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COMPUTER~-AIDED DESIGN OF MULTIFREQUENCY EDDY~CURRENT TES5TS
FOR LAYERED CONDUCTORS WLITH MULTIPLE PROPERTY VARIATIONG*

W. ¥. Deeds, C. V. Dodd, and G. W. Scott

ABSTRACT

Our program is part of a larger project designed to develop
multifrequency eddy—current inspection techniques for wmulti~-
layered conductors with parallel plapar boundaries. To reduce
the need to specially program each new problem, we developed a
family of programs that handle a large class of rvelated problems
with only minor editorial and interactive changes. We developed
programns for two types of c¢ylindrical coil probes: the reflec~
tion probe, which contains the driver and pickup coils and is
used from one side of the specimen, and the through~transmission
probe set, which places the driver and pickup coils on opposite
sides of the conductor stack.

The programs perform these basic functions: (1) simulation
of an 1deal instrument’s response to specific conductor and
defect configurations, (2) control of an eddy—current instrument
interfaced to a minicomputer to acquire and record actual instru-
ment responses to test specimens, (3) construction of complex
function expansions to relate instrument vespouse to conductor
and defect properties by using measured or computed responses
and properties, and (4) simulatioun of a wmicrocomputer on boarxrd
the instrument by the interfaced winicomputer to test the
analytical programming for the microcomputer. The programs are
written mostly in Fortran IV for the ModComp IV FR4 Compiler,
which is standard (ANSI X3.9-1966) Fortran IV with a few addi-
tional features. A few segments ave written in the ModComp
assembly language for control of the computer-instrument data
acquisition interface.

Our report contains the basic equations for the com-
putations, the main and subroutine programs, instructions for
editorial changes and program execution, aonalyses of the main
programs, file requirements, and other miscellaneous aids for
the user.

INTRODUCTION

The eddy currents induced in conductors by changing currents in nearby

coils are affected by many things, including the proximity and design of the

*Work performed under DOE/RRT AG 10 20 45 0, Task 04 (OHO61),
"Nondestructive Testing. "



coils; the size, shape, and electrical properties of the conductors; the
presence of the conductors; and the rate of change of the £ields produced
by the currents. This makes it possible to study various properties of
conductors, but it also requires considerable care to distinguish the
effects of interest from those caused by changes in the other properties.

To determine a given property unambiguously when several other prop-
erties may be simultaneously varying, one needs at least as many pieces of
information as there are parameters that may change to eliminate the
unwanted variables. The usual wayvs of obtaining the necessary information
from eddy—current measurements include the use of either driving currents
that contain multiple sinusoidal harmonics, pulsed amplitudes, or swept-
frequency currents that can be Fourier analyzed into variocus harmonic com-
ponents or sampled at various times. The objective of these methods is to
obtain more bits of information.

Since the theoretical analysis of eddy—current problems has been
developed more extensively for sinusoidal driving currents, we shall con—
sider only the use of multiple sinusoidal driving currents; nevertheless,
our results and programs (with some medifications) will apply equally well
to the Fourier components of pulsed or swept—frequency currents. The
data-fitting programs are also applicable to time—domain readings, that
is, readings sampled at various times during current pulses or frequency
sweeps.

Our programs handle applications involving coaxial cylindrical coils
with their common axis perpendicular to a system of conductors bounded by
parallel planes.

Four stages in the complete process of determining the properties of
unknown samples are: design optimization, acquisition of data from stan-—
dard samples, fitting the known properties of the standards with empirical
formulas involving the eddy-current readings, and using the empirical
formulas to calculate the properties of unknown samples from measured
readings.

The first step, optimizing the coil and circuit designs for detecting
certain properties, is performed with either the Multilayer Reflection
Coil Design Program (MULRFD) or Multilayer Through-Transmission Design

Program (MULTRU). These prompt the user to type in design parameters.



They then make calculations and permit the user to determine the effec-
tiveness of the design for detecting wvarious properties. The MULTRU
program is used for multilayer through-transmission problems and is
presently written to include no defects. In both programs the user can
try various combinations of test frequencies and various empirical for-
mulas of polynomial expansions to fit the various properties. He or she
can quickly obtain a fairly accurate didea of how well a given property
can be measured in a glven experiment.

The second step of the process, recording data from standard samples,
is accomplished by the Reflection Coil Reading Program (RFLRDG), which is
applicable to multilayer problems using reflection~type coils. The
program prompts the user to type in the data for the various properties,
takes the corresponding readings from a multifrequency eddy-current
instrument, and then writes all the data in a random access data (RAD)
file. Defect properties can be included.

The third and fourth steps of the process, finding the best approxi-~
mation formulas and then using them to determine the properties of unknown
samples, are handled by the Reflection Coil Fitting Program (RFLFIT). It
takes the data recorded in the RAD file by the RFLRDG program, prompts the
user to give the type of property to be fitted and the type of polynomial
to be used, performs a least squares fitting of the coefficients in the
polynomial to approximate the property, stores the resulting coefficients
in another RAD file, and uses the readings from unknown samples with the
coefficients to calculate the desired properties. It is presently set up
to handle six properties: resistivity, permeability, thickness, lift~off,
defect size, and defect location in one direction in any layer of a multi~
layer set of conductors,

A brief summary of the theoretical basis is io the next section,
followed by users' guides to the various programs. Detailed analyses and
explanations of the programs followed by printouts of sample runs are
given in Appendices A through D. The subroutines used in the various
programs are briefly described and listed in Appendix E. Appendix F con-
tains brief programs that obtain and manipulate the data for various

existing coils.
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THEORY

Determination of Multiple Test Properties

Properties of conductors

If a coil is excited by a sinusoidal driving current, one can gener-
ally measure two quantities at a time, either: the wagnitude and phase
of the voltage induced in the coil by eddy currents in nearby conductors,
the in-phase and out-of-phase components of the induced voltage, the real
and imaginary parts of the coil impedance, or other combinations. How—
ever, these two quantities are affected by the coil~to-conductor spacing;
the frequency of the sinusoidal current; the shape, size, resistivity, and
permeability of any conductors in the vicinity; and the sizes,; shapes,
orientations, and locations of any defects in the conductors. The con~
ductor resistivities and permeabilities may alsc depend upon the past
history of the sample, present field strengths, and the composition of the
conductors.,

Obviously, mors than two weasurements are necessary to eliminate
undesicable variables and to unambiguously determine those of interest.
Among the ways to accomplish this are: (1) take readings at several fre-
quencies simultanecusly (the multifrequency technique), (2) use non-
sinusoidal amplitude-modulated (puilsed) driving curvents, or (3) use
frequency-modulated (swept-frequency) eddy currents. Combinations of
these techniques can also be used. The nonsinusoidal curreats can have
their outputs Fourier analyzed into harmonic components so that the data
can be handled as in the first method. However, the pulsed or swept-
frequency currents can also be measured as functicns of time, and various
pattern recognition techniques can be used to correlate the patterns and
properties. By the Fourier thecrem one can theoretically transform back
and forth between the time and frequency dowmains, but tbhere are practical
differences and advantages for each method.

The theory of multiple test properties will be applied to the
frequently occurring problems of: (1) fitting an expansion of functiens
of a set of computed readings to simulate the calculated response of an

instruiment to the coundiuctor properties from which the readings were



computed; (2) fitting a similar expansion by using instrument readings
from standards to the properties of those standards, as measured by an
independent method; and (3) using a fitted function, determined by method
(1) or (2) above, to compute an unknown propervty from a set of actual
instrument readings (measurements). These problems occur in the design,
calibration, and operation phases, respectively, of many multiconductor
inspections. In each case the task is to assure independence of desired
variables through adequate numbers of readings, property sets, and expan-
sion terms.

At present, let us assume that we have J pieces of information or
"readings” taken by either multifrequeuncy, pulsed, or swept-frequency
methods., Let us also assume that all ¥ readings R, (n = 1,2,...,/) are
linearly independent. We initially assume that a given property, FPROF,,

is a linear function of the readings so that

M=

PROPm = Cmo + C’”mRn 9

n=1

oY (1)

E)m = PROPm e Cmo = Z C}ffan .
n=1

The constant term in the expansion, (j,, will be the "offset’; the devia-~

tion from the offset, Py, is a measure of the property value.

(£

If K sets of readings, Ry, Ry ..., By , are made on specimens with

- - 7 ]{ 2
the values Py, Pu geees ﬁé ), respectively, of the given property, then we

can write a set of linear equations:

Pr;z = (7,,213?1' + szRé’ + ... + anNR[]?

Pp” = CR{™ % CppRy " + oo + ColiRi”

. . . . {2)

(5) (%) , (K (X

3



which can be solved uniquely for the coefficients (), if ¥ =N and the
equations are linearly independent.

If some specimens have the same values of the given property, then
some of their other properties must differ if the readings are to be
linearly independent. For exawple, the readings for a given sample with
and without a defect should produce slightly different readings. Defects
with different sizes or locations should also produce different {(i.e.,
linearly independent) readings, even though the properties such as resis-
tivity, permeability, and thickness are unchanged. If X < ¥ a unique set
of coefficients cannot be found. Usually, an infinite set of combinations
of coefficients can be found to satisfy the underdetermined system. If
K > N, the systeam 1s overdetermined, and no set of coefficients will
satisfy all of the equations (except in the unusual case when at least
X -~ N of the equations are mot linearly independent). 1In the non-—

1.

degenerate overdetermined case (K > N) we must be satisfied with the

compromise set of coefficients that will give the most reasonable approxi-

(k)

mation to the true properties 7, when the various sets of readings R,

are puft into Hq. (2). The usual way is to defione the differences,
N
k
2 SN i) - e, k=1, ., B, (3)
n=1

and then minimize the sum of the squares of the differences,

K
- 2
S = E £ > (4)
k=1

by adjusting the set of N coefficients, (p,. These are called the linear
least squares ccefficients for the property F, since they occur only to
the firsﬁ power in the equations; furthermore, they give the "best"” fit
(in the linear least squares sense) to the set of properties PéK) in terms
of the K sets of readings Rék).

Any number of properties P, can be fitted in this way if enough sets

of readings are taken to determine the coefficients. However, this does
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not mean that any number of preperties can be unigquely determined from a
finite number, ¥, of independent readings. If I is less than the number

of properties that may vary, several combinations of properties may produce
the same set of readings. Therefore, we could not distinguish which com~
bination was actually occurring. If only # properties can be determined
with N independent readings, and a larger number of properties may
influence the readings, then one must either control some of the properties
50 they do not vary in the given experiment or increase the number, ¥, of
independent readings. Thus, if ¥ is the number of properties that can be
uniquely determined with a single set of readings, ¥ is the number of
independent readings taken in that set, and L is the number of sets of
independent or "calibration” measurements taken to determine those coef-

ficients, then we have the following relationships:
MSVs<L<K , (5)

Calibration measurements are taken on samples with known (i.e., indepen~
dently measured) values of a property to determine the coefficients used
for measuring samples with unknown values of the property.

The important limitation to remember is this: although the number of
properties that can be fitted is limited in principle only by the total
number of calibrationm readings (X), the number of properties that can be
uniquely determined (M) with a single test is limited by the number of
readings made in that test ().

The inequality between N and I may seem surprising, but we need not
assume that a linear expansion {[such as Egq. (2)] is the best or only type
that can be used. In fact it is not ideal, except for very small varia-
tions in the property.

A more general expansion might coantain higher powers and cross prod-
ucts of the readings. For simplicity assume that only the magnitude, My,
and phase, Phl, at a single frequency are measured. We can easily
generalize to more readings at more frequencies. For the kth pair of
single~frequency readings, Mék) and Phgk), we could determine the follow-

ing polynomial approximation for property P(k):



=1
+ g EjZ<M§k)>j(Phl(k)>z‘j L k=1, .o, K. (6)
i1 :

If the total number of coefficients, L, is less than or equal to the
number of independent sets of measurements, X, the coefficients can be
determined, and L can obviously be much greater than N = 2 readings. In
general, the greater [ the more accurately a given set of values of the
property P(k) can be fitted. However, it is risky to use very high powers
of the readings in the expansion because small errors in the readings may
produce unreasonably large fluctuations in the computed value of P. A
polynomial of high degree wmay fit a given set of property values exactly
but give absurd values at intermediate points. Thus, the highest degree
of any term in the polynomial expansion should not exceed the number of
different property values to be fitted and, in fact, should generally be
less than that number.

However, there is another method that can produce excellent fits with
very little visk of errors caused by faulty readings. Suppose, for
example, that a particular property varied exactly as the logarithm of the

magnitude at the first frequency, call it log M;:
P = log My . )]

Then a really good fit would require a very long sequence of powers of M,
and the coefficients of all the other readings would be zero. However, if
a power series in log M; were used instead of one in /7, a perfect fit
would be obtained with only one term rather than a poorer fit with many
powaers of Mj. This rather extreme example shows the pessibility of
greatly improving accuracy and simplicity by using appropriate functions
of the readings as the variables in a power series expansion. If only
first powers of the functions (such as logarithm, exponential, reciprocal,

and others) are required for the fit, the polynomial is said to be



linearized; but this is not always possible for large ranges of the
variables, at least not when only simple functions of the readings are
used.

To be more definite assume rthat F; = Fi(ﬁi) is some function of the
1th reading (Bi)’ a calculated function or one obtained from a look~up
table. Assume also that a desired property can be expanded in a power

series of various chosen functions of the readings:

2 ' &
PROP ~ Cg = C11Fy + Cuoby + vou + CLilY

2 .
+ Op1Fg + Coolly + ... + CZng

2 2. 2 2
+ D1 Fy + D1oF1Fy + Do FqFo9 + Dypol\Fy + ...

2
+ COg1Fg + O30F3 + .0 (8)

Since the various powers of the functions ¥y, Fp, ,.. are linearly inde-
pendent, as many of the coefficients Cij and Dij can be determined as
there are values of PROP — ¢y for which independent readings p; have been
made {(and which determine the values of the functions F;)e If more sets
of properties have been measured than the number of coefficients to be
determined, then an optimizing process such as least squares must be used.
Once the best-fitting set of coefficients has been found for a given
property, a number of other properties can be fitted in a similar manner.
The total number that can be fitted is, in principle, limited ouly by the
number of different sets of readings. In fact, if different functions of
a given reading, such as log My, exp My, 1/M1, and others are allowed,
even more properties might be determined. However, they could not be
uniquely determined. Several combinations of various properties wnight
produce the same set of readings, and one could not tell which combination
had occurred. In fact, the expansions using those readings would lead one
to believe that all such combinations had occurred. 8o the safe procedure
is to measure at least as many magnitudes and phases (at varicus fre-
quencies) on each sample as there are parameters that might vary in the

test.
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As a simple example, in a single-frequency measurement a change in
the thickness of the sample can produce the same effect as a combination
of lift—off and resistivity changes. With only two pieces of data
available, one could not tell which case had actually occurred or if a
combination of all three chaoges had occurvred. 1In the general case, one
cannot uniquely determine from a single set of readings more properties
than there are pieces of information available {twice the number of fre-
quencies used). Therefore, one must limit the variables in a given
problem to not more tham twice the numbetr of frequencies (in a wmultifre-
quency experiment) or not more than the number of data channels in a
pulsed-current or swepi~frequency experiment.

The readings that determine the expansion coefficients taken on
samples whose properties are known from other types of measurements are
"calibration readings.” Once coefficients fit the known properties of the
calibration standards, they can be used to calculate the properties of
unknown samples from measurements taken on them. One can also obtain sets
of coefficients for the various properties entirely by use of the computer
programs, which calculate expected readings for various combinations of
the properties by simulating instrumenl response. However, these coeffi-~
cients will usually be less accurate than those obtained empirically from
the standards. This is because the actual coil and circuit parameters and
the instrumental calibration will generally be slightly different from the
values assumed in the computer simulation.

The principal limitations on the determination of multiple properties
can be summarized as follows:

(1) The number of different properties that can be uniquely deter-
mined for a given sample is less than or equal to the number of readings
taken on that sample (twice the number of frequencies used in a multifre-
quency measurement).

(2) The highest useful degree of any term in 2 polycomial expansion
for a given property is less than the number of different values of the
property to which the polynomial is fitted. Thus, if only two different
values of a property are used to determine the polynomial, then making

more than a linear interpolation is not justifiable.
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(3) The total number of coefficients that can be determined for a
given property expansion is less than or equal to the total number of
values of that property fitted by the polynomial. This includes property
values that are constant while other properties are varying. That is, if
there are Ny different values of the given property each of which is com~
bined with ¥, different sets of values of the other properties, then a
total of NV, equations can be written to determine the values of up to

N, expansion coefficients.

Properties of defects

For programming purposes defects are characterized by their (»,z)
location, referenced to the coil and conductor positions, and their size
parameter, referenced to a sphere having the same volume as the defect.
Thus defects, like conductors, have three associated properties. If there
is more than one defect in the conductor stack, positioned so that all
defects of concern interact with the probe coils simultaneously, then the
complete defect property set includes all the properties of all the
defects.

To determine the effects of defects two sets of computations are
performed — the first on the conductor stack without defects and the
second with defects. The no-defect property sets have zero for the defect
volume and nominal values for the defect location. In practical cases
some defect parameters can be fixed, usually the r-coordinate and the

size.

Instrument Design Theory

Eddy~current measurements are based on the electromagnetic induction
effects between coils and systems of conductors. Induction coil impedance
changes in predictable ways, which depend on the properties of conductors
in close proximity. The methods developed by ORNL for solving eddy-curent
induction problems have been extensively documented elsewhere;!”® hence,
we sghall include only the outline of the wethod, appropriate results, and
references to earlier developments. We first consider the complete

instrument circuit and calculate its response in terms of induction (probe)
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coil impedances. Then we examine the calculation of those impedances for
reflection probes and transmission coils and the effect of conductor
properties on the results.

Figures 1 and 2 show the coil and conductor arrangements for reflec—
tion and transmissicn testing wethods. These have both similarities and
differences of methods for obtaining the analytical and computational

solutions to these problems.

ORNL--DWG 71-13951R¢

PICKUP COILS ( WOUND
OPPQSING EACK OTHER

DRIVER COiL

CONDUCTOR

ELECTRICAL CONNECTIONS

PICKUP COILS i E&}K\\_
\\\\vwvaAse MATERIAL

DRIVER COIL -~ COATING MATERIAL

PHYSICAL ARRANGEMENT

Fig. 1. Coil and Conductor Arrangements for Reflection Test Method.
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ORNL-DWG 78-128

PICK U COIL

EIL.ECTRICAL CONNECTIONS

CONDUCTOR

DRIVER COIL

PHYSICAL ARRANGEMENT

Fig. 2, Coil and Conductor Arrangements for Transmission Test Method.

Instrument circuits

Figure 3 shows the instrument circuit common to both reflection and
transmission methods, The physical differences in the pickup coil arrange-
ments {see Figs. 1 and 2) produce changes in ¥ and Zp and in the electrical
response of the circuit. The opposed pickup coil windings io the reflec~
tion probe form a bridge circuit, which gives zero output voltage when the
probe is removed from conductors. (During probe assembly the pickup coils
are positioned symmetrically with respect to the driver coil to produce a
null output.) The transmission pickup is not a bridge; it produces zero
output only when the coils are separated by a large distance or when enough
conductive material is interposed between the probes to reduce penetrating

fields below a detectable amplitude.
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ORNL-DWG 72-671R

[ """""" —VV&Af ' E§;>*

Vo DRIVING VOLTAGE

Ry SERIES RESISTANCE IN I'HE DRIVING CIRCUIT

Ce SHUNT CAPACITANCE OF THE DRIVING CIRCUIT
Rg D.C. RESISTANCE OF THE DRIVER COIL

7o IMPEDANCE OF THE DRIVER COIL

M~ MUTUAL IMPEDANCE BETWEEN THE DRIVER AND PICK-UP COILS
Zp IMPEDANCE OF THE PICK-UP COIL

R, D.C. RESISTANCE OF THE PICK-UP COIL

C; SHUNT CAPACITANCE OF THE PICK-UP CIRCUIT
Rg AMPLIFIER INPUT IMPEDANCE

I~ LOOP CURRENT

G AMPLIFIER GAIN

Fig. 3. Instrument Circuit Cowmmon to Boith Reflection and Transwission
Methods.

o

Tes

To determine the circuit outpui, we first write four loop equationsﬂ
summing voltage drops around each loop:
/ J J
Tt Ry - % -} - (- = =
Nt i?( wCe/ Yoo (9
N A B (- b R + Zf T3 jwM =0 )
e Lo wig t e ) 3J! = (10)
—Ipguit POV CRRE S N L =0 (11
2 U i 3 JP LAPE v (,UC7 I u)07 - Ll
J J
~T3 <— w—,,7> + Ty <~ i + Rg) =0, (12

where 5 is the square root of ~1 and w is the angulav operating frequency.
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We use determinants to solve for the current in the final loop, Ly,

produced by an applied voltage, Vp:

We wmultiply Iy by
the amplifier and

voltage output:

, J J
o wlg wCyg 0 Vo
J - )
PO AR s 4 7, M
wl'g iy Be 4 Zp  gul 0
G ‘“‘J(L}Z‘{[ ZU § 7 T O
+ Wl 7
0 0 o 0
W'
Iy, =
J J
Ry o= e 0
07wl wle 0
-2 e g By 4+ Zp  ~Jol 0
Wl g wl'g
: , J J
0 —~ M P Iy Mvdﬁ;‘ o
J - _
Rl
0 0 wl'y wC'y 9

the resistance fg to determine the input voltage to

then by the amplifier gain, @, to determine the

Vour = ~guMVoRoG -+ {(U.)Cg}?g — s — Fyw?m?

+ [(UJC@R(} — 372y + Rg) - j}'fgj [(Q)C';Rg ~ §)(Zp + Ryp) jz?g]}

(14
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The remaiunder of the basic instrument includes circuits that weasure
both the amplitude of Vg, and its phase relative to that of Vy. The
resistances and capacitances are easily measured passive compounents of
the circuit. The driver coil impedances, Zps the pickup coil impedance,
'p, and the mutual inductance, ), are wuch more difficult to determine.
Their computation requires most of the comupter—aided design effort and

uses a large fraction of the computer time in the MULFRD and MULTRU

programs.

Probe coil impedances

The coil impedances, Zp and 7Zp, and mutual inductance, M, are deter-
mined from exact solutions to the electromagnetic induction problem of
planar conductors between or alengside cylindrical coils by the following
steps:

l. Write the diffusion approximation to the Helmholtz equation for
the electromagnetic vector potential, K. Assume coaxial coils, parallel
planar conductor boundaries normal to the coil axis, and linear isotropic
homogenecus media. [Write the equation in cylindrical coordinates (see
Figs. 4 and 5).] Assume the driving current to be sinusoidal and
constrained to a single S-function current loop.

2. Determine the general solution to the differential equation.

3. Apply boundary conditions for the desired conductor structure and
determine the Green's function for the particular problem.

4, Build up the vector potential for a coil of finite cross—sectional
area by integrating the Green's function over the coil region.3

5. Determine rthe voltage induced in a second coil by finding the

v = jm[K«zZ (15)

+
over the second coil? (ds is the differential element of length along

integral

a turn of the coil).

6. The mutual inductance between coils is given by?

M= (16)



17

ORNL-DWG 7210908

Fig. 4. Reflection Probe Above Multiple Conductors.

/. The separate coil impedances are computed by making each coil, in
turn, the driver coil and by integrating the magnetic vector potential over

the same co0il.? Then

Vv
Zooil = T o 7

The through-transmission case is coupletely solved by the sequential
application of steps 1 through 7. Solution of the reflection coil problem
requires some repetition of steps 4 through 7 to include the effects of
the split pickup coiln’ These calculations yield the results that follow.

There is no difference in the self-impedance of a driver coil between

the reflection and transmission systeuws, so it is given by:
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ORNL-DWG 72-8101

) L
DRIVER . coIL
colL. - z \ HOUSING

B

COIL l [ ﬂ./ﬁJ

HOUSING ~ PICKUP
. cort
Fig. 5. Coil Arrangement, Conductor Structure, and Coordinate System
for Through-Transmission Eddy—-Current Instrument Simulations.
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[e4]

jUJUOTYN[%J?g, J2(B5,R1)
Zp = 5 z {2[&/33 + exp(~aly) — l]
Ly (Hy — Ry)© o
0
+Yp [-1 - EXp (*tx]}g)]?— exp[""zfl([;@ + Ny Lp_)]}d& . (183

Mutual inductances for the two cases are given by {superscript

Iy

Vi
represents transmission case and R the reflection case in the Ffollowing

equations):

[se]

T MoV plpR JB, S EL) J(E, 7))
TICO . P . yofigl © Migslt [L _ exp(“ﬂ.ﬁ?))]
L3(.R2 Rl) LQ(HQ e .(;3) 0L6
0
. [1 “ @Xp (“ﬂLq)] Yy exp[-—{x(Lg, + Lg + Ny e LZ)] dou (12)
and
[00]
(&) U plVpE 5 J(Huyﬁ’g) J(Rz,ﬁ’l) : _
M =T TRY e G B G [ = exptany)]
0
. [l - exp(—ﬁ,l}u)] 'yp{l —~ exp [m(x([,g e Ly 2L5)]}
» expl-u(ly + 20 + 207 - Ly)]do . (20)

Self~impedances for the pickup coils are giveun by:

20

. e 2 ,

() JU)UO'ITNPHS o (R,+,f§3) { .

Z Sl e L2 4Oy, b exp (aly) - 1
E L2(R, ~ RB)7 NG { 4 p(-aly) ]

0

+ypfL - em (~u.L,+>]2 exp (---~2u.55>} dex (21
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and
(e 0]
() jwpowNﬁﬁs JZ(RH,H3)
ar e R 4[?Lg + exp(-aly) — {
: LE(R, — Rqy)? o

+ E~exp(mqui|2<TD<l -exp[~a(L3 = I, —'235i]}2

. exp[—ZoL(L5 + Lg + NZ . Lz)] — 2 exp ‘ﬂ(L\g — 20, — 255)'] do, . (??)

The function
0Rp

I (Bp,Ba) = e 1) de (23)

iy

where J; is the first-order Bessel function of the first kind, and the
remaining symbols are defined in Table 1 and in Figs. 4 and 5. 1In these
equaltions all length dimensions (I.'s and R's) are normalized to the mean

radius of the driver coil,
Ry = r = L(ry + ry) , (24)

that is L3 = (I, — Z1)/r and so forth.

The integration variable, a, is derived from the separation constant
for the differential equation (step 1 above). The integrals include the
required range of values of o for the complete solutiomn.

The y-factors (yp, Yy» Yp) incorporate the effects of conductors
placed between the transmission coils or in front of the reflection
probe. Their properties include:

lI. Yp and Yp relate to fields that are effectively reflected from
the conductor stack; hence, they differ for the through-transmission coils
because they are computed for opposite sides of the stack. (Ounly Yp
appears in the reflection impedances because both coils are on the same

side of the stack.)
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Table 1. Symbols@ for Eddy-Current Impedance
and Inductance FEquations

Parameter Driver Coil Pic}_(u‘p
Coil
Inner Radius Ry Ry
Outer Radius R, By,
Mean Radius Hy
Coil Length L Ly
Number of Wire Turus on Coil Np Np
Fixed Spacing of Coil Imsulation (T) or Lg L
Of fset Between Pickup and Driver (R) Ly
Probe Lift-0ff from Specimen Surface NiLo
(NL = 0, 1, ses)

Boundary Value Coefficient for Yp YP(T)

Self~Impedance

Boundary Value Coefficient for Yy (1)
Mutual Inductance

Magnetic Permeabilicy of Air Hp

A(T) — transmission case. (R) — reflection case.

2. When the coils are moved away from any conductors, y) and Yp
approach zero; the remaining parts of the impedance integrals are the
values for the coils in air.

3. Yy relates to fields that are transmitted through the conductor
stack, Mathematically, it may be computed by starting from either side of
the stack, but the result will be the same, Thus, it is a symmetric func~
tion of the stack variables. When the conductor stack is removed from
between two coils, yy approaches e‘WT, where T is the thickness of the
removed stack.

All three Y—factors are complex when conductors are present aud thus
add imaginary terws to otherwise real integrals. The initially pure

reactive inductances acquire a vesistive component. The imaginary
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components of the Y-factors depend on the thickness, electrical resis~-
tivity (or conductivity), and magrnetic permeability of each layer and the
operating frequency of the driver coil.!™3 This frequency dependence
allows the determination of the conductor properties from a series of
measuremenis at different frequencies.

For each unknown parameter one must measure at leasi one magnitude or
phase of the output voltage, Vg, 2t some frequency. (Each frequency
provides two independent measurements, one magnitude and one phase.)

The probe lift—off appears in all of the inductances and impedances
<except ZéT)) in a way that allows it to affect both of the complex
components. It may require treatment as an unknown unless it is care-
fully controlled, for example, by maintaining the probe(s) in intimate

contact on the specimen.

Calculation of gamma factors

As noted above, the Y—factors contain the effecis of conductor prop-
erties on the individual and mutual probe coil impedances. Efficient
techniques to compute the y-factors contribute significantly to the
brevity of our programs. Their origin and structure has been discussed
in detail in earlier work.!>? We summarize the results below for ready
reference.

The general solution to the vector Helmholtz equation in cylindrical
coordinates for the case of a single source consisting of a §-function

current ring (step 1 above) has the form

-J” [?n(a) exp(—oy,z) + C,(a) exp(ayz)]Ji(ur) do. in the nth layer, (25)
~7 ()

2 . s
where o, = az + JWlipnUy ——mzunen, and 1, Oy, and g€, are the permeability,

conductivity, and permittivity of the nth region, respectively.
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Boundary conditions between layers require matching values of A(»,z) and

(1/1) (3A/32) and yield boundary equation sets that typically look like

B,, exp(-oy,z,) + O exp(onzyn) = By exp (~Qyt12,) + Oy exploy,2,) ,  (26)
and

Bn{?n exp(-a,2,) — Oy exp(unznﬂ

= Bn+1{?”+1 exp (31 2,) — Oy exP(“n+1Zni]’ 27)
where By = o,/ly,.
The source coil location, 27, must be treated as a boundary, and the

solution above the coil, in the k° region, must vewain finite; so () = 0

and the boundary equations become:
By exp(~0z7) + O3 explaz”) = By~ exp(~oz’) (28)
and
B[?k exp(~az”") — Cy, exp(az')] = R8g,~ exp(—uz”) — ar Ji(ar”) , (29

where the last term in Eq. (29) results from the source at the boundary.

At the lowest boundary, zi, the allowed sclution in the lowest region

must remain finite for z » — », so F; = 0 and the boundary equations are
Cq exp(o21) = By exp(op37) + o exploszi) (30)
and
B1Cy explaiz1) = Bo[-By exp(-ay21) + Cp explasz)] - (31)

A system of k layers (excluding k¥° from the count) has 2k bouundary
equations and 2k unknown coefficients. A matrix transformation technique3
dramatically simplifies the calculation and allows selection of the

required solutlons.
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Equations (26) and (27) can be written as

1 Tll(n -+ I;YL) ’2712(71 + l,n) B?’Z
= , (32)
Cntl Tor(n + 1,m) Too(n + L,m) |10y

where
Tig0r+ 1) = (Y280) [Baa + 1T, ] {exp [¢1)P0,a,
(---‘1)"'%-127{_]} : (33)
The T-matrices can be combined to yield

Bk V11 (k,1) Vlz(k,l) 0
= , (34)
Ck VZl (k,l) VZZ(k)l) Cl

where the V-matrix is the product of the T-matrices:
(vk,1)] = [T(k,k — DIk — 1,k —2)] ... [T(2,1)] . (35)
Note that only the second column elements of [V] are needed:

By

it

Via(k,1)C ; (36)

Cx

il

Voo (k,1)Cq . (37)

Combining Eqs. (36) and (37) with (28) and (29) allows solution for By~
and Cy:

Vip(kyDexp(oz”) + V) (k,1)explaz”) fo .
B’ o “ ; - . .
¢ 2Vp5(k, 1) <B>” J1lor”) (38)

exp(~azy)oar” Jq(ar”)

¢y = 2,,(k, 1)B : (39)
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From By~ and () any B, or (} may be computed and the solution in any
region found. When the Green's function solution is integrated over coil
regions of finite size, the impedance equations listed in the second
section above are obtained.

Three Green's functions are of interest for the reflection and trans-

mission problems. For the regiocn above the coil

-

q(k )(r,z; r 27 = Bk»(a) exp(—az)dq (ar) do (40)

where Bz~ is given by Eq. (38). For the region between the coil and the

conductor stack,

¢ (25 »7,57) = [ék(m) exp (~oz) + Cy () exp(azi]Jl(ar) do, (41)
0
where
_ Vyp(k,1) exp(—azy)ar sy (ar”)
- 2V,,(k,1)B ’ (42)
and

_exp(—az)or”J (ar”)
¢y = 53 X (43)

For the region below the conductor stack,

¢ (25 »7,57) = C1(a) exp(az)dy(or) da , (44)

where (1 1s given by Eq. (39).
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For a driver coil of finite size the field within the range of coil
height at a point z is found by integrating ¢<k”) over that segment of the
coil below 2z and adding the integral of ¢(K) over the segment of the coil
above 2z,

From the equations for the driver side of the conductor stack we get

NAVIGISD
R PR ()

From the equation for the pickup side, we get

1

N S 4
T Voo (k,1) ° (46

When the driver coil is set up on the opposite side of the same conductor
stack, we can invert the coordinate system, as shown in Fig. 6, to com-

pute Yp. We get

Vio(k™,17)

Yp < i, 5,1 47
and also
1
" F Sy TAYT . 8
Ty Voo (k7,17) (48)
From reciprocity we know that
Yy~ = Yy 80 Vo2 (k7,17) = Vpo(k,1) . (49)

Details of matrix element (Vij) computaiion are included in the pro-

gram discussiouns.

Defects
The effects of defects on instrument response can be incorporated

directly into the expression for Vg,¢ [Eq. (14)] by adding impedance
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Fig. 6. 1Inverted Coordinate System Used for Calculating Pickup Coil
Impedance for Through-Transmission Case.

changes to the existing coil impedances. For example, the driver coil

impedance becomes

Zp(defect) = Zp + Zp- , (50)

where Zp is given by Eq. (18) and Zp~ is calculated below.

Small defects (relative to coil and layer thickness dimensions) can
be represented as the sum of a current defect (discontinuity in resistivity)
and a magnetic defect" (discontinuity in permeability). Our programs were
initially designed for use with nonmagnetic materials, so the magnetic terms
were not included. (Guidance for development and inclusion of these terams

is available in refs. 5 and 6.)
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A large class of defects is adequately approximated by a sphere, so

we treat the case of a spherical defect located in the mth conducting

layer (1L <n < k — 1) detected by a reflection probe. (Only our reflection

coil program contains the defect simulation.) The impedance changes for

individual coils produced by a defect at (»,z) are given by

2
25 = 20w |-So ( rf)_] (a22Ve) (5L

where Aé”) is the vector potential in the nth layer at (r,z), Ié is the

coil current, Vf is defect ("flaw'") volume, and 0y, is a defect shape and

orientation factor, which equals unity for a sphere. The mutual inductance

change between driver and pickup coils is given by

Aén)(r,z) Aén)(r,z

M = ) JWo ID - o OL22Vf‘ R (52)

where D and P refer to the driver and pickup, respectively. The vector

potentials are given by

<o

() ~ Wolplp J(Ry,R))J, (ar) . .
AD (r,z) = (7, — FLs 3 exp[ﬂa(Le + Ny Lzﬂ
0
) Vio(n,1) exp(-auz) + Vop(n,1) exp(oy,z)
[1 — exp(--'OLL3)][ PR do (53)
and
A(n)(r y = Holplip J(By,R3)d1(ar) [ a(le + Lo + 07 + o)
P »3) = 2(Ry, — R3)Ly, o3 GXIDL"(X S 6 7 '/2]
0
. {l —'exp[%a(L3 ~ Ly m—2L5i]}-E.-exp(maL4ﬂ
Vio(n,1) exp(—a,z) + Vy,(12,1) exp(opnz)
. do, (54)
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Computation of the matrixz elements Vij(n,l) is similar to that for

V‘Zﬁj (Zﬁ » l) »
PROGRAM FEATURES, STRUCTURE, AND FUNCTIONS
Common Program Features

Most of our programming is written in Fortran IV and is compatible
with the FR4 Compiler installed in our ModComp Max IV System Processor.’

8 and includes the modifica~

This compiler complies with standard. Fortran
tions and extensions listed in Appendix F. Ours are "main” programs and
each includes a subroutine cluster.

The exceptions to Fortran include one subroutine, READAT, and the
main program, RFLRDG, which both include short sections in ModComp IV
Assembly Language. These sections exercise hardware control unique to the
ModComp system.

All of the programming has been run and checked on a ModComp IV mini-
computer system, which includes teletype and CRT interactive operator ter-
minals, fixed and removable disc storage, line printers for havrd-copy
output, and a modular data acquisition system (MODACS).

We have attempted to use the same variables from one program to
another. Generally, variables are changed when one that is single~valued
in one program is coaverted to an array in another.

Modes of data iansertion into the programs include:

l. editing before use to initialize properties, array sizes, and coantrol

parameters;

N
»

interactive operator communications during program execution through

teletype or CRT terminals; and

3. direct reading of instrument response through the MODACS (described
below).

The operating system (i.e., software package) installed in the
ModComp allows several useful manipulations, which likely have equivalent
counterparts in other systems:

1. Programs and subroutines may be stored on disc files in source or

object language; source and object storage are in separate files.
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2. Source files are directoried and may use the program name or an
alias.

3. Random Access Data (RAD) files are accessible by the programs.

We typically store main programs in source language and subroutines
used by more than one program in object language. (Subroutines unique to
one program are often listed in the file as part of that program.) Since
the programs must be edited to enter new initializing data, the edited
version for a specific problem is refiled under anr alias, leaving the
"master” version intact. RAD files can also be changed to keep the data

recorded for one problem separate from that for others.

Program Functions

The four main programs each perform one or more of the following
functions:

l. dinstrument modeling or simulation for optimization of the instrument

2. acquisition and recording of instrument calibration and standardiza-
tion data,
3. least squares fitting of instrumeni respouse to conductor properties,
and
4, simulation of the analyses performed by on-board microprocessors in
finished instruments.
Modeling includes the calculation of the circuit impedance for specific
coil~conductor configurations and the output of fhe instrument circuit.
Data is acquired through manual entry or froam the instrument through the
MODACS. Least squares fits are performed between calculated instrument
responses and assumed (ideal) conductor properties or between actual
instrument readings and actual measured properties. Simulated micropro-—
cessor acilon includes the storage of property-fitting equations and the
calculation of conductor or defect properties from instrument readings
with these stored equations. Table 2 summarizes the main program func-
tions and their subrvoutines.
The initial design stage of a test development typically requires

modeling of both a2 specific conductor structure and a coil configuration
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determined from the problem statement. The model incorporates anticipated
variations in conductor and defect properties so that the variation in
response of an ideal instrument with property variations can be studied.
The instrument respoase is optimized by changing the probe coil character-
istics (dimensions and electrical properties), circuit compoasnt values,
and operating frequencies. All this modeling is done by computer.

From the computer—aided optimization studies, design parameters are
selected and the actual instrument is built. Part of the optimization
process is repeated, again assisted by the computer, but with several
important differences. Filrst, the instrument must be internally cali-
brated to assure that its outputs correctly indicate its actual response.
Secondly, real conductors are applied to the real probe coil(s) to produce
the instrument responses. The properties of these conductors are deter—
mined by independent measurements; thus they become calibration standards.
Both the conducror properties and the instrument responses to them are
entered into the computer programs, which then determine functional
relations between the responses and the properties.

Multifrequency instruments are built with on-board microprocessors to
analyze the input data and determine the properties of interest while
discriminating against variations in the remaioing properties of the con~
ductor structure and any unconirolled variations in the instrumentation
system. The final step in adapting an instrument to a specific test is
the simulation of microprocessor action by the minicowputer interfaced to
the iastrument.

Programs MULRFD and MULTROU perform the initial modeling for design
optimization of reflection and through—transmission instrument types,
respectively. The MULRFD is more advanced with its capability to store
initial optimization data directly on RAD files. This storage allows
other programs to access the file and simulate microprocessor performance
of an ideal instrument.

Program RFLRDG interfaces the instrument to the minicomputer for
recording instrument responses to the standard conductors and allows
manual entry of the standard conductor properties. It also allows eniry
and vecording of some internal calibration data for storage and later

reference.



The RFLFIT reads stored data from the files filled by RFLRDG and per-—
forws the least squares fit between the properties of the standards and
the instrument rteadings. It stores the fit coefficients in other RAD
files for dits own use and in forms suitable for entry into the instrument
microprocessors. It also has MODACS control for reading the instrument
response to unknown specimens from which it can compute their properties

by using the stored functiouns.
Property Arrays and Critical Array Dimensions

We define a “conductor property set” for a specified coanductor stack
as a set that includes one value of each property for each conductor in
the stack. If there are no defects each conductor has electrical resis—
tivity, relative magnetic permeability, and thickness. If a conductor
contains a defect the size and two location parameters of the defect are
treated as additional properties (seé pe 35 for author definitions of
defect size and location parameters.) Defects that are located simulta-
peously within the sensitive region around the coil have a "defect
property set” analogous to the conductor property set.

In design computations the effect of variation in a particular con~
ductor property is determined by inserting a series of different values
and observing the change in simulated instrument response. Two or more
properties may be varied simultaneously, but when this is done a response
must be computed for each possible unique combination of properties. AllL
these possible responses enter the performed computations to maximize the
discriminatory capability of the system.

The number of unique property sets is simply the product of the number
of values for each property (sometimes called "steps” or “step-values”)
taken over all the properties in the specified stack. TFor example, if a
4~conductor stack has 2 varying properties, such as thickness and
resistivity in a single layer, and 4 steps are inserted for each of these,
then 16 unique property sets can be constructed and must be considered in
the computations. If a defect were added in any layer, the numbers of
steps of defect size and/or locations would be multiplied by 16 to deter—

mine the number of unique property sets.
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In design studies the response of conductors with defects is compared
to the response without defects, so calculations are done for both. Thus,
the total number of calculations and hence the sizes of certain arrays
depend on the number of unique property sets without defects plus the
number of unique sets possible when defect properties are included.
Following the example above the total number of calculations would be 16
plus 16 times the defect property step factors.

Lift-off is not a conductor property, but since its variation also
affects instrument response and must often be discriminated out, provision
is made for including it in the optimization process. It has the effect
of a single property since it occurs at one point in the system. When
variations in lift-off are included, the number of variation steps, NLT,
is specified and is multiplied by the number of unique property sets to
determine the sizes of critical arrays, such as READNG.,

To achieve flexibility in the programs conductor properties are
distinguished from defect properties and stored in separate arrays. Two
array types are used for conductor properties. The firsit type, which is
initialized, is arranged as though the conductor stack were free of
defects, The second type is constructed during execution and contains
extra entries (or “copies”) of specific property sets that must be com-
bined with defect properties for a particular calculation.

The READNG array is sized as follows:

1. Determine the number of conductor properties, 3*(NRT-1), [or
3*(NRT-2) if lowest region is air].

2. Determine the number of unique conductor property sets. NPT
equals the product of the number of property value steps for each property
taken over all the conductor properties (some factors may equal 1),

3. Determine the number of defect properties, 3*%(number of defects).

4, Determine the number of unique defect property sets by multi~
plying the number of value steps for each property over all the properties
(some factors may equal 1). As MULRFD is now written this product is
NDF LOC*NDFSTZ.

5., Determine the number of unique combined property sets (coanductors
plus defects — the result of step 2 times the result of step 4). In

MULFRD the number of combined sets is NODF = NPT#*NDPS.



6. Determine the total number of property sets used in calculations,
the number of conductor sets, and the number of combined sets. In MULRFD,
NPTT = NODF + NPT.

7. When lift-off is varied it must be treated as a property for the
conductor and coambined cases, so NPTT*NLT computations are performed.
READNG requires one more row to accommodate the values of properties com~
puted by the function expansion, so its row dimension is NPTT*NLT + 1.

8. The column dimension, IRDPRM + 1, of READNG accommodates IRDPRM

expansion terms plus the property values for which the fit is calculated.
Defects and Defect Parameters

Defects are described within the programs by specifying the following
information:

1. conducting laver in which contained (identified by region number,
NRDF),

2. position within the layer {(the z—axis distance from the driver coil
side of the layver),

3. location relative to the coil axis (radial distance), and

4, size (explained more fully below).

When treating the problem of a single defect within the entire con-
ductor stack, the radial location parameter is typically fixed at that
radius where its influence is maximum, that is, where the coil is most
sensitive to it. Layer position, DFLOC {z-distance), is measured fto the
center of the sphere representing the defect. Fer many applications the
defect is assumed to be at the midplane of its layer. The normalized
defect size, DFSIZE, is calculated from DFDIAM by calculating the volume V
of the actual defect (shown in Fig. 7), finding the radius of the sphere
with the same volume [r = (3V/4ﬂ)1/3], and then calculating the normalized

volume of that sphere:

DFSIZE = (4m/3)(x/RBAR)? (

(%31
W
pg

As long as the defect dimensions are small compared to those of the con—
ductor, the calculated output voltage change caused by a defect is directly

proportional to the size, shape, and orientation factor of the defect
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figs 7. Cross Section of Defects Assumed in Sample Runs. (a) Defect
on top or bottom. (b) Defect in middle.

called a,, [Egs. (51) and (52)]. Therefore, calculating a number of
different defect volumes at a given location in a given coaductor is
unnecessary. Rather, it is sufficient to calculate the output with and
without a defect of a given volume; then other volumes can be interpolated
or extrapolated from the results with the known volume (and zero volume).
From experience this hypothesis proves quite good, even for fairly large
defects (compared to the conductor thickness).

For this reason the MULRFD program assumes only a single defect size
but allows several possible locations. 1f desired the program can be
edited to cover a range of defect volumes at each of the defect locatioas

to verify the linearity of fitting the defect volume property.
Least Squares Fitting of the Properties

As described in the section on "Theory” under "Properties of
Conductors” (p. 4), a polynomial expansion [see Eq. (8)] is assumed for
the property in terms of various assumed functions f% of the observed or
calculated magnitudes and phases. This is done for a sufficient number of
properties (with their corresponding magnitudes and phases) to overdeter-
mine the system of equations [see Eg. (6)] for the coefficients in the
expansicon. Since the coefficients are only to the first power, we use a
linear least squares fitting to minimize the sum of squares of the dif-

ferences [see Eq. (4)]. The procedure is as follows.



A matrix array, PROP(M,N), is formed from the values of the properties
to be fitted (N is the index of the various properties, and M is the index
of the various values of that property). If we select a particualar prop-
erty to be fitted with index Nj, then we can henceforth consider only the
column vector Y(M) = PROP(M,N;), where M=l, ..., MSET. Term MSET is the
nuanher of sets of independent measurements that have beea made of the
various properties. The column vector Y(M) is to bhe fitted with a set of
coefficients, C(I) = COEF(L,N;), that produce the best (least squares) fit
by using the various measured magnitudes and phases (or readings) raised
to various powers.

The programs offer the user a wide choice of complex functions to fit
conductor or defect properties to instrument readings. (The fitting pro-
cess is described earlier, pp 4-13.) For each frequency the programs

construct sequences of the form

a b e

Z Az lran 1t + Z B;lg(®Y]? + Z CiLFOn 1P gy 1ot (56)
i=1 i=1 =1

where M and P represent output voltage (Voyt) magnitude and phase, respec~
tively, at that frequency. The choices for f and ¢ are: linear, f = x;
logarithm, f = In(x); exponential (positive), f = ¢%; and inverse, f = 1/x.
However, g(F) cannot be In(F} if P < O without causing computer error
response and program interruption.

In the program selection sequences [ and g are selected independently
as "FCN TYP," a and » as "POL DEG,"™ and ¢ as “"# CROSS TERMS" (see Tahles
A3, B2, D2) by frequency. The selections for each frequency and an
arbitrary leading constant are combinéd to form the complete function
fitted to the selected property. This information is stored in an array
called NPQL. The NPOL array has six rows and NFT columns. In each columm
the row numbers describe the terms from that frequency (NF) that appear in
the complete property function. Table 3 lists the row parameter defini-
tions. Then the RDGEXP subroutine is called to construct the matrix array

of the expanded readings. The array is called READNG and would normally
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Table 3. Function-Descriptive Row Parameters in the NPOL Array

Row Parameter Definitions,
I NPOL(I,NF)
1 Function type for outpuft voltage magnitude conversion?
2 Maximum degree of polynomial in the magnitude function
3 Zerob
4 Function type for output voltage phase conversion®
5 Maximum degree of polynomial in the phase function

6 Number of cross terms between the magnitude and phase function

a . . s .
I=linear; 2=logarithm; 3=exponential; 4=inverse.
b1f value # 0 is inserted, an error message results.

®Logarithm (2) is not allowed, since phase may be negative.

have MSET rows and IRDPR columns, where IRDPR = number of terms in the

expansion for each property value:

NFT
IRDPR = g [NPOL(2,NF) + NPOL(5,NF) + NPOL(6,NF)] .
NF=1

Actually, because of the least squares fitting process, an extra row and
column are added to the READNG array to allow space for computational
storage. So the dimensions of the array are READNG(MSET+1, IRDPR+1). The
calculated values of the property are obtained by multiplying the coef-

ficient vector C(IL) by the READNG matrix:
CALC(M) = READNG(M,I)*C(1) .
In the programs we compute
IRDPR

SUM = Z COEF (T)*READNG(M, 1) .
[=1
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To get rhe minimum squared deviations of the calculated property

values from the actual values, we minimize the quantity
|](READNG)*(C)~W-(Y)'!2. (57)

The procedure uses the Householder reduction of the READNG matrix to
triangular form (given by Golub?) and is accomplished by the ALS(S sub-
routine. Upon return from the subroutiune the last (IROPR+1) column of the
READNG matrix contains the values of the property calculated by using the
least squares coefficients. The maximum allowable row size of READNG is
(IRDPRM+1) terms, and IRDPRM is fixed at the start of the program. The
READNG matrix is reduced to (IRDPR+1) columns when the RDGEXP subroutine
is called. In addition, two quantities, B and R2, are returned to the
main program. Term B is a column véctor containing the linear least
squares ceoefficients, and R2 is the residual sum of squares of the dif-
ferences. 1f the assumed polynomial expansion were exactly the correct
functional form for the property, RZ would be the variance, and its square
root would be the standard deviation, o, of the fit. The square root of
K2 is called the standard deviation in the printout, but the user should
understand that it is only a good approximation to O when its value is

small, meaning that the polynomial is a good fit.
Tests of Fit Quality

Two properties of the fit arve calculated: the rms difference between
the actual property values and the values computed from the fit and the
effect of small errors in the instrument readings on the values computed

from the fit function., For the mth property set

A
o)
g

J
DIFF, = PROP, — E C3f 5 Brg) ¢

v
3

g =1
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where
J = IRDPR, the total number of terms in the expansion;
Cj = least squares coefficient for the jth expression;
j} = a selected function, such as f or g above, raised to the
appropriate power, and
ij = the instrument reading (actual or calculated) correspoanding to

the jth term in the expansion.
J p

The sum is rveturned as the array eclement READNG(M,IRDPR1) from the ALSQS

subroutine. Then

M
- 5
SSDIFF = E (DIFE,)" (59)

m=1

where M = MSET, the total number of property sets used in the program
including conductors, conductors plus defects (if defects are present),
and lift-off values.

Finally,
SDIFF = (SSDIFFAW)% . (60)

To see how sensitive the calculated values are to slight measurement
errors, a change of 0,01% in a magnitude reading or 0.01° in a phase
reading is made, the values of the properties are recalculated by usiag
one erroneous veading, and the residual sum of squares is obtained.

The term SUM, the property calculated by using the erroneous magni-
tude or phase and the absolute value of the difference between it and the
value calculated by using the "correct” values (which are in the IRDPR+1
column of the READNG matrix returned from ALSQS), is added to the DRIFT,
When the absclute values of the differences are added this way, DRIFT
accumulates the largest possible error im the calculated property that can
be caused by 0.01% errors in each magnitude and 0.0° errors in each phase,

assuming that the magnitude and phase errors are all independent and small
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enough to produce nearly linear influences on the property. The sum of

the squares of the drifts is accumulated as

M
SSDRIF = E (DRIFT,) 2 , (61)
m=1
and finally,
N i
SDRIF = (SSDRIF/M)Z . (62)

Internal and External Instrument Calibration

The use of programs RFLRDG and RFLFIT is better understood if pre-
ceded by a review of the calibration process that they assist. The
process includes two basic steps: internal calibration of the phase shift
measuring circuits and external standardization of the instrument response

against specific test variables.

Internal calibration

Internal calibration assures that phase shift output of the instru~-
ment is linear and accurately represents the actual phase difference
between the pickup coil output and the input driver coil voltages. It is
accomplished by substituting (switching) a known and fixed network (Fig. 8)
in place of the instrument probe(s). (The calibration impedance replaces
the probe impedances shown in Fig. 3).

Typically, three phase values are used to verify linearity. (Three
values for R may be switched in.) Each phase value is checked at two
magnitude settings, which represent the upper and lower magnitude values
expected in the test, to assure that magnitude changes do not affect the
vphase calibration.

Phase calibrators are unique to a given problem. They are built to
provide specific phase shifts at speéific frequenties. A multifrequency

instrument will contain one such network for each frequency used.
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Fig. 8. Diagram of Internal Calibration Method.

External standardization

External standardization sets up the on-board microprocesscr in the
instrument to correctly process instrument readings and determine other
properties, such as conductor thickness, vesistivity, and others. It is
accomplished in several steps:

1. Record the instrument responses to a number of standard specimens
whose properties nave been measured by another independent method.

2. Record the independently measured specimen properties. For steps
1 and 2 note that a test plate having areas with and without defects
represents two (or more) specimens.

3. Perform a least squares fit of the instrument readings to the
specimen properties.

4, Store the appropriate fitting equations for the desired properties
in the on~-board microprocessor.

A possible intermediate step between steps 3 and 4 is the simulation of the
on—board microprecessor by an external minicomputer to verify the accuracy
of the fitting process.

An alternate method, often useful in design studies, is fitting an
idealized property set to a set of instrument readings computed from that
set with use of idealized model (MULRFD and MULTRU are examples). The
previous method is more accurate for field use because it uses actual
properties of real materials and includes effects (such as wminor coil
property variations) that may not have been accurately determined and

introduced into the idealized computation.
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Calibration steps

The following is a general outline of the complete calibration, using
RFLRDG and RFLFIT:

1. Apply the probe to each of the standards: in the set.  Determine
the minimum and maximum magnitudes and the raonge of phase shifts.

2. For phase shifts exceeding 180°, switch in the inverting stages
in the bandpass amplifiers to bring the phase shifts back within raonge of
the indicating circuits,

3. Set amplifier gains to keep their ocutputs no more than 10 V over
the range of specimen magnitude readings. (Amplifiers should not be
allowed to overdrive or saturate.)

4, Check phase outputs that are using the phase calibrators.

5. Record the independently measured properties of the standacvd
specimens.,

6. Record instrument readings from each specimen.

7. Perform least squares fits between readings and properties.

8, Transfer fit equations to on-board microprocessor. (This step

requires one additional program, not reported here.)

Applications to through-transmission

The RFLRDG and RFLFIT programs were designed and verified for non~
magnetic materials and reflection coils. They and the procedures would be
useful for through-transmission with the following modifications:

1. Add storage for separate pickup coil identification data.

2. Check phase shifts for conductors against appropriately sized air
gaps to determine phase switch positions.

3. Center or otherwise adjust phase shifts no more than 180° within
the indicating range of the instrument by using the balance contvol on the
disceriminator wmodules. ‘

4., Determine the magnitude range by inserting and removing conduc~
tors (specimens). The minimum magnitude should correspond to the alr gap
necessary to accommodate the thickest specimen. The maximum magoitude
will correspond {roughly) to the thickest or highest conductivity

speclmens



Data acquisition system

The minicomputer analog interface for which this programming was used
is based on the Digital 1/0 (DIO) wmodule of the ModComp MODAGCS (modular
data acquisition system). A locally built l4-bit analog-digital converter
(ADC) is controlled by the MODACS DIO, and the programming, in turn,
controls the DIO,

The ADC has 12 analog input channels. One channel is assigned to the
analog voltage corresponding to each measured maguitude and phase (i.e.,

2 channels per test frequency), 1 channel per frequency reads the power
oscillator output (VO) for that frequency, and channel 12 is reserved for
control of the reading process. A foot pedal switch grouads channel 12 to
initiate the reading cycle (using subroutine READAT). The programming
tests channel 12 and limits the execution of READAT to one reading cycle
for each depression of the foot pedal.

One reading cycle reads each channel 512 times and sums the results
as "counts” for the ADC. READAT returns these counts to the controlliag
program in an array, from which they are converted to voltages. (The fac~
tor 819.2 in both programs is the ADC counts per volt for the particular

instrument in use; the l4th bit of the ADC is used for the sign.)
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APPENDIX A
PROGRAM MULRFD

The functions of this program are described earlier. Table Al lists
the editorial changes required before running the program. Note that, in
addition to the table requirements, a data file must be separately
established for use by the program. If file storage of coil data is oot
available, subroutine COLFIL {Appendix K, p. 160) can be wmodified to enter
coil data normally. Table AZ lists additional definitions of program
paraseters to assist the user in setting up a calculation. Table A3 lists
step-by~step instructions for program execution. The final sectica con-

tains a detailed analysis of program construction and operation.

Table Al. Summary of Editorial Changes Preparatory to Running MULRFD

Line(s) “Actions

59-73 Ad just array dimensions; follow key provided in lines 42-56
(see pp. 3635 for discussion of READNG).

89 Adjust control parameters (NRT, NPT, NLT, NFT, NDFLOC, NDFSIZ);
select initial identifier (PROBE).

a0 Select print option (NPRINT), output device {(LOU), input device
{L1). (NPRINT = 0, no initial property or circuit tables.)

9193 Enter defect parameter values {free format)
NRDF(J), J = 1,...NPT; DFDE(J), J = 1,...NDFLOC.
DFRAD(J), J = 1,...NPTT; DFDIAM = single value.

94105 Enter property values {free format)
RES(NR,NP) PERM(NR,NP), THICK(NR,NP); NR = 1, NRT, NP = 1, NPT;
¥R cycles first. [Order of values is (1,1), {(2,1),...(NRT, 1},
(1,2),44.(NRT,NPT)}. ]

110 Enter frequency values (free format) FREQ(NF), NF = 1, NFT,

111 Enter gain values (free format) in same order as frequencies.
CAIN(NF), NF = 1, NFT.

117 Enter normalized lift-off increment (free format)
L2 = 1,/» ‘ :
145149 Enter initial set of circuit parameters (free format).

Units as shown in comments. lines {(139-143).

47
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Table A2. Expanded Definitions of Program Control Parameters
p 5

and Defect Propeviies

Control Definition
Parameter

DEDY Initializing data; mean depth of center of a surface
defect (in.) measured from the surface® of the layer in
which the defect is embedded. (This number is not used for
computation.)

DFLOC Vertical distance of defectb below top? of layer (in.).

DFRAD Radial distance of defect (center of sphere)} from driver—coil
axis (in.); fixed at 0.0832 R, unless the problem requires
consideration of muliiple defects with offsets in radial
distance.

DFDIAM Diameter (in.) of sphere with volume equal to that of actual
defect,

6(defect volume) |1/3
{0 R
DFVOL Normalized defect volume,
Lo 3
T {FDIAM)
6\ &5 /

IRDPRM Maximum number of coefficients allowed in the least squares
fitting expansions; typically set at 15

LI Logical input unit; transmits operator commands to computer.

LOU Logical output unit; supplies cue statements and printed
output to operator.

NCOIL Sequential position index of coil data in File 28. (Local
compiler requirement for direct access file statemenis.)

NDFLOC Initialized data; number of step values for defect locatiom,
DFLOC.

NDFS1iZ Initialized data; number of step values for defect size,
enterad as DFDIAM; normally set at l. Can be set greater
than 1 to check linearity, but further editing would be
required.

NDPS NDFLOC#NDFSIZ (line !13). Product equals the number of

unigue defect property sets in a specimen as MULFRD is now
written.
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Table AZ. (Continued)

Control Definition
Parameter

NFT Number of discrete frequencies for which computations are
performed, ‘

NLT Number of values of driver-coil lift-off for which
computations are performed. ~

NODF The number of unique property sets obtained by combining
defect properties and conductor properties and accounting for
all step variations (“"combined” property sets).

NPRINT Print and transfer index; initial value selects printing of
tabular output. Values selected during execution determine
selected program options.

NPT The number of unique conductor property sets; includes the
number of conductor properties and the steps of variation in
each property.

NPTT The number of combined property sets, including defects as
distinct property sets. (The total number of calculations
required by conductor and defect properties.)

NRT Number of regions in the problem, including the air region
containing the coil.

NUNIT Unit control. Initial value selects Bnglish or wetric output

length dimensions. (1l = English, 2 = metric.)

dw

Top” is the driver-coil side of the layer.

bCoordiuate locations of normalized defect refer to center of sphere
representing the defect.
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Table A3. Interaciive Program Queries and Operator Responses

Occurring During Execution of MULRFKFD

Line

QUERY or Response

136

454

From subroutine COLFIL:
TYPE COIL NAME (UP TO 6 LETTERS):

Enter sixwcharacter alphanumeric; may contain leading or
trailing blanks (spaces).

CO1L (Name) NOT FOUND. TYPE FOLLOWING COIL PARAMETERS: RBAR,
R1, R2, L3, R3, R4, L4, L5, L6, RDCDR, RDCPU, TNDR, TNPU:

Fnter free—-format number for each variable.

TYPE NUMBER OF NEXT ACTION TO BE TAKEN:

1 = PRT PROPS; 2 = FIT PROP; 3 = PRT ENTIRE FIT; 4 = PRT COEF;
5 = CHG FCTN/POL TYP

6 = CHG COIL/CKT VAL; 7 = CHG W PRT; 8 = CAlL COIL/CKT DRIFT;
9 = STOP

Enter integer 1-9.

The following sections list ensuing interactions resulting from each of
the option selections at line 454:

273

297

319

320

389

435

1. Print properties — No operator input required. (See p. 68
for sample output.)

2. Fit Property — Will produce following list of options:

SELECT NUMBER OF PROPERTY TO BE FITTED:
1 =RHO 2 =MU 3 = THICKNESS 4 = LIFT-OFF 5 = DEFECT DEPTH
6 = DEFECT SIZE

SELECT REGION TG BE FITTED. LOWEST IS NUMBER 1.

Enter integer 1-6 (property), delimiting space, integer 1-NRT
(rezion).

(The remainder of interactions occurring with this option
duplicate those occurring with option 5 and are listed there.
Proceed to option 5 from here.)

3. Print Entire Fit — No operator input required. (See p. 68
for sample output.)

4, Print Coefficients — No operator inpui required. (See
p. 68 for sample output.)

5. Change (Fitting) Function {(or) Polynomial Type — Produces:




Table A3. (Continued)

Line

QUERY or Response

336

341

344
346
347

363

466

(8~13)
(8-16)
(5-18)

TYPE 1 IF THERE IS OFFSET, O IF NO OFFSET:

Enter integer 1 or 0. [OFFSET (1) adds a constant term to the
function expansion. ] ‘

SELECT THE NUMBER OF THE FUNCTION TYPE, POLYNOMIAL, DEGREE, AND
NOMBER OF CROSS TERMS FOR EACH MAGNITUDE AND PHASE

FUNCTION TYPE: 1 = LINEAR 2 = LOG 3 = EXP 4 = INV

(Blank line)
FCN POL #CROSS
TYPE DEG TERMS

PHA AT (number) HZ on these lines

LI

MAG AT (number) HZ ; } Response entered

Enter on each MAG line; integer l—4, delimiting blank (space),
integer l—15, space, integer O.

Enter on each PHA line: integer 1, 3, or 4; space; integer
1-15; space; integer 1—15. (Sum of integers 1—15 cannot exceed
15.) (See p. 68 for sample outputs.)

ERROR: NUMBER OF TERMS IN POLARY EXCEEDS DIMENSION
(No response — program returns to line 454 above.)

This error message occurs if the sum of POL DEG and #CROSS
TERM entries exceeds 15.

Action included in option 5 continues until line 454 is

encountered again. (See p. 68 for samples of sequentially
occurring outputs.)

6. Change Coil (or) Circuit Values — Produces the following:

From subroutine CHRFPM:

COIL INN.RAD. OUT.RAD LENGTH SHT CAP DC RES TURNS EA.
DRV (Number) {(Number) (Number) (Number) (Number) (Number)
(Blank line)

Enter free format number or "0" for each parameter; separate
each pair by blank (space) or comma delimiter; "0" will leave
the corresponding parameter unchanged.
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Table A3. (Continued)

Line QUERY or Respense

(5-20) PIC (Nuwmber) (Number} (Number) (Number) (Number)} (Number)
Use same enttry format as for "DVR" line.

(5-24) RBAR VOUT DVR AMP RES PIC AMP RES

(Ss-26) (Number) (Number) {Number) (Number)
(Blank line)

Enter numbers for each parameter as described above.

7. Change (Coil or Circuit Values) with Printout.

Printout or display is identical to that shown for option 6
above. Additional hard-copy output is printed (lines 273 and
278).

After execution of CHRFPM control returns to line 170 (statement 15)
if coil dimensions are changed or to line 297 (statement 160) if circuit
parameters are changed.

Return of control to line 170 causes repetition of the action selection at
line 454 (described above).

Return of control to line 297 causes repetition of the property fitting
sequence (option 2 above).

460 8. Calculate Coil or Circuit Drift — No operator input required.
(See p. 68 for sample output.)

469 9. Stop -~ No operator input required; program execuies
Fortran Stop Job instruction.
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LISTING AND ANALYSIS OF HULR&

Program Ldentification

2 FEOGERAM MULREEQ

Description of Program Functions and Key Control Variables

See Table A2 for additieonal information.
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Conversion of Normally Integer Variables to Real

39 FrEel, L2 LB L4 LGelld

Required for correspondence with conventional coil dimension usage

previously established.

Dimensjions for Control Parameters Not Requiring Adjustment

MIR (Y s HEUO2Yy TTIMOE s TOAYCE Y FROFTY (&) y CRTRFAR IS
CONURT C2) p UINTTH CA e I v LINCED

40
a1

Listing and Identification of Dimensions that Normally Require Adjustments

for New Problems

Literal variables in these comment statements locate the positions of the

control variables in the array dimensions, lines 61-75.

Al DEMENSTONS THAT akE CHANGETS
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Array Dimensions
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&F DIMENSTON )
O DIMENSLUN

71 DIITMENSTON

73 A

73

74

T
b

Common Block Storage Allocation

Bl — variables transferred to subroutines calculating iategrals.

B2,B6 — variables transferred to subroutines for coil or output

computation.
7& COMMON
77 COMMON p RO TR L
78 KTNDR s TNFU g R TRy CAFFL
79 COMMOMN /R4S

RAD File Definitions

File 28 — permanent storage of coil data.
File 21 — temporary storage for least squares fit function description

(array NPOL) and term coefficients (array COEF).

t=1V]
g1

Data Iunitialization

See Table A3 for required editorial changes. TWOPI and RAD are angle
conversion factors; CONVRT, metric and English length conversions; and
PROPTY, UNITS, and CKTPAR contain repeated headings for column printouts.
{Note: The single value for DFDIAM is used because the defect size

response is linear with volume over a reasounable range.)

g2 LAatTa T
83 LATH
G4 DATA s ;
5 X vAaAH MM e QL MM v AHCTMM
84
a7 e AHEE Ry MK R
88 ¥AHDR Ce dHFL L C/
a7y DatTa NRT. PA9 y NLT /37 v NF
FO BV R N W
F1
92
73 aTa OF ROGK QBRSO DT AMA
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Property Value Initialization

Property arrays are listed column by column; each of NPT columns has NRT
rows (in this example NRT = 3, NPT = 9). Values are arranged within each
array such that if the (NR,NP) elements of each array (RES, PERM, and THICK)

are combined as sets, NRT*NPT different sets will result.
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100 X

¥
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103 LAT A Gy 2K L F

104 * Yyl

105 X

Initialization of Frequencies and Gains

106 €

to7  C ANID GATNG Ak NODW TN,
108 LEFTOFF ITNCREMENT .

109 0

110 TEATA FREQ/2. 532 E4y 1 EDS

111 OATA GATN/ZZ0. 020,80/

Check Calculation of Control Parvameter NPTT

This calculation must be performed before editorial sizing of READNG array.

12 o
113
114
115 A
1164 NETT =N TS NODE

Initialize Normalized Lift—0ff Increment

Lo = actual lift—off increment divided by mean driver-coil radius. By
using the increment this way actual iocrements will change with driver-

coll size selection.

L7 L= 013X
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Time, Date, and CPU Run Time

Subroutines are part of machine operating system. This step starts the

CPU timer.

Call. TIME CLVIM?

Y

}

GOFOQRMAT (717 )
WRITE (L0 L0 ThdYy DT

10 FORMAT 7 OPROGRAM PLLREFY AT e 20 T2 IH Yy Ty
X 7 TIME e 2LTEyAHIY T2

Coil Data Selection or Input

Branch to subroutine COLFIL allows selective reading of coll data file or

manual insertion of coil data (see Appendix E, p. 160).

{(Note: Coil data are now in File 28).

THE INFUT DATA FOR THE PalaMe
ANIN CTRCUTT ARE REAT FROM FILE
AND FIGeAy FL7Fe ORML-TM-A2107,

MATER [AL
A

[k e Re

CALL COLFIL(LTI LOUsNFPRORE

Circuit Parameter Initialization

Editorial change required. Units as shown in commeat lines.

137 €

138 ¢ THE CIRCUIT PARAMETERS aARE NOW GIVEN.
139 € O =DRTVER ISTANCE COHME)

140 C R CRUF SHUNT  fiE STANCE (OHMS )

141 CAPDR=DRTVER SHUNT CAFACTTANCE (FARATIS)
143 © CAPPU=FTCRUF SHUNT CAFALTTANCE (FARARE)
4% C VO=DRTVER QUTFUT VOLTAGE (RMS UOLTS
144

145

1446 -

147 CAFIF=E, 47811

148 CAFFU=8, 45E~-11

149 V0=3.535
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Unit Conversion

Conversion factors of 1, to retain inch dimensions, or 25.4, to convert to

millimeter dimensions are selected.

150 €

151 C SET UP PROFPERTIES FOR THE INTEGRATION
|52 O

153 CNUT=CONURT (NUNIT)

Defect Normalization

Normalized diameter: dy = d/7 (¥ = R5),
3
Volume factor = dp/8,

Normalized volume = Wd%/6.

DINORM=TF LT aM/ REAR
VOLFAC=TITNORMAOINORMXITINORM /3.
NFVOL=TROFIXVOLFAC/ L S

-
hn
e A IS

Rearrangement of Property Arrays

Initial arrays RES, THICK, and PERM (for resistivity, thickness, and
permeability) are arranged for a defect—free conductor stack. The example
is a three~layer system with a nine-property conductor stack, so the

property arrays are each (NR,NP) up to (3,9).

When defects are added the conductor properties are transferred to larger
arrays (RHO, TH, U) with extra entries of those property sets that
correspond to the defect cases. The defect properties are stored in
separate arrays, DFLOC and DFV, numbered (indexed) the same way as the
conductor properties. Thus, a defect calculation picks up the conductor

properties froam RHO, etc. and the defect properties for DFLOC and DFV.

As written the program generates a single value of DFV for the defect
and three values of DFLOC, corresponding to the driver side, middle, and

far side of the conducting layer. The program is limited to a value of
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3 for NDPS by the condition statements in lines 167—169, which could be

changed.

ng 1S NGe
noo1s NIl
MEF = (NG~ 1) KNI
ey 1% M
RHO NI e NF
THINR s NP HIZR R NGO

AINR s NP ) = RMONR NS
TFONRNE CNRUFONF Y Y GO TO 15
OUFLOCINF Y = THICK INR NS /2.
IV CNF D =0V
TFONDLEQ. L)Y DFVINE):
TFOMILER.2) DFLOCONE
LTFONDILEQ. ) 100
CONT ENLIE

My NS D

:”fﬂﬁkwﬂFﬁPf¢)

15

Manipulations to Speed Computations Inside Long Loops
RRBAR = 1/7 (RS =7»)

Tp+ = Tyun/ 7 ; then uy~ = (1//2) Hn

Ly

i

Y2 Lyfugrs rge = vyl ¥

171 1

172 C COMFUTE RECIPROCALS FOR LATER USE V0 aUiEn niu) alipe
1730 INSIDE LOOPS,

174 U

177% 20 RREAR = 1, /REAR

176 C

177 C THE FERMEARILITY IS CHANGELL TO SQRTC.5)/UGNY AND THE THICKNESS
178 © CHANGEI TO THON XU (NI /REAK .

179 C

180 DO 30 NFslyNPTT

181 TFONFRINT . ME.0) WRITE(LOU25)

182 25, FORMAT (130

183 DO 30 NFs Ly NRT

184 THONR s NF 3 22U O NR o NF D K TH CNE s NF O XRFR, it

185 UCNRyNFD =, 707106781 /U (NRyNF)

186 IF CNRLNE L NRIF (NF)Y) G0 TO 30

187 DFLOC(NF ) =, 707104678 1FDFLOEC CHE ) KREBAR /U CNR Y NFD

188 LFRALIONF) = 0F RATHONF ) XRIBAK

189 30 CONTINUE

Impedance Integrals

T4

The integrals are computed from Bl and B2 in steps’ of Sl. Initial values

of Bl, B2, and S1 are 0, 5, and 0.0l, respectively. Value X represents o,

the integration variable. (Sl is equivalent to do.) The integrands are

evaluated at the midpoints of the steps, Sl. The value of S8l is
progressively increased to 0.5 as X increases toward 80, where the

integration terminates.
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All integrands are computed and summed by the subroutine RFCOLM

(Appendix E, p. 178).

RCON = wu0?72 with unit conversion (later mulitiplied by u, = relative

permability and p = resistivity inm ufi-cm).
(4 x 1077H/m) (0.0254 m/in.)? (2rrad/Hz) (108pQ-cm/Q-m) /¥V2 = 0.36...

TMUTRE, TMUTIM = real and imaginary parts of M77(without conversion
factors) [Eq. (19)].

DRIV, PICK denmote corresponding terms for Zp, ;R) [Eqs. (18), (22)].

DRVD/PICKD dencte corresponding terms for defect impedances, Zp~, Zp-~

[Egs. (50), (53), (54)].

WUSR = wuor 2 (Rs = r), and
AIRL, AIRZ = Zp, 257 with vy = 0 [Eqs. (18), (22)].

190 C

191 C THE INTEGRATION IS FERFORMED BY THE MIDFOINMT METHOD
192 C EVALUATING AT THE CENTER OF THE INTERVALS FOR X LARGE
193 C THE INTEGRAL CONVERGES RAFIDLY S0 LARGER INTERUALS

1?4 C ARE TAKEN.

195 C IN THE INTEGRATION THMUTy DRIVERs FICKUFy AIF1ls AND
196 C AIR2 ARE CALCULATED,

197 €

198 S1 = 0.01

179 §2 = 5,0

200 Bl = 0.0

201 R2 = 52

202 ©

203 C INITIALIZE ALL SUMS TO ZERD aAND CaALCULATE THE VALUES OF
204 ¢ WUSR(NRs NFyNF)

W5

206 00 50 NF=1,NFT

207 RCON=, 34601987 24%REARXRBARKFREQUNF)

208 [ 50 NP=1NFTT

20% NO 40 NL=1yNLT

210 THUTRE(NL s NF s NF ) =0,

211 THUTIMONL s NF e NF ) =0,

212 DRIVRE (ML yNF s NF) =0,

213 ODRIVIMINL NP3 NFI =0,

214 FICKRECNL s NFyNF) =0,

215 FICKIM(NLyNFyNF)=0,

216 DRVIR(NL s NFyNF) =0,
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DRUDT CNL v NF o NFD
1 FOONL o ME o MF)
FLORTID CNL e NE e NFD
4G COMTINUE
o 500 NR=1 s NRT
WIS CNE  pE e ME

:

RCOMS CRHO CME y NE YRR NP )

S0 CONTINUE

ALRL=0.
ATRZ=0.

AG T = (B2 - Bli/781
Ko= BRI o~ SLx0WH
o 70 I=1:11

MAHNK
[METN S
Ly GaMalf
2y DRUVDE
Feltls

Bl o= 1
3 B2 o+ oG2
0. 0%

(X LLT, 9. GO 1O &0
= 0,1

CE LT, 2%, GDOT0 a0
= 0,2

X LT 3Py GOOTO &0
= 0.5 '

(X L LT, 7.y GOOTO&D

Restoration of Property Values and Unit Conversion

Defect size = defect volume % (7 * length conversion)3.

The defect size array is generated at this point; it represents actual
volume:

Wy, = 1/(un'/§), and

Ty

Ty % (conversion)r/N.

Defect location Zg = (conversion)Z7,}/un’,

it

Defect radius rg (conversion)rd;;.

Loop 85 converts column headings for printouts

C

INTEGRATION ENDS HERE . THE VALIES OF THI
FESTORED T0 ORIGIONAL UALLESG THEN CONVENR

el B
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[} BO NF=1#NFTT
DFSTZ NP Y =DFV NP YR CCRBARYCNUT Dkx3)
N0 80 NR=1sNRT
DONRyNF Y=, 707106781 /U (NR s NFD
THONF s NF D =ONUTKRTHONR s MFD 2 QLN HEF D XREEAR)
TFONRLCNELNRIFONFY Y GO 1O 80
DELOCONFY =ONMUTKOFLOC ONF)Y S CRREARKLCNR «NF DY)
GFRATTONF ) =CNUTKOFRATLCMP Y A RERAR
80 CONTINUE
no 8% NU=1iy4
UNCNUD =UNT TS ONU s NUNTT)
8% CONTINUE

Compufation and Printout of CPU Time for Calculation

265 Call, TIMER(STOFT?

2466 ELAFST=8TOPFT-STARTT

267 WRITE (LOU»90) ELAFST

248 90 FORMAT(Y ELAPSED TIME “»F9.2¢/)
269 GO TO 640

Selection of Further Actions

At this point the program execution jumps from line 269 to 454 (statement
640). The action is the same as if line 452 followed 269. (See Table A3
for summary of interactive displays and responses.)

The options are described in the following numbered sections.

Print Properties (1)

Branch to statemant 100 (line 273). If NPRINT # O branch to subroutine
PRFCOL (Appendix E, p. 166) to print dimensional coil properties then
back to line 277 to print list of property sets for ithe conductor stack.

(Must have NPRINT = 1 to reach this branch.)

70 ©

271 € THE COTL VALUES ARE NOW FPRINTEIN QuT

a2 C

273 100 IF (NFRINTWNE.C) CALL PRFCOL CLOWD

274 C

2;2 C EACH SET OF FROFERTIES FOR EACH REGLON I8 NOW FRINTED OUT.

2 [

27? TFANFRINT NE OOURITECLOUs L1ODUNCE) s LINCL) s UN{Z) s UNCS) y UNCE) s UNCSE)
228 110 FORMAT (T OFR.SET  REG LAY TH RESTVY FERM DEF LOG 7y
279 ¥ DEF RaD DEF SI7/9/118Xs0458XsAAr7XesAdsEXs A2 (5XyA4))

280 DO 120 NS=1:NPT

281 IF (NFRINT.NE.O)Y WRITE(.OU,25)

282 0 120 NO=1sNDFS]
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NP (NG~ 1 KMDFSLHNT
N0 120 NR=1sNRT
TF (MPEINTEQ.O) 00 70 120
TECMELEQ. I WRITE (LOUs 130INF » MRy TH (MR » NP Y s RHO ONR ¢ BF Y 2 CNRy NFD
TF MR LOGT LY WRITE CLOU s LA0 Y MR TH O ME 2y BHO CNF G NS o LEINR ¢ NP D)
TECDFVONFY GEQL, 0. 130 T 120
TFONRLCEQNREIF NP YMWRTTE CLOU e 150 DIFLOECHF Y p TR A NE Y o TFG L ONF
120 CONTINUE
130 FORMATOIX » 2015 2 20LPEL2. 40 » OFFY, 30
140 FORMATISX s 1542 12:4Y e GPFFS 3D
150 FORMATC 47 s 4AXs 2(F P04 e n IFELZ . 4

Fit Property (2)

This branch, starting at statement 160, will follow branch (i) above when
NPRINT = ] or branch directly if NPRINT = 2. Subroutine RFCIRK computes
and returns magnitudes and phases of V¢ 1Eq. (14)]. Subroutine PRFCKT
prints out coil and circuit electrical properties. BSubroutine PRFVLT
prints the magnitudes and phases of V,,; calculated by RFCIRK. The return

to statement 640 at line 311 completes option (1).

29q

298 C NEXT THE FROFERTIES OF THE COTLS ARE DETERHINED AND FRINTER
2wsC

297 1460 CALL RFDIRK(TMAG FHASE y TWOFT s BA7 o THUTRE » THUTIM» DRIVKE

298 1Ty BRIVIMyPICKRE s FICKIM DRVUIR IR (o] DRy FICRDT s NRDF » FRER

299 2rUrWUSRGATH s ATRLy ATRI Y NLT » MR FTTeNFT ey NODF y NETTy IFU)

200 C

301« THE CIRCUIT PARAMETE T e TED T FOROTHE REFLECTION

362 @© CorL CIRCUIT,

303 ©

3104 IF (NPRINT.EQ.1) ChAle r.. C Loy

305 C

304 O THE VOLTAGE MAGNITUDE » FHASE. AND SHIFT ARE FPRINTED FOR

307 C THE VARINDUS LIFT-0OFF VALUES AND DEFECTS.

308 €

309 TF(NFRINTEQ, 1) CALL PREVLTLLOUY THAG FHASEsNR T NPFTT» NFTyNLT  NODIF
310 LTeNFTT»RLLANRDEFREQ,GATIN?

LED IF (NFRINT.NEJ/2) GO TO 640

When branching is direct to statement 160, NPRINT = 2, the circuit and
voltage printouts are skipped, and least squares design calculations begin.

The value of MSETI becomes the READING array row dimension required.

The maximum filled section of PROP{M) will contain NPTT*NLT entries. Each
step value of a conductor property appears (NPTT/NPT) times; each value of
lift-off, (NL-1)*L,, appears NPTT times; and each step value of a defect

location appears NPT tCimes.
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As written the single value of defect size appears NODF times. Thus, the
defect size is weighted differently than the other properties in the

fitting process, unless NODF = NPT.

LEAST SRUARES DESIGN SECTION.

SELECT FROPERTY TO BE FITTED AND SET UF FROFPERTY ARRAY.

ploREnRuRe

MEET=NLTENFTT

MOGETI=MEETHL

L C(LOUY 180)
L.OWs 1900
ECT NUMEBER OF THE FROPERTY
F= HESS A= TFT-0FF 5D

rag RE FLTTED.

WRTTE
180 FORMAT
¥ LR 2:

EOFITTEDG /4
LOCAT 6=DEFECT SIZE7)
IS NUMEER 1.7)

N0 210 NE=1,NPTT
o 200 NL=1sNLT
M= NP~ 1 ) KNLTHNL
IF(NFROFJEQ. L)Y PROF (M) =

FHO CNRED » NFY
TFANFROFEQ.2)Y PROP (M) =L CNREG Y NS
IFONPFROFLEGR.3) PROFOMY=THINREGy NFD
TEFONFROPLEQ.A)Y FROF MY = CFLOAT ORL- 1 Y KL 2 R EARKCNUT
TFONPROP EQ.S - : T ONF D
TF(NFROPJEQ.A) PROFPM) =DESTIONED

200 CONTINLE

210 CONTINUE

Changing Fit Function (5)

Selecting OFFSET (1) means that an initial constant will be added to the
function generated by the fitting process. Entering polynomial selections
fills the NPOL array. (See Table A2 and Appendix G for array element

definitions.)

3364 220 WRITECLOU,230)
337 230 FORMATC( TYFE L IF THERE IS OFFSETy O IF RO OFFSET: 7

338 READCLY %) TOFSET

339 IRIFR=TOFSET

340 240 WRITECLOU,250)

341 250 FORMAY(/ SELECT THE NUMBER OF THE FUNCTION TYFEs FOLYNOMIAL S«
342 1 GRE: & & OF “/»

34z 27 TERMS FOR EACH MAGNITUOE & PHASE )

244 WRITECL.OUe 260D

345 260 FORMATCS FUNCTION TYPETL=LINEAR 2=0006G Z=FXFP 4=iMy )

344 300 WRITECLOU.25)

347 WRITEC(LOU» 310D

348 310 FORMAT (25X, “FUTN FOL & CROSS/y25X7TYFE DEG TERMG )

Ja9 00 370 NF=1eNFT

330 DO 360 NO=1,2
351 NCC=NCX 3

352 NCF=NCC~1

353 NCF=NCP-1

354 IF(NCLEQ. 1) WRI
355 TFANCEQ.2) WRIT

L0V 320)

FREQONED
LOUy 330) F

REQINF)



KAL) 320 FORMATC MAG AT 7 HZ ‘3

357 30 FORMATCY FMa AT 701 : oM -

A58 REATDCL Y »y XONPOL CNCF y MF 7 y NEFOL CNCF » NF ¥ o NP OL OMCU 2 NFT)
359 NFOL (32 NF ) =0

360 TRDPR=TROFRENFOL CNCP y NF D) ANFOL CNCC s NF)

B&1 3460 CONTINUE

The term IRDPR is the number of terms in the function expansion selected;
its value is increased by 1 to size the column dimension of READNG,
allowing space for the property value to which the function is fitted. If
the number of expansion terms selected exceeds thé preset capacity of
READNG, the error message (line 363) occurs. Subroutige POLTYP prints a

representation of the function expansion (see Appendix E, p. 163).

362 F70 CONTINUE

343 IRDPRLI=TROFR+L

3464 IFCIRDPRMAT  IROPRYWRITE (LOU400)

365 IF (IRDPRM.LT.IRDPFRIGO TO 640

344 400 FORMAT(Y ERROR: # OF TERMS T POLARY EXCEEUS DIMENSION)
367 JROW=IRDFEME]

The loop at statement 460 initializes arrays for storing values of
simulated magnitude and phase response into which drifts are introduced.
The loops at statements 470 and 480 substitute the successive simulated
magnitude and phase readings into the function expansion chosen above in

preparation for fitting. (See Appendix E, p. 169, for RDGEXP subroutine).

368 CALL POLTYF(POLARY s JROWs TRUFR e NFOL s 9 NF Ty 2 TOFSET » L.OUD

347 C

370 © EXFAND THE RaAW READINGS INTO TRDFR READINGS.
71 ¢

372 450 DO 4460 NF=1.NFT

373 THMOFTINF )=0.

374 FHIFT(NF 1=0,

375 4460 LONTINUE

376 DD 480 NP=1,NFTT

377 IO 470 NL=1sNLT

378 M= (NP~ 10 ML THNL

379 CAalLl RUGEXF(READNG TMAG FHASE »NPOL » TOFSETy TMDF T PHDF T MSET1
280 Ty IRDFRL Mo NFToNL e NLT s NFSNFTT)

381 470 CONTINUE

Subroutine ALSQS computes the least squares fit between the simulated
response and the conductor or defect property (see Appendix E, p. 147).

It returns coefficients of the function terms in the COEF array.

362 480 CONTINUE
383 G
g4 C 00 THE LEAST SRUARES FIT OF THE READINGS TO THE FROFERTIES.

3|5 C
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Tests of Fit Quality [Printout of Function Fit (3)]

Two tests are performed simultaneously within the loops of statements 570

and 580. (Details of the tests are described on pp. 3%41l.)

The same loop set prints, when selected (NPRINT = 3), a table of the
values computed from the fitted function, the properties, and the fit~
testing parameters (see p. 75 for sample output). Regardless of the
section selected (NPRINT value), the values of rms residual and drift are

printed at the end of the computation.

286 Cal.l. ALSAQSCREADNNG e FROFy COEF y RGOSy MOSET y TRDFPR s M5ET 1)

87 C

388 C CALCULATE THE DIFFERENCES IN THE FIT AND THE MAXTMUM ORIFTS.
389 C

390 490 SHSDRIF=0,

391 SEDIFF =0,

392 UNTT=UNINEPROF)

393 TEFANPRINTLEQG.3IDWRITELOU SO0 FROPTY (NFROF) s NREG: FROFTY (NFROF) »
324 KUNTTeUNITyUNITUNIT

395 SO0 FORMATCOZO0 NF ONL 7y@ds 7 IN REGT L3y AL “sAdy 7Xs "IUIFF s 7Xy "NRIFT
396 Xy /v EXy A (BXyAA) v /)

397 IO 580 NFP=1sNFTT

378 0o 570 NL=1sNLT

399 M ONF— 1 ) KNLTHNL

400 DRIFT=0.

401 [0 540 NF=1sNFT

402 DO 530 NO=1»2

403

404 € ONE MAGNTTUDE OR FHAGSE DRIFT IS SET 0N AT A TIME,

405 C

4046 TFONCEQL LY THMIF T ONF =, 000X TMAG ONL » NF » NF 2

407 TFANCEQ.2)FHIFTI(NF Y=, 01

408 CALL ROGEXF (REAING s THAG s FHASE s NPOLy TOFSET s THRF Ty PHIFT » MEET L
407 Lr TRIFRL v MeNFTeNLeNLTyNFoNFTT)

410 €

411 C THE FPOLYNOMIAL IS CALCULATED

412 C

413 SUM=0,

414 00 520 THR=1s IRDFK

415 SUM=SUMICOEF (TRYXREAUNG (M« TR

416 520 CONTINUE

417 DRIFT=NRIFTHARS (REANNG (My TRIFRL) - S1IM)

418 TMOFTONF) =0,

419 FHOFTONF ) =0,

420 330 CONTINUE

421 940 CONTINUE

422 DIFF=FROF (M) ~READNG (M TRUFRL)

423 SENIFF=GSUIFF+NIFFXDIF}

424 SOENRIF=GSURIF+DRIFTHIRIFT

432G IF(NFRINTWNEL3IGO 70 &70

424 WRITEU.OUs S60INFyNL s PROF (MY s REAING (My TROFRLD) s DIFF e BRITFT
427 560 FORMATOLIXy2TI34F12,5)

428 570 CONTINUE

429 S80 CONTINUE

430 SHRIF=SART (SSIRIF/FLOAT(MSET)Y )
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431 SNIFF= %N&T(‘%Ulf[/[IHﬁT'MQl¥5‘

432 IFINPROPLERLSY GO TO 589

433 585 NthLkLOUyﬁ”OifRﬂFTY(NFROI)vHN'N!lH}‘»NR"
434 SO CFORMAT O DIIFF IN “sad4s” IN “yAde’ IH

Printing Coefficients of Least Squares Fit

Subroutine CON8 converts decimal values to hexadecimal; both values

are printed. Function terms were previously generated by the POLTYP

subroutine.

43X ¥ DRIFT= 7+F12.5)

436 G600 TF (NFRINTNE.4XGD T 4640

437 WRITECLOU 255

438 00 830 I=1s TRIFR

434 CALL CONB(COEF (D) » THEXD

440 WRITE(LOU&200 T COEF (T2 ¢ THEXy (FOLARY (T o) s Jal 752
441 L2720 FORMATC(Y COEF( yTZy )= v IFELS. 74Xy 28 1X s A4
442 AH30 CONTINUE

Writing Fit Coefficients and Identification on Disc File

The term PROPTY identifies the property fitted; IRDPR indicates the number
of terms in the fit (function expansion); IOFSET indicates a constant term
in the fit; COEF (IR) contains the coefficients of the expansion terms;
NPOL carries the structure of the function expansion, including type of

function, number of terms, and number of cross terms.

443 C

444 THE COEFFICIENTDFFSETyNFOL ANDD ITRIDFR ARE WRITTEM O8N THE Ral DISC
445 C FILE #21.

444 €

447 WRITE(2L ICOEF )Y FROFTY (NFROFY » IF v LOFSET

444 WRITE (2L ICOEF) (COEF (TR o TR=1 TRTOFPRD

449 T &35 NF=1yNFT

450 WRITE(Z2L ICOEF Y (NPOLCY e NF )y I=1v 60

451 435 CONTINUE

Selection of Next Action

This sequence is executed initially from a jump at line 269 and after the
completion of the various selected sequences from jumps at limes 311, 364,

435, and 465.

452 ©
453 THE NEXT ACTION I8 SELELTEIN
4%54

bpv] AH40 WRITECLOU 650)
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4% 4 READCLE X)) NPRINT

Aan7 GO TOLLOO 160y490vu007?’0;/UOv/OOuuhOyHOO)sNIlINI

458 S50 FORMAT (! F b JFONEXT ACTTON T K X T HROFSS 2=
A59 XFIT PROFSI=FRT |NTlhE FITsa=FRT COFF &) v

Circuit Component Drift (8)

Option 8 from statement 640 calls subroutine RFCKDT, which calculates the

effects of small drifts in circuit component values (see Appendix E,

p. 176).

4560 X &=CHEG COTL/CRT VAl s 7=0HE W FRT$8=CAL CONL/CKT I
441 660 CaLl. RFCKIT CTMAGy FHASE » TWOFT o ALy TMUTEE s THUTITM DRI ’
462 1DRIUIM:PICKRFvFﬁCKTMyﬂFUDRvﬂFUDTvPTFFﬂRvPTFVﬂTyNRUV R
463 QvUvNHQRyﬂﬁTNyh' yATRZ e NLT s NET o NFTT o ME T 2 NOIF o NETT o 11
464 F TyIMDIIvYHUlTsMH#T1thUFh1vMyNI1NTV!UUv
A6T AR DOEF » RO FROFTY CNFROF 2

Change of Circuit or Coil Parameters (6, 7)

Options 6 and 7 call subroutine CHRFPM, which inserts changes. This
subroutine duplicates subroutine COLFIL for inserted coil pavameters

(see Appendix E, p. 160).

464 Gl TO 640
447 700 CALL CHRFFMOLOU LT TNTG» NFRINT)
448 TFOINTELEQ.LYGD TN 18

Stop Fxecution (9)

Selection of statement 800 (option 9) stops execution.

4469 GO TO 166
470 800 STOF JOR

A partial printout of a sawmple run is given below.

FROGRAM HULRFD DATE /26778 TIME 12159126

TYFE COIL NAME (UF TO 6 LETTERS)!150B
ELAFPSED TIME 615,09

(See p. 21 for coil dimension table.)



P, GET
1
2
3
4
(Blocks
25 1
3
34 1
2
3
x5 1
2
3
36 1
5
o

The following output is

FREQUENCY

FROP
SET
1

2

w
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REG LAY TH RESTUVY FERM
MM MOCHM REL .,
1 2.5400E411 1.0000E+10 1,000
7 1L.3970E400  3.9500E+00 1.000
3 2.%5400E8+11  1.0000E+4+10 1.000
1 2.5%400E+11  1,0000E+410 1.000
2 L 3970EH00 3,9500E400 1.000
3 O2.5400E+11  1.0000E410 1.000
1 2.5400E+11 1. 0000E+10 1.000
2 L 3970E+00  3,9500E+00 1.000
3 2.5400E+11 1.0000E+10 1.000
1 Z.5400E+11  1.0000E+10 1.000
2 1.3970E400  3.9500E4+00 1.000
3 2.5400FE4+11  1.0000E+10 1,000
532 left out for brevity.)
2.3400E+11 1.0000E+10 1.000
1.8288E400 4.0700E+00 1.000
2.9400E+11  1.0000E+10 1.000
2.5400E+1 1 1, 0000E+10 1.000
1.8288E+00  6.0700E400 1.000
2.5400E+11 1. 0000E+10 1.000
2.5400E411  1.0000E+410 1.000
1,83288E400 6.0700E400 1,000
2.5400E+4+11  1.0000E4+10 1.000
2.5400E4+11  1.0000E+10 1.0060
1.8288E400 &.0700E4+00 1.000
2:.5400E+11 1.0000E+10 1,000

2.00000E+403 GAIN 3.30000E+4+02
LFT OF 0.0750 0.,0883 0.1017
MAG 3.2476 3.1094 2.9771
FHA ~34.531 -34.483 ~34.843
MAG 3.2841 Z.1433 3.0089
FHA ~34.640 -34.790 -34.947
MAG 3.2710 3.,1313 2.9976
FHA ~-34,4658 ~34.8B08 -~34.945
MAG 3.2627 3. 1236 2.9904
FHA ~34,4644 ~34.796 ~34.933
MAG 3.4340 3.2B69 3.1462
FHA ~38,354 ~-38.5321 38,696
MAG 3.44684 3.3192 3.1743
FHA ~38.,43%5 -38.400 -38.772
MAG 3.4498 3.3018 3.1801
FHA ~38.465 -~38.630 -38.802
MAG 3.4413 3,2938 3.1528
FH& ~38.438 -3B.404 38,777

DEF LOC

MM

0.4064

0.46985

00,9906

0.4064

RAD
MH

DEF

2.1133

241133

2.1133

2.1133

2.1133

2.1133

generated by the PRFVLT subroutine.

DEF STZ
UMM

2.8118E~01

2.8114E-01

2.8118E-01

2.8116E-01

2.8116E~01

2.8116E--01
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(Blocks 932 left out for brevity.)

34

3+

FREQUENCY

FROF LFT OF
SET
1 MAG
FHA
2 MAG
FHA
3 MAG
FHA
4 MAG
FHA

MAG
FHA
MAG
FHA

MAG
FHA

MAG
FHA

2.5256

~30.414

2.00913

~30.6461

2.5379
~30.689

2.5316
~30.673

2,00000E+04

0.0750

33,6321
~105.478

3.6462
~10%9.986

3.46295
~10%5,841

306272
~105.723

2.4200
~30.774

2,4439
~30.820

2.4314
-30.847

2.4256
~30.832

GATIM

0.0883

3.4651

~1064123

3.4782

~106.,423

3.4627

~106 281

3.4606

~106.166

2.3188
~30.940

2.3411
~30.984

2,3296
~31.011

2.3241
~30.997

2.00000E+01

0.1017

3.3043
=106.564
31,3165
-106.8%56
33,3021
-106.717

53,3001
1064605

(Blocks 5-36 left out for brevity.)

There are sample outputs from least squares curve fits on pp. 91-93,



APPENDIX B
PROGRAM MULTRU

MULTRU was designed and written to simulate the operation and response
of an ideal through-transmission eddy~current instrument applied to a struc—
turve with multiple lavers of conductors having parallel planar boundaries.
Tt is used to perform design studies necessary to optimize the operational
and electrical characteristics of through-transmission instruments.
Simulations significantly veduce the number of laboratory experiments
regquired and allow concentration on the more useful ones.

MULTRU accepts initializing inputs of conductor and circuit data by
editing and operator interaction, computes electrical properties of the
coils and responses of the circuit, coustructs mathematical relationships
between conductor properties and cireuwit responses, and computes the
effects of drifts or errors in circuit response on the conductor proper-—
ties indicated by these mathematical relationships.

The following initial inputs are required:

1. passive circuit component values;

2. wvalues (or series of values) of magnetic permeability, electrical
resistivity, and thickness for eacth conducting layer;

3. frequency and magnitude of each input voltage to the driver coil
circuit;

4. amplifier gains (one for each frequency used);

5. a value for the normalized increwment of lift-off (LZ);

6. various parameters to control array sizing, input, output, etc.

These inputs are itemized in Table Bl. Table B2 lists step-by-step

instructions for executing this program.

During execution the program interactively requests from the operator:
identification of coils selected or manual (keybeard) insertion of coil
dimeansions and electrical parameters, selection of printed output tabula-
tions, selection of actions to be performed by the program, and selection

of property for fitting and function description for least squares fits.

71
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Table Bl., Summary of Editorial Changes Preparatory to Running MULTRU

Line(s) Actioos

42 (option) Remove initial "C" to insert double-precision
variables.

58-70 Adjust array dimensions; follow key provided in lines 4557
(see p. 34—35 for READNG array).

81 Select normalization option (NORM); adjust conitrol parameters
(NPT, NRT, NLT, NFT); enter air gap and lift—-off parametets
(THMAX, GAP).

8284 Enter step values for conductor properties: resistivity,
RES(NR,NP); permeability, PERM(NR,NP); and thickness,
THICK(NR,NP). In each case NR = 2, ...(NRT~1), and NP = 1,
ves (NPT-1).

85 Select coil spacing option (NOPT) and input/output devices
(LI, LOU, L02).

86 Enter frequencies of driver coil voltage, FREQ(NF), and
bandpass amplifier gains, GAIN(NF). For each array, NF = 1,
«+ . NFT.

147—152 Enter normalized lift—off increment (L2), passive circuit

component values (RO, RY9, CAPDR, CAPPU), and driver voltage
magnitude (V0). Units specified in lines 141--145.

The program computes the following as intermediate results or output

1. coil inductances in air (including the mutual inductance for one

specific air gap),

2. real and imaginary components of individual coil impedances and mutual

coupling between coils for each distinguishable combination of con-

ducting layer thicknesses and electrical properties and driver coil
lift~-off [Eqs. (18), (19), (21)],

3. amplitude and phase of pickup coil voltage [Eq. (14)] for each property

and lift~off combination itemized in (2) above.

The least squares design section fits four properties: resistivity,

permeability, thickness, and lift—off (driver side only). The fitting

process is described earlier in this report (pp. 4-11). The property



73

Table BZ. Interactive Program Queries and Operator Responses

Dccurring During Execution of MULTROU

Line QUERY or Response

133 SELECT PRINTED TABLES: ENTER 1 TO PRINT, O TO OMIT, 1-PROPERTY
SETS, 2~COLL DIMS, 3-COIL/CKT ELECT VALUES, 4-V/0QUT MAG & PHA
FOR EA PROPERTY SET
Enter four integers, 1 or U, separated by delimiting spaces
(blanks) (sample outputs, p. 77—78, 167-168).

172 From Subroutine TCOFIL

(;"3---868)6Z TYPE COIL NAMES~DRIVER, PICKUP (UP TO 6 LETTERS):
Enter two six—-character alphanumeric coil designatiouns with
no separating delimiter; include blanks as necessary to make
six characters.

(5-910) COIL (name) NOT FOUND. TYPE FOLLOWING COIL PARAMETERS (INSERT
ZEROES FOR UNUSED ONE): RBAR, R1, R2, L3, R3, R4, L4, L6,
RDCDR, RDCPU, TNDR, TNPU
Enter zerces or free format numbers: RBAR in inches, Rl
through L6 as normalized coil dimensions (p. 21), RDCDR and
RDCPU in ohms, and TNDR and TNPU as integers.
[This message occurs only if the coil names entered above
{(line $~868) are not found.]

393 TYPE NUMBER OF NEXT ACTION TO BE TAKEN:

1 = CHG FCN/POL TYP 2 = FIT PROP 3 = PRT ENTIRE FIT
4 PRT COEF 5 = CAL COIL/CKT DRIFT 6 = CHG COIL CKT VAL
7 CHG W PRT 8 = STOP

i

i

Enter integer 1-8,

The following sections list ensuing interactions resulting from each of
the option selections at line 393.

287

291

295
297

1‘

Change (Fitting) Function (or) Polynomial Type
TYPE 1 IF THERE IS OFFSET, O IF NO OFFSET:

Fnter integer 0 or 1. (OFFSET (l) adds a constant term to the
function expansion.)

SELECT THE NUMBER OF THE FUNCTION TYPE, POLYNOMIAL DEGREE, & #
OF CROSS TERMS FOR EACH MAGNITUDE & PHASE

FUNCTION TYPE: 1 = LINEAR 2 = LOG 3 = EXP 4 = TNVERSE
{blank line)
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Table B2. (Continued)

Line

QUERY or Response

298

305
306

314

272

273

(342) 3.

(387) 4,

(399) 5.

FCN POL #CROSS

TYPE DEG TERMS
MAG AT (number) HZ Responses entered
PHA AT (number) HZ on these lines

Enter on each MAG line: integer 14, delimiting blank
(space), integer 1-15, space, integer O,

Enter on each PHA line: integer l, 3, or 5, space, integer
1—-15, space, integer 1-15.

(Sum of POL DEG and # CROSS THRRMS entries must be <15.)
(See p. 78 for sample outputs.)

ERROR: # OF THRMS IN POLARY RXCEEDS DIMENSION

No response — program returns to line 393 above.
This error message occcurs when sum of POL DEG and # CROSS
TERMS entries exceeds 15.

Actions included in option 1 continue until lipne 393 is
executed again. (See p. 78 for samples of sequentially

occurring outputs.)

Fit Property

SELECT NUMBER OF THE PROPERTY TO BE FITTED:
1 = RHO 2 = MU 3 = THICKNESS 4 = LIFTOFF

SELECT REGION TO BE FITTED. LOWEST IS NUMBER 1
Enter integer l1—4 (property), space, integer 1-NRT (region).

(The remaining actions following this option are those listed
under option 1 above.)

Print Entire Fit

No operator imput required. (See p. 78 for sample output.)

Print Coefficients

No operator input required. (See p. 78 for sample output.)

Calculate Coil or Circuif Drift

As now written a dead—end branch to a subroutine that has not
been prepared. Selection returns control to linme 393,
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Table B2. {(Continued)

Line

QUERY or Response

(401)

($~13)
(s~16)
(5-18)

(5~20)

(5-24)
(5~-26)
(5-28)

fhk

404

Change Coil or Circuit Values

From subroutine CHRFPM:

COIL, INN. RAD. OUT RAD. LENGTH SHT CAP PC RES TURNS K
DVR {(number) (number) (number) (unumber) (number) (number)
(blank line) :

Enter free formar number or "0" for eaech parameter that is not
changed and new values for those that are changed; separate
entries by blank (space) or comma delimiter. [Variables are RI,
R2, 13, Cg(CAPDR), R (RDCDR), N3.]

PIC {(number) vow o

Use same entry format as for "DVR" line. [Variables are R3, R4,
L4, C7(CAPPU), R,(RDCPU), Né&.]

RBAR vouT DVR AMP RES PIC AMP RES
(number) 5o » 6o ) a0
(blank line)

Enter numbers as above for "DVR" and "PIC." [Variables are
RBAR(R5 or F), Vours Ry, Rga]

Change (Coil or Circuit Values) with Printout

Interaction is identical to that shown for option 6 above.
Additional hard-copy output is printed (line 257).

After execution of CHRFPM (options 6 or 7), control returns to
line 172 if coil dimensions are changed or to line 248.

As now written return of control to line 172 repeats the action
of CHRFPM with respect to coil parameters by the action of
TCOFIL,

Return of control to line 248 provides recomputation of the

output voltage magnitudes and phases. After either return
sequence control eventually returns to line 393,

Stop

No operator input — stop job instruction executed.

2Indicates line number in subroutine.
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arrays contain one extra entry not found in the other programs: a property
set in which all conductors are given their maximum thickness and other
properties are equal to those of air. This set is used to compute the air
gap response used in normalization (see below). This property set must be
omitted when the least squares fits are constructed.

When the least squares design function is selected, the program com—
putes a least squares fit for the selected property according to Eq. (57).
Upon selection it prints listings showing the form of the function terms,
the independent coefficients of each term, the values of the function, the
property value, and the error aad drift for each distinguishable property
set. The root-mean—square (rms) difference and drift [see Egs. (60) and
(62)] are also computed to provide an indication of fit quality.

The program can be used for either of two coil configuration options:
(1) constant coil spacing — the impedance values are computed for each
lift-off value increment as though the coils were fixed in position. To
compensate for changes in the conductor stack thickness, an additional
amount of lift-off is added to the value on the driver coil side of the
stack, (2) Coil-specimen contact — impedance values for various conductor
thicknesses are computed as though the coils (or probes) remained in con-
tact with the conductor stack. (If a lift—off increment is included with
this option, the driver coil-to-stack spacing is held constant and equal
to the specified lifi—off as conductor thickness varies.)

The readings may be computed as "absolulte” or "normalized.” The
normalized mode is used most since normalized results are most easily
compared to experimental measurements. In the normalized wode each
computed magnitude of V,,. is divided by the wmagnitude computed for a
specific air gap, which is usually set equal to the maximum coanductor
stack thickness. Each computed phase of V,,; has subtracted from it the
phase shift computed for the same air gap. When normalization is used the
initializing values inserted for the input voltages and amplifier gains

become arbitrary because they cancel out in the division.
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MULTRU ~— SAMPLE OUTPUTS

CROGRAM MULTRU TATE

COILS-DRIVER

CONSTANT COIL SFACING
204.35

ELAFGED

TIME

FICKUF?

@/ 7/78 TIME

1S0E 150F

NORMALIZED MAGNITUDES AND FHASES

i

153018

Property Set Table (Selection 1, Line 137)

FR.SET RG
1 2
2 2
3 2
4 2
5 2
& 2
7 2
8 2
g 2
10 2

ND LAY TH

95.5000E-02
7.1000E~02
7.7000E-02

$.2000E~-02

&.46000E-02
7+46000E-02
5.4000E-02
6.7000L-02
74+ 2000E-02
77000802

RESTVY

3.2500E4+00
3.92500E+00

3,92500E+00
5.0300E400

S.0300E+00
5.,0300E4+0D
6. 0700E400

4.0700E4+00

46.0700E+00
1.0000E+10C

FERM

1.000
1.000
1.000
1.000
1.000
1.000
1,000
1.000
1.000
1.000

Output Voltage Table (Selection 4, Line 137)

FREQUENCY 2+0000CE+03 GAIN
FROF LFT OF 0.0750 0.1000
SET

1 MAG 0.7331 0.7508
FHA ~39.989 ~40.195

2 MAG 0.6921 0.6894
FHA ~48,306 —~48.532

3 MAG 0.671% 0.46689
FHA ~51.310 ~51.543

4 MAG 0.8203 0.8183
FHA ~32.,242 32,428

S MAG 0.7721 07499
FHA ~38.708 -38.914

é MAG 0.7410 Q.7385
FHA ~43,105 -43,323

7 MAG $.8%500 0.8482
FHA ~28.831 ~29.006

8 MAG ©.8115 0.8094
FHa ~34.16%5 -34,359

9 MAG 0.7975 0.7954
FHA ~36.140 ~-36.341

16 MAG 55,0802 4.,9047
FHA 879.991 89.%9%91

3.30000E+02
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For sample outputs from selections 2 and 3,

PRFCOL (p. 168) and PRFCKT (p. 167), respectively.

line 137,

see subroutines

Least Squares Fitting

Print of Entire Fit (line 343) — Selection 3, line 393.

selected at line 277.)

NP NL THIRK IN REG 2 ©TaAL THIK

Print

DIFF IN THIK

Coer¢ B.8687390E-02
COEF( 2.0504755E-01
COEF¢ 1.4278049E+00
COEF ~2.3803741E~-02
COEF < ~1.4198927E-04
COEF ¢ 2.8382784E-02
COEF { =1.4312267E-01
COEF 1.8970341E-03
COEF( Fe1336296E-06
COEF ( 1.05680194E-01
COEF( 1.7173082E-02
COEF( 5.6543484E-06
COEF (¢ 3.2359566E-08

IN REG

1 1 0.05500 0.05501
1 2 0.05500 0.054%9
2 1 0.07100 0.07097
2 2 0.07100 0.07102
3 1 0.07700 0.076%99
3 2 0.07700 0.07702
4 1 0.035200 0.05200
4 2 0.05200 0.051%%
5 1 0.0464600 0.06402
5 2 0.06400 0.,0459%
&1 0.07400 0.G7504
& 2 0.07600 0.075%96
7 1 0.05400 0.05397
;2 0.05400 0.0540%
g 1 0.056700 0.046700
8 2 0.08700 0.0449%
g 1 0.07200 0.07199
? 2 0.07200 0.07200

2= 2.0245E-09
SURSAL1EC
AEDIF7FE (LOG
A1R&HC260 (LOG
BEC30010 (LIN
RAGAEDZF A (L IN
3BEGE8304 (L0OG
REPIZBECO (LOG
F7NESLF0A (LIN
309273CA4 (LIN
3ONSAERO (LOG
IR8CAE?D (.06
FFROEAZC (LIN
288AFRRBI (LIN

DIFF
~0.00001
0,00001
0.00003
~-0.00002
0.00001
~3,00002
-0.00000
0.00001
~0.,00002
0.00001
-0,00004
0.00004
0.00003
~-0.00003
~0.00000
0.00001
0.00001
-¢,00000

DRIFT

(Property 3

DRIFT=
CONSTANT

0.00027
0.,00027
0.0002%
0.,00029
0.00030
0.00030
0.00025
0.00025
0.,00026
0.,00024
0,.00027
0.00028
0.00024
0.00024
0.00025
0.00025
0.00025
0.000264

Coefficients {(lines 380, 388) — Selection 4, line 398,

2.6670E-04

Mi)1
M1)2
F1)1
Fi)2
M2)1

12)2
P21
P22
M3)1
M3)2
P31
P32
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This fit corresponds to three frequencies with the following selections:
TOFSET = 13 M1, 2 2 0; PL, 1 2 0; M2, 2 2 0y P2, 1 2 0y M3, 2 2 0O
P3, L 2 0. (See interaction Table B2, lines 295-306.)

LISTING AND ANALYSIS OF MULTRU

Local File Alias and Date of Revision

P
= g
[N

- MUL TRU (1 MNOUVEMBER 1978

4% PP
b

Description and Key Variable Definition

I3

HEEAR

THROUGH TRANSMISSION PROGRaM
THIS FROGRAM LA TES HMaGNITUDES aND PHASES FOR ALl NET SETS
F FROFPERTIES(ONE MORE THAR THE NUMRE FORESTINGT COMBIMATIONS
OF DIFFERENT RESISTIVI] SyPERMEARTLY v ANIN THICOKH M THE
VARIOUS CONDUCTING LAYE Yo THE FREGUENCY CAN BE VARIED OQUER NFT
VALUES aND THE LIFTOFF VARIED NVER NLT DIFFERENT ValUES.

EIRGEEY

i €

[l ai s SR s S
Soo

1 o

1 b GAP=CONDUCTOR-TO-FIORUF SPACING

12 ¢ TROPRM+1I=MaAX NDLOF TERMS IN FOLYNOMIAL EXFANSTONCINCL ,CONSTANT)
13 € LI=LOGICAL INFUT URIT (1=TTY)

14 C LOU=LDGICAL OUTFUT HARD COFY UNIT

15 LO2=LDETCAL OUTPUTs OFERATOR INTERFACE

1é NCOL=FOSITION INCEX OF COTIL DaTa IN FILE 24

17 NET=NUMRER OF FREQUENCIES

NLT=NUMRER OF LIFTOFF VALUES

NOFT=INDEX OFf COIL SPACTNG OFTION

NORM =1 VALUES WILL BE NORMALIZED TO UALUES OF PROPERTY NPT
OTHERWISE THE MAGNITUDES AND FHaSES WILL RBE ARSOLUTE.

NERINT=FRINT AND TRANSFER INDEX

NFT=1+NUMBER OF DISTINCT SETS OF FROFPERTIES

NRT=NUMBRER OF CONDUCTORS+H2

25 C THHAX=8UM DF THE MAXIMUM THICKNESS VALUES FOR ALL OF THE

25 U i CONDUCTEMG LAYERES (NR=2sNRT~1)

27w RETHE LAST COLUMNSG (MP=NPT) OF THE RHOs Uy & TH ARRAYS WILL RE

28 © FILLED a8 FOLLOWS:

22 C RHO(NRyNFTHL)= VALUE FOR &TR (=1.E20}

3¢ © UHMR s NFTHL 2= VALUE FOR ATIR (1.0

31 THINRMFTH1)= MAXIMUM THICKNESS OF THE (NR) LAYER

32 % OFTION ONE (NOPT=1) ~ CONSTANT COTL SFACING

33 FOR THE (NL) VALUE OF LIFTOFFs L2X(NL~1Yy COTL-TO-COTL

SFACING REMAING CONGSTANT, EQUAL TO THMAX+GAF+LSHLAFL2R(NL-1) .,

et
o)
OO0

gy

NN AT
OF By b
530

3
2
Ty e

(&

Gl
EN
IV 0

3G A CORRECTION FOR CONDUCTOR THICKNESE CHANGES 16 AUDED TO THE
35 0 LIFTOFF ON THE DRIVER SIDE (LS+HL2R(ML-1)) .

37« X OFTION TWO (NOPT=Z) - COIL-SPECIMEN CONTACT

38 C COIL-TD-COIL SPACING VARTES WITH TOTAL CONRULTOR THIDKNESS
3¢ C AND EGQUALS SUMITHONR) s NR=2y NRT~ 1041 EHLEHL 2R INL~1) .

40 O
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Program ldentification

FROGRAM MULTRU

Optional Double-Precision Variables

Remove Comment "C” during editing to select.

C

REAL XS READNG s COEF » SLIM

Real Variables

Conversions from normally integer variables.

43

REAL L2yl

Fixed-Dimension Arrays

44

4G

DIMENSTON HORC2Y» HPUCZ2)y TVIMO3)y TDAY (3D e FROFTY (4) y CRTRARC(E)
DIMENSTON FRICONCA)

Listing and Identification of Adjustable Array Dimensions

These arrays may require adjustment for new problems.

46
47
LY

50
51
N
%3
54
55
G6
a7
58

o]

cOoOoOOOononon

DHMENSTON
DNIMENSTON

DIMENGSTON

DIMENSTON
DIMENSTON
DIITMENSTON
DIMENSTON
DIMENSTON
DIMENSTON
DIMENSTON

Ad justable Arrays

u?
&0
61

REAING CONFT- 1) KNLTHLy TROFRMEL v POLARY CTRUFEME1 25
FROFCONPT-1)RNLT) s RLLONLT ) y WIS ONRT s NF T 9 NI T )
THRFTONFTY v PHROF TINFT) o NFOL CAHyNFT Y s COEF C TRIFRM
BETAR(NRT) y BETAT (NRT Y y COSF (NRTY s SENF CNRT Y o XFONCNRT)
RHONRTyNFT) s UCNRT o NPT Yy THONRT » NPT

RESINRT -2 NFT-1) y FERMINET -2y NFT-1) y THICKANRT -2 ¢ NFT-1)
FREQONFTI »GAININFT)

GAMARINFT) s GAMAT (NPT » GAMADRINFT ) s GAMADT (NPT
GAMAFFE (NET) » GAMAF L (NPT

THAGCHL Ty NFT o NFT 3 o PHASE CNLT ¢ NPT« MK T )

THUTRE (NL Ty NEFT o NFTY o TMUTIM OMLT o NFT o NFT)

DRTVURE (NLT ey NFT o NFT Y y TRTVIMONLT o NFT « NFT)
FICKRE(NLT e NFTyNF T s FIDKTMONLT o NFT v NFT)

DIMENSION REAUNG(19716) fFOLARY (1645
DIMENSION FROFP(18) yRLLICZ) s WUSKC3y 10y 3)
DIMENSION THOFTC3) v FHOFT(3) yNFOL (6930 » COLF 1)
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A2 DIMENSION RETAR(Z) yBETAI (X COBFLE) s SINF LZ) » XPOM(3)
43 DIMENSTION RHOC3 2100 v {3y 100 THIZ« 1)

44 DIMENSION RES(1s@)sPERM(Ly93 s THICK (1992

6% DIMENSTON FREQ(3)»GATINCE)

&& DIMENSION SAMARCLI0) yGAMAT(L10) yGAMADR (103 s GAMATIT L 10
-4 NIMENSION GAMAFRC(10) -GAMAFTI(L0)

48 DIMENSION THAG(2y10s3) s FHASE(2510+3)

&% DIMENSION THUTREC(Z2y10+3) s TMUTIM(2y1053)

70 DIMENSION DRIVRE(2y 1030 ORIVIMC(2,10+%)

71 DIMENSION PICKREC2y1093)yFPICKIM(Z2710+3)

Common Blocks

Bl — Powers of integration variable transferred to and from subroutines

computing impedance integrals.

BZ, B6 — Coil and circuit parameters transferred to and from subroutines

computing instrument response and electrical characteristics.

72 COMMON /7B1./X s XX 9 XXXX

73 COMMON /B2/R1sR2/R3IvRAvL3+LASRBARY VO ZLUR s ZLPU»
74 KTNOR » TNFUs ROCOR s ROCFU s RO« K9 s CAPDR y CAPFEY

75 COMMON /B&6/ L2,L.5+01.6

RAD File Identification
28 — Coil Data File

7é DEFINE FILE 28 (80y 32y Us NCOLD

Data Initialization

TWOPL = 27; RAD = degrees/radian = 180/w,
PROPTY and CKTPAR contain repeated title blocks for printouts.

See Table Bl for editorial changes.

77 DATA TUWOFI, RAD /6.28318531, S57.295779%/

78 DATA FROFTY/Z4HREST » AHFERMy 4HTHIK y 4HL O, » 4HIFDF » 4HDF ST/

79 DATA CETPAR/AHDR . Ty 4HPU . Tr 4HIR Ry 4HPU . R 4HSE Ry 4HSH . Ry

80 ¥4HDR . Oy AHFU. G/

81 DATA NPFT/10/¢NRT/3/ v NLT/2/ s NFT/3/ s NORM/ L/ « THMAX/ Q777 GAP /. 002/
az DATA RES/3XI .95, 345.03+3%46.07/

83 naTa PERM/9%L./

84 DATA THICK/ 0085y .0717.0779.,002y 0662 .076y.0545.0675.072/

a5 DATA NDPT/1/9L0OU/S6/sLI/1/ s NCOL/L/ s IRDPRM/1S/ 210275/

84 DATA FREQ/Z2.E3r2.E471.E5/yGAIN/350.+100.520.7
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Property Array Expansion

Arrays storing separate step values are expanded to form arrays that con-
tain all possible unique property sets used in the impedance integral

computations. Large arrays contain values for air not stored in smaller

arrays.
g7 O
aag C THE FPROFERTIES ARE SET AND COUNTED.
ae¢ O
?0 NFTL=NFT~1
71 NRT1=NRT-1
P32 NRTI2=NRT-2
?3 0 & NP=1yNFTI
?4 N 5 NR=1yNRT2
95 RHOCL e NF) =1 ELO
?é RHOCNRT yNF)Y=1,E10
®7 U1y NF)Y=1,
?9 UCNRT s NFD) =1,
99 THOLyNF =1 E10
100 TH(NRTyNF Y =1.E10
101 C THE CONDUCTOR FROPERTIES AKRE SET.
103 RHO CNR4 L s NF ) =RES CNR sy NF)
103 UINREL s NF DY =PERMONR » NF)
104 THONRFL s NF O =THICK (NR » NF)
1035 I CONTINUE
106 C THE COTL IN AIR FROFERTIES ARE SET.
107 N 7 I=1yNRT
108 TH(I s NFT)Y=0,
109 RHOCT s NFT)=1E10
110
111
112 THCLyNFTY=1 EL0
113 THC2 s NFT)Y=THMAX
114 THINRTyNFT)=1 . E10

File Location on Disc Storage

Search is initiated early to have file ready when needed.

1135 C
116 FINDD (287 NCOL
117 €

Program Identification, Date, and Time

Elapsed time clock started for integral computations.

118 C THE DATE AND TIME ARE FRINTED
119 C

120 Call. TIME (ITIM)

121 CAaLL DATE (IDAY)

122 CAaLL TIMER(STARTT)
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123 IT = IDAYLL)Y ~ 1900

124 DAyl = 1oay oD

12% Inay 2y = 1navy s

126 Inayd3s = IT

127 WRITE (LOUL10) IDAY> ITIM

128 10 FORMAT (OFROGRAM MULTRU DATE ‘5 2(I2¢1HA2s 12+
129 17 TIME 75 20I241HI)s 126/

Printed Table Selection

See Table BZ for queries and rvesponses. BSee pp. //~78, for sample

outputse.

130 €

131 © ok SELECT PRINTED TARLES Xk

132 C

133 WRITE(LD2»15)

134 1% FORMAT (Y SELECT PRINTED TARBLES! ENTER 1 TO PRINTy O TO OMIT /
135 17 1-FPROFERTY SETS: 2~COIL DIMSF 3-COIL/CKT ELECT VaALUES: 7/
134 27 4~-U/0UT MAG & PHA FOR EA PROFERTY SET”)

137 READCLI s %) (PRICONCI)s I=1,4)

Description and Initjalization of Circuit Parameters and Lift-off

138 C

139 © THE CIRCUIT FARAMETERS ARE. NOW GIVEN.
140 C L2=NORMALIZED LIFT-0OFF INCREMENT.

14y € RO=NIRIVER SERIES RESISTANCE (OHMS)

142 C RO=FICKUF SHUNT RESISTANCE (OHMS)

143 C CAFDR=NRIVER SHUNT CAFACITANCE (FARADNS)
144 C CAFFU=FICKUF SHUNT CAPACITANCE (FARADIS)
143 C© Vo=DRIVER OUTFUT VOLTABE(RMS VOLTS)
146 ©

147 1.2m=, 025

148 RO=2000.

149 k9=1,0E6

150 CAFTIR=8,47E-11

151 CarFU=8,45E-11

152 Yo=10.

Optional Printout of Conductor Property Sets

See pp. 7778 for sample output.

153 C

i54 C EACH SET OF FROFERTIES FOR EaACH REGION IS NOW FRINTED OUT
155 ¢

1546 IF (PRICON(L)Y EQ.0) GO TO 85

157 WRITE (LOUL320)

158 20 FORMAT(’ FRL.SET RG NO LAY TH RESTVY FERM )

159 WRITE(LOWU,30)

140 30 FORMAT (1X)

141 D0 S0 NP=1sNFT

162 o0 S0 NR=2syNRTI
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163 IF(NRCEQeDIURITE (LOUs &0 NP NE» THINR s NF) s RHOCNRy NF) s UCNR Yy NFD
164 IF(NR.GT2OWRITE (LOU» 70 NRy THONR s NF Y » RHO CNR N o UGNy NFD
1465 50 CONTINUE

166 60 FORMAT(IX»2(IS)y2C1IFEL12.4)0FFP.3)

167 70 FORMAT(IXrSXy ISy 20(1FELIZ.4) 0 OFF T, 3)

1469 80 FORMAT( 4+’ sA44Xy2(F9.4)y IFELZ. 4)

Coil Data Selection or Insertion

See p. 180 for subroutine TCOFIL. Coil data returned in common blocks B2

and B6.

162 C

170 € ¥¥x COTL DATA READ FROM FILE 28 OR MANUALLY INSERTEI ¥okkK
171 C

172 8% Call. TCOFIL (LIT.L0W)

Optional Printout of Coil Dimensions

All dimensions normalized except RBAR (= ¥ or R5 in equations). GAP is
added to the insulation thickness of (L5 of the pickup coil to simulate
the situation likely to be found io most inspections; some spacing on both

sides of the conductor stack).

1735 ©

174 © THE COIL Valles ARE NOW FRINTED OUT
175 C

174 IF (NOFT.EQ.L) LS=L5+GAF

177 IF (PRICON(2)YNE.O)Y CALL PRFCOL(LOLD

Computation of Impedance Integrals

Initial limits and increments of integration are specified: from Bl to B2

in steps of ?1; initially Bl = 0 and B2 = 5; both are changed in stepns S2.
whor ¢ (dimensionless) = 2m(rad/s-Hz) 4w X 1077 (U/m) »108 (UQ-cm/Q~m)
«(0.0254)2(m?/in.?) sy 17 2 (in.?)
«fHz) /p (ui2-cm)

[0.50939 ... = 8072(0.0254)2]

Arrays to hold sums corresponding to real and imaginary parts of the

impedance integrals are initialized to zero. Constants corresponding to
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the air impedance (w x inductance) are initialized to zero. The array

containing wuor?, WUSR(NR,NP,NF), is constructed.

178 ©
179 © THE INTEGRATION IS FERFORMED RY THE MIDPOINT METHOL,
180 € EVALUATING AT THE CENTER OF THE INTERVAL;G FOR X LARGE
181 € THE INTEGRAL CONVERGES RAFINLY,SO LAKGER INTERVALS

182 C ARE TAKEN. ‘

183 ¢ IN THE INTEGRATION THUT, DRIVER, FICKUF, AIRLy AN
184 C ATR2 ARE CALCULATED, :

185 C

186 RREAR=1. /RBAR

187 90 1 = 0.01

188 82 = 5.0

189 E1 = 0,0

190 B2 = $2

191 ¢

192 ¢ INITIALIZE ALL SUMS TO ZERO AND' CALCULATE THE VALUES OF
193 © WUSK (NR s NFyNF) o

194 ©

195 DO 130 NE=1sNFT

196 RCON=, 509397921 KRBARKREARKFREQ (NF )

197 D0 120 NF=1yNFT

198 DD 100 NL=1sNLT

199 TMUTRE (NL » NF s NF ) =0,

200 TMUTIMONL yNF s NF ) =0,

201 DRIVRE (NL yNFyNF ) =0,

202 DRIVIM(NL y NF»NF) =0,

203 FICKRE (NLyNFyNF)=0.

204 FICKIM(NL yNPyNF)=0.

205 100 CONTINUE

206 IO 110 NR=1sNRT

207 WUSR (NR s NE 5 NF ) =RCONKU CNR S NE) ZRHD CNR 5 NE)

208 110 CONTINUE

209 120 CONTINUE

210 130 CONTINUE

211 AIR1=0.

212 AIR2=0.

213 C

Integration step gsizes vary from 0.0l to 0.5 as X (i.e., &) increases.

Subroutine TRCOLM computes and returns the six impedance array values and
two constants for each lift off value, frequency, and conductor property
set. Elapsed time is measured and written out at the end of the integra-

tions. (See p. 182 for TRCOLM.)

214 IF(NOFT.EQ.1) WRITE(LOU,132)

21% TF(NOPT.EQ.2) WRITECLOU, 135

216 132 FORMAT(1Xy ' CONSTANT CDIL BFACING”)
217 135 FORMAT(LXs  COIL-SFECIMEN CONTACT )
218 C

219 140 I1 = (B2 ~ B1)/S1

220 X = Rl ~ S1¥%0.5

221 no 150 I=1,I11

gl X = X + 81
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XX = XXX
XXXX = XXRXK
CALL TRCOLM(STyNLTyNFT e NRTyNFTyRILLLyGAMAR » GAMAT
Ly GAMAIR > GAMALI T y THUTRE » TMUTIMy DRIVRE s DRIVIMy PICKRE »FIOKTM
2y GAMAFRR GAMAF T» BETAR«BETAL y COSF » GTNF » XFON
JyWHER Uy THy RREAR  FREQe ATRL o ATR2y THMAX s NOFT)

150 CONTINUE
Bl = E2
BD = B2 b 6

S1 = 0.05
IF X JLT. 94) GO 10 140

51 = 0.1
IF (X JLT. 29.) GO TO 140
51 = 0.2
IF (X L7, 392.) GO TO 140
51 = 0.5

L)
IF (X JLT. 79,0 GO 70 140
Calll. YIMER(STORT)
ELAFST=8TOFT-STARTT
WRITE(LOUy160ELAFGT
160 FORMAT( * ELAFSED TIME yF?.2)

Magnitude and Phase of the Qutput Voltages

Subroutine TRUCIR computes and returans the magnitudes and phases of output
voltages corresponding to each coil impedance value computed above by
using the equivalent of Eq. (14). (See p. 184 for TRUCIR.) If the
normalization option is selected TRUCIR perforwms it, and statement 167

is printed.

If selected electrical properties of the coils and circuit will be printed

by subroutine PRFCKT., (See p. 167 for both sample output and PRFCKT.)

If selected initially the tabulations of wmagnitudes and phases will be
printed by frequencies with use of subroutine PRFVLT. (See p. 70 for

sample output and p. 169 for PRFVLT.)

245 C

244 € NEXT THE FPROFERTIES OF THE COILS ARE DETERMINED AND PRINTED
247 ©

248 165 CALL TRUCIR(TMAGy FHASEy THOFPIRAD THUTRE s THUTIM, DRIVRE

249 1yIDRIVIM: FICKREyFICKIM. FREQ

25¢ 2yUrWUSRyGAINs AIRLyAIRZyNLTyNRTyNFT s NF T » NORM)

251

252 THE CIRCUIT PARAMETERS ARE PRINTED OUT FOR THE REFLECTION

COIL CIRCUIT.

i)

i

Ld
OO0

IF(NORM.EQ.DURITE(LOUY 1L67)
254 167 FORMAT (Y NORMALIZED MAGNITUDES AND FHASES-
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257 IF (FRICONC3) NE.O) CaAll PRFCRTOLOW

m8 . ‘

259 C THE VOLTAGE MAGNITUDIE s FHASE » AND SHIFT ARE PRINTED FOR

260 C THE VaRIOUS LIFT-0FF VALUES

281 ©

262 TF (PRICONC4)Y (NF.O) CALL PTRVLTLOU: THAGy PHASE e NET s NPTy MF Vs NLT»RILL
263 1y FREQ,GATIND

Least Squares Fitting of Output Voltages to Properties

MSETL is the array row size required to hold the iaputs and results of the
fit. The program branches to line 394 (p. 91) to select the desired step

in the fitting process; several steps require repetition.

264 O

26% C LEAST SQUARES DESIGN SECTION.

266 C

267 C SELECT PROFERTY TO BE FITTED AND SET UF PROPERTY ARRAY.
268 €

2569 MSET=NLTENFTL

270 MEET1=MSET+H1

271 GO TO 440

To perform a fit it is always necessary to select the property to be
fitted and the region for which it occurs. (See Table B2 for interactive

Yesponses. )

272 170 WRITE(LOZ2.180)

273 WRITE(L.OZ190)

274 180 FORMAT(Y SELECT NUMEER OF THE FROFERTY TO RE FITTEDND/

275 X 1=RHO 2=MU F=THICKNESS 4=LIFT-0FF 2

276 190 FORMAT (7 SELECT REGION TO RE FITIED, LOWESY I&6 NUMBER 1.7)
277 READCLT » %) NPROP NREG

The sequence of values for the selected property is loaded into a spacial
array for transfer to the fitting subroutine (AL3(QS). (The PROP array
holds a single row corresponding to one vegion of the large propsvty

arrays, RHO, etc.)

278 DO 210 NP=1.NFTI

27 DO 200 NL=1sNLT

280 Ma (NP1 Y ENLTHNL

281 TFONFROPGEQ LD PROP (M) =RHO CNREG » NF)

2682 IF(NFROF.EQ.2IFPROF (H Y =L ONREG » NF S

283 TFONFROPLEQ.IIPROP (MY = THORREG y NF )

284 TFANFROPLEQ.AIYPROP (M) = CLASHFLOAT (N1 L2 Y ARRAR

285 200 CONTINUE
286 210 CONTINUE
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The fitting function is selected. The NPOL array (see Table 3) carries
the parameters describing the noncoanstant functions and their powers.
The term ITOFSET determines whether a constant is added to the fitting
function. If only a function change is desired selective execution

branches to statement 220. (See Table B2.)

287 220 WRITE(LO2y230)

288 230 FORMAT (7 TYPE 1 IF THERE IS OFFSET. O IF NO OFF )
28y REATU. Tex) TOFSET

290 Re=TOFSET

291 WRITEC(L.O2y240)

292 240 FORMAT (Y SELECT THE NUMBER OF THE FUNCTION TYFE» POLYNOMIAL
293 17 DEGREEy & & 0OF 7/

294 2/ CROSS TERMS FOR EACH MAGNITUDE % FHASE )

295 WRITE(L.O2y250)

294 250 FORMATC FUNCTION TYPE!I1I=LINFAR 2«=L0G 3=EXF 4=INYV )
297 300 WRITE(LOZ2,30)

298 WRITE(LOZy310)

299 310 FORMAT(25Xy "FCTN POL % CROSS /25X TYRE DEG TERHS)
300 [0 370 NF=1yNFT

301 N0 360 NC=1s2

302 NCC=NC*3

303 NCF=NCC-1

304 NCF=NCF~1

305 IF(NCL.ER.1) WRITE(LDZ2y320) FREQ(NF)

306 IF(NCLER,2) WRITE(LO2,330) FREGONF)

307 320 FORMAT(Y MAG AT “»1FEL1R.6,7 HZ )

308 330 FORMAT( FHA AT ‘yIFE12.46y 7 HZ ‘)

309 READCLT » XIMNFOL (NCF o NF ) s NFOL (NCF s NF ) y NFOL ONCGU s NF S

310 NFOL (3sNF) =0

311 IROPR=IRDFR+NPOL (NCF ¢ MF ) +NFOL INCT » NF)

312 360 CONTINUE

The size of the selected function is checked to assure that it does not
contain more terms than the subroutine ALSQS can handle. If it does an

ervor message is printed (see Table B2).

313 370 CONTINUE

314 IRDFR1=IRDFR+1

315 IF(IRDFRMWLTCIRDFRYWRITE{LO2y 400)
316 IF (IRDFREM.LT.IRDFR)GOD TO 440

Subroutine POLYTYP generales a “printable” representation of the selected

fitting function. (See p. 78 for sample output.)

317 400 FORMAT(’ ERROR?! & OF TERNWMS IN FOLARY EXCEEDNS DIMENSION')D
3i8 JROW=IRIFRM+1
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powers »1) are

before the
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fit is performed.

of the computed output voltages (e.g. log, exponential,
used, the function terms are geuevrated by subroutine RDGEXP

Small arrays TMDFT and PHDFT are used to

store values of TMAG and PHASE to which known drift errors have been added.

(8ee p. 171 for RDGEXF.)

31
320
321
322
323
324
325
326
327
F28
329
330
331
332

¥
C
[

450

4460

470

CALL POLTYF (FOLARY s JROWy TROFRyNFOL s & NF Ty 2 TOFSET »1.02)

EXFAND THE RaAW READINGS INTO IRIDFR READINGS.

N0 4460 NFE=1sNFT
TMOFTONF ) =0,
FPHOFTONF)=0.
CONTINUE

N0 480 NF=1sNFT1
o 470 NL=1sNLT
Mz (NP -1 ) RNL T HNL

CALL ROGEXF (REAING s TMAG » FHASE s NFOLy TOFGET s TMIHFT » PHOF T« MBET 1

T IRDFRL M NF T« NL o NLT o NF NPT
CONTINUE

Subroutine ALSQS performs the least squares fit, returning the fit coef-~

ficients in the COEF array and the property values computed from the fit

in the IRDPRI column of the READNG array.

333
334
325
X36

G
[
"

480 CONTINUE

N0 THE LEAST SQUARES FIT OF THE

Tests of Fit Quality

These tests are described earlier.

337
338
339
340
341
342
343
344
345
244
347
348
349
350
351
352

353

[ e R

[ R

420

300

REATIINGS

(See p. 151 for ALSQS.)

Tiy THE FROPERTIES.

(See p. 77 for sample output.)

CALL ALSOQS(READNGy FROF, COEF 2 REOS «MEET » TROFR,MSET1)

CALCULATE THE DIFFERENCES

SEURIF=0,
SSNIFF=Q,

IN THE FIT AND

THE MAXTHUM DRIFTS.

IF(NFRINTEQ. )WRITE (LOUS00)PFROFPTY (NFROF ) » NREG» FROPTY (NFROFD

FORMATL 70 NF NL INCREG » T3y’
U0 S80 NP=1 NPT

00 G570 NL=1sNLT

Maz {NF -1 3 RNLTHNL

DRIFT=0.

NG 540 NF=1NFT

Do 530 NC=1,2

‘4’

ONE MAGNITULE OR FHASE DRIFT 16 SET

0N AT

TGy X TNIFF s PR CORTFT D

& TIME.
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354 IF(NCEQ. L) THIFT(NF ) = 000 LK THAGINL » NF s NS
355 IF(NC EQ.2)FPHIFTINF) =, 01

356 CALL RIGEXE (READNGy THAGy FHASE y NFOL » TOFSET s TMUF T PHOF T MSET1
357 1y TRDPFRL My NF Ty NL e NLT s NF» NFT)

358 C

359 C THE FOLYNOMIAL IS CALCULATED

360 C

3461 SUM=0.

362 Do 520 IR=1sIRDFR

363 SUM=SUMACOEF (IR) XREADNG (My TRD

364 520 CONTINUE

265 DRIFT=DRIFT+ARS (REATING (My TRDFR1 )Y ~SUM)

364 THOFTONF ) =0,

347 FHOFT(NF)=0.

368 530 CONTINUE

369 540 CONTINUE

370 DIFF=FROF M -READNG (Ms IROFR1)

371 SSNIFF=88SNIFF+DIFFXDIFF

372 SSORIF=SSDRIFHIRIFTRLORIFT

373 IF(NFRIMNT.NE.3YGO TO 570

374 WRITE(LOUySE0INF s NLy FROF (M) s READNG (Ms TRUFR L) » DYFF  IRTFT
37% 560 FORMAT(IX»213,4F12.5)

376 570 CONTINUE

377 580 CONTINUE

378 SHRIF=GART (SSTRIF/FLUOATI{MSET))

Printout of ¥Fit Quality Parameters

379 SHIFF=SRRT{(SSTIFF /FLOAT(MSET)) o
380 MRITE(LDQvS?O)PROPTY(NPROP)rNREGySHIFFySURIP
381 520 FORMAT(? DIFF IN ‘sA4,’ IN REG FyT3y =2 1LPEIL Ay

Optional Printout of Fit Function and Coefficients

See Table B2 for selection.

a2 17 DRIFT:= “y1FELL.4)

383 &00 IF (NFRINT.NE.4)GO TO 640
384 WRITECLOWU30)

385 HRITE(LOUYS920) FROFPTY(NFROP),

NREGy SDIFFy SDIRIF

386 o 630 I=1sIRDIFR

387 Call. CONB(COEF (I)y IHEXD

388 WRITE(LOUs620)TsCOEF (L) THEXy (FOLARY (Ts.) v d=193)
389 420 FORMAT(/ COEF(/ I3y )=’y iPELS.7+4X»72851Xr544)

Selection of Next Action

See Table B2 for query and responses.

This sequence is initially executed

from a jump at line 271 and, after later selected sequences, from jumps at

lines 316 (conditional), 383, and 401.

390
371 C

630 CONTINUE



392
393
394
395
394
397
398

[

THE

NEXT ACTION IS

640 WRITELOZ2y 6500

&G0 FORMAT (!

27 S=0aL

READ (LT %

TYPE

NFRINT

91

SELECTED,

Noninstalled Option for Circuit Drift

Option
640,

599
400
401

I

Yl

F=CHE

GO TO(2202170:49G:60026605 700700800 v NFRINT
5460 CONTINUE

G0 TO 440

Change of Circuit or Coil Parameters

NUMEER OF NEXT aCTION TO RE TAKEM! 7/
17 1=CHG FUNZFOL TYF 2=FIT PROF 3=PRT ENTIRE FIT 4=PRT O
COTLZCKT DRIFT &=CHG COIL/CKT

W FRT

P
f

5 is not implemented at present and returas control to statement

Options 6 and 7 call subroutine CHRFPM (see p. 159), which can be used

to change circuit parametetrs.

Changing coils with CHRFPM does not work

because the main program jumps back to TCOFIL (see p. 180) ar statement 85.

402 700 CAlLL CHRFEMOLOUSL T, INTG NPRINT)
403 TF(INTG.EQ.LIGO TO /%
stop

Selection of option 8 (statement 800) stops execution.

404
405

8600

GO TO 165
STOF (iOR

A partial printout of a sample run is given below.

FROGRAM MULTRU DATE

FRLSET

f=3

S G @ N O LR D P e

Ri3

PRI RIPY PRI MIPI BRI RO DD

NG Lay TH

5.5000E-0F
7. 1000E-02
7+ 7000E~-02
5.2000E-02
4., 46000E-02
7.6000E~02
5. 4000E-0Q2
6.7000E-02
7.2000E~02
7.7000E~-02

9/ 7/78 TIME

RESTVY

3. 9500E400
3. 9300E400
3, 93500E400
S5+ 0300E+00
5. 0300E+00
5.0300E400
6. 070GE4+00
4.0700E4+00
4. 0700E400
1.000CE+10

13353018

FERM

1,000
1.000
1.000
1,000
1.000
1,000
1.000
1,000
1,000
1,000



COILS-ORIVER: FICKUF?: 150K 150R

MEAN RADIUS 0.15000 INCHES

COTL INN. RAD OUT. RAD LENGTH TURNS Eé& O L.0./RCES
DRIVER 0.7500 1.2500 0.3600 513.0 0.0750
FICK--UR 0.7%00 1.2500 0.34600 51340 0.0770

CONSTANT COIL SFACING
ELAFSED TIME 204,35
NORMALTZED MAGNITUDES AND FHASES
SER/SHT RES COTL DC RES  SHUNT CAF. COIL INDUCT RES.FREQ DRIV, VOILT
DVR CKT 2000.000 67.300 8.4700E-11 2.2136E-03 2.3095E4+06 10.0000
FICK CRKT 1000000.000 67.300 8,4300E-11 2.2136E-03 2.,3122

FREQUENCY 2.00000E+03 GAIN 3.50000E+02

FROF LFT OF 0.07%0 0.1000
SET

1 MAaG 0.7531 0.7508

FHA ~39.289 -40.,195

2 MaG 0.6921 0.68%94

FHA -48.304 —-48.532

3 MaG 0.6716 0.6689

FHA -51.310 -51.543

A Mai 0.8203 0.8183

FHA ~32,242 32,428

(Blocks 5-10 left out for brevity.)

NF NLL REST IN REG 2 CAL REST LIFF DRIFT
11 3.95000 3.94128 0.00872 0.044644
1 2 3.93000 3.95733 ~0.00733 0.04639
2 1 3.95000 3.93946 0.01054 0.054697
2 2 3.95000 3.95689 ~-0.,00689 0.05726
3 1 3,95000 3.93253 ~0.00253% 0.06072
3 2 3.925000 3.,924979 0.00021 0.06124
4 1 5.03000 5.02888 0.00111 0.03627
4 2 5.03000 5.02893 0.00107 0.035660
S 01 5.03000 5.03568 ~0.00548 0.04439
5 2 5.03000 5.03494 ~0.00494 0.04473
& 1 5.03000 5.03515 ~0,00514 0.03G14
6 2 5.03000 5.,02251 0.00748 0.05041
7 1 6.07000 6.07145 ~0.,001465 0.03194
7 2 46.07000 46.06990 0.00010 0.03212
8 1 6.07000 6.07067 ~0.00067 0.03871
8 2 6.07000 4.06635 0.00364 0.03889
? 1 6.07000 6.07256 ~0.00256 0.04113
? 2 6.07000 4.08559 0.00441 0.04147

DIFF IN REST IN REG # 2= 5.1598CE-03 DRIFT= 4,6203E-02

COEFC 1)= 2.,8454575E+401 ASE3AZFE CONSTANT
COEF( 2)= ~1.4015057E+02 €Caar248C (LOG M1)1
COEF( 3)= 1.,110238%E+02 AZ7DEODAZL (LOG M1H2
COEFC  4)= -2.2013702E+00 C2B8CE34Q (LIN F1)1
COEFC( 35)= —5.0143704E-02 BCOTS37C (LIN FPLOZ
COEF( &)= 4,4451442E401 445B1CE4C (LOG M2)1
COEF( 7)= -2.5134802E-01 RFBOHOBO (LIN P231
COEF( 8)= —-4.5070044E-05 BR2EDOP98 (LIN F2)2
COEF{ 9)= 1,644974SE401 45839914 (1.OG M331
COEFC 10)= 2.3310022E4+00 42952F24 (LOG M3)2
COEF( 11)= &.9542344E~04 368469030 (LIN P31

COEF( 12)= 3.9434108E-06 2F845144 (LIN F3)2
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NE N THIK IN REG 2 CAL THIK DIFF DRIFT
11 0.05500 G, 05501 =0 00001 D.00027
i 2 0. 05500 0,05499 0.00001 D.00027
2 1 0.07100 0.07097 0.00003 Q.0002%
2 2 Q07100 0.07102 =0, 00002 0.00029
31 Q07700 G.O7679 G.00001 0. 00030
E 2 0. Q7700 D,07702 ~0,00002 0,00030
4 1 $,05200 0.05200 ~0. 00000 0.,0002%5
4 2 0.05200 0.0519% 0.00001 0.00025
5 1 G 064600 0.:.06602 =0. 00002 0,00026
o2 0. 06600 0.06599 0,00001 0.00026
& 1 C.07400 Q.07604 =0,00004 0.00027
46 2 0.07600 0.0759& 0.00004 0.00028
7 1 0. 05400 0.05397 0. 00003 0.00024
7 2 0.,05400 G. 05403 =0, 000G¢3 0.00024
8 1 0.06700 C.0H700 =0 D0000 0.0002%5
g 2 0. 08700 G,046697 0, 00001 . 00025
7 1 D.07200 G. 07199 0,00001 0.00026
¢ 2 0.07200 0,07200 =0,00000 0.,00024

DIFF TN THIK IN REG # = 2Z,0245E-035 DRIFT= 2.64700-~04

COEF( 1= 8.8487390E-02 ALBSALEC COMETANT
COEF( 2= 2,0%04753E-01 FEDIF7EC L0G Mid
COEF{ 3= 1.42780469E400 A1RLC260 (LOG MID2
COEFC 4= ~Z.3B03741E-02 BRC30010 (LIN F1OI
COEF( 8= ~1.4198927E~04 B4PAE2F4 (LIM P1)2
CUEF(. &)= 2.8B382785E-02 SBEBB304 (LOG M2)1
COEF( 7)== -~1.4312267E-01 REF2BECO (LOG M252
COEF( BY=  1,4970341E-03 FZDESGFOA (LIN F201
COEFC 9)=  F.1336294E-06 F0993CA4 (LIN P22
COEFC 10y=  1,0880194E~01 3DDBAERO (L.DG M3 1
COEFC 113=  1.,7173082E-02 3BBCAEYO (LOG M3)2
COEFC 12)=  T.6543486E-06 QFBDEBEAZC (LIN F3)1L
COEF ¢ 13)=  Z.2339054648-06 QEBAFERRE (LIN P2
MPONL L0 IN REG 3 CAL L.D. OIFF DRIFT
11 0,0112% G.01172 ~0.00047 0.000%
i 2 0. 01500 G. 01380 0.00120 0.00053
2 1 G.01125 0,01154 ~0,00031 0,00053
2 2 Q.01500 0.01491 0. 00009 0.00053
31 Q.01125 9,01161 G, 00024 000053
3 2 G, 01500 0.01518 ~0.00018 0.00053
4 1 G.01125 0., 01191 ~0.D006A 0.00053
4 2 0. 01500 0,01412 0. 00088 0.00053
5 1 0.01128 G,01260 =0, 00135 G.000853
4z 0.01500 Q.01577 =0 00077 G, 00053
5 1 0.01125 0. 01074 000051 0, 00053
& 2 0. 01500 G.01507 ~0,00007 0.00053
7 1 001125 0.01197 =0, 00072 00,0003
7 2 G.1500 0. 01441 0.,00059 0, 00053
g 1 Q. 01125 0.01134 =0 00009 0.00053
a 2 0.01500 Q.0L527 =0, Q0027 . 00053
7 1 0.01125 QG.01044 0.00081 0.006053
¢ 2 Q01500 0,01444 0.00056 0.00053%






APPENDIX C

PROGRAM RFLRDG

The functions of this program are described in earlier sectious

{pp. 3, 32). Table Cl describes editorial changes required before running

the program. Note that the RAD file size must be adjusted separately from

the program and must be compatible with the program storage requirements.

Table C2 contains step—by-step instructions for execution of the program.

The final section explains the construction and operation of the program.

Table Cl. Editorial Changes Preparatory to Running RFLRDG

Line(s) Action
40 Dimensions of NARRAY and VOLTS (NCHS, line 24) must be
compatible with oumbers and assignment of parallel input lines
of the minicomputer data acquisition interface.
4 1 Adjust array dimensions according to guide, lines 25-38.

60

62

63

{See p. 34 for critical size parameters of READNG array.)
Except for READNG the array size guide gives minimum array
dimensions.

Set file size according to guide, lines 53-58.

Input or output device parameters will depend oo resource
identification and allocation in the computer system used.
The value of NCHS must match value in array dimensions

(line 40).

Stored title -~ no change required.

95
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Table C2. Interactive Program Queries, Displays, and Operator
Responses Occurring During Execution of RLFRDG

Line | | QUERY? of DISPLAY or Rers.sg)onse
73 CALIBRATION DATA .

82 DATE (numeric) TIME (numeric)

84 TYPE IN THE FOLLOWING DATA AS REQUESTED

(Preparatory instruction - no direct response reguired.)
90 PROBE #:

Earer six-character alphanumerich for new probe in use or "OLD”
plus three blanks (spaces) if no change is desired.

ARE If "OLD" 1is entered queries from here to line 190 are skipped.
95 SERIAL #:
Enter integer serial number of probe in use.
98 DRIVER SERIES RESISTANCE:
Enter free format number for driver coil power oscillator series
resistance (&;) in ohms.
101 DRIVER SHUNT CAPACITANCE:
Enter free format number for (¢ in farads.
104 PLCK~UP SHUNT RESISTANCE:
Enter free format number for pickup amplifier input resistance
(Rg) in ohms.
107 PICK-UP SHUNT CAP:
Enter free format number for ; in farads.
110 CABLE I.D. #:
Enter six-character alphanumeric probe cable identification
number.
113 LENGTH OF CAEBLE:

Enter free format number for cable length in inches.
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Table C2., (Continued)

Line

QUERY 7 or DISPLAY or Response

116

119

122

128

131

134

137

144

CAPACTTANCE OF CABLE:

Enter free format number for capacitance of probe cable
in farads. :

EDDY-CURRENT INSTRUMENT #:

Enter six—character alphanumeric for instrument serial number.
POWER 0OSC I.D.:

Enter six—character alphanumeric oscillator serial number.

NO. OF FREQUENCIES

Enter integer for number of discrete frequencies to be used (NFT).
INPUT THE VALUE OF EACH FREQUENCY SEPARATED BY A SPACE:

Enter free format numbers for frequencies; separate with a space
or comma delimiter.

The number cf entries must equal NFT (line 129),
INPUT THE FOLLOWING DATA FOR EACH OF FREQUENCIES:
FREQUENCY: (number)..ss.ses{up to ten numbers)
PICK-UP AMP (EACH 6 CHARACTERS, NO SPACING):

Enter one six-chatacter alphanumeric identifier for each {regquency
{NFT total); no delimiters.

PHASE DETECTOR (HACH 6 CHARACTERS, NO SPACING):

Enter one six—character alpbanumeric identifier for each frequency
{NFT total); no delimiters.

180~DEG SW (OFF/ON) (EACH 3 CHARACTERS, NO SPACING):

Enter one three-character phase switch position for each frequency
{NFT total), "OFF” or "ON"; no delimiters.

[b = blank (space).]

TYPE # OF LIFT-OFF VALUES:

Fnter integer {(NLT).
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Table C2. (Continued)

Line

QUERYa or DISPLAY or Response

154

157

150

164

168

172

hkk

182

KXk

TYPE EACH LIFT-OFF VALUE SEPARATED BY A SPACE:

Enter free format numbers (total of NLT) equal to lifi~off values
in inches; space delimiters.

# OF RESISTIVITY VALUES:
Enter integer (NRES).
TYPE EACH RESISTIVITY VALUE SEPARATED BY A SPACE:

Fnter free format numbers (total NRES) equal to resistivity values
in yQ-cm; space delimiters.

TYPE # OF THICKNESS VALUES FOR RES (number)
Enter integer [NTH(I)].

TYPE (integer) THICKNESS VALUES, FKACH SEPARATED BY A SPACE, FOR
RHO (integer) = (number)

Enter free format numbers, as many as specified [NTH(I)], equal to
thickness values in inches.

# OF DEFECTS FOR FACH THICKNESS VALUEK:
(Number) (Number) .... {total of nine, maximum)

Enter an integer equal to the number of defects in each thickness
specimen for each (number) written; space delimiters.

The sequence from line 164 through line 172 will be repeated for
each resistivity value, total NRES (line 158).

FOR RES (number) THICK (number)
TYPE DEPTH, RADIUS, AND SIZE
DEFECT # (integer):

Enter free format numbers equal to required lengths in inches and
size in cubic inches. (See pp. 35-36 for definitions.)

If "OLD" was entered at line 91 (above), the display will now show
all of the old data on the instruments and calibration standards
that are stored in the RAD file.®

(No response required.)
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Table C2. (Continued)

Line QUERY? or DISPLAY or Response
If new data were entered control jumps to line 255 below.
233 LIFT-OFF VALUES (number) (number) ... {total of ten, maximum)
At this point the display pauses to allow the operator time to
read it. Entry of any real number, free format, will start the
display of the remaining data.
256 GAIN ADJUSTMENT:
258 TYPE SAMPLE {:
Enter integer assigned to calibration standard for gain
adjustment.
261 SET ON SAMPLE
# (integer) FQ (integer) = (number)...(Repeats NFT times)
268 (blank line)
The operator places the probe on the designated sample; the
CAL/OP switch on the instrument must be in the OPERATE position.
The reading is taken by depressing and releasing the foot pedal.
271 (number) (number)... (NFT numbers)
These numbers are overprinted on the blank line inserted at 268,
285 SET IN AIR
FQ (integer) = (number)... (repeats NFT times)
268 (blank line)
The operator removes the prdbe from any specimen (conductor) and
suspends it in air. The reading is taken by depressing and
releasing the foot pedal.
271 (number) (number)... (NFT numbers)
293 POWER AMP FQ (integer) = (number)... (repeats NFT times)
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Table C2. (Continued)

Line QUERY? or DISPLAY or Response

268 (blank line)

With the probe still in air a third set of readings is taken by
using the foot pedal as before.

271 (number) (number)ees (NFT numbers)
302 TYPE # OF PHASE CALIBRATIONS

Enter integer equal to number of phase steps to be used from
inpstrument's internal phase calibration network, typically 3.

305 # OF MAG CALIBRATIONS

Entey integer equal to the number of settings of the magnitude
control on the instrument's internal phase calibrator to be used
with each phase step, typically 2.

315 CALIBRATION READINGS

This message cues the operator to commence setting up the
calibration inputs. (No response.)

The data to be collected are the internal calibration data for the
instrument, generated by substituting the phase calibration
networks in place of the probe. Calibration must start with the
frequency listed as FREQ(1l) and proceed through FREQ(NPT); the
order of magnitude and phase steps is arbitrary but musf be kept
consistent. Readings are taken by depressing and releasing the
foot pedal.

327 +FQ (fnteger) = (number) PHA (integer) = (number)
MAG (integer) (number)

i

This display appears after each reading is made. (No response.)
The program loops are arranged so that magnitude settings are
cycled through their vange first, then through phase settings and
frequencies last.

343 Control shifts to statement with the current value of NSTATE.

(403) The program branches to the seguence for clearing the terminal
screen.
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Table C2. (Continued)

Line QUERY % or DISPLAY or Response
406 SAMPLE # = (integer) LIFT-0OFF = (number) THICKE = (number)
RHO = (number)
412 DEFECT # (integer) DEPTH = (number)  RADIUS = (number)
SIZE = (number)

416 PH (integer) MAG (integer)... (NFT repetitions)

420 (number) (number) ...
After the heading data are displayed (through line 237), veadings
arg made by depressing and releasing the foot pedal. Following
release the readings (line 432) are displaved.

432 PHASE {integer, integer, integer) = (number)
TMAG (integer, integer, integer) = (number)
The integer indices indicate lift-off increment (1), the sequence
number in the property set (LL), and the frequency (KK),
respectively. The line 432 display repeats for each frequency.
The sequence 387440 repeats throusgh all the possible specimen
and defect property and lift~off combinations.

* ke After the specimen readings are finished, execution returns to
line 313 (above) te repeat the internal calibration sequence,
313343 inclusive, then jumps to 448 {(below).

448 (integer) SETS OF READINGS HAVE BEEN MADE,
DO YOU WANT TO DELETE THE PREVIOUS SET OF READINGS?
Type Y or N.
Enter "Y" or "N".
If "N" is entered execution branches to line 460 and adds the new
data to the earlier data {(no display or response).
If "Y" is entered execution jumps directly to 480.
In either case the next interactive display occurs at 482,

482 DO YOU WANT TG (1) RE~DO THE CALIBRATIONS, (2) MAKE ANOTHER SET

OF READINGS, OR (3) STOP? TYPE 1, 2, OR 3:
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Table C2. (Continued)

Line QUERY? or DISPLAY or Response
Enter 1, 2, or 3.
If "1" is entered the program branches to the interaction at
line 313 (above).
If "2" is entered the branch is to the sequence leading to the
display at line 382 (above).
Tf "3" ig entered the branch is to a test for data acquisition,
which gives the warning at line 495 if no datum has been
acquired.
If any other character is entered the error message at line 487
occurs.
487 ERROR ON INPUT, ENTER AGAIN
After this message execution returns to 480 (above) and repeats.
495 NO READINGS HAVE BEEN SAVED; THEREFORE, PROGRAM WILL STOP WITHOUT

SAVING OR PRINTING ANYTHING.

If this warcning occurs the program will branch to line 692 and
stop execution. If this warning does not occur printout of data
both displayed earlier and read by the program will occur. Then
the program branches to line 692 and stops. (See p. 122 for
sample printouts.)

aQueries shown in all caps simulating the computer output display.
All alphanumerics may include blanks (spaces).

“Because of its length the representation of this display has been

omitted from the table. It contains all of the information entered in
lines 89-184 of this table, identified by labels.
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LISTING AND ANALYSIS OF RFLRDG

Program Tdentification

1 FROGRAM RFLRDG

Effective Revision Date

2 U 13 DECEMRER 19783

Description

T30

THIS PROGERAM READS MAGNITUDE AND FHASE DA&TH AT DIFFERENT
- FREQUENCTES FOR REFLECTION TYRFE COVTLE: USITNG THE PHAGE
SENSTTIVE INSTRUMENTY.,

NS U b
~

Variable Type Specifications

Normal integer—to-real conversion; double-precision array.

& REAL LTFET
4 REALXE TITLECD)
10 REALXS MNEFROBE S NCARLE , THSTHNO » POROSE » P LOKAM s FHATIETY

Arrays with Nonadjusted Dimensions

11 DIMENSTON TOAY E) » IVIMO3Y e IDY O3 o X T4

Variable Definitions

q
L <

1

14
1%
14
17
1.8
iy
20
21
22

]

MNDEF =MAXTMUM NUMBER OF DEFECTS FOR ANY SAHMPLE
MNT=MAXIMUM NUMBER OF THICKNESSES FOR ANY RESISTIVETY
NOCHE=NUMRER OF DATA DHANNELS IN DaTa ACQUISTITION SYSTEM
NFILTM=FILE LIMIT ON LINES IMN FILE 2%. THE IaTe FILE
NET=NUMEBER OF FREQUENCIES

ML T=NUMBER OF LIFTOFFS

MMGLAL =NUME OF MAGNITULE CALIBRATIONS

NFHCAL=NUMEER OF FHASE CALITBRRATIONS

NET=NUMBER OF FROFERT TOTAL NUMBER OF SAMPLESHOFFECTS
NRES=NUMBER OF RESTISTIVITIES

PG OON OO

—
[

i



Array Dimension Guide

25 ©

24 € DIMENSTON VOLTSONCHS)

25 € DIMENSTON FREQINFT) yFLOKAMONFT) s FHADET(NET) » FHABW (NFT)

26 C DIMENSTION DOMGCRONFT)Y » DUMGARONF T Y » DOCFHAR CNFT) y FOWAMF (NFT)

272 C DIMENSION LIFTONLT) s RHOCNRES) o THICK CNRES y MNT ) o NTHOMNT )

28 C NIMENSION DFREFT(N P MMT y MNDEF ) » IFRADONRES s MNT ¢ MNDEF D

2 C DIMENSION DFSIZE (NRES MNT o MNDEF) » MIEF (NRES» MNT)

30 C ODIMENSION FHASE (NLTyNFTyNFT) y THAGINL T yNFT o NFT)

31 C OIMENSTION SUMPHANLY yNFTyNFT) « SUMMAG (NLT s NFTyNF T

32 C DIMENSION SSPHANLT NFTyNFT) s SEMAGINLT s NFT » NFT)

33 C DIMENSION SDUFHACNLTyNFT o NFT) y SOUVMAGINLT o NFTeNFT)

34 C DIMENSTON SUMCPHONFT NFHCAL s NHGUAL) « SUMCMG (NF Ty NFHCAL « NMGCALD
35 € DIMENSION SSTFHINFT e NFHCAL » NMGCAL )Y » SSOMEG (NF T o NFHO AL s NMGCALD
36 C DIMENSTION SOVCFHONFT o NFHCAL f NMGCAL Y » SIVEMG (NF Ty NPFHEAL y NHGUAL )
37 DIMENSTION CALFPHAINFT s NFREAL s NMGCAL ) s CALMAG INF Ty NFHUAL » NMGEALD
3g C DIMENSION OLDFHCONFT» NFHCAL s NMGCAL ) » OLIMGO (NF T s NFHCAL s NMGCALD)
39 G

Array Dimension Declaratiomns

40 OIMENSTON VOLTE12)

41 DIMENSION FREQUAY sPICKAM(4) s FHADET (4) s FHASW (A)

42 DIMENSION DCMGCR(A) s DCMGAR(4) yDCFHAR(A) » FOWAMF (4)

42 DIMENSION LIFT(S) yRHOCE) s THICK (5,8 s NTH(8)

44 DIMENGSION DFDEFT(5,854) s IFRAD(S 28 4) s DFSTZE (S ,854) y NREF (G582

45 DIMENSION PHASE(S,40:4) y TMAG(S,4044)

44 DIMENSION SUMFHA(S,40:4) SUMMAG(S,40,4)

47 DIMENSION SSPHA(G,407,4) «SGMAG(G 407, 4)

48 DIMENGSION SDVFHA(S 40 4) : SHVMAG (TS, 404 4)

49 DIMENSION SUMCFHC(A,3y3) » SUMUMG Ay 303D

20 DIMENSTION SSCPFH(Ar3y 31, SSCMG A3y 3) v SIVEFH (A 330 v SHVUCHMG (A9 39 3)
a1 DIMENSTION CALFHACAyZ»3) v CALMAG Ay 3o 3) » DLOFHC (A 3o 3 » BLOMBE (A2 35 3D

File Sizing Guide

g2 C

33 Cxx¥CAUTIONK®KXRE SURE ENOUGH SFACE HAS N ALLOCATED ON RAL FILILE 2%
54 C FOR WRITING ALL THE RECORDS OUTPUT BY THIS PROGRAM. NUMBER OF
4% . RECORDS IN THIS DEFINE STATEMENT(NFILIM=FIRST & IN FOARENTHESES)
b . SHOULD EQUAL AT LEAST NFTINPHUALENFTT)Y FNRES (NTHLXMNDE &

57 G THE SECOND SHOULD BE AT LEAST 2 MORE THAN THE GREATEST OF THE
38 C FOLLOWING? 267 LTAXNF Ty BXNLT » 2KNRESKNTHI v 6XNTHLKMNDEF « SXKNMGCAL .
59 C

RAD File Assignment

&0 DEFINE FILE 25(200,40,Us IREC)
61 C
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Data Inditialization

See Table Cl for requirements.

42 DATA LOTAL2/ v LI/L/ s NCHG/ L2/ s LPT/76/ s NFLLIM /2007
&% DATA TITLE/CALIRRATION HATA’/» BLANRG/ 4
&4 O

Clearing Screen on CRT Terminal

The step sequence (lines 678-688) to which control jumps is unique to the

minicomputer in use.

&% G0 CLEAR TERMINAL SCREEN & RETURN HERE
LY I

&7 ASSIGN 10 T ISTATE

&8 GO TO 1806

4% ©

Printing of Output Heading

DATE and TIME subroutines are part of the minicomputer operating system.

70 C FORM FEED ON LFT FOR SUMMARY REFORT.
71 C PRINT TITLE AND DATE

72 C

73 10 WRITE (LOT.19) TITLE

74 15 FORMAT (1L X 248)

75 Call DATECIDAY)

74 CaLL TIME(ITIM)

77 IT=10AY (1)~1900

78 IDAY (1) =T0AY(2)

79 ITDAY (21 =1 DAY (3D

8o DAY (3y=IT

81 WRITELOT«20 o INAYITIM
22 20 FORMATCY DATE 7y 2012y 1H/ Y s L2y TIME 7 ¢2(I2p1HIM»I2)

Manual Entry of New Instrument aund Calibration Standard Data

See Table C2 for interactive responses.

Instrument Identification

83 WRITECLOT 25

84 25 FORMATC? TYFE IN THE FOLLOWING DATA AS REQUESTEI,. )
85 ANSWER=RLANKS

g6 O

87 ©C INFUT DESCRIFTION OF EXPERIMEMTAL AFFARATUS

88 C

=i WRITE(LOT 302

7?0 30 FORMATC(” PRORBE *#: /)

?1 READCL Ty 35)NPRORE

g2 35 FORMAT (A&)

?3 IF(NFROBELEG, “0LL Y GOTO 200
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74 WRITE.OT,40)

% 40 FORMAT (" SERIAL #: )

Fé READCL Iy X)NSER

?7 WRITE(LOT»45)

23 45 FORMAT(/ DRIVER SERIES RESISTANCE? )
79 REALCLI»%)RO

100 WRITEC(LOT»S50)

101 G0 FORMAT (" DRIVER SHUNT CAf: “

102 READCLI» X)) CAFDR

103 WRITECLDOT» %)

104 55 FORMAT(Y FICK-UF SHUNT RESTSTANCE? )
105 READ(CLIyXIR?

104 WRITE(LOT»60)

107 40 FORMAT (7 FICK-UP SHUNT CaF? -

108 READBCL Ty X)CAFFU

109 WRITECLOT»65)

110 45 FORMAT (7 CARLE L.D. #: ‘)

111 READCLI » 35)NCABLE

112 WRITE(LOT»70)

113 70 FORMATC(? LENGTH DF CARLE? ]

114 READCLI» %) CARLEL

115 WRITECLOT73)

116 75 FORMAT (7 CAPACTTANCE OF CARLES )

117 READLI» 3 COARLE

118 WRITE(LOT80)

119 80 FORMAT (- EDDY CURRENT INSTRUMENT #: )
120 REALCL.T»35) INSTNO

121 WRITEC(LOT,85)

122 85 FORMAT(’ FPOWER O0SC T.0.3 ")

123 REALCLI» 353FOUOSC

Frequency Channel Data

124 C

125 € INFUT FREQUENCY VALUES

126 ©

127 WRITE(LOTs 20>

128 90 FORMAT(’ NO. OF FREQUENCIES: /)

129 READCLI s X)INFY

130 WRITE(LOT,100)

131 100 FORMAT (/ INFUT THE VALUE 0OF EACH FREQ SEFARATED RY A SFACE!‘s/)
132 READL Ty %) (FREQ(I) s I=1sNFT)

133 WRITELOT,105)(FREQ(I) yI=1oNFT)

134 105 FORMAT(’ INPUT THE FOLLOWING DATA FOR EACH OF FREQUENCIES/s/»
135 ¥ / FREQUENCY ! »13Xy10(1FEL12.3))

134 WRITEGLOT»110)

137 110 FORMAT(’ FPICK-UF AMF (EACH & CHARACTERSs NO SFACE RETWEENY! /)
138 READC(LIy118) (PICKAMII) 9 I=1 s NFT)

139 115 FORMAT(10(A4)?

140 WRITE(LOT,120)

141 120 FORMAT(* PHASE DETECTOR (EACH 6 CHARACTERS:NO SFACING)S:’»/)
142 READC(LI»11G) (PHADET (L) » I=1 o NFT)

143 WRITE(LOTy 1253

144 125 FORMAT(’ 1BO-DEG SH(OFF/0N) (EACH 3 CHARACTERSyNO SPACING I’ s/)
145 READ(LIy130) (FHASW(IY yI=1sNFT)

144 130 FORMAT(10¢(A3))

Calibration Standard Properties

147 C N
142 C INPUYT FROPERTY VaALUES



149
150
151
152
153
154
193
156
187
158
159
160
161
162
1463
144
165
164
167
168
169
170
171
172
173
174
178
176
177
178
179
180
ig1
ig2
183
184
1835
186

165

170

175

160

18%

190

107

WRITECLOT,140)
FORMATCY TYPE % OF LIFT-0FF VALUES: "»/)
REATLCL T o XONLY
WRITE(LOT»150)

FORMAT( TYPE EACH LIFT-0FF VALUE SEPARATED BY & SPACE:! /)

READCLI» ¥ CLIFTCI) » Il o NLLT)
WRITE(LOT»155)

FORMAT (" # OF RESISTIVITY VUALUES: ')
READCLT » %) NRES

WRITEWOT»160)

FORMAT( TYFE EACH RESISTIVITY VALUE SEFARATEND BY A SPACEI »/)

READ(L I« XY {RHOCT) ¢ IT=1 o NRES)
Do 180 I=1.NRES
WRITE(LOTy LASIRHO(T)

FORMAT (7 TYFE # OF THICKNESS VALUES FOR RES “»/y1XsF10.4,2%)

READCLT k) NTHCI)

NTHI=NTH(I)

WRITE(LOT L700NTHCI) » s RHOCTD

FORMATC TYPE' 13y THICKNESS VALUES, EACH SEFARATED
/97 FOR RHOC s Tde )= e FQ,4,2X)

READCLI s ¥y (THICK (I vy o J=1yNTHI)

WRITECLOTy 178 (THICK(IsJ) s J=1 s NTHI)

BY

A SPACE,

FORMAT(” 4 OF DEFECTS FOR EACH THICKNEGS UVALUE! +/9F 10,44/

REAGCLI» kY (NIEF{(Is ) s d=l e NTHID)
CONTINUE

DO 190 I=1,NRES

NTHI=NTHCOT)

DO 190 J=1sNTHI

IFANDEF(Ty DER.0> GO TO 1720
NOTJ=NIEF (1 Jd)

[0 190 K=1.NUL.J

WRITE(.OT»185) RHOCI) s THICK (T s J) 9K

FORMAT (Y FOR RES " sFP.4¢ THICK “»FP.45/9° TYPFE LOCATs

X RADTIUS ¢ SIZE /¢ DEFECT #+12,°0 )

READLI v XODFNEFT(L e Je K s FRADCT v J» KDY » DFSTIE L Jo KD
CONTINUE
GO TO 400

Recovery of Existing Data from RAD File

If new data have been entered this section is skipped.

187
188
189
190
191
192
1693
194
195
196
197
1¢8
199
200
201
202
203
204
205
206
207

G
200

SECTION TO READ OLD DATA FROM FILE 25,

IREC=1

REAT(2S7IREC) TITLEIDYs 1M

READC2S TREC) NFROBE NGERsROsCAFLIRy R CAFFUSNLCABLE
CARLEL s CCARLE » INGTNO» FOROSE

READC2S TREC) NFT»NLTyNRES NPT« MGAMFL s NFHC AL » NMGCAL

REALD(25 IREC) ((FREQ(ID) yFICKAMUI) s FHADET (1) s FHASW (1) v
DOMGCROD) y BEMGAR (D) yFOWAMP (I ) s T=1 s NE T

READ(2S IREC) (LIFTU(I)»I=1sNLT)

ng 210 I=1¢NRES

READ(25 IREC) NTHI»RHOCI)

NTH(I)»=NTHI

READ(25 IRECY ((THICK(I« D+ NIEF(Ir ) s d=1sNTHD)

0 210 J=1sNTHI

NOTJ=NDEF(Iy. D)

IF(NDLJL.EQ.0) GO TO 210

REATICZS/ IREC) ((UFDEPT Iy JyRK) s FRAD(E v Jr KD s DIFSIZE(T s de K3 D ¢

K=1NDIJD
CONTINUE



108

Display of Recovered Data

The
the

208
209

READ instruction (line 234) allows a pause for the operator to read

full screen.

IF(IRECCEQ.NFILINY GO TO 1900

WRITECLOT»220) TITLE,IDY,ITH

FORMAT (1Xy2A8¢10Xy "UATE 7y 2CTI29 1H/ Do L25 00Xy " TIME 7y 20125 1H3 )5

12/7/7)

WRITECLOT»230) NFROREsNSER

FORMAT(/ FROBE NO.$! sAb6:5Xy’ SERIAL NOLI 152

WRITECLOT»235) ROyCAFDR

FORMAT(’ DRIVER SERIES RES.! sF10.1s5Xy "DRIVER SHUNT CAF. 17,
E12.4)

WRITECLOT240) R7sCAFFU

FORMAT (7 PICK~UP SHUNT RES.!‘F10.1s5Xy "FICK-UF SHUNT CAF.$7 e
E12.4)

WRITELOT»245) NCARLE,CARLEL yCCABLE

FORMATC(/ CARLE T I.NOL T/ »A6»5Xy "LENGTHD "y F10, 15Xy CAP. 1 yE12.4)

WRITECLOT,250) INSTNOFOMOSEC

FORMAT (/ EDDY CURRENT INST.NO.! »AQ&7 POWRER O0SC. LI, 1 9A8)

WRITE(LOT255) (FREQCI) »I=1sNFT)

FORMAT (1Xs /7y 10Xy "FREQUENCY (' » 10 (LPEL2,455X))

WRITE(LOTy260) (FICKAMCIY »T=1¢NFT)

FORMAT (7 FICK-UF AMP.I.D.07 57Xy 10(A6y9X))

WRITE(LOTy265%) (PHALET(I)yI=1yNFT)

FORMAT (7 FHASE DETEUTOR I.D.317s4X:100A6,9X))

WRITECLOT270) (FHASWCI) »yI=1sNFT)

FORMAT(/ 180 PHASE SWITCHI y8X»10(A3,12X))

WRITECLOT»275) (LIFTCI)yI=1sNLT)

FORMATCLXy/y 7 LIFT-0FF VALUES 93X« 10(F10,.5s5X))

READCLI» %) XYZ

Entering any real number rolls the screen and display continues.

235
236
237
238
239
240
241
242
243
244
245
244
247
248
249
250
251

280

3
jze]
4]

290
295

300

WRITE (LOT»280) } o
FORMAT(* FROF.NO, 7 s 86Xy ‘RESISTIVITY THICKNESS »5X ¢ 'DEF L LOCAT s
SXy CDEF JRADIUS »4Xy ‘DEF. STIZE’)

NF=1

DO 300 I=1i NRES

NTHI=NTH(I)

D0 300 J=1eNTHI

WRITE(LOT,285) NPyRHOCI) s THICK(Iy.D

FORMAT(3X s I394X s 2(F14.5))

NOI J=NDEF (Ir.0)

IF(NDIJ.EQ.0Y GO TO 300

po 295 K=1yNDIJ o .
WRITE(LOT»290) NFsRHO(I) s THICKC(Iy J) s DFDEFT (I JrK) s DFRADCIy J2 KD »
DFSYZEC(I»JeK)

FORMAT(3XrI394Xs5(F14.5))

CONMTINUE

NF=NF+1

Gain Adjustment

This is the first step in the calibration procedure (details on p. 43).
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1. The sequence starting at line 262 is entered with the foot pedal up,
and execution of 269-275 repeats until it is depressed. During pedal
depression execution progresses from 269 to 277, setting LAST = 1 and
repeating READAT until pedal release. After release READAT repeats one
last time and sets NRET. = 1, and execution jumps from 274 to 278,

resetting NRET = 0 and then to 279, incrementing NTIMES to L.

252 ¢

253 C GATN ADJUSTMENTY

254 C

255 400 WRITEOT 4200

2546 420 FORMATC GATN ADGUSTMENT )

287 WRITELOT 4307

258 430 FORMATC YYPE SaMPLE #17)

259 READCLT s XINSAMFL

260 WRITECLOT s 440 NSAMPL e (BLANKGy T FREGBCD) o D=l s NFT)
261 440 FORMAT (7 SET ON SamMbLE " /7" FOoaTL0r 0 ALy Ry Ty 7= g APEL2 430
262 NTIMES=0

263 ISTART=2

244 ITIMG=512

265 MRET=0

2446 450 LAST=0

247 WRITECLOT»460)

268 440 FORMATCLH )

2469 470 CALL READATIVOLYSyNCHE » TTIMS y NRET)

270 MAXFRE=AK(NFT-104+T5TART

2 WRITE(LOT «420) (VOLTESCL) p L= TSTART » MAXEFRE 247
272 4%0 FORMATCOIH+» 19X 100F 7. 40X

273 TFANTIMES . EQ.2Y GO TO G910

274 IFCLAST.EQ. 1) GO TO %500

275 IFQUOLTSOL2) L, 6GE. 2.0 GO TO 470

274 LAST=1

277 G0 TO 477G

278 500 NRET=0

279 510 NTIMES=NTIMESH]

2. Execution returns from 286 to 266, resetting LAST = 0, and the
sequence (1) above is repeated, incrementing NTIMES to 2. Then execution
jumps to 294, changlang ISTART to 3, which, in turn, changes the voltages
displaved. [When ISTART = 2 those channels (2,6,10) carrying the output
(pickup) voltage magnitude are printed or displayed; when ISTART = 3
channels (3,7,11) carrying the power oscillator voltage amplitudes are

displayed. ]

280 ITFINTIMES.GE.2) GO TO 940
281 1o S26 I=3sNFT

282 DEEE SN E ¢

283 520 DEHMGCRCI)=VOLTE D)

284 WRITE(LOT»S30) (BLAMKE» Lo FREQCI) ¢ T2l o NFTH



110

285 530 FORMATC, SET IM ATR 7 «2Xy100ALy “FO v Tl 7= w LPEL2 440 ) )
286 GO TO 450

287 540 IFINTIMES.GE. 3 GO T 570

288 N0 S50 Is=1aNFT

289 Sk (T -1 )42

290 DCFPHARCE) =VOLTS (-1

291 556 DCMGAR (D) =VOLTE D)

2932 WRITE(LOT 5600 (BLANKSy LyFREQCOI) « I=1«NFT)

293 540 FORMAT (" FPOMER aMP “»3Xs 1001y "FQ 7y I1y ="y 1FEL2,4))
294 ISTART=3

The value of NTIMES increments each time the pedal is depressed and
released to control the sequential use of the readings taken. Values of
NRET and LAST change state to ensure that only one execution of READAT
occurs, and only one complete set of readings is taken aand returned to the

main program each time the pedal is depressed and released.

The DCMGCB stores voltages from the output magnitude channels taken with
the probe on the specimen producing the largest magonitude (step 1 of
calibration). The DCPHAR and DCMGAR store voltages from output magnitude
and phase channels taken with the probe in air. The POWAMP stores
volitages from channels carrying the power oscillator voltages at each of

the frequencies.

Here, and each time the READAT subroutine is used, it is followed by a
loop that converts the analog—~digital converter counts in the NARRAY
array to a voltage. For the acquisition systewm used with this program,

8192 counts equal 10.000 V.

(See p. 172 for READAT subroutine; see Table C2 for operator imstructions.)

275 GO TO 450

2946 570 CONTINUE

297 N0 580 I=1,NFT
2598 J=ARLT-1343

299 FORAME (L) =L0LTS ()

300 580 CONTINUE
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Internal Calibration Readings

The numbers of phase and magnitude calibration points to be used are
selected. The ASSIGN statement sets up branching for other parts of the

program (line 343).

301 WRITE(LOTS90)

362 590 FORMAT . TYFE # 0OF FHASE CALIRRATIONGT:
103 READ(LTI k) NFHCAL

304 WRITE(LOT»400)

305 600 FORMATC( # OF MAG CALIBRATIONSI )

304 READCLY » X)) NMGCAL

307 ASSIGN 720 TO NSTATE

The phase and magnitude calibration readings are loaded into CALPHA and
CAIMAG arrays, the older contents of which were first loaded into the
OLUPHC and OLDMGC arrays. (Zach time this internal calibration section is
used, the transfer from CAL to OLD is made. Thus, the calibratiocns
preceding and following any set of external readings are always available.)
For all these arrays the indices are: 1 = frequency, J = the phase

calibration point, and K = the magnitude calibration point.

308 C

209 € THIS SECTION TAKES THE CALIBRATION READINGS. CONTROL I8 RETURNELD
3i0 C TO SOME SECTION OF THE FROGRAM ACCORDING TO THE CURRENT
3ii C VALUE OF THE VARIABLE, NBTATE (STATEMENT NO. UALUEY.
32 o

313 410 ANSWER=RL ANKS

314 430 WRITE(LDTrb46)

315 640 FORMATC(” CALTBRATION READINGSE: "}

316 NFHCH=1

317 NMGBCH=NFHCH+1

318 ITIMS=513

319 NRET=0

320 N0 710 I=1sNFT

321 B0 700 J=1yNFHCAL

322 DD 670 K=1yNMGTAL

323 LAST=0

324 WRITE(LOT»460)

25 450 Catl REATAT(VOLTSy NOCHS ITIMS s NRET)

324 WRITE(LOT&70) LyFREQCL) s Jy VOLTEINPHCH) Ko VOL TS (NMBCHD

327 A70 FORMATC HFR 75 T4 =/ 1PEL2. 37 PHA 7211y = 0PF9.4+7 MAG ‘511»
328 i T FG.4)

329 IF(LAST.EQ. 1 GO TO 480

330 IFVOLTS(I2).6E.2.) GO TO 650
RN LAST=1

3a2 GO TO 650

333 &80 NRET=0

334 OLOFHC (L s o KO =CALFHACI s Js KD
335 DLOMGC AL » J2 K =DALMAG(T JsK)

334 CALFHACT » Jo KD =VOLTS(NFHCH?
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337 CALMAG( Ty Jy KD =VOLTS (NMGCH)

338 690 CONTINLUE

339 700 CONTINUE

3490 NFHCH=NFHCH A

341 NHGOCH=NFHCH+ 1

342 710 CONTINUE

343 G0 TO NSTATE

344 O

%45  C END OF SECTION WHICH TAKES CALIBRATION READINGS

Readings from Standards

The total number of property sets equals the number
sets, NRES*NTHI, plus the number of combinations of

with defect properties,

NRES NTHI

NRES*NTHI + 2 2 NDEF (Z,7)

=1 j-1

of conductor property

conductor propetcties

(Additional array dimensions are added below to accommodate 1ift-cff.)

3446 C

347 € ZERO ARRAYS THaT WILL CONTAIN SUMS OF THE FHASE
348 C SUME OF CALIBRATION READINGSs AND SUMS OF
349

350 720 MEET=0

351 NFT=0

352 D 730 I=1.NRES

353 NTHI=NTH(I)

354 N0 730 J=1syNTHI

355 NFT=NFTHLANDEF(Iy.0)

356 730 CONTINUIE

The stovage arrays are initialized. The SUM arrays

phase or magnitude readings. The 58S arrays coutain

of these same readings.

357 ng 750 KK=1¢NFT
3a8 00 750 LL=1sNFT
359 D0 750 I=1yNLT

340 SUMPHACT s LLyRKK) =0,
341 SUMMAG (I »LLyKK) =0,
362 SEFHAC(I s LLLyKK) =0,
363 SSHAG(I s Ly KK) =0,
364 730 CONT INUE

SRUARES (F

& MAG READINGS

EACH

contain sums of the

the sums of squares
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Arrays for the internal calibration readings are also provided.

&% DO 760 I=1+NFT
366 o 7460 J=1sNFHCAL
3867 no 7460 K=1NMGCAL
348 SUMCFH(Iy JyK)=0,
349 SUMCMGC(Ty JrK}I=0,
370 SSCFH(T» Js KD =0,
371 SSCMG(TrJyK)=0,

372 760 CONTINUE

The operator selects the next operation (see Table (C2).

373 WRITECLOTS770)

324 770 FORMAT(’ SWITCH TO OFERATE AN ANSWER Y IF YOU ARE REANDY T0's/»
378 ¥/TARE THE FIRST GET OF READINGS,N OTHERWISE 77

376 ANSWER=RLANKS

377 READCLI»1020) ANSWER

378 IF (ANSHWER.EQ. ‘N ‘) GO TO 1140

Loops are constructed to number specimens according to resistivity (HRES),

thickness (NTHL), and lift-off (NLT) steps. For those conductors con-—

tainiong defects, the basic loops are expanded to provide additional

numbers (NDLK).

37¢ C

380 T THIS SECTION TAKES THE ACTUAL FHASE & MAGNITUDE DATA READINGS
3B1 C

382 780 ANSWER=BLANKS

3a3 800 ITIMS=5G12

384 NCOUNT=0

385 NRET=0

igés LL=1

387 0o 990 L=1»NRES

288 NTHL=NTH{L)

389 no 280 K=1yNTHL

390 o J=l

Iei IF (NDEF(L,K).EQR.0) GO TO 805
392 NDLK=1+NDEF (L. sK)

323 Do 70 M=1,yNDLK

394 805 PO 960 I=1¢NLT

A sample number 1is generated from the loop indicese.

395 ISANFL=IX1000+Jk100+KX10+L
394 IF (NDEF(L K)LEG.,0) ISAMPL=I1X10004+Kk10+L
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The CRT screen is cleared. The NCOUNT value test prevents clearing the

screen on each pass through the loop.

397 IF{NCOUNT.NEL.O) GO TO 810

398 C

392 © GO LLEAR TERMINAL SCREEN & RETURN HERE
400 C

401 NCOUNT=1

402 ASSIGN 8106 TO ISTATE

403 GO TO 1800

404 C

Conductor properties and sample (standard) identification are displayed

first.

405 810 WRITELOVy82O) ISAMPLYLIFT(I) » THICK (L s K) y RMO (L)

406 820 FORMATCLIHL, "SAMPLE #5735 T4+¢ 7 LIFT=0FF='sF9, 4,7 THICK=",
407 X F9,457 RHO=sF9.4)

If the conductors contain defects, their properties are displayed.

408 IF(NDEF (LyK)JEQ.O) GO TO 850

409 IFCI.EQ.1) GO TO 850

410 MOF=M-1

411 WRITECLOT »830)HIF s DFDEFT (L y Ky MOF) y DIFRADCL y Ky MOF > s BF S TZE (Lo Ky MDIF)
412 830 FORMAT(3Xy "DEFECT #7512 3Xy "LOCAT="yFB. 53Xy ‘RADIUS=/ s FB, 5y

413 ® 3Xy'SIZE=",F8.5)

If an automatic calibration module is not used, the instrumeat must be
switched from CALIBRATE to OPERATE mode. The foot switch is depressed and
released to take each set of readings. [Limits and controls on the sub-
routine are as before (see lines 318-325).] The readings are displayed,

as taken, below the headings generated at line 416 (see Table C2).

414 850 HAXCH=AX{NFT-1)+1

415G WRITE(LOY y840) (BLANKS»TTy 11y II=1sNFT)

4146 860 FORMAT(10(A1: "FHC »T1y ) sbXy’ MAGC s T1y7) s0X))
417 WRITE(LOT,A460)

418 LAST=0

419 870 CALL READAT(VOLTSsNCHSs ITIMGsNRET)

420 WREITE(LOT»820) ((VOLTSCJ) fVOLTS(JJ41) ) 9 0d=1 MAXCH S 4)
4231 890 FORMAT(IH+,10(FP.451X))

422 IF(LAST.EQ.1) GO T0O %00

423 IF(UOLTSEC12).6E.2,) 6O T0O 870

424 LAST=1

4325 GO TO 870

426 9090 NRET=0
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The readings are redisplayed, with identification of lift-off increment,

combined property set sequence number, and frequency (see Table C2).

427

428

429

430

431

432 930
433 1
434 950
435 960

00 950 KK=1sNFT

NNEEE SESCS DE 3]

PHASEC(TI yLLyKK) =VOLTS (1))

THAG(I s LL sy KK =VOLTS I+

WRITE(LOT» 930 T2 LL KKy VOLTSC 0D » Tol Lo KKy VOLTS (041D

FORMAT(! FPHASEC 211 9/ 2125 2 s ldy ¥’ ¢ FlO 52Xy
CTHAGC pXde 7o " I2s e " Xdle /)=’y F10,5)

CONTINUE

CONTINUE

The combined property set sequence (LL) and conductor property set

sequence (J) nunbers are incremented and the loops closed.

434
437
438 970
439 980
440 990

NN

Li=LL4+1
CONTINUE

CONTINUE
CONTINUE

Internal Calibration Recheck

The aumber of readings from the standards is counted and a flag (NSTATE)

is set to jump execution out of the reading loop after the second set of

internal calibration readings is made {see line 343). Execution returns
to line 313.

441
442
443

The user is
just taken.
decremented

below)., If

MSET=MSET+1
ASHIGN 1000 TO NETATE
GO TO 410

queried to determine whether to save or delete the readings
If deletion is selected the count of readings sets taken is
and execution jumps to an action selection (see line 480

retention is selected execution jumps to filing steps

(immediately below).

444 C

445 C END
444 C

447 1000
448 1010
449 1
450 2

OF & SET OF READINGS. ASK USER IF HE WANTS TD DELETE THIS BET.

WRITE(LOT, 1010 MSET

FORMAT(1IH +15y° SET(S8) UF READINGS HAVE BEEN MaDE., '/
CD0 YOU WANT TO DELETE THE PREVIOUS SET OF READINGS?
‘TYFE Y DR NI‘)
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451 ANSUWER=RBLANKS

452 READCLI»1020)ANSUER

453% 1020 FORMAT(AL)

454 IF CANSHER.EQ.'N ) GO TO 1030
455 MOET=MSET -1

456 GO TO 1140

File Storage of Collected Data

When the first complete set of readings, internal and external, is com~
pleted and selected for retention, the first set of internal calibration
readings, ia OLD._.C arrays, is added to the storage arrays SUMC and SSC, and
the external standardization readings., in PHASE and TMAG arrays, are added
to the stocage arrays SUM and SS. The second set of internal calibration
readings is held in the CAL arrays and is either fransferred to the OLD
arrays if another set of external readings is made or added to the storage

arrays if the STOP sequence is selected (line 483).

A57 C

458 £ ADD NEW CURRENT SET OF READINGS TO SUM OF FREVIOUS SETS
459 @

440 1030 ANSHWER=RLANKS

461 105G [0 1080 I=1¢NFT

442 00 1080 J=1sNFHCAL

463 00 1080 K=1yNMGCAL

454 SUMCFH(T » Je K)=8UMCFH (T v Jy KD HOLDFHE (L s Jo KD

465 SUMCRHEG (T » JyK) =SUMCMG (T » Jy KD HOLUMEC (15 Jy KD

Abb SECPHTy sy KD =SSCFH(Ty Jy KO HOLIDFPHC (T v Jy KD KOLDFHCCT v Jo KD
ALT7 SECHG (I v Jri)=8BCMG( Y s Jy KD HOLIMGC (T v Jy KD XOLOMGC (T 5 JyK)

448 1080 CONTINUE
459 1100 D0 1130 KK=1sNFT

470 [0 1130 LL=1sNFT

471 N0 1130 I=1sNLT

472 SUMPHA(T yLL yKK) =SUMPHAC(T yLLy KK)YHPHASE (I 911 s KK)

473 SUMMAG (T »LL y KK) =8UMMAG (T s LL s KKY+THAGC( I s LLLy KK

474 SGPHAC(IyLLyRK)=G8PHACT v LL s KK HFHASE (T 1 Ly KK) XFHASE (T sLLyKK)
475 SOMAG(TI»LLyRRK)=88MAG(TIsLLyKKI+THAGI Iy LI yKEDKTHAGCI»L Ly KK

4746 1130 CONTINUE

Action Selection

The operator can repeat the calibration, take another set of external
readings, or stop. Unrecognized entries do not jump execution, and an

error message results.

477 C
478 C PROMFT USER AROUY WHAT HE WANTS TO DO NEXT
A7y C

480 1140 ANSWER=ELANKS
481 WRITE(LOT»1150)
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482 1150 FORMAT (Y DO YOU WANT TO (1) RE-DD THE CALIERATIONS, 7/

483 X7 (2) MAKE ANOTHER SET OF READINGS, DR (3) STOFT TYPE 1,2,0R 307)
484 READCL T s X INEXT

A85 GO TO (410+s78B0,1470) v NEXT

484 WRITECLOT»1160)

487 1160 FORMAT(” ERROR ON INFUT, ENTER ABAIN. ')

438 GO TO 1140

Statement 1170 determines whether external readings were taken and selected
for retention. 1If so, execution jumps to the next retention step.
Otherwise, a status message is displayed and execution jumps to the STOP

instruction.

a8y U

490 C BEFORE STOPPING: ADD FINAL SET OF CALIBRRATION READINGS TO CUMULATIVE
491 C SUM & CALCULATE AVERAGES & STANDARD DEVIATIONS

492 € ‘

493 1170 IF(MSET.GE, 1) GO TO 1190

494 WRITEC(LOT,1180)

A49% 1180 FORMATC(” NO READINGS HAVE BEEN SAVED: THEREFUORE, FROGRAM WILL “/
4964 1 7 STOP WITHOUT SAVING OR FRINTING ANYTHING. )

427 GO TO 2000

Continuation of File Storage

The final sets of internal calibration data are added to the storage arrays

{SUMC and SSC) from the CAL arrays.

498 1190 D0 1200 I=1yNFT

a2 0 1200 J=1,NPHCAL

500 00 1200 K=1,NMGCAL

501 SUMCPH(Ls JsK)=SUMCFH(Tr Jy KD +CALFHAC(L s oK),

502 SUMCMG( Iy Je K =SUMCMG (T s Jo RKIFTALMAGT » Sy KD

503 SECPH{TI vy JyKI=SSCPH T+ Je RIHCALPHAC(TI » Jr K)XCALFHAC(I vy Jp KD
504 SSCHG (I » Sy K)=GSCMG( T » Jr KD HCALMAG(T v Js KD XCALMAG (T v Jr KD

505 1200 CONTINUE

The wmeans of the internal calibration readings are computed and stored in
the SUMC arrays. Standard deviations are computed and stored in the SDVC
arrays. (Note that there is one more set of internal calibration readings

than external standardization readings because of the initial set taken.)

504 L0 1250 I=1,NFT

507 0o 1250 J=1.NPHCAL

508 ng 1250 K=1NMGCAL

509 BUMCPHT » Jr RKI=BUMCFH(I s Je KD /(FLOAT(MSETH1))
510 SUMCMG(I» JyK)=8UMCMG(I» Jr KD /A (FLOAT(MSET41))

11 SHVCPHC(T » Jo R =BART( (SSCPH( I r Jr KI)~SUMCPH (T » Sy K)XSUMEPH( Ty J¢ KD
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512 1 RFLOAT(MSETHL )Y /FLOAT(MSET))

513 SDHUCHG (T JyKI=SART((SSCMG (T v Jy K) ~SUMCHG ( Ty Jo KIXKSUMOMG (T 9 Jy K)
H14 1 X¥FLOAT(HSET+1) ) /FL.OAT (MEE

515 1250 CONTINUE

Means of the external standardization readings are computed and stored back

in the SUM arrays. Standard deviations are computed and storad in the SOV

arrays.
%146 C

G917 € CALCULATE AVERAGES & STANDARD DEVIATIONS OF READINGS

518 C

Si9 00 1290 KK=1¢NFT

G20 ng 1290 LL=1sNFT

521 00 1290 I=1sNLT

522 SUMFHACLIyLL s KK)=SUMFHA (T o Ly KKDY Z/(FLOAT(HEET))

523 SUMMAG( Ty LL yKK) =SUMMAG (Y » LL« KK /(FLOATI(MEET ) )

G24 SOUEHACT L y KK)=5RRT ((SEPHA(T y LLy KK) —~SUMFHACT s LL s KK
525 1 KSUMFHACT yLL y KK)XFLOATI(MBET) ) /FLOAT(MSET-1))
526 SOHUMAG I LL sy KK)=SART ((SSMAG (T »LL y KK) ~SUMMAG( Iy LL y KK
527 1 RGUMMAG (T s LL s KKOXFLOAT (MESET) ) /FLOAT (MSET~1))

528 1290 CONTINUE

Instrument identification, control parameters, conductor and defect prop-

erties, and all calibration and standardization data are sitored on the file

disc.

329 C

530 € STORE ALL INFORMATION IN DIRECT ACCESS FILE €25 ON [DISK

531 C

532 IREC=1

533 MRITE(2S57IREC) TITLE»TIDAY»ITIM

534 WRITE(2S5IRECINFROBE »NSERyROsCOFDR SRy CAFPUYNCARLE s CABLEL »
335 LS CCABLEy INSTNGyPOUOSC

336 WRITE(25/IREC)Y NETsMLTyNRESs NPT NSAMPL s NFHCAL s NMGCAL.

537 WRITE(25/IRECS ((FREQUI) »PICKAMII) yFHARET(I) ¢ FHASW (L) »

538 ® DUHGCR(I) »LOMGARCI) »POWAMF (I )y L1y NFT)

539 URITE(Z2S IRELC) (LIFTCI)yI=1sNLT?

5490 o 1300 I=1sNRES

G541 NTHI=NTHC(I)

942 WEITE(25/IREC) NTHIYRHO(D)

542 WRITE(ZS IREC) ((THICK(Iy )y NOEF (L. 1))y d=1+NTHI)

LY} DO 1300 J=1yNTHI

545 NOTJ=NDEF (I, J)

544 IF(NDT.).EQG.O0) GO TO 1300

547 WRITE(2SIREC) ((OFDEFT(L e JrK) yDFRADC(I » JeK) p OFSIZE(TI s JsK) )
548 ¥K=1;NDT..

547 1300 CONTINUE

S50 o0 1310 I=1eNFT

551 DO 1310 =1y NFHCAL

352 UWRITE(ZS IRECY ((SUNMCPH(I > JryK) ySUMEMG (T v JyK) ySTUVCFHC(I vy Jy KDy
553 ASOVCHG (I s 0y K) )y K=1y NMGCAL)D

554 1310 CONTINUE

358 N0 1320 K=1sNFT

556 00 1320 J=1+NFT

557 MRITEAZ25 IREC) ((SUNFHA(T » J» K) » SUMMAG(T » J» KD » SIVFHACT »y J9 KD »
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558 ASDUMAGC(Ty e b)) 3y IT=1yNLT)

559 1320 CONTINUE

560 IFCIRECEQ.NFILIMY GO TO 1900
85461 C

542 € END OF SECTION WHICH WRITES DIRECT ACCESS FILE

Printout of Final Results of Program Run

This summary duplicates data stored on the disc, except for explanatory

headings that are inserted. {See p. 122 for sample outputs.)

Spacing and Heading

553  © PRINT SUMMARY OF JOR STATISTICS ON LPT

544 [

565 WRITECLFT»1335)

G466 1335 FORMAT(1HL,20X)

567 WRITE(LFTy1340) TITLE»IDAY»ITIM

568 1340 FORMATCOIXZA8: 10X, "DATE v 2(12+ 1N/ D2 I2010Xs “TIME s 2(L2vIHI) »
569 1 1277

Probe and Instrument Identifiers and Characteristics

570 WRITE(LFT,135%0) NPROBENSER
571 1350 FORMAT(’ PROBE NO. !/ eA6y5Xs7 SERITAL NOL 7515

572 WRITE(LFTy13460) RO»(AFUR

573 1340 FORMATL DRIVER SERIES RESTSTANCE: 7 sF 10,1 vS%y ‘ORIVER SHUNT CAF.I7s
573 1 El2.4)

57 WRITE(LPTS1370) RY:CAFPFU

5746 1370 FORMAT (Y PFICK-UP SHUNT RESISTANCE ! sF10,Ls5Xy "FICK-UF SHUNT COF,1*
577 1 vE12.4)

578 WRITE(LFT»13301 NCARLE,CARLEL s CCARLE

579 1380 FORMAT( CABLE T.0. NOLI7sA&sSXs TLENGTHS " vF10, 15X 0OBF 17 s

EB0O 1 F12.4) '

581 WRITE(LPT, 13200 INSTNO

582 1390 FORMAT(’ ENRY CURRENT INSTRUMENT NO.?!‘sA4)

583 WRITE(LFT»1400) FOWOSC

584 1400 FORMAT(’ FOWER QS0 T.01.7+A6)

585 WRITE(LFT,1430) (FRED(I) »T=1oNFT)

584 1410 FORMAT(LHO» 10X,y "FRERQUENCY: s 10CIPELZ 4y 5X))
587 WRITE(LFT:1420) (PICKAMCI I »I=1eNFT)

588 1420 FORMAT (Y PICK~UF A&MP 1.0.3 97Xy 100A659X))
589 WRITECLFT»1430) (PHADET(I)yT=1yNFT)

590 1430 FORMAT(” FHASE DETECTOR T.0.5778Xs100A49X) 0
591 WRITELFT1440) (FHASW(IYs I=1eNFT)

5392 1440 FORMAT(Y 180 FHASE SWITCHI »6X,10(A3-10X5)

Lift~0ff Values and Conductor Properties

593 WRITE(LFT 1450y (LIFT(I)yI=1l,ynNLT) o
S04 1450 FORMATCIHO, “LIFT-OFF VALLES «3X100F10.5,5X))
595 WRITE(LFT,1440)

Y

594 1440 FORMATCY PROF (NG, 56Xy "RESISTIVITY THIGEMESS « AXy / DEF  LOCATIOM



597
598
599
4600
401
502
4503

1470

120

X¥3Xy ‘DEF  RADIUS vy 4Xy "HEF . STZE)

NF=1

00 1500 I=1:NRES

NTHI=NTH(D)

0o 1500 J=1sNTHI

WRITE(LFT»1470) NF;RHOCI) » THICKC(I» )
FORMAT(ZIX e I3,4X»2(F14,5))

Defect Properties

604

605
406

607

4608
609

IF(NDEF Iy 1) JER.O) GO TO 1500

NLOT J=NOEF (Iy.0)

[0 1500 K=1:NIITJ
WRITE(LFTy14B0INPyRHOCI) s THICK Iy D)y DFLDEFT (X s Jo K) s OFRADCT s JyK) »

XODFSIZE(L s J9K)

1480 FORMAT(3XyI3,4X,5(F14.5))

Internal Calibration

610
611
612
613
614
615
614
617
418
619
620
621
622
623
624
A2%
626
627
528
&29
430
431
632

NF=NF+1

WRITE(LFT,1510)

FORMAT (1HO, “GAIN ADJUSTMENT: )

WRITE(LFT,1520) NSAMFLy (ICHGCE(I) s I=1yNFT)

FORMAT(’ SET ON SAMFLE #37+I10+5Xs I 0. MAGS“»10(F10.525X))
MRITECLFT,1530) (DCHGARCI) yI=1sNFT)

FORMAT(’ SET IN AIR’,21X,’D.C, MAG!’s10(F10.5,5X))
WRITE(LPT,1540) (POWAMF(1)s1=1,NFT)

FORMAT(’ FOMER AMP’»31Xr10(F10.555X))

WRITECLFT,1550) NFHCAL rNMGCAL

FORMAT(1HO»’ AVERAGES & STANDARD DEVIATIONS OF CALIERATION *»
1 ‘READINGS: rI3s/ FHA’ I3y’ HAG/)

WRITE(LFTs1560) (FREQ(I),I=1,NFT)

FORMAT (3(10X,1PE12,4))

WRITE(LFTs1570) C(BLANKS) sKK=1sNFT)

FORMAT (8Xs3(A1r PHA’ 18Xy "MAG’ 17X))

D0 1600 J=1;NFHCAL

IO 1600 K=1,NMGCAL

WRITE(LFT,460)

WRITE(LFTy1580) C (RLANKSs SUMCEFH(IyJyK) y SUMCMG (T JoK) )y I=1 5 NFT)
FORMAT(SXr3(A1:F10.5 sF10.5))

WRITECLPTy1590) CCRLANKS s SIVCFH (T .5 K) 5 STIVCHG Ty JoK) ) s I=15NFT)
FORMAT(/ 8.0,/ r3(A1,F10.5, F10.5))

External Standardization

The jump statement bypasses execution of the following section (at state-

ment 1800), which functions as a subroutioe.

633
634
635
636
437
638

1600

1610

1620

CONTINUE

WRITE(LPT»1610) MSET

FORMAT (1HOy/ AVERAGES % STANDARD DEVIATIONS OF “,I%5y7 SETS OF 7,
'READINGS’ /)

WRITE(LFTs1620) (FREQ(I)yT=1yNFT)

FORMAT (3X s 3(9Xs1FELR2,4))



639 WRITECLET,440)

540 Ll=1

s61 N0 1740 L=1,NRES

42 WRITE(LFTyY1630) RHOCL)

443 1630 FORMAT(’ RESISTIVITY  s2XsF10.5)
444 NTHL=NTH (L)

445 DO 1730 K=1,MTHL

646 WRITECLFT»14640) THICK(L yK)
647 1640 FORMAT(’ THICKNESS y4XyF10.5)
648 TF(NDEF (LK) ER.0) GO TO 1480
549 NOLK=1+NIOEF (LK)

650 00 1730 M=1,NOLK

651 IF(M.B6T.1) GO TO 1660

552 WRITE(LFT,1650)

53 14650 FORMAT(“ NO DEFECT)

654 GO TO 1680

635 1680 WRITELLFT»1870)DFIERT(LsRKsM~1) e IFRANCL oKy M~1) y IFSIZE(L v Ky M~1)
456 1470  FORMAT( UFLOCAT='yF11.5:3Xs "UFRADIUS="yF8,5y* DFSIZE=’yFB.S)
&57 1680 WRITE(LFTs1690) {((BLANKS) »KK=1yNFT) ‘

658 1690  FORMAT (Y LIFT-DFF’4Xs3(Als "FHA s 7Xs "MAG 1 6X))

459 L0 1720 I=1sNLT

560 WRITE(LFPT1700)LIFTII) s ((SUMPHACT s LL s KK) s SUMMAGC(IyLLYKKY )y
661 1 KK=12NFT)

&&62 1700 FORMAT( FL0.5.3( F10.5y F10.5))

463 WRITE(LFT,1710) C(SIVPHACT LL s KK ¢+ SOUMAGCT s LL s KK) Y s KK=1 s NFT)

&4 1710 FORMAT(SXs'5.01.753( F10.5y F10.5))
465 1720  CONTINUE

466 Li=LL+1
b67 WRITE(LFT-4460)

6468 1730  CONTINUE
469 1740  CONTINUE

670 GO TO 2000

671 €

4672 € END OF SECTION WHICH WRITES SUMMARY REFORT ON LFT
473 C )

Clearing the CRT Screen

The assembler code used has some features unique to the minicomputer on

which the programs were run.

474 O

475 © THIS SECTIDN OF ASSEMBLER CODE I35 NECESSORY IN ORDER TO CLEAR

&76 O THE SCREEN OF THE TERMINAL.

&77 G

678 1800 CONTINUE

&79 INLINE

680 LOIs4 #0014 LOAD SUB(ERASE SCREEN) IN REG 4

481 LDIed #4002 LOAD 4000 + CHANNEL OFFSET INTO REG 1.

482 0ce,1.8 SELECT CH 02

683 LDT»3 #8014 LOAD REG 3 WITH NO PARITY.BIDATA BITS 1 STOF
684 OCE»3,9 QUTFUT REG 3

4835  READY ISE.2.9 INFUT STATUS IN REG 2

686 TEBREy 2,8 READY TEST BIT 8 IN REG 2.5TAY IN LOOF UNTIL ROY
687 OLEr4,9 QUYFUT BITS 8-15 OF REG 4 TO CH AQ2

488 FINI

689 GO TG ISTATE

690 1900 WRITE(LOT»1950)
491 1950 FORMATC(Y LIMIT OF FILE 25 IS EXCEEDRED,. ")
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Stopping the Job

4692 2000 STOF JOR
693 END
694 C

A partial printout of a sample run is given below.

CALTRRATION DATA DATE 77 5/78 TINE ?128:49

FRORE NGO, 1150k SERIAL NO. 134953

DRIVER SERIES RESISTANCE!? ?020.0 DRIVER SHUNT €AF.: 0,0000E+00
FICK-UF SHUNT RESISTANCE! 10060000,0 FICK~UF SHUNT CaF.! 0.0000E+00
CABLE 1.0, .ND.146-3 LENGTHS 18.0 CAF.:  0.8400E-10

ETHY CURRENT INSTRUMENT NO.!11502
FOWER O8C T.U, 15A-4

FREQUENCY! 5,0337E+03 5.0162E4+04
PICK-UP aMP I.D.2 15a4-35 154~-10
FHASE DETECTOR I.In.: 154-7 1542
180.- FRASE -BWITOHS OFF OFF
LLIFT-0FF VALUES 0.,00000 0.00200 0.00400
FEROF . NO. RESISTIVITY THICKNESS DEF . LOCATION DEF . RADTUS DEF. SIZE
1 3.95000 0.0549%91
[ O — 3.95000 0.05491 0.005%50 0.7%000 0001400
2 3.95000 0.07098
2 3.95000 0.07098 0.00700 0.75000 0.01400
3 3.953000 0.076%57
3 2.25000 007657 0,00760 0.730Q00 0.01400

"GAIN ADJUSTHENTS

GET ON. SAMFLE %! 3 D.C. MaE2 S.99290 5.20892
SET IN AIR n.C. MaG: 0.196460 0.,00578
FORER AMF 2.87402 3.28163

TAVERAGES & STANDARD DEVIATIONS OF CALTBRATION READINGS: 3 FHA 2 HAG

5,0337E4+03 5.0162E4+04

FHa HAG FHa HaG
e = 00035 - AL30107 0.31024 S.78233%
S.I. 0.00123 0.,00000 0.00000 0.00000
0.00211 4,80119 0.,50985 4,79293
S.0. 0.00042 0.01105% 0.00000 0.00000
e o DL,PTIEA 6.20991 0.98934 S.76981
S.p. 0.00000 0.000600 0.00000 0.,00000
0.96735 4,80443 0.98201 4,81191
.0, 0.00000 0,01296 0.00000 0.01033
e e k94187 6.14363 1.47052 5.76176
St 0.00000 0.00000 2.00000 0.00000
1.,923094 4.80064 1.46996 4.79987

S, 0.0019S 0.01235 0.00000 0. 00852
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APPENDIX D

PROGRAM RFLFIT

The functions of this program are described on pp. 3 and 33.
Table D1 lists editorial changes required preparatory to ruaning the
program. Table D2 lists step—by-step instructions for use during
execution. The last section lists the program and explains its construc~

tion and function.

Table Dl. Editorial Changes Preparatory to Running
Program RFLFIT

Line(s) Entry

65—78 Ad just array dimensions according to guide, lines 43-60.
See p. 35 for calculation of NPTT. Guide provides minimunm
dimensions for all except READNG array.

103165 Initialize control parameters. See lines 10~37 and Appendix G
for definitions and limits.

115 Select control parameter for units. (1 for HEnglish lengths,
2 for metric).

116-118 Initialize conductor properties. These arrays can be
initialized with the properties of air since they are later
teplaced by data from the disc files. The number of "air
values” must match the array dimensions in line 70.

119 Initialize defect properties. All should be "0.0", and some
are later replaced by file data. The number of values must
match the array dimensions in line 71.

120 Initialize amplifier gains for each frequency used. The number
of values must match the array dimension in line 69.

125
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Table D2. Interactive Program Queries® and Operator

Responses During Execution of RFLFIT

Line

QUERYZ)or Response

211

442

502

286

289

301

307

311

312

THERE IS AN ERROR IN THE NUMBER OF PROPERTIES
If this message appears the program will halt execution by a STOP
instruction (line 510) so that array dimeasions can be adjusted

(by editing) for consistency.

1 FIT PROP 2 PRT ENTIRE FIT 3 PRT/SV COEF 4 CHG FCTIN/POL
TYP 5 RUN TEST

Enter integer 1-5 to select desired action.
Definitions of optional actions are listed in terms that follow.

Program branches and respouads as though options were sequen—
tially listed.

1. Fit Property

PROP ARRAY IS FILLED

This message occurs if the operator attempts to fit more than six
properties during a single program ruwn. Display at line 504
follows. (No response.)

Otherwise, the sequence below occurs.

SELECT NUMBER OF THE PROPERTY TO BE FITTED:
1=RHO 2=MU 3=THICKNESS 4=L1FT-QFF S5=DEFECT LOCAT 6=DEFECT SIZE

SELECT REGION TO BE FITTED. TOWEST IS NUMBER l.

Enter integer 1—6 (property), delimiting blank (space), integer
1-NRT (region).

TYPE 1 IF THERE 1S OFFSET, 0 IF NO OFFSET:

Enter integer 0 or 1. [OFFSET (1) introduces a leading counstant
term into the least squares function expansiont. ]

SELECT THE NUMBER OF THE FUNCTION TYPE, POLYNOMIAL, DEGREE,
& # OF CROSS TERMS FOR EACH MAGNITUDE & PHASE

FUNCTION TYPE; 1=LINEAR 2=L0G 3=EXP 4=INV

(blanpk 1line)
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Table D2. (Continued)

Line

QUERY” or Response

314

321

323

337

(362)

(4143

(301)

(447)

FCTN POL # CROSS
TYPE DEG TERMS

MAG AT (number) HZ

PUA AT {number) HZ
{repeats for each frequency)

On MAG lines enter integer -4 {function type), blank,
integer 1—15 (polynomial degree), blank, integer 0.

On PHA lines eonter integer 1, 3, or 4 {function type), blank,
integer 1-15 (polynomial degree), blank, integer I-15 {(no. of

Cro8s Lerms).

The sum of POLDEG and # CROS5 TERMS for each pair of MAG and PHA
lines cannot exceed 15.

ERROR: # OF THERMS IN POLARY EXCEEDS DIMENSION

This error message occurs if the sum of POLDEG and # CROSS THERMS
exceeds 15 for a MAG and PHA pair.

After this error occurs program execution returns to line 442
{above).

2. Print Entirve Fit

The fit is printed in hard copy and displayed on the CRT in the
game format. BSee sample printout (p. 78) for display format.

3. Priont and Save Coefficients

No query or response. Table of coefficients is displayed on CRT,
printed on hard-copy device, and written on disc file. 3See
sample printout (p. 78) for display format.

4. Change Function or Polynomial

Program execution jumps to line 301 (above) and continues through
the remaioder of the sequence for option 1.

5. Run Test

This selection shifts program actions from the fitting of
functions to data from standards to the active acquisition of
new data from specimens and simulation of an instrument's
microcomputer,
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Table D2. (Continued)

Line QUERYZ7or Response

504 PRINT OUT: 1. PARAMETERS 2. MEAS VOLT 3. CAL & DISPLAY
PROPS 4. RAW RDGS 5, STOP
Enter integer 5.

*Ek Definitions of the optional actions are listed in the items that
follow, with letters AFE substituted for numbers -5 to avoid
confusion with the above list of options.

(240) A. Parameters
No response; execution jumps to line 240 and prints a table of
the conductor and defect property sets based on data read from
the disc file (25). Then a table of circuit parameters is
printed. See p. 145 for sample outputs.

(240) B. Measured Voltages
No response; execution jumps to line 240, skips table, and jumps
again to line 260, skips second table, and resumes execution at
line 270. Then a table of measured voltages is printed. (These
are the voltages measured on the standard specimens read from
file 25.)

(453) C. Calculate and Display Properties
No keyboard response. Program enters a loop to read instrument
output and calculate properties by using stored bits. It stays
in this loop until the foot pedal is depressed. A heading
listing property titles is displayed. When the pedal is released
the property values are computed and displayed.

(488) D. Raw Readings
No keyboard response. Execution jumps to same point in program
as optiou C but skips property heading and displays voltages
read from appropriate instrument channels.

(510) E. Stop

No response. Fortran statement halts execution.

%This table shows queries and other displays appearing on the CRT or
other output terminal used by the operator (LI, LOTKK); hard-copy output
appears on a printer (LOU).

bQueries in all caps simulate CRT presentation or computer printout.
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LISTING AND ANALYSIS OF RFLFIT

Program Identification

2 FROGRAM RELEIT

Date of Current Revision

3 G (14 DECEMEER 1978)

Description and Variable Definitions

Lines 10-37 define various quantities used in the program. The term
NRT is the total number of parallel layers, the first being farthest from
the coil and the last being the air region where the coil is located, 1If
a conducting sheet of finite thickness is used, the first regioh of
"infinite” thickness and resistivitykis alr and the second region is the

conducting sheet.

4 U FROGRAM TO FERFORM A LEASY SRUARES FIT TO DATA READ INTO A DISK
> FILE BY RFLRDG PROGRAM AND THEN FERFORM CONTINOUS BACK CALCULATIONS
& C USING INSTRUMENT READINGS THAT ARE MAIE RETWEEN EaCH DISFLAYED SET.
7 C THE COEFFICIENTS ARE CONVERTED TO THE NIDT-COMFPS8 OR COMFS FORM

g AND SAVED IN THE FROM DATA FILE IN THE CORRECT ORDER.

2 C

16 © DFLOC=NORMALIZED DISTANCE OF DEFECT BELOW TOP OF THE REGION

1t C DFRAD=NORMALIZED DISTANCE OF DEFECT FROM AXIS

12 C DFVUDL=NORMAL TZED VDLUME OF DEFECT

13 C IRDFPRHM=MAXIMUM NUMBER OF COEFRFICIENTS IM EXFANSION

14 C LI=LOGICAL INFUT UNIT (i=TTY)

15 C LITER=LSI IMFUT UNIT FOR TARING REAUINGS

16 LOTER=LST OUTFUT UNIT FOR FROMFT AND DISFLAY

i7 C LOU=LOGICAL OQUTFUT UNIT FOR FERMANENT RECORD

ig8 C MNOF=MAXTIMUM NUMEER OF DEFECTS IN ANY REGION

i C MNT=MAXTMUM NUMEER OF THICKMNESSES FOR ANY ONE RESISTIVITY

20« NCOED=STARTING ADDRESS IN PROM FOR COEFFICIENT DATASEE 8080 ABSEM.
21 C NDEF=NUMBER DF DEFECTS IN A GIVEN SAMPLE! MDEF(IRHD,JTH)

22 ¢ NFTLIM=FILE LIMIT ON NUMBER OF LINES IN FILE 25

23 C MNFT=NUMBER 0OF FREQUENCIES

24 C NLT=NUMBER OF LIFTOFF INCREMENTS

25 C NMGEAL=NUMBER OF MHAGNITUDE CALIRRATIONS

2 C NOUF=TOTal. MUMBER OF DEFECTS

27 C NEHCAL =NUMBER OF FHASE CALIBRATIONS

28 C NFRINT=FRINT AND TEANSFER INDEX

29 C NPROPM=MAXIMUM NUMRBER OF PROPERTIES THAT WILL BE CALCULATED

30 C NFROFT=INDEX FOR PROPERTY BEING STUDIED (1 TO NFROFM)

31 C NPT=TOTAL NUMBER OF FROPERTIES WITHOUT DEFECTS

32 C NFTT=TOTAL NUMEBER OF PROFERTIES + NUMHBER OF DEFECTS

33 C NROF=NUMRER OF THE REGION WHERE DEFECT IS FOUND(=NRT IF NO DEFECT)
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34 C NROG=NFTTANL TH1=FIRST DNIMENSION OF READNG ARRAY
35 C NRREF=NUMEBER OF REGION BEING STUDIED (1=l 0WEST)
36 C NRES=NUMBER OF RESISTIVITIES

37 € NRT=NUMRER 0OF CONDUCTORS + 1

Fixed-Dimension Arrays

39 DIHENSTON HORCZ) sHFUC2) » ITIM(E) » IDAY (F) y FROFTY (&) s FRONAMC 6 )

Guide for Adjustahle-Dimension Arrays

The dimensions in lines 43-61 are listed symbolically in terms of the
quantities defined above, and the appropriate numbers should be entered in
the actual dimension statements in lines 6579, Actually, the dimensions
can be larger than required (within storage limits of the computer)
without causing any difficulty, ewcept for READNG in line 65, which must
have ite first dimension exactly equal to NPTT*NLT+l. See p. 35 for com—

putation of NPTT.

40 DIMENSTION NCONVCE) sCONVRTC(2) yUNITE (A 20y V0L TS (12D

41 C

42 C DIMENSTONS THAT ARE CHANGED.

43 € k% DIMENSION REAING (NROGy IRTFRM41) s NFOL (& o NFT)

44 C # rJOFSETINFROFMY s JRDFPRONFROFM)

45 C k&% DIMENSION TMAGHM(NLTyNFTTINET) s PHASEMI(NL T yNFTTyNFT)

44 C DIMENSION FOLARY (CTRUPRMTL»S) s FRO(NFTTRNLT) s FROF (NFTTANL T » NEROEM)
47« X sRLLINLTY »RL2INLLT)

48 C DIMENSION THOFT(NFT) yPHIOFTANFT) y JFOLCEyNF T s NPROEM ) o

4% C X COECIRDERM) » COEF (IRDPRM s NFROFM)

50 € DIMENSION NROF (NFT) s FREQGINFT) y GATN(NFT)

a1 C DIMENSION RHOC(NRTsNETT) sUCNRTyNFTT) » THCNRT s NFTT)

G2 C DIMENSTON XLOCI(NRTyNPTT) y XRAT(NRT s NFTTY » XVOL CNRT s NETT )Y

53 C DIMENSIDN SDUFHA(NLT s NETTyNFT) y SDUMAG (NLT s NETT o NFT)

54 C DIMENSION PICKAM(NFT)Y yEHADET(NFT) s FHASWINE T

SIVEE DIMENSTON DUMGCRONFT) s DCHGAR (NFT) » FOWANF (NFT)

56 O BIMENSTON LIFT(NLT) y THICK (NRES»MNT ) » XRHO (NRES)

57 C GIMENSTON NTH(NRES) «NDEF (NRESyHMNT)Y

&g . DIMENSION DFLOCONRES » MNT ¢ MNDF ) » DFRODCNFES » MNT » MNDF ) 5

ay o X DFYOL (NRES » MNT » MNDF )

&0 € DIMENSION SUMCFHONFT s NPHCAL s NMGCAL ) » SUMCHMG (NF T » NEFHCAL » NMGCAL D
61 € DIMENSION SIVCFHONFTy NFHCAL s NMGEAL) r SHVCMG (NE T » NFHCAL » NMGCAL D

Adjusted-Dimension Arrays

(The starred arrays are found in the guide above.)

62 € THESE NDIMENSIONS USUALLY MUST BE CHANGED.WHEN THE PRUBL&M"¥S _
63 CHANGED, THE STARREDCXXX) ARRAYS MUST BE EXACUTsAND THE OTHERS MUST
64 C AT LEAST RBE LARGE ENOUGH.

&5 DIMENSION READNG(E2,186) fNFOL (S92 s JOFSET(5) s JRIFR(4)
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b6 DIMENSION TMAGM(Zr27,3) s FPHABEM(392753)

&7 UTMENSTON POLARY (14989) s FRO(BL) o FROF(B1v&6) s RLICEI s RL2(3D
48 DIMENSION TMDFT(3) o FHIFT(3) v JPOL S v Br &Y v COE(LS) s COEF (1556
&9 DIMENSION FREG(4)sGAIN(4)

70 DIMENSTON RHOC(Z»27) 9 U327 s TH(Z,27)

71 DIMENSION XLOC(3,27) s XRAD(Zy27) 9y XVDL (3¢27)

72 DIMENSION SHVPFHA(X 275 3) s SIVMAG(Ey 274 3)

73 DIMENSTON FICKAM(4) yFPHADET (41 yFHASWH(4)

74 DIMENSION TNICMGOE(4) y DCHGAR(4) 1 FOWAMF (4)

75 DIMENSION LIFT(S) s THICK(S:5) s XRHO(T)

7é DIMENSION NTH(S) s NIEF (59 5)

77 DIMENSION DFLOC(S:5:4) s DFRANCS Sy 4) y DFYOL(Sy 55 4)

78 DIMENSION SUMUCFHOZ53,3) 2 SUMCMGLE, 3 3)

79 BIMENSION SHVCPH(I»323) »SOVCHG(3 3.3

Real and Double-Precision Variables

The L-variables correspond to prior local definition and usage.

fligher space allocation iz required for alphanumeric variable storage.

[£10] REAL L2+L4sL3rLSyL&SLIFT o
81 REAL Xé NPRUBEQNCABLE!INSTNU;PUUUSC1PICNQN;PHQUE1
82 REALXS TITLE(

Common Block Storage

Block Bl transfers coil electrical data te subroutines computing
electrical response. Blocks Bl and B2 are used when complete coil data

are transferred.

83 COMMON /B2/R1sR2sRIsRAsL I LAyRBAR VO ILDR ZLFU»
84 XTNOR s TNFUsRICDR» RODCFUs RO R CAFIR s CAFFU
85 COMMON /B&/ L2+sLEsL6

Random Access Data File Definition

86 C

87 ¢ FILE 28 CONTAINS THE COIL DATA.

88 DEFINE FILE 28(80y32,UsNCOIL)

89 «C

0 C FILE 25 CONTAINS THE EXFERIMENTAL MEASUREMENTS MADE USING RFLRDG,
?1 DEFINE FILE 25(200540s5Us IREC)

2 C :
?3 C FILE 31 WILL STORE THE COEFFICIENY DATA FOR THE MICROCOMPUTER.
F4 DEFINE FILE 31(8192,4,UsNCOEL)

95 C

s L FILE 21 WILL CONTAIN THE COEFFICIENTS OF THE FITS.

97 DEFINE FILE 21(305405Us ICDEF)
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Data Initialization

The data in lines 99102 will not need to be changed unless the
properties being fitted or their units are changed, but the data in
lines 103-105 may need changing, especially if the designations of the
input and output terminals are changed.

See Table Cl and Appendix G for definitions and limits.

8 C

?9 OATA TWOFI/6,.28318531/yRAN/S7.2957795/yCONVRT/Z1. o254/ NLARL Y1/
100 DATA PROPTY/AHRESYT » AHPERMy 4HTHIK » 4HL .04 y AHDFLCy AHDF ST/

101 DATA UNITS/AHMOCH » AHREL « s AHINCH s AHINCH s AHINCH s AHCUTNY

102 ® AHMOCM y AHREL o vy 4H MM s 4H MM »4H MM s AHCUMMY/

103 DATA NRT/3/yNRREF/2/yNCHS/12/y ITIMS/1024/ :NPFROFPM/ 6/ 9 NFROFT /17
104 DATA NFRINT/0/5L.0U/6/ s LTTERK/L/ v LOTER/12/9 1177/ IR/ 1/ vy IRDFRM 15/
105 DATA NCOED/1680/yNRIG/82/«NFILIN/200/

106 C

107 C THE HMATERIAL FROFERTIES NOW FOLLOWSTARTING WITH THE FIRST

108 © FROPFERTY SET FOR THE LOWERMOST REGION., (RHO=RESISTIVITY IN

109 € MICROHM~CMIU=RELATIVE PERMEAR] Y TH=THICKNESS IN INCHES)

110 C SOME OF THESE VUALUES ARE CHANGED TO THE VALUES IN THE 0ATA SET.
111 C READ FROM FILE 295, THERE ARE NRTENPTT VALUES FOR RHOsUys « THEXVOL .
112 ¢ IF NUNIT=1y LENGTHS WILL RE FRINTED OUT IN INCHESS IF NUNIV=2,
113 C LENGTHS WILL RBE PRINTED OQUT IN MILLIMETERS,

114 C

115 DATA NUNIT/2/

114 NATA RHO/BIXL.E1Z/

117 patTa UW/8i%t./

118 DATA TH/81%1.E10/

119 DATA XV ./81%0,0/

Output Heading

120 DATA GAIN/S.B80R29E3,3.1094E22%3 .88/
121 CaLLl TIMECITIM)

122 CALL DATEC(IDAY)

123 IT=INAY(1)~19200

124 INAY (1)y=10AY (2)

125 INAY (2 =TNAY (3)

124 IDAY(3)=1T

127 WRITE (LOWUsS)

128 5 FORMAT (1H1,20X)

129 WRITE (LOU10) IDAY, ITIM

130 10 FORMAT (10X, "PROGRAM RFLFIT DATE 7y 20I2¢1H/ ) 12y
131 1 7 TIMNE ‘» 20I2¢1HD)» 12D

Data Entry from RAD Files

The data written in RAD file 25 during the running of the RFLRDG

program are read.

132 NCOED=NCOED+1 - ) o
133 ¢ READ INFORMATION IN DIRECT ACCESS FILE #2%5 ON DISK

134 C
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135 TREC=1

134 READ2S A IREC) TITLEIDAY1TIM

137 READ(2S ITREC)NFROBE s NSER s ROy CAPDRy Ry CAPPUy NCARLE »CABLEL »
138 X CCABLE y INSTNDy POWOSE

139 READC2S/ IREC) NFToNLToNRESs NFTT s NEAMPL y NFHCAL y NMGLAL

140 READ(2S IREC) ((FREQUI) +PICKAMCLD) s FHALET (L) s FHASW (L) »
141 b DCMGORCL) s BOMGAROL) » FOWAMP (L) ) » I=1» MET)
142 READC257IRECY (LIFTCI) s I=1,NLT)

143 00 20 I=1,NRES

144 READ(C2SIREC) NTHI«XRHOCT)

145 NTH{T)=NTHIL

1446 READ(R2S5 IREC) ({THIDK(I» D yNDEFC(LsJ)) s J=1sNTHI)

147 DO 20 J=1yNTHI

148 NOLJ=NDEF(Is 1)

149 TF(NDTGLEQ,. Q) GO T 20

150 READC2S TREC) ((DFLOCCT ¢ 1o RO v IFRADNCT v Jo KD e BFVOL (T v Je KD D e
151 ¥R=1yNOLD)

152 20 CONTINUE

153 0 30 I=1eNFT

154 w0 30 J=1sNFHCAL

15% READC2S5 TREC) C(SUMCPHOT s JsK) s SUMCMG (T ¢ Je KD s SIVCPH( L9 oK) 0
154 ESTVCHMG (T e Jde i) 3 s K=l s NMGCAL)D

157 30 CONTINUE

158 DO 40 K=1sNFT

1579 0o 40 J=1sNFTT

160 READ(25 IRECY ((FHASEML T JrK) s TMAGM( T s Jo KD s SIVFHA (L s Js )
161 KSOUMAG (T vy Jy KD )y T=1 9y NLT)

142 40 CONTINUE

143 IF(IRECLEQWNFILIMY GO TQ 960

Coil Data Entry

The subroutine COLFIL, stored in the UL, is now called up to obtain
the coil parameters. It will hunt in File 28 for a coil with exactly the
same name as NPROBE, read from File 25. 1If such a coil is found in
File 28, the parameters of that coil will be transferred back to the main
program in the COMMON BLOCKS 82 and B6. If no such coil name is found
in the file, the user will be prompted to type in the necessary parameters,

which will then be transferred back in the same way.

1644 ©

165 C THE INFUT [ATA FOR THE COIL FARAMETERS ARE READ FROM FILE 28
166 € USING THE COTL NAME READ FROM FILE 25.8EE FIG.2+F.4

147 © AND FIG.4s F.7s DORNL-TFM-4107, FOR DEFINITIONS.

168 C

149 CALL COLFIL(LITEK LOTEKyNPRORED

Construction of Property Arrays

The region of study, with index NR, is set equal to the value of
NRREP set in the DATA statement in line 103. The property index NP,
defect number NODF, and total number of properties NPT are initialized in
lines 174—177,
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The DO loops over all NRES resistivities and the NTHI thickness fill
the resistivity (RHO) and thickness (TH) arrays by using the values from
XRHO and THICK read from file 25. The first time through the loops, for a
given sample resistivity and thickness, the defect volume (XVOL) is left
ar the value 0.0 given in the DATA statements, and the defect location
(XLOC) and radial location (XRAD) are set at the nominal values of half
the sample thickness and three—fourths of the mean coil radius, respec~
tively., Then the property index NP and the number of samples NPT are
incremented, and the DO loops are continued to the next sample 1if there
are no defects in the given sample. 'The length dimensions TH, XLOC,
and XRAD are converted to the desired set of units by the conversion
factor CONVRT, chosen by the index NUNIT set in the first DATA statement
(line 115).

170 €

171 € RESTSTIVITIES, THICKNESSES AND DEFECTS AKE GET FROM THE
172 ¢© DATA READ FROM FILE #2

173 ¢

174 NF=NRREF

175 NF'=1

176 NOIIF =0

177 NFT=0

178 ¢

179 ¢ SET THE VALUES OF RHO AND THICKNESS IN THE REGION OF STUDY»NRKEF,
180 © LOOF OVER ALL NRES RESTSTIVITIES OND NTHT THICKNESSES
181 ©

182 [0 60 NRE=1,NRES

183 NTHI=NTH(NRE)

184 IO 60 NT =1sNTHI

185 RHO (NR oy NF ) =XRHO (NRED

186 THONR s NF) = THICK (NRE y NTY XCONVRT (NUNIT)

187 XLOE (NR s NF ) =, SXTHICK (NKE y NT) XCONVRT (NUNIT)

188 XRAD(NR s NF ) =, 75XREARXCONVRT (NUNTT)

189 NET=NETHL

190 NE = NP1

191 IF (NDEF (NKENT) JEQ.0) GO TO 60

If the number of defects NDEF in the given sawple is not zero, then
a DO loop is started to cycle over all NDRT defects in the given sample.
The values of RHO and TH are sei to be the same as for the undefective
sample, but the valuegs of XLOC, XRAD, and XVOL are set for the actual
values as read from File 25 and converted to the desired units by the
factor CONVRT. Then the number of defects NODF and the property index NP

are incremented, and the DO loops are continued. Lines 209-211 test that
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the final property index NP is in agreement with the total number of

properties NPTT read from file 25 and print an error message if not.

192 C

193 € BEANCH ARQUND IF THERE aFE ND DEFECTSSCT LOCJIN WALLeRADLAL LOG,
i?4 O AND SI7ZE IF THERE ARE DEFELTS.

195 C

196 © CYCLE OVER THE NUMBER OF DEFECTS FER SaMrLi

197 NORT=NIEF (NRE»NT)

198 EH) S0 NDR=1sNORT

199 FHOONR » NF Y =XKHD ONRED

200 THONRy NF O =THICK (NRE « NTYRKCONVRT (NUNTT)

203 XLOCINR s NFO=TIFLOC INRE ¢« NT s NUFO RCONVET {NUNTT )

202 XRADONRy NFO=DFRATCNRE y NT s NIIR D R CONVERT CNUNTT 3

203 © THE DEFECT VOLUME (S5IZ2E) I8 CALCULATED TN CURIC MUILLIMETERS.
204 XVOL (NR s NF DY = DF UOL {NRE « NT o NOED X CCCONURT ONUNTT ) ) ®33)

20% NOTF =NODF + 1

204 MF=NF+ 1

207 50 CONTINUE

208 A0 CONTINUE

209 IF (NP LEQ.NRDGXGD TO 78

210 WRITE(LOGTER 700

2311 70 FORMAT(’ THERE I8 AN ERRORE IN THE NUMBER OF FROFERTIES, )

Phase Data Conversion

The phases read from file 25 are all multiplied by 10 to convert from

instrument voltage (0.1 V/deg) to degrees.

212 GO TO 1000

213 7o DO 80 NF=L1eNFT

214 0 80 NF=1sNPTT

215 0 80 NL=1sNLT

214 FHASEMINL s NP NF =10 XPFHASEM (NL s NF s NE)
217 80 CONTINUE

() THE DATE AND TIME ARE PRINTED

WRITE (LOU90) 1DAYITIM
O FORMAT ¢ CaAlLIBRATION DaATA TAKEN T 2CT2y WY T2 0 TIME
XK2(T29IHII» I

Lift-0ff Imcrement and Circuit Value Gorrections

The Llift—off increment L2 and some circult parameters are calculated

from data read from file 25.
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224 C

225 C THE CIRCUIT PARAMETERS ARE NOW CALCULATED FROM FILE 25 DATA
2264 C L2=NORMALIZED LIFTOFF INCREMENT

227 C CAFNR=DNRIVER SHUNT CAPACTITANCE (FARADS)

228 C CAFPU=FICKUF SHUNY CAFPACITANCE (FARADRS)

229 C THE CAELE CAFACITANCE I8 ASSUMED TO BE THE SoME FOR EACH LEG
230 C ANDN ARDED TO BOTH DRIVER AND FICKUP CIRCUITS.

231 C VO=DRIVER QUTFUT VOLTAGE(AC/DC CONVERTOR OQUTEUT VOLTS)

232 C

233 LA2=(LIFT(2)~LIFTC1)) /RRAR

234 CAFDR=CAFORACCABLE

2358 CarPU=CaArFU+CCARLE

236 VO=FOWAMP (1)

Property Table Printout

If the print index NPRINT equals 1, the properties for each region

and samples are printed on the LOU output unit,

237 ©

238 € EACH SET OF PROPERTIES FOR EACH REGION IS NOW FRINTED OUT
239 O

240 100 IF (NPRINT.NE.1) GO TO 140

241 WRITE(LOU,110)

242 110 FORMAT(’ PR,SET REG THICKNESS REGTVY FERM nDer Loc
243 1NEF RAD  DEF SIZ7)

244 WRITECLOUy 11SIUNITS (I s NUNIT) s UNITS (L NUNIT) sUNITS(2yNUNTT) »
245 KUNITS(SeNUNIT) sUNITS(SyNUNIT) yUNITS (69 NUNTT)

244 115 FORMAT(16XsA4:8Xs A4 7Xr A4 5X A4 5Xr A4 15X 84)

247 L

248 NP Pl

249 0 140 NF=1,NFTT

230 WRITEC(LOUs120)

251 120 FORMAT (1X)

252 DO 150 NR=1,NRT

253 WRITE(LOUy 1Z30INFPF o NRy THONR s NFF) s RHO(MR - NPF) » U (NR s NFF)

254 130 FORMATUIXy2(IS)»2C1FEIZ2,4)y0FF?.3)

255 IF(XVOLCNRNPPY JNECOODWRITE(LOU» 140 XLOC INR e NFF) » XRADN(NR y NFF)
256 * e XVOL (NR s NFF)

257 140 FORMATC( 47 244X, 2(F2,4)yy1FEL12.4)

258 150 CONTINUE

259 NFF=NFF+1

260 160  CONTINUE

Circuit Parameter Priuntout

Also if NPRINT=1 the subroutine PRFCKT is called to print the circuit

parameters.

261 C

262 C THE CIRCUIT FARAMETERS ARE FRINTED OUT FOR THE REFLECTION
263 C COIL CIRCUIT.

264 C

265 IF (MPRINT.EQ.1) CALL FRFCKT(L.OW)
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Output Voltage (VOUT) Magoitude and Phase Printout

1Ff NPRINT=Z2 subroutine PRFVLT is called to print the voltage magni-
tudes and phases; then control is rveturned to the choices at Fortran label

number 900 or 540, depending upon the value of NPRINT.

THE VOLTAGE MAGNITUDE » FHASE »AND SHIFT AFE PRINTED FOR
THE VARIOUS LIFT-0FF VALUES

o R G R

TF(NFRINTEQG. 2 WRITELOU» 170)
170 FORMATC O MEASURED VOLTAGES ")
IF (NFRINT.(EQ,2) CalLlL FPRFVLTLOUs THAGMy FHASEM  NRT NPT« NF Ty NLT » NODF
TeNFYTyRLIyNRIOFyFREQsGAINY
NLABL=1
IF(NFRINT.NE.OYGO TO 960
GO TO 540

Least Squares Function Fitting

Before executing this section the program branches to statement 540
{(line 442) to select the next action. Execution proceeds as though the
action selection preceded this section. In this section a user—selected

function is fitted to the particular property being studied.

Property Selection

First, the user chooses the property and the region where the con-
ductor or defect having the property is located. (See Table D2 for

interactive responses.)

277 G

278 © LEAST SQUARES DESIGN SECTIOM.

279 .

280 € SELECT FROPERTY T0O 8E FITTEDR AN SET UF FROPERTY ARRAY.
281 C

282 200 MSET=NLTXNFTT

283 MSET1=MSET+]

284 IF(NFROFT.GT.NPROFPM)Y GD TO 8350

285 WRITELOTER210)

284 210 FORMATC( SELECT NUMBER OF THE FROFERTY TO BE FITTED?!/
287 ¥7 1=RHO 2=MU J=THICKNESS A= 1FT-0FF S=DEFECT LOCAT &=DIEFECT SIZE’%)
288 WRITELOTER,220)

289 220 FORMAT (Y SELECT REGION TO RE FITTED. LOWEST 16 NUMBER L.7)
290 READCLITERK » X )NFRDF y NREG



138

The array PROP is now set up with data in the first colunn, since
NPROPT was initialized at 1 in line 103.
The element ia the Mth vow will be the NPROP property just selected

and located in the NREG region.

291 Nno 230 NP=1sNFTT

292 no 230 NL=1yNLT

293 M= (NP -1 ¥NLTHNL

204 IF(NFPROFGEQ. D FROF (M NFROF T ) =RHOC(NREG y NF*)

295 IF(NPROPEQ2)FROFP (M NEFROFT ) =U CNREG y NF)

294 IF(NFROFJEQ.J3)PROP (M NFROFT ) =TH (NREG » NF)

297 IF(NFROFCEQ.AYFROF (M NFROFPTY=(FILOAT (NL-1 ) X2 XERAR
298 IF(NPFROFPLEQ.EIPROF (MsNFROFT ) =XL.OC(NREG s NF)

299 IF (NFROFJEQ.HIFROF (Ms NFROFT) =XVOL (NREG y NF)

300 230 CONTINUE

Fitting Function Selection

Selection of OFFSET adds a constant term to the fitting function.
See Table D2 for prompts and responses in selecting the function. The
accumulation of the number of terms in the polynomial is started in

line 305.

301 240 WRITE(LOTERy250)
302 250 FORMAT(’ TYPE 1 IF THERE I8 OFFSETy O IF ND OFFSET!)

303 READCLITEK s X) JOFSET (NFRUOFT)
304 TOFSET=JOFSET (NFROFT)
305 IRDFR=I0OFSEY

If more than IRDPRM terms (now set at 15 in the DATA statement) are
selected for the polynomial (excluding the OFFSET), the error message in
statement 330 (line 337) will be displayed.

The subroutine POLTYP constructs an array, POLARY, for printing a
representation of the polynomial expansion. (See p. 166 for POLYTP

subroutine.)

306 WRITE(LOTEK260)
307 260 FORMAT(’ SELECT THE NUMEBER OF THE FUNCTION TYPE. FOLYNOMIAL‘»
308 1’ DEGREE, & # OF “/»

309 2 CROSS TERMS FOR EACH MAGNITUDE & PHASE')

310 WRITE(LOTER270)

311 270 FORHAT(/ FUNCTION TYFPE!1=LINEAR 2=L005 J=£XF 4=INV )
312 WRITE(LOTER»120)

313 WRITE(LOTERy280)

314 280 FORMAT(29XsFCTN FOL #* CROSS//y25X'TYPE DNEG TERMS)
315 D0 320 NF=1:NFT

314 00 310 NC=1:2
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317 NCC=NC%3

318 NCFP=NCC-1

319 NCF=NCF-1

320 IF(NG.EQ.,1) WRITE{LOTEKs290) FREQ(NF)

321 290 FORMAT( MAG AT »IPFE12.6¢7 HZ )

322 IF(NC.EQ.2) WRITE(LOTEK,300) FREQINF)

323 300 FORMAT(" PHA AT ‘. 1PEL12.65 7 HL 7

324 READCLITEKyX)

332G KIPOL (NCF o NF s NFROF T » JPOL (NCE s NF» NFROPT ) » JFOL CNCC s NF s NFROFT)
328 JPOL (3 ¢ NF s NFROFT 3 =0

327 TROPR=TROFR+JFOL (NCF s NFy NFROFT ) +UF 0L (NCCy NF s NFROF T
328 JROFR (NFROFT ) =IRIFR

329 NFOL (NCF « NF ) =UJF0OL (NCF s NF s NFROFT)

330 NFOL CNCF s NF 2= JFOL (NCF y NF » NPROFT)

331 NPOL INCC s NF Y= JPOL ONCC » NF s NFROFT )

332 310  CONTINUE
3353 F20  CONTINUE

334 IRDFRL=TIRNFRY L -
335 IFCIRDFRM LT GIRDPRONFROFTI JWRITE(LOTER » 3300
334 IF (IROPRM. LT JROFEONFROFTYIGO TR 540

327 330 FORMATC(” ERROR: # OF TERMS INM POLARY EXCEEDS DIMENSION)
313a JROW=TRDFEM+1

Expansion into Functions of the Readings

Next, the magnitude and phase drifts, TMDFT and PHDFT, are initialized

to zero, and then the sets of measured readings of magnitude and phase,

TMAGM and PHASEM, for each set of properties are expanded according to the

chosen polynomial into the array READNG. Subroutine RDGEXP counstructs the

polynomial expansions, and a total of NPTT*NLT rows of the READNG
will be determined in this way. The'corresponding column matrix,
the chosen property is also set up at the same time in line 352,

the READNG matrix has one wmore tow and column than are determined

DO loops in lines 347-348. The extra row and column are used for

array
PRO, for
Actually,
by the
the

calculations in the ALSQS least squares program. In fact, the last column

eventually contains the property values calculated by using the least

squares coefficients upon return from the ALSQS subroutine.

339 CALL FOLTYP(FOLARY s JROWy TROFR e NPOL v 6o NFT o 2 TOFSET » LOTER)
340 C

341 C EXFAND THE RAW READINGS INTO IRDFR REALTNGS.

342 C

343 ST 340 MF=1sNFT

344 TMDFT(NF ) =0,

245 CPHOFTUNF )Y =G,

344 240  CONTINUE

347 NG 360 NE=L1sNFTT

348 0o 350 NL=1yNLT

349 M= (NP -1 ) KN T4+NL.

350 CALL RDGEXF (READNG s TMAGMy PHASEM s NFOLy IOFSET » TMOF T FHIOF T 5
351 IMSET1y IRIFRLsMe NFTyNLaNLTy NP, NFTT)

352 FROCM Y =FPROFP (M NFROFT)

353 3506 CONTINUE
354 350 CONTINUE
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Calculation of Coefficients and Approximating Vector

Upon return from ALSQS the column matrix COE contains the least
squares coefficients that give the "best” fit to the properiy column
matrix PRO by using the polynomial terms wriltten iato READNG. Mathewmat-
ically, in matrix notation ALSQS minimizes the determinant of
(READNG)(COE) — (PRO). Also, upon return the quantity RSOS contains the
residual sum of squares of the differences between the properties and the
values calculated by using the least squares coefficient. These
calculated values are the elements in the last column of READNG upon

return from ALSQS. (See p. 151 for ALSQS subroutine.)

355 €

356 € LO THE LEAST SQUARES FIT OF THE READINGS TO0 THE FROFERTIES,
357 C

358 CALL ALSQS(READNGPRO,COE,RSOS:MEET » IRIFRYMSETL)

Tests of Fit Quality

Two properties of the fit are calculated: the rwus difference between
the property value from which the fit was constructed and the value com-
puted from the fit and the effect of small errors in the imstrument
readings on the values computed from the fit function. Details of these
facts are discussed on pp. 3941,

The sums of the squares of the drifts and differences are initialized
in lines 362 aad 363. Then the Property Fit table heading is printed and
displayed if NPRINT=2, (Selection occurs in line 445.)

339 ©

360 C CALCULATE THE DIFFERENCES IN THE FIT AND THE MaXIMUHW DRIFTS.

361 C

342 400 SSDRIF=0.

3463 SSNIFF=0,

3464 UNIT=UNITS(NFROFsNURIT)

365 IF(NPRINTWEQ.2H)WRITELOUy 410)FPROFTY (NFROFP) s NREGrFROFPTY (NFROF) »
366 KUNITsUNIT UNIT»UNIT

367 IF(NPRINT.EQ,2)WRITE(LOTERy 210YFROFTY (NFPROF) ¢ NREG» PFROPTY (NFROF ) »
348 YUNITyUNITyUNITUNIT

369 410 FORMAT( 0O NP NL “v@A4;' IN REG’»I3s’ CAL ‘" vBA:7Xy 'DIFF o 7Xy 'DRIFT”
370 X/ v A8Xy»4(8XsA34)r /)

Now the drift calculation is looped over all NPTT property sets

and NLT lift-offs. The drift is initialized to zero for each set of
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conditions. Then the calculation is looped over all frequencies and over
NC. When NC=1 a 0.01% error in the magnitude is introduced into each
reading at that frequency; when NC=2 a 0,01 degree error in the phase is
introduced. In each case a polynomial using the erroneous magnitude or
phase iIs constructed by RDGEXP; all the other magnitudes and phases retain

their correct values.

371 N0 470 MP=1sNFTT

372 D0 440 ML=1MNLT

373 M= ONF -1 2 RMLT ENL

374 DRIFT=0.

375 [0 440 NFE=1¢NFT

376 0o 430 NC=1e2

377 G

378 O ONE MAGNITUDE OR PHASE DRIFT IS SET ON AT A TIME.
377 L

380 TFONCEQ.IDTMOFTONE )=, Q00T RTMAGM (NL s NF » NF 3

381 IF(NCEQ.2YPHIOFTINF Y= .01

382 CALL ROGEXF (READNGy TMAGMy PHASEM s NPOL y TOFSET » THIF Ty PHOET
g3 1sMBETL s TRIUFRLsMeNFETeNL o NLT o NF o MFTT)

g4 O

385 . THE FOLYNDMIAL IS CALCULATED

3ge €

387 SUM=0,

aga 0o 420 Ih=1s [RDFR

389 SUM=GUMHLDE CTRYKREADNNG (M T

390 420 CONTINUE

The sums of the squares of the differences and drifts are accumulated

in SSDIFF and SSDRIF (lines 397-398).

391 DRIFT=DRIFTHARS IREADNG (M TROFRL Y -5UM)
392 THMOF T (NF) =0,
393 FHDFT(NF ) =0,

394 430  CONTINUE
395 440  CONTINUE

394 DIFF=FRO(MI~READNG (Me IRIHRLD
397 BENIFF=830IFF+LLFFXDIFF

398 SSORTF=8SURTF+URTF TYDRIE

If NPRINT=2 the entire fit is printed (selection made at line 442).
This print option is included in the SDIFF/SDRIF calculation loop because
the same calculation steps are required to generate the printout of the

entire fit for the selected function.

399 TFONFRINTNE.2)G0 TO 440
400 C
401 € THE ENTIRE FIT 1% PRINTEWL OQUT



402
403
404
405
406
407

SDIFF, are calculated in lines %408 and 409 and printed out.

408
407
410
411
a2
413

450
460
470

A8¢
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WRTTE(LOUy 450)NF s NELy FRO M) » READNG (M« TR
WRITECLOTER s 450 NF g NL g PROCH) » READNG (My TR
FUORMAT (1X 203y 4F 12,5

CONTINUE

CONTINUE

SURIF=GART (& N .
SDIFF=8ART (SSOIFF /FLOAT IMGET
WRITE(LOUy480)FROFTY (NFROFY »UNLT » NREG
WRITE(LOTERK » 480 PROPTYINFROPY yUNTIT s NR

SHIFFySORITE

k= e 1205)

Printing, HEX Conversion, and "Saving” of Coefficients

to binary hex notation for microcomputer use by the subroutine CONVRS,

Gy SUIFF» SORIF
FORMAY (7 DIFF IN “sQ4:’ IN “sA477 IN REG #7913y =" F12,547

Sy DEFF y DRIFT
Ry s DEFE e MRTFT

The standard deviations of the drift and differences,; SDRIF and

printed at both output terwmivals, and written in hexadecimal on RAD

file 2l and in decimal on RAD file 21.

incremented.

the coefficients are saved.

A14
414
414
417
418
419
420
421
422
423
422
425
424
427
428
4n9
430
A%1
437
433
4344
43y
414
4%y
438
435
440
441

aoTon

’

30

IF (NPRINT.NE.3)GO TO S40
WRITE(LLOUy120)
WRITE(LOTEKs120)
NCOEDL=NCOEN+ 3R TRIFRMA1
WRITE(IL/NCOED)Y IRDPR

00 520 I=1yIRDFR

CALL CONVRS(COECI) yNCONVY)

WRITECLOUyS10)TCOECI) » (NCONV{TE) »TI=1+3) s (FOLARY (I 1)y d=1+5)

NRIFT

If NPRINT=3 (selected at line 442 the coefficients are: converted

Then the property index NPROPT is

PRONAM stores the names of the properties in the order that

NRETE(LDTEK;SIO)I;COE(I)y(NCONU(II)yIIziy3)y(POLARY(I;J);J*I:S)
FORMATC? COEF(/ ¢T3y )= 9 1FELS. 794Xy 3(Z251X)» 1Xs504)

COEF(IyNFROFT)=COE(T)

HEITE (31 7NCOETHDNCONV(2)
WRITE(31°NCOED)NCONV(3)
WRITE (31 NCOEDDNCONV (1)
CONTINUE

NCOED=NCOED1
PRONAM(NPROFT) =FROPTY (NFROF)

THE COEFFICIENT,OFFSETyNFOL AND IRDFR ARE WRITTEM
FILE #21.

ICOEF=1
WRITE(21ICOEF)FPROFPTY (NFROF) » IRDFRy JOFSET (NFROFT)
WRITE(21TICOEF) (COEF (IRyNFROFT) ¢ IR=1» IRDFR)

LO 530 NF=1yNFT

WRITE(21/TCOEF (NFOL(TIeNF)YpI=146)

CONTINUE

NFROFT=NPROFTHL

N

THE

Ran

nisc
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Selection of the Next Action

Although listed later this section is executed earlier in the
operatiang sequence by jumps from lines 276, 336 (conditional), énd 414
{conditional).

The first option starts the fitting of a new property; the second
provides a complete printout of the fit of the property just completed;
the third causes the coefficients of the fit o be printed and also saved
in files 21 and 31; the fourth offers a chance to change the types of
functions and polynomials to be used in fitting the same property as
before; and the last option leads to running a test by usiog the coef-

ficients already determined (or to stop).

442 540 WRITECLOTER,SS0)

443 550 FORMAT (Y 2 FIV FROF 2 FRT ENTIRE FIT 3 FRY/ZSV COEF 4 CHG FOTNAPOL S
444 1s7TYP 9 RUN TEST )

445 READCLITER » B3 NFRINT

444 GO TOC200r400:500:2405600) fNFRINT

The choice to RUN TEST shifts execution to statement number 600, which
sets the value of NPROPT back to its last value since it had been incre-—

mented in line 441.

447 600 NFROFT=NFROFT-1
448 WRITE (LG, 1200,
449 GG TO 900

At statement 900 further choices are offered: to print out {1) the
parameters (the material properties and civcuit constants), (2) the
magnitudes and phases of the voltages measured for each of the properties,
(3) calculated values of newly measured properties, (4) the current
instrument readings in V, or to (5) stop. The first two cholces are useful
for a permanent record; they both return control to statement 100 but with
different values of NPRINT. Option 3 allows measurement of an unknown
sample; it transfers control to statement 700, which displays headings to
identify properties for which fits are available. The following steps take
instrument readings of the magnitudes and phases at the NFT frequencies,
substitute them into the polynomials by using RDGEXP {line 470), and then
calculate each of the NPROPT properties (lines 472-475).



450
451
452
453
254
455
454
457
458
459
440
241
442
443
444
465
4664
467
449
249
470
471
A7
A73
474
475
474
477
478
479
480

oo

700
710

oD

7320

730

7490

730
7460

770
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CALCULATES PROPERTIES FROM MAGNITUDES AND FHASES aND CONTINQUSLY
THE VUALUES OMN THE .81 TERMINAL.

IF(NPRINTEQ.I)WRITEC(LOTEK y710) (FRONAM(NFRD) ¢ NFRO=1 9 NFROFT)
FORMAT (1X»6(6XyA47,3XD)
WRITE(LOTEK, 120)

EXFANSTION OF THAGM(NL yNFsNF) AND FHASEMINL yNFyHNF)Y INTU READNG(LyIRDFR

00 7460 NPRO=1yNFROFPT

[0 740 NF=1sNFT

D0 730 I=1+6

NEOL (T y NF ) =JFOL (T s NF s NFRO)D

CONTINUE

THOFT (NF =0,

FHIOFT(NF ) =0,

CONTINUE

IOFSET=JOFSET (NFPRO)

IRDFR=JRIFR(NPRO)

IRDFR1I=IRLFR+1

CALL ROGEXP(READNG: THAGM s FHASEM s NPOL y IOFSET » TMDFT y FHOF T »
IMSETLyIRIFRLy 1o NF Ty Lo NL T Lo NPT

FRONPRD =0,

0 750 IR=1¢IRDFR

FRO(NFRID =PRONFROIACOEF (IR s NFRO) XREADNG (1, TR)
CONTINUE

CONTINUE

NSTART=1
IF(NFRINTEQ.IOHURITE(LOTEKy 770) (PRO(NFRO) f NFRO=1 yNFROFT)
FORMATC(IH+,6(F13.5))

The instrument readings are taken by subroutine READAT (line 483),

terminated when the operator presses and releases the foot pedal. If the

NPRINT=2 option was taken (line 496), the calculated properties PRO will be

written on output unit LOU at lines 496-497. If the NPRINT=%4 option was

selected, the raw instrument readings {(voltages) will be printed. Then the

operator is again offered the choices in lines 504—505.

481
ABZ
483
A8 A
ABS
484
487
488
409
4990
491
492
A73
a?4
495
494
497
498

800

NEW READRINGS ARE MADE FROM THE EDDY CURRENT INSTRUMENT.

CALL READAT(VOLTSyNCHS»ITINMNS,1)

DO 790 NFE=1:NFT

PHASEM(L1s 1o NF ) =10XVOLTS (4%NF-3)

THAGM {191y NF I=VOLTS (AXNF-2)

CONTINUE

IF(NFRINTLEQ. M MERITE(LOTERK»770) (VOLTS(4XNF~3) y VOLTS(AXNF~2)
1sNF=1sNFT)

IF(VOLTS(12).GT.2.0)60 TO 720

PROGRAM WILL STAY IN THIS LOOF UNTIL THE FOOT FEDAL IS PRESSED.

IF (NLABLANPRINT (EQL 4)WRITE(LOU» 710) (FRONAM(NFRO) » NFRO=1 5 NFROFT)
NLABL=NPRINT

IF (NFRINT.EQ,3)WRITE(LOUyB00) (FRO(NPRO)Y y NFRO=1 5 NFROFT)
FORMAT(1H »&(F13.5))

IF (NFRINT.EQ. A)WRITECLOUsBO0) (VOLTS(AKNF-3) » VOL TS ( AXNF ~2)
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499 LTyNF=1sNFT)

500 GO TD 900

501 850 WRITE(LOTEK,B40)

502 B60C FORMAT(’ FROFP ARRAY IS FILLED. )

503 FO0 WRITE(LOTEK»930)

504 B0 FORMAT(” PRINT OUT (L.PARAMETERS 2.MEAS VOLT 3.CALIDISFLAY FROPZSS
505 1,74, RAW ROGS.5.5TAQF7)

G506 READ(LITEKy ¥ )NPRINT

507 GO TO (100710057005 7001000 s NFRINT

508 P60 WRITE(LOTEK:970)

G509 P70 FORMAT(C LIMIT OF FILE 25 I8 EXCEEDED. )
F10 1000 STOF JOR

511 END

The subroutine READAT has already been described in connection with
the RFLRDG program. It allows data tb be read in from an eddy-current
instrument by wvsing the MODAC. When the operator presses and releases a
foot switch, the DO loop for the readings is interrupted, and the readings
are passed back to the main program in the array called NARRAY.

A partial printout of a sample run is given below.

NFONL THIK IN REG 2 CAL THIK DIFF DRIFT
i 1 0.05491 0.05475 0.00014 0.0007%
2 0.004%1 0.0%54%92 -0, 00001 0. 00037
13 0.054%91 Q05495 =0, 00004 0,00015
2 1 0. 05491 005504 ~0: 00013 0400044
2 2 0.05491 0.05494 ~0.00003 0.00034
2 3 0.035491 0,05487 0. 00004 0.460014
3 1 0.07098 0.07119 -0,00021 0.00033
3 2 0.07098 0.07048 £.00050 0.,00025
3 % 0. 07098 0.07102 ~0.,00004 0,00017
4 1 0.07098 B.07100 ~0 06002 060038
4 2 0.07098 0.07119 ~0.00021 0.00031
4 3 0.07098 0.07115 ~0. 00017 G 00015
5 1 0.07857 0,074671 ~-0.00014 0.00027
5 2 D.07657 O Q7697 -0, 00040 0.,00020
5 3 D.07657 0. 07664 -0 . 00007 0.00020
bz B 07657 G 07622 9100035 0:0002%
& 2 0.078657 0.07641 0.00014 0.00027
& 3 0. 07657 0.,07633 0.00024 D.00019

DIFF IN THIN IN REG # 2= 0.00021 DRIFT= 0.00033

COEFC 1)= ~2.88%52402E4+01 CIESDIREG CONSTANT
GBEF(  2)= ~1,0424557E4+00 CLB87FEBL (LOG M1t

COEF{ 3= 2.1322972E-01 JEDASEE4 (LOG M1)2

COEF(  4)= -7,6009904E-03 BPFP3RAC (LIN Fi31

COEFC Gr=  2,080435046E-04 F4DAZSAC (LIN P12

DOEF( &)= 7.0635532E-04 JLBP2ARS (LIN Fl)i (LDG MO
COEF( 7= 1.99308324E401 STEPF7254 (LOG M2 1

COEFL{  8)= ~3,.20884159E400 C20275468 (LOG M23:

COEF( %)= 4.546467820E+00 4FP22314 (LIN P21

COEF( 10)= -1,8003631E-01 BEERBGR70 (LIN F222 .
COEF( 11)= ~1.484037%E400 CIRDF4AF4 (LIN F231 (LOG M2)y1

DIFF IN L,O. IN REG & 3= 0.,00008 BRIFT= 0. 00013
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o MOLT

NF NL DFSI IN REG 2 CAL DFSI DIFF RIFY
i1 0.00000 0.00204 -0, 00204 0.,02%86
12 0.00000 0.,00282 ~0.00282 0.,020465
1 3 0, 00000 0.,00324 ~0.00324 0.01563
201 0.01400 0.01331 0.000469 0.02283
22 0.01400 Q. 00B74 0.00526 G.02114
PR, 0.01400 0.01198 0,00202 Q,01567
3 1 £,00000 0. 002346 0.00234 0.01978
3 2 0.00000 G.00473 ~0.00473 0,01807
3 3 0.00000 ~QL 00077 0. Q0077 G. 01338
4 1 0.01400 001547 -0, 00147 0,02283
4 2 001400 3,013469 000031 0,02124
4 3 0.01400 001137 0. 002463 0,01343
5001 QL. 00000 0. 00680 ~0. 00680 G.02014
o2 G, 00000 0.00736 =0, 00736 Q,01831
G003 QL GOGOD ~0.00105 0.00105 O.012852
46 1 0.01400 0.00712 0.00488 0.02053
& 2 0.01400 0.00543 0.00857 0.01848
& 3 0.01400 G.01610 =0,00210 0,01379
BIFF IN LFST IN REG & 2= 0.00421 DRIFT= 0.01928
COEFC 1)= ~7,5439087E4+02 CARCPP04 CONSTANT
COEFC 2= 1,.8964050E+01 4TUPTRES0 (LOG Midl
COEFC 3= ~1.0453B75E+01 CAM76C08 (1LDG M112
COEF( 4= ~3,011959BE-02 BRFGBD&GD (LIN PL31
COEF¢ 5= ~2,3B847945E-02 BHC3IBCCA (LIN F1O2
COEF( 4= 1,4520300E~01 JEAYZ2RBE0 (LIN F1O1 (LOG MiX1
COEF(  7)=  4,7432214E402 APED293C (LOG M221
COEF( 8)= -6.9833405E+01 C78RAAR4S (LOG M2)2
COEF( %)= 1,1953238BE4+02 A7EF 1094 (LIN P21
COEF( 10)= ~4,B128%29E+00 C39A02E4 (LLIN F232
COEF( 11)= -3,84694794E401 CEPALT78 (LIM F2O1 (LOG M231
FR.SET REG LAYER TH RESTVY FERM DEF BLUW DEF Rapv DEF 817
1 1 1.0000E+10 1.0000E+12 14 000 : - - -
i 2 5.4910E-02 3J.9500E+00 1. 000 0. 0275 0.1125 0.0000E-01
1 3 1.0000E+4+10  1.0000E+12 1.000
2 1 1.0000E+10 1.0000E+412 1,000
2 2 5.4910E-02 3.9500E400 1.000 0.0085 0.7500 1.4000E~-02
2 3 1,0000E+10  1.0000E+12 1. 000 - -
3 1 1.0000E+10 1.0000E+12 1.000
3 2 7.0980E-02 3I.9500E4+00 1600 0.0355 0.1128 0.0000£-01
3 3 1.0000E+10  1.0000E412 1.000
4 1 1.0000E4+10 1.0000E+12 1.0060
4 2 7.0980E~-02  3J.9500E+00 1,000
4 3 1,0000E+1C  L.O000E+12 1.000
G 1 1.0000E+10 1.0000E+12 1. 000
b 2 7.H570E-02  3,9500E400 1,000
b 3 1.00008410  1.0000E4+12 1..000
& i 1.0000E+10  1.0000E4+12 1,000
4 2 7.6070E-02  3.9500E400 1,000
) 3 1.0000E4+10  1.0000E412 1.000
SER/SHT RES COTL 00 RES  SHUNT CAF. COIL INDUCT RES.FREQ DRIV
DUR CRT POP0, 000 672300  B,40060E-~11 0.9458E~78 5.7896E+76

FICK CKT 1000000.000

531.000 8.4000E~11 8.,1425E-67 1.2092E+38

2, 874€
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MEASURED VOLTAGES
FREQUENCY 5.03370E4+03 GAIN G.80250E+03
FROF  LFT OF 0.0750 0.0883 0. 1017
SET
1 MAG 46,0053 .6918 $5.4020
FHA b.674 b.547 6.358
WITH MAG 6.0584 5.7018 5.4222
BEF FHA &,721 6.582 4,429
2 MAG 6. 0305 546942 544224
FHA 3.268 3.241 2.989
WITH MAG 46,0470 G.7144 144400
nEE FHA 1,340 3.207 3.018
3 MAG &.003%5 546619 T4 3815
FHa 2515 2,371 2,25
WITH MAG 46,0148 5.6756 5.3671
DEF FHA 2.584 2,454 2,361
FREQUENCY 3,01420E404 GAIN 3.,10940E+4+02
FROF  LFT OF O.0750 0.0883 0.1017
SET
1 MAG S.1882 4.9411 4.7048
FHA 6,002 6.178 b6.317
RITH MAG 5.2287 4.9503 4.7218
EF PHA G.PE7 6170 64300
2 MAaG 542130 4,9478 44,7322
FHA 5.943 46.133 6,260
WITH MAaG G239 4.9790 A.7484H
REF PHa G948 4,136 64250
3 MAG 55,2168 4.9480 4.,7224
FH& D.9354 64123 &4 260
WITH MG H.2244 4.9586 4.7140
DEF FHe $.%31 b.125 6274
REFERENCES

l. W. A. Simpson, Jr., J. W. Luquire, C. V. Dodd, and W. G. Spoeri,
Computer Programs for Some Eddy-Current Problems — 1970, ORNL-~TM~3295
(June 1971), pp. 258-261.

2, Modular Computer Systems, Inc., Ft. Lauderdale, Fla., Raference Manual,
MAX TI/III/IV System Processors, Assemblers, Publicatioo 210-600500-
008400/B00, 1970.



APPENDIX E

THE SUBROUTLINES

Subroutines called by the four main programs are listed alphabeti~
cally in Table El. They can be categorized by functions, such as integral
calculation or input or output, and by their application to the reflection
or the transmission problem. Those associated with least squares function
fitting apply generally to either problem. All are written in Fortran,
except the data acquisition subroutine, READAT, which is in assembly

language.
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Table El. Subroutines and Calling Programs

. Calling Programs
Subroutine 8 &

Name

MULFRD MULTRU RFLRDG RFLFIT

ALSQS
BESSEL

X

BESELL

Moobd bd

BETAM
BETAMT
CHRFPM
COLFIL
CONS8 X X
CONVRS

CPXQOT X X
GAMAML.

<

GAMAMT
POLTYP
PRFCKT

oM

PR¥COL

BopG B
o

PRFVLT
PTRVLT
RDGEXP X

READAT X
RFCIRK

RFCKDT

RFCOLM

TRCOLM

TRUCIR

TCOFIL

VINLITM

VMATRM

VMATRT X
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ALSQS

Subroutine ALSQS takes the READNG arvay constructed

by subroutine

RDGEXP and finds the array of coefficients, COEF, that when multiplied by

the READNG array will give the best least squares fit to
array PRO. Upon return the best fitting property values
column of the READNG array, aud RSOS is the residual sum

differences from the actual property values.

the property
are in the last

of sguares of the

764 SUBROUTINE ALSRG(AY s BeR2s NN MMy NAT

765 C

764 © ALBAE IS A& FORTRAN TV SUBRDUTINE TO SOLVE THE LINEAR LEAST
767 € SQUARES PROBLEM  NORMGAR -~ Y) = MIN. CAlLLING SEQUENCE IS
7468 C CaLl ALSRS(AyYyByRZsNesMrNA)

749 G WHERE

770 G A IS AN ARRAY CONTAINING THE LEAST SQUARES MATRIX.
771 G UFON RETURN THE (M+1)-TH COLUMN CONTAINSG THE

7773 G APPROXIMATING VECTOR AR.

773 C A IS THE VECTOR TO RE FIY

774 C B CONTAINS UPON RETURN THE COEFFICIENTS OF THE FIT.
775 G R2 CONTAINS UFON RETURM THE RESIDUAL SUM OF SOUARES.
776 C N 15 THE NUMBER OF ROWS IN THE LEAST SQUARES MATRIX.
777 G M IS THE NUMBER OF COLUMNS IN THE LEAST SQUARES

778 G MATRIX.

77% C NaA IS5 THE FIRST DIMENSION OF THE ARRAY A,

780 C

781 C IMPLICIY REALX8 (A-H:0-7)

782 DIMENSION ANArL) »Y{Ll)eB(L)

783 N = NN

784 N1 = N+1

785 M o= MM

786 M1l o= Ml

787 MMl = M-l

788 C

789 C REDUCE THE LEAST SQUARES HATRIX TO UFPER TRIANGULAR FORM
790 €

791 Do 60 L=1,M

792 56 = 0.

793 DO 10 I=LsN

774 10 65 = 585 4+ A(TLO¥X2

795 52 = 88

795 S =BAQRT(82)

797 IF (A(LsL) o l.T40:) G=-§

798 L= 52 4+ S¥AlL LD

799 AlLLY = A{LL) + 5

a0 IF (L.EQ.M) GO TO 50

8201 L1 = L+1

802 0o 30 J=l1+M

803 PP = 0.

804 Do 20 I=LeNM

BOG 20 Fro= PR+ ATl XA (T DD

806 30 A(NL1y.)) = PFP/D

g§o7 nO 40 J=L1sM

808 0o 40 I=LsN

8o? 40 ACTs ) = AT ~ ACTPLIXA(NL D)

810 b AlMLL) = ~8

211 &0 CONTIMUE

812 O
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BESSEL

RX
Subroutine BESSEL (XJ1,X,R) calculates xJ1(x) dr by usin
0 y 24

series approximations and returns the integral as XJ1l. The approximations
are discussed in earlier work.! Note that approximations of the form

Ao + Ay + Agx? + ...+ A"
are generally computed as

{... [y + 4, )= +~Anw2]x e +-A1}m + 4

to improve speed and accuracy.

883 C

884 C BESSEL . MOD (17 FER, 1977)

885 C

884 SUBRQUTINE EESSEL (XJ1sXsR)

887 C

888 C COMPUTES THE INTEGRAL OF THE BESSEL FUNCTION J1(X)
889 C TIMES X FROM ZERO TD Z. USES FOWER SERIES SUMMATION FOR
870 C¢C Z LE. 3y AMD AN ASYMPTOTIC SERIES FOR Z .GT. S.

g91 C SEE ORNL-TH-3295, PP, 2858-261.

892 C

893 DATA FIDA /.7853981637

874 L=XKR

895 IF (Z .G7. $.0) GO 7D 1010

894 K =2Z + 2

897 L= K + 3

298 F1 = 0.3&R¥RXR

899 XJ1 = F1/3.0

200 T = —,25%Z%7Z

901 i = 2,

P02 n2 = 5,

903 E = 4,

904 o 1000 I=1islL

P05 F1 = Fix7/D1

P06 XJ1 = XJ1 + Fi/D2

707 01 = 0t + E

208 E = E + 2,

209 n2 = p2 + 2.

?10 1000 CONTINUE

211 GO 70O 1020

212 C

P13 C ASYMFTOTIC SERIES FOR Z .GT. 5

?14 C

P15 1010 T = 1./Z

7146 XO=4(C((-188,1337%T + 109.1142)%KT ~ 23.793331%7T + 2.050931)%T
F17 1 = 01730503 %T + 0.7034845)%7 -~ 0,064109E-3

?18 X1 = (=5, 817017%T + Z.1098724)1%7T ~ ,68P6196)%T 4 .4952024)%T
?19 1 = 0.187324E-2)XT + 0.797909%

P20 ARG = Z ~ PIO4

921 XJ1 = (1. — SAQRT{ZOX(XIXCOSIARGY ~ XOXSINCARG)) )/ (X%X%X3I}

932 1020 RETURN
923 ENT
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BETAM
This subroutine computes the B and exp{(B,7y) factors [see
Egqs. (26)—(31)] used to compute the y-factors appearing in the impedance
integrals. When the coil dimensions are normalized, the factors a,l;
become

(L /) = opl;

when r is absorbed in 0,. For conductors, terms including €, (the per-

mittivity) are dropped so that in normalized form
al = 0 + Juu,o, 2

[For the uppermost layer (air), a, = o; there is no imaginary part.}] If

we let
a = a2 ,
b= w,o,r 2,
and
o= (% +DD)7,
then
3
Re (o) = (p 2 “) ,
and
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Note also that

1

Re (0y,)

NI

Im(ay,) =

In the main program, MULRFD, we set

woo L
1 Un/i i
so that
s ;i
BETAR(NR) = Re(B,) = 1 (p + a)
and

BETAL(NR) = In(B,) = 17;(p — @) = u;?b/Re(By)

Since B,, is complex we compute real and imaginary parts of exp(B;7y)

as
XPON = exp[Re(8,)7,]1 ,
COSF = cos[Im{(By)T;,] ,
and
SINF = sin[Im(B,)7,,]

When a defect is present in a region, the routine computes the function

eXp[Bn(Zn-{—l Z)] ’

where 7 is the axial location of the defect. (DFT corresponds to DFLOC in

the main program.)
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177
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179
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SUBROUTINE BETAM (13 JULY 1977)

SUBROUTINE BETAMINRsNRT NPy NFT e NF«NFT s BETARyBETAI »COSF ¢y STNF « XPON
1y WUSRy Uy TH, COSD e SINDy XPOND y DFT ¢« NRDIF )

DIMENSION BETAR(NRT)I yRETALINRT) » COSFANRT) y SINF (NRT) s XFON(NRT)
DIMENSTION WUSRINRTsNPTyNFTYrUNRYT sNFTY » THINRT ¢ NFT)
DIMENSION DFTINPT) » NRIOF (NFT)

COMMON /B1/Xy XX XXXX

START BETA CALCULATIONS AT UFFERMOST REGION AND WORK DOWN
AWAY FROM COIL.

MR=NRT

BETAR(NR) =X

BETAL(NR}=0.,

SET EXFONENT SUM TO ZERO AND START CALCULATING BETAS,
SUMEXFP=0,

NR=NR-1

BETAR(NR) =U{NRsyNF)IXSQRT (XX+SART (XXX XHWUSER (NF e NEF y NF ) KWUSR {NR y NP ¢ NF
1))

BETAL(NR) =U(NF s NP XU CNR NP RWUSR (NR » NP s NF )Y /BE TAR(NR)

IF (NR.EQ.1Y GO TO 50

XTH=RETAR (NRYXTH(NR » NF)

SUMEXF=5UMEXF+XTH

IF (SUMEXF.GT.20.) GO TO 40

XPON(NR) =EXP{XTH)

COSF(NR) =COS(RETAT(NRIKTHINR yNF) )

SINF(NR) =SIN(BETAT{NRIXTHI{NRNF))

TFONRDF (NF) NELNRY GO TO 20

XPOND=EXF (RETAR (NRO XKDFTINFDY)

COSn=COS(RETAT (NRIXDFT(NF))

SIND=SIN(RETAL (NR)YXDFT(NF))

IF(NR.NE.1) GO TO 20

RETURN

CALCULATE THE DEFECT VALUES IF IT I5 IN REGION 1.

IF(NROF(NP) LEQ.LYGO TOD 25
RETURN
ENT
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BETAMT

See BETAM (p. 155) for listing of the equations used.

This subroutine performs calculations of the R-factors and exp{B,7,)
identical to those calculated by BETAM for defect-free conductors. It
does not include calculations for defects and is therefore a shorter

version. The main program (MULTRU) does not convert i, to l/(/iﬂn) S0

Re{a,;)
BETAR = Re(B,;) = A,
/Enn
and
Tm(o.,)
BETAL = Im(B,) = ——ov = ZJ_ '
Y21, MiZRe ()

This routine contains ao test for the exponent size, as in BETAM.

548 C

549 € SUBRDUTINE EETAMT (29 NOVEMBRER 1977)

550 C

551 SURROUTINE BETAMT(NRTsNF NPT yNF o NFT»BETARyRETALs COSF » SINF » XFON
552 1y WUSRyUr THs RREBAR)

533 DIMENSION BETAR(NRTI yBETAT(NRT) s COSF (NRT) » STHF (NRT > » XPONINRT)
554 DIMENSION WUSRONRTeNFTyNFT) sUINRTyNPT) »y THONRT yNFT)

559 COMMON /B1/X s XX XXXX

556 C START BETA CALCULATIONS AT UFPFERMOST REGION AND WORK DOWN
257 € AWAY FROM COIL.

558 NR=NRT

559 BETAR(NR ) =X

560 BETAI(NR)=0.

561 20 NR=NR-1

562 RETAR(NR =, 70710478 SART (XXPSQART (XX XXHWUGR (NR s NF » NF)

563 LRRUSRANRNFyNF ) ) ) /UCNRy NF)

5464 BETAT(NR) = SEWUSR INRy NF y NF ) / CBETAR (NRD KU CNRy MNP Y RKUCNR Yy NF) )
565 IF (NR.EQG.1) GO 70O 50

566 XTH=TH(NRy NP ) XKRRBARKU (NR» NFD

567 XFEONCMR) =EXP (RETAR(NR)Y®XTH)

568 COSF(NR) =COS(RETAL(NR) XXTH?

969 SINFINRI=GIN(RETAT (NR)XXTH)

570 GO TO 20

571 90 RETUR

572 END



159

CHRFPM

Subroutine CHRFPM prompts the user to type in changes in the coil and

circuit parameters for a reflection-type coil and transfers the changed

values back to the main program in COMMON block B2. The coil parameter

functions are now duplicated by the COLFIL and TCOFIL subroutioes (see

pps

724
725
724
727
72

729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
745
747
748
749
750
751
752
753
754
755
756
757
758
759
7460
761
762
753

o050

160 and 180).

SUBROUTINE CHRFPMLDUSLI» INTGyNPRINT)

SUBROUTINE TO CHANGE THE COIL AND CIRCUIT PRAMETERS FOR &
REFLECTION TYPE COIL.

DIMENSION CRYVUAL (18 »BO18)
COMMON /BE2/R1sR2sR2/RE4y XL3 e X1.4sRBARS VO ZLIOR s ZLF Uy
KTNDR» TNFUs RDLCDRy RICFUS RO R? » CAPIR y CAFFU
EQUIVALENCE (R1 s CKTVAL)D
D0 106 MB=1-18
BONEB)=0.
10 CONTIMUE
WRITE(LOU,20)
20 FORMAT(” COIL THNN. RAaD, QUT s RAD, s 7Xy "LENGTH v 6X» *GHT CAF'y
17Xs "0C REG/»SXe 'TURNS E&7)
WRITECLOU»ZOIRLR2sXL3CAPDR » ROCTR « TNIR
30 FORMAT(" DVR " »3(F13.5) s 1FELI3,.4y2(0FF13,2))
WRITE(LOUs?O)
READLI» X IRAL) s BO2) s BIS) r BLL7D) s BUL3D s KL L)
WRITE(LOUy40)IRIRAXLAYCAPFUPRICFU TNPY
40 FORMAT(’ PIC »3(Fi3.B)riFPEL3. 4, 2(0PF13,2))
WRITELOQU20)
READ{LI kORI v BOAY »BIHY yROIB)Y »BULIAY y M1 D)
WRITE{LDU50)
S0 FORMAT(8X. 'RRAR youT NVR AMF RES FIC AMP RES’)
WRITE(LDOUyS0IRBARSVOSROvRY
60 FORMAT(IX»2F14,.5,2F14,2)
WRITE(LOU,?0)
READL I XIB(Z7)yB(B) s RL1%G) v B(16)
DO 70 NE=1:18
TFCBONE) W NE QL 2CRTVAL (NR)Y =F(NR)
70 CONTINUE
INTG=0
D0 80 NBE=1,7
IF(BONRY NE.OYINTG=]
80 CONTINUE
PO FORMAT(1X)

IF{NFRINT.EQ.6INFRINT=0
RETURN

END
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COLFIL

Subroutine COLFIL (LI, LOU CNAM) reads a coil name CNAM from the
program. If none or "0." the user will be asked to type in a coil
(up to six characters). If there is a coil im file 28 with the
typed into input terminal LI, its parameters are fed back to the

program in COMMON blocks B2 and B6. 1If not the user is requested

(on output unit LOU) to type the appropriate coil parameters on tecwminal

LT, and the parameters are transmitted to the main program in the common

blocks. (See Tables A3 and D2 for operator interactive responses.)

994

99

996

997

993

999
1000
1001
1002
1003
1004
100%
1004
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019

C
SUBROUTINE COLFIL LI LOUCNAMY
C k&% SURROUTINE TO OBTAIN COIL DATA Xkx (3 aFRIL 1978)
REAL XS COTL y CNAM
REAL L2yL.3y1 451 5014
COMMON /R2/RLyR2sR3yRASL Iy Ay REAR, VO ZLIIRy ZLFU»
ATNORy TNFU ROCDRy ROCFUy ROy R CAFDR s CAFFL
COMMON /R6/L.29L551.6
DEFINE FILE 28(80y32+UyNCOL)
NCOL=1
IFCCNAM «NEL OG0 TG 40
10 WRITE (LOUs20)
20 FORMAT (7 TYPE COIL NAME (UF TO 6 LETTERS)!’)
REATN (LE,30) CNaM
30 FORMAT (A&
40 READ (28/NCOLY COTLYyREARSRL/R2yL3yRIsRAsLALE Y
KTNDRy TNFUs L& RICDR s RDCFU
IF (COIL.EQ.CNAM) GO TO 70
IF (COIL.EQ. END “r 66 T0 50
GO T 40
S50 WRITE (LOU.&06) CNaM

60 FORMAT (Y COTL “yAbdy” NOT FOUND. TYPE FOLLOWING COIL FPARAMETERS: s

/3y’ REARYR1I/R2/L3yR3yRALA-LESLE&sRDCDRyROCFUy TNDR s TNFUL ")
READ (LIs%) REARsRISRZyLIsRIvRALALSy L& RICDIRy ROCFUy TNIR Y TNFU
70 RETURN
END
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CONVRE

Floating~point numbers from the ModComp minicomputer are converted
to fhe hexadecimal representation of the floating-point binary used by the
NDT~COMPB microcomputer, which has an exponent and a high— and low-order
mantissa. (The numbers converted here are not used directly by the micro-
computer but rather by the minicomputer assembler program, which generates
the program for the microcomputer.) The three parts of the hex number are

returned in the NCONV array. It is written in the ModComp IV assembly

language.2

P24 SURROUTINE CONVREB(XNUMy NCONV)

225 INTEGERX2 NEXPLyNHILsNLOL

@24 DIMENSION NCONU(Z)

P27 U

@28 C SUBROUTINE TO CONVERT MODCOMFP FLOATING POINT NUMEBERS TO THE

?29 C HEX REPRESENTATION OF THE FLOATING POINT BINARY THAT THE NDT-COMFE
930 C USES . THE FDRM I8 EXPONENTFRACTION WITH THE FIRST TWO NUMRERS

31 C THE EXPONENT AN THE LAST SIX THE FRACTION. VERSION 16 11 77

32 .

?33 ZMNUM=XNUM

g34 INL TNE

Q3% LOMIDy & ZNUM LOAD ZNUM INTO REG 487

234 LLGr4s1 SHIFT QuUan REG 4-~7 T0 LEFT

937 LLADs 6.2 ARTH SHIFT DOUR REG TO LEFT

?38 RLQr4r1 SHIFT QUALN REG TO RTyDUMP 2 EXFT BIT
PEP TEREv 610 SKIF SKIF AROUND IF ZNUM WAS NEG

G40 ERU RETN GO TO RETURN IF NO WAS FOS

43 SBKIF ABRrA&¥O INCREMENT HIT OySIGN RIT

LY TTRNs & & TWOS COMPLIMENT OF &+7-CHANGS TO FOS
943 RETN TRRR+4+8 NZRO TESTS RIT 8sXFERS IF NONZERD

QA4 LTITe 6 #FRO0O LOADRS BOCO IN REG 6 IF IT WAS O

P45 NIRO HMBRy2+6 THE EXPONENT IS TRANSFERED TD 2

G4 STH»2 NEXP AND STORED IN MEMORY.,

47 MLRs 204 THE HI ORDER MANTESB4 I8 XFERED T0 2
248 S5THer2 NHI1 AND STORED,

P47 MRERsZ2s7 THE 1.0W ORDER MANTESSA IS MOVED T0O 2
Kgely STH2 NLOT AND STORED,

251 FINT

g5l NCONMY (1) =NEXP1

253 NCONV (2 =NHI1

P54 NCONVCE) =NLD L

PEG RETURN

954 END



162

CONS8

Subroutine CON8 converts MODCOMP floating~point numbers to the
hexadeciaml representation of floating-point binary numbers used by the

NDT-COMP8 microcomputer. It is written in the ModComp IV assembly

language.2
859 SUBRODUTINE CONS (XNUMs INUM)
280 C
8461 C SUBROUTINE TO CONVERT MOUDCOMF FLOATING FOINY NUMEERS TO THE
42 C HEX REFRESENTATION 0OF THE FLOATING FOINT BIMARY THAT THE NDT-COHMFE
863 [ USES,THE FORM IS EXPONENTFRACTION WITH THE FIRST TWO NUMBERS
3?4 e THE EXFPONENT ANI THE LAST SIX THE FRACTION. VERSION 16 11 77
S C
B4 INUM=XNUM
867 IMLINE
8468 LMLy & ZNUM LOAD ZNUM INTO REG 6387
869 LLGs4-1 SHIFT QUal REG 4~7 TO LEFT
870 LAG 692 ARTH SHIFT DOUR REG TO LEFT
871 Ri.ls441 SHIFT QUAD REG TO RT.DUMP 2 EXPFT BIT
872 TRREs 440 SKIFP SKIP AROUND IF ZNUM WAS NEG
az3 EBRL RETH GO TO RETURN IF NO WAS POS
874 SKIF ABRR 450 INCREMEMT RIT OsSIGN BIT
875 TTRUrb 2 & TWOS COMPLIMENT OF &:7-CHANGS TO FOS
874 RETN THRE»&-8 MZRO TESTS RIT 8,XFERS IF MONZERD
877 LTiTrb F#HO00 LOADS BOOO IN REG & IF IT WAS O
878 NIZIRD STHDé 17 STORE RESULTS IN IZ
a79 FINI
aaoe JNUM=TZ
881 RETURN

882 END
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CPXQOT
Subroutine CPXQOT calculates the gamma function, which is the complex
quotient of Vi,/Vy,. In the computer notation V221 = Im(V,,), Vy, =

V22R + J(V221), etc.

Viz  Re(Vip)Re(Vz2) — Im(V1p)Im(Vy2) + jIRe(V1p)Im(Vyp) + Im(Vy;)Re(Vs))]

Va0 [Re(V2,)1% 4+ [Im(Vp,) ]2

507 O ;

508 C CEXQOT SUBRDUTINE (18 MAY 1977)

509 €

510 SUBROUTINE CEXO0T (GAMRyGAMI yV12RsV12T yU22R s V22T)
511 C CALCULATES THE COMFLEX QUOTIENT OF Vi2/VU22/WHICH IS THE GAMMA FACTOR
512 Q4=U221 /V22R

513 03=1,/(U22RHU22IK04)

514 (4=~03%QA

515 GAMR=U12RXAF-V12 I K04

S16 GAMI=V12RXQ4+V121%Q3

517 RETURN

518 ENE
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GAMAML
Subroutine CAMAML directs calculation of the real and imaginary parts

of the multilayer gamma factor Y and GAMAD factor Y~ by calling sub~
routines BETAM, VINITM, VMATRM, and CPXQOT.

28 ©

29 C SUERROUTINE GAMAML (13 JULY 1977)

30 ©

31 SUBROUTINE GAMAML (NRT NPT NPsNFTyNF s RETARYyRETAL » COSF v SINF » XFPON
32 1y WUSKRs Uy THs GAMAR s GAMAT » GAMADR s CAMADIT » DF T DFR » NRDF )

33 C

34 C CALCULATES THE GAMMA FACTOR AND THE GaMADl FACTOR FOR ANY GIVEN SET
3% C OF MATERIAL FPROFERTIES CONSISTING FOR FLANER LAYERS WITH ARBITRARY
36 € RESISTIVITIESy THICKNESSES y AND DEFECTS.

37 C

3g DIMENSION BETARINRY) yBETAL(NRT) sCOSFINRT) y SINF (NRT) » XFOMINRT)
39 DIMENSION WUSR(NRTYNFTsNFT) sUNRTsNFTI » THONRT s NFT)

40 DIMENSTION GAMARINFPT) »yGAMAT(NFT) y GAMADR(NFPT) y GAMADT (NFT) v IF T (NFT)
41 1o NFRINFTY s NROF (NPT)

42 €

43 C A MATERIAL WITHOUT A DEFECT IS CALCULATED

44 C AT THE SAME TIME AS THE MATERIAL WITH DEFECTS.

45 C

46 C CALCULATE THE BETA VALUES THAT WILL RBE USED AND THE LOWERMOST
47 C REGION THAT WILL EBE SEEN BY THE COIL.

48 C

49 CALL BETAM(NSRYyNRTyNFsNFTYNF yNFTyBETARYBETALy CUSF » SINF » XFON
50 1 BUSRy Uy THo COSIy SIND y XFOND > IF T » NRLIF )

91 C

52 C CALCILATE THE INITIAL VALUES OF VI13U2 MATRICES AND THE DEFECT
53 C MATRIX »VIHIF THE DEFECT IS IN THE INITIAL REGION.IT IS5 SET TO O
g4 C OTHERWISE .

55 C

96 CALL VINITHM(NSRY sNRTsNFTyNFyBETARBETALIyVIR,VITyV2RyVZT

57 1yVDRy VDT y NRTIF y COSIy STND XPONID

S NSRT=MSRT+1

57 IF(NSRT.GE.NRT) GO 10O 40

60

61 C TRAMGFORM FROM THE INITIAL REGION 41 70 THE LASYT REGION:NRT.
62 C

63 CALL VHATRM(NRT o NERT-NRTy NPTy NPy RETARSBETATI » COSF » STINF 9 XPONyY

64 1VIRyVIIyV2Ry V2T VIR VDT s NRIF yCOSDy SIND s XPONID

gi g THE GAMMA FACTORS ARE CALCULATED FROM THE V-MATRICES.

&7 40 CALL CPXAOT(GAMARINF) s GAMAT (NP yVIR,VII»V2R»V2T)

658 CALL CPXQOT (GAMALIR (NF) » BAMADI (NF) s VIR, VOI y V2R V21D

6% RETURN

70 END
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GAMAMT

This routine is similar ia function to GAMAML (p. 164) with the
following differences:
1. defects are not included, hence, BETAMT is called instead of BETAM; and
2. three Y-factors for the defect-free conductor stack are computed, the
third of which, v, , (GAMAPR, GAMAPL) requires inversion of the con-

ductor stack.

410 €

411 G SURROUTINE GAMAML (29 NOUEMRER 1977)

412 C

41% SUBROUTINE GAMAMT INRT #NFToNF e NFT o NF y RETAR Yy BETAL » COSF s SINF 9 XFON
414 LeWUSR Uy THy RREAR s GAMAR Yy GAMA T s GAMADIR y GAMAD T » GAMAPR . GAMART)

415 ¢ :

4146 C CALCULATES THE GaAMAGAMAD » AND GAMAF FACTUORS FOR ANY GIVEN SET
417 O OF MATERIAL PROFPERTIES CONSLSTING OF FLANAR LAYERS WITH ARBITRARY
418 C RESISTIVITIES AND THICKNESGES,FOR THREOUGH TRANSMISSION COILG.
417 €

420 DIMENSTON BRETAR(NRT) s RETAT(NRTI » COSFINRT) s SINFNRT) s XPON(NRT?
421 DNIMENSTON WUSRINRTsNFTyNFT) yU(NRTNPT) » THICNRT»NFT)

422 ODIMENSTION GAMARCNFT I sGAMATINFT ) » DAMATDRINPT) » GAMADT INFT)

423 DIMENSION GAMAFR(NFT) »GAMAFT (NFT)

424 €

42% C CALCULATE THE BETA VALUES AND THE EXFONENTIAL FUNCTIONS THAT
426 C WILL EBE USED.

427 €

426 Call. BETAMT(NRT « NFsNFToNF s NF T RETARy BETAL s COSF « SINF s XPON

429 1y WUSR s L THY RERBAR)

430 ¢

431 © TRANSFORM FROM THE INITIAL REGION +1 7O THE LAST REGION:NRY.
A32 @

433 NGTE=NRT

434 NGRT=1

435 CALL UMATRT(MNSTPyNSRTyNRT NPTy RETAR» RETAT »COSF s SINF ¢ XFON»

434 IVIRsVIT s V2R, URTVIIRYWILLRTR,RTT)

437 C THE GAMMA FACTORS ARE CALCULATED FROM THE V-MATRICES.

478 C

439 40 Chll. CPXQOT(GAMATIRINF) ¢ GAMATIT (NF ) s VIRUL T UZRL,VU2T)

440 Call. CPXQOT(GAMAFR(NF) s GAMAF T INFY yUIIR VLTI y V2R V21D

441 Call CPXQOT(GAMARINF) s GAMAT INFI s BTRyETI 2 UZR,U2I)

442 RETURN

443 END
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POLTYP

Subroutine POLTYP constructs the PULARY array for printing a repre~

sentation of the polynomial expansion. (See p. 78 for sample output.)

The ENCODE instruction (Cf, line 619) is a ModComp addition to standard

Fortran.

It is the equivalent of a WRITE statement, which performs an

internal character transfer to specific positions to construct output

"words.”

588
58%
590
591
592
593
594
593
5946
597
599
599
400
401
&02
403
604
405
406
607
&£08
609
610
411
512
613
&14
615
616
617
618
4519
4620
621
622
623
h24
4325
b26
&27
b2
527
430
&41
532
633
&34
535
&36
HLE7
£33

oo

D00

70

10

SUERRDUTINE POLTYF(FOLARY » JROW MROW y NFOL » TROEy NFTyNCy TOFSET» IDEV)

THIS SUBROUTINE CONSTRUCTS AN ARRAY FOR PRINTING

INTEGERXZ RDGTYF(2) s INUM(?) » IROLD(A)
REALXZ ROLD
DIMENSION FOLARY{(JROUSG3 yNFOLCIROWSNFT) s FUNTYF () yCONSTA(2)
EQUIVALENCE (ROLDIROLDICL))
DATA  ROGTYR/’ M7y’ P//sCONBTA/'CUNS’ » 'TANT /»
2 FUNTYP/ 7 CLIN  » “(LOG s "CEXF » 7 (INV /¥
3 INUM/A 1) 9722 9733 9/ 8) w78 978 9y 7Y /82 9'P) /s
4 BLANKG/ "/

BLANK OUT POLARY ARRAY

Do 71 =15
no 71 I=1sJRrR0OW
POLARY (I ) =HLAMKS

NROM:=1

IF(IOFSET.NE.1) GO TO 70
FOLARY (NROW: 1) =CONSTA(L)
FOLARY (NROW, 2)=CONSTA(D)
NROW=NROWH1

00 200 NF=1sNFT

no 300 NTYF=1,NC

NCC=NTYP%3

NCP=NCC~1

NCF=NCP--1

ENCODE(85; 10, ROLIDFOLARY (NROW-1y 1) » FOLARY (NRDW-~1+22)
FORMAT(2A4)

NDEG=NFOL (NCPy NI )

IF(NDEG.EQ.0) GO TO 300

Lo 400 I=1sNDEG

FOLARY (NROW s 1) =FUNTYF {NFOL (NCF o NF )
ENCODE(As 207 POLARY (NRDUW2)) RIGTYF(NTYF) » INUMINE)
FORMAT(242)

ENCODE (130 FOLARY (NROW3) ) INUMII)

FORMAT (A1)

NROW:=NROWS1

CONTINUE

CREATE CROSS TERMS

NETERM=NFOL(NCU N
IF(NCTERMLEQ.O0) GO TO 300
IF(NFEQ.1I.ANDLNTYFL.EQ. 1) GO TQ 99
J=NCTERH

[0 5GC¢ I=1+NCTERNM
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LAY FOLARY (NRDOW» 1) =POLARY (NROW-171)

£40 FOLARY (NROW» 2 =FOLARY (NROW-1»2)

A41 ENCODE (4540 FOLARY (NROW 32 INUMCT) »ROLD

6542 40 FORMAT (AL »1XyA2)

543 ENCODE (A4S0 FPOLARY (NROWs 4) ) IROLD(Z) » IROLDCE)
544 50 FORMAT(2A2)

HA5 ENCODE (4,60 yPOLARY (NROW 5 ) IROLICAY » THUMCD)
&46 60 FORMAT(AZ A1 ,1X)

447 S=Jd~1

448 MEOW=NROWS1

&49 500 CONTINUE
454 200 CONTINUE
&%1 200 CONTINUE

a&52 O

453 L PRINT RESULTS

454 [

2 3viv] WRITECIDEYV » 21 ((FOLARY (I v JY s J=1 250 5 I 1 o MROW)
4454 21 FORMAT(’ FOLARY=/(1X 50422

657 GO T0 1000

&58 U

559 ©  FRINT ERROR MESSAGES

660

G661 99 WRITE(IDEY,31)

6462 31 FORMAT (7 ERROR: CANNOT HAVE A CROSS TERM DN 15T ITERATION)
463 C

464 1000 RETURN

645 NI

PRFCKT

Subroutine PRFCKT (LOU) prints the circuit parameters on the LOU out-

put unit.

358 C

359 G SURROUTINE FPRFCKT (26 JULY 1977)

360 ©

341 SUBROUTINE FPRFCKTLOU

362 REAL L3rsL4

363 COMMON /B2/R1vR2yRIVRAG21L.3:LAsRBORYVO» ZLIR» ZLEUy
364 i TNIDR s TNFU ROCUR » RODCFUSs RO s RY » CAFPDR s CAFFU

3465 WLODIR=1 ., /8QRT (ZLDRXCAFDE)

72 WLCFU=1, /SART (ZLFUXCAFFPU)

367 MRITE(LOU,SO)

368 WRITE(LOU, A0IROYROCHR » CAFPDR » ZL DRy WLCIIR » VO

346% WEITE(LOU» 70)R?y ROCFU CAPFU ZLPU, WLTFU

370 WRITELOQU-8D)

371 S0 FORMAT (Y SER/SHT RES COTYL DT RES  SHUNY CaP, COIL INDUCT.
372 i RES.FRER DRIV, VOLT )

373 40 FORMAT (Y DUR CRT /,2(F12.33y3(1FEL12.4),0FF12.4)
374 70 FORMATCY PICK CRT/ 9 2(F12.3)3(1PEL2.43,0FF12.4)
375 80 FORMAT1XD

376 RETURN

377 ENT

Sample Output

SER/SHT RES COIL DC RES  SHUNT CaF. COIL INDUCT RES,FREG DRIV, ¥OLT
DyR CRT 2000.000 467300 8,4700E-11 2.2134E-03 2,3075E+04 10,0000
FICK CKT 1000000.000 &7, 300 8.4500E-11  2,213&6E~03 2.31228406



unit.

334
335
334
337
338
339
340
341
342
343
344
345
344
347
348
349
350
351
352
353
354
355
354
357
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PRFCOL

Subroutine PRFCOL (LOU) prints the coil parameters on the LOU output

o0

DO 0

SUBRROUTINE FPRFCOL (20 JULY 1977)

SUBROUTINE FRFCOL (LOU)

SUBROUTINE TO FRINT OUT THE REFLECTION COIL FARAMETERS. (20 JULY 77}

REAL L3sL4rL2yL.59L6

COMMON /B2/R1sR2sR3sR4sL37LAsREBARSVOS ZLIRy ZLFUy
1 TNDR s TNFUy ROCOR s ROCFU RO RY s CAFLR s CAFFU

COMMON /R&7 L2.L.GyLA
WRITECLOU,SO)REAR
WRITEC(LOUs 60
WRITE(LOUs70)R1sR2sL3yTNIRYL A&
WRITEC(LOUy8OIR3sRA5L A TNFUL LS
WRITECLOUy?0)

50 FORMATC MEAN RADIUS “yF12.5s7

60 FORMAT( COTL INN. RAD
1 O L.O./RCES ")

70 FORMAT(’ DRIVER

INCHES ")

RAT LENGTH TURNS EA

‘y3(F12,4)sF12.1,F14.4)

80 FORMAT(/ PICK-UF ‘»3(F12,4)sF12.1sF14.4)

?0 FORMAT(1X)
RETURMN
END

Sample Output

MEAN RADIUS
coiL

LIRIVER

FICK-UF

0.15000 INCHES

INN, RAD OuT. RaD
0.7500 1.2500
0.7500 1,2500

LENGTH
0.35600
0.3400

TURNS EA 0 L.0./RCES
513.0 00,0750
513,90 0.0770
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PRFVLT

Subroutine PRFVLT prints the output voltage magnitudes and phases for

the different property sets and frequencies. (8ee p. 70 for sample

output.)

378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
394
397
398
399
400
401
402
403
404
405
406
407
408
409
410

412
413
414
415
416
417
418
419
420
421
422

423

[ Rw o]

jeReNo Rl

10

20
10
110
150
160
165
170

180

190
200
210

SUBROUTINE FPRFVLT (20 JULY 1977)

SUBROUTINE PRFVLT{LOUs TMAGyFHASE s NRT s NFT s NFTeNLT» NODF s NFTTsRLL
1eNRIOF s FREQ, GAIN)

PRINTS OUT THE MAGNITUDES AND FMHASES FOR THE DIFFERENT FROFERTY
SETS, FREQUENCIES AND WITH AND WITHOUT DEFECTS.

REAL L2.1.5+L6

DIMENSION RLI(NLT) y TMAG(NLTsNFTToNFT)  FHASE(NLT s NFTT#NFT)
DIMENSION NRDOF(NFT) yFREQINFTY s GAIN(NFT)
COMMON /R&/ L2sL.59L6

RLICL)=Ld

DO 10 NL=2#NLT

RLLIINL)=RL1(NL=-1)+L2

CONTINUE

D0 110 NF=1sNFT

WRITEWLOU-190)

WRITE(LOU, 1S50)FREQINF) »GAININF)
WRITE(LOU»160) (RL1I(NL)Y sNL=1sNLT?
WRITE(LOU»169)

NFP=1

0ng 1090 NP=1,NFT

WRITECLOU» 170)NF s {TMAG(NL by NFFyNF )Y s NL=1»NLT)
WRITE{LOUy180) (FPHASE (NLsNFF s NF ) s NL=1sNLT)
WRITE(LDUY190)

NFP=1+NFF

IF(NRDF (NP) . GE.NRT) GO TO 20
WRITE(LDUY200) (TMAGUINL e NFFsNF I o NL=1oNLT)
WRITE(LOU»210) (FHASE (NL s NFFyNF Y s NL=1sNLT)

WRITE(LOU»190)

NFF=1+NFP

CONTINUE

CONTINUE

CONTINUE

FORMAT (/ FREQUENCY “y1PE13.5,7 GAIN “»1FE13.5)
FORMAT(’ FPROP LFT OF “s9(F%.4))
FORMAT (/ SET)

FORMAT(1Xs IG5y’ MAG “+9(F%.4))
FORMAT (" FHA 2 2(F?.3))
FORMAT(1XY

FORMAT (" WITH MAG P (F?.4))
FORMAT nEF FHa s P(FP,.3))
RETURN

END
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PTRVLT

This routine is a shortened version of PRFVLT with the capability of

printing defect values removed for use with the through-transmission

program (MULTRU).

713 C

714 C SUBROUTINE FTRULT (1 DECEMRER 1977)

715 C

716 SUBROUTINE PTRULTCLOU THAGy FHASE s NRT yNFT o NFTyNLTyRL
717 1yFREQsGAIN)

7i8 C

719 C FRINTS QUT THE MAGNITUNES AND FHASES FOR THE DIFFERENT FROFPERTY
720 C SETS AND FREGUENCIES.

721 C

722 REAL L21.5¢1L.6

723 DIMENSTON RLLICNLT) s TMAGINLT o NPTy NFT) s PHASE CNLT s NFTyNFT)
724 DIMENGTON FREQONFT) yGATNCINFT)

7295 COMMON /RS L2905y 1L4

726 RLLCL) =&

727 ney 10 NL=2sNLT

728 RLLTONLY =RLLONL -1 402

729 10 CONTINUE

730 00 110 NFE=1.NFT

731 WRITE(LOU 190D

732 WRITEC(LOUy 150 FREQINF ) y GATNINFD

733 WEITECLOUs 1600 CRLLONL ) o NEL =1y MLT)

734 WRITECLOU 165)

735 I 100 NF=dyNFT

736 WRITECLOU 170Ny (CTMAGONL y NF s NF Yy NL=1 o NLLT)

737 WRITECLGOU 180) (FHAGE (NL s NF o NF ) » NL=1 «NLT)

738 20 CONTINUE

739 100 CONTINUE

740 110 CONTINUE

741 150 FORMATCY FREQUENCY 7y 1FEL3 Gy 7 GAIN “«IFEL3.5)
742 1460 FORMAT(Z  FROF LFT OF “s9(F?.4))

743 16% FORMATC! SET)

744 170 FORMATCIX s TSy 7 MAG 1 Q(F9.4))

745 180 FORMAT( FHA 7 20FP.3))

746 190 FORMAT (1X)

747 RETURN

748 ENTH

749 G
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RDGEXP

Subroutine RDGEXP constructs the READNG array from a polynomial
expansion of various powers of various functions of the magnitude and
phase readings.

The "recipe” for the expansion is contained in the value of IOFSET
and in the NPOL array (see Table 3). Subroutine RDGEXP constructs the
Mth row of the READNG array, which will.have the following elemeqts {(total
ROPRM + 1): (1, f100), ..., A1), 51D, ..., [g (P 1YL,

O e ¥ L e KT g e, L 1,0 1 e, 0,
«ssy 0, where the number of zeroes will equal (IRDPRM + 1) — TRDPR. If
IOFSET = 0 the leading 1 is omitted and all other terms move one position
left, adding another 0 at the right or making another function term

available 1f needed.

856 © SUBRDUTINE ROGEXF (READNG s THAG» FHASE s NFOL » TOFSET» THUFT » PHIF T yMSET1
521 19 IRDFRL s MsNFTsNLsNLT» NF s NFTT)

522 0 REALXB REAING»RDG

523 DIMENSION READNG(MSET1» IRUFRL) sNFOL (45 NFT) s TMOFT(NFT) s PHOFT (NFT)
524 DIMENSION TMAG(NLTsNETTyNFT) s FHASE (NLTsNETTsNFT)

525 €

526 C NPOL CONTAINS A NUMEER FOR THE FUNCTION TYPE, THE FOLYNOMIAL
527 € DEGREE, AND THE NUMEER OF CRDSS TERMS

528 C FOR THE MAGNITUDE AND FHASE AT EACH FREQUENCY,STORED AS NPOL
529 C (NF1-MAG FUN, 2-MAG FOL»3-MAG #CROSS TERMSy4~FH FUNsS-FH FOL»
530 © 4~PH # CROSS TERMS). IF IOFSET=0s NO OFF-SET

531 © WILL BE INCLUDED,=1 DFF-SET IS INCLUDED.THE VALUES OF THMDFT(NF)&
532 C PHOFT(NF) GIVE THE AMDUNT OF DRIFT IN THE MAGNITUDE AND FHASE.IF
533 C NPOL (NCFNF) =0,THAT FARTICULAR MAGNITUDE ANL PHASE FOR THAT
S34 C FREQUENCY WILL BE SKIPFED,

S35 C

536 READNG (Ms1)=1.

537 N=1

538 IF(IOFSETEQ. 1)IN=2

539 N0 210 NF=1,NFT

540 00 200 NC=1,2

541 NCC=NCH3

542 NCF=NCC-1

543 NEF=NCF-1

544 ROLDI=ROG

545 IF (NFOL(NCPyNF) . EQ,0) GO TO 200

546 IF(NC.EQ.1) ROG=THMAG(NL »NF»NF ) +THIFT (NF)

547 IF(NC.EQ.2) ROG=FHASE (NLsNF»NF ) +PHDF T (NF)

548 © ‘

549 C THE TYFE OF FUNCTION I8 SELECTED

550 €

551 IF (NPOL (NCF yNF) . EQ, 1) RIG=RUG

552 IF (NPOL (NCF s NF) .EQ, 2)RDG=ALOG (RDG)

553 IF (NFOL (NCF s NF) .EQ .+ 3)RDG=EXF (RDIG)

554 IF (NPOL (NCF v NF ) EQ. 4)RIG=1 . /RIG

555 ©

556 C TRE TYPE OF FOLYNOMIAL IS SELECTED

557 C AND THE POLYNOMIAL VALUES ARE CONSTRUCTEI,
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558 C

559 READNG ( My N) =RDG

560 N=N+1

561 NDEG=NFOL (NCFyNF ) -1

562 IF(NOEG.LT.1) GO TO 15

563 D0 10 I=1sNDEG

564 READNG (MrN) =RIGKREADING (MsN-1)
565 N=N+1

S64 10 CONTINUE

567 C

568 C CROSS TERMS ARE CONSTRUCTED
569 C

570 15 IF (NFOL (NCCyNE) LER.O) GO TO 200
571 ROY=ROLD

572 NCTERM=NFOL (NCC s NF )

573 D0 20 I=1,NCTERM

574 RIY =ROLIKRTY

575 20 CONTINUE

576 IF (RO L NE.0Y RINV=RIG/ROLD
577 IF (RDY.ER.0) RINV=0,

578 00 30 I=1sNCTERM

579 RIY=RIY KR INY

580 READNG (M N =RIY

581 N:=N+1

582 30 CONTINUE

583 C

584 200 CONTINUE

585 210 CONTINUE

584 RETURN

597 END

READAT

This subroutine controls the MODACS to read signal voltages from the
eddy—current instrument. The section between the INLINE (line 1043) and
FINI (line 1063) instructions is written in the ModComp IV Assembly
language;2 therefore, it is unique to the minicomputer used for this
work. For other machines this section could be replaced by other appro-
priate instructions. The ITIMS is curvently set at 512 in the main
programs. The NRET flag assures that one complete set is vread into the

zeroed MARRAY array and returned to the main program in the VOLTS array.

1020 C

1021 SUBRROUTINE READAT(VOLTS s NCHS» ITIMSNRET)

1022 C

1023 © SUBROUTINE T0 READ DATA FROM AN EDDY CURRENT TEST USING THE MODAC.
1024 ¢ FPROGRAM SENDS FROMFT SIGNALS OQUVER THE a02 CHANNEL aND DISFLAYS THE
1025 C CURRENT READING VALUES OF THE DESIGNATED CHANNELS OVER 402,

1026 NOTE: SYSTEM FROTECT SWITCH MUST RE OFF FOR PROGRAM TO RUN.

1027 C AFTER CH#12 HAS GONE LOWFOOT FEDAL DEFRESSEN) ANMD ROUTINE HAS
1028 C RETURNED! ONCE T0O SIGNAL FROGRAM TO MARKE READING (NRET=1),

1029 C THEN HAMG IN HERE (LOOF NRET=0) UMTIL CH%#132 GOES HIGH

1030 ¢C (=2,0 YOLTS) AGAIN IMFLYING THAT FOOT FPEDAL HaS BEEN

1031 C REL.EASED,

1032 C
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1033 INTEGERXD2 TTIMyNCH

1634 ODIMENSION VOLTS (L2 s MARRAY (12)
LOAS ITIM=TTIMS

10346 CONFAC=819, 2XFLUATC(ITIMG)

1037 LHCNCHE -1

1038 ©

. ZE
1032 30

ZERD ARRAY IMITIALLY.,
00160 W=l e NCHS

1¢40 MARRAY (N) =0

1041 1O CONTINUE

1e4d C LOGE THROUGH THE CHANNELS NCHSy TTIMS TIMES AND SUM THE READINGS.
1043 INLINE

1044 LOMs & ITIM

1045 LIT«? )

10446 ITLP LDI.3 1.

1047 LOYs2 0

1048  CHLFP  ARR,3.0

1049 Olfry 342

1050 SHERy 30

1051 DLy 3.2

1062 LASs3s1

10G3  BUSY I00:5.6

1054 TERE»5s14 BUSY

1058 Qlilte 74 2

1056 RASs 5,2

1057 ESS»455

1058 Al 442 MARRAY

1059 STMIDr 442 MARRAY

10460 ARRy2y14

104613 CRMR2 NCH » CHLF y CHLFP
1062 GRREr 615 ITLF

1063 FINI

1064 DA 20 N=1sNCHS

1065 VOLTE (N =FLOAT(MARRAY (N} ) /CONFAC
1048 20 CONTINUE

1067 IF(UOLTSC12) LT 2,0, ANDILNRET.EQ.0) GO TO 30
1068 NRET=1

1049 RETURN

1070 ENID
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RFCIRK

Subroutine RFCIRK calculates the magnitudes and phases of the output
voltage [Eq. (14)] for the different property sets, frequencies, and lift-
offs. (The circuit analysis begins on p. 11.) Real and imaginary parts
of Zp, ZéR), and M(R) are substituted into Fq. (14) for Vgout, and the real
and imaginary parts of Vy,¢ are separated. 7Then, the magnitude of the

outpuf voltage is

[Voue! = {[Re<Vout>12 - [meoum?}}i :

and the phase is

Conversion factors and leading constants ioclude:

1. 1.0027518 E-7 = 7w (4w E~7 H/m)(0.0254 m/in.), and

2. 0.16880931 = 3/2/8w, which corrects for value of u” = 11/¥/2 divided out
of wpo?? and 3/87m difference between defect and defect-free impedance
equations.

The loop structure is so arranged that the first pass computes ‘Vout|
and ¢ without defects (DEF = 0), and the second pass includes the defects
(DEF = DEFF).

Coil impedance variables are designated ZXXR or ZXXI for real or
imaginary parts, where XX is MU for mutual, DR for driver, and PU for

pickup. Term IMAG = |Vour| and PHASE = 6.

424 €

425 C RFCIRK.MOD (20 JULY 1977

426 ©

427 SUBROUTINE RFCIRRK(THAGs FHASE » TWOF Ty RADy THUTRE s TMUTIM DRIVRE
425 1y NRIVIM,FPICKREFICKIM BRVIRyORVII yFICKIR s FICKDIL » NRIF s FREQ
429 2yl HUSR S GAINSATRLyAIRZy NLT o NRTy NPTy NF T NODF o NFTTy DFSIZE)

430 €

431 C COMPFUTES MAGNITUNES AND PHASES OF OGUTFUT VOLTAGE

432 C FOR VARIOUS PROFPERTIESsFREQUENCIES aMND LIFTOFFS,

433 C SEE ORNL-TM~4107y FF, 3-5 FOR THE CIRCUIT aNALYSIS.

434 DIMENSION THAG(NLTyNPTTeNFT) yPHASE (NLTyNFTTeNFT)

435 1oUNRT s NFT) yWUSR(NRT o NFT o NFT) f NRDF (NPT s FREQINFT) » GAINCNFT)
436 2y THUTRE(NL Ty NPTy NFTI » THUTIMINLT o NPT NFT) s IRTVURE (NL Ty NPT e NFT)
437 SrDRIVIM(NLT e NPT oNFT) yPICKRE(NLT o NFTyNFT) yPICKIM(NLTyNPToNFT
432 DIMENSION DRVUDR(NLTsNPT«NFT) »FICKDR(NMLTyNFTNFT)

439 DIMENSION DRVDI(NLT sNFToNFT) yFICKDTINLT s NFTyNFT)
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4331
442
443
444
445
444
447
448
449
450
451
453
453
454
2455
454
a5y
458
459
450
441
342
447
444
4475
464
Ab7
468
1569
470
474
472
473
474
75
474
477
478
479
480
481
482
493
484
485
484
487
488
489
490
491
492
493
494
495
494
497
498
499
500
501
502
503
504
505
506

20

i

i

i
s}

&
50

35
40
106
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COMMON ABR2/RLsR2IRIRASRLIyRLAYRBAR VO, ZLIUR» ZLFU>»
TNOR» TNFPU s RRCOR » RODCFU RO Ry CAPDR y CAFRU
T1 = TNDR/({RZ ~ R1IYXRL3Z)
T2 = TNFU/ (R4 -~ RIIVERRLYG)
COLFAC=1.002751BE-7kREAR
DEFAC=, 14808093 LXkDFSIZE
NURFAC=COLFACKTIXT1
PICFAC=COLFACERTIRTZ
IRUTFC=LOLFACKRTLIRT2
ZLTNIR=NVRFACKXALIR]L
ZLEU=PICFARCKAIRE
00 100 NF=1sNFT
W=TWOPITXFREQ(NF)
DURF=DVRFACEW
FICF=PICFACYW
IMUTF=ZMUTF XY
QAT = VORRZERGAIMINF)
X1 = WRKROXCAFPIDR
A2 = WERPXCAFFU
ZAZ2RE = X122 ~ 1.
Z1Z2IM = ~X1I -~ XZ
NPP=1
00 &0 NP=1sNFT
DEFF=TIEFACEUNUSRINRDF CMF ) o NF o NF DR ONRDE (MNP s NP
LEF=0,
N0 50 NL=1,NLT
ZMUR = ZMUTFR(THUTRE (ML s MP e NF ) PDEFX CDRVIR (NL o NFF 2 NF)
AP TCRKUT (NL o NF o NF P TURDR (CNL s NP o NF YXRTIRVTIT INIL y NF s N 3 35
ZMUT = ZMUTFRCTMUTIMNLy NP o NF 1 ~DEFR{ORVIIR (NL s NF ¢« NF)
¥PICKOR (NL s NP o NF ) ~ORVDI (NL s NP e NF ) RPICKTUI (NL s NF s NF 3 )
ZDRE = ~DURFX(DRIVIMONL s NP o NF 3 ~DEF R (URVOR {NL » NF s NF
EDRUDRIONL s NP s NF I -DRVDIINL s NP o NF DKDRUD T (NL y NPy RF I D)
ZORYI = DURF¥(ORTIVRE(NLNFsNF)Y + ATR1+
2RDEF R (DRVIR (NL s NF s NF Y RDRVDT (NL s NP s NF ) ))
ZPUR = ~PICFR{(PICKIM{NL »NFsNF)-DEFX{(FICKDOR (NL »NF, NF)
AP IORDIR(NL y NP o NF ) ~FPICKUI(NL o NF e NF ) RPICKOT (NL s MPsNF 23D
ZPUT = FPICFR(PICKRE(NLsNFsNF) + AalR2¥
SRDEFR(PICKIR(NL s NPy NFIKFICKDI (NL s NFeNF )
ZFR = FORK + RDCDR
C1 = ZPR¥X1I + ZDRI
C2 = Xi%kZpRI - RO ~ ZPR
ZFR = ZPUR + RLCPU
C3 = ZPRX2 4+ 7TPUl
C4 = X2%ZIFUY - RY ~ ZIFR
ISSORE = (IMUR + ZMUI))R(IMUR ~ ZMUD)
ZPR = ZMURXZIMUI
Z2584QIM = ZFR + ZPR

DENRE = Z1Z2RE¥ZEBORE - Z1Z2IMXZS8QINM + C1kI3 ~ C2%C4
DENIM = Z1Z2RE%ZSS5QIM + Z1Z2IMRZEGSERE + C1kC4 + C2%C3
TNMRE = QT¥ZMUI

TNMIM = ~QTXIMUR

THMAG (NL s NFFyNF) =
SORT( CTNMREXX2 + TNHIMKKR)/ (BENREXX2 + DENIMKK2))
PHASE (NLyNFFyNF) =RADK(
ATANZ ( TNMIMKLENRE ~ TNMREXKDENIM»
TNMREXIENRE + TNMIMKDENIM))
CONTINUE :
IF (NRDF (NF) . GE.NRT)GO TO 55
IF(DEF.BT.0.)G0 10 55
DEF =DEFF
NPF=NPP+1
60 TO 20
NFE=NPF+1
CONTINUE
CONT INUE
RETURN
END
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The following is a sample output:

SER/SHT RES COIL DC RES SHUNT CAF. COIL INDUCT RES.FREQ BRIV, VOLT

OVR CKT 200.000 67,300 8.4700E-11 2,2136E-03 2.3075E4+04 3,5350
FICK CKT 1000000.000 531.000 8.45%00E-11 1.7222E-03 2.6214E4+04
RFCKDT

Subroutine RFCKDT adds a 1% drift to the value of one circuit
parameter at a time and calculates the resultant change in the calculated
property, which was preselected in the mwain program. [Lts function is
similar o that of the sections of main programs that do DIFF aad DRIFT
calculations (e.g., MULTRU, lines 337-382), except that only DRIFT is
computed, and the variation is added to circuif parameters instead of

magnitude or phase readings at a particular frequency.

G466 ©

467 SUBROUTINE RFCKDT (THMAGs PHASE y TWOFP I s RAD THUTRE» TMUTIM s DRIVRE »
448 1ORIVIHsPICKREyFICKIMsIRVIDR s DRVEL y PICKIIRy PICKDT » NRIF »y FREQ

5469 2rUrsWUSRyGAIN AIRLsAIRZoNLT s NRY e NPTy NFTyNOLF s NFTT s IFGTZE »

470 AREADNG s NFOL» JIOFSET y THIF T PHOF To MOGET Ly IRDPR1 s Mo NLy NP2 LLDU

671 AMEBETy IRDPR s CKTEAR s CGEF y PROF » FPROFPT

672 C

&73  C SUBROUTIRE TO ADD A SMALL DRIFT IN & CIRCUIT OR COILl. FARAMETER
474 C AND CALCULATE THE RESULTANT CHANGE IN THE CALCULATED FROPERTY.
675 €

&76 DIKENSION READNG(MSET1,IRIPR1) yPROF(MSET)Y yCOEF(IRDFR)

&77 DIMENSION THDFTONFT) s PHOFTINFT) o NFOL CE9NFT)

678 DIMENSION CKTFaAR(E®)

479 DINENSION TMAG(NLTyNPTTINFT) s PHASE(NLTYNPTTNFT)

680 DIMENSION WUSRINRTsNPTYNFT) rUINRT P NFT)

481 DNIMENSION NRIF(NFT) s FREQ(NFT) »GAININFT)

682 Ko THUTRE(NLTyNFTsNFT) y THUTIMONLT NPTy NFT) yORIVRE(NLTsNFT»NFT)
483 Xy DRIVIM(NLTeNPToNFT) yPICKRE(MLTyNFToNFT) s FICKIM(NLT s NFT¢NFT)
684 DIMENSION DRVUDR(NLTyNFTsNET) y PICKOR(NLT yNFT e NFT )

685 DIKENSION DRVUDI(NLT yNFTsNFT) yPICKOT (NLT s NPT NFT?

6846 NIMENSION CKTVAL (182

687 COMMON ZB2/R1IsR2sRESRASRLEYRLASREAR VO ZLDRy ZLF Uy

4688 TNDR» TNFUsRIOCOR s ROICFLUy RO yRPy CAFIIR s CAFFU

489 EQUIVALENCE (R1,CKTVAL)

690 WRITE(LOU:10)FROFT

691 10 FORMAT(Z 1XCHANGE ‘rAds’ CHAY)D

692 D0 800 NORIFT=1.8

493 CEKTVAL (NDRIFTH10)=CKTVAL (NORIFT+10)%1.01

694 CALL RFCIRK(THAG, PHASE y TWOFIsRADy THUTRE y THUT I My DRIVRE

625 1y DRIVIMsPICKREAFICKIMy DRVDR»IIRVDI s FICKDR s PICKDI s NROF » FREQ
596 2yUrWUSRyGAIN-AIRL/ATRZ2yNLTyNRT o NFT s NF Ty NODF o NFTT  DFSTZED

697 SSDRIF=0.

498 DO 80 NF=i,NPT

499 DO 70 NL=L1sNLT

700 M= (NP1 ) kMUTHNL

701 CALL RIGEXP(READNGy TMAGFHASEYNFPOL» IOFSETy THDFTsPHIF Ty MSETL
702 Ly IRDPRIsMsNFToNLoNLTyNFSNPTT)

703



704
705
704
707
708
70%
710
711
712
713
714
715
715
717
718
719
720
721
722
723

(o

70
80

40

800
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THE POLYNOMIAL IS CALCULATED

SUM=0.

0o 20 IR=1sIRDFR
SUM=SUM+COEF (IR XREADNG(Mr IRD

CONTINUE

LRIFT=ARS(READNG (My IRDFRI1) ~5UM)
SEDRIF=SSBRIF+DRIFTHIRIFT

CONTINUE

CONTINUE

SDRIF=8ART(SSIRIF/FLOAT(MSET))
WRITE(LOUyAOICKTPAR(NORIFT) yBIRIF
FORMAT(SXsA4sF15.5)

CRTVAL INDRIFTHIO) =CRTVAL (NDRIFT+10)/1.01
CONTINUE

CALL RFCIRK{TMAGyPHASE s TWOPI » RAD THUTRE » THUTIM, DRIVRE

1y ORIVIMyPICKREyFICKIMs DRVIRy DRVDT » FICKDR s PICKDI o NRDF » FREQ
2rUsWUSRYyGAINsATRL rATRZ2 s NLT o+ NRT s NPTy NF Ty NODF «NFTTDFSLZEY

RETURN
END

RFCOLM

Subroutine RFCOLM calculates the coil properties — the real and

imaginary parts of the integrands for Zp, M(R), and Z£R) [Eqs. (18), (20),
and (22)}] and Zé and Zé [Egs. (31), (53), and (54)]. It calls the other
subroutines BESSEL, GAMAML, and BESELl. The terms AIR1 and AIRZ are the

driver and pickup coll impedances with no conductors present.

530 that

Similarly,

The BESSEL subroutine returns

aHl

XJRL = w1 (x) de

iy

D21 = w1 {x) dx = J(y,R1) .

ok

D43 = J(Ry,R3) .
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Then

Se¢ = af(Ry,HR3) ,

and S3 through 57 equal similar expressions. So,

EX3 = exp(-0l3) ,

and

Wl = 1 — exp(-ali) ,

with similar expressions for W2, EX1, EX4, EX5, and EX7.

The terms TMUT, estc., represent the factors multiplied by v's, which
enter the integrands of Eqs. (18), (20), and (22). Note that the
variables positioned as DRF and DFT in the cz2ll have been replaced by
DFRAD and DFLOC in the main programe.

Subroutine BESELl returns J;(or) where r is the radial location of
the defect (¥Fig. 7). The remaioning equations combine the various factors
to generate the integrands returned to the mein program. Terms TMUTRE/IM,
CRIVRE/IM, and PICKRE/IM go to Eqs. (18), (20), and (22), respectively;
DRVDR/I and PTCKDR/I go to Eqs. (53) and (54}.

188 ¢C

189 ¢C RFCOLE (13 JULY 1977)

190 C

191 SURROUTINE RFCOLM{SL1 NLTsNFTYNRTINFTsRLLsRL2ZGAMAR GAMAL

192 1y GAMANR s GAMADI » THUTREy TMUTIM»IRIVRE y DRIVIMy FICKRE s FICKIHM

173 ZyDRVIOR s DRVYDIT y PICKDR s PICKOI s BETARy RETATI y COSF s SINF » XFON

194 Sy WUSRyUr THoNRDFyIFRy IF Ty FREG»AIRL»ATRZ)

193 DIMENSION BETAR(HRT) yBETAI(NRT) yCOSF (NRT)Y » STNF (NRT) o XPONINRT)
1%46 DIMENSION WUSRNRTyNFTYNFTI »UCNRT NPT s THINRTYNFT)

1%7 DIMENSION RLI(NLT) yRL2(MLT) o NRDF (NPT yIIFR{NFT) »IIFT(NPTY y FREQ(NF T
128 DIMENSION GAMAR(NPT) sGAMAT (NFT) s GAMADR (NPT » GAMADI (NFT)

199 Ly THUTRE(NLT s NPToNFT) s THUTIM(NLT s NFToNFT) y DRIVRE(NLTINPTYNFT)
200 2eDRIVIM(NLT o NPTyNFT) o FICKRE(NLT o NPT NFT) y PICKIMINLTyNFToNFT)
201 DIMENSION DRVIDR(NLT NPFT»NFT) yPICKDR(NLTsNPToNFT)Y

202 DIMENSION DRUDI(NLT NPT NFT) »PICKDI(MLT #NFTHSNFT)

203 REAL L3vL42L251.55L 56

204 COMHON /BL/X» XX XXXX

205 COMMON /B2/R1sR2/R3I+R4-L3yLAYyRBAR, VO ZLORyZLFU»

204 1 THNIDR s TNFUyROCDOR»ROCFUy RO RP s CAFPDIRy CAPFU

207 COMMON /B&/7 L2+L55L6

2o ¢

209 C CALCULATION OF THE COIL PART OF THE INTEGRAND,. SUBFROGRAM FOR
216 C FOR REFLECTION TYPE COILS.

211 ¢

212 C
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2MF ¢ SURKOUTINE BESSEL EVALUATES THE INTEGRAL OF
214 C THE FRODUCT OF THE RESSEL FUNCTION J1(X) AND IT85
215 C ARGUMENT y X,

214 C

217 CALL RESSEL (XJRZyXrR2)

218 CALL BESSEL (XJR1yXsR1)

219 CALL RESSEL (XJR4»XsR4)

220 CALL RESSEL (XJR3pXsR3)

221 D21 = XJR2 -~ XJR1

222 n43 = XJR4 ~ XJIK3

223 86 = S1KDA3

224 S3 = G4XD21

22% §7=51%D21

224 SA=57kD21

227 S5 = S6XDAZ

228 EX3 = EXF(-X¥L3)

229 Wi o= 1, - EX3

230 EX4 = EXF(-XKL4)

231 W2 = 1. - EX4

232 EX5 = EXP(-XKLS)

233 W3 = EX3/(EXAKEXAKEXSKEXS)

234 C

235 ¢ UFDATE OF AIR VALUES

236 C

237 AIRI=ATRI+(S44+84) K (XXLI~W1)

238 A3=XkL4-W2

239 AIRZ=ATIR2+ (SS+55) K (A3 +AS-W2KW2KWZ)
240 C

241 © EYPASS THE UPDATE OF MUTUAL INDUCTANCE QUANTITIES
242 ¢ FOR LARGE X.

243 C

244 IF (X GT, 30.0) GO TO 200

245 EX1 = EXF(-XKL2)

244 EX7 = EXP(-XkL&)

247 EX2=EX1KEX1

248 EX6=EX7XEX7

249 WA = 1, ~ EX4XW3

250 W6 = EX6%Wi

251 W7 = EXSHWIKNA

252 WB=W7REX?

253 WO=W1KEX7

254 WS = W7KW6

255 Wé = WekW1

256 W7 = EX6KW7XU7

257 RLIC1)=1,0

258 RL2(1L) = 1.0

259 D0 S50 NL=2,NLT

240 LMINUS=NL-1

261 RL1(NL) =EX1XRLY (LMINUS)

262 RL2 (NL) =EX2KRL2 (LMINUS)

263 50 CONTINUE

244 THUT = S3%UWS

265 DVR = S4%us6

266 FIC = S5kW7

267 DVRO=57XWY

2468 FICD=84%W8

269 ¢

270 €

271 C LOOF OVER ALL NFT FREQUENCIES,

272 ¢

273 IO 160 NF=1sNFT

274 C

275 C LOOP OVER ALL THE NPT DIFFERENT SETS OF PROFERTIESsCALCULATING THE
276 C VARIOUS GAMMA AND DEFECT FACTORS AS WE GO.
277 €

278 00 155 NF=1sNPT

279 CALL GAMAMNL (NRTyNFTyNF s NFT s NF s RETAR s BETAT » COSF 5 SINF s XPON

280 1sWUSRyUr TH GAMAR » GAMAT y GAMATIR » GAMALI » DIF Ty DIFR s NRTIF )
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281 THUR = TMUTXGAMAR(NF)

282 THUI = THUTXGAMAI (NF)

283 DVRR = DURXGAMAR(NF)

284 DUREI = DURRGAMAT (NF)

283 FICR = PICRGAMAR(NF)

284 PICT = PICRGAMAI(NR)

287 IF(NRDF(NP)Y JGTLWNRT)Y GO 70 100

208 Q1=XXDOFR(NF)

289 CALL RESELI(Q1sRJIL)

220 DROR=DURIKR J1XKGAMATIR (NF)

291 DRDI=DVRDKRJIKGAMADT (NF)

202 FICDR=FICOXRJIXGAMADR(NF)

293 FICDI=FPICOKR.JIXGAMADT (NF)

294 100 CONTINUE

295 00 150 NL=1sNLT

294 THUTRE(NLsNP¢NF) = THUTRE(NLsNFyNF)Y + THURKRL2(NL)
297 THUTIM(NL NP NF) = THMUTIM(NLNPyNF) + THUIXRLZ(NL)
296 DRIVRE(NL P NP NF) = DRIVRE(NLYNPSNF) + DURRKRLZ(NL)
299 DRIVIM(NLNFSNF) = DRIVIM(NLYNFyNF) + DURIKRLZ2(NL)
300 PICKRE{ML:-NFPsNF? = PICKRE(NLyNFyNF) + PICR¥RL2Z(NL)
301 FPICKIM(ML-NPsNF) = FICKIMINLSNFSNF) + FICIXRL2(NLD
302 IF(HMRDF (NF)Y LGT.NRT) GO TO 150

303 DRVDIRONL s NF » NF ) =DRVDR (NL y NP o NF Y FDRDRXRL 1 (NLD)

304 ORVII (NL o NPy NF ) =DRVDI (NL s NP o NF ) FDRDOTERL I (NL)

308 FICKDR(NL o NPy NF > =PICKDR(NL s NF o NF O HPICDRRRLL (NL)
3046 FPICKDI (NE p NP s NF Y =PICKDI (NL s NF-NF) FPICDIKRU T (NL)
307 150 CONTINUE

304 15%  CONTINUE

309 160 CONTINUE

310 C

311 200 CONTINUE

312 RETURN

313 END

TCOF IL

This routine is similar in function to COLFIL {(p. 160) but specialized
to the through-transmission case. It allows the selection of coil naues
for the driver and the pickup. Since all coils for which data are filed
are reflection types, the driver data for fthe second coil (except the mean
radius) are normalized with respect to the driver {(first selected coil)
mean radius; they are then assigned to variables representing pickup coil

parameters and thus returned to the main program.

847 C

849 SUBROUTINE TCOFIL (LIsLOW

849 C %% SUBROUTINE TO LOOK UF/ZENTER SEFARATE DRIVER & FICKUFP COIL DATA
850 © FOR THROUGH-TRANSMISSION FROGRAMS ¥X%

851 ¢ 0¥ USES DRIVER OF 2N REFLECTION FROEE FOR FICKUF %X

852 REAL¥S COILy CNAM

853 REAL L2yL32L4-L5y1L 6

854 DIMENSION CNAM(2)

8848 COMMON/B2/R1sR2yRI+R4Ay1L.37 LA REAR, VO ZLIR s ZLPU, TNOR, TNFU» RICDER »

856 X¥ROCFUYyROyR?y CAFLOR Y CAFPFU
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357 COMMON/RS /L2 L5 v 16
856 NEFINE FILE 28(80y32,UsNCOL)

859 ©

B&O nATA LO2/%5/

841 WRITE (LO2520)

862 20 FORMATC ¢ TYFE COIL NAMES-DRIVER, FICKUF (UP TO & LETTERS)T /)
863 READ (LI»2%5) (CNAMCI)y I=1y2)

844 25 FORMAT (A6»A6)

e WRITE C(LDUs30) (CNAM(I) s Ix1s2)

866 30 FORMAT (¢ COILS-DRIVERs FICKUF! ‘,065A6)

867 ©

868 © kkk GEARCH FILE 28 FOR DATA ON SELECTED COTILS ¥kX
869 ¢

870 40 I=1

871 50 NCOL=1

872 60 READ (2B7NCOL) COILy X1sX2sX31XArXSsX&s X7 s XByXT s X109 X11 s
873 1 X12yX13

874 80 TF (COTL.EQ.CNAMCIN) GO TO (120,140),1

875 IF (COIL.EQ. END ‘) GO TO 150

876 GO TO 60

877 €

878 C ¥k COPY DESIRED DATA FROM FILE Xk

879 «©C

880 120 REAR=X1

881 R1=X2

882 L3=X4

883 RO=X3

884 Lé=X11

885 © ZLDR=X14

886 TNDR=X9

887 ROCTIR=X12

888 I=2

589 G0 TO S0

890 ¢

891 140 F=X1/REAR

892 RE=X 2%F

893 Ra=X3%F

874 L 4=X4XF

895 L5=X11%F

896 C ZLPU=X14

897 TNFU=X9

898 ROCFU=X12

89% GO TO 200

900 ¢

901 ¢ KKK MANUAL INSERTION OF DATA NOT ON FILE kkk

902 ¢

903 150 WRITE (LO2+160) CNAM(I)

204 160 FDRMAT (/ COIL ‘sA&s’ NOT FOUND. TYFE FOLLOWING COIL FARAMETERS,
905 1/ CINSERT “»/y7 ZEROES FOR UNUSED ONES)! REARsRIsR2,L3rRIsRAsLAr‘y
904 2/Lé&sROCORSROCPUS 7 /7 TNOR, TNPUY)

907 READ (LIrk) X1yX2yX3sXAe X5y X6rX7r X115 X129 X131X9 X 10
708 GO TO (120+140),1

909 C

?10 200 RETURN
711 ENT
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TRCOLM

This routine computes the real and imaginary parts of the coil

jmpedance integrands given by Eqs. (18), (19), and (21) for ZD,f4(T), and

Zéf). The defect cases are noi included (as in RFCOLM, p. 177). Coil

spacing options are selected by the initialized value of NOPT, which

determines the value of THTIT used in the calculations. (See p. 73 for

description of options.)

573
H574
574
576
577
578

a80
581
582
G583
584
58%
584
a87
588
589
590
591
592
593
994
395
996
597
598
599
600
601
6502
603
604
605
604
607
608
609
510
611
4512
4513
614
415
616
417
618
619
620
621

600

OO0

ooOooOo0oon

00

o0
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TRCOLM (12 MAY 78)

SURROUTINE TRCOLM(EL s NLT s NFTyNRT o NF Ty KL 1o GAMAR » GAMAT
1y GAMADR y GAMALL » THUTRE » THUTIM» DRTURE y IR TV T My PICKRE » FTCKTH
2y GAMARF y GAMAF T s RETAR s RETAT » COSF v STNF » XFON
FoWUSKy Uy THy RREAR - FREN ATELy ATRZ 21 AXyNOFT)

DIMENSTON BETARCNET) yEBETAT(NRT) s LOSE (NKT) v BTNF (NRTY » XFON (NFT)
DIMENSTON WUSRONET s NPT NFT) r UCNRT s NFT) » THONRT ¢ NET)

DIMENSTON KL1(NLT) s FREQCNFT)

DIMENSION GAMAR(NFT) sGAMAT (NFT Y » GAMATIR (NFT) y GAMADT (NFT)
DIMENSTON GAMAFR(NFT) s GAMARI (NFT)

1y THUTRE (NLTyNFT o NFT) y TMUTIMANLT y NFT s NF T3y IRTURE (NL Ty NFT s NFT)
2y DRIVIMONLT o NFTyNFT) yFICKRE CNLT o NETaNET) s FICKTMONLT s NFT 5 NFT)
REAL L3rL4sL2rL5rL&

COMMON /E1/Xs XXy XXXX

COMMON /E2/R1yR2sRIrRA5L3y 1.4y REAR VO » ZLIKR y ZLFU

1 TNDRy TNFUs RDCDRyROCFUy ROy RS s CAFTIR  CAFELU

COMMON /E&/ L2yLSyl.4

CALCULATION OF THE COTIL FART OF THE INTEGRAND. SUBFROGRAM FOR
THROUGH TRANSMISSION TYFE COILS.

SURROUTINE BESSEL £VALUATES THE INTEGRAL OF
THE FRODUCT OF THE BESSEL FUNCTION J1(X) AND ITS
ARGUMENTy X,

CAall. BESSEL(XJR2yXsR2)
CAlLL BESSEL(XJR1,XsR1)
Call. BESSEL(XJR4:XsR4)
Call, BESSEL(XJRIsXsR3)
021 = XJR2 - XJR1

naz = XJr4 ~ XJR3
SE=01XD21%N43
SA=01%D21%kN21
SH=51%N43%043

W=-1,
IF(X%xL.3.67T.20.)G0 7O 20
Wh=EXF(-X*¥.3)-1,
WFP=-1,

IF (X% 4.6T.20)50 TO 30
WR=EXF(-X%L.4)-1,

UFDATE OF AIR VALUES

AIR1I=ATIR1H(SA4S4) X (XKL 34WD)
ATR2=ATR2F(SESHSE )X (XKL ALWR)

BYFASS THE UPDATE OF MUTUAL INDUCTANCE QUANTITIES
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jp e Relw

Qo OO0

100

150

158
160

200
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FOR LARGE X.

IF (X .GT. 30.0) GO TO 2006
NETL=NRT~1

EX&A=EXF (~X%X.6)

EX G XP (~XK5 )

THUT = SEXEXSREXSKWIKWE
DUR = S4XEXAXEXAKWIKWT

FIC = SOKEXSTREXSRWF KW

LOOF OVER ALL NFT FREQUENCIES,
U0 160 NF=feNFT

LOOF OVER ALl THE NPT DIFFERENT 4
UARTOUS GAMMA FACTORS AS WE GO,

G 0F PROPERTIESCALCULATING THE

00155 NP=1 NPT
Call GAMAMT(NRTyNFTyNF s NFT o NF s RETAR»BETAT » COSF s STHF s XFON
Lo WUSRy U THs RREAR s GAMAR » GAMAT » GAMADR » GAMALL s GAMAFR s GAMAFT )
THUR TMUTXGAMAR (NF)
TMUT = THMUTHGAMAL (NFD
DURR = DIVRXGAMADRRONF)
DVRT = DVRRGAMADI (NF)
FICR = FPICXGAMAFR (NG
FICT = PIDRGAMART (NF)
THTT=THMAXYRREAR
00 100 NR=2»NRT1
THTT=THTT~THONR y NF )RKRREAR
CONTINUE
IF(NOFT.EQG. ) THTT=0.
00 150 ML=1#NLT
XNL=FLOAT(NL-1)
TMUTRE (NL » NF e NF ) = THMUTRE CNL s NF s NF DY A TMURKEXF CX0R (L 2R XNLATHTT ) )
THMUTIMONL s NF o NF ) =TMUTIMONL s NF s NF DA TMUTREXF C- Xk CLIZANLATHTTY )
ORIVRECNL s NF o NF ) =DRIURE ONEL s NF s NF 3 FDURRREXF {C-X0K2 s % (L 2% XNLATHTT ) )
DRIVIMONL s NF e NF D) =DRIVIMONL s NF» NF ) FDVRIRKEXF (-X0K2 0k (L 2RANLETHTT ) 3
FICKRE(NL y NFyNF ) =FICKRE (NL yNF o NF I +FTTR
FICKIMONL s NP NF) =FTICKIMONL NP NFIHFICT
CONTINUE
CONTINUE
CONTINUE
CONT TNUE
RETURMN
ENI

H
it

~
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TRUCIR

This routine performs the same voltage calculations [Eq. (14)]
subroutine RFCIRK. It differs from RFCIRK as follows:

l. The arrays, dimensions, and indices to handle defects have been
removed; certain equations that include defects have been modified.

2. Voltages for air gaps (between coils) are calculated.

3. Selected voltages for coanductor combinations are normalized
with respect to the appropriate air gap voltage (see p. 73 for discussion

of normalization).

[
[ TRUCTIR.MOD (1 DECEMRER 1977)
K [
753 SUBROUTINE TRUCTROTMAG Y y TWOF Ty RAD» TMUTRE » TMUTIM» HRTVURE
754 IvIII\IU|Mrl TORRE p TR T
755 2yUsWUSRyGAINyATRLyATRY le ltherFTVNFT y NORM)

COMPFUTES MAGNITUDES AND FHASES OF OUTFUT VOLTAGE
FOR VARTOUS “FO}FRF[F%vlh}GUFN(TE“ AND LIFTOFFS.
ORNL-TM~4107s PF, : CI T ANALYSIS,

N

4]

@
oMo Rl

760 DNIMENSTON YMhb(NLT;NPlval)rFHﬁC (NLT;N TeNFT)

761 LyUCNRT s NFT) p BUSRONRTy NPFTyNFT) s FREQONF Y ) » GATNCINFT)

762 2y TMUTRE(NLTyNFTyNFT) y TMUTIM(NL Ty NFTyNFT) y DRIVRE(NLY s NFT»NFT)
763 ZyIRIVIMNLT s NFTyNFTY s FICKRE (NLT o NFT ¢ NFTH » FTCRKTIMONLT s NFToNFT)
764 COMMON /RB2/R1LeR2yRIyRARLZyRLAYy RRAR VO ZLDIRy ZILFL y

765 1 TNDRs TNFUy RICDR y RICEU s RO s RS« CAFTIR » CAFFI
766 T1 = TNIRZCCRD ~ R1)IXRLZ)

767 T2 = TNFUZC(RA =~ R3)KRLA)

768 COLFAC=1,0027518F -7 kFREAR

769 DVRFAC=COLFACKT1KT 1

770 FICFAC=COLEACKT2KT D

771 ZHUTF OLFACKT1KT2

772 ZLIR=DVRFACKATR

773 ZLEU=PTCFACKATRY

774 N0 100 NF=1sNFT

775 W= Iwnrr*r“ua<NF)

776 IURF = IVRE ACKU

777

778

779 AT = VOXRIKGAIN(NF)

780 X1 = WKROXCAFDR

781 2 = WKROKCAFFU

782 Z1Z2RE = XI%X2 ~ 1.

783 Z1Z2IM = ~X1 - X2

784 NF=NET

785 CALCULATIDN OF NLT ATR VALUES FOR EACH FREQUENCY
786 ¢

787 20 DO S0 NL=1,NLT

788 ZMUR = ZMUTFXTMUTRE (NL v NF s NF)

799 ZMUT = ZMUTFXTHMUTIM(NL » NF 5 NF )

790 ZIRR = ~DURFXDRTUIM(NL » NF 5 NF )

791 ZURT = DVRFKIRTURE (NI »NFONF) + ATR1
792 ZFUR = ~PICFXPTCKTMONL s NF s NF)

793 ZFUT = FICFXFICKRE (NLsNFyNF) + AIRZ



774
795
Feé
97
798
799
3200
801
a0z
603
a04
305
g06
807
808
80%
g10
g11
812
813
814
g1
816
817
818
gi9
320
821
ga2
823
324
825
826
827
g2d
829
830
831
232
833
834
835
836
837
838
839
840
841
842
843
844
845
846

(D}

ZFR -
75SQIM = ZPR + ZFR
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ZPR = ZHRR ¢ ROCTE

= FPRYXT 4+ Z0Rd
= XLKZDRI - RO~ ZFR
= IRUR + RDCEU
@ FPR¥K2 + ZFUT
XKI2RZFUL ~ RY -~ ZFR
= (ZMUR + ZMUIIXR(ZMUR - ZMUI)
= ZMURXZMUT

DENRE = Z1Z2REXZH5GARE -~ Z1Z2IMXZIS5QIM + CI1IXC3 -~ C2xC4

DENTH = Z1Z2REXZSSQIM + Z1Z721M%Z0

SARE + CLkCa + C2ZKC3

THMRE = QTRZMUL
TNMIM = ~QTXZMUR
THMAG (NL. » MF » NF)

SARTOCTNMREXKD + TNMIMXK2)/ (DEMNRENXZ + DENTMXX2))
FHASE (NL o Ny NF)
ATANZ CTNMIMEDENF

Tk ¢
- TNMREXDENTI My
OTNMIMEIENTIM)

TNMRE R DENRE

50 CONTINUE
NETT=NET -1

e &0

NF=1y NETT

DO S5 NL=LaNLT
IMUR = ZMUTFRTMUTRE (NL o NF s NF)
ZMUT = IMUTEFRTHMUTIMONL » NF ¢ NF )
ZORRK = ~DURFXDRTVIMONL 2 NPy NF)
ZIRT = OURFATIRIVRE(NLyNFyNF)Y + ATRL
ZRUR = -PICFXPTORKIMONL »NF s NF )
ZPUT = PICFAFPICKRECNLsNFoNF) + ATRZ

ZPR =

1

oo

Lt K

ZORE + RDCDR

= IPR¥XL + ZDRT
= XI¥ZDREI -~ RO - ZPR

ZFR = ZPUR 4+ RDCFU

FRXX2 + ZFUI
X2X7FUT ~ RY -~ ZFR
ok (ZMUR 4+ ZMUI)Y X (ZMUR -~ ZMUI)

v w ZMURXZMUIL

ZE8QIM = ZFPR + ZFR

DENRE = Z1Z2REXZOSQRE -~ FT1Z2IM¥ZS8QIM + C1%xC3 - C2%C4
DENIM = Z1Z2REXZSGQIM + Z1Z2IMRISSORE + CixC4 + C2XC3
TNMRE = QTXZIMUI

THMIM = —QTXZMUR

THAG (ML y NPy NFD =

1

BARTCCTNMRER®Z -+ TNMIMX%2) / (DENREXX2 + DENIMX%2))

IF(NORMLEQ, LYTMAGONL s NF » NF ) =TMAG (NL » NF s NF ) /THAG(NL s NPT » NF)
FHASE (NL o NP« NF ) =RADK(

1

e

ATANZ (TNMIMRDENRE -~ TNMREXDENIM»

TNMREXDENRE + TNMIMYXDENIM))

IF (NORMEQ. L) PHASE (NL s NF o NF ) =FHASE (NL o NF s NF ) ~FHASE (NL s NFT s NF)
55 CONT INUE
40 CONTINUE
LOO CONTINUE

RETURN
ENT
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VINITM

Subroutine VINITM is called by the GAMAML subroutine to calculate the
initial Vij[V(Z,l)] matrix in the multilayer theory and transform V;j to
the next region (NSRT + 1). The routine calculates the ng(Z,l) matrix

elements from the equation1

vi,(2,1) = [B; + (-1)%84]

for © = 1,2. The term VIR = Re[V]5(2,1)], etc., in the computer notation.
V. S

72 C VINITM SUBRROUTINE (13 JuLyY 1977)

73 C

74 SURROUTINE VINITH(NSRTyNRTyNPTYNFPsBETARSBETATSVIRYyVITI»URRIVZI
79 1 VIR VDI NRIF 7 COSHy STNLy XFONID

76 C SUBROUTINE TO CALCULATE THE INITIAL VI MATRIX
77 C AND TRANSFORM TO REGION NSRT+H1.

78 DIMENSION NRDF(NFT) yBETAR(NRT) yBETAL (NRT)

79 NR=NSRT

80 NSC=nNR+1

81 VIR=BETAR(NSC)Y-BETAR(MR)

82 V1 I=BETAT(NSCY-RETAL(NR)

83 V2R=RBETAR(NSC)Y+BETARINR)

84 V2I=BETAI (NSC)Y+BETAI (NR)

85 IF(NRJEQ.HNRDF(NFP)Y) GO TO 50

84 VIOR=0.,0

a7 yni=0,0

80 RETURN

89 50 VIR=(RBETAR(NSC»XCOSD+RETAT (NSC)XKSIND) X2/ XFONI
?0 VOI={(BETAI (NSC>xCO8D-RETAR(NSC Y RSININ K2/ XPOND
?1 RETURN

2 END

VMATRM

Subroutine VMATRM calculates the transformation from the NSRT region
to NSTP. It is called by the GAMAML subroutine. This routine computes
the real and imaginary parts of V{p(k,1) and V5,5(k,1), starting from the

V(2,1) elements (computed by VINITM) and by using the equations!

sz(n,l) = tll(ﬂ,ﬂ ”‘l)Viz(ﬂ """ l,l) -+ tlz(ﬂ,n “‘1)V£2(n “‘l,l) s (l)
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and
Voo (n,1) = ty1(nen — D)Vio(n — 1,1) + top(n,mn — DV5s(n — 1,1) , (2)

where

l

tij(ﬂ,n — 1) [E” + (~1)L+36nw1} exp[}ml)lan_lanJ ,

V1RO Re{Vis(n — 1,1)] , etc., and

il

V1R Re[V]o(n,1)] , etc.,
in the computer notation. {(The BETA. factors are computed by BETAM.)
For a single defect located in an arbitrary conductor, », the routine

starts from that layer and computes

SEICRAICHIINS ) exp 18, (s, — D] (3)

and the corresponding terms for Vi,(#,1) up through the kth layer or outer
conductor. These matrix elements are computed along with those for con-
ductors only. (Only one defect can be treated with this version of the

subroutines because BETAM returns only single values of COSD, SIND, and

XPOND. )
23 C UMATRM SURROUTINE 43 JULY 1977)
94
95 SUBROUTINE UMATRM(NSTEyNSRTsNRTsNFTy NP s BETAR s RETAT » COSF s SINF s XFON»
264 IVIRsVIISV2RYV2ISVDRYUNI v NRIF yCOSHs STNI e XFONDD
7 TRANSFORMATION FROM REGION NSRT TD REGION NSTF
98 DIMENSION BETAR(NRT) sRETAL(NRT) s COSF(NRT Y s SINF (NKT) » XFON(NRT)
PG DIMENSION NRDOF(NFT)
100 NR=NSRT
101 C MAIN LOOF
2 © DEFINE OLD VALUES AS THE CURRENT VALUE OF VJ2{NF)
103 20 VIRO=VUIR
104 U1ID=U11
105 - V2R0O=Y2R
106 U2I0=V21
107 NSC=NR+1
108 C DEFINE THE BETA FUNCTIONS AND EXPUOMNENTIAL FUNCTIONS USED IN THE
109 © TRANSFORMATION CALCULATIONS EETWEEN MR AND NR4+1.
110 Bl=RETAR(NSC)+RETAR (NR)

111 R2=RETAI (NSCY+RETAT (NR)



112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
14%
144
145
144
147
148
149
150

40

188

BA=BETAR(NSC)-BETAR(NR)

B4=BETAT(NSC)Y~-EBETAL (NR)

XP1=CO8F (NR) /XPON(NR)

XF2=8INF (NR) /XFON(NR)

XP3=COSF (NR)RXFON(NR)

XF4=5INF (NR)¥XFPON(NR?

THE REAL & IM FARTS OF THE TRANSFORMATION MATRIX»TIJsARE NOUW
CALCULATED,

THIR=BL1XXP1+R2%XXE2

T11I=B2%XF1--B1kXF2

T12R=HR3IAXF3-BAXX[4

T12I=RAXXP3+EIRXF 4

T21IR=HE3kXPL+E4RXF2

T21iI=RA%RXF1 ~R3IXXF2

T22R=BLEXPI-R2KXF 4

T22T=E2%XP3+R1XXF4

TRANSFORM FROM VJI2(NR) TO VIR2(NR+1)
VIR=T1IRXVIRO-T11I%VITI0+TI2RRXVZRO-T12TXV2I0
VIT=T11I¥VIROFTIIR¥VITOATI2TRVAROHTI2R*V2T0)
V2R=T21IRXVIRD-T21I4V1I0+T22RR¥VIRO-T22TKV2I0
URI=T21IxVIRDATRIRKVITIOHT 22 IxVEZROFTR22RAVITO
IF(NRLT.NREF(NF)Y GO TO 36

IF(NR.GT«NRDF (NP3 GO TO 40

INITIAL VDR,VDI CALCULATION IN THE DEFECT REGION
TGF1=COSF (NR)XCOSIHSINF (MR ¥XSIND
TGF2=COSF (MR XSINI-5INF (NRYXCNOSH

XF1=XPOND/XPON(NK)
VOR=(VIROXTGF1-VIIDXTOF 2 %XP 14+ (V2RO THFIHVRI0XTGFZ) /XF1
VINI={VIRDXTGF24+VITORTGF 12 ¥ XP1-(VU2ROXTOF2-V2TOXTGF 1) /XF1
CALCULATIONS FOR REGIONS AEROVE THE LEFECT.

VIIRO=VIR

VDOI0=VIi1

VIR=2X (BETAR(NSC)¥VIRO-RBETAI (NSC)YXVITIO)
VIT=2%(BETAL(NSC)XVIRO+BETAR (NSCHYXVDI0O)

INCREMENT REGION COUNT REXIT IF WE HAVE REACHED THE STOF (NSTPF) REG.
NR=NR+1

IF (NR.LT.NSTFY GO TO 20

RETURN

END

VMATRT

This routine computes the Vi,(k,1) and V5,(k,1) [Egqs. (1) and (2),

pp. 186—187] by following the formalism ocutlined below (subroutines VINITM

and VMATRM)} and described in additional detail elsewhere.!?»3™% Then the

loop is reversed to compute Vip(k”,17) and V5,(k",17). 1In the program

VIR/I and V2R/I correspoud to Vi, and V3, for unprimed variables, and

VI1R/I and VI2R/T correspond to Vi, and V5, for primed variables. (R and

T indicate real and imaginary parts.) Note that this routine is the

through~transmission equivalent of VINITM and VMATRM combined, except that

no defect calculations are included.
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a4z
448
449
450
451
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4598
459
440
a4l
4642
463
464
465
4466
447
4468
4469
470
471
A72
473
474
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476
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VHATRT SURROUTINE (29 NOVEMEBER 1977)

SURROUTINE UMATRT(NSTE «NSRET e NRET o NPTy RETARyBETAL s COSF s GINF» XFON
TVIR« M T V2R V2T VTR VT LT s RYR Y BHTI)

TRANSFORMATION FROM REGION NGRY TO RECGIOMN NSTE

DIMENSTON BETAR(NRTY »RETAT INRT) » COGEF CNET) o BTN ONRT)Y s XPUNCNRTD

CALCULATE THE INITIAL VIS MATHRIX
ANT TRANSFURM TO REGION HNSETAHL.ALSO INTITIAL BETA

ETAR (NSC)~BE TAR (NFO

ETAT(NSC) ~BETAT (NRO

ETARINST ) HBETAR TN

ETATCNSC) HBETAT (NRD

HETAR CNSC)

STAT CNSE)

cNR

MATN LODF

DEFINE OLT VALUES A% THE CURFENT UALUE OF UJ2NF)
VIRO=V1RK

V1I0=V11

URRO=V2R

URI0=V2I

NSC=NR+1

DEFINE THE EETA FUNCTIONS AND EXPONENTIAL FUNCTIONS USED IN TH
TRANSFORMATION CALCULATIONS BETWEEM NR AND NRE+1,
B1=RETAR (NSC)+RETAR (NF)

E2=RETAL (NSC)+RETAT (NF)

E3=RETAR (NSC) ~BETARK (NR)

B4=BETAT (NSC)~BETAL (NR)

XF1=COSF (NR) /XPON (NRO)

XF2=5INF (NRD /XFONCNRO

XP3=C0SF (NR O *XFON (N

XF 48 INF (NFOXXFONCNR)

THE REAL & IM PARTS OF THE TRANSFORMATION MATRIXsTIJsARE HOW
CALCULATED,

T1IR=R1KXE 1 +HEIKXED

T11I=R2RXFL~R1KXF2

T12R=B3KXF3~R4KXF 4

T121=BAXXF3+EIKXF4

TR21R=BIKXE L +RAKXF 2

T21 I=RA4XXF 1 -RI*XF 2

TR2R=B1KXP3~K2KXF 4

T22T=R2KXP3+H1KXF4

TRANSFORM FROM UJ2(NR) TO VIZ(NR+D)
UIR=T1LRAVIRO-T1LTRVLTO4 T RRKVRRO-T1Z1KU2T0

CALCULATE THE FRODUCT OF THE BETAS.

BTRO=RTR

BTIO=HRTI

BTR=2X(BETARINSCYXRBTRO~BETAL (NSCIXETIO)
BTI=2X(RETAL (NSCYXBTROFRETARINSCYRRTIO)
INCREMENT REGION COUNT REXIT IF WE HAVE REACHED THE STOF (NSTF)
MR=NR+1

IF (NR.LT.NSTF) GO TO 20

REVERSE TRANSFORM LOOF

SET UF INITIAL TRANSFORMATION

NGC=NR-1

VIIR=BETAR(NSC) ~BETAR (NRK?

REG .
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VILI=RETALINSC) ~RETAT (NR)
I2R=RBETAR(NSC)Y+BETAR (NR)
BETAL(NGCOY+RETAT (NR)

=NF- 1
c DEFINE OLD VALUES AS THE CURRENT UALLUE OF VJ2(NE)
70 VILRO=VI1R
UI110=VIil

VI2RO=VI2R
VIR2IN=VIRT
NGC=NR -1

C DEFINE THE RETA FUNCTIONS AND EXPONENTIAL FUNCTIONS USED IN THE

C TRANSFORMATION CaALCULATIONS BETWEEN NR AND NR+EL.
T ¢ T AR ONR)
: TaHT (NRD
TARINSE) ~BETAR (N
TATINST)Y ~BETALINR)
OSF (NR) /XFONONR)
INFONRD) /XFONCNRD
O&F (NRD KXFONCNRD)
INF CNR DY XXFONCNR)
] REAL & IM PARTS OF THE TERANSFORMATION MaTRIXs UIJdsARE NOUW
C CALCULATED,
D1IkXFP1I4+RIXXEF2
R2RXPL-RIXXF2
BERXF3-HA4KXF 4
RAXXF3+HEHXF A
REXXF1+HARKEFD
AN -RHIARNFD
RL¥xXF3-H2%XF4
B2 XF3+B1LEXF4
C TRANSFORM FROM VIJ2NR)Y TO VIIZINRYL)
VITR=T11RXVI1IRO-T11I*VITIOHTI2RXVIZRO-T12EXV 210
UILI=TILIXVIIROFTLIIR¥VIITOATI2IKVIZ2RO+TIZ2RXVIZI0
: QIRAVIIRO-T21TAVITTIOHT22R%VIZ2RO-T IRVIZT0
VI2T=T21LIAVIIROFT21IRXVITIOHT22IXVI2ROFTIZZRARVIZTO
NR=NR-1
IF (NR.GT.1)G0Q TO 70
RETURN
ENI
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COMPILER FEATURES

The MODCOMP FORTRAN IV Compiler! complies with the standard approved

by the American Standards Institute (X3.9-1966)% with the following modi~

fications and extensions:

General Features

» & & & @

® % 3 @

Identifiers may be of any length but only the first six characters are
used by the processor.

The receiving variable identifier and the equals character, , must
appear on the first line of the statement,

The first comma of a DO statement must appear on the first line of the
statement.,

The complete statement name of statements other than DO, assignment,
and statement function definitions must appear on the first line of the
statement.

Expressions may contain variables of mixed mode.

Subscripts may be made up of any expression.

A main program may be named.

A variable number of arguments may be passed to a subroutine.

The character string following the STOP and PAUSE statements may consist
of any character in the FORTRAN Character Set.

Hexadecimal constants are allowed in DATA statements.

Inline coding of MODCOMP instructions is allowed.

The number of continuation cards allowed is limited by the compiler
work spacee.

IMPLICIT statement.

Array initialization in a DATA statement.

Omission of statement number(s) in arithmetic IF.

Variables may occupy various fractional multiples of a "storage unit”
(2 MODCOMP words).

Array identifier allowed in EQUIVALENCE statement.

193
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Input and Qutput Features

@

] 4 £ & B 9 & » B

% ® B» @

¢ 4 » & B B

END and ERR options in READ and WRITE.
Unformatted WRITE with no list.
or D format descriptors with Complex (either part).

greater than w for D, E, F, or G format descriptors on input.

o i |p

format descriptor with Real.

fi, ¥, or G format descriptors with Double Precision.

Comma after comma, slash, or P in format string.

Slash after P in format string.

Slash after any comma (rather than just after the final comma) in a
format string.

Omission of comma after H and X field descriptors, after groups, and
after last descriptor in format string.

Plus sign before scale factor constant in format string.

Minus sign before constant for X field descriptor.

G field descriptor with Logical or lnteger.

Prohibition on the use of the scale factor with D, E, or exponential
form G output conversion if it will cause the generation of an exponent
field with a magnitude greater than 89.

T or F not required to be first non-blank character in Logical input
fields.

Repeat count with slash in format string.

Z field descriptor for transmitting machiue words.

H field descriptors allowed in format strings stored in arrays if no
extra spaces are introduced.

Computation overlapped with WRITE.

DEFINE FILE.

FIND.

Direct access READ and WRITE.

Field beginning designator T allowed in format strings.

Character strings delimited by apostrophes or quotation marks allowed
in format strings.

ENCODE and DECODE.

List—-directed READ and WRITE.

BUFFER IN and BUFFER OUT.



195
REFERENCES

Modular Computer Systems, Inc., Ft. Lauderdale, Fla., MAX IV ModComp
IV Fortran IV System Processors Reference Manuul, Rev. 1, Appendix A,

Publication 210-610500-010, 1976.
ANST X3.9-1966, American National Standards Institute, New York, 1966.






APPENDIX G

Program Variables and Definitions






COMPOSITE PROGRAM VARIABLE LIST

All wvariables, arrays, and function names are listed below, including
functions assigned by the Fortran compiler (SIN, C0S, etc.) and used in
the four main programs and their subroutine clusters.

When R or RE {real parts) and I or IM (imaginary parts) are at the
end of a variable name, the two forms are listed together and alphabetized
according to the form preceding these characters. (Exampie: DVRR/DVRI
precedes DVRF,)

The forms MG or MAG {magnitude) and PH or PHA (phase) are grouped
together and alphabetized according to the characters preceding these
groups. (Example: S8SMAG/SSPHA precedes S3CMG/SSCPH.)

In a few cases the real-imaginary or magnitude—phase groups fall in
the middle of a name., Alphabetizing is applied to the characters pre-—
ceding these groupse.

Names with numerals follow in numerical order after equivalent com-—

binations of letters. (Example: NPTl follows NPTT.)

A CNVT DFT F
ABS COE DFV FLOAT
ATR1 COEF DFVOL FREQ
ATR2 COIL DIFF FUNTYP
ALOG COLFAC DINORM Fi
ANSWER CONSTA DRIFT
ARG CONVRT DRIVRE/DRIVIM GAIN

Cos DRVDR/DRVDI GAMR/ GAMI
B COSD DVR GAMAR/GAMATI
BETAR/BETAT COSF DVRR/DVRI GAMADR/GAMADI
BLANKS Cl-C4 DVRF GAMAPR/GAMAPT
BTR/BTI DVRFAC GAP
BTRO/BTIO DCMGAR/DCPHAR DL,b2
B1-B4 DCMGCRB/DCPHCH D21 HDR

DENRE/ DENIM D43 HPU
CABLEL DFDEPT
CAIMAG/CALPHA DFDIAM E ICOEF
CAPDR DFDP ELAPST IDAY
CAPPU DFLDC ENCODE 1DEY
CCABLE DFR EXP THEX
CKTPAR DFRAD EX1-EX7 INSTNO
CKIVAL DFSIZ INTG
CNAM DFSIZE INUM



IOFSET
IR
IRDPR
IRDPRM
IRDPR1
IREC
IROLD
ISAMPL
ISTART
IT
ITIM
ITIMS
11

J

JJ
JOFSET
JPOL
JRDPR
JROW

K
KK

L
LAST
LI
LIFT
LITEK
LL
LOT
LOTEK
Lou
L02
LPT
L1-L6

M

MM
MAXCH
MDF
MM1
MNDEF
MNDF
MNT
MP1
MROW
MSET
MSET1
M1

N

NA
NARRAY
NB

NC
NCABLE
NCC
NCF
NCHS
NCOED
NCOEDI
NCOIL
NCOL
NCOUNT
NCP
NCTERM
ND
NDEF
NDEG
NDFLOC
NDFSIZ
NDIJ
NDLK
NDPS
NDPS1
NDRT
NEXT
NF

NFT

NL
NLABL
NLT
NMGCAL/NPHCAL
NMGCH/NPHCH
NN
NODF
NOPT
NORM
NP
NPOL
NPP
NPRINT
NPRO
NPROBE
NPROPM
NPROPT
NPROPT1
NPT
NPTT
NPT1
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NR
NRDF
NRDG
NREG
NRES
NRET
NROW
NRRE?
NRT
NRT1
NRT2
NS
NSC
NSRT
NSER
NSTART
NSTP
NT
NTH
NTHI
NTHL
NTIMES
NTYP
NUNIT
N1

OLDMGC/OLDPHC

PERM
PRADET
PHASE
PHASEM
PHDFT

PIC
PICR/PICT
PICF
PICFAC
PICKRE/PICKIM
PICKAM
PICKDR/PICKDI
PIO4
POLARY
POWAMP
POWOSC

PP

PRO
PRONAM
PROP
PROPT
PROPTY

QT
Ql-Q4
Q1S—Q4S

R

RAD
RBAR
RCON
RDCDR
RDCPU
RDG, RDGTYP, RDY
READNG
RES
RHO
RINV
RJ1
RIL1
RL2
ROLD
RRBAR
RSOS
RO
RI-R5
R9

SDIFF

SDRIFT
SDVCMG/SDVCPH
SDVMAG/SDVPHA
SIN

SIND

SINF

SQRT

SS
SSMAG/SSPHA
SSCMG/SSCPH
SSDIFF

SSDRIF

STARTT

STOPT

SuM
SUMMAG/SUMPHA
SUMCMG/SUMCPH
SUMEXP

sl

S2

$3-87



T U X Z

TITLE UN XJRI-XIR& : ZDRR/ZDRI

TH UNIT XLOC ZLDR

THICK UNITS XNL ZLPU

THMAX XPON ZMUR/ ZMUT
THTT VIIR/VILT XPOND IMUTF

THAG VIIRO/VILIO XP1—XP4 IZMUTFC

TMAGM VIZ2RO/VI2IO ¥RAD ZPR

TMDFT VOLFAC XRHO ZPUR/ZPUTL
TMUR/ TMUT VOLTS XTH Z1Z2RE/Z1221IM
TMUTRE/ TMUTIM VO XVOL Z5SQRE/Z58Q1IM
TNDR VIR/VII XX

TNMRE/ TNMIM V2R/V21 XXXX

TNPU XYZ

TWOPT WD X0—X14

T1-T2 WLCDR

TLIR/TILT WLCPU Y

TI12R/T121 WP

T2IR/T211 WUSR

T22R/T221

Definitions of Principle Variables

AIRL, AIR2 — Inductance integral of driver and pickup coils, respectively,

in air (away from conductors).

BETAR, BETAI(NR) — Real, imaginary parts of beta (B) for region (layer) NR.

CABLEL — Probe cable length.

CAIMAG, CALPHA(I,J,K) — Arrays holding latest values of calibration
voltages, typically following standardization
readings. (I = frequency, J = ordinal for phase
values, K = ordinal for magnitude values.)

CAPDR, CAPPU — Shunt capacitances across driver and pickup coils, respec-

tively (Zg,C5).

CCABLE -- Driver probe cable capacitance.

CKIVAL(I) — Array storing values of circuit components.

COE(NP,IR), COEF(IR) — Arrays storing coefficients computed in the least

squares fits.

CONVRT -~ Array storing length conversion factors; 1 for inches, 25.4 for mm.,

DCMGAR, DCPHAR(NF) — Arrays storing magnitude and phase voltages recorded

with the probe in air.

DCMGCB(NF) — Array storing magnitude voltages recorded when the gain adjust-

ment is made.
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DFLOC(I) ~ The z-direction location of a defect within its layer.

DFSIZ/DFSIZE(L) — The normalized volume of a spherical defect.

DRIVRE, DRIVIM(NL,NP,NF) -- Real, imaginary parts of the defect component of

the driver coil impedance integral.

ELAPST — Difference between starting clock time and stopping clock time for

the calculation of impedance integrals expressed in seconds.

FREQ(NF) — The operating frequency of the driver coil voltage.

GAIN(NF) — The gain of the pickup amplifier at frequency NF.

GAMAR, GAMAI(NP) — Real, imaginary parts of the gamma factor for mutual

impedance in the transmission case (y,).
GAMADR, GAMADI(NP) — Real, imaginary parts of the driver-side gamma
factor (YD).
GAMAPR, GAMAPI(NP) — Real, imaginary parts of the pickup—side gamma factor
(Yp) (transmission case).

GAP — Constant coil-conductor spacing parameter added on the pickup side in

the transmission case.

INSTNO — Instrument serial number.

IOFSET, JOFSET(I) — Control parameter indicating that a leading counstant
should be included in the least squares fitting
functions.

IRDPR, JRDPR(I) — The number of terms in a selected least squares fitting

function.

TRDPRM — The maximum allowed size of TRDPR, usually 15.

ITIM(I) — Array containing hours, minutes, and seconds of current clock

time (24~h scale).

LI, LITEK — Numerical designator for logical (operator) input uait (e.g.,

keyboard device).

1L.0OT, LOTEK, 10U, LO2 - Numerical designator for nonpermanent readout or

display device (e.g., CRT terminal).

LPT — Numerical designator for hard-copy output device (e.g., line

printer); LOU occasicnally used.

L2-L6 — Normalized coil dimension parameters (L,~Lg).

MSET -- Maximum row dimension of properiy arrays (PRO, PROP); includes con~—

ductor and defect properties and lift-off values.

NARRAY(I) — Array storing the analog-digital converter counts from

instrument readings by the MODACS; I = channel number.
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NCABLE — Probe cable designation number.

NCHS — The number of A-D converter channels available in the MODACS (12 for
the system described here).

NDFLOC — The maximum number of locations (step vélues) for a defect.

NDPS — The number of defects per specimen.

NFT — The maximum number of discrete operating frequencies in a program
run (NF = running index).

NLT — The maximum number of different lift-off values in a program run
(VL. = running index). |

NOPT — Control parameter selecting coil-spacing mode for HMULTRU.

NORM — Control parameter selecting normalization method for MULTRU.

NPOL(I,NF}, JPOL{I,NF,NPROPT) — Arrays storing the identification of least

squares fitting function terms.
NPROPM — The maximum number of properties that can be fitted by a program
(NPROPT = index selecting specific property).

NPT ~— The maximum number of conductor property séts used in a program
(NP = running index).

NPTT — The maximum total of conductor and combined (conductor-defect)
property sets used in a program.

NREG — The number of a selected region (conductor or air layer).

NRT — The maximum number of regions used in a program run; includes
conductors and air layers (NR = running index).

PHASE(NL,NP,NF) — The computed phase of the instrument output voltage

( Vout )e
PICKRE, PICKIM(NP) — Real, imaginary components of pickup coil impedance
integral due to conductors.
PICKDR, PICKDI(NP) — Real, imaginary components of defect component of
pickup coil impedance integral.
POLARY(I,J) — Array storing alphanumeric representation of least squares
fitting function terms.
PRO(M), PROP(M), PROP(M,NPROF) — Arrays storing values of a selected
property for least squares fitting.
RAD — Constant; 180/1 (deg/rad).

RBAR — Mean driver coil radius (Rg,7)«
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RDCDR, RDCPU — dc resistance of driver and pickup coils, respectively
(RG,R7).

READNG(M,IR) — Array storing the computed fuonctional values of real or
simulated instrument readings for least squares function
firting.

RES(NR,NS), RHO(NR,NP) — Arrays storing resistivity values. (Note: NS is

a substitute index for NP.)
RO — Driver coil series {(source) resistance (Ro)e
R1R4 — Normalized inner and outer radii of driver and pickup coils
(Ry—R,) .

R9 — Pickup coil shunt resistance (Rg) in ohms.

SDI¥F — The rms difference between assumed values of selected properties

and values computed by the least squares fitting functions.

SDRIFT — The rms error in a property value generated by sequentially

introducing 0.017% magoitude and 0.01° phase errors into each of
the readings vsed by the fitting function.

S1 — Step size for changing the value of the integration variable, a.

S2 — Upper limit for integration; advanced with changes in step size.

TH(NR,NP), THICK(NR,NS) — Arrays for storing conductor thickness values,

THMAX — The maximum total conductor stack thickness.

TMAG(NL,NP,NR) — The magnitude of instrument output voltage (Vyutr)e.

TMUTRE, TMUTIM(NL,NP,NF) — Real, imaginary cowmponents of mutual (driver-—

pickup) coil imedpance.

TNDR, TNPU — Numbers of turns of the driver aond pickup coils, respectively

(V3 and Ny).

TWOPT — Constant, 27.

U(NR,NP), PERM(NR,NS) — Arrays storing permeability values.

VOLTS(I) — Array storing voltages converted from MODACS readings.

VO — Input voltage applied to driver coil (constant for all frequencies).

WUSR(NR,NP,NR) — Product wuoF 2.

2

X — Integration variable, a(XX = g, etc.).

oR
XJR1-XJR4 — Values of Bessel integrals,/ﬂ ! xJ 1 (x) dr,etc.
<0



ZLDR, ZLPU — Air values of driver and pickup coil impedances, respectively.
ZDRR, ZDRI - Real, imaginary components of the driver coil impedance (ZD).
ZMUR, ZMUL — Real, imaginary components of the mutual coil impedance

(™, u®).

ZPUR, ZPUL - Real, imaginary components of the pickup coil impedance

0 0
(zp A )






APPENDIX H

FILE MANAGEMENT PROGRAMS

Three programs have been used to build and maintain the coil data
(RAD) file (28). The newest, COILLDATA, includes all required editing
functions: reading and printing, changing, and adding to the file. It
has the capacity to select either of two coil files now available in our
winicomputer system (28,29). (The second file stores data describing
colls used inside or encircling cylindrical conductors; its use is outside
the scope of this report.)

By using the older programs one can obtain a priontout of the file
{28) from the REDFIL program. The CHGDAT program allows the user to
change a line by writing over the existing one or to add a line by writing
a new record.

None of these programs requires editing to enter initializing data.
Table Hl1 lists interactive directions for running COILDATA. The other
programs are much simpler; thus, no instructions were considered necessary.

A sample printout of our current reflection coll data file is shown
on p. 212. Subroutines for transferring coil data from file 28 to

executing programs are listed on pp. 160 and 180.

Table Hl. Interactive Program Queries and Operator
Responses QOccurring Duriang Execution of COILDATA

Line QUERY or Response

10 FOR REFLECTION COILS — REF, FOR CIRCULAR COILS—CIR?
Enter REF to select file 28, CIR to select file 29,
16 1. LIST 2. CHANGE 3. ADD 4. STOP
Enter integer Il-4.
The program branches according to the options listed below.

1. List (file contents)

28 No query or response; listing similar to sample on p. 212 is
printed out on the hard~copy device. Execution returns to
line 16.

207
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Table Hl. (Continued)

Line QUERY or Response
2. Change (coil data)

49 CHANGE COIL IN LINE NO: (TYPE LINE NO. IN DATA FILE)
Enter integer number of line to be changed. (Line nunbers listed
in extreme left column of file printout.)

52 NEW COIL NAME (UP TO 6 CHARACTERS)
Enter six—character alphanumeric coil name. (Fill unused
character positions with blanks.)
For REF coils program branches to line 58; for CIR coils it
branches to line 67.

58 TYPE: RBAR, Rl, R2, L3, R3, R4, L4, L5, L6, RDCDR, RDCPU, TNDR,
TNPU
Eater in free foxmat Ry or (¥), Ry1, Ay, La, By, Ry, Ly, Ls, Lg, Hg,
B7, V3, Ny,
(Fs in inches, Rg anod R7 in ohms, N3 and ¥, dimensionless,
remainder normalized with respect to Rs.)
Execution returns to line 16.

67 TYPE: RBAR, R1, R2, XL, ZL, RLIM, RDCDR, RDCPU, TNDR, TNPU, ZLDR,
721PU, X
Eater in free format Rg5 or (¥), Ry, Ay, L3, Ly, R1im, Kg, 17, V3,
Ny, (no entry).
Execution returns to lione 16.
3. Add (coil data)

84 NEW COIL NAME (UP TO 6 CHARACTERS)

85 TYPE END TO STOP

Enter six-character alphanumeric coil name. (Fill unused
character positions with blanks.)

Enter END if all coil data have been entered.



Table Hl., (Continued)

Line QUERY or Response
If 2 new coil name is entered the queries and responses for
line 58 or 67 will be repeated.
If END is entered execution completes the END line in the file as
shown on the sample printout and returns to line 16.
4, Stop
110 No response. Execution branches to STOP instruction and halts.
FROGRAM COILDATA
2 ¢
3 ° COILDATA VERSION 9/12/78
4 © FROGRAM TO LISTSMHANGE OR ADRD COIL DATA ON FILES 28 OR 29.
3 G :
& REAL¥S COIL,COILNSFILTYF
7 DEFINE FILE 28(80r32,UsNCOIL)
8 DEFINE FILE 29(80-32,yUsNCOIL?
G DATA NFILEAQ/»LYI/1/9LOUST/ s LFT/G/
10 S WRITE (LOU»1O) :
11 10 FORMAT (’/ FOR REFLECTION COTLS~REFsFOR CIRCULAR COILS-CIR 7 ‘)
12 READ (LI«30) FILTYF
13 IF(FILTYF.EQ. "REF ‘) NFILE=Z8
14 IF{FILTYF.EQ.'CIR 7y NFILE=29
15 IF{NFILE.EQ.0)GQ TO S
i1é& 16 WRITE(LOUL17?
17 17 FORMAT(/ 1.LIST 2.CHANGE 3.ADD 4.STOFP 7 /)
18 30 FORMAT(AS)
19 40 FORMAT(1X»I2+1XsA6913(F5,1))
20 S0 FORMAT(IXsI291XsAb916FB.4r2F10,452F8.1¢2E11,.3+F8. 1)
21 60 FORMAT(IXsI2s1XsAb6s9FB.4yF10.45F11.4,2F8.1)
22 READCLI vk INEXT
23 G0 TO{100,200s300,400) » NEXT
24 100 NLOIL = 1
2% C
26 C LIST SECTION OF PROGRAM
27 G
28 IF(NFILE.EQ. 28 WRITELLFT 130D
2% IF(NFILE . EQ, 2PIURITE(LFT s 140)
30 110 IF(NFILE.EQ,28)READ(NFILE ‘HCOIL ICOILyRBARSRLsREZs XLIvRI-RAS XL 4 XS
31 ¥y TNDR s TNFU XL G RICIR » ROCFU
32 IF(NFILE.EQ.29)READ(NFILE 'NCRIL)ICOIL REBARRLIsR2, XL »ZL s RLIM»RDCOR
33 K RDCPUs TNDRs TNFUS ZLDR» ZLPU X
34 IF{(COIL.EQ. "END ‘IGD TO 14
35 NC=NCOIL~1
34 IF(NFILE.EQ.28)WRITE(LFTy&0INDLDIL s REBAR»RIvR2sXL3rA3s R4 XL A XLD
A7 ¥ XL&» ROCDRy ROCPU » TNDR s TNPU
38 IF(NFILE.EQ.29)URITE(LFTySOINCyCOILsRBARSRIsR2s XL v ZL sRLIM»
32 AROCLR s RUCFUs THOR» TNPU ZLDR» ZLFUs X
40 130 FORMAT(’ N COIL’»SXs 'REBAR  vSXv"RL7p&Xe "R298Xs ‘XL3’ s4Xry 'RI " 24X
43 KR4 p5Xr "XLA 3 SKs ‘XLE 55y “Nlo 57X s ‘RDCORY » 5X» "RDCPUY » 5X e
42 %’ TNOR’ » 4%y *TNPU’ 5 /)
43 140 FORMAT(Y N COIL +SXy "REAR »SXs ‘R1/56Xs ‘R27 935Xy ‘XL 2&Xs "TL 7 16X »
44 XRLIMZ o S5Xs “RIOCTR v SX» "RDOFLZ o 5Xp "TNDR v 4X s "THNPU/ 24X "ZLDR v 7X>»
45 HIZLPU? 2 PKe "X 90/ )
44 G0 TO 110

47



210

48 C SECTION TO CHANGE THE COIL DATA
49 200 WRITE(LOU,210)
50 210 FORMAT(’ CHAMGE COIL IN LINE NO(TYPE LINE NO IN DATA FILE) )
a1 220 READCLIsXINCOIL
a2 WRITECLOU,225)
53 225 FORMAT(’ NEW COIL NAME (UP TO & CHARACTERSY )
54 READ(LI»30)COILN
St IF(NFILE.EQ.28)G0 TO 227
1) IF(NFILE.EQ.29)6G0 TO 250
a7 GO TO 5
g 227 WRITEW.OU,230)
59 230 FORMATC? TYPEIRBARYRIYRZ,LISsR3-R45L4-L5 L6y RODCDORyROCFUS
60 ¥s 7y TNDRY TNFU » /)
61 READ(LIy ¥ )RBARYRLsR2yXL3yR3y R4 XL Ay XLE» XL&y ROCOR » RUCEFU s TNIR y THFU
&2 WRITE(LOUy40XNCOTLyCOTLNYRBAR,R1yR2sXL3 R3IsR4As XL A XL Es XL &
532 Xy RODCORyROCFUy TNDR » TNFU
44 WRITE(28/NCOIL)COILNYRBARYRLIsR2yXL3»RAsRA» XL A XLS s TNIIR s TNFU
- ¥y XL&yROCORy RDCFU
hé GO TO 16
&7 250 WRITE (LOU»260)
68 260 FORMAT(Y TYFPEIREARYR1SR2, XLy ZL yRLIMsRUCOR y ROCF U TNIRy TNFU» “ y
69 X ZLORy ZLFPUS X 9 /)
70 READCLTs %) REARSRIyRZy XLy ZL RLIMNRICORy ROCFU» TRIOR»
71 XTNFU» ZLTIRs ZLFU» X
72 WRITEC(LOUS 40)NCOILsCOILNSRBARSR1»R2» XLy ZL yRLIMy
73 XROCORyRDCFU TNDR s TNPUy ZLOR» ZLFU S X
74 WRITE(IZ NCOIL)ICOILNyREARYRLIsR2s XLy ZLsRLIM,
9 XRUCORYyRDCFU TNDOR » TNFU» ZLDR s ZLFU s X
74 GO TO 14
77 C
8 U SECTION 70 ADD TD COIL DATa FILE
79 C
80 300 NCOIL =1
81 310 READ(NFILE/NCOILICOTILN
82 IF(COILN.NE. "END )G0O TO 3i0
R NCOIL=NCOIlL -1
84 315 WRITE(LOU225)
8% WRITELOU-317)
86 317 FORMATC(” TYFE END TO STOF 7))
87 READ(L.I»30)COILN
88 IF(COILN.EQ. "END ) GO TO 390
8% IF(NFILE.EQ.28)G0 70 320
g0 IF(NFILE.EQ.29)530 TO 350
71 GO TO S
92 320 WRITE(LOUY230)
93 READCLI y¥)REARYR1yR2s XL3rRIsRAr XL A9y XL Sy XL & RDCDR s RECPU Y TNDR » TNFL
74 WRITEC(Z28/NCOIL) COILNYREARYR1sR2y XLAZsRIvR4s XL A XIS TMIIR s TNFU
k2] X XLASROCOR y RIICFU
54 WRITECLOU,40XNCOIL»COILN/REARSR1IyR2y XLI3sRAvRAsXLAs XL S5 X6
?7 Ky RUCTORyRODCFUY TNDR » TNFU
78 GO TO 315
?9 350 WRITE (LOU»260)
100 READC(LIs %) RBARsR1yR2yXLsZL rRLIMyRDCDR: RDCFUY TNDR s TNFU 5
101 ¥ZLDRs ZLFUs X
102 WRITECLOUs 40 XNCOTILyCOTLNYREAR RISR2e XLy ZLyRLIMsROCIRy RDCF Uy
103 XTNDOR s TNFUy ZLLR s ZLFLIs X
104 WRITE(29NCOIL)COTLN,REAR»R1sR2» XLy ZLyRLIMyROCTIR yROCFU, TNDR» TNFPU»
105 KZLORZLFUS X
106 GO TO 315
107 390 ZZ=0.
108 WRITE (NFILE'NCOILICOILNsZZyZZvZZ9yZZvZZvZE v lZvZZyZZvZZvZTvZ2yv 77
109 GO TO 16
110 400 STOF JOR
111 END
TOTVAL RECORDS WRITVIEN = 112

EXIT
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16
11
12
13
14
15
16
17
ig
19
20
21
TOTAL
EXIT

RECORDE WRITTEN =

211

FROGRAM REDFIL o - - e

C k%% PROGRAM TO READ AND PRINT COIL DATA FROM FILE 28 %%

REALXS COIL
DEFINE FILE 28(80,32,UyNCOL)?
DATA LIL0U/1581/
FIND (287NCOL)
WRITE (LOU-10)

10 FORMAT (° N COIL’sSXy  RRAR »SXy "R17v&Xr 'R27 e 5Xy " XL3 96X ‘R’

KRS 25X XLy S "XLE By "XLE 28Xy "RE 2 BXy TR7 7 7%y
X’ TNDR THFU’ /)
NCOL=1

30 READ (28°NCDL) COILsRBAR'R1+R2yXL3+R3I«+R4XL4XLE>

XTNDORy TNFUs XL &sRESR7 ) o B

NC=NCOL~1
WRITE (LOU,40) NC-COIL»REARYRI-R2yXL3sRIvRA- XL A, XLGy
*¥XL b6 REPRZ s TNDRy TNFU
40 FORMAT (1H,I2+1XrA6»9FB.49F10.4,F11.4,2F8.1)
IF (COIL.EQ. END ) 60 TO B8O
GO TO 30 A
80 STOF JOR
ENT

RECORDS WRITTEN = 22

rbHX e

PROGRAM CHBLAT ™™~ 7 7 7 7wymimms s s e e e e e

C %%%x FROGRAM TO WRITE ONE SET OF COIL DATA ON FILE 28 %X

REAL¥S COTL -

DEFINE FILE 28(80:32+UyNCOL)
DATA LISLOU/1,5/

WRITE (LOU,10)

10 FORMAT {/ WRITE LINE NUMRER OF DaTAl’) ) oo

READ (LIs%) NCOL :
WRITE(LOU»20)
20 FORMAT(Y UWRITE COIL NAMECUF TO & LETTERS) /)
READ (LI«30) COIL
0 FORMAT(A&)
IF(COTLEQV/END 77 GO TO 90 o o T
WRITE (LOU-40)

40 FORMAT(’ TYPE!RBARSRIYRZeXLIsRI R4 XL A v XLE, XLE&sRDCORYROCFU,

X TNDR, TNFU’ )

READC(LI» %) REBARSR1/R2yXL3,R3,RE XL A XLS o XL &y ROCTIR s ROCEFU» TNOR » TNFU

URITE(29'NCDL)COIL7E?ARiﬁifEQ!XL§’R37847XL4jXL?{TNnﬁjTNPU:WW

¥XL.6 s RDCDRYRIICFU
50 STOP JOE
END

&
)
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