and scientific works. Tdeveloped
system SAKHALIN can also be used for the 24-hours
monitoring of shifts and deformations of very huge
mechanical and engineering constructions in emesgen
cases, i.e. excessive construction strains, dispiaats,
earthquakes, tsunami events, etc. Multifunctionasef
technological system LSP-2000, built-in additiopalby
measuring probes, can be used as coordinate magsuri
machine with very large measuring volume. In atomic
industry the developed and produced laser measuring
machine LMM has allowed to obtain objective infotina
about the geometry of grid spacers which were spesgly
used for further improvement of production of fuel
assemblies for Russian nuclear reactors VVER-1000 a
VVER-440. Application of automatic laser diagnostic
system COMPLEX for noncontact wheel pairs dimeraion
inspection for running trains makes possible toaase the
safety of Russian railways.

REFERENCES
[1]

Gordon M. Brown, Kevin G. Harding, et al, “Insiial
Application of Optical Inspection, Metrology, and

Sensing”, Proceeding SPIE, V421, 1992,

From the first in the world AES to the atomiovper of
XXI century, Proceeding of the 0Annual Conf. of
Russian Nuclear Society, Publishing house Rity
“FEN”, 1999 (in Russian).

M.V. Kurlenya, V.N. Oparin, and A.A. Eremenko,
“Relation of linear block dimensions of rock to cka
opening in the structural hierarchy of masses”,.-Fiz
Tekh. Probl. Razrab. Polezn. Iskop., No 3, 1993.

O.l. Bityutsky, 1.G. Chapaev, Yu.V. Chugui et, a
“Laser measuring machine for 3D noncontact
inspection of geometrical parameters of grid spacer
for nuclear reactors VVER-1000", Proceeding SPIE,
Vol. 4900, pp. 202-212, September 2002.

(2]

[4]



