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COMPUTER PROGRAMS FOR EDDY-CURRENT DEFECT STUDIES. 

J. R. Pate and C. V. Dodd 

ABSTRACT 

Several computer programs to aid in the design of eddy­
current tests and probes have been written. The programs, 
written in Fortran, deal in various ways with the response t.o 
defects exhibited by four types of probes: the pancake probe, 
the reflection probe, the-circumferential boreside probe, and 
the circumferential encircling probe. Programs are included 
which calculate the impedance or voltage change in a coil due 
to a defect, which calculate and plot the defect sensitivity 
factor of a coil, and which invert calculated or experimental 
readings to obtain the size of a defect. The theory upon 
which the programs are based is the Burrows point defect 
theory, and thus the calculations of the programs will be more 
accurate for small defects. 

INTRODUCTION 

This report contains computer programs for a number of eddy-current probes 
applied to various test situations. The probes analyzed and presented 
here are the pancake probe, the reflection probe, the circumferential 
boreside probe, and the circumferential encircling probe. Both absolute 
and differential probes are used for the last two cases. The programs are 
written to run in Ryan-McFarland Fortran, although some of them have been 
run using Microsoft Fortran and NDP Fortran with very little change. The 
programs have been run on PC-AT clones, using either an Intel 80286 or 
80386 microprocessor. Grafmatic plotting software from MicrocompA.tibles 
is used for the contour plots and also must be installed on the machines.· 

The purpose of these programs is to analyze the effects of defects in 
conductors for the design of eddy-current tests, probes, and 
instrumentation. We can use them first to calculate the changes in eddy-

·Research Sponsored by the. Office of Nucl.ear Regulatory Research, 
Division of Engineering Safety, U. S. Nuclear Regulatory Comm~ssion under 
Interagency Agreement DOE 1886-8010-98 with the U.S. Department of Energy 
under contract DE-ACOS-840R21400 with Martin Marietta Energy Systems, Inc. 
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current readings that various types of defects produce. The defects can 
be treated as point defects, as point defects averaged over the depth of 
the actual defects, or as point defects averaged over the volume of the 
defects. The effect of a defect can also be inverted so that the volume 
and depth of the defect can be calculated from the instrument readings. 
In addition, we can plot the "defect sensitivity factor" (DSF) for the 
various probes and designs. The DSF at a point in a conductor is 
proportional to the coil voltage produced by a point defect at that 
location. 

The programs were written and used for the analysis of eddy-current steam 
generator problems of interest to the Nuclear Regulatory Commission (NRC). 
Experimental measurements have been made that verify the accuracy of these 
programs for the NRC problems. However, they are quite general and may 
be used for a wide number of different eddy-current problems that have 
similar geometries. The programs are relatively fast running and 
sufficiently accurate so that eddy-current design studies of specific 
problems can be run with a minimum investment of time and equipment. 

The accuracy of the impedance or voltage calculations for the cases 
without the defects is on the order of 0.005%. This is more accurate than 
the coils and standards can be constructed. The accuracy of the impedance 
change produced by the defect depends in general on the size of the 
defect. In addition, several different methods for calculating the defect 
are given. The accuracy . of the theory increases as the defect size 
decreases, but the experimental error increases. For the optimum defect 
size, the accuracy of the impedance change due to the defect is on the 
order of 20%. However, most of the problem of eddy-current steam 
generator inspection is the elimination of the effect of unwanted property 
variations on the defect measurements, and the theory and programs listed 
here are well suited to study this problem. 

This report is divided into five sections, one for each of the four coil 
types used and a fifth for common subroutines. We have attempted to make 
the description of each program sufficient (except for the subroutines), 
but it will probably be necessary to refer to an earlier program 
discussion in some cases. We also have given the equations that the 
programs are evaluating, along with the program variables used, so that 
the reader can more easily modify the programs for other uses. 

The defect theory is based on the model of M. L. Burrows, with a 
correction of tpe sign of the term. Burrows gave an expression for both 
a "current defec·t" and a "magnetic defect," which only occurs in 
ferromagnetic materials. While the theory and discussion do carry the 
terms for ferromagnetic materials, the programs are written for non­
ferromagnetic materials, with a relative permeability of unity. None of 
the equations for the "·magnetic defect" are given. The equation' for the 
voltage v2d induced in coil 2 by the perturbation of the eddy-current flow 
from coil 1 due tb the presence of·a defect is: 
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where I, and I 2 are the currents flowing in coil 1 and coil 2, 
respectively, and A, and A2 are the vector potentials at the defect due to 
the currents flowing in the coils. The term a is the conductivity of the 
material, w is the angular frequency, Vol is the volume of the defect and 
a 22 is a shape and orientation factor for the defect. It is equal to unity 
for a spherical defect and assumed to be unity for all the other cases in 
this report. 

The theory and equations are presented in this report only to aid in the 
explanation of the computer programs. A complete and rigorous derivation 
is left for other work. 2-• 
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PANCAKE COIL PROGRAMS. 

The programs in this section perform various functions relating to the 
effect of a defect in a single conducting plate on the impedance of a 
pancake coil. Figure 1 shows a cutaway view .of a pancake coil. In 
general, the shorter the coil, the greater its sensitivity to the property 
changes in the material.· Thus, short flat. coils shaped like a ·pancake, 
with a small relative inner diameter, are more sensitive to defects in the 
conductor. This is reasonable since the turns of wire are closer to the 
conductor than in a l<?ng ·narrow solenoid. · However, the theory and 
programs work for any shape of coil and conductor with this geometry. 

ORNL-DWG 90-8085 

Fig. 1. Cutaway view of a pancake coil above a conducting plate. 

Figure 2 shows a cross section of a pancake coil above a plate. The coil 
has been labeled with variables relating to its geometry which are common 
to all of the programs in this section. The coil is above a spherical 
defect, located at r and z with respect to the coil and the top surface 
of the plate, respectively. 

The basic equations for the programs are presented below, with a detailed 
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Fig. 2. Cross section of a pancake coil above a conducting plate. 

derivation given elsewhere. The impedance change due to a small spherical 
defect at r,z is: 

where 

-3(wJ.L~,r2 ) [ I«>J(r2 ,r,) J,(ar)(e -a.€~ e-a1
2 
F(a,a,,z) ]

2 

Voln ----------------- da (1) 
27rlalr et

3 

0 

J
r2 

xJ,(x)dx 

ar1 

(2) 

(3) 

The term I.,, is related to the air inductance of the coil and is: 

a) 

lair= I~ [J(r2 ,r,)] 2 2[a(i2-i,) + exp(--ai 2+ai 1 ) - 1] da 
ab 

(4) 

0 
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The term F(a,a,,z) depends on the number of planar layers of conductors. 

For the simple case of a semi-infinite plane beneath the coil we have: 

ae 
F(a ,a,, z) (5) 

We can take the square root of both sides of the equation, multiply by a 
weighting factor rJ, (ar), and integrate over the signal produced as we scan 
across the defect: 

ao 

J· rJ,(ar) J-Znd(r,z) dr = 

0 

[ 

3wpa,r2 ·1 
112 

Jao -----,----Vol;, rJ, (ar) dr 
271'Ialr 

ao -ai. 1 -ai. 

J 

_J_( r_2_,_r_, )_J_, _( a_r_)_(_e __ -_e __ >._~_(_a_,_a_, ,_z_)_ 
QJ 

da(6) 

0 0 

We shall now use the Fourier-Bessel Integral, which is: 

ao ao 

f(a) = J rJ,(ar) J aJ,(ar)f(a) da dr 

0 . 0 . 

(7) 

to simplify the above equation. The result is: 

ao 

[ 
r . -a1. 

-ai. 

JrJ,(ar) 
3wpa,r2 J(r2 ,r,)(e - e ~ F(a,a, ,z) 

J-Znd(r,z) dr Voln (8) 
271'Ialr a 4 

0 

We now transpose the equation and simplify the terms using some 
definitions: 

)Voln 
a,z iO 

e C/10 e (9) 

where 

211'! aIr aJ 
c = (10) 

3wpa,.r2 J(r2,r,) [exp(-ai- 1 ) exp ( -ai-2)] 

0 

(11) Mag [ (a + a,) 

ao 

J J-znd(r,z) rJ,(ar) 
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and 

e Pha [ (a+ a,) ~:-Z00 (r,z) rJ,(ar) dr] (12) 

Then the defect depth and volume can be calculated from the magnitude and 
phase shift of the expression and the real and imaginary parts of a 1 , which 
we will call x andy. 

Thus z = 8/y (13) 

and Voln = [CH0 exp(-x8/y)] 2 (14) 

For the simple case of the pancake coil above the semi-infinite conducting 
plate, we are able to directly invert the defect signal for a spherical 
defect and obtain the volume and depth of the defect. However, the 
equations become more messy for the case of a plate of thickness c. We 
generate functions that cannot be solved directly so we must use a lookup 
table. The program PCBLDF is used for this purpose and is discussed 
below. 
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PCBLDF builds a magnitude and phase lookup file 

Program PCBLDF builds a lookup file containing the magnitude and phase of 
the.following integral 

<X) 

I 1 

J(r,,r,) I Jo (o:r. )-Jo(o:r2) l ['exp ( -o:.£1) ...:..exp ( -o:.22)] · 
0:3 Q 

0 

I o:(o:1+o:) exp(o:1 (2c+z) )+o:(o:1-o:) exp ( -o:1z) 

---------_-(-o:---o:--
1
)_2_+_(_o:_

1
+_o: __ )-2e_x_p--(2-o:--.c-) ______ __ 

. 

(15) 

at different depths z · in a conducting plate. This is similar to the 
e_quation that we had for the semi- infinite plate except the term for­
F(o:,o:1,z) has been replaced by the ·term· in the ffnal set of large brackets. 
We have replaced the semi-infinite plate with a plate of thickness c. 
Also, we have used a weighting term so that the data used for the 
inversion are concentrated near the coil windings. This allows us to use 
data that have a higher signal-to-noise ratio. The weighting function is 
unity over the dimensions of the coil, from r 1 to r 2, and zero elsewhere. 
The result of this particular choice is that the function J 0 (o:r1)-J0 (o:r2) 
is produced. 

This lookup file can be used by programs PCINV and PCRTSCAN to calculate 
the depth and volume of defects in the plate. 

Summary 

1. Dimension arrays and declare variable types. 
2. Initialize variables. 
3. Select a value for the depth in the plate at which to calculate the 

integral. 
4. Calculate the integral. 
5. Store the depth along with the magnitude and phase of the integral 

at this depth. 
6. Loop to 3 until the calculations have been done at points all the way 

through the plate. 

Variables 

Starred variables must be assigned by the user. 

AIRIND' The inductance in henries of the coil in air. 



FREQ' 
L' 

L2 

LOD' 

LOU 

MZT. 

NS 

NZT' 

Rl' 

R2' 

R3 
RHSMAG 

RHSPHA 

RHOl' 

Tl' 

TRN' 
Ul' 
WUSRR 

ZD 

ZD2 

ZMSTEP 

9' 

The operating. frequency in ber·tz .. 
The length of the co·il. The value is input in 
inches and normaliz.e·d by the p·ro.gxam. 
The lift-off of the co>H. The va]ue is input in 
inches and no·rmalized 'by ttln:e p.rog.ram. 
The normalized distance· be•ttw:ee·n> the top of the 
coil and the plate. 'Fhd!s: value~ is: c·omputed by the 
program. . 
The number of the· I/(} unit: conrrecte·d to the output 
data file.. · 
The number of the I/01 un>f.t c·a·nm:ected to the 
printer. 
The number of depths thraug):l"aut: t:he. plate at which 
the program does the• c·aleu:Iat::ions .. 
The side of the p-lat·e· whichl is nearer to the point 
at which the integral. is beding c-alculated. If NS 
= 1, the point is close·r ta) t:he• near side; if NS 
= 2, the point is closer to· tl:le· far side. 
The number of parts inttc:>) w:hiic·hl. each defect is 
divided to perform the ealcu1atfans. 
The inner. radius of the•. coil.. The: value is input 
in inches and normalized\ bi)T. t:he,_program. 
The outer radius of the e·oil.. 'Tihe value is input 
in inches and normalized by;- the· p:rogram. 
The mean radius of the c·o)iil: in inches. 
The magnitude of the integ,rai at a certain depth 
in the plate. 
The phase in degrees of the in.t:egral at a certain 
depth in the plate. 
The electrical resistivity: of· the plate in JJO· 

em. 
The thickness of the plate·.. The value is input 
in inches and normalized by the program. 
The number of turns in the co:iil ... 
The relative magnetic pe·rmeab):iJ:Uf.ty of the plate. 
The prociuct of the angular frequency, the magnetic 
permeability, the electric-a'l conductivity, and the 
square of the mean coil radius. 
The normalized distance from the side of the plate 
where the defect is located to' the· bottom of the 
defect. A negative numbe·r: .. 
The normalized distance from the near side of the 
plate to the center of the d~£ect. A negative 
number. 
The normalized axial distance· between the depths 
at which the program does the calculations. 

1. Program PCBLDF assists program PCINV/ i'n the inversion process. The 
program~=: use the equation 



r2 J [ -Znd(r, z)] 112 dr 

r, 

[ 
3wJJ.a,r2Vo1na22 

21Tialr 

[ exp( -al,)-exp ( -al;) I [ 

_J_0_(_a_r_, )_:_J_0_(_a_r 2_)_ ] 

0 

a.(a,+a) exp(a 1 ( 2c+z) )+a(a,-a) exp ( -a,z) 

-(a-a; ) 2+(a,+a) 2exp (2a,c) 

(16) 

Program PCBLDF calculates ·the integral· on the righthand side of this 
equation. It is clear that since Vol", the defect volume, can be factored 
out of the right side of the equ?tion, it has no effect on the phase of 
the right side of th.e equation. Therefore, the phase depends only upon 
z, the depth of the defect .. So when program PCINV calculates the.integral 
on the left-hand side, it obtains a value for the phase of this integral, 
and it can search the table built by program PCBLDF until it finds this 
phase. The depth in the table corresponding to ~his phase is the depth 
of the defect. Then, knowing the magnitude of both integrals (the 
magnitude of the integral on the right was calculated and stored in the 
file by program PCBLDF, and the magnitude of the integral was previously 
calculated by program PCINV), program PCINV can solve for the volume of 
the defect. 
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Integration Section of Program PCBLDF 

Symbol definitions 

The following are definitions of the symbols used to describe the program 
variables appearing in the integration section of this program. All 
lengths are normalized unless otherwise noted. 

Q 

a:, 
c 
J(x2 ,x,) 
Jo(X) 
J,(x) 
1 
1, 
12 
Jl 
r 
r 

Integration variable 
(a:2+ jWJlCT ,r2) 1/2 

Plate thickness 
Integral of xJ, (x) with respect to x from a:x1 to a:x2 
Bessel function of the first kind of order 0 
Bessel function of the first kind of order 1 
Length of coil 
Lift-off of coil 
Distance from top of coil to plate 
Relative magnetic permeability of plate 
Coil-to-defect radial distance 
Mean radius of coil in inches 
Inner radius of coil 
Outer radius of coil 
Conductivity of plate 
Angular frequency at which circuit is driven 
Depth to center of defect 

Variables appearing in the integration section 

Program 
variable 

AN 

AN2 

AN4 

ANJRl 

ANJR2 

ANRl 

ANR2 

ARHSI 

Symbolic 
equivalent 
Q 

Q2 

Q4 

J(r,, O)/a:3 

J(r2,0)/a:3 

a:r, 

o:r~ 

Im f r~' J(r,.r,) [ 

Jo(a:r,)-Jo(a:r2) l Q 

a:(a:,+a:) exp (a:, (2c+z) )+a:(a:,-a:) exp ( -a:,z) 

-(a:-a:,) 2+(a:,+a:) 2exp (2a:,c) 



ARHSR 

ASTP 

DCOYNT1 

DCOYNZ 

DEXNT1 

DEXNZ 

DNI 

DNR 

DSIYNT1 

DSIYNZ 

FI 

FR 

J01MJ02 

JOR1 

JOR2 

JANR21 

NMI 

NMil 

NMI2 

NMR 

NMR1 

NMR2 

RDEXNZ 

RFAC 

12 

a (a 1+a) exp(a 1 (2c+z) )+a(a1-a)exp( -a,z) 

-(a-a1 ) 
2+(a1+a) 2exp (2a,c) 

cia 

Re[exp(Im(2a,c))] 

Re [ exp(Im(a 1z))] 

exp[Re(2a,c)] 

exp [Re (a 1z)] 

Im[ -(a-a 1)
2+(a 1+a) 2exp(2a,c)] 

Re [ -(a-,a1 ) 
2+(a 1+a) 2exp(2a,c)] 

Im[exp(Im(2a,c))] 

Im[exp(Im(a,z))] 

[ a(a1+a) exp (2a,c) exp (a,z)+a (a,-a) exp ( -a,z) 
Im 

. -(a-a1 )
2+(a 1+a) 2exp(2a,c) 

[ a (a1+a) exp ( 2a1c) exp (a,z)+a (a,-a) exp ( -a,z) 
Re 

J 0 (ar,)-J0 (ar2 ) 

J 0 (ar,) 

Jo(or2 ) 

J(r2 ,r1 )/a3 

-(a-a1 ) 
2+(a1+a) 2exp ( 2a,c) 

Im[a(a 1+a) exp (2a 1c) exp(a,z)+a(a,-a) exp ( -a,z)] 

Im[a(a1+a)exp(2a1c)exp(a,z)] 

Im[a(a,-a)exp(-a,z)] 

Re [a (a,+a) exp(2a,c) exp (a,z)+a(a1-a) exp ( -a,z)] 

Re [a(a1+a)exp (2a,c)exp(a,z)] 

Re [a(a,-a)exp (-a,z)] 

exp[Re(-a,z)] 

1 [ J 0 (ar,)-J0 (ar2 ) 

- J.(r2 ,r1 ) 
a3 a 

l 
l 
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RHSI 
[ 

1 [ J 0 (a:r1)-Jo(a:r2) 
Im -

3 
.T(r2 ,r1 ) 

Q Q ] 

[exp(-a:£1)-exp(-a:£2)] [ 
a:(a:1+a:) exp (a:1 (2c+z) )+a:(a:1-a:) exp ( -a:1Z) 

-(a:-a:1) 2+(a:1+a:)2exp(2a:1c) 

RHSR 

[exp(-a:£ 1)-exp(-a:£2)] [ 
a:(a:1+a:) exp (a:1 (2c+z) )+a: (a:1-a:) exp ( -a:1z) 

-(a:-a:1) 2+(a:1+a:) 2exp ( 2a:1c) 

SMAIR 

WUSRR2 

XN 

YN 

co 

J 
2(a:i+exp(-a:i)-1)[J(r2,r1)] 2 do: 

0:6 

0 

(wJ.'a1r2)2 

Re[a:1] 

Im[c:t 1 ] 

Notes for the integration section 

11. The program has been tested and found to be accurate enough with a 
step size of 0. 01 and with the upper limit of the integration equal to 5.0. 
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Listing 

PROGRAM PCBLDF 
C November 14, 1988 

IMPLICIT REAL*8 (A-H,O-Z) 
REAL*8 L,L1,L2,JANR21,LHSPHA 
REAL*8 NMR1A,NMR1B,NMR1,NMR2,NMR 
REAL*8 NMI1A,NMI1B,NMI1,NMI2,NMI 
REAL*8 JOR1,JOR2,J01MJ02 
DATA LOU/8/,LOD/40/,PI/3.141592653/ 
DATA FREQ/500./,RH01/4.054/,U1/1.0/ 
DATA TRN/800.j,T1/0.25/,ASTP/0.01/ 
DATA AIRIND/6.252919E-03/,MZT/25/,NZT/1/ 

C TIME AND DATE ARE PRINTED 
CALL GETTIM(IHR,IMN,ISE,IFR) 
CALL GETDAT(IYR, IMO, IDA) 
IYR=IYR-1900 

e: 

WRITE.( LOU, 2) IHR, IMN, ISE, IMO, IDA, IYR 
2 FORMAT(' PCBLDF TIME ',I2,':' ,12,' :' ,12 

*,' DATE' ,!2,'/' ,I2,'/' ,12) 
WR:ITE(LOU,5) 

5 FORMAT(6X., 'IN RAD' ,4X, 'OT RAD' ,4X, 'LENGTH' ,4X, 'LIF OFF' 
*, 3X, 'CLADTH') 

Rl=O.lOOO. 
R2=0.4100 
L=0.1000 
1.1=0.01 
R3=0 .5'*{R1+R2) 
WRITE{LOU,10)R1,R2,L,L1,T1 
R1=Rl/R3 
R2=2.0-R1 
L=L/R3 
L1=Ll/R3 
T1=Tl/R3 
L2'=L+L1 
WUSRR=0.5093979*U1*R3*R3*FREQ/RH01 
WRITE(LOU,15)R1,R2,L,L1,T1 

]Ql FORMAT(' ACT ', 5 (F7. 4, 3X)) 
15· FORMAT('NOR ',S(F7 .4,3X)) 

WRITE(LOU,20)R3,FREQ,RH01,U1,WUSRR 
20 FORMAT(' RBAR', F7 .4,' FREQ= ', 1PE13. 6,' RHO=', OPF9 .4, 

*' PERM=' ,F7.3,' WUSRR=' ,F9.4) 
SMAIR=AIRIND*(L*(R2-R1))**2/(0.0254*4.E-07*TRN*TRN*R3*PI*PI) 

WUSRR2=WUSRR*WUSRR 
ZMSTEP=T1/MZT 
DO 1200 MZ=O,MZT 
IF(MZ.GT.(O.S*MZT)) THEN 

<1: Fa·r side defect 
NS=2 
ZM=(MZT-MZ)*ZMSTEP 



ZD=-2.*ZM 
ZD2=-MZ*ZMSTEP 

C Near side defect 
NS=l 
ZM=MZ*ZMSTEP 
ZD=-2.*ZM 
ZD2=-ZM 
END IF 

C NZT=20 
ARHSR=O. 
ARHSI=O. 
DO 1180 NZ=l,NZT 
Z=(REAL(NZ)-0.5)*ZD/NZT 
IF(NS.EQ.2)Z=-Tl-Z 
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C Z=-Tl-(FLOAT(NZ)-0.5)*ZD/FLOAT(NZT) 
SRHSR=O. 
SRHSI=O. 
AN=O. 
DO 1150 K=l,5000 
AN=AN+ASTP 
AN2=AN*AN 
AN4=AN2*AN2 

C WRITE(0,37)K,AN 
37 FORMAT(I3,F8.2,F8.2,F8.2) 

XN=DSQRT(0.5*(AN2+DSQRT(AN4+WUSRR2))) 
YN=WUSRR/ ( 2. *XN) 

C Definitions of often-used quantities 
DEXNTl=DEXP(2*XN*Tl) 
DEXNZ=DEXP(XN*Z) 
RDEXNZ=l/DEXNZ 
DSIYNT1=DSIN(2*YN*Tl) 
DSIYNZ=DSIN(YN*Z) 
DCOYNT1=DCOS(2*YN*Tl) 
DCOYNZ=DCOS(YN*Z) 

C Real part of the first term of the numerator. 
NMRlA=AN*(XNtAN)*DEXNTl*nCOYNTl 
NMRlA=NMRlA-AN*YN*DEXNTl*DSIYNTl 
NMRlA=NMRlA*DEXNZ*DCOYNZ 
NMRlB=AN*YN*DEXNTl*DCOYNTl 
NMRlB=NMRlB+AN*(XN+AN)*DEXNTl*DSIYNTl 
NMRlB=NMRlB*DEXNZ*DSIYNZ 
NMRl=NMRlA-NMRlB 

C imaginary part of the first term of the numerator. 
NMllA=AN*YN*DEXNTl*DCOYNTl 
NMilA=NMilA+AN*(XN+AN)*DEXNTl*DSIYNTl 
NMilA=NMilA*DEXNZ*DCOYNZ 
NMllB=AN*(XN+AN)*D-EXNTl*DCOYNTl 
NMilB=NMilB-AN*YN*DEXNTl*DSIYNTl 
NMilB=NMllB*DEXNZ*DSIYNZ 
NMll=NMllA+NMilB 
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C Real part of the second. term of the numerat:or. 
NMR2=;AN*{XN -·AN) *RDEXNZ*DCOYNZ 
NMR2=NMR2+AN*YN*RDEXNZ*DSIYNZ 

C Imaginary part of the second term of the nuinerator. 
NMI2=AN*YN*RDEXNZ*DCOYNZ 
NMI2=NMI2-AN*(XN-AN)*RDEXNZ*DSIYNZ 

C Real part of the denominator. 
DNR=- (AN-XN)*(AN-XN)+YN*YN 
DNR=DNR+DEXNTl*((XN+AN)*(XN+AN)-(YN*YN))*DGOYNT1 
DNR=DNR-DEXNT1*(2*YN*(XN+AN))*DSIYNT1 

C Imaginary part of the denominator. 

c 

DNI=:2*YN* (AN -XN) 
DNI=DNI+DEXNT1*('2*(XN+AN)*YN)*DCOYNT1 
DNI=DNI+DEXNT1*((XN+AN)*(XN+AN)-YN*YN)*DSIYNT1 

NMR=NMR1+NMR2 
NMI=NMI1+NMI2 
FR=(NMR*DNR+NMI*DNI)/(DNR*DNR+DNI*DNI) 
Fl=(NMI*DNR-NMR*DNI)/(DNR*DNR+DNI*DNI) 
CALL BESSEL'(ANJR2,AN,R2) 
CALL BESSEL(ANJR1,AN,R1) 
JANR21=ANJR2-ANJR1 
ANR1=;AN*R1 
iCALL BESO(JOR1,ANR1) 
ANR2=;AN*R2 
CALL BE'S'0(JOR2 ,ANR2) 
.J:QliMJ02=JiOR1-JOR2 
IRFAC=JANR21*J01MJ02*(DEXP( -AN*Ll).-DEXP( -AN'*:L2) )*J\STP/AN 
RHSR=RFAC*FR 
RHSI=RFAC*FI 

C WRITE(0,1149)AN,RHSR,RHSI 
1149 FORMAT(F9.3,3X,D11.3,3X,Dl1.3) 

SRHSR=SRHSR+RHSR 
SRHSI=SRHSI+RHS.I 

11'50 CONTINUE 
ARHSR=ARHSR+SRHSR 
ARHSI=ARHSI+SRHSI 

11..1'80 :OONTINUE 
ARHSR=ARHSR/NZT 
ARHSI=ARHSI/NZT 
RHSMAG=DSQRT(ARHSR*ARHSR+ARHSI*ARHSI) 
RHSPHA=ATAN2(ARHSI,ARHSR)*180.JPI 
\WRITE(LOD,1205)ZD2,RHSMAG,RHSPHA 
·WRITE{ LOU, 1205) ZD2, RHSMAG, RHSPHA 
WR'I'!'Ei('O, 1205) ZD2, RHSMAG, RHSPHA 

11.21(!):0 ·GON'nNUE 
12·0'5 iFORMAT(F6 .3, 1X, 011.3, 1X, F7. 2) 

STOP 
END 

. -t. . 

~ .. 
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PCDSF calculates mag. and phase of DSF for lattice of points 

Program PCDSF calculates the magnitude and phase of the defect sensitivity 
factor of a pancake coil at a lattice of points throughout a plate. It 
stores the calculations so that they can be p1otted by program PCDSFPLT. 
In Fig. 3 we show a pancake coil above a conducting plate, with the plate 
divided into a lattice of points. 

ORNL-DWG 90-8087 

~r14 
r2~ 

t 
I R2 

Rl 

<1i .Ut 

Fig. 3. Pancake coil with the conductor divided into a lattice of points. 

The defect sensitivity factor for the· pancake coil above a conducting 
plate at a point r,z in the plate is: 

DSF(r,z) 
[ 

CICI -Q,2 1 -o,2 7 j 2 

J J(r,,r,) J,(<>r)(• "~ ' ) F(<>,<>,.z) 00 (ll) 

The various terms in the equation are explained in Eqs. (2), (3), (4), and 
(15). Since the points to be calculated are in a regular lattice, and the 
terms in the numerical integration are factorable, a considerable amount 
of computation time can be saved by performing the computations that vary 
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over the r dimension and the z dimension separately for each value of a. 
The values of the different factors that depend only on r or z are 
computed once and stored in an array. Then for the different locations 
the array values are multiplied and then summed to compute the integral. 
The output from this program is stored in the data file PCDSF.DAT. 

Summary 

1. Dimension arrays and declare variable types. 
2. Initialize variables. 
3. Write the information about the coil and plate geometry to a file. 
4. Do the parts of the integration which are independent of the position 

of the point. 
5. Choose a value for the axial coordinate of the position of the point. 

Do the parts of the integration that depend only upon this coordinate. 
6. Choose a value for the radial coordinate of the position of the 

point. Complete the integration for this point. 
7. Loop to 6 until done. 
8. Loop to 5 until done. 
9. Write the results to a data file. 

Variables 

DEL TAR" 

DELTAZ 

DSFI 

DSFM 
DSFP 

DSFR 
FREQ" 
L" 

Ll" 

LOD" 

LOU 

NRT" 

NZT" 

Rl" 

The normalized radial distance between adjacent 
points at which the program calculates the defect 
sensitivity factor. 
The normalized axial distance between adjacent 
points at which the program calculates the defect 
sensitivity factor. 
The imaginary part of the defect sensitivity 
factor. 
The magnitude of the defect sensitivity factor. 
The phase in radians of the defect sensitivity 
factor. 
The real part of the defect sensitivity factor. 
The operating frequency in hertz. 
The length of the coil. The value is input in 
inches and normalized by the program 
The lift-off of the coil. The value is input in 
inches and normalized by the program. 
The number of the I/0 unit connected to the output 
data file. 
The number of the I/0 unit connected to the 
printer. 
The total number of points in the radial direction 
at which the defect sensitivity factor is to be 
calculated. 
The total number of points in the axial direction 
at which the defect sensitivity factor ·is to be 
calculated. 
The inner radius of the coil. The value is input 



R2' 

R3 
RD 

RHOl' 
Tl' 

19 

in inches and normalized by the program; 
The outer radius of the coil. The value is input 
in inches and normalized by the program. 
The mean radius of the coil in inches. 
The normalized radial distance between the coil 
axis and the point at which the program is 
calculating the defect sensitivity factor. 
The resistivity of the plate in ~0-cm. 
The thickness of the plate. The value is input 
in inches and normalized by the program. 

TRN' 
Ul' 
WUSRR 

The number of turns in the coil. 
The relative magnetic permeability of the plate. 
The product of the angular operating frequency, 
the magnetic permeability of the plate, the 
electrical conductivity of the plate, and the 
square of the mean radius of the coil. 

1. The integration in this program is very similar to the integration 
in program PCAVZSCN. Program PCAVZSCN calculates the impedance change in 
a pancake coil due to a defect, but in order to do this, it must calculate 
the defect sensitivity factor. The main difference between the programs 
is that program PCDSF calculates the defect sensitivity factor at 
different depths in the plate while program PCAVZSCN calculates the 
average defect sensitivity factor over a range of depths. 

Sample output 

Output sent to printer: 

PCDSF TIME 7:44:26 DATE 8/ 9/89 
IN RAD OT RAD LENGTH LIFTOFF CLADTH 

ACT 0.1000 0.4250 0.0500 0.0100 0.2500 
NOR 0.3810 1.6190 0.1905 0.0381 0.9524 

RBAR 0.2625 FREQ=6.000000E+02 RH0=4.0540 PERM=l.OOO WUSRR=5.1950 
NORM IMPO:RL 0.190682 IM 0.777969 AIR !NO 1.099840E-02 

Partial listing of output stored on PCDSF.OAT: 

l 
1 
1 
l 
1 
1 

40 
0.05000 
0.38095 
0.19048 
0.95238 

40 
0.02442 
1. 61905 
0.03810 

l 0.175130-03 
2 0.165250-03 
3 0.154960-03 
4 0.144500-03 
5 0.134070-03 
6 0.123850-03 

0.241060+01 
0.235960+01 
0.230830+01 
0.225630+01 
0.220370+01 
0.215040+01 



20 

1 7 0.113970-03 0.209630+01 
1 8 0.104540-03 0.204130+01 
1 9 0.956180-04 0.198560+01 
1 10 0.872590-04 0.192920+01 
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Listing 

PROGRAM PCDSF 
C VERSION November 16, 1988 

IMPLICIT REAL*8 (A-H,O-Z) 
REAL*8 L,Ll 
DIMENSIONS1(6),S2(6),ERR(6),SMZDFR(100,40),SMZDFI(100,40),RJ(100) 
DATA LOU/8/,PI/3.141592653/,LOD/39/ 
DATA Sl/0.005,0.02,0.05,0.1,0.5,2./ 
DATA S2/1.0,2.0,5.0,10.0,50.0,200.0/ 
DATA ERR/0.1,0.01,0.00l,l.E-4,l.E-5,1.E-6/ 
DATA FREQ/600./,RHOl/4.054/,Ul/1.0/,NRT/40/,NZT/40/ 
DATA TRN/1000./,Tl/0.250/,DELTAR/0.05/ 

C TIME AND DATE ARE PRINTED 
CALL GETTIM(IHR, IMN ,-ISE, IFR) 
CALL GETDAT(IYR,IMO,IDA) 
IYR=IYR-1900 
WRITE(LOU,2)IHR,IMN,ISE,IMO,IDA,IYR 

2 FORMAT('PCDSF TIME , ,I2,,: I ,I2, I: I ,12, 
*' DATE I ,I2,, /' ,I2,, /' ,I2) 

WRITE(LOU,5) 
5 FORMAT(5X, 'IN RAD' ,4X, 'OT RAD' ,4X, 'LENGTH' ,4X, 'LIFTOFF' 
* , 3X , ' CLADTH' ) 

C COIL P250A 
Rl=O.lOO 
R2=0.425 
L=0.050 
Ll=O.Ol 
R3=0.5*(Rl+R2) 
WRITE(LOU,10)Rl,R2,L,Ll,Tl 
Rl=Rl/R3 
R2=2.0-Rl 
L=L/R3 
Ll=Ll/R3 . 
Tl=Tl/R3 
DELTAZ=Tl/(NZT-1) 
WUSRR=0.5093979*Ul*R3*R3*FREQ/RH01 

C Open the file for input data for PCDSFPLT. 
OPEN(LOD,FILE='PCDSF.DAT' ,STATUS='NEW') 
WRITE(LOU,l5)Rl,R2,L,Ll,Tl 
WRITE(LOD,16)NRT,NZT 
WRITE(LOD,17)DELTAR,DELTAZ 
WRITE(LOD,l7)Rl,R2 
WRITE(LOD,l7)L,Ll 
WRITE(LOD,18)Tl 

10 FORMAT( I ACT , , 5 (F7. 4, 3X)) 
15 FORMAT('NOR I ,5(F7.4,3X)) 
16 FORMAT(I8,1X,I8) 
17 FORMAT(F12.5,1X,F12.5) 
.18 FORMAT(F12.5) 

WRITE(LOU,20)R3,FREQ,RHOl,Ul,WUSRR 
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20 FORMAT(' RBAR' ,F7 .4,' FREQ= ',1PE13.6,' RHO=' ,OPF9.4, 
*' PERM=' ,F7.3,' WUSRR=' ,F9.4) 

SMAIR=O.O 
SMIMPR=O.O 
SMIMPI=O.O 
DO 25 NR=1,NRT 
DO 25 NZ=l,NZT 
SMZDFR(NR,NZ)=O.O 

25 SMZDFI(NR,NZ)=O.O 
B1=0.0 ' 
B2=S2(1) 
DO 100 JKL=1,6 

30 RI9=SMAIR 
X=B1-0.5*S1(JKL) 

C DETERMINE NUMBER OF STEPS,ISTEPS,BASED ON STEP SIZE&INTERVAL 
ISTEPS=DNINT((B2-B1)/S1(JKL)) 
DO 95 I=1,ISTEPS 
X=X+Sl(JKL) 
CALL BESSEL(XJR2,X,R2) 
CALL BESSEL(XJR1,X,R1) 
XL=X*L 
IF(XL.GT.5.0E-3) GO TO 60 
A1=XL*XL*(0.5-XL/6.0) 
GO TO 80 

60 IF(XL.GT.75.0) GO TO 70 
A1=XL+DEXP(-XL)-1.0 
GO TO 80 

70 Al=XL-1.0 
80 CFAC=Sl(JKL)*(XJR2-XJR1)*(XJR2-XJR1) 

SMAIR=SMAIR+CFAC*2.*A1 
IF(X*Ll.GT.75.)GO TO 95 
XX=X*X 
Xl=DSQRT(0.5*(XX+DSQRT(XX*XX+WUSRR*WUSRR)))/U1 
Y1=WUSRR/(2.*X1*U1*U1) 
A2=XL-Al 
A3=DEXP(-X*L1) 
APBR=(X+X1)*(X+X1)-Y1*Y1 
APBI=2.*Y1*(X+X1) 
AMBR=(X-X1)*(X-Xl)-Y1*Y1 
AMBI=-2.*Y1*(X-X1) 
A2BR=0.0 
A2BI=-2.*X1*Y1 
ZNUR=A2BR 
ZNUI=A2BI 
DENR=APBR 
DENI=APBI 
DNCJ=DENR*DENR+DENI*DENI 

C SECTION THAT MULTIPLIES BY DEXP(ALPHA1*ZDEFECT) 
DO 91 NZ=1,NZT 
FZD=-(NZ-i)*T1/(NZT-1) 
ZDR=X1*U1*FZD 



IF(ZDR.LT.-60.0)GO TO 93 
ZDI=Yl*Ul*FZD 
XPDR=DEXP(ZDR) 
CSDI=DCOS(ZDI)*XPDR 
SNDI=DSIN(ZDI)*XPDR 
XXl=X*Xl+XX 
XYl=X*Yl 
XlX=X*Xl-XX 
ZNDR=XXl*CSDI-XYl*SNDI 
ZNDI-XXl*SNDl+XYl*CSDI 
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C SECTION THAT MULTIPLIES BY DEXP(ALPHA1*(2*TH+ZDEFECT)) 
TZR=Xl*Ul*(2.*Tl+FZD) 
IF(TZR.GT.60.)GO TO 87 
TZI=Yl*Ul*(2.*Tl+FZD) 
XPZR=DEXP(-TZR) 
CSZI=DCOS(TZI)*XPZR 
SNZI=DSIN(TZI)*XPZR 
ZNDR=XXl*CSDI-XYl*SNDI+XlX*CSZI+XYl*SNZI 
ZNDI=XXl*SNDI +XYl*CSDI +XYl*CSZI -XlX,\"SNZI 

C SECTION THAT MULTIPLIES BY DEXP(-ALPHA1*2*CLADTH) 
TR=2.*Xl*Ul*Tl . 
IF(TR.GT.60.)GO TO 87 
TI=2.*Yl*Ul*Tl 
XPTR=DEXP(-TR) 
CSTI=DCOS(TI)*XPTR 
SNTI=DSIN(TI)*XPTR 
DENR=APBR-AMBR*CSTI-AMBI*SNTI 
DENI=APBI-AMBI*CSTI+AMBR*SNTI 
ZNUR=A2BR-A2BR*CSTI-A2BI*SNTI 
ZNUI=A2BI-A2BI*CSTI+A2BR*SNTI 
DNCJ=DENR*DENR+DENI*DENI 

87 ZDRL=(ZNDR*DENR+ZNDI*DENI)/DNCJ 
ZDIM=(DENR*ZNDI-ZNDR*DENI)/DNCJ 
DFAC=A2*A3*Sl(JKL)*(XJR2-XJR1) 

C LOOP OVER THE R VARIATION FOR THE DEFECT 
DO YO NR=l, NRT 
IF(NZ.GT.l)GO TO 89 
RD=(FLOAT(NR)-.S)*DELTAR 
XRD=X*RD 
CALL BESELl(XRD,RJl) 
RJ(NR)=RJl 

89 SMZDFR(NR,NZ)=SMZDFR(NR,NZ)+RJ(NR)*ZDRL*DFAC 
90 SMZDFI (NR, NZ)=SMZDFI (NR, NZ)+RJ (NR),'tZDIM*DFAC 
91 CONTINUE 
93 ZRL=(ZNUR*DENR+ZNUI*DENI)/DNCJ 

ZIM=(DENR*ZNUI-ZNUR*DENI)/DNCJ 
SMIMPR=SMIMPR+A2*A2*A3*A3*ZRL*CFAC 
SMIMPI=SMIMPI+A2*A2*A3*A3*ZIM*CFAC 

95 CONTINUE 
Bl=B2 
B2coB2+S2(JKL) 
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CHECK=(S~IR-RI9)iSMAIR 
IF(ABS(CHECK).GT.ERR(JKL)) GO TO 30 

100 CONTINUE 
135 Q6=0.0254*4.0E-7*TRN*TRN*R3*PI*PI*SMAIR/(L*:(R2-'R1))*~2. 

ZNIM=(SMIMPR+SMAIR)/SMAIR . , 
ZNRL=-SMIMPI/SMAIR 
WRITE(LOU,140)ZNRL,ZNIM,Q6 

140 FORMAT(' NORM IMPD:RL' ,F10.6,' IM' ;F10.6, 
*' AIR IND' ,1PE13.6) 

DO 200 NR=1,NRT 
RD=(FLOAT(NR)-.S)*DELTAR 
DO 220 NZ=1,NZT . 
AVZDFR=SMZDFR(NR,NZ) 
AVZDFI=SMZDFI(NR,NZ) 
DSFR=-1.5*WUSRR*(AVZDFR*AVZDFR-AVZDFI*AVZDFI)/(SMAIR*PI) 
DSFI=-1.5*WUSRR*2.0*AVZDFR*AVZDFI/(SMAIR*PI) 
DSFM=DSQRT(DSFR*DSFR+DSFI*DSFI) , . 
DSFP=DATAN2(DSFI,DSFR) . 
WRITE(LOD,221)NR,NZ,DSFM,DSFP 

220 CONTINUE , 
221 FORMAT(I5,2X,I5,2X,D11.5,2X,D11.5) 
200 CONTINUE 

1001 STOP 'JOB ' 
END 
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PCDSFPLT generates a contour plot of magnitude of DSF 

Program PCDSFPLT generates a contour plot of the magnitude of the defect 
sensitivity factor for a pancake coil using calculations performed and 
stored by program PCDSF. The cross section of the coil and the coil axis 
are also drawn on the plot with the same scale as the contours, to show 
their relative positions. Only a small change in the program is necessary 
to compute and plot contours of the phase of the defect sensitivity 
factor. There are two lines with the label 140, and one is commented out. 
With the first line in, the·magnitude contours are plotted, and with the 
second line the phase contours are plotted. Both use the same data file 
from PCDSF. 

Summary 

1. Dimension arrays and declare variable types. 
2. Initialize variables. 
3. Open the file created by program PCDSF. 
4. Read in the information about the coil and the plate from the file. 
5. Calculate the position of the data points in the normalized 

coordinate system. 
6. Set the label flags for the contours. 
7. Read the data stored by program PCDSF into array DSFMA. 
8. Specify the values of the magnitude of the defect sensitivity factor 

where.the contours are to be drawn. 
9. Call the PRINTMATIC contour initialization routines. 

10. Draw the contours. 
11. Draw the coil and the plate. 

Variables 

Starred variables must be set by the user. 

CNM' 

DEL TAR 

DELTAZ 

DSFMA 

DSFMMAX 

DSFMMIN 

L 
Ll 
LBM' 

Array giving the values of the magnitude of the 
defect sensitivity factor at which contours are 
to be drawn. 
The normalized distance in the radial direction 
between adjacent data points. 
The normalized distance in the axial direction 
between adjacent data points. 
Array containing the values of the magnitude of 
the defect sensitivity factor which were read in 
from the data file. 
The maximum value of the magnitude of the defect 
sensitivity factor. 
The minimum value of the magnitude of the defect 
.sensitivity factor. 
The normalized length of the coil. 
The normalized lift-off of the coil. 
Array which tells the program which of the 



LOE' 

NAME' 

NC' 

NRT 

NZT 

Rl 
R2 
Tl 
XX 

yy 

Notes 
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contours are to be labeled with their values. If 
all elements of LBM are zero, none of the contours 
will be labeled. 
The number of the I/0 unit connected to the input 
data file. 
Character variable which contains the name of the 
file which this program uses for output. 
The number of contours to be drawn. This number 
must be less than or equal to 10. 
The total number of points in the radial direction 
at which calculations were performed. 
The total number of points in the axial direction 
at which calculations were performed. 
The normalized inner coil radius. 
The normalized outer coil radius. 
The normalized thickness of the plate. 
Array describing the radial location of the data 
points in the normalized coordinate system. 
Array describing the axial location of the data 
points in the normalized _coordinate system. 

1. The coordinate system set up and used by this program has its or~g~n 
at the intersection of the coil axis and the near side of the plate. One 
unit of distance in the coordinate system is equal to one mean radius of 
the driver coil. 

2. The array DSFMA must be dimensioned to exactly NRT by NZT. Each time 
the value of NRT or NZT is changed in program PCDSF, the statement 
dimensioning the array in program PCDSFPLT must be changed also. 

3. The statements in this program which seem to do nothing but write 
variables to the screen actually have a more important function. Due to 
a bug in either the PRINTMATIC routines or in RM/FORTRAN, the PRINTMATIC 
routine DLINE, which is supposed to draw a straight line, refuses to work. 
It was discovered by accident that putting a WRITE statement near the call 
to the routine corrects the problem. 

4. Program PCDSFPLT does not actually send anything to the printer; it 
merely creates a file whose name is given by the program variable NAME. 
If the value of NAME is 'filename.ext', then to print the file created by 
program PCDSFPLT, enter 

DPRINT filename.ext 
DPRINT. EXE is a program supplied by PRINTMATIC. For this particular 
program the variable NAME is set to PCDSF.FIL, so to make a plot one would 
type: 

DPRINT PCDSF.FIL 
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Sample output 

An example of the contour plot of the magnitude of the defect sensitivity 
factor is shown in Fig. 4. 

COI'l 
AX' IS 

ORNL-DWG 90-8088 

Fig. 4. Plot of the magnitude of the defect sensitivity factor. 
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Listing 

PROGRAM PCDSFPLT 
C VERSION November 16, 1'98'8 
C Program to generate a c-ontour- plo.t of the magnitude of the-
e defect sensitivity factor of a pancake coil.' 

CHARACTER*80 NAME 
IMPLICIT REAL*4 (A-H,,'O-Z) 
REAL*4 DSFMA(40,40) 
REAL*4 XX(40),YY(40) 
REAL*4 CNM(lO),CNP(lO) 
REAL*4 L,Ll 
INTEGER*2 LBM(lO) 
INTEGER*2 Il,Jl,I2,J2 
DATA XSCALE/1.0/,NC/9/ 
DATA IDEF/2/,LOE/40/ 

C Open the file created by program PCDSF. 
OPEN(LOE,FILE='PCDSF.DAT' ,STATUS='OLD') 

C Read in the coil information. 
READ(LOE,*)NRT,NZT 
READ(LOE, *)DEl.TAR, DELTAZ 
READ(LOE,*)Rl,R2" 
READ(LOE,*)L,Ll 
READ(LOE,*)Tl 

C Calculate the position of the data points in the 
C normalized coordinat~ system. 

DO 110 I=O,(NRT-1) 
XX(I+l)=REAL(I)*DELTAR 

110 CONTINUE 
DO 120 I=O,(NZT-1) 
YY(I+l)=-((NZT-I-l)*DELTAZ) 

120 CONTINUE 
C Set the label flags for the contours. 

DO 13 0 -I= 1 , 10 
LBM(I)=O 

130 CONTINUE 
C Read in the data stored;by ·program PCDSF. 

140 READ(LOE,*,END=lSO)NR,NZ,DSFM 
c 140 READ(LOE,*,END=lSO)NR,NZ,DUM.,DSFM 

NZ=NZT-NZ+l 
IF(DSFM.GT.DSFMMAX)DSFMMAX==DSFM 
IF(DSFMMIN.EQ.O.")DSFMM:I!N=DSFM 
IF(DSFM.LT.DSFMMIN)DSFMMIN=DSFM 
DSFMA(NR,NZ)=DSFM 
GO TO 140 

C Specify the values at which .the contours are to be drawn. 
150 VARMAG=DSFMMAX-DSFMMIN 

CNTDIF=VARMAG/(NC+l) 
DO 160 I=l,NC 
CNM(I)=DSFMMAX-I*CNTDIF 

160 CONTINUE 
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C Call the necessary initialization routines. 
NAME=' PCDS F , F'1 L' 
CALL DINIT(NAME) 
CALL DPLOT ( 1. I 1. , 6. I 6. , -0. 1, 1. 9 I -1. I 1. I 0. , 0. ) 
CALL DCTRDEF(l,l 1 1 1 1,1) 

C Draw the contours. 
CALL DCNTOUR(XSCALE 1 XX 1 YY,DSFMA 1 CNM 1 LBM,NRT 1 NZT 1 NC 1 IDEF) 

C Draw the plate. 
write(0 1 *)j2 
Xl=O. 
Yl=O. 
CALL DRTOI(Xl 1 Yl 1 ll 1 Jl) 
X2=2. 
Y2=-Tl 
CALL DRTOI(X2,Y2,I2 1 J2) 
write(0 1 *)j2 
CALL DLINE(Il,Jl 1 12 1 Jl) 
write ( 0 1 *) j 2 
CALL DLINE(ll 1 J2 1 I2,J2) 
write(O,*)j2 

C Draw the coil. 
Xl=Rl 
Yl=Ll 
CALL DRTOI(Xl 1 Yl 1 11 1 Jl) 
X2=R2 
Y2=L+Ll 
CALL DRTOI(X2 1 Y2,I2,J2) 
write(O,A)j2 
CALL DLINE(Il 1 Jl 1 12,Jl) 
CALL DLINE(ll 1 J2,I2,J2) 
CALL DLINE(ll 1 Jl,Il,J2) 
WRITE(O,*)I2,Jl,l2 1 J2 
CALL DL1NE(I2,Jl,I2,J2) 
WRITE(O,*)I2,Jl,I2 1 J2 

C Draw the coil axis. 
WRITE(O,*)Il,Jl 
Xl=O. 
Yl--Tl 
CALL DRTOI(Xl,Y1 1 Il,Jl) 
X2=0. 
Y2=0.6 
CALL DRTOI(X2,Y2,I2,J2) 
WRITE(O,*)Il,Jl,I2,J2 
CALL DDASH(Il,Jl,I2,J2 1 1 1 10 1 10) 
CALL DRTOT(-0.1,0.7,Il,Jl) 
CAU. DFONT(4 1 'COIL' 1 Il,Jl,l) 
CALL DRTOI(-0.1,0.62 1 Il,Jl) 
CALL DFONT(4,'AXIS' 1 ll,Jl 1 1) 



CALL DFINIS 
write(O, *)j 2 
stop 
END 

30 
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PCFIX converts raw data to normalized impedance change 

Program PCFIX converts raw pancake coil experimental data into the 
normalized impedance change in the pancake coil due to a defect. 'The raw 
data are read directly from voltmeters as the coil is moved ·over the 
surface of a plate by a program such as MIZSCN2. The voltmeters are 
connected to the vertical and horizontal channels ·of the .Zetec .MTZ-17. 
The MIZ-17 makes relative readings ·of the x andy components of the coil 
impedance. By comparing the measured change for a known amount of lift­
off to the calculated change. both t:he phase (rotation) and gain of th•e 
signal are corrected. The values of the voltage readings with and withmlt 
the lift-off must be measured and typed into the program. 

Summary 

1. Dimension arrays and declare variable types. 
2. Initialize variables. 
3. Calculate the constant by which the raw readings must 

to convert them to the values of the normalized impedance 
coil. 

be mU:Ltipll.ed 
change in the 

4. 
5. 

the 
6. 
7. 
8. 
9. 

Read in a data point. 
Subtract the reading taken 

raw reading. 
on a part of a plate with no defects from 

Multiply the reading by the constant obtained in 3. 
Loop to 4 until done. 
Average the readings taken on opposite sides of the defect. 
Write out the results. 

Variables 

CLOM' 

CLOP' 

LOD' 

LOE' 

LOI 

LOR 

RLOI' 

RLOR' 

SF 

The calculated value of the change in the 
magnitude of the normalized impedance due to the 
amount of additional lift-off we are using. 
The calculated value of the change in the phase 
of the normalized impedance due to the amount of 
additional lift-off w~ are using. 
The number of the I/0 unit connected to the file 
which is used for output. 
The number of the I/0 unit connected to the file 
containing the raw data. 
The change in the imaginary part of the raw 
reading due to the additional lift-off. 
The change in the real pare of the ra·w reading due 
to the additional lift-off. 
The imaginary part of the raw reading made with 
additional lift-off. 
The real part of the raw reading made with 
additional lift-off. 
The ratio of the magnitude of the calculated 
change in the normalized impedance to the change 



PD 

ZEROI" 

ZEROR" 

ZLOI" 

ZLOR" 

ZMAG 

ZPHA 

Notes 
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in the raw reading due to additional lift-off. 
The difference between the phase of the calculated 
change in the normalized impedance and the phase 
of the change in the raw reading due to additional 
lift-off. 
The imaginary part of the raw reading taken on a 
part of the plate with no defects. 
The real part of the raw reading taken on a part 
of the plate with no defects. 
The imaginary part of the raw reading made on the 
same part of the plate where the readings for RLOR 
and RLOI were taken, but ZLOI is the reading 
without additional lift-off. 
The real part of the raw reading made on the same 
part of the plate where the readings for RLOR and 
RLOI were taken, but ZLOR is the reading without 
additional lift-off. 
The magnitude of the change in the normalized 
impedance of the coil due to the defect. 
The phase of the change in the normalized 
impedance of the coil due to the defect. 

1. The raw readings taken directly from the voltmeters by a program such 
as MIZSCN2 differ from the normalized impedance change in the coil by both 
an additive and a multiplicative constant. To determine the additive 
constant, we need only take readings on a part of the plate with no 
defects. This reading is subtracted from the raw readings. To determine 
the multiplicative constant, we find both the calculated and the 
experimental changes in readings due to a certain amount of additional 
lift-off. All subsequent raw readings are then multiplied by the ratio 
o·f the calculated value to the measured value. This directly normalizes 
the readings, and includes any amplification factors in the instrument. 

2·. This program averages the readings which precede the defect with 
those which follow the defect. The defect signal is supposed to be 
symmetric about the center of the defect. Any asymmetry should be due to 
random noise or to changes in the plate which we are not interested in. 
Averaging the signal will reduce the effect that such changes have on our 
results. 
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Listing 

PROGRAM PCFIX 
VERSION November 21, 1988 

C PROGRAM TO CONVERT RAW EXPERIMENTAL DATA TAKEN BY 
C PANCAKE COILS INTO THE NORMALIZED IMPEDANCE CHANGE IN 
C THE PANCAKE COIL DUE TO A DEFECT. 

DIMENSION VRA(250),VIA(250),ZMAG(250),ZPHA(250) 
REAL OFFSET 
REAL LOM,LOP,LOR,LOI 
DATA LOD/39/,LOE/38/ 
DATA PI/3.141592653/ 
DATA FREQ/500/ 
DATA ZEROR/-7.6/,ZEROI/-2.2/ 
DATA RLOR/-9.5/,RLOI/-0.5/,ZLOR/-7.77/,ZLOI/-2.14/ 
DATA CLOM/0.020030/,CLOP/2.44/ 
OPEN(LOE,FILE='AARAWN2.DAT' ,STATUS='OLD') 
OPEN(LOD,FILE='AAEXPN2.DAT' ,STATUS='NEW') 
LOR=RLOR-ZLOR 
LOI=RLOI-ZLOI 
I=1 

11 READ(LOE,*,END=30)X,VRA(I),VIA(I) 
C WRITE(O,*)VRA(I),VIA(I) 

I=I+1 
GOTO 11 

30 I=I-1 
IMAX=I 
J=l 
LOM=SQRT(LOR*LOR+LOI*LOI) 
LOP=ATAN2(LOI,LOR) 
SF=CLOM/LOM 
PD=CLOP-LOP 

35 IF(I.LT.J) GO TO 200 
VR=0.5*(VRA(I)+VRA(J)) 
VI=0.5*(VIA(I)+VIA(J)) 
VR~VR-ZEROR 

VI=VI-ZEROI 
ZMAG(I)=SQRT(VR*VR+VI*VI)*SF 
ZPHA(I)=(ATAN2(VI,VR)+PD)*180./PI 

75 FORMAT(Ell.l1, 1X, F9. 3) 
I=I-1 
J=J+1 
GO TO 35 

200 I=I+1 
DO 300 J=I,IMAX 
WRITE(LOD,75)ZMAG(J),ZPHA(J) 

300 CONTINUE 
STOP 
END 
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PCAVZSCN calculates defect impedance change, average over depth 

Program PCAVZSCN calculates the change in the impedance of a pancake coil 
due to the presence of a defect in a conducting plate. It does the 
calculations for a number of different radial distances between the coil 
axis and the center of the defect, and it has the ability to divide the 
defect into smaller parts centered on the axis of the defect and to 
perform the calculations for each part separately, a method of treating 
the defect that usually gives more accurate results. The assumption is 
made that the defect has a constant cross section as the depth'is varied, 
such as in a flat bottomed hole. If this is not the case, a weighted 
average with depth should be used. The output from PCAVZSCN is s.tored in 
the file PCAVZSCN.DAT. 

Summary 

1. Dimension arrays and declare variabie types. 
2. Initialize variables. 
3. Begin the integration loops, calculating the expressions that are 

independent of the position of the defect. 
4. Assign a value to FZD, the center of the part of the defect we wish 

to work with. 
5. Do the calculations that depend only on the axial position of the 

defect. 
6. Select a value for RD, the radial distance between the coil and the 

part of the defect we are working with. 
7. Complete the integration. 
8. Loop to 6 until done. 
9. Loop to 4 until done. 

10. Write the results of the calculations to a file. 

Variables 

DEL TAR' 

DFDEP' 

DFDIAM' 
DFM 

DFP 

DSFI 

DSFR 

FREQ' 
L' 

Ll' 

The normalized radial distance between adjacent 
data points. 
The distance from the side of the plate where the 
defect is located to the bottom of the defect in 
inches. 
The diameter of the defect in inches. 
The magnitude of the change in the normalized 
impedance of the coil due to the defect. 
The phase of the change in the normalized 
impedance of the coil due to the defect. 
The imaginary part of the defect sensitivity 
factor of the coil. 
The real part of the defect sensitivity factor of 
the coil. 
The operating frequency in hertz. 
The length of the coil. The value is input in 
inches and normalized by the program. 
The lift-off of the coil. The value is input in 



LOD' 

LOU 

NRT' 

NS' 

NZT' 

Q6 
Rl' 

R2' 

R3 
RD 

RHOl' 

Tl' 

TRN' 
Ul' 
VOLN 
WUSRR 

ZD 

ZNDFI 

ZNDFR 

ZNIM 

ZNRL 
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inches and normalized by the program. 
The number of the I/0 unit connected to the output 
data file. 
The number of the I/0 unit connected to the 
printer. 
The number of different radial distances between 
the coil axis and the center of the defect at 
which the calculations are performed. 
The side of the plate where the defect is located. 
If NS=l, the defect is on the near side; if NS=2, 
the defect is on the far side. 
The total number of parts into which the defect 
is divided along its axis when the calculations 
are performed. 
The inductance of the coil in air. 
The inner radius of the coil. The value is input 
in inches and normalized by the program. 
The outer radius of the coil. The value is input 
in inches and normalized by the program. 
The mean radius of the coil in inches. 
The normalized radial distance from the axis of 
the coil to the center of the defect. 
The electrical resistivity of the plate in ~0-
cm. 
The thickness of the plate. The value is input 
in inches and normalized by the program. 
The number of turns in the coil. 
The relative magnetic permeabil"ity of the plate. 
The normalized volume of the defect. 
The product of the angular frequency, the relative 
magnetic permeability, the electrical 
conductivity, and the square of the mean coil 
radius. 
The normalized distance from the side of the plate 
where the defect is located to the bottom of the 
defect. A negative number. 
The imaginary part of tho change in the normalized 
impedance of the coil due to the defect. 
The real part of the change in the normalized 
impedance of the coil due to the defect. 
The imaginary part of the normalized coil 
impedance with no defects present. 
The real part of the normalized coil impedance 
with no defects present .. 

1. Variable NZT controls the number of parts into which the defect is 
divided to perform the calculations. Since the theory upon which this 
program is based is more accurate for. small defects, it is desirable to 
work with the defect in parts rather than as a whole. 
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Integration Section of Program PCAVZSCN 

Symbol definitions 

The following are definitions of the symbols used to describe the program 
variables appearing in the integration section of this program. All 
lengths are normalized unless otherwise noted. 

Q 

Q1 

Q22 

{31 
c 
J(x2 ,x1) 
J1(x) 
J. 
2.1 
I" 
r 
r 
r1 
r2 
a1 
Voln 
w 
z 

Integration variable 
(a2+ jwJ.La1r2) 1/2 
Defect shape and orientation factor 
(a2+ jwJ.La1r2) 1/2/J.' 
Plate thickness 
Integral of xJ1 (x) with respect to x from ax1 to ax2 

Bessel function of the first kind of order 1 
Length of coil 
Lift-off of coil 
Relative magnetic permeability of plate 
Coil-to-defect radial distance 
Mean radius of coil in inches 
Inner radius of coil 
Outer radius of coil 
Conductivity of plate 
Normalized volume of defect 
Angular frequency at which circuit is driven 
Depth to center of defect 

Variables appearing in the integration section 

Program Symbolic 
variable eguivalent 

Al aJ.+exp(-aJ.)-1 

A2 1-exp(-aJ.) 

A2BI Im[a2-{J/] 

A2BR Re [a2-,8/] 

A3 exp ( -a2.1) 

AMBI Im[ (a-{31)2] 

AMBR Re[ (a-{31) 2] 

APBI Im[ (a+{J1)
2] 

APBR Re[ (a+{J1) 2] 

AVZDFI {See note I3.} 

AVZDFR {See note I3.} 

Bl {See note I2.} 

B2 {See riote I2. } 



CFAC 

CHECK 

CSDI 

CSTI 

CSZI 

DENI 

DENR 

DFAC 

ERR 

FZD 

I STEPS 

RI9 

RJ1 

S1 

S2 

SMAIR 

SMIMPI 

SMIMPR 
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[J(r2 ,r,) P 
(See note 12.} 

Re[exp(a,z) 1 

Re[exp(-2a,c) 1 

Re[exp(-a 1 (2c+z))1 

Im[ (a+,8 1 )
2-(a-,8,) 2exp(-2a,c) 1 

Re[ (a+,8 1 )
2-(a-,8,) 2exp(-2a,c) 1 

1 
-

3 
(1-exp(-a.£))exp(-a.£,)J(r2 ,r,) da 

a 

(See note 12.} 

z (See note 14.} 

(See note 12.} 

(See note 12.} 

J, (ar) 

da 

(See note 12.} 

co 

I 2(a.£+exp(-a.£)-1)[J(r2 ,r,)1 2 da 

a6 
0 

Im [ J _(_1-_e_x_p_(_-_a_.e_) _) 
2_e_:-~-( -_2a_.e_,_)_[ J_( r_2_, _r_, )_1

2 

0 

[ 

Re [J _( _1-_e_x_p_(_-a_.e_)_)_
2
_ex_:_

6 

(_-_2_a_.£_, )_[_J_( r_2_,_r_, )_1
2 

0 

[ 



SMZDFI Irn 

SMZDFR Re 

SNDI Irn[ exp (a 1z)] 

SNTI -lrn(exp(-2a1c)] 

SNZI -lrn[exp(-a1 (2c+z))] 

TI Irn[2a 1c] 

TR Re[2a 1c] 

TZI Irn[a 1 (2c+z)] 

TZR Re[a 1 (2c+z)] 

X a 

Xl Re [ ,8 1 ] 

XlX Re [a(,8 1-a)] 

XJRl J(r,. 0) 

XJR2 J(r2 , 0) 

XL a.e 

XPDR exp[Re(a;z)] 

XPTR exp[Re(-2a1c)) 

XPZR exp [Re ( -a1 (2c+z))] 

XRD ar 

XX Q2 

XXl Re[a(a+,81 )] 

XYl Irn[a(a+,8 1 )]=Irn[a(,8 1~a)] 

Yl Irn[,8 1 ] 

ZDI Irn[a1z]" 
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ZDIM Im [ 
(a+,81)exp (a1z)-(a-,81) exp ( -a1 (2c+z)) l (a+,81) 2-(a-,81) 

2exp ( -2a1C) 

ZDR Re[a1z] 

ZDRL [ (a+,81)exp (a1z)-(a-,81)exp( -a1 (2c+z)) l Re Q 

(a+,81) 2-(a-,81) 
2exp ( -2a1C) 

Im [ 
( a2-,812)- ( a2-,812) exp ( -2a1c) l ZIM Q 

(a+,81) 2-(a-,81) 2exp ( -2a1C) 

ZNDI Im[a(o:+,81)exp(o:1Z)] 

ZNDR Re[o:(o:+,81)exp(a1z)] 

ZNUI Im[ (a2-,8/)-(a2-,8 1 ~)exp(-2o: 1 c)] 

ZNUR Re [ (o:2-,8/)- ( o:2-,8/) exp ( -2o:1c) ] 

[ (o:2-,812)- ( o:2-,812) exp ( -2o:1c) l ZRL Re 
( o:+,81) 2- (o:-,81) 2exp ( -2a1c) 

Notes for the integration section 

Il. A number of the variables in the integration section are not always 
assigned their exact values but are approximated in certain cases to save 
time. For example, rather than calculate the exponential of a very small 
number that has its argument subtracted from it, the Maclaurin series 
expansion is sometimes used. Also, the exponential of a very large 
negative number is usually treated as zero. 

I2. 
which 
to do 
while 

Several variables appear in the integration 
play no part in the calculations being done. 
such things as to determine the maximum step 
still accurately calculating the integrals. 

section of the program 
They are merely there 

size which can be used 

I3. Variables AVZDFR and AVZDFI are the averages of the elements in 
arrays SMZDFR and SMZDFI, respectively. For improved accuracy, the defect 
is divided into NZT parts to perform the calculations. The NZT elements 
of each array contain the calculations for these NZT parts. These elements 
are averaged to give the total effect of all of these parts on the 
impedances of the coils. 

14. The variable FZD is the normalized depth from the near side of the 
plate to the center of the part of the defect with which the program is 
working. It is not the depth of the center of the actual defect. 
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Sample output 

Printer output of program PCAVZSCN: 

PCAVZSCN 20 POINTS USED FAR SIDE DEFECT TIME 8: 9:55 DATE 8/ 9/89 
IN RAD OT RAD LENGTH LIFTOFF CLADTH DF DEP 

ACT 0.1000 0.4100 0.1000 0.0100 0.2500 -0.0780 
NOR 0.3922 1.6078 0.3922 0.0392 0.9804 -0.3059 
RBAR 0.2550 FREQ~5.000000E+02 RH0=4.0540 PERM=l.OOO WUSRR=4.0853 

NORM IMPD:RL 0.155825 IM 0.832098 AIR IND 6.252919E-03 VOLN 2.1905E-02 

Partial listing of file PCAVZSCN.DAT: 

0.15500-06 
0.1390D-05 
0.3832D-05 
0.7428D-05 
0 .1210D-04 
0 .1774D-04 
0.2423D-04 
0.31430-04 
0.39190-04 
0.47330-04 

54.632 
54.602 
54.540 
54.448 
54.322 
54.162 
53.966 
53.733 
53.459· 
53.144 
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Listing 

PROGRAM PCAVZSCN 
C VERSION Auguat 9, 1989 
C PROGRAM TO CALCULATE THE NORMALIZED IMPEDANCE CHANGE 
C FOR A DEFECT IN A SINGLE PLANAR CONDUCTOR. THE DEFECT IS 
C CALCULATED AT AN ARRAY OF POINTS RATHER THAN A SINGLE POINT 
C AND AVERAGED OVER THE DEPTH. THE CJ.\LCULATIONS ARE STEPPED IN THE 
C R DIRECTION, AND THE MAGNITUDE AND PHASE IS STORED IN A DATA FILE. 

CHARACTER SIDE(2)*4 
IMPLICIT REAL*8 (A-H,O-Z) 
REAL*8 L,Ll 
CHARACTER*! FF 
DIMENSIONS1(6),S2(6),ERR(6),SMZDFR(200,40),SMZDFI(200,40),RJ(200) 
DATA LOU/8/,PI/3.141592653/,NZT/20/,NRT/40/ 
DATA Sl/.005, .02, .05, .1, .5,2./ 
DATA S2/1.0,2.0,5.0,10.0,50.0,200.0/ 
DATA ERR/.1, .01, .00l,l.E-4,1.E-5,1.E-6/ 
DATA FREQ/500./,RHOl/4.054/,Ul/1.0/,Tl/0.250/ 
DATA TRN/800./,SIDE/'NEAR' ,' FAR'/,DELTAR/0.05/ 
DATA LOD/39/,DFDIAM/0.0770/,DFDEP/0.0780/,NS/2/ 
FF=CHAR(12) 
OPEN(T.OD, FILE=' PCAVZSCN. DAT', STATUS='NEW') 

C TIME AND DATE ARE PRINTED 
CALL GETTIM(IHR,IMN,ISE,IFR) 
CALL GETDAT(IYR,IMO,IDA) 
IYR=IYR-1900 
WRITE(LOU,2)NZT,SIDE(NS),IHR,IMN,ISE,IMO,IDA,IYR 

2 FORMAT('PCAVZSCN ',13,' POINTS USED ',A4,' SIDE DEFECT', 
A' TIME ',I2,':',l:L,':',I2,' DATE ',I2,'/',I2,'/',I2) 
WRITE(LOU,5) 

5 FORMAT(5X, 'IN RAD' ,4X, 'OT RAD' ,4X, 'LENGTH' ,4X, 'LIFTOFF' 
*' 3X' 'CLADTH' '4X' I DF DEP' ) 

C COIL P250A 
Rl=O.lOOO 
R2=0.4100 
L=O.lOOO 
T.l=O.Ol 
R3=.5*(Rl+R2) 
ZD=-DFOEP 
WRITE(LOU,l0)Rl,R2,L,Ll,Tl,ZD 
Rl=Rl/R3 
R2=2.0-Rl 
L=L/R3 
Ll.,.Ll/R3 
ZD=ZD/R3 
Tl=Tl/R3 

C VOLN=0.1666667*PI*(DFDIAM/R3)*(DFDIAM/R3)*(DFDIAM/R3) 
VOLN=PI*DFDIAM*DFDIAM*DFDEP/(4.*R3*R3*R3) . 
WUSRR""O. 5093979*Ul*R3*R3,~FREQ/RH01 
WRITE(LOU,l5)Rl,R2,L,Ll,Tl,ZD 



10 FORMAT('ACT I ,7(F7.4,3X)) 
15 FORMAT('NOR I ,7(F7.4,3X)) 

18 FORMAT( I CYL FLAW: DIA:M='' ,F7 .4, I' DEPTH=' ,F7 .4) 
WRITE(LOU,20)R3,FREq,RHOl.,U1,WUSRR 

20 FORMAT(' RBAR' ,F7.4,' 'FREQ= I ,1PE13.6,' RHO=' ,OPF9.4, 
*' PERM='' F7. 3' I. WUSRR='' ,F9 .4) 

SMAIR=O.O 
SMIMPR=O.O 

. SMIMPI=O·. 0 
DO 25 NR=1,NRT 
DO 25 NZ=1,NZT 
SMZDFR(NR,NZ)=O.O 

25 SMZDFI(NR,NZ)=O.O 
B1=0.0 
B2=S2(1) 
DO 100 JKL=1,6 

30 RI9=SMAIR 
X=B1-0.5*S1(JKL) 

C DETERMINE NUMBER OF STEPS,ISTEPS,BASED ON STEP SIZE&INTERVAL 
ISTEPS=DNINT((B2-B1)/S1(JKL)) 
DO 95 I=1,ISTEPS . 
X=X+S1(JKL) 
CALL BESSEL(XJR2,X,R2) 
CALL BESSEL(XJR1,X,Rl) 
XL=X*L 
IF(XL.GT.5.0E-3) GO TO 60 
Al=XL*XL*(0.5-XL/6.0) 
GO TO 80 

60 IF(XL,GT.75.0) GO TO 70 
A1=XL+DEXP(-XL)-1.0 
GO TO 80 

70 A1=XL-1.0 
80 CFAC=S1(JKL)*(XJR2-XJR1)*(XJR2-XJR1) 

SMAIR=SMAIR+CFAC*2.*A1 
IF(X*L1.GT.75.)GO TO 95 
XX=X*X 
Xl=DSQRT(0.5*(XX+DSQRT(XX*XX+WUSRR*WUSRR)))/U1 
Yl=WUSRR/(2.*X1*Ul*Ul) 
A2=XL-A1 
A3=DEXP(-X*L1) 
APBR=(X+X1)*(X+X1)-Yl*Y1 
APBI=2.*Y1*(X+X1) 
AMBR=(X-X1)*(X-X1)-Yl*Y1 
AMBI=-2.*Y1*(X~X1) 

A2BR=0.0 
A2BI=-2.*X1*Y1 
ZNUR=A2BR 
ZNUI=A2BI 
DENR=APBR 
DENI=APBI 
DNCJ=DENR*DENR+DENI*DENI 
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C SECTION THAT MULTIPLIES BY DEXP(ALPHA1*ZDEFECT) 
DO 91 NZ=1,NZT 

C NEAR SIDE DEFECT CALCULATION 
FZD=(FLOAT(NZ)-.S)*ZD/FLOAT(NZT) 

C FAR SIDE DEFECT CALCULATION 
IF(NS.EQ.2)FZD=-Tl-FZD 
ZDR=X1*U1*FZD 
IF(ZDR.LT.-60.0)GO TO 93 
ZDI=Y1*U1*FZD 
XPDR=DEXP(ZDR) 
CSDI=DCOS(ZDI)*XPDR 
SNDI=DSIN(ZDI)*XPDR 
XX1=X*X1+XX 
XY1=X*Y1 
XlX=X*Xl-XX 
ZNDR=XX1*CSDI-XY1*SNDI 
ZNDI=XX1*SNDI+XY1*CSDI 

C SECTION THAT MULTIPLIES BY DEXP(ALPHA1*(2*TH+ZDEFECT)) 
TZR=Xl*U1*(2.*T1+FZD) 
IF(TZR.GT.60.)GO TO 87 
TZI=Y1*U1*(2.*T1+FZD) 
XPZR=DEXP(-TZR) 
CSZI=DCOS(TZI)*XPZR 
SNZI=DSIN(TZI)*XPZR 
ZNDR=XX1*CSDI-XY1*SNDI+X1X*CSZI+XY1*SNZI 
ZNDI=XX1*SNDI+XY1*CSDI+XY1*CSZI-X1X*SNZI 

I. SECTION THAT MULTIPLIES BY DEXP(-ALPHA1*2*CLADTH) 
TR=2.*X1*U1*T1 
IF(TR.GT.60.)GO TO 87 
TI=2.*Y1*U1*T1 
XPTR=DEXP(-TR) 
CSTI=DCOS(TI)*XPTR 
SNTI=DSIN(TI)*XPTR 
DENR=APBR-AMBR*CSTI-AMBI*SNTI 
DENI=APBI-AMBI*CSTI+AMBR*SNTI 
ZNUR=A2BR-A2BR*CSTI-A2BI*SNTI 
ZNUI=A2BI-A2BI*CSTI+A2BR*SNTI 
DNCJ=DENR*DENR+DENI*DENI 

87 ZDRL=(ZNDR*DENR+ZNDI*DENI)/DNCJ 
ZDIM=(DENR*ZNDI-ZNDR*DENI)/DNCJ 
DFAC=A2*A3*S1(JKL)*(XJR2-XJR1) 

C LOOP OVER THE R VARIATION FOR THE DEFECT 
DO 90 NR=l,NRT 
IF(NZ.GT.1)GO TO 89 
RD=(FLOAT(NR)-.S)*DELTAR 
XRD=X*RD 
CALL BESEL1(XRD,RJ1) 
RJ (NR)=RJl 

89 SMZDFR(NR,NZ)=SMZDFR(NR,NZ)+RJ(NR)*ZDRL*DFAC 
90 SMZDFI(NR,NZ)=SMZDFI(NR,NZ)+RJ(NR)*ZDIM*DFAC 
91 CONTINUE 
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93 ZRL= ( ZNUR*DENR+ZNUI*DENI) /DNCJ .. 
ZIM=(DENR*ZNUI-ZNUR*DENI)/DNCJ 
SMIMPR=SMIMPR+A2*A2*A3*A3*ZRL*CFAC 
SMIMPI=SMIMPI+A2*A2*A3*A3*ZIM*CFAC 

95 CONTINUE 
B1=B2 
B2=B2+S2(JKL) 
CHECK=(SMAIR-RI9)/SMAIR 
IF(ABS(CHECK).GT.ERR(JKL)) GO TO 30 

100 CONTINUE 
135 Q6=0.0254*4.0E-7*TRN*TRN*R3*PI*PI*SMAIR/(L*(R2-R1))**2 

ZNIM='(SMIMPR+SMAIR) /SMAIR . i'r-

ZNRL=-SMIMPI/SMAIR . 
WRITE(LOU,140)ZNRL,ZNIM,Q6,VOLN 

140 FORMAT(' NORM IMPD:RL' ,F10.6,' IM' ,F10.6, 
*'AIR IND' ,1PE13.6,' VOLN' ,1PE11.4) 

150 FORMAT(' NORM CHG :RL ', OPF10. 6,' IM' , OPF10. 6, 
*'MAG ',OPF10.6,' PHA ',OPF7.2) 

160 FORMAT(' NORM DSF:RL' ,1PE11.4,' IM' ,1PE11.4,' VOLN' ,1PE11.4) 
DO 200 NR=1,NRT 
RD=(FLOAT(NR)-.5)*DELTAR 

C AVERAGE OVER DEFECT POINTS AT DIFFERENT DEPTHS 
AVZDFR=O.O 
AVZDFI=O.O 
DO 220 NZ=1,NZT 
AVZDFR=AVZDFR+SMZDFR(NR,NZ) 

220 AVZDFI=AVZDFI+SMZDFI(NR,NZ) 
AVZDFR=AVZDFR/FLOAT(NZT) 
AVZDFI=AVZDFI/FLOAT(NZT) 
DSFR=-1.5*WUSRR*(AVZDFR*AVZDFR-AVZDFI*AVZDFI)/(SMAIR*PI) 
DSFI=-1.5*WUSRR*2.0*AVZDFR*AVZDFI/(SMAIR*PI) 
ZNDFR=VOLN*DSFR 
ZNDFI=VOLN*DSFI 
DFM=VOLN*SQRT(DSFR*DSFR+DSFI*DSFI) 
DFP=ATAN2(DSFI,DSFR)*180./PI 

200 WRITE(LOD,178)DFM,DFP 
178 FORMAT(Dl1.4,1X,F8.3) 

1001 STOP 
END 
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PCAVVSCN calculates defect impedance change, average over volume 

Program PCAVVSCN calculates the change in the impedance of a pancake coil 
due to the presence of a flat-bottomed hole in a conducting plate. It 
first calculates the defect sensitivity factor for a lattice of points 
that extends from the coil axis to the outer edge of the coil field, as 
shown in Fig. 3. Although this method of averaging over the dimensions 
of the defect is not mathematically correct, it usually gives more 
accurate results than assuming that the defect is a point or only 
averaging over the defect depth. Once the defect sensitivity factor has 
been computed, the defect can be considered to be at any radial location 
with respect to the coil and its average effect calculated by summing over 
the defect sensitivity factor values at the different radial positions 
multiplied by the volume of that particular element. In Fig. 5 we show 
the relationship of a flat-bottomed hole to the coil cet1ter, looking down 
on the plate. 

ORNL-DWG 90-8099 

FLAT 
BOTTOMED 

HOLE 

Fig. 5. Top view of flat-bottomed hole referenced to the coil axis. 

The defect signal is first averaged over the defect depth in a manner 
similar to the PCAVZSCN program. Then the arc length AL is multiplied by 
the real and imaginary value of the average defect signal and this is 
summed as the distance from the coil axis RD is. stepped from one side of 
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the defect to the other. This is repeated for different values of the 
distance from the coil axis to the defect center, SD. This simulates the 
coil scanning across the defect. It should be noted that the defect 
sensitivity factor integration does not have to be repeated as SD 
increases or if another size defect is used if the lattice of points is 
fine enough. However, rather than choose the lattice fine enough to cover 
all defect depths presently stored in PCAVVSCN, we have set the program 
up so that it will compute a new lattice for each defect depth. 

The arc length is calculated by the expression: 

[ ( 
SD

2 + RD
2 

- DR
2 

) ] AL = 2 RD cos-' 2 RD SD (18) 

unless the defect encloses the coil origin. In this case, the arc length 
is: 

AL. = 2 1r RD 

as long as RD is less than DR - SD. 
should be used. 

Then the express ion in Eq. ( 18) 

The defect volume can also be calculated by multiplying the arc length AL 
by the incremental step in RD. A comparison of the volume calculated by 
this method shows an agreement to within ().1% if the lattice is fine 
enough to have 40 points across the defect. A lattice of 20 points will 
give an error of 0·. 3%. 

The defect s.ignal is averaged over the· defect volume using the expression: 

AVZDR + jAVZDI NR 

L AL (AVZDFR(NR) + jAVZDFI(NR)) 

L AL 
(19) 

NR 

The division by the summation of the arc length in Eq. (19) helps reduce 
any erro·rs in the computation of the defect volume and furnishes the 
proper normalization. The limit of the summation is only done for NR 
values that lie within the defect. 

The output for the program is written on the file FORT9. 

Summary 

1. Dimension arrays and declare variable types. 
2~. Initialize variables. 
3. Begin the integratiop loops, calculating the expressions that are 

independent of the position of the defect. 
4.. Assign a value to FZD, the center of the part of the defect we wish 

to• work with. 
Si. Do the calculations that depend only upon the axiai position of the 

d'e,fect. 
6. Select a value for RD, the radial distance between the coil and the 

part of the defect we are working with. 
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7. Complete the integration. 
8. Loop to 6 until done. 
9. Loop to 4 until done. 

10. Write the results of the calculations to a file. 

Variables 

ANG 

DEL TAR' 

DFDEP' 

DFDIAM' 
DFM 

DFP 

DR 
DRR 

DSFI 

DSFR 

FREQ* 
L' 

Ll' 

LOD' 

LOU 

NDF 

NDT 
NRD 

NRT' 

NRTT 

NS' 

NZT' 

The angle of half the arc length AL, 8 in Figure 
5. 
The normalized radial distance between adjacent 
data points. 
The distance from the side of the plate where the 
defect is located to the bottom of the defect in 
inches. 
The diameter of the defect in inches. 
The magnitude of the change in the normalized 
impedance of the coil due to the defect. 
The phase of the change in the normalized 
impedance of the coil due to the defect. 
The normalized defect radius. 
The normalized defect radius best described by the 
NDT points. 
The imaginary part of the defect sensitivity 
factor of the coil. 
The real part of the defect sensitivity factor of 
the coil. 
The operating frequency in hertz. 
The length of the coil. The value is input in 
inches and normalized by the program. 
The lift-off of the coil. The value is input in 
inches and normalized by the program. 
The number of the l/0 unit connected to the output 
data file. 
The number of the I/0 unit connected to the 
printer. 
The number denoting the particular defect in the 
array of defects. 
The number of radial points across the defect. 
The integer that denotes the radial location at 
which the defect sensitivity is calculated. 
The total number of radial points at which the 
defect sensitivity calculations are performed. 
The total number of points in the radial direction 
at which the averaged impedance change is 
calculated. Presently set to 2/3 of NRT. 
The side of the plate where the defect is located. 
If NS=l, the defect is on the near side; if NS=2, 
the defect is on the far side. 
The total number of parts into which the defect 
is divided along its axis when the calculations· 
are performed. 



Q6 
Rl' 

R2' 

R3 
RD 

RHO!' 

Tl' 

TRN' 
Ul' 
VOLN 
WlTSRR 

ZD 

ZNDFI 

ZNDFR 

ZNIM 

ZNRL 
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The inductance of the coil in air. 
The inner radius of the coil. The.: value ts: input 
in inches and normalized by the program. 
The outer radius of the coil. The value is inpMt. 
in inches and normalized by the ·program. 
The mean radius of the coil in inches. 
The normalized radial distance from the axis of 
the coil to the center of the defect. 
The electrical resistivity of the plate in ~n­
cm. 
The thickness of the plate. The value is input 
in inches and normalized by the program. 
The number of turns in the coil. 
The relative magnetic permeability of the plate. 
The normalized volurne·of the defect. 
The product of the angular frequency, the relative 
magnetic permeability, the electrical 
conductivity, and the square of the mean coil 
radius. 
The normalized distance from the side of the plate 
where the defect is located to the bottom of the 
defect. A negative number. 
The imaginary part of the change in the normalized 
impedance of the coil due to the defect. 
'The real part of the change in the normalized 
impedance of the coil due to the defect. 
The imaginary part of the normalized coil 
impedance with no defects present. 
The real part of the normalized coil impedance 
with no defects present. 

l. Variable NZT controls the number of parts into which the defect is 
divided to perform the calculations. Since the theory upon which this 
pro,rgram is based is more accurate for small defects, it is desirable to 
wo!t'k with .the defect in parts rather than as a whole. 
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Integration Section of Program PCAVVSCN 

Symbol definitions 

The following are definitions of the symbols used to describe the program 
variables appearing in the integration section of this program. All 
lengths are normalized unless otherwise noted. 

Q 

at 
022 

/31 
c 
J(x2 ,xl) 
Jt(x) 
J. 
J.l 
JJ 
r 
r 
r1 
r2 
01 

Voln 
w 
z 

Integration variable 
(o2+ jwJJo 1r2) 1/2 
Defect shape and orientation factor 
(o2+jwJJolr2) 1/2/JJ 
Plate thickness 
Integral of xJ1(x) with respect to x from ox1 to ax2 
Bessel function of the first kind of order 1 
Length of coil 
Lift-off of coil 
Relative magnetic permeability of plate 
Coil-to-defect radial distance 
Mean radius of coil in inches 
Inner radius of coil 
Outer radius of coil 
Conductivity of plate 
Normalized volume of defect 
Angular frequency at which circuit is driven 
Depth to center of defect 

Variables appearing in the integration section 

Program Symbolic 
variable eguivalent 

Al oJ.+exp(-oJ.)-1 

A2 1-exp(-oJ.) 

A2BI Im [ o2-{:J12] 

A2BR Re [ o2-f3t2] 

A3 exp(-aJ.1) 

AMBI Im[ (o-,01)
2] 

AMBR Re[ (o-{31)
2] 

APBI Im[ (o+/31)2] 

APRR Ref (o+,81)
2] 

AVZDFI(NR) {See note !3.} 

AVZDFR(NR) {See note I3.} 

Bl {See note I2.} 

B2 {See note 12.} 



CFAC 

CHECK 

CSDI 

CST! 

CSZI 

DEN! 

DENR 

DFAC 

ERR 

FZD 

!STEPS 

RI9 

RJ1 

S1 

S2 

SMAIR 

SMIMPI 

so 

[J(r2 ,r,) ] 2 

{See note 12.} 

Re [ exp(a1z)] 

Re [ exp(-2a,c)] 

Re[exp(-a,(2c+z))] 

Im [ (a+,B,) 2- (a-,8,) 2exp ( -2a,c) ] 

Re[ (a+,81 )
2-(a-,81 )

2exp(,-2a,c)] 

1 
- (1-exp( -a.l!)) exp( -a1!,)J(r2 , r,) cia 
al 

{See note 12.} 

z {See note 14.} 

{See note 12.} 

{See note. 12. } 

J, (ar) 

cia 

(See note 12.} 

Q) 

I 2(a1!+exp(-a1!)-1) [J(r2 ,r1 ) ]
2 cia 

a6 
0 

Im [ J (1-exp (-a£) )'•::: (-2a£,) [J(r,. r,)]' 

0 

[ 



SMIMPR 

SMZDFI 

SMZDFR 

SNDI 

SNTI 

SNZI 

TI 

TR 

TZI 

TZR 

X 

Xl 

XlX 

XJRl 

XJR2 

XL 

XPDR 
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0 

[ 

Im [ J ~' (1-exp( ~1) )exp( ~1,)J(r,. r, )J, (ar) 

[ (a+,8,)exp(a,z)-(a-,8 1 )ex~(-a,(2c+z)) l do:] 
(a+,81 ) 

2-(a-,81 ) 
2exp ( -2a1c) 

Re [ J ~' ( 1-exp( ~1)) exp( ~1,)J(r,. r,)J, (ar) 

[ (a+,8 1 ) exp (a1z)-(a-,8 1 ) exp ( -a1 (2c+z)) 

(a+,81 ) 
2
- (a-P,) ~exp ( -2a,c) 

Im[ exp(a 1z) 1 

-lm[exp(-2a,c) 1 
-lm[exp(-a,(2c+z))] 

Im[ 2a,c 1 
Re[2a,c] 

Im[a, (2c+z) 1 
Re [a, (2c+z) 1 
a 

Re[,8 11 
Re [a(,8 1-a) 1 
J(r,,O) 

· J(r2 ,0) 

a.R. 

exp[Re(a,z)] 
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XPTR exp[Re(-2a,c) 1 

XPZR exp'[Re(-a,(2c+z)) 1 

XRD ar 

XX a2 

XXl Re[a(a+,8,) 1 

XYl 1m[a(a+,81 ) ]=1m[a(,8,-a) 1 

Yl 1m[,8, 1 

ZD1 1m[a,z1 

1m [ 
(a+,8 1)exp (a,z)-(a-,81 ) exp ( -a1 (2c+z)) l ZDIM 

(a+,8,) 2-{a-,8, ) 2exp ( -2a,c) 

ZDR Re [a,z1 

[ (a+,8,) exp (a,z)-(a-,8,) exp (-a, ( 2c+z)) l ZDRL Re 
(a+,8,) 2-(a-,81 ) 

2exp ( -2a,c) 

1m [ 
(a2-,8/)-(a2-,81

2) exp ( -2a,c) l ZIM 
(a+,8 1 ) 

2-(a-,81 ) 
2exp ( -2a,c) 

ZND1 1m[a(a+,81)exp(a,z) 1 

ZNDR Re [a (a+,8,) exp (a,z) 1 

ZNU1, 1m[ (a2-,8/)-(a2-,8 1
2)exp(-2a,c) 1 

ZNUR 'Re[ (a2-,8/)-(a2-,8,2)exp(-2a,c) 1 

Re [ 
(a2-,8 1

2)-(a2-,81
2) exp ( -2a,c) l ZRL 

(a+,8,) 2-(a-,81 ) 
2exp ( -2a,c.) 

Notes for the integration section 

11. A number of the variables in the integration section are not always . 
assigned their exact values but are approximated in certain cases to save 
time. For example, rather than calculate the exponential of a very small 
number, the Maclaurin series expansion is sometimes used. Also, the 
exponential of a very large negative number is usually treated as zero. 

12. Several variables appear in the.integration section of the program 
which play no part in the calculations being done. They are merely there 
to do such things as to determine the maximum s'tep size which can be used 
while still accurately calculating the integrals. 

13. Variables AVZDFR(NR) and AVZDF1 (NR) are the averages of the elements 
in arrays SMZDFR(NZ,NR) and SMZDF1(NZ,NR), respectively, summed over NZT. 
For improved accuracy, the defect is divided into NZT parts over the depth 
of the defect, to perform the calculations. The· NZT elements of each 
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array contain the calculations for these NZT parts. In addition, the 
defect is divided into NRTT parts in the radial direction. The 
contributions from these elements are averaged to give the total effect 
of all of these. parts on the impedances of the coils. 

I4. The variable FZD is the normalized.depth from the near side of the 
plate to the center of the part of the defect with which the program is 
working. It is not the depth of the center of the actual defect. 

Sample output 

Partial printer output of program PCAVVSCN: 

PCAVVSCN 20 POINTS USED FAR SIDE DEFECT TIME 9: 1:43 DATE 8/ 9/89 
IN RAD OT RAD LENGTH 0-LIFTOFF L.O. VAR CLADTH DF DEP 

ACT 0.1000 0.4100 0.1000 0.0100 0.0200 0.2540 -0.2210 
NOR 0.3922 1.6078 0.3922 0.0392 0.0784 0.9961 -0.8667 

RBAR 0.2550 FREQ=5.000000E+02 RH0=4.0900 PERM=l.OOO WUSRR=4.0493 
NORM IMPD:RL 0.155213 IM 0.833067 AIR IND 6.252919E-03 VOLN 5.1590E-01 
LIFT-OFF PHASE= 140.00 

R(NOR) MAG PHASE 
0.010 0.001331 93.93 
0.030 0.001343 93.93 
0.050 0.001358 93.92 
0.070 0.001380 93.91 
0.090 0.001409 93.90 
0.110 0.001446 93.88 
0.130 o 001490 93.86 
0.150 0.001541 93.84 
0.170 0.001601 93.81 
0.190 0.001668 93.78 
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Listing 

PROGRAM PCAVVSCN 
C VERSION August 9, 1989 
C PROGRAM TO CALCULATE THE NORMALIZED IMPEDANCE CHANGE FOR A FLAT 
C BOTTOM HOLE IN A SINGLE PLANAR CONDUCTOR. THE DEFECT IS . 
C CALCULATED AT AN ARRAY OF POINTS RATHER .THAN A SINGLE POINT 
C THE DEFECT SIGNAL IS AVERAGED OVER BOTH THE RAND Z'DIMENSIONS. 
C THE CALCULATIONS ARE STEPPED IN THE R DIRECTION, AS THE DEFECT IS 
C SCANNED BY THE PROBE. 
C DIA NS .221 .188 .158 .129 .097 .076 FS .222 .189 .158 .129 .098 .077 
C DEP NS .221 .188 .157 .128 .096 .078 FS .221 .188 .156 .128 .096 .078 

CHARACTER SIDE(2)*4 
IMPLICIT REAL*8 (A-H,O-Z) 
REAL*8 L,L1,L2 
DIMENSION DFDIAM(12),DFDEP(12),NSIDE(12) 
DIMENSION S1(6),S2(6),ERR(6),RJ(200) 
DIMENSION SMZDFR(20,200),SMZDFI(20,200),AVZDFR(200),AVZDFI(200) 
DATA LOU/8/,LOD/9/,PI/3;141592653/,NZT/20/,NDF/7/,NRT/150/ 
DATA S1/.005, .02, .OS, .1, .5,2./ . 
DATA S2/1.0,2.0,5.0,10.0,50.0,200.0/ 
DATA ERR/.1, .01, .001,1.E-4,1.E-5,1.E-6/ 
DATA FREQ/SOO./,RH01/4.09/,U1/1.0/ 
DATA TRN/800./,T1/0.254/,SIDE/'NEAR' ,' FAR'/,DELTAR/0.02/ 
DATA DFDIAM/ 

*.221, .188, .158,.129, .097,.076,.222, .189, .158, .129, .098:.077/ 
DATA DFDEP/ 

*.221, .188, .157, .128,.096,.078, .221,.188,.156,.128, .096, .078/ 
DATA NSIDE/1,1,1,1,1,1,2,2,2,2,2,2/ 
NS=NSIDE(NDF) 

C TIME AND DATE ARE PRINTED 
CALL GETTIM(IHR,IMN,ISE,IFR) 
CALL GETDAT(IYR,IMO,IDA) 
IYR=IYR-1900 
WRITE(LOU,2)NZT,SIDE(NS),IHR,IMN,ISE,IMO,IDA,IYR 

2 FORMAT(' PCAVVSCN' , I3,' POINTS USED ',A4,' SIDE DEFECT', 
*' TIME , , I2,,:, 'I2,,:,, I2 I, DATE , , I2', /', I2,, /' 'I2) 

WRITE(LOU,S) 
5 FORMAT(SX, 'IN RAD' ,4X, 'OT RAD' ,4X, 'LENGTH' ,2X, '0-LIFTOFF' 
*,2X, 'L.O. VAR' ,3X, 'CLADTH' ,4X, 'DF DEP') 

C COIL P255A 
R1=0.100 
R2=0.410 
L=0.100 

C COIL P371A R1=0.275 R2=0.4665 L=0.265 
L1=0.01 
L2=0.02 
R3=.5*(R1+R2) 
ZD=-DFDEP(NDF) 
WRITE(LOU,10)R1,R2,L,L1,L2,Tl,ZD 
Rl=Rl/R3 



R2=2.0-R1 
L=L/R3 
L1=L1/R3 
L2=L2/R3 
ZD=ZD/R3 
T1=T1/R3 
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C VOLN=0.1666667*PI*(DFDIAM(NDF)/R3)*(DFDIAM(NDF)/R3)*(DFDIAM(NDF)/R3) 

VOLN=PI*DFDIAM(NDF)*DFDIAM(NDF)*DFDEP(NDF)/(4.*R3*R3*R3) 
DR=DFDIAM(NDF)*0.5/R3 
WUSRR=0.5093979*U1*R3*R3*FREQ/RH01 
WRITE(LOU,15)R1,R2,L,Ll,L2,T1,ZD 

10 FORMAT('ACT ',7(F7.4,3X)) 
15 FORMAT('NOR ',7(F7.4,3X)) 

C WRITE(LOU,18) DFDIAM(NDF),DFDEP(NDF) 
18 FORMAT(' CYL FLAW: DIAM=' ,F7.4,', DEPTH=' ,F7.4) 

WRITE(LOU,20)R3,FREQ,RH01,U1,WUSRR 
20 FORMAT(' RBAR' ,F7.4,' FREQ= ',1PE13.6,' RHO=' ,OPF9.4, 

*' PERM=' ,F7.3,' WUSRR=' ,F9.4) 
SMAIR=O.O 
SMIMPR=O.O 
SMIMPI=O.O 
SMIMPR1=0.0 
SMIMPI1=0.0 
DO 25 NR=1,NRT 
DO 25 NZ=1,NZT 
SMZDFR(NZ,NR)=O.O 

25 SMZDFI(NZ,NR)=O.O 
B1=0.0 
B2=S2(1) 
DO 100 JKL=1,6 

30 RI9=SMAIR 
X=B1-0.5*S1(JKL) 

C DETERMINE NUMBER OF STEPS,ISTEPS,BASED ON STEP.SIZE&INTERVAL 
ISTEPS=DNINT((B2-B1)/S1(JKL)) 
DO 95 I=1,ISTEPS 
X=X+S1(JKL) 
CALL BESSEL(XJR2,X,R2) 
CALL BESSEL(XJR1,X,R1) 
XL=X*L 
IF(XL.GT.5.0E-3) GO TO 60 
A1=XL*XL*(0.5-XL/6.0) 
GO TO 80 

60 IF(XL.GT.75.0) GO TO 70 
A!=XL+DEXP(-XL)-1.0 
GO TO 80 

70 A1=XL-l.O 
80 CFAC=S1(JKL)*(XJR2-XJR1)*(XJR2-XJR1) 

SMAIR=SMAIR+CFAC*2.*A1 
IF(X*L1.GT.75.)GO TO 95 
XX=X*X 
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Xl=DSQRT(O.S*(XX+DSQRT(XX*XX+WUSRR*WUSRR)))(Ul 
Yl=WUSRR/(2.*Xl*Ul*Ul) 
A2=XL-Al 
A3=DEXP ( -X*Ll) 
A4=DEXP(-X*L2) 
APBR=(X+Xl)*(X+Xl)-Yl*Yl 
APBI=2.*Yl*(X+Xl) 
AMBR=(X-Xl)*(X-Xl)-Yl*Yl 
AMBI=-2.*Yl*(X~Xl) 
A2BR=0.0 
A2BI=-2.*Xl*Yl 
ZNUR=A2BR 
ZNUI=A2BI 
DENR=APBR 
DENI=APBI 
DNCJ=DENR*DENR+DENI*DENI 

C SECTION THAT MULTIPLIES BY DEXP(ALPHAl*ZDEFECT) 
DO 91 NZ=l,NZT 

C NEAR SIDE DEFECT CALCULATION 
FZD=(FLOAT(NZ)-.S)*ZD/FLOAT(NZT) 

C FAR SIDE DEFECT CALCULATION 
IF(NS.EQ.2)FZD=-Tl-FZD 
ZDR=Xl*Ul*FZD 
IF(ZDR.LT.-60.0)GO TO 93 
ZDI=Yl*Ul*FZD 
XPDR=DEXP(ZDR) 
CSDI=DCOS(ZDI)*XPDR 
SNDI=DSIN(ZDI)*XPDR 
XXl=X*Xl+XX . 
XYl=X*Yl 
XlX=X*Xl-XX 
ZNDR=XXl*CSDI-XYl*SNDI 
ZNDI=XXl*SNDI+XYl*CSDI 

C SECTION THAT MULTIPLIES BY DEXP(ALPHA1*(2*TH+ZDEFECT)) 
TZR=Xl*Ul*(2.*Tl+FZD) 
lF(TZR.GT.60.)GO TO 87 
TZI=Yl*Ul*(2.*Tl+FZD) 
XPZR=DEXP(-TZR) 

. CSZI=DCOS(TZI)*XPZR 
SNZI=DSIN(TZI)*XPZR 
ZNDR=XXl*CSDI-XYl*SNDI+XlX*CSZI+XYl*SNZI 
ZNDI=XXl*SNDI+XYl*CSDI+XYl*CSZI-XlX*SNZI 

C SECTION THAT MULTIPLIES BY DEXP(-ALPHA1*2*CLADTH) 
TR=2.*Xl*Ul*Tl 
IF(TR.GT.60.)GO TO 87 
TI=2.*Yl*Ul*Tl 
XPTR=DEXP(-TR) 
CSTI=DCOS(TI)*XPTR 
SNTI=DSIN(TI)*XPTR 
DENR=APBR-AMBR*CSTI-AMBI*SNTI 
DENI=APBI-AMBI*CSTI+AMBR*SNTI 



ZNUR=A2BR-A2BR*CSTI-A2BI*SNTI 
ZNUI=A2BI-A2BI*CSTI+A2BR*SNTI 
DNCJ=DENR*DENR+DENI*DENI 
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87 ZDRL=(ZNDR*DENR+ZNDI*DENI)/DNCJ 
ZDIM=(DENR*ZNDI-ZNDR*DENI)/DNCJ 
DFAC=A2*A3*Sl(JKL)*(XJR2-XJR1) 

C LOOP OVER THE R VARIATION FOR THE DEFECT 
DO 90 NR=l,NRT 
IF(NZ.GT.l)GO TO 89 
RD=(FLOAT(NR)-.S)*DELTAR 
XRD=X*RD 
CALL BESELl(XRD,RJ1) 
RJ(NR)=RJ1 

89 SMZDFR(NZ,NR)=SMZDFR(NZ,NR)+RJ(NR)*ZDRL*DFAC 
90 SMZDFI(NZ,NR)=SMZDFI(NZ,NR)+RJ(NR)*ZDIM*DFAC 
91 CONTINUE 
93 ZRL=(ZNUR*DENR+ZNUI*DENI)/DNCJ 

ZIM=(DENR*ZNUI-ZNUR*DENI)/DNCJ 
SMIMPR=SMIMPR+A2*A2*A3*A3*ZRL*CFAC 
SMIMPI=SMIMPI+A2*A2*A3*A3*ZIM*CFAC 
SMIMPRl=SMIMPRl+A2*A2*A4*A4*ZRL*CFAC 
SMIMPil=SMIMPil+A2*A2*A4*A4*ZIM*CFAC 

95 CONTINUE 
Bl=B2 
B2=B2+S2(JKL) 
CHECK=(SMAIR-RI9)/SMAIR 
IF(ABS(CHECK).GT.ERR(JKL)) GO TO 30 · 

100 CONTINUE 
135 Q6=0.0254*4.0E-7*TRN*TRN*R3*PI*PI*SMAIR/(L*(R2-R1))**2 

ZNIM=(SMIMPR+SMAIR)/SMAIR 
ZNRL=-SMIMPI/SMAIR 
ZNIMl=(SMIMPRl+SMAIR)/SMAIR 
ZNRLl=-SMIMPil/SMAIR 
ZLOR=ZNRLl-ZNRL 
ZLOI=ZNIM1-ZNIM 
PLO=ATAN2(ZLOI,ZLOR)*180./PI 
WRITE(LOU,140)ZNRL,ZNIM,Q6,VOLN 
WRITE(LOU,145)PLO 

145 FORMAT(' LIFT-OFF PHASE= ',OPF7.2) 
C WRITE(LOU,160)DSFR,DSFI,VOLN 

140 FORMAT(' NORM IMPD:RL' ,F10.6,' IM' ,F10.6, 
*'AIR IND' ,1PE13.6,' VOLN' ,1PE11.4) 

150 FORMAT(' NORM CHG:RL ',OPF10.6,' IM' ,OPF10.6, 
*'MAG' ,OPF10.6,' PHA ',OPF7.2) 

160 FORMAT(' NORM DSF:RL' ,1PE11.4,' IM' ,1PE11.4,' VOLN' ,1PE11.4) 
DO 200 NR=1,NRT 

C AVERAGE OVER DEFECT POINTS AT DIFFERENT DEPTHS 
AVZDFR(NR)=O.O 
AVZDFI(NR)=O.O 
DO 220 NZ-1,NZT 
AVZDFR(NR)=AVZDFR(NR)+SMZDFR(NZ,NR) 
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220 AVZDFI(NR)=AVZDFI(NR)+SMZDFI(NZ,NR) 
AVZDFR(NR)=AVZDFR(NR)/FLOAT(NZT) 
AVZDFI(NR)=AVZDFI(NR)/FLOAT(NZT) 

200 CONTINUE 
C AVERAGE OVER THE DEFECT AT DIFFERENT R VALUES 
C SD=LOCATION OF DEFECT CENTER 
C RD=FIELD POINT WHERE DEFECT IMPEDANCE CHANGE IS CALCULATED 
C DR=DEFECT RADIUS - ALL DIMENSIONS ARE NORMALIZED 

WRITE(LOU,*)' R(NOR) MAG PHASE' 
NDT=2.0*DR/DELTAR 
DRR=FLOAT(NDT)*DELTAR*O.S 

C START SO AT 0 IF NOT EVEN, 1ST HALF STEP IF NOT ODD ·· 
SD=FLOAT(MOD(NDT,2))*.S*DELTAR 
NRTT=2*NRT/3 
DO 400 NR=l,NRTT 
AVZDR=O.O 
AVZDI=O.O 
SUML=O.O 
RD=SD-DRR+DELTAR*.S 
DO 300 ND=l,NDT 
AL=O.O 
IF(RD.LT.O.O)GO TO 290 
NRD=(O.SOOOl+RD/DELTAR) 
IF(RD.LT.DR-SD) AL=2.*3.14159*RD 
IF(RD.LT.DR-SD) GO TO 280 
ANG=(SD*SD+RD*RD-DR*DR)/(2.*RD*SD) 
AL=2.*RD*ACOS(ANG) 

280 CONTINUE 
290 RD=RD+DELTAR 

SUML=SUML+AL 
AVZDR=AVZDR+AVZDFR(NRD)*AL 
AVZDI=AVZDI+AVZDFI(NRD)*AL 

300 CONTINUE 
AVZDR=AVZDR/SUML 
AVZDI=AVZDI/SUML 
DSFR=-l.S*WUSRR*(AVZDR*AVZDR-AVZDI*AV~DI)/(SMAIR*PI) 

DSFI=-l.S*WUSRR*2.0*AVZDR*AVZDI/(SMAIR*PI) 
ZNDFR=VOLN*DSFR 
ZNDFI=VOLN*DSFI 
DFM=VOLN*SQRT(DSFR*DSFR+DSFI*DSFI) 
DFP=ATAN2(DSFI,DSFR)*l~O./PI 

WRITE(LOU,380)SD,DFM,DFP 
WRITE(LOD,390)DFM,DFP 

380 FORMAT(F7. 3, FlO .·6, F7. 2) 
390 FpRMAT(E12.5,F7.2) 

SD=SD+DELTAR 
400 CONTINUE 

1000 STOP 'JOB ' 
END 
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PCGRAPH plots two sets of data on same graph 

Program PCGRAPH plots two sets of data on the same graph and sends the 
output to the screen and the printer. It: is: n0•rmally used to compare the 
calculated and the experimental values· of' the impedance change of a 
pancake coil due to a defec·t at different distances from the defect. The 
initial plot is made on the· CRT' and then the program sends the data on the 
screen to the printer. 

Summary 

1. Dimension arrays and declare' var:iia'b•]e. types. 
2. Initialize variables. 
3. Open the files containing the•. d'ata:. 
4. Read in the data and convert them• to• a' form usable by, the graphics 

subroutines. 
5. Graph the data on the screen. 
6. Send the contents of the screen to the' p:rinter. 

Variables 

ex 

CY 

DFDEP' 
DFDIAM' 
EX 

EY 

FF 

FREQ' 
GIM 

GRL 

L' 

Ll' 

LOEC' 

LOEE' 

LOU 

An array containing the real pa·rts of one set of 
the data to be plotted. 
An array containing the imaginary- parts of one set 
of the data to be plotted. 
The depth to the bottom of the defect in inches. 
The diameter of the defect in inches. 
An array containing the real patrts of one set of 
the data to be plotted. 
An array containing the imaginary parts of one set 
of the data to be plotted. 
Character variable containing the form-feed 
character. 
The operating frequency in hertz. 
Factor by which the imaginary parts of the data 
to be graphed are multiplied to make the graphs 
as large as possible. 
Factor by which the real parts- of the data to be 
graphed are multiplied to make the graphs as large 
as possible. 
The length of the coil. The value is input in 
inches and normalized by the program. 
The lift-off of the coil. The value is input in 
inches and normalized by the program. 
The number of the I/0 unit connected to the file 
containing the calculated data. 
The number of the I/0 unit connected to the file 
containing the experimental data. 
The number of the I/0 unit connected to the 
printer. 



MODE 

OIM 

ORL 

Rl' 

R2' 

R3 
RHOl' 

Tl' 

TRN' 
Ul' 
VOLN 
WUSRR 

ZD 

The screen graphics mode .to be used. Mode 16 is 
the EGA high re:solu.tion mode. 
A number which ,must be added to the imaginary 

. · parts of ·the ·<i'ata· to be graphed in order to move 
the origin to the ;de>sired place ·on the screen. 
A number which. must be· :added to the real parts of 
the data to be. ':gr.C~.phe·d iri' order to move the origin 
to the desired place 'on' the ·screen. 
The inner radius .of the coil. The value is input 
in inches and nermalized by the program. 
The outer radius <of ·,the coil. The value is input 
in inches and no.rmal·i·zed by the program. 
The mean radius .of the coil in inches. 
The electrical resistivity of the plate in J.LO­
cm. 
The thickness e·f <the plate. The value is input 
in inches and normalized by ·the program. 
The number of tun1s in the coil. 
The relative ,magnetic permeability of the.plate. 
The normalized volume of the defect. 
The product of the .angular operating frequency, 
the magnetic pe·rmeability ·of the plate, the 
electrical conduc:tivity .of the plate, and the 
square of the .coil mean radius. 
The normalized (de;prth .to the bottom of the defect. 
A negative numbe·r. 



Listing 

PROGRAM PCGMPH 
CHARACTER*1 FF 
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DIMENSION CX(200),CY(200),EX(200),EY(200) 
REAL GRL,GIM,L,L1 
DATA LOU/8/,LOEE/38/,LOEC/39/ 
DATA PI/3.141592653/,MODE/16/ 
DATA ORL/330/,0IM/50/ 
DATA FREQ/500./,RH01/4.054/,U1/1.0/,TRN/800./ 
DATA DFDIAM/0.1881/,DFDEP/0.1881/ 
FF=CHAR(12) 
CALL GETTIM(IHR,IMN,ISE,IFR) 
CALL GETDAT(IYR,IMO,IDA) 
1YR=IYR-1900 
WRITE(LOU,2)IHR,IMN,ISE,IMO,IDA,IYR 

2 FORMAT(' PCGRAPH TIME' ,12,' :' ,12,' :' ,I2 
*,' DATE ',I2,'/',I2,'/',I2,\) 

OPEN(LOEE,F1LE='QEXPN2.DAT' ,STATUS='OLD') 
OPEN(LOEC,FILE='OCALN2.DAT' ,STATUS='OLD') 
WRITE(LOU,*)' NEAR SIDE DEFECT' 
WRITE(LOU,5) 

5 FORMAT(5X, 'IN RAD' ,4X, 'OT RAD' ,4X, 'LENGTH' ,4X, 'LIFTOFF' 
*, 3X, 'CLADTH' , 4X, 'DF DEP', 4X, 'DFDIAM') 

R1=0.1000 
R2=0.4100 
L=0.1000 
Ll=0.010 
Tl=0.25U 
R3=0.5*(R1+R2) 
ZD=-DFDEP 
WRITE(LOU,10)R1,R2,L,L1,T1,ZD,DFDIAM 

10 FORMAT('ACT:' ,7(F7.4,3X)) 
R1=R1/R3 
R2=2.0-R1 
L=L/R3 
L1-L1/R3 
T1=T1/R3 
ZD=ZD/R3 
DFDIAM=DFDIAM/R3 
WRITE(LOU,15)R1,R2,L,L1,T1,ZD,DFD1AM 

15 FORMAT('NOR:' ,7(F7.4,3X)) 
VOLN=PI*DFD1AM*DFDIAM*DFDEP/(4.*R3*R3*R3) 
WUSRR-0.5093979*Ul*R3*R3*FREQ/RHOl 
WRITE(LOU,18)R3,RH01,U1,WUSRR 

18 FORMAT(' RBAR' ,F7.4,' RHO=' ,OPF7.4, 
*' PERM=' ,F7.3,' WUSRR=' ,F9.4) 

CALL QSMODE(MODE) 
CALL GRID 

11 CXMAX=O. 
CYMAX=O. 



·EXMAX=O. 
EYMAX=O. 
EMMAX=O. 
CMMAX=O. 
I=l 

20 !READ{LOEE,*,END=29)EMAG,EPHA 
EPHA=EPHA*PI/180. 
EX(I)=EMAG*COS(EPHA) 
EY(I)=EMAG*SIN(EPHA) 
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IF'(EX(I) .GT. EXMAX)EXMAX=EX(I) 
IF{EY(I) . GT. EYMAX) EYMAX=EY (I) 
IF{EMAG.GT.EMMAX) THEN 
.Ef1Mi\X,;EMAG 
EPMMAX=iEPHA 
END IF 
1=1+1 
IQQ 'l'.Q 20 

2'9 EX(I)=999. 
1=1 

3i(il R~Dfi:;OiEC, * ., END=4·0}CMAG, CPHA 
•CPHA=CiPHA*PI/180. 
CX(I)=CMAG*COS(CPHA) 
·CYt( I) =CMAG*SIN{ CPHA) 
IF'(,CX{I) . GT. CXMAX}CXMAX=CX( I) 
IF{'CYI(I) .GT .CYMAX)C~=CY{I) 
If{CMAG.GT .·CMMAX) THEN 
ICMMAX=CMAG 
rCiPMMAX=CPHA 
END IF' 
I=I+l 
tGQ '1:0 30 

,40 ex ( r )='9'9·9 . 
•EGIM=3'0:0 ./~ 
EGRL='3t00 . /'EYMAX 
Tf{:EJGI'M .tGT • 1EGRL) 'THEN 
EGii:'M=EGRL 
tEii.:S:E 
iEGRL=EJGI·M 
iEiND IF. 
rQG1[1M='3'00. /CXMAX 
:QGRL='3'00 . /CY-MAX 
[!f.(,CGIM. G'il' .• 1CGiRL) 'IDHEN 
:OGI'M=GGR!L. 
ELSE 
cCGRL='CGliM 
lEN@ I:iF 
:Ifr(lEGI·M. ,G'f .1GGIM) 'THEN 
GIM=CGIM 
GRL=:'OGRL 
.iEiL:SJE 
cG[lM=:EGlLM 



GRL=EGRL 
END IF 
EPMMAX=EPMMAX*lRO./PT 
CPMMAX=CPMMAX*l80./PI 
WRITE(LOU,*) 
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WRITE(LOU,*)' MAX MAG 
WRITE(LOU,52)EMMAX,EPMMAX 
WRITE(LOU,53)CMMAX,CPMMAX 

52 FORMAT(' EXP: ',Dl1.4, 7X,F7 .3) 
53 FORMAT(' CAL: ',Dl1.4,7X,F7.:3) 

IRl=GRL*EX(l)+ORL 
IMl=GIM*EY(l)+OIM 
I=2 

50 IF(EX(I),GT.900) GO TO 59 
IR2=GRL*EX(I)+ORL 
IM2=GIM*EY(I)+OIM 
CALL QLINE(IRl,IMl,IR2,IM2,15) 
IR1=IR2 
IM1=IM2 
I=I+l 
GO TO 50 

59 IRl=GRL*CX(l)+ORL 
IMl=GIM*CY(l)+OIM 
I=2 

60 IF(CX(I).GT.900) GO TO 70 
IR2=GRL*CX(I)+ORL 
IM2=GIM*CY(I)+OIM 
CALL QLINE(IRl,IMl,IR2,IM2,11) 
IR1=IR2 
IM1=IM2 
I=I+l 
GO TO 60 

70 CONTINUE 
WRITE(LOU,*) 
WRITE(LOU,*) 
WRITE(LOU,*) 
CALL PRTSC 
WRITE(LOU,*)FF 

1000 END 

PHA AT MAX MAG' 
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PCINV inverts scan of pancake coil data to get depth and volume 

Program PCINV calculates the dep.th and volume of a defect given the change 
in the impedance of a pancake coil as it scans past the defect. The 
program works with experimental data stored in a file by program PCFIX or 
with calculated data stored by program PCAVZSCN, and it uses a lookup file 
built by program PCBLDF. The program calculates the integral of minus the 
impedance change in the coil due to the defect with respect .to the radial 
distance between the coil axis and the defect from the inner radius of the 
coil to the outer radius of the coil. It then compares the phase of this 
complex integral with the phases stored in a lookup file by program 
PCBLDF. When the phase of the integral matches the phase in the lqokup 
file I the program reads the corresponding depth and magnitude from the 
lookup file. The depth is equal to the depth of the defect, and the 
magnitude can be used to find the volume of the defect. The defect is 
assumed to have the shape of a flat-bottomed hole. 

Summary 

1. Declare variable types. 
2. Initialize variables. 
3. Open the file containing the experimental data, read in the data, and 

calculate the integral. 
4. Find the depth and magnitude in the lookup file corresponding to the 

phase, o·f the integral. 
5·. Calculate the inverted defect depth and volume based on the 

experimental data. 
6. Open the file containing the calculated data, read in the data, and 

calculate the integral. 
7. Find the depth and magnitude in the lookup file corresponding to the 

phase of the integral. 
8. Calculate the· inverted defect depth and volume based on the 

calculated data. 

Variables 

A::ERIND•' 
DELRDC: 

DELRDE 

DEPTH 

E>FDEP' 
DFE>:IAM' 
DFM 

DFP· 

FREQ' 

The inductance in henries of the coil in air. 
The normalized distance between adjacent 
calculated data points. 
The normalized distance between adjacent 
experimental data points. 
The inverted depth of the center of the defect. 
A negative number. 
The actual depth of the defect in inches. 
The actual diameter of the defect in inches. 
The magnitude of the change in the impedance of 
the coil due to the defect. 
The phase of the change in the impedance of the 
coil due to the defect. 
The operating frequency in hertz. 



L' 

Ll' 

UISPHA 

LOEC' 

LOEE' 

LOU 

Rl' 

R2' 

R3 
RDC 

RDE 

RHOl' 

RHSMAG 
SMAIR 

Tl' 

TRN' 
Ul' 
VOLl 
VOLN 
WUSRR 

XMAG 

ZD 
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The length of the coil. The value is input in 
inches and normalized by the program. 
The lift-off of the coil. The value is input in 
inches and normalized by the program. 
The phase of the integral calculated by the 
program. 
The number of the I/0 unit connected to the file 
containing the calculated data. 
The number of the I/0 unit connected to the file 
containing the experimental data. 
The nwnber of· the I/0 unit connected to the 
printer. 
The inner radius of the coil. The value is input 
in inches and normalized by the program. 
The outer radius of the coil. The value is input 
in inches and normalized by the program. 
The mean radius of the coil in inches. 
The radial distance between the axis of the coil 
and the center of the defect in the part of the 
program which inverts the calculated data. 
The radial distance between the axis of the coil 
and the center of the defect in the part of the 
program which inverts the experimental data. 
The electrical resistivity of the plate in p.O­
cm. 
The magnitude retrieved from the lookup file. 
A quantity related to the inductance of the coil 
in air. It is used to normalize the impedance of 
the coil. 
The thickness of the plate. The value is input 
in inches and normalized by the program. 
The number of turns in the coil. 
The relative magnetic permeability of the plate. 
The inverted normalized volume of the defect. 
The· actual normalized volume of the defect. 
The product of the angular operating frequency, 
the magnetic permeability of the plate, the 
electrical conductivity of the plate, and the 
square of the mean radius of the coil. 
The magnitude of the integral calculated by the 
program. , 
The normalized depth of the center of the defect. 
A negative number. 
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Listing 

PROGRAM PCINV 
C VERSION July 27, 1988 

IMPLICIT REAL*8 (A-H,O-Z) 
REAL*8 L,Ll,L2,JANR2l,LHSPHA 
REAL*8 NMRlA, NMRlB, NMR1, NMR2, NMR 
REAL*8 NMI1A,NMI1B,NMI1,NMI2,NMI 
DATA LOEE/38/,LOEC/39/,LOU/8/,PI/3.141592653/ 
DATA FREQ/500./,RHOl/4.054/,Ul/1.0/,DFDIAM/0.1881/,DFDEP/0.1881/ 
DATA DELRDE/0.0392/,DELRDC/0.05/,TRN/800./,T1/0.25/ 
DATA AIRIND/6.252919E-03/ 
OPEN(LOEE,FILE='QEXPN2.DAT' ,STATUS='OLD') 
OPEN(LOEC,FILE='OCALN2.DAT' ,STATUS='OLD') 

C TIME AND DATE ARE PRINTED 
CALL GETTIM(IHR,IMN,ISE,IFR) 
CALL GETDAT(IYR,IMO,IDA) 
IYR=IYR-1900 
WRITE(LOU,2)IHR,IMN,ISE,IMO,IDA,IYR 

2 FORMAT(' PCINV TIME' ,I2,' :' ,I2,' :' ,I2 
,'r,' DATE ',I2,'/',I2,'/',I2) 

WRITE(LOU,5) 
5 FORMAT(6X, 'IN RAD' ,4X, 'OT RAD' ,4X, 'LENGTH' ,4X, 'LIF OFF' 
*, 3X, ' Cl.ADTH' , 4X, 'DF RAD' , 4X, 'DF DEP' ) 

Rl=O.lOOO 
R2=0.4100 
L=0.1000 
Ll=O.Ol 
R3=.5*(R1+R2) 
RDE=R3*DELRDE*.5 
RDC=R3*DELRDC*.5 
ZD=-O.S*DFDEP 
WRITE(LOU,10)Rl,R2,L,L1,Tl,RD,ZD 
Rl=Rl/R3 
R2=2.0-Rl 
L=L/R3 
Ll=Ll/R3 
RDE=RDE/R3 
RDC=RDC/R3 
ZD=ZD/R3 
T1=Tl/R3 
L2=L+Ll 
VOLN=PI*DFDIAM*DFDIAM*DFDEP/(4.*R3*R3*R3). 
WUSRR=0.5093979*U1*R3*R3*FREQ/RH01 
WRITE(LOU,15)Rl,R2,L,L1,Tl,RD,ZD 

10 FORMAT('ACT ',7(F7.4,3X)) 
15 FORMAT('NOR ',7(F7.4,3X)) 

WRITE(LOU,20)R3,FREQ,RH01,Ul,WUSRR 
20 FORMAT(' RBAR',F7.4,' FREQ= ',1PE13.6,' RHO=',OPF9.4, 

*' PERM=' ,F7.3,' WUSRR=' ,F9.4) 
28 CONTINUE 



WRITE(LOU,*) 
WRITE(LOU,*) 
WRITE(LOU,278) 
WRITE(LOU,279)ZD,VOLN 
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278 FORMAT(' DEPTH VOLUME') 
279 FORMAT('ACTUAL: ',F12.5,1X,E14.5) 

SMAIR=AIRIND*(L*(R2-R1))**2/(0.0254*4.E-07*TRN*TRN*R3*PI*PI) 
SIVR=O.O 
SIVI=O.O 
M=O 

70 READ(LOEE,*,END=78)DFM,DFP 
IF(RDE.LT.R1)GOTO 76 
IF(RDE.GT.R2)GOTO 78 

C WRITE(O,*)RDE,DFM,DFP 
DFP=DFP*(PI/180.) 
XFACT=DSQRT(DFM)*DELRDE 
SIVI=SIVI-XFACT*DCOS(0.5*DFP) 
SIVR=SIVR+XFACT*DSIN(O.S*DFP) 
LHSPHA=ATAN2(SIVI,SIVR) 
XMAG=SQRT(SIVR*SIVR+SIVI*SIVI) 

76 RDE=RDE+DELRDE 
GO TO 70 

78 CONTINUE 
LHSPHA=LHSPHA*180./PI 

C WRITE(LOU,*)LHSPHA 
CALL NDEP(DEPTH,RHSMAG,LHSPHA) 
VOL1=(2*SMAIR*PI)*(XMAG*XMAG)/((3*WUSRR)*(RHSMAG*RHSMAG)) 
WRITE(LOU,379)DEPTH,VOL1 

379 FORMAT('INV EXP: ',F12.5,1X,E14.5) 
79 SIVR=O.O 

SIVI=O.O 
M=O 

· 80 READ(LOEC,*,END=88)DFM,DFP 
IF(RDC.LT.R1)GOTO 86 
IF(RDC.GT.R2)GOTO 88 
DFP=DFP*(PI/180.) 
M=M+1 
XFACT=DSQRT(DFM)*DELRDC 
SIVI=SIVI-XFACT*DCOS(O.S*DFP) 
SIVR=SIVR+XFACT*DSIN(O.S*DFP) 
LHSPHA=ATAN2(SIVI,SIVR) 
XMAG=SQRT(SIVR*SIVR+SIVI*SIVI) 

86 RDC=RDC+DELRDC 
GO TO 80 

88 CONTINUE 
LHSPHA=LHSPHA*180./PI 

C WRITE(LOU,*)LHSPHA 
CALL NDEP(DEPTH,RHSMAG,LHSPHA) 
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VOL1=(2*SMAIR*PI)*(XMAG*XMAG)/((3*WUSRR)*(RHSMAG*RHSMAG)) 
WRITE(LOU,479)DEPTH,VOL1 

479 FORMAT('INV CAL: I ,Fl2.5,1X,E14.5) 
END 
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PCRTSCAN converts raw voltage readings to impedance change 

Program PCRTSCAN converts raw experimental voltage readings taken by a 
pancake coil scanning across a plate into the impedance change in the coil 
due to a defect. The program can then use this array of impedance changes 
to locate defects in the plate and to calculate the depth and volume of 
the defects. The program locates the defects by constructing three 
windows, a "zero" window and two windows directly under the coil windings. 
These two windows are located from Rl to R2 on either side of the .coil 
axis, and a running sum of the magnitude of the impedance change, 
referenced to the zero window, is kept for each of these windows. A dot 
product is performed between the impedance change in these two windows, 
and the defect center is located at the maximum value of this product. 
The "zero" window is shifted so that it will be in a clean region of the 
sample, but on either side of the defect. In Fig. 6 we show the magnitude 
of the impedance change plotted for a scan of six defects on the near side 
of the plate. 
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88% 75% 63% 52% 39% 31% 
Figure 6 Magnitude of impedance change measured with a pancake coil for 
near side defects. 

The defects have a diameter approximately equal to the depth of the 
defect, so that the defect volume falls off as the depth cubed. In Fig. 
7 we show a similar plot for defects on the far side of the plate. Note 
that the noise has increased such that the last two defects have not been 
located using the present noise cut-off level. However, these are very 
low volume defects compared to those normally detected by eddy-current 
tests. Relative to the wall thickness, the ASME Section XI 40% standard 
defect has a volume 94 times greater than the 39% defects in the test 
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plate. The defects were chosen to be relatively small so that better 
agreement would be obtained with the theory. 

88% 75% 63% 52% 39% 31% 
Figure 7 Magnitude of impedance change measured with a pancake coil for 
far side defects. 

The original version of PCRTSCAN read data directly from voltmeters 
connected to the MIZ17, but later versions, such as the present listing, 
read the data taken from the MIZ17 and stored in a data file. 

Summary 

1. Dimension arrays and declare variable types. 
2. Initialize variables. 
3. Get the voltage readings with additional lift-off and convert these 

readings to the impedance change caused by the additional lift-off. 
4. Take enough readings to fill up both of the active windows and the 

region between the windows. 
5. Average the first NZ readings taken on the plate and use this average 

value as the voltage in the absence of defects. 
6. Calculate the integrals in the active windows and solve for the depth 

and volume of a possible defect centered between the active windows. 
7.. Check to see if a defect is located between the active windows. If 

there is a defect, find and record its depth and volume. 
8. Advance the zero window one point. Check to see if the entire zero 

window is out of the range of defects. If it is, average the values in 
the zero window to find the new value of the voltage in the absence of 
defects. 

9. Advance -the active windows one point. 
10. Go to 6 until the entire plate has been scanned. 
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11. Graph the results. 

Variables 

AIRIND' 
CLOM' 

CLOP' 

DEFECT 

DELR 

DELTA){" 

DEPA 

DP 

FF 

FREQ' 
HAl 

HA2 

HZ 

ICP 

L' 

Ll' 

L2 

LAl 

LA2 

LHSMAG 

LHSPHA 

The inductance of the coil in air. 
The magnitude of the calculated 
change in the impedance of the 
additional lift-off. 

value 
coil 

of the 
due to 

The phase in radians of the calculated value of 
the change in the impedance of the coil due to 
additional lift-off. 
An array which contains the position of each 
defect located by the program. It contains the 
distance in inches from each defect to the point 
where the scan began. 
The normalized distance between adjacent data 
points. 
The distance between adjacent data points in 
inches. 
An array containing the inverted depths at each 
point along the plate. 
The dot product of the integrals from the two 
active windows. 
A character variable containing the form feed 
character. 
The operating frequency in hertz. 
Tlie muuLe1. uf Ll1e first d.!tt.!t point in the firot 
active window. 
The number of the first data point in the second 
active window. 
The number of the first data point in the zero 
window. 
Flag which is set when a defect is located and is 
reset when the dot product of the integrals in the 
t.wn acti.ve windows stops decreasing. This flag 
must be 0 for the program to signal that it has 
found a defect. 
The length of the coil. The value is input in 
inches and normalized by the program. 
The lift-off of the coil. The value is input in 
inches and normalized by the program. 
The distance from the top of the coil to the 
plate. 
The number of the last data point in the first 
active window. 
The number of the last data point in the second 
active window. 
The magnitude of the average of the integrals from 
the two active regions. 
The phase in degrees of the average of the 



LOD" 

LOE" 

LOU 

LZ 

NA 
ND 
NE 

R2" 

R3 
RAWI 

RAWR 

RHO!" 

SACTI 

SACTR 

SCFAC 

SCPHA 

TACTil 

TACTI2 

TACTRl 

TACTR2 

TRN" 
Ul" 
VLOI" 

VLOM 
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integrals from the two active regions. 
The number of the I/0 unit connected to the lookup 
file built by program PCBLDF. 
The number of the I/0 unit connected to the file 
containing the raw experimental data. 
The number of the I/0 unit connected to the 
printer. 
The number of the last· data point in the zero 
window. 
The number of data points in each active window. 
The number of defects located by the program. 
The number of data points ·in the region between 
the active windows. 
The number of data points in the zero window. 
The inner radius of the coil. The value is input 
in inches and normalized by the program. 
The outer radius of the coil. The value is input 
in inches and normalized by the program. 
The mean radius of the coil in inche.s. 
An array containing the imaginary parts of the raw 
readings taken at each point across the plate. 
An array containing the real parts of the raw 
readings taken at each point across the plate. 
The electrical resistivity of the plate in ~0-
cm. 
The imaginary part of the average of the integrals 
from the two active regions. 
The real part of the average of the integrals from 
the two active regions. · 
The ratio of the magnitude of the calculated 
change in the normalized impedance to the 
magnitude of the change in the raw reading due to 
additional lift-off. 
The difference between the phase of the calculated 
change in the normalized impedance and the phase 
of the change in the raw reading due to additional 
lift-off. 
The imaginary part of the integral over the region 
spanned by the first active window. · 
The imaginary part of the integral over the region 
spanned by the second active window. 
The real part of the integral over the region 
spanned by the ·first active window. 
The real ·part of the integral over the region 
spanned by the second active window. 
The number of turns in the coil. 
The relative magnetic permeability of the plate. 
The imaginary part of the experimental reading 
taken with additional lift-off. 
The·magnitude of the experimental reading·taken 
with additional lift-off. 



VLOP 

VLOR" 

VOLA 

VTOL 

WUSRR 

ZERO! 

ZEROR 

ZEROY 
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The phase of the experimental reading taken with. 
additional lift-off. 
The real part of the experimental reading taken 
with additional lift-off. 
An array containing the inverted volume at each 
point along the plate. 
The maximum amount of drift in the readings in the 
zero window that the program will tolerate for it 
to re- zero the readings .. 
The product of the angular frequency, the magnetic 
permeability, the electrical conductivity, and the 
square of the mean coil radius. 
The value of the imaginary part of the voltage on 
a section of the plate with no defects. 
The value of the real part of the voltage on a 
section of the plate with no defects. 
The difference between the number 20 and the 
number of data points since the program last found 
a zero point on the plate. If it has been more 
than 20 points since the last time the program 
found a zero, ZEROY=O. 

1. For the program to signal that it has found a defect, four conditions 
must be satisfied: 

(a) The inversion of the preliminary data must result 
in a defect which is inside the plate. 

(b) The scalar product of the integrals from the two 
active windows must decrease twice consecutively 
after having increased. 

(c) The scalar product of the integrals from the two 
active windows must be greater than 4.0E-04. 

(d) No zero can have been detected within the last 20 
readings. 

Some of these criteria may be unnecessary. 

2. If the program is too sensitive to zeros, that is, if it finds zeros 
in places it should not, it can be made less sensitive by increasing the 
value of NZ or by decreasing the value of VTOL. Conversely, if the 
program fails to find a zero in a clean region of the plate, it may be 
made more sensitive to such regions by decreasing NZ or by increasing 
VTOL. 

3. When the program locates a defect, it searches until it finds the 
next zero on the plate, and it averages the zeros on both sides of the 
defect. While this makes the inversion more accurate, it also makes it 
possible that the program will overlook a defect. If there are two 
defects on the plate which are not separated by a region that the program 
recognizes as clean, the program will not detect the second defect. 
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4. The program averages the fi:rs·t NZ readings and uses this as the value 
on the clean part of the plate until .it finds a clean section of the 
plate. If the very first region presented to the program has a defect in 
it, the results will be unpredictab!L·e and very likely undesirable because 
the program uses the very first reading in its calculation of SCFAC and 
SCPHA which are used to convert all subsequent readings to the normalized 
impedance change of the coil. 



Listing 

PROGRAM PCRTSCAN 
C VERSION September 12, 1988 

IMPLICIT REAL*8 (A-H,O-Z) 
INTEGER HZ,HAl,HA2 
REAL*8 L,Ll,L2 
REAL*8 LHSPHA, LHSMAG 
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REAL*8 RAWR(l500),RAWI(l500) 
REAL*8 TMZR(20),TMZI(20) 
REAL*8 ZMAGA(l500),ZPHAA(l500) 
REAL*8 DEPA(l500),VOLA(l500) 
REAL*8 DEFECT(lOO) 
CHARACTER*l FF 
DATA LOU/8/,LOD/38/,LOE/40/ 
DATA PI/3.141592653/ 
DATA Rlj0.1000/,R2/0.4100/,L/0.1000/,TRN/800./,Ll/0.010/ 
DATA FREQ/500./,RHOl/4.054/,Ul/1.0/,Tl/0.250/ 
DATA DELTAX/0.01/,AIRIND/6.252919E-03/,VTOL/0.02/ 
DATA CLOM/0.020030/,CLOP/2.44/ 
FF=CHAR(l2) 
K=O 
OPEN(LOE,FILE='TEMP.DAT' ,STATUS='OLD') 
R3=0.5*(Rl+R2) 
L2=L+Ll 
Rl=Rl/R3 
R2=R2/R3 
L=L/R3 
Ll=Ll/R3 
L2=L2/R3 
Tl=Tl/R3 
DELR=DELTAX/R3 
WUSRR=0.5093979*Ul*R3*R3*FREQ/RH01 
SMAIR=AIRIND*(L*(R2-Rl))**2/(0.0254*4.E-07*TRN*TRN*R3*PI*PI) 

C NZ = Number of points in the zero window 
C NA = Number of points in each active window 
C NE = Number of points in the eye 

NZ=l5 
NA=(R2-Rl)/DELR 
NE=(2*Rl)/DELR 
LZ=l 
HZ=NZ 
LAl=NZ+l 
HAl=NZ+NA 
LA2=NZ+NA+NE+l 
HA2,.NZ+NA+NE+NA 
GO TO 201 

C Initialize scanner 
CALL INITSC 

C Take readings with liftoff 
X.Xl=l.O 



YY1=2.0 
DELTAX=O.O 
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CALL GDAT(XXl,YYl,DELTAX,VLOR,VLOI) 
PAUSE 'PUT SHIM UNDER COIL; PRESS RETURN' 
XXl=l.O 
YY1=2.0 
DELTAX=O.Ol 
DO 200 J=l,lO 
CALL GDAT(XXl,YYl,DELTAX,VLOR,VLOI) 
TVLOR=TVLOR+VLOR : ;~,, 
TVLOI=TVLOI+VLOI 

200 CONTINUE 
201 CONTINUE 

C VLOR=O.l*TVLOR 
C VLOI=O.l*TVLOI 
C PAUSE 'REMOVE SHIM; PRESS RETURN' 

VLOR=-1. 74 
VLOI=-0. 31 
XXl=O.O 
YYl=l.O 
DELTAX=O.Ol 

C Fill the active windows and the region between the active 
C windows with data so that the scan can get started. 

DO 300 J=l,HA2 
C CALL GDAT(XXl,YYl,DELTAX,VR,VI) 

READ(LOE,*)XXl,VR,VI 
RAWR(J)=VR 
RAWI(J)=VI 

300 CONTINUE 
TZEROR=O. 
TZEROI=O. 

C Find the zero to be used until another comes along. 
DO 400 J=LZ,HZ 
TZEROR=TZEROR+RAWR(J) 
TZEROI=TZEROI+RAWI(J) 

400 CONTINUE 
ZEROR=TZEROR/NZ 
ZEROI=TZEROI/NZ 

C Calculate the factors for converting the raw readings 
C to the impedance change in the coil. 

VLOR=VLOR-ZEROR 
VLOI=VLOI-ZEROI 
VLOM=DSQRT(VLOR*VLOR+VLOI*VLOI) 
VLOP=DATAN2(VLOI,VLOR) 
SCFAC=CLOM/VLOM 
SCPHA=CLOP-VLOP 

450 TACTRl=O. 
TACTil=O. 
TACTR2=0. 
TACTI2=0. 

C Calculate the integral for the first active window. 



DO 500 J=LAl,HAl 
VR=RAWR(J)-ZEROR 
VI=RAWI(J)-ZEROI 
ZMAG=DSQRT(VR*VR+VI*VI)*SCFAC 
ZPHA=(DATAN2(VI,VR)+SCPHA) 
ZMAGA(J)=ZMAG 
ZPHAA(J)=ZPHA 
XFACT=DSQRT(ZMAG)*DELR 
RZR=XFACT*DSIN(0.5*ZPHA) 
RZI=-XFACT*DCOS(0.5*ZPHA) 
TACTRl=TACTRl+RZR 
TACTil=TACTil+RZI 

500 CONTINUE 
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C Calculate the integral for the second active window. 
DO 600 J=LA2,HA2 
VR=RAWR(J)-ZEROR 
VI=RAWI(J)-ZEROI 
ZMAG=DSQRT(VR*VR+VI*VI)*SCFAC 
ZPHA=(DATAN2(VI,VR)+SCPHA) 
ZMAGA(J)=ZMAG 
ZPHAA(J)=ZPHA 
XFACT=DSQRT(ZMAG)*DELR 
RZR=XFACT*DSIN(0.5*ZPHA) 
RZI=-XFACT*DCOS(0.5*ZPHA) 
TACTR2=TACTR2+RZR 
TACTI2=TACTI2+RZI 

600 CONTINUE 
C AvPr.<~.gP. thP. inter;rals from the two active windows. 

SACTR=0.5*(TACTRl+TACTR2) 
SACTI-0.5*(TACTil+TACTI2) 
LHSPHA=DATAN2(SACTI,SACTR)*l80./PI 
LHSMAG=DSQRT(SACTR*SACTR+SACTI*SACTI) 
K=K+l 

C Invert the integrals. 
CALL NDEP(DEPTH,RHSMAG,LHSPHA,Tl,Ll,L2,Rl,R2,WUSRR,Ul) 
VOL1=(2*SMAIR*PI)*(LHSMAG*LHSMAG)/((3*WUSRR)*(RHSMAG*RHSMAG)) 
DEPA(K)=DEPTH 
WRITE(O,*)DEPTH,VOLl 
IF(DEPTH.EQ.O) THEN 
VOLA(K)=O 
ELSE 
VOLA(K)=VOLl 
END IF 
DP=TACTRl*TACTR2+TACTil*TACTI2 
WRITE(O,*)' ',DP,PRDP 
IF(DEPTH.NE.O.) THEN 
IF((DP.LT.PRDP).AND.(DP.GT.4.E-04).AND.(PRDP.LT.PRPRDP)) THEN 

·IF((ZEROY.EQ.O.).AND.(ICP.EQ.O)) THEN 
C A defect has been found. 

XX=XX1-R2*R3-2.*DELTAX 
WRITE(LOU,29)XX,DEPTH,VOL1 



WRITE(O,*)'D' 
ND=ND+l 
DEFECT(ND)=XX 
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C Find the next zero and recalculate. 
ITP=HA2 
DO 610 KN=l,NZ 
ITP=ITP+l 
READ(LOE,*,END=lOOO)XXl,VR,VI 
IF(VR.EQ.999)GO TO 1000 
RAWR(ITP)=VR 
RAWI(ITP)=VI 
WRITE(O,*)XXl 
TMZR(KN)=VR 
TMZI (KN)=Vl 

610 CONTINUE 
615 TZEROR2=0. 

TZEROI2=0. 
C Check to see if the entire zero window is out of the range 
c of defects. 

DO 620 KN=l,NZ 
IF(ABS(ABS(TMZR(KN))-ABS(TMZR(B))).GT.VTOL)GO TO 630 
IF(ABS(ABS (TMZR(KN)) -ABS (TMZR(B))). GT. VTOL)GO TO 630 
TZEROR2=TZEROR2+TMZR(KN) 
TZEROI2=TZEROI2+TMZI(KN) 

620 CONTINUE 
ZEROR2=TZEROR2/NZ 
ZEROI2=TZEROI2/NZ 
GO TO 640 

C The zero· window is not out of the range of defects. 
G Advance the window one step and retest. 

6.3·0 ITP=ITP+l 
READ(LOE,*,END=lqOO)XXl,VR,VI 
RAWR( ITP)=VR 
RAW·I(ITP)=VI 
DO 635 KN=l,NZ-1 
TMZR(KN)=TMZR(KN+l) 
TMZI(KN)=TMZI(KN+l) 

63.S CONTINUE 
TMZR(NZ)=VR 
TMZI(NZ)=VI 
GO TO 615 

G The zero window is out of the range of defects. 
c: Average the leading and trailing zero. 

640 ZEROR=(ZEROR+ZEROR2)/2. 
ZEROI=(ZEROI+ZEROI2)/2. 
TACTRl=O. 
TACTil=O. 
TACTR2=0. 
TACTI2=0. 

C Reconvert the raw readings from the first active window to 
C the impedance changes in the coil using the new value for zero. 



DO 650 KN=IAl,HAl 
VR=RAWR(KN)-ZEROR 
VI=RAWI(KN)-ZEROI 
ZMAG=DSQRT(VR*VR+VI*VI)*SCFAC 
ZPHA=(DATAN2(VI,VR)+SCPHA) 
ZMAGA(KN)=ZMAG 
ZPHAA(KN)=ZPHA 
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C Recalculate the integral for the first active window using 
C the new data. 

XFACT=DSQRT(ZMAG)*DELR 
RZR=XFACT*DSIN(0.5*ZPHA) 
RZI=-XFACT*DCOS(O.S*ZPHA) 
TACTRl=TACTRl+RZR 
TACTil=TACTil+RZI 

650 CONTINUE 
C Reconvert the raw readings from the second active window to 
C the impedance changes in the coil using the new value for zero. 

DO 660 KN=IA2 ,HA2 
VR=RAWR(KN)-ZEROR 
VI=RAWI(KN)-ZEROI 
ZMAG=DSQRT(VR*VR+VI*VI)*SCFAC 
ZPHA=(DATAN2(VI,VR)+SCPHA) 
ZMAGA(KN)=ZMAG 
ZPHAA(KN)=ZPHA 

C Recalculate the integral for the second active window using 
C the new data. 

XFACT=DSQRT(ZMAG)*DELR 
RZR=XFACT*DSIN(O. 5>\-ZPHA) 
RZI=-XFACT*DCOS(0.5*ZPHA) 
TACTR2=TACTR2+RZR 
TACTI2=TACTI2+RZI 

660 CONTINUE 
C Ave1.age Llu:! new integrals. 

SACTR=O.S*(TACTRl+TACTR2) 
SACTI=0.5*(TACTI1+TACTI2) 
LHSPHA=DATAN2(SACTI,SACTR)*l80./PI 
LHSMAG=DSQRT(SACTR*SACTR+SACTI*SACTI) 

C Invert once again. 
CALL NDEP(DEPTH,RHSMAG,LHSPHA,Tl,Ll,L2,Rl,R2,WUSRR,Ul) 
VOL1=(2*SMAIR*PI)*(LHSMAG*LHSMAG)/((3*WUSRR)*(RHSMAG*RHSMAG)) 
DEPA(K)=DEP'fH 
IF(DEPTH.EQ.O)THEN 
VOLA(K)=O 
ELSE 
VOLA(K)=VOLl 
END IF 

C Print the results of the inversion. 
WRITE(LOU,29)XX,DEPTH,VOL1 
HA2=ITP 
LA2=ITP-NA+l 
HAl=ITP-NA-NE 



LAl=HAl-NA+l 
END IF 
ICP=l 
ELSE 

C No defect was found. 
ICP=O 
END IF 
END IF 
PRPRDP=PRDP 
PRDP=DP 

C WRITE(LOD,29)XX1,DEPTH,VOL1 
-G WRITE(0,29)X.Xl,DEPTH,VOL1 
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29 FORMAT(F8 .4, 2X, Dll.4, 2X, D11.4) 

.,, 

C Advance all of the windows one step and continue looking 
C for defects. 

LZ=LZ+l 
HZ=RZ+l 
LAl=LAl+l 
.l!Al=HA1+1 
l.A2=1A2+1 
HA'2=HA2+1 

C CALL GDAT(XXl,YYl,DELTAX,VR,VI) 
~c Get the next raw data reading. 

READ'(LOE,*,END=lOOO)XXl,VR,VI 
IF(VR .. EQ.999 .. )'GO TO 10q0. 
WRITE{O,*)XXl 
:RA:WR{HA:2)=VR 
R.A!1H (HA2)=VI 

~c :Shift ~the readings in the zero window down one step in the array. 
DO 7'00 ~=l,NZ-1 
TMZR(KN)=TMZR(KN+l) 
TMZI(KN)=TMZI(KN+l) 

700 CONTINUE 
C Assign the .new reading to the highest element in the :z·ero array. 

TMZR{NZ)=RAWR(HA2) 
TMZI'(NZ) =;RA:WI (HA2) 
:ZERGY=:ZEROY- 1 . 
[iFi(:ZEROY. LT. 0. ) ZEROY=O. 

C Check bo see if the entire zero window is out of the range of defects. 
DO 710 KN=l,NZ ., 
IF(ABS (ABS (TMZR(KN)) -ABS (TMZR( 8))) .GT. VTOL}GO TO 7.80 
IF(ABS{A!BS{TMZii(KiN)) -ABS{TMZI ( 8))) .'G'f. VTOL)GO TO 780 

711.'0 :CONTINUE 
'C The .z.er,.o window is out of the range of defects. 

:ZERGY=20. 
iWRI'l'E({i0" *) ' Z ' 
"il'-ZEROR='O. 
TZEROI=O. 

tC Aver:a;ge the readings in ,the zero w.indow .to find the new zero. 
IDQ i/:2;0 'KN=l,NZ 
"fZE'R:OR=T.ZEROR+TMZR (KN) 



TZEROI=TZEROI+TMZI(KN) 
7?0 r.oNTINUE 

ZEROR=TZEROR/NZ 
ZEROI=TZEROI/NZ 

780 GOTO 450 
1000 CONTINUE 

C Graph the results of the scan. 
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DO 1020 K=l,l200 
IF(ABS(ZMAGA(K)).GT.ZMAGMX)ZMAGMX=ABS(ZMAGA(K)) 
IF(ABS(ZPHAA(K)).GT.ZPHAMX)ZPHAMX=ABS(ZPHAA(K)) 

1020 CONTINUE 
C WRITE(LOU,*)FF 
C WRITE(LOU, *)'MAX MAG ', ZMAGMX 
C WRITE(LOU,*) 'MAX PHA ',ZPHAMX 

CALL QSMODE(16) 
DO 1025 K=l,ND 
IYl=l 
IY2=350 
IX1=DEFECT(K)*600./12. 
IX2=1Xl 
CALL QLINE(IXl,IYl,IX2,IY2,7) 

1025 CONTINUE 
IXl=O 
IY1=ZMAGA(l)*l50./ZMAGMX+150 
DO 1030 K=2,1200 
IX2=K/2 
IY2=ZMAGA(K)*l50./ZMAGMX+l50 
OALL QLINE(IXl,IYl;IX2 1 IY2,7) 
IX1=IX2 
IY1=IY2 

1030 CONTINUE 
c 
c 

1040 
c 

1090 

CALL PRTSC 
WRITE(LOU,*)FF 

PAUSE 
CALL QSMODE(16) 
IXl=O 
IY1=ZPHAA(l)*l50./ZPHAMX+150 
DO 1040 K=2,1200 
IX2,;,K/2 
IY2=ZPHAA(K)*l50/ZPHAMX+l50 
CALL QLINE(IXl,IYl,IX2,IY2,7) 
IX1=IX2 
1Yl=IY2 
CONTINUE 

CALL PRTSC 
END 
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REFLECTION COIL PROGRAMS 

The programs in this section perform various functions relating to the 
effect of a defect in a single conducting plate on the induced voltage in 
the pickup coils of a reflection probe. A reflection probe above a 
conducting plate is shown in Fig. 8. The probe consists of a large driver 
coil with two pick-up coils mounted at either end. The pick-up coils are 
connected in opposition so that their signal cancels out with the probe 
in air. When the probe is placed on a conductor, the field can be 
considered to be equal to the field reflected back from the conductor. 

ORNL-DWG 90-8089 

Fig. 8. Cutaway of a reflection probe above a conducting plate. 

The electrical connections for the reflection coil circuit are shown in 
Figure 9. The voltage output from this circuit Vout is given by: 

Vout = jwMVJ4A + { (wC6~ - j) (wC7R.q - j) (wM) 2 + 

[ (wC6~ - j) (Z0 + R6 ) - j~J [ (wC7R.q - j) (Zpu + R7 ) - jR9]} (20) 

where A is the amplifier gain and the rest of the terms are defined in 
Fig. 9. 
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V0 DRIVING VOLTAGE 
R0 SERIES RESISTANCE IN THE DRIVING CIRCUIT 
c6 SHUNT CAPACITANCE OF THE DRIVING CIRCUIT 
R6 D.C. RESISTANCE OF THE DRIVER COIL 

ORNL-OWG 72-671 

Rg 

Z o IMPEDANCE OF THE DRIVER COIL 
M MUTUAL IMPEDANCE BETWEEN THE DRIVER AND PICK-UP COILS 
Zpu IMPEDANCE OF THE PICK-UP COILS 
R7 D.C. RESISTANCE OF THE PICK-UP COILS 
C7 SHUNT CAPACITANCE OF THE PICK-UP CIRCUIT 
R9 AMPLIFIER INPUT IMPEDANCE 

Fig. 9. Simplified circuit diagram for an eddy-current reflection type 
probe. 

Fig. 10 shows a cross section of the reflection coil above the metal plate 
with the dimensions labeled as they are used in the equations and the 
programs. The programs are based on the signal from a small spherical 
defect, as shown in the figure. 

As we can see from Eq. (20), we must calculate the impedance of both the 
driver and pick-up coils, as well as the mutual coupling between the two. 
The equations for the driver coil impedance, including the change due to 
the defect, is: 

F(o,o,.z)doj' } (21) 

where F(o ,a,, z)= 2o [ 
(o+{J 1 ) 

2-(o-{3 1 ) 
2exp ( -2o,c) ] (22) 
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Fig. 10. Cross section of a reflection coil above a conducting plate with 
a spherical defect. 

·and F(a,a1tc)= [ (a-{31 ) (a+/3 1)-(a-{3 1 ) (a+{3,)exp(-2o,c) ] (23) 
(o+f3 1 ) 

2-(o-{3 1 ) 
2exp ( -2o,c) 

and {3, (o2+jwJ.La,r2
) '

12 /J.L (24) 

The dimensions for the coil are shown in Fig. 10. For the pick-up· coil 
impedance we have: 



W1fJJJi!R5 

(r.-r3 )
21! 
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(25) 

and for the mutual impedance between the driver and pickup coils we have: 

X (26) 

{ J

00

J(r2 ,r,)J(r.,r3 ) -a2. 3 ~a(2. 3-2.4-22. 5 ) -ai. -a(22. 6+2. 5 ) 

j 
6 

(1-e ) (1-e ) (1-e ) e F (a , a 1 , c) da . 
Ot 

0 

X 

} 
These are the basic programs used for the calculation of the change in 
magnitude and phase of the eddy-current signal due to a defect for a 
reflection probe. In Eqs. (21), (25), and (26) the terms multiplied by 
j are the normal values without the defect, while the terms multiplied by 
Voln are the changes due to the defect. If ·the values of driving and input 
impedance, Ro and ~, are large and the circuit is operated well below · 
resonance, the major change due to a defect will be in the term for H. 
Most of the tests run are usually designed for these conditions. 

The program RFDSF calculates the defect sensitivity factor of a reflection 
coil at points throughout a conducting plate, and program RFDSFPLT 
produces a contour plot of these calculations. Program RFAVZSCN does the 
theoretical calculations for the change in the induced voltage in a pickup 
coil due to a defect in a conducting plate, and program RFFIX converts raw 
experimental data to the change in induced voltage in the coil. Program 
RFGRAPH can plot the data from these two programs side-by-side so the 
theoretical predictions for a defect can be compared to the actual data. 
Finally, programs RFBLDF and RFINV can take data stored by either RFAVZSCN 
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or RFFIX and solve for the depth and volume of the defect that produced 
that data. These programs and their discussion closely parallel the 
programs for the pancake coils in the previous section. 
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RFBLDF builds a lookup file of magnitude and phase of DSF 

Program RFBLDF builds a lookup file containing the magnitude and phase of 
the integral of the defect sensitivity factor of a reflection coil with 
respect to r, the radial distance from the coil axis to the point where 
the calculations are performed, from the inner radius of the pickup coil 
to the outer radius of the driver coil at different depths in a plate. 
This lookup file can be used by program RFINV to calculate the depth and 
volume of defects. (See note #2.) 

Summary 

1. Dimension arrays and declare variable types. 
2. Initialize variables. 
3. Select a value for the depth in the plate at which the calculations 

are to be performed. 
4. Select a value for the radial distance between the coil axis and the 

point at which the calculations are to be performed. 
5. Find the defect sensitivity factor at this point. 
6. Loop to 4 until done. 
7. Calculate the integral of the defect sensitivity factor over the 

range of r and write the result to a data file. 
8. Loop to 3 until done. 

Variables 

NOTE: Most of the variables which occur inside the integration loops are 
uninteresting because they do not correspond to anything physical and 
because they should never require user intervention. Therefore, these 
variables will not be discussed here. For a detailed description of these 
variables, see the documentation of program RFAVZSCN. For a discussion 
of the major differences between the integration section of program RFBLDF 
and the integration section of program.RFAVZSCN, see note #l. 

Starred variables must be set by the user. 

C6' 

C7' 

DEL TAR 

FREQ' 
GAIN' 
L3 
i.4 
LS 

L6 
LOD' 

The total shunt capacitance in farads of the 
driving circuit. 
The total shunt capacitance in farads of the 
pickup circuit. 
The normalized radial distance between successive 
data points. 
The operating frequency in hertz. 
Gain of pickup amplifier. 
The normalized length of the driver coil. 
The normalized length of the pickup coil. 
The normalized distance of recess .of the pickup 
coil. 
The normalized lift-off of the driver coil. 
The number of the I/0 unit connected to the output 



LOU 

MZT' 

NPROBE' 

NRT 

NS 

NZT 

RO' 

Rl 
R2 
R3 
R4 
RS 
R6 
R7 
R9' 

RD 

RHOl' 
RHSI 

RHSM 

RHSP 

RHSR 
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data file. 
The number of the I/0 unit connected to the 
printer. 
The number of depths throughout the plate at which 
the program does calculations. · Increasing this 
number usually improves the accuracy of the 
inversion somewhat because it brings the 
interpolated points closer together, so the 
variation of the magnitude and phase of the 
integral between the points is more nearly linear. 
(See note #4.) 
Character variable which contains the name of the 
reflection probe to be used in the calculations. 
The total number of points in the radial direction 
at which calculations are performed. (See note 
#4.) 
The side where the defect is located. If NS = 1, 
the defect is on the near side; if NS = 2, the 
defect is on the far side. The value of NS is 
assigned according to the location of the center 
of. the defect. If the center of the defect is 
nearer the near side of the plate, NS is set equal 
to 1. If the center ·of the defect is nearer the 
far side of the plate, NS is set equal'to 2. 
The number of parts each defect is divided into 
along its axis to perform the calculations. (See 
note #4.) 
Output series resistance of driving amplifier in 
ohms. 
The normalized inner radius of the driver coil. 
The normalized outer radius of the driver coil. 
The normalized inner radius of the pickup coil. 
The normalized outer radius of the pickup coil. 
The mean radius of the driver coil in inches. 
DC resistance of the driver coil in ohms. 
DC resistance of both pickup coils in ohms. 
Input shunt resistance of pickup amplifier in 
ohms. 
The radial distance from the axis of the'coil to 
the point where the calculations are being done. 
The resistivity of the plate in ~0-cm. 
The imaginary part of the integral of the defect 
sensitivity factor with respect to RD from R3 to 
R2. 
The magnitude of the integral of the defect 
sensitivity factor with respect to RD from R3 to 
R2. 
The phase in radians of the integral of the. defect 
sensitivity factor with respect to RD from R3 to 
R2. 
The real part of the integral of the defect 



Tl' 

TD 
TNDR 
TNPU 
TP 
Ul' 
VIN' 
w 
ZD 

ZD2 

ZDTIO 

ZDTRO 

ZMSTEP 

ZMTDI 

ZMTDR 

ZMTIO 

ZMTRO 

ZPTIO 

ZPTRO 
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sensitivity factor with respect to RD from R3 to 
R2. 
The thickness of the plate. It is input in inches 
and normalized by the program. 
The density of turns in the driver coil. 
The number of turns in the driver coil. 
The number of turns in each pickup coil. 
The density of turns in the pickup coil. 
The relative magnetic permeability of the plate. 
Output voltage of driving amplifier in volts. 
The angular operating frequency. 
The normalized distance from the side of the plate 
where the defect is located to the bottom of the 
defect. A negative number. 
The normalized distance from the near side of the 
plate to the center of the defect. A negative 
number. 
The imaginary part of the self impedance of the 
driver coil with no defects present. 
The real part of the self impedance of the driver 
coil with no defects present. 
The normalized axial distance between the depths 
at which the program does the calculations. 
The imaginary part of the change in the mutual 
impedance between the driver coil and the pickup 
coil due to a defect. 
The real part of the change in the mutual 
impedance between the driver coil and the pickup 
coil due to a defect. 
The imaginary part of the mutual' impedance between 
the driver coil and the pickup coil with no 
defects present. 
The real part of the mutual impedance between the 
driver and pickup coils with no defects present. 
The imaginary part of the self impedance of the 
pickup coil with no defects present. 
The real ~art of the self impedance of the pickup 
coil with no defects present. 

1. The integration in this program is very similar to the integration 
in program RFAVZSCN, but some very minor differences do exist. Most of 
th~::;c come from t:he fact that this program calculates only the defect 
sensitivity factor, which does not depend on the volume of the defect, and 
program RFAVZSCN calculates the voltage change due to the defect, which 
does depend on the volume of the defect. While it is necessary to 
calculate the defect sensitivity factor to calculate the voltage change 
due to the de£ect, program RFAVZSCN never calculates the defect 
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sensitivity factor as a separate quantity. Thus, some of the variables 
in RFAVZSCN which have the same name as variables in program RFBLDF have 
the defect volume as an extra factor. 

2. The way that program RFINV uses the output of this program to 
calculate the depth and volume of a defect is very simple. Program RFINV 
takes either experimental data stored by program RFFIX or calculated data 
stored by program RFAVZSCN to find the integral of the voltage change due 
to the defect with respect to r from the inner radius of the pickup coil 
to the outer radius of the driver coil. The phase of this integral 
depends only upon the depth of the defect, and it is a single valued 
function of the depth of the defect. (See note #3.) The phase of the 
integral of the defect sensitivity factor will be the same as the phase 
of the voltage change due to the defect, because the defect sensitivity 
factor differs from the voltage change only by a constant real factor. 
Therefore, program RFINV can search through the file created by program 
RFBLDF until it finds the depth corresponding to the phase it obtained 
when it calculated the integral. This will be the depth of the defect. 
Then program RFINV can divide the integral it calculated by the integral 
calculated by program RFBLDF. Since the phases of the integrals are 
equal, the factors which contain the phase will cancel, and the program 
needs only to divide the magnitude of one integral by the other. The 
result of this division is the constant factor by which the two integrals 
differ, which is equal to the defect volume multiplied by o 22 , the defect 
shape and orientation factor. We normally assume that o 22 .is equal to 1, 
so the program is left with the defect volume·. 

3. One of the necessary assumptions for the reflection coil inversion 
programs to work is that the phase of the integral calculated by this 
program depends only upon the depth of the defect and that it is therefore 
independent of the defect volume. This is not exactly true. The 
expression for the defect sensitivity factor contains terms in the 
denominator which do depend slightly on the defect volume, and since this 
volume dependence cannot be factored out, it has a small effect on the 
phase of the integral. However, the error introduced by this slight 
volume dependence is not significant, as shown by the accuracy of the 
inversion of data calculated by program RFAVZSCN, which considers the 
dependence of the phase on the volume. The error for these inversions is 
typically less than one percent. 

4. The selection of the point in the plate about which the calculations 
are done is complex in the program. The outside position determining loop 
runs from 0 to MZT. This loop sets the value of the depth of the center 
of the defect by assigning values to variables ZD and ZD2. It also 
determines whether a defect is on the near side of the plate or on the far 
side of the plate. The next position determining loop, which occurs 
inside this one, runs from 1 to NRT. It sets the value for the radial 
distance from the coil axis to the center of the defect by assigning a 
value to variable RD. The final position determining loop lies inside 
both of these, and it runs from 1 to NZT. This loop is present for the 
purpose of dividing the large defect located at cylindrical coordinates 
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RD and ZD2 into a number of smaller defects so that more accurate 
calculations can be obtained for the entire de,f:ect. In the case of a near 
side defect, the large defect is divided into· NZT smaller defects centered 
at even intervals along the axis. o,f· the large' defect between the bottom 
of the defect and the near side of the plate.. In the case of a far side 
defect, the large defect is divided. into, NZ:r· smaller defects centered at 
even intervals along the axis of the· large: defect between the bottom of 
the defect and the far side of the plate .. 
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Listing 

PROGRAM RFBLDF 
C VERSION November 7, 1'9:8!8 

CHARACTER NPROBE*6,COiiL*6 
IMPLICIT REAL*8 (A-H,0-2) · 
COMPLEX*16 ZMT, ZDT, ZPT,ZO,Z6.,.Z7 ,Z9 
COMPLEX*16 ZMTO, ZPTO, ZDT-.Gl.,iRRSC, 'EBW 
REAL*8 L3,L4,L5,L6 
DIMENSION S1(6),S2(6),ERR(6) 
DIMENSION SDDR(120) ,SDIH(120) ,SDPR(120) ,SDPI(120) 
DATA LOUI81, PII3 .141592653/,I~ODI391 
DATA s 110 . 00 5 , 0 . 0 2 , 0 . 0 5 ·, 0 . 1 , 0 . 5 , 2 . I 
DATA S211.0,2.0,5.0,10.0,50.0,200.01 
DATA ERRI0.1,0.01,0.001,1.E-4,1.E-5,1.E-61 
DATA RH0114.054I,U111.01,MZTI101,NRTI1001,NZTI11 
DATA T110.250I,NPROBEI'250A 'I 
DATA ROI3050.1,R911.0D6I,C6115.E-lli,C7115.E-lll 
DATA FREQI500.1,GAINI1.1,VINI1.1001 

C TIME AND DATE ARE PRINTED 
CALL GETTIM(IHR,IMN,ISE,IFR) 
CALL GETDAT(IYR,IMO,IDA) 
IYR=IYR-1900 
WRITE(LOU,2)IHR,IMN,ISE,IMO,IDA,IYR 

2 FORMAT('RFBLDF TIME ',I2,' :' ,I2,' :' ,I2 
* , , DATE , , I 2 , , I, , I 2 , , I, , I 2) 

'W=2.0*PI*FREQ 
FNZT=FLOAT(NZT) 
OPEN(28,FILE='REF.DAT' ,STATUS='OLD') 

10 READ(28,1l)COIL,R5,R1,R2,L3,R3,R4,L4,L5,L6 
*,R6,R7,TNDR,TNPU 

11 FORMAT(A6,9F8.4,F10.4,F11.4,2F8.1) 
IF(COIL.EQ.'END ')WRITE(O,*)' COIL NOT FOUND' 
IF(COIL.EQ.'END ')GO TO 1040 
IF(COIL.NE.NPROBE)GO TO 10 
L6=L6+0.010IR5 
WRITE(LOU,3)NPROBE,T1 

3 FORMAT('PROBE ',A6,' PLATE THICKNESS' ,F7.4) 
WRITE(LOU,5) 

5 FORMAT('COIL IN RAD OT RAD LENGTH OLOIREC TURNS', 
*' COIL RES CKT: RES CAP') 

WRITE(LOU,14)R1,R2,L3,L6,TNDR,R6,RO,C6 
WRITE(LOU,15)R3,R4,L4,L5,TNPU,R7,R9,C7 

14 FORMAT('DRIVER ',4(F7.4,1X),F8.1,3(1PE10.3)) 
15 FORMAT('PICKUP ',4(F7.4,1X),F8.1,3(1PE10.3)) 

WUSRR=0.5093979*U1*R5*R5*FREQIRH01 
WRITE(LOU,20)R5,FREQ,RH01,U1,WUSRR 

20 FORMAT('RBAR' ,F7.4,' FREQ= ',1PE13.6,' RHO=' ,OPF9.4, 
*' PERM=' ,F7.3,' WUSRR=' ,F9.4) 

WRITE(0,23)NPROBE,T1,FREQ 
23 FORMAT('PROBE ',A6,' PLATE THK' ,F7.4,' FREQ=' ,F8.1) 



WRITE(LOU,*) 
WRITE(LOU,24) 
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24 FORMAT('DEPTH MAGNITUDE PHASE') 
T1=T1/R5 
ZMSTEP=T1/MZT 
DELTAR=(R2-R3)/NRT 
TD=TNDR/ ( ( R2 -R.1) *L3) 
TP=TNPU/((R4-R3)*L4) 
ZDF=6.300475E-7*FREQ*TD*TD*R5 
ZPF=6.300475E-7*FREQ*TP*TP*R5 
ZMF=6.300475E-7*FREQ*TD*TP*RS 
DMF=0.1193662*WUSRR 
DO 1020 MZ=O,MZT 
WRITE(O,*)'MZ ',MZ 
IF(MZ.GT.(0.5*MZT)) THEN 

C Far side defect 
NS=2 
ZM=(MZT-MZ)*ZMSTEP 
ZD=-2.*ZM 
ZM=MZ*ZMSTEP 
ZD2=-ZM 
ELSE 

C Near side defect 
NS=1 
ZM=MZ*ZMSTEP 
ZD=-2.*ZM 
ZD2=-ZM 
END IF 
RD-R3 (0. 5'"DELTAR) 
SRHSR=O. 
SRHSI=O. 
DO 1010 NR=1,NRT 
WRITE(O,*)MZ,NR 
RD=RD+DELTAR 
SAIR1=0.0 
SAIR2=0.0 
SZDR=O.O 
SZDI=O.O 
SZPR=O.O 
SZPI=O.O 
SZMR=O.O 
SZMI=O.O 
DO 25 NZ=1,NZT 
SDDR(NZ)=O.O 
SDDI(NZ)=O.O 
SDPR(NZ)=O.O 
SDPI(NZ)-0.0 

25 CONTINUE 
B1=0.0 
R2=S2(1) 
DO 100 JKL=1,6 



30 RI9=SAIR1 
X=B1-0o5*S1(JKL) 
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C DETERMINE NUMBER OF STEPS,ISTEPS,BASED ON STEP SIZE&INTERVAL 
ISTEPS=DNINT((B2-B1)/S1(JKL)) 
DO 90 I=1,ISTEPS 
X=X+S1(JKL) 
CALL BESSEL(XJR2,X,R2) 
CALL BESSEL(XJR1,X,R1) 
CALL BESSEL(XJR4,X,R4) 
·CALL BESSEL(XJR3 ,X,R3) 
R2l=XJR2 -XJR1 
R43=XJR4-XJR3 
XL3=X*L3 
IF(XL3oGTo5oOE-3) GO TO 60 
.A1=XL3*XL3*(0 o 5-XL3/6 o 0) 
·GO TO 80 

60 IF(XL3oGTo75o0) GO TO 70 
A1=XL3+DEXP(-XL3)-1o0 
GO TO 80 

70 A1~XL3-1o0 
80 A3=XL3-A1 

SFD=S1(JKL)*R21*R21 
SFP=Sl(JKL)*R43*R43 
:SFM=:Sl:(JKL)*R21*R43 
SAIR1=SAIR1+SFD*2o0*Al 
XL4=X*L4 
IF{XL4.oGTo5oOE-3) GO·TO 81 
A2=XL4*XL4*(0 o 5-XL4/6 o 0) 
GO TO 83 

<81 IF(XL4 o·GT o 75 o 0) GO TO 82 
A2=XL4+DEXP(-XL4)-1o0 
GO TO 83 

82 A2=XL4-lo 0 
83 A4=XL4-A2 

Al3=1.0-A3 
.A14=1o 0-A4 
A5=DEXP ( -X*LS) 
XL8=X*(L3- 2 o *L4- 2 o *L5) 
I!F{XL8 0 GT o 75 0 )A8=0 o 
1Ft(XL'8 0 LEo 7 5o )A8=DEXP{ -XL8) 
SAIR2=SAIR2+SFP*(4oO*A2-2oO*A4*A4*A8) 
IF(X*L6oGTo75o}GO TO 90 

iC •CALCULATION OF GAMMA FACTORS 
XX~X*X 

Xl=D:SQRT(Oo5*(XX+DSQRT{XX*XX+WUSRR*WUSRR)))/U1 
Yl:='WU:SRR/(2o*X1*U1*U1) 
A6=DEXP( -X*L6) 
XL7=X*(L3-L4-2o*L5) 
IF1(XLJ o GT o 75 o )A7=1. 0 
U'{X!L7 oLEo 75 o )A7=1o·O-DEXP( -XL7) 
A9=A4*A'5*A6*A7 



APBR=(X+Xl)*(X+Xl)-Yl*Yl 
APBI=2.*Yl*(X+Xl) 
AMBR=(X-Xl)*(X-Xl)-Yl*Yl 
AMBI=-2.*Yl*(X-Xl) 
A2BR=0.0 
A2BI=-2.*Xl*Yl 
ZNUR=A2BR 
ZNUI=A2BI 
DENR=APBR 
DENI=APBI 
DNCJ=DENR*DENR+DENI*DENI 
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C SECTION THAT MULTIPLIES BY DEXP(ALPHAl*ZDEFECT) 
DO 88 NZ=l,NZT 

C NEAR SIDE DEFECT CALCULATION 
FZD=(FLOAT(NZ)-.S)*ZD/FNZT 

C FAR SIDE DEFECT CALCULATION 
IF(NS.EQ.2)FZD=-Tl-FZD 
ZDR=Xl*Ul*FZD 
IF(ZDR.LT.-60.0)GO TO 8.9 
ZDI=Yl*Ul*FZD 
XPDR=DEXP(ZDR) 
CSDI=DCOS(ZDI)*XPDR 
SNDI=DSIN(ZDI)*XPDR 
XRD=X*RD 
CALL BESELl(XRD,RJl) 
XXl=X*Xl+XX 
XYl=X*Yl 
XlX=X*Xl-XX 
ZNDR=XXl*CSDI-XYl*SNDI 
ZNDI=XXl*SNDI+XYl*CSDI 

C SECTION THAT MULTIPLIES BY DEXP(ALPHA1*(2*TH+ZDEFECT)) 
TZR=Xl*Ul*(2.*Tl+FZD) 
IF(TZR.GT.60.)GO TO 87 
TZI=Yl*Ul*(2.*Tl+FZD) 
XPZR=DEXP(-TZR) 
CSZI=DCOS(TZI)*XPZR 
SNZI=DSIN(TZI)*XPZR 
ZNDR=XXl*CSDl-XYl*SNDl+XlX*CSZI+XYl*SNZI 
ZNDI=XXl*SNDI+XYl*CSDI+XYl*CSZI-XlX*SNZI 

C SECTION THAT MULTIPLIES BY DEXP(-ALPHA1*2*CLADTH) 
TR=2.*Xl*Ul*Tl 
IF(TR.GT.60.)GO TO 87 
Tl=2.*Yl*Ul*Tl 
XPTR=DEXP(-TR) 
CS1'l=DCOS(TI)*XPTR 
SNTI=DSIN(TI)*XPTR 
DENR=APBR-AMBR*CSTI-AMBI*SNTI 
DENI=APBI-AMBI*CSTI+AMBR*SNTI 
ZNUR=A2BR-A2BR*CSTI-A2BI*SNTI 
ZNUI=A2BI-A2BI*CSTI+A2BR*SNTI 
DNCJ=DENR*DENR+DENI*DENI 
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87 ZDRL=(ZNDR*DENR+ZNDI*DENI)/DNCJ 
ZDIM=(DENR*ZNDI-ZNDR*DENI)/DNCJ. 

C SUM DEFECT SENSITIVITY FACTORS FOR THE DRIVER & PICKUP COILS 
SDDR(NZ)=SDDR(NZ)+A3*A6*RJ1*2*ZDRL*R21*S1(JKL) 
SDDI(NZ)=SDDI(NZ)+A3*A6*RJ1*2*ZDIM*R21*S1(JKL) 
SDPR(NZ)=SDPR(NZ)+A9*RJ1*2*ZDRL*R43*S1(JKL) 
SDPI(NZ)=SDPI(NZ)+A9*RJ1*2*ZDIM*R43*S1(JKL) 

88 CONTINUE 
89 ZRL=(ZNUR*DENR+ZNUI*DENI)/DNCJ 

ZIM=(DENR*ZNUI-ZNUR*DENI)/DNCJ 
SZDI=SZDI+A3*A3*A6*A6*ZRL*SFD 
SZDR=SZDR-A3*A3*A6*A6*ZIM*SFD 
SZPI=SZPI+A9*A9*ZRL*SFP 
SZPR=SZPR-A9*A9*ZIM*SFP 
SZMI=SZMI+A3*A6*A9*ZRL*SFM 
SZMR=SZMR-A3*A6*A9*ZIM*SFM 

90 CONTINUE 
B1=B2 
B2=B2+S2(JKL) 
CHECK=(SAIR1-RI9)/SAIR1 
IF(ABS(CHECK).GT.ERR(JKL)) GO TO 30 

100 CONTINUE 
C COMPUTATION OF DRIVER INDUCTANCE 

Q6=ZDF*SAIR1,1W 
C DEFINE COMPLEX QUANTITIES THAT ARE CONSTANT 

ZO=DCMPLX(O.ODO,-RO) 
Z6=DCMPLX(W*C6*R0,-1.0DO) 
Z7=DCMPLX(W*C7*R9,-1.0DO) 
Z.9=DCMPLX(O.ODO, -R9) 

C AVERAGE DEFECT VALUES OVER DEPTH 
ADDR=O.O 
ADDI=O.O 
ADPR=O.O 
AilPI=O.O 
DO 125 NZ=1,NZT 
ADDR=ADDR+SDDR(NZ)/FNZT 
ADDI=ADDI+SDDI(NZ)/FNZT 
ADPR=ADPR+SDPR(NZ)/FNZT 
ADPI=ADPI+SDPI(NZ)/FNZT 

125 CONTINUE 
135 ZDTRO=ZDF*SZDR 

ZDTIO=ZDF*(SAIR1+SZDI) 
ZPTRO=ZPF*SZPR 
ZPTIO=ZPF*(SAIR2+SZPI) 
ZMTRO=ZMF*SZMR 
ZMTIO=ZMF*SZMI 
ZMTDR=-ZMF*DMF*(ADDR*ADPR-ADDI*ADPI) 
ZMTDI=-ZMF*DMF*(ADDI*ADPR+ADDR*ADPI) 

€;: DEFINE COMPLEX QUANTITIES, DO COMPLEX CIRCUIT CALCULATIONS 
ZDT=DCMPLX(ZDTR,ZDTI) 
ZPT=DCMPLX(ZPTR,ZPTI) 



ZMT- DCMPLX(ZMTR,ZMTI) 
1000 CONTINUE 

SRHSR- z.t1TDR*DELTAR I !::IUWR 
SRHSI- ZMTDI*DELTAR+SRHSI 
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180 FORMAT(F6.3,1X,D11.3,1X,F7.2) 
C 181 FORMAT(F6.3,2X,D11.3,3X,F7.2) 

1010 CONTINUE 
EBW- Z6*Z7*ZMTO*ZMTO+(Z6*(ZDTO+R6)+ZO)*(Z7*(ZPTO+R7)+Z9) 
RHSC- VIN*R9*GAIN*DCMPLX(SRHSR,SRHSI)/EBW 
RHSR- REAL(RHSC) 
RHSI- DIMAG (RHSC) 
RHSM- DSQRT(RHSR*RHSR+RHSI*RHSI) 
RHSP- DATAN2(RHSI,RHSR)*180./PI 
WRITE(LOD,180)ZD2,RHSM,RHSP 
WRITE(LOU,180)ZD2,RHSM,RHSP 
WRITE(0,180)ZD2,IDISM,RHSP 

1020 CONTINUE 
1040 END 
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RFDSF calculates mag. and phase of DSF for a lattice of points 

Program RFDSF calculates the magnitude and phase of the defect sensitivity 
factor of a reflection coil at a lattice of points throughout a conducting 
plate, as shown in Fig. 11. 

ORNL-DWG 90-8091 
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Fig. 11. Reflection probe above a conducting plane with a lattice of 
points. 

The defect sensitivity is the mutual coupling term between the driver coil 
and pickup coils due to the defect in Eq. (26), and is given by: 
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DSF(r,z) F(a ,a,.z)da] X 

} (27) 

As we can see from the circuit equation,· (20), the mutual impedance term 
is not exactly equal to the voltage change due to the defect, but it is 
the dominant term. The defect sensitivity magnitudes and phases are 
stored in a file named FORT40 so they can be plotted by program RFDSFPLT. 

Summary 

1. Dimension arrays and declare variable types. Initialize variables. 
2. Write the coil and plate information to a data file. 
3. Select a point at which to calculate the defect sensitivity factor 

by choosing a value for RD, the radial distance from the axis of the coil, 
and for ZD, the distance of the point from the near side of the plate. 
4. Perform the integration necessary to calculate the defect sensitivity 

factor at this point. 
5. Store the calculations in a file. 
6. Loop to 3 until done. 

Variables 

NOTE: Most of the variables which occur inside the integration loops are 
uninteresting because they do not correspond to anything physical and 
because they should never require user intervention. Therefore, these 
variables will not be discussed here. For a detailed description of these 
variables, see the documentation of program RFAVZSCN. For a discussion 
of the major differences between the integration section of program RFDSF 
and the integration section of program Rk-'AVZSG.N, see note #1. 

Starred variables must be set by the user. 

C6' 

C7" 

DELTAR 

DELTAZ 

FREQ' 
L3 
L4 

The total shunt capacitance in farads of the 
driving circuit. 
The total shunt capacitance in farads of the 
pickup circuit. 
The normalized distance in the radial direction 
between adjacent data points. 
The normalized distance in· the axial direction 
between adjacent data points. 
The operating frequency in hertz. 
The normalized length of the driver coil. 
The normalized length of the pickup coil. 



LS 

L6 
LOD' 

NPROBE' 

NRT' 

NZT' 

RO' 

Rl 
R2 
R3 
R4 
RS 
R6 
R7 
R9' 
RHOl' 
Tl' 

TO 
TP 
TNDR 
T.NPU 
Ul' 

Notes 
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The normalized distance of recess of the pickup 
coil. 
The normalized lift-off of the driver coil. 
The channel on which the output data file is 
opened. 
Character variable which contains the name of the 
reflection probe which is to be used in the 
calculations. 
The total number of points in the radial direction 
at which the defect sensitivity factor is 
calculated. 
The total number of points in the axial direction 
at which the defect sensitivity factor is 
calculated. 
Ou~put series resistance of driving amplifier in 
ohm-s. 
The normalized inner radius of the driver coil. 
The normalized outer radius of the driver coil. 
The normalized inner radius of the pickup coil. 
The--normalized outer radius of the pickup coil. 
The mean radius of the driver coil in inches. 
DC resistance· of the driver coil in ohms. 
DC resistance of the pickup coil in ohms. 
The amplifier input impedance. 
The resistivity in ~0-cm of the plate. 
The thickness of the plate. When it first occurs, 
it is in inches, but it is normalized by the 
program. 
The density of turns in the driver coil. 
The density of turns in the pickup coil. 
The number of turns in the driver coil. 
The number of turns in the pickup coil. 
The relative magnetic permeability of the plate. 

1. The integration in this program is very similar .to the integration 
in program RFAVZSCN, but some very minor differences do exist. Most of 
these come from the fact that this program calculates only the defect 
sensitivity factor, which does not depend on the volume of the defect, and 
program RFAVZSCN calculates the voltage change due to the defect, which 
does depend on the volume of the defect. While it is necessary to 
calculate the defect sensitivity factor to calculate the voltage change 
due to the defect, program RFAVZSCN never calculates the defect 
sensitivity factor as a separate quantity. Thus, so~e of the variables 
in RFAVZSCN which have the same name as variables in program RFDSF have 
an extra factor of the defect volume. This program does carry and 
calculate some quantities that are not directly used by this program but 
are used by similar programs. The calculation of these variables does not 
add any significant running time to the program. 
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Sample output 

Printer output of program RFDSF: 

RFDSF TIME 9:24:38 . DATE 8/ 9/89 
PROBE 250A PlATE THIK 0.2500 
COIL IN RAD OT RAD LENGTH OLO/REC TURNS COIL RES CKT: RES CAP 
DRIVER 0.7500 1.2500 0.6000 0.0600 2350.0 5.310E+02 3.050E+03 8.470E-ll 
PICKUP 0.3500 0.7000 0.2000 0.0000 3450.0 5.147E+03 1.000E+06 8.450E-11 
RBAR 0.2500 FREQ= 5.000000E+02 RHO= 4.0540 PERM= 1.000 WUSRR= 3.9267 

Partial li.st.ing of file FORT40: .. ,;. 

25 20 
0.08000 0.05263 
0.75000 1.25000 
0.35000 0.70000 
0.60000 0.20000 
0.06000 0.00000 
1.00000 

1 1 0.11353D-04 -0.46336D+00 
1 2 0.97720D-05 -0.53972D+00 
1 3 0.81151D-05 -0.61645D+00 
1 4 0.65622D-05 -0.69443D+00 
1 5 0.52051D-05 -0.77420D+00 
1 6 0.40726D-05 -0.85603D+00 
1 7 0.31569D-05 -0.94004D+00 
1 8 0.24324D-05 -0.10262D+Ol 
1 9 0.18679D-05 -0.11143D+Ol 
1 10 0.14326D-05 -0.12040D+01 
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Listing 

PROGRAM RFDSF 
C VERSION August 7, 1989 
C PROGRAM CALCUlATES THE CHANGE IN MAGNITUDE AND PHASE DUE TO A DEFECT 
C AT A lATTICE OF LOCATIONS IN THE R AND Z DIMENSIONS IN A PlATE 

CHARACTER NPROBE*6,COIL*6 
IMPLICIT REAL*8 (A-H,O-Z) 
REAL*8 L3,L4,L5,L6 
COMPLEX DEN,ZO,Z6,Z7,Z9,ZDT,ZPT,ZMT,DSFC 
DIMENSION S1(6),S2(6),ERR(6),RJ(120) 
DIMENSION SDDR(120,40),SDDI(120,40),SDPR(120,40),SDPI(120,40) 
DATA LOU/8/,PI/3.141592653/,LOD/40/ 
DATA S1/.005, .02, .05,.1,.5,2./ 
DATA S2/1.0,2.0,5.0,10.0,50.0,200.0/ 
DATA ERR/.1, .01, .001,1.E-4,1.E-5,1.E-6/ 
DATA RH01/4.054/,U1/1.0/,NRT/25/,NZT/20/ 
DATA T1/0.250/,NPROBE/'250A '/ 
DATA R0/3050./,R9/1.0D6/,C6/8.47E-11/,C7/8.45E-11/ 

. DATA FREQ/500./,VIN/1.1/,GAIN/1./,DELTAR/0.08/ 
C TIME AND DATE ARE PRINTED 

CALL GETTIM(IHR,IMN,ISE,IFR) 
CALL GETDAT(IYR,IMO,IDA) 
IYR=IYR-1900 
WRITE(LOU,2) IHR,IMN,ISE,IMO,IDA,IYR 

2 FORMAT('RFDSF TIME' ,I2,' :' ,I2,':' ,I2 
*,' DATE ',I2,'/',I2,'/',I2) . 

W=2.0*PI*FREQ 
OPEN(28,FILE='REF.DAT' ,STATUS='OLD') 

10 READ(28,1l)COIL,R5,R1,R2,L3,R3.,R4,L4,L5,L6 
*,R6,R7,TNDR,TNPU 

11 FORMAT(A6,9F8.4,F10.4,F11.4,2F8.1) 
IF(COIL.EQ.'END ')WRITE(O,*)' COIL NOT FOUND' 
IF(COIL.EQ.'END ')GO TO 1020 
IF(COIL.NE.NPROBE)GO TO 10 
L6=L6+0.010/R5 
WRITE(LOU,3)NPROBE,T1 

3 FORMAT('PROBE ',A6,' PlATE THIK' ,F7.4) 
WRITE(LOU,5) 

5 FORMAT('COIL IN RAD .OT RAD LENGTH OLO/REC TURNS', 
*' COIL RES CKT: RES CAP') 

WRITE(LOU,14)R1,R2,L3,L6,TNDR,R6,RO,C6 
WRITE(LOU, 15)R3 ,R4 •. L4, L5, TNPU ,R7, R9, C7 

14 FORMAT('DRIVER ',4(F7.4,1X),F8.1,3(1PE10.3)) 
15 FORMAT('PICKUP ',4(F7.4,1X),F8.1,3(1PE10.3)) 

WUSRR=0.5093979*U1*RS*R5*FREQ/RH01 
WRITE(LOU,20)RS,FREQ,RH01,U1,WUSRR 

20 FORMAT('RBAR' ,F7.4,' FREQ= ',1PE13.6,' RHO=' ,OPF9.4, 
*' PERM=' ,F7.3,' WUSRR=' ,F9.4) 

WRITE(0,23)NPROBE,T1,FREQ 
23 FORMAT('PROBE ',A6,' PlATE THK' ,F7.4,' FREQ=' ,E12.4) 
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TD=TNDR/((R2-R1)*L3) 
TP=TNPU/((R4-R3)*L4) 
ZDF=6.300475E-7*FREQ*TD*TD*R5 
ZPF=6.300475E-7*FREQ*TP*TP*R5 
ZMF=6.300475E-7*FREQ*TD*TP*R5 
DDF=0.1193662*WUSRR 
DPF=0.1193662*WUSRR 
DMF=0.1193662*WUSRR 
T1=T1/R5 
ZFT=-T1 
DELTAZ=T1/(NZT-1) 
WRITE(LOD,7)NRT,NZT 
WRITE(LOD,8)DELTAR,DELTAZ 
WRITE(LOD,8)R1,R2 
WRITE(LOD,8)R3,R4 
WRITE(LOD,8)L3,L4 
WRITE(LOD,8)L6,L5 
WRITE(LOD,9)T1 

7 FORMAT(I8,1X,I8) 
8 FORMAT(F12.5,1X,F12.5) 
9 FORMAT(F12.5) 

SAIR1=0.0 
SAIR2=0.0 
SZDR=O.O 
SZDI=O.O 
SZPR=O.O 
SZPI=O.O 
SZMR=O.O 
SZMI=O.O 
DO 27 NR=1,NRT 
DO 25 NZ=1,NZT 
SDDR(NR,NZ)=O.O 
SDDI(NR,NZ)=O.O 
SDPR(NR,NZ)=O.O 

25 SDPI(NR,NZ)=O.O 
27 CONTINUE 

B1=0.0 
B2=S2(1) 
DO 100 JKL=1,6 

30 RI9=SAIR1 
X-B1-0.5*S1(JKL) 

C DETERMINE NUMBER OF STEPS,ISTEPS,BASED ON STEP SIZE&INTERVAL 
ISTEPS=DNINT((B2-B1)/S1(JKL)) 
DO 95 I=1,ISTEPS 
X=X+S1(JKL) 
CALL BESSEL(XJR2,X,R2) 
CALL BESSEL(XJR1,X,R1) 
CALL BESSEL(XJR4,X,R4) 
CALL BESSEL(XJR3,X,R3) 
R21=XJR2-XJR1 
R43=XJR4-XJR3 



XL3=X*L3 
IF(XL3.GT.5.0E-3) GO TO 60 
A1=XL3*XL3*(0.5-XL3/6.0) 
GO TO 80 

60 IF(XL3.GT.,75.0) GO TO 70 
A1=XL3+DEXP(-XL3)-1.0 
GO TO 80 

70 A1=XL3 -1. 0 
80 A3=XL3-A1 

SFD=S1(JKL)*R21*R21 
SFP=S1(JKL)*R43*R43 
SFM=S1(JKL)*R21*R43 
SAIR1=SAIR1+SFD*2.0*A1 
XL4=X*L4 
IF(XL4.GT.5.0E-3) GO TO 81 
A2=XL4*XL4*(0.5-XL4/6.0) 
GO TO 83 

81 IF(XL4.GT.75.0) GO TO 82 
A2=XL4+DEXP(-XL4)-1.0 
GO TO 83 

82 A2=XL4-1.0 
83 A4=XL4-A2 

A13=1.0-A3 
A14=1.0-A4 
A5=DEXP( -X*L5) 
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XL8=X*(L3-2.*L4-2.*L5) 
IF(XL8.GT.75.)A8=0. 
IF(XL8.LE.75.)A8=DEXP(-XL8) 
SAIR2=SAIR2+SFP*(4.0*A2-2.0*A4*A4*A8) 
IF(X*L6.GT.75.)GO TO 95 

C CALCULATION OF GAMMA FACTORS 
XX=X*X 
X1=DSQRT(0.5*(XX+DSQRT(XX*XX+WUSRR*WUSRR)))/U1· 
Y1=WUSRR/(2.*X1*U1*U1) 
A6=DEXP(-X*L6) 
XL7=X*(L3-L4-2.*L5) 
IF(XL7.GT.75.)A7=1.0 
IF(XL7. LE. 75. )A7=1.0-DEXP( -XL7) 
A9=A4*A5*A6*A7 
APBR=(X+X1)*(X+X1)-Y1*Y1 
APBI=2.*Y1*(X+X1) 
AMBR=(X-X1)*(X-X1)-Y1*Y1 
AMBI=-2.*Y1*(X-X1) 
A2BR=0.0 
A2BI=-2.*X1*Y1 
ZNUR=A2BR 
ZNUI=A2BI 
DENR=APBR 
DENI=APBI 
DNCJ=DENR*DENR+DENI*DENI 

C SECTION THAT MULTIPLIES BY DEXP(ALPHA1*ZDEFECT) 



DO 91 NZ=1,NZT 
FZD=(NZ-l)*ZFT/(NZT-1) 
ZDR=X1*U1*FZD 
IF(ZDR.LT.-60.0)GO TO 93 
ZDI=Y1*U1*FZD 
XPDR=DEXP(ZDR) 
CSDI=DCOS(ZDI)*XPDR 
SNDI=DSIN(ZDI)*XPDR 
XX1=X*X1+XX 
XY1=X*Y1 
X1X=X*X1-XX 
ZNDR=XX1*CSDI-XY1*SNDI 
ZND,I=XX1 *SNDI +XY1*CSDI 
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C SECTION THAT MULTIPLIES BY DEXPfALPHA1*(2*TH+ZDEFECT)) 
TZR=X1*U1*(2.*T1+FZD) 
IF(TZR.GT.60.)GO TO 87 
TZI=Y1*U1*(2.*T1+FZD) 
XPZR=DEXP(-TZR) 
CSZI=DCOS(TZI)*XPZR 
SNZI=DSIN(TZI)*XPZR 
ZNDR=XXl*CSDI-XY1*SNDI+XlX*CSZI+XY1*SNZI 
ZNDI=XXl*SNDI+XYl*CSDI+XYl*CSZI-X1X*SNZI 

C SECTION THAT MULTIPLIES BY DEXP(-ALPHA1*2*CI.ADTH) 
TR=2.*Xl*U1*T1 
IF(TR.GT.60.)GO TO 87 
TI=2.*Y1*Ul*T1 
XPTR=DEXP(-TR) 
r.STT=Or.OS(TT)*XPTR 
SNTI=DSIN(TI)*XPTR 
DENR-APBR-AMBR*CSTI-AMBI*SNTI 
DENI=APBI-AMBI*CSTI+AMBR*SNTI 
ZNUR=A2BR-A2BR*CSTI-A2BI*SNTI 
ZNUI=A2BI-A2BI*CSTI+A2BR*SNTI 
DNCJ=DENR*DENR+DENI*DENI 

87 ZDRL=(ZNDR*DENR+ZNDI*DENI)/DNCJ 
ZDIM=(DENR*ZNDI-ZNDR*DENI)/DNCJ 

C LOOP OVER THE R VARIATION FOR THE DEFECT 
DO 90 NR=1,NRT 
IF(NZ.GT.1) GO TO 89 
RD=FLOAT(NR)*DELTAR 
XRD=X*RD 
CALL BESEL1(XRD,RJ1) 
RJ (NR)=RJ1 

C SUM DEFECT SENSITIVITY FACTORS FOR THE DRIVER & PICKUP COILS 
89 SDDR(NR,NZ)=SDDR(NR,NZ)+A3*A6*RJ(NR)*2*ZDRL*R21*S1(JKL) 

SDDI(NR,NZ)=SDDI(NR,NZ)+A3*A6*RJ(NR)*2*ZDIM*R2l*Sl(JKL) 
SDPR(NR,NZ)=SDPR(NR,NZ)+A9*RJ(NR)*2*ZDRL*R43*S1(JKL) 

90 SDPl(NR,NZ)=SDPI(NR,NZ)+A9*RJ(NR)*2*ZD.IM*R43*S1(JKL) 
91 CONTINUE 
93 ZRL=(ZNUR*DENR+ZNUI*DENI)/DNCJ 

ZIM=(DENR*ZNUI-ZNUR*DENI)/DNCJ 
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SZDI=SZDI+A3*A3*A6*A6*ZRL*SFD 
SZDR=SZDR-A3*A3*A6*A6*ZIM*SFD 
SZPI=SZPI+A9*A9*ZRL*SFP 
SZPR=SZPR-A9*A9*ZIM*SFP 
SZMI=SZMI+A3*A6*A9*ZRL*SFM 
SZMR=SZMR-A3*A6*A9*ZIM*SFM 

95 CONTINUE 
B1=B2 
B2=B2+S2(JKL) 
CHECK=(SAIR1-RI9)/SAIR1 
IF(ABS(CHECK).GT.ERR'(JKL)) GO TO 30 

100 CONTINUE 
DO 130 NR=1,NRT 
DO 125 NZ=1,NZT , 
DSFR=DMF*(SDDR(NR,NZ)*SDPR(NR,NZ)-SDDI(NR,NZ)*SDPI(NR,NZ)) 
DSFI=DMF*(SDDI (NR, NZ)*SDPR(NR, NZ)+SDDR(NR, NZ)*SDPI (NR, NZ)·)· 
DSFM=SQRT(DSFR*DSFR+DSFI*DSFI) 
DSFP=DATAN2(DSFI,DSFR) 
WRITE(LOD,126)NR,NZ,DSFM,DSFP 

125 CONTINUE 
130 CONTINUE 
126 FORMAT(I4,1X,I4,1X,D14.5,1X,D12.5) 

1010 CONTINUE 
1020 STOP 

END 
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RFDSFPLT generates a contour plot of magnitude of DSF 

Program RFDSFPLT generates a contour plot of the magnitude of the defect 
sensitivity factor for a reflection coil using calculations performed and 
stored by program RFDSF. 

Summary 

1. Declare arrays and variable types. Initialize variables. 
2. Open the file created by program RFDSF. 
3. Read in the information about the coil and the plate from the data 

file. 
4. Calculate the position in the normalized coordinate system (see note 

#l) of the data points which are about to be read in. 
5. Set the label flags for the contours. 
6. Read the data stored by program RFDSF into array DSFMA. 
7. Specify the values of the magnitude of the defect sensitivity factor 

where the contours are to be drawn. 
8. Call the PRINTMATIC contour initialization routines. 
9. Draw the contours. 

10. Draw the coils and the plate. 

Variables 

Starred variables must be set by the user. 

CNM' 

DEL TAR 

DELTAZ 

DSFMA 

L3 
L4 
LS 

1..6 
LBM' 

LOE' 

Real array which contains the values of the 
magnitude of the defect sensitivity factor on the 
contour lines. It is used as input for routine 
DCNTOUR. 
The normalized distance in the radial direction 
between adjacent data points. 
The normalized distance in the axial direction 
between adjacent data points. 
Two-dimensional real array which is used to hold 
the values of the magnitude of the defect 
sensitivity factor which are read in from a data 
file. Array DSFMA is used as input for routine 
DINIT. 
The normalized length of the driver coil. 
The normalized length of the pickup coil. 
The normalized distance of recess of the pickup 
coil. 
The nnrmr~li.zP.d Uft-nff nf the dri.ver coi.l. 
Integer array that specifies which of the contours 
are to be labeled with their values. If all 
elements of LBM are zero, none of the contours 
will be labeled. Array LBM is used as input for 
routine DCNTOUR. 
The channel on which the file created by program 



NAME' 

NC' 

NRT 

NZT 

Rl 
R2 
R3 
R4 
Tl 
XX 

yy 

Notes 

lOfl 

RFDSF is opened. 
Character variable which contains the name of the 
file that program RFDSFPLT uses for output. NAME 
is used as input for routine DCNTOUR. 
Specifies the number of contours to be drawn. The 
value of NC must be less than or equal to 10. It 
is used as input for routine DCNTOUR. 
The number of points in the radial direction at 
which calculations were performed by program 
RFDSF. 
The number of points in the axial direction at 
which calculations were performed by program 
RFDSF. 
The normalized inner radius of the driver coil. 
The normalized outer radius of the driver coil. 
The normalized inner radius of th~ pickup coil. 
The normalized outer radius of the pickup coil. 
The normalized thickness of the plate. 
Real array which describes the radial position of 
the data points in array DSFMA in the normalized 
coordinate system. It is used as input for 
routine DCNTOUR. 
Real array which describes the axial position of 
the data points in array DSFMA in the normalized 
coordinate system. It is used as input for 
routine DCNTOUR. 

1. The coordinate system set up and used by this program has its or1g1n 
at the intersection of the coil axis and the near side of the plate. One 
unit of distance in the coordinate system is equal to one mean radius of 
the driver coil. 

2. The array DSFMA must be dimensioned to exactly NRT by NZT. Each time 
the value of NRT or NZT is changed in program RFDSF, the statement 
dimensioning the array in program RFDSFPLT must be changed also . 

. 
3. The statements in this program which seem to do nothing but write 

variables to the screen actually have a more important function. Due to 
a bug in either the PRINTMATIC routines or in RM/FORTRAN, the PRINTMATIC 
routine DLINE, which is supposed to draw a straight line, sometimes 
refuses to work. It was discovered by accident that putting a WRITE 
statement near the call to the routine corrects the problem. 

4. Program RFDSFPLT does not actually send anything to the printer; it 
merely creates a file whose name is given by the program variable NAME. 
If the value of NAME is 'filenarne.ext', then to print the file created by 
program RFDSFPLT, enter 

DPRINT filename.ext 
DPRINT.EXE is a program supplied by PRINTMATIC. 
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Sample Output 

Fig. 12 shows a typical plot generated by program RFDSFPLT. 

COIL 
AX S 

D 
D 

ORNL-DW'G 90-8092: 

Fig. 12. Contour map of a the defect sensitivity factor for a reflection 
probe above a conducting plate. 
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Listing 

PROGRAM RFDSFPLT 
C VERSION October 31, 1988 
C Program to generate a contour plot of the magnitude of the 
C defect sensitivity factor of a reflection coil. 
c 

c 

CHARACTER*80 NAME 
IMPLICIT REAL*4 (A-H,O-Z) 
REAL*4 DSFMA(25,20) 
REAL*4 XX(2S),YY(20) 
REAL*4 CNM(lO) 
REAL*4 L3,L4,LS,L6 
INTEGER*2 LBM(lO) 
INTEGER*2 Il,Jl,I2,J2 
DATA XSCALE/1.0/,NC/9/ 
DATA IDEF/2/,LOE/40/ 

C Open the file created by program RFDSF and read in the 
c coil and plate information. 
c 

""' IJ• 

OPEN{LOE,FILE='FORT40' ,STATUS='OLD') 
READ{LOE,*)NRT,NZT 
READ·(LOE,*)DELTAR,DELTAZ 
REAo•(LOE, *)Rl ,R2 
RE:AD(LOE,*)R3,R4 
READ(LOE,*)L3,L4 
READ(LOE,*)L6,LS 
RE1ilD{LOE,*)Tl 

C:: Calculate the po~ition of the data points in the 
G normalized coordinate system. 
c 

c 

DQi 110 1=1, NRT 
XX(I}=REAL(I)*DELTAR 

1]0' GON'F.INUE 
DO I20 I=O,NZT~l 
YY(I+l)=- ( ( (NZT-1) -REAL( I) )*DELTAZ) 

12'0\ CONilliNUE 

C: Set the label flags for the contours. 
"" "'' 

""' IJ· 

1!)0: 130 1=1' 10 
LBM(I)=O 

!30 CONTINUE 

c: Read in the data stored by program RFDSF. 
c 

]40· READ(LOE,*,END=lSO)NR,NZ,DSFM 
NZ=NZT-NZ+l 
IF(DSFM.GT.DSFMMAX)DSFMMAX=DSFM 



c 
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IF(DSFMMIN.EQ.O.)DSFMMIN=DSFM 
IF(DSFM.LT.DSFMMIN)DSFMMIN=DSFM 
DSFMA(NR,NZ)=DSFM 
GO TO 140 

C Specify the values at which the contours are to be drawn 
c 

c 

150 VARMAG=DSFMMAX-DSFMMIN 
CNTDIF=VARMAG/(NC+1) 
DO 160 l=1,NC 
CNM(I)=DSFMMAX-I*CNTDIF 

160 CONTINUE 

C Call the necessary initialization routines. 
c 

c 

NAME= 'RFDSF.FIL' 
CALL DINIT(NAME) 
CALL DPLOT(0.7,1. ,6.3,6.,-0.1,2. ,-1. ,1. ,0.,0.) 
CALL DCTRDEF(l,l,l,l,l) 

C Draw the contours. 
c 

CALL DCNTOUR(XSCALE,XX,YY,DSFMA,CNM,LBM,NRT,NZT,NC,IDEF) 
c 
C Draw the plate. 
c 

c 

write(O,*)j2 
Xl=O. 
Yl=O. 
X2=2. 
Y2=-Tl 
CALL DRTOI(Xl,Yl,Il,Jl) 
CALL DRTOI(X2,Y2,12,J2) 
write(O,*)j2 
CALL DLINE(Il,Jl,I2,Jl) 
write(O,*)j2 
CALL DLINE(Il,J2,I2,J2) 
write(O,*)j2 

C Draw the driver coil. 
c 

Xl=Rl 
Yl=L6 
X2=R2 
Y2=L3+L6 
CALL DRTOI(Xl,Yl,Il,Jl) 
CALL DRTOI(X2,Y2,I2,J2) 
write(O,*)j2 
CALL DLINE(Il,Jl,I2,Jl) 
CALL DLINE(Il,J2,12,J2) 
CALL DLINE(Il ,Jl, I1 ,J2) 



c 

WR1TE(0,*)12,J1,12,J2 
CALL DL1NE(12,J1,12,J2) 
1JR1TE(0,*)12,Jl,12,J2 

C Draw the pickup coils. 
c 

c 

Xl=R3 
Yl=L6+LS 
X2=R4 
Y2=1A+L6+LS 
CALL DRT01(X1,Y1, 11,Jl) 
·CALL DRT01(X2,Y2,12,J2) 
CALL DL1NE(11,J1,12,J1) 
•CALL DL1NE(11 ,J2, 12 ,J2) 
CALL DL1NE(1l,Jl,1l,J2) 
•WRITE(O, *) 12 ,Jl, 12 ,J2 
CALL DL1NE(12,J1,12,J2) 
WRI'fE{O, *) 12 ,Jl, 12 ,J2 
Xl=R3 
Y1=L6+L3-LS-IA 
X2=R4 
Y2=L6+L3-LS 
CALL DRT01(Xl,Yl,Il,Jl) 
:CALL DRTO I ( X2 , Y2 , I 2 , J 2) 
!CALL DLINE(11 ,Jl, I2 ,Jl) 
CALL DLINE(Il,J2,I2,J2) 
·CALL DLINE{H. ,Jl, 11 ,J2) 
iWRITE(O, *)I2 ,Jl, I2 ,J2 
CALL DLINE(I2 ,Jl, 12 ,J2) 
WRITE{0,*)12,Jl,12,J2 

C Draw the coil axis. 
'C 

Xl=O. 
Yl=-L 
X2=0. 
Y2=0.9 
•CALL DRTOI (Xl, Yl, 11 ,Jl) 
iCALL .DRTOI(X2, Y2 ,12 ,J2) 
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CALL DDASH(Il,Jl,I2,J2,1,10,10) 
!CALL DRTOI ( -0.1, 1.0, Il,T2) 

c 

CALL DFONT(4, 'COIL', 11,12, 1) 
tCALL DRTOI'( -0 .1, 0. 92,11, I2) 
:CALL !J}f10NT( 4. , AXIS I , 11, I2 '1) 

C ·'inerminalt'e ithe program. 

CALL DFINIS 
w:riter{<O,*)j2 
;s,t,op 
lEND 

' ~. 
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RFAVZSCN calculates defect voltage change, average over depth 

Program RFAVZSCN calculates the change in the induced voltage in a pickup 
coil due to the presence of a defect in a plate. It does the calculations 
for a number of different coil-to-defect distances (see note #l), and it 
has the ability to divide the defect into a number of parts along the 
depth of the defect, centered on the axis of symmetry of the defect and 
to perform the calculations for each part separately, averaging the 
results to achieve better agreement with experimental results than if the 
defect were treated as a whole (see note #2). The program will scan the 
coil across the defect in the r direction and calculate the magnitude and 
phase of the defect. It is now set up to scan from the inner edge of the 
pickup coil, r 3 , to the outer edge of the driver coil, r 2 • It can be 
easily changed to any other set of values that are desired. The statement 
that controls the defect starting and ending point is: 

RD=R3+DELTR*FLOAT(NR) 

This stateme·nt must be changed at both its occurrences in the program. 
The step size, DELTR, is calculated by: 

DELTR=(R2-R3)/NRT 

The new values for the start and end of the scan should be placed in these 
equations. 

A large section of the program is concerned with doing integrations to 
find the impedance of the coils. The details of the integration have been 
placed in a separate section at the end of the discussion. 

The output from this program is stored in the file FORT39. 

Summary 

1. Dimension arrays and declare variable types. 
2. Initialize variables.-
3. Calculate the coil impedances in the absence of defects. 
4. Select a value for RD, the radial distance between the coil axis and 

the center of the defect. 
5. Do the integrals to calculate the change in coil impedance due to the 

defect. 
6. Calculate the change in voltage due to the defect from the impedance 

changes. 
7. Write the results to a data file. 
8. Loop to 4 until don~. 
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Variables 

Starred variables must be set by the user. 

C6' 

C7' 

DELTR' 

DFDEP' 
DFDIAM' 
DWI 

DWR 

FNZT 

FREQ' 
GAIN' 
L3 
L4 
LS 

L6 
LOD' 

NPROBE' 

NRT' 

NS' 

NZT' 

PHA 

RO' 

Rl 
R2 
R3 
R4. 
RS 
R6 
R7 
R9' 

The total shunt capacitance in farads of the 
driving circuit. 
The total shunt capacitance in farads of the 
pickup circuit. 
The normalized distance in the radial direction 
between adjacent data points. 
The depth to the bottom of the defect in inches. 
The diameter of the defect in inches. 
The imaginary part of the change in induced . 
voltage in the pickup coil due to the defect. 
The real part-of the change in induced voltage in 
the pickup coil due to the defect. 
Same as variable NZT, but a real variable instead 
of an integer. 
The operating frequency in hertz. 
Gain of pickup amplifier. 
The normalized length of the driver coil. 
The normalized length of the pickup coil. 
The normalized distance of recess of the pickup 
coil. 
The normalized lift-off of the driver coil. 
The channel on which the output data file is 
opened. 
Character variable which contains the name of the 
reflection probe which is to be used in ·the 
calculations. 
The total number of points in the radial direction 
at which the defect sensitivity factor is 
calculated. 
The side of the plate where the defect is located. 
If NS = 1, the defect is on the near side; if NS 
= 2, the defect is on the far side. 
The number of parts into which the defect is 
divided along its axis to do the calculations. 
The phase of the change (not the change of the 
phase) of the induced voltage in the pickup coil 
due to. the defect. 
The output series resistance of the driving 
amp+ifier in ohms. 
The normalized inner radius of the driver coil. 
The normalized outer radius of the driver coil. 
The normalized inner radius of the pickup coil. 
The normalized outer radius of the pickup coil. 
The mean radius of the driver coil in inches. 
DC resistance of the driver coil in ohms. 
DC resistance of the pickup coil in ohms. 
The input shunt resistance of pickup amplifier in 



RD 

RHOl. 
Tl. 

TD 
TMAG 

TNDR 
TNPU 
TP 
u1· 
VIN. 
VOLN 
VVOI 

VVOR 

VVli 

VVlR 

w 

ZD 

ZDTI 

ZDTR 

ZMTI 

ZMTR 

ZPTI 

ZPTR 
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ohms. 
The normalized distance in the radial direction 
from the axis of the coil to the center of .the 
defect. (See note #l.) 
The resistivity of the plate in ~0-cm. 
The thickness of the plate. It is input in inches 
and normalized by the program. 
The density o.f turns in the driver coil. 
The magnitude of the change (not the change of the 
magnitude) in induced voltage in the pickup coil 
due to the defect. 
The number of turns in the driver coil. 
The number of turns in the pickup coil. 
The density of turns in each pickup coil. 
The relative magnetic permeability of the plate. 
Output volt.age of driving amplifier in volts. 
The normalized volume of the defect. 
The imaginary part of the induced voltage in the 
pickup coil in the absence of defects. 
The real part of the induced voltage in the pickup 
coil in the absence of defects. 
The imaginary part of the induced voltage in the 
pickup coil in the presence of a defect. 
The real part of the induced voltage in the pickup 
coil in the presence of a defect. 
The angular frequency at which the circuit is 
driven. 
The normalized distance from the near surface of 
the plate to the center of the defect. It is a 
negative number. 
The imaginary part of the total self impedance of 
the driver coil. 
The real part of the total self impedan~e of the 
driver coil. 
The imaginary part of the total mutual impedance 
between the driver and pickup coil. 
The n~al part of the total mutual impen:mr.P. 
between the driver and pickup coil. 
The imaginary part of the total self impedance of 
the pickup coil. 
The real part of the total self impedance of the 
pickup coil. 

1. When this program begins, the radial distance RD between the coil 
axis and the center of the defect is initialized to the value of R3, the 
pickup coil inner radius, and when the calculations for this value of RD 
have been completed, the program increases the value of RD and repeats the 
calculations until RD is equal to R2, the driver coil outer radius. The 



116 

reas~n that the calculations are done over this interval is that this is 
the region where the defect signal is strongest, so the signal-to-noise 
ratio for experimental readings is highest in this region, and, therefore, 
the experimental readings and calculated readings agree most closely in 
this region. 

2. Variable NZT controls the number of parts into which the defect is 
divided to perform the calculations. Since the theory upon which this 
program is based is more accurate for small defects, it is desirable to 
work with the defect in parts rather than as a whole. 
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Integration Section of Program RFAVZSCN 

Sxmbol def_init:ions 

The following are definitions of the symbols .used to describe the program 
variables appearing in the integration section of this program. All 
lengths are normalized by dividing by the mean radius of the driver coil 
unless otherwise noted. 

a 
a. 
a22 
fJ. 
c 
J(x2 ,x1 ) 

J.(x) 
.el 
.e4 
.e5 
.e6 
J.' 
Nl 
N4 
r 
r 
r. 
r2 
rl 
r4 
a. 
Voln 
w 
z 

Integration variable 
(a2+jwJ.£a.r2) •n 
Defect shape and orientation factor 
(a2+ jwJ.£a.r2) •n;J.' 
Plate thickness 
Integral of xJ1 (x) with respect to x from ax1 to ax2 

Bessel function of the first kind of order 1 
Length of driver coil 
Length of pickup coil 
Distance of recess of pickup coil 
Lift-off of driver coil 
Relative magnetic permeability of plate 
Number of turns in the driver coil 
Number of turns in each pickup coil, 
Coil-to-defect radial distance 
Mean radius of driver coil in inches 
Inner radius of driver coil 
Outer radius of driver coil 
Inner radius of pickup coil 
Outer radius of pickup coil 
Conductivity of plate 
Normalized volume of defect 
Angular frequency at which circuit is driven 
Depth to center of defect 

Variables appearing in the integration section 

Program Symbolic 
variable equivalent 

Al a.23+exl ( -a.23)-l 
( ee note 11. } 

A13 exp(-a.23) 

Al4 exp( .:....a.24 ) 

A2 a14+exl ( -a.24 )-l 
( e.e note I1 . } 

A2BI Im[a2-,8/] 

A2BR Re[a2-{J/] 

A3 l-exp(-a.23) 



A4 

AS 

A6 

A7 

A8 

A9 

ADD! 

ADDR 

ADPI 

ADPR 

AMBI 

AMBR 

APBI 

APBR 

B1 

B2 

CHECK 

CSDI 

CST! 

CSZI 

DDF 

DEN! 

DENR 

DMF 

DPF 

ERR 

!STEPS 

R21 

R43 

RI9 

1-exp ( -a.24 ) 

exp(-a.25 ) 

exp(-a.26 ) 
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1-exp [ -a(..e3-..e.-2..es)] 
(See note Il. } 

exp [-a ( .2 3-2..e.-2.2i)] 
(See note I .} 

[1-exp(-a..e.) ]exp(-a.2s-a.26 ) [1-exp(-a(..eJ-..e.-Us)] 

(See note #!3. } 

(See note #!3.} 

(See note #!3.} 

(See note #:f3. } 

Irn[ (a-,81 )
2

] 

Re [ ( a-,81 ) 
2

] 

Irn[ (a+,8,) 2
] 

R~ [ (a+,8 1 )
2

] 

(See note 12·. } 

(See note !2.} 

(See note !2.} 

Re[exp(a1z)] 

Re [ exp(2a,c)] 

Re [ exp (-a, (z+2c)] 

3 -2 
- a 22 Vo1n WJ.'a,r 
811" 

Irn[ (a+,81 )
2-(a-,81 )

2exp(-2a1c)] 

Re [ (a+,81 )
2.:..(a-,8 1 )

2exp(-20:,c)] 

3 
- a 12 Vol" WJ.'a 1r 2 

811" 

3 
- a 22 Vol" WJ.'a,r2 
811" 

(See note !2.} 

(See note 12.} 

J(r2 ,r,)/a3 

J(r4 , r 3 ) /a3 

(See note 12.} 



RJl 

Sl 

S2 

SAIRl 

SAIR2 

SDDI 

SDDR 

SDPI 

J, (ar) 

da 
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{See note 12.} 

ao 

I ~ [J(r2 ,r,)] 22[ai 3+exp(-ai 3 )-1] da 
a6 

0 

ao 

I ~ [J(r.,r3 ) ]
2

[ 4(ai4+exp(-a.24 )-1)+ 
a6 

0 

Im [ I ~' J(r,, r, )(1-exp ( -ai,) )J, (ar)( exp( -ai,)) 

(a+,B 1 ) exp (a,z)-(a-,8,) exp (-a, (2c+z)) 

(a+,B,) 2-(a-,8,) 2exp ( -2a,c) 

Re [ I :,J(r,, r,)(l-exp( -ai,))J, (ar)( exp ( -ai,)) 

(a+,B,)exp (a,z)-(a-,8,) exp (-a, ( 2c+z)) 

(a+,B,) 2-(a-,8,) 2exp ( -2a,c) 

Im [I~' [J(r.,r,)(l-exp(-al,))exp(-a(i,+l,)) 

2a ( 1-exp (-a ( .2 3-.2 4-2.25 ) )J, (ar)] 

[ (a+,B,)exp(a,z)-(a-,8,) exp (-a, (2c+z)) 

(a+,B,) 2-(a-,81 ) 
2exp ( -2a,c) 



SDPR 

SFD 

SFM 

SFP 

SNDI 

SNTI 

SNZI 

SZDI 

SZDR 
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Re [ J ~' [J(r.,r,)(l-exp(_,l,))exp(_,(l,+£,)) 

2a(l-exp( -a(13-1r2i5 ) )J1 (ar) l 
[ (a+,81)exp (a1z)-(a-,81)exp ( -a1 (2c+z)) 

(a+,8 1 )
2-(a-,81) 2exp ( -2a1c) 

Irn[ exp(a1z)] 

Irn[exp(2a1c')] 

-Irn[exp(-a1(z+2c))] 

Im [ J ~' (1-exp(_,£,))'exp ( -2a£,) (J(r,, r,))' 

-Re 

[ (a-,81) (a+,81)-(a-,81) (a+,81)exp(-2a1c) 

(a+,81 ) 
2-(a-,81) 2exp ( -2a1c) 

[ I :. (1-exp( _,£,))'exp ( -2al,)(J(r,. r,))' 

[ 

(a-,81)(a+,81)..:..(a-,81) (a+,81)exp(-2a1c) 

(a+,81) 2-(a-,81) 2exp ( -2a1C) ]oo 1 



SZMI 

SZMR 
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Im [ J :. [J(r., r,)J(r,, r,)(l-exp ( --<>1,)) exp( --<>(2£,+1,)) 

(1-exp ( -ai.)) ( 1-exp( -a(.£3-i.-2.£5 )] 

[ 
__!_a-{3 1 ) (a+{J,)-(a-{31 ) (a+{J,)exp(-2a,c) ]cia] 

(a+/31 ) 
2-(a-{31 ) 

2exp ( -2a,c) 

-Re r J :. [J(r., r,)J(r,, r,)(l-exp( --<>1,))exp ( --<>(2£,+1,)) 

(1-exp(-ai.)) (1-exp(-a(i 3-i.-2is)] 

[ 

(a-{31 ) (u+/) 1 )-(a-{3 1 ) (a+/3 1 )exp(-2a,c) 

(a+/31 )
2-(a-{3 1 ) 

2exp ( -2a,c) 

SZPI Im r J :, [J(r.,r,) ]'(l-exp(--a1,))'exp(-2a(1,+l,)) 

(1-exp(-a(i3-i4-2i5 )) )
2 cia 

[ 
(a-{3 1 ) (a+/3 1 )-(a-{3 1 ) (a+f3 1)exp(-2a1c) l ] 

(a+f3 1 ) 
2-(a-{3 1 ) 

2exp ( -2a 1c) 

SZPR -Re [ J :. [J(r., r,)] '(1-exp ( --<>l,))'exp( -2a(l,+1,)) 

TI 

TR 

TZI 

TZR 

X 

Xl 

Im[ 2u 1c] 

[ 

(a-{3 1 ) (a+/3,)-(a-{31 ) (a+{31 )exp(-2a,c) 

(a+{J,) 2-(a-{31 ) 
2exp ( -2a,c) 

Re [ 2a1c J 

Irn[a, (2c+z)] 

Re [a, (2c+z)] 

a 



XlX 

XJRl 

XJR2 

XJR3 

XJR4 

XL3 

XL4 

XL7 

xis 
XPDR 

XPTR 

XPZR 

XRD 

XX 

XXl 

XYl 

Yl 

ZDF 

ZDI 

ZDIM 

ZDR 

ZDRL 

ZIM 

ZMF 

ZNDI 

ZNDR 

ZNUI 

ZNUR 

Re [a(,81-a)] 

J(r1 ,O)/a3 

J(r2 ,0)/a3 

J(r3 ,0)/a3 

J(r.,O)/a3 

a.l!J 

a .e. 

a ( .l!J-.l!r2is) 
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a ( i 3-2ir2i5 ) 

exp[Re(a 1Z)] 

exp[Re(2a 1c)] 

exp[Re(-a1 (2c+z))] 

ar 

Re [a (,81+a)] 

Im[a(,8 1+a) ]=Im[a(,81-a)] 

Im(,8 1 ) 

(r2-r1 ) 
2 P./ 

Im(a 1z) 

Im [a (a+,81)exp(a1z)-(a-,8 1 ) exp( -a1 (2c+z)) ] 

(o+,81 ) 
2-(a-,81 ) 'exp ( -2a1c) 

(a+,8 1 ) exp (a1z)-(a-,81 ) exp-( -a1 (2c+z)) ] 

(a+,8 1 ) 
2-(a-,81 ) 

2exp ( -2a1c) 

(a-,8 1 ) (a+,8 1)-(a-,81 ) (a+,8 1)exp(-2a1c) 

(r2-r1) (r.-rJ) .el.e. 

Im[a(,8 1+a)exp(a1z)+a(,81-a)exp(-a1 (2c+z))] 

Re[a(,81+a)exp(a 1z)+a(,81-a)exp(-a1 (2c+z))] 

Im[ (a2-,8/)-(a2-8i2 )exp(-2a1c)] 
. {See note i . } 

Re[ (a2-,8/)-(a2-8i2 )exp(-2a1c)] 
{See note i . } . 

] 
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ZPF 

ZRL 
(a-{3,) (a+/31 )-(a-{3,} (a-+,8,) exp ( -2a,c) 

( a+fJi~) 2-{cr.-{J") 2exp( -2a,c) l 
Notes for the integration section 

Il. A number of the variables in ~he in~egration section are not always 
assigned their exact values but are approxim·ated in certain cases to save 
time. For example, rather than caiculat·e· the: exponential of a very small 
number, the Maclaurin series expansion: its: s:ometimes used. Also, the 
exponential of a very large negative nUJDbe'r is usually treated as zero. 

12. Several variables appear in th·e·. integ;ration section of the program 
which play no part in the calculations: be·fng. d'one. They are merely there 
to do such things as to determine· the• maxfmwn; step size which can be used 
while still accurately calculating the integ~·als. 

I3. Variables ADDR, ADD!, ADPR,, amd AD>P'l~ are the averages of the 
elements in arrays SDDR, SDDI, SDPR,. and S·D:P]:,, respectively. For improved 
accuracy, the defect is divided int.G>· NZT parts to perform the 
calculations. The NZT elements of each: anray' contain the calculations for 
these NZT parts. These elements are ave:raged' to give the total effect of 
all of these parts on the impedances o'f: the· coils. 

34mple output 

Printer output of program RFAVZSCN: 

RFAVZSCN 20 POINTS USED TIME 9:42:19 
PROBE 250A PLATE THIK 0.2500 
COIL IN RAD OT RAD LENGTH OLO/REC TURNS 
DRIVER 0.7500 1.2500 0.6000 0.0600 2350.0 
PICKUP 0.3500 0.7000 0.2000 0.0000 3450.0 

DATE 8/ 9/89 

COIL RES CKT: RES CAP 
5.310E+02 3.050E+03 1.500E-10 
5.147E+03 l.OOOE+06 l.SOOE-10 

RBAR 0.2500 FREQ- 5.000000E+02 RHO= 4.0540 PERM= 1.000 WUSRR= 3.9267 

NEAR SIDE DEFECT: DIAM= 0.2215, DEPTH= 0.2215 
GAIN 1. DVR VOLT 1.1000 NOR DEF VOL 5.4625E-Ol DVR AIR IND 6.734812E-02 

Partial listing of file FORT39: 

0.359 0. 212D-03 125.01 
0.368 0.221D-03 125.06 
0377 0.2300-03 125.11 
0.386 0.239D-03 125.15 
0.395 0.248D-03 125.19 
0.404 0.2560-03 125.23 
0.413 0.2650-03 l:l~. 26 



0.422 
0.431 
0.440 

0.2730-03 125.28 
0.2820-03 125.30 
0.2900-03 125.31 
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Listing 

PROGRAM RFAVZSCN 
C VERSION August 8, 1989 
C Program to calculate the change in induced voltage in 
C a pickup coil due to a defect in a conducting plate. 

CHARACTER SIDE(2)*4,NPROBE*6,COIL*6 
IMPLICIT REAL*8 (A-H,O-Z) 
REAL*8 L3,L4,L5,L6 
COMPLEX ZMT,ZDT,ZPT,ZO,Z6,Z7,Z9,VOUT,VO,Vl 
DIMENSION S1(6),S2(6),ERR(6),RJ(l20) 
DIMENSION SDDR(l20,40),SDDI(120,40),SDPR(l20,40),SDPI(l20,40) 
DATA LOU/8/,PI/3.141592653/,LOD/39/ 
DATA Sl/.005,.02,.05,.1,.5,2./ 
DATA S2/1.0,2.0,5.0,10.0,50.0,200.0/ 
DATA ERR/.1, .01,.00l,l.E-4,l.E-5,l.E-6/ 
DATA RHOl/4.054/,Ul/1.0/,DFDIAM/0.2215/,DFDEP/0.2215/ 
DATA NRT/100/,NZT/20/ 
DATA Tl/0.250/,NPROBE/'250A '/,SIDE/'NEAR' ,' FAR'/,NS/1/ 
DATA R0/3050./,R9/l.OD6/,C6/15.E-il/,C7/15.E-11/ 
DATA FREQ/500./,GAIN/1./,VIN/1.100/,RSUM/0.0/,DELTR/0.005/ 

C TIME AND DATE ARE PRINTED 
CALL GETTIM(IHR, IMN, ISE, IFR) 
CALL GETDAT(IYR,IMO,IDA) 
IYR=IYR-1900 
WRITE(LOU,2) NZT,IHR,IMN,ISE,IMO,IDA,IYR 

2 FORMAT('RFAVZSCN ',I3,' POINTS USED TIME' ,I2,':' ,I2,':' ,I2 
*,' DATE ',I2,'/',I2,'/',I2) 

W=2.0*PI*FREQ 
FNZT=FLOAT(NZT) 
OPEN(28,FILE='REF.DAT' ,STATUS='OLD') 

10 READ(28,11)COIL,R5,Rl,R2,L3,R3,R4,L4,L5,L6 
*,R6,R7,TNDR,TNPU 

11 FORMAT(A6,9F8.4,Fl0.4,Fll.4,2F8.1) 
IF(COIL.EQ.'END ')WRITE(O,*)' COIL NOT FOUND' 
IF(COTL.EQ.'END ')GO TO 1020 
IF(COIL.NE.NPROBE)GO TO 10 
L6=L6+0.010/R5 
WRITE(LOU,3)NPROBE,Tl 

3 FORMAT('PROBE ',A6,' PLATE THIK' ,F7.4) 
WRITE(LOU,5) 

5 FORMAT('COIL IN RAD OT RAD LENGTH OLO/REC TURNS', 
*' COIL RES CKT: RES CAP') 

WRITE(LOU,l4)Rl,R2,L3,L6,TNDR,R6,RO,C6 
WRTTE(LOU,l5)R3,R4,L4,L5,TNPU,R7,R9,C7 

14 FORMAT('DRIVER I ,4(F7.4,1X),F8.1,3(1PE10.3)) 
15 FORMAT('PICKUP ',4(F7.4,1X),F8.1,3(1PE10.3)) 

WUSRR=0.5093979*Ul*RS*RS*FREQ/RH01 
WRITE(LOU,20)R5,FREQ,RH01,Ul,WUSRR 

20 FORMAT( 'RBAR', F7. 4,' FREQ= ', 1PE13. 6,' RHO-' ,OPF9. 4, 
*' PERM=' ,F7.3,' WUSRR=' ,F9.4) 
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C WRITE(LOD, 23)NPROBE, T1, FREQ, SIDE(NS) ,DFDIAM,DFDEP 
WR.ITE(0,23)NPROBE,T1,FREQ,SIDE(NS),DFDIAM,DFDEP 

23 FORMAT('PROBE ',A6,' PLATE THK' ,F7.4,' FREQ=' ,1PE8.1,1X,A4, 
*'SIDE' ,OPF6.4,' DIA' ,F6.4,' DEEP') 

DELTR=(R2 -R3) /NRT 
RD=R3 
ZD=-DFDEP 
TD=TNDR/ ( ( R2 -R1) *L3) 
1'P=l'NPU/((R4-R3)*L4) 
ZDF=6.300475E-7*FREQ*TD*TD*R5 
ZPF=6.300475E-7*FREQ*TP*TP*RS 

· ZMF=6. 3004 75E- 7*FREQ*TD*TP*R5 
:C VOIN=O.l666667*PI*(DFDIAM(NRUN)/R5}*(DFDIAM(NRUN)/RS)*(DFDIAM/RS) 

VOLN=PI*DFDIAM*DFDIAM*DFDEP/(4.*RS*RS*RS) 
DDF=0.1193662*VOLN*WUSRR 
DPF=O.ll93662*VOLN*WUSRR 
DMF='0.1193662*VOLN*:WUSRR 
WI'l'E(LOU,18}SIDE(NS),DFDIAM,DFDEP 

18 f10RMA'r(A4, '' SIDE DEFECT: DIAM=' ,F7 .4,', DEPTH=' ,F7·.4) 
:ZD=-DFDEP/R'S 
Tl=Tl/RS 
SAIR1=0.0 
:SAIR2d0.0 
:S:ZDR=O . '0 
:s:WI='O. 10 
:S:ZiPR='O.O 
:SZPI='O . 10 
:s:~='O.'O 

:s:Z:M[='O. 10 
DO 27 NR=1 ,NR'f 
DO 25 NZ=1, NZT 
;SDDR(iNR,NZ)=O .. 0 
S'l)I!ll i(NR, NZ}=O . 0 
SD:PIV(JNR , NZ) =0 • '0 

:2'5 :SDPI:(NR.,NZ)=O. 0 
:2 71 <CONTINUE 

JBl-=>0. ((i) 
iB'2=S2(1) 
JDQ il.r(i)Q JKL=l , 6 

30 IRI:9=:SA1R1 
X=Bl-'0 .:S*Sl{J.KL) 

(C 'DETERMINE NUJMIBER ~OF. :STEPS,ISTEPS ,BASED {)N STEP SIZE&INTERVAL 
I:Sl'!EP.S=DNINT{ {B2 -B 1) /S 1 ( JKL)) 
JD:O 9'5 I=l, !:STEPS 
X=X'i-:Sl'( . .iJKL) 
0\UL lBIE:S:SEL (XJR2 , X, R2) 
rCALL BESS'EV(XJRl , X, Rl) 
;CALL B•ES:SiEL{XJR4 , X, R4) 
\CAlLL lBES'S:EL(XJR3, X. R3) 
JR21=XJ:R:2 -.XJRl 
iR!4.:3=;XJ1R4-XJR3 



XL3=X*L3 
IF(XL3.GT.S.OE-3) GO TO 60 
A1=XL3*XL3*(0.5-XL3/6.0) 
GO TO 80 

60 IF(XL3.GT.75.0) GO ~0 70 
A1=XL3+DEXP(-XL3)-1.0 
GO TO 80 

70·A1=XL3-1.0 
80 A3=XL3-A1 

SFD=S1(JKL)*R21*R21 
SFP=S1(JKL)*R43*R43 
SFM=S1(JKL)*R21*R43 
SAIR1=SAIR1 +SFD-A·2. O*A1 
XL4=X*L4 
IF(XL4.GT.S.OE-3) GO TO 81 
A2=XL4*XL4*(0.5-XL4/6.0) 
GO TO 83 

81 IF(XL4.GT.75.0) GO TO 82 
A2=XL4+DEXP(-XL4)-1.0 
GO TO 83 

82 A2=XL4-1.0 
83 A4=XL4-A2 

A13=1.0-A3 
A14=1. 0-A4 
AS=DEXP(-X*LS) 
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XL8=X*(L3-2.*L4-2.*LS) 
IF(XL8.GT.75.)A8=0. 
IF(XL8.LE.75.)A~=DEXP(-XL8) 
SAIR2=SAIR2+SFP*(4.0*A2-2.0*A4*A4*A8) 
IF(X*L6.GT.75.)GO TO 95 

C . CALCULATION OF GAMMA FACTORS 
XX=X*X 
X1=DSQRT(O.S*(XX+DSQRT(XX*XX+WUSRR*WUSRR)))/U1 
Y1=WUSRR/(2.*Xl*Ul*Ul) 
A6=DEXP( -X*L6) 
XL7=X*(L3-L4-2.*L5) 
IF(XL7.GT.75.)A7=1.0 
IF(XL7.LE.75.)A7=1.0-DEXP(-XL7) 
A9=A4*AS*A6*A7 
APBR=(X+X1)*(X+X1)-Y1*Y1 
APBI=2.*Y1*(X+Xl) 
AMBR=(X-X1)*(X-X1)-Y1*Y1 
AMBI=-2.*Y1*(X-X1) 
A2BR=0.0 
A2BI=-2.*Xl*Y1 
ZNUR=A2BR 
ZNUI=A2BI 
DENR=APBR 
DENI=APBI 
DNCJ=DENR*DENR+DENI*DENI 

C SECTION THAT MULTIPLIES BY DEXP(ALPHA1*ZDEFECT) 



DO 91 NZ=l,NZT 
C NEAR SIDE DEFECT CALCULATION 

FZD=(FLOAT(NZ)-.S)*ZD/FNZT 
C FAR SIDE DEFECT CALCULATION 

IF{NS.EQ.2)FZD=-Tl-FZD 
ZDR=Xl*Ul*FZD 
IF(ZDR.LT.-60.0)GO TO 93 
ZDI=Yl*Ul*FZD 
XPDR=DEXP(ZDR) 
CSDI=DCOS(ZDI)*XPDR 
SNDI=DSIN(ZDI)*XPDR 
XXl=X*Xl+XX 
XYl=X*Yl 
XlX=X*Xl-XX 
ZNDR=XXl*CSDI-XYl*SNDI 
ZNDI=XXl*SNDI+XYl*CSDI 
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C SECTION THAT MULTIPLIES BY DEXP'{ALPHA1.*(2*TH+ZDEFECT)) 
TZR=Xl*Ul*(2.*Tl+FZD) 
IF(TZR.GT. 60. )GO TO 87 
TZI=Yl*Ul*(2.*1"l+FZD) 
XPZR=DEXP( -TZR) 
C:SZI=DCOS(TZI)*XPZR 
SNZ.I=DSIN(TZI)*XPZR 
ZNDR=XXl*CSDl-XYl*SNDI+XlX*CSZI+XYl*SNiZI 
ZNDI=XXl*SND,I+XYl*CSDI+XYl*CSZI -X:IX*SNZI . 

C SECTION TII!AT MULTIPLIES BY DEXP(-All.PHA1*2*CI.ADTH) 
TR=2' .• *XI *U:l *Tl 
IF (.'ILR .. G'Ji''- 60. ) GO TO 8 7 
'Il'li.=2'.*Yl*U:l*Tl 
D'ER=DEXP( -TR) 
C:S.T']=DCOS: ( TI) *XPTR 
SNiTI.=DS IN ( TI) *XPTR 
DENR=APBR-AMBR*CSTI-AMBI*SNTI 
JD1ENli=APBI- AMBI*CSTI +AMBR*SNTI 
ZN:l!]R=A2'B'R-A2BR*CSTI-A2BI*SNTI 
ZNm'JJI=A2'B1L -A2BI*CSTI +A2BR*SNTI 
IiJN.CJi'=ID:ENR*D ENR +DEN! *DEN! 

817' ZID.RL= ( ZNIDR*DENR+ZNDI*DENI) /DNCJ 
ZDI]M.~(D:ENR*ZNDI- ZNDR*DENI) /DNCJ 

C L00'P' OVER- THE R VARIATION FOR THE DEFECT 
DO· 90 NR=l,NRT 
lLF'<NZ .. GT. 1) GO TO 89 
R®.=R3:+DELTR*FLOAT(NR) 
XRD=X*RD 
CALL BESELl(XRD,RJl) 
RJ (NR)·=RJI 

C SUM DEFECT SENSITIVITY FACTORS FOR THE DRIVER & _PICKUP COILS 
819J SDDR(NR, NZ)=SDDR(NR, NZ)+A3*A6*RJ (NR)*2*ZDRL*R21.*Sl (JKL) . 

SJD:D)Ji:((NR, NZ)=SDDI (NR, NZ)+A3*A6*RJ (NR)*2*ZDIM*R2l*Sl (JKL) 
SD'PR.~_NR, NZ)=SDPR(NR' NZ)+A9*RJ (NR)*2*ZDRL*R43*Sl <'JKL) I 

90 SDPT(NR,NZ)=SDPI(NR,NZ)+A9*RJ(NR)*2*ZDIM*R43*Sl(JKL) 
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91 CONTINUE 
93 ZRL=(ZNUR*DENR+ZNUI*DENI)/DNCJ 

ZIM=(UENR*ZNUI-ZNUR*DENI)/DNCJ 
SZDI=SZDI+A3*A3*A6*A6*ZRL*SFD 
SZDR=SZDR-A3*A3*A6*A6*ZIM*SFD 
SZPI=SZPI+A9*A9*ZRL*SFP 
SZPR=SZPR-A9*A9*ZIM*SFP 
SZMI=SZMI+A3*A6*A9*ZRL*SFM 
SZMR=SZMR-A3*A6*A9*ZIM*SFM 

95 CONTINUE 
B1=B2 
B2=B2+S2(JKL) 
CHECK=(SAIR1-RI9)/SAIR1 
IF(ABS(CHECK).GT.ERR(JKL)) GO TO 30 

100 CONTINUE 
C COMPUTATION OF DRIVER INDUCTANCE 

Q6=ZDF*SAIR1/W 
WRITE(LOU,120)GAIN,VIN,VOLN,Q6 

120 FORMAT('GAIN' ,F10.0,' DVR VOLT' ,F7.4,' NOR DEF VOL' ,1PE11.4, 
*' DVR AIR IND' ,1PE13.6) 

C DEFINE COMPLEX QUANTITIES THAT ARE CONSTANT 
ZO=DCMPLX(O.ODO,-RO) 
Z6=DCMPLX(W*C6*R0,-1.0DO) 
Z7=DCMPLX(W*C7*R9,-1.0DO) 
Z9=DCMPLX(O.ODO,-R9) 

C SCAN PAST THE DEFECT IN THE R DIRECTION 
DO 1010 NR=1,NRT 
RD=R3+DELTR*FLOAT(NR) 
D=O. 

C AVERAGE DEFECT VALUES OVER DEPTH 
ADDR=O.O 
ADDI=O.O 
ADPR=O.O 
ADPI=O.O 
DO 125 NZ=1,NZT 
ADDR=ADDR+SDDR(NR,NZ)/FNZT 
ADDI=ADDI+SDDI(NR,NZ)/FNZT 
ADPR=ADPR+SDPR(NR,NZ)/FNZT 

125 ADPI=ADPI+SDPI(NR,NZ)/FNZT 
135 ZDTR=ZDF*(SZDR-D*DDF*(ADDR*ADDR-ADDI*ADDI)) 

ZDTl=ZDF*(SAIRl+SZDI-D*DDF*2.*ADDR*ADDI) 
ZPTR=ZPF*(SZPR-D*DPF*(ADPR*ADPR-ADPI*ADPI)) 
ZPTI=ZPF*(SAIR2+SZPI-D*DPF*2.*ADPR*ADPI) 
ZMTR=ZMF*(SZMR-O*DMF*(ADDR*ADPR-ADDI*ADPI)) 
ZMTI=ZMF*(SZMI-D*DMF*(ADDI*ADPR+ADDR*ADPI)) 

C DE~'lNE GOMPLEX QUANTITIES, DO COMPLEX CIRCUIT CALCULATIONS 
ZDT=DCMPLX(ZDTR,ZDTI) 
ZPT=DCMPLX(ZPTR,ZPTI) 
ZMT=DCMPLX(ZMTR,ZMTI) 
VOUT=(-ZMT*VIN*GAIN*R9)/ 

*(Z6*Z7*ZMT*ZMT+(Z6*(ZDT+R6)+ZO)*(Z7*(ZPT+R7)+Z9)) 



IF(D.EQ.O}VO=VOUT 
IF(D.EQ.1)V1=VOUT 
IF(D.EQ.1.)GO TO 1000 
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C REPEAT CALCULATIONS WITH·DEFECT 
0=1.0 
GO TO 135 

1000 CONTINUE 
VVOR=REAL(VO) 
VVOI=AIMAG(VO) 
VV1R=REAL(V1) 
VV1I=AIMAG(V1) 
DVVR=VVlR- VVOR · 
DVVI=VVli-VVOI 
TTSR=TTSR-DVVR*DELTR 
TTSI=TTSI-DVVI*DELTR 
TMAG=DSQRT(DVVR*DVVR+DVVI*DVVI) 
PHA=(ATAN2(DVVI,'DVVR))*180./PI 

C WRITE(0,180)RD,TMAG,PHA 
WRITE(LOD,180)RD,TMAG,PHA 

180 FORMAT(F6.3,1X,D11.3,1X,F7.2) 
1010 CONTINUE 

C WRITE(LOU,*)TTSR,TTSI 
TTMAG=DSQRT(TTSR*TTSR+TTSI*TTSI) 
TTPHA=DATAN2(TTSI,TTSR)*180./PI 

C WRITE(LOU,*)'MAG ',TTMAG 
C WRITE(LOU,*)'PHA ',TTPHA 

1020 STOP 'JOB ' 
END 
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RFGRAPH plots two sets of data on same graph 

Program RFGRAPH plots two sets of data on the same graph and sends the 
output to the screen and to the printer. It is normally used to compare 
the calculated and experimental change in the induced voltage in a pickup 
coil due to a defect as the coil is scanned past the defect. 

Summary 

1. Dimension arrays and declare variable types. 
2. Initialize variables. 
3. Open the data files containing the input data. 
4. Read in and scale the data. 
5. Plot the data to the screen. 
6. Send the contents of the screen to the printer. 

Variables 

C6' 

C7' 

CGIM 

CGRL 

CMMAX 

CPMMAX 

CXMAX 

CYMAX 

DFDEP' 
DFDIAM' 
EGIM 

EGRL 

EMMAX 

EPMMAX 

EXMAX 

The total shunt capacitance in farads of the 
driving circuit. 
The total shunt capacitance in farads of the 
pickup circuit. 
The factor by which the imaginary parts of the 
calculated data points can be multiplied to make 
the graph as large as possible on the screen. 
The factor by which the real parts of the 
calculated data points can be multiplied to make 
the graph as large as possible on the screen. 
The maximum value of the magnitude of the 
calculated data points. 
The value of the phase for the experimental data 
point which has the largest magnitude. 
The maximum value of the real parts of the 
calculated data points. 
The maximum value of the imaginary parts of the 
calculated data points. 
The depth to the bottom of the defect in inches. 
The diameter of the defect in inches. 
The factor by which the imaginary parts of the 
experimental data points can be multiplied to make 
the graph as large as possible on the screen. 
The factor by which the real parts of the 
experimental data points can be multiplied to make 
the graph as large as possible on the screen. 
The maximum value of the magnitude of the 
experimental data points. 
The value of the phase for the experimental data 
point which has the largest magnitude. 
The maximum value of the real parts of the 
experimental data. points. 



EYMAX 

FREQ' 
GAIN' 
GIM 

GRL 

L3 
IA 
LS 

L6 
LOEC' 

LOEE' 

LOU 

MODE 

NPROBE' 

NS' 

OIM 

ORL 

RO' 

Rl 
R2 
R3 
R4 
RS 
R6 
R7 
R9' 

RHOl' 
Tl' 

TNDR 
TNPU 
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The maximum value of the imaginary parts of the 
experimental data points. 
The. operating frequency in hertz. 
Gain of pickup amplifier. 
The factor by which the imaginary parts of both 
sets of data are multiplied to obtain the largest 
possible graph. 
The factor by which the real parts of both sets 
of data are multiplied to obtain the largest 
possible graph. 
The normalized length of the driver coil. 
The normalized length of the pickup coil. 
The normalized distance of recess of the pickup 
coil. 
The normalized lift-off of the driver coil. 
The number of the I/0 unit connected to the· file 
containing the calculated data. 
The number of the I/0 unit connected to the file 
containing the experimental data. 
The number of the I/0 unit connected to the 
printer. 
The screen mode to be used. Mode 16 is the EGA · 
high resolution mode. 
Character V?riable which contains the name of the 
reflection probe which is to be used in the 
calculations. 
The side of the plate where the defect is located. 
If NS = 1, the defect is on the near side; if NS 
= 2, the defect is on the far side. 
The number which is added to the imaginary parts 
of all data points to move the origin to the 
desired location. 
The number which is added to the real parts of all 
data points to move the origin to the desired 
location. 
The output series resistance of the driving 
amplifier in ohms. 
The normalized inner radius of the driver coil. 
The normalized outer radius of the driver coil. 
The normalized inner radius of the pickup coil. 
The normalized outer radius of the pickup coil. 
The mean radius of the driver coil in inches. 
DC resistance of the driver coil in ohms. 
DC resistance of the pickup co.il ·in ohms. 
The input shunt resistance of pickup amplifier in 
ohms. 
The resistivity ·of the plate in ~0-cm. 
The thickness of the plate. It is input in inches 
and normalized by the program. 
The number of turns in the driver coil. 
The number of turns in the pickup coil. 



Ul' 
VIN' 
WUSRR 
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The relative magnetic permeability of the plate. 
Output voltage of driving amplifier in volts. 
The product of the angular frequency, the magnetic 
permeability, the electrical conductivity, and the 
square of the mean coil radius. 

·. 



134 

Listing 

PROGRAM RFGRAPH 
C VERSION November lQ, 1988 
C Program to graph experimental and calculated reflection 
C coil data. 

IMPLICIT REAL*8 (A-H,O-Z) 
REAL*8 GRL,GIM,L3,L4,L5,L6 
REAL CX(200),CY(200),EX(200),EY(200) 
CHARACTER SIDE(2)*4,NPROBE*6,COIL*6 
CHARACTER*! FF 
DATA LOU/8/ ,'PI/3 .141592653/, LOEE/38/, LOEC/39/ 
DATA RH01/4.054/,U1/1.0/,DFDIAM/0.2215/,DFDEP/0.2215/,NS/1/ 
DATA Tl/0.250/,NPROBE/'250A '/,SIDE/'NEAR' ,' FAR'/ 
DATA R0/3050.j,R9/l.OD6/,C6/15.E-ll/,C7/15.E-11/ 
DATA FREQ/500. /, GAIN/1./, VIN/1. 100/ 
DATA MODE/16/,0RL/330/,0IM/50/ 
FF=CHAR(12) 

C TIME AND DATE ARE PRINTED 
CALL GETTIM(IHR,IMN,ISE,IFR) 
CALL GETDAT(IYR,IMO,IDA) 
IYR=IYR-1900 
WRITE(LOU,l02) IHR,IMN,ISE,IMO,IDA,IYR 

102 FORMAT('RFGRAPH TIME' ,I2,':' ,I2,' :' ,I2 
*,' DATE ',I2,'/',I2,'/',I2) 

OPEN(28,FILE='REF.DAT' ,STATUS='OLD') 
110 READ(28,111)COIL,R5,R1,R2,L3,R3,R4,L4,L5,L6 

*,R6,R7,TNDR,TNPU 
111 FORMAT(A6,9F8.4,F10.4,Fl1.4,2F8.1) 

IF(COIL.EQ.'END ')WRITE(O,*)' COIL NOT FOUND' 
IF(COIL.EQ.'END ')GO TO 1000 
IF(COIL.NE.NPROBE)GO TO 110 
L6-L6+0.010/R5 
WRITE(LOU,l03)NPROBE,Tl 

103 FORMAT('PROBE ',A6,' PLATE THICKNESS' ,F7.4) 
WRITE(LOU,l05) 

105 FORMAT('COIL IN RAD OT RAD LENGTH OLO/REC TURNS', 
*' COIL RES CKT: RES CAP') 

WRITE(LOU,l14)Rl,R2,L3,L6,TNDR,R6,RO,C6 
WRITE(LOU,l15)R3,R4,L4,L5,TNPU,R7,R9,C7 

114 FORMAT(' DRIVER ', 4(F7 .4, lX), F8 .1, 3(1PE10. 3)) 
115 FORMAT('PICKUP ',4(F7.4,1X),F8.1,3(1PE10.3)) 

WUSRR=0.5093979*Ul*R5*R5*FREQ/RH01 
WRITE(LOU, 120)R5, FREQ-,RHOl, Ul, WUSRR 

120 FORMAT('RBAR' ,F7.4,' FREQ= ',1PE13.6,' RHO=' ,OPF9.4, 
*' PERM=' , F7 . 3 , ' WUSRR=' , F9 . 4) 

C Open the files containing the data. 
OPEN(LOEE,FILE='RFF3EX2.500' ,STATUS='OLD'). 
OPEN (LOEC, FILE=' RFF3CAL. 500' , STATUS=' OLD') 
CALL QSMODE(MODE) 
CALL GRID 



11 CXMAX=O. 
CYMAX=O. 
EXMAX=O. 
EYMAX=O. 
EMMAX=O. 
CMMAX=O. 
I=1 

20 READ(LOEE,*,END=29)EMAG,EPHA 
EPHA=EPHA*PI/180. 
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EX(I)=EMAG*COS(EPHA) 
EY(I)-EMAG*SIN(EPHA) 
IF(ABS(EX(I)).GT.EXMAX)EXMAX=ABS(EX(I)) 
IF(ABS(EY(I)).GT.EYMAX)EYMAX=ABS(EY(I)) 
IF(EMAG.GT.EMMAX) THEN 
EMMAX=EMAG 
EPMMAX=EPHA 
END IF 
I=I+1 
GO TO 20 

29 EX(I)=999. 
I=1 

30 READ(LOEC,*,END=40)XTMP,CMAG,CPHA 
CPHA=CPHA*PI/180. 
CX(I)=CMAG*COS(CPHA) 
CY(I)=CMAG*SIN(CPHA) 
IF(ABS(CX(I)).GT.CXMAX)CXMAX=ABS(CX(I)) 
IF(ABS(CY(I)).GT.CYMAX)CYMAX=ABS(CY(I)) 
IFCCMAG.GT.CMMAX) THEN 
CMMAX=CMAG 
CPMMAX=CPHA 
END IF 
I=I+1 
GO TO 30 

40 CX(I)=999. 
EGIM=300./EXMAX 
EGRL=300./EYMAX 
H'(EGIM.GT. EGRL) THEN 
EGIM=EGRL 
ELSE 
EGRL=EGIM 
END IF 
CGIM=300./CXMAX 
CGRL=300./CYMAX 
IF(CGIM. GT. CGRL) THEN' 
CGIM=CGRL 
ELSE 
CGRL=CGIM. 
END IF 
IF(EGIM.GT.CGIM) THEN 
GIM=CGIM 
GRL=CGRL 



ELSE 
GIM=EGIM 
GRL=EGRL 
END IF 
EPMMAX=EPMMAX*l80./PI 
CPMMAX=CPMMAX*l80./PI 
WRITE(LOU,*) 
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WRITE(LOU, *)' MAX MAG . PHA AT MAX MAG' 
WRITE(LOU,52)EMMAX,EPMMAX 
WRITE(LOU,53)CMMAX,CPMMAX 

52 FORMAT(' EXP: ',Dll.4,7X,F7.3) 
53 FORMAT(' CAL: ',Dl1.4,7X,F7.3) 

IRl=GRL*EX(l)+ORL 
IMl=GIM*EY(l)+OIM 
I=2 

50 IF(EX(I).GT.900) GO TO 59 
IR2=GRL*EX(I)+ORL 
IM2=GIM*EY(I)+OIM 
IF((IRl.GT.O).AND.(IRl.LT.600)) THEN 
IF((IR2.GT.O).AND.(IR2.LT.600)) THEN 
IF((IMl.GT.O).AND.(IMl.LT.350)) THEN 
IF((IM2.GT.O).AND.(IM2.LT.350)) THEN 
CALL QLINE (IRl, IMl, IR2, IM2, 15) 
END· IF 
END. IF 
END IF 
END IF 
IR1=IR2 
IMl=IM2 
I=I+l 
GO TO 50 

59 IRl=GRL*CX(l)+ORL 
· IMl=GIM*CY(l)+OIM 

I=2 
60 IF(CX(I).GT.900) GO TO 70 

IR2=GRL*CX(I)+ORL 
IM2=GIM*CY(I)+OIM 
CALL QLINE(IRl,IMl,IR2,IM2,11) 
IR1=IR2 
IM1=IM2 
I=I+l 
GO TO 60 

70 CONTINUE 
WRITE(LOU,*) 
WRITE(LOU,*) 
WRITE(LOU,*) 
CALL PRTSC 
WRITE(LOU,*)FF 

1000 END 
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RFINV inverts scan of defec.t U!Smg: refl!.ec.tian. coil data 

Program RFlNV cal.culates the dep;tb; and! volume: of a defect giv:en the change 
in induced voltage· in a P'ickup• C'O>il c·aused by- the defect. The program 
works with either experimenttalL dla.t:a stored• fn, a file by program RFFIX or 
with calcuJ!..atedl da.ta st·o·red!. fu:yr p>ro.gram RFAVZSCN, and it uses a lookup file 
built: by p•rogram RFBI.El•F'. The program calculates the integral of the 
chang.e fn induc·ed. vo•!.tage fn. the pickup: coil due to the presence of a 
defec·t with r.es.pec.t to' the· radial distance· between the coil axis and the 
center o·f tfre, defec·t from• the' inner radius of' the pickup coil to the outer 
radius o.f the: dr.iv:er co·il and then finds the magnitude and phase of this 
complex. :i_nt:eg;ral. It opens a lookup file which contains a list of phases 
along with the· magnitude and depth corresponding to these phases. When 
the program finds in the lookup file the phase it calculated when doing 
the integral, the depth corresponding to this phase is the depth of the 
defect, and the magnitude in the lookup file can be used with the 
magnitude obtained by doing the integral to find the volume of the defect. 

Summary 

1. Declare variable types. 
2. Initialize variables. 
3. Open the file containing the experimental data, read in the data, and 

calculate the integral. 
4. Find the depth and magnitude in the lookup file corresponding to the 

phase of the integral. 
5. Calculate the inverted defect depth and volume based on the 

experimental data. 
6. Open the file containing the calculated data, read in the data, and 

calculate the integral. 
7. Find the depth and magnitude in the lookup file corresponding to the 

phase of the integral. 
8. Calculate the inverted defect depth and volume based on the 

calculated data. 

Variables 

Starred variables must be set by the user. 

C6' 

C7' 

OELRDC' 

DELRDE' 

DELTR' 

The total shunt capacitance in farads of the 
driving circuit. 
The total shunt: r.r~pr~d tance in farads of the 
pickup circuit. 
The normalized distance in the radial direction 
between data points from the calculated data file. 
The normalized distance in the radial direction 
between data points from the experimental data 
file. 
The radial distance in inches between points i.n 
the experimental data file. 



DEPTH 

DFDEP' 

DFDIAM' 
DFM 

DFP 

FREQ' 

L3 
L4 
LS 

L6 
LHSMAG 

LHSPHA 

LOEC' 

LOEE' 

NPROBE' 

NS' 

RO' 
Rl 
R2 
R3 
R4 
RS 
R6 
R7 
R9' 
RDC 

RDE 

RHOl' 
RHSMAG 

Tl' 

TNDR 
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The inverted normaiized depth of the cent,e.r of the 
defect. 
The actual depth to the bottom of ~the defect in 
inches. 
The actual diarne.ter of the defec.t in inches. 
The magnitude of the ·change in induced voltc?-ge in 
the pickup coil at a point due to the defect. 
The phase of the ~change in induced vol,tage · in ~he 
pickup coil at a point due to the defect. 
The frequency in hertz .at which the circul. t is 
driven. 
The normalized length of the driver coil.· 
The normalized l·e~gth of the pickup coil. 
The normalized distance of ·recess of the pickup 
coil. 
The normalized lift-off of .the driver coil. 
The magnitude of the integral calculated by the 
program. 
The phase of .the integral calculated by the 
program. 
The channel on which the file containing the 
calculated data is o.pened. 
The channel on .which the file containing the 
experimental data i·s opened. 
Character vari-a:hle containi~g the name of the 
reflection coil 'being used. 
The side of the plate ·where the -defect is located. 
If NS=l, the defect is on the near side; if NS=2, 
the defect is .on the far side. 
The series resistance of the driver circuit. 
The normalized inner radius of the driver coil. 
The normalized outer radius of the driver coil. 
The normalized inner radius of the pickup coil. 
The normalized ·outer radius of the pickup coil. 
The mean radius of the driver coil in inches. 
DC resistance .of the driver coil in ohms. 
DC resistance of ·the •pickup coil in ohms. 
The amplifier input impedance. 
The normalized radial distance between the coil 
and defect -for the calculated inversion section 
of the program. 
The normalized ,radial distance between the coil 
and defect for .the experimental inversion section 
of the program. 
The resistivity of the plate in ~0-cm. 
The magnitude in the lookup .file corresponding to 
the phase of the integral calculated by the 
program. 
The thickness of the .plate .. 
and then normalized by the 
The number of turns .in the 

It is input in inches 
program. 
driver coil. 



TNPU 
Ul' 
VOLl 
VOLN 
ZD 
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The number of turns in each pickup coil. 
The relative magnetic permeability of the plate. 
The inverted normalized volume of the defect. 
The actual normalized volume of the defect. 
The actual normalized depth of the center of the 
defect. 

1. If the user wants the program to perform only the inversion of 
calculated data, he should remove the 'c' which comments out the statement 
'goto 79' just before statement number 70 in the program. If the user 
wants the program to perform only the inversion of experimental data, he 
should remove the 'c' which comments out the statement 'goto 89' just 
before statement number 80 in the program. 



Listing 

PROGRAM RFINV 
C VERSION November}, 1988 

IMPLICIT REAL*8 (A-H,O-Z) 
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CHARACTER SIDE(2)*4,NPROBE*6,COIL*6 
REAL*8 L,L1,L2,LHSPHA 
REAL*8 L3,L4,L5,L6 
DATA LOEEI38I,LOECI39I,LOUI81,PII3.1415926531 
DATA RH0115. 721, U111. 0/. 
DATA DFDIAMI0.07651,DFDEPI0.07801,NSI11 
DATA NPROBEI' 250A . 'I, SIDEI'NEAR',' FAR' I 
DATA ROI3050 .1 ,R911. OD61, C618. 47E-111, C7 18. 45E-lll 
DATA FREQI1.0E3I,DELTRI0.0051 
DATA T110.25001 
OPEN(LOEE,FILE='RFN6EX2.500' ,STATUS='OLD') 
OPEN(LOEC,FILE='RFN6CAL.500' ,STATUS='OLD') 

C TIME AND DATE ARE PRINTED 
CALL.GETTIM(IHR,IMN,ISE,IFR) 
CALL GETDAT(IYR,IMO,IDA) 
IYR=IYR-1900 
WRITE(LOU,2)IHR,IMN,ISE,IMO,IDA,IYR 

2 FORMAT(' RFINV TIME ',I2,' :' ,I2,' :' ,I2 
*,' DATE ',I2,'1',I2,'1',I2) 

OPEN(28 ,FILE='REF .OAT', STATUS='OLD') 
10 READ(28,11)COIL,R5,R1,R2,L3,R3,R4,L4,L5,L6 

*,R6,R7,TNDR,TNPU 
11 FORMAT(A6,9F8.4,F10.4,F11.4,2F8.1) 

IF(COIL.EQ.'END ')WRITE(O,*)' COIL NOT FOUND' 
IF(COIL.EQ.'END ')GO TO 89 
IF(COIL.NE.NPROBE)GO TO 10 
L6=L6+0.010IR5 
WRITE(LOU,3)NPROBE,T1 

3 FORMAT('PROBE ',A6,' PLATE THICKNESS' ,F7.4) 
WRITE(LOU,5) 

5 FORMAT('COIL IN RAD OT RAD LENGTH OLOIREC TURNS', 
*' COIL RES CKT: RES CAP') 

WRITE(LOU ,1'• )R1,R2, L3, L6, TNDR,R6 ,RO, C6 
WRITE(LOU,15)R3,R4,L4,L5,TNPU,R7,R9,C7 

14 FORMAT('DRIVER ',4(F7.4,1X),F8.1,3(1PE10.3)) 
15 FORMAT('PICKUP ',4(F7.4,1X),F8.1,3(1PE10.3)) 

WUSRR=0.5093979*U1*R5*R5*FREQIRH01 
WRITE(LOU,20)R5,FREQ,RH01,Ul,WUSRR 

20 FORMAT('RBAR' ,F7.4,' FREQ= ',1PE13.6,' RHO=' ,OPF9.4, 
*' PERM=' ,F7.3,' WUSRR=' ,F9.4) 

WRITE(LOD,23)NPROBE,T1,FREQ,SIDE(NS),DFDIAM,DFDEP 
WRITE(0,23)NPROBE,T1,FREQ,SIDE(NS),DFDIAM,DFDEP 

23 FORMAT('PROBE ',A6,' PLATE THK' ,F7.4,' FREQ=' ,1PE8.1,1X,A4, 
*' SIDE' ,OPF6.4,' DIA' ,F6.4,' DEEP') 

DELRDC=0.01*(R2-R3) 
DELRDE=DELTRIR5 
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RDE=O. 
T1=T1/RS 
ZD=-DFDEP/(2*~) 
IF(NS.EQ.2) ZD=-Tl-ZD 
RDE=RDE/RS 
L2=L+L1 
VOLN=PI*DFDIAM*DFDIAM*DFDEP/(4.*RS*RS*RS) 
WUSRR=0.5093979*Ul*RS*RS*FREQ/RH01 
WRITE(LOU,*) 
WRITE{LOU,*) 
WRITE(LOU,26) 
WRITE(LOU,27)ZD,VOLN 

26 FORMAT(' DEPTH VOLUME') 
27 ·FORMAT(' Actual: ', FB. 5, 2X, F8. 5) 
28 CONTINUE 

SIVR=O.O 
SIVI=O.O 
M=O 

c GO TO 79 
70 READ(LOEE,*,END=78)DFM,DFP 

IF(RDE.LT.R3)GOTO 76 
IF(RDE.GT.R2)GOTO 78 
DFP=DFP*(PI/180.) 
XFACT=DFM*DELRDE 
SIVI=SIVI-XFACT*DSIN(DFP) 
SIVR=SIVR-XFACT*DCOS{DFP) 
LHSPHA=ATAN2(SIVI,SIVR) 
XMAG=SQRT(SIVR*SIVR+SIVI*SIVI) 

76 RDE=RDE+DELRDE 
GO TO 70 

77 FORMAT(' Exp Inv: ',F8.5,2X,F8.5) 
78 CONTINUE 

LHSPHA=LHSPHA*l80./PI 
CALL RFLKUP(DEPTH,RHSMAG,LHSPHA) 
VOLl=XMAG/RHSMAG 
WRITE(LOU,77)DEPTH,VOL1 

79 SIVR=O.O 
SIVI=O.O 
M=O 

c GO TO 89 
80 READ(LOEC,*,END=88)RDC,DF'M,DFP 

IF(RDC.LT.R3)GOTO 86 
IF(RDC.GT.R2)GOTO 88 
DFP=DFP*(Pl/180.) 
M=M+l 
X.to"ACT=Of'M.*IJE:LROC 
SIVI=SIVI-XFACT*DSIN(DFP) 
SIVR=SIVR-XFACT*DCOS(DFP) 
LHSPHA=ATAN2(SIVI,SIVR) 
XMAG=SQRT(SIVR*SIVR+SIVI*SIVI) 

86 GO TO 80 
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87 FORMAT('. Cal Iriv: ',F8.5,.2X,F8.5) 
88 CONTINUE 

LHSPHA=LHSPHA*l80./PI 
·CALL RFLKUP(DEPTH;RHSMAG,LHSPHA) 

VOLl=XMAG/RHSMAG' 
WRITE(LOU,87)DEPTH,VOL1 

89 END 
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CIRCUMFERENTIAL BORESIDE COIL PROGRAMS 

The programs in this section perform functions relating to the effect of 
a defect in·a single conducting tube on a circumferential coil. The types 
of circumferential coils dealt with are absolute boreside and differential 
boreside. Fig. 13 shows a differential probe in a tube. 

ORNL-DWG 90-8093 

Fig. 13. Differential probe in the bore of a tube. 

Calculations of the normalized impedance change in these coils due to a 
defect in a single conducting tube are done by programs ABBORAR and 
DFBORAR. The other pair of programs in this section, DBDSF and DBDSFPLT,. 
work together to calculate and plot the contours of the magnitude of the 
defect sensitivity factor of a differential boreside coil.· 



144 

ABBORAR calculates defect impedance change for absolute coil 

The program ABBORAR calculates the change in the normalized impedance of 
an absolute boreside coil due to the presence of a defect in a single 
conducting tube, as shown in Fig. 14. It performs the calculations for 
a number of different axial distances between the center of the coil and 
the defect, and it can divide the defect into a number of parts and 
calculate the effect of each part separately. 

ORNL-DWG 90-8094 
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I 
F.ilg. l.A. ·Cross section of a coil in the bore of a tube with a defect 
pres•ent. 

The norma.li:z.ed impedance for .a coil inside .a cylindrical conductor, with 
no defect present., is: 

co • ·-~I :[~ , 2 ( {K,(a,a)D4-I,(a,a)D, -~n- , , 6 I r 2 ,r,) 
~air i 1ra I,(aa) (D,D 2+D3D4 ) 

<0 

K,(aa) } a2 ] sin2
( -

2 
)+Ialr da. (28) 

I 1{aa) 

and for .the change in the normaliz·ed impedance due to the defect we have: 

·. -3 (wjja~r. 2 
)Vol"[: r· COI (r2' r,) {K,{a,r)D.-I,(.a,r)D,} . a2 d ]

2 

~ndfr.,z)= 
2 3 (D D ) s~n( -

2 
)2cos(az) a 

1rialr . 1ra , 2+D3D4 
'•o 



where: 

and 
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D1 

{J 1ai0 (a 1a)I 1 (aa)-aai0 (aa)I 1 (a1a) 

aai0 (aa)K 1 (a 1a)+{J1aK0 (a 1a)I 1 (aa) 

J
r2 

I ( r 2 , r 1 ) = xi 1 ( x) dx 

ar1 

The term lair is related to the air inductance of the coil and is: 

co 

Ia 1r = J ~ [J(r2 ,r1 ) ]
2 2[a.£ + exp(-a.£) - 1] da 

Q6 

0 

where 

ar2 J w.T,(x)dx 

ar1 

(29) 

(30) 

(31) 

(32) 

(33) 

(34) 

(35) 

(36) 

(37) 

(38) 

In the computer program, the outer conductor is taken to be air and given 
a conductivity of zero and a relative permeability of unity. The term {1 2 

therefore reduces to a. The term is carried as fJ 2 in the derivation and 
equations for completeness. 

Vadables 

A number of the variables which occur mainly inside the integration loops 
do not correspond to anything physical. These variables are described in 
a section at the end .. Starred variables must be assigned by the user. 

A 
B 
DELTAZ' 

DFDEP' 
DFDIAM' 
DFM 

DFP 

The normalized inner radiu$ of the t:ube ... 
The normalized outer radius of the tube. 
The normalized axial distance between the poi.nts 
at which the calculations are done. 
The depth of the defect in the tube in inches. 
The diameter of the defect in the tube in inches. 
The magnitude of the normalized impedance change 
in the coil due to the defect. 
The phase of the normalized impedance change in 



DSFI 

DSFR 

FREQ' 
!SIDE' 

L' 

LOD' 

LOE' 

LOU 

NRT' 

NZT' 

POW 

Q6 
Rl' 

R2' 

R3 
RCL' 

RD 

RDT 

RHOl' 
Tl' 

TRN' 
Ul' 
VOLN 
WUSRR 
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the coil due to the defect. 
The imaginary part of the defect sensitivity 
factor of the coil. 
The real part of the defect sensitivity factor of 
the coil. 
The operating frequehcy in hertz. 
The side of the tube where the defect is located. 
If !SIDE= 1, the defect is on the outside. of the 
tube; if !SIDE = 2, the defect is on the inside 
of the tube. 
The length of the coil. The value is input in 
inches and normalized by the program. 
The number of the I/0 unit connected to the output 
data file. 
The number of the I/0 unit connected to a file 
which contains the diameters and depths of "the 
defects for which calculations are to be 
performed. 
The number of the I/0 unit connected to the 
printer. 
The total number of parts centered along the axis 
of the defect into which the defect is divided to 
perform the calculations. 
The total number of different values of the axial 
distance between the center of the coil and the 
defect for which calculations are performed. 
The depth of the defect expressed as a percentage 
of wall thickness. 
The inductance in henries of the coil in air. 
The inner radius of the coil. The value is input 
in inches and normalized by the program. 
The outer radius of the coil. The value is input 
in inches and normalized by the program. 
The mean radius of the coil in inches. 
The distance b~tween the outside of the coil and 
the inside wall of the tube. The value is input 
in inches and normalized by the program. 
The radial distance between the center of the coil 
and the defect (see note 1). 
The normalized depth to the bottom of the defect. 
A negative number. 
The electrical resistivity of the 
The thickness of the tube wall. 
input in i~ches and normalized by 
The number of turns inthe coil. 

tube in pO-em. 
The value is 

the program. 

The relative magnetic permeability of the tube. 
The normalized volume of the defect. 
The product of the angular operating frequency, 
the magnetic permeability' of the tube, the 
electrical conductivity. of the tube_, and the 
square of the mean radius of the coil. 



ZD 

ZNDFI 

ZNDFR 

ZNIM 

ZNRL 
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The axial distance between the center of the coil 
and the defect. 
The imaginary part of the normalized impedance 
change in the coil due to the defect. 
The real part of the normalized impedance change 
in the coil due to the defect. 
The imaginary part of the normalized impedance of 
the coil when no defects are present. 
The real part of the normalized impedance of the 
coil when no defects are present. 
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Integration Section of Program ABBORAR 

Symbol definitions 

The following are def~nitions of the symbols used to describe the program 
variables which appear in the integration section of the program. All 
lengths are normalized.unless otherwise noted. 

a 
a 
{J, 
b 
I(x2 ,x,) 
I 0 (x) 
I,(x) 
J(x2 ,x,) 
J,(x) 

. K
0
(x) 

K,(x) 
.R. 

J1. 

Variables 
Program 
variable 

Al 

BIOA 

BlOB 

BllA 

BllB 

BillA 

BlliB 

BlliR 

BllRA 

BllRB 

BIIRR 

BKOA 

Integration variable 
Inner radius of·the tube 
(a2+ jwJJ.a,r2

) '
12JJ. 

Outer radius of the tube 
Integral of xi,(x) with respect to x from ax, to ax2 

Modified Bessel function of the first kind of order 0 
Modified Bessel function of the first kind of order 1 
Integral of xJ, (x) with respect to x from ax, to ax2 

Bessel function of the first kind oforder 1 
Modified Bessel function of the second kind of order 0 
Modified Bessel function of the second kind of order 1 
Length of the coil 
Relative magnetic permeability of the tube 
Electrical conductivity of the tube; 
Radial distance between center of coil and defect 
Coil mean radius in inches 
Inner radius of coil 
Outer radius of coil 
Axial distance between defect and coil center 
Angular operating frequency 

appearing in the integration section 
Symbolic 
equivalent 
a.R. + exp(-a.R.) - 1 

I 0 (aa) 

I 0 (Ctb) 

I, (aa) 

I, (ab) 

Im[I, (a,a)] 

Im[I, (a,b)] 

Im[I, (air)] 

Re[I,(a,a)] 

Re[I,(a,b)] 

. Re [I, (a,r)] 

K0 (aa) 



BKOB 

BKlA 

BKlB 

BKliA 

BKliB 

BKliR 

BKlRA 

BKlRB 

BKlRR 

DDI 

DDR 

DFR 

Dll 

DI2 

DI3 

DI4 
DNI 

DNR 

K0 (ab) 

K,(aa) 

K,(ab) 

Im[K, (a,a)] 

Im[K,(a,b)] 

Im[K, (a,r)] 

Re [K, (a,a)] 

Re[K,(a,b)] 

Re [K, (a,r)] 
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Im{ [{J2bK0 (a2b )K, (a,b )-{J,bK0 (a,b )K, (a2b)] 

[{J,ai0 (a,a)I, (aa)-aai0 (aa)I, (a,a)] + 

[aai0 (aa)K, (a,a)+{J,aK0 (a 1a)I, (aa)] 

[{J,bi 0 (a,b )K, (a2b )+{J2bK0 (a2b) I 1 (a,b)] ) 

Re { [{J 2bK0 (a 2b )K, (a,b )-{J,bK0 (a,b )K, (a2b)] 

[{J,ai0 (a,a) I, (aa)-aai0 (aa) I, (a,a)] + 

[aai0 (aa)K, (a,a)+{J,aK0 (a,a)I, (aa)] 

[{J,bi0 (a,b)K, (a2b)+{J2 bK0 (a2b)I, (a,b)]) 

Re { K,(a,r) [{J,bi0 (a,b)K,(a 2b)+{J2bK0 (a 2b)I,(a,b)] -

I, (a,r) [{J 2bK0 (a 2b)K, (a,b)-{J,bK0 (a,b)K, (a2b)]) 

-.- { [{J 2bK0 (a 2b)K, (a,b)-{J,bK0 (a,b)K, (a2b)] 

[tJ,ai0 (a,a)I, (aa)-aai0 (aa)I, (a,a)] + 

[ aai0 (a:a)K, (a,a)+{J,aK0 (a,a)I, (aa)] 

[fJ,bi0 (u,b)K,(u2b)+~2bK0 (a2b)I,(o,b)]} 

Im [{J 2bK0 (a 2b ).K, (a,b )-{J,bK0 (a,b )K, (a2b)] 

Im [{J,ai0 (a:,a) I 1 (aa)-aai0 (aa) I 1 (a,a)] 

Im [a:ai0 (a:a)K, (a,a)+{J,aK0 (a,a)I, (aa)] 

Im [{J,bi 0 (a,b )K, (a2b )+{J2bK0 (a 2b) I 1 (a,b)] 

Im K,(a:,r) [{J,bi 0 (a,b)K,(a 2b)+{J2bK0 (a 2b)I,(a,b)] -

I,(a,r) [{J 2bK0 (a2b)K,(a,b)-{J,bK0 (a,b)K,(a 2b)]) 

Re { K,(a,r) [{J,bi0 (a,b)K,(a 2b)+{J2bK0 (a 2b)I,(a,b)] -

I 1 (a,r) [{J 2bK0 (a 2b )K, (a,b )-{J,bK0 (a1b )K1 (a2b)] } 



DR1 

DR2 

DR3 

DR4 

S1 

SNI 

SNR 

SSR 

X 

X1 

X1A 

X1B 

X1R · 

XA 

XB 

XF2 

XFACT 

150 

Re [/32 bK0 (a 2 b)K, (a,b)-tJ,bK0 (a,b)K, (a2b)] 

Re [tJ,ai0 (a,a)I,(aa)-aai0 (aa)I,(a,a)] 

Re [aai0 (aa)K, (a,a)+{3,aK0 (a,a)I, (aa)] 

Re [tJ,bi0 (a,b)K, (a2b)+/32bK0 (aib)I, (a,b)] 

da 

Im( -I, (a,a) [/32bK0 (a2b)K, (a,b)-tJ,bK0 (a,b)K, (a2b)] + 

K, (a,a) [{3,bi0 (a,b)K, (a2b)+/32 bK0 (a2b)I, (a,b)]} 

Re (-I, (a,a) [/32bK0 (a2b)K, (a,b)-tJ,bK0 (a,b)K, (a2b)) + 

K,(a,a) [/3,bi0 (a,b)K,(a2b)+/32bK0 (a2b)I,(a,b)]} 

Re 
1 

[-I,(a,a) [/32bK0 (a2b)K,(a,b)-tJ,bK0 (a,b)K,(a2b) ]+ 
I, (aa) · 

~~ (a,a) [tJ,bi0 (a,b )K, (a2b)+/32bK0 (a2b)I, (a, b)]] 

[ [/32bK0 (a2b)K,(a,b)~/3,bK0 (a,b)K,(a2b)] 

[aai0 (aa)K, (a,a)+tJ,aK0 (a,a)I, (aa)] 

a 

Re [a,] 

Re [a,a) 

Re[-a,b] 

Re [a,r] 

· aa 

ab 

2 1 
I(r2 ,r1 ) sin(a.2/2) da. 
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2 1 
XFACT2 -- I(r2,r1) sin(al/2) cos(az)da 

11' QJ 

1 
XIR21 - I(r2,r1) QJ 

1 
XJR21 - J(r2,r1) QJ 

XL ai 

XX Q2 

xxxx a• 

Yl Im[a1] 

YlA Im[a1a] 

YlB Im[a1b] 

YlR Im[a1r] 

ZIOIA Im[a1ai0 (a1a)] 

ZIOIB Im[a1bi0 (a1b)] 

ZIOIR Im[a1ri0 (a1r)] 

ZIORA Re [a1ai0 (a1a)] 

ZIORB Re[a1bi0 (a1b)] 

ZIORR Re [.:t1l."I0 (o:1r)] 

ZKOIA Im[a1aK0 (a1a)] 

ZKOIB Im[a1bK0 (a1b)] 

ZKOIR Im[a1rK0 (a1r)] 

ZKORA Re [a1aK0 (a1a)] 

ZKORB Re[a1bK0 (a1b)] 

ZKORR Re [a1rK0 (a1r)] 

Sam!!le OUti!Ut 

The program ABBORAR calculates the defect signal averaged over the depth 
of the defect at different distances along the tube. The program can plot 
the defec.t impP.ci;m~P. as the tube is scanned and pick out the maximum 
amplitude. Below we show a sample run where the maximum signal is 
print:P.ci. 

ABBORAR TIME 8:53:41 DATE 8/16/89 
IN RAD OT RAD LENGTH RAD CLR WALLTH % WALL TUB IR TUB OR 

ACT 1.2000 1.5000 0.2650 0.0575 0.2200 45.45 1.5575 1.7775 
NOR 0.8889 1.1111 0.1963 0.0426 0.1630 45.45 1.1537 1.3167 
RBAR 1.3500 FREQ= 4.000000E+02 RHO= 3.8400 PERM=l.OOO WUSRR=96.7060 
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NORM IMPO:RL 0.110847 IM 0.589927 AIR INO 1.693801E-02 
NORM OSF:RL 1.4332E-Ol IM 3. 3396E.:02 VOLN 3 .1922E-04 
MAXIMUM MAG 0.55440-04 PHA AT MAX MAG 18.91 00 DEFECT 

Partial listing of file FORT39: 

0.000 0.55440-04 18.91 
0.001 0.55440-04 18.91 
0.002 0.55440-04 18.91 
0.003 0.55430-04 18.91 
0.004 0.55430-04 18.90 
0.005 0.55420-04 18.90 
0.006 0.55410-04 18.89 
0.007 0.55400-04 18.88 
0.008 0.55380-04 18.87 
0.009 0.55360~04 18.86 
0.010 0.55350-04 18.85 
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Listing 

PROGRAM ABBORAR 
C VERSION August 16, 1989 
c 
C Program to calculate the normalized impedance change in 
C an absolute boreside circumferential coil due to a defect 
C in a single tube as the coil scans past the defect. The 
C program averages the effect of the defect over the depth 
C of the defect. 
c 
C Z=O.O AT CENTER OF COIL. 

IMPLICIT REAL*8 (A-H,O-Z) 
REAL*8 L 
CHARACTER*l FF 
DIMENSION Sl(6),S2(6),ERR(6) 
DIMENSION CX(0:200),CY(0:200),XFACT2(200) 
DIMENSION SMZDFRA(0:200,30),SMZDFIA(0:200,30) 
DATA LOU/8/,PI/3.141592653/,LOD/39/,LOE/38/ 
DATA Sl/.005, .02, .OS, .1, .1, .5/ 
DATA S2/1.0,2.0,5.0,10.0,50.0,200.0/ 
DATA ERR/.1, .01,.00l,l.E-4,l.E-S,l.E-10/ 
DATA FREQ/4.0E2/,RH01/3.84/,Ul/l.O/ 
DATA TRN/400./,ISIDE/1/ 
DATA MODE/16/NZT/100/,NRT/20/ 
DATA OIM/50/,0RL/330/ 
FF=CHAR(l2) 

C OPEN(LOD,FILE='BORSCN.DAT' ,STATUS='NEW') 
c OPEN(LOE,FILE='BORDAT.DAT' ,STATUS='OLD') 

11 XMAX=O. 
YMAX=O. 
DFMMAX=O. 
DO 14 NZ=l,NZT 
DO 12 NR=l,NRT 
SMZDFRA(NZ,NR)=O. 
SMZDFIA(NZ,NR)=O. 

12 CONTINUE 
14 CONTINUE 

c READ(LOE,*,END=lOOl)DFDIAM,DFDEP 
C TIME AND DATE ARE PRINTED 

dfdiam=O.l 
dfdep=O.l 
CALL GETTIM(IHR,IMN,ISE,IFR) 
CALL GETDAT(IYR,IMO,IDA) 
IYR=IYR-1900 
WRITE(LOU,2)IHR,IMN,ISE,IMO,IDA,IYR 

2 FORMAT(' ABBORAR TIME' ,I2,':' ,I2,' :' 
*,I2,' DATE' ,I2,'/' ,I2,'/' ,I2) 

WRITE(LOU,S) 
5 FORMAT(SX, 'IN RAD' ,2X, 'OT RAD' ,2X, 'LENGTH' ,2X, 'RAD CLR' 
*, lX, 'WALLTH', 2X, '% WALL', 2X, 'TUB IR', 2X, 'TUB OR') 
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R1=1.2 
R2=1.5 
L=0.265 
RCL=0.0575. 
T1=. 220 
POW=(DFDEP/T1)*100. 
A=R2+RCL 
B=A+T1 
RDT=-DFDEP 
R3=0.5*(R1+R2) 
WRITE(LOU,10)R1,R2,L,RCL,T1,POW,A,B 
R1=R1/R3 
R2=2.0-R1 
L=L/R3 
RCL=RCL/R3 
RDT=RDT/R3 
T1=T1/R3 
A=A/R3 
B=B/R3 
DELTAZ=0.5*L/NZT 

C VOLN=0.1666667*PI*(DFDIAM/R3)*(DFDIAM/R3)*(DFDIAM/R3) 
VOLN=PI*DFDIAM*DFDIAM*DFDEP/(4.*R3*R3*R3) 
WUSRR=0.5093979*U1*R3*R3*FREQ/RH01 
WRITE(LOU,15)R1,R2,L,RCL,T1,POW,A,B 

10 FORMAT('ACT ',5(F7.4,1X),F7.2,1X,3(F7.4,1X)) 
15 FORMAT('NOR ',5(F7.4,1X),F7.2,1X,3(F7.4,1X)) 

WRITE(LOU,20)R3,FREQ,RH01,U1,WUSRR 
20 FORMAT(' RBAR', F7. 4,' FREQ= ', 1PE13. 6,' RHO=', OPF9. 4, 

*' PERM=' ,F7.3,' WUSRR=' ,F11.4) 
CALL QSMODE(MODE) 
CALL GRID 
SMAIR=O.O 
SMIMPR=O.O 
SMIMPI=O.O 
SMZDFR=O.O 
SMZDFI=O.O 

C AIR=O. 
C AII=O. 
C AUR=O. 
C AUI=O. 

B1=0.0 
B2=S2(1) 
DO 100 JKL=1,6 

30 RI9=SMAIR 
X=B1-0.5*S1(JKL) 

C DETERMINE NUMBER OF STEPS,ISTEPS,BASED ON·STEP SIZE&INTERVAL 
ISTEPS=DNINT((B2-B1)/S1(JKL)) 
DO 90 I=1,ISTEPS 
X=X+S1(JKL) 
CALL IJBSSL(X,R1,R2,XIR21,XJR21) 
XL=X*L 



IF(XL.GT.5.0E-3) GO TO 60 
Al=XL*XL*(O. 5-XL/6 .0') 
GO TO 80 

60 IF'( XL. GT'. 7 5. 0) GO TO 70 
Al=XL+DEXP( -XL) -1.0' 
GO TO 80 

70 Al=XL-1.0· 
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80: SMA:IR=SMAIR+2. *XJR2I*XJR2'1*AI*S;1(JKL)' 
IF(X .GT' .. 160.) GO TO 901 

XX=X*X 
XXXX=XX*XX 
Xl=DSQRT ( 0. 5* (XX+DSQRT (XXXX+WUSRR*WUSRR})~) jU1 
Y.l='WUSRR/(2*X1*U1*U1) 
XA=ooX*A 
XB=X*B 
X1A=X1*A 
YlA=Yl*A 
XlB=Xl*B 
YlB=Yl*B 
CALL CMDBES (XlA, YlA, ZIORA ,ZIOIA, ZKORA.,,ZKOIA, BI IRA, BI liA 

*,BKlRA,BKliA) 
CALL CMDBES (XlB, YlB, ZIORB, ZIOI.S,,ZKORR, ZKOIB, BI lRB, BI 1 IB 

*,BKlRB,BKliB) 
CALL BESI(XA,BIOA,BllA) 
CALL BESK(XA,BKOA,BKlA) 
CALL BESI(XB,BIOB,BllB) 
CALL BESK(XB,BKOB,BKlB) 
DRl=XB*BY.OB*BY.lRB-ZY.OF~*BY.lB/Ul 

Dll=XB*BKOB*BKliB-ZKOIB*BKlB/UL 
DR2=ZIORA*BI1A/Ul-XA*BIOA*BI1RA 
DI2=ZIOIA*BI1A/Ul-XA*BIOA*BI1IA· 
DR3=XA*BIOA*BK1RA+ZKORA*BI1A/U] 
DI3=XA*BIOA*BK1IA+ZKOIA*BI1A/Ul 
DR4=ZIORB*BK1B/Ul+XB*BKOB*BI1RB 
DI4=ZIOIB*BKlB/Ul+XB*BKOB*BlliB· 
DDR=DRl*DR2-Dll*DI2+DR3*DR4-DI3*DI4 
DDI=DRl*DI2+DR2*Dil+DR3*DI4+DR4*DI'3 
SNR=-BllRA*DRl+BlliA*Dil+BKlRA*DR4-BKliA*DI4 
SNI=-BlliA*DRl-BllRA*Dll+BKlRA*DI4+BKliA*DR4 
DEN=DDR*DDR+DDI*DDI 
SSR=((SNR*DDR+SNI*DDI)/DEN-BKlA)/BilA 
SSI=(SNI*DDR-SNR*DDI)/(BllA*DEN) 
XFACT=XIR2l*DSIN(XL/2.) 
SMIMPR=SMIMPR+8.*XFACT*XFACT*Sl(JKL)*SSR/PI 
SMIMPI=SMIMPI+8.*XFACT*XFACT*Sl'(JKL)*SSI/PI 
XF2=2.*XFACT*Sl(JKL)/PI 

DO 89 NR=l,NRT 
c write(O,*)rdt 

RD=(REAL(NR)-0.5)*(RDT/REAL(NRT)') 
c write(O,*)rd,rdt 



c pause 
IF(ISIDE.EQ.1) THEN. 
RD=B+RD 
ELSE 
RD=A-RD 
END IF 

c rd=1.3333 
X1R=Xl*RD 
Y1R=Y1*RD 

15·6 

CALL CMDBES (X1R, Y1R, Z!H!>RR,.ZIOIR, ZKORR, ZKOIR, BI lRR, BI liR 
*,BK1RR,BK1IR) 

DNR=BK1RR*DR4-BK1IR*DI4-BI1RR*DR1+BI1IR*DI1 
DNI=BK1IR*DR4+BK1RR*DI4 -.BlliR*DR1- BI 1RR*DI 1 
DFR=(DNR*DDR+DNI*DDI)/DEN 
DFI=(DNI*DDR-DNR*DDI)/DEN 

DO 88 NZ=O,NZT 
IF(NR.GT.l)GO TO 87 
ZD=DELTAZ*NZ 
XFACT2 (NZ)=XF2*DCOS (X*ZD:~ 

87 SMZDFRA(NZ, NR)=SMZDFRA:(jNZ, NR)+XFACT2 (NZ)*DFR 
SMZDFIA(NZ,NR)=SMZDFIA(NZ,NR)+XFACT2(NZ)*DFI 

88 CONTINUE 
89 CONTINUE 
90 CONTINUE 

B1=B2 
B2=B2+S2(JKL) 
CHECK=(SMAIR-RI9)/SMAIR 
IF(ABS(CHECK).GT.ERR(JKL)) GO TO 30 

100 CONTINUE 
DO 990 NZ=O,NZT 
ZD=DELTAZ*NZ 
SMZDFR=O. 
SMZDFI=O. 
DO 120 NR=1,NRT 
SMZDFR=SMZDFR+SMZDFRA(NZ,NR) 
SMZDFI=SMZDFI+SMZDFIA(NZ,NR) 

120 CONTINUE 
SMZDFR=SMZDFR/NRT 
SMZDFI=SMZDFI/NRT 

C WRITE(LOU,*)NZ,SMZDFR,SMZDFI 
DSFR=-1.5*WUSRR*(SMZDFR*SMZDFR-SMZDFI*SMZDFI)/(SMAIR*PI) 
DSFI=-1.5*WUSRR*2.0*SMZDFR*SMZDFI/(SMAIR*PI) 

135 Q6=0.0254*4.0E-7*TRN*TRN*R3*PI*PI*SMAIR/(L*(R27R1))**2 
ZNIM=SMIMPR/SMAIR+1.0 
ZNRL=-SMIMPI/SMAIR 
ZNDFR=VOLN*DSFR 
ZNDFI=VOLN*DSFI 
IF(NZ.EQ.O) WRITE(LOU;l40)ZNRL,ZNIM,Q6 
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DFM=VOLN*SQRT(DSFR*DSFR+DSFI*DSFI) 
DFP=ATAN2(DSFI,DSFR) 
CX(NZ)=DFM*COS(DFP) 
CY(NZ)=DFM*SIN(DFP) 
DFP=DFP*(180./PI) 
IF(ABS(CX(NZ)).GT.XMAX) XMAX=ABS(CX(NZ)) 
IF(ABS(CY(NZ)).GT.YMAX) YMAX=ABS(CY(NZ)) 
IF(DFM.GT.DFMMAX) THEN 
DFMMAX=DFM 
DFPMMAX=DFP 
END IF 
WRITE(LOD,162)ZD,DFM,DFP 

990 CONTINUE 
c write(O,*)'rd ',rd 

GIM=300./YMAX 
GRL=300./XMAX 
IF(GIM.GT.GRL) THEN 
GIM=GRL 
ELSE 
GRL=GIM 
END IF 
IM1=GIM*CY(0)+0IM 
IR1=GRL*CX(O)+ORL 

C WRITE(LOU,150)ZNDFR,ZNDFI,DFM,DFP 
WRITE(LOU,160)DSFR,DSFI,VOLN 
WRITE(LOU,164)DFMMAX,DFPMMAX 
IF(ISIDE.EQ.1) THEN 
WRITE(LOU,*)' OD DEFECT' 
ELSE 
WRITE(LOU,*)' ID DEFECT' 
END IF 

DO 1000 NZ=1,NZT 
IM2=GIM*CY(NZ)+OIM 
IR2=GRL*CX(NZ)+ORL 
CALL QLINE(IR1,IM1,IR2,IM2,15) 
IR1-IR2 
IM1=IM2 

1000 CONTINUE 
WRITE(LOU,*) 
WRITE(LOU,*) 
CALL PRTSC 
WRITE(LOU,*)FF 

c GO TO 11 

140 FORMAT(' NORM IMPD:RL' ,F10.6,' IM' ,F10.6, 
*' AIR IND' ,1PE13.6) 

c 150 FORMAT(' NORM CHG:RL I ,OPF10.6,' IM' ,OPF10.6, 
C *'MAG' ,OPF10.6,' PHA ',OPF7.2) 

160 FORMAT(' NORM DSF:RL' ,1PE11.4,' IM' ,1PE11.4,' VOLN' ,1PEH.4) 
161 FORMAT(' ZD MAG PHA') 
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162 FORMAT(F6. 3, SX, Dll. 4, SX, F7. 2) 
164 FORMAT(' MAXIMUM MAG ', Dll.4,' PHA AT MAX MAG ', F7. 2, \)' 

1001 END 
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DBDSF calculates DSF at latti·ce of points for differential coil 

Program DBDSF calculates the defect sensitivi.ty factor of a differential 
boreside coil at a two-dimensional lattice of points throughout the wall 
of a conducting tube. The differenti.al probe is shown in Fig. 1'5. 

ORNL-D:WG '90-:81()'9'5 

a-2 )J.2 

c 
I'" I"\ 

Oi )J.l ' v 
z 

b 
r 

0. 

r2~ .Q~ .Q~ 

rl 

I 
Fig .. 15. Cross section of a differential coil in the bore of a tube with 
a defect present. 

The distance to the defect is measured from the center of the coil 
assembly, and the center-to-center distance of the coils is denoted c. 
The impedance difference between the two matched coils is: 

(39) 

Substituting in from Eq. (29) for the impedance change of each coil, 
removing the normalized defect volume to get the defect sensitivity factor 
and using some trigonometric identities gives for the defect sensitivity 
factor: 



DSF(r,z) 
-3 (wpa,r2

) 

21fialr 
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(40) 

{
K,(a,r)D.-I,(a,r)D,} al ac ] 

( ) sin( -
2 

)sin(- )sin(az)4da 
D,D2+D:P4 2 

[Jrc I (r2 , r,) {K, (a,r)D.-I, (a,r)D,} _ ( al) ( ac ) ( ) 4 d ] 
x 3 ) s Ln -

2 
cos - cos az a 

1ra (D,D2+D:P4 2 
0 . . 

The definitions of the various· terms in Eq. (40) are given in E.qs. (30) 
through (38) in the discussion of the absolute boreside coil. The 
function and variable names are essentially the same as they are fo-r the 
absolute coil and will not be repeated here. The program DBDSF stores the 
calculated values in the data file FORT40 so they can be plotted by 
program DBDSFPLT. 

Variables 

A 
B 
c· 

'DELTAR 

DELTAZ." 

DSFI 

DSFM. 

DSFP 

LOU 

NRT" 

NZT" 

The normalized inner radius of the tube. 
The normalized outer radius o-f the tube. 
The axial distance betwe·en the centers of the two 
coils. The value is input in inches and 
normalized by the prog;ramt. 
The normalized radial distance· be•twe·en the points 
at which the calculations: are done. 
The normalized axial distance: between the points 
at which the calculations are done. 
The imaginary part of the defect s:ensitivity 
factor of the coil. 
The magnitude of the defect sens:itivity factor of 
tfue coiL · 
The phase of the defec~t: sensi.tivity factor of the 
cod!.L 
The real part. of the .. defec·t s·ens::iitfv:i!ty factor of 
the· co-il. 
The· operating. fre·q:uency :im hertz .. 
The length o·f each. coil.. The value: is input in 
inches and normal:.ized by the p1ro.g;rarn. 
The·. mnnber o•f the· I/0' unit conm:ec:tecl! to the output 
data file. 
The number of the: I/0 unit connected to the 
printer. 
The total numbe·r o-f po-ints :iin t'fue· radlial direction 
at which the de·fect sens:f.tivity .factor is 
calculated. 
The total number of points: im t'fue• a~dial direction 
a.t which the: defect. s·ens:ftivitM factor is 



Rl' 

R2' 

R3 
RCL' 

RD 

RDT 
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calculated. 
The inner radius of each coil. The value is input 
in inches and normalized by the program. 
The outer radius of each coil. The value is input 
in inches and normalized by the program. 

The mean radius of each coil in inches. 
The distance between the outside of the coil and 
the inside wall of the tube. The value is input 
in inches and normalized by the program. 
The radial distance between the center of the coil 
and the point where the calculations are being 
performed. 
The normalized thickness of the tube. A negative 
number. 

RHOl' 
Tl' 

The electrical resistivity of the tube in ~0-cm. 
The thickness of the tube wall. The value is 
input in inches and normalized by the program. 
The number of turns in each coil. TRN' 

Ul' 
WUSRR 

The relative magnetic permeability of the tube. 
The product of the angular operating frequency, 
the magnetic permeability of the tube, the 
electrical conductivity of the tube, and the 
square of the mean radius of the coil. 

ZD The axial distance between the center of the coil 
and the point where the calculations are being 
performed. 

Sample output 

A listing of the printer output is shown below: 
DBDSF TIME 9:59:28 DATE 8/16/89 

IN RAD OT RAD LENGTH RAD CLR WALLTH C TO C 
ACT 1.2400 1.4900 0.2650 0.0575 0.2200 0.5150 
NOR 0.9084 1.0916 0.1941 0.0421 0.1612 0.3773 
RBAR 1.3650 FREQ= 4.000000E+02 RHO= 3.8400 PERM= 

A partial listing of the file FORT40 is given below: 
so 40 

0.02500 
0.04212 
0.90842 
0. 37729 
1.13370 

0 0 
0 1 

0.00403 

1.09158 
0.19414 
1. 29487 

O.OOOOOD+OO 
O.OOOOOD+OO 

........... (zero for 
1 0 0.242660-01 
1 1 0.251570-01 
1 2 0.260860-01 
1 3 0.270530-01 

O.OOOOOD+OO 
o.ooooon+OO 
all of first 
0.334870+00 
0.339780+00 
0. 347740+00 
0.358640+00 

row) .... 

TUB IR TUB OR 
1.5475 1.7675 
1.1337 1.2949 

1.000 WUSRR= 98.8670 
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1 4 0.280610-01 0. 3 72380+00 
1 5 0.291130-01 0.388870+00 
1 6 0.302130-01 0.408000+00 
1 7 0.313640-01 0.429680+00 
1 8 0.325700-01 0.453820+00 
1 9 0.338360.."01 0.480310+00 
1 10 0.351660-01 0.509060+00 
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Listing 

PROGRAM DBDSF 
C VERSION August 16, 1989 
C PROGRAM TO CALCULATE THE DEFECT SENSITIVITY FACTOR OF A 
C DIFFERENTIAL BORESIDE COIL AT AN ARRAY OF POINTS THROUGHOUT 
C THE CROSS SECTION OF A TUBE WALL. 

IMPLICIT REAL*8 (A-H,O-Z) 
REAL*8 L 
DIMENSION S1(6),S2(6),ERR(6),XFACT1(0:50),XFACT2(0:50) 
DIMENSION SMZDFR1A(0:50,0:40),SMZDFI1A(O:S0,0:40) 
DIMENSION SMZDFR2A(0:50,0:40),SMZDFI2A(0:50,0:40) 
DATA LOU/8/,PI/3.141592653/,LOD/40/ 
DATA Sl/.005,.02, .05,.1,.1,.5/ 
DATA S2/1.0,2.0,5.0,10.0,50.0,200.0/ 
DATA ERR/.1,.01,.001,l.E-4,1.E-5,1.E-10/ 
DATA FREQ/4.0E2/,RH01/3.84/,Ul/1.0/ 
DATA TRN/400./,DELTAZ/0.025/ 

C NOTE: If the value of either NZT or NRT is changed, the 
C statements to dimension the arrays DSFMA, XX, and YY in 
C program DBDSFPLT must be changed so that the arrays are 
C dimensioned to exactly the new values. 

DATA NZT/50/,NRT/40/ 
11 DO 14 NZ=O,NZT 

DO 12 NR=O,NRT 
SMZDFRlA(NZ,NR)=O. 
SMZDFilA(NZ,NR)=O. 
SMZDFR2A(NZ,NR)=0. 
SMZDFI2A(NZ,NR)=U. 

12 CONTINUE 
14 CONTINUE 

C TIME AND DATE ARE PRINTED 
CALL GETTIM(IHR,IMN,ISE,IFR) 
CALL GETDAT(IYR,IMO,IDA) 
IYR=IYR-1900 
WRITE(LOU,2)IHR,IMN,ISE,IMO,IDA,IYR 

2 FORMAT(' DBDSF TIME' ,12,' :' ,I2,' :' 
*,I2,' DATE' ,I2,'/' ,I2,'/' ,I2) 

WRITE(LOU,S) 
5 FORMAT(5X, 'IN RAD' ,2X, 'OT RAD' ,2X, 'LENGTH' ,2X, 'RAD CLR' 
*, lX, 'WALLTH 1 

, 2X, ' C TO C' , 2X, 'TUB IR' , 2X, 'TUB OR' ) 
Rl=l.24 
R2=1.49 
L=0.265 
C=0.515 
Il.Clr-0.0575 
Tl=0.22 
A=R2+RCL 
B""A+Tl 
RDT=-Tl 
R3=0.5*(Rl+R2) 
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WRITE(LOU,10)R1,R2,L,RCL,T1,C,A,B 
R1=R1/R3 
R2=2.0-R1 
L=L/R3 
C=C/R3 . 
RCL=RCL/R3 
RDT=RDT/R3 
T1=T1/R3 
DELTAR=T1/NRT 
A=A/R3 
B=B/R3 
WRITE(LOD,7)NZT,NRT 
WRITE(LOD,8)DELTAZ,DELTAR 
WRITE(LOD,9)RCL 
WRITE(LOD,8)R1,R2 
WRITE(LOD,8)C,L 
WRITE(LOD,8)A,B 

7 FORMAT(I8,1X,I8) 
8 FORMAT(F12.5,1X,F12.5) 
9 FORMAT(F12.5) 

WUSRR=0.5093979*U1*R3*R3*FREQ/RH01 
WRITE(LOU,15)R1,R2,L,RCL,T1,C,A,B 

10 FORMAT(' ACT ', S(F7 .4, 1X), 3(F7 .4, 1X)) 
. 15 FORMAT('NOR ',S(F7.4,1X),3(F7.4,1X)) 

WRITE(LOU,20)R3,FREQ,RH01,U1,WUSRR 
20 FORMAT(' RBAR' ,F7.4,' FREQ= ',1PE13.6,' RHO=' ,OPF9.4, 

*' PERM=' ,F7.3,' WUSRR=' ,F11.4) 
SMAIR=O.O 
SMIMPR=O.O 
SMIMPI=O.O 
SMZDFR1=0.0 
SMZDFI1=0.0 
SMZDFR2=0.0 
SMZDFI2=0.0 
B1=0.0 
B2=S2(1) 
DO 100 JKL=1,6 

30 RI9=SMAIR 
X=B1-0.S*S1(JKL) 

C DETERMINE NUMBER OF STEPS,ISTEPS,BASED ON STEP SIZE&INTERVAL 
ISTEPS=DNINT((B2-B1)/S1(JKL)) 
DO 90 I=1,ISTEPS 
X=X+S1(JKL) 
CALL IJBSSL(X,R1,R2,XIR21,XJR21) 
XL=X*L 
IF(XL.GT.S.OE-3) GO TO 60 
A1=XL*XL*(O.S-XL/6.0) 
GO TO 80 

60 IF(XL.GT.75.0) GO TO 70 
A1=XL+DEXP(-XL)-1.0 
GO TO 80 
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70 Al=XL-1.0 
80 SMAIR=SMAIR+2.*XJR2l*XJR2l*Al*Sl(JKL) 

IF(X.GT.l60.)GO TO 90 
XX=X*X 
XXXX=XX*XX 
Xl=DSQRT(O.S*(XX+DSQRT(XXXX+WUSRR*WUSRR)))(Ul 
Yl=WUSRR/(2*Xl*Ul*Ul) 
XA=X*A 
XB=X*B 
XlA=Xl*A 
YlA=Yl*A 
XlB=Xl*B 
YlB=Yl*B 
CALL CMDBES(XlA,YlA,ZIORA,ZIOIA,ZKORA,ZKOIA,BilRA,BillA 

*,BKlRA,BKliA) 
CALL CMDBES(XlB,YlB,ZIORB,ZIOIB,ZKORB,ZKOIB,BilRB,BillB 

*,BKlRB,BKliB) 
CALL BESI(XA,BIOA,BllA) 
CALL BESK(XA,BKOA,BKlA) 
CALL BESI(XB,BIOB,BllB) 
CALL BESK(XB,BKOB,BKlB) 
DRl-XB*BKOB*BKlRB-ZKORB*BKlB(Ul 
Dll=XB*BKOB*BKliB-ZKOIB*BKlB(Ul 
DR2=ZIORA*BI1A(Ul-XA*BIOA*BI1RA 
DI2=ZIOIA*BI1A(Ul-XA*BIOA*BI1IA 
DR3=XA*BIOA*BK1RA+ZKORA*BI1A(Ul 
DI3=XA*BIOA*BK1IA+ZKOIA*BI1A(Ul 
DR4=ZIORB*BK1B(Ul+XB*BKOB*BI1RB 
DI4=ZIOIB*BK1B(Ul+XB*BKOB*BI1IB 
DDR=DRl*DR2-Dll*DI2+DR3*DR4-DI3*DI4 
DDI=DRl*DI2+DR2*Dll+DR3*DI4+DR4*DI3 
SNR=-BllRA*DRl+BlliA*Dll+BKlRA*DR4-BK1IA*DI4 
SNI=-BlliA*DRl-BllRA*Dll+BKlRA*DI4+BK1IA*DR4 
DEN=DDR*DDR+DDI*DDI 
SSR=((SNR*DDR+SNI*DDI)/DEN-BKlA)/BllA 
SSI=(SNI*DDR-SNR*DDI)/(BilA*DEN) 
XFACT=XIR2l*DSIN(XL/2.) 
SMIMPR=SMIMPR+8.*XFACT*XFACT*Sl(JKL)*SSR/PI 
SMIMPI=SMIMPI+8.*XFACT*XFACT*Sl(JKL)*SSI/PI 
XF=4.*XFACT*Sl(JKL)/PI 
XFl=XF*DSIN(O.S*X*C) 
XF2=XF*DCOS(O.S*X*C) 
DO 89 NR=O,NRT 
RD-(REAL(NR))*(RDT/REAL(NRT)) 
RD=B+RD 
XlR=Xl*RD 
YlR=Yl*RD 

CALL CMDBES(XlR,YlR,ZIORR,ZIOIR,ZKORR,ZKOIR,BilRR,BillR 
*,BKlRR,BKliR) 
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DNR=BK1RR*DR4-BK1IR*DI4-BI1RR*DR1+BI1IR*DI1 
DNI=BK1IR*DR4+BK1RR*DI4-BI1IR*DR1-BI1RR*DI1 
DFR=(DNR*DDR+DNI*DDI)/DEN 
DFI=(DNI*DDR-DNR*DDI)/DEN 

DO 88 NZ=O,NZT 
IF(NR.GT.1)GO TO 87 
ZD=DELTAZ*NZ 
XFACT1(NZ)=XF1*DSIN(X*ZD) 
XFACT2(NZ)=XF2*DCOS(X*ZD) 

87 SMZDFR1A(NZ,NR)=SMZDFR1A(NZ,NR)+XFACT1(NZ)*DFR 
SMZDFI1A(NZ,NR)=SMZDFI1A(NZ,NR)+XFACT1(NZ)*DFI 
SMZDFR2A(NZ,NR)=SMZDFR2A(NZ,NR)+XFACT2(NZ)*DFR 
SMZDFI2A(NZ,NR)=SMZDFI2A(NZ,NR)+XFACT2(NZ)*DFI 

88 CONTINuE ' ' 
89 CONTINUE 
90 CONTINUE 

B1=B2 
B2=B2+S2(JKL) 
CHECK=(SMAIR-RI9)/SMAIR 
IF(ABS(CHECK).GT.ERR(JKL)) GO TO 30 

100 CONTINUE 
DO 990 NZ=O,NZT 
ZD=DELTAZ*NZ 
SMZDFR1=0. 
SMZDFI1=0. 
SMZDFR2=0. 
SMZDFI2=0. 
DO 120 NR=0 1 NRT 
SMZDFR1=SMZDFR1A(NZ,NR) 
SMZDFI1=SMZDFI1A(NZ,NR) 
SMZDFR2=SMZDFR2A (NZ, NR) _ 
SMZDFI2=SMZDFI2A(NZ,NR) 
DSFR=-1.5*WUSRR*(SMZDFR1*SMZDFR2-SMZDFii*SMZDFI2)/(SMAIR*PI) 
DSFI=-1.5*WUSRR*(SMZDFR1*SMZDFI2+SMZDFR2*SMZDFI1)/(SMAtR*PI) 
DSFM=DSQRT(DSFR*DSFR+DSFI*DSFI) · . ' 
DSFP=DATAN2(DSFI,DSFR) 
WRITE(LOD,126)NZ,NR,DSFM,DSFP 

c WRITE(0,126)NZ,NR,DSFM,DSFP, 
120 CONTINUE 
126 FORMAT(I5,1X,I5,1X,D12.5,1X,D12.5) 
990 CONTINUE 

1000 CONTINUE 
1001 END 

- . 
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DBDSFPLT generates a contour plot from DBDSF data 

Program DBDSFPLT generates a contour plot of the magnitude of the defect 
sensitivity factor for a differential boreside coil using calculations 
performed and stored by the program DBDSF in the file FORT40. 

Summary 

1. Dimension arrays and declare variable types. 
2. Initialize variables. 
3. Open the file created by program DBDSF. 
4. Read in the information about the coil and tube from the file. 
5. Calculate the position of the data points in the normalized 

coordinate system. 
6. Set the label flags for the contours. 
7. Read the data stored by program DBDSF into array DSFMA. 
8. Specify the values of the magnitude of the defect sensitivity factor 

where the contours are to be drawn. 
9. Call the PRINTMATIC contour initialization routines. 

10. Draw the contours. 
11. Draw the coil and tube. 

Variables 

A 
B 
c 
CNM' 

DELTAR 

DELTAZ 

DSFMA 

L 
LBM' 

NAME' 

NC' 
NRT 

NZT 

The normalized inner radius of the tube. 
The normalized outer radius of the tube. 
The center-to-center spacing between the coils. 
Array giving the values of the magnitude of the 
defect sensitivity factor at which contours are 
to be drawn. 
The normalized distance in the radial direction 
between adjacent data points. 
The normalized distance in the axial direction 
between adjacent data points. 
Array containing the values of the magnitude of 
t:he defecL sensitivity factor which were·r~.<~n in 
from the data fiie. 
The normalized length of the coil. 
Array which tells .the program which of the 
contours are to be labeled with their values. If 
all elements of LBM are zero, none of the contours 
will be labeled. 
The number of the I/0 unit connected to the input 
data file. 
Character variable which contains the name of the 
file which this program uses for output. 
The number of contours to be drawn. 
The total number of points in the radial direction 
at which calculations were performed. 
The total number of points in the axial direction 



Rl 
R2 
RCL 

XX 

yy 

Notes 
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at which calculations were performed. 
The normalized inner coil radius. 
The normalized outer coil radius. 
The normalized distance between the outside of the 
coil and the inside of the tube. 
Array describing the axial location of the data 
points in the normalized coordinate system. 
Array describing the radial location of the data 
points in the normalized coordinate system. 

1. Program DBDSFPLT does not actually send anything to the printer; it 
merely creates a file whose name is given by the program variable NAME. 
If the value of NAME is 'filename.ext', then to print the file created by 
program DBDSFPLT, enter 

DPRINT filename.ext 
DPRINT. EXE is a program supplied by PRINTMATIC. For this particular 
program the variable NAME is set to PCDSF.FIL so to make a plot one would 
type: 

DPRINT DBDSF.FIL 

Sample output 

We show a plot of the data from DBDSF plotted using DB~SFPLT in Fig. 16. 
The phase contours can be plotted rather than the magnitude by using the 
second statement with label 140 and commenting the first one out. 
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ORNL-DWG 90-8096 

Fig. 16. Contour plot of the magnitude of the defect sensitivity factor 
for a differential boreside probe. 

Listing 

PROGRAM DBDSFPLT 
C VERSION October 25, 1988 
C Program to generate a contour plot of the magnitude of the 
C defect sensitivity factor of a differential boreside coil. 
c 

c 

CHARACTER*80 NAME 
IMPLICIT REAL*4 (A-H,O-Z) 
REAL*4 DSFMA(Sl,41) 
REAL*4 XX(Sl),YY(41) 
REAL*4 CNM(lO) 
REAL*4 L 
INTEGER*2 LBM(lO) 
INTEGER*2 Il,Jl,I2,J2 
DATA XSCALE/1.0/,NC/9/ 
DATA IDEF/2/,LOE/40/ 

C Open the file created by program DBDSF and read in 
C the coil and tube information. 
c 

OPEN(LOE,FILE='FORT40' ,STATUS='OLD') 
READ(LOE,*)NZT,NRT 



c 

write(O,*)nzt,nrt 
READ(LOE,*)DELTAZ,DELTAR 
READ(LOE,*)RCL 
READ(LOE,*)Rl,R2 
READ(LOE,*)C,L 
READ(LOE,*)A,B 
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C Calculate the position of the data points in normalized units 
c 

c 

DO 110 I=l,NZT+l 
XX(I)=REAL(I-l)*DELTAZ 

110 CONTINUE 
DO 120 I=O,NRT 
YY(I+l)=-((REAL(NRT)-REAL(I))*DELTAR) 

120 CONTINUE 

C Set the label flags for the contours 
c 

c 

DO 130 I=l,lO 
LBM(I)=O 

130 CONTINUE 

C Read the data stored by program DBDSF 
c 

NI=O 
DSFMMAX=O. 

140 READ(LOE,*,END=l50)NZ,NR,DSFM 
c 140 READ(LOE,*,END=l50)NZ,NR,DUM,DSFM 

NI=NI+l 
IF(DSFM.GT.DSFMMAX)DSFMMAX=DSFM 
IF(NI.EQ.l)DSFMMIN=DSFM 
IF(DSFM.LT.DSFMMIN)DSFMMIN=DSFM 
DSFMA(NZ+l,NR+l)=DSFM 
GO TO 140 

c 
C Specify the values of the magnitude of the defect 
C sensitivity factor where the contours are t.o be drawn. 
c 

c 

150 VMG=DSFMMAX-DSFMMIN 
CNDF=VMG/(NC+l) 
WRITE(O,*)DSFMMAX 
WRITE(O,*)DSFMMIN 
WRITE(O,*)VMG 
WRITE(O,*)CNDF 
DO 160 I=l,NC 
CNM(I)=DSFMMAX-I*CNDF 
WRITE(O,*)CNM(I) 

160 CONTINUE 
PAUSE 

C Call the necessary initialization routines 



c 

c 

NAME='DBDSF.FIL' 
CALL DINIT(NAME) 
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CALL DPLOT(l.,l.,8. ,4.,0.,0.8,-0.2,0.2,0. ,0.) 
CALL DCTRDEF(l,l,l,l,l) 

C Draw the contours 
c 

c 

nzt=nzt+l 
nrt=nrt+l 
CALL DCNTOUR(XSCALE,XX,YY,DSFMA,CNM,LBM,NZT,NRT,NC,IDEF) 

C Draw the tube 
c 

c 

Xl=O. 
Yl=O. 
X2=0.8 
Y2=-(B-A) 
write(O,*)j2 
CALL DRTOI(Xl,Yl,Il,Jl) 
CALL DRTOI(X2,Y2,I2,J2) 
write(O,*)Il,Jl,I2,Jl 
CALL DLINE(Il,Jl,I2,Jl) 
write(O,*)Il,Jl,I2,Jl 
CALL DLINE(Il,J2,I2,J2) 
write(O,*)j2 

C Uraw the coil 
c 

c 

Xl=O.S*(C-L) 
Yl=RCL 
X2=0.5*(C+L) 
Y2=RCL+R2-Rl 
CALL DRTOI(Xl,Yl,Il,Jl) 
CALL DRTOI(X2,Y2,I2,J2) 
write(O,*)j2 
CALL DLINE(Il,Jl,I2,Jl) 
CALL DLINE(Il,J2,I2,J2) 
CALL DLINE(Il,Jl,Il,J2) 
write(O,*)I2,Jl,I2,J2 
CALL DLINE(I2,Jl,I2,J2) 
write(O,*)I2,Jl,I2,J2 

C Draw a dotted line on the plane between the coils 
c 

Xl=O. 
Yl=O. 
X2=0. 
Y2=-(B-A) 
CALL DRTOI(Xl,Yl,Il,Jl) 
CALL DRTOl(X2,Y2,I2,J2) 
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CALL DDASH(Il,Jl,l2,J2,1,10,10) 
CALL DFINIS 
write(O,*)j2 
STOP 
END !C, 
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DFBORAR calculates defect impedance change. average over depth 

Program DFBORAR calculates the change in the normalized impedance of a 
differential boreside coil due to the presence of a defect in a single 
conducting tube, as shown in Fig. 15. The equations computed are the same 
as those for the defect sensitivity factor, with the defect volume 
included. The distance to the defect is measured from the center of the 
coil assembly, and the center-to-center distance of the coils is denoted 
c. The impedance difference between the two matched coils is: 

(41) 

Substituting in from Eq. (29) for the impedance change of each coil and 
using some trigonometric identities gives for the normalized impedance 
difference: 

Znd(r, z) 
-3 (wJ.La 1r2 )Vol" 

21rlalr 
(42) 

The definition of the various terms in Eq. (42) are given in Eqs. (30) 
through (38) in the discussion of the absolute boreside coil. It performs 
the calculations for a number of different axial distances between ,the 
center of the coil and the defect, and it can divide the defect into a 
number of parts and calculate the effect of each part separately. The 
effect of the defect is averaged over the depth of the defect, and the 
defect is moved from the probe center (z = 0) outward in the positive z 
direction. 

Summary 

1. Dimension arrays and declare variable types. 
2. Initialize variables. 
3. Begin the integration. Calculate the expressions that ,are 

independent of the position of the defect. 
4. Select a value for the radial distance between the defect and ,the 

center of the coil. Do the calculations which depend only upon this 
component of the position. 

5. Select a value for the axial distance between the defect and ,the 
center of the coil. Complete the calculations. 

6. Loop to 5 until done. 
7. Loop to 4 until done. 
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8. Output the results. 

Variables 

A number of the variables which occur mainly inside the integration loops 
do not correspond to anything physical. These variables are described in 
a section at the end. Starred variables must be assigned by the user. 

A 
B 
c· 

DELTAz• 

DFDEP. 
DFDIAM. 
DFM 

DFP 

DSFI 

DSFR 

FREQ. 
I SIDE. 

Lon· 

LoE· 

NR'l!" 

Nz:F·· 

POW/ 

Q6 
Rl .. 

The normalized inner radius of the tube. 
The normalized outer radius of the tube. 
The axial distance between the centers of the two 
coils. The value is input in inches and 
normalized by the program. 
The normalized axial distance between the points 
at which the calculations are done. 
The· depth of the defect in the tube in inches. 
The diameter of the defect in the tube in inches. 
The magnitude of the normalized impedance change 
in the coil due to the defect. 
The phase of the normalized impedance change in 
the coil due to the defect. 
The imaginary part of the defect sensitivity 
factor of the coil. 
The real part of the defect sensitivity factor of 
the coil. 
The operating frequency in hertz. 
The side of the tube where the defect is located. 
If !SIDE= 1, the defect is on the outside of the 
tube; if !SIDE = 2, the defect is on the inside 
of the tube. 
The length of each .coil. The value is input in 
inches and normalized by the program. 
The number of the I/0 unit connected to the output 
data file. 
The number of the I/0 unit connected to a file 
which contains the diameters and depths of the 
defects for which calculations are to be 
performed. 
The number of the I/0 unit connected to the 
printer. 
The total number of parts centered along the axis 
of the defect into which the defect is divided to 
perform the calculations. 
The total number of different values of the axial 
distance between the center of the coil and the 
defect for which calculations are performed. 
The depth of the defect expressed as a percentage 
of wall thickness. 
The inductance in henries of the coil in air .. 
The inner radius of each coil. The value is input 
in inches and normalized by the program. 



R2' 

R~ 

RCL' 

RD 

RDT 

RHOl' 
Tl' 

TRN' 
Ul' 
VOLN 
WUSRR 

ZD 

ZNDFI 

ZNDFR 

ZNIM 

ZNRL 
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The outer radius of each coil. The value is input 
in inches and normalized by the program. 
The mean L'au.iu~ uf each coil in inches. 
The distance between the outside of the coil and 
the inside wall of the tube. The value is input 
in inches and normalized by the program. 
The radial distance between the center of the coil 
and the defect (see note 1). 
The normalized depth to the bottom of the defect. 
A negative number. 
The electrical resistivity of the 
The thickness of the tube wall. 
input in inches and normalized by 
The number of turns in each coil. 

tube in J,'O-cm. 
The value is 

the program. 

The relative magnetic permeability of 
The normalized volume of the defect. 

the tube. 

The product of the angular operating frequency, 
the magnetic permeability of the tube, the 
electrical conductivity of the tube, and the 
square of the mean radius of the coil. 
The axial distance between the center of the coil 
and the defect. 
The imaginary part of the normalized impedance 
change in the coil due to the defect. 
The real part of the normalized impedance change 
in the coil due to the defect. 
The imaginary part of the normalized impedance of 
the coil when no defects are present. 
The real part of the normalized impedance of the 
coil when no defects are present. 

1. The program variable RD does not give the radial distance between the 
actual defect and the center of the coil; it gives the radial distance 
between the part of the defect with which the program is working at any 
t:ime aml Lh~ center of the coil. 
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Integration Section of Program DFBORAR 

Symbol definitions 

The following are definitions of the symbols used to describe the program 
variables which appear in the integration section of the program. All 
lengths are normalized unless otherwise noted. 

a 
a 
{3, 
b 
c 
I{x2 ,x1) 

I 0 (X) 
Il(x) 
J(x2 ,x1 ) 

J,{x) 
K!J.(x) 
K,(x) 
i. 
J.L 
r 
r 
r~ 

.r2 
·a, 
t, 
:z 
w 

Integration variable 
Inner radius of the tube 
(a2+ jwJJa1r2

) '
12/JJ 

Outer radius of the tube 
Distance between the coil centers 
Integral of xi, (x) with respect to x from ax1 to ax2 

Modified Bessel function pf the first kind of order 0 
Modified Bessel function of the first kind of order 1 
Integral of xJ, (x) with respect to x from ax, to ax2 

Bessel function of the first kind of order 1 
Modified Bessel function of the second kind of order 0 
Modified Bessel function of the second kind of order 1 
Length of the coi.l 
Relative magnetic permeability of the tube 
Radial distance between center of coil and defect 
Coil mean radius in inches 
Inner radius of coil 
Outer radius of coil 
Electrical conductivity of the tube 
Thickness of the tube 
Axial distance between defect and probe center 
Angular operating frequency 

Variables appearing in the integration section 

P.r,o:gr.am Symbolic 
variable eguivalent 
Al ai. + exp(-ai.) - 1 

Bl'OA I 0 (eta) 

.Bl!OJB I 0 (ab) 

.!BI1A I 3 (aa) 

.!BilB I 1 (ab) 

BiliA Im[I,(.a,a)] 

:!BIJUB Im{I 1 (a 1b)] 

BiliR Imfi,(a,r)] 

BilRA Re [ I 1 (a1a)] 

!BilRJB Re,[I3 (a1b)] 

.... :. . :'"~ .... -.. 



BURR 

BKOA 

BKOB 

BKlA 

BKlB 

BKliA 

BKliB 

BKliR 

BKlRA 

BKlRB 

BKlRR 

DDI 

DDR 

DFR 

Dll 

DI2 

DI3 

DI4 

DNI 

Re[I,(a,r)] 

K0 (aa) 

K0 (ab) 

K,(aa) 

K,(ab) 

Im[K, (a,a)] 

Im[K,(a,b)] 

lm[K, (a,r)] 

Re [K, (a,a)] 

Re [K, (a,b)] 

Re [K, (a,r)] 
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Im( [/J2bK0 (a2b )K, (a,b )-fJ,bK0 (a,b )K, (a2b)] 

[fJ,ai0 (a,a) I, (aa)-aai 0 (aa) I, (a,a)] + 

[aai0 (aa)K, (a,a)+fJ,aK0 (a,a) I, (aa)] 

[fJ,bi0 (a,b)K,(a 2b)+fJ2bK0 (a 2b)I,(a,b)]} 

Re ( [fJ2bK0 (a 2b )K, (a,b )-fJ,bK0 (a,b )K, (a2b)] 

[fJ,ai 0 (a,a)I, (aa)-aai 0 (aa)I, (a,a)] + 

[aai0 (aa)K, (a,a)+fJ,aK0 (a,a)I, (aa)] 

[fJ,bi0 (a,b )K, (a2b )+fJ2bK0 (a2b) I, (a,b)] } 

Re ( K,(a,r) [fJ,bi0 (a,b)K,(a 2b)+fJ2bK0 (a 2b)I,(a,b)] -

I,(a,r) [fJ2bK0 (a 2b)K,(a,b)-fJ,bK0 (a,b)K,(a 2b)]} 

+ ( [fJ 2bK0 (a 2b)K,(a,b)-fJ,bK0 (a,b)K,(a 2b)] 

[fJ,ai 0 (u,a) I, (aa)--aai0 (as) I, (a, a)] + 

[aai0 (aa)K, (a,a)+fJ,aK0 (a,a)I, (aa)] 

[fJ,bi0 (a,b )K, (a2b )+fJ2bK0 (a2b )I 1 (a,b)] } 

Im [fJ 2bK0 (a 2b)K, (a,b)-fJ,bK0 (a,b)K, (a2b)] 

Im [ fJ,ai 0 (a,a) I, (aa)-aai0 (aa) I, (a,a)] 

Im [aai0 (aa)K, (a,a)+fJ,aK0 (a,a)I, (aa)] 

Im [fJ,bi0 (a,b )K, (a2b )+fJ2bK0 (a2b) I 1 (a,b)] 

Im K,(a,r) [fJ,bi 0 (a,b)K,(a2b)+fJ2bK0 (a 2b)I,(a,b)] 

I, (a,r) [fJ 2bK0 (a 2b)K,.(a,b)-fJ,bK0 (a,b)K, (a2b)] l 



DNR 

DR1 

DR2 

DR3 

DR4 

S1 

SNI 

SNR 

SSR 
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Re { K,(a,r) [fJ,bi0 (a,b)K,(a 2b)+fJ2bK0 (a2b)I,(a,b)] -

I,(a,r) [fJ 2bK0 (a 2b)K,(a,b)-fJ,bK0 (a,b)K,(a 2b)]} 

Re [fJ 2bK0 (a 2b)K, (a,b)-{J,bK0 (a,b)K, (a2b)] 

Re [fJ,ai 0 (a,a)I, (aa)-aai0 (aa)I1 (a,a)] 

Re [ aai0 (aa)K, (a,a)+{J,aK0 (a,a)I, (aa)] 

Re [fJ,bi0 (a,b)K, (a 2b)+fJ2bK0 (a 2b)I, (a,b)] 

da 

Im{ -I, (a,a) [fJ 2bK0 (a 2b )K, (a,b )-fJ,bK0 (a,b )K, (a2b)] + 

K, (a, a) [fJ,bi0 (a,b )K, (a2b )+fJ2bK0 (a 2b) I, (a,b)] } 

Re {-I, (a,a) [fJ 2bK0 (a2b )K, (a,b )-{J,bK0 (a,b )K, (a2b)] + 

K,(a,a) [fJ,bi 0 (a,b)K,(a 2b)+fJ2bK0 (a 2b)I,(a,b)]} 

Re 
1 

[-I,(a,a) [fJ 2bK0 (a 2b)K,(a,b)-fJ,bK0 (o,b)K,(a 2b) ]+ 
I, (aa) 

K, (a,a) [{J,bi 0 (a,b )K, (a2b )+{J2bK0 (a2b) I, (a,b)]] 

[ [fJ 2bK0 (a 2b)K, (a,b)-fJ,bK0 (a,b)K, (a2b)] 

[P,bi,(a,b)K, (a,b)+P,bK,(a,b)I; (o,b)) r-
X a 

X1 Re [a,] 

X1A Re[a,a] 

X1B Re[a,b] 

X1R Re [a,r] 

XA aa 

XB ab 

4 1 
XF -- I(r2 ,r,) sin(al/2) da 

11' al 
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4 1 a:c 
XFl -- I(r2 ,r,) sin(a:..l!/2) sin(-) do: 

71" 0:3 2 

4 1 a:c 
XF2 -- I(r2 ,r1 ) sin(a:..l!/2) cos(-) do: 

71" 0:3 2 

1 
XFACT - I(r2 ,r,)sin(a:..l!/2) 

0:3 

4 1 a:c 
XFACT1 -- I(r2 ,r1 ) sin(a:..l!/2) sin (-)sin (a:z) do: 

71" 0:3 2 

4 1 a:c 
XFACT2 -- I(r2 ,r1 ) sin(a:..l!/2) cos (-)cos (a:z) do: 

71" 0:3 2 

1 
XIR21 - I(r2 ,r1 ) 

0:3 

1 
XJR21 - J(r2 ,r,) 

0:3 

XL a: ..I! 

XX 0:2 

xxxx a:• 

Y1 Im[a:,] 

Y1A Im [ a:,a] 

Y1B Im[a:,b] 

Y1R Im[a:,r] 

ZIOIA Im[a,ai0 (a:,a)] 

ZIOIB Im[a,b.T0 (a:,b) 1 

ZIOIR Tm(rr. 1rT0 (a,r)] 

ZIORA Re [a:,ai0 (a,a)] 

ZIORB Re[a:,bi0 (a:,b)] 

ZIORR Re [a:,ri0 (a:,r) 1 

ZKOIA Im[a:,aK0 (a:,a) 1 

ZKOIB lm[a:,bK0 (a:,b)] 

ZKOIR Im[n 1r7(0 (n,r) 1 

ZKORA Re [a:,aK0 (a:,a) 1 

ZKORB Re[a:,bK0 (a:,b)1 

ZKORR Re [a,rK0 (a,r)] 
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Sample output 

The program DFBORAR calculates the defect signal averaged over the. depth 
of the defect at different distances along the tube. The program can plot 
the defect impedance· as the. tube is scanned and pick out the maximum 
magnitude. Below we show the printer output of a sample run where the 
maximum signal is printed. 

DFBORAR TIME 15:50: 5 DATE 8/15/89 
IN RAD OT RAD LENGTH RAD CLR WALLTH % WALL C TO C TUB IR TUB OR 

ACT 1.2400 1.4900 0.2650 0.0575 0.2200 45.45 0.5150 1.5475 1.7675 
NOR 0.9084 1.0916 0.1941 0.0421 0.1612 45.45 0.3773 1.1337 1.2949 

RBAR 1.3650 FREQ= 4.000000E+02 RHO= 3.8400 PERM= 1.000 WUSRR= 98.8670 
NORM IMPD:RL 0.116284 IM 0.580440 AIR IND 1.784137E-02 
NORM DSF:RL-1.0456E-04 IM-2.8334E-04 VOLN 3.0881E-04 
MAXIMUM MAG 0.5610D-04 PHA AT MAX MAG 27.37 OD DEFECT 

Partial listing of output defect axial position (ZD), defect magnitude 
(DFM) and defect phase (DFP) that is sent to LOD file (either FORT39 or 
BORSCN. DAT) : 

0.010 0.4270D-05 
0.020 0.8517D-05 
0.030 0.1272D-04 
0.040 0.1684D-04 
0.050 0.2088D-04 
0.060 0.2479D-04 
0.070 0.2857D-04 
0.080 0.3218D-04 
0.090 0.3560D-04 
0.100 0.3881D-04 

30.24 
30.27 
30.31 
30.36 
30.42 
30.49 
30.55 
30.60 
30.64 
30.66 

If the proper plotting software has been installed, a plot of this ·data 
is made on the CRT and a hard copy can be obtained, as shown in Fig. 17. 
The plot forms one-half the normal Lissajous pattern one gets in an eddy-
current test with a differential bobbin coil. The second half can be 

obtained by reflecting the signal in the -z direction, since the signal 
is anti-symmetric. The phases and magnitudes given in this report are 
referenced to the X axis being zero phase and measured counterclockwise 
from X axis, which is standard for mathematics and electrical engineering. 
Standard eddy-current practice is to measure the phase shift in a 
clockwise direction from the -X axis. Furthermore, the phase is rotated 
until the probe wobble/fill factor/lift-off variations lie in a· horizontal 
direction. · 
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Fig. 17. Plot of defect signal on complex impedance plane as the defect 
is moved from the probe center in the plus z direction. 
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Listing 

PROGRAM DFBORAR 
C VERSION August 16, 1989 
C Program to calculate the normalized impedance change 
C for a defect in a single tube on a differential boreside probe 
C as the probe scans past the defect. The program averages the effect 
C of the defect over the depth of the defect. 
C Z=O.O AT CENTER OF PROBE. 

IMPLICIT REAL*8 (A-H,O-Z) 
REAL*8 L 
CHARACTER*! FF 
DIMENSION S1(6),S2(6),ERR(6) 
DIMENSION CX(200),CY(200),XFACT1(200),XFACT2(200) 

"DIMENSION SMZDFR1A(200,30),SMZDFI1A(200,30) 
DIMENSION SMZDFR2A(200;30),SMZDFI2A(200,30) 
DATA LOU/8/,PI/3.141592653/,LOD/39/,LOE/38/ 
DATA Sl/. 005,. 02,. OS, .1, .1,. 5/ 
DATA S2/l. 0 ,'2. 0, 5. 0,10. 0, 50.0, 200.0/ 
DATA ERR/.1, .01, .00l,l;E-4,1.E-5,l.E-10/ 
DATA FREQ/ 4.0E2/,RH01/3.84/,Ul/1.0/ 
DATA TRN/400./,ISIDE/1/,DELTAZ/0.01/ 
DATA MOD.E/16/ ,NZT/100/ ,NRT/20/ 
DATA OIM/50/,0RL/330/ 
FF=CHAR(l2) 

C OPEN(LOD,FILE='BORSCN.DAT' ,STATUS='NEW') 
c OPEN(LOE,FILE='BORDAT.DAT' ,STATUS='OLD') 

11 XMAX=O. 
YMAX=O. 
DFMMAX=O. 
DO 14 NZ=l,NZT 
DO 12 NR=l,NRT 
SMZDFRl.A(NZ,NR)=O. 
SMZDFilA(NZ,NR)=O. 
SMZDFR2A(NZ,NR)=O. 
SMZDFI2A(NZ,NR)=O. 

12 CONTINUE 
14 CONTINUE 

c READ(LOE,*,END-lOOl)DFDIAM,DFDEP 
dfdiam=0.1 
dfdep=0.1 

C TIME AND DATE ARE PRINTED 
CALL GETTIM( IHR, IMN, ISE, IFR) 
CALL GETDAT(IYR,IMO,IDA) 
IYR=IYR-1900 
WRITE(LOU,2)IHR,IMN,ISE,IMO,IDA,IYR 

2 FORMAT(' DFBORAR TIME' ,I2,' :' ,I2,' :' 
*,I2,' DATE ',I2,'/',I2,'/',I2) 

WRITE(LOU,S) 
5 FORMAT ( 5X, ' IN RAD' , 2X, ' OT RAD' , 2X, 'LENGTH' , 2X, 'RAD CLR' 
*, 1X, 'WALLTH' , 2X, ' % WALL' , 2X, ' C TO C' , 2X, 'TUB IR' , 2X, 'TUB OR' ) 
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R1=1. 24 
R2=1.49 
L=0.265 
C=0.515 
RCL=0.0575 
T1=0.22 
POW=(DFDEP/T1)*100. 
A=R2+RCL 
B=A+T1 
RD~,;,-DFDEP 
R3=0.S*(R1+R2) 
WRITE(LOU,10)R1,R2,L,RCL,T1,POW,C,A,B 
R1-R1/R3 
R2=2.0-R1 
L=L/R3 
C=C/R3 
RCL=RCL/R3 
RDT=RDT/R3 
T1=T1/R3 
A-A/R3 
B-B/R3 

C VOLN=0.1666667*PI*(DFDIAM/R3)*(DFDIAM/R3)*(DFDIAM/R3) 
VOLN=PI*DFDIAM*DFDIAM*DFDEP/(4.*R3*R3*R3) 
WUSRR=0.5093979*U1*R3*R3*FREQ/RH01 
WRITE(LOU,15)R1,R2,L,RCL,T1,POW,C,A,B 

10 FORMAT('ACT I ,S(F7.4,1X),F7.2,1X,3(F7.4,1X)) 
15 FORMAT('NOR I ,S(F7.4,1X),F7.2,1X,3(F7.4,1X)) 

tJR.ITE(LOU, :LU)lU, i'lU.:~,RH01, Ul, WUSRR 
20 FORMAT(' RBAR' ,F7.4,' FREQ= ',1PE13.6,' RHO=' ,OPF9.4, 

*' PERM=' ,F7.3,' WUSRR=' ,F11.4) 
CALL QSMODE(MODE) 
CALL GRID 

C DO 1000 NZ=1,NZT 
C ZD=DELTAZ*NZ 

SMAIR=O.O 
SMIMPR-0.0 
SMIMPI=O.O 
SMZDFR1=0.0 
SMZDFI1=0.0 
SMZDFR2=0.0 
SMZDFI2=0.0 

C AIR=O. 
C .AII=O. 
C AUR=O. 
C AUI-0. 

B1=0.0 
B2=S2(1) 
DO 100 JKL=1,6 

30 RI9=SMAIR 
X=B1-0.S*S1(JKL) 

C DETERMINE NlTMRER OF STEPS,ISTEPS,BASED ON STEP SIZE&INTERVAL 
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ISTEPS=DNINT((B2-B1)/S1(JKL)) 
DO 90 I=1,ISTEPS 
X=X+S1(JKL) 
CALL IJBSSL(X,R1,R2,XIR21,XJR21) 
XL=X*L 
IF(XL.GT.S.OE-3) GO TO 60 
A1=XL*XL*(O.S-XL/6.0) 
GO TO 80 

60 IF(XL.GT.75.0) GO TO 70 
A1=XL+DEXP(-XL)-1.0 
GO TO 80 

70 A1=XL-1.0 
80 SMAIR=SMAIR+2.*XJR21*XJR21*A1*S1(JKL) 

IF(X.GT.160.)GO TO 90 
XX=X*X 
XXXX=XX*XX 
X1=DSQRT(O.S*(XX+DSQRT(XXXX+WUSRR*WUSRR)))(U1 
Y1=WUSRR/(2*X1*U1*U1) 
XA=X*A 
XB=X*B 
X1A=X1*A 
Y1A=Y1*A 
X1B=X1*B 
Y1B=Y1*B 
CALL CMDBES(X1A,Y1A,ZIORA,ZIOIA,ZKORA,ZKOIA,BI1RA,BI1IA 

*, BK1RA, BKliA) 
CALL CMDBES(X1B,Y1B,ZIORB,ZIOIB,ZKORB,ZKOIB,BI1RB,BI1IB 

*,BK1RB,BK1IB) 
CALL BESI(XA,BIOA,BI1A) 
CALL BESK(XA,BKOA,BK1A) 
CALL BESI(XB,BIOB,BI1B) 
CALL BESK(XB,BKOB,BK1B) 
DR1=XB*BKOB*BK1RB-ZKORB*BK1B/U1 
Dl1=XB*BKOB*BK1IB-ZKOIB*BK1B(U1 
DR2=ZIORA*BI1A/U1-XA*BIOA*BI1RA 
DI2=ZIOIA*BI1A/U1-XA*BIOA*BI1IA 
DR3=XA*BIOA*BK1RA+ZKORA*BI1A/U1 
DI3=XA*BIOA*BK1IA+ZKOIA*BI1A/U1 
DR4=ZIORB*BK1B/Ul+XB*BKOB*BI1RB 
DI4=ZIOIB*BK1B/U1+XB*BKOB*BI1IB 
DDR=DR1*DR2-DI1*DI2+DR3*DR4-DI3*DI4 
DDI=DR1*DI2+DR2*DI1+DR3*DI4+DR4*DI3 
SNR=-BI1RA*DR1+BI1IA*DI1+BK1RA*DR4-BK1IA*DI4 
SNI=-BI1IA*DR1-BI1RA*DI1+BK1RA*DI4+BK1IA*DR4 
DEN=DDR*DDR+DDI*DDI 
SSR=((SNR*DDR+SNI*DDI)/DEN-BK1A)/BI1A 
SSI=(SNI*DDR-SNR*DDI)/(BI1A*DEN) 
XFACT=XIR21*DSIN(XL/2.) 
SMIMPR=SMIMPR+8.*XFACT*XFACT*S1(JKL)*SSR/Pl 
SMIMPI=SMIMPI+8.*XFACT*XFACT*S1(JKL)*SSI/PI. 
XF=4.*XFACT*Sl(JKL)/PI 



XF1=XF*DSIN(O.S*X*C) 
XF2=XF*DCOS(O.S*X*C) 
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DO 89 NR""1,NRT 
RD=(REAL(NR)-O.S)*(RDT/REAL(NRT)) 
IF(ISIDE.EQ.1) THEN 
RD=B+RD 
ELSE 
RD=A-RD 
END IF 
X1R=X1*RD 
Y1R-Y1*RD 

CALL CMDBES(X1R,Y1R,ZIORR,ZIOIR,ZKORR,ZKOIR,BI1RR,BI1IR 
*,BK1RR,BK1IR) 

DNR-BK1RR*DR4-BK1IR*DI4-BI1RR*DR1+BI1IR*DI1 
DNI=BK1IR*DR4+BK1RR*DI4-BI1IR*DR1-BI1RR*DI1 
DFR=(DNR*DDR+DNI*DDI)/DEN 
DFI=(DNI*DDR-DNR*DDI)/DEN 

DO 88 Nz,.1,NZT 
IF(NR.GT.1)GO TO 87 
ZD=DELTAZ*NZ 
XFACT1(NZ)=XF1*DSIN(X*ZD) 
XFACT2(NZ)=XF2*DCOS(X*ZD) 

87 SMZDFR1A(NZ,NR)=SMZDFR1A(NZ,NR)+XFACT1(NZ)*DFR 
SMZDFI1A(NZ,NR)=SMZDFI1A(NZ,NR)+XFACT1(NZ)*DFI 
SMZDFR2A(NZ,NR)=SMZDFR2A(NZ,NR)+XFACT2(NZ)*DFR 
!>MZUF12A(NZ,NR)=SMZDFI2A(NZ,NR)+XFACT2(NZ)*DFI 

88 CONTINUE 
89 CONTINUE 
90 CONTINUE 

B1=B2 
B2=B2+S2(JKL) 
CHECK=(SMAIR-RI9)/SMAIR 
IF(ABS(CHECK).GT.ERR(JKL)) GO TO 30 

100 CONTINUE 
DO 990 NZ=1,NZT 
ZD=DELTAZ*NZ 
SMZDFR1=0. 
SMZDFI1=0. 
SMZDFR2=0. 
SMZDFI2=0. 
DO 120 NR=1,NRT 
SMZDFR1=SMZDFR1+SMZDFR1A(NZ,NR) 
SMZDFI1-SMZDFI11SMZDFI1A(NZ,NR) 
SMZDFR2=SMZDFR2+SMZDFR2A(NZ,NR) 
SMZDFI2=SMZDFI2+SMZDFI2A(NZ,NR) 

120 CONTINUE 
SMZDFR1=SMZDFR1/NRT 
SMZDFI1=SMZDFI1/NRT 



SMZDFR2=SMZDFR2/NRT 
SMZDFI2=SMZDFI2/NRT 
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C WRITE(LOU,*)NZ,SMZDFR1,SMZDFI1 
C WRITE(LOU,*)' ',SMZDFR2,SMZDFI2 

DSFR=-l.S*WUSRR*(SMZDFR1*SMZDFR2-SMZDFI1*SMZDFI2)/(SMAIR*PI) 
DSFI=-1.5*WUSRR*(SMZDFR1*SMZDFI2+SMZDFR2*SMZDFI1)/(SMAIR*PI) 

135 Q6=0.0254*4.0E-7*TRN*TRN*R3*PI*PI*SMAIR/(L*(R2-R1))**2 
ZNIM=SMIMPR/SMAIR+1.0 
ZNRL=-SMIMPI/SMAIR 
ZNDFR=VOLN*DSFR 
ZNDFI=VOLN*DSFI 
IF(NZ.EQ.1.) WRITE(LOU,140)ZNRL,ZNIM,Q6 
DFM=VOLN*SQRT(DSFR*DSFR+DSFI*DSFI) 
IF(ZD.EQ.O.O) THEN ' 
DFP=O. 
ELSE 
DFP=ATAN2(DSFI,DSFR) 
END IF 
CX(NZ)=DFM*COS(DFP) 
CY(NZ)=DFM*SIN(DFP) 
DFP=DFP*(180./PI) 
IF(ABS(CX(NZ)).GT.XMAX) XMAX=ABS(CX(NZ)) 
IF(ABS(CY(NZ)).GT.YMAX) YMAX=ABS(CY(NZ)) 
IF(DFM.GT.DFMMAX) THEN 
DFMMAX=DFM 
DFPMMAX=DFP 
END IF 
WRITE(LOD,162)ZD,DFM,DFP 

990 CONTINUE 

GIM=300./YMAX 
GRL=300./XMAX 
IF(GIM.GT.GRL) THEN 
GIM=GRL 
ELSE 
GRL=GIM 
END IF 
IM1=GIM*CY(1)+0IM 
IR1-GRL*CX(1)+0RL 

C WRITE(LOU,150)ZNDFR,ZNDFI,DFM,DFP 
WRITE(LOU,160)DSFR,DSFI,VOLN 

· WRITE(LOU, 164)DFMMAX, DFPMMAX 
IF(ISIDE.EQ.1) THEN 
WRITE(LOU,*)' OD DEFECT' 
ELSE 
WRITE(LOU,*)' ID DEFECT' 
END IF 

DO 1000 NZ=2,NZT 
IM2=GIM*CY(NZ)+OIM 
IR2=GRL*CX(NZ)+ORL 
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CALL QLINE(IR1,IM1,IR2.IM2,15} 
IR1=IR2 
IM1=IM2 

1000 CONTINUE 
WRITE(LOU,*) 
WRITE(LOU,*) 
CALL PRTSC 
WRITE(LOU,*)FF 

c GO TO 11 

140 FORMAT( I NORM IMPD:RL!, FlO.&, I ]r;f" ,.F](i): .. 6·,. 
* 1 AIR IND 1 ,1PE13.6) 

c 150· FORMAT(' NORM CHG:RL I ,OPF]0.6;,.'' ]l'f1',,1lH?F10.6, 
c *I MAG I 'OPF10. 6. I PHA I • OPF7 .. :21.,.'\} 

160 FORMAT( 1 NORM DSF:RL 1 ,1PE11.4 ,. ' l!W' ,.IPEil.. 4,' VOLN' ,1PE11. 4) 
161 FORMAT( I ZD MAG PHA·'')) 
162 FORMAT(F6.3,5X,D11.4,5X,F7.2) 
164 FORMAT(' MAXIMUM MAG 1 ,011.4, 1 PHAAJ1 MAX MAG ',F7.2,\) 

1001 END 
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CIRCUMFERENT.IAiL ENCIRCLING COIL PROGRAMS 

The programs in this sectii.•on JPe.rform functions relating to the effect on 
an encircling coil of a defect in .a si{\gle cpnducting tube. The types of 
circumferential coils deal;t w.i.th in .this se~trion are absolute encircling 
and differential encircling coil:s. •Calc~lations of the normalized 
impedance change in these ·c·oils :dae to .a defect in a single conducting 
tube are done by programs ABENCAR and DFENCAR. Fig~ 18 shows a 
differential coil encircli·n;g a tube .. 

ORNL-DWG 90'-8098 

Fig. 18. Differential coil enci·rd.'ing a conducting tube. 
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ABENCAR calculates impedance change for absolute coil 

Program ABENCAR calculates the change in the normalized impedance of an 
absolute encircling coil due to the presence of a defect in a single 
conducting tube, as shown in Fig. 19. 
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Fig. 19. Absolute coil encircling a tube in the presence of a defect. 

The normalized impedance for a coil encircling a tube, without the defect, 
is: 

and for the change in the normalized impedance due to the defect we have: 

(44) 

where: 
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abK0 (ab)K1 (a 1 b)-{J 1 bK0(a~b)K1 (ab) 

v. 

K(<,, r,) ~ r:x,(x)dx 
ar1 

and /31 

The term I 3 ,1, is related to the air inductance of the coil and is: 

where 

co 

I ~ [J(r2 ,r1) ]
2 2J·a£ + exp(-a£) - 1] da 

. a& 
0 

·ar2 · 

J(r2 ,r1 ) = f xJ1 (x)dx 

·ar1 

(45) 

(46) 

(47) 

(48) 

(49) 

(50) 

(51) 

(52) 

(53) 

The program performs the calculations for a number of different axial 
distances between the coil and the defect, and it can divide the defect 
into a number of parts and calc.ulate the effect of each part separately. 
In the inner conductor, the value of the conductivity a 2 is taken as zero, 
and the relative permeability p.2 is .taken as unity, so that /J2 becomes a. 
These values are used in the program, but not in the derivation. 

Variables 

A number of the variables which <c:>ccur mainly inside the integration loops 
do not corr.espond to anything physical. These variables are described in 
a secti·on at the end. Starred variables must be assigned by the user. 

A 
B 
DEiL'irAZ' 

DFDEP' 
DFDIAM' 
DFM 

DFP 

The normalized inner radius of the tube. 
The normaliz·ed outer radius of the tube. 
'The normalized axial distance between the points 
a.t which the calculations are done. 
The depth of the def.ect in the tube in inches. 
The diamet·er of the defect in the tube in inches. 
The magnitude of the normalized impedance change 
in the c·oil due t•o the def,ect. 
The phase of the normalized impedance change in 
the coil due to the defe·ct. 



DSFI 

DSFR 

FREQ' 
I SIDE' 

L' 

LOD' 

LOE' 

LOU 

NRT' 

NZT' 

POW 

Q6 
Rl' 

R2' 

R3 
RCL' 

RD 

ROT 

RHOl' 
Tl' 

TRN' 
Ul' 
VOLN 
WUSRR 

ZD 
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The imaginary part of the defect sensitivity 
factor of the coil. 
The real part of the defec.t sensi.tivity factor ·Of 
the coil. 
The operating frequency in h'ertz. 
The side of the tube where the defect is located. 
If ISIDE=1, the defect is on the ro:utside ,of the 
tube; if TSIDE=2, the ·def.ec.t is on the ins.ide of 
the tube. 
The length of the coil. The value is input in 
inches and normalized by the program. 
The number .of the I/0 unit connected to the output 
data file. · 
The number of the I/0 unit connected to a file 
which contains the diameters and depths of the 
defects for which calculations are to be 
performed. 
The number of the I/0 unit connected to the 
printer. 
The total number of parts centered along the axis 
of the defect into which the defect is divided to 
perform the calculations. 
The total number of different values of the axial 
distance between the center of the coil and the 
defect for which calculations are performed. 
The depth of the defect expressed as a percentage 
of wall thickness. 
The inductance in henries of the coil in air. 
The inner radius of the coil. The value is input 
in inches and normalized by the program. 
The outer radius of the coil. The value is input 
in inches and normalized by the program. 
The mean radius of the coil in inches. 
The distance between the outside of the coil and 
the inside wall of the tube. The value is input 
in inches and normalized by the program. 
The radial distance between Lhe center of the coil 
and the defect.(See note 1} 
The normalized depth to the bottom of the defect. 
A negative number. 
The electrical resistivity of the tube in ~0-cm. 
The thickness of the tube wall. The value is 
input in inches and normalized by the program. 
The number of turns in the coil. 
The relative magnetic permeability of the tube. 
The normalized volume of the defect. 
The product of the angular operating frequency, 
the magnetic permeability of the tube, the 
electrical conductivity of the tube, and the 
square of the mean radius of the coil. 
The axial distance between the center of the coil 



ZNDFI 

ZNDFR 

ZNIM 

ZNRL 
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and the defect. 
The imaginary part of the normalized impedance 
change in the coil due to the defect. 
The real part of the normalized impedance change 
in the coil due to the defect. 
The imaginary part of the normalized impedance of 
the coil when no defects are present. 
The real part of the normalized impedance of the 
coil when no defects are present. 

Integration Section of Program ABENCAR 

Symbol definitions 

The following are definitions of the symbols used to describe the program 
variables which appear in the integration section. of the program. All 
lengths are normalized unless otherwise noted. 

Q 

a 
fJ, 
b 
I 0 (x) 
I,(x) 
J(x2 ,x,) 
J,(x) 
K(x2 ,x,) 
K0 (x) 
K,(x) 
i. 
JJ 

Integration variable 
Inner radius of the tube 
( a 2+ jwp.a ,r2

) '
12

/ p. 
Outer radius of the tube 
Modified Bessel function of the first kind of order 0 
Modified Bessel function of the first kind of order 1 
Integral of xJ, (x) with respect to x from ax, to ax2 

Bessel function of the first kind of order 1 
Integral of xK, (x) with respec·t to x from ax, to ax2 

Modified Bessel function of the second kind of order 0 
Modified Bessel function of the second kind of order 1 
Length of the coil 
Relative magnetic permeability of the tube 
Electrical conductivity of the· tube 
Radial distance between center o·f coil and defect 
Coil mean radius in inches· 
Inner radius o·f coil 
Outer radius of coil 
Axial. distance between defect and coil center 
Angular operating frequency 

Variables appearing in the integration section 

Program 
variable 

Al 

BlOB 

BHA 

BilB 

Symbo·lic 
equivalent 
ai. + exp.( -ai.) - 1 

I 0 (aa) 

I 0 (ab) 

I,(aa) 

I,(ab1) 



BillA 

BiliB 

BlliR 

BilRA 

BilRB 

BilRR 

BKOA 

BKOB 

BKlA 

BKlB 

BKliA 

BKliB 

BKliR 

BKlRA 

BKlRB 

BKlRR 

DDI 

DDR 

DFR 

Dll 

Im[I1 (a1a)] 

Im[I1 (a1b)] 

Im[I1 (a 1r)] 

Re[I 1 (o: 1a)] 

Re [ I 1 (a 1 b) ] 

Re [I, (a,r)] 

K0 (aa) 

K0 (ab) 

K1 (as) 

K,(ab) 

Im[K1 (a,a)] 

Im[K,(a,b)] 

Im[K1 (a,r)] 

Re [K1 (a 1a)] 

Re [K1 (a 1b)] 

Re [K1 (a 1r)] 
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Im( (abK0 (ab)K1 (a 1b)-/J1bK0 (a 1b)K1 (ab)] 

[.8,ai0 (a,a)I 1 (a1a)-/J1ai0 (a2a)I, (a,a)] + 

[/J2BI0 (a2a)K1 (a,a)+fJ,aK0 (a,a)I 1 (a2a)] 

(fJ,bi0 (a,b)K1 (ab)+abK0 (ab)I 1 (a 1b)]} 

Re ( [abK0 (ab)K1 (a 1b)-fJ1bK0 (a1b)K1 (ab)] 

(fJ,ai0 (a1a)I1 (a2a)-/J2ai0 (a2a)I 1 (a,a)] + 

(fJ~ai0 (a2a)K1 (a,a)+/J1aK0 (a,a) I 1 (a2a)] 

[/J1bi0 (a,b)K1 (ab)+abK0 (ab)I 1 (a,b)]} 

Re ( K1 (a 1r) [,81si0 (a,s)I1 (a2a)-/J2ai0 (a2a)I, (a,a)] + 

I 1 (a 1r) [,82ai0 (a2a)K1 (a 1a)+,8 1aK0 (a 1a)I1 (a2a)]} 

+ ( [abK0 (ab)K,(a,b)-,B,bK0 (a 1b)K1 (ab)] 

[/J1ai0 (a 1a) I 1 (a2a)-,82ai0 (a2a) I 1 (a,a)] + 

[,82ai0 (a2a)K1 (a1a)+/J 1BK0 (a 1a) I 1 (a2a)] 

[/J 1bi0 (a 1b)K1 (ab)+abK0 (ab)I1 (a1b)]} 



DI2 

DI3 

DI4 

DNI 

DNR 

DR1 

DR2 

DR3 

DR4 

S1 

SNI 

SNR 

SSR 

X 

X1 

XlA 

X1B 

X1R 
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Im[fJ,ai0 (a,a)I, (a;za)-{J2ai0 (a2a)I 1 {a,a)} 

Im[{J2ai0 (a2a)K, {a,a)+fJ,aK0 {a,a)I, {a2a)] 

Im[fJ,bi0 (a,b)K, {ab)+abK0 (ab)I, {a,b)] 

Im ( K,{a,r) [{J,ai0 (a,a)I,{a2a)-{J2ai0 (a2a)I,(a,a)} + 

I, (a,r) [fJ2ai0 (a2a)K, (a,a)+fJ,aK0 (a,a)I, (a2a)]} 

Re (. K,(a,r) [{J,ai0 (a,a)I,(a2a)-fJ2ai0 (a2a)I,(a,a)] + 

I, (a,r) [{J2ai0 (a2a)K, (a,a)+fJ,aK0 (a,a)I, (a2a)]} 

Re [abK0 (ab)K, (a,b)-fJ,bK0 (a,b)K, (ab)] 

Re [fJ,ai0 (a,a)I, (a2a)-{J2ai0 (a2a)I, (a,a)] 

Re [{J2ai0 (a1a)K, (a,a)+fJ,aK0 (a,a)I, (a1a)} 

Re [fJ,bi0 (a,b )K, (ab )+abK0 (ab) I 1 (a,b)] 

da 

lm(K, (a,b) [{J,ai0 (a,a)I, (a1a)-fJ2ai0 (a2a)I, (a,a)] + 

I 1 (a,b) [{J1ai0 (a 1a)K, (a,a)+fJ,aK0 (a,a) I 1 (a2a)] } 

Re [K, (a, b) [fJ,ai0 (a,a)I 1 (a1a)-{J2ai0 (a2a)I, (a,a)] + 

I, (a,b) [{J1ai0 (a2a)K1 (a,a)+fJ,aK0 (a,a) I ,·(a1a)] } 

Re 
1 

[K,(a 1b) [fJ,ai0 (a,a)I,(a2a)-{J1ai0 (a1a)I,(a,a)] + 
K,(ab) · 

I, ( Q0b) [ fi,ai, ( Q,a)K, ( Q0a)+fi,aK, ( Q,a) I, ( Q,a) I] 
[ [ abK0 (ab )K, (a 1b )-{J,bK0 (a,b )K, (ab)] 

[fJ,ai0 (a,a) I 1 (a2a)...:.{J2ai0 (a:2a) I 1 (a,a)] + 

[{J 1ai0 (a1a)K, (a 1a)+fJ 1aK0 (a 1a)I, (a1a)] 

Re[a,] 

Re [a,a] 

Re[a,b] 

Re [a 1r] 

I, (ab) 

K,(ab) 
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XA a a 

XB ab 

2 1 
XF2 -- K(r2,r,) sin(a.i/2) da 

"' al 

1 
XFACT - K(r2,r1 )sin(a1/2) 

al 

2 1 
XFACT2 -- K(r2,r1 ) sin(a.i/2) cos(az)da 

71' al 

1 
XJR21 - J(r2,r,) 

al 

1 
XKR21 - K(r2,r,) 

al 

XL a.i 

XX a2 

xxxx a• 

Y1 Im[a,] 

YlA Im[a,a] 

YlB Im[a,b] 

Y1R Im[a,r] 

ZIOIA Im[a,ai0 (a,a)] 

ZIOIB Im[a,bi0 (a,b)] 

ZIOIR Im[a,ri0 (a1r)] 

ZIORA Re [a,ai0 (a 1a) 1 
ZIORB Rera,bin(a,b)l 

ZIORR Re [a,ri0 (a1r)] 

ZKOIA Im[a,aK0 (a,a) 1 
ZKOIB Im[a,bK0 (a,b) 1 
ZKOIR Im[a,rK0 (a,r) 1 
ZKORA Re [a 1aK0 (0!1B)] 

ZKORB Re [a,bK0 (a 1b)] 

ZKORR Re[a,rK0 (a,r) 1 
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Sample output 

Outp~t sent to printer: 

ABENCAR TIME 6:34:51 DATE 8/18/89 
IN RAD OT RAD LENGTH RAD CLR WALLTH % WALL TUB IR TUB OR 

ACT 1.7750 2.0670 0.2650 0.0075 0.2200 45.45 1.5475 1.7675 
NOR 0.9240 1.0760 0.1379 0.0039 0:1145 45.45 0.8056 0.9201 
RBAR 1.9210 FREQ= 4.000000E+02 RHO= 3.8400 PERM= 1.000 WUSRR~ 195.8126 

NORM IMPD:RL 0.135056 IM 0.494500 AIR IND 1.826299E-02 
NORM DSF:RL 2.8462E-04 IM-1.0838E-04 VOLN 1.1079E-04 
MAXIMUM MAG 0.18450-03 PHA AT MAX MAG 87.61 OD DEFECT 

Partial listing of output defect axial position (ZD), defect magnitude 
(DFM) and defect phase (DFP) that is sent to LOD file (either FORT39 or 
ENCSCN.DAT): 

0.000 
0.010 
0.020 
0.030 
0.040 
0.050 . 
0.060 
0.070 
0.080 
0.090 
0.100 

0.18450-03 
0,18320-03 
0.17930-03 
0.17290-03 
0.16420-03 
0.15370-03 
0.14200-03 
0.12960-03 
0.11720-03 
0.10520-03. 
0.94050-04 

87.61 
87.43 
86.87 
85.89 
84.46 
82.54 
80.14 
77.30 
74.09 
70.61 
66.98 

The program also plots the output on the CRT, and a plot similar to Fig: 
17 can be obtained. The phases and magnitudes given in this report are 
referenced tO· the X axis being zero phase and measured counterclockwise 
from X axis, which is standard for mathematics and electrical engineering. 
Standard eddy-current practice is to measure · the .phase shift in a 
clockwise direction from the -X axis. Furthermore, the phase is rotated 
until the probe wobble/fill factor/lift-off variations lie in a horizontal 
direction. 
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Listing 

PROGRAM ABENCAR 
C VERSION August 17, 1989 
C Program to calculate the normalized impedance change in 
C an absolute encircling coil due to a defect 
C in a single tube as the coil scans past the defect. The 
C program averages the effect of the def~ct over the depth 
C of the defect. 
c 
C Z=O.O AT CENTER OF COIL. 

IMPLICIT REAL*8 (A-H,O-Z) 
REAL*8 L 
CHARACTER*l FF 
DIMENSION Sl(6),S2(6),ERR(6) 
DIMENSION CX(0:200),CY(0:200),XFACT2(0:200) 
DIMENSION SMZDFRA(0:200,30),SMZDFIA(0:200,30) 
DATA LOU/8/,PI/3.141592653/,LOD/39/,LOE/38/ 
DATA S1/.005, .02,.05,.1,.1,.5/ 
DATA S2/1.0,2.0,5.0,10.0,50.0,200.0/ 
DATA ERR/.1, .01,.00l,l.E-4,l.E-5,1.E-10/ 
DATA FREQ/ 4.0E2/,RHOl/3.84/,Ul/l.O/ 
DATA TRN/325./,ISIDE/1/,DELTAZ/0.01/ 
DATA MODE/16/,NZT/100/,NRT/20/ 
DATA OIM/50/,0RL/330/ 
FF=CHAR(l2) 
OPEN(LOD,FILE='ENCSCN.DAT' ,STATUS='NEW') 

c: OPEN(LOE,FTT.F.s='F.NC:OAT.OAT' ,STATUS='OLD') 
11 XMAX=O. 

YMAX=O. 
DFMMAX=O. 
DO 14 NZ=O,NZT 
DO 12 NR=l,NRT 
SMZDFRA(NZ 1 NR)=O. 
SMZDFIA(NZ 1 NR)=O. 

12 CONTINUE 
14 CONTINUE 

c READ(LOE,* 1 END=l00l)DFDIAM 1 0FDEP 
dfdiam=O.l 
dfdep=O.l 

C TIME AND DATE ARE PRINTED 
CALL GETTIM(IHR,IMN,ISE 1 IFR) 
CALL GETDAT(IYR 1 IMO,IDA) 
IYR=IYR-1900 
WRITE(LOU,2)IHR 1 IMN 1 ISE,IM0 1 IDA 1 IYR 

2 FORMAT(' ABENCAR TIME 1 ,!2 1 ' :' ,12 1 ' :' 1 12 
*~' DATE ',I2,'/' 1 I2 1 '/' 1 I2) 

WRITE(LOU 1 5) 
5 FORMAT(5X 1 'IN RAD' 1 2X 1 'OT RAD' 1 2X 1 'LENGTH' ,2X 1 'RAD CLR' 
*' lX' I WALLTH I ' 2X I I % WALL I I 2X I I TUB IR I ' 2X I I TUB OR I ) 

Rl=l. 775 
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R2=2.067 
L=0.265 
RCL=0.0075 
TI=0.22 
POW=(DFDEP/TI)*IOO. 
B=RI-RCL 
A=B.-TI 
RDT=-DFDEP 
R3=0.5*(RI+R2) 
WRITE(LOU,IO)RI,R2,L,RCL,Tl,POW,A,B 
Rl=Rl/R3 
R2=2.0-RI 
L=L/R3 
RCL=RCL/R3 
RDT=RDT/R3 
RD=RD/R3 
Tl=TI/R3 
A=A/R3 
B=B/R3 . 

C VOLN=0.1666667*PI*(DFDIAM/R3)~(DFDIAM/R3)*(DFDIAM/R3) 

VOLN=PI*DFDIAM*DFDIAM*DFDEP/(4.*R3*R3*R3) 
WUSRR=0.5093979*UI*R3*R3*FREQ/RHOI 
WRITE(LOU,IS)RI,R2,L,RCL,TI,POW,A,B 

IO FORMAT(' ACT ', S(F7 .4, IX), F7. 2, IX, 3(F7 .4, lX)) 
IS FORMAT('NOR ',5(F7.4,1X),F7.2,IX,3(F7.4,IX)) 

WRITE(LOU,20)R3,FREQ,RHOI,UI,WUSRR 
20 FORMAT(' RBAR', F7 .4,! FREQ";' ', IPE13. 6,' RHO=', OPF9. 4, 

*' PERM=' , F7 . 3 , ' WUSRR~' , Fll .4) 
CALL QSMODE(MODE) 
CALL GRID 
SMAIR=O.O 
SMIMPR=O.O 
SMIMPI=O.O 
SMZDFR=O.O 
SMZDFI=O.O 

C AIR=O. 
C AII=O. 
C· AUR=O. 
C AUI=O. 

Bl=O.O 
B2=S2(1) 
DO IOO JKL=l,6 

30 RI9=SMAIR 
X=Bl-O.S*Sl(JKL) 

C DETERMINE NUMBER OF STEPS,ISTEPS,BASED .ON STEP SIZE&INTERVAL 
ISTEPS=DNINT((B2-BI)/~I(JKL)) 

DO 90 I=l,ISTEPS 
X=X+Sl(JKL) 
CALL KJBSSL(X,RI,R2,XKR21,XJR21} 
XL=X*L 
IF(XL.GT.S.OE~3) GO TO 60 



A1=XL*XL*(0.5-XL/6.0) 
GO TO 80 

60 IF(XL.GT.75.0) GO TO 70 
A1=XL+DEXP(-XL)-1.0 
GO TO 80 

70 A1-XL-1.0 

199 

80 SMAIR=SMAIR+2.*XJR21*XJR21*A1*S1(JKL) 
IF(X.GT.160.)GO TO 90 
XX=X*X 
XXXX=XX*XX 
X1=DSQRT(O.S*(XX+DSQRT(XXXX+WUSRR*WUSRR)))/U1 
Y1=WUSRR/(2*X1*U1*U1) 
XA=X*A 
XB=X*B 
X1A=X1*A 
Y1A=Y1*A 
X1B=X1*B 
Y1B=Y1*B 
CALL CMDBES(X1A,Y1A,ZIORA,ZIOIA,ZKORA,ZKOIA,BI1RA,BI1IA 

*,BK1RA,BK1IA) 
CALL CMDBES(X1B,Y1B,ZIORB,ZIOIB,ZKORB,ZKOIB,BI1RB,BI1IB 

*,BK1RB,BK1IB) 
CALL BESI(XA,BIOA,BI1A) 
CALL BESK(XA,BKOA,BK1A) 
CALL BESI(XB,BIOB,BI1B) 
CALL BESK(XB,BKOB,BK1B) 
DR1=XB*BKOB*BK1RB-ZKORB*BK1BfU1 
DI 1=XD·A-DKOD\..,DK1ID- ZKOIB*BK1BfU1 
DR2=ZIORA*BI1A/U1-XA*BIOA*BI1RA 
DI2=ZlOIA*BI1AfUl-XA*BIOA*BI1IA 
DR3=XA*BIOA*BK1RA+ZKORA*BI1AfU1 
DI3=XA*BIOA*BK1IA+ZKOIA*BI1AfU1 
DR4=ZIORB*BK1BfU1+XB*BKOB*BI1RB 
DI4=ZIOIB*BK1BfU1+XB*BKOB*BI1IB 
DDR=DR1*DR2-DI1*DI2+DR3*DR4-DI3*DI4 
DDI=DRl*DI2+0R2*DI1+DR3*DI4+DR4*DI3 
SNR=BK1RB*DR2-BK1IB*DI2+BI1RB*DR3-BI1IB*DI3 
SNJ,.,BK1RB*DI2+BKliB*DR2+BilRB*DI3+BI1IB*DR3 
DEN=DDR*DDR+DDI*DDI 
SSR=((SNR*DDR+SNI*DDI)/DEN-BI1B)/BK1B 
SSI=(SNI*DDR-SNR*DDI)/(BK1B*DEN) 
XFACT=XKR21*DSIN(XL/2.) 
SMIMPR=SMTMPR+8.*XFACT*XFACT*S1(JKL)*SSR/PI 
SMIMPI=SMIMPI+8.*XFACT*XFACT*S1(JKL)*SSI/PI 
XF2=2.*XFACT*S1(JKL)/PI 

DO 89 NR=1,NRT 
F.D .. (REA1,(NR) -0. 'l)*(ROT/REAL(NRT)) 
IF(ISIDE.EQ.l) THEN 
RD=B+RD· 
ELSE 



RD=A-RD 
END IF 
X1R=X1*RD 
Y1R=Y1*RD 

200 

CALL CMDBES(X1R,Y1R,ZIORR,ZIOIR,ZKORR,ZKOIR,BI1RR,BI1IR 
*,BK1RR,BK1IR) 

DNR=BK1RR*DR2-BK1IR*DI2+BI1RR*DR3-BI1IR*DI3 
DNI=BK1IR*DR2+BK1RR*DI2+BI1IR*DR3+BI1RR*DI3 
DFR=(DNR*DDR+DNI*DDI)/DEN_ 
DFI=(DNI*DDR-DNR*DDI)/DEN 

DO 88 NZ=O,NZT 
IF(NR.GT.1)GO TO 87 
ZD=DELTAZ*NZ 
XFACT2(NZ)=XF2*DCOS(X*ZD) 

87 SMZDFRA(NZ,NR)=SMZDFRA(NZ,NR)+XFACT2(NZ)*DFR 
SMZDFIA(NZ,NR)=SMZDFIA(NZ,NR)+XFACT2(NZ)*DFI 

88 CONTINUE 
89 CONTINl;JE 
90 CONTINUE 

B1=B2 
B2=B2+S2(JKL) 
CHECK=(SMAIR-RI9)/SMAIR 
IF(ABS(CHECK).GT.ERR(JKL)) GO TO 30 

100 CONTINUE 
DO 990 NZ=O,NZT 
ZD=DELTAZ*NZ 
SMZDFR=O. 
SMZDFI=O. 
DO 120 NR=1,NRT 
SMZDFR=SMZDFR+SMZDFRA(NZ,NR) 
SMZDFI=SMZDFI+SMZDFIA(NZ,NR) 

120 CONTINUE 
SMZDFR=SMZDFR/NRT 
SMZDFI=SMZDFI/NRT 

C WRITE(LOU,*)NZ,SMZDFR,SMZDFI 
DSFR=-1.5*WUSRR*(SMZDFR*SMZDFR-SMZDFI*SMZDFI)/(SMAIR*PI) 
DSFI=-1.5*WUSRR*2.0*SMZDFR*SMZDFI/(SMAIR*PI) 

135 Q6=0.0254*4.0E-7*TRN*TRN*R3*PI*PI*SMAIR/(L*(R2-R1))**2 
ZNIM=SMIMPR/SMAIR+1.0 
ZNRL=-SMIMPI/SMAIR 
ZNDFR=VOLN*DSFR 
ZNDFI=VOLN*DSFI 
IF(NZ.EQ.O) WRITE(LOU,140)ZNRL,ZNIM,Q6 
DFM=VOLN*SQRT(DSFR*DSFR+DSFI*DSFI) 
DFP=ATAN2(DSFI,DSFR) 
CX(NZ)=DFM*COS(DFP) 
CY(NZ)=DFM*SIN(DFP) 
DFP=DFP*(180./PI) 
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IF(ABS(CX(NZ)).GT.XMAX) XMAX=ABS(CX(NZ)) 
IF(ABS(CY(NZ)).GT.YMAX) YMAX=ABS(CY(NZ)) 
IF(DFM.GT. DFMMAX) THEN 
DFMMAX=DFM 
DFPMMAX=DFP 
END IF 
WRITE(LOD,162)ZD,DFM,DFP 

990 CONTINUE 
GIM=300./YMAX 
GRL=300./XMAX 
IF(GIM.GT.GRL) THEN 
GIM=GRL 
ELSE 
GRL=GIM 
END IF 
IMl=GIM*CY(O)+OIM 
IR1=GRL*CX(O)+ORL 

C WRITE(LOU, lSO)ZNDFR,.ZNDFI, DFM, DFP 
WRITE(LOU,160)DSFR,DSFI,VOLN 
WRITE(LOU,l64)DFMMAX,DFPMMAX 
IF(ISIDE.EQ.1) THEN 
WRITE(LOU,*)' OD D'EFECT' 
ELSE 
WRITE(LOU, *)' .ID DEFECT' 
END IF 

DO 1000 NZ=l,NZT 
TM?ar.TM*r.Y(N7.)+0TM 
IR2=GRL*CX(NZ)+ORL 
CALL QLINE(IRl,IMl,IR2,IM2,15) 
IR1=IR2 
IM1=IM2 

1000 CONTINUE 
WRITE(LOU,*) 
WRITE(LOU,*) 
CALL PRTSC 
wRITE(LOU,*)FF 

c GO TO 11 

140 FORMAT(' NORM IMPD:RL' ,F10.6,' IM' ,Fl0.6, 
*' AIR IND' ,1PE13.6) 

C 150 FORMAT(' NORM CHG:RL ',OPF10.6,' IM' ,OPF10.6, 
C *'MAG' ,OPF10.6,' PHA ',OPF7.2) 

160 FORMAT(' NORM DSF:RL' ,lPEll. 4,' IM' ,lPEll. 4,' VOLN' ,1PEil. 4) 
161 FORMAT(' ZD MAG PHA') 
162 FORMAT(F6.3,5X,Dll.4,5X,F7.2) 
164 FORMAT(' MAXIMUM MAG ',D11.4,' PHA AT MAX MAG ',F7.2,\) 

1001 END 
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DFENCAR calculates defect impedance change, average over depth 

' Program DFENCAR calculates the change in the normalized impedance of a 
differential encircling coil due to the presence of a defect ~in a single 
conducting tube, as shown in Fig. 20. 

ORNL-DWG 90-8101 
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Fig. 20. Cross sectional view of a differential encircling probe. 

The distance to the defect is measured from the center of the coil 
assembly, and the center-to-center distance of the coils is denoted c. 
The impedance difference between the two matched coils is: 

(54) 

Substituting in from Eq. (29) for the impedance change of each coil and 
using some trigonometric identities gives for the normalized impedance 
difference: 
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(55) 

The definitions of the various terms in Eq. (55) are given in Eqs. (45) 
through (53) in the discussion of the absolute encircling coil. The 
program performs the calculations for a number of different axial 
distances between the center of the coil and the defect, and it can divide 
the defect into a number of parts and calculate the effect of each part 
separately. 

Summary 

1. Dimension arrays and declare variable types. 
2. Initialize variables. 
3. Begin the integration. Calculate the expressions that are 

independent of the position of the defect. 
4. Select a value for the radial distance between the defect and the 

center of the coil. Do the calculations which depend only upon this 
component of the position. 

5. Select a value for the axial distance between the defect and the 
center of the coil. Complete the calculations. 

6. Loop to 5 until done. 
7. Loop to 4 until done. 
8. Output the results. 

Variables 

A number of the variables which occur mainly inside the integration loops 
do not correspond to anything physical. These variables are described in 
a section at the end. Starred variables must be assigned by the user. 

A 
B 
c· 

DELTAZ' 

DFDEP' 
DFDIAM' 

The normalized inner radius of the tube. 
The normalized outer radius of the tube. 
The axial distance between the centers of the two 
coils. The value is input in inches and 
normalized by the program. 
The normalized axial distance between the points 
at which the calculations are done. 
The depth of the defect in the tube in inches. 
The diameter of the defect in the tube in inches. 



DFM 

DFP 

DSFI 

DSFR 

FREQ' 
I SIDE' 

L' 

LOD' 

LOE' 

LOU 

NRT' 

NZT' 

POW 

Q6 
Rl' 

R2' 

R3 
RCL' 

RD 

ROT 

RHOl' 
Tl' 

TRN' 
Ul' 
VOLN 
WUSRR 

204 

The magnitude of the normalized impedance change 
in the coil due to the defect. 
The phase of the normalized impedance change. in 
the coil due to the defect. 
The imaginary part of the defect sensitivity 
factor of the coil. 
The real part of the defect sensitivity factor of 
the coil. 
The operating frequency in hertz. 
The side of the tube where the defect is located. 
If !SIDE = 1, the defect is on the outside of the 
tube; if !SIDE = 2, the defect is on the inside 
of the tube. 
The length of each coil. The value is input in 
inches and normalized by the program. 
The number of the I/0 unit connected to the output 
data file. 
The number of the I/0 unit connected to a file 
which contains the diameters and depths of the 
defects for which calculations are to be 
performed. 
The number of the I/0 unit connected to the 
printer. 
The total number of parts centered along the axis 
of the defect into which the defect is divided to 
perform the calculations. 
The total number of different values of the axial 
distance between the center of the coil and the 
defect for which calculations are performed. 
The depth of the defect expressed as a percentage 
of wall thickness. 
The inductance in henries of the coil in air. 
The inner radius of each coil. The value is input 
in inches and normalized by the program. 
The outer radius of each coil. The value is input 
in inches and normalized by the program. 
The mean radius of each coil in inches. 
The distance between the inside of the coil and 
the outside wall of the tube. The value is input 
in inches and normalized.by the program. 
The radial distance between the center of the coil 
and the defect (see note 1). 
The normalized depth to the bottom of the defect. 
A negative number. 
The electrical resistivity of the tube in ~0-cm. 
The thickness of the tube wall. The value is 
input in inches and normalized by the program. 
The number of turns in each coil. 
The relative magnetic permeability of the tube. 
The normalized volume of the defect. 
The product of the angular operating frequency, 



2:0 

ZNDFI 

'ZNDFR 

ZNIM 

ZNRL 
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the magnetic permeabili·ty of the tube, the 
electrical conductivity o.f the tube, and the 
.square of the mean radius .of the coil. 
1.'be axial distance between the center •o1f the coil 
and the defect. 
The ima:ginary part of .the normaliz.ed impedance 
change in ·the .croil due t'O the defe•c.t. 
'fhe real part of .tlne normall.ize.d impedance change 
in the •c·oil due to the de:frec·t .. 
The imaginary part o·f ibhe ·,normal:i:zed imp·edance o.f 
the coil when no <detiects ·are pr.esen.t .. 
The real part of ·the normalized ii.i~pedanc·e of the 
coil when no defects are :present. 
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Integration section of Program DFENCAR 

Symbol definitions 

The following are definitions of the symbols used to describe the program 
variables which appear in the integration section of the program. All 
lengths are normalized unl~ss otnerwise noted. 

a 
a 
{J, 
b 
c 
I 0 (x) 
I,(x) 
J(x2 ,x,) 
J,(x) 
K(x2 ,x,) 
K0 (x) 
K,,(x) 
i. 
JJ 
r 
r 
r, 
r2. 
a, 
z 
w 

Integration variable 
Inner radius of the tube 
(a2+ jwJJa,r2

) '
12 !JJ 

Outer radius of the tube 
Distance between the centers of the coils 
Modified Bessel function of the first kind of order 0 
Modified .Bessel function o,f the first kind of order 1 
Integral of xJ,.(x} with respect to x from ax, to ax2 

Bessel function o·:f. the· first kind of order 1 
Integral of xK,.(x) with respect to x from ax, to ax2 

Modified Ressel fwction of the second kind of order 0 
Modified Bessel function of the second kind of order 1 
Length o·f the co,ilL 
Re.lative magnetic permeability of the tube 
Radial dis:tance between center of coil and defect 
Coil mean :radius: in inches 
Inne•r radius of co,fl 
Oute·r radius of coil. 
Elect:rical co·nduct:ivi ty of the tube 
Axial distanc·e· betwe·en defect and probe center 
Angular operating frequency 

Variables appearing in the integration section 

Prog.ram Symbolic 
variable eguivalent 

Al ai. + exp(-ai.) - 1 

BIOA I 0 (aa) 

BlOB I 0 (ab) 

BllA I,(aa) 

BllB I, (ab) 

BillA lm[I,(a,a)] 

BlliB lm[I,(a,b)] 

BlliR Im[I,(a,r)] 

BllRA Re[I,(a,a)] 

BllRB Re [I, (a,b)] 



BURR 

BKOA 

BKOB 

BKlA 

BKlB 

BKliA 

BKliB 

BKliR 

BKlRA 

BKlRB 

BKlRR 

DDI 

DDR 

DFR 

Dll 

DI2 

DI3 

DI4 

Re [I, (a,r)] 

K0 (aa) 

K0 (ab) 

K, (aa) 

K,(ab) 

Im[K, (a,a)] 

Im[K,(a,b)] 

Im[K,(a,r)] 

Re [K, (a,a)] 

Re [K, (a,b)] 

Re [K, (a,r)] 
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Im( [abK0 (ab)K, (a,b)-fJ,bK0 (a,b)K, (ab)] 

[fJ,ai0 (a,a) I, (a2a)-/J2ai0 (a2a)I 1 (a,a)] + 

[/J2ai0 (a2a)K, (a,a)+/J,aK0 (a,a)I, (a2a)] 

[tJ,bi0 (a,b)K, (ab)+abK0 (ab)I, (a,b)]} 

Re ( [ abK0 (ab )K, {a,b )-tJ,bK0 (a,b )K, (ab)] 

[tJ,ai0 (a,a)I, (a2a)-/J2ai0 {a2a)I, (a,a)] + 

[/J2ai0 (a2a)K, {a,a)+/J,aK0 {a,a) I 1 {a2a)] 

[IJ,bi0 (a 1b)K1 (ab)+abK0 (ab)I1 {a1b)]} 

Re ( K1 (a,r) [fJ 1ai0 (a,a)I 1 (a2a)-/J2ai0 {a2a)I, (a,a) J + 

I 1{a,r) [/J2ai0 (a2a)K,(a 1B)+/l1aK0 (a,a)I,(a,a) J} 

• ( [ abK0 (ab )K, (a 1b )-fJ1bK0 (a,b )K, (ab)] 

[fJ,ai0 (a,a)I 1 (u2a)-,82ai0 (a2a)I,(a1a) J + 

[ /J2ai0 (a2a)K, (a,a)+,8,sK0 (a,a) L,.{a2a) 1 
[/J,bi0 (a 1b )K1 (ab )+abK0 (ab) I 1 (a,b) J} 

Im [ abK0 (ab )K, {a1b )-tJ,bK0 (a,b )K,(ab) I 
Im [tJ,ai0 (a,a)I 1 {a2a)-/J2ai0 (a2a)I, (a1a)] 

Im [/J 2ai0 (a2a)K1 (a 1a) +,8 1aK0 (a:,a) I 1, (a2a)] 

Im [tJ,bi 0 (a,b )K1 (ab) +abK0 (ab) I 1 (et 1b) ] 



DNI 

DNR. 

DiH 

DR2 

DR3 

lDR:4 

:Sil 

:SNI 

:SNR 

:S:SR 

x· 

Xl 

XlA 

.Xl·B 

XlR 

XB 
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Im ( K,(a,r) [,8,ai0 (a,a)I,(a2a)-,82ai6(a2a)I,(a,a)] + 

I,(a,r) {,82ai0 (a2a)K, (aia)+,8,aK0 (a,a)I~·(a2a)]} 

Re ( K1 (a1r) [,81ai0 (a,a)I,(a2a)-,82ai0 (a2a)I,(a,a)] + 

I, (a,r) {,82ai0 (a2a)K, (a,a)+,81aK0 (a,a)I, (a2a)] } 

Re[abK0 (ab)K1 (a1b)-,81bK0 (a1b)K1 (ab)] 

Re [,81ai0 (a,a) I, (a,a)-,8,al0 (a2a) I, (a,a)] 

Re[,8~I0 (a2a)K, (a,a)+,8,aK0 (a,a)I, (a2a)] 

Re:[,,81bi10(a,b)K,(ab)+abK0 (ab)I1 (a,b)] 

da 

:Im{K1{a,b) !(,8,1ai,0 (a1a)I.,(a2 a)-,82ai0 (a2a)I1 (a,a)] + . 

I,(a,b) '[,82ai0 (a2a)K, (a,a)+,81aKn(a,a)I,(a2a)]} 

Re:[K,,(a1D) i[¢31a.LD(a1a)I, (a2a)-,82ai0 (a2a)I,(a,a)] + 

I,(a,.b) :[,82ai0{a:2a)K,(a,,a)+,81aK0{a,a)J, (a2a)]} 

Re ·. 
1 

![J(,(a,b) :[,8,ai0 (a1a)I,,(a2a)-:,82ai0 (a2a)I,(a,a)] + 
K

1
(0b) i . · 

I 1 \(a,,:b) ;[;,82 a.:l;0{a2 a)K1 (ona)+,;81aK0 (a,a)I,(a2a) J] 

r :[.a:bK,0 (ab)K,,{a,,b)-,,8,bK0 :(ra.1tb)K,1{ab)] 

'[.,8,,ai0{•a,a) I,i(.a2a);,82ai0 (a2a) I 1 (a,a)] + 

i[;82a.(0 (<a2 a)1(,,{a,a)+]3,,aK0 (a,,.a) I 1 (a2a)] 

Rei[ a,,~ 

1Re[a,a~ 

Rei[ra,1b] 

Re:[.a,r] 

1 
-

3 
K(r2 ,r1)sin(a.2/2) 

,Q 

I,(ab) 

K, (ab) 

!; 



XFACTl 

XFACT2 

XJR21 

XKR21 

XL 

XX 

xxxx 
Yl 

YlA 

YlB 

YlR 

ZIOIA 

ZIOIB 

ZIOIR 

ZIORA 

ZIORB 

ZIORR 

ZKOIA 

ZKOIB 

7.KOTR 

ZKORA 

ZKORB 

ZKORR 

Sample output 

209 

4 1 
~ -- K(r~,r;) sin(a~/2) sin(ac/2) sin(az)da 
1r aJ 

4 1 
- -- K(r2 ,r1 ) sin(ai/2) cos(ac/2) cos(az)da 
1r aJ 

Im[a1 1 

Im[a1a1 

Im[a 1b 1 

Im[a1r1 

Im[a 1ai0 (a 1a) 1 

Im[a1bi0 (atb) 1 

Im[a1ri0 (atr) 1 

Re[a 1ai0 (a 1a) 1 

Re[a1bio(atb) 1 

Re [a1ri0 (a1r)] 

Im[a 1aK0 (ata) 1 

Im[a 1bK0 (a1b) 1 

Im[a1rK0 (a1r) 1 

Re [a1aK0 (ata) 1 

Re [a1bK0 (a 1b) 1 

Re [a1rK0 (a 1r)] 

A sample of the printer output is given below: 
DFENCAR TIME 11:32: 0 DATE 8/18/89 

IN RAD OT RAD LENGTH RAD CLR WALLTH % WALL C TO C TUB IR TUB OR 
ACT 1.7750 2.0670 0.2650 0.0075 0.2200 45.45 0.5150 1.5475 1.7675 
NOR 0.9240 1.0760 0.1379 0.0039 0.1145 45.45 0.2681 0.8056 0.9201 
RBAR 1. 9210 FREQ= 4. 000000E+02 RHO= 3. 8400 PERM= 1. 000 WUSRR= 195 .. 8126 

NORM IMPD:RL 0.135056 IM 0~494500 AIR IND 1.826299E-02 
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NORM DSF:RL 3.3340E-04 IM-2.1253E-04 VOLN 1.1079E-04 
MAXIMUM MAG 0.18260-03 PHA AT MAX MAG 91.17 OD DEFECT 

Partial listing of output defect axial position (ZD), defect magnitude 
(DFM) and defect phase (DFP) that is sent to LOD file (either FORT39 or 
ENCSCN. DAT) : 

0.010 
0.020 
0.030 
0.040 
0.050 
0.060 
0.070 
0.080 
0.090 
0.100 

0.17230-04 
0.34550-04 
0.52010-04 
0.69620-04 
0.87280~04 

0.10470-03 
0.12160-03 
0.13730-03 
0.15130-03 
0.16310-03 

0.83040+02 
0.83500+02 
0.84250+02 
0.85240+02 
0.86410+02 
0.87660+02 
0.88880+02 
0.89960+02 
0.90830+02 
0.91440+02 

If the proper plotting software has been installed, a plot of these data 
is made on the CRT and a hard copy can be obtained, as shown in Fig. 21. 
The plot forms one-half the normal Lissajous pattern one gets in an eddy­
current test with a differential bobbin coil. The second half can be 
obtained by reflecting the signal in the -z ~irecti~n, since the signal 
is anti-symmetric. The phases and magnitudes given in this report are 
referenced to the X axis being zero phase and meas~red counterclockwise 
from X axis, which is standard for mathematics and electrical engineering. 
Standard eddy-current practice is to measure the phase shift in a 
clockwise direction from the -X axis. Furthermore, the phase is rotated 
until the probe wobble/fill factor/lift-off variations lie in a horizontal 
direction. 
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Fig. 21. Plot of defect signal on complex impedance plane as the defect 
is moved from the probe center in the plus z direction. 
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Listing 

PROGRAM DFENCAR 
C VERSION July 11, 1988 
C PROGRAM TO CALCULATE THE_NORMALIZED IMPEDANCE CHANGE 
C FOR A DEFECT IN A SINGLE TUBE WITH AN ENCIRCLING COIL 
C Z=O.O AT CENTER OF COIL. 

IMPLICIT REAL*8 (A-H,O-Z) 
REAL*8 L 
CHARACTER*! FF . 
DIMENSION Sl(6),S2(6),ERR(6) 
DIMENSION CX(200),CY(200) 
DIMENSION SMZDFR1A(200,30),SMZDFI1A(200,30) 
DIMENSION SMZDFR2A(200,30),SMZDFI2A(200,30) 
DATA LOU/8/,PI/3.141592653/,LOD/39/,LOE/38/ 
DATA Sl/.005,.02,.05, .1,.1,.5/ 
DATA S2/1.0,2.0,5.0,10.0,50.0,200.0/ 
DATA ERR/.1,.01, .001,1.E-4,1.E-5,1.E-10/ 
DATA FREQ/ 4.0E2/,RH01/3.84/,U1/1.0/ 
DATA TRN/325./,ISIDE/1/,DELTAZ/0.01/ 
DATA MODE/16/,NZT/100/,NRT/20/ 
DATA OIM/50/,0RL/330/ 
FF=CHAR(12) 

C OPEN(LOD,FILE='ENCSCN.DAT' ,STATUS='NEW') 
OPEN(LOE,FILE='ENCDAT.DAT' ,STATUS~'OLD') 

11 XMAX=O. 
YMAX=O. 
DFMMAX=O. 
DO 14 NZ=1,NZT 
DO 12 NR=1,NRT 
SMZDFR1A(NZ,NR)=O. 
SMZDFI1A(NZ,NR)=O. 
SMZDFR2A(NZ,NR)=O. 
SMZDFI2A(NZ,NR)=0. 

12 CONTINUE 
14 CONTINUE 

READ(LOE,*,END=1001)DFDIAM,DFDEP 
C TIME AND DATE ARE PRINTED 

CALL GETTIM(IHR,IMN,ISE,IFR) 
CALL GETDAT(IYR, IMO, IDA) 
IYR=IYR-1900 
WRITE(LOU, 2)IHR, IMN, ISE, IMO, IDA,-IYR 

2 FORMAT(' DFENCAR TIME ',I2,':',I2,':',I2 
*,' DATE_',I2,'/',I2,'/',I2) 

WRITE(LOU,5) 
5 FORMAT(5X, 'IN RAD' ,2X, 'OT RAD' ,2X, 'LENGTH' ,2X, 'RAD CLR' 
*' 1X' I WALLTH, ' 2X' I % WALL, ' 2X' , c TO c, ' 2X' , TUB IR, ' 2X' , TUB . OR, ) 

R1=L 775 
R2=2.067 
L=0.265 
C=0.515 
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RCL=0.0075 
T1=0.22 
POW=(DFDEP/T1)*100. 
B=R1-RCL 
A=B-T1 
RDT=-DFDEP 
R3=0.5*(R1+R2) 
WRITE(LOU,10)R1,R2,L,RCL,T1,POW,C,A,B 
R1=R1/R3 
R2=2.0-R1 
L=L/R3 
C=C/R3 
RCL=RCL/R3 
RDT=RDT/R3 
RD=RD/R3 
T1=T1/R3 
A=A/R3 
B=B/R3 

C VOLN=0.1666667*PI*(DFDIAM/R3)*(DFDIAM/R3)*(DFDIAM/R3) 
VOLN=PI*DFDIAM*DFDIAM*DFDEP/(4.*R3*R3*R3) 
WUSRR=0.5093979*U1*R3*R3*FREQ/RH01 
WRITE(LOU,15)R1,R2,L,RCL,T1,POW,C,A,B 

10 FORMAT('ACT I ,5(F7.4,1X),F7.2,1X,3(F7.4,1X)) 
15 FORMAT('NOR I ,5(F7.4,1X),F7.2,1X,3(F7.4,1X)) 

WRITE(LOU,20)R3,FREQ,RH01,U1,WUSRR 
20 FORMAT(' RBAR',F7.4,' FREQ=.',1PE13.6,' RH0=',0PF9.4, 

*' PERM=' ,F7.3,' WUSRR=' ,F11.4) 
CALL QSMODE(MODE) 
CALL GRID 

C DO 1000 NZ=1,50 
C ZD=0.04*NZ 

SMAIR=O.O 
SMIMPR=O.O 
SMIMPI=O.O 
SMZDFR1=0.0 
SMZDFI1=0.0 
SMZDFR2 ... 0.0 
SMZDFI2=0.0 

C AIR=O. 
C AII=O. 
C AUR=O. 
C AUI=O. 

Bl=O.O 
B2=S2(1)" 
DO 100 JKL=1,6 

30 RI9=SMAIR 
X=Bl-0.5*Sl(JKL) 

C DETERMINE NUMBER OF STEPS,ISTEPS,BASED ON STEP SIZE&INTERVAL 
ISTEPS=DNINT((B2-Bl)/Sl(JKL}) 
DO 90 I=l~ISTEPS 
X=X+Sl(JKL) 
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CALL KJBSSL(X,R1,R2,XKR21,XJR21) 
XL=X*L 
IF(XL.GT.S.OE-3) GO TO 60 
A1=XL*XL*(0.5-XL/6.0) 
GO TO 80 

60 IF(XL.GT.75.0) GO TO 70 
A1=XL+DEXP(-XL)-1.0 
GO TO 80 

70 A1=XL-1.0 
80 SMAIR=SMAIR+2.*XJR2l*XJR2l*Al*Sl(JKL) 

IF(X.GT.160.)GO TO 90 
XX=X*X 
XXXX=XX*XX 
Xl=DSQRT(O.S*(XX+DSQRT(XXXX+WUSRR*WUSRR)))/Ul 
Yl=WUSRR/(2*Xl*Ul*Ul) 
XA=X*A 
XB=X*B 
X1A=Xl*A 
Y1A=Yl*A 
X1B=Xl*B 
YlB=Yl*B 
CALL CMDBES(XlA,YlA,ZIORA,ZIOIA,ZKORA,"ZKOIA,BilRA,BiliA 

*,BKlRA,BKliA) 
CALL CMDBES(XlB,YlB,ZIORB,ZIOIB,ZKORB,ZKOIB,BilRB,BiliB 

*,BKlRB,BKliB) 
CALL BESI(XA,BIOA,BilA) 
CALL BESK(XA,BKOA,BKlA) 
CALL BESI(XB,BIOB,BilB) 
CALL BESK(XB,BKOB,BKlB) 
DRl=XB*BKOB*BKlRB-ZKORB*BKlB/Ul 
Dll=XB*BKOB*BK1IB-ZKOIB*BK1B/U1 
DR2=ZIORA*BI1A/Ul-XA*BIOA*BI1RA 
DI2=ZIOIA*BI1A/Ul-XA*BIOA*BI1IA 
DR3=XA*BIOA*BK1RA+ZKORA*BI1A/Ul 
DI3=XA*BIOA*BK1IA+ZKOIA*BI1A/Ul 
DR4=ZIORB*BK1B/Ul+XB*BKOB*BI1RB 
DI4=ZIOIB*BK1B/Ul+XB*BKOB*BI1IB 
DDR=DRl*DR2-DI1*DI2+DR3*DR4-DI3*DI4 
DDI=DRl*DI2+DR2*Dil+DR3*DI4+DR4*DI3 
SNR=BK1RB*DR2-BK1IB*DI2+BI1RB*DR3-BI1IB*DI3 
SNI=BK1RB*DI2+BK1IB*DR2+BI1RB*DI3+BI1IB*DR3 
DEN=DDR*DDR+DDI*DDI 
SSR=((SNR*DDR+SNI*DDI)/DEN-BilB)/BKlB 
SSI=(SNI*DDR-SNR*DDI)/(BKlB*DEN) 
XFACT=XKR2l*DSIN(XL/2.) 
SMIMPR=SMIMPR+8.*XFACT*XFACT*Sl(JKL)*SSR/PI 
SMIMPI=SMIMPI+8.*XFACT*XFACT*Sl(JKL)*SSI/PI 

DO 89 NR=l,NRT 
RD=(REAL(NR)-0.5)*(RDT/REAL(NRT)) 
IF(ISIDE.EQ.l) THEN 



RD=B+RD 
ELSE 
Jill= A -!ill 

END IF 
X1R=X1*RD 
Y1R=Y1*RD 
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CALL CMDBES(X1R,Y1R,ZIORR,ZIOIR,ZKORR,ZKOIR,BI1RR,BI1IR 
*,BK1RR,BK1IR) 

DNR=BK1RR*DR2-BK1IR*DI2+B11RR*DR3-BI1IR*DI3 
DNI=BK1IR*DR2+BK1RR*DI2+BI1IR*DR3+BI1RR*DI3 
DFR=(DNR*DDR+DNI*DDI)/DEN 
DFI=(DNI*DDR-DNR*DDI)/DEN 
DO 88 NZ=1,NZT 
ZD=DELTAZ*NZ 
XFACT1=4.*XFACT*DSIN(X*ZD)*DSIN(0.5*X*C)*S1(JKL)/PI 
XFACT2=4.*XFACT*DCOS(X*ZD)*DCOS(0.5*X*C)*S1(JKL)/PI 
SMZDFR1A(NZ,NR)=SMZDFR1A(NZ,NR)+XFACT1*DFR 
SMZDFI1A(NZ,NR)=SMZDFI1A(NZ,NR)+XFACT1*DFI 
SMZDFR2A(NZ,NR)=SMZDFR2A(NZ,NR)+XFACT2*DFR 
SMZDFI2A(NZ,NR)=SMZDFI2A(NZ,NR)+XFACT2*DFI 

88 CONTINUE 
89 CONTINUE 
90 CONTINUE 

B1=B2 
B2=B2+S2(JKL) 
CHECK=(SMAIR-RI9)/SMAIR 
IF(ABS(CHECK).GT.ERR(JKL)) GO TO 30 

100 CONTINUE 
DO 990 NZ=1,NZT 
ZD=DELTAZ*NZ 
SMZDFR1=0. 
SMZDFI1=0. 
SMZDFR2=0. 
SMZDFI2=0. 
DO 120 NR=l,NRT 
SMZDFR1=SMZDFR1+SMZDFR1A(NZ,NR) 
SMZDFI1=SMZDFI1+SMZDFI1A(NZ,NR) 
SMZDFR2=SMZDFR2+SMZDFR2A(NZ,NR) 
SMZDFI2=SMZDFI2+SMZDFI2A(NZ,NR) 

120 CONTINUE 
SMZDFR1=SMZDFR1/NRT 
SMZDFll=SMZDFI1/NRT 
SMZDFR2=SMZDFR2/NRT 
SMZDFI2=SMZDFI2/NRT 

C WRITE(LOU,*)NZ,SMZDFR1,SMZDFI1 
C WRITE(LOU,*)' ',SMZDFR2,SMZDFI2 

DSFR=-1.5*WUSRR*(SMZDFR1*SMZDFR2-SMZDFI1*SMZDFI2)/(SMAIR*PI) 
DSFI=-1.5*WUSRR*(SMZDFR1*SMZDFI2+SMZDFR2*SMZDFI1)/(SMAIR*PI) 

135 Q6=0.0254*4.0E-7*TRN*TRN*R3*PI*PI*SMAIR/(L*(R2-Rl))**2 



ZNIM=SMIMPR/SMAIR+1.0 
ZNRL=-SMIMPI/SMAIR 
ZNDFR=VOLN*DSFR 
ZNDFI=VOLN*DSFI 

216 

IF(NZ.EQ.1) WRITE(LOU,140)ZNRL,ZNIM,Q6 
DFM=VOLN*SQRT(DSFR*DSFR+DSFI*DSFI) 
IF(ZD.EQ.O.O) THEN 
DFP=O. 
ELSE 
DFP=ATAN2(DSFI,DSFR) 
END IF 
CX(NZ)=DFM*COS(DFP) 
CY(NZ)=DFM*SIN(DFP) 
DFP=DFP*(180./PI) 
IF(ABS(CX(NZ)).GT.XMAX) XMAX=ABS(CX(NZ)) 
IF(ABS(CY(NZ)).GT.YMAX) YMAX=ABS(CY(NZ)) 
IF(DFM.GT.DFMMAX) THEN 
DFMMAX=DFM 
DFPMMAX=DFP 
END IF 

C WRITE(LOD,162)ZD,DFM,DFP 
990 CONTINUE 

GIM=300./YMAX 
GRL=300./XMAX 
IF(GIM.GT.GRL) THEN 
GIM=GRL 
ELSE 
GRL=GIM 
END IF 
IM1=GIM*CY(1)+0IM 
IR1=GRL*CX(1)+0RL 

C WRITE(LOU,150)ZNDFR,ZNDFI,DFM,DFP 
WRITE(LOU,160)DSFR,DSFI,VOLN 
WRITE(LOU,164)DFMMAX,DFPMMAX 
IF(ISIDE.EQ.l) THEN 
WRITE(LOU,*)' OD DEFECT' 
ELSE 
WRITE(LOU,*)' ID DEFECT' 
END IF 

DO 1000 NZ=2,NZT 
IM2=GIM*CY(NZ)+OIM 
IR2=GRL*CX(NZ)+ORL 
CALL QLINE(IR1,IM1,IR2,IM2,15) 
IR1=IR2 
IM1=IM2 

1000 CONTINUE 
WRITE(LOU,*) 
WRITE(LOU,*) 
CALL PRTSC 
WRITE(LOU,*)FF 
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GO TO 11 

140 FORMAT(' NORM IMPD:RL' ,Fl0.6,' IM' ,fo'l0.6, 
*' AIR IND' ,1PE13.6) 

C 150 FORMAT(' NORM CHG:RL ',OPF10.6,' IM' ,OPF10.6, 
C *'MAG' ,OPF10.6,' PHA ',OPF7.2) 

160 FORMAT(' NORM DSF:RL' ,1PE11.4,' IM' ,1PE11.4,' VOLN' ,1PE11.4) 
161 FORMAT(' ZD MAG PHA') 
162 FORMAT(F6.3,5X,D11.4,5X,D11.4) 
164 FORMAT(' MAXIMUM MAG' ,011.4,' PHA AT MAX MAG' ,F7.2,\) 

1001 END 



21"8 

SUBROUTINES 

The following is a collection of subroutines that are used by many of the 
programs. Rather than list them every time with each program, they are 
collected here. A more detailed description of these routines is given 
in other reports. ~-6 
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Subroutine BESO(XJOR,R) 

Subroutine BESO calculates J 0 (r), the Bessel function of the first kind of 
order 0. It is called by program PCBLDF. 

R The argument of the function. 

Output 

XJOR The function J 0 (r) 

Listing 

SUBROUTINE BESO(XJOR,R) 
C PROGRAM TO CALCULATE JO(R) 

IMPLICIT REAL*8 (A-H,O-Z) 
IF(R.GT.3.0)GO TO SO 
Y=R*R/9.0 
XJOR=(((((.0002l*Y-.0039444)*Y+.0444479)*Y-.3163866) 

l*Y+l.26S6208)*Y-2.2499997)*Y+l.O 
CO TO 100 

SO Y=3/R 
F0=(((((.00014476*Y-.0007280S)*Y+.00137237)*Y~.00009Sl2) 

l*Y-.OOSS2740)*Y-.00000077)*Y+.797884S6 
ANG=(((((.00013SS8*Y-.00029333)*Y-.OOOS412S)*Y+.00262S73) 

l*Y-.000039S4)*Y-.04166397)*Y-.78S39816+R 
XJOR=FO*COS(ANG)/SQRT(R) 

100 RETURN 
END 
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Subroutine BESELl(Ql,RJl) 

Subroutine BESELl calculates J, (r), the Bes:s<el :function of the first kind 
of order 1. It is called by programs PCDSF .and PCAVZSCN. 

Input 

Ql The argument of the function 

Output 

RJl The function J, (r) 

Listing 

SUBROUTINE BESELl(Ql,RJl) 
c 
C VERSION 7 DEC 1982 CALCULATES Jl(Ql) TO WITHIN 4E-8 
c 

IMPLICIT REAL*8 (A-H,O-Z) 
IF(Ql.GT.3) GO TO 20 
QlS=Ql*Ql 
Q2S=((2.1E-ll*QlS-5.38E-9)*QlS+6.757E-7)*QlS-5.42443E-5 
Q2S=((Q2S*QlS+2.6041SE-3)*QlS-6.25E-2)*QlS+.S 
RJl=Ql*Q2S 
RETURN 

20 Q3S=(((-.14604057/Ql+.27617679)/Ql-.20210391)/Ql+4.61835E-3)/Ql 
Q3S=((Q3S+.l4937)/Ql+4.68E-6)/Ql+.79788456 
Q4S=(((-.21262014/Ql+.l9397232)/Ql+6.022188E-2)/Ql-.17222733)/Ql 
Q4S=((Q4S+5.085E-4)/Ql+.37498836)/Ql-2.35619449+Ql 
RJl=Q3S*DCOS (Q4S)/DSQRT(Ql) . 
RETURN 
END 
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Subroutine BESI(X,XIZRO,XIONE) 

Subroutine BESI calculates I 0 (x) and I,(x) where I 0 is the modified Bessel 
function of the first kind of order 0, and I, is the modified Bessel 
function of the first kind of order 1. 

X The argument of the functions 

Output 

XKZRO I 0 (x) 
XKONE I,(x) 

Listing 

SUBROUTINE BESI (X, XIZRO, XIONE) 
c ************************************ 
c 
C (J. M. BLAIR, AECL-4928, OCT. 1974) 
C TABLE 13, P.l2 (IO(X), X .LE. 15) 
c 

c 

IMPLICIT REAL*8 (A-H,O-Z) 
DATA PO, Pl, P2, P3, P4, P5, P6, P7, P8, P9/ 

1 .137394871El2, .335834006Ell, .195725233El0, .481197766E08, 
2 .627000932E06, .487113418E04, .240359483E02, .773737707E-1, 
3 .157463530E-3, .193496966E-6/ 

DATA QO, Ql, Q2, Q3/ 
1 .346485713Ell,-.229970736E09, .693700416E06,-.116950647E04/ 

C TABLE 29, P. 22 (Il(X), X .LE. 15) 
c 

c 

DATA RO, Rl, R2, R3, R4, R5, R6, R7, R8, R9/ 
l-.130304539E09,-.157394690E08,-.610953810E06,-.113886320E05, 
2-.121620J89E03,-.819523728E00,-.367341959E-2,-.113297426E·4, 
3-.226143979E-7,-.340950565E-10/ 

DATA SO, S1, S2/ 
l-.893665937E08, .475582653E06,-.104386692E04/ 

C TABLE 43, P.32 (IO(X), X .GT. 15) 
c 

c 

DATA TO, Tl, T2/ 
1 .468486946E00,-.117012345E01, .278005347EOO/ 

DATA UO, Ul/ 
1 .116422863E01,-.306426483E01/ 

C TABLE 61, P. 43 (Il(X), X .GT. 15) 
c 

DATA VO, Vl, V2/ 
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1 .106'280324E01,-. 267327163E01, .113698557E01/ 
DATA WO, Wl/ 

1 . 27339165'2:E01,-. 577627341E01/ 
IF (X .GT. 1'5 .. ) ,GO TO 100 

. Z = X**2 
Q = .z - 225: 
XIZRO = (PO if- 'Z*(!Pl + Z*(P2 + Z*(P3 + Z*(P4 + Z*(PS + Z*(P6 + 

1 Z*(P7 + Z*(P8 + 'Z*P9)))))))))/(QO + Q*(Q1 + Q*(Q2 + Q*(Q3 + Q)))) 
XIGNE ·= X*t(RO * .Z*(R1 + Z*(R2 + Z*(R3 + Z*(R4 + Z*(RS + Z*(R6 + 

1 Z*(R7 + :Z*:(R8 + .Z*R9)))))))))/{SO + Q*(S1 + Q*(S2 + Q))) 

RETURN 
1'00 Z ·= 1 ./X 

Q = DSQRT'(Z)*DEXP(X) 
z = z - . 06'66666667 
XIZRO = ·Q*(TO if- Z*(T1 + Z*T2) )/{UO + Z*(U1 + Z)) 
XIONE = Q*{VO + Z*(Vl if- Z*V2) )/{WO + Z*(W1 + Z)) 
RETURN 
END 
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Subroutine BESK(X,XKZRO,XKONE) 

Subroutine BESK calculates K0(x) and K1.(x) where K0 is the modified Bessel 
function of the second kind of orde.r 0, and K1 is t:he modified Bessel 
function of the second kind of order 1. 

X The argument of the functions 

Output 

XKZRO K0 (x) 
XKONE K1 (x) 

Listing 

SUBROUTINE BESK (X, XKZRO, XKONE) 
c ************************************ 

IMPLICIT REAL*8 (A-H,O-Z) 
DATA QO /-4.21100684El/ 
DATA PO, Pl, P2, P3, P4 /1.15931516E-l, 

1 2.52490595E-2, 8.45673143E-4, 
DATA RO, Rl, R2 /1.29684595E+l, 

1 1.10173127E-l/ 

2.78982863E-l, 
1.53265946E-5/ 
3.28698873EOO, 

DATA VO, Vl, V2, V3 /1.16185714E+2, 3.92399581E+2, 
1 3.09123840E+2, 4.78236536E+l/ 

DATA SO, Sl, S2, S3 /9.27027874E+l, 3.24677382E+2, 
1 2.80713014E+2, 5.71852878E+l/ 

DATA TO, Tl, T2, T3, T4 /4.35972688EOO, 
1 1.38870631E+l, 3.64579096EOO, 

DATA UO, Ul, U2 /3.47855876EOO, 
1 7.48163646EOO/ 
IF (X .GT. 1.) GO TO 100 
CALL BESI (X, XIZRO, XIONE) 
ZLOC ~ DLOC (X) 
Z = X*X 

1.50242580E+l, 
1.31176117E-l/ 
1. 06831663E+l, 

XKZRO = PO + Z*(Pl + Z*(P2 + Z*(P3 + Z*P4))) - ZLOG*XIZRO 
XKONE = ((RO + Z*(Rl + Z*R2))/(QO + Z))*X + ZLOG*XIONE + 1./X 
RETURN 

100 Z = 1./X 
SXEX = DSQRT(Z)*DEXP(-X) 
XKZRO = SXEX''~- (VO + Z* (Vl I Z* (V2 + Z*V3) ) ) / 

1 (SO + Z*(Sl + Z*(S2 + Z*(S3 + Z)))) 
XKONE = SXEX*(TO + Z*(Tl + Z*(T2 + Z*(T3 + Z*T4))))/ 

1 (UO + Z*(Ul + Z*(U2 + Z))) 
RETURN 
END 
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Subroutine BESSEL(XJl,X,R) 

Subroutine BESSEL calculates 

0 

where J, is the Bessel function of the first kind of order 1. It is 
called by programs PCBLDF, PCDSF, and PCAVZSCN. 

Input 

X 
R 

a in the above equation 
r I in the abOVe equation 

Output 

XJl The right side of the above equation 

Listing 

SUBROUTINE BESSEL.(XJl, X, R) . 
C CALCULATES INT(XR*XJ1(XR)/(X*X*X) FROM O· TQ; XR 

IMPLICIT REAL*8 (A-H,O-Z) 
DATA PI04/.785398163/ 
Z=X*R 
IF (Z .. GT. 5. 0) GO TO 109:(). 
L5=2 .. O*Z+3. 0 
F1=0.5*R*R*R 
XJ1=Fl/3 .. 0 
DO 1070 N=1,L5 
RN=N: 
F1=-Fl*. 25;*Z*Z/(RN*RN+RNi)i 

1070 XJ1=XJl+Fl/(2. O*RN+3. OJ)' 
GO TO 12'10 

1090 IF'(Z.GT.30.0·) GO '1!.0. li160' 
Q1=( ( ( -188.1357 /Zci-10:9 .1142) /Z- 23 .. 793\33,)/Z+2. OS0931) /Z 
Ql=( (Ql- .173050·3·)/Z+ .. 7(Jl34845) /Z-. 06410.9E- 3 
Q2=( ( (- 5. 8.175:17/Z,f;-2 .. ].@15)817'4}/Z- . 689619'6) /Z+. 4952024) /Z 
Q2=(Q2- .187344E.- 2)/Z+ .. 7979;o;g.s 
XJ1=(1. o-nsQRT(Z)*{Q2*I!>.cos:((Z-PI04) -Ql*DSIN (Z- PI04))) 1 (X*X*X) 
co~ TO 1210 

1160 P3=1.0/(Z*Z) 0 
P1=Z* ( -1. 0+P3* (- .. 5546·8'75+2. 48:06·2']Jl4*P3':)) 
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P2=.875+P3*(-.93457031+8.98975114*P3) 
XJ1=1.0+.79788456*(P1*DCOS(Z-.78539816) 

8 +P2*DSIN(Z-.78539816))/DSQRT(Z) 
XJ1=XJ1/(X*X*X) 

1210 RETURN 
END 
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Subroutine CMDBES(X, Y ,ZIOR,ZIOI ,ZKOR,ZKOI, BilR,iHli, BKlR, BKli) 

Subroutine CMDBES calculates the following four quantities: z10 (z), 
zK0 (z), 1 1 (z), and K1 (z), where z is a complex number and where 10 is 'the 
modified Bessel function of the first kind of order 0, K0 is the modified 
Bessel function of the second kind of order 0, 1 1 is the modified Bessel 
function of the first kind of order 1, and K0 is the modified Bessel 
function of the second kind of order 1. 

Input 

X 
y 

Re(z) 
Im(z) 

Output 

ZIOI Im[z10 (z)] 
ZIOR Re[z10 (z)] 
ZKOI Im[zK0 (z)] 
ZKOR Re[zK0 (z)] 
Bill Im[1 1 (z)] 
BllR Re[I1 (z)] 
BKll Im[K 1 (z)] 
BKlR Re [K1 (z)] 

Listing 

SUBROUTINE CMDBES(X,Y,ZIOR,ZIOI,ZKOR,ZKOI,BilR,Bili,BKlR,BKli) 
c *************************** 
c 
c 
c 
c 
c 
c 
c 

c 

COMPUTES F(l) + J * F(2) Z * IO(Z) 
F(3) + J * F(4) Z * KO(Z) 
F(S) + J * F(6) Il(Z) 
F(7) + J * F(8) Kl(Z) 

OF THE COMPLEX ARGUMENT Z = X + J * Y 

IMPLICIT REAL*8 (A-H,O-Z) 
DIMENSION F(8) 
R~DSQRT(X*X+Y*Y) 

Cl=X/R 
Sl=Y/R 
PHI=DATAN(Sl/Cl) 
IF(R.GT.8.0) GO TO 100 

C FOR R.LE.8 USE RATIONAL APPROXIMATION FOR KO(Z) AND Kl(Z) 
C AND BACKWARD RECURRENCE FOR IO(Z) AND Il(Z) 
c 

CALL COMKB(X,Y,ZKOR,ZKOI,BKlR,BKli) 
CALL CMI(X,Y,ZIOR,ZIOI,BilR,Bili) 
GO TO 125 
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c 
C ASYMPTOTIC SERIES FOR R.GT.8 
(; 

100 F(2) = 0. 
F(4) = 0. 
F(6) = 0. 
F(8) = 0. 
F(1) = 1.0 
F(3) = 1.0 
F(S) = 1.0 
F(7) 1. 0 
ODD=1.0 
T=1.0 
U=1.0 
P=1.0 
SIGN=-1. 0 
V=.1250/R 
C=C1 
S=S1 
L5=3+20./R 
DO 110 N=1,LS 
S6=-0DD*ODD 
S7=V/P 
T=S7*S6*T 
U=U*(4.0+S6)*S7 
T1=C*T 
F(1)=T1*SIGN+F(1) 
F(3)=T1+F(3) 
T1=-S*T 
F(2)=T1*SIGN+F(2) 
F(4)=T1+F(4) 
T1=C*U 
F(S)=T1*SIGN+F(S) 
F(7)=T1+F(7) 
T1=-S*U 
F(6)=T1*SIGN+F(6) 
F(8)=T1+F(8) 
SIGN=- SIGN 
P=P+l.O 
ODD=ODD+2.0 
C2=C*C1- S-A·S1 
S=S*C1+C*S1 
C=C2 

110 CONTINUE 
XLIM=175. 
IF(DABS(X).GT.XLIM) GO TO 140 
S6=DEXP(X) 
S7=l.DO/S6 
T1=DSQRT(R) 
S6=.39894228*S6/T1 
S7=1.25331413*S7/T1 
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c 
C THE ABOVE FACTORS ARE 1/DSQRT(2*PI) AND DSQRT(PI/2) 
c 

c 

ARG=.50*PHI 
C=DCOS(ARG) 
S=DSIN(ARG) 

C MULTIPLY BY COS(PHI/2) - J * SIN(PHI/2) FROM 1/DSQRT(Z) 
c 

c 
c 
c 

c 

DO 115 N=2,8,2 
T=F(N~1)*C+F(N)*S 

F(N)=F(N)*C-F(N-1)*S 
F(N-1)=T 

115 CONTINUE 
C=DCOS(Y) 
S=DSIN(Y) 

MULTIPLY I FNS. BY S6*DEXP(J*Y) AND K FNS. BY S7*DEXP(-J*Y) 

DO 120 N=1,5,4 
T=F(N)*C-F(N+1)*S 
F(N+1)=S6*(F(N+1)*C+F(N)*S) 
F(N)=T*S6 
T=F(N+2)*C+F(N+3)*S 
F(N+3)=S7*(F(N+3)*C-F(N+2)*S) 
F(N+2)=T*S7 

120 CONTINUE 
ZIOR=F(1) . 
ZIOI=F(2) 
ZKOR=F(3) 
ZKOI=F(4) 
BI1R=F(5) 
BI1I=F(6) 
BK1R=F(7) 
BK1I=F(8) 

C MULTIPLY ZERO-ORDER FUNCTIONS BY Z 
c 

c 

125 T=X*ZIOR-Y*ZIOI 
ZIOI=ZIOR*Y+ZIOI*X 
ZIOR=T 
T=X*ZKOR-Y*ZKOI 
ZKOI=ZKOR*Y+ZKOI*X 
ZKOR=T 

140 RETURN 
END 

c ****************************************** 
SUBROUTINE CMI(X,Y,BIZR,BIZI,BIOR,BIOI) 

c ****************************************** 
c 
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C COMPUTES THE REAL AND IMAGINARY PARTS OF THE MODIFIED BESSEL 
C FUNCTIONS OF THE FIRST KIND, IO(Z) AND I1(Z), Z =X+ I*Y, BY 
C BACk~ARD RECURRENCE 
c 

c 

IMPLICIT REAL*8 (A-H,O-Z) 
DIMENSION FRE(52),FIM(52) 
DATA A,B/1.E-18,1.E-18/ 

C ' CALCULATE N, THE NUMBER OF TERMS 
c 

c 

R=DSQRT(X**2+Y**2) 
N = 1. 3*R + 9. 

C COMPUTE U AND V, REAL AND !MAG PARTS OF 2/Z 
c 

c 

T=Y/X 
U=2./(T*Y+X) 
V=-U*T 

C INITIALIZE 
c 

c 

FRE(N+2)=0. 
FIM(N+2)=0. 
SRE=A 
FRE(N+1)=A 
SIM=B 
FIM(N+1)=B . 
XN=FLOAT(N) 
TNUOZR=XN*U 
TNUOZI=XN*V 
NU=N+1 

C BACKWARD RECURRENCE 
c 

c 

DO 135 K=1,N 
FRE(NU-1)=FRE(NU+1)+TNUOZR*FRE(NU)-TNUOZI*FIM(NU) 
SRE-FRE(NU ··1)+SRE 
FIM(NU-1)=FIM(NU+1)+TNUOZR*FIM(NU)+TNUOZI*FRE(NU) 
SIM=FIM(NU-1)+SIM 
NU=NU-1 
TNUOZR=TNUOZR-U 
TNUOZI=TNUOZI-V 

135 CONTINUE 

C ADJUST SUM 
c 

SRE=SRE+SRE-FRE(1) 
SIM=SIM+SIM-FIM(1) 
T1=SIM/SRE 
U1=1./(T1*SIM+SRE) 
Vl=-Ul*Tl 
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c 
C NORMALIZE 
c 

EX=DEXP(X) 
SY=DSIN(Y) 
CY=DCOS(Y) 
FANRE=EX*(CY*U1-SY*V1) 
FANIM=EX*(CY*V1+SY*U1) 
BIZR=FANRE*FRE(1)-FANIM*FIM(1) 
BIZI=FANRE*FIM(1)+FANIM*FRE(1) 
BIOR=FANRE*FRE(2)-FANIM*FIM(2) 
BIOI=FANRE*FIM(2)+FANIM*FRE(2) 

337 RETURN 
END 

c ************************************************** 
SUBROUTINE COMKB (X, Y, BKZR, BKZI, BKOR, BKOI) 

c ************************************************** 
c 
C COMPUTES THE REAL & IMAGINARY PARTS OF THE MODIFIED 
C BESSEL FUNCTIONS KO(Z) & K1(Z), WHERE Z =X+ I*Y, 
C BY THE METHOD OF Y.L. LUKE, THE SPECIAL FUNCTIONS 
C AND THEIR APPROXIMATIONS, VOL.2, PG. 229. 
c 

IMPLICIT REAL*8 (A-H,O-Z) 
DIMENSION P1ZE(16), P2ZE(16), P3ZE(16), Q1ZE(16) 
DIMENSION P10N(16), P20N(16), P30N(16), Q10N(16) 

DIMENSION RTEST(5), NTEST(5) 
DATA P1ZE /3*0.0 

1 ,-1.59863946,-1.91851852,-2.11452184 
2 ,-2.24917817,-2.34787879,-2.42347618 
3 ,-2.48328717,-2.53181273,-2.57198289 
4 ,-2.60579048,-2.63463947,-2.65954816 
5 ,-2.68127340/ 

DATA P2ZE /3*0.0 
1 .632653061, 1.07407407, 1.38016529 
2 1.6035503, 1.77333333, 1.90657439 
3 ' 2.01385042, 2.10204082, 2.17580340 
4 ' "2.2384, 2.29218107, 2.33888228 
5 ' 2.3798127/ 

DATA P3ZE /3*0.0 
1 ,-3.40136054E-02,-1.55555556E-01,-2.65643447E-01 
2 ,-3.54372124E-01,-4.25454545E-01,-4.83098217E-01 
3 ,-5.3056325E-01,-5.70228091E-01,-6.03820515E-01 
4 ,-6.32609524E-01,-6.575416E-01,-6.79334126E-01 
5 ,-6.9853933E-01/ 

DATA Q1ZE /3*0.0 
1 ' 1.63265306, 1.38271605, 1.19008264 
2 , 1.04142012, 9.24444444E~01, 8.30449827E-Ol 
3 , 7.53462604E-01, 6.89342404E-01, 6.35160681E-Ol 
4 5.888E-01, 5.48696845E-01, 5.13674197E-01 
5 , 4.82830385E~01/ 
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DATA P10N /3*0.0 
1 ,-1.888888889,-2.09090909,-2.23076923 
2 ,-2.33333333,-2.41176471,-2.47368421 
3 ,-2.52380952,-2.56521739,-2.6 
4 ,-2.62962963,-2.65517241,-2.67741935 
5 ,-2.6969697/ 

DATA P20N /3*0.0 
1 , 7.77777778E-01, 1.18181818, 1.46153846 
2 , 1.66666667, 1.82352941, 1.94736842 
3 , 2.04761905, 2.13043478, 2.2 
4 , 2.25925926, 2.31034483, 2.35483871 
5 , 2.39393939/ 

DATA P30N /3*0.0 
1 , 1.11111111E-01,-9.09090909E-02,-2.30769231E-01 
2 ,-3.33333333E-Ol,-4.11764706E-01,-4.73684211E-01 
3 ,-5.23809524E-01,-5.65217391E-01,-.6 
4 ,-6.2962963E-01,-6.55172414E-01,-6.77419355E-01 
5 ,-6.96969697E-01/ 

DATA Q10N /3*0.0 
1 , 1.77777778, 1.45454545, 1.23076923 
2 , 1.06666667E 00, 9.41176471E-01, 8.42105263E-01 
3 , 7 .61904762E-01, 6.95652174E-01, .64. 
4 , 5.92592593E-01, 5.51724138E-01, 5.16129032E-01 
5 , 4.84848485E-01/ 

DATA C/1.25331414/ 
DATA RTEST/ 1., 4., 16., 36., 64./ 
DATA NTEST/ 15, 10, 10, 6, 6/ 

r. FTNn NTER.M, THE NUMBER OF TERMS 
C WE ASSUME THE ARGUMENT HAS BEEN CHECKED TO INSURE THAT R.LE.8 
c 

RSQ = X**2 + Y**2 
DO 100 I = 2, 5 
IT = I - 1 
IF(RSQ .LT. RTEST(I) ) GO TO 105 

100 CONTINUE 
105 NTERM = NTEST(IT) 

c 
C INITIALIZE FK-1, FK-2, AND FK-3 FOR N-0 AND N=1 
c 

FKM3RZ = 1.0 
FKM3RO = 1.0 
PKM3RZ = 1.0 
PKM3RO = 1.0 
FKM3IZ = 0.0 
FKM3IO = 0.0 
PKM3IZ = 0.0 
PKM3IO = 0.0 
HX = X*16.0 
FKM2RZ = (HX + 9.0)/9.0 
PKM2RZ = (HX + 7.0)/9.0 



c 

FX = X* 3. 20 
FKM2RO = FX + 1.0 
PKM2RO = FKM2RO + 1.20 
FKM2IO = Y*3.20 
PKM2IO = FKM2IO 
HY = Y* 16.0 
FKM2IZ = HY/9.0 
PKM2IZ = FKM2IZ 
HYS = HY**2 
T = HX + 25.0 
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FKM1RZ = (HX*T + 75.0 - HYS)/75.0 
FKM1IZ = HY*(HX + T)/75.0 
T = HX + 23.0 
PKM1RZ = (HX*T + 43.0 - HYS)/75.0 
PKMliZ = HY*(HX + T)/75.0· 
T = HX + 21.0 
FKM1RO = (HX*T.+ 35.0 ~ HYS)/35.0 
FKM1IO = HY*(HX + .T)/35.0 
T = HX + 27.0 
PKM1RO = (HXfT + 131.0 - HYS)/35.0 
PKM1IO = HY*(HX + T)/35.0 

C BEGIN RECURRENCE 
c 

c 

DO 110 K = 3, NTERM 
KP1 = K + 1 

C CALCULATIONS OF FKRZ, FKIZ, PKRZ, AND PKIZ FOR N = 0 
c 

P1 = P1ZE(KP1) 
P2 = P2ZE(KP1) 
P3 = P3ZE(KP1) 
Q1 = Q1ZE(KP1) 
HX = Q1*X 
HY = Q1*Y 
T1 = FKM1RZ + FKM2RZ 
T2 = FKM1IZ + FKM2IZ 
FKRZ = HX*T1 - P1*FKM1RZ - P2*FKM2RZ - HY*T2 - P3*FKM3RZ 
FKIZ = HX*T2 - P1*FKM1IZ - P2*FKM2IZ + HY*T1 - P3*FKM3IZ 
FKM3RZ = FKM2RZ 
FKM2RZ = FKM1RZ 
FKM1RZ = FKRZ 
FKM3IZ = FKM2IZ 
FKM2IZ = FKMliZ 
FKMliZ = FKIZ 
T1 = PKM1RZ + PKM2RZ 
T2 ~ PKM1IZ + PKM2IZ 
PKRZ = HX*T1 - P1*PKM1RZ - P2*PKM2RZ - HY*T2 - P3*PKM3RZ 
PKIZ = HX*T2 - P1*PKM1IZ - P2*PKM2IZ + HY*T1 - P3*PKM3IZ 
PKM3RZ = PKM2RZ 
PKM2RZ = PKM1RZ 



c 

PKMlRZ = PKRZ 
PKWH7. = PKM2IZ 
PKM2IZ = PKMHZ 
PKMliZ = PKIZ 
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C CALCULATIONS OF FKRO, FKIO, PKRO, AND PKIO FOR N = 1 
c 

Pl = PlON(KPl) 
P2 = P20N{KP1) 
P3 = P30N(KP1) 
Ql = QlON(KP1} 
HX = Q1*X 
HY = Q1*Y 
T1 = FKMlRO + FKM2RO 
T2 = FKMliO + FKM2IO 
FKRO = HX*T1 - P1*FKM1RO - P2*FKM2RO - HY*T2 - P3*FKM3RO 
FKIO = HX*T2 - P1*FKM1IO - P2*FKM2IO + HY*T1 - P3*FKM3IO 
FKM3RO = FKM2RO 
FKM2RO = FKM1RO 
FKM1RO = FKRO 
FKM3IO = FKM2IO 
FKM2IO = FKMliO 
FKMliO = FKIO 
T1 = PKM1RO + PKM2RO 
T2 = PKM1IO + PKM2IO 
PKRO = HX*T1 - P1*PKM1RO - P2*PKM2RO - HY*T2 - P3*PKM3RO 
PKIO = HX*T2 - P1*PKM1IO - P2*PKM2IO + HY*T1 - P3*PKM3IO 
rKU3RO - PIU12RO 
PKM2RO = PKM1RO 
PKM1RO = PKRO 
PKM3IO = PKM2IO 
PKM2IO = PKMliO 
PKMliO = PKIO 

110 CONTINUE 
c 
C EVALUATE CONSTANT TERM FOR KO(Z) AND K1(Z) 
C C IS SQUARE ROOT OF PI/2 
c 

X2 = -X 
EMX = DEXP(X2) 
RATYX = DABS (Y/X) 
IF (RATYX .GT. 1.E-3) D = DSQRT(RSQ) 
IF ((1.E-8 .LT. RATYX) .AND. (RATYX .LT. 1.E-3)) D = 

* DABS (X) * (1. + 1./2. *RATYX*RATYX) 
IF (l.E-8,GE,RATYX) D=DABS(X) 
C2 = EMX*C/D 
SR = DCOS(Y) 
TI = - DSIN(Y) 
IF(Y.NE.O.O) GO TO 120 
IF(X.GE.O.O) GO TO 115 
HI = DSQRT(X2) 



c 

GR = 0.0 
GO TO 125 

115 GR = DSQRT(X) 
HI = O.DO 
GO TO 125 

120 GR = DSQRT((X, + D)*.5) 
HI = DSQRT((X2 + D)*.5) 
IF(Y.LT.O.O)GO TO 125 
HI=-HI 

125 AR = C2*(GR*SR - HI*TI) 
BI = C2*(HI*SR + GR*TI) 
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C CALCULATE KO(Z) = BKZR + BKZI*I 
c 

c 

DEN = FKRZ**2 + FKIZ**2 
UR = (PKRZ*FKRZ + PKIZ*FKIZ)/DEN 
VI = (PKIZ*FKRZ - PKRZ*FKIZ)/DEN 
BKZR = AR*UR - BI*VI 
BKZI = BI*UR + AR*VI 

C CALCULATE K1(Z) = BKOR + BKOI*I 
c 

DEN = FKR0**2 + FKI0**2 
UR = (PKRO*FKRO + PKIO*FKIO)/DEN 
VI = (PKIO*FKRO - PKRO*FKIO)/DEN 
BKOR = AR*UR - BI*VI 
BKOI = BI*UR + AR*VI 

556 RETURN 
END 
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Subroutine GRID 

Subroutine GRID draws a grid on the screen. 

Listing 

SUBROUTINE GRID 
CALL QLINE(30,0,630,0,7) 
CALL QLINE(30,50,630,50,7) 
CALL QLINE(30,100,630,100,7) 
CALL QLINE(30,150,630,150,7) 
CALL QLINE(30,200,630,200,7) 
CALL QLINE(30,250,630,250,7) 
CALL QLINE(30,300,630,300,7) 
CALL QLINE(30,349,630,349,7) 
CALL QLINE(30,0,30,349,7) 
CALL QLINE(80,0,80,349,7) 
CALL QLINE ( 130, 0, 130, 349, 7) 
CALL QLINE(l80,0,180,349,7) 
CALL QLINE(230,0,230,349,7) 
CALL QLINE(280,0,280,349,7) 
CALL QLINE(330,0,330,349,7) 
CALL QLINE(380,0,380,349,7) 
CALL QLINE(430,0,430,349,7) 
CALL QLINE(480,0,480,349,7) 
CALL QLINE(S30,0,530,349,7) 
CALL QLINE(580,0,580,349,7) 
GALL QLINE(GJ0,0,630,3l,9,7) 
RETURN 
END 
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Subroutine IJBSSL(A,Rl,R2,I,J) 

Subroutine IJBSSL calculates 

r2 
1 

-=--I ori,(or) I(r2,r1) = dr ··~, 
aJ aJ 

r1 

and 

r2 
1 

-=--I orJ,(or) - J(r2,r1)" dr 
aJ aJ 

r1 

where I 1 is the modified Bessel function of the first kind of order 1, and 
J 1 is the Bessel function of the first kind of order 1. 

Input 

A 
Rl 
R2 

a in the above equations 
r 1 in the above equations 
r 2 in the above equations 

Output 

I 
J 

The right si.de of the first equation above 
The right side of the second equation above 

Listing 

SUBROUTINE IJBSSL (A, R1, R2, I, J) 
c 
C THIS SUBROUTINE EVALUATES I(X2,Xl)/A**3 AND 
C J(X2,Xl)/A**3 WHERE X1 = A*Rl AND X2 = A*R2 
C IT USES THE METHODS DESCRIBED ON PAGE 259 AND 
C ON PAGE 261 OF "COMPUTER PROGRAMS FOR SOME EDDY-
C CURRENT PROBLEMS - 1970" 
c 
c 
c 
c 
c 
c 
c 

DICTIONARY 
X - VARIABLE USED TO EVALUATE 

X*I1(X) AND X*J1(X) 
A - COMMON FACTOR IN X 
R(K) - DIFFERENT FACTOR FOR X 
I VALUE OF I(X2,X1)/A**3 

INTEGRAL OF 



c 
c 
c 
c 
c 
c 
c 

J 
II(K) 
JJ(K) 
Il 
Jl 
K 
N 
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- VALUE OF J(X2.,Xl)/A**3 
- INTEGRAL OF (X*I(X))IA**3 
- INTEGRAL OF (X*J(X))IA**3 
- WORKING VALUE OF II(K) 
- 1JORKING VALUE OF JJ {K) 
- SUBSCRIPT i[!JSEO TO KEEP TRA'CK OF Xl OR X2 
- VARIABLE OF SUMMA:'UON 

C FN - FLOATING POINT VALUE OF N 
C LIMIT - LIMIT OF SUMMATION 
c Tl - ( (R{K)**3) * X**(2N)) I ( (2**f2N+l) )*N! *{N+1)!) 
C - FIRST ·CONSTANT FOR iiNTG OF X*Jl(X) 
C T2 - (-l)**N 
C - SECOND CONSTANT FOR INTG OF X*Jl(X) 
C T3 - CONSTANT FOR INTG OF X*I1(X) 
C T4 - Tli(2N+3) 
C TS - X**2 OR X - PII4 
C SQR - -DSQRT(X) OR DSQRT(21(PI*X)) 
c 

c 

IMPLICIT REAL*8 (A-H,O-Z) 
REAL*8 R(2), II(2), JJ(2), I, J, Il, J1 
R(1) = Rl 
R(2) = R2 
AAA=A*A*A 

C GET BOTH VALUES FOR II(K) AND JJ(K) 
c 

c 

DO 50 K=1,2 
X ~ A*R(K) 
TS = X*X 

C DECIDE WHICH METHOD TO USE 
c 

c 

c 

IF (X .GT. 10.) GO TO 20 

LIMIT=INT(2.*X+8.) 
T1 = R(K)*R(K)*R(K)I2. 
T2 = 1. 
J1 = Tll3. 
Il = T113. 

C EVALUATE SUMMATIONS 
c 

DO 10 N=1,LIMIT 
FN = FLOAT(N) 
T1 = Tl*TS I (4.*FN*(FN+1.)) 
T2 = -T2 
T4 = Tl I (2.*FN + 3.) 
J1 = J1 + T2*T4 
11 = 11 + T4 

10 CONTINUE 
IF(X.LT.l.E-10)J1=0. 



c 

IF(X.LT.1.E-10)I1=0. 
II(K) = I1 
JJ(K) = J1 
GO TO 50 
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C FOLLOWING USED WHEN X>10 
C IF X>30 WE USE DIFFERENT CONSTANTS 
c 

c 

c 

c 

c 

c 

c 

c 

c 

20 IF (X .GT. 30.) GO TO 30 

T1 = -((((((-188.13571X + 109.1142)1X- 23.79333)1X 
2 + 2.050931)1X- 0.1730503)1X + 0.7034845)1X 
3 - 0.064109E-3) 

T2 ((((-5.817511X + 2.105874)1X - .6896196)1X 
2 + .4952024)1X- (.187344E-2))1X + .7979095 

SQR = -DSQRT(X) 
GO TO 40 

30 T1 = (8.989751141T5 - .93457031)IT5 + .875' 
T2 = (2.480621141T5 - .5546875)1X - X 
SQR = .7978845608 * DSQRT(1.1X) 

40 T5 =X- .7853981635 
JJ(K) = (1. + SQR*(T2*DCOS(T5) + T1*DSIN(T5))) I AAA 

IF (X.GT.140.0) GO TO 50 
T3=(((((((1660.7941X-1737.556)IX+543.6694)1X+11.81804)1X 

2 - 33.78366)1X + 5.108402)1X- .6130935)1X 
3 - . 3360836)1X + . 3987795 

II(K) = (T3*DSQRT(X)*DEXP(X)) I AAA 
50 CONTINUE 

C GET DIFFERENCE 
I = II(2) - II(1) 
J = JJ(2) - JJ(1) 

668 RETURN 
END 
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Subroutine KJBSSL(A,Rl,R2,K,J) 

Subroutine KJBSSL calculates 

r2 
1 

=--I arK,(ar) - K(r2,r1) dr 
Q3 Q3 

r, 

and 

r2 
1 

=--I ac.J, (ar) - J(r2 ,r,) dr 
Q3 Q3 

r, 

where K, is the modified Ressel function of the second kind of order 1, 
and J, is the Bessel function of the first kind of order 1. 

A 
Rl 
R2 

Output 

K 
.J 

Listing 

a in the above equations 
r, in the above equations 
r 2 in the above equations 

The right side of the first equation above 
The right side of the second equation above 

SUBROUTINE KJBSSL (A, Rl, R2, K, J) 
c 
C THIS SUBROUTINE EVALUATES K(X2,Xl)/(A**3) AND 
C J(X2,Xl)/(A**3) WHERE Xl = A*R(l) AND X2 = A*R(2) 
C IT USES THE METHODS DESCRIBED ON PAGE 259 AND ON 
C PAGE 263 OF "COMPUTER PROGRAMS FOR SOME EDDY-
C CURRENT PROBLEMS - 1970" 
c 
C nTr.TTONARY 
C X - VARIABLE USED TO EVALUATE INTEGRAL 
C X*Kl(X) AND X*Jl(X) 
C A - COMMON FACTOR IN X 
C R(I) - FACTOR FOR DIFFERENT VALUES OF X 
C K - VALUE OF K(X2,Xl)/(A**3) 
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C J - VALUE OF J(X2,X1)/(A**3) 
C JJ (I) - INTEGRAL OF (X*J 1 (X) ) - PI/2 
C KK(I) - INTEGRAL OF (X*I1(X)) - PI/2 : 
C K1 - WORKING VALUE OF KK(I) ·' 
C J1 - WORKING VALUE OF JJ(I) 
C I - SUBSCRIPT USED TO KEEP TRACK OF X1, X2 
C N - VARIABLE OF SUMMATION 
C FN - FLOATING POINT VALUE OF N 
C LLIMIT- VARIABLE OF SUMMATION 
C ZLOG - LOG{X/2) - .57721S66S 
c T1 - ((R(I)**3) * X**(2N)) I ((2**(2N+1))*N!*(N+l)!) 
C FIRST CONSTANT FOR INTG OF X*Jl(X) 
C T2 - (-1)**N 
C SECOND CONSTANT FOR INTG OF X*J1 (X) 
C T3 - 1/1 + 1/2 + . . . + 1/N 
C CONSTANT FOR INTG OF X *Kl(X) 
C T4 - l/(2N+3) 
C TS - X**2 OR X - PI/4 
C SQR - -DSQRT(X) OR DSQRT('2/(PI*X)) 
c 

c 

IMPLICIT REAL*8 (A-H,0-2) 
REAL*8 KK(2), JJ (2), K, J, K1, J1 
DIMENSION R(2) 
DATA C1j.S77215665j,C2/.8333333333/,PI02/1.5707963268/ 

* , C3/. 7978'845:60'8/, PI·04/. 78S3981634/ 
R(l) = R1 
R(2) = R2 
AA=A*A 
AAA=AA*A 

C GET BOTH VALUES FOR KK(I) AND JJ(I) 
c 

c 

.DO SO I='l, 2 
X = A*R{I) 
IF(X.GT.1.E-9)~0 TO 5 
JJ(I)=O. 
KK( I}=- PI02/ AAA 
GO TO SO 

S TS = X*X 

;C DECIDE WHICH METHOD '110 USE 

c 
IF (X ~~T~ 5~) GO TO 20 

L!DMIT='INT ( 2. *X+8 . .) 
'Tl='R(I}*R( I}*R( I) /2. 
'T2 = 1. 
T3 = 0. 
ZLGG=DI.:OG(X/2 . }+Cl 
Jl = Tl/3. 
Kl = .Jl*{ZLOG-G2) + R(I)./(M) 
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c 
C EVALUATE SUMMATION 
c 

c 

DO 10 N=1,LIMIT 
FN = FLOAT(N) 
T1 = T1*T5 / (4.*FN*(FN+1.)) 
T2 = -T2 
T3 = T3 + 1./FN 
T4 = 1./(2.*FN+3.) 
J1 = J1 + T2*T1*T4 
K1 = K1 + T1*T4*(ZLOG-T4-T3-1./(2*(FN+1.))) 

10 CONTINUE 
KK(I)=K1-PI02/AAA 
JJ(I) = J1 
GO TO 50 

C FOLLOWING IS USED WHEN X>S 
C IF X>30 WE USE DIFFERENT CONSTANTS FOR X*J1(X) 
c 

c 

c 

c 

c 

c 

c 

20 IF (X .GT. 30.) GO TO 30 

T1- -((((((-188.1357/X + 109.1142)/X- 23.79333)/X 
2 + 2.050931)/X- 0.1730503)/X + 0.7034845)/X 
3 -0.064109E-3) 

T2 = ((((-5.817517/X + 2.105874)/X - .6896196)/X 
2 + .4952024)/X- (.187344E-2))/X + .7979095 

SQR = -DSQRT(X) 
GO TO 40 

30 T1 = (8.98975114/TS - .93457031)/TS + .875 
T2 = (2.48062114/TS - .5546875)/X - X 
SQR-C3*DSQRT(1./X) 

40 T5=X-PI04 
JJ(I) - (1.+-SQR*(T2*DCOS(TS)+Tl*DSIN(T5)))/AAA 

C IF X IS GREATER THAN 77, WE EXPERIENCE UNDERFLOW 
C IN CALCULATING KK(I) AND SO SET KK(I) TO 0.0 
c 

' c 

IF (X .GT. 77.0) GO TO 45 
T3 = ((((.79898397/X- 1.1768576)/X +0.91571421)/X 

2 - . 67491295)/X + 1. 0958276)/X + 1. 2533263 
KK(I)=-DSQRT(X)*DEXP(-X)*T3/AAA 
GO TO SO 

4S KK(I) = 0.0 
SO CONTINUE. 

K=KK(2)-KK(1) 
J=JJ(2)-JJ(1) 



RETURN 
END 
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Subroutine PCLKUP(DEPTH,RHSMAG,LHSPHA) 

Subroutine PCLKUP searches through a lookup table created by program 
PCBLDF to find the depth and magnitude of an integral corresponding to the 
phase which it is given as input. It is called by programs PCINV and 
PCRTSCAN. 

LHSPHA The phase of the integral 

Output 

DEPTH 
RHSMAG 

The depth at which the integral has this phase 
The magnitude of the integral when it has this 
phase 

Listing 

SUBROUTINE PCLKUP(DEPTH,RHSMAG,LHSPHA) 
IMPLICIT REAL*8(A-H,O-Z) 
REAL*8 LHSPHA 
DATA PI/3.141592653/,LOU/8/,LOE/40/ 
OPEN(LOE,FILE='ASPHAJO.DAT' ,STATUS='OLD') 

C OPEN(LOE,FILE='ADPHAF.DAT' ,STATUS='OLD') 
RHSPHAO=O. 

1120 READ(LOE,*,END=l380)Z,RHSMAG,RHSPHA 
DPH=ABS(ABS(RHSPHA)-ABS(RHSPHAU)) 
DMG=RHSMAG-RHSMAGO 
RLMR,.;ABS (ABS (RHSPHA) -ABS (LHSPHA)) 
DZ=Z-ZO 
IF(RHSPHAO.EQ.O.)GO TO 1180 
IF(RHSPHA.GE.LHSPl~) THEN 
IF(RHSPHAO.LT.LHSPHA) THEN 
AF=RLMR/DPH 
DEPTH=Z•DZ,'(AF 
RHSMAG=RHSMAG-DMG*AF 
GO TO 1400 
END IF 
ELSE 
IF(RHSPHAO.GE.LHSPHA) THEN 
AF=RLMR/DPH 
DEPTH=Z-DZ,"AF 
RHSMAG=RHSMAG-DMG*AF 
GO TO 1400 
END IF 
END IF 

1180 ZO=Z 
RHSMAGO=RHSMAG 
RHSPHAO=RHSPHA 



PHDO=RLMR 
C WRITE(LOU,*)Z,RHSPHA 

WRITE(O,*)Z,RHSPHA 
1200·GO TO 1120 . 
1380 DEPTH=O. 

RHSMAG=O ... 
1400 CLOSE(LOE) 

RETURN 
END 
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Subroutine RFLKUP(DEPTH,RHSMAG,LHSPHA) 

Subroutine RFLKUP searches through a lookup table created by program 
RFBLDF to find the depth and magnitude of an integral corresponding to the 
phase which it is given as input. It is called by program RFINV. 

LHSPHA 

Output 

DEPTH 
RHSMAG 

Listing 

The phase of the integral 

The depth at which the integral has phase LHSPHA 
The magnitude of the integral when it has phase 
LHSPHA 

SUBROUTINE RFLKUP(DEPTH,RHSMAG,LHSPHA) 
IMPLICIT REAL*8(A-H,O-Z) 
REAL*8 LHSPHA 
DATA PI/3.141592653/,LOU/8/,LOE/40/ 
OPEN(LOE,FILE='RF25P.500' ,STATUS='OLD') 
RHSPHAO=O. 

1140 READ(LOE,*,END=l280)Z,RHSMAG,RHSPHA 
DPH=ABS(ABS(RHSPHA)-ABS(RHSPHAO)) 
DMG=RHSMAG-RHSMAGO 
RLMK=ABS(ABS(RHSPHA)-ABS(LHSPHA)) 
DZ=Z-ZO 
IF(RHSPHAO.EQ.O.)GO TO 1180 
IF(RHSPHA.GE.LHSPHA) THEN 
IF(RHSPHAO.LT.LHSPHA) THEN 
AF=RLMR/DPH 
DEPTH=Z-DZ*AF 
RHSMAG=RHSMAG-DMG*AF 
GO TO l1100 
END IF 
ELSE 
IF(RHSPHAO.GE.LHSPHA) THEN 
AF=RLMR/DPH 
DEPTH=Z-DZ*AF 
RHSMAG=RHSMAG-DMG*AF 
CO TO 1400 
END IF 
END IF 

1180 ZO=Z 
RHSMAGO=RHSMAG 
Rll!:JPIIAO~RIWI'IIA 

PHDO=RLMR 
WRITE(O,*)Z,RHSPHA 



1200 GO TO 1140 
1280 DEPTH=O. 

RHSMAG=O. 
1400 CLOSE(LOE) 

RETURN . 
END 
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Data File REF.DAT 

The following data file is required to run some of the reflection coil 
programs in this report. 

20-A 0. 0200 0. 7500 1.2500 1. 5000 0. 3500 0. 7000 0. 5000 0. 0000 0. 3000 3. 7600 13.8000 85.0 56.0 
20-8 0.0200 0. 7500 1. 2500 0. 9000 0. 3500 0. 7000 0. 3000 0. 0000 0. 3000 6. 9737 128.4000 84.0 160.0 
20-C 0.0200 0. 7500 1.2500 0. 9000 0.3500 0. 7000 0. 3000 0. 0000 0. 3000 2. 3424 24.3053 53.0 65.0 
20-0 0.0200 0. 7500 1. 2500 0. 9000 0.3600 0. 6960 0. 3000 0. 0000 0. 3000 2. 9200 23. 1000 50.0 72.0 
20-F 0. 0200 0. 7500 1. 2500 0.6000 0. 3500 0. 7000 0. 2000 0. 0000 0. 3000 0.2100 2.1000 20.0 25.0 
R20F 0. 0200 0. 7500 1. 2500 0.6000 0. 3500 0. 7000 0. 2000 0. 0000 0. 3000 0.2100 2.1000 20.0 25.0 
20-G 0. 0200 0. 7500 1. 2500 0.6000 0. 3500 0. 7000 0. 2000 0. 0000 0. 2500 3.9351 24.6792 56.0 66.0 
R20G 0. 0200 0. 7500 1. 2500 0.6000 0. 3500 0. 7000 0. 2000 0. 0000 0. 2500 3. 7000 26.6000 50.0 54.0 
20-N 0. 0200 0. 7500 1. 2500 0. 6000 0. 3500 0. 7000 0. 2000 0. 0000 0.1500 0. 0660 0.3720 6.0 8.0 
30-8 0. 0300 0. 7500 1. 2500 0. 6000 0. 3500 0. 7000 0. 2000 0.0000 0.1800 34.8600 74.2300 208.0 144.0 
30-0 0. 0300 0. 7500 1.2500 0. 5000 0. 3500 0. 7000 0.1670 0.0000 0.1800 10.5400 62.8000 100.0 112.0 
R300 0. 0300 0. 7500 1. 2500 0. 5000 0. 3500 0. 7000 0.1670 0.0000 0.1800 10.5400 62.8000 100.0 112.0 
30-E 0. 0300 0. 8000 1. 2000 0. 5000 0. 3500 0. 7000 0.1670 0.0000 0. 2000 0. 8000 2. 5780 24.0 21.0 
R30F 0. 0300 0. 7500 1. 2500 0. 5000 0. 3500 0. 7000 0.1667 0.0000 0. 2333 4. 2000 9.1000 64.0 108.0 
40-A 0. 0400 0. 7500 1. 2500 0. 6000 0. 3500 0. 7000 0. 2000 0.0000 0.1000 5. 4700 205.2000 90.0 264.0 
40-8 0. 0400 0. 7500 1. 2500 0. 3000 0. 3500 0. 7000 0.1000 0.0000 0.1000 15.7400 79.2100 112.0 240.0 
40-C 0. 0400 0. 7500 1. 2500 0. 6000 0. 3500 0. 7000 0. 2000 0. 0000 0. 2000 84.8500 659.5000 378.0 510.0 
40-0 0. 0400 0. 7500 1. 2500 0. 3000 0. 3500 0. 7000 0.1000 0. 0000 0.1000 9. 7440 114.5000 99.0 154.0 
R40E 0. 0400 0. 7500 1. 2500 0. 4000 0. 3500 0. 7000 0. 1250 0. 0000 0.1500 1. 3720 11.2150 3~.0 4&.0 
R40F 0. 0400 0. 7500 1. 2500 0. 4000 0. 3500 0. 7000 0.1250 0. 0000 0. 3250 3. 5000 140.0000 63.0 75.0 
60-A 0. 0600 0. 7500 1. 2500 0. 3000 0. 3500 0. 7000 0.1000 0. 0000 0.1200 59.0600 1067.3999 249.0 450.0 
60-8 0.0600 0. 7500 1. 2500 0. 3000 0. 3500 0. 7000 0.1000 0. 0000 0. 0500 52.7700 865.6001 252.0 427.5 
60-0 0.0600 0. 7500 1. 2500 0. 4000 0. 3530 0. 7050 0.1000 0. 0000 o. 0400 0.1970 1.0490 12.0 13.5 
60-E 0.0600 0. 7500 1.2500 0. 3000 0. 3500 0. 7000 0.1000 0. 0000 0. 0400 23.6050 190.7000 170.0 223.0 
60-F 0.0600 0. 7500 1.2500 0. 3000 0. 3500 0. 7000 0.1000 0. 0000 0.1000 3. 1470 31.6700 60.0 90.0 
60-G 0.0600 0. 7500 1.2500 0. 3000 0. 3500 0. 7000 0.1000 0. 0000 0.1000 3. 2565 30.3660 42.0 50.0 
R60H 0. 0600 0. 7500 1. 2500 0. 3000 0. 3500 0. 7000 0.1000 0. 0000 0. 0400 8. 6700 77.2000 104.0 138.0 
R601 0.0600 0. 7500 1. 2500 0. 3000 0. 3500 0. 7000 0.1000 0. 0000 0. 5000 8. 6700 77.2000 104.0 138.0 
83-A 0.0832 0. 7508 1. 2490 0. 3604 0. 3604 0. 6967 0.0961 0. 0000 0.1000 27.2000 728.8999 234.0 528.0 
83-B 0.0832 0. 7500 1. 2500 0. 3600 0. 3600 0. 6960 0. 0960 0. 0000 0.1000 79.3600 530.5000 360.0 410.0 
R83C 0.0830 0. 7530 1. 2530 0.3614 0. 3614 0. 6990 0.0964 0. 0000 0. 0360 10.9000 85.9000 150.0 175.0 
100A 0.1000 0. 7900 1. 2100 0. 4200 0.4700 0. 7000 0.1000 0.0000 0. 0800 0.0310 0. 4050 8.8 10.0 
120A 0.1200 0. 7500 1. 2500 0. 3000 0. 3500 0. 7000 0.0667 0.0000 0. 0500 13.0600 182.3000 185.0 245.0 
140A 0.1400 0. 7500 1. 2500 0. 3930 0.3140 0. 7000 0.0643 0.0000 0. 0643 0. 0950 1.1800 20.0 24.0 
150A 0.1500 0. 7500 1. 2500 0. 4000 0. 3600 0. 7000 0.1000 0.0000 0. 0750 182.2000 3335.0000 900.0 1400.0 
1508 0.1500 0. 7500 1. 2500 0. 3600 0. 3600 o. 7000 0.1000 0.0000 0. 0750 67.3000 531.0000 513.0 590.0 
R150B 0.1500 0. 7500 1. 2500 0. 3600 0. 3600 0. 7000 0.1000 0.0000 0.1000 67.3000 531.0000 513.0 590.0 
200A 0. 2000 0. 7500 1. 2500 0. 6000 0. 3500 0. 7000 0. 2000 0.0000 0. 0450 100.1600 7023.1406 860.0 3275.0 
2006 0. 2000 0. 7500 1. 2500 0. 4000 0. 3500 0. 7000 0.1250 0. 0000 0. 0450 174.6000 1656.0000 1006.0 1375.0 
250A 0. 2500 0. 7500 1. 2500 0. 6000 0. 3500 0. 7000 0. 2000 0. 0000 0.0200 531.0000 5147.0000 2350.0 3450.0 
300A 0. 3000 0. 7500 1. 2500 0. 6000 0. 3500 0. 7000 0. 2000 0. 0000 0.1000 57.5550 3443.0098 810.0 2925.0 
3006 0. 3000 0. 7500 1. 2500 0. 4000 0. 3500 0. 7000 0. 0670 0. 0000 0. 2500 35.0950 472.5500 616.0 660.0 
400A 0. 4000 0. 7500 1. 2500 0. 6000 0. 3500 0. 7000 0. 2000 0. 0000 0. 0400 3. 2378 99.0500 238.0 858.0 
4006 0. 4000 0. 7500 1. 2500 0. 6000 0. 3500 0. 7000 0. 2000 0. 0000 0.0125 3.4130 190.3800 238.0 825.0 
400C 0. 4000 0. 7500 1.2500 0. 4000 0. 3500 0. 7000 0. 0650 0. 0000 0. 0400 13.0070 161.2700 414.0 450.0 
500C 0. 5000 0. 7500 1.2500 0.4000 0. 3500 0. 7000 0. 0650 0. 0000 0. 0400 25.3000 257.4000 585.0 693.0 
1836 0.1630 0.9618 1. 0382 0. 3825 0. 7650 0.9180 0.1530 0. 0000 0. 0546 18.9840 25.7200 116.0 93.0 
200W-A 0. 2000 0. 7400 1. 2600 0. 5000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0270 5. 8000 0. 0000 194.0 0.0 
200W-6 0. 2000 0. 7400 1.2600 o .'5ooo 0. 0000 0. 0000 0. 0000 0. 0000 0. 0270 5. 8000 0. 0000 194.0 0.0 
65-P 0. 0650 0.4615 1. 5385 0.1538 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 4.1500 0. 0000 73.0 0.0 
t1V u.u U.u o.u u.u u.u u.u u.u u.u o.u u.u u.u u.u u.u 
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