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EDDY-CURRENT INSPECTION FOR $1ZAM-GENERATOR TUBING PROGRAM QUARTERLY
PROGRESS=REPORT FOR PERIOD ENDING JUNE 30, 1978

C. V. Dodd, W. E. Deeds, and R. W. McClung

SUMMARY

Eddy=-current methods provide the best in-service inspection
of steam generator tubing, but present techniques can produce
ambiguity b.cause many independent variables affect the sig-
nals. The current development program will use mathematical
models and develop or modify computer programs to design optimum
probes, instrumentation, aad techniques for multifrequency,
multiprope.ty examinations. Interactive calculaticns and exper=
imental measurements are made with the use of modular eddy-
current instrumentation and a minicomputer. These establish
the coefficients for the complex equatiors that define the
values of the desired properties (and th: attainable accuracy),
despite changes in other significant variables. The finai eddy-
current instruments will contain on-=beard wicrocomputers for
real-time data processing and interp.etation. Progress is being
made in addii to the computer programs parameters for different
circuit desig. Programs that allow direct interfacine between
a minicomputer o 31 the eddy-current instrument have bee. written
and tested on preliminary tubing. The first modular three=
frequency instrument has been constructed. We are continuing
to acquire tubing standards and specimens for developing and
checking the instrumentation and techniques.

INTRODUCTION

This program is established to develop improved eddy-current tech=-
niques and equipment for the in-service inspection of steam generator
tubing., 1Its goals are to separate the effects of variables (e.g., dent-
ing, probe wobble, tube supports, and conductivity variations) from defect
séize, depth, and wall thickness variations. Computer design of probes,

instrumentation, and techniques is ~mphasized.

BACKGROUND

Steam generators are a vital component in both fossil~ and nuclear=~
fired power plants. Tube leaks in the steam generators will result in

consequences ranging from loss of efficiency to plant shutdown. A method
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of predicting which tubes will leak and which will not during the time
interval between routine maintenance shutdowns is clearly needed, and a
rapid, accurate, easy-to-use inspection is an integral part of any method
of prediction. Of the various nondestructive tests, eddy-current inspec-
tions most nearly meet these criteria. Present eddy-current inspections
of steam generators are performed by moving a probe consisting of one or
two coils through the bore of the tube. The inspection is performed with
a bridge-type instrument operating at oue or two frequencies. The
inspections are fast, but the results are not immediate. Although it is
desirable to know if a tube passes inspection before the probe is indexed
to the next tube, the most common practice is to record the inspection
data on magnetic tape for later playback and interpretation. The results
of a test are t+ . subject to interpretation by an operator and may be
ambiguous., The .~«son for the potential ambiguity is the large number of
test properties that can affect the examination. The test properties

that may vary during the eddy-current inspection include: wall thickness,
tube conductivity, tube permeability, defect size, de‘ect location, and
variations in probe~to-tube spacing and tube-"o-tube=support spacing. An
eddy-current instrument is capable of measuring only two test property
variations per frequency, and when more than two property variations occur
at the same time, the resulting signals cannot be separated. If a par-
ticular test property variations produces a uniform response as the probe
is moved along the t.be, its effect can be subtracted out, but this tech=-
nique is not always reliable. Unfortunately, the tube is most likely to
develop leaks at regions where other test properties are also changing.
Even a property variation that may not impair the service of the tube,
such as magnetic permeability or defect location (radially within the tube
wall) must be included as a variable affecting the data, since it affecis
the eddy-current signal. To rerolve these variations, the eddy-current
instrument must make as many fadependent readings as there are test pro-
perty variations. A multifr:quency instrument can make two independent
readings per frequency ani a pulsed instrument can make independent
readings at various tim: intervals along the pulse. The frequencies or
time intervals should be chosen so that the response of the different test

properties is different.



ORNL PROGRAM FOR IMPROVED INSPECTICN

The ORNL program to develop improved eddy-current in-service inspec-
tion for light-water-reactor steam generator tubing consists of design
calculations based on theoretical models, construction of optimum equip~-
ment, laboratory tests of the best design, and field tests of the equip~
ment. Using models established for eddy-current coils in the presence of
multiple eylindrical conductors, we will calculate the electrical signals
produced in the instrument for different frequencies, probe designs, and
instrument designs for many test property variations, These variations
will span the range of variations expected in the actual tests. Next, a
least-squares fit of the test properties to the instrument readings and
nonlinear functions of the instrument readings will be carried out. These
calculations will be repeated a number of times with different coil and
instrument parameters until an adequate system is obtained.

A prototype instrument will be assembled from modular plu/ ,-in com=-
ponents. A probe will be (onstructed and the instrument will be adjusted
to conform to the design . lculations described above. The instrument
will be connected to the pa.allel input=-output ports of the ModComp IV
minicomputer in the NDT laboratory. Readings will be made on tubing test
samples that cover the range of anticipated test property variations.
Then the process will be reversed, and the test properties will be calcu~
lated from the readings in two ways. The first uses the original coef=-
ficients determined in the design calculations with an offset and gain
correction for data channel (magnitude or phase,. Next, a least-squares
fit for all the coefficients will be done directly from the experimental
data. The set of coefficients that matches best will be used. The first
way has the advantage that with the analytical calculaticons, more test
properties can be used and a smooth curve between the test property
variations can be obtained. The second way has the advantage that con=~
structional differences between the designed coil and actual coil are
taken into account, and also certain test property variations that cannot
be calculated can be included.

Once the optimum coefficients are determined, the process is again

reversed so the minicomputer continuously takes readings, calculates the



properties directly, and displays the results or a CRT terminal in real
time. The calculated properties chenge in the proper manner as the prohe
is scanned by defects, tube supports, and thin wall regione. After the
instrument successfully passes these tests, its on-board microcomputer is
programmed to calculate the properties in place of the ModComp IV, and the
instrument is retested. Finally, the instrument will be tested in the
field under actual operating conditions. Changes will be made in the
programming at this point to improve the accuracy of the tests, the ease
of calibration, and the use of the instrument., The instrumen:i will con=-
tain an internal passive calibration circuit and will be tested against a
set of reference standards.

Operating instructions and testing procedures will be written.

PROGRESS ON PROGRAM DURING QUARTER ENDING JUNE 30, 1978

The bateh version of the multiple eylindrical conductor problem,
ENCIRM, is working now without bugs. The effec* of changes in conduc=-
tivity, permeability, wall thickness, tube inner diameter, tube supports,
and tube defects can be calculated. The electrical circuit in the program
can be either an absolute coil or a two-coil send-receive network. Other
types of electrical circuits are being added to the program, and the
program will be interfaced to a least-squares program, MULLSQ, to fit the
properties to the readings.

The programs, TUBRDG and TUBFIT have been written. The TUBRDG
program makes readings with a multifrequency eddy-current instrument,
averages the readings, and stores them on disk. The TURBRDG program does
a least-squares fit of the properties to the readings, continuously makes
new readings, and calculates the properties.

Under separate funding these programs have been tested on ferromagne~
tic tubing with a three-frequency eddy-current instrument.

The wall thickness, tubing inn~r diameter — and therefore the
clearance between the probe and the tube — and the saturating current -
and therefore magnetic permeability -- were varied and measurements were
made. A summary of the preliminary measurements is shown in Table 1. The

permeability is only estimated. Most of the errors were due to the type



Table 1. Measurement of Wall Thickness, Radial Clearance and
Permeability in Ferromagnetic Tubing

Thickness Radial Clearance Permeability
(mm) (tam) (Relative)
Range 1.9-3.0 0.14~1.14 8-10
Fit error 0.013 0.037 0.41
Drift error 0,019 0.023 0.21
Absolute error 0.15 0.13 0.4
Repeatibility 0,05 0.14 0.4

error

of saturating current drive — constant voltage rather than constant
current — or to thermal heating or too small a saturating current. It
is believed that these errors can be reduced with further testing and
modifications. We do not expect to require magnetic saturation; dur}ng
development this allows planned control of magnetic permeability. : &

Although there were some defects in the tubes, we did not have esough
samples to do a least-squares fit of the defects to the instrumeut
readings.

We are collecting standards so a series of readings can be made on
light-water-reactor steam generator tubing. We have received three
Inconel tubing reference standards from a commercial source. The tubes
are 19.1- by 12,8~mm (3/4= by 0.050-in.) wall; 22.4= by 12.8-mm (7/8= by
0,050~in.) wall; and 19.1- by 10,16=mm (3/4~ by 0.043=in,) wall, and each
contains the reference flaws conforming to current practice for in-service
inspection of steam generator tubing. Additional tubing is being ordered
so that we can make standard specimens that form a complete matrix of pro=-
perty values,

We have redesigned our pulsed eddy-current instrument and have
replaced ten of the timing integrated circuits with a single counter-timer
circuit, This should make the instrument more versatile, improve its per-
formance, and reduce its cost. We will test the pulsed instrument as

well as the multiple-frequency instrument on the standard tubing.



R L P T I TR [ a— PEIEPT P et mt L cag s oo 4 i e = 1 - 4 < o == ptataf ma oo ed® oy oo g il o s 2 Jon 8 o by

NUREG/CR-0479
ORNL/NUREG/TM-274
Distribution
Category RS

INTERNAL DISTRIBUTION

1-2. Central Research Library 22, R. G. Donnelly
3. Document Reference Section 23, G. M. Goodwin

4~5, Laboratory Records Department 24, B. E, Foster
6. Laboratory Records, ORNL RC 25, ‘M. Ra HL11
7. ORNL Patent Office 26, D. O, Hobson
8., Nuclear Safety Information Center 27. R. T. King
9. L. A, Adler 28~36. R. W. McClung
10, C. R. Brinkman 37. C. J. McHargue
11. D. A. Canonico 38. Fred Mynatt
12, L. D« Chitwood 39, F. H. Neill
13. K. V. Cook 40, G. M. Slaughter
i4., W. B, Cottrell 41, G, W. Bcott
15, W. E. Deeds 42, W. A. Simpson
16. J. R, Devan 43, J. R, Smith

17-21. C. V. Dodd 44, S. D. Snyder

EXTERNAL DISTRIBUTION

45, NRC, Office of Nuclear Regulatory Research, Washington, DC 20555
J. Muscara

46, DOE, Oak Ridge Operations 0¢fice, P.0. Box E, Oak Ridge, TN 37830
Assistant Manager, Energy Research and Development

47-341. For distribution category RS5.



