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COMPUTER PROGRAMS FOR EDDY-CURRENT DEFECT STUDIES' 

J .  R .  P a t e  and C.  V .  Dodd 

ABSTRACT 

Several  computer programs t o  a i d  i n  the design of eddy- 
cur ren t  tests and probes have been w r i t t e n .  The programs, 
w r i t t e n  i n  For t ran ,  dea l  i n  var ious ways with the  response t o  
de fec t s  exhib i ted  by four  types of probes: the pancake probe, 
the  r e f l e c t i o n  probe, t he  c i rcumferent ia l  boreside probe, and 
the  c i rcumferent ia l  enc i r c l ing  probe. Programs are included 
which calculate the  impedance o r  vo l tage  change i n  a c o i l  due 
t o  a d e f e c t ,  which calculate and p l o t  the  defec t  s e n s i t i v i t y  
f a c t o r  of a c o i l ,  and which i n v e r t  ca l cu la t ed  o r  experimental 
readings t o  obta in  the  s i z e  of a de fec t .  T h e  theory upon 
which the  programs are based i s  the Burrows poin t  de fec t  
theory,  and thus the ca l cu la t ions  of  t he  programs w i l l  be more 
accura te  f o r  s m a l l  d e fec t s .  

INTRODUCTION 

This r epor t  contains  computer programs fo r  a number of  eddy-current probes 
appl ied t o  var ious t e s t  s i t u a t i o n s .  The probes analyzed and presented 
here  are the  pancake probe, the r e f l e c t i o n  probe, the  c i rcumferent ia l  
boreside probe, and the  c i rcumferent ia l  enc i r c l ing  probe. Both absolute  
and d i f f e r e n t i a l  probes are used f o r  the l a s t  two cases. The programs a re  
w r i t t e n  t o  run i n  Ryan-McFarlaad For t ran ,  although some of them have been 
run using Microsoft Fortran and NDP Fortran with very l i t t l e  change. The 
programs have been run on PC-AT c lones ,  using e i t h e r  an I n t e l  80286 o r  
80386 microprocessor. Grafmatic p l o t t i n g  software from Microcompatibles 
i s  used f o r  the  contour p l o t s  and a l s o  must be i n s t a l l e d  on the  machines. 

The purpose o f  these  programs i s  t o  analyze the e f f e c t s  of de fec t s  i n  
conductors f o r  the design of eddy-current t es t s ,  probes,  and 
instrumentat ion.  We can use them f i r s t  t o  ca l cu la t e  the changes i n  eddy- 

'Research Sponsored by the  Off ice  of Nuclear Regulatory Research, 
Division of Engineering Safe ty ,  U .  S .  Nuclear Regulatory Commission under 
Interagency Agreement DOE 1886-8010-9B with the  U . S .  Department of Energy 
under con t r ac t  DE-AC05-840R21400 with Martin Mariet ta  Energy Systems, Inc.  
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cur ren t  readings t h a t  var ious types o f  defec t s  produce. The de fec t s  can 
be t r e a t e d  as po in t  d e f e c t s ,  as po in t  de fec t s  averaged over the dept-h o f  
t he  a c t u a l  d e f e c t s ,  o r  as point  de fec t s  averaged over the  volume of the 
d e f e c t s .  The e f f e c t  of a de fec t  can also be inve r t ed  s o  t h a t  the  volume 
and depth of t he  de fec t  can be ca l cu la t ed  from the  instrument readings.  
I n  add i t ion ,  w e  can p l o t  the "defect  s e n s i t i v i t y  f a c t o r "  (DSF) f o r  the 
var ious probes and designs.  The DSF a t  a po in t  i n  a conductor i s  
proport ional  t o  the c o i l  vol tage produced by a po in t  de fec t  a t  t h a t  
l o c a t  ion.  

The programs w e r e  w r i t t e n  and used f o r  t he  ana lys i s  of  eddy-current steam 
generator problems of i n t e r e s t  t o  the  Nuclear Regulatory Commission ( N R C ) .  
Experimental measurements have been made t h a t  v e r i f y  the  accuracy of these 
programs f o r  t he  NRC problems. However, they are q u i t e  general  and may 
be used f o r  a wide number o f  d i f f e r e n t  eddy-current problems t h a t  have 
s imilar  geometries. The programs are r e l a t i v e l y  East running and 
s u f f i c i e n t l y  accurate  so  t h a t  eddy-current design s t u d i e s  of s p e c i f i c  
problems can be run with a minimum investment of t i m e  and equipment. 

The accuracy of  the  impedance o r  vol tage ca l cu la t ions  f o r  the  cases 
without t he  de fec t s  i s  on the  order of 0 .005%. This i s  more accurate  than 
the  c o i l s  and standards can be constructed.  The accuracy o f  the  impedance 
change produced by the  de fec t  depends i n  general  on the s i z e  of the  
de fec t .  I n  add i t ion ,  s eve ra l  d i f f e r e n t  methods f o r  c a l c u l a t i n g  the  de fec t  
a r e  given. The accuracy of the theory increases  as the  de fec t  s i z e  
decreases ,  bu t  the  experimental e r r o r  increases .  For the optimum de fec t  
s i z e ,  the  accuracy of  t he  impedance change due t o  the  de fec t  i s  on the 
o rde r  of 20%.  However, most of the  problem of eddy-current steam 
generator inspect ion i s  the  el iminat ion o f  t he  e f f e c t  of unwanted property 
v a r i a t i o n s  on the  de fec t  measurements, and the  theory and programs l i s t e d  
here  are wel l  s u i t e d  t o  study t h i s  problem. 

This r e p o r t  i s  divided intio f i v e  s e c t i o n s ,  one f o r  each o f  the  fou r  c o i l  
types used and a f i f t h  f o r  common subrout ines .  We have attempted t o  make 
the  desc r ip t ion  o f  each program s u f f i c i e n t  (except €or  the sub rou t ines ) ,  
bu t  it w i l l  probably be necessary t o  refer t o  an e a r l i e r  program 
discussion i n  some cases .  We a l s o  have given the  equations t h a t  the 
programs a r e  evaluat ing,  along with the  program v a r i a b l e s  used, so  t h a t  
the  reader can more e a s i l y  modi.fy the programs f o r  o the r  u ses .  

The de fec t  theory i s  based on the  model of M .  L.  Burrows, with a 
co r rec t ion  o f  the  s i g n  of the  term. Burrows gave an expression f o r  both 
a "current  de fec t "  and a "magnetic d e f e c t , "  which only occurs i n  
ferromagnetic ma te r i a l s .  While the  theory and discussion do ca r ry  the  
terms f o r  ferromagnetic ma te r i a l s ,  the  programs a r e  w r i t t e n  f o r  non- 
ferromagnetic ma te r i a l s ,  with a r e l a t i v e  permeabili ty of u n i t y .  None of 
t he  equations f o r  the  "magnetic defect"  a r e  given. The equation' f o r  the 
vol tage Il,* induced i n  c o i l  2 by the pe r tu rba t ion  of the  eddy-current flow 
from c o i l  1 due t o  the  presence of a de fec t  i s :  
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where I, and I2 are the currents flowing in coil 1 and coil 2, 
respectively, and A, and A, are the vector potentials at the defect due to 
the currents flowing in the coils. The term 8 is the conductivity of the 
material, w is the angular frequency, Vol is the volume of the defect and 
(rZ2 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 



4 

- 

PANCAKE COIL PROGRAMS 

L 
F i g .  1. Cutaway view of a pancake c o i l  above a conducting p l a t e .  

Figure 2 shows a c ros s  s e c t i o n  o f  a pancake c o i l  above a p l a t e .  The c o i l  
has been labeled with va r i ab le s  r e l a t i n g  t o  i t s  geometry which a r e  common 
t o  a l l  of t he  programs i n  t h i s  s ec t ion .  The c o i l  i s  above a spheri-cal 
d e f e c t ,  l oca t ed  a t  r and z with respect  t o  the  c o i l  and the top surface 
of t he  p l a t e ,  r e spec t ive ly .  

The b a s i c  equations f o r  the  programs are presented below, with a d e t a i l e d  
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I 
F i g .  2. Cross section of a pancake coil above a conducting p l a t e .  

derivation given elsewhere. 
defect at r,z is: 

The impedance change due to a small spherical 

L o  J 

where J(r2,r , )  = 

arl 

and a ,  = (aZ + jwpalr) -2 l t 2  

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

I,,, - f> [J(r2,r,)l2 2[(r(R,-R,) + exp(-al,+al,) - 11 da 
0 

( 3 )  

( 4 )  
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The term F ( a , ~ , , z )  depends on the number o f  planar layers o f  conductors. 

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

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

rJ,(ar) J-Znd(r,zY d r  = 

0 

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

f ( a >  = rJ,(ar) 1 a J , ( a r ) f ( a >  d a  d r  ( 7 )  

0 0 

to simplify the above equation. The result is: 

0 L J 

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

where 
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and 

Then t h e  de fec t  depth and volume can be ca l cu la t ed  from t he  magnitude and 
phase s h i f t  of the expression and the  r e a l  and imaginary p a r t s  of  a , ,  which 
w e  w i l l  call x and y .  

Thus = = 0/Y ( 1 3 )  

and V o l ,  = [CM, exp(-xO/y)]’ ( 1 4 )  

For the  
p l a t e ,  
de fec t  

simple 
we a r e  
and ob 

case of the  pancake c o i l  above the  s e m i - i n f i n i t e  conducting 
ab le  t o  d i r e c t l y  i n v e r t  t he  de fec t  s i g n a l  f o r  a spher ica l  
t a i n  the  volume and depth of t he  d e f e c t .  However, the 

equations become more messy f o r  the  case o f  a p l a t e  o f  thickness  c .  We 
generate func t ions  t h a t  cannot be solved d i r e c t l y  so  we must use a lookup 
t a b l e .  The program PCSLDF is used f o r  t h i s  purpose and is discussed 
below. 
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a (a,+a) exp (a, ( 2c-kz) ) +a (cr,-a) exp ( -alz) 

-( a-a,) '+ ( a l i a )  2exp (2a,c) 
.__....... ~ i 

PCBLDF builds a magnitude and phase lookup file 

d a  ( 1 5 )  

Program PCBLDF bu i lds  a lookup f i l e  containing the  magnitude and phase of  
the  following i n t e g r a l  

a t  d i f f e r e n t  depths z i n  a conducting p l a t e .  This i s  s i m i l a r  t o  the  
equation t h a t  we had f o r  the  s e m i - i n f i n i t e  p l a t e  except the term f o r  
F(a,a,,z) has been replaced by the term i n  [.he f i n a l  s e t  of l a rge  bracke ts .  
We have replaced the  s e m i - i n f i n i t e  p l a t e  with a p l a t e  of  thickness  c .  
A l s o ,  we have used a weighting term so  t h a t  the  da ta  used f o r  the  
invers ion  a r e  concentrated near the  c o i l  windings. This a l l o w s  us t o  use 
data t h a t  have a higher  s igna l - to -no i se  r a t i o ,  The weighting funct ion is  
un i ty  over the  dimensions of  the  c o i l ,  from r, t o  r2,  and zero  elsewhere.  
The r e s u l t  o f  t h i s  p a r t i c u l a r  choice i s  t h a t  the  func t ion  Jo(ar,)-Jo(ar2) 
is produced. 

This lookup f i l e  can be used by programs PCINV and PCRTSCAN t o  ca l cu la t e  
the  depth and volume of defec ts  i n  the  p l a t e .  

1. Dimension a r r ays  and dec lare  va r i ab le  types.  
2 .  I n i t i a l i z e  va r i ab le s .  
3 .  Se lec t  a value f o r  the  depth i n  the  p l a t e  a t  which t o  c a l c u l a t e  the 

4 .  Calculate  the  i n t e g r a l .  
5 .  S tore  the  depth along with the  magnitude and phase oE the  i n t e g r a l  

6 .  Loop t o  3 u n t i l  the  ca l cu la t ions  have been done a t  points  a l l  the  way 

i n t e g r a l .  

a t  t h i s  depth.  

through the  p l a t e .  

Variables  

S ta r r ed  va r i ab le s  must be assigned by the u s e r .  

AIRIND' The inductance i n  henr ies  of the  c o i l  i n  a i r .  
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FREQ' 
L' 

L1' 

L2 

LOT)' 

LOU 

MZT' 

NS 

NZT' 

R1' 

R2' 

R3 
RHSMAG 

RHS PHA 

mol4 

T1' 

TRN' 
U1'  
WUSRR 

ZD 

ZD2 

ZMSTEP 

Notes 

The operating frequency in hertz. 
The Iength 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 normalized distance between the top of  the 
coil and the plate. This value is computed by the 
program. 
The number of the 1/0 unit connected to the output 
data file. 
The number of the 1/0 unit connected to the 
printer. 
The number of depths throughout the plate at which 
the program does the calculations. 
The side of the plate which is nearer to the point 
at which the integral is being calculated. If NS 
= 1, the point is closer to the near side; if NS 
= 2, the point is closer to the far side. 
The number of parts into which each defect is 
divided to perform the calculations. 
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 magnitude of  the integral at a certain depth 
in the plate. 
The phase in degrees of the integral at a certain 
depth in the plate. 
The electrical resistivity of the plate in pa- 
cm . 
The thickness o f  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 product of the angular frequency, the magnetic 
permeability, the electricalconductivity, 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 normalized distance from the near side of the 
plate to the center of  the defect. A negative 
number. 
The normalized axial distance between the depths 
at which the program does the calculations. 

1. Program PCRLDF assists program PCINV in the inversion process. The 
programs use the equation 
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1 n(al+a) exp(n, (2c+z) )+a(al-a)  exp (-a,z> 

- (a-a, ) 2+( a,+a) 'exp ( 2a,c) I [ exp (-d,  ) -exp (-1,) 1 

[ -Znd( r , z ) ]1 '2  d r  = 

r1 

r 

Program PCBLDF c a l c u l a t e s  the i n t e g r a l  on the  righthand s i d e  o f  this 
equation. I t  i s  c l e a r  t h a t  s ince  V o l , ,  t he  de fec t  volume, can be factored 
out  o f  the  r i g h t  si.de o f  the equation, it has no e f f e c t  on the  phase o f  
the  r i g h t  si.de of the equation. Therefore,  t he  phase depends only upon 
z ,  t he  depth of the de fec t .  So when program PCINV c a l c u l a t e s  t he  i n t e g r a l  
on the  l e f t - h a n d  s i d e ,  it obtains  a value f o r  the  phase o f  t h i s  i n t e g r a l ,  
and it can search the  t a b l e  b u i l t  by program FCBLDF u n t i l  it f i n d s  t h i s  
phase. The depth i n  the  t a b l e  corresponding t o  t h i s  phase i s  the  depth 
of t he  d e f e c t .  Then, knowing the  magnitude of  both i n t e g r a l s  ( t h e  
magnitude o f  the  i n t e g r a l  on the  r i g h t  w a s  c a l cu la t ed  and s t o r e d  i n  the 
f i l e  by program PCBLDF, and the  magnitude of t he  i n t e g r a l  was previously 
ca l cu la t ed  by program PCINV), program PC-LNV can solve f o r  the volume o f  
the  d e f e c t .  
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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. A l l  
lengths are normalized unless otherwise noted. 

Integration variable 

P1 a t e th ickne s s 
Integral of xJ,(x) with respect to x from ax, to ax, 
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 o f  coil 
Conductivity of plate 
Angular frequency at which circuit is driven 
Depth to center of defect 

(CY2+jwpu,i?> 

Variables appearing i n  the integration section 

Program Symbolic 
variable equivalent 

AN Q 

AN2 Q2 

AN4 a4 

ANJRl .~(r,,o)/a~ 

ANJR2 J ( f, 9 0 ) / a 3  

ANRl ar1 

ANR2 ax2 

ARHS I 

a (a,+a ) exp (a ,  ( 2c+z 1 )+a ( (*,--a) exp ( -a lz )  

-(a-a,)  2+(a,+a)2exp (2a ,c )  
fexp(-nR,)-exp(-4) I 
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ARHSR 

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

- ( a-a, ) ’+ (a,+a) ’exp ( 2a1 c ) 
[exp(-al?,)-exp(-aI,)] 

ASTP dn 

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

DCOYNZ 

DEXNTl expIRe(2a1c) I 
DEXNZ exp [Re 1 
DN T 

DNR 

DSIYNTl 

Re [ exp (Im(a,z> 1 I 

Im [ - (a-a, ) ’+ (a, t a ) ’exp ( 2a,c) ] 

R e  [ - (a-a, ) ’+ (a , fa)  2exp ( 20,c) 1 
Im[ exp ( Im(2alc) ) ] 

D S I Y N Z  Im[exp(Jm(a,z)) 1 

FI 

FR 

I a(a,+a)exp( 2a,c)exp(a,z)~+a(a,-a)exp(-nlz) 
i m  [ - - ( a-a , ) 2+ ( a  , +a) ’exp ( 2a , c ) 

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

- (a-a, ) ’+ (a,+a) ’exp ( 2a,c) 
JOlIYJ02 

JORl J o  (QT,) 

JOR2 Jo(ar2) 

JANR2 1 

J o  ( 01 r , ) --Jo ( ar2 ) 

J (  r2, rl 1 /a’ 
NMI 

NMI 1 
i m  [a ( a  ,+a) exp ( 2a, c ) exp ( Q ,z ) +a (a,-a) exp (-a,z ) ] 

I m  [ CI (a,+a) exp ( 2a,c) exp ( a1z) ] 
N M i  2 

NMR 

Irn [ a (@,-a) exp (-a, z )  ] 

Re [ a(a,fa) exp( 2a,c)exp (a,z)+a(a,-a) exp (-a,z> 1 
NMRl 

NMR2 Re[a(a,-a)exp(-a,z) ] 

KDEXNZ exp [ Re(-a,z) 3 

R e  [c~(a ,+a)  exp (2a,c)  exp (a,z> 1 

RFAC I (exp(-aP,)-exp(-n~,)] d a  
J o  (a I, 1 - J o  (ar2 ) 

a 

1 
- J ( rz , rl ) 
a’ 
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ws I 

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

- ( a-a , ) 2+ (cr,+a) 2exp ( 2.a c ) 
[ exp (-1 1 1 -exp (-4 1 1 

r 
RHSR 

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

- ( a - - ~ , ) ~ + ( a , + ~ ) ~ e x p  ( 2a1c )  
[ exp (-ai 1 ) -exp (-4) 1 

2 (aI+exp (-ai ) -1 ) [ J ( r, , r, ) 3 da I 0 as 
SMAIR 

Notes f o r  the i n t e g r a t i o n  s e c t i o n  

11. The program has been t e s t e d  and found t o  be accura te  enough w i t h  a 
s t e p  s i z e  of  0 .01  and with the  upper l i m i t  of  t he  i n t e g r a t i o n  equal t o  50. 
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PROGRAM PCBLDF 
c November 14, 1988 

IMPLICIT REAL*8 (A-H ,0- Z) 
REALk-8 L,Ll,L2,JANR2l,LHSPHA 
REAL*8 NMRlA,NMRlB,NMRl,NMR2,NMR 
REAL*8 NM11A,NM11B,NM11,NM12fNMI 
REAL*8 J O R l ,  JOR2, JOIMJO2 
DATA L01J/8/,LOD/40/,PI/3.141592653/ 
DATA FREQ/500./,RH01/4.054/,U1/1.0/ 
DATA TRN/800./,Tl/O.25/,ASTP/O.O1/ 
DATA AIRIND/6.252919E-O3/,MZT/25/,NZT/l/ 

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

WRITE(LOU,2)1HR,IMN,ISE,IMO,IDA,IYR 
IYR=IYK-1900 

2 FORMAT(' PCRLDF TIME ',12,':',12,':',12 
* , '  DATE ',12,'/',12,'/',l2) 
WRITE(LOU,5) 

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

R1=0.1000 
R2=0.4100 
L=O. 1000 
L1=0.01 
R3=0.5*(Rl+R2) 
WRITE(LOU,1O)R1,R2,L,Ll,Tl 
Rl=Rl/R3 
R2-2.O-Rl 
L=L/R3 
Ll=Ll/R3 
T1=T 1/R3 
L2=L+L1 
WUSRR=0.5093979*Ul*R3*R3*FREQ/RHOl 
WRITE(LOU,15)Rl,R2,L,Ll,Tl 

15 FORMAT('NOR ' ,5(F7.4,3X)) 

20 FORMAT(' RBAR',F7.4,' FKEQ= ',lPE13.6,' MO=',OPF9.4, 

io FORMAT('ACT ',5(~7.4,3xj) 

WRITE(I,OU,20)R3,FREQ,RHO1,Ul,WUSRR 

* '  PERM=',F7.3,' WUSRR=',F9.4) 
SMAIR=AIRIND*(L*(R2-Rl))~*2/(O.O25~~*4.E-O7*T~*T~*R3~PI~PI) 

C 

WUS RR 2=WUS RRWU S RR 
ZMSTEP=Tl/MZT 
DO 1200 MZ-0,MZT 
IF(MZ.GT.(0.5*MZT)) THEN 

NS=2 
C Far s i d e  defect 

ZM=(MZT-MZ)*ZMSTEP 
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C 

C 

c 

c 

C 

C 

c 

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

Near s ide  defect 

37 

n5-1 
ZM-MZ*ZMSTEP 
ZD-- 2. *ZM 
zd25- ZM 
END IF 
NZT-20 

BRHSR-0. 
ARHSI-0. 
DO 1180 NZ-1,NZT 
Z-(REAL(NZ)-O.5)*ZD/NZT 
IF(NS.EQ.2)Z=-Tl-Z 

SRHSR-0. 
SRHSI=O. 
AN=o . 
DO 1150 K-1,5000 
AN=AN+AS TP 
AN2=AN*AN 
ANO=AN2 *AN2 

FORMAT(I3,F8.2,F8.2,F8.2) 
XN==DSQRT(O.5*(AN2+DSQRT(AN4+WUSRRZ))) 

Z=-T1-(FLOAT(NZ)-O.5)*ZD/FLOAT(NZT) 

kTRITE(0,37)K,AN 

YN=wuSRR/(Z.*xN) 
Definitions of often-used quantities 

DEXNTl=DEXP(2*XN*Tl) 
DEXNZ-DEXP(XN*Z) 
RDEXNZ=I/DEXNZ 
DSIYNTl-DSIN( 2*YN-kT1) 
DSIYNZ=DSIN(YN*Z) 
DCOYNTl==DCOS(2*YN*Tl) 
DCOYNZ=DCOS(YN*Z) 

NMRlA=AN*(XN+AN)*DEXNT1*DCOYNTl 
NMRlA-NFIRlA-AN*~*DEXNTl*DSIYNTl 
NHR1A-NMR1A*DEXNZ*DCOYNZ 
NMRlB=AN*YN*DEXNTI*DCOYNT1 
NMR1B=NFIR1B+AN*-(XEJ+AN)*DEXNT1*DSIYSTl 
NMRlB=NMRlB*DEXNZ*DSIYNZ 
NMR1-NMR1A-NFZRlB 

NMIlA=AN*YN~DEXNT1*DCOYNTl 
NMIlA-NMIlA+AM*(XN+A)~DEXNT1*DSIMT1 
N~IlA=NMTlA*DEXPSZ*DCOYNZ 
NMI1E=AN*(XN+AN)*-DEXNT1*DCOYNT1 
~ M I l B - N M I l B - A P J * Y N * D ~ ~ l * ~ S ~ ~ T ~  
~11B-NE411B-st-DEXNZ*DSIYNZ 
~ I 1 = = N M I Z A + N P I I l B  

Real part of the first term of the numerator. 

Imaginary p a r t  of the first term of the numerator 



Real part of the second term of the numerator. 
NMR2=AN*(XN-AN)*RDEXZ*DCOYNZ 
NMR2=NMR2+AN*YN*RDEXNZ*DSIYNZ 

Imaginary part of the second term of the numerator. 
NMI2=AN*YN*RDEXNZ*DCOYNZ 
NMI2=NMI2-AN*(XN-AN)*RDEXNZ*DSIWZ 

Real part of the denominator. 
DNR=-(AN-XN)*(AN-XN)+YN*YN 
DNR=DNE~+DEXNT~*((XN~AN)*(XN+AN)-(YN*YN))*DCOYNTI. 
DNR=DNR-DEXNT1*(2*YN*(XN+AN))*DSIYNTl 

Imaginary part of the denominator. 
DNI=2*YN*(AN-XN) 
DNI=DNItDEXNT1*(2*(X+AN)*YN)*DCOYNT1 
DNI=DNr+DEXNT1*((XN+AFl)*(XN+AN)-YN*k'N)*DSIYNT1 

NMK-NMRl tNMK2 
NMI=NMI l+NMI 2 
FR-(NMR*DNK+NMI*DNI)/(DNR*DNR+DNI*DN) 
FI=(NMI*DNR-NMR*DNI)/(DNR*DNK+DNI*DNI) 
CALL BESSEL(ANJR2 ,AN,R2) 
CALL BESSEL(ANJRl,AN,RI.) 
JANR2 1-ANJR2 - ANJR1 
ANRl=AN*R1 
CALL BESO(JOR1,ANRl) 
ANR2=AN*R2 
CALL BESO(JOR2,ANR2) 
JO1MJ02=JORl-JOR?. 
RFAC-JANR21*JOlMJO2*(DEXP~-~*L~)-DEXP(-*~2))~ASTP/AN 
RHSR=RFAC*FR 
FGISI=RFAC*F'I 
WRITE(O,1149)AN,RHSR,RHSI 

1149 FORMAT(F9.3,3X,D11.3,3X,D11.3) 
S RH S R -  5 RH 5 R+RHS R 
SRHSI=SRHSI+RHSI 

AKIISR=ARHSR+SRHSR 
ARHSI-AKHSI+SRHSI 

1150 CONTINUE 

1180 CONTINUE 
ARHSR=ARHSR/NZT 
ARHSI=ARHSI/NZT 

RHSPHA=ATAN2(AFSISI,ARHSR)*18O./PI 
WRITE (LOD ,1205) ZD2 ~ KHSMAG , RHSPHA 
WRITE(LOU,1205)ZD2,RHSMAG,RZISPHA 
WRITE(O,1305)ZD2,RHSMAG,RHSPIZA 

RHSMAG-DSQRT(ARHSR*ARHSR+AMSI*A~U~SI) 

1200 CONTINUE 
1205 FORMAT(F6.3,1X,D11.3,1X,F7.2) 

STOP 
END 
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PGDSF calculates mag. and phase of DSF €or l a t t i c e  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 plotted 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 

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

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

-aI, -ma, 
J ( r 2 , r i )  J,(ar>(e - e 1 F(a,a,,z) 

Q3 

-3 (wpa,t-2) 
DSF(r,z) = 

2xIa , ,  

The various terms in the equation are explained in Eqs.  ( 2 ) ,  ( 3 ) ,  ( 4 ) ,  and 
(1s). 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 separa te ly  f o r  each value of a. 
The values  of the d i f f e r e n t  f a c t o r s  t h a t  depend only on r or  z a r e  
computed once and s tored  i n  an a r r ay .  Then f o r  the  d i f f e r e n t  loca t ions  
the  a r r ay  values  a re  mul t ip l ied  and then summed t o  compute the  i n t e g r a l .  
The output from t h i s  program i s  s to red  i n  the da ta  f i l e  PCDSF.DAT. 

Summarv 

1. Dimension ar rays  and declare  va r i ab le  types.  
2 .  I n i t i a l i z e  va r i ab le s .  
3 .  Write the  information about the  c o i l  and p l a t e  geometry t o  a f i l e .  
4 .  D o  the. p a r t s  of the  in t eg ra t ion  which are independent of the pos i t i on  

5 .  Choose a value f o r  the a x i a l  coordinate of the pos i t ion  of the poin t .  

6 .  Choose a value f o r  the r a d i a l  coordinate of  the pos i t i on  o f  the 

7 .  Loop t o  6 u n t i l  done. 
8 .  Loop t o  5 u n t i l  done. 

of the  po in t .  

Do the  p a r t s  of the  in tegraf ion  t h a t  depend only upon t h i s  coordinate .  

po in t .  Complete the in t eg ra t ion  f o r  t h i s  po in t .  

9 .  Write 

Variables  

DELTAR' 

DELTAZ 

DSFI 

DSFM 
DSFP 

DSFR 
FREQ' 
L' 

L1' 

IdOD' 

LOU 

NRT' 

NZT' 

R1' 

the  r e s u l t s  t o  a da ta  f i l e .  

The normalized r a d i a l  d i s tance  between adj  acent  
po in ts  a t  which the program ca lcu la t e s  tihe defec t  
sens it iv i  t y  f ac  t o r .  
The normalized a x i a l  dis tance between adjacent  
po in ts  a t  which the program ca lcu la t e s  the defec t  
s e n s i t i v i t y  f a c t o r .  
The imaginary p a r t  of  the defec t  s e n s i t i v i t y  
f a c t o r .  
The magnitude of the defec t  sens i t iv i - ty  f a c t o r .  
The phase i n  radians of the defec t  s e n s i t i v i t y  
f a c t o r .  
The r e a l  p a r t  of the defec t  s e n s i t i v i t y  f a c t o r .  
The operat ing frequency i n  h e r t z .  
The length of the c o i l .  The value i s  input  i n  
inches and normalized by the program 
The l i f t - o f f  o f  the  c o i l .  The value i s  input i n  
inches and normalized by the  program. 
The number o f  the  1/0 u n i t  connected t o  the  output 
da ta  f i l e .  
The number of the 1/0 u n i t  connected t o  the 
p r i n t e r .  
The t o t a l  number of  po in ts  i n  the r a d i a l  d i r ec t ion  
a t  which the defec t  s e n s i t i v i t y  f ac to r  i.s t o  be 
ca lcu la ted .  
The t o t a l  number of  points  i n  the a x i a l  d i r e c t i o n  
a t  which the  defec t  s e n s i t i v i t y  f ac to r  i s  t o  be 
ca l cu la t ed ,  
The inner radius  o f  the  c o i l .  The value i s  input 
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i n  inches and normalized by t h e  program. 
The outer  rad ius  of the  c o i l .  The value i s  input  
i n  inches and normalized by the  program. 

R2' 

R3 The mean rad ius  of the  c o i l  in inches.  
RD The normalized r a d i a l  d i s tance  between the  c o i l  

a x i s  and the  poin t  a t  which the  program is 
c a l c u l a t i n g  the  de fec t  s e n s i t i v i t y  f a c t o r .  

mol' The r e s i s t i v i t y  of  t he  p l a t e  i n  pn-cm. 
T1' The thickness  of the p l a t e .  The value i s  input  

i n  inches and normalized by the  program. 
TRN' The number of  tu rns  i n  the  c o i l .  
Ul' The r e l a t i v e  magnetic permeabi l i ty  o f  the  p l a t e .  
WUSRR The product o f  t he  angular operat ing frequency, 

t he  magnetic permeabi l i ty  of the  p l a t e ,  the 
e l e c t r i c a l  conduct ivi ty  o f  the  p l a t e ,  and the 
square of the mean rad ius  o f  the  c o i l .  

Notes 

1. The i n t e g r a t i o n  i n  t h i s  program i s  very s i m i l a r  t o  the in t eg ra t ion  
i n  program PCAVZSCN. Program PCAVZSCN c a l c u l a t e s  the  impedance change i n  
a pancake c o i l  due t o  a de fec t ,  bu t  i n  order  t o  do t h i s ,  it must ca l cu la t e  
t he  de fec t  s e n s i t i v i t y  f a c t o r .  The main d i f f e rence  between the programs 
is t h a t  program PCDSF c a l c u l a t e s  t he  de fec t  s e n s i t i v i t y  f a c t o r  a t  
d i f f e r e n t  depths i n  the  p l a t e  while program PCAVZSCN c a l c u l a t e s  the  
average de fec t  s e n s i t i v i t y  f a c t o r  over a range of  depths .  

Sample output  

Output s e n t  t o  p r i n t e r :  

PCDSF T I M E  7:44:26 DATE 8/ 9/89 
I N  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=1.000 WUSRR=5.1950 
NORM 1MPD:RL 0.190682 IM 0.777969 A I R  IND 1.099840E-02 

Par t i a l  l i s t i n g  o f  output s t o r e d  on PCDSF.DAT: 

40 
0.05000 
0.38095 
0.19048 
0.95238 

1 1 
1 2 
1 3 
1 4 
1 5 
1 6 

40 
0.02442 
E. 61905 
0.03810 

0.17513D-03 0.24106D+01 
0.16525D-03 0.23596D+01 
0.15496D-03 0.23083D+01 
0.14450D-03 0.22563D+01 
0.13407D-03 0.22037D+01 
0.12385D-03 0.215041>+01 
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1 7 0.113971)-03 0.20963D+01 
1 8 0.104541)-03 0.20413D+01 
1 9 0.95618D-04 0.19856D+01 
1 10 0.872591)-04 0.19292D+01 
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Listing 

PROGRAM PCDSF 
C VERSION November 16, 1988 

IMPLICIT REAL*8 (A-H,O-Z) 
REAL*8 L,L1 
DIMENSION Sl(6),S2(6),E~(~),SMZDFRo,SMZDFI(100140),~(100) 
DATA MU/8/,PI/3.141592653/,LOD/39/ 
DATA 51/0.005,0.02,0.05,0.1,0.5,2./ 
DATA S2/1.0,2.0,5.0,1O,0,5~.0,2OO.O/ 

DATA FREQ/600./,RH01/4.054/,U1/1.0/,NRT/40/,NZT/40/ 
DATA TRI?/lOOO./,Tl/O.250/,DELTAR/O.OS/ 

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

DATA ERR/O.1,0.01,0.001,1.E-4,1.E-5,1.E-6/ 

C TIME AND DATE ARE PRINTED 

2 FORMAT('PCDSF TIME ',12,':',12,':',12, 
*' DATE ',12,'/',12,'/',12) 
WITE(LOU,5) 

*, 3X, 'CUDTH' 1 
5 FORMAT(5X,'IN RAD',4X,'OT RAD',4XI'LENGTH',4X,'LIFTOFF' 

C COIL P250A 
R1=0.100 
R2-0.425 
k0.050 
L1-0.01 
R3=0.5*(Rl+R2) 
WRITE(LOU,lO)R1,R2,L,Ll,T1 
Rl-R1/R3 

L=L/R3 
Ll=L1/R3 
Tl-T1/R3 
DELTAZXTl/(NXT-l) 
WUSRR=O.5093979*U1*R3*R3*FREQ/RHOl 

C Open the f i l e  for input data for PCDSFPLT. 
OPEN(LOD,FILE-'PCDSF.DAT' ,STATUS-'NEW') 
WRITE(LOU,lS)Rl,R2,L,Ll,Tl 
WRITE(LOD,lG)NRT,NZT 
WRITE(LOD,17)DELTAR,DELTAZ 
WRITE(LOD,17)RI,R2 
WRITE(LOD,l7)L,Ll 
WRITE(LOD,18)Tl 

R2-2.0 - R 1  

10 FORMAT('ACT ',5(F7.4,3X)) 
15 FORPIAT('N0R ',S(F7.4,3X)) 
16 FORMAT(I8, l X ,  18) 
17 FORMAT(F12.5,1X,F12.5) 
18 FORMAT(F12.5) 

WRITE(LOU,20)R3,FREQ,WOl,Ul,WUSRR 
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20 FORMAT(‘ RBAR‘,F7.4,‘ FREQ= ‘,1PE13.6,’ RHO=’,OPF9.4, 
*’ PEFN=’,F7.3,’ WUSRR=‘,F9.4) 
SMAIR=O . 0 
SMIMPR=O.O 
SMIMPI=Q.O 
DO 25 NR=l,NRT 
DO 25 NZ=l,NZT 
SMZDFR(NR,NZ)=O.O 

25 SMZDFI(NR,N%)=O.O 
B 1 = 0 . 0  
B2-S2 (1) 
DO 100 JKL=1,6 

30 RI9=SMAIR 
X=Bl-O.5*Sl (JKL) 

C DETERMINE NUMBER OF STEPS,ISTEPS,BASED ON STEP SIZEMNTERVAL 

DO 95 I=l,ISTEPS 
X=Xt S1 (JKL) 
CALL BESSEL(XJR2,X,R2) 
CALL BESSEL(XJRl,X,R1) 
XL=X*L 
IF(XL.GT.5.OE-3) GO TO 60 
Al=XL*XL*(0.5-XL/6.0) 

1STEPS=DNINT((B2-B1)/S1(JKIA)) 

GO TO 80 
60 IF(XL.GT.75.0) GO TO 70 

Al=XL+DEXP ( -XL) - 1.. 0 
GO TO 80 

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

SMAIR=SMAIR+Cl?AC*2.*Al 
IF(X*Ll.GT.75.)GO TO 95 
xx=x*x 
Xl=DSQRT(Q.5*(XX+DSQRT(XX*XX+WUSRRal\TUS)))/U1 
Yl=WUSREt/ (2. *X1*Ul*Ul) 
A2zXL - A1 
A3=DEXP( -X*L1) 
APBR=(x+x~)*(x+x~)-Y~*Y~ 
APBI=2.*Yl*(X+Xl) 
AMBR=(X-Xl)*(X-Xl)-Yl*Yl 
AMBI=-2 . * Y l * ( X - X I )  
A2BR=O. 0 

ZNUR=A2BR 
ZNUI=A2 BI 
DENR=APBR 
DENI=APBI 
DNCJ=DENR*DENR+DENI*DENI 

A2BI=-2.*XI*Y1 

C SECTION THAT MULTIPLIES BY DEXP(ALPHAl*ZDEFECT) 
DO 91 NZ=l,NZT 
FZD=-(NZ-l)*Tl/(NZT-l) 
ZDR=Xl*U l‘x-FZD 



23 

IF(ZDR.LT.-60.0)GO TO 93 
ZDI-Yl*Ul*FZD 
XPDR-DEXP (ZDR) 
CSDI-DCOS(ZDI)*XPDR 
SNDI=DSIN(ZDI)*XPDR 
xx1==x*x1+xx 
XY l=X*Y 1 
x1x-x*x1-XX 
ZNDR-XXl*CSDI-XYl*SNDI 
ZNDI-XXl*SNDI+XYl*CSDI 
SECTION THAT MULTIPLIES BY DEXP(ALPHA1*(2*TH+ZDEFECT)) 
TZR=X1*Ul*(2.*Tl+FZD) 
IF(TZR.GT.GO.)GO TO 87 
TZI=Yl*U1*(2.*Tl+FZD) 
XPZR-DEXP(-TZR) 
CSZI-DCOS(TZI)*XPZR 
SNZI-DSIN(TZI)*XPZR 
ZNDR~XX1*CSDI-XY1*SNDI+XlX*CSZI+XYl*SNZI 
ZNDI~XX1*SNDI+XY1*CSDI+XYl*CSZI-Xl~~SNZI 
SECTION THAT MULTIPLIES BY DEXP(-ALPHA1*2*CLADTH) 
TR-2.*Xl*Ul*Tl 
IF(TR.GT.60.)CO TO 87 
TI-2.*Yl*Ul*Tl 

CSTI-DCOS(TI)*XPTR 
SNTI=DSIN(TI)*XPTR 

C 

C 

XPTR=DEXP(-TR) 

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-XJRI) 
LOOP OVER THE R VARIATION FOR THE DEFECT 
DO 90 NR=l,NRT 
IF(NZ.GT.1)GO TO 89 
RD=(FLOAT(NR)-.5)*DELTAR 
XRD-X*RD 
CALL BESELl(XRD,RJl) 
RJ (NR) -RJ 1 

C 

89 SMZDFR(NR,NZ)-SMZDFR(NR,NZ)+W(NR)*ZDRL*DFAC 
90 SMZDFI(NR,NZ)-SMZDFI(NR,NZ)+RJ(NR)*ZDIM*DFAC 
9 1  CONTINUE 
93 ZRL-(ZNUR*DENR+ZNUI*DENI)/DNCJ 

ZIM~(DENR*ZNuI-ZNUR*DENI)/DNC.J 
SMIMPR-=SMIMPR+A2*A2*A3*A3*ZRL*CFAC 
SMIMPT.-SMIMPI+A2*A2*A3*A3*ZIM*CFAC 

95 CONTINUE 
331432 
B2-B2+S2(JKL) 
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CHECK-(SMAIR-R19)/SMIR 
IF(ABS(CHECK).GT.ERR(JKL)) GO TO 30 

100 CONTINUE 
135 Q6=0.0254*4.OE-7*TRN*T~*R3*PI*PI*S~~~/(~~(R2-R1))**2 

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

140 FORMAT(‘ NORM IMPD:RE’,F10.6,’ IM”F10.6, 
f ’  AIR IND‘,lPE13.6) 
DO 200 NR=l,NRT 
RD-(FLOAT(NR)-.s)*DELTAR 
DO 220 NZ=l,NZT 
AVZDFR=SMZDFR(NR,NZ) 
AVZDFI=SMZDFI(NR,NZ) 
DSFR=-1.5*WUSRR*(AVZDFR~~AVZDFR-AVZDFI3;AIR*PI) 
DSFI=-1.5*WUSRR*2.0*AVZDFR*AVZDFI/(SMAIR*PI) 
DSFM=DSQRT(DSFR*DSFR+DSFI*DSFI) 
DSFP-DATAN’2(DSF19DSFR) 
WRITE(LOD,221)NR,NZ,DSFM,DSFP 

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

END 
1001 STOP ‘JOB ’ 



25 

PCDSFPLT generates a contour plot of magnitude of DSF 

Program PCDSFPLT generates  a contour p l o t  of the  magnitude of the defec t  
s e n s i t i v i t y  f a c t o r  f o r  a pancake c o i l  using ca l cu la t ions  performed and 
s t o r e d  by program PCDSF. The cross sec t ion  o f  the  c o i l  and the  c o i l  a x i s  
are a l s o  drawn on the p l o t  with the  same sca l e  a s  the contours ,  t o  show 
t h e i r  r e l a t i v e  p o s i t i o n s .  Only a small change i n  the  program i s  necessary 
t o  compute and p l o t  contours of the  phase of the  de fec t  s e n s i t i v i t y  
f a c t o r .  There a r e  t w o  l i n e s  with the  l a b e l  140, and one i s  commented o u t .  
With the  f i r s t  l i n e  i n ,  the magnitude contours a r e  p l o t t e d ,  and with the 
second l i n e  the  phase contours a r e  p l o t t e d .  Both use the same da ta  f i l e  
from PCDSF. 

Summary 

1. Dimension a r r ays  and dec lare  va r i ab le  types.  
2 .  I n i t i a l i z e  v a r i a b l e s .  
3 .  Open the  f i l e  c rea ted  by program PCDSF. 
4 .  Read i n  the  information about the  c o i l  and the  p l a t e  from the f i l e .  
5. Calculate  the pos i t i on  of the  da ta  po in t s  i n  the normalized 

6 .  Se t  the  l a b e l  f l a g s  f o r  the  contours .  
7 .  
8 .  

9 .  C a l l  the  PRINTMATIC contour i n i t i a l i z a t i o n  rou t ines .  

coordinate  system, 

Read the  da t a  s t o r e d  by program PCDSF i n t o  a r r ay  DSFMA. 
Specify the values  of t he  magnitude of  the  de fec t  s e n s i t i v i t y  f a c t o r  

where the contours are t o  be drawn. 

10. D r a w  t he  contours .  
11. Draw the  coil and the  p l a t e .  

Variables  

S ta r r ed  v a r i a b l e s  must be s e t  by the user .  

CNM' 

DELTAR 

DELTA2 

DSFMA 

DS F W  

DSFMMIN 

L 
L1 
LBM' 

Array giving the  values  o f  the  magnitude of the  
de fec t  s e n s i t i v i t y  f a c t o r  a t  which contours a r e  
t o  be drawn. 
The normalized d is tance  i n  the r a d i a l  d i r e c t i o n  
between adjacent  da ta  poin ts .  
The normalized d is tance  i n  the a x i a l  d i r e c t i o n  
between adjacent  da t a  po in t s .  
Array containing the  values  o f  the  magnitude of 
the de fec t  s e n s i t i v i t y  f a c t o r  which w e r e  read i n  
from the  da ta  f i l e .  
The maximum value o f  the  magnitude o f  t he  de fec t  
s e n s i t i v i t y  f a c t o r .  
The minimum value o f  t he  magnitude of the  defec t  
s e n s i t i v i t y  f a c t o r .  
The normalized length  of t he  c o i l .  
The normalized l i f t - o f f  of the  c o i l .  
Array which tells t he  program which of the  



LO E' 

NAME' 

NC' 

NRT 

NZT 

R1 
R2 
T1 
xx 

w 

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 1/0 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 o f  points in the axial direction 
at which calculations were performed, 
The normalized inner coil radius. 
The normalized outer coil radius. 
The normalized thickness of rhe 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. 

Notes 

1. The coordinate system set; up and used by t h i s  program has its origin 
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 wri-te 
variahles to the screen actually have a more important Eunction. Due to 
a hug in either the PRINTMATIC routines or in M/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.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 filename,ext 

DPRINT PCDSF.FIL 
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S a m l e  output 

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

ORNL-DWG 90-8088 

COIL 
AXIS 

I 
I 
I 
1 
I 
1 
1 
I 
I 
I 
I 
I 

I 
I 

I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I - 

g ,  4. Plot of the magnitude of the defect sensitivity f a c t o r .  
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Lis t ing  

PROGRAM PCDSFPLT 
VERSION November 16, 1988 
Program t o  generate a contour p l o t  of the magnitude of  the  
defec t  sensi t ivi t :y  f ac to r  of  a pancake c o i l -  
CIWCTER*80 NAME 

REAL*4 DSFMA(40,40) 
REAL*/& XX(40) , W ( 4 0 )  
REAL*4 CNM( lo), CNP( 10) 
REAL*4 L , L 1  
INTEGER*2 LBM(10) 
INTEGER*2 Il,Jl,I2,J2 
DATA XSCALE/l.O/,NC/g/ 
DATA IDEF/2/,LOE/40/ 

IMPLICIT REAL*& (A-H,O-Z) 

Open the  f i l e  c rea ted  by program PCDSF. 

Read i n  the  c o i l  information. 
READ(LOE,*)NRT,NZT 
READ(LOE,*)DELTAR,DELTAZ 
READ(LOE,*)Rl,R2 
READ (LOE , *)I,, L1 
READ(LOE,*)Tl 

OPEN(LOE,FILE='PCDSF.DAT' ,STATUS-'OED') 

Calculate  the pos i t i on  of the da ta  pointrs i n  the 
normalized coordinate systmn. 
DO 110 I=O,(NRT-1) 
XX(I+l)=REAL(I)*DELTAR 

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

120 CONTINUE 
C Set  the  l abe l  f l a g s  f o r  the  contours.  

DO 130 I=1,10 
LBM ( I ) =O 

130 CONTINUE 

l r + O  READ(LOE,*,END=lSO)NR,NZ,DSFM 
C Read i n  the da ta  s tored  by program PCDSF. 

c 140 READ(LOE,*,END=150)NR,NZ,DUM,DSFM 
NZ=NZT-NZ+l 
IF (DSFM . GT . DSFMMAX) DSFMMAX-DSFM 
IF(DSFMMIN.EQ.O.)DSFMMIN=DSFM 
IF(DSFM.LT.DSFMMIN)DSFMMIN=DSFM 
DSFMA(NR,NZ)=DSFM 
GO TO 140 

C Specify the values a t  which the contours are  t o  be drawn. 
150 VARMAG=DS FMp.zcu(- DS FMMIN 

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

160 CONTINUE 
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C Call the necessary initialization routines. 
NAME=' PCDSF. FIL' 
CALL DINIT(NAME) 
CALL DPL0T(1~,1.,6.,6.,-O.1,1.9,-1.,1.,0.,0.) 
CALL DCTRDEP(1,1,1,1,1) 

CALL DCNTOUR(XSCALE,XX,W,DSFMA,CNM,LBM,NRT,NRT,NZT,NC,IDEF) 

write (0, *) j 2 
Xl=O. 
Y1=0. 
CALL DRTOI(Xl,Yl,Il,J1) 
x2=2. 
Y2=-T1 
CALL DRTOI(X2,Y2,12,J2) 
write(0, *) j 2 
CALL DLINE(Il,J1,12,Jl) 
write ( 0, *) j 2 
CALL DLINE(Tl,J2,12,J2) 
write (0, *) j 2 

C Draw the coil. 
X1=R1 
Y 1-L1 
CALL DRTOI(Xl,Yl,I1,J1) 
X2=R2 
Y2-L+L1 
CALL DRTOI(X2,Y2,12,J2) 
write (0 ,*) j 2 
CALL DLINE (I 1, J 1,12, J1) 
CALL DLINE(Il,J2,12,J2) 
CALL DLINE(Il,Jl,Il,J2) 
WRITE(O,*)I2,Jl,12,52 
CALL DLINE(IZ,J1,12,J2) 
WRITE(O,*)I2,J1,12,J2 

WRITE( 0, *) 11, J1 
x1=0. 
Yl--Tl 
CALL DRTOI(Xl,Y1,11,J1) 
x2-0. 
Y2-0.6 
CALL DRTOI(X2,Y2,12,52) 
WRITE(0 ,*) 11, JlI12,J2 
CALL DDASH(Il,J1,12,J2,1,10,~~) 
CALL DRTOI(-O.l,O.7,11,J1) 
CALL DFONT(4,'C0ILr,I1,J1,1) 

CALL DFONT(4,'AXIS',II,J1,1) 

C Draw the contours. 

C Draw the plate. 

C Draw the c o i l  axis. 

CALL DRTO1(-0.1,0.62,11,J1) 
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CALL DFINIS 
write( 0 ,  *) j  2 
s t o p  
END 



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 r a w  
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 MIZ-17. 
The MIZ-17 makes relative readings of the x and y components of the coil 
impedance. By comparing the measured change for a known amount of lift- 
off to the calculated change, both the phase (rotation) and gain of the 
signal are corrected. The values of the voltage readings with and without 
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 be multiplied 
to convert them to the values of the normalized impedance change in the 
coil. 
4 .  Read in a data poinc. 
5. 

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

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

Variables 

CLOP' 

LOD' 

LOE' 

LO I 

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 
o f  the normalized impedance due to the amount of 
additional lift-off we are using. 
The number of the 1/0 unit connected to the file 
which is used for output. 
The number of the 1/0 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 part of the raw 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 1 if t - off . 
The ratio of the magnitude of the calculated 
change in the normalized impedance to the change 
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PD 

ZEROI' 

ZEROR' 

ZLOT" 

ZLOR' 

ZMAG 

ZPHA 

i n  t he  r a w  reading due t o  add i t iona l  l i f t - o f f .  
The d i f f e rence  between the phase of the  ca l cu la t ed  
change i n  the  normalized impedance and the phase 
of t he  change i n  the  r a w  reading due t o  add i t iona l  
l i f t - o f f .  
The imaginary p a r t  of the  r a w  reading taken on a 
pa r t  o f  t he  p l a t e  with no d e f e c t s .  
The r e a l  p a r t  o f  the  raw reading taken on a p a r t  
of  t he  p l a t e  with no de fec t s .  
The imaginary p a r t  o f  the  r a w  reading made on the  
s a m e  p a r t  of the  p l a t e  where the  readings f o r  RLOR 
and RLOI were taken, bu t  ZLOI is  the  reading 
without add i t iona l  l i f t - o f f .  
The real  p a r t  of the r a w  reading made on the  same 
p a r t  of t he  p l a t e  where the readings f o r  RLOK and 
RLOI were taken, but  %LOR i s  thc  reading without 
add i t iona l  l i f t - o f f .  
The magnitude of the  change i n  the  normalized 
impedance of the c o i l  due t o  the d e f e c t .  
The phase of the change i n  the normalized 
impedance of the c o i l  due t o  the  d e f e c t .  

Notes 

1. The raw readings taken d i r e c t l y  from the voltmeters by a program such 
as MIZSCN2 d i f f e r  from the normalized impedance change i n  the  c o i l  by both 
an add i t ive  and a mul t ip l i ca t ive  constant I To determine the add i t ive  
constant-, we need only take readings on a p a r t  of  the  p l a i e  with no 
d e f e c t s .  This reading i s  subtracted from the  r a w  readings.  To determine 
the  inu l t i p l i ca t ive  cons t an t ,  we f i n d  b o t h  the  ca l cu la t ed  and the 
experimental changes i n  readings due t o  a cert-ain amount o f  add i t iona l  
l i f t - o f f .  A l l  subsequent r a w  readings are then mul t ip l ied  by the  r a t i o  
of  t he  ca l cu la t ed  value t o  the  measured va lue .  This d i r e c t l y  noriiializes 
the  readings,  and includes any ampl i f i ca t ion  f a c t o r s  i n  the  instrument.  

2 .  This program averages the readings which precede the  de fec t  with 
those which follow the  d e f e c t .  The de fec t  s i g n a l  i s  supposed t o  be 
symmetric about t he  cen te r  of  t:he d e f e c t .  Any asymmetry should be due t o  
random noise  o r  t o  changes i n  the  p l a t e  which we a r e  not i n t e r e s t e d  i n .  
Averaging the  s i g n a l  w i l l  reduce the e f f e c t  t h a t  such changes have on our 
r e s u l t s .  



33 

Listinq 

C 
C 
C 

11 
C 

30 

35 

75 

200 

300 

PROGRAM PCFIX 
VERSION November 21, 1988 
PROGRAM TO CONVERT RAW EXPERIMENTAL DATA TAKEN BY 
PANCAKE COILS INTO THE NORMALIZED IMPEDANCE CHANGE IN 
THE PANCAKE COIL DUE TO A DEFECT. 
DIMENSION V R A ( ~ ~ O ) , V I A ( ~ ~ O ) , ~ G ( ~ ~ O ) , Z P ~ . ~ A ( ~ ~ O )  
REAL OFFSET 
REAL LOM, LOP, LOR, LO1 
DATA LOD/39/,LOE/38/ 
DATA PI/3.141592653/ 
DATA FREQ/5OO/ 
DATA ZEROR/-7.6/,ZEROI/-2.2/ 
DATA RLOR/-9.5/,RLOI/-0.5/,ZLOR/-7.77/,ZLOI/-2.14/ 
DATA CLOM/O.02003O/,CLOP/2.44/ 
O P E N ( L O E , F I L E - ’ A 2 . D A T ‘ , S T A T U S - ‘ O L D ’ )  
OPEN(LOD,F1kE=’AAEXPN2.DAT’,STATUS-’NEWf) 
LOR-RLOR- ZLOR 
LOI-RLOI-ZLOI 
1-1 
READ(LOE,*,END=30)X,VRA(I),VIA(I) 

1-14-1 
GOT0 11 
1-1 - 1 
IMAx=I 
J-1 
LOM-SQRT(LOR*LOR+LOI*LOI) 
LOP-ATANZ(LOL,LOR) 
SF-CLOM/LOM 
PD-CLOP-MP 
IF(1.LT.J) GO TO 200 
VR-0 .5* ( V U (  I) +VU( J ) ) 
VI=O.5*(VIA(I)+VIA(J)) 
VR=VR-ZEROR 
VI-VI-ZERO1 
zMAG(I)=SQRT(VR*VR+VI*VI)*SF 
ZPHA(I)-(ATAl~2(VI,VR)+PD)*l8O./PI 
FORMAT(E11.4,1X,F9.3) 
1-1 - 1 
J4+l 
GO TO 35 
1-14-1 
DO 300 J-1,IMAX 
WRITE(LOD,75)ZMAG(J),ZPHA(J) 
CONTINUE 
STOP 
END 

WRITE(O,*)VRA(I),VIA(I) 
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PCAVZSCN c a l c u l a t e s  defec t  impedance change, average over depth 

Program PCAVZSCN c a l c u l a t e s  the change i n  the  impedance of a pancake c o i l  
due t o  the  presence of a de fec t  i n  a conducting p l a t e .  I t  does the  
ca l cu la t ions  f o r  a number o f  d i f f e r e n t  r a d i a l  d i s tances  between the  c o i l  
a x i s  and the  cen te r  of the d e f e c t ,  and it  has  the  a b i l i t y  t o  d iv ide  the 
de fec t  i n t o  smaller  p a r t s  centered on the  a x i s  of  the  de fec t  and t o  
perform the  ca l cu la t ions  f o r  each p a r t  s epa ra t e ly ,  a method o f  t r e a t i n g  
the  de fec t  t h a t  usua l ly  gives more accurate  r e s u l t s .  The assumption i s  
made t h a t  the  de fec t  has a constant  c ross  sec t ion  as the  depth i s  va r i ed ,  
such as i n  a f l a t  bottomed ho le .  I f  this i s  not  the  case ,  a weighted 
average with depth should be used. The output from PCAVZSCN is s to red  i n  
the  f i l e  PCAVZSCN.DAT. 

Summary 

1. Dimension a r r ays  and dec lare  va r i ab le  types.  
2 .  I n i t i a l i z e  v a r i a b l e s .  
3 .  Begin the in t eg ra t ion  loops,  ca l cu la t ing  the  expressions t h a t  a r e  

4. Assign a value t o  FZD, the  center  o f  the  p a r t  of the de fec t  we wish 

5.  Do the  ca l cu la t ions  t h a t  depend only on the  a x i a l  p o s i t i o n  o f  the  

6 .  Se l ec t  a value f o r  R D ,  the r a d i a l  d i s tance  between the  c o i l  and the  

7 .  Complete the  in t eg ra t ion .  
8 .  Loop t o  6 u n t i l  done. 
9 .  Loop t o  4 u n t i l  done. 

independent of the  pos i t i on  of  the  d e f e c t .  

t o  work with.  

de fec t .  

p a r t  of the  de fec t  we a r e  working with.  

10.  Write 

Var i ab 1 e s 

DELTAR. 

DFDEP' 

DFDIAM' 
DFM 

DFP 

DSFI 

DSFR 

FREQ' 
I,' 

L1' 

the r e s u l t s  of the ca l cu la t ions  t o  a f i l e .  

The normalized r a d i a l  d i s tance  between ad jacent  
da ta  po in t s .  
The d is tance  from the s ide  o f  the  p l a t e  where the  
de fec t  i s  loca ted  t o  the  bottom of the  de fec t  i n  
inches.  
The diameter of the  defec t  i n  inches.  
The magnitude of the  change i n  the  normalized 
impedance of the  c o i l  due t o  the de fec t .  
The phase o f  the  change i n  the  normalized 
impedance o f  the  c o i l  due t o  the  de fec t .  
The imaginary p a r t  of the  de fec t  s e n s i t i v i t y  
f a c t o r  of  the  c o i l .  
The r e a l  p a r t  of the  deEect s e n s i t i v i t y  f a c t o r  of 
the  c o i l .  
The operat ing frequency i n  h e r t z .  
The length  o f  the  c o i l .  The value i s  input  i n  
inches and normalized by the program. 
The l i f t - o f €  of the c o i l .  The value i s  input  i n  



LOD' 

LOU 

NRT' 

NS' 

NZT' 
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R l '  

R2' 

R 3  
RD 

RH01' 

T1' 

TRN' 
U1' 
VOLN 
WUSRR 

ZD 

ZNDFI 

ZNDFR 

Z N I M  

ZNRL 
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inches and normalized by the  program. 
The number of t he  I/O u n i t  connected t o  the  output  
da t a  f i l e .  
The number of the  1/0 u n i t  connected t o  the  
p r i n t e r .  
The number of  d i f f e r e n t  r a d i a l  d i s t ances  between 
the  c o i l  a x i s  and the  center  of  t he  de fec t  a t  
which the  ca l cu la t ions  a r e  performed. 
The s i d e  of the  p l a t e  where the  de fec t  i s  loca ted .  
I f  NS-1, t h e  de fec t  is on the  near  s i d e ;  i f  NS-2, 
the  de fec t  is on the  f a r  s i d e .  
The t o t a l  number of p a r t s  i n t o  which the de fec t  
is divided along i t s  ax i s  when the  ca l cu la t ions  
a r e  performed. 
The inductance of t he  c o i l  i n  a i r .  
The inner  rad ius  of the  c o i l .  The value is input  
i n  inches and normalized by the  program. 
The outer  rad ius  of the  c o i l .  The value i s  input  
i n  inches and normalized by the  program. 
The mean rad ius  of t he  c o i l  i n  inches.  
The normalized r a d i a l  d i s tance  from the  a x i s  of 
t he  c o i l  t o  the center  of the  d e f e c t .  
The e l e c t r i c a l  r e s i s t i v i t y  of the  p l a t e  i n  pa- 
c m  . 
The thickness  o f  t he  p l a t e .  The value is  input  
i n  inches and normalized by the  program. 
The number of t u rns  i n  the  c o i l .  
The r e l a t i v e  magnetic permeabi l i ty  of  the  p l a t e .  
The normalized volume of the  de fec t .  
The product of t he  angular frequency, the  r e l a t i v e  
magnet ic  p e r m e a b i l i t y ,  t h e  e l e c t r i c a l  
conduct iv i ty ,  and the square of the  mean c o i l  
rad ius .  
The normalized d is tance  from the  s i d e  of t he  p l a t e  
where the  de fec t  i s  located t o  the  bottom of the  
d e f e c t .  A negative number. 
The imaginary p a r t  of the change i n  the  normalized 
impedance of  the  c o i l  due t o  the  de fec t .  
The r e a l  p a r t  of  the  change i n  the  normalized 
impedance of the  c o i l  due t o  the  d e f e c t .  
The imaginary p a r t  of the  normalized coil. 
impedance with no de fec t s  present .  
The r e a l  p a r t  of the  normalized c o i l  impedance 
with no de fec t s  present .  

Notes 

1. Variable  NZT con t ro l s  the  number o f  p a r t s  i n t o  which the de fec t  is 
divided t o  perform the  ca l cu la t ions .  Since the  theory upon which t h i s  
program is based is more accurate  f o r  small  d e f e c t s ,  it is des i r ab le  t o  
work with the  de fec t  i n  p a r t s  r a t h e r  than a s  a whole. 



36 

Integration Sectlon 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. 

Integration variable 
(a2+ j w p u l i ? )  I ”  

Defect shape arid orientation factor 
(a’+jwpu,F’) 1’2/p 

Plate thickness 
Integral of  x J , ( x )  with respect to x from ax, to ax, 
Bessel €unction 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 o f  plate 
Normalized volume of defect 
Angular frequency at which circuit is driven 
Depth to center o f  defect 

Variables appearinp, in the intenation section 

Program Symbolic 
variable equivalent 
A1 aR+exp(-al)-1 

A2 

A2BI 

A2BR 

A 3  

AMBI 

AMBR 

APBI 

APBR 

AVZDF’I 

AVZDFR 

Bl (See note 12.) 

B2 (See note 12.) 
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CFAC 

CHECK 

CSDI 

CSTI 

CSZI 

DEN1 

DENR 

DFAC 

ERR 

FZD 

ISTEPS 

R I  9 

RJ1 

s1 
s2 

l J ( r 2 , r l )  1’ 

Re[exp(a,z) I 
{See note  12.) 

Re [ exp (-2a,c) ] 

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

Im [ (a+/% 2- (4, ’exp (-2a,c) 1 
Re [ (a+B1>2-(a-B,>Zexp(-2a,c) 1 
1 
- (1-exp (-am) >exp(-al ,)  J ( r ,  , r,) da 
a3 

(See note  1 2 . )  

z (See note  14.) 

( S e e  note  1 2 . )  

(See note 12.) 

J l  ( a r )  

da 

(See note  12.) 

SMAI R 

SMIMPI 

SMIMPR 

2(aL’+exp(lzl)-l) [ J ( r z , r l )  1’ da 
a“ 

0 
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SMZD F I 

SMZDFR 

exp (a,z)-(n--p,) ..... exp (-a, ( 2c+z)  ) 

(a+pl) ’ - ( m - p , )  ‘exp (-2a1c) 

SNDI 

swrr 
SNZI 

TI. 

TR 

TZ T. 

TZR 

X 

x1 

x1x 

XJRl  

X.JR2 

XL 

XPDR 

XPTR 

XYZR 

XRD 

xx 
XX1 

XY1 

Y1 

Z D 1  

ImIexp(%z) I 
- Im[exp(- - -2a ,c )  ] 

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

I m [  2a,c]  

Re [ 2 a 1 c ]  

I m [ a , ( 2 c + z ) ]  

R e  [a, (2c+z)  ] 
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ZDIM 

ZDR 

ZDRL 

Z I M  

ZND I 

ZNDR 

ZNUI 

ZNUR 

ZRL 

Notes f o r  t he  i n t e g r a t i o n  sec t ion  

11. A number of  the  va r i ab le s  i n  the  in t eg ra t ion  sec t ion  a r e  not  always 
assigned t h e i r  exact  values  bu t  a r e  approximated i n  c e r t a i n  cases  t o  save 
t ime. For example, r a t h e r  than c a l c u l a t e  the  exponent ia l  o f  a very s m a l l  
number t h a t  has i t s  argument subt rac ted  from i t ,  the  Maclaurin series 
expansion i s  sometimes used. Also, the  exponential  of  a very l a rge  
negat ive number is usua l ly  t r e a t e d  a s  zero .  

1 2 .  Several  va r i ab le s  appear i n  the  i n t e g r a t i o n  sec t ion  of the  program 
which play no p a r t  i n  the ca l cu la t ions  being done. They a r e  merely there  
t o  do such th ings  a s  t o  determine the  maximum s t e p  s i z e  which can be used 
while s t i l l  accura te ly  ca l cu la t ing  the i n t e g r a l s .  

13. Variables  AVZDFR and AVZDFI a r e  the  averages of  the  elements i n  
a r r ays  SMZDFR and SMZDFI, respec t ive ly .  For improved accuracy, t he  de fec t  
is divided i n t o  NZT p a r t s  t o  perform the  ca l cu la t ions .  The NZT elements 
o f  each a r r ay  conta in  the ca l cu la t ions  f o r  these NZT p a r t s .  These elements 
a r e  averaged t o  give the  t o t a l  e f f e c t  of a l l  of  these p a r t s  on the  
impedances of the  c o i l s .  

14.  The v a r i a b l e  FZD i s  the normalized depth from the  near  s i d e  o f  the 
p l a t e  t o  t h e  center  of  the  p a r t  of the de fec t  with which the program is 
working. I t  i s  not  t he  depth of the center  of t he  a c t u a l  de fec t .  
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Sample ou tpu t  

Printer o u t p u t  of program PCAVZSCN 

PCAVZSCN 20 POINTS USED FAR SIDE DEFECT TIME 8: 9:55 DATE 8/ 9/89 
IN RAD OT RAD LENGTH LIFTOFF CLADTW 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 KH0=4.0540 PERM=l.OOO WIJSRK-4.0853 
NORM 1MPD:RL 0.155825 IM 0.832098 AIR IND 6.252919E-03 VOLN 2,1905E-02 

Partial listing of file PCAVZSCN.DAT: 

0.1550D-06 
0.139OD-05 
0.3832D-05 
0.7428D-05 
0.1210D-04 
0.17741)-04 
0.24231)-04 
0.3143D-04 
0.3919D-04 
0.4733D-04 

54.632 
54.602 
54.540 
54.448 
54.322 
54.162 
53.966 
53.733 
53.459 
53.lh4 
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Listing 

PROGRAM PCAVZSCN 
C VERSION August 9, 1989 
C P R O G W  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 CALCULATIONS ARE STEPPED IN THE 
C R DIRECTION] AND THE MAGNITUDE AND PHASE IS STORED IN A DATA FILE. 

CHARACTER SIDE(2)*4 

REAL*8 L,L1 
CHARACTER*l FF 
D1MENS10NS1(6),S2(6),ERR(6),SMZDFR(200,40),SMZDF1(200,40),RJ(200) 
DATA LOU/8/,P1/3.141592653/,NZT/2O/,NRT/40/ 
DATA Sl/.OO5,.02,.05,.1,.5,2./ 
DATA S2/1.0,2.0,5.0,10.0,50.0,200.O/ 

DATA FREQ/500./,RHO1/4.054/,Ul/l.O/,T1/0.250/ 
DATA TRN/SOO./,SIDE/’NEAR’ , ’  FAR’/,DELTAR/O.OS/ 
DATA LOD/39/,DFDIAM/O.O77O/,DFDEP/O.O78O/,NS/2/ 
FF-CHAR(12) 
OPEN(LOD,FILE-’PCAVZSCN.DAT’,STATUS-‘NEW’) 

CALL GETTIM(IHR,IMN,ISE,IFR) 
CALL GETDAT(IYR,IMO,IDA) 
IYR=IYR-1900 
WRITE(LOU,2)NZT,SIDE(NS),ZHRlIMN,ISE,IM0,1DA,IYR 

IMPLICIT REAL*8 (A-HIO-Z) 

DATA ERR/.1,.01,.00l,P.E-4,1.E-5,1.E-6/ 

c TINE AND DATE ARE PRINTED 

2 FORMAT(‘PCAVZSCN ’,13,‘ POINTS USED ’,A4,’ SIDE DEFECT’, 
*’ TIME ‘1121‘:’112,‘:‘,12,’ DATE ‘,12,’/‘,12,’/’,12) 
WRLTE(LOU,5) 

5 FORMAT(5X,’IN RADfI4X,’OT RAD’,4X,’LENGTH‘,4X,’LIFTOFF’ 
*,3X,‘CLADTH‘,4X,‘DF DEP’) 

C COIL P250A 
R1-0.1000 
R2-0.4100 
b o .  1000 
L1=0 * 01 
R3=.5*(Rl+R2) 
ZD- - DFDEP 
WRITE(LOU,lO)Rl,R2,L,Ll,Tl,ZD 
Rl=Rl/R3 
R2-2.0 -R1 
L=L/R3 
Ll==Ll/R3 
ZD=ZD/R3 
T l=T 1/R3 

VOW=PI*DFDIAM*DFDIAM*DFDEP/(4.*R3aR3) 
WLTSRR=0.5093979*Ul*R3*R3*FREQ/RHO1 
WRITE(LOU,15)R1,R2,L,LllTl,ZD 

C VOW=0.1666667*PI*(DFDI~/R3)*(DFDIAM/R3)*(DFDI~/R3) 
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10 FORMAT('ACT ',7(F7.4,3X)) 
15 FORMAT('N0R ',7(F7.4,3X)) 
18 FORMAT(' CYL FLAW: DIAM-',F7.4,', DEPTW=',F7.4) 

WRITE(LOU,20)R3,FREQ,RNOl,Ul,TnTUSRR 
20 FORMAT(' RBAR',F7.4,' FREQ= ',lPE13.6,' IUlO=',OPF9.4, 

*' PERM=',F7.3,' IJUSRR=',F9.4) 
SMAIR=O . 0 
SMIMPK-0.0 
SMIMPI-0.0 
DO 25 NR=l,NRT 
DO 25 NZ=l,NZT 
SMZDFR(NR,NZ)=O.O 

25 SMZDFI(NR,NZ)-0.0 
R1=0.0 
B2==S2 (1) 
DO 100 JKL=l,G 

30 RI9-SMAIR 
X=E1. - 0 I 5*S1 (JKL) 

C DETERMINE NUMBER OF STEPS,IS'1'EQS,BASED ON STEP SIZE&INTERVAL 
ISTEPS=DNINT((B2-Bl)/Sl(JKL)) 
DO 95 I=l,ISTEPS 
X-X+Sl(JKL) 
CALL BESSEL(XJR2,X,R2) 
CALL BESSEL(XJRl,X,Kl) 
XL=X*L 
IF(XL.GT.5.0E-3) GO TO 60 
Al=XL*XL* (0.5 -XL/6.O) 
GO TO 80 

60 IF(XL.GT.75.0) GO TO 70 
Al=XL+DEXP ( - XL) - 1. O 
GO TO 80 

70 AI-XL-1.0 
80 CFAC->=Sl( JKL)* (X.JR2 -XJRl)*(XJR2 -XJR1) 

SMAIR=SMAIR+CFAC'k2.*Al 
IF(X*Ll.GT.75.)GO TO 95 
xx=x*x 
X1-DSQRT (0.5* (XX-I-DSQRT (XX*XX-kWUSRR-WUSRR) ) ) /U1 
Yl=WUSRR/ (2. *Xl*US-kU1) 
A2-XL - A 1  
A3=DEXP(-X*L1) 
APBR=(X+Xl)*(Xi-Xl)-Yl*Yl 
APBI=2.*Yl*(X+Xl) 
AMBR=(X-Xl)*(X-Xl)-Yl*Yl 
AMRI--2.*Ylx"(X-X1) 
A2BR-==O. 0 
k2BI=-2.*XI*Y1 
ZNUR=A2 BK 
ZNUI=A2BI 
DENR-APBR 
DENI=APBI 
DNCJ=DENR*DENRtDENI*DENI 
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C 

C NEAR SIDE DEFECT CALCULATION 

C FAR SIDE DEFECT CALCULATION 

SECTION THAT MULTIPLIES BY DEXP(ALPHAl*ZDEFECT) 
DO 91 NZ-1,NZT 

FZD-(FLOAT(NZ)-.S)*ZD/FLOAT(NZT) 

IF(NS.EQ.2)FZD--Tl-FZD 
ZDR==Xl*Ul*FZD 
IF(ZDR.LT.-6O.O)GO TO 9 3  
ZDI=Yl*U1*FZD 
XPDR=DEXP(ZDR) 
CSDI-DCOS(ZDI)*XPDR 
SNDI-DSIN(ZDI)*XPDR 
xx1=x*x1+xx 
XY l=X*Y 1 
X1X==X*X1-w( 
ZNDR=XX1*CSDZ-XYl*SNDI 
ZNDI=XXl*SNDI+XYl*CSDI 
SECTION THAT MULTIPLIES BY DEXP(ALPHAl*(2*TH+ZDEFECT)) 
TZR=Xl*U1*(2.*Tl+FZD) 
IF(TZR.GT.GO.)GO TO 87 
TZI=Yl*U1*(2.*Tl+FZD) 

CSZI=DCOS(TZI)*XPZR 
SNZI=DSIN(TZI)*XPZR 

C 

XPZR-DEXP(-TZR) 

ZNDR=XX1*CSDI-XY1*SNDI+X1X*CSZI+XYl*SNZI 
ZNDI=XX1*SNDI+XY1*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 
DENRzAPBR-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-XJRl) 

C LOOP OVER THE R VARIATION FOR THE DEFECT 
DO 90 NR-1,NRT 
IF(NZ.GT.1)GO TO 89 

XRD-X*RD 
CALL BESELl(XRD,RJl) 
RJ (NR) -W 1 

RD=(FLOAT(NR)-.5)*DELTAR 

89 5MZDFR(NR,NZ)=SMZDFR(NR,NZ)+EU(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*ZNl.I-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) 

IF(ABS(CHECK).GT.ERR(JKL)) GO TO 30 
CHECK=(SMAIR-R19>/SMAIR 

100 CONTINUE 
135 Q6=0.0254*4.OE-7*TRN*TRN*R3*PI*PI~SMA~R/(~~*(R2-R~))**2 

ZNIM-(SMIMPR+SMAIR)/SMAIR 

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

140 FORMAT(' NORM IMPD:RL',F10.6,' IM',FlO.h, 

150 FORMAT(' NORM CHG:RL ',OPF10.6,' iM',OPF10.6, 

160 FORMAT(' NORM DSF:RL',lPEI.L.4,' IM',lPE11.4,' VOLN',lPE11.4) 

*' AIR IND',lPE13.6,' VOLN',lPEl1.4) 
* '  MAG ',OPF10.6,' PHA ',OPF7.2) 
DO 200 NR=l,NRT 
RD=( FLOAT (NR)  - .5 ) *DEIATAR 

C AVERAGE OVER DEFECT POINTS AT DIFFERENT DEPTHS 
AV%DFR=O.O 
AVZDFI=O. 0 
DO 220 NZ=l,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*AVZD~~)/(S~IR*PI) 
DSFI~-1.5*WUSRR*2.0*AVZDFR*AVZDFI/(SMAIR*FI) 
ZNDFR=VOLN*DSFR 
ZNDFI=VOLN*DSFI 
DE'M=VOWASQRT(DSFR*DSFR+DSFI*DSFI) 
DFP=ATAN2(DSFI,DSFR)*l8O./PI 

200 WRITE(LOD,178)DFM,DFP 
178 FORMAT(D11.4,1X,F8.3) 

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

Program PCAWSCN c a l c u l a t e s  t he  change i n  the  impedance of a pancake c o i l  
due t o  t he  presence of a f la t -bot tomed hole  i n  a conducting p l a t e .  I t  
f i r s t  c a l c u l a t e s  t he  de fec t  s e n s i t i v i t y  f a c t o r  f o r  a l a t t i c e  of po in ts  
t h a t  extends from the  c o i l  a x i s  t o  the  ou te r  edge of the  c o i l  f i e l d ,  as  
shown i n  Fig.  3 .  Although t h i s  method o f  averaging over t he  dimensions 
a f  t he  de fec t  i s  not  mathematically c o r r e c t ,  it usua l ly  gives  more 
accura te  r e s u l t s  than assuming t h a t  t he  de fec t  i s  a poin t  o r  only 
averaging over the  de fec t  depth.  Once the de fec t  s e n s i t i v i t y  f a c t o r  has 
been computed, t h e  de fec t  can be considered t o  be a t  any r a d i a l  l oca t ion  
with respec t  t o  the c o i l  and i t s  average e f f e c t  ca l cu la t ed  by summing over 
the  de fec t  s e n s i t i v i t y  f a c t o r  values  a t  the d i f f e r e n t  r a d i a l  pos i t i ons  
mul t ip l i ed  by the  volume o f  t h a t  p a r t i c u l a r  element. I n  Fig.  5 we show 
the r e l a t i o n s h i p  of  a f la t -bot tomed hole t o  the  c o i l  c e n t e r ,  looking down 
on the  Dlate 

ORNL-DWG 9 0 - 8 0 9 9  

FLAT 
BOTTOMED 

HOLE 

Fig .  5 .  Top v i e w  of f la t -bot tomed ho le  referenced t o  the c o i l  ax i s  

The de fec t  signal is f irst  averaged over the  de fec t  depth i n  a manner 
s i m i l a r  t o  the  PCAVZSCN program. Then the  a r c  length  AL i s  mul t ip l ied  by 
t h e  r e a l  and imaginary value of  t he  average de fec t  s i g n a l  and t h i s  is  
summed a5 the  d is tance  from the  c o i l  axis RD is stepped from one s i d e  of 
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the  defec t  t o  the o ther .  This is repeated f o r  d i f f e r e n t  values  of the 
d is tance  from the c o i l  ax i s  t o  the defec t  cen te r ,  SD. This simulates the 
c o i l  scanning across  the  de fec t .  I t  should be noted t h a t  the  defec t  
s e n s i t i v i t y  f ac to r  i n t eg ra t ion  does not  have t o  be repeated as S D  
increases  o r  i f  another s i z e  defec t  i s  used i f  the l a t t i c e  o f  po in ts  is 
f i n e  enough. However, r a t h e r  than choose the  l a t t i c e  f i n e  enough t o  cover 
a l l  defec t  depths present ly  s to red  i n  PCAWSCN, we have set  the  program 
up so t h a t  i t  w i l l  compute a new l a t t i c e  f o r  each defec t  depth.  

The arc length is ca lcu la ted  by the expression: 

1 1  SD' + RD2 - DR2 AL = 2 KD [ COS-' [ 2 R D S D  

unless  the defec t  encloses the coil or ig in .  I n  t h i s  case ,  the a r c  length 
i s  : 

AL = 2 n RD 

as long a s  RD i s  less than DR - S D .  Then the expression i n  E q .  (18)  
should be used. 

The defec t  volume can a l s o  be calcul-ated by multiplying the arc length AI, 
by the  incremental s t e p  i n  RD. A comparison o f  the  vo1ume ca lcu la ted  by 
t h i s  method shows an agreement t o  within 0 .1% i f  the l a t t i c e  i s  f i n e  
enough t o  have 40 poin ts  across  the de fec t .  A l a t t i c e  of  20 po in ts  w i l l  
give an e r r o r  of  0 . 3 % .  

The de fec t  s igna l  i s  averaged over the defec t  volume using the expression: 

1 AI.. (AVZDFR(NK) + jAVZDFI(NR)) 
AVZDR t j A V Z D I  = NR 1 AL 

XR 

The d iv i s ion  by the summation o f  the a r c  length i n  E q .  (19) helps  reduce 
any e r r o r s  i n  the  computation of the defec t  volume and furnishes  the 
proper normalization. The l i m i t  o f  the summation i s  only  done f o r  NR 
values  t h a t  l i e  within the defect:. 

The output f o r  the  program i s  wr i t t en  on the file FORT9. 

Summary 

I. Dimension ar rays  and declare  va r i ab le  types.  
2 .  I n i t i a l i z e  va r i ab le s .  
3 .  Begin the  in t eg ra t ion  loops,  ca l cu la t ing  the expressions t h a t  are 

4 .  Assign a value t o  FZD, the  center  of  the  p a r t  o f  the defec t  w e  wish 

5 .  D o  the  ca l cu la t ions  t h a t  depend only upon the  a x i a l  pos i t i on  of the 

6 .  Se lec t  a value f o r  R D ,  the  r a d i a l  d i s tance  between the c o i l  and the  

independent of the  pos i t i on  o f  the  de fec t .  

t o  work with.  

de fec t .  

p a r t  of the defec t  we a re  working with.  
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7 .  Complete the  in t eg ra t ion .  
8 .  Loop t o  6 u n t i l  done. 
9 .  Loop t o  4 u n t i l  done. 

10 .  Write the  r e s u l t s  of t he  ca l cu la t ions  t o  a f i l e  

Variables  

ANG 

DELTAR' 

DFDEP' 

DFDIAM' 
DFM 

DFP 

DR 
DRR 

DSFI 

DSFR 

FREQ* 
L' 

L1' 

LOD' 

LOU 

NDF 

NDT 
NRD 

NRT' 

NRTT 

NS' 

NZT' 

The angle of ha l f  the  a r c  length  AL, 0 i n  Figure 
5 .  
The normalized r a d i a l  d i s tance  between adjacent  
da t a  po in t s .  
The d is tance  from the s i d e  of t he  p l a t e  where the  
de fec t  is  loca ted  t o  the  bottom of the  de fec t  i n  
inches.  
The diameter of t h e  de fec t  i n  inches.  
The magnitude of t he  change i n  the  normalized 
impedance of the c o i l  due t o  the d e f e c t .  
The phase of the  change i n  the  normalized 
impedance of the  c o i l  due t o  the  d e f e c t .  
The normalized de fec t  r ad ius .  
The normalized defec t  rad ius  b e s t  descr ibed by the  
NDT po in t s .  
The imaginary p a r t  of t h e  de fec t  s e n s i t i v i t y  
f a c t o r  of t he  c o i l .  
The r e a l  p a r t  of t he  de fec t  s e n s i t i v i t y  f a c t o r  o f  
the  c o i l .  
The operat ing frequency i n  h e r t z .  
The length  of the c o i l .  The value is input  i n  
inches and normalized by the  program. 
The l i f t - o f f  o f  the  c o i l .  The value is input  i n  
inches and normalized by the  program. 
The number of the  1/0 u n i t  connected t o  the  output  
da ta  f i l e .  
The number of the  1/0 u n i t  connected t o  the  
p r i n t e r .  
The number denoting the p a r t i c u l a r  de fec t  i n  the 
a r ray  of de fec t s .  
The number of r a d i a l  po in t s  across  the  d e f e c t .  
The in t ege r  t h a t  denotes the  r a d i a l  l oca t ion  at 
which the  de fec t  s e n s i t i v i t y  i s  ca l cu la t ed .  
The t o t a l  number o f  r a d i a l  po in t s  a t  which the  
defect: s e n s i t i v i t y  ca l cu la t ions  a r e  performed. 
The t o t a l  number of po in ts  i n  the  r a d i a l  d i r e c t i o n  
a t  which the  averaged impedance change i s  
ca l cu la t ed .  Present ly  s e t  t o  2/3 of  NRT. 
The s i d e  of the  p l a t e  where the  de fec t  i s  loca ted .  
I f  NS=1, the  de fec t  is on the  near s i d e ;  i f  NS-2, 
the  de fec t  is  on the  f a r  s i d e .  
The t o t a l  number of p a r t s  i n t o  which the  de fec t  
is divided along i ts  ax i s  when the  ca l cu la t ions  
a r e  performed. 
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R1'  

R2' 

R 3  
RD 

RHO1' 

T1' 

TRN' 
U1' 
VOLN 
WlrsRR 

ZD 

ZNDFI  

ZNDFR 

Z N I M  

ZNRL 

Notes 

The inductance of t he  c o i l  i n  a i r .  
The inner  radius  of  the coi.1.. The value i s  input  
i n  inches and normalized by the  program. 
The ou te r  radius  of the  coil.. The value is  input 
i n  inches and normalized by the  program. 
The mean radius  of the  c o i l  i n  inches .  
The normalized r a d i a l  dis tance from the a x i s  o f  
the  c o i l  t o  the cen te r  of the  de fec t .  
The e lectr ical  r e s i s t i v i t y  o f  the  p l a t e  i n  pQ- 
cm . 
The thickness o f  the  p l a t e .  The value is  input  
i n  inches and normalized by the  program. 
The number of t u rns  i.n the c o i l .  
The r e l a t i v e  magnetic permeabili ty o f  the  p l a t e ,  
The normalized volume of the  d e f e c t .  
The product of the  angular frequency, the  r e l a t i v e  
m a  gne t i c e 1 e c t r i c a 1 
conduct ivi ty ,  and the  square o f  the mean c o i l  
r ad ius .  
The normalized dis tance from the  s i d e  O E  the p l a t e  
where the  de fec t  i s  I.ocated t o  the  bottom of  the  
d e f e c t .  A negative number. 
The imaginary p a r t  of the  change i n  the  normalized 
impedance of the  c o i l  due t o  the  de fec t .  
The real  p a r t  o f  t he  change i n  the  normalized 
impedance o f  the  c o i l  due t o  the  d e f e c t .  
The imaginary p a r t  of the  normalized c o i l  
impedance with no de fec t s  present: I 
The real p a r t  of the normalized coil impedance 
wi.t:h no de fec t s  present .  

p e r  m e  ah i 1 i t y , t h e  

1. Variable NZT con t ro l s  the  number of  p a r t s  i n t o  which the defect: i s  
divided t o  perform the ca l cu la t ions .  Since the  theory upon which t h i s  
program i s  based i s  more accurate  f o r  s m a l l  d e f e c t s ,  i t  is  des i r ab le  to 
work with the  de fec t  i n  p a r t s  r a t h e r  than as a whole. 
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Integration Section of Program PCAVVSCN 

Svmbol 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. 

Integration variable 

Defect shape and orientation factor 

Plate thickness 
Integral of xJ,(x) with respect to x from ax, 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 c o i l  
Outer radius of coil 
Conductivity of plate 
Normalized volume of defect 
Angular frequency at which circuit: is driven 
Depth to center of defect 

(a2+jwpu,i?) 

(a'+jwp.o,?') y p  

Variables atwearing; in the inteRration section 

Program Symbolic 
variable equivalent 
A1 aL+exp(-aJ?)-l 

A2 1-exp (-1) 

APBI 

APBR 

AVZDFI (NR) (See note 1 3 . 1  

AVZDFR(NR) (See note 13.1 

B1 (See note 1 2 . )  

B2 (See note 1 2 . )  
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CFAC 

CHECK 

C S D I  

CSTI 

CSZT 

D E N 1  

DENK 

DFAC 

ERR 

FZD 

I STEPS 

RI 9 

R J  1 

S I  

s2 

SMAIR 

SMIMPI 

l J ( r 2 3 r 1 )  I’ 

Re[exp(a,z) 1 
(See note 1 2 . )  

Re [ exp (-2alc) ] 

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

Im [ (ai-@ ) ’- ( a+, ) ’exp ( -2a1 e ) ] 

Re[ (a+P1>’-(a-B,>’exp(-2a,c) I 
1 - (1-exp (-al) ) exp (-aJ?,)J( r2, r,) da 
CY’ 

(See note 1 2 . )  

z {See note 14.) 

(See note 1 2 . )  

{See note  1 2 .  ) 

Jl  (ar) 

da 

( S e e  note  1 2 . )  

2 (al+exp(-aL)-l) [ J ( r , ,  r,) ] ’ da 
ab 

(1-exp (-aB) )’exp(-2uL,) [ J ( r , ,  r , )  _.. I’ 
_.... 

ab 
0 

(a’-$ ’ ) - (a’+, ) exp ( -2a1 c ) 

(a+Pl ) ’- ( a-P1 ) ’exp ( --2a1c) 
..._.II__ ] da ] 
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SMIMPR 

SMZDFI 

SMZDFR 

SNDI 

SNT I 

SNZI 
T I  

TR 

TZI 

TZR 

X 

x1 

x1x 
X J R l  

XJR2 

XL 

XPDR 

( 1-exp (-al) ) 'exp (-2a2,) [J( r, , r, ) ] ' 
a6 

0 

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

XPZR 

XBD 

xx 
XXP 

XYL 

Y1 

ZDI 

ZDIM 

ZDR 

ZDRL 

ZIM 

ZNDI 

ZNDR 

ZNUI 

ZNUR 

ZRL 

Notes f o r  the inteErati-ori s ec t ion  

11. A number of the  v a r i a b l e s  i n  the  i n t e g r a t i o n  s e c t i o n  a r e  not  always 
assigned thei-r  exact  values  b u t  a r e  approximated i n  c e r t a i n  cases  t o  save 
time. For example, r a t h e r  than c a l c u l a t e  t he  exponential  of  a very small 
number, t he  Maclaurin s e r i e s  expansion i s  sometimes used, Also, the  
exponential  of a very l a rge  negative number i s  irsually t r e a t e d  as zero .  

1 2 .  Several v a r i a b l e s  appear i n  the  in t eg ra t ion  sec t ion  o f  t he  program 
which play no p a r t  i n  the  ca l cu la t ions  being done. They a r e  merely there  
t o  do such things as t o  determine the maximum s t e p  s i z e  which can be used 
while s t i l l  accurately ca l cu la t ing  the  i n t e g r a l s .  

1 3 .  Variables AVZDFR(NR) and AVZDFI(NR) a r e  the  averages of t he  elements 
i n  arrays SMZDFR(NZ,NR) and SMZDFI(NZ,NR), r e spec t ive ly ,  summed over NZT. 
For improved accuracy, the  defect  is divided i n t o  NZT p a r t s  over t he  depth 
o f  the  d e f e c t ,  t o  perform the ca l cu la t ions .  The NZT elements of  each 
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a r r a y  conta in  the  c a l c u l a t i o n s  f o r  these NZT p a r t s .  In addi t ion ,  the 
defec t  is divided i n t o  NRTT p a r t s  i n  the r a d i a l  d i r e c t i o n .  The 
cont r ibu t ions  from these elements a r e  averaged t o  give the t o t a l  effect 
of  a l l  of these p a r t s  on the impedances o f  the coils. 

14. The v a r i a b l e  FZD is the  normalized depth from the near s ide  o f  the 
p l a t e  t o  the  center of the p a r t  of  the  defec t  with which the program i s  
working. I t  i s  not  the depth of the  center  of the  actual defec t .  

Sample output 

Par t ia l  p r i n t e r  output of program PCAWSCN: 

PCAWSCN 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 O.OlOO 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 RHO-4.0900 PERM-1.000 WUSRR-4.0493 
NORM 1MPD:RL 0.155213 IM 0.833067 AIR IND 6.252919E-03 VOLN 5.1590E-01 
LIFT-OFF PHASE- 140.00 
R(N0R) 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 0.001490 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 HOIAE IN A SINGLE PIMAR 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 R ANT) 1. 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 .1.29 ,098 .077 
C DEP NS .221 .188 .157 .128 .096 .078 FS .221 .188 .156 .128 .096 .078 

CHARACTER SIDE(2)*4 

REAL*8 L,Ll,L2 
DIMENSION DFDIAM(12),DFDEP(12),NSIDE(l2) 
DIMENSION S1(6),S2(6),ERR(G),RJ(200) 
DIMENSION SM~DFR(20,200),SMZDFI(~0,200),AVZD~R(200),AV1.DF1(200) 
DATA LOU/8/,LOD/9/,PI/3.141592653/,NZT/20/,NDF/7/,NRT/l50/ 
DATA S1/.005,.02,.05,.1, .5,2./ 
DATA S2/1.0,2.0,5.0,10.0,50.0,200.0/ 

DATA FREQ/500./,RH01/4.09/,U1/1.0/ 
DATA TRN/80O./,T1/0.254/,SIDE/'NEARf,' FAR'/,DELTAR/0.02/ 
DATA DFDIAM/ 

DATA DFDEP/ 

DATA NSIDE/1,1,1,1,1,1,2,2,2,2,2,2/ 
NS=NSZDE(NDF) 
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 

IMPLICIT REAL*8 (A-H,O-Z) 

DATA ERR/.1,.01,.001,1.E-4,1.E-5,1.E-6/ 

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

*.221,.188,.157,.128,.096,.078,.221, .188,.156,.128,.096,.078/ 

2 FORMAT('PCAVVSCN',I3,' POINTS USED ',Ah,' SIDE DEFECT', 
*' TIME ',12,':f,12~f:f,12,f DATE ',12sr/f,12~f/f,12) 
WRITE(LOU,S) 

5 FORMAT(SX,'IN RAD',4X,'OT RAD',4X,'LENGTH',2X,'O-LIFTOFF" 
*,2X,'L.O. VAK',3X,'CLADTM',4X,'DF DEP') 
COIL P255A 
R1=0.100 
K2=0.410 
L=O. 100 
COIL P371A R1=0.275 R2=0.4665 L=O. 265 
L1-0 . 0 1 
L2=0.02 
R3=.5*(Rl+R2) 
ZD=-DFDEP(NDF) 
WRITE(LOU,lO)Rl,R2,L,Ll,L2,Tl,ZD 
Rl=Rl/R3 



55 

R2-2.0 -R1 
bL/R3 
Ll=Ll/R3 
L2-L2/R3 
ZD-ZD/R3 
Tl-T1/R3 

C VOLN=O.l666667*PI*(DFDI~(NDF)/R3)*(DFDI~(NDF)/R3)*(DFDI~(NDF)/R3) 

10 
15 

C 
18 

20 

VOLN-PI*DFDIAM(NDF)*DFDI~(NDF)*DFDEP(NDF)/~4.*R3*R3*R3) 
DR-DFDIfM(NDF)*O.5/R3 
WUSRR=O.5093979*Ul*R3*R3*FREQ/RHOl 
WRITE(LOU,15)R1,R2,L,L1,L2,Tl,ZD 
FORMAT('ACT ',7(F7.4,3X)) 
FORMAT('N0R ',7(F7.4,3X)) 

FORMAT(' CYL FLAW: DIAM==',F7.4,', DEPTH-',F7.4) 
WRITE(LOU,20)R3,FREQ,RHO1,Ul,WUSRR 
FORMAT(' RBAR',F7.4,' FREQ- ',lPE13.6,' RHO-',OPF9.4, 

WRITE(LDU,18) DFDIAM(NDF),DFDEP(NDF) 

25 

30 

c 

60 

70 
80 

* '  PER.M-',F7.3,' WUSRR=',F9.4) 
SMAIR-0 . 0 
SMIMPR-0.0 
SMIMPI=O.O 
SMIMPRl=O.O 
SMIMPI1-0.0 
DO 25 NR=I,NRT 
DO 25 NZ-1,NZT 
SMZDFR(NZ,NR)=O.O 
SMZDFI(N2,NR)-0.0 
B1=0.0 
B2-S2 (1) 
DO 100 JKL=1,6 
RI9-SMAIR 
X=B1-0.5*SI(JKL) 
DETERMINE NUMBER OF STEPS,ISTEPS,BASED ON 

DO 95 I=l,ISTEPS 
X=X+S1 (JKL) 
CALL BESSEL(XJR2,X,R2) 
CALL BESSEL(XJRl,X,Rl) 
XL==X*L 
IF(XL.GT.5.0E-3) GO TO 60 
Al=XL*XL*(O.5-XL/G.O) 

ISTEPS-DNINT((B2-Bl)/Sl(JKL)) 

GO TO 80 
IF(XL.GT.75.0) GO TO 70 

GO TO 80 
Al=XL+DEXP(-XL)-l.O 

A1-XL- 1.0 
CFAC=Sl(JKL>*(XJR2-XJRl)*(XJR2-XJRl) 
SMAIR==SMAIR+CFAC*2.*Al 
IF(X*Ll.GT.75.)GO TO 95 
xx==x*x 

STEP SIZE&INTERVAL 
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Xl=DSQRT(0.5*(XX+DSQRT(XX*XX+WUSRR*WSRR)))/U1 
Yl=WSRR/(2.*Xl*Ul*Ul) 
A2=XL- A 1  
A3=DEXP(-X*LI) 
A4=DEXP(-X*L2) 
APBR=(X+Xl)*(X+Xl)-YI*YI 
APBI=2.*YI*(X+Xl) 
AMBR=(X-Xl)*(X-XI)-Yl*Yl 
AMBI=-2.*Yl*(X-X1) 
A2BR=O. 0 

ZNUR=A2BR 
ZNUI=A2 B I 
DENR=APBR 
DENI=APBI 
DNCJ=DENR*DENR+DENI*DENI 

DO 91 NZ=l,NZT 

A2BI--2.*Xl*Yl 

C SECTION THAT MULTIPLIES BY DEXP(ALPHAl*ZDEFECT) 

C NEAR SIDE DEFECT CAIXULATION 

C FAR SIDE DEFECT CALCULATION 
FZD=(FLOAT(NZ)-.5)*ZD/FLOAT(NZT) 

IF(NS.EQ.2)FZD=-Tl-FZD 
ZDR=Xl*Ul*FZD 
IF(ZDR.LT.-60.O)GO TO 9 3  
ZDI=Yl*Ul*FZD 
XPDR=DEXP(ZDR) 
CSDI-DCOS(ZDI)*XPDR 
SNDI-DSIN(ZDI)*XPDR 
XX1=x*x1+w( 
XYl=X*Yl 
x1x=x*x1-xx 
ZNDR-XXl*CSDI-XYI*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=YI*U1*(2.*Tl+FZD) 

CSZI=DCOS(TZI)*XPZR 
SNZI-DSIN(TZI)*XPZR 

XPZR=DEXP(-TZR) 

ZNDR=XXl*CSDI-XYl*SNDI+XlX*CSZI+XYl*SNZI 
ZNDI~XX1*SNDI+XY1*CSDI+XYl*CSZI-X1X*SNZI 

C SECTION THAT MULTIPLIES BY DEXP ( -ALPHA1*2*CLADTH) 
TR-2.*Xl*Ul*T1 
IF(TR.GT.GO.)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 
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ZNURSA~BR-A~BR*CSTI-A~BI*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-XJRI) 

C LOOP OVER THE R VARIATION FOR THE DEFECT 
DO 90 NR-1,NRT 
IF(NZ.GT.1)GO TO 89 
RD-(FLOAT(NR)-.5)*DELTAR 
XRD-X*RD 
CALL BESELl(XRD,RJl) 
RJ(NR)-RJl 

89 SMZDFR(NZ,NR)=SMZDFR(NZ,NR)+RJ(NR)*ZDRL*DFAC 
90 SMZDFI(NZ,NR)-SMZDFI(NZ,NR)+RJ(NR)*ZDIM*DFAC 
91 CONTINUE 
9 3  ZRk(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==SMIMPI1+A2*A2*A4*A4*ZIM*CFAC 

95 CONTINUE 
B1=B2 
B2=32+S2 (JKL) 
CHECK=(SMAIR-R19)/SMAIR 
IF(ABS(CHECK).GT.ERR(JKL)) GO TO 30 

100 CONTINUE 
135 Q6-0.0254*4.OE-7*TRN*T~*R3*PI*PI*S~IR/(~~(R2-R1))**2 

ZNIM==(SMIMPR+SMAIR)/SMAIR 

ZNIM1-(SMIMPRl+SMAIR)/SMAIR 
ZNRLl=-SMIMPIl/SMAIR 
ZLOR=ZNRLl-ZNRL 
ZLOI-ZNIM1-ZNIM 
PLO=ATAN2(ZLOI,ZLOR)*l8O./PI 
WRITE(LOU,140)ZNRL,ZNIM,Q6,VOLN 
WRITE(LOU,145)PLO 

ZNRL--SMIMPI/SMAIR 

145 FORMAT(’ LIFT-OFF PHASE= ‘,OPF7.2) 
C WRITE(LOU,16O)DSFR,DSFI,VOLN 
140 FORMAT(’ NORM IMPD:RL’,FlO.G,‘ IM’,F10.6, 

150 FORMAT(’ NORM CHG:RL ‘,OPF10.6,’ IM’,OPF10.6, 

160 FORMAT(’ NORM DSF:RL‘,lPE11.4,’ IMf,1PE11.4,‘ VOLN‘,lPE11.4) 

*’ AIR IND‘,lPE13.6,’ VOLNf,1PE11.4) 
*‘ MAG ‘,OPF10.6,’ PHA ‘,OPF7.2) 

DO 200 NR=l,NRT 

AVZDFR (NR) -0.0 
AVZDFI(NR)-0.0 
DO 220 NZ=l,NZT 
AVZDFR(NR)-AVZDFR(NR)+SMZDFR(NZ,NR) 

C AVERAGE OVER DEFECT POINTS AT DIFFERENT DEPTHS 
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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 DIFFEKENT R VALUES 
C SD=LOCATION OF DEFECT CENTER 
C RD=FIELD POINT WHERE DEFECT IMPEDANCE CHANGE I S  CAIXUIATED 
C DK=DEFECT RADIUS - ALL DIMENSIONS ARE NORMALIZED 

WRITE(LOU,*)‘ R(N0R) MAG PHASE’ 
NDT=2.0*DR/DELTAR 
DRR=FLOAT(NDT)*DELTAPkO.5 

SD=FLOAT(MOD(NDT,2))*.5*DELTAR 
NRTT=2*NRT/3 
DO 400 NR-1,NRTT 
AVZDR=O . 0 
AVZDI=O . 0 
S U M b O  . 0 

DO 300 ND=l,NDT 
AGO. 0 
IF(KD.LT.O.O)GO TO 290 
NRD=(O.500OltRD/DELTAR) 
IF(RD.LT.DR-SD) AL=2.*3.14159*RD 
IF(RD.LT.DR-SD) GO TO 280 
ANG=(SD*SD+RD*RD-DK*DR)/(2.*RD*SD) 
AIi=2.*RD*ACOS(ANG) 

C START SD AT 0 IF NDT EVEN, 1ST HALF STEP IF NDT ODD 

RD-SD-DRRtDELTAR*, 5 

280 CONTINUE 
290 RD=RD+DELTAR 

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

AVZDK=AVZDR/SUML 
AVZDI.=AVZDI/SUML 

300 CONTINUE 

DSFR~-1.5*WSRR*(AV~DR~AVZDK-AVZDI*AVZDI)/(S~IR~~PI) 
DSFI~-1.5*WUSRR*2.O*AVZDR*AVZDI/(SMAIR*PX) 
ZNDFR=VOLN*DSFR 
ZNDFI=VOLN*DSFI 
DFM=VOLN*SQRT(DSFR*DSFR+DSFI*DSFT) 
DFP=ATAN2(DSFI,DSFR)*l8O./PT 
WRITE( LOU, 380) SI), DFM, DFP 
WRITE(LOD,390)DFM,DFP 

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

400 CONTINUE 

END 

SD=SD+DELTAR 

1000 STOP ’JOB ‘ 
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PCGRAPH plots two s e t 5  of data on same graph 

Program PCGRAPH p l o t s  two s e t s  of da ta  on the  same graph and sends the 
output  t o  the  screen and the  p r i n t e r .  I t  is normally used t o  compare the  
ca l cu la t ed  and the  experimental values  of the  impedance change of a 
pancake c o i l  due t o  a de fec t  a t  d i f f e r e n t  d i s tances  from the  de fec t .  The 
i n i t i a l  p l o t  is made on the  CRT and then the program sends the  da t a  on the  
screen  to t h e  p r i n t e r .  

Summary 

1. Dimension a r r ays  and dec lare  va r i ab le  types.  
2 .  I n i t i a l i z e  v a r i a b l e s .  
3 .  Open the  f i l e s  containing the  da t a .  
4 .  Read i n  the  da t a  and convert  them t o  a form usable by the  graphics 

5 .  Graph the  da t a  on the  screen.  
6 .  Send the contents  of the  screen t o  the  p r i n t e r .  

subrout ines .  

Variables  

cx 

CY 

DFDEP' 

Ex 
DFDIAM' 

EY 

FF 

FREQ' 
G I M  

GRL 

L' 

L1' 

LOEC' 

LOEE' 

LOU 

An a r ray  containing the r e a l  p a r t s  of one s e t  of 
the  da t a  t o  be p l o t t e d .  
An a r r ay  containing the  imaginary p a r t s  of one set  
o f  the  da t a  t o  be p l o t t e d .  
The depth t o  t he  bottom of  the  de fec t  i n  inches.  
The diameter of the  de fec t  i n  inches.  
An a r r ay  containing the  r e a l  p a r t s  of one s e t  o f  
the  da t a  t o  be p l o t t e d .  
An a r r ay  containing the  imaginary p a r t s  of one s e t  
of the  da t a  t o  be p l o t t e d .  
Character va r i ab le  containing the form-feed 
cha rac t e r .  
The operat ing frequency i n  h e r t z .  
Factor by which the  imaginary p a r t s  of the  da ta  
t o  be graphed a r e  mul t ip l ied  t o  make the  graphs 
as l a rge  as poss ib l e .  
Factor by which the  r e a l  p a r t s  o f  t h e  da ta  t o  be 
graphed a r e  mul t ip l ied  t o  make the  graphs as  l a rge  
a s  poss ib l e .  
The length  of the  c o i l .  The value is input  i n  
inches and normalized by the  program. 
The l i f t - o f f  of the  c o i l .  The value is  input  i n  
inches and normalized by the program. 
The number of the  1/0 u n i t  connected t o  the  f i l e  
containing the  ca l cu la t ed  da ta .  
The number of the 1/0 u n i t  connected t o  the  f i l e  
containing the  experimental da t a .  
The number of  the  1/0 u n i t  connected t o  the  
p r i n t e r .  
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MODE 

0 I M  

OKL 

R1' 

K2 

R3 
KHO1' 

T1 

TEN' 
U1' 
vom 
W S R R  

%D 

The screen graphi-cs mode t o  be used. Mode 1 6  i s  
the  EGA high reso lu t ion  mode. 
A number which must be added t o  the  imaginary 
p a r t s  of  the da ta  t o  be graphed i n  order  t o  move 
the  o r i g i n  t o  the des i red  place on the screen ,  
A number which must be added t o  the  r e a l  p a r t s  of  
the  da ta  t o  be graphed i n  order t o  move the  o r i g i n  
t o  the des i red  place on the screen.  
The inner  radius  of  the coil..  The value i.s input  
i n  inches and normalized by the program. 
The outer  radius  o f  the  c o i l .  The value i s  input  
i n  inches and normalized by the  program. 
The mean radius  of  the c o i l  i n  inches.  
The e l e c t r i c a l  r e s i s t i v i t y  o f  the  p l a t e  i n  pfl- 
cm . 
The thickness of the p l a t e .  The value i s  input 
i n  inches and normalized by the program. 
The number o f  tu rns  i n  the coil.. 
The r e l a t i v e  magnetic permeabil.ity o f  the p l a t e .  
The normalized volume of the defect. 
The product of  the angular operat ing frequency, 
t:he magnetic permeabili ty o f  the p l a t e ,  the 
e l e c t r i c a l  conduct ivi ty  of  the p l a t e ,  and the  
square of the c o i l  mean rad ius .  
The normalized depth t o  the bottom of the  de fec t .  
A negative number. 
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Lis tine; 

10 

15 

18 

PROGRAM PCGKAPH 
CHARACTER*l FF 
DIMENSION CX(200),CY(200),EX(200),EY(200) 
REAL GRL,GIM,L,Ll 
DATA LOU/8/,LOEE/38/,LOEC/39/ 
DATA PI/3.141592653/,MODE/l6/ 
DATA ORL/330/,OIM/50/ 
DATA FREQ/500./,RHOl/4.054/,Ul/l.O/,TRN/800./ 
DATA DFDIAM/O.l88l/,DFDEP/0.1881/ 
FF=CHAR( 12) 
CALL GETTIM(IHR,IMN,ISE,IFR) 
CALL GETDAT(IYR,IMO,IDA) 

WRITE(LOU,2)IHR,IMN,ISE,IMO,IDA,IYR 
IYR=IYR-1900 

2 FORMAT(' PCGRAPH TIME ',12,':',12,':',12 
*, '  DATE ',12,'/',12,'/',12,\) 
OPEN(LOEE,FILE='QEXPN2.DAT',STATUS-'OLD') 
OPEN(LOEC,FILE-'OCALN2.DAT',STATUS-'OLD') 
WRITE(LOU,*)' NEAR SIDE DEFECT' 
WRITE(LOU,S) 

5 FORMAT(5X,'IN RAD',4X,'OT RAD',4X,'LENGTHf,4X,'LIFTOFF' 
*,3X,'CLADTK',4X,'DF DEP',4X,'DFDIAM') 
R1-0.1000 
R2=0.4100 
L=O. 1000 
L1-0.010 
T1-0.250 
R3=0.5*(Rl+R2) 

WRITE(LOU,1O)Rl,R2,L,L1,T1,ZD,DFDIAM 
FORMAT('ACT:',7(F7,4,3X)) 
Rl=Rl/R3 
R2-2.O-Rl 
L-L/R3 
Ll=Ll/R3 
T 1-T 1/R3 
ZD=ZD/R3 
DFDIAM=DFDIAM/R3 
WRITE(LOU,15)R1,R2,L,Ll,Tl,ZD,DFDIAM 
FORMAT('NOR:',7(F7.4,3X)) 
VOLN==PI*DFDLAM*DFDIAM*DFDEP/(4.*R3*R3*R3) 
WUSRR=O.5093979*U1*R3*R3*-FREQ/RHO1 
WRITE(LOU,l8)R3,RHOl,Ul,WUSRR 
FOEWIT(' RBAR',F7.4.' RHO-'.OPF7.4. 

ZD-- DFDEP 

*' PERP.I-' ,F7.3, ' WUS&-' 'F9.4) 
CALL QSMODE(M0DE) 
CALL GRID 

11 c m = o .  
CYMAX-0. 
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EXMAX=O . 
EYMAX=O. 
EMMAx=o . 
cMMAx=o . 
1=1 

EPHA=EPHA*PI/180. 
EX(I)=EMAG*COS(EPU) 
EY (I)=EMAG*SIN( EPHA) 
I F ( E X ( I ) . G T . E X M A X ) E X = E X ( I )  
IF(EY(I).GT.EYMAX)EYMAX=EY(I) 
IF(EMAG, GT. EMMAX) THEN 
EMMAX=EMAG 
EPMMAX=EPH.A 
END IF 
I=I+1 
GO TO 20 

I=1 

CPHAzCPHA-2 PI/l8 0 . 
CX(I)=CMAG*COS(CPHA) 
CY(I)=CMAG*SIN(CPWA) 
I F ( C X ( I ) . G T . C X M A X ) C X C X ( I )  
I F ( C Y ( I ) . G T . C y r w O C Y C Y ( I )  
IF(CMAG.GT.CMMAX) THEN 
CMMAX=CMAG 
CPMMAX=CPHA 
END IF 
I=I+1 
GO TO 30 

20 READ(LOEE,*,END=29)EMAG,EPHA 

29 EX(I)=999. 

30 READ(LOEC,*,END=&O)CMAG,CPHA 

40 CX(I)=999. 
EGIM=300./EXMAX 
EGRL=300./EYMAX 
IF(EGIM.GT.EGRL) THEN 
EGTM=EGRL 
ELSE 
EGRL=EGIM 
END IF 
CGIM=300./CXMAX 
CGRL=300./CYMAX 
IF(CGIM.GT.CGRL) THEN 
C G I M= C GRL 
ELSE 
CGRIrCG IM 
END IF 
IF (EGIM . GT . CGIM) THEN 
G IM-CG 1 M 
GRL-CGRL 
ELSE 
GIM=EGIM 
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GRL-EGRL 
END IF 
EPMMAX==EPMNAX*18O./PI 
CPMMAX-CPMMAX*lSO./PI 
WRITE(LOU,*) 
WRITE(LOU,*)' rn MAG PHA AT MAX MAG' 
WRITE(LOU,52)EMMAX,EPMMkX 
WRITE(LOU,53)CMMAX,CPMMAX 

52 FORMAT(' EXP: ',D11.4,7X,F7.3) 
53 FORMAT(' GAL: ',D11.4,7X,F7.3) 

IRl-GRL*EX(l)+ORL 
IM1=GIM*EY(l)+OIM 
1=2 

IR2=GRL*EX(I)+ORL 
IM2=GIM*EY(I)+OIM 
CALL QLINE(IR1,IM1,IR2,IM2,15) 
IR1=IR2 
IM1-IM2 
I-I+1 
GO TO 50 

59 IRl-GRL*CX(l)+ORL 
IM1-GIM*CY(l)+OIM 
1-2 

IR2=GRL*CX(I)+ORL 
IM2=GIM*CY(I)+OIM 
CALL QLINE(IR1,1M1,IR2,IM2,11) 
IRl=IR2 
IM1-IM2 
I-I+1 
GO TO 60 

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

50 IF(EX(I).GT.900) GO TO 59 

60 IF(CX(I).GT.900) GO TO 70 

1000 END 
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P C I N V  i n v e r t s  scan o f  pancake c o i l  da ta  t o  get depth and volume 

Program P C I N V  ca l cu la t e s  the  depth and volume of  a de fec t  given the  change 
i n  the  impedance of a pancake c o i l  as it  scans pas t  the  de fec t .  The 
program works with experimental da ta  s to red  i n  a E i l e  by program PCFIX o r  
with ca l cu la t ed  da ta  s to red  by program PCAVZSCN, and it uses a lookup f i l e  
b u i l t  by program PCBLDF. The program ca lcu la t e s  t he  i n t e g r a l  of  minus the  
impedance change i n  the  c o i l  due t o  the  de fec t  with r e spec t  t o  the  r a d i a l  
d i s tance  between the  c o i l  ax i s  and the  de fec t  from the  inner  rad ius  o f  the 
c o i l  t o  the  outer  rad ius  of the  c o i l .  I t  then compares the  phase of  t h i s  
complex i n t e g r a l  with the  phases s to red  i n  a lookup f i l e  by program 
PCBLDF. When the  phase of the  i n t e g r a l  matches the  phase i n  t:he lookup 
f i l e ,  the  program reads the  corresponding depth and magnitude from the  
lookup f i l e .  The depth is equal t-o the  depth of the  de fec t ,  and the 
magnitude can be used t o  fi-nd the  volume of the  d e f e c t .  The de fec t  i s  
assumed t o  have the  shape o f  a f la t -bot tomed ho le .  

Summa= 

1. Declare va r i ab le  types.  
2 .  I n i t i a l i z e  va r i ab le s .  
3 .  Open the  f i l e  containing the  experimental d a t a ,  read i n  the  d a t a ,  and 

4 .  Find the  depth and magnitude i n  the lookup f i l e  corresponding t o  the 

5 .  Calculate  the  inver ted  defec t  depth and volume based on the 

6 .  Open the  f i l e  containing the  ca l cu la t ed  d a t a ,  read i n  the  d a t a ,  and 

7 .  Find the  depth and magnitude i n  the  lookup f i l e  corresponding t o  the 

8 .  Calculate  the inverted defece: depth and volume based on the 

c a l c u l a t e  the  i n t e g r a l .  

phase of the  i n t e g r a l .  

experimental d a t a .  

c a l c u l a t e  the i n t e g r a l .  

phase of the  integral . .  

c a l cu la t ed  d a t a ,  

Var i ab 1 e s 

AIRIND' 
DELRDC 

DELRDE 

DEPTH 

DFDEP' 
DFDIAM' 
D FM 

DFP 

FREQ' 

The inductance i n  henr ies  of  the  c o i l  in a i r .  
The normalized d is tance  between adjacent  
ca l cu la t ed  da ta  po in t s .  
The normalized d is tance  between adjacent  
experimental da ta  po in t s .  
The inver ted  depth of the  cen te r  of the  de fec t .  
A negat ive number. 
The ac tua l  depth o f  the  defec t  i n  inches.  
The a c t u a l  diameter of the  de fec t  i n  inches.  
The magnitude of the  change i n  the  impedance of  
the  c o i l  due t o  the  de fec t .  
The phase of the  change i n  the  impedance o f  the  
c o i l  due t o  the de fec t ,  
The operat ing frequency i n  h e r t z .  
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L" 

Ll' 

LHSPHA 

LOEC' 

LOEE' 

LOU 

R1' 

R2' 

R 3  
RDC 

RDE 

mol' 
RHSMAG 
SMAIR 

TI' 

TRN' 
u1' 
V O L l  
VOLN 
WUSRR 

XMAG 

ZD 

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 1/0 unit connected to the file 
containing the calculated data. 
The number of the 1/0 unit connected to the file 
containing the experimental data. 
The number of the 1/0 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 PO- 
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 o f  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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Li.sting 

PROGRAM PCINV 
C VERSION July 27, 1988 

IMPLICIT REAL*8 (A-H,O-2) 
REAL*8 L,L19L2BJANR21,LHSPHA 
REAL*8 NMRlA,NMRlB,NMR1,NMR2,NMIi 
RML*8 NM11A,NM11B9NM11,NM12,NMI 
DATA LOEE/38/,LOEC/39/,LOU/8/,PI/3.l4lS92653/ 
DATA ~EQ/500./,~Ol/4.O~~+/,Ul/l.O/,DFDIAM/O.l88l/,DFDEP/O.l88~/ 
DATA DELRDE/0.0392/,DELRDC/0.05~,TRN/800./,T1/0.2!5/ 
DATA AIRIND/6.252919E-03/ 
OPEN(LOEE,F.[LE=’QEXPN2.DAT’,STATUS=’OLD‘) 
OPEN(LOEC,FILE=‘OCALN2.DAT‘,STATUS=’OLD’) 

CALL GETTIM(IHR,IMN,ISE,IFR) 
CALL GETDAT(IYR,IMO,IDA) 
IYR=IYR-1900 
W R I T E ( L O U , 2 ) I H R , I M N , I S E , I M O , I D A , X R  

C TIME AND DATE ARE PRINTED 

2 FORMAT(’ PCTNV TIME ’,129’:’,12s’:’,12 
*, ’  DATE ‘,12,’/‘,12$‘/’,12) 
WRITE(LOU,S) 

5 FORMAT(6X,’IN RAD’,4X,‘OT RAD‘,4X,’LENGTH8,4X,’LIF OFF‘ 
*,3X,’CXADTH8,4X,’DF RAD’,4X,‘DF DEP’) 
R1-0.1000 
R2=0.4100 
b o .  1000 
L1=0.01 
R3=.5*(Rl+R2) 
RDE=R3*DELRDE*,S 
RDC=R3*DELRDC*.5 

WRITE(LOU,lO)Rl,R2 ,L,TA1,T1,RD,ZD 
R l=R 1 /R 3 

L=L/R3 
Ll=Ll/R3 
RDE=RDE/R3 
RDC=RDC/R3 
ZD=ZD/R3 
Tl=Tl/R3 
L2=L+L1 
VOLN=PI*DFDIAM*DFDIA*DI?DEP/(4.*R3*R3*R3) 
WUSRR=O.5093979*Ul*R3*R3*FREQ/RHOl 
WRITE(LOU, 15)Rl,R2,L,Ll. ,Tl ,RD, ZD 

ZD=-O.S*DFDEP 

R2=2.0-R1 

10 FORMAT(’ACT ’,7(F7.4,3X)) 
1 5  FORMAT(‘N0R ’,7(F7.4,3X)) 

20 FORMAT(’ RBAR‘,F7.4,’ FREQ= ’,lPE13.6,’ RHO=‘,OPF9.4, 

28 CONTINUE 

WRITE(LOU,20)R3,FREQ,RIIOl,Ul,WUSRR 

*’ PERM=’,F7.3,‘ IJUSRR=‘,F9.4) 
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WRITE(LOU,*) 
WRITE(LOU,*) 
WRITE(LOU,278) 
WRITE(LOU,27’P)ZD,VOLN 

278 FORPIAT(’ DEPTH VOLUME ’ ) 
279 FORMAT(’ACTUAL: ‘,F12.5,1X,E14.5) 

S~IR~AIRIND*(L*(R2-Rl))**2/(O.O254*4.E-O7*T~*T~~R3*PI~PI) 
S IVR=O . 0 
SIVI-0.0 
M=O 

IF(RDE.LT.Rl)GOTO 76 
IF(RDE.GT.R2)GOTO 78 
WRITE (0, *)RDE, DFM, DFP 
DFP-DFP*(PI/180.) 
XFACT-DSQRT(DFM)*DELRDE 

SIVR=SIVR+XFACT*DSIN(O.5*DFP) 
LHSPHA==ATAN2(SIVI,SIVR) 
XMAG=SQRT(SIVR*SIVR+SIVI*SIVI) 

70 READ(LOEE,*,END-78)DFM,DFP 

C 

SIVI=SIVI-XFACT*DCOS(O.5*DFP) 

76 RDE-RDE+DELRDE 
GO TO 70 

78 CONTINUE 
LHSPHA=LHSPHA*180./PI 

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

C WRITE(LOU,*)LHSPHA 

379 FORMAT(’1NV EXP: ‘,F12.5,1X,E14.5) 
79 SIVR-0.0 

SIVI=O . o  
M-0 

IF(RDC.LT.Rl)GOTO 86 
IF(RDC.GT.R2)GOTO 88 
DFP=DFP*(PI/180.) 
M-M+l 
XFACT=DSQRT(UFM)*DELRDC 

SIVR=SIVR+XFACT*DSIN(O.5*DFP) 
LHSPHA=ATAN2(SIVI,SIVR) 
XMAG-SQRT(SIVR*SIVR+SIVI*SIVI) 

86 RDC=RDC+DELRDC 
GO TO 80 

88 CONTINUE 
LHSPHA=LHSPHA*18O./PI 

CALL NDEP(DEPTH,RHSMAG,LHSPHA) 

80 READ(LOEC,*,END-88)DFM,DFP 

SIVI-SIVI-XFACT*DCOS(O.5*DFP) 

C WRITE(LOU,*)LHSPHA 
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V O I ~ 1 - ( 2 * S M A I R * P I ) * ( X G * ~ ~ ) / ( ( 3 * ~ ~ S ~ ~ * ~ ~ S M A ~ * R ~ ~ ~ ~ ) )  
WRITE(LOU,479)DEPTH,VOLl 

END 
479 FORMAT('INV CAL: ',F12.5,1X,E14.5) 
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PCRTSCAN converts raw voltage readings to impedance change 

Program PCRTSCAN converts  raw experimental vol tage readings taken by a 
pancake c o i l  scanning across  a p l a t e  i n t o  the  impedance change i n  the c o i l  
due t o  a d e f e c t .  The program can then use t h i s  a r r ay  of  impedance changes 
t o  l o c a t e  de fec t s  i n  the  p l a t e  and t o  c a l c u l a t e  the  depth and volume of 
t he  de fec t s .  The program loca te s  the  de fec t s  by cons t ruc t ing  three 
windows, a "zero" window and t w o  windows d i r e c t l y  under the  c o i l  windings. 
These two windows a r e  loca ted  from R 1  t o  R2 on e i t h e r  s ide  of the  c o i l  
a x i s ,  and a running sum of the  magnitude of the  impedance change, 
referenced t o  the  zero window, i s  kept f o r  each of these windows. A dot 
product i s  performed between the  impedance change i n  these t w o  windows, 
and the  de fec t  cen ter  i s  loca ted  a t  the  maximum value of t h i s  product.  
The "zero" window is s h i f t e d  so t h a t  it w i l l  be i n  a c lean  region of the 
sample, but  on e i t h e r  s i d e  of the  d e f e c t .  I n  Fig.  6 we show the  magnitude 
of the  impedance change p l o t t e d  f o r  a scan of s ix  defec t s  on the  near s ide  
of the  p l a t e .  
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Figure 6 Magnitude of impedance change measured with a pancake c o i l  fo r  
near s ide  de fec t s .  

The de fec t s  have a diameter approximately equal t o  the depth of the 
d e f e c t ,  so t h a t  the  de fec t  volume f a l l s  o f f  a s  the  depth cubed. In  Fig.  
7 we show a s i m i l a r  p l o t  f o r  de fec t s  on the  f a r  s i d e  of the  p l a t e .  Note 
t h a t  the noise  has increased such t h a t  the  l a s t  two de fec t s  have not  been 
loca ted  using the  present  noise  c u t - o f f  l e v e l .  However, these a r e  very 
l o w  volume de fec t s  compared t o  those normally de tec ted  by eddy-current 
t e s t s .  Rela t ive  t o  the  wal l  thickness ,  the  ASME Sect ion X I  40% standard 
de fec t  has a volume 94 times g rea t e r  than the 39% defec t s  i n  the  test  



70 

p l a t e .  The defec ts  were chosen t o  be r e l a t i v e l y  s m a l l  s o  t h a t  b e t t e r  
agreement would be obtained with the theoi 

.-- 

Figure 7 Magnitude of impedance change measured with a pancake c o i l  for  
f a r  s ide  de fec t s .  

The o r i g i n a l  vers ion of PCRTSCAN read da ta  d i r e c t l y  f rom voltmeters 
connected t o  the  M I Z l 7 ,  bu t  l a t e r  vers ions ,  such as the  present  l i s t i n g ,  
read the da ta  taken from the MIZl7 and s to red  i n  a da ta  f i l e .  

Summary 

1. Dimension arrays and declare  va r i ab le  t y p e s .  
2 .  I n i t i a l i z e  va r i ab le s .  
3 .  G e t  the  vol tage readings with addi t iona l  l i f t - o f f  and convert  these 

readings t o  the impedance change caused by the add i t iona l  l i . f t - o f f .  
4 .  Take enough readings t o  f i l l .  up both of the  ac t ive  windows and the 

region between the windows. 
5 .  Average the f irst  NZ readings taken on the p l a t e  and use t h i s  average 

value as the  vol tage i n  the  absence of de fec t s .  
6 .  Calculate the  in t eg ra l s  i n  the ac t ive  windows and solve f o r  the depth 

and volume of  a poss ib le  defec t  centered between the acti-ve windows. 
7 .  Check t o  see i f  a defec t  i s  located between the ac t ive  windows. I f  

there  i s  a de fec t ,  f i nd  and record i t s  depth and volume. 
8 .  Advance the zero window one poin t .  Check t o  see i .E the enc i re  zero 

window i s  out  of the range oE defec t s .  If it i s ,  average the  values i n  
the  zero window t o  f ind  the  new value o f  the vol tage i n  the  absence of 
de fec t s .  

10 .  Go t o  6 u n t i l  the  e n t i r e  p l a t e  has been scanned. 
9 .  Advance the ac t ive  windows one poin t .  
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11. Graph the  r e s u l t s .  

Variables  

AIRIND' 
CLDM' 

CLOP' 

DEFECT 

DELR 

DELTAX' 

DEPA 

DP 

FF 

FREQ' 
HA1 

HA2 

HZ 

ICP 

L' 

L1' 

L2 

LA1 

LA2 

LHSMAG 

LHS Pm 

The inductance of the  c o i l  i n  a i r .  
The magnitude of  the  ca l cu la t ed  value of the  
change i n  the  impedance of the  c o i l  due t o  
add i t iona l  l i f t - o f f .  
The phase i n  radians o f  the  ca l cu la t ed  value of 
the change i n  the  impedance of t he  c o i l  due t o  
add i t iona l  l i f t - o f f .  
An a r r ay  which contains  the  pos i t i on  o f  each 
de fec t  loca ted  by the program. I t  contains  the  
d is tance  i n  inches from each defec t  t o  the  poin t  
where the  scan began. 
The normalized d is tance  between ad jacent  da t a  
po in t s .  
The d is tance  between adjacent  da t a  po in t s  i n  
inches.  
An a r r ay  containing the inver ted  depths a t  each 
poin t  along the  p l a t e .  
The dot  product of the  i n t e g r a l s  from the  two 
a c t i v e  windows. 
A charac te r  va r i ab le  containing the  form feed 
cha rac t e r .  
The operat ing frequency i n  h e r t z .  
The number o f  t he  f i r s t  da ta  po in t  i n  the  f i r s t  
a c t i v e  window. 
The number of t he  f i rs t  da ta  poin t  i n  the  second 
a c t i v e  window. 
The number of the f i rs t  da ta  poin t  i n  the  ze ro  
window. 
Flag which i s  s e t  when a de fec t  is  loca ted  and is 
r e s e t  when the dot  product of t he  i n t e g r a l s  i n  the  
t w o  actFve windows s tops  decreasing.  This f l a g  
must be 0 f o r  t he  program t o  s igna l  t h a t  i t  has 
found a de fec t .  
The length  of the  c o i l .  The value is  input  i n  
inches and normalized by the  program. 
The l i f t - o f f  of the  c o i l .  The value is  input  i n  
inches and normalized by the  program. 
The d is tance  from the  top of t he  c o i l  t o  t he  
p l a t e .  
The number of  t he  l a s t  da ta  poin t  i n  the  f i r s t  
a c t i v e  window. 
The number o f  the  l a s t  da t a  poin t  i n  the  second 
ac t ive  window. 
The magnitude of the average o f  t he  i n t e g r a l s  from 
t he  t w o  a c t i v e  regions.  
The phase i n  degrees of  the  average of the  
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LOD' 

LOE" 

LOU 

LZ 

NA 
ND 
NE 

NZ' 
R1'  

R2'  

R 3  
RAW1 

RAm 

RHo1' 

SACTI 

SACTR 

S C FAC 

TACT1 1 

TACT12 

TACTR1 

TACTR2 

TRN' 
U1' 
VLOI'  

VLOM 

i n t e g r a l s  from the two active regions.  
The number of  t he  T/O u n i t  connected t o  the lookup 
f i l e  b u i l t  by program PCBLDF. 
The number of the  I/O u n i t  connected t o  the  f i l e  
containing the r a w  experimental da t a .  
The number o f  t he  1/0 u n i t  connected t o  the  
p r i n t e r "  
The number of the  l as t  da t a  po in t  i n  the  zero  
window. 
The number of da t a  po in t s  i n  each a c t i v e  window. 
The number of de fec t s  located by the  program. 
The number of da t a  po in t s  i n  the  region between 
the  a c t i v e  windows. 
The number of da t a  po in t s  i n  the  zero window. 
The inner radius  of t he  c o i l .  The value i s  input  
i n  inches and normalized by the  program. 
The outer  radius  of the  c o i l .  The value i s  input  
i n  inches and normalized by the  program. 
The mean radius  of the  c o i l  i n  inches.  
An array containing the  irnagi-nary p a r t s  o f  the  r a w  
readings taken a t  each point  across  the  p l a t e .  
An ar ray  containing the real  p a r t s  of the  r a w  
readings taken a t  each po in t  across  the p l a t e .  
The e l e c t r i c a l  r e s i s t i v i t y  of the  p l a t e  i n  jLR- 
cm . 
The imaginary p a r t  of the  average o f  t he  i n t e g r a l s  
from the  two a c t i v e  regions.  
The r e a l  p a r t  o f  the  average of the  i n t e g r a l s  from 
the  two a c t i v e  regions.  
The r a t i o  of t he  magnitude o f  the ca lcu la t ed  
change i n  the  normalized impedance t o  the  
magnitude o f  the  change i n  the  r a w  reading due t o  
add i t iona l  l i f t - o f f .  
The d i f f e rence  between the  phase of the  ca l cu la t ed  
change i n  the  normalized impedance and the phase 
of t he  change i n  the  r a w  reading due t o  add i t iona l  
l i f t - o f f .  
The imaginary p a r t  o f  the  i n t e g r a l  over the  region 
spanned by the  f i r s t  a c t i v e  window. 
The imaginary p a r t  of the  i n t e g r a l  over the  region 
spanned by the  second a c t i v e  window. 
The r e a l  p a r t  o f  the  i n t e g r a l  over the  region 
spanned by the  f i r s t  a c t i v e  window. 
The real  p a r t  of  t he  i n t e g r a l  over the region 
spanned by the  second active window. 
The number o f  t u rns  i n  the  c o i l .  
The r e l a t i v e  magnetic permeabili ty of  the  p l a t e .  
The imaginary p a r t  o f  the  experimental reading 
taken with add i t iona l  l i f t - o f f .  
The magnitude of the  experimental reading taken 
with add i t iona l  l i f t - o f f .  
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VLOP 

VLOR' 

VOLA 

VTOL 

WUSFX 

ZERO1 

ZEROR 

ZEROY 

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 p a r t  of the voltage on 
a section o f  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-0. 

Notes 

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

(a) 

(b) 

The inversion of the preliminary data must result 
in a defect which is inside the plate. 
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.OE-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 o f  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 f i r s t  N Z  readings and uses t h i s  as  the value 
on the  c lean  p a r t  o f  the  p l a t e  until .  it f inds  a c lean  sec t ion  of the  
p l a t e .  I f  the  very f i r s t  region presented t o  the program has a defec t  i n  
i t ,  the  r e s u l t s  w i l l  be unpredictable and very l i k e l y  undesirable  because 
the  program uses the very f i r s t  reading i n  i t s  ca l cu la t ion  of SCFAC and 
SCPHA which a r e  used t o  convert a l l  subsequent readings t o  the normalized 
impedance change of the c o i l .  
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List in& 

PROGRAM PCRTSCAN 
C VERSION September 12, 1988 

IMPLICIT REAL*8 (A-H,O-2) 
INTEGER HZ,HAl,HA2 
REAL*8 L, Ll , L2 
REAL*8 LHSPHA, LHSMAG 
REAL*8 RAWR(1500),RAWI(1500) 
REAL*8 TMZR(20),TMZI(20) 
REAL*8 ZMAGA(15OO>,ZPHAA(l500) 
REAL*8 DEPA(l50O),VOLA(1500) 
REAL*8 DEFECT(100) 
CHARACTER*l FF 
DATA LOU/8/,LOD/38/,LOE/40/ 
DATA PI/3.141592653/ 
DATA R1/0.1000/,R2/0.4100/,~/0.1000/,TRN/800./,~1/0.010/ 
DATA FREQ/50O./,RHO1/4.054/,Ul/~.O/,T1/0.250/ 
DATA DELTAX/O.Ol/,AIRIND/6.252919E-03/,VTOL/O.O2/ 
DATA CLOM/O.02003O/,CLOP/2.44/ 
FF=CHAR ( 12 ) 
K=O 
OPEN(LOE,FILE=‘TEMP.DAT’,STATUS=’OLD’) 
R3-0.5*(Rl+R2) 
L2-L+L1 
Rl=Rl/R3 
R2-R2/R3 
L==L/R3 
Ll=Ll/R3 
L2-L2/R3 
T l=Tl/R3 
DELR=DELTAX/R3 
ETUSRR-O.5093979*Ul*R3*R3*FREQ/RHOl 
SMAIR~AIRIND*(L*(R2-R~))**2/(O.O254*4.E-O7*T~*T~*R3*PI*PI) 

C NZ = Number of points i n  the zero w i n d o w  
C NA = Number of points  in each active w i n d o w  
C NE - Number of p o i n t s  i n  the eye 

NZ-15 
NA=(R2-R1)/DELR 
NE-(2*Rl)/DELR 
LZ=l 
HZ=NZ 
LAl=NZ+l 
HAl=NZ+NA 
LA2=NZ+NA+NE+l 
M2=NZ+NA+NE+NA 
GO TO 201 

C Initialize scanner 
CALL INITSC 

C Take readings w i t h  liftoff 
xxl-1.0 



7 6  

w1=2 .0  
DELTAX=O , 0 
CALL GDAT (XX1,  YY1,  DELTAX, VLOR , VLOI ) 
PAUSE 'PUT SHIM UNDER COIL; PRESS RETURN' 
Xx1=1.0 
YY1=2.0 
DELTAX=O.Ol 
DO 200 J-1,lO 
CALL GDAT(XXl,W1,DELTAX,VLOR,VLOI) 
TVLOR=TVLOR+VLOR 
TVLO I=TVLOI t VLO I 

200 CONTINUE 
201 CONTINUE 

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

VLOR=- 1.74 
VLOI= - 0.3 1 
Xxl=O. 0 
W l = l .  0 
DELTAX=O.Ol 

C 
C windows with data  so t h a t  t-he scan can ge t  s t a r t e d .  

C CALL GDAT(XXI,Wl,DELTa,VR,VI) 

F i l l  the  ac t ive  windows and the region between the ac t ive  

DO 300 J=l,HA2 

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

TZEROR=O . 
TZEROI=O. 

300 CONTINUE 

C Find the zero t o  be used u n t i l  another comes along. 
DO 400 J7X.Z, HZ 
TZEROR=TZEROR+RAWR(J) 
TZEROI=TZEROItRAWi(J) 

ZEROR=TZEROR/NZ 
ZEROI=TZEROI/N% 

400 CONTINUE 

C Calculate the f ac to r s  f o r  converting the raw readings 
C t o  the impedance change i n  the c o i l .  

VLOR=VLOR-ZEROR 
VLOI=VLOI-ZERO1 
VLOM=DSQRT (VLORWLOR+VLOI*VLOI ) 
VLOP=DATAN2(VLOI,VLOR) 
SCFAC=CLOM/VLOM 
SCPHA=CLOP-VLOP 

450 TACTRl=O. 
TACT1 1=0. 
TACTR2=O. 
TACTI2-0. 

C Calculate the in t eg ra l  f o r  the f i r s t  ac t ive  window. 
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DO 500 J-LA1,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(O.5*ZPHA) 
TACTRl-TACTRl+RZR 
TACTI1-TACTIl+RZI 

500 CONTINUE 
C Calculate the integral for the second active window. 

DO 600 J=LA2,HA2 
VR=RAWR (J ) - ZEROR 
VI=RAWI(J)-ZERO1 
ZMAG=DSQRT(VR*VR+VI*VI)*SCFAC 
ZPWA=(DATANZ(VI,VR)+SCPHA) 
ZMAGA (J ) -2MAG 
ZPHAA (J ) =ZPHA 
XFACT=DSQRT(ZMAG)*DELR 
RZR-XFACT*DSIN(O.S*ZPHA) 
RZI=-XFACT*DCOS(0.5*ZPHA) 
TACTR2-TACTR2+RZR 
TACTI2=TACTH2+RZI 

600 CONTINUE 
C Average the integrals from the two active windows. 

SACTR-O.5*(TACTRl+TACTR2) 
SACTI=O.5*(TACTIl+TACTI2) 
LHSPHA=DATAN2(SACTI,SACTR)*18O./PI 
IJ.ISMAG=DSQRT(SACTR*SACTR+SACTI*SACTI) 
K=K+1 

CALL NDEP(DEPTH,RHSMAG,LHSPHA,Tl,L1,L2,Rl,R2,WUSRR,Ul) 
VOL1-(2*SMAIR*PI)*(LS~G*LHSMAG)/((3*~~~)*(~S~G*RHS~G)) 
DEPA(K)=DEPTH 
WRITE(O,*)DEPTH,VOLl 
IF(DEPTH.EQ.0) THEN 
VOLA (K) -0 
E L S E  
VOLA(K)==VOLl 
END IF 
DP=TACTRl*TACTR2+TACTIl*TACTI2 
WRITE(O,*)' ' ,DP,PRDP 
IF(DEPTH.NE.0.) THEN 

IF((ZEROY.EQ.O.).AND.(ICP.EQ.O)) THEN 

C Invert the integrals. 

IF((DP.LT.PRDP).AND.(DP.GT.4.E-04).AND.(PRDP.LT.PRPRDP)) THEN 

C A defect has been found. 
XX=XXl-R2*R3-2.*DELTAX 
WRITE(LOU,29)XX,DEPTH,VOLl 



78 

WRITE(O,*)'D' 
ND=ND t 1 
DEFECT(ND)=XX 

ITP=HA2 
DO 610 KN=1,NZ 
ITP=ITP+l 
READ(ME,*,END=lOOO)Xl,VR,VI 
IF(VR.EQ.999)GO TO 1000 
RAWR(ITP)=VR 
RAWI(ITP)=VI 
WRITE(O,*)XXl 
TMZR(KN)-VR 
TMZX(KN)=VI 

C Find the next zero and recalculate. 

610 CONTINUE 
615 TZEROR2=O. 

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(8))).GT.VTOTA)GO TO 630 
IF(ABS(ABS(TMZR(KN))-ARS(TMZR(8))).GT.VTOL)GO TO 630 
TZEROR2=TZEROR2+TMZR(KN) 
TZEROI2=TZEROI2+TMZI(KN) 

ZEROR2=TZEROR2/NZ 
ZERO12=TZEROI2/NZ 
GO TO 640 

620 CONTINUE 

C The zero window is not out of the range o f  defects. 
C Advance the window one s t e p  and retest. 
630 ITP=ITP+1 

READ(LOE,*,END=lOOO)XXl,VR,VI 
RAWR ( ITP) =VR 
RAWI(ITP)=VI 
DO 635 KN'=l,NZ-l 
TMZR(KN)-TMZR(KN+l) 
TMZI(KN)-TMZI(KN+I) 

TMZR(NZ)-VR 
TMZI(NZ)=VI 
GO TO 615 

635 CONTINUE 

C The zero  window is o u t  o f  the range o f  defects. 
C Average the leading and trailing zero. 

640 ZEROR=(ZEROR+ZEROR2),/2. 
ZEROI=( ZEROI+ZEROI2)/2. 
TACTRl=Q. 
TACTI 1-0, 
TACTR2=0. 
TACTI 2=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. 
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DO 650 KN=LAI,HA1 
VR=JUWR(KN)-ZEROR 
VI-RAWI(KN)-ZERO1 
ZMAG-DSQRT(VR*VR+VI*VI)*SCFAC 
ZPHA-(DATAN2(VI,VR)+SCPHA) 
zMAGA(KN)-ZMAG 
ZPHAA(KN)-ZPHA 

C 
C the new data. 

Recalculate the integral for the first active window using 

XFACT-DSQRT(ZMAG)*DEUI 
RZR-XFACT*DSIN(O.S*ZPHA) 
RZI=-XFACT*DCOS(O.5*ZPHA) 
TACTRl-TACTRl+RZR 
TACTIl-TACTI1+RZI 

650 CONTINUE 
C Reconvert the raw readings f r o m  the second active window to 
C the impedance changes in the coil using the new value f o r  zero. 

DO 660 KN=LA2,HA2 
VR=RAWR(KN)-ZEROR 
VI-RAWI(KN)-ZERO1 
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.S*ZPHA) 
RZI--XFACT*DCOS(O.S*ZPHA) 
TACTR2=TACTR2+RZR 
TACTI2-TACTI2-t-RZI 

C Average the new integrals. 
660 CONTINUE 

SACTR=O.S*(TACTRl+TACTR2) 
SACTI-0.5*(TACTIltTACTI2) 
LHSPHA==DATANZ(SACTI,SACTR)*18O./PI 
LHSMAG=DSQRT(SACTR*SACTR+SACTI*SACTI) 

CALL NDEP(DEPTH,RHSMAG,LHSPHA,Tl,Ll,L2,Rl,R2,WSRR,U1) 
VOL1=(2*SMArR*PI)*(LS~G*LHSMAG)/((3*~S~)*(RHS~G*R~S~G)) 
DEPA(K)=DEPTH 
IF(DEPTH.EQ.O)THEN 
VOLA( K )  -0 
ELSE 
VOLA( K)=VOL1 
END IF 

C Print the results of the inversion. 
WRITE(LOU,ZQ)XX,DEPTH,VOLl 
HA2-ITP 
LA'%-ITP-NA+I, 
Wl=ITP-NA-NE 

C Invert once again. 
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LAI=HAI - NA+1 
END IF 
TCP=1 
ELSE 

TCP=O 
END Ib' 
END I F  
PRPRDP=PRDP 
PRDP=DP 

C No defec t  w a s  found. 

C WRITE(LOD,29)XXl,DEPTH,VOLl 
C WRITE(0,29)W(1,DEPTH,VOLl 

C 
C f o r  de fec t s .  

29 FORMAT(F8.4,2X,D11.4,2X,D11.4) 
Advance all o f  the windows one s t ep  and continue looking 

LZ=LZ+l 
HZ-IIZ+l 
LAl=LA1+1 
HAl-HAl+l 
LA2-=TA2+1 
HA2=HA2 11 

C CALL GDAT(XX1,YYl ,DELTAX,VR,VT) 
C Get the next raw da ta  reading. 

READ(LOE,*,END=1000)XXl,VR,VI 
IF(VR.EQ.999.)GO TO 1000 

RAWR(HA2)=VR 
RAWI(HAZ)=VI 

S h i f t  the  readings i n  the zero window down one s t e p  i n  the array. 

WRITE(O,*)XXL 

C 
DO 700 KN=l,NZ-1 
TMZR(KN)=TMZR(KN+l) 
TMZI(KN)=TMZI(KN+P) 

700 CONTINUE 
C Assign thc new reading t o  the highest  element i n  the zero  array. 

TMZR(NZ)=RAWR(HA2) 
TMZI(NZ)=RAWI(HA?) 
ZEROY=ZEROY-1. 
IF(ZEROY.LT.O.)ZEROY-0. 

DO 710 KN=l,NZ 
C Check t o  see i f  the e n t i r e  zero window i s  out of the range of  defec ts  

IF(ABS(ABS(TMZR(KN))-ARS(TMZR(8))).GT.VTOL)GO TO 780 
IF(ABS(ABS(TMZI(KN))-ABS(TMZI(8))).GT.VTOL)GO TO 780 

710 CONTINUE 
C The zero  window i s  o u t  o f  the  range o f  de fec t s .  

ZEROY-20. 
WRITE(O,*)'Z' 
TZEROK-0 . 
TZEROI-0. 

DO 720 KN=l,NZ 
TZEROR=TZEROR+TMZR(KN) 

C Average the readings i n  the z s r o  w i n d o w  t o  f i nd  the new z e r o ,  
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TZEROI-TZEROI+TMZI(K) 

ZEROR==TZEROR/NZ 
ZEROI==TZEROI/NZ 

720 CONTINUE 

780 GOT0 450 
1000 CONTINUE 

C Graph the results of the scan. 
DO 1020 K==1,1200 
IF(ABS(ZMAGA(K)).GT.ZMAGMX)ZMGm=ABS(ZWGA(K)) 
IF(A3S(ZPW(K)).GT.ZPM)ZPHAMX-ABS(ZPW(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-1,ND 
IY1-1 
IY2-350 
IXl=DEFECT(K)*600./12. 
1x2-1x1 
CALL QLINE(IXl,IY1,IX2,IY2,7) 

IXl=O 
IYl-ZMAGA(1)*150./ZMGMX+150 
DO 1030 K-2,1200 
1x2 =K/ 2 
I Y 2 - Z M A G A ( K ) * ~ 5 0 . / ~ G ~ + l 5 0  
CALL QLINE(IXl,IYl,IX2,1Y2,7) 
1x1-1x2 
IY1-IY2 

1025 CONTINUE 

1030 CONTINUE 
C CALL PRTSC 
C WRITE(LOU,*)FF 

PAUSE 
CALL QSMODE(16) 
IX1=0 
1Y1=4PHAA(1)*150./zPHAMx+150 
DO 1040 K==2,1200 
IX2-K/2 
IY2=ZPHAA(K)*15O/ZPH+150  
CALL QLINE(IX1,IYl,IX2,IY2,7) 
1x1-1x2 
IY1=IY2 

1040 CONTINUE 

1090 END 
C CALL PRTSC 
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REFLECTION COIL P R O G W S  

The programs i n  t h i s  sec t ion  perform various funct ions r e l a t i n g  t o  the 
e f f e c t  of  a defec t  i-n a s ing le  conducting plate on the induced vol tage i n  
the pickup c o i l s  of a r e f l e c t i o n  probe, A r e f l e c t i o n  probe above a 
conducting plate i s  shown i n  F i g .  8 .  The probe consists o f  a l a rge  d r ive r  
c o i l  w L t h  two pick-up c o i l s  mounted at e i t h e r  end, The pi-ck-up c o i l s  are 
connected i n  opposit ion s o  t h a t  t h e i r  signal cancels  out with the probe 
i n  a i r .  When the  probe is  placed on a conductor, the f i e l d  can be 
considered to be equal to the  f i e l d  r e f l ec t ed  back from the conductor. 

I ORNL-DWG 90-3039 

The e l e c t r i c a l  connections f o r  the r e f l e c t i o n  c o i l  c i r c u i t  a r e  shown in 
Figure 9 .  The vol tage output from t h i s  c i r c u i t  V,,, i s  given by: 

v,,, = - jwMV,,R,A f {(wC6R0 - j ) ( w C , R ,  - j ) (uY)’  + 

where A i s  the  amplif ier  gain and the r e s t  o f  the terms are defined i n  
F ig .  9 .  
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ORNL-OWG 72-671 

Vo DREVING VOLTAGE 
Ro 
C6 
R6 
ZD 
M 
Zp" IMPEDANCE OF THE PICK-UP COILS 
R t  
C, 
Rg AMPLIFIER INPUT IMPEDANCE 

SERIES RESISTANCE IN THE DRIVING CIRCUIT 
SHUNT CAPACITANCE OF T H E  DRIVING CIRCUIT 
O.C. RESISTANCE OF THE DRIVER COIL 
IMPEOANCE OF THE ORIVER COIL 
MUTUAL IMPEDANCE BETWEEN THE DRIVER AND PICK-UP COILS 

D.C. RESISTANCE OF THE PICK-UP COILS 
SHUNT CAPACITANCE OF THE PICK-UP CIRCUIT 

i g .  9 .  Simplif ied c i r cu i t  diagram f o r  an eddy-current r e f l e c t i o n  type 
probe. 

Fig.  10 shows a c r a s s  s ec t ion  of t he  r e f l e c t i o n  c o i l  above the metal p l a t e  
with the  dimensions labe led  a s  they are used i n  the  equations and the 
programs. The programs are based on the  s igna l  f r o m  a small  spher ica l  
d e f e c t ,  as shown i n  the f igu re .  

A s  w e  can see from Eq. (20) ,  w e  must c a l c u l a t e  the impedance o f  both the  
d r i v e r  and pick-up c o i l s ,  as wel l  as the  mutual coupling between the  two. 
The equations f o r  the d r ive r  c o i l  impedance, including the change due t o  
t he  d e f e c t ,  i s :  
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Fig. 10. Cross section of a reflection coil above a conducting plate with 
a spherical defect. 

(23 )  

( 2 4 )  and P ,  = 

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

1 (a--P1) (a-1-A) -(a+, ) (a+/?, exp (-20 , c ) 
~~ 

(LY+P, ) ’- (n--P, )’exp (-2a, e ) 

(a’+jwpu,F’) 1”/p 

[ and F’(a,a,,c)- 
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-ai,  -a (a3-m,-2n,) -ai, -2a(R,+Q,) -a ( a3-2a,-2a,> 
- 4 (ai,+e -1 )+ ( I - e  I2(1-e )'e F ( a  , a , ,  c >  e 

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

These are the basic programs used €or the calculation of  the change in 
magnitude and phase of  the eddy-current signal due to a defect for a 
reflection probe. In E q s .  ( 2 1 ) ,  ( 2 5 ) ,  and (26) the terms multiplied by 
j are the normal values without the defect, while the terms multiplied by 
V o l ,  are the changes due to the defect. If the values of driving and input 
impedance, R, and R,, are large and the circuit is operated well below 
resonance, the major change due to a defect will be in the term for M. 
Most of  the tests run are usually designed for these conditions. 

The program R F D S F  calculates the defect sensitivity factor of a reflection 
coil at points throughout a conducting plate, and program R F D S F P L T  
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 R F F I X  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 R F B L D F  and R F I N V  can take data stored by either RFAVZSCN 
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o r  RFFIX and solve €or the depth and volume o f  t he  defect t h a t  produced 
t h a t  da t a .  These programs and their di-scussion c lose ly  p a r a l l e l  the 
programs f o r  the  pancake coils i n  the previous sect ion.  
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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 

4 .  Select a value for the radial distance between the coil axis and the 

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 

8 .  Loop to 3 until done. 

are to be performed. 

point at which the calculations are to be performed. 

range of r and write the result to a data file. 

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 #1. 

Starred variables must be set by the user. 

C6'  

C7' 

DELTAR 

FREQ' 
GAIN' 
L3 
L4 
L5 

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 oE 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 5/0 unit connected to the output 
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LOU 

MZT' 

NPROBE' 

NRT 

NZT 

RO' 

R1 
R2 
R3 
R4 
R5 
R 6  
R 7  
R9' 

RD 

RHOl' 
RHS I 

RHSM 

RHSP 

RHSR 

data file. 
The number of  the I/O 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 o f  t:he 
reflection probe to he used in the calculations. 
The t:otal number of points in the radial direction 
at which calculations are performed. (See note 

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 
o f  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 o f  parts each defect is divided into 
along its axis to perform the calculations. (See 
no t:e #4.  ) 
Output series resistance of  driving arnplifi.er in 
ohms. 
The normalized inner radius of the driver coil. 
The normalized outer radius o f  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 pn-cm. 
The imaginary part of the integral of  the defect 
sensitivity factor with respect to RD from R3 to 
R 2 .  
The magnitude of  the integral of  the defect 
sensitivity factor with respect to RD from R 3  to 
R 2 .  
The phase in radians of  the intxgral of the defect 
sensitivity factor with respect to RD from R 3  to 
R2. 
The real part of the integral of the defect 

# 4 .  ) 



T I '  

TD 
TNDR 
TNPU 
TP 
U1' 
V I N '  
W 
ZD 

ZD 2 

ZDTIO 

ZDTRO 

ZMSTEP 

ZMTDI 

ZMTDR 

ZMTIO 

ZMTRO 

ZPTIO 

ZPTRO 

Notes 

1. The 

s e n s i t i v i t y  f a c t o r  with respec t  t o  RD from R 3  t o  
R 2 .  
The thickness  of the  p l a t e .  I t  i s  input  i n  inches 
and normalized by the program. 
The dens i ty  of tu rns  i n  the  d r i v e r  c o i l .  
The number of tu rns  i n  the  d r i v e r  c o i l .  
The number of tu rns  i n  each pickup c o i l .  
The dens i ty  of tu rns  i n  the  pickup c o i l .  
The r e l a t i v e  magnetic permeabi l i ty  of the p l a t e .  
Output vo l tage  of d r iv ing  ampl i f ie r  i n  v o l t s .  
The angular operat ing frequency. 
The normalized d is tance  from the  s i d e  o f  the  p l a t e  
where the  de fec t  is located t o  the  bottom of the  
de fec t .  A negative number. 
The normalized d is tance  from the  near s ide  of  the  
p l a t e  t o  the  center  of the  defec t .  A negat ive 
number. 
The imaginary p a r t  of the  s e l f  impedance of the  
d r i v e r  c o i l  with no defec ts  p re sen t .  
The r e a l  p a r t  o f  the  s e l f  impedance o f  t he  d r i v e r  
c o i l  with no de fec t s  present .  
The normalized a x i a l  d i s tance  between the  depths 
a t  which the program does the  ca l cu la t ions .  
The imaginary p a r t  of the  change i n  the  mutual 
impedance between the  d r i v e r  c o i l  and the  pickup 
c o i l  due t o  a de fec t .  
The r e a l  p a r t  of  the change i n  the mutual 
impedance between the d r ive r  c o i l  and the  pickup 
c o i l  due t o  a de fec t .  
The imaginary p a r t  o f  the  mutual impedance between 
the  d r i v e r  c o i l  and the  pickup c o i l  with no 
de fec t s  p re sen t .  
The r e a l  p a r t  of  the  mutual impedance between the  
d r i v e r  and pickup c o i l s  with no de fec t s  p re sen t .  
The imaginary p a r t  of  the  s e l f  impedance of the 
pickup c o i l  with no defec ts  p re sen t .  
The r e a l  p a r t  of the  s e l f  impedance of the  pickup 
c o i l  with no de fec t s  p re sen t .  

i n t e g r a t i o n  i n  t h i s  program i s  very s imi l a r  t o  the in t eg ra t ion  
i n  program RFAVZSCN, bu t  some very minor d i f fe rences  do e x i s t .  Most of 
these  come from the f a c t  t h a t  t h i s  program ca lcu la t e s  only the  defec t  
s e n s i t i v i t y  f a c t o r ,  which does not depend on the  volume of  the d e f e c t ,  and 
program RFAVZSCN c a l c u l a t e s  the vol tage  change due t o  the d e f e c t ,  which 
does depend on the  volume of the  de fec t .  While it i s  necessary t o  
c a l c u l a t e  the  de fec t  s e n s i t i v i t y  f a c t o r  t o  c a l c u l a t e  the  vol tage  change 
due t o  the  d e f e c t ,  program RFAVZSCN never ca l cu la t e s  the  defec t  
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s e n s i t i v i t y  f a c t o r  a s  a separate  quant i ty .  Thus, some of the  var iab les  
i n  RFAVZSCN which have the same name as  var iab les  i n  program RFBLDF have 
the  defec t  volume as  an ex t r a  f a c t o r .  

2 ,  The way t h a t  program RFINV uses the output of t h i s  program t o  
ca lcu la t e  the depth and volume of a defec t  i s  very simple.  Program RFINV 
takes e i t h e r  experimental da ta  s tored  by program RFFIX or  ca lcu la ted  da ta  
s to red  by program RFAVZSCN t o  f ind  the i n t e g r a l  of the  vol tage change due 
t o  the  defec t  with respect  t o  r from the inner  radius  o f  the  pickup c o i l  
t o  the outer  radius  of the  d r ive r  c o i l .  The phase of  t h i s  i n t e g r a l  
depends only upon the  depth of the de fec t ,  and it  i s  a s ing le  valued 
funct ion of the depth of the defec t .  (See note # 3 . )  The phase of the 
i n t e g r a l  o f  the  defec t  s e n s i t i v i t y  f ac to r  w i l l  be the  same as the  phase 
of the vol tage change due t o  the de fec t ,  because the de fec t  s e n s i t i v i t y  
f ac to r  d i f f e r s  from the vol tage change only by a constant  r e a l  f a c t o r .  
Therefore,  program RFINV can search through the f i l e  c rea ted  by program 
RFBLDF u n t i l  i t  f inds  the depth corresponding to the  phase it  obtaincd 
when it  ca lcu la ted  the in t eg ra l .  This w i l l  be the depth o f  the de fec t .  
Then program RFINV can divide the  i n t e g r a l  it ca lcu la ted  by the  i n t e g r a l  
ca lcu la ted  by program RFBLDF. Since the  phases o f  t he  in t eg ra l s  arc 
equal ,  the f ac to r s  which contain the phase w i l l  cancel ,  and the program 
needs only t o  divide the magnitude of one i n t e g r a l  by the  o ther .  The 
r e s u l t  of t h i s  d iv i s ion  i s  the  constant f a c t o r  by which the two in t eg ra l s  
d i f f e r ,  which i s  equal t o  the defect  volume mul t ip l ied  by aZ2,  the  defec t  
shape and o r i en ta t ion  f a c t o r .  W e  normally assume t h a t  a,, is  equal t o  1, 
s o  the  program i s  l e f t  with the defec t  volume. 

3 ,  One of the necessary assumptions f o r  the  r e f l e c t i o n  c o i l  inversion 
programs t o  work i s  t h a t  the phase of the i n t e g r a l  ca lcu la ted  by t h i s  
program depends only upon the  depth of the defec t  and t h a t  it is  therefore  
independent of the defec t  volume. This i s  not  exac t ly  t r u e .  The 
expression f o r  the defect  s e n s i t i v i t y  f ac to r  contains  terms i n  the 
denominator which do depend s l i g h t l y  on the defec t  volume, and s ince  t h i s  
volume dependence cannot be fac tored  o u t ,  it has a small e f fec t  on the  
phase of the i n t e g r a l .  However, the  e r r o r  introduced by t h i s  s l i g h t  
volume dependence i s  not s i g n i f i c a n t ,  as shown by the accuracy of the 
inversion o f  da t a  ca lcu la ted  by program RFAVZSCN, which considers  the  
dependence of the  phase on the volume. The e r r o r  f o r  t-l-iese inversions is  
typ ica l ly  l e s s  than one percent .  

4. The se l ec t ion  o f  the point: i-n the p l a t e  about which the  ca l cu la t ions  
a r e  done i s  complex i n  the program. The outs ide pos i t i on  determining l o o p  
runs from 0 t o  MZT. This loop sets the  value of the  depth of the  center  
o f  the defec t  by assigning values  t o  va r i ab le s  ZD and ZD2.  I t  a l s o  
determines whether a defec t  i s  on the near s ide  of the p l a t e  o r  on the f a r  
s ide  of the p l a t e .  The next pos i t i on  determining loop ,  which occurs 
ins ide  t h i s  one, runs from 1 t o  NKT. I t  s e t s  the value f o r  the  r a d i a l  
d i s tance  from the c o i l  ax i s  t o  the  center  of the  defec t  by assigning a 
value t o  var i ab le  RD. The f i n a l  pos i t ion  determining loop l i e s  ins ide  
both of t hese ,  and i t  runs from 1 t o  NZT. This loop i s  present  f o r  the 
purpose of dividing the la rge  defec t  loca ted  a t  c y l i n d r i c a l  coordinates 
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RD and ZD2 i n t o  a number of smaller de fec t s  s o  t h a t  more accurate  
ca l cu la t ions  can be obtained f o r  the e n t i r e  d e f e c t .  I n  the  case of a near 
side d e f e c t ,  the  l a r g e  de fec t  is  divided i n t o  NZT smaller  de fec t s  centered 
a t  even i n t e r v a l s  along the ax i s  of the  l a rge  de fec t  between the bottom 
of the  de fec t  and the near s i d e  of  the p l a t e .  I n  the  case of a f a r  s ide  
d e f e c t ,  the  l a rge  de fec t  is divided i n t o  NZT smaller  de fec t s  centered a t  
even i n t e r v a l s  along the a x i s  of  the l a rge  de fec t  between the bottom o f  
the d e f e c t  and the  f a r  s ide  of  the p l a t e .  
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Listing 

PROGRAM RFRLDF 

CHARACTER NPROBE*6,COIL*6 

COMPIAEX*16 ZMT,ZDT,ZPT,ZO,Z6,Z7,23 
COMPLEX*16 ZMTO,ZPTO,ZDTO,RHSC,ERW 
REAL*8 L3, L4, L5, L6 
DIMENSION S1(6),S2(6),ERR(6) 
DIMENSION SDDR(120),SDDI(120),sDPR(120),SDPI(l20) 
DATA LOU/8/, PI/3.141592653/, J,OD/39/ 
DATA S1/0.005,0.02,0.05,0.1,0.5,2./ 
DATA S2/1.0,2.0,5.0,10.0,50.0,200.0/ 

DATA ~~01/4.054/,U1/1.0/,MZT/10/,NRT/100/,N~T/~/ 
DATA T1/0.250/,NPROBE/'25OA ' /  

DATA FREQ/50O./,GAIN/l./,VIN/l 100/ 

CALL GETTIM(IHK,IMN,ISE,IFR) 
CALL GE'I'DAT (IYR , IMO , IDA) 
IYR=IYR-1900 
WRITE(LOU,2)IHR,IMN,ISE,IMO,IDA,IYR 

C VERSION November 7, 1988 

IMPLICIT REATA*8 (A-I1,O-Z) 

DATA EKR/0.1,0.01,0.001,1.E-4,l.E-5,l.E-6/ 

DATA ~0/3050./,R9/l.OD6/,C6/15.~-~l/,C7/15.~-11/ 

C TIME AND DATE ARE PRINTED 

2 FORMAT ( ' RFBLDF TIME ',T?9':',12p':',12 
*, '  DATE ',12,'/',T2,'/',12) 
W=2.0*PI*FREQ 
FNZT-FLOAT (NZT) 
OPEN(28,FILE='REF.DA'I",STATUS=POLD') 

10 READ(28,11)COIL,R5,Rl,R2,L3,R3,R4,L4,L5,L6 

11 FORMAT(A6,9F8.4,F10.4,F11.4,2F8.1) 
IF(COTL.EQ.'END ')WRITE(O,*)' COIL NOT FOUND' 
IF(COIL.EQ.'END ')GO TO 1040 
IF(COIL.NE.NPROBE)GO TO 10 
L6-L6+0.010/R5 
WKITE(LOU,3)NPROBE,Tl 

WRITE(LOU,5) 

*,RG,K7,TNDR,TNPU 

3 FORMA'L'('PR0BE ',A6,' PLATE THICKNESS',F7.4) 

5 FORMAT('C0IL IN RAD OT RAD LENGTH OLO/REC TURNS', 
* '  COIL RES CKT: RES CAP' ) 
WRITE(LOU,14)R1,R2,Td3,L6,TNDR,R6,R0,C6 
WRITE(JdOU,15)R3,R4,L4,L5,TNPU,R7,K9,C7 

14 FORMAT('DR1VER ',4(F7.4,1X>,F8.1,3(1PE10~3)) 
15 FORMAT('P1CKUP ',4(F7.4,1X),F8.1,3(1PE10~3)) 

WUSKR-O.5093979*Ul*R5*RS*FREQ/RHOI 
WRITE(LOU,2O)R5,FREQ,RHOl,Ul,WUSKR 

20 FORMAT('RBAR',F7.4,' FREQ= ',1PE13.6,' MO-',OPF9.4, 
* '  PERM=' , F7.3, ' WUSRR=' , F9.4) 
WRITE(0,23)NPROBE,Tl,FREQ 

2 3  FORMAT('PR0BE ',A6,' PLATE THKs,F7.4,' FREQ=',F8.1) 
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WRITE(LOU,*) 
WRITE(LOU,24) 

T1-T 1 /R5 
ZMSTEP-Tl/MZT 
DELTAR-(R2-RJ)/NRT 
TD-TNDR/((R2-R1)*L3) 
TP=TNPU/((R4-R3)*U) 
ZDF=6.300475E-7*FREQ*TD*RS 
ZPF-6.300475E-7*FREQ*TP*TP*R5 
ZMF-6.300475E-7*FREQ*TD*TP*RS 

24 FORMAT('DEPTH MAGNITUDE PHASE') 

DMF==O.l193662*WSRR 
DO 1020 MZ-0,MZT 
WRITE(O,*)'MZ ',MZ 
IF(MZ.GT,(O.5*MZT)) THEN 

NS-2 
ZM-(MZT-MZ)*ZMSTEP 
ZD-- 2. *ZM 
ZM==MZ*ZMSTEF 
ZD2-- ZM 
ELSE 

NS-1 
ZM-MZ*ZMSTEP 

C Far s i d e  de fec t  

C Near s i d e  de fec t  

ZDz- 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 
SAIRl=O. 0 
SAIR2-0.0 
SZDR=O. 0 
SZDI=O . O  
SZPR=O .O 
SZPI-0.0 
szMR==o. 0 
SZMI=O . 0 
DO 25 NZ-1,NZT 
SDDR(NZ)-0 . O  
SDDI(NZ)=O.O 
SDPR(NZ)=O.O 
SDPI(NZ)-0.0 

25 CONTINUE 
B1-0.0 
B2=S2 (1) 
DO 100 JKL=1.6 
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30 RIg-SAIRl 
X=B1-0. 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+S 1 (JKI,)  
CALL BESSEL(XJR2,X,R2) 
CALL BESSEL(XJRl,X,Rl) 
CALL BESSEL(XJR4 ,X,R4) 
CALL BESSEL(MTR3 ,X,R3) 
R21=XJK2 -XJR1 
R43=XJK4 -XJR3 
XL3 =X*L3 
IF(XL3.GT.5.OE-3) GO TO 60 
Al=XL3*XL3*(0.5-XL3/6.0) 
GO TO 80 

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

70 Al=XL3-1.O 
80 A3=XL3-A1 

SFD=S 1 (JKL) *R2 1*R2 1 
S FP=S 1 ( JKL) *R4 3*R4 3 
S FM=S 1 (JKL) *R2 l*R4 3 
SAIR1=SAIRI+SFD*2,0*Al 
XL4=X*L4 
IF(XL4.GT.5.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 
A2zXL4+DEXP(-XL4)-1.0 
GO TO 83 

82 A2zXL4-1.0 
83 A4=XL4-A2 

A13=1.0-A3 
A14=1.0-A4 
AS=DEXP(-X*L5) 
XL$=X*(L3-2.*L4-2.*L5) 
IF(XL8.GT.75.)A8=0. 
IF(XL8.LE.75.)AS=DEXP(-XL8) 
SAIR2=SAIK2+SFP*(4.O*A2-2.O*Al+*A4*A8) 
IF(X*LG.GT.75.)GO TO 90 

xx=x*x 
Xl=DSQRT(0.5*(XX+DSQRT(XX*XX+WUSR.*WUSR.R)))/Ul 
Yl=WSRR/(2.*Xl*Ul*U1) 
A6sDEXP(-X*L6) 

IF(XL7.GT.75.)A7=1.0 

A9=A4*A5*A6*A7 

C CALCULATION O F  GAMMA FACTORS 

XL7=X* (L3 - 124 - 2 . *L5) 
IF(XL7.LE.75.)A7=1.O-DEXP(-XL7) 
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APBR==(x+x~)*(x+x~)-Y~*Y~ 
APB1=2.*Yl*(X+Xl) 
AMBR=(X-Xl)*(X-Xl)-Yl*Y1 
AMBI--2.*Yl*(X-X1) 
A’LBR=O. 0 
A2B1--2.*Xl*YI 
ZKUR-A2 BR 
ZWI-A2BI 
DENR=APBR 
DENI-APBI 
DNCJ-DENR*DENR+DENI*DENI 

DO 88 NZ-1,NZT 
C SECTION THAT MULTIPLIES BY DEXP(ALPHAl*ZDEFECT) 

C NEAR SIDE DEFECT CALCULATION 

C FAR SIDE DEFECT CALCULATION 
FZD=(FLOAT(NZ>-.5)*ZD/FNZT 

IF(NS.EQ.2)FZD=-Tl-FZD 
ZDR=Xl*Ul*FZD 

ZDI-Yl*Ul*FZD 
XPDR=DEXP(ZDR) 
CSDI=DCOS(ZDI)*XPDR 
SNDI-DSIN(ZDI)*XPDR 
XRD=X*RD 
CALL BESELl(XRD,RJl) 
Xxl-X*X1+Xx 
XYl-X*Yl 
x1x=x*x1-Xx 
ZNDR-XXl*CSDI-XYl*SNDI 
ZNDI=XXl*SNDI+XYl*CSDI 
SECTION THAT MULTIPLIES BY DEXP(ALPHA1*(2*TH+ZDEFECT)) 
TZR=Xl*U1*(2.*Tl+FZD) 
IF(TZR.GT.60.)GO TO 87 
TZI-Yl*U1*(2.*Tl+FZD) 

CSZI=DCOS(TZI)*XPZR 
SNZI-DSIN(TZI)*XPZR 

IF(ZDR.LT.-6O.O)GO TO 89 

C 

XPZR-DEXP(-TZR) 

ZNDR-XX1*CSDI-XYl*SNDI+XlX*CSZI+XY1*SNZI 
ZNDI=XXl*SNDI+XY1*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*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 
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87 ZDRL=(ZNDR*DENK+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*RJl*2*ZDRI;3rR21*Sl(,JKL) 
SDDI(NZ)==SDDI(NZ)+A3*A6*R.J1*2*ZDIM*R21*Sl(JKL) 
SDPR (NZ) -SDPR(NZ)-t-A9*W 1%2*ZDRIA*R43*S 1 (JKL) 
SDPI(NZ)-SDPI(NZ)+A9*RJ1*2*ZDIM*R43*Sl(.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 
S ZPI=S ZP I +A9*A9*ZR14*S FP 
SZPR=SZPR-A9*A9*ZIM*SFP 
SZMT.=SZKI+A3*A6*A9*ZRL*SE'M 
SZMR=SZMR-A3*AG*A9*ZIM*SFM 

90 CONTINUE 
B1-B2 
B2=B2+S 2 (JKL) 
CHECK=(SAIR1-RI9)/SAIRl 
IF(ABS(CHECK).GT.ERR(JKL)) GO TO 30 

100 CONTINUE 
c COMPUTATION OF DRIVER INDUCTANCE 

C DEFINE COMPLEX QUANTITIES THAT ARE CONSTANT 
Q6=ZDFASAIRl/W 

ZO=DCMPLX(O.ODO,-RO) 
Z6=DCMPLX(W*C6*RO,-l.ODO) 
Z7=DCMPLX(W*C7*R9,-1,0DO) 
Z9=DCMPXX(O.ODO,-R9) 

ADDR-0 . 0 
ADDZ=O. 0 
ADPR=O . 0 
ADPI-0 .O 
DO 125 NZ=l,NZT 
ADDR-ADDR+SDDR(NZ>/FNZT 
ADDI=ADDI+SDDI(NZ)/FNZT 
ADPR==ADPR+SDPR(NZ)/FNZT 
ADPI=ADPI+SDPI(NZ)/FNZT 

C AVERAGE DEFECT VALUES OVER DEPTH 

125 CONTINUE 
135 ZDTRO-=ZDF*SZDR 

ZDTIO=ZDF*(SAIRl+SZDI) 
ZPTRO-sZPF*SZPR 
ZPTIO=ZPF*(SAIR2+SZPI) 
ZMTRO=ZMF*SZMR 
ZMTI O=ZMF*SZMI 
ZMTDR--ZMF*DMF*(ADDR*ADPR-ADDI*ADPI) 
ZMTDI=-ZMF*DMF*(ADDI*ADPR-tADDFkADPI) 

ZDT=DCMPLX(ZDTR,ZDTI) 
ZPT=DCMPLX(ZPTR,ZPTI> 

c DEFINE COMPLEX QUANTITIES, DO COMPLEX CIRCUIT CALCULATIONS 
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ZMT-DCMPLX(ZMTR,ZMTI) 

SRHSR-ZMTDR*DELTAR+SRHSR 
SRHSI==ZMTDI*DELTAR+SRHSI 

180 FOWT(F6.3,1X,D11.3,1X,F7.2) 
C 181 FORMAT(F6.3,2X,D11.3,3X,F7.2) 

1000 CONTINUE 

1010 CONTINUE 
EBW=Z6*Z7*ZMTO*ZMTO+(Z6*(ZDTO+R6)+ZO)*(Z7*~ZPTO+R7)+29) 
RHSC-VIN*R9*GAIN*DCMPLX(SRHSR,SRHSI)/E3W 
EWSR=REAL(RHSC) 
RHSI-DIMAG(RHSC) 

RHSP=DATAN2(RHSI,RHSR)*l8O./PI 
WRITE(LOD,180)ZD2,RHSM,RHSP 
WRITE(LOU,180)ZD2,RHSM,RHSP 
WRITE(O,180)ZD2,RHSM,RHSP 

RHSM-D~QRT(RHSR*RHSR+RHSI*RHSI) 

1020 CONTINUE 
1040 END 



98  

RFDSF calculates mag. and phase of DSF for a l a t t i c e  of po in ts  

Program RFDSF ca l cu la t e s  the  magnitude and phase o f  the defect s e n s i t i v i t y  
f ac to r  of a r e f l e c t i o n  c o i l  a t  a l a t t i c e  o f  po in ts  throughout a conducting 
plate, as shown in Fig.  11. 

ORNL-DWG 90-8091 --- 
Fig. 11. Ref lec t ion  probe above a conducting plane w i t h  a l a t t i c e  o f  
po in t s .  

The defec t  s e n s i t i v i t y  i s  the mutual coupling t e r m  between the d r ive r  c o i l  
and pickup c o i l s  due to the defect: i n  E q ,  ( 2 6 ) ,  and i s  given by: 
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3wpur2 
DSF(r,z) = - 

8?r 

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. 

Perform the integration necessary to calculate the defect sensitivity 
factor at this point. 
4 ,  

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 RFAVZSCN, see note #l. 

Starred variables must be set by the user. 

C6'  The total shunt capacitance in farads of the 

c7' The total shunt capacitance in farads of the 

DELTAR The normalized distance in the radial direction 

DELTA2 The normalized distance in the axial direction 

FREQ' 
L3 
L4 

driving circuit. 

pickup circuit. 

between adjacent data points. 

between adjacent data points. 
The operating frequency in hertz. 
The normalized length of  the driver coil. 
The normalized length of the pickup coil. 



L5 

L6 
LOD' 

N PROB E* 

NRT' 

NZT' 

RO 

R1 
R2 
R 3  
R4 
R5 
R6 
R7 
R9' 
Mol'  
T1' 

TD 
TP 
TNDR 
TNPU 
U1' 

Notes 

1. The 

The normalized distancc of recess o f  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 o f  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 sensitivit:y factor is 
calculated. 
Output series resistance o f  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 coil in ohms. 
The amplifier input impedance. 
The resistivity in p.ln-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, 

integration in this program is very similar to the integration 
in program RFAVZSCN, b u t  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, some 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  

P r i n t e r  output  o f  program RFDSF: 

RFDS F TIME 9:24:38 DATE 8 /  9/89 
PROBE 250A PLATE T H I K  0.2500 
C O I L  I N  RAD OT RAD LENGTH OLO/REC TURNS C O I L  RES CKT: RES CAP 
DRIVER 0.7500 1.2500 0.6000 0.0600 2350.0 5.310E+02 3.050E+03 8.47OE-11 
PICKUP 0.3500 0.7000 0.2000 0.0000 3450.0 5.147E+03 1.000E+06 8.45OE-11 
RBAR 0.2500 FREQ- 5.000000E+02 RHO- 4.0540 PERM= 1.000 WUSRR= 3.9267 

P a r t i a l  l i s t i n g  o f  f i l e  FORTGO: 

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+OO 
1 4  0.65622D-05 -0.69443D+00 
1 5 0.52051D-05 -0.77420D+OO 
1 6 0.40726D-05 -0.85603D+00 
1 7 0.31569D-05 -0.94004D+00 
1 8 0.24324D-05 -0.10262D+01 
1 9 0.18679D-05 -0.11143D+01 
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 

CHAFUCTER NPROBE*G,COXL*6 

REAL*8 L3,L4,L5,L6 
COMPLEX DEN,ZO,Z6,%7,Z9,ZDT,ZPT,ZNT,DSFC 
DIMENSION Sl(6),S2(6),ERR(6),RJ(120) 
DIMENSION SDDR(120,40),SDD1(12Q,~~Q),SDPR(120,40),SDP~(l20~~0) 
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 RH01/4.054/,Ul/l.O/,NRT/25/,NZT/20/ 
DATA T1/0.250/,NFROBE/’25OA ‘ /  

DATA FREQ/S00./,VIN/1.l/,GAIN/l./,DELTAR/O.O8/ 

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

DATE ‘ , I2 ~ ‘ / ‘ , 1 3  , ’ / ’ , 1 2 )  

IMPLICIT REAL*8 (A-H,O-Z) 

DATA E ’ R R / . 1 , . 0 1 , . 0 0 1 , 1 . E - 4 , 1 . E - S , I . E - 6 /  

DATA R O / 3 0 5 0 . / , R 9 / l . O D 6 / , C ~ / t ? ~ 4 7 E - l l / , C 7 / 8 . 4 5 E - l 1 /  

C TIME AND DATE ARE QRINTED 

2 FORMAT ( ’ RFDSF TIME ’,12,‘:‘,12,‘:’,12 
* , ’ 
W=2.0*PI*FREQ 
OPEN(28,FILE-’REF.DAT8,STATUS=’OLD‘) 

10 READ(28,1l)COIL,RS,R1,R2,L3,R3,R4,L4,L5,L6 

11 FORMAT(A6,9F8.4,F10.4,F11.4,2F8.1) 
IF(COIL.EQ.’END ’)VRITE(O,*)’ COIL NOT FOUND’ 
IF(COII,.EQ. ‘END ‘)GO TO 1020 
IF(COIL.NE.NPRORE)CO TO 10 
L6=L6t 0.010/R5 
WRITE (LOU, 3 )  NPROBE ~ T1 

WRITE(LOU, 5) 

*,R6,R7,TNDR,TNPU 

3 FORMAT(‘PR0BE ‘,A6,‘ PLATE THIK‘,F7.4) 

5 FORMAT(’CO1L IN RAD OT RAD LENGTH OLO/REC TURNS‘, 
*’ COIL RES CKT: RES CAP‘ ) 
WRITE(LOU,14)Rl,R2,L3,L6,TNDR,R6,RO,C6 
VRITE(LOU,15)R3 ,R4 ,L l+ ,L5 ,TNPU,R7 ,R9 ,C7  

14 FORMAT(‘DR1VER ‘,4(F7.4,1X),F8.1,3(1FEl0.3)) 
15 FORMAT(’P1CKI.JP ‘ , 4 ( F 7 . 4 , 1 X ) , F 8 . 1 , 3 ( 1 P E 1 0 . 3 ) )  

WUSRR=0.5093979*U1*R5*X5*FREC)/EUOl 
WRITE (LOTJ ,20)R5, FREQ , RHO1 ~ U1, WUSRR 

20 FORMAT(’RBAR‘,F7.4,‘ FREQ= ‘,lPE13.6,’ TWO-‘,OPF9.4, 
*‘ PERM=’ , F7.3, ‘ WUSRR-’ , F9.4) 
WRTTE(O,23)NPROBE,Tl,FREQ 

23 FOEXAT(’PR0BE ‘,A6,’ PLATE THK’,F7.4,’ FREQ=‘,E12.4) 
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TD-TNDR/((R2-RI)*L3) 
TP-TNPU/((R4-R3)*L4) 
ZDF4.300475E-7*FREQ*TD*TD*RS 
ZPF=6.300475E-7*FREQ*TP*TP*R5 
ZMFS~.~OO~~SE-~*FREQ*TD*TP*R~ 
DDF-O.l193662*WSRR 
DPF=O.l193662*WSRR 
DMF=O.l193662*WUSRR 
Tl-Tl/RS 
ZFT=- T1 
DELTAZ-Tl/(NZT-l) 
WRITE(LOD,7)NRT,NZT 
WRITE(LOD,8)DELTAR,DELTAZ 
WRITE(LOD,8)Rl,R2 
WRITE(LOD,8)R3,R4 
WRITE(LOD,8)23,U 
WRITE(LOD,8)L6,L5 
WRITE(LOD,g)Tl 

7 FORMAT(18,1XJ18) 
8 FORMAT(F12.5,1XJF12.5) 
9 FORMAT(F12.5) 
SAIRl=O . 0 
SAIR2-0.0 
SZDR=O. 0 
SZDI-0.0 
SZPR-0.0 
SZPI=O. 0 
SZMR-0.0 
SZMI-0.0 
DO 27 NR-1,NRT 
DO 25 NZ-1,NZT 
SDDR(NR,NZ)=O.O 
SDDI(NR,NZ)==O.O 
SDPR(NR,NZ)-0.0 

25 SDPI(NR,NZ)-0.0 
27 CONTINUE 

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

30 RI9-SAIR1 
X-B1-0.5*Sl(JKL) 
DETERMINE NUMBER OF STEPS,ISTEPS,BASED ON STEP SIZE&INTERVAL 
ISTEPS-DNINT((B2-B1)/Sl(JKL)) 
DO 95 I-1,ISTEPS 
X=X+S 1 (JKL) 
CALL BESSEL(XJR2,X,R2) 
CALL BESSEL(XJRl,X,Rl) 
CALL BESSEL(XJR4,XJR4) 
CALL BESSEL(XJR3,X,R3) 

C 

R21-XJR2 - X J R l  
R4 3-XJR4 - XJR3 
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XL3=X*L3 
IF(XL3.GT.5.OE-3) GO TO 60 
A1=XL3*XL3*(0.5-XIA3/6.0) 
GO TO 80 

60 IF(XL3.GT.75.0) GO TO 70 
A1=XIA3+DEXP ( - x13 ) - 1 1 0 
GO TO 80 

70 Al=XL3-1.O 
80 A3=XL3-A1 

SFD=Sl(JKL)*R2l*R21 
SFP=Sl(JKL)*R43*R43 
SFM-S1 (JKL)*R21*R43 
SAIK1=SAIR1+SFD*2,O*Al 
XLh=X*L4 
IF(XL4.GT.5.OE-3) GO TO 81. 
A2=XLA*XU*(0.5-XU/6.0) 
GO TO 83 

81 IF(XL4.GT.75.0) GO TO 82 
A2=XL4+DEXP(-X144)-1.0 
GO TO 83 

82 A2xXL4-1.0 
83 A4=XL4-A2 

A13-1.0-A3 
Albl,O-A/t 
AS=DEXP(-X*LS) 
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*AZ-2.O*A4*A4*A8) 
IF(X*LG.GT.75.)GO TO 95 

xx-x*x 
Xl=DSQRT(O.5*(XX+DSQRT(Z*XX+WS~~WSRK)))fl1 

C CALCULATION OF GAMMA FACTORS 

Y1=WuSRR/(2.*X1*U1*Ul) 

XL7=X*(L3-L4-2.*L5) 
A6=DEXP(-X*L6) 

IF(XL7.GT.75.)A7=1.0 

Ag=A4*A5*A6*A7 

APEI==2.*Yl*(X+XI) 

IF(XL7.LE.75.)A7=l.O-DEXP(-XLI) 

APBR=(x+x~)*(x+x~)-Y~*Y~ 

AMBR=(X-X1)*(X-Xl)-YI*YI 
AMBI--2.*Yl*(X-X1) 
A2BR=O. 0 

ZNURzA2BR 
ZNU I =A2 B I 
DENR=APBR 
DENI-APBI 
DNCJ-DENR*DENR+DENI*DENI 
SECTION THAT MULTIPLIES BY DEXP(ALPHAl*ZDEFECT) 

A2BI=-2.*XI*YI 

C 
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DO 91 NZ-1,NZT 
FZlb(NZ-l)*ZFT/(NZT-I) 
ZDR-Xl*Ul*FZD 
IF(ZDR.LT.-60.O)GO TO 9 3  
ZD I-Y l*Ul*FZD 
XPDR-DEXP(ZDR) 

SNDI-DSIN(ZDI)*XPDR 
xx l-X*X 1+xx 
XYl=X*Yl 
XlX-X*Xl- xx 
ZNDR-XX1*CSDI-XYl*SNDI 
ZNDI==XX1*SNDI+XY1*CSDI 

TZR=Xl*Ul*(2.*Tl+FZD) 
IF(TZR.GT.60.)GO TO 87 
TZI=Yl*U1*(2.*Tl+FZD) 
XPZR-DEXP ( -TZR) 
CSZI=DCOS(TZI)*XPZR 
SNZI-DS IN (TZI ) *XPZR 
ZNDR~XXZ*CSDI-XYl*SNDI+XlX*CSZI+XYl*SNZI 
ZNDI=XX1*SNDI+XYl*CSDI+XYl*CSZI-X1X*SNZI 
SECTION THAT MULTIPLIES BY DEXP(-ALPHA1*2*CLADTH) 
TR==2.*X1*Ul*Tl 
IF(TR.GT.GO.)GO TO 87 
TI=Z.*Yl*Ul*Tl 
XPTR=DEXP(-TR) 
CSTI-DCOS(TI)*XPTR 
SNTI-DSIN(TI)*XPTR 
DENRsAPBR-AMBR*CSTI-MI*SNTI 
DENI-APBI-AMBI*CSTI+MBR*SNTI 
ZNUR-A2BR-A2BR*CSTI-A2BI*SNTI 
ZNUI~A2BI-A2BI*CSTI+AZBR*SNTI 
DNCJ==DENR*DENR+DENI*DENI 

ZDI&(DENR*ZNDI-ZNDR*DENI)/DNCJ 

DO 90 NR-1,NRT 
IF(NZ.GT.l) GO TO 89 
RD-FLOAT(NR)*DELTAR 
XRD=X*RD 
CALL BESELl(XRD,RJl) 
R J  (NR) =RJ1 
SUM DEFECT SENSITIVITY FACTORS FOR THE DRIVER & PICKUP COILS 

89 SDDR(NR,NZ)-SDDR(NR,NZ)+A3*A6*~(NR)*2*ZDRL*R2l*Sl(JK~) 
SDDI(NR,NZ)-SI)DI(NR,NZ)+A3*A6*RJ(NR)*2*ZDIM*R2l*Sl(JKL) 
SDPR(NR,NZ)-SDPR(NR,NZ)+A9*~(NR)*2*ZDRL*R43*Sl(JKL) 

90 SDPI(NR,NZ)-SDPI(NR,NZ)+A9*RJ(NR)*2*ZDIM*R43*Sl(JKL) 
91 CONTINUE 

CSDI-DCOS(ZDI)*XPDR 

C SECTION THAT HULTIPLIES BY DEXP(ALPHA1*(2*TH+ZDEFECT)) 

C 

87 ZDRk(ZNDR*DENR+ZNDI*DENI)/DNCJ 

C LOOP OVER THE R VARIATION FOR THE DEFECT 

C 

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=SZDK-A3*A3*A6*A6*ZIM*SFD 
SZPI=SZPI+A9*A9*ZRL*SFP 
SZPR=SZPR-A9*A9*ZIM*SFP 
SZMI=SZMI+A3*Ab*Ag*ZRL*SFM 
SZMR.=SZMR-A3*A6*A9*ZIM*SFM 

95 CONTINUE 
R1=B2 
B2=B2+S2 (JKL) 
CHECK=(SAIRI-R19)/SAIRl 
IF(ABS(CHECK).GT.ERR(JKL)) GO TO 30 

DO 130 NR-1,NRT 
DO 125 NZ=l,NZT 
DSFR=DMF*(SDDR(NR,Nz)*SDPR(NR,NZ)-SDDI~NK,~Z)~SD~~(NR,NZ)) 
DSFI=DMF*(SDDI(NR,NZ)*SDPR(NR,N~)~SDDR(NR,N~)~~~PI(NK,N~)) 
DSFM=SQRT(DSFR*DSFR+DSFI*DSFI) 
DSFP=DATAN2(DSFI,DSFR) 
WRITE(LOD,126)NR,NZ,DSFM,DSFP 

100 CONTINUE 

125 CONTINUE 
130 CONTINUE 
126 FORMAT(I4,1X,I4,1X,Dl4.5,lX,Dl2.5) 

1010 CONTINUE 
1020 STOP 

END 
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RFDSFPLT generates a contour plot of magnitude of DSF 

Program RFDSFPLT generates  a contour p l o t  o f  the  magnitude of the  defec t  
s e n s i t i v i t y  f a c t o r  f o r  a r e f l e c t i o n  c o i l  using ca l cu la t ions  performed 
s t o r e d  by program RFDSF. 

Summary 

1. Declare a r r ays  and va r i ab le  types.  I n i t i a l i z e  v a r i a b l e s .  
2 .  
3 .  Read i n  the  information about the c o i l  and the  p l a t e  from the 

f i l e  . 

Open the  f i l e  c rea ted  by program RFDSF. 

and 

a ta  

4 .  
#1) of t he  da t a  poin ts  which a re  about t o  be read i n .  

5 .  S e t  the  l a b e l  f l a g s  f o r  the  contours .  
6 .  Read the  da ta  s to red  by program RFDSF i n t o  a r r ay  DSFMA. 
7 .  Specify the  values  of the magnitude of the de fec t  s e n s i t i v i t y  f a c t o r  

8 .  C a l l  t he  PRINTMATIC contour i n i t i a l i z a t i o n  rou t ines .  
9 .  Draw the  contours .  

Calculate  the pos i t i on  i n  the  normalized coordinate  system (see note 

where the  contours a r e  t o  be drawn. 

l o .  Draw the  c o i l s  and the p l a t e .  

Var i ab 1 e s  

S ta r r ed  v a r i a b l e s  nus t  be s e t  by the use r .  

CNM' 

DE LTAR 

DELTAZ 

DSFMA 

L3 
L4 
L5 

L6 
LBM' 

LO E* 

Real a r r ay  which contains  the values  of the  
magnitude of the  de fec t  s e n s i t i v i t y  f a c t o r  on the  
contour l i n e s .  Xt is used a s  input  f o r  rou t ine  
DCNTOUR . 
The normalized d is tance  i n  the  r a d i a l  d i r e c t i o n  
between adjacent  da t a  p o i n t s .  
The normalized d is tance  i n  the  a x i a l  d i r e c t i o n  
between adjacent  da ta  po in t s .  
Two-dimensional r e a l  a r ray  which i s  used t o  hold 
the  values  of  the magnitude o f  che defec t  
s e n s i t i v i t y  f a c t o r  which a r e  read i n  from a da ta  
f i l e .  Array DSFMA is  used as input  f o r  rout ine  
DINIT. 
The normalized length  of the  d r i v e r  c o i l .  
The normalized length of the  pickup c o i l .  
The normalized d is tance  o f  recess of t he  pickup 
c o i l .  
The normalized l i f t - o f f  of the  d r i v e r  c o i l .  
In teger  a r r ay  t h a t  s p e c i f i e s  which of  the  contours 
are t o  be labe led  with t h e i r  values .  If a l l  
elements of  LBM a r e  zero ,  none of  t he  contours 
w i l l  be l abe led .  Array LBM i s  used a s  input  f o r  
rout ine  DCNTOUR. 
The channel on which the f i l e  c rea ted  by program 

,~,.~,.:~ ................................. .....".. i. ......,........ R........ X.. ... ...... . ...... .i. .. ..... 
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NAME‘ 

NC’ 

NRT 

NZT 

R 1  
R 2  
R3 
R4 
T I  
xx 

YY 

RFDSF i s  opened. 
Character va r i ab le  which contains  the  name o f  the  
f i l e  t h a t  program RFDSFPLT uses f o r  output .  NAME 
i s  used a s  input  f o r  rout ine  DCNTOUR. 
Specif ies  the number of contours t o  be drawn. The 
value of NC must be less than o r  equal t o  10 .  I t  
i s  used as input f o r  rout ine  DCNTOUR. 
The number of po in ts  i n  the r a d i a l  directLon a t  
which ca lcu la t ions  were performed by program 
RFDSF. 
The number of poin ts  i n  the a x i a l  d i r e c t i o n  a t  
which ca lcu la t ions  were performed by program 
RFDS F . 
The normalized inner radius  of  the d r ive r  c o i l .  
The normalized outer  radius  of the  d r ive r  c o i l .  
The normalized inner radius  of the  pickup c o i l .  
The normalized outer  radius  of the pickup c o i l .  
The normalized thickness of the  p l a t e .  
Real a r ray  which descr ibes  the r a d i a l  pos i t i on  o f  
the  da ta  poin ts  i n  a r r ay  DSFMA i n  the normalized 
coordinate system. I t  i s  used as input  for  
rout ine  DCNTOUR. 
R e a l  a r ray  which descr ibes  the a x i a l  pos i t i on  o f  
the  da ta  poin ts  i n  a r r ay  DSFMA i n  the  normalized 
coordinate system. I t  i s  used a s  input  f o r  
rout ine DCNTOUR. 

Notes 

1. The Coordinate system set up and used by t h i s  program has i t s  o r i g i n  
a t  the  in t e r sec t ion  of  the c o i l  ax i s  and the near s ide  o f  the  p l a t e .  One 
u n i t  of d i s tance  i n  the coordinate system i s  equal t o  one mean radi-us o f  
the  d r ive r  c o i l .  

2. The array DSFMA must be dimensioned t o  exac t ly  NRT by NZT. Each time 
the value of NRT or NZT i s  changed j.n program RFDSF, the  statement 
dimensioning the  a r ray  i n  program RFDSFPLT must be changed a l s o .  

3 .  The statements i n  t h i s  program which seem t o  do nothing but  wr i te  
va r i ab le s  t o  the screen ac tua l ly  have a more important funct ion.  Due t o  
a bug i n  e i t h e r  the PRINTMATIC rout ines  o r  i n  RM/FORTRAN, the  PRINTMATIC 
rout ine  D L I N E ,  which i s  supposed t o  draw a s t r a i g h t  l i n e ,  sometimes 
refuses  t o  work. I t  was discovered by accident  t h a t  pu t t i ng  a WRITE 
statement near the c a l l  t o  the  rout ine co r rec t s  the problem. 

4 .  Program RFDSFPLT does not ac tua l ly  send anything t o  the p r i n t e r ;  it 
merely c rea t e s  a f i l e  whose name i s  given by the program va r i ab le  NAME. 
If the  value o f  NAME i s  ‘fi.lename.ext’, then t o  p r i n t  the f i l e  c rea ted  by 
program RFDSFPLT, en te r  

DPRINT.EXE is a program supplied by PRINTMATIC. 
DPRINT f ilenarne . ex t  



S a w l e  Output 

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

COIL 
AXIS 

ig. 12. Contour map of a the defect sensitivity factor f o r  a reflection 
probe above a conducting plate 
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C 
C 
C 
C 

C 
C 
C 
C 

C 
c 
c 
C 

C 
C 
C 

C 
C 
C 

PROGRAM RFDSFPLT 
VERSION October 3 1 ,  1988 
Program to generate a contour plot o f  the magnitude of the 
defect: sensitivity factor of a reflection coil. 

CtWtACTER*80 NAME 

REAL*4 DSFMA( 25,20) 
REAL*& XX(25),W(20) 

REAL*4 L3, U , L5, L6 
INTEGER-A-2 LBH(l0) 
INTEGER*2 11,Jl,I2,J2 
DATA XSCALE/I.O/,NC/3/ 
DATA IDEIF/2/,LOE/40/ 

IMPLICIT REAL*4 (A-H,O- 

REAL*4 CNM( l o )  

L m  

IF(DSFM.GT.DSFMMAX)DSFMHAX=DSFM 

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

OPEN(LOE,FILE-’FORT4O’,STATUS=’0LEIf) 
RERD(LOE,*)NRT,NZT 
READ(LOE,-A-)DELTAR,DELTAZ 
READ(LOE,*)Rl,R2 
READ(LOE,*)R3,R4 
READ(LOE,*)L3,L4 
READ(LOE,*)L6,L5 
READ(LOE,*)Tl 

Calculate the position of the data points in the 
normalized coordinate system. 

DO 110 I=l,NRT 
XX(I)=REAL(I)*DELTAR 

110 CONTINUE 
DO 120 I-0,NZT-1 
YY(T+l)=-(((NZT-I.)-REAL(I))*DELTAZ) 

120 CONTINUE 

Set the label flags f o r  the contours. 

DO 130 I=l,lO 
LBM ( I ) =O 

130 CONTINUE 

Read i n  the data stored by program RFDSF. 

140 READ(LOE,*,END==150)NR,NZ,DSFM 
NZ=NZT-NZ+l 



C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

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

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

160 CONTINUE 

Call the necessary initialization routines. 

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

Draw the contours. 

CALL DCNTOUR(XSCALE,XX,W,DSFMA,CNM,LBM,NRT,NZT,NC,IDEF) 

Draw the plate. 

write( 0, *) j 2 
x1-0. 
Y1=0. 
x2-2. 
Y2--T1 
CALL DRTOI(Xl,Yl,Il,Jl) 
CALL DRTOI(X2,Y2,12,J2) 
write(0 ,*) j 2 
CALL DLINE(Il,JI,I2,J1) 
write( 0, *) j 2 
CALL DLINE(Il,J2,12,J2) 
write(0 ,*) j 2 

Draw the driver coil. 

X1-Rl 
Yl-L6 
X2=R2 
YZ=L3+L6 
CALL DRTOI(X1,Yl,II,Jl) 
CALL RRTOI(X2,Y2,12,J2) 
write (0, *) j 2 
CALL DLINE(I1,J1,12,J1) 
CALL DEI€?E(I1,J2,12,J2) 
CALL DLINE(Il,Jl,II,J2) 
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C 
C 
C 

C 
C 
C 

C 
C 
C 

WRITE(O,*)12,Jl,S2,J2 
CALL DLINE(I2,J1,12,J2) 
WRITE ( 0, *) I2 , J 1,12 , J 2 

Draw the pickup coils. 

X1=R3 
Y 1=L6+L5 
X2=R4 
Y 2-XA4+L6+L5 
CALL DRTOI(Xl,YI,Il,Jl) 
CALL DRTOI(X2,Y2,12,J2) 
CALL DLINE( 11, J1112,J1) 
CALL DLINE( 11,52,12,52) 
CA1.L DLINE(Il,Jl,Il,J2) 
WRITE(0 ,*)I2, J1 T2,J2 
CALL DLINE(12,J1,12,J2) 
WRITE(O,*)I2,Jl,I2,J2 
X1=R3 
Yl=L6+L3-L5-U 
X2-R4 
Y2=lA6+L3 - L5 
CALL DRTOI (X1 ,Y1 ,II, 51) 
CALL DRTOI(X2,Y2,12,J2) 
CALL DLINE(I1, J 1 ~  12, J1) 
CALL DLINE(Il,J2,12,J2) 
CALL DLINE( 11, J1,II , J2) 
WRITE(O,*)I2,J1,12,J2 
CALL DLINE(I2, J1112,J2) 
WRTTE(O,*)I2,51,12,J2 

Draw the coil axis 

Xl.=O. 
Y1=- 1 ~ 

x2=0. 
Y2-0.9 
CALL DRTOI(Xl,YE,11,J1) 
CALL DRTOI (X2 ,Y2,12,52) 
CALL DDASH(Il,Jl,I2,J2,1,10,10) 

CALL DFONT(4,'COIL',11,12,1) 

CALL DFONT(4,'AXIS' ,11,12>l) 

CALL DRTOI(-O.l,l.O,II,I2) 

CALL DRTOI(-O.1,0.92,11,I2) 

Terminate the program. 

CALL DFINIS 
write(0, *) j 2 
s t o p  
END 



113 

RFAVZSCN calculates defec t  voltage change, average over depth 

Program RF'AVZSCN c a l c u l a t e s  the  change i n  the  induced vol tage  i n  a pickup 
c o i l  due t o  the  presence of a de fec t  i n  a p l a t e .  I t  does t he  ca l cu la t ions  
f o r  a number of d i f f e r e n t  c o i l - t o - d e f e c t  d i s tances  (see note  #l), and it 
has  t h e  a b i l i t y  t o  d iv ide  the  de fec t  i n t o  a number of p a r t s  along the 
depth of t h e  d e f e c t ,  centered on the  a x i s  of symmetry of the de fec t  and 
t o  perform the  ca l cu la t ions  f o r  each p a r t  s epa ra t e ly ,  averaging the 
r e s u l t s  t o  achieve b e t t e r  agreement with experimental r e s u l t s  than i f  the  
de fec t  w e r e  t r e a t e d  a s  a whole ( s e e  note  #2).  The program w i l l  scan the 
c o i l  across  the  de fec t  i n  the  r d i recc ion  and c a l c u l a t e  the  magnitude and 
phase of t he  d e f e c t .  I t  i s  now s e t  up t o  scan from the  inner  edge of the  
pickup c o i l ,  r3,  t o  the  outer  edge of the d r i v e r  c o i l ,  r2. I t  can be 
e a s i l y  changed t o  any o the r  s e t  of values  t h a t  a r e  des i r ed .  The statement 
t h a t  con t ro l s  t he  de fec t  s t a r t i n g  and ending poin t  i s :  

RD==R3+DELTR*FLOAT(NR) 

This statement must be changed a t  both i t s  occurrences i n  t h e  program. 
The s t e p  s i z e ,  DELTR, is  ca l cu la t ed  by: 

The new values  f o r  the  s t a r t  and end of the  scan should be placed i n  these  
equat ions.  

A large s e c t i o n  of the  program is concerned with doing in t eg ra t ions  t o  
f i n d  the  impedance of t h e  c o i l s .  The d e t a i l s  of the  i n t e g r a t i o n  have been 
placed i n  a separa te  s ec t ion  a t  the  end of t he  d iscuss ion .  

The output from t h i s  program i s  s to red  i n  the  f i l e  FORT39. 

Summarv 

1. 
2 .  I n i t i a l i z e  v a r i a b l e s .  
3 .  Calculate  the  c o i l  impedances i n  the  absence of de fec t s .  
4 .  Select a value f o r  RD,  t he  r a d i a l  d i s tance  between the  c o i l  a x i s  and 

5 .  Do the  i n t e g r a l s  t o  c a l c u l a t e  the  change i n  c o i l  impedance due t o  the 

6, Calculate  the  change i n  vol tage due t o  the de fec t  from the  impedance 

7 .  Write t he  r e s u l t s  t o  a da t a  f i l e .  
8. Loop t o  4 u n t i l  done. 

Dimension a r r ays  and dec lare  va r i ab le  types.  

the center  of t he  de fec t .  

de fec t .  

changes. 
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Variables 

S tar red  va r i ab le s  must be s e t  by the user  

C6 '  

c7' 

DELTR' 

DFDEP' 
DFDIAM' 
DVVI 

D W R  

FNZT 

FKEQ' 
GAIN' 
L3 
L4 
L 5  

L6 
LOD' 

NPROBE' 

NRT' 

NS' 

NZT' 

PHA 

RO * 

R 1  
R2 
R3 
R 4  
R 5  
R6 
R 7  
R9' 

The t o t a l  shunt capacitance i n  fa rads  of the 
dr iv ing  circui t : .  
The t o t a l  shunt capacitance i n  fa rads  of  the  
pickup c i r c u i t .  
The normalized d is tance  i n  the  r a d i a l  d i r e c t i o n  
between adjacent  da ta  po in t s .  
The depth t o  the  bottom of the defec t  i n  inches.  
The diameter of the defec t  i n  inches.  
The imaginary p a r t  of the change i n  induced 
vol tage i n  the  pickup c o i l  due t o  the  de fec t .  
The r e a l  p a r t  of the change i n  induced vol tage i n  
the  pickup c o i l  due t o  the  de fec t .  
Same as va r i ab le  NZT, bu t  a real. va r i ab le  in s t ead  
of an in t ege r .  
The operat ing frequency i n  h e r t z .  
Gain of  pickup ampl i f ie r .  
The normalized length o f  the d r ive r  c o i l .  
The normalized length of the pickup c o i l .  
The normalized d is tance  of recess  of the pickup 
c o i l .  
The normalized l i f t - o f f  of the  d r ive r  c o i l .  
The channel on which the output da ta  f i l e  i s  
opened" 
Character va r i ab le  which contains  the name of the  
r e f l e c t i o n  probe which i s  t o  be used i n  the 
ca l cu la t ions .  
The t o t a l  number of po in ts  i n  the  r a d i a l  d i r e c t i o n  
a t  which the defec t  s e n s i t i v i t y  f a c t o r  i s  
ca lcu la ted .  
The s ide  of the p l a t e  where the defec t  i s  loca ted .  
I f  NS = 1, the  defec t  i s  on the near s i d e ;  i f  NS 
= 2 ,  the  defec t  i s  on the f a r  s i d e .  
The number of p a r t s  i n t o  which the defect. i s  
divided along i t s  ax i s  t o  do the  ca l cu la t ions .  
The phase of the  change (not  the change of  the  
phase) of the induced vol tage i n  the  pickup c o i l  
due t o  the  de fec t .  
The output s e r i e s  r e s i s t ance  of  the dr iv ing  
ampl i f ie r  i n  ohms. 
The normalized inner rad ius  of the  d r ive r  c o i l .  
The normalized outer  radius  of the d r ive r  c o i l .  
The normalized inner radius  o f  the pickup c o i l .  
The normalized outer  radius  o f  che pickup c o i l .  
The mean rad ius  of the d r ive r  c o i l  i n  inches.  
DC r e s i s t ance  of the  dr iver  c o i l  i n  ohms. 
DC r e s i s t ance  of the  pickup c o i l  i n  ohms. 
The input  shunt r e s i s t ance  of pickup ampl i f ie r  i n  
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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 #1.) 
The resistivity of the plate in pil-cm. 
The thickness of the plate. 
and normalized by the program. 
The density of 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 voltage 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 impedance of the 
driver coil. 
The imaginary part of the total mutual impedance 
between the driver and pickup coil. 
The real part of  the total mutual impedance 
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. 

It is input in inches 

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 R 3 ,  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 
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reason 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 €or experimental readings is highest i n  t:his 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 i s  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 

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 by dividing by the mean radius of  the driver coil 
unless otherwise noted. 

Integration variable 

Defect shape and orientation factor 
(a2+jwpo,F2) lf2/p 
Plate thickness 
Integral of xJ,(x) with respect to x from ax1 to ax, 
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 

(a2+jwjmlr -2 ) i f 2  

Variables amearinp. in the intenation section 

Program Symbolic 
variable equivalent 

A 1  al,+ex (-a1,)-1 
{tee note 11.1 

A 1 3  exp ( - 4 1  
A14 exP (-1,) 
A2 a1,+ex (-a1,)-1 

{Zee note 11. 

A2BI I ~ n [ a ~ - / ? , ~ ]  

A2BR Re [ a'-/?,'] 

A3 1-exp (-al?,) 
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A4 

A5 

A6 

A7 

A8 

A9 

ADD1 

ADDR 

ADP1 

AD PR 

AfiIBI 

AMBR 

APRI 

APBR 

B I  

B2 

CHECK 

C S D I  

CSTI 

CSZL 

DDF 

DEN1 

DENR 

DMF 

DPF 

ERK 

ISTEPS 

R2 1 

R4 3 

RI 9 

l-exp(-a1,) 

exp ( - 1 5 )  

exp(-4) 

1-exp [-a( 1,-1,-21,) ] 
(See note 11.) 

exp[-a(1,-2.l,-21 ) ]  
(See note 11" 1 

[ l-exp (-1,) ] exp (-a1,--a1,) [ 1-exp (-a( 1,-1,-21,) ] 

(See note # 1 3 . )  

(See  note #I3,) 

(See note  #I3.) 

(See note #I3.) 

Im[ (a-P,)'l 

R e [  b -P ,YI  
Im[ (a+B1>'l 
R e [  (a+B1>Z1 

(See  note 12.) 

(See note 12. ) 

(See  note 1 2 . 1  

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

3 

87~ 
- az2 V a l ,  "pa,? 

(See note 12.) 

(See note 1 2 . )  

J ( r 2  9 z-, >/a' 

J ( r 4 ,  r,> /a' 

(See note 12.) 
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J I (ar) 

da 

(See note 12.) 

RJ 1 
s1 
s2 

SAIRl 

SAIR2 

SDDI 

S DDR 

SDPI 

0 

0 

IIII 

Re 

Hm 

-2(l-exp(-aR,) )’exp(-a(R,-2R4-2R,)) ] da 

1 

I 2a(l-exp(-a(a,-R,-2R,) )Jl (ar) 
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SDPR 

S FD 

S FM 

S FP 

SNDI 

SNTI 

SNZI  

SZDI  

SZDR 
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SZMI 

SZMR 

SZPI 
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x1x 
X J R l  

X J R 2  

X J R 3  

X J R 4  

XL3 

XL4 

XL7 

XL8 

XPDR 

XPTR 

XPZR 

X R D  

xx 
xx1 

XY1 

Y 1  

ZDF 

Z D I  

Z D I M  

ZDR 

ZDRL 

ZIM 

ZMF 

ZNDI 

ZNDR 

ZNUI 

ZNUR 

Im[ (a2-pIZ)-(aZ-/3 Z ) e x p ( - 2 a , c )  ] 
(See note ~ i .  

R e [  (a2-P12)-(a2-  )exp(-2alc)] 
{ S e e  note  f;. 1 
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ZRL 

Notes far t h e  i n t e m a t i o n  s e c t i o n  

11. A number o f  t he  v a r i a b l e s  i n  the  i n t e g r a t i o n  s e c t i o n  a r e  no t  always 
assigned t h e i r  exact  values bu t  are approximated in c e r t a i n  cases  t o  save 
t i m e .  For example, rather than c a l c u l a t e  t h e  exponential  of  a very small 
nwnber, the Maclaurin series expansion i s  sometimes used. Also,  the  
exponent ia l  of a very l a r g e  negat ive number is  usua l ly  t r e a t e d  as zero .  

1 2 .  Several v a r i a b l e s  appear i n  the  i n t e g r a t i o n  s e c t i o n  of the  program 
which p l ay  no p a r t  i n  t he  c a l c u l a t i o n s  being done. They a r e  merely the re  
t o  do such t h ings  as t o  determine t h e  maximum s t e p  s i z e  which can be used 
while s t i l l  accu ra t e ly  c a l c u l a t i n g  the i n t e g r a l s .  

1 3 .  Variables  ADDR, A D D I ,  ADPR, and ADP1 are t h e  averages of t he  
elements i n  a r r ays  SDDR, SDDI, SDPR, and SDPI ,  r e spec t ive ly .  For improved 
accuracy, the  defect i s  divided i n t o  NZT p a r t s  t o  perform the 
c a l c u l a t i o n s .  The NZT elements of each a r r a y  con ta in  t h e  c a l c u l a t i o n s  f o r  
t hese  NZT p a r t s .  These elements are averaged t o  give the t o t a l  e f f e c t  of 
a l l  of t hese  p a r t s  on t h e  impedances of the  c o i l s ,  

Sample output  

P r i n t e r  output  of  program RFAVZSCN: 

RFAVZSCN 20 POINTS USED TIME 9:42:19 DATE 8/ 9/89 
PROBE 250A PLATE THIK 0.2500 
C O I L  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 1.500E-10 
PICKUP 0.3500 0.7000 0.2000 0.0000 3450.0 5.147E+03 1.000E+06 1.500E-10 

RBAR 0.2500 FREQ= 5.000000E+02 RHO- 4.0540 PERM= 1.000 WUSRR= 3.9267 

NEAR S I D E  DEFECT: DIM= 0.2215, DEPTH- 0.2215 
GAIN 1. DVR VOLT 1.1000 NOR DEF VOL 5.4625E-01 DVR A I R  I N D  6.734812E-02 

P a r t i a l  l i s t i n g  of  f i l e  FORT39: 

0.359 0.212D-03 125.01 
0.368 0.221D-03 125.06 
0 .377  0.2301)-03 125.11 
0.386 0.239D-03 125.15 
0.395 0.2481)-03 125.19 
0.404 0.256D-03 125.23 
0.413 0.2651)-03 125.26 
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0.422 0.273D-03 125.28 
0.431 0.282D-03 125.30 
0.440 0.290D-03 125.31 
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Listing 

PROGRAM RFAVZSCN 
C VERSION August 8 ,  1989 
C 
C 

Program t o  c a l c u l a t e  the change i n  induced vol tage  i n  
a pickup coil due to a de fec t  i n  a conducting p l a t e .  
CHARACTER SIDE(2)*4,NPROBE*6,COIL*6 

REAL*8 L3,L4,L5,L6 
COMPLEX ZMT,ZDT,ZPT,ZO,Z6,Z7,29,VOUT,VO,Vl 
DIMENSION S1(6),S2(6>,ERR(6),RJ(l20) 
DIMENSION SDDR(120,40),SDD1(120,40),SDPR(120,40),SDP1(1~~,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 RHOl/4.Q54/.Ul/l.O/,DFDIAM/0.2215/,DFDEP/O.2215/ 
DATA NRT/lOO/,NZT/20/ 
DATA T1/0.250/,NPROBE/‘25OA ’/,SIDE/’NEAR’ , ’ FAR’/,NS/l/ 

DATA FREQ/500./,GAIN/1./,VIN/l.lOO/,RSUM/O.O/,DELTR/O.OO~/ 

CALL GETTIM(IHR,IMN,ISE,ImZ) 
CALL GETDAT(IYR,IMQ,IDA) 

WRITE(LOU,2) NZT,IHR,IMN,ISE,IMO,IDA,IYR 

IMPLICIT REAL*8 (A-H,Q-Z) 

DATA ERR/.1,.01,.001,1.E-4,1.E-5,1.E-6/ 

DATA R0/3050./,R9/1.0D6/,C6/15.E-ll/,C7/15.E-11/ 

C TIME AND DATE ARE PRINTED 

IYR=IYR-1900 

2 FORMAT(’RFAVZSCN ‘,13,’ POINTS USED TIME ’,12,‘:‘,12,’:’,12 
*,’ DATE ‘,12,’/’,12,’/’,12) 
W==2.O*PI*FREQ 
FNZT=FLOAT(NZT) 
OPEN(28,FILE-’REF.DAT’,STATUS==‘OLD’) 

10 READ(28,11)COIL,RS,Rl,R2,L3,R3,R4,U,L5,L6 

11 FORMAT(A6,9F8.4,F10.4,Fll.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(MU,3)NPROBE,Tl 

WRITE(LOU,S) 

*,R6,R7,TNDR,TNPU 

3 FORMAT(’PR0BE ‘,A6,’ PLATE THIK’,F7.4) 

5 FORMAT(’CO1L IN RAD OT RAD LENGTH OLO/REC TURNS‘, 
*‘ COIL RES CKT: RES CAP ‘ ) 
WRITE(LOU,l4)Rl,R2,L3,L6,TNDR,R6,RO,C6 
WRITE(LOU,15)R3,R4,L4,L5,TNPU,R7,R9,C7 

14 FORMAT(’DR1VER ’,4(F7.4,1X),F8.1,3(1PE10.3)) 
15 FORMAT(’P1CKUP ‘,4(F7.4,1X),F8.1,3(1PE10.3)) 

WYJSRR=O.5093979%Ul*R~*R5*FREQ/RHO1 
WRITE(LOU,20)R5,FREQ,RHOl,Ul,WUSRR 

20 FORMAT(’RBAR’,F7.4,‘ FREQ= ‘,lPE13.6,‘ RHO-’,OPF9.4, 
*‘ PERM-’,F7.3,’ WUSRR-’,F9.4) 
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C WRITE(LOD,23)NPROBE,T1,FREQ,SIDE(NS),DFDIAM,DFDEP 
WRITE(0,23)NPROBE,T1,FREQ,SIDE(NS),DFDIAM,DFDEP 

23 FORMAT(’PR0BE ’,A6,r PLATE TWK‘,F7.4,’ FREQ=’,lPE8.1,1X,A4, 
*‘ SIDE’,OPF6.4,’ DIA‘,F6.4,’ DEEP’) 

C 

18 

DELTR=(R2-R3)/NRT 
RD=R3 
ZD=- DFDEP 
TD=TNDR/((R2-R1)*L3) 
TP-TNPU/((R4-R3)*U) 
ZDF=6.300475E-7*FREQ*TD*TD*R5 
ZPF4.300475E-7*FREQ*TP*TP*R5 
ZMF=6.300475E-7*FREQ*TD*TP*R5 
VoLN=o.l666667*PI*(DFDIAEI(NRUN)/~5)*(DFD~AM(NRUN)/R5)*(DFD~~/R5) 
VOLN=PI*DFDTAM*DFDIAM*DFDEP/(4.*R5*R5*R5) 
DDF=O.l193662*VOW*WUSRR 
DPF-0.1193662~VOLN%T~S~ 
DMF-0 .119 3 66 2*VOLN*IJUSRR 
WRITE(LOU, 18)SIDE(NS) ,DFDIAM,DFDEP 
FORMAT(A4,‘ SIDE DEFECT: DIAM=’,F7.4,‘, DEPTH=’,F7,4) 
ZDz- DFDEP/RS 
Tl=T1/R5 
SAIRI-0 , 0 
SAIR2=O.O 
SZDR=O . 0 
SZDI=O. 0 
SZPR-0 . o  
SZPI=O. 0 
S ZMR-0 . 0 
SZMI=O. 0 
DO 27 NR=l,NRT 
DO 25 NZ=I,NZT 
SDDR(NK,NZ)=O.O 
SDDI(NK,NZ)=O.O 
SDPR(NR,NZ)=O.O 

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

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

30 RI9=SAIR1 
X=BI.-O. 5*Sl(JKI,) 

ISTEPS-DNINT((B2-J31)/Sl(JKTA)) 
DO 95 I=l,ISTEPS 
X=X+S 1 (JKL) 
CALL BESSEL(XJR2 , X , R 2 )  
CALL BESSEL(XJRl,X,Rl) 
CALL BESSEL(XJRb,X,R4) 
CALL BESSEL(XJR3,X,K3) 

C DETERMINE NUMBER OF STEPS,ISTEPS,AASED ON STEP SIZE&INTERVAL 

R21=XJR2 -XJRl 
R43=XJR4 -XJR3 
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XL3=X*L3 
IF(XL3.GT.5.OE-3) GO TO 60 
Al=XL3*XL3*(0.5-XL3/6.0) 
GO TO 80 

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

70 A1-XL3-1.0 
80 A3=XL3-A1 

SFD=S 1 (JKL) *R2 1*R2 1 
SFP-S1(JKL)*R43*R43 
SFM=Sl(JKL)*R2l*R43 
SAIRl=SAIRl+SFD*2.0*Al 
XU-X*L4 
IF(XL4.GT.5.OE-3) GO TO 81 
A2=XL4*XL4*(0.5-XL4/6.0) 
GO TO 83 

8 1  IF(XU.GT.75.0) GO TO 82 
A2zXL4+DEXP(-XL4)-1,0 
GO TO 83 

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

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

xx=x*x 
Xl-DSQRT(0.5*(XX+DSQRT(XX*XX+WSRR*WUSFUX)))/Ul 

C CALCULATION OF GAMMA FACTORS 

Yl=WUSRR/(2.*X1*U1*Ul) 

XL7-X*(L3-L4-2.*L5) 
AG=DEXP(-X*L6) 

IF(XL7.GT.75.)A7-1.0 

A9-A4*A5*A6*A7 

APB1=2.*Yl*(X+Xl) 
AMBR=(X-Xl)*(X-Xl)-Yl*Yl 
AMBI--2.*Yl*(X-X1) 
A2BR=O. 0 

ZNUR-A2BR 
ZNU 1-a2 B 1 
DENR=APBR 
DENI-APBI 
DNCJ-DENR*DENR+DENI*DENI 

IF(XL7.LE.75.)A7=l.O-DEXP(-XL7) 

APBR=(X+Xl)*(X+Xl)-Yl*Yl 

A2BI=-2.*Xl*Y1 

C SECTION THAT MULTIPLIES BY DEXP(ALPHAl*ZDEFECT) 
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DO 91 NZ=I,NZT 
C NEAR SIDE DEFECT CALCULATION 

C FAR SIDE DEFECT CALCULATION 
FZD=(FLOAT(NZ)-.5)*ZD/FNZT 

IF(NS.EQ.2)FZD--TI-FZD 
ZDR=Xl*Ul*FZD 

ZDI=Yl*Ul*FZD 
XPDR=DEXP(ZDR) 
CSDI=DCOS(ZDI)*XPDR 
SNDI=DSIN(ZDI)*XPDR 
Xxl=X*X1+XX 
XY 1=X*Y 1 
XlX=X*X1-Xx 
ZNDR=Xxl*CSDI-XYl*SNDI 
ZNDI=XXl*SNDI+XYl*CSDI 

TZR=Xl*U1*(2.*Tl+FZD) 
IF(TZR.GT.60.)GO TO 87 
TZI=Yl*Ul*(2.*Tl+FZD) 

CSZI=DCOS(TZI)*XPZR 
SNZI=DSIN(TZI)*XPZR 

IF(ZDR.LT.-60.0)GO TO 93 

c SECTION THAT MULTIPLIES BY DEXP(ALPHAl*( 2*TH+%DEFECT) ) 

XPZR=DEXP(-TZR) 

ZNDR=XX1*CSDI-XY1*SNDI+X1X*CSZI+XYl*SNZI 
ZNDI=XX1*SNDI+XY1*CSDI+XYl*CSZI-XlX*SNZI 

c: SECTION THAT MULTIPLIES BY DEXP(-ALPHA1*2*CLADTH) 
TR=2.*Xl*U1*T1 
IF(TR.GT.60.)GO TO 87 
TI=2.*Yl*UI*Tl 

CSTI=DCOS(TI)*XPTR 
SNTI=DSIN(TI)*XPTR 

XPTR=DF.XY ( -TR) 

DENR4PRR-AMBR*CSTI-AMBI*SNTI 
DENI-APBI-AMBT*CSTI+AMBR*SNTI 
ZNUR=A2BR-A2BR*CSTI-A2BI*SNTI 
ZNUI=A2BI-A2BI*CSTItA2BR*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.l) GO TO 89 
RD=R3+DELTR*FLOAT(NR) 
XRD=X*RD 
CALL BESELl(XR.D,RJl) 
RJ (NR) =RJ 1 

C SUM DEFECT SENSITIVITY FACTORS FOR THE DRIVER & PICKUP COILS 
89 SDDR(NR,NZ)-SDDR(NR,NZ)+A3*A6*~J(NR)*2*~DRL*R2l*~~(.JKL) 

SDDI(NR,NZ)=SDDI(NR,NZ)+A3*A6*R~(NR)~2*ZDIM*R2l*Sl~JKL) 
SDPR(NR,NZ)-SDPR(NR,NZ)tA9*RJ(NR)*2*ZDRL*R43*Sl(JKT,) 

90 SDPI(NR,NZ)=SDPI(NR,NZ)+A9*~~(NR)*~*ZD~M*R43*S~(JKL) 
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91 CONTINUE 
93 ZRk(ZNUR*DENR+ZNUI*DENI)/DNCJ 

ZIM-(DENR*XNUI-ZNUR*DENI)/DNCJ 
SZDI=SZDI+A3*A3*A6*A6*ZRL*SFD 

SZPI-SZPI+Ag*Ag*ZRL*SFP 

SZMI=SZMI+A3*A6*A9*ZRL*SFM 

SZDR-SZDR-A3*A3*A6*A6*ZIM*SFD 

SZPR-SZPR-A9*Ag*ZLM*SFP 

SZMR-SZMR-A3*A6*A9*ZIM*SFM 
95 CONTINUE 

Bl-B2 
B2-B2+S2(JKL) 
CHECK-(SAIR1-R19)/SAIRl 
IF(ABS(CHECK).GT.EEUX(JKL)) GO TO 30 

100 CONTINUE 
C COMPUTATION OF DRIVER INDUCTANCE 

QG=ZDF*SAIRl/W 
WRITE(LOU,120)GAIN,VIN,VOLN,Q6 

120 FORMAT(’GAIN’,FlO.O,‘ DVR VOLT’,F7.4,’ NOR DEF VOL‘,lPE11.4, 
*’ DVR AIR IND’,lPE13.6) 

C DEFINE COMPLEX QUANTITIES THAT ARE CONSTANT 
ZO-DCMPLX(O.OD0,-RO) 
Z6-DCMPLX(W*CG*RO,-l.ODO) 
Z7-DCMPLX(W*C7*R9,-1.ODO) 
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 . 

ADDR-0 . 0 
ADDI-0 . 0 
ADPR-0 . 0 
ADPI-0 .O 
DO 125 NZ-1,NZT 
ADDR-ADDR+SDDR(NR,NZ)/FNZT 
ADDI==ADDI+SDDI(NR,NZ)/FNZT 
ADPR=ADPR+SDPR(NR,NZ)/FNZT 

1 2 5  ADPI==ADPI+SDPI(NR,NZ)/FNZT 

C AVERAGE DEFECT VALUES OVER DEPTH 

135 ZDTR-ZDF*(SZDR-D*DDF*(ADDR*ADDR-ADDI*ADDI)) 
ZDTI-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) 
ZMTRsZMF*(SZMR-D*DMF*(ADDR*ADPR-ADDI*ADPI)) 
ZMTI-ZMF*(SZMI-D*DMF*(ADDI*ADPR+ADDR*ADPI)) 

ZDT-DCMPLX(ZDTR,ZDTI) 
ZPT-DCMPLX(ZPTR,ZPTI) 
ZMT-DCMPLX(ZMTR,ZMTI) 
VOUT-(-ZMT*VIN*GAIN*R9)/ 

C DEFINE COMPLEX QUANTITIES, DO COMPLEX CIRCUIT CALCULATIONS 

*(Z6*Z7*ZMT*ZMT+(Z6*(ZDT+R6)+ZO)*(Z7*(~PT+R7)+Z9)) 
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IF(D.EQ.O)VO=VOUT 
IF(D.EQ.1)Vl-VOUT 
IF(D.EQ.l.)GO TO 1000 

D-1 . 0 
GO TO 135 

C REPEAT CALCULATIONS WITH DEFECT 

1000 CONTINUE 
WQR=REAL(VO) 
WOI-AIMG(V0) 
WlK-REAL (V1 ) 
WlI=AIMAG(Vl) 
D W R s W l R -  W O K  
D W I = W l I - W O I  
TTSR=TTSR-DWR*DELTR 
TTSIxTTSI-DWI*DELTR 
TMAG=DSQRT(DWR*DWR+DWI*DVVI) 
PHA=(ATAN2(DWI,DWK))*18O./PI 

WRITE(LOD,180)KD,TMAG,PHA 
180 FORMAT(F6.3,1X,D11.3,lX,F7.2) 

C WRITE(0,180)RD,TMAG,PHA 

1010 CONTINUE 
C WRITE(LOU,*)TTSR,TTSI 

TTMAG=DSQRT(TTSK*TTSR+TTSI*’rSI) 
TTPHA=DATAN2(TTSI,TTSR)*l8O./PI 

C WRITE(LOU,*)’MAG ‘,TTMAG 
C WRITE(LOU,*)’PHA ’,TTPHA 

1020 STOP ’ J O B  ’ 
END 
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RFGRAPH plots t w o  s e t s  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 t o  a defect as the coil is scanned past the defect. 

Summarv 

1. 
2. Initialize variables. 

Dimension arrays and declare variable types. 

3 .  Open 
4 .  Read 
5. Plot 
6. Send 

Variables 

C6' 

c 7' 

CGJM 

CGRL 

CrwAx 

c PMMAX 

CXMAX 

CYMf4.x 

DFDEP' 
DFDIAM' 
E G I M  

EGRL 

EMMAX 

EPMMAX 

EXPlAX 

the data files containing the input data. 
in and scale the data. 
the data to the screen. 
the contents of the screen to the printer. 

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 maxfmum 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. 
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EYMAX 

FREQ' 
GAIN' 
G IM 

GRL 

L3 
L4 
L5 

L6 
LOEC' 

LOEE' 

LOU 

MODE 

NPROBE' 

NS' 

OIM 

ORL 

RO' 

R1 
R2 
R3 
R 4  
R 5  
R6 
R7 
R9'  

mol' 
T1' 

TNDR 
TNPU 

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 normaljzed lift-off of the driver coil. 
The number of the I/O unit connected to the file 
containing the calculated data. 
The number of the 1/0 unit connecred to the fi.1.e 
containing the experimental data. 
The number of the 1/0 unit connected to the 
printer. 
The screen mode to be used. Mode 1 6  is the EGA 
high resolution mode. 
Character variable whixh 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 parcs 
of all data points to move the origin to the 
desired location. 
The number which is added t o  the real parts of a11 
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 o f  the driver coil. 
The normalized inner radius of the pickup coil. 
The normalized outer radius of the pickup coi.1.. 
The mean radius of the driver coil in inches. 
DC resistance o f  the driver coil in ohms. 
DC resistance of the pickup coil in ohms. 
The input shunt resistance of pickup amplifier in 
ohms. 
The resistivity of the plate in pn-cm. 
The thickness of the plate. 
and normalized by the program. 
The number of turns in the driver coil. 
The number of turns in the pickup coil. 

It is input in inches 
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U1' The relative magnetic permeability of the plate. 
VIN' Output voltage of driving amplifier in volts. 
WUSRR The product of the angular frequency, the magnetic 

permeability, the electricalconductivity, and the 
square of the mean c o i l  radius. 
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Listing 

PROGRAM RFGRAPH 
C VERSION November 10, 1988 
C 
C coil data. 

Program to graph experimental and calculated reflection 

IMPLICIT REAL*8 (A-H,O-%) 
REAL*8 GRL9GIM,L3,L4,L5,L6 
REAL CX(200),CY(200),EX(200),EY(200) 
CHARACTER SIDE(2)*4,NPROBE*6,COIL*6 
CHARACTER*l FF 
DATA LOU/8/,PI/3.141592653/,LOEE/38/,LOEC/39/ 
DATA RH01/4.054/,U~/1.0/,DFD~~/0.2215/,DFDEP/0.22l5/,NS/1/ 
DATA T1/0.250/,NPROBE/'25OA '/,SIDE/'NW',' FAR'/ 

DATA FREQ/500./,GAIN/1./,VIN/l~lOO/ 
DATA MODE/l6/,ORL/330/,OIM/50/ 
FF=CI€AR( 12) 

CALL GETTIM(IHR,IMN,ISE,IFR) 
CALL GETDAT(IYK,IMO,IDA) 

WRITE(LOU,102) IHR,IMN,ISE,IMQ,IDA,IYR 
107. FORMAT('RFGRAPH TIME ',12,':',12p ':',I2 

DATA R0/3050./,R9/l.OD6/,C6/15.E-ll/,C7/15.E-l1/ 

C TIME AND DATE BRE PRINTED 

IYR=IYR-1900 

*, '  DATE ',12,'/',12,'/',I2) 
OPEN(28,FILE='REF.DATf ,STATUS='QLD') 

110 READ(28,111)COZL,R5,Rl,R2,L3,R3,R4,1.A9L5,L6 

111 FORMAT(A6,9F8.4,Fl0.4,Fll.4,2F8.1) 
IF(COIL.EQ.'END ')WRITE(O,*)' COIL NOT FOUND' 
TF(COIL.EQ.'END ')GO TO 1000 
IF(COIL.NE.NPROSE>GO TO 110 

WRITE(LOU,l03)NPROBE,Tl 

WRITE(LOU,105) 

*,RG,R7,TNDR,TNPU 

L6=L6-1-0.010/R5 

103 FORMAT('PR0BE ',A6,' PTATIE THICKNESS',F7.4) 

105 FOR.MAT('COIL IN RAD OT RAD LENGTH OLO/REC TURNS', 
*' COIL RES CKT: RES CAP' ) 
WBITE(LOU,114)Rl,R2,L3,L6,TNDR,R6,RO,C6 
WRITE(LOU,115)R3,R4,L4,L5,TNPU,R7,R9,C7 

Ill+ FORMAT('DRIVER ',4(F7.4,1X),F8.1,3(1PE10.3)) 
115 FORMAT('P1CKUP ',4(F7.4,1X),F8.1,3(1PE10.3)) 

WUSRR=0.5093979*Ul*R5*R5*FREQ/RHOl 
WRITE(LOU,120)R5,FREQ9RHOl,Ul,WUSRR 

120 FORMAT('RBAR',F7.4,' FREQ= ',lPE13.6,' RHO=',OPF9.4, 
*' PEM=',F7.3,' WUSRR=',F9.4) 

C Open the files containing the data. 
OPEN(LOEE,FILE-'RFF3EX2,SOO',STATUS=='OLD') 
OPEN(LOEC,FILE='RFF3CAL.500',STATUS='OLD') 
CALL QSMODE(M0DE) 
CALL GRID 
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11 CXMAX-0. 
CYEIIWI-0. 
EXWIX-0. 
E M - 0 .  
EmAx-=o. 
cMMAx=o . 
1-1 

EPHA=EPHA*PI/180. 
EX(1)-EMAG*COS(EPHA) 
EY(I)==EMAG*SIN(EPHA) 
IF(ABS(EX(I)).GT.EXMAX)EXMAX-ABS(EX(I)) 
IF(ABS(EY(I>).GT.EY)EYMAX=ABS(EY(T.)) 
IF(EMAG.GT.EMMAX) THEN 
EMMAX-EMAG 
EPMMAX=E PHA 
END IF 
I=I+1 
GO TO 20 

1-1 

CPHA=CPHA*PI/180. 
CX(1)-CMAG*COS(CPHA) 
CY(I)=CMAG*SIN(CPHA) 
IF(AsS(CX(I)).GT.CXMAX)CXMAX-ABS(CX(I)) 
IF(ABS(CY(I)).GT.CY)CYMAX=ABS(CY(I)) 
IF(CMAG.GT.CMMAX) THEN 
CMMAX-CMAG 
c PMMAX-c PHA 
END IF 
I-I+1 
GO TO 30 

EGIM-3OO./EXMAX 
EGRL-300./EYMAX 
IF(EGIM.GT.EGRL) THEN 
EGIM-EGRL 
ELSE 
EGRL-EGIM 
END IF 
CGIM=300./CXEIAX 
CGRL==3OO./CYMAX 
IF(CGIM.GT.CGRL) THEN 
CGIM-CGRL 
ELSE 
CGRbCGIM 
END IF 
IF(EGIM.GT.CGIM) THEN 
GIM-CGIM 
GRIiCGRL 

20 READ(LOEE,*,END-29)EsEPHA 

29 EX(I)=999. 

30 READ(LOEC,*,END=4O)XTMP,CMAG,CPHA 

40 CX(I)=999. 
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ELSE 
G I M= EG IM 
GRL=EGRI, 
END IF 
EPMMAX=EPMMAX*180./PI 

WRITE(LOU,*) 
WRITE(LOU,*)# MAX MAG PHA AT MAX MAG‘ 
WRITE(LOU,52)EMMAX,EPMMAX 
WRITE(LOU,53)CMlfrL9X,CPKMAX 

CPMMAx--CPMMAx*l80./PI 

52 FORMAT(’ EXP: ‘,D11.4,7X,F7.3) 
53 FORMAT(’ GAL: ‘,D11.4,7X,F7.3) 

IRl-GRL*EX ( 1) +ORL 
IMl=GIM*EY(l)+OIM 
I=2 

IR2=GRL*EX(I)+ORL 
IM2-GIM*EY(I)+OIM 
IF((IR1.GT.O).AND.(IRl.LT.600)) THEN 
IF((IR2.GT.o).AND.(IR2.LT.600)) THEN 
IF((IM1.GT.o).AND.(IM1.LT~350)) THEN 
IF((IM2.GT.O).AND.(IM2.LT.350)) THEN 
CALL QLXNE(IR1,IM1,IR2,~M2,15) 
END IF 
END IF 
END IF 
END IF 
IRl=IR2 
I M 1 =I M 2 
I-I+1 
GO TO 50 

50 IF(EX(I).GT.900) GO TO 59 

59 IRl=GRL*CX(l)+ORE 
IMl=GIM*CY(l)+OIM 
1-2 

TR2=GRL*CX(I)+ORL 
IM2=GIM*CY( I ) + - O I M  
CALL QLINE(IR1,1M1,IR2,IM2,11) 
IRl=IR2 
IM1=IM2 
I=I+1 
GO TO 60 

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

60 IF(CX(I).GT.900) GO TO 70 

1000 END 
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BFINV inverts scan of defect  uslag reflection coil data 

Program RFINV c a l c u l a t e s  t he  depth and volume of a de fec t  given the  change 
i n  induced vol tage  i n  a pickup c o i l  caused by the  de fec t .  The program 
works with e i t h e r  experimental. da t a  stored i n  a f i l e  by program RFFIX o r  
w i t h  c a l cu la t ed  da ta  s t o r e d  by program RFAVZSCN, and it uses a lookup f i l e  
b u i l t  by program RFBLQF. The prclgram c a l c u l a t e s  t he  i n t e g r a l  of the 
change i n  induced vol tage  i n  the  pickup c o i l  due t o  the  presence of a 
de fec t  with respec t  t o  the  r a d i a l  d i s tance  between the  c o i l  axis and the  
cen te r  of the  de fec t  from the  inner  rad ius  of the pickup c o i l  t o  t he  outer  
rad ius  of the  d r i v e r  c o i l  and then f i n d s  the  magnitude and phase o f  t h i s  
complex i n t e g r a l .  I t  opens a lookup f i l e  which contains  a list o f  phases 
along with the  magnitude and depth corresponding t o  these  phases.  When 
t h e  program f i n d s  i n  the  lookup f i l e  the  phase it ca l cu la t ed  when doing 
the  i n t e g r a l ,  t he  depth corresponding t o  t h i s  phase is  the  depth o f  the 
d e f e c t ,  and the  magnitude i n  the lookup f i l e  can be used with the 
magnitude obtained by doing the  i n t e g r a l  t o  f ind  the  volume o f  the de fec t .  

Summary 

1. Declare va r i ab le  types.  
2 .  I n i t i a l i z e  va r i ab le s .  
3 .  

4 .  

5 .  Calculate  t he  inver ted  defec t  depth and volume based on 

6 .  Open the  f i l e  containing the  ca l cu la t ed  d a t a ,  read i n  the  d a t a ,  

7 .  Find the  depth and magnitude i n  the  lookup f i l e  corresponding t o  

8 .  Calculate  t he  inver ted  defec t  depth and volume based on 

Open the  f i l e  containing the experimental d a t a ,  read i n  the  d a t a ,  

Find the  depth and magnitude i n  the  lookup f i l e  corresponding t o  
c a l c u l a t e  the i n t e g r a l .  

phase of t he  i n t e g r a l .  

experimental  d a t a .  

c a l c u l a t e  t he  i n t e g r a l .  

phase o f  the  i n t e g r a l .  

ca l cu la t ed  da ta .  

Variables  

S ta r r ed  va r i ab le s  must be s e t  by the  use r .  

G6' The t o t a l  shunt capacitance i n  fa rads  o f  the  
d r iv ing  c i r c u i t .  

C7 '  The t o t a l  shunt capacitance i n  f a rads  of  the  
pickup c i r c u i t ,  

DELRDC' The normalized d is tance  i n  the  r a d i a l  d i r e c t i o n  
between da ta  po in t s  from the  ca l cu la t ed  data f i l e .  

DELRDE' The normalized d is tance  i n  the  r a d i a l  d i r e c t i o n  
between da ta  poin ts  from the  experimental da t a  
f i l e  . 

DELTR' The r a d i a l  d i s tance  i n  inches between po in t s  i n  
the  experimental da t a  f i l e .  

and 

the  

the 

and 

the  

the 



DEPTH 

DFDEP' 

DFDIAM' 
DFM 

DFP 

FREQ' 

L3 
L4 
25 

L6 
IHSMAG 

LHSPHA 

LOEC' 

LOEE' 

NPROBE' 

NS' 

RO' 
R 1  
R2 
R 3  
R4 
R 5  
R6 
R7 
R9 * 
RDC: 

RDE 

RHO 1 * 
RHSMAG 

T l '  

TNDR 

The inverted normalized depth o f  the  center  of: the  
de fec t .  
The actual depth t o  the bottom of the defec t  i n  
inches.  
The ac tua l  diameter of the defec t  i n  inches.  
The magnitude of the change i n  induced vol tage i n  
the pickup c o i l  a t  a poin t  due t o  the de fec t .  
The phase of the change i n  induced vol tage i n  the 
pickup c o i l  a t  a point  due t o  the de fec t .  
The frequency i n  he r t z  a t  which the c i r c u i t  i s  
driven . 
The normalized length of  the d r ive r  coil.. 
The normalized length o f  the pickup c o i l .  
The normalized dis tance of recess  o f  the  pickup 
c o i l .  
The normalized l i f t - o f f  of the d r i v e r  c o i l ,  
The magnitude of  the in t eg ra l  ca lcu la ted  by the 
program. 
The phase o f  the in t eg ra l  ca lcu la ted  by the 
program, 
The channel on which the f i l e  containing the 
ca lcu la ted  data  i s  opened. 
The channel on which the f i l e  containing the 
experimental data  i s  opened. 
Character var iab le  containing the name of the 
r e f l e c t i o n  c o i l  being used. 
The s ide  o f  e l ~ e  p l a t e  where the defec t  is  loca ted .  
I€ NS=1, the defec t  i s  on the near s i d e ;  i f  NS=2, 
the  defec t  i s  on the f a r  s i d e .  
The s e r i e s  res i s tance  of  the d r ive r  c i r c u i t .  
The normalized inner radius  of  the d r ive r  c o i l .  
The normalized outer  radius  o f  the d r ive r  c o i l .  
The normalized inner radius  oL the pickup c o i l .  
The normalized outer  radius  of the pickup c o i l .  
The mean radius  of the d r ive r  c o i l  i n  inches,  
DC res i s tance  o f  the dr iver  c o i l  i n  ohms. 
DC r e s i s t a n c e  o f  the pickup c o i l  i n  ohms. 
The amplif ier  input impedance. 
The normalized r a d i a l  d i s tance  between the c o i l  
and defec t  f o r  the ca lcu la ted  inversion s e c t i o n  
o f  the program. 
The normalized r a d i a l  dis tance between the c o i l  
and defec t  f o r  the experimental inversion sec t ion  
o f  the program. 
The r e s i s t i v i t y  of  the p l a t e  i n  pLI-cm. 
The magnitude i n  the lookup file corresponding t o  
the phase o f  the i n t e g r a l  ca lcu la ted  by the 
program. 
The thickness of the p l a t e .  I t  is  input i n  inches 
and then normalized by the program. 
The number of turns  i n  the d r ive r  c o i l .  
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TNPU 
U1' 
V O L l  
VOLN 
ZD 

Notes 

1. If 

The number of t u rns  i n  each pickup c o i l .  
The r e l a t i v e  magnetic permeabi l i ty  of the p l a t e .  
The inver ted  normalized volume of t h e  de fec t .  
The a c t u a l  normalized volume o f  the  de fec t .  
The a c t u a l  normalized depth of  the cen te r  o f  the  
de fec t .  

t he  user  wants the  program t o  perform only the  inversion of 
ca l cu la t ed  d a t a ,  he should remove t h e  'c' which comments out  the statement 
'goto 7 9 8  just before statement number 70 i n  the program. I f  the  user  
wants t he  program to perform only the invers ion  of  experimental d a t a ,  he 
should remove the  ' c '  which comments out  t he  statement ' go to  89 '  j u s t  
before  statement number 80 i n  the  program. 
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Li.s ting 

PROGRAM RFINV 
C VERSION November 7, 1988 

IMPLICIT RFAL*8 (A-H,O-Z) 
CHARACTER SIDE(2)*4,NPROBE*G,COIL*6 
REAL*8 L, L1,  L2, LHSPHA 
REAL*8 L3, L 4 ,  L5, L6 
DATA LOEE/3S/,LOEC/39/,LOU/8/,PI/3.141592653/ 
DATA RH01/5.72/,U1/1.0/ 
DATA DFDIAM/O.O765/,DFDEP/O.O780/,NS/1/ 
DATA NPROBE/'250A '/,SIDE/@NEAR',' FAR'/ 

DATA FREQ/l.OE3/,DELTR/0.005/ 
DATA T1/0.2500/ 
OPEN(LOEE,FILE-'RFN6EX2.5OO',STATUS-'OLD') 
OPEN(LOEC,FILE='RFN6CAL.5QQ',STATUS-'OLD') 

CALL GETTIM(IHR,IMN,ISE,IFR) 
CALL GETDAT(IYR,IMO,IDA) 

WRITE(LOU,2)IHR,IMN,ISE,IMO,IDA,IYR 

DATA R0/3050./,R9/1.0D6/,C6/8.47E-11/,C7/8.45E-~l/ 

C TIME AND DATE ARE PRINTED 

XYR=IYR-1900 

2 FORMAT(' RFINV TIME ',12,f:',12$':',12 
*, '  DATE ',129'/',12,'/',X2) 
OPEN(28,FILE='REF.DAT',STATUS='OLD') 

10 READ(28,11)COILIR5,R1,R2,L3,R3,R4,L4,t5,L6 

11 FORMAT(A6,9F8.4,F10.4,F11.4,2F8.1) 
*,RG,R7,TNDR,TNPU 

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 I 0.010/R5 
WRITE(LOU,3)NPROBE,Tl 

WRITE(LOU,5) 
3 FORMAT('PR0BE ',A6,' PLATE THICKNESS',F7.4) 

5 FORMAT( 'COIL IN RAD OT RAD LENGTH OLQ/REC TURNS' , *' COIL RES CKT: RES CAP' ) 
WRITE(LOU,l4)Rl,R2,L3,L6,TNDR,R6,RO,C6 
WRITE(LOU,15)R3,R4,U,L5,TNPU,R7,R9,C7 

14 FORMAT('DR1VER ',4(F7.4,1X),F8.l93(1PEl0.3)) 
15 FOWT('PICKUP ',G(F7.4,1X),F8.1,3(1PE10.3)) 

WUSRR=O.5093979*Ul*R5*R5*FREQ/RHOl 
WRITE(LOU,20)R5,FREQ,LUIO1,Ul,WSRX 

20 FORMAT('RBAR',F7.4,' FREQ- ',lPE13.6,' RHO=',OYF9.4, 

WRITE(T..OD,23)NPROBE,T1,'E'REQ,SIDE(NS),DFDIAM,DFDEP 
WRITE(0,23)NPROBE,T1,FREQ,SIDE(NS),DFDZ~l,DFDEP 

*' PERPI=',F7.3,' WSRR=',,F9.4) 

23 FORMAT('PR0BE ',A6,' PLATE THK',F7.4,' FREQ=',lPE8.1,1X,A4, 
*' SIDE',OPF6.4,' DIA',F'6.4,' D E E P ' )  
DELRDC=O.Ol*(R2-R3) 
DELRDE=DELTR/R5 
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RDE=O . 
T1-T 1/R5 
ZD=-DFDEP/(2*RS) 
IF(NS.EQ.2) Zb-T1-ZD 
RDE=RDE/R5 
L2=L+Ll 
VOW==PI*DFDIAFI*DFDIAM*DFDEP/(4.*RS*R5*R5) 
WUSRR-O.5093979*U1*RS*R5*FREQ/RHOl 
WRITE(LOU,*) 
WRITE(LOU,*) 
WRITE(LOU,26) 
WRITE(LOU,27)ZD,VOLN 

26 FORMAT(‘ DEPTH VOLUME ’ ) 
27 FORMAT(’ Actual: ‘,F8.5,2X,F8.5) 
28 CONTINUE 

S IVR-0.0 
SIVI-0.0 
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) 

GO TO 70 
77 FORMAT(‘ Exp Inv: ‘,F8.5,2X,F8.5) 
78 CONTINUE 

76 RDE-RDE+DELRDE 

LHSPHA-LHSPHA*l8O./PI 
CALL RFLKUP(DEPTH,RHSMAG,LHSPHA) 
VOL1-XMAG /RH 5 MAG 
WRITE(LOU,77)DEPTW,VOLl 

79 SIVR-0.0 
SIVI-0 .o 
M-0 

C GO TO 89 
80 RMD(LOEC,*,END=88)RDC,DFM,DFP 

IF(RDC.LT.R3)GOTO 86 
IF(RDC.GT.R2)GOTO 88 
DFP=DFP*(PI/180.) 
M-M+l 
XFACT-DFM*DELRDC 
SIVI=SIVI-XFACT*DSIN(DFP) 
SIVR-SIVR-XFACT*DCOS(DFP) 
LHSPHA==ATAN:!(SIVI,SIVR) 
XMAG-SQRT(SIVR*SIVR+SIVI*SIVIj 

86 GO TO 80 
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87 FORMAT(' Cal Inv: ',F8.5,2X,F8.5) 
88 CONTINUE 

LHSPIIA=LHSPHA*180./PT 
CALL RFLKUP(DEPTH,RHSMAG,LHSPHR) 
VOLl=XMAG/RHSMAG 
WRITE(UIU,87)DEPTH,VOLl 

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 90-8092 

Fig. 13. Differential probe in the bore of a tube. 

Calculations of the norma1ized impedance change in these coils due to a 
defect in a single conducting tube are done by programs ABEORAR and 
DFBORAR. The other pair of programs in this section, DBDSF and FPLT , 
work together to calculate and plot the contours of the magnitude of the 
defect sensitivity factor of a differential boreside coil. 
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ABBORAR ca lcu la t e s  defect  impedance change for absolu te  c o i l  

The program ABBORAR ca lcu la t e s  the  change i n  the normalized impedance of 
an absolu te  boreside coil due t o  the  presence of a defect i n  a s ing le  
conducting tube ,  a s  shown i n  Fig. 14. I t  performs the  ca l cu la t ions  f o r  
a number of d i f f e r e n t  a x i a l  d i s tances  between the  center  o f  the c o i l  and 
the d e f e c t ,  and it can divide the defec t  i n t o  a number o f  p a r t s  and 
c a l c u l a t e  the  e f f e c t  of  each par t  separa te ly .  

ORNL-DWG 90-ao94 

0 2  J.l2 

k 

Fig. 14. ( 

presen t ,  

r 

k o s s  sec t ion  of  a c o i l  i n  the bore of a tube with a defec t  

The normalized impedance f o r  a c o i l  ins ide  a c y l i n d r i c a l  conductor, with 
no de fec t  p re sen t ,  i s :  

and f o r  the change i n  the normalized impedance due t o  the defec t  we have: 
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-2 112 
ai = (a2 + jwpu,r ) 

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

where J(r2,rl) - 
ar, 

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 p ,  
therefore reduces to a. The term is carried as p2 in the derivation and 
equations for completeness. 

Variables 

A number of the variables which occur mainly inside the integration l o o p s  
do not correspond to anything physical. These variables are described in 
a section at the end. 

A The normalized inner radius of the tube. 
B The normalized outer radius of the tube, 
DE LTAZ ' The normalized axial distance between the points 

at which the calculations are done. 
DFDEP' The depth of the defect in the tube in inches. 
DFDIAM' The diameter of the defect in the tube in inches. 
DFM The magnitude of the normalized impedance change 

in the coil due to the defect. 
DFP The phase of the normalized impedance change in 

Starred variables must be assigned by rhe use r .  
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DSFI 

DSFR 

FREQ' 
IS IDE' 

L' 

LOD' 

LOE' 

LOU 

NRT' 

NZT' 

POW 

R2' 

R3 
RCL' 

RD 

RDT 

RHO1' 
T1' 

TRN' 
U1' 
VOLN 
WUSRR 

the  c o i l  due t o  the de fec t .  
The imaginary p a r t  of the defec t  s e n s i t i v i t y  
f a c t o r  of the c o i l .  
The r e a l  p a r t  of  the defec t  s e n s i t i v i t y  f ac to r  of 
the  c o i l .  
The operat ing frequency i n  h e r t z .  
The s ide  of the tube where the defec t  is loca ted .  
I f  I S I D E  - 1, the  defec t  i s  on the outs ide of the 
tube;  i f  I S I D E  = 2 ,  the  defec t  i s  on the ins ide  
o f  the tube.  
The length of the c o i l .  The value i s  input in 
inches and normalized by the  program. 
The number of the  P/O u n i t  connected t o  the output 
da t a  f i l e .  
The number of the 1/0 u n i t  connected t o  a f i l e  
which contains  the  diameters and depths o f  the 
defec ts  f o r  which calcu1ati.ons a r e  t o  be 
performed. 
The number o f  the T/O u n i t  connected t o  the 
p r i n t e r .  
The t o t a l  number of p a r t s  centered along the ax i s  
of the defec t  i n to  which the defec t  i s  divided t o  
perform the ca l cu la t ions .  
The t o t a l  number of d i f f e r e n t  values  o f  the  a x i a l  
d i s tance  between the center  of the  c o i l  and the  
defec t  €or which ca lcu la t ions  a r e  performed. 
The depth of the defec t  expressed a s  a percentage 
of w a l l  th ickness .  
The inductance i n  henr ies  of the  c o i l  i n  a i r .  
The inner radius  of the  c o i l .  The value i s  input 
i n  inches and normalized by the program. 
The outer  radius  o f  the c o i l .  The value i s  input  
i n  inches and normalized by the  program. 
The mean radius  o f  the c o i l  in inches.  
The d is tance  between the outs ide of the  c o i l  and 
the  ins ide  wall of the tube.  The value is  input 
i n  inches and normalized by the program. 
The r a d i a l  dis tance between the center  of  the c o i l  
and the defec t  (see n o t e  1 ) .  
The normalized depth t o  the bottom of  the de fec t .  
A negative number. 
The e l e c t r i c a l  r e s i s t i v i t y  of  the tube i n  p6a-cm. 
The thickness of the tube w a l l .  The value i s  
input i n  inches and normalized by the program. 
The number of tu rns  i n  the c o i l .  
The r e l a t i v e  magnetic permeabili ty of the tube. 
The normalized volume of the defec t  ~ 

The product of the angular operat ing frequency, 
the magnetic permeabili ty of the tube,  the  
e l e c t r i c a l  conduct ivi ty  of the tube,  and the 
square of  the mean radius  of the c o i l .  
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ZD The a x i a l  d i s tance  between t h e  center  of the  c o i l  
and the  de fec t .  

ZNDFI The imaginary p a r t  o f  t he  normalized impedance 
change i n  the  c o i l  due t o  the  d e f e c t .  

ZNDFR The r e a l  p a r t  o f  the  normalized impedance change 
i n  the  c o i l  due t o  the  d e f e c t .  

ZNIM The imaginary p a r t  o f  the  normalized impedance of 
the  c o i l  when no defec t s  a r e  p re sen t ,  

ZNRL The r e a l  p a r t  o f  the  normalized impedance o f  t he  
c o i l  when no de fec t s  are p resen t .  
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Integration Section of Program ABBOWkLR 

Svmbol 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. 

Integration variable 
Inner radius of the tube 

Outer radius of the tube 
Integral of x I , ( x )  with respect to x from ax, to ax, 
Modified Bessel function of the first kind of order 0 
Modified Bessel function of the first kind of order 1 
Integral o f  xJ,(x) with respect to x from ax, to ax2 
Bessel function of the first kind of order 1 
Modified Bessel function o f  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 of  coil 
Outer radius of coil 
Axial distance between defect and coil center 
Angular operating frequency 

(Q2+jwpo,r 2 ) 112 p 

Variables appearing - in the integration section 
Program 
variable equivalent 

S ymb o 1 i c 

A 1  al + exp(-aR) - 1 

BIOA IO(-> 

BIOB I 0 t a b )  
B I l A  

BIlB 

BIlIA 

BIlIB 

BIlIR 

BI 1RA 

BIlRB 

BI 1RR 

BKOA 



149 

BKOB 

BKlA 

BKlB 

BKlIA 

BKlIB 

BKlIR 

BKlRA 

BKlRB 

BKZRR 

DDI 

DDR 

DFR 

a11 

D12 

D13 

D14 

DNI 

DNR 



150 

DR1 

DR2 

DR3 

DR4 

S 1. 

S N I  

SNR 

s SR 

X 

x1 

X1A 

X1B 

X1R 

XA 

XI3 

XF2 

XFACT 
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XFACT2 

XIR21 

XJR2 1 

XL 

xx 
xxxx 
U1 

Y1A 

U1B 

Y1R 

ZIOIA 

ZIOIB 

ZIOIR 

ZIORA 

ZIORB 

ZIORR 

ZKO IA 

ZKOIB 

ZKOIR 

ZKORA 

ZKORB 

ZKORR 

2 1  - -  I(r2,rl)  sin(al/2) cos(az)da 
u QJ 

Samvle outDut 

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 defect impedance as the tube is scanned and pick out the maximum 
amplitude. Below we show a sample run where the maximum signal is 
printed. 

ABBORAR TIME 8 : 5 3 : 4 1  DATE 8/16/89 

ACT 1.2000 1.5000 0 .2650 0.0575 0 .2200 4 5 . 4 5  1 .5575 1 .7775 
NOR 0 . 8 8 8 9  1.1111 0.1963 0.0426 0 .1630 45 .45  1.1537 1 . 3 1 6 7  
RBAR 1.3500 FREQ= 4.000000E+02 RHO- 3.8400 PERM-1.000 WUSRR-96.7060 

IN RAD OT RAD LENGTH RAD CLR WALLTH % WALL TUB IR TUB OR 
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NORM 1MPD:RL 0.110847 IM 0.589927 AIR IND 1.693801E-02 
NORM DSF:RL 1.4332E-01 I M  3.3396E-02 VOLN 3.1922E-04 
MAXIMUM MAG 0.5544D-04 PHA AT MAX MAG 18.91. OD DEFECT 

Partial listing of file FORT39: 

0.000 
0.001 
0,002 
0 ,003  
0.004 
0.005 
0.006 
0.007 
0.008 
0.009 
0.010 

0.5544D-04 
0,5544D-04 
0.5544D-04 
0.55430-04 
0.55431)-04 
0.55422)-04 
0.5541D-04 
0.55401)-04 
0.5538D-04 
0.5536D-04 
0.5535D-04 

18.91 
18.91 
18.91 
18.91 
18.90 
18.90 
18.89 
18 I 88 
18 ~ 87 
18.86 
18.85 
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Listing 

c 
C 

C 

C 

PROGRAM ABBORAR 
VERSION August 16, 1989 

Program to calculate the normalized impedance change in 
an absolute boreside circumferential coil due to a defect 
in a single tube as the coil scans past the defect. The 
program averages the effect of the defect over the depth 
of the defect. 

Z=O.O AT CENTER OF COIL. 

REAL*8 L 
CHARACTER*l FF 
DIMENSION S1(6),S2(6),ERR(6) 
DIMENSION CX(O:200),CY(0:200),XFACT2(200) 
DIMENSION SMZDFRA(O:200,30),SMZDFIA(O:200,30) 
DATA LOU/8/,PI/3.141592653/,LOD/39/,LOE/38/ 
DATA Sl/.005,.02,.0S,.l,.1,.5/ 
DATA S2/1.0,2.0,5.0,10.0,50.0,200.0/ 

DATA FREQ/4.OE2/,RHO1/3.84/,Ul/l.O/ 
DATA TRN/400./,ISIDE/1/ 
DATA MODE/16/NZT/lOO/,NRT/20/ 
DATA OIM/50/,ORL/330/ 
FF-CHAR ( 12 ) 

IMPLICIT REAL*8 (A-H,O-Z) 

DATA ERR/.1,.01,.001,l.E-4,1.E-5,l.E-lO/ 

OPEN(LOD,FILE-‘BORSCN.DAT’ ,STATUS=’NEW’) 
OPEN(LOE,FILE=‘BORDAT.DAT‘,STATUS-’OLD’) 

11 xMAx=o. 
w = o  . 
DFMMAX=O. 
DO 14 NZ=l,NZT 
DO 12 NR-1,NRT 
SMZDFRA(NZ,NR)=O. 
SMZDFIA(NZ,NR)=O. 

12 CONTINUE 
14 CONTINUE 

READ(LOE,*,END=lO01)DFDIAM,DFDEP 
TIME AND DATE ARE PRINTED 
dfdiam=O. 1 
dfdep=O .1 
CALL GETTIM(IHR,IMN,ISE,IFR) 
CALL GETDAT(IYR,IMO,IDA) 

WRITE(LOU,2)IHR,IMN,ISE,IMO,IDA,IYR 
IYR=IYR-1900 

2 FORHAT(‘ ABBORAR TIME ’,12,’:’,12,‘:‘ 
*,I2,‘ DATE ‘,12,’/‘,12,’/‘,12) 
WRITE(LOU,5) 

5 FORMAT(5X,’IN RAD’,2X,’OT RAD’,2X,’LENGTHr,2X,’RAD CLR’ 
*,1X,’WALLTHf,2X,’% WAU‘,2X,’TUB IR’,2X,’TUB OR’) 



R1-1.2 
R2-1.5 
G O .  265 
RCb0.0575 
T1=“ 220 
POW-(DFDEP/T1)*100. 
A=R2 +RCL 
B=A+T1 

R3=0.5*(Bl+R2) 
WRITE(LOU,10)Rl,R2,L,RCL,T1,POW,A,B 
R l=R 1 /R 3 
R2=2.0-R1 

RDTz-DFDEP 

L=L/R3 
RCL=RCL/R3 
RDT=RDT/R3 
T l=T 1 /R3 
A=A/R3 
B=B/R3 
DELTAZ=0.5*L/NZT 

VOLN=PI*DFDIfif.l*DFI)IAM*DFDEP/(Ic.*R3*R3*R3) 
WUSRR=0.5093979*U1*~~*R3*FREQ/RHO1 
WRITE(LOU,l5)Rl,R2,L,RCL,Tl,POW,A,B 

C VOLN=O.l666667*PI~(DFDI~/R3)*(D~DI~/R3)*(D~DI~/R3) 

10 FORMAT(‘ACT ‘,5(F7.4,1X),F7.2,1X,3(F7.4,I.X)) 
15 FORMAT(’N0R ‘,5(F7.4,1X),F7.2,1X,3(F7.4,1X)) 

20 FORMAT(‘ RBAR‘,F7.4,’ FREQ= ’,lPE13.6,’ RHO=’,OPF9.4, 
WRITE(LOU,20)R3,FREQ,RHO1,U1,lJUSRR 

*’ PERM=’,F7.3,’ WUSRK=’,F11.4) 
CALL QSMODE(M0DE) 
CALL GRID 
SMAIK-0 . 0 
SMIMPR=O.O 
SMIMPI-0.0 
SMZDFR=Q.O 
SMZDFT-0.0 

C AIR=O . 
c AI I=Q . 
C AUR=O . 
C AUI=O. 

Bl=O.O 
B242 (1) 
DO 100 JKL=1,6 

30 RI9=SMAIR 
X=BI-O.S*SI(JKL) 

C DETERMINE NUMBER OF STEPS,ISTEPS,BASED ON STEP SIZE6INTERVAL 
ISTEPS=PNINT((B2-Bl)/Sl(JKL)) 
DO 90 I=l,ISTEPS 
X==X+S 1 (JKL) 
CALL IJBSSL(X,Rl,R2,XIR21,XJR21) 
XL=X*L 
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IF(XLmGT.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 
Al=XL+DEXP( -XL) - 1.0 
GO TO 80 

70 Af-XL-I*CX 
80 SM&sIR=SMAIR+2.*XTR21*XJR21*A1*S~(JKL) 

IF{X.GT.160.)GO TO 90 
Xx==X*X 
XXXX-XX*xx 
Xl-LlSQRT(O.5*(XX+DSQRT(XXXX+WS~*WSRR)))/U1 

XA=-X*A 
XB=X*B 
X1 A-X1 *A 
YlA-Yl*A 
XlB-Xl*B 
Y 1 B=Yl*B 
CALL CMDBES(X1A,Y1A,ZIORA,ZIOIA,ZKOJ3A,ZKOIA,BI1RA,BI1IA 

CALL CMDBES(X1B,Y1B,ZIORB,ZIOIB,ZKORB,ZKOIB,BIlRB,BIlIB 

CALL BESI(XA,BIOA,BIlA) 
CALL BESK(XA,BKOA,BKlA) 
CALL BESI(XB,BIOB,BIlB) 
CALL BESK(XB,BKOB,BKlB) 

Yl==wusRK/(2*x1*ul*LJl) 

*,EKlRA,BK1IA) 

*,BKlRB,BKlIB) 

DRl~XB*BKOB*BKlRB-ZKORB*BKlB/U1 
DI1~XB*BKOB*BK1IB-ZKOIB*BKlB/U1 
DR2-ZIORA*BTBA/U1-XA*BIOA*BIlRA 
DI2=ZIOIA*BI1A/U1-XA*BIOA*BI1IA 
DR3=XA*BIOA*HK1RA+ZKORA*B11A/U1 
DI3==XA*BIOA*BK1IA+ZKOIA*BI1A/U1 
DR4=ZIORB*BK1B/Ul+XB*BKOB*BIlRB 
DI4-ZIOIB*BKBB/Ul+XB*BKOB*BI.1IB 

DDI==DRl*DI2+DR2*DIl+DR3*D14+DR4*DI3 
SNR=-BIlRA*DR1+BI1IA*DI1+BK1RA*DR4-BK11A*DI4 
SNI=-BI1IA*DR1-BI1RA*DI1+BKlRA*DI4+BK1IA*DR4 

DDR=DR1*DR2-DIl*D12+DR3*DR4-D13*DI4 

DEN-DDR*DDR+DDI*DDI 
SSR-((SNR*DDR+SNI*DDI)/DEN-BKlA)/BI1A 
SSI-(SNI*DDR-SNR*DDI)/(BIlA*DEN) 
XFACT=XIR21*DSIN(XL/2.) 
SMIMPR=SMIMPR+8.*XFACT*XFACT*Sl(JKL)*SSR/PI 
SMIMPI-SMIMPI+8.*XFCT*XFACT*S1(JKL)*SSI/PI 
XF2-2.*XFACT*Sl(JKL)/PI 

DO 89 NR-1,NRT 
C write(O,*)rdt 

RD-(REAL(NR)-O.5)*(RDT/REAL(NRT)) 
C write(O,*)rd,rdt 
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C pause 
IF(ISIDE.EQ.1) THEN 
RD=B+RD 
ELSE 

END IF 

XlR=Xl*KD 
Y 1R=Y 1 *RD 

RD-A - RD 
C r d = l ~  3333  

CALL C M D B E S ( X I R J Y I R , Z I O R R , Z I O I R J Z K O I R , B , B I I I R  
* , BKlRR ~ BK1 IR) 

DNR=BKl.RR*DR4-BK1IR*DI4-BI1RR*DRZ+BI1IR*DIl 
DNI=BK1IR*DR4+BK1RR*DI4-SI I IR*DK~-BI1RR*DI l .  
DFR-( DNR*DDR-I-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)=SMZDFELA(NZ,NR)+XFACT2(NZ)*DFR 
SMZDFIA(NZ,NR)=SMZDFIA(NZ,NR)+XFACT2(NZ)*DFI 

88 CONTINUE 
89 CONTINUE 
90 CONTINUE 

B 1=B 2 
B2=B2+S2 ( JKL)  
CHECK=(SMAIR-R19)/sMAiR 
IF(ABS(CHECK).GT.ERR(JKL)) GO TO 30 

DO 990 NZ=O,NZT 
ZD=DELTAZ*NZ 
SMZDFR=O . 
SMZDFI=O. 
DO 120 NR=I,NRT 
SMZDFR-SMZDFR+SMZDFRA(NZ,NR) 
SMZDFI=SMZDFI+SMZDFIA(NZ,NK) 

SMZDFR=SMZDFR/NRT 
SMZDFI=SMZDFI/NRT 

100 CONTINUE 

120 CONTINUE 

C WRITE(LOU,*)NZ,SMZDFR,SMZDFI 
DSFR=-1.5*WUSRR~(SMZDFR*SMZDFR-S~ZDFI*S~~~D~I)/(S~~IR~P~) 
DSFI=-1.5*WUSRR*2.0*SMZRFR*SMZDFI/(SMAIR*PI) 

1 3 5  Q6=0.0254*4.OE-7*TRN*T~*~3*PI*PI*S~IR/(L*(R2-R1))~~~2 
ZNIM=SMIMPR/SMAIR+l . 0 
ZNRLT-SMIMPI/SMAIR 
ZNDFR=VOLN*DSFR 
ZNDFI=VOLN*DSFI 
IF(NZ.EQ.0) WRITE(LOU,140)ZNRL,ZNIM,Q6 
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DFM-VOLN*SQRT(DSFR*DSFR+DSFI*DSFI) 
DFP-ATAN2(DSFI,DSFR) 
CX(N2)-DFM*COS(DFP) 
CY(N2)-DFM*SIM(DFP) 
DFP=DFP*(180./PI) 
IF(ABS(CX(NZ)>.GT.X) XMAX-ABS(CX(N2)) 
IF(ABS(CY(NZ)).GT.Y) YMAX=ABS(CY(NZ)) 
IF(DFM.GT.DFMMAX) THEN 
DF’MMAX-DFM 
DFPMMAX==DFP 
END IF 
WRITE(LOD,162)ZD,DFM,DFP 

990 CONTINUE 
C write(O,*)‘rd ’,rd 

GIM-300. /YMAX 
GRG.300. / X M A X  
IF(GIM.GT.GRL) THEN 
GTM-GRL 
ELSE 
GRGGIM 
END IF 
IM1===GIM*CY(0)+OIM 
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&RL*CX(NZ)+ORL 
CALL QLINE(IR1,IM1,IR2,IM2,15) 
IR1-IR2 
IM1-IM2 

WRITE(LOU,*) 
WRITE(U>U,*) 
CALL PRTSC 
WRITE (LOU, *) FF 

1000 CONTINUE 

c GO TO 11 

140 FORFIAT(’ NORM IMPD:RL’,FlO.G,’ IM’,F10.6, 
*’ AIR IND’,lPE13.6) 

C 150 FORMAT(’ NORM CHG:RL ’,OPF10.6,‘ IM’,OPF10.6, 
c *’ MAG’,OFF10.6,’ PHA ‘,OPF7.2) 
160 FORMAT(’ NORM DSF:RL’,lPE11.4,’ IM’,lPE11.4,‘ VOLN’,lPE11.4) 
161 FORMAT( ’ ZD NAG P M ’  ) 
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162 FORMAT(F6.3,5X,D11.4,5X,F7.2) 
164 FORMAT(' MAXIMUM MAG ',DIl.4,' PHA AT 14Ax MAG ' , F 7 . 2 , \ )  
1001 END 
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DBDSF calculates DSF at l a t t i c e  sf points for differential c o i l  

Program DBDSF calculates the defect sensitivity factor of a diEferentia1 
boreside coil at a two-dimensional lattice of points throughout the wall 
of a conducting tube. The differential probe is shown in Fig. 15. 

Fig. 15. Cross section of a differential coil in the bore of a tube with 
a defect present. 

t 
r 

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: 

Substituting in from E q .  (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: 
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The definitions of the various terns in E q .  (40) are given in E q s .  (30) 
through (38 )  in the discussion of the absolute boreside coil. The 
function and variable names are essentially the s a m e  as they are for the 
absolute coil and will not be repeated here. The program DBDSF stores the 
calcul-ated values in the data file FORT40 so they can be plotted by 
program DBDSFPLT. 

Var i ah1 e s 

A 
B 
C' 

DELTAR 

DELTAZ' 

DSFI 

D S FM 

DSFP 

D SFR 

FREQ' 
L' 

LOD' 

LOU 

NRT' 

NZT" 

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 radial distance between 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 sensitivity 
factor of  the coil. 
The magnitude of the defect sensitivity factor of 
the coil. 
The phase 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 o f  each coil. The value i.s input in 
inches and normalized by the program. 
The number of the X/O unit connected to the output 
data file. 
The number of the 1/0 unit connected to the 
printer I 
The total number of points in the radi-a1 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 
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R1" 

R2' 

R3 
RCL' 

RD 

RDT 

RHO 1' 
T1' 

TRN' 
u1' 
WUSRR 

ZD 

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. 
The electrical resistivity of the tube in pn-crn. 
The thickness of the tube wall. The value is 
input in inches and normalized by the program. 
The number o f  turns in each coil. 
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 o f  the coil. 
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 

I N  RAD OT RAD LENGTH RAD C L R  WALLTH C TO C TUB I R  TUB OR 
ACT 1.2400 1.4900 0.2650 0.0575 0.2200 0.5150 1.5475 1.7675 
NOR 0.9084 1.0916 0.1941 0.0421 0.1612 0.3773 1.1337 1.2949 
RBAR 1.3650 FREQ- 4.000000E+02 RHO= 3.8400 PERM- 1.000 WUSRR= 98.8670 

A partial listing of the file FORT40 is given below: 
50 40 

0.02500 0.00403 
0.04212 
0.90842 1.09158 
0.37729 0.19414 
I. 13370 1.29487 

0 0 0.00000D+00 0.00000D+00 
0 1 0.00000D+00 0.00000D+00 
. . . . . . . . . . .  (zero for all of  first row) . . . .  
1 0 0.24266D-01 0.33487D+00 
1 1 0.25157D-01 0.33978D+OO 
1 2 0.26086D-01 0.34774D+00 
1 3 0.27053D-01 0.35864D+00 
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1 4 0.28062D-01 0.37238D+00 
1 5 0.29113D-01 0.38887D+00 
1 6 0.30213D-01 0.40800D-t-00 
1 7 0.31364D-01 0.42968Dt-00 
1 8 0.32570D-01 0.45382D-tOO 
1 9 0.338361)-01 0.48031D+00 
1 10 0.35166D-01 0.50906D-t-00 
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Listinq 

PROGRAM DBDSF 

PROGRAM TO CALCULATE THE DEFECT SENSITIVITY FACTOR OF A 
DIFFERENTIAL BORESIDE COIL AT AN ARRAY OF POINTS THROUGHOUT 

C VERSION August 16, 1989 
C 
C 
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),XFACTl(0:5O),XFACT2(0:50) 
DIMENSION SMZDFR1A(O:50,0:40),SMZDFIZA(O:50,0:40) 
DIMENSION SMZDFR2A(O:50,0:40),SMZDFI2A(O:50,0:40) 
DATA LOU/8/,PI/3.141592653/,LOD/40/ 
DATA Sl/.00S,.02,.oS7.1,.l,.5/ 
DATA S2/1.0,2.0,5.0,10.0,50.0,2~0,0/ 

DATA FREQ/4.OE2/,RH01/3.84/,Ul/l.O/ 
DATA TRN/4OO./,DELTAZ/O.O25/ 

DATA ERR/.1,.01,.OO1,1.E-4,1.E-5,1.E-l0/ 

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/SO/,NRT/40/ 
11 DO 14 NZ-0,NZT 

DO 12 NR-0,NRT 
SMZDFRlA(N2,NR)-0. 
SMZDFIlA(NZ,NR)-0. 
SMZDFR2A(NZ,NR)-O. 
SMZDFI2A(NZ,NR)-O. 

12 CONTIWE 
14 CONTINUE 

c TIME AND DATE ARE PRINTED 
CALL GETTIM(IHR,IMN,ISE,IFR) 
CALL GETDAT(IYR,IMO,XDA) 

WRITE(LOU,2)IHR,IMN71SE,IM0,1DA,IYR 
2 FORMAT(’ DBDSF TIME ‘,12,‘:‘,12,’:’ 

IYR-IYR-1900 

*,I2,’ DATE ‘,12,’/’,12,’/‘,12) 
WRITE(LOU,S) 

5 FORMAT(5X,’IN RAD’,2X,‘OT RAD’,2X,’LENGTHf,2X,‘UD CLR’ 
*,1X7’WALLTH’,2X,’C TO Cf,2X,’TTJB IR’,2X,’TUB OR’) 
R1-1.24 
R2-1.49 
L-0.245 
C-0.515 
RChO. 0575 
T1-0.22 
A-R2 +RCL 
B-A-tTl 
RDTe-Tl 
R3-0.5*(Rl+R2) 
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c 

WRITE(LOU,lO)Rl,R2,L,RCL,Tl,C,A,B 
Rl-R1/R3 

L-L/R3 
C=C/R3 
RCL=RCL/R 3 
RDT=RDT/R3 
Tl=Tl/R3 
DELTAR-Tl/NRT 
A=A/R3 
B=B/R3 
WRITE(LOD,7)NZT,NRT 
WRITE(LOD,8)DELTAZ,DELTAR 
WRITE(LOD,9)RCL 
WRITE(LOD,8)Rl,R2 
WRITE(LOD,8)C,L 
WRITE(LOD,8)A,R 

7 FORMAT ( 18, IX 18) 
8 FORMAT(F12.5,lX,F12.5) 
9 FORMAT(F12.5) 

R2=2. Q-R1 

WUSRR=0.5093979*Ul*R3*R3*FREQ/WOl 
WRITE(LOU,15)Rl,R2,L,KCL,Tl,C,A,B 

10 FORMAT('ACT ' ,5(F7.4,1X),3(F7.4,1X)) 
15 FORMAT('N0R ',5(F7.4,1X),3(F7.4,1X)) 

20 FORMAT(' RBAR',F7.4,' FRE(I= ',lPE13.6,' RHO=',OPF9.4, 
WRITE(LOU,20)R3,FREQ,RHOl,U1,WSRR 

*' PERM=',F7.3,' WUSRR-',Fl1.4) 
SMAIR=Q . 0 
SMIMPR=O.O 
SMIMPI=O.O 
SMZDFRl=O.O 
SMZDFII=O.O 
SMZDFR2=O.O 
SMZDFI 2=0.0 
B1-0.0 

DO 100 JKL=1,6 

X=B1- O.5*S1 (JKL) 

R242(1) 

30 RI9-SMAIR 

DETERMINE NUMBER OF STEPS,ISTEPS,BASED ON STEP SIZE&INTERVAL 

DO 90 I=1,ISTEPS 
X==X+S 1 (JKL) 
CALL IJBSSL(X,Rl,R2,XTR21,XJR21) 
XL=X*L 
IF(XL.GT.5.0E-3) GO TO 60 
Al=XL*XL*(O.S-XL/6.0) 

ISTEPS=DNINT((B2-BI)/Sl(JKL)) 

GO TO 80 
60 IF(XL.GT.75.0) GO TO 70 

Al-XL+DEXP(-XL)-I.O 
GO TO 80 
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70 AI-XL-1.0 
80 SMAIR-SMAIR+2.*XJR21*XJR2l*A1*S1(JKL) 

IF(X.GT.l60.)GO TO 90 
xx-x*x 
xxxxsxx*xx 
Xl=DSQRT(O.S*(XX+DSQRT(XXXX+WUSRR-kWUSRR)))/Ul 

U=-X*A 
XB-X*B 
XlA=XI*A 
YIA=Yl*A 
XlB-Xl*B 
Y1B=Y1*B 
CALL CMDBES(X1A,Y1A,ZIORA,ZIOIA,ZKORA,ZKOIA,BI~RA,BI1IA 

CALL CMDBES(X1B,Y1B,ZIORB,ZIOIB,ZKORB,ZKOIB,BIlRB,BIlIB 

CALL BESI(XA,BIOA,BIlA) 
CALL BESK(XA,BKOA,BKlA) 
CALL BESI(XB,BIOB,BIlB) 
CALL BESK(XB,BKOB,BKlB) 

Y1=WSRR/(2*X1*Ul*Ul) 

*,BKlRA,BKlIA) 

*,BKlRB,BKlIB) 

DRl-XB*BKOB*EKlRB-ZKORB*BKlB/Ul 
DIl-XB*BKOB*BKlIB-ZKOIB*BK1B/U1 
DR2-ZIORA*BI1A/U1-XA*BIOA*BI1RA 
DI2-ZIOIA*BI1A/U1-XA*BIOA*BIIIA 
DR3=XA*BIOA*BKlRA+ZKORA*B11A/U1 
DI3-XA*BIOA*BK1IA+ZKOIA*BI1A/Ul 
DR4=ZIORB*BK1B/U1+XB*BKOB*BI1RB 
DI4-ZIOIB*BK1B/U1+XB*BKOB*BI1IB 
DDR-DRl*DR2-DIl*D12+DR3*DR4-D13*DI4 
DDI-DRl*DI2+DR2*DI1+DR3*DI4+DR4*DI3 
SNR--BI1RA*DR1+BI1IA*DI1+BK1RA*DR4-BK1IA*DI4 
SNI--BI1IA*DR1-B11EU*DI1+BK1RA*D14+BK1IA*DK4 
DEN-DDR*DDR+DDI*DDI 
SSR-((SNR*DDR+SNI*DDI)/DEN-BKlA)/BIlA 
SSI=(SNI*DDR-SNR*DDI)/(BIlA*DEN) 
XFACT=XIR21*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(0.5*X*C) 
XF2-XF*DCOS(0.5*X*C) 
DO 89 NR-0,NRT 
RD-(REAL(NR))*(RDT/REAL(NRT)) 
RD-B+RD 
XlR=Xl*RD 
YlR=Yl*RD 

CALL CMDBES(X1R,Y1R,ZIORR,ZIOIR,ZKORR,ZKOIR,BI1RR,BIlIR 
*,BKlRR,BKlIR) 
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DNR=BR1RR*DR4-BKPIR*DI4-BIlRR*DRl+BIlIR*D~l 
DNI=BK1IR*DR4+BK1RR*DI4-BIlIR*DR~-BI1RR*DIl 
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 
XFACTl(NZ)=XFl*DSIN(X*ZD) 
XFACT2(NZ)=XF2*DCOS(X*ZD) 

87 SMZDFR1A(NZ,NR)-SMZDEX1A(NZ,NR)+XFACTl(NZ)*DFR 
SMZDFI1A(NZ,NR)=SMZDFIZA(NZ,NR)+XFACTl(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) 

IF(ABS(CHECK).GT.ERR(JKL)) GO TO 30 

DO 990 NZ=O,NZT 
ZD=DELTAZ*NZ 
SMZDFR1-0. 
SMZDFIl=O. 
SMZDFR2-0. 
SMZDFI2=O. 
DO 120 NR=O,NRT 
SMZDFKl=SMZDFRlA(NZ,NR) 
SMZDFIl=SMZDFIlA(NZ,NR) 
SMZDFR2=SMZDFR2A(NZ,NR) 
SMZDF12=SMZDFI2A(NZ,NR) 

CHECK=(SMAIR-R19>/SMAIR 

100 CONTINUE 

DSFR=-1.5*WUSRR*(SMZDFRl*S~ZD~2-SMZDFIl*SM~DF~2)/(S~~R~PI) 
DSFI=-1.5*WUSRR*(SMZDFRl*SMZ~~~2iSMZDF~~*SMZDFI1)/(S~IR~~I) 
DSFM=DSQRT(DSFK*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(15,1X,15,1X,D12.5,1X9D12.5) 
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 F O R T 4 0 .  

Summary 

1. 
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 

6 .  Set the label flags for the contours. 
7. Read the data stored by program DBDSF into array DSFMA. 
8 .  

9 .  Call ehe PRINTMATIC contour initialization routines. 

Dimension arrays and declare variable types. 

coordinate system. 

Specify the values of the magnitude of the defect sensitivity factor 
where the contours are to be drawn. 

10, Draw the contours. 
11. Draw 

Variables 

A 
B 
C 
CNM' 

DELTAR 

DELTAZ 

DSEMA 

L 
LBM' 

LOE' 

NAME' 

NC' 
NRT 

NZT 

the coil and tube. 

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 
the defect sensitivity factor which were read in 
from the data file. 
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 / O  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 
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at which calculations were performed, 
R1 The normalized inner coil radius. 
R2 The normalized outer coil radius. 
RCL The normalized distance between the outside of the 

coil and the inside of the tube. 
xx Array describing the axial locatton of the data 

points in the normalized coordinate system. 
w Array describing the radial location o f  the data 

points in the normalized coordinate system. 

Notes 

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 DRDSFPLT, enter 

DPRINT.EXE is a program supplied by PRINTMATIC. For this particular 
program the variable NAME is set to PCDSF.FIL s o  to make a plot one wou1.d 
type : 

DPRINT filename.ext 

DYRINT DBDSF. FIX, 

Sample output 

We show a plot of the data from DBDSF plotted using DBDSFPLT 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 p l o t  of the  magnitude of the  de fec t  s e n s i t i v i t y  f a c t o r  
f o r  a d i f f e r e n t i a l  boreside probe. 

Listing, 

PROGRAM DBDSFPLT 

Program t o  generate a contour p l o t  of the  magnitude o f  the  
de fec t  s e n s i t i v i t y  f a c t o r  of a d i f f e r e n t i a l  boreside c o i l .  

CHARACTER*80 NAME 

REAL*4 DSFMA(51,41) 
REAL*4 XX(51),W(41) 
REAL*4 CNM(10) 
REAL*4 L 
INTEGER*2 LBM(1O) 
INTEGER*2 I19J1,12,J2 
DATA XSCALE/1.O/,NC/9/ 
DATA IDEF/2/,LOE/40/ 

C VERSION October 25, 1988 
C 
C 
C 

IMPLICIT REAIA*4 (A-N,O-Z) 

C 
C 
C t he  c o i l  and tube information. 
C 

Open the  f i l e  c rea ted  by program DBDSF and read i n  

OPEN(LOE,FILE-'FORT4O',STATUS='OLD') 
READ(LOE,*)NZT,NRT 
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w r i t e  ( 0 ,  *) nz t , n r t  
READ(LOE,*)DELTAZ,UELTAR 
READ (LOE , *) RCL 
READ(LOE,*)Rl,R2 
READ(LOE,*)C,L 
READ(LOE,*)A,B 

C 
C Calculate  the pos i t i on  of the  da ta  poin ts  i n  normalized u n i t s  
C 

DO 110 I-l,NZT+l 
XX(I)=REAL(I-l)*DELTAZ 

110 CONTINUE 
DO 120 I=O,NRT 
YY(I+1)=-((REAL(NRT)-REAL(I))*DELTAR) 

120 CONTINUE 
C 
C Set  the l abe l  flags f o r  the  contours 
C 

DO 130 I=1,10 
LBM(1)-0 

130 CONTINUE 
c 
C Read the da ta  s to red  by program DBDSF 
C 

140 
c 140 

c 

NI=O 
DSFMW-0. 
READ(LOE,*,END=lSO)N%,NR,DSFM 
READ(LOE,*,END=150)N%,NR,DUM,DSFM 
N I =N I +1 
IF(DSFM.GT.DSFMMAX)DSFMMKY=DSFM 
IF(NI.EQ.I.)DSFMMIN=DSFM 
I F ( DS FM . LT . DS FMMIN ) D S FMMIN=DS FM 
DSFMA(NZ+l,NR+l)=DSFM 
GO TO 140 

C Specify the  values  of the magnitude of the defec t  
C s e n s i t i v i t y  f ac to r  where the contours a r e  t o  be drawn. 
c 
150 VMGDSFMMAX-DSFMMTN 

CNDF=VMG/(NC+l) 
WRITE (0, *) DSFIQXY 
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 
PAUS E 

C 
C Cal l  the  necessary i n i t i a l i z a t i o n  rout ines  
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C 

C 
C 
C 

c 
C 
C 

c 
C 
C 

C 
C 
C 

NAME-'DBDSF.FIL' 
CALL DINIT(NAME) 

CALL DCTRDEF(1,1,1,1,1) 
CALL DPL0T(1.,1.,8.,4.,0.,0.8,-0.2,0.2,0.,0.) 

Draw the contours 

nz t-nz t+l 
nr t=nr t+l 
CALL DCNTOUR(XSCALE,XX,YY,DSFMA,CNM,LBM,NZT,NRT,NC,IDEF) 

Draw the tube 

x1=0. 
Y1-0. 
X2-0.8 
Y2-- (B-A) 
write( 0, *) j 2 
CALL DRTOI(X1,Yl,Il,Jl) 
CALL DRTOI(X2,Y2,12,J2) 
write(O,*)Il,Jl,I2,Jl 
CALL DLINE(I.l,J1,12,Jl) 
write(O,*)Il,Jl,I2,J1 
CALL DLINE(Il,J2,12,32) 
write(0, *) j 2 

Draw the coil 

x1-0.5* (C- L) 

X2=0.5*( C+L) 
Y1-RCL 

Y2-RCL+R2-R1 
CALL DRTOI(Xl,Yl,Il,J1) 
CALL DRTOI(X2,Y2,12,J2) 
write (0, *) j 2 
CALL DLINE(Il,J1,12,Jl) 
CALL DLINE(Il,J2,12,J2) 
CALL DLINE(Il,Jl,I1,J2) 
write(O,*)I2,Jl,I2,J2 
CALL DLINE(IZ,Jl,I2,J2) 
write(O,*)12,J1,12,J2 

Draw a dotted line on the plane between the coils 

x1-0. 
Y1-0. 
x2-0. 
Y2-- (€3-A) 
CALL DRTOI(XL,Y1,11,J1) 
CALL DRTOI(X2,Y2,12,J2) 



CALL DDASH(Il,Jl,T2,J2,1,10,10) 
CALL DFINIS 
write (0, *) j 2 
STOP 
END 
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DFBORAR calculates defect impedance change, average over depth 

Program DFBORAR c a l c u l a t e s  the change i n  the  normalized impedance of a 
d i f f e r e n t i a l  boreside c o i l  due t o  t h e  presence of a de fec t  in a single 
conducting tube ,  as shown i n  F ig .  15. The equations computed a r e  the  same 
a s  those f o r  the  de fec t  s e n s i t i v i t y  f a c t o r ,  with the  de fec t  volume 
included. The d i s t ance  t o  the de fec t  is measured from the  cen te r  of  the 
c o i l  assembly, and the  c e n t e r - t o - c e n t e r  d i s t ance  of the  c o i l s  is  denoted 
c .  The impedance d i f f e rence  between the  t w o  matched c o i l s  is: 

Z”, - Z l d  - Z Z d  141)  

Subs t i t u t ing  i n  from E q .  ( 2 9 )  f o r  the  impedance change of each c o i l  and 
using some t r igonometr ic  i d e n t i t i e s  gives f o r  the  normalized impedance 
d i f f e rence :  

The d e f i n i t i o n  of the  var ious  terms i n  E q .  ( 4 2 )  a r e  given i n  Eqs .  (30 )  
through ( 3 8 )  i n  t he  d iscuss ion  of the  absolute  boreside c o i l .  I t  performs 
the  ca l cu la t ions  f o r  a number of d i f f e r e n t  a x i a l  d i s tances  between the 
cen te r  of t he  coil ,  and the  d e f e c t ,  and it can d iv ide  the  de fec t  i n t o  a 
number of  p a r t s  arid c a l c u l a t e  the e f f e c t  of each p a r t  s epa ra t e ly .  The 
e f f e c t  of  the  de fec t  is averaged over the  depth of the  d e f e c t ,  and the 
de fec t  is moved from the probe center  ( z  - 0) outward i n  the  pos i t i ve  z 
d i r e c t i o n .  

Summarv 

1. Dimension a r r ays  and dec lare  va r i ab le  types.  
2 .  I n i t i a l i z e  v a r i a b l e s .  
3 .  Begin the  in t eg ra t ion .  Calculate  t he  expressions t h a t  a r e  

independent of  t he  pos i t i on  of the  de fec t .  
4 .  Se lec t  a value f o r  the  r a d i a l  d i s tance  between the de fec t  and the  

cen te r  of the  c o i l .  Do the  ca l cu la t ions  which depend only upon t h i s  
component of the  pos i t i on .  

5 .  Se l ec t  a value f o r  the  a x i a l  d i s tance  between the  de fec t  and the 
cen te r  o f  the  c o i l .  Complete the  ca l cu la t ions .  

6 .  Loop t o  5 u n t i l  done. 
7 .  Loop t o  4 u n t i l  done. 
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8 .  Output the r e s u l t s .  

Variables 

A number of  the  va r i ab le s  which OCCUK mainly in s ide  the  in t eg ra t ion  l oops  
do not correspond t o  anything physical .  These va r i ab le s  a r e  described in 
a sec t ion  a t  t he  end. S ta r red  va r i ab le s  must be assigned by the  use r .  

A 
B 
C' 

DELTAZ" 

DFDEP' 
DFD1h.M' 
DFM 

DFP 

DSF I 

DSFR 

F,REQ* 
I SIDE' 

L' 

LOR' 

LOR" 

LOTJ 

NRT" 

NZT' 

POW 

Q6 
R1' 

The normalized inner  rad ius  of the tube.  
The normalized outer  rad ius  o f  the  tube.  
The a x i a l  d i s tance  between the cen te r s  of t he  two 
c o i l s  a The value is  input  in inches and 
normalized by the  program. 
The normalized axial dis tance  between the  po in t s  
a t  which the  ca lcu la t ions  a r e  done. 
The depth o f  the  defec t  i n  the tube i n  inches.  
The diameter of the defec t  i n  the  tube i n  inches.  
The magnitude of the  normalized impedance change 
i n  the c o i l  due tso the  de fec t .  
The phase o f  the normalized impedance change i n  
the c o i l  due t o  the de fec t .  
The imaginary p a r t  of t he  defec t  s e n s i t i v i t y  
factor of the  c o i l .  
The real  p a r t  of the  defec t  s e n s i t i v i t y  f a c t o r  of 
the c o i l .  
The operat ing frequency i n  h e r t z .  
The s i d e  o f  the  tube where the defec t  i s  loca ted ,  
I f  ISIDE = 1, the  defec t  i s  on the outs ide  o f  the 
tube; i f  TSIDE = 2 ,  t he  de fec t  i s  on the  in s ide  
of the tube.  
The length of each c o i l .  The value i s  input i n  
inches and normalized by the program, 
The number of the I/O u n i t  connected t o  the  output 
da t a  file. 
The number of the  I/O u n i t  connected t o  a f i l e  
which contains  the  diameters and depths of the  
de fec t s  f o r  which ca l cu la t ions  a r e  t o  be 
performed. 
The number of the 1/0 u n i t  connected t o  the 
p r i n t e r .  
The t o t a l  number of p a r t s  centered along the ax i s  
of the defec t  i n t o  which the de fec t  i s  divided t o  
perform the ca l cu la t ions .  
The t o t a l  number of d i f f e r e n t  values  of the  a x i a l  
d i s tance  between the center  of the  c o i l  and the 
defec t  f o r  which ca l cu la t ions  a r e  performed. 
The depth of the defec t  expressed as a percentage 
of wall  thickness .  
The inductance i n  henr ies  of the c o i l  i n  a i r ,  
The inner  rad ius  of each c o i l ,  
i n  inches and normalized by the program. 

The value i s  input  
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R2' 

R 3  
RCL' 

RD 

RDT 

RHO1' 
TI' 

TRN" 
Ul' 
VOLN 
WUSRR 

ZD 

ZNDFI 

ZNDFR 

ZNIM 

ZNRL 

Notes 

The outer radius of each coil. 
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 defect (see note 1). 
The normalized depth to the bottom of the defect. 
A negative number. 
The electrical resistivity of the tube in pQ-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, 
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, 

The value is input 

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 workfng at any 
t h e  and the center of the coil. 
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Integration Section of Program DFBORAR 

Svmbol definitions 

The following are defiu 
variables which appear 
lengths are nornalized 

.itions of the symbols used t describe the program 
in the integration section of the program. All 
unless otherwise noted. 

Integration va r i ab 1 e 
Inner radius of the tube 

Outer radius of the tube 
Di-stance between the coil centers 
Integral o f  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 of order 1 
Modified Bessel function of the second kind of order 0 
Modified Bessel function of the second kind o f  order 1 
Length of the coil 
Relative magnetic permeability 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 
Electrical conductivity of the tube 
Thickness of the tube 
Axial distance between defect and probe center 
Angular operating frequency 

2 112 
( a 2 + j w g , F  > //I 

Variables appearing in the integration section 

Pro gram 
var i ab 1 e 

S ymh o 1 i c 
eauivalent 

A 1  a1 + exp(-al) - 1 

BIOA 

RIOB 

BI 1 A  

R I l B  

BIlIA 

BIlIH 

BIlIR 

BI 1RA 

BIlRB 
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BIlRR 

BKOA 

BKOB 

B K l A  

BKlB 

B K l I A  

BKlIB 

BKlIR 

BKlRA 

BKlRB 

BKlRR 

DDI 

DDR 

DFR 

DI1 

D12 

D I  3 

D14 

DNI 



1 7 8  

DNR 

DR1. 

DR2 

DR3 

D R 4  

s1 
SNI 

SNR 

S SR 

x 
x1 

X1A 

X1B 

X1R 

XA 

XB 

-‘ K ,  (aa) 
[ ~ l b I o ( a l b ) K l ( a 2 b ) - + ~ 2 b R , ( a , b ) T ,  ( a , h )  ] - __1------- I I, (a.2) 

XF 
4 1  
- -  1(r2,rl) s in (a1 /2 )  da 
TI a’ 
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XF1 

XF2 

XFACT 

XFACTl 

XFACT2 

XIR21 

XJR21 

XL 

xx 
xxxx 
Y1 

Y1A 

Y1B 

Y1R 

ZIOIA 

ZIOIB 

ZIOIR 

ZIORA 

ZIORB 

ZIORR 

ZKOIA 

ZKO I B 

ZKOIR 

ZKORA 

ZKORB 

ZKORR 

4 1  aC 

7r a' 2 

4 1  fXC 
- -  I ( r2 , r l )  sin(al/2) cos(-) da 
7T a3 2 

1 - I(r2,r1)sin(al/2) 
Q3 

4 1  OC 

x a' 2 

4 1  CYC 

A a3 2 

I(r2,rl) sin(aa/2> sin( ' - )  da 

I ( r z , r l )  sin(al/2) sin(- )sin(az) da - -  

I(rz,rl) sin(al/2) cos( - )cos(az) da - -  

1 
- a3 I ( r 2 , r l )  
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S a m p  1 e output 

The program DFBORAR c a l c u l a t e s  the  de fec t  s i g n a l  averaged over the  depth 
of the  de fec t  a t  d i f f e r e n t  d i s tances  along the  tube. The program can p l o t  
the  de fec t  impedance as the  tube is scanned and pick out  the  maximum 
magnitude. Below we show the  p r i n t e r  output of  a sample run where the  
maximum s i g n a l  i s  p r in t ed .  

DFBORNZ TIME 15:50: 5 DATE 8/15/89 
IN RAD OT RAD LENGTH F U D  CLR WALLTH '5 WALL C TO C TUB I R  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 1MPD:RL 0.116284 IM 0.580440 AIR IND 1.784137E-02 
NORM DSF:RId-1.0456E-04 IM-2.8334E-04 VOLN 3.0881E-04 
MAXIMUM MAG 0.5610D-04 PHA AT MAX MAG 27.37 OD DEFECT 

P a r t i a l  l i s t i n g  o f  output defec t  a x i a l  p o s i t i o n  (ZD), defec t  magnitude 
(DFM) and de fec t  phase (DFP) t h a t  i s  s e n t  t o  LOD f i l e  ( e i t h e r  FORT39 o r  

0.010 
0.020 
0.030 
0.040 
0.050 
0.060 
0.070 
0.080 
0.090 
0.100 
. . . . .  

If the  

BORSCN.DAT): 
0.4270D-05 
0.8517D-05 
0.1272D-04 
0.1684D-04 
0.2088D-04 
0.2479D-04 
0.28571)-04 
0.3218D-04 
0.3560D-04 
0.3881D-04 

30.24 
30.27 
30.31 
30.36 
30.42 
30.49 
30.55 
30.60 
30.64 
30.66 

roper p l o t t i n g  software has been i n s t a l l e d ,  a l o t  of  this da ta  
i s  made on the CRT and a hard copy can be obtained,  a s  shown i n  F ig .  17. 
The p l o t  forms one-half  t he  normal Lissajous p a t t e r n  one g e t s  i n  an eddy- 

cu r ren t  t e s t  with a d i f f e r e n t i a l  bobbin c o i l .  The second ha l f  can be 
obtained by r e f l e c t i n g  the  s igna l  i n  the  -z d i r e c t i o n ,  s ince  the  s igna l  
is  anti-symmetric.  The phases and magnitudes given i n  t h i s  r epor t  a r e  
referenced t o  the  X ax i s  being zero  phase and measured counterclockwise 
frornX axis ,  which i s  s tandard f o r  mathematics and e l e c t r i c a l  engineer ing.  
Standard eddy-current  p rac t i ce  i s  t o  measure the phase s h i f t  i n  a 
clockwise d i r e c t i o n  from the  -X a x i s .  Furthermore, the  phase i s  ro t a t ed  
u n t i l  the  probe wobble / f i l l  f a c t o r / l i f t - o f f  v a r i a t i o n s  lie i n  a hor i zon ta l  
d i r e c t i o n .  
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Listing 

c 
C 

C 

C 

PROGRAM DFBORAR 
VERSION August 16 ,  1989 
Program t o  tal-culate the norrnal.ized impedance change 
for a defec t  i n  a s h g l e  tube on a d i f f e r e n t i a l  boreside probe 

a s  the  probe scans pas t  the de fec t .  
of the defec t  over the  depth o f  the de fec t .  

The program averages the e f f e c t  

2-0.0 AT CENTER OF PROBE. 

REAL*8 L 
CHARACTER*l FF 
DIMENSION S1(6),S2(6),ERR(6) 
DIMENSION CX(200),GY(200),XFACT1(2~0),~FAG‘~~2(200) 
DIMENSION SMZDFRlA(200,30),SMZDFTEA(200,30) 
DIMENSION SMZDFR2A(200,30),SMZUFI2A(200,30) 
DATA LOU/8/,P1/3.141..592653/,LOa/39/,LOE/38/ 
DATA Sl/.OOS,.O2,,05,,l,.l~.5/ 
DATA S2/1.0,2.0,5.0,10.0,50.0,200.0/ 

DATA FREQ/ 4.OE2/,KZI01/3.84/,U1/1.0/ 
DATA TRN/400./,1SIDE/l/,DELTAZ/O.O1/ 
DATA MODE/l6/,NZT/l.OO/,NRT/20/ 
DATA OIM/50/,ORL/330/ 
FF-CIM ( 12 ) 

IMPLICIT REAL*8 (A-H,O-Z) 

DATA ERR/.1,.01,.001,~.E-4,l.E-S~l.E-lO/ 

OPEN(LOD,FILE=‘BORSCN.DAT’,STATUS=’NEW’) 
OPEN(LOE,FILE=‘BORDAT.DAT’,STATUS=’OLD‘) 

11 xMAx=o. 
YMAx=o . 
DFMMAX-0. 
DO 14 NZ=l,NZT 
DO 12 NR=l,NRT 
SMZDFRlA(NZ,NR)-0. 
SMZDFIlA(NZ,NR)=O, 
SMZDFR2A(NZ,NR)=O. 
SMZDFI2A(NZ,NR)-O. 

12 CONTINUE 
14 CONTINUE 

READ(LOE,*,END=lOOl)DFDIAM,DFDEP 
dfdiam=O.l 
dfdep=O . 1 
TIME AND DATE ARE PRINTED 
CALL GETTIM(IHR,IMN,ISE,IFR) 
CALL GETDAT(IYEt,IMO,IDA) 

WRITE(LOU,2)IHR,IMN,ISE,IMO,IDA,IYR 
IYR-IYR-1900 

2 FORMAT(‘ DFBORAR TIME ’,12,’:‘,12,’:’ 
*,I2,’ DATE ’,12,‘/’,12,‘/‘,12) 
WRITE(LOU,5) 

5 FOWT(5X,’IN RAD’,2X,‘OT RAD’,2X,’X.ENGTHP,2X,‘RAD CLR’ 
*,lX,’WALLTH’,2X,‘% WALL‘,2X,’C ‘TO C’,2X,’TUB IR‘,2X, ‘TUB OR‘) 
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R1-1.24 
R2-1.49 
k O .  265 
C-0.515 
RCkO .0575 
T1-0.22 
POW-(DFDEP/Tl)*lOO. 
A-R2+RCL 
B-A+Tl 

R3==0.5*(Rl+R2) 
WRITE(LOU,10)Rl,R2,L,RCL,Tl,POW,C,A,B 
Rl-R1/R3 

bL/R3 
C==C/R3 
RCL=RCL/R 3 
RDT-RDT/R3 
T 1-T1/R3 
A=A/R3 
B=B/R3 

VOW==PI*DFDIAM*DFDIADFDEP/(4.*R3*R3*R3) 
WUSRR-O.5093979*U1*R3*R3*FREQ/R.H01 
WRITE(LOU,15)Rl,R2,L,RCL,Tl,POW,C,A,B 

RDT=-DFDEP 

R2-2.O-Rl 

C VOLN-O.l666667*PI*(DFDIAM/R3)*(DFDIAM/R3)*(DFDI~/R3) 

10 FOMT('ACT ',5(F7.4,1X),F7.2,1X,3(F7.4,1X)) 
15 FORMAT('N0R ',5(F7.4,1X),F7.2,1X,3(F7.4,1X)) 

20 FORMAT(' RBAR',F7.4,' FREQ- ',lPE13.6,' RHO=',OPF9.4, 
WRITE(LOU,2O)R3,FREQ,RHOl,Ul,WUSRR 

*' PERM-',F7.3,' WUSRR=',F11.4) 
CALL QSMODE(M0DE) 
CALL GRID 

C DO 1000 NZ=l,EJZT 
C ZD=DELTAZ*NZ 

SMAIR=O. 0 
SMIMPR-0.0 
SMIMPI=O.O 
SMZDFR1-0.0 
SMZDFIZ-0.0 
SMZDFR2-0.0 
SMZDFI2-0.0 

C AIR-0 . 
C AII-0. 
C AUR-0. 
C AUI-0 . 

B1-0.0 
B242 (1) 
DO 100 JKkl,6 

30 RI9-SMAIR 
X-Bl- 0.5*S1 (JKL) 

C DETERMINE NUMBER OF STEPS,ISTEPS,BASED ON STEP SIZE&INTERVAL 
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ISTEPS-DNINT((B2-Bl)/Sl(JKL)) 
DO 90 I=l,ISTEPS 
X-X+Sl (JKL) 
CALL IJBSSL(X,R1,R2,XIR219XJR21) 
XL==X*L 
IF(XL.GT.5.0E-3) GO TO 60 
Al=XL*XL*(O.5-XL/6.0) 

60 IF(XL.GT.75.0) GO TO 70 
GO TO 80 

Al-XL+DEXP(-XL)-I.O 
GO TO 80 

70 AI-XL-1.0 
80 SMAIR=SMATR+2.*XJR21*XJR2l*A1*Sl(JKL) 

IF(X.GT.160,)GO TO 90 
xx-x*x 
xxxx=xx*xx 
Xl=DSQRT(0.5*(XX+DSQEtT(XXXX+WUSRR*~~SRR)))/Ul 

XA==X*A 
XB=X*B 
XlA=Xl*A 
Y 1A-Y I*A 
XlB=Xl*B 
Y 1B=Y 1*B 
CALL CMDBES(X1A,Y1A,ZIORA,ZIOIA,ZKORA,ZKOIA,BIlRA~BIlIA 

CALL CMDBES(X1B,Y~B,%IORB,ZIOIB,ZKORB,ZKOIB,BI~RB,BI1IB 

CALL BESI(XA,BIOA,BIlA) 
CALL BESK(XA,BKOA,BKlA) 
CALL BESI(XB,RIOB,BIlB) 
CALL BESK(XB,BKOB,BKlB) 

Yl-WuSRR/(2*X1*U1*U1) 

*,BKlRA,BKIIA) 

*,BKlRB,BKlIB) 

DR4=XB*BKOB*BKlRB-ZKORB*BKlB/lJl 
DI1=XB*BKOB*BK1IB-ZKOIB*BKlB/Ul 
DR2-ZIOW~BIlA/U1-XA*BIOA*B11RA 
DI2-ZIOIA*BIlh/U1-XA*BIOA*BI1IA 
DR3=XA*BIOA*BKlRA+ZKORA*BIlA/U1 
DI3-~*BIOA*BK1IA+ZKOIA*BIlA/Ul 
DR4=ZIORB*BKlB/U1+XB*BKOB*BIlRB 
DI4=ZIOIB*BK1B/U~+XB*BKO~*BI1IB 

DDI=DRl*DI2+DR2*DI1+DR3*DI4+DR4*DI3 
DDR=DRl*DR2-DIl*DI2+DR3*DR4-D13*DI4 

S N R = - B I 1 R A * D R 1 + B I 1 I k ~ D I 1 + B K I I A * D I 4  
SNI=-BI1IA*DR1-BIPRA*DI~+BK1RA*D~4+BKlIA*DR4 
DEN=DDR*DDR+DDI*DDI 
SSR~((SNR*DDR+SNI*DDI)/DEN-BK1A)/BIlA 
SSI-(SNI*DDR-SNR~DDI)/(BIlA*DEN) 
XFACT=XIR21*DSIN(XL/2.) 
SMIMPR-SMIMPR+8.*XFACT*XFACT*Sl(JKL)*SSR/€'I 
SMIMPI=SMIMPI+8.*XFACT*XFACT*S1(JKL)*SSI/PI 
XF=4.*XFACT*Sl(JKL)/PI 
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XF1-XF*DSIN(O.S*X*C) 
XF2=XF*DCOS(O.S*X*C) 
DO 89 NR-1,NRT 
RD-(REAL(NR)-O.5)*(RDT/REAL(NRT)) 
IF(ISIDE.EQ.1) THEN 
RD==B+RD 
ELSE 
m - A  - RD 
END IF 
XlR=X 1 *RD 
Y1R-Y l*RD 

CALL CMDBES(X1R,Y1R,ZIORR,ZIOIR,ZKORR,ZKOIR,BI1RR,BIlIR 
*,BKlRR.,BKlIR) 

DNR=BK1RR*DR4-BK1IR*DI4-BIlEtR*DRl+BI1IR*DI1 
DNI-BKlIR*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 
XFACTl(NZ)-XFl*DSIN(X*ZD) 
XFACT2(NZ)-XF2*DCOS(X*ZD) 

87 SMZDFRlA(NZ,NR)=SMZDFRlA(NZ,NR)+XFACTl(NZ)*DFR 
SMZDFIlA(NZ,NR)-SMZDF11A(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 
BZ-B2+S2 (JKL) 
CHECK=(SMAIR-R19)/SMAIR 
IF(ABS(CHECK).GT.ERR(JKL)) GO TO 30 

DO 990 NZ-1,NZT 
ZD-DELTAZ*NZ 
SMZDFR1-0. 
SMZDFI1-0. 
SMZDFR2-0. 
SMZDFI2-0. 
DO 120 NR=l,NRT 
SMZDFRL-SMZDFRl+SMZDFRlA(NZ,NR) 
SMZDFIl=SMZDFI1+SMZDFIlA(NZ,NR) 
SMZDFR2=SMZDFR2+SMZDFR2A(NZ,NR) 
SMZDFI2=SMZDFI2+SMZDFI2A(NZ,NR) 

SMZDFRf-SMZDFRl/NRT 
SMZDFIl=SMZDFIl/NRT 

100 CONTINUE 

120 CONTINUE 
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SMZDFR2=SMZDFR2/NKT 
SMZDFI2-SMZDFI2/NRT 

C WRITE(LOU,*)NZ,SMZDFRl,SMZDFIl. 
C WRITE(LOU,*)‘ ‘,SMZDFR2,SMZDFI2 

DSFR--l.S*WUSRR*(SMZDFRl*~MZDFR2-SM~~FI1*S~~~FI2)/(S~4~R*~l) 
DSFI=-1.5*WUSRR*(SM~DFRl*SMZDPI2+SMZDFR2*SMZDFIl)/(S~I~*PI) 

ZNIM=SMIMPR/SMAIR+l . 0 
ZNRk- SMTMPI/SMAIR 
ZNDFR=VOLN*DSFR 
ZNDFI=VOLN*DSFI 
IF(NZ.EQ.1.) WRITE(ZOU,140)ZNRL,ZNIM,46 
DFM=VOXN*SQRT(DSFR*DSFR+DSFI*DSFI) 
IF(ZD.EQ.O.0) 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.X) XMAX=ABS(CX(NZ)) 
IF(ASS(CY(NZ)).GT.Y) YMAX=ABS(CY(NZ)) 
IF (DFM . GT . DFWAX) THEN 
DFMMAX=DFM 
DFPMMAX=DFP 
END IF 
WRITE (LOD, 1 6  2) ZD , DFM , DFP 

135 Q6=0.0254*4.OE-7*TRN*T~*R~*P~*P~*S~IR/(L*(R2-~1))**2 

990 CONTINUE 

GIM=300. /YMAX 
GRL=300./XMAX 
IF(GIM.GT.GRL) THEN 
G IM=GRL 
ELSE 
GRL-GIM 
END IF 
IMl=GIM*CY(l)+OIM 
IRl=GRL*CX(l)+ORL 

C WRITE(LOU,lSO)ZNDFR,ZNDFI,DFM,DFY 
WRITE(LOU,160)DSFR,DSF19VOLN 
WRITE(LOU,164)DFW,DFPW 
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(IRl,IMl,IR2,IM2,15) 
IRI-IR2 
fMI-IEI2 

WRZTE(LOU,*) 
WBLTE(LOU,*) 
CALL BRTSG 
WECITE ( LOU, * ) FF 

1000 GONTfE;SlfE 

C GO. TQ 11 

140 FORKAT(‘ NORM IMPD:RL’,FlO.G,‘ IM‘,F10.6, 
*’ AIR. IND‘,lPE13.6) 

C 150 FORMAT(’ NORM CHG:RL ‘,OPF10.6,’ IM’,OPF10.6, 
C *‘ MAG‘,OPF10.6,’ PHA ‘,OPF7.2,\) 

160 FORMAT(’ NORM DSF:RLf,1PE11.4,’ IM‘,lPE11.4,’ VOLN’,lPE11.4) 

162 FOKMAT(F6.3,5X,Dl1.4,5X,F7.2) 
164 FORMAT(’ MAXIMUM MAG ‘,Dll.4,‘ PHA AT MAX MAG ’,F7.2,\) 

161 FORMAT(‘ ZD MAG PHA’ ) 

1001 END 
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CIRCUMFERENTIAL ENCIRCLXNG COIL PROGRAMS 

The programs in this section perform functions relating to the effect on 
an encircling coil of a defect in a single conducting tube. The types o f  
circumferential coils dealt with in this section are absolute encircling 
and differential encircling coils. Calculations of the normalized 
impedance change in these coils due to a defect in a single conducting 
tube are done by prograins ABENCAR and DFENCAR. Fig. 18 shows a 
differential coil encirclinR a tube. 

I 

ORNL-DWG 9 0 - 8 0 9 8  

Fig. 18. Differenti-a1 coil encircling 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. 

ORNL-DWG 90-810C 

I 

r2 I 
rl 

Fig. 19. Absolute coil encircling a tube in the presence of a defect .  

The normalized impedance for a coil encircling a tube, without the defec t ,  
is : 

and for the change in the normalized impedance due to the defect we have: 

where : 
€44)  
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The term I,,, i s  r e l a t e d  t o  the  a i r  inductance of the c o i l  and is :  

where J ( r z r r l )  = 

a r1 

( 5 3 )  

The program performs the ca l cu la t ions  f o r  a number of  d i f f e r e n t  a x i a l  
d i s t ances  between the  c o i l  and the  d e f e c t ,  and it can d iv ide  the  de fec t  
i n t o  a number of p a r t s  and c a l c u l a t e  t he  e f f e c t  o f  each p a r t  s epa ra t e ly .  
I n  the  inner  conductor, the  value o f  the  conduct ivi ty  u2 i s  taken as ze ro ,  
and the  r e l a t i v e  permeabili ty p 2  is  taken as u n i t y ,  s o  t h a t  /I2 becomes CY. 

These values  a r e  used i n  the  program, but  not i.n the de r iva t ion .  

Variables 

A number of  t he  v a r i a b l e s  which occur mainly il-tsi.de the  i n t e g r a t i o n  loops 
do not  correspond t o  anything physical .  These v a r i a b l e s  a r e  described i n  
a s e c t i o n  a t  the  end. S t a r r ed  va r i ab le s  must be assigned by the  use r .  

A The normalized inner radius  of  the  tube.  
B The normalized outer  radius  of the tube.  
DELTA%‘ The normalized a x i a l  dis tance between the  po in t s  

a t  which the  ca l cu la t ions  a r e  done. 
DFDEP’ The depth o f  the  de fec t  i n  the tube i n  inches.  
DFDIAM’ The diameter of t he  de fec t  i n  the  tube i n  inches.  
DFM The magnitude of the  normalized impedance change 

DFP The phase of the  normalized impedance change i n  
i n  the  c o i l  due t o  the  d e f e c t .  

the  c o i l  due t o  the  de fec t .  
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DSFI 

DSFR 

FREQ' 
ISIDE' 

L' 

LOD' 

LOE' 

LOU 

NRT' 

NZT' 

POW 

Q6 
Rl' 

R2' 

R 3  
RCL' 

RD 

RDT 

mol' 
T1' 

TRN' 
U1'  
VOLN 
WUSRR 

ZD 

The imaginary part of the deEect sensitivity 
factor of the coil. 
T%e 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 I S I D E - 1 ,  the defect is on the outside of the 
tube; if I S I D E - 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 1/0 unit connected to the output 
data file. 
The number of  the 1/0 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 1/0 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 the center of the coil 
and the defect.ISee note 1) 
The normalized depth to the bottom of the defect. 
A negacive number. 
The electrical resistivity o f  the tube in pha-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 o f  the coil 
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and the defec t . 
ZNDFI The imaginary part of the normalized impedance 

change in the coil due to the defect. 
ZNDFR The real part of the normalized impedance change 

in the coil due to the defect. 
ZNTM The imaginary part of the normalized impedance of 

the coil when no defects are present. 
ZNRk The real part of the normalized impedance o f  the 

coil when no defects are present. 

Integration Section of Program ABENCflR 

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 othemi-se noted. 

Integration variable 
Inner radius of the tube 
(a’+jwpa,?’) l f 2 / ~  

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 oE xJ,(x) with respect to x from QX, to ax, 
Bessel function of the first kind of order 1 
Integral of xK,(x) with respect to x from ax, to ax, 
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 o f  coil 
Outer radius of coil 
Axial distance between defect and coil center 
Angular operating frequency 

Variables aDpearing in the inteEration section 

Program Symbolic 
var i ab 1 e eauivalent 

A I  a1 -t exp(-aB) - 1 

BIOA Io(aa)  

BLOB I , (ab)  

BIlA 1, (aa) 

RIlB 1 1  ( a b )  
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BIZIA 

BIlIB 

BIlIR 

BIlRA 

BIlRB 

BI 1RR 

BKOA 

BKOB 

BKlA 

BKlB 

BKlIA 

BKlIB 

BKlIR 

BKlRA 

BKlRB 

BKlRR 

DDI 

DDR 

DFR 

DI1 
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DI 2 

D13 

D14 

DNI 

DNR 

DR1. 

DR2 

DR3 

DR4 

SI 

SNI 

SNR 

S SR 

X 

x1 

X1.A 

X1B 

X1R 
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XA 

XB 

XF2 

XFACT 

XFACT2 

XJR2 1 

xKR2 1 

XI, 

xx 
xxxx 
Y1 

Y1A 

Y1B 

Y1R 

Z I O I A  

ZIOIB 

ZIOIR 

ZIORA 

ZIORB 

ZIORR 

ZKOIA 

ZKO I B 

ZKO I R 

ZKORA 

ZKORB 

ZKORR 

aa 

ab 

2 1  

II iY3 
K ( r 2 , r l )  sin(al/2) da - -  

1 
- K(r,,r,)sin(ul/2) 
a3 

2 1  
A CY3 

K ( r 2 , r i )  s in(al /2)  cos(az)da - -  

aa 

a2 

a' 

I m [ a 1 1  
I m  [ a,a 

I m [ a , b  

I m  [ o,r 
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Sample output 

Output sent to printer: 

ABENCAR TIME 6:34:51 DATE 8/18/89 
IN RAD OT RAD LENGTH RhD CLR WALLTH 3 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 0,11.45 45.45 0.8056 0.9201 
RRAR 1.9210 FREQ- 4.00000OE+O2 RHO= 3.8400 PEW= 1.000 WlJSRR= 195.8126 
NORM 1MPD:RL 0.135056 IM 0.494500 AIR IND 1.826299E-02 
NORM DSF:RL 2.8462E-04 IM-1.0838E-04 VOLN 1.10793-04 
MAXIMUM MAG 0.18451)-03 €'HA AT MAX MAG 87.61 OD DEFECT 

Partial listing o f  output defect- axial. position ( Z D ) ,  defect magnitude 
(DFM) and defect phase (DFP) that is sent to LOB file (eitiher 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 

0.1845D-03 
0.18321)-03 
0.1793D-03 
0.1729D-03 
0.1642D-03 
0.1537D-03 
0.1420D-03 
0.12961)-03 
0.1172D-03 
0.10521)-03 
0.9405D-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 p l o t s  the output on the CRT,  and a plot similar to F i g .  
17 can be obtained. The phases and magnitudes given in this report are 
referenced to the X axis being zero phase arid 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 i.xi a horizontal 
direction. 
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L i s t i n g  

PROGRAM ABENCAR 
C VERSION August 17, 1989 
C Program t o  c a l c u l a t e  the normalized impedance change Ln 
C an absolu te  e n c i r c l i n g  c o i l  due t o  a de fec t  
C i n  a s i n g l e  tube as the  coil scans pas t  the defect .  The 
C program averages the  e f f e c t  of the  de fec t  over the  depth 
C of the d e f e c t .  
C 
C Z=O.O AT CENTER OF COIL. 

IMPLICIT REAL*8 (A-H,O-2) 
REAL*8 L 
CHARACTER*l FF 
DIMENSION S1(6),S2(6),ERR(6) 
DIMENSION CX(0:200),CY(O:200),XFACT2(0:200) 
DIMENSION SMZDFRA(O:200,30),SMZDFIA(O: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 FREQ/ 4.0E2/,RHO1/3.84/,Ul/l.O/ 
DATA TRN/32!5./,ISIDE/l/,DELTAZ/o.O1/ 
DATA MODE/l6/,NZT/lOO/,NRT/20/ 
DATA OIM/50/,ORL/330/ 
FF=CHA.R( 12) 
OPEN(LOD,FILE-'ENCSCN-DAT' ,STATUS-'NEW') 

DATA ERR/.1,.01,.001,1.E-4,1.E-5,l.E-1O/ 

C OPEN(LOE,FILE='ENCDAT.DAT' ,STATUS-'OLD') 
11 xMAx=o. 

YMAX-0. 
DFMMAX-0 . 
DO 14 NZ=O,NZT 
DO 12 NR=l,NRT 
SMZDFRA (NZ , NR) -0, 
SMZDFIA(NZ,NR)-0. 

12 CONTINUE 
14 CONTINUE 

C READ(LOE,*,END-lOOl)DFDIAM,DFDEP 
dfdiam-0.1 
dfdep-0.1 

CALL GETTIM(IHR,IMN,ISE,IFR) 
CALL GETDAT(IYR,IMO,IDA) 

WRITE(LOU,2)IHR,IMN,ISE,IMO,IDA,IYR 

C TIME AND DATE ARE PRINTED 

IYR-IYR-1900 

2 FORMAT(' ABENCAR TIME ',12,':',12,':',12 
*, '  DATE ',12,'/',12,'/',12) 
WRITE(LOU,5) 

5 FORMAT(SX,'IN RAD',2X,'OT RAD',2X,'LENGTH',2X,'RAD CLR' 
*,lX,'WALLTH',2X,'% WALL',2X,'TUB IR',2X,'TUB OR') 
R1-1.775 
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R2=2.067 
L-0.265 
RCIrO. 0075 
T1=0. 22 
POW-(DFDEP/T1)*100. 
B=R1 -RCL 
A=B - T1 
RDT=-DFDEP 
R3=0.5*(Rli-R2) 
WRITE(LOU,10)R1,R2,L,RC14,T1,POW,A,H 
Rl=Rl/R3 

L=L/R3 
RCL=RCL/R3 
RDT=RDT/R3 
RD=RD/R3 
T 1 =T 1 /R3 
A=A/R3 
B=B/R3 

VOLN=PI*DFDIAfl*DFDIAM*DFDEP/(4.*R3*R3*R3) 
WUSRR=O.5093979*Ul*R3*R3*FREQ/RHOl 
WRITE(LOU,~~)R~,R~,L,RCL,T~,PCIW,A,B 

R2=2.O-R1 

C VOLN=0.1666667*PI*(DFDIAM/R3)~(D~DI~~/R3)*(DFD~A~l/R3) 

10 FORMAT(’ACT ‘,5(F7.4,1X),F7.2,1X,3(F7.4,1X)) 
15 FORMAT(‘N0R ‘,5(F7.4,1X),F7.2,1X,3(F7.4,1X)) 

20 FORMAT(’ RBAR’,F7.4,‘ FREQ= ‘ , 1 P E 1 3 . 6 , ’  RHO=’,OPF9.4, 
WRITE(LOU,20)R3,FREQ,IU-lOl,Ul,WUSRR 

*‘ PERM=’,F7.3,’ WUSRR-’,F11.4) 
CALL QSMODE(M0DE) 
CALL GRID 
SMAIR=O . 0 
SMIMPR-0.0 
SMIMYI=O.O 
SMZDFR=O.O 
SMZDFI=O.O 

C AIR-0 . 
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*Sl(JKL) 

C DETERMINE NUMBER OF STEPS,ISTEPS,BASED ON STEP SIZE&PNTERVAL 
ISTEPS=DNINT((B2!-Bl)/Sl(JKL)) 
DO 90 I=l,ISTEPS 
X=X+S1 (JKI,) 
CALL KJBSSL(X,Rl,R2,XKRILl,XJR21) 
XL=X*L 
IF(XL.GT.5.0E-3) GO TO 60 
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Al-XL*XL*(O.S-XL/6.0) 
GO TO 80 

60 IF(XL.GT.75.0) GO TO 70 
Al=XL+DEXP(-XL)-l.O 
GO TO 80 

70 A1-XL-1.0 
80 SMAIR==SMAIR+2.*XJR21*XJR2l*A1*S1(JKL) 

IF(X.GT.lGO.)GO TO 90 
xx==x*x 
xxxx-xx*xx 
Xl-DSQRT(O.5*(XX+DSQRT(XxXX+WUSRR*WUSRR)1 

XA-X*A 
XB=X*B 
XlA-Xl*A 
YlA-Yl*A 
XlB-Xl*B 
Y 1 B-Y 1 *B 
CALL CMDBES(X1A,Y1A,ZIORA,ZIOIA,ZKORA,ZKOIA,BIlEW,BI1IA 

CALL CMDBES(X1B,Y1B,ZIORB,ZIOIB,ZKORB,ZKOIB,BIlRB,BIlIB 

CALL BESI(XA,BIOA,BIlA) 
CALL BESK(XA,BKOA,BKlA) 
CALL BESI(XB,BIOB,BIlB) 
CALL BESK(XB,BKOB,BKlB) 

Y1-wusRR/(2*x1*u1*ul) 

*,BKlRA,BKlIA) 

*,BKlRB,BKlIB) 

DR1-XB*BKOB*BK1RB-ZKORB*BKlB/Ul 
DI1~XB*BKOB*BK1IB-ZKOIB*BKlB/U1 
DR2~ZIORA*BIPA/U1-XA*BIOA*BIlRA 
DI2=ZIOIA*BI1A/U1-XA*BIOA*BI1IA 
DR3==XA*BIOA*BK1RA+ZKORA*BI1A~1 
DI3=XA*BIOA*BK1IA+ZKOIA*BI1A/U1 
DR4=2IORB*BK1B/U1+XB*BKOB*BIlRB 
DI4-ZIOIB*BK1B/U1+XB*BKOB*BI1IB 
DDR=DRl*DR2-DI1*DI2+DR3*DR4-D13*DI4 
DDI=DR1*DI2+DR2*DI1+DR3*DI4+DR4*DI3 
SNR=BK1RB*DR2-BK1IB*DI2+BIlRB*DR3-BIlIB*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)/(BK1B*DEN) 
XFACT=XKR21*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-1,NRT 

IF(ISIDE.EQ.1) THEN 
RD-B+RD 
ELSE 

RD-(REAL(NR)-O.s)*(RDT/REAL(NRT)) 
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RD-A - RD 
END IF 
X1R=X1 *RD 
Y 1R=Y 1 *RD 

CALL CMDBES(X1R,Yl.R,ZIORRZR,ZIOIR,ZKORR,ZKOIR,B~~RR,BIlIR 
*,BKlRR,BKlIR) 

DNR=BKlRR*DR2-BK1IR*DI2+BI1RR*D~3-B111R*DI3 
D N I = B K 1 I R * D R 2 + B K 1 R D I 2 + B I 1 I R * D R 3 + B I ~ R R * D I 3  
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*DCQS(X*ZD) 

87 SMZDFRA(NZ,NR)=SMZDFRA(NZ,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) 

IF(ABS (CHECK) . GT ~ ERR( JKL) ) GO TO 30 

DO 990 NZ=O,NZT 
ZD=DELTAZ*NZ 
SMZDFR=O . 
SMZDFI=O . 
DO 120 NR=l,NRT 
SMZDEK=SMZDFR+SMZDFM(NZ,NK) 
SMZDFI=SMZDFI+SMZDFIA(NZ,NR) 

SMZDFR=SMZDFR/NRT 
SMZDFI=SMZDFI/NRT 

CHECK=(SMAIR-RIg)/SMAIR 

100 CONTINUE 

120 CONTINUE 

C WRITE(LOU,*)NZ,SMZDFR,SMZDFI 
DSFR=-1.5*WUSRR*(SMZDFR~SMZDFR-SMZD~I*SMZD~I)/(S~IR%PI) 
DSFX=-1.5*WUSRR*2.0*SMZDFR~SMZDFI/(SMAIR*PI) 

135 Q6=0.0254*4.OE-7*TRN~T~*K3*PI*~I*S~IR/(L~(R2-R~))**2 
ZNIM=SMIMPR/SMAIR+l.O 

ZNDFR=VOLN*DSFR 
ZNDFI=VOLN*DSFI 
IF(NZ.EQ.0) WRITE(LOU,140)ZNRL,ZNIM,Q6 
DFM-VOIN*SQRT(DSFR*DSFR+DSFI*DSFI) 
DFP=ATAN2(DSFI,DSFR) 
CX(NZ)-DFM*COS(DFP) 
CY(NZ)-DFM*SIN(DFP) 
DFP=DFP*(180./PI) 

ZNRG-SMIMPI/SMAIR 



201 

IF(ABS(CX(NZ)).GT.X) XMAX=ABS(CX(NZ)) 
IF(ABS(CY(NZ)).GT.Y) YMAX-ABS(CY(NZ)) 
IF(DFM.GT.DFMMAX) THEN 
DFMMX-DFM 
DEP1VIMAX=DFP 
END IF 
WRITE(LOI>,162)ZD,DFM,DFP 

GIM==30Q. /yKAx 
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,15O)ZEJDFR,ZNDFI,DFM,DFP 
WRITE(LOU,160)DSFR,DSFI,VOLN 
WRITE(LOU,l64)DFMMAX,DFPE.IMAX 
IF(ISIDE.EQ.1) THEN 
WRITE(LOU,*)’ OD DEFECT’ 
ELSE 
WRITE(LOU,*)’ ID DEFECT’ 
END IF 

990 CONTIWUE 

DO 1000 NZ-1,NZT 
IM2=GIM*CY(NZ)+OIM 
IR2==GRL*CX(NZ)+ORL 
CALL QLINE(IRl,IM1,IR2,1M2,15) 
IRl=IR2 
IMl-IM2 

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

1000 CONTINUE 

C GO TO 11 

140 FORMAT(’ NORM IMPD:RL’,F10.6,‘ IM’,F10.6, 
*’ AIR IND’,lPE13.6) 

C 150 FORMAT(‘ NORM CHG:RL ‘,OPF10.6,’ IM’,OPF10.6, 
c *’ MAG‘,OPF10.6,’ PHA ’,OPF7.2) 
160 FORMAT(’ NORM DSF:RL’,lPE11.4,’ IM’,lPE11.4,‘ VOLN’,lPE11.4) 

162 FORMAT(F6.3,5X,D11.4,5X,F7.2) 
164 FORMAT(’ MAXIMUM MAG ”D11.4,‘ PHA AT MAX MAG ‘,F7.2,\) 

161 FORMAT(’ ZD MAG PHA’ ) 

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 

1 
I 

rl 

r 

Fig. 20. Cross sectional view of a differential encircling probe. 

The distance to the defect is measured from the center of the coil 
assernhl.y, and the center-to-center distance of  the coils is denoted c .  
The impedance difference between the two marched coils is: 

Substituting in from E q .  (29) for the impedance change of each coil and 
using some trigonometric identities gives for the normalized impedance 
difference: 
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The d e f i n i t i o n s  of the  var ious terms i n  E q .  (55) a r e  given i n  E q s .  ( 4 5 )  
through (53)  i n  t he  d iscuss ion  of  t he  absolu te  e n c i r c l i n g  c o i l .  The 
program performs the ca l cu la t ions  f o r  a number of d i f f e r e n t  a x i a l  
d i s tances  between the  center  of the  c o i l  and the  de fec t ,  and i t  can divlde 
the  de fec t  i n t o  a number of p a r t s  and c a l c u l a t e  the  e f f e c t  of each p a r t  
s epa ra t e ly .  

Summary 

1 .  Dimension a r r ays  and dec lare  va r i ab le  types.  
2 .  I n i t i a l i z e  va r i ab le s .  
3 .  Begin the  in t eg ra t ion .  Calculate  the  expressions t h a t  a r e  

independent o f  the  pos i t i on  of the de fec t .  
4 .  Se lec t  a value f o r  the r a d i a l  d i s tance  between the  de fec t  and the 

cen te r  of the  c o i l .  Do the  ca l cu la t ions  which depend only upon t h i s  
component of t he  pos i t i on .  

5 .  S e l e c t  a value f o r  the  a x i a l  d i s tance  between the  de fec t  and the 
cen te r  o f  t he  c o i l .  Complete the  ca l cu la t ions .  

6 .  Loop t o  5 u n t i l  done. 
7 .  Loop t o  4 u n t i l  done. 
8 .  Output the  r e s u l t s .  

Variables  

A number of  t he  va r i ab le s  which occur mainly in s ide  the in t eg ra t ion  l o o p s  
do not  correspond t o  anything phys ica l .  These va r i ab le s  a r e  descr ibed i n  
a s ec t ion  a t  the  end. S ta r red  va r i ab le s  must be assigned by the  use r .  

A The normalized inner  radius  of the  tube.  
B The normalized outer  radius  of the tube.  
c' The a x i a l  d i s tance  between the  cen te r s  of the  t w o  

c o i l s .  The value i s  input  i n  inches and 
normalized by the  program. 

DELTAZ' The normalized a x i a l  d i s tance  between the  po in t s  
a t  which the  ca l cu la t ions  a r e  done. 

DFDEP' The depth of the  defec t  i n  the  tube i n  inches.  
DFDIAM' The diameter of the  de fec t  i n  tlhe tube i n  inches.  



L' 

LOD' 

LOE' 

LOU 

NRT' 

NZT' 

POW 

46 
R1' 

R2 '  

R 3  
RCL' 

RD 

KDT 

RHO1' 
T1' 

TRN' 
U1' 
vom 
WUSRR 

D FM The magnitude of the normalized impedance change 
i n  the c o i l  due t o  the defec t .  

DFP The phase of the normalized impedance change i n  
the c o i l  due t o  the defec t .  

DSFI The imaginary p a r t  of the defect  s e n s i t i v i t y  
f ac to r  of  the c o i l .  

DSFR The r e a l  p a r t  of  the defec t  s e n s i t i v i t y  f ac to r  of 
the c o i l .  

FREQ' The operating frequency i n  h e r t z .  
ISIDE' The s ide  of the tube where the defec t  i s  loca ted .  

I f  ISIDE = 1, the defect  i s  on the outs ide of the 
tube; i f  ISIDE = 2 ,  the defec t  i s  on the ins ide  
of the  tube. 
The length of each c o i l .  The value i s  input i n  
inches and norinalized by the program. 
The number of  the 1/0 u n i t  connected t o  the output 
da ta  f i l e .  
The number of the 1/0 u n i t  connected t o  a f i l e  
which contains the diameters and depths of  the 
defec ts  f o r  which cal.culations a r e  to  be 
performed. 
The number of the I/O u n i t  connected t o  the 
p r i n t e r .  
The t o t a l  number of p a r t s  centered along the ax i s  
of the defect  i n to  which the defect  i s  divided t o  
perform the ca lcu la t ions  
The t o t a l  number of d i f f e r e n t  values of the a x i a l  
dis tance between the center  of  the c o i l  and the 
defect  f o r  which ca lcu la t ions  a r e  performed. 
The depth of  the defect  expressed a s  a percentage 
of w a l l  th ickness .  
The inductance i n  henries  of  the c o i l  i n  a i r .  
The inner radius  of each c o i l .  The va1.ue i s  input  
i n  inches and normalized by the program. 
The outer  radius  of  each c o i l .  The value i s  input 
i n  inches and normalized by the program. 
The mean radius  of  each c o i l  i n  inches.  
The dis tance between the ins ide  of the c o i l  and 
the outs ide wall  of the tube.  The value i s  input 
i n  inches and normalized by the program. 
The r a d i a l  dis tance between the center  of the c o i l  
and the defec t  (see note I). 
The normalized depth t o  the  bottom of the defec t .  
A negative number. 
The e l e c t r i c a l  r e s i s t i v i t y  of the tube i n  phl-cm. 
The thickness of  the tube wal l .  The value i s  
input i n  inches and normalized by the program. 
The number o f  turns  i n  each c o i l .  
The r e l a t i v e  magnetic permeabili ty of the tube.  
The normalized volume of  the defec t .  
The product of  the angular operating frequency, 
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t he  magnetic permeabi l i ty  of t he  tube,  t he  
e l e c t r i c a l  conduct iv i ty  of the tube,  and t h e  
square of t he  mean rad ius  of  the  c o i l .  

ZD The a x i a l  d i s tance  between the  cen te r  of the  c o i l  
and the  de fec t .  

ZNDFI The imaginary p a r t  of the normalized impedance 
change i n  t h e  coil due t o  the  d e f e c t .  

ZNDFR The r e a l  p a r t  of the  normalized impedance change 
i n  the  c o i l  due t o  the  de fec t .  

Z N I M  The imaginary p a r t  of the  normalized impedance of 
t h e  c o i l  when no de fec t s  are p resen t .  

ZNRL The r e a l  p a r t  of the normalized impedance of the  
c o i l  when no de fec t s  a r e  present .  
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Integration section of Program DFENCAR 

Symbol de f ini t ions 

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. 

Integration variable 
Inner radius of the tube 

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 of the first kind of  order 1 
Integral. of  xJl(x) with respect to x f rom ax, to ax, 
Bessel function of the first kind of order 1 
Integral of xK,(x) with respect: t o  x f rom ax, to ax, 
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 
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 
Axial distance between defect and probe center 
Angular operating frequency 

(a’+jopu,T’) l’Z/p 

Variables aDpearing in the inteEration section 

Pro gram 
variable 
A1 

BIOA 

B I O B  

BI 1A 

BI 1 B  

BIlIA 

B I l I B  

BIlIR 

B I l R A  
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BIlRR 

BKOA 

BKOB 

BKlA 

B K l B  

BKlIA 

BKlIB 

BKlIR 

BKlRA 

BKlRB 

BKlRR 

DD I 

DDR 

DFR 

DI1 

D12 

DI 3 

D14 
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D N I  

DNR 

DR1 

DR2 

DR3 

DR4 

s1 
SNT. 

SNR 

SSR 

X 

x1 

X1A 

X1B 

X1R 

XA 

XB 

XFACT 
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X F A C T l  

XFACT2 

XJR2 1 

xKR2 1 

XL 

xx 
xxxx 
Y1 

Y1A 

Y1B 

Y1R 

Z I O I A  

Z I O I B  

ZIOIR 

ZIORA 

ZI ORB 

ZIORR 

ZKOIA 

ZKO I B 

ZKOIR 

ZKORA 

ZKORB 

ZKORR 

4 1  
I- K(r2,rl)  sin(aI/2) sin(ac/2) sin(az)da 
7c a3 

.41 
-I K ( r 2 , r l )  sin(aI/2) cos(ac/2) cos(az)dcr 
lr CY3 

aR 

a2 

a4 

Sample output 

A sample of the printer output  is given below: 
DFENCAR T I M E  11:32: 0 DATE 8/18/89 

I N  RAD OT RAD LENGTH RAD CLR WALLTH % WALL C TO C TUB I R  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 1MPD:RL 0.135056 I M  0.494500 AIR IND 1.826299E-02 
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NORM DSF:RL 3.334OE-04 IM-2.1253E-04 VOLN 1.1079E-04 
MAXIMUM MAG 0.1826D-03 PHA AT MA;3 MAG 91.17 OD DEFECT 

Pa r t i a l  l i s t i n g  o f  output de fec t  a x i a l  p o s i t i o n  ( Z D ) ,  de fec t  magnitude 
(DFM) and de fec t  phase (DFP) t h a t  is  s e n t  to LOD f i l e  ( e i t h e r  FORT39 o r  
ENCSCN.DAT): 

0.010 
0.020 
0.030 
0.040 
0 .050  
0.060 
0.070 
0.080 
0.090 
0.100 

0.1723D-04 
0.3455D-04 
0.5201D-04 
0.6962D-04 
0.87281)-04 
0.1047D-03 
0.1216D-03 
0.1373D-03 
0.1513D-03 
0.1631D-03 

0.8304Di02 
0.8350D+02 
0.842SD+02 
0.8524D+02 
0.8641D+Q2 
0.8766D+02 
0.8888D+02 
0.8996Di-02 
0.9083D+02 
0.9144D+02 

. . . . . . . 

If the  proper p l o t t i n g  software has been i n s t a l l e d ,  a p l o t  of these data  
i s  made on the CRT and a hard copy can be obtained, as shown i n  Fig.  2 1 .  
The p l o t  forms one-half  the  normal L i s s a j o u  p a t t e r n  one ge t s  i n  an eddy- 
cu r ren t  t e s t  with a d i f fe ren t i -a1  bobbin c o i l .  The second h a l f  can be 
obtained by r e f l e c t i n g  the s i g n a l  i n  the  - z  d i r e c t i o n ,  s ince  the s i g n a l  
is anti-symmetric. The phases and magnitudes given i n  chis  report: a r e  
referenced t o  the  X a x i s  being zero phase and measured counterclockwise 
from X a x i s ,  which i s  standard f o r  mathematics and e l e c t r i c a l  engineering. 
Standard eddy-current p r a c t i c e  i s  t o  measure the  phase sh i f t :  i n  a 
clockwise d i r e c t i o n  from the  -X axis .  Furthermore, the  phase i s  ro t a t ed  
u n t i l  the  probe wobble/f i l l  f a c t o r / l i f t - o f f  v a r i a t i o n s  l i e  i n  a ho r i zon ta l  
d i r e c t i o n .  
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21.  P l o t  o f  de fec t  s igna l  on complex impedance plane a s  the  defec t  
is moved from t h e  probe center  i n  the  p l u s  z d i r e c t i o n .  
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Listing 

PROGRAM DFENCtkR 
C VERSION July 11, 1988 
C PROGRAM TO CALCULATE THE NQRMALlZED IMPEDANCE CHANGE 
C FOR A DEFECT IN A SINGLE TUBE WITH AN ENCIRCLING COIL 
C Z-0.0 AT CENTER OF COIL.  

IMPLICIT REAL*8 (A-H,O-2) 
REAL*8 L 
CHARACTER*kL FF 
DIMENSION S1(6),S2(6),ERR(S) 
DIMENSION CX(200),CY(200) 
DIMENSION SMZDFR1A(200,30),SfZDFIlA(200,30) 
DIMENSION SMZD??R2A(200,30),SMZDFI2A(200,30) 
DATA LOU/8/,PI/3.341592653/,LOD/39/,LOE/38/ 
DATA Sl/.005,.O2,.05,.l,.l8 . 5 /  
DATA S2/1.0,2.0,5.0,10.0,50~0~200.0/ 

DATA FREQ/ 4.OE2/,RHOl/3.84/,Ul/l.O/ 
DATA TRN/325./,ISIDE/1/,DELTAZ/0.01/ 
DATA MODE/l6/,NZT/lOO/,NRT/20/ 
DATA OIM/50/,ORL/330/ 
FF=CHAR ( 12 ) 

OPEN(LOE,FILE-’ENCDAT.DAT’ ,STATUS==’OLD‘) 
11 xMAx=o. 

w = o  . 
DFMJMX=O. 
DO 14 NZ-1,NZT 
DO 12 NR=l,NRT 
SMZDFRlA(NZ,NR)=O. 
SMZDFIlA(NZ,NR)=O. 
SMZDFR2A(NZ,NR)=O. 
SMZDFI2A(NZ,NR)=O. 

DATA ERR/.1,.01,.001,1.E-4,1.E-5,1.E-10/ 

C OPEN(LOD,FILE=’ENCSCN.DAT‘,STATUS=’NEW’) 

12 CONTINUE 
14 CONTINUE 

READ(LOE,*,END=lOOl)DFDIAM,DFDEP 

CALL GETTIM(IHR,IMN,ISE,IF‘R) 
CALL GETDAT(IM,IMO,IDA) 

WRITE(LOU,2)IHR,IMN,ISE,IMO,IDA,IYR 

C TIME AND DATE ARE PRINTED 

IYR=IYR-1900 

2 FORMAT(‘ DFENCAR TIME ’,12,’:‘,12,’:’,12 
* , ’  DATE ’,12,’/‘,12,’/’,12) 
WRITE(LOU,5) 

5 FORMAT(SX,‘IN RAD’,2X,‘OT RAD‘,2X,’LENGTHr,2X,’RAD CLR’ 
*,1X,‘WALLTHr,2X,‘% WALL‘,2X,‘C TO C’,2X,’TUB IRr,2X,’TUB OR‘) 
Rl=l. 775 
R2=2.067 
b o .  265 
C-0.515 
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RCL-Q .007 5 
T1-0.22 
POW-(DFDEP/T1)*100. 
B-Rl- RCL 
A-B-TI 
RDT- - DFDEP 
R3-0.5*(Rl+R2) 
WRITE(LOU,lO)Rl,R2,L,RCL,T1,POW,C,A,B 
Rl==Rl/R3 
R2-2.O-Rl 
L=L/R3 
C-C/R3 
RCL=RCL/R3 
RDT==RDT/R3 
RD==RD/R3 
T 1-T 1/R3 
A==A/R3 
B-B/R3 

VOLN=PI*DFDIAM*DFDIAM*DFDEP/(4.*R3*R3*R3) 
WUSRR-O.5093979*Ul*R3*R3*FREQ/MO1 
WRITE(LOU,lS)Rl,R2,L,RCL,Tl,POW,C,A,B 

C VOLN-O.l666667*PI*(DFDIAM/R3)*(DFDIAM/R3)*(~FDI~/R3) 

10 FORMAT('ACT ',5(F7.4,1X),F7.2,1X,3(F7.4,1X)) 
15 FORMAT('N0R ',5(F7.4,1X),F7.2,1X,3(F7.4,1X)) 

20 FORMAT(' RBAR',F7.4,' FREQ- ',1PE13.6,' RHO-',OPF9.4, 
WRITE(LOU,20)R3,FREQ,RHO1,Ul,WSRR 

*' PERM==',F7.3,' WUSRR-',F11.4) 
CALL QSMODECMODE) 
CALL GRID 

C DO 1000 NZ-1,50 
C ZD-O.04JCNZ 

SMAIR-0.0 
SMIMPR=O.O 
SMIMPI-0.0 
SMZDFR1-0.0 
SMZDFI1-0.0 
SMZDFR2=O.O 
SMZDFI2-0.0 

C AIR=O. 
C AI 1-0. 
C AUR-0. 
C AUI-0 . 

B1-0.0 
B242 (1) 
DO 100 JKkl,6 

30 RI9-SMAIR 
X=Bl-O,5*Sl(JKL) 

ISTEPS-DNINT((B2-Bl)/Sl(JKL)) 
DO 90 I-1,ISTEPS 
X-X+Sl (JKL) 

C DETERMINE W E E R  OF STEPS,ISTEPS,BASED ON STEP SIZE&INTERVAL 
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CALL KJBSSL(X,Rl,R2,XKR21,XJK21) 
XL-X*L 
IF(XL.GT.5.OE-3) GO TO 60 
AZ=XL*XL*(0.5-XL/6.0) 
GO TO 80 

60 IF(XL.GT.75.0) GO TO 70 
AI-XL+DEXP(-XL)-l.O 
GO TO 80 

70 Al=XL-1.0 
80 SMAIR=SMATR.+2.*XJR21*XJR21*Al*Sl(JKL) 

IF(X.GT.l60.)GO TO 90 
xx=x*x 
xxxx-xx*xx 
Xl=DSQRT(0.5*(XX+USQRT(XXXX+WSRR*WSRK)))/Ul 

XA=X*A 
XB=X*B 
X1A=X1*A 
Y 1A=Y l*A 
XlB=Xl*B 
Y 1B=Y1*B 
CALL CMDBES(X1A,Y1A,ZIOR,ZIOIA,ZKORA,ZKOIA,~BIlI~4 

CALL CMDRES(X1B,Y1B,ZIORB,ZIOIB,ZKORB,ZKOIB,BIlRB,BI~~B 

CALL BESI(XA,BIOA,BIlA) 
CALL BESK(XA,BKOA,BKlA) 
CALL BESI(XB,RIOB,BIlB) 
CALL BESK(XB,BKOB,BKlB) 

Y1=WuSRR/(2*X1*U1*U1) 

*,BKlRA,BKlIA) 

*,BKlRB,BKlIB) 

DR1=XB*RKOB*BKlRB-ZKORB*BKlES/Ul 
DI1=XB*BKOB*BKlIB-ZKOIB*BKlB/UI 
DR2=ZIORA*BI1A/UP-XA*.BIOA*BI1RA 
DI2=ZIOIA*BI1A/U1-XA*BIOA*BIlIA 
DR3=XA*BIOA*BKLR+ZKORA*BIlA/U1 
D13=XA*BIOA*BKlIA+ZKOIA*BI1A/Ul 
DR4=ZIORB*BKlB/U1+XB*BKOB*B11RB 
DI4=ZIOIB*BK1B/U1+XB*BKOB*BI1T.B 

DDI=DRl*DI2+DR2*DI1+DR3*DIL+DR4*DI3 
DDR=DRl*DR2-DIl*D12+DR3*DR4-D13*DI4 

SNR=BK1RB*DR2-BK1IB*DI2+BI~RB*DR3-BIlIB~DI3 
SNI=BK1RB*DT2+BK1IB*DR2+BIlRB*DI3+f3IlIB*DR3 
DEN=DDR*DDRtDDI*DDI 
SSR=((SNR*DDR+SNI*DDI)/DEN-BIlB)/BKlB 
SSI=(SNI*DDR-SNR*DDI)/(BKlB*DEN) 
XFACT==XKR21*DSIN(XL/2.) 
SMIMPR=SMIMPR+8.*XFACT*XFACT*S1(.JKL)*SSR/PI 
SMIMPI=SMIMPI-+8.*XFACT*XFACT*S1(JKL)*SSI/PI 

DO 89 NR=l,NRT 
RD=(REAL(NR)-O.5)*(RDT/REAI4(NRT)) 
IF(ISIDE,EQ.l) THEN 
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RD=B+RD 
ELSE 

END IF 
X 1R-X 1 *RD 
YlR=Yl*RD 

RD=A - RD 

CALL CMDBES(X1R,Y1R,ZIOE,ZIOIR,ZKORR,ZKOIR,BIl~,BIlIR 
*,BKlRR,BKlIR) 

DNR~BK1RR*DR2-BK1IR*DI2+BIlRR*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 
XFACTl=4.*XFACT*DSIN(X*ZD)*DSIN(O.5*X*C)*Sl(JKL)/PI 
XFACT2-4.*XFACT*DCOS(X*ZD)*DCOS(O.5*X*C)*Sl(JKL)/PI 
SMZDFR1A(NZ,NR)-SMZDFRlA(NZ,NK)+XFACTl*DFR 
SMZDFI1A(NZ,NR)=SMZDFI1A(NZ,I?R)+XFACTl*DFI 
SMZDF'R2A(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+S 2 (JKL) 
CHECK-(SMAIR-R19)/SMIR 
IF(ABS(CHECK).GT.ERR(JKL)) GO TO 30 

DO 990 NZ-1,NZT 
ZD-DELTAZ*NZ 
SMZDFRl=O. 
SMZDFI1-0. 
SMZDFRZ=O. 
SMZDFI2-0. 
DO 120 NR=l,NRT 
SMZDFR1-SMZDFRl+SMZDFRlA(NZ,NR) 
SMZDFIl-SMZDF11+SMZDFI1A(NZ,NR) 
SMZDFR2=SMZDFR2+SMZDFR2A(NZ,NR) 
SMZDFI2=SMZDFX2+SMZDFI2A(NZ,NR) 

SMZDFRl=SMZDFRl/NRT 
SMZDFIl-SMZDFIl/NRT 
SMZDFR2==SMZDFR2/NRT 
SMZDFI2=SMZDFI2/NRT 

100 CONTINUE 

120 CONTINUE 

C WRITE(LOU,*)NZ,SMZDFRl,SMZDFIl 
C WRITE(LOU,*)' ',SMZDFR2,SMZDFI2 

DS~=-1.5*WUSRR*(SMZDF~l*SMZDFR2-SMZDF~l*SMZDFIZ)/(S~IR~PI) 
DSFI~-1.5*WUSRR*(SMZD~l*SMZDFI2+SMZDFR2*SMZDFIl)/(S~IR~PI) 

135 Q6-0.0254*4.OE-7*TRN*T~*R3*PI*PI*SMIR/(L*(K2-~1))*~2 
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ZNIM-SMIMPR/SMAIR+1.0 
ZNRG-SMIMPI/SMAIR 
ZNDFR-VOLN*DS FR 
ZNDFI=VOLN*DS FI 
IF(NZ.EQ.l) WRITE(LOU,~40)ZNRL,ZNIM,Q6 
DFM=VOL.N*SQRT(DSFR*DSFR+DSFI*DSFI) 
IF(ZD.EQ.O.0) THEN 
DFP=O . 
ELSE 
DFP==ATAN2(DSFI,DSFR) 
END IF 
CX(NZ)=DFM*COS(DFP) 
CY (NZ)=DFM*S%N(DFP) 
DFP=DFP*(lSO./PI) 
IF(ABS(CX(NZ)).GT.X) XMAX=ABS(CX(NZ)) 
IF(ABS(CY(NZ)).GT.Y) YMN(=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 
GRb300. /XMAX 
IF(GIM. GT. GRL) THEN 
G IM=GRL 
ELSE 
GRLrGIM 
END IF 
IMl=GIM*CV( 1)+OIM 
IRl=GRL*CX(l)+ORL 

C WRITE(LOIJ,lSO)ZNDFR,ZNDFI,DFM,DFP 
WRITE(LOU,lfjO)DSFR,DSFI,VOLSJ 
WRITE(LOU,l64)DJ?MMAX,DFPMMAX 
IF(ISIDE.EQ.1) THEN 
WRITE(LOU,*)' OD DEFECT' 
ELSE 
WRITE(LOU,*)' ID DEFECT' 
END I F  

DO 1000 NZ=2 ,NZT 
IM2==GIM*CY (NZ) +OSM 
IR2=GRL*CX(NZ)+ORL 
CALL QLINE(IR1,IMl,IR2,112,15) 
IR1-IR2 
IMl=IM2 

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

1000 CONTINUE 



217 

GO TO 11 

140 FORMAT(' NORM IMPD:RL',F10.6,' IM',F10.6, 
*' AIR IND',lPE13.6) 

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

160 FORMAT(' NORM DSF:RL',lPE11.4,' IM',lPE11.4,' VOLN',lPEl1.4) 

162 FORMAT(F6.3,5X,D11.4,5X,Dll.4) 
164 FORMAT(' MAXIMUM MAG ',Dll.4,' PHA AT MAX MAG ',F7.2,\) 

161 FOEWIT(' ZD NAG PHA' ) 

1001 END 
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SUBROUTINES 

The  following is a co l l ec t ion  of subroutines t h a t  a r e  used by many of the 
programs. Rather than l i s t  them every time with each program, they are 
co l l ec t ed  here .  A more de ta t l ed  descr ip t ion  of  these rout ines  i s  given 
i n  o ther  r epor t s .  ‘4 
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Subroutine BESO(XJOR,R) 

Subroutine BESO calculates J o ( r ) ,  the Bessel function of the first kind of 
order 0. It: is called by program PCBLDF. 

Input 

R The argument of the function 

Output 

XJ OR The function J , ( r )  

Listing 

SUBROUTINE BESO(XJOR,R) 
c PROGRAM TO CALCULATE JO(R) 

IMPLICIT REAL*8 (A-H,O-2) 
TF(R.GT.3.0)GO TO 50 
Y=R*R/9.0 
XJOR~(((((.OOO21*Y-.oo39444)*Y+.O444479)*Y-.3l63866) 
l.*Y+1.2656208)*Y-2.2499997)*Y+l.O 
GO TO 100 

50 Y-3/R 
F0~(((((.00014476*Y-.00072805)*Y+.00137237)*Y-.00009512) 

~G~(((((.00013558*Y-.00029333)*Y-.00054125)*Y+.00262573) 
1*Y-.00552740)*Y-.00000077)*Y+.79788456 

1*Y-.00003954)*Y-.04166397)*Y-.78539816+R 
XJOR-FO*COS(ANG)/SQRT(R) 

100 RETURN 
END 
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Subroutine BESELI(Q1,RJl) 

Subroutine BESELZ calculates J , ( r ) ,  the Bessel function of the f i r s t  kind 
o f  order 1. It is called by programs PCDSF and PCAVZSCN. 

Input 

Q1 The argument of the function 

OUtRUt 

RJ 1 The function J,(r) 

Listing 

SUBROUTINE BESELl (Ql , RJ1) 
C 
c 
C 

20 

VERSION 7 DEC 1982 CALCULATES Jl(Q1) TO W I T H I N  4E-8 

IMPLICIT REAL*8 (A-H,O-Z) 
IF(Ql.GT.3) GO TO 20 
Q1 S=Ql*Ql 
Q2S=((2.1E-ll%QlS-5.38E-9)*QlS+6.757E-7)~~1S-5.~2443~-5 
Q2S=((Q2S*QlS+2.60415E-3)*QlS-G.25E-2)*Ql.S+.5 
RJl=Ql*Q2S 
RETURN 
Q3S~(((-.14604057/Ql+.27g17617679)/Q1-.20210~91)/Q1+4~~~835~-3)/Q1 
Q3S=((Q3S+.l4937)/Q1+4.68E-6)/Ql+.79788456 
Q4S=(((-.21262014/Q1+.19397232)/Q1+6.022188~-2)/Q1-.17222733)/Q1 
Q4S=((Q4S+5.085E-4)/Ql+.37498836)/Ql-2.~5619449~1 
RJl-Q3S*DCOS(Q4S)/DSQRT(Ql) 
RETURN 
END 
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Subroutine BESI(X,XIZRO,XIONE) 

Subroutine BESI calculates I,(x) and I,(x) where I, 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. 

Input 

X The argument of the functions 

output 

XKZRO I, ( X I  
Z O N E  I1 (XI 

List inp, 

C 
C 
C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

SUBROUTINE BESI (X, XIZRO, XIONE) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

(J. M. BLAIR, AECE-4928, OCT. 1974) 
TABLE 13, P.12 ( I O ( X ) ,  X .LE. 15) 

IMPLICIT REAL*8 (A-H,O-Z) 
DATA PO, P1, P2, P3, P4, P5, P6, P7, P8, P9/ 
1 .137394871312, .335834006E11, .195725233E10, .481197766E08, 
2 .627000932E06, .487113418E04, .240359483E02, .773737707E-l, 
3 .1574635303-3, .193496966E-6/ 

DATA QO, Q1, 42, Q3/ 
1 .346485713E11,-.229970736E09, .693700416E06,-.116950647E04/ 

TABLE 29, P .  22 (Il(X), X .LE. 15) 

DATA RO, R1, R2, R3, R4, R5, R6, R7, R8,  R9/ 
1-.130304539E09,-.157394690E08,-.610953810E06,-.11388~320E05, 
2-.121620389E03,-.819523728E00,-.367341959E-2,-.113297426E-4, 
3-.226143979E-7,-.340950565E-10/ 
DATA SO, SI, S2/ 
1-.893665937E08, .475582653E06,-.104386692EO4/ 

TABLE 43, P.32 (IO(X), X .GT. 15) 

DATA TO, TI, T2/ 

DATA UO, U1/ 
1 .468486946EO0,-.117012345EOl, .278005347E00/ 

1 .116422863EO1,-.306426483EOl/ 

TABLE 61, P. 43 (Il(X), X .GT. 15) 

DATA VO, VI, V2/ 
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1 .106280324E01,-.267327163EOl, .113698557E01/ 

1 .273391652E01,-.577627341E01/ 
DATA WO, W1/ 

IF (X .GT. 15.) GO TO 100 
z = x**2 
Q c-zz - 225. 
XIZRO = (PO + Z * ( P 1  + Z*(P2 + Z*(P3 + %*(Pb + Z*(P5 t- Z*(P6 + 
1 z*(P7 + Z*(P8 + zkP9)))))))))/(Q0 + Q*(Q1 +- Qk(Q2 + Qk(Q3 + Q ) ) ) )  
XIONE = X*(RO -t Z*(R1 + %.*(K?. + Z*(R3 t- Z*(R4 -1- Z*(K5 + Z*(R6 + 
1 Z*(R7 + Z*(R8 + Z*Rg)))))))))/(SO + Q*(Sl .C Q*(S2 + Q))) 

C 
RETURN 

Q = DSQRT(Z)*DEXP(Xj 
Z = 2 - .0666666667 
X I Z R O  = Q*(TO -k Z*(T1 + Z*T2))/(UO + Z k i ( U 1  + 2)) 
XIONE = Q*(VO + Z*(V1 + Z*V2>)/(WO + Z*(W1 + Zj) 
RETURN 
END 

100 z .:= 1./x 
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Subroutine BESK(X,XKZRO,XKONE) 

Subroutine BESK calculates K,(x)  and K,(x) where KO is the modified Bessel 
function of the second kind of  order 0, and I(, is the modified Bessel 
function of the second kind of order 1. 

InDut 

X The argument of  the functions 

Output 

Listing 

SUBROUTINE BESK (X, XKZRO, XKONE) 
c .................................... 

IMPLICIT REAL*8 (A-H,O-Z) 
DATA QO / -4 .21100684E1/  
DATA PO, P I ,  P2 ,  P3 ,  P4 /1 .15931516E-1 ,  2 .78982863E-1 ,  

1 2.5249059SE-2 ,  8 .45673143E-4 ,  1 .53265946E-5/  

1 1.10173127E-1/  
DATA RO, R 1 ,  R2 /1 .29684595E+l ,  3 .28698873E00,  

DATA VO, V I ,  V2,  V 3  / 1 .16185714Et2 ,  3 .92399581E+2,  
1 3.09123840E+2,  4.78236536E+I./  

1 2.80713014E+2,  5 .71852878E+l /  
DATA SO, S I ,  S 2 ,  S3 /9.27027874E+l. ,  3 .24677382E+2,  

DATA TO, T I ,  T 2 ,  T3 ,  T4 /4 .35972688E00,  1 .50242580E+l ,  
1 1 38870631E+l ,  3 .64579096E00,  1 .31176117E- l /  

DATA UO, U1, U 2  /3 .47855876E00,  1 . 0 6 8 3 1 6 6 3 E + l ,  
1 7.48163646E00/ 

I F  (X .GT. I . . )  GO TO 100 
CALL BESI ( X ,  XIZRO, X I O N E )  
ZLOG = DLOG (X) 
z = x*x 
XKZRO = PO +- Z*(P1 + Z*(P2 + Z*(P3 + ZAP[+))) 
XKONE = ( ( K O  + Z*(R1 + Z*R2))/(QO + Z))*X f ZLOG*XIONE + 1./X 
RETURN 

- ZLOG*XIZRO 

100 z - 1./x 
SXEX = DSQRT(Z)*DEXP(-X) 
XKZRO = SXEX*(VO + Z*(V1 -t Z*(V2 + Z*V3)))/  

XKONE = SXEX*(TO -t Z*(Tl -t Z*(T2 + Z*(T3 + Z*T4) ) ) ) /  

RETURN 
END 

1 

1 (UO + Z*(Ul + Z*(U2 + Z))) 

( S O  + Z*(Sl  + Z'k(S2 + Z*(S3 + Z ) ) ) )  
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Subxoutlne BESSEL(XJl,X,R) 

Subroutine BESSEL calculates 

1 
- J ( r , , O )  = - 1 I'"-;.(arl dr 
a' a3 

0 

where J ,  is the Bessel function of the first kind of order 1. It is 
called by programs PCBLDX:, PCDSF, and PCAVZSCN. 

Input 

X a i n  the above equation 
R r, in the above equation 

Output 

XJ1 The right s i d e  o f  the above equation 

Listing 

SUBROUTINE BESSEL(XJl,X,R) 
C CALCULATES INT(XR*XJ1(XR)/(X*X*X) FROM 0 TO XR 

IMPLICIT REAL*8 (A-H,O-2) 
DATA P104/.785398163/ 
z=x*l2 
IF(Z.GT.5.0) GO TO 1090 
L5=2.0*2+3.0 
F1=0.5*R*R*R 
XJl-F1/3.0 
DO 1070 N=1,L5 
RN=N 
Fl=-F1*.25*Z*Z/(RH*RN+RH) 

1070 XJl=XJl+F1/(2.0*RN+3.0) 

1090 IF(Z.GT.30.0) GO TO 1160 
GO TO 1210 

Q1~(((-188.1357/2+109.1142)/%-23.79333)/Z+2.050931)/~ 
Ql=((Q1-.1730503)/Z+.70348~+5)/Z-.064lO9E-3 
Q2~(((-5.817517/Z+2.105874)/2-.6896196196)/~+.4952024)/Z 
Q2=(Q2-.187344E-2)/Z+.7979095 
XJl-(l.O-DSQRT(Z)*(Q2~DCOS(Z-YX04)-Ql*DS~N(Z-P~O~~))/(X*X*X) 
GO TO 1210 

1160 P3-1.0/(Z*Z) 
Pl=Z*(-l.O+P3*(-,5546875+2.48062114*P3)) 
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P2-.875+P3*(-.93457031+8.98975114*P3) 
XJl=l.O+.79788456+(Pl*DCOS(Z-.78539816) 

8 +P2*DSIN(Z-.78539816))/DSQRT(Z) 
X J I - X J l /  (X*X*X) 

END 
1210 RETURN 
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Subroutine CMDBES calculates the following four quantities: zI,(z), 
zK,(z), .L , ( z ) ,  and K , ( z ) ,  where z is a complex nudaber and where I, is the 
modified Bessel function of the first kind of order 0, K ,  is the modified 
Bessel function o f  the second kind of order 0 ,  I, is the modified Bessel 
funct:ion of the first kind of order 1, and K ,  is the iiiodified Bessel 
functiion of  the second kind o f  order 1. 

Input 

Output 

ZIOI 
ZIOR 
ZKOI 
ZKOR 
BIlI 
31 1 R  
RKlI 
3KlR 

SUBROUTINE CMDBES(X,Y,ZIOR,ZIOI,ZKOR,ZKOI,BIlR,~Il~,BKlR,BK~~) 
**%%%***~*%%%**%*****~***%% 

COMPUTES F ( 1 )  + J * F(2) = Z * IOiZ) 
F ( 3 )  + J * F ( 4 )  = Z * KO(Z) 
F(5)  -!- J * P ( 6 )  = 1 1 ( Z )  
F ( 7 )  + J * F(8) = K l ( Z )  

OF THE COMPLEX ARGUMENT Z = X + J * '1 

IMPLICIT REAL*8 (A-M,O-Z) 
DIMENSION E'( 8) 
R=DSQRT (X*X+Y*Y) 
C I.=X/R 
Sl=Y/R 
PHI=DATAN ( S 1/C1- ) 
IF(R.GT.8.0) GO TO 100 

FOR K.LE. 8 USE RATIONAL APPROXIMATION FOR KO(Z) ANI) Kl(2) 
AND BACKWARD RECURRENCE FOK I O ( Z )  AND L1(2) 

CALL COMKB(X,Y,ZKOK,ZKOI,BKlR,BKlI) 
CALL C M I ( X , Y , Z T O R , Z I O I , B ~ l ~ , ~ I 1 ~ )  
GO TO 125 
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C 
C ASYMPTOTIC SERIES FOR R.GT.8 
C 
100 F(2) = 0. 

F(4) = 0. 
F(6) - 0. 
F(8) - 0. 
F(l) = 1.0 
F(3) = 1.0 
F(5) - 1.0 
F(7) = 1.0 
ODD=l.O 
T-1 . 0 
U=l . 0 
P=l , 0 
SIGN--1.0 
V= .12 50/R 
c-c1 
s-s1 
L5=3+20./R 
DO 110 N=l,IS 
S6--ODD*ODD 
s 7=V/P 
T=S7*S6*T 
U=U*(4.O+S6)*S7 
T1-C*T 
F(l)=Tl*SIGN+F(l) 
F(3)-Tl+F(3) 

F(2)=Tl*SIGN+F(2) 
F( 4)-Tl+F( 4 )  
Tl=C*U 
F(5)=Tl*SIGN+F(5) 
F(7)=Tl+F(7) 
Tl--S*U 
F(G)=Tl*SIGN+F(6) 
F(B)-Tl+F(8) 
SIGN=-SIGN 
P=P+l . o  
ODD=ODD+2.0 
c2=c*c1-s*s1 
S=S*Cl+C*Sl 
c=c 2 

110 CONTINUE 
XLIM=175. 
IF(DABS(X).GT.XLIM) GO TO 140 
SG=DEXP(X) 
S7=1.DO/S6 
Tl=DSQRT(R) 
S6=.39894228*56/Tl 
S7-1.25331413*S7/Tl 

T1-- S*T 
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C 
C 
C 

C 
C 
C 

115 

C 
C 
C 

120 

C 
C 
C 
125 

140 

C 

THE ABOVE FACTORS ARE l/DSQRT(2*PI) AND DSQRT(PI/2) 

ARG=.50*PHI 
C-DCOS(ARG) 
S-DSIN(ARG) 

MULTIPLY BY COS(PHI/2) - J * SIN(PMI/2) FROM l/DSQRT(%) 

DO 115 N-2,8,2 
T-F(N-l)*C+F(N)*S 
F(N)=F(N)*C-F(N-l)*S 
F (N - 1 ) =T 
CONTINUE 
C=DCOS (Y) 
S=DS IN (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+l)*S 
F(N+l)=S6*(F(N+l)*C+F(N)*S) 
F ( N ) -T*S 6 
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 
CONTINUE 
ZIOR=F( 1) 
ZIOI=F( 2) 
ZKOR=F ( 3 ) 
ZKOI==F(4) 
BIlR=F( 5) 
BIlI=F( 6 )  
BKlR=F(7) 
BKlI=F( 8)  

MULTIPLY ZERO-ORDER E'UNCTIONS BY Z 

T-X*ZIOR-Y*ZIOI 
ZIOI=ZIOR*Y+ZIOI*X 
ZIOR=T 
T=X*ZKOR-Y*ZKOI 
ZKOI-ZKOR*Y+ZKOI*X 
ZKOR=T 
RETURN 
END 

c **A**********************%******-******A*** 

SUBROUTINE CMI(X,Y,BIZR,BIZI,BIOR,BIOI) 
c ****************************A************* 

C 
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C 
C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
c 

C 
C 
C 

135 
C 
C 
C 

COMPUTES THE REAL AND IMAGINARY PARTS OF THE MODIFIED BESSEL 
FUNCTIONS OF THE FIRST KIND, IO(Z) AND Il(Z), Z * X + I*Y, BY 
BACKWARD RECURRENCE 

IMPLICIT REAL*8 (A-H,O-Z) 

DATA A,B/l.E-l8,1.E-18/ 
DIMENSION FRE(52),FIM(52) 

CALCULATE N,THE NUMBER OF TERMS 

R-DSQRT(X**2+Y**2) 
N - 1.3*R + 9. 
COMPUTE U AND V, REAL AND IMAG PARTS OF 2/2 

T-Y/X 
U=2./(T*Y+X) 
V--U*T 

INITIALIZE 

FRE(N+2)=O. 
FIM(N+2)-0. 
SRE-A 
FRE(N+l)=A 
S IM-B 
FIM(N+l)=B 
XN-FLOAT (N) 
T W O  ZR-XN*U 
TNUOZI=XN*V 
NU=N+l 

BACKWARD RECURRENCE 

DO 135 K=l,N 
FRE(NU-1)~FRE(NU+1)+TNUOZR*FRE(NU)-TNUOZI*FIM(~) 
SRE=FRE(NU-l)+SRE 
FIM(Nu-1)~FIM(~+l)+TNUOZR*FIM(NU)+TNUOZI*FRE(NU) 
SIM=FIM(NU-l)+SIM 
NU-NU-1 
TNUOZR-TNUOZR-U 
TNUOZI=TNUOZI-V 
CONTINUE 

ADJUST SUM 

SRE-SRE+SRE-FRE(1) 
SIM-SIM+SIM-FIM(1) 
Tl-SIM/SRE 
U1-1. /(Tl*SIM+SRE) 
VZ--Ul*Tl 
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C 
C NORMALIZE 
C 

EX=DEXP(X) 
SY=DSIN(Y) 

FANRE- EX* ( CY 
CY-DCOS(Y) 

- SY '1 
FAN1 M=EX* ( CY *Vl-i-SY *U1) 
BIZR=FANRE*FRE( 1) -FANIM:<FIM( I) 
BIZI=E'ANRE*FIM(l)+E'ANIM*FRE(1) 

BIOI-FANRE*FIM( 2)+FANIM*FRE( 2) 
337 RETURN 

END 
c ................................................... 

SUBROUTINE COMKB (X, Y, BKZR, RKZI, BKOR, RKOI) 
c: *****~**~*******%******.~*%**%%***********%***~*.~%* 

c 
C COMPUTES THE REAL & IMAGINARY PARTS OF THE MODIFIED 
C BESSEL FUNCTIONS KO(Z) ti Kl(%), WHERE Z X -t- I*Y, 
C BY THE METHOD OF Y.L. LUKE, THE SPECIAL F U N C T I O N S  
C AND THEIR APPROXIMATIONS, VOL.2, Y G .  229. 
C 

BIOR=FANRE*FRE(2)-FANIM*FIM(2) 

IMPLICCT REAL*8 (A-H,O-Z) 
DIMENSION PlZE(16), P2ZE(16), P3%E(16), QlZE(l6) 
DIMENSION P10N(16), P20N(16), P30N(16), QlON(16) 

DATA PlZE /3*0.0 
DIMENSION RTEST(5), NTEST(5) 

1 ,-1.59863946,-1.918S1852,-2.11452184 
2 , -2.24917817, -2.34787879, -2.42347618 
3 , - 2 . 4 8 3 2 8 7 1 7 , - 2 . 5 3 1 8 1 2 7 3 , - 2 . 5 7 1 9 8 2 8 9  
4 , - 2 . 6 0 5 7 9 0 4 8 , - 2 . 6 3 4 6 3 9 4 7 , - 2 . 6 5 9 5 4 8 1 6  
5 , -2.681.27340/ 

DATA P2ZE / 3 A O . O  
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 , 2.3738127/ 
DATA P3ZE /3*0.0 
1 ,-3.40136054E-O2,-1.55555556E-O1~ -2.65643447E-01 
2 ,-3.54372124E-01, -4.25454545E-01,-4.83098217E-01 
3 ,-5.3056325E-01,-5.7022809~E-01,-6.03820515E-01 
4 ,-6.32609524E-01,-6.575416E-O1,-6.793341~6E-O1 
5 ,-6.9853333E-01/ 

DATA QI.ZE /3*0.0 
1 , 1.63265306, 1.38271605, 1.19008264 
2 , 1.04142012, 9. 2444444&E-0II 8.304G9827E-01 
3 , 7.53462604E-01, 6.893424-04E-01, 6.35160681E-01 
4 , 5.888E-01, 5.48696845E-01, 5.13674197E-01 
5 , 4.82830385E-01/ 



C 

C 
C 
C 

100 
105 

C 
G 
C 

231 

DATA PlON /3*0.0 
1 ,-1.888888889,-2.09090909,-2.23076923 
2 , - 2 . 3 3 3 3 3 3 3 3 , - 2 . 4 1 1 7 6 4 7 1 , - 2 . 4 7 3 6 8 4 2 1  
3 , - 2 . 5 2 3 8 0 9 5 2 , - 2 . 5 6 5 2 1 7 3 9 , - 2 . 6  
4 , - 2 . 6 2 9 6 2 9 6 3 , - 2 . 6 5 5 1 7 2 4 1 , - 2 . 6 7 7 4 1 9 3 5  
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 , 1.1111l111E-01,-9.09090909E-02,-2.30769231E-01 
2 , -3.33333333E-01,-4.11764706E-01,-4.73684211E-01 
3 ,-5.23809524E-01,-5.6521739l-E-O1,-.6 
4 ,-6.2962963E-01,-6.55172414E-O1,-6.77419355E-O1 
5 ,-6.96969697E-01/ 
DATA QlON /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/ I., 4., 16., 36., 64./ 
DATA NTEST/ 15, 10, 10, 6, 6/ 

FIND NTERM, THE NUMBER OF TERMS 
WE ASSUME THE ARGUMENT HAS BEEN CHECKED TO INSURE THAT R.LE.8 

RSQ = X**2 -t Y**2 
DO 100 I = 2, 5 

IF(RSQ .LT. RTEST(1) ) GO TO 105 
CONTINUE 
NTERM = NTEST(1T) 

I T - I  - 1 

INITIALIZE FK-1, FK-2, AND FK-3 FOR N-0 PdD N=l 

FKM3RZ = 1.0 
FKM3RO = 1.0 
PKF13RZ = 1.0 
PKM3RO - 1.0 
FKM3IZ = 0.0 
FKM310 = 0.0 
PKM3IZ = 0.0 
PKM3IO = 0.0 
HX - Xk16.0 
FKM2RZ = (I1x -+ 9.0)/9.0 
PKM2RZ = (HX 4 7.0)/9.0 
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FX = X* 3.20 
FKM2RO = FX -+ 1 
PI(M2RO - FKM2RO 
FKM2IO = Y*3.20 
PKM210 = FKM2IO 
HY = Y* 16.0 
FKM2IZ = HY/9.0 
PKM2IZ = FKM2IZ 
HYS = HY**2 
T = HX + 25.0 

0 
t- 1.20 

FKMlRZ = (HX*T + 75.0 - HYS)/75.0 
FKMlIZ = tIY*((HX + T)/75.0 
T = HX + 23.0 
PKMlRZ = (HX*T + 43.0 - HYS)/75.0 
PKMlIZ = HY*(tIX + T)/75.0 
T = HX + 21.0 

FKMlIO = HY*(HX + T)/35.0 
T == Kx + 27.0 

PKMlIO = HY*(HX + T)/35.0 

FKMlRO = (HX*T + 35.0 - HYS)/35.0 

PKMlRO (HX*T + 131 . O  - kIYS>/35.0 

C 
C BEGIN RECURRENCE 
C 

DO 110 K = 3 ,  NTERM 
KP1 = K + 1 

C 
C CALCULATIONS OF FKRZ, FKIZ, PKRZ, AND PKIZ FOR N = 0 
C 

P1 = PlZE(KP1) 
P2 = P2ZE(KP1) 
P3 = P3ZE(KP1) 
Q1 = QlZE(KP1) 
HX = Ql*X 
HY = Ql*Y 
T 1  = FKMlRZ I- FKM2RZ 
T2 = FWlIZ + FKM2IZ 
FKRZ = HX*T1 - P1*FKMlK% 
FKIZ = HX-kT2 - Pl*FKMlIZ 
FKM3RZ = FKM2RZ 
FKM2RZ = FKMlRZ 
FKMlRZ = FKRZ 
FKM3IZ = FKM2IZ 
FKM2IZ = FKMlIZ 
FKMlIZ = FKIZ 
T1 = PKMlRZ + PKM2RZ 
T2 = PKMlIZ + PKM2IZ 
PKRZ - HX*Tl - Plx"PKM1RZ 
PKIZ = M*T2 - Pl*PKMlIZ 
PKM3RZ = PKM2RZ 
PKM2RZ = PKMlRZ 

' P2kFUl2RZ - IiY*T2 
. P2*FKM2IZ + IIY*Tl 

- P2*PKM2RZ - HY*T2 
- P2JrPKM21Z + HY*T1 

- P3*PKM3RZ 
- P3*PKM3IZ 
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PWlRZ - PKRZ 
PKM3IZ PKM2IZ 
PKM2IZ PrnZTZ 
FKM1IZ - PKIZ 

c 
c: CALCULATIONS 
c 

P1 - PlON(KP1) 
P2 - P20N(KP1) 
P3 - P30N(KP1) 
Q1 = QlON(KP1) 
HX = Ql*X 
HY = Ql*Y 

OF FKRO, FKIO, PKRO, AND PKIO FOR N = 1 

T1 = F'KMlRO + FKM2RO 
T2 = FKMlIO + FIX210 
FKRO = HX*T1 - Pl*FKMlRO - P2*FKM2RO - HY*T2 - P3*FKM3RO 
FKIO = W*T2 - Pl*FXMlIO - P2*FKM210 + HY*T1 - P3*FKM3IO 
FKM3RO = FKM2RO 
FKM2RO = FKMlRO 
FKMlRO = FKRO 
FKM3IO = F'KM210 
FKMZIO = FKMlIO 
FKMlIO - FKIO 
T1 = PKMlRO t PKM2RO 
T2 - PKMlIO + PKM2IO 
PKRO - HX*TI - Pl*PKMlRO - P2*PKM2RO - HY*T2 - P3*PKM3RO 
PKIO = HX*T2 - Pl*PKMlIO - P2*PKM210 + HY*T1 - P3*PKM310 
PKM3RO = PKM2RO 
PKM2RO - PKMlRO 
PKMlRO = PKRO 
PKM310 - PKM2IO 
PKM2IO - PKMlIO 
PKMlIO = PKIO 

110 CONTINUE 
C 
C 
c 
C 

EVALUATE CONSTANT TERM FOR KO(2) AND Kl(Z) 
C IS SQUARE ROOT OF PI/2 

x2 = -x 
EMX - DEXP(X2) 
RATYX = DABS (Y/X) 
IF (RATYX .GT. l.E-3) D = DSQRT(RSQ) 
IF ((1.E-8 .LT. RATYX) .AND. ( R A W  .LT. l.E-3)) D = 

* DABS (X) * (1. + 1./2. *RATYX*RATYX) 
IF (l.E-8.GE.RATYX) DPDABS(X) 
C2 - EMX*C/D 
SR = DCOS(Y) 

IF(Y.NE.O.0) GO TO 120 
IF(X.GE.O.0) GO TO 115 
HI - DSQRT(X2) 
TI - - DSIN(Y) 
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GR = 0.0 
GO TO 125 

HI = O . D O  
GO TO 125 

115 GR = DSQRT(X) 

120 GR = DSQRT((X + D ) * . 5 )  
HI = DSQRT((X2 + D)*.5) 
IF(Y.LT.O.O)GO TO 125 
HI.:.: - HI 

125 AR .-.-z C2*(GR*SK - HL*TI) 
RI = C2*(NI*SR + GR*TI) 

C 
C CALCULATE KO(Z) = BKZR i- RKZI*I 
C 

D E N  = FKRZ**2 C FKIZ**2 
UR ---: (PKRZ*FKRZ -k PKIZ*FKIZ)/DEN 
VI = (PKIZ*FKRZ - PKRZ*FKIZ)/DEN 
BKZR = AR-kUR - BI*VI 
BKZI = BI*UR 4- AR*VI 

C 
C CALCULATE K1(Z) = BKOR + BKOI*I 
C 

DEN = FKROAk2 -I- FKXO**2 
UR = (PKRO*FKRO + PKIO*FKIO)/DEN 
VI = (PKIO*FKRO - PKRO*FKIO)/DEN 
BKOR == AR*UR - RI:*VI 
BKOI = BI*UR t- AR*VI 

556 RETUKEJ 
END 
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Subrout h e  G R I D  

Subroutine GRID draws a g r i d  on the screen. 

Li.s ting 

SUBROUTINE GRID 
CALL QLINE(30,0,630,0,7) 
CALL QLINE(30,50,630,50,7) 
CALL QLINE(30,100,630,l.00,7) 
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(180,0,180,349,7) 
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(530,0,530,349,7) 
CALL QLINE(580,0,580,349,7) 
CALL QLINE(630,0,630,349,7) 
RETURN 
END 
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Subroutine IJBSSL(A,RI,R2,I,J) 

Suhxoutine IJBSSL ca lcu la t e s  

and 

where I, i s  the  modified Bessel funct ion of the f i r s t  kind of  order  1, and 
J ,  i s  the Bessel funct ion o f  the  f i r s t  kind of  order  1. 

Input 

A a i n  the above equations 
R1 rl i n  the above equations 
R2 P, i n  the above equations 

- output 

I 
J 

The r i g h t  s ide  of  the f i r s t  equation above 
The r i g h t  s ide  of  the second equation above 

L i s t i n g  

SUBROUTINE IJBSSL (A, R1, R2, I, J) 
c 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

THIS SURROIJTTNE EVALUATES I(X2,Xl)/A**3 AND 
J(X2,Xl)/A**3 WHERE X I  = A*R1 AND X2 = A*R2 
IT USES THE METHODS DESCRIBED ON PAGE 259 AND 
ON PAGE 261 OF "COMPUTER PROGRAMS FOK SOME EDDY- 
CURRENT PROBLEMS - 1970" 
DICTIONARY 
x - VARIABLE USED TO EVALUATE INTEGRAL OF 

X*Il(X) AND X*Jl(X) 
A - COMMON FACTOR IN X 
R(K) - DIFFERENT FACTOR FOR X 
I - VALUE OF I(X2,Xl)/A**3 
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C 
C 
c 
C 
C 
C 
c 
.c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
c 

C 
C 

T2 

T3 
T4 
T5 
SQR 

- VAL13E OF J(X2,Xl)/A**3 
- INTEGRAL OF (X*I(X))/A**3 
- INTEGRAL OF (X*J(X))/A**3 
- WQRKZNG VALUE OF II(K) 
- WORKING VALUE OF JJ(K) 
- SU3SCRIPT USED TO KEEP TRACK OF X 1  OR X2 
- VARIABLE OF SLJMMATION 
- FLOATING POINT VALUE OF N 
- L1HI.T OF SUMEIATION 
- ((R(K)**3) * X**(2N)) / ((2-(2N+l))*N!*(N+l)!) 
- FIRST CONSTANT FOR INTG OF X*Jl(X) 

- SECOND CONSTANT FOR INTG OF X*Jl(X) 
- (-1)**N 

- CONSTANT FOR INTG OF X*Il(X) 
- T1/(2N+3) 
- X**2 OR X - PI/4 
- -DSQRT(X) OR DSQRT(2/(PI*X)) 

IMPLICIT REAL*8 (A-H,O-Z) 
REAL*8 R(2), II(2), JJ(2), I, J ,  11, J1 
R ( 1 )  = R1 
R(2) = R2 
AAA-A*A*A 

GET BOTH VALUES FOR II(K) AND JJ(K) 

DO 50 K-1,2 
X = A*R(K) 
T5 = X*X 

DECIDE WHICH METHOD TO USE 
C 

c 
IF (X .GT. 1 0 . )  GO TO 20 

LIMIT-INT(2.*X+B.) 
T1 = R(K)*R(K)*R(K)/2. 
T2 = 1. 
J 1  = T1/3. 
I1 - T1/3. 

C 
c EVALUATE SUMMATIONS 
C 

DO 10 N==l,LIMIT 
FN = FLOAT(N) 
T1 - Tl*T5 / (4.*FN*(FN+l.)) 
T2 = -T2 
T4 - T1 / (2.*FN + 3 . )  
J1 = J1 + T2*T4 
I1 = I1 + T4 

10 CONTINUE 
IF(X.LT.1.E-1O)Jl-0. 
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IF(X.LT.L.E-lO)Il=O. 
II(K) = I1 
JJ(K) = J1 
GO TO 50 

C 
C FOLLOWING USED WHEN D 1 0  
c IF D 3 0  WE USE DIFFERENT CONSTANTS 

20 I F  (X .GT. 3 0 . )  GO TO 30 
C 

T1 = -((((((-188.1357/X + 109.114?)/X - 23.79333)/X 
? t 2.050931)/X - 0.1730503)/X + 0.7034845)/X 
3 - 0.064109E-3) 

C 
T? = ((((-5.81751/X + 2.105874)/X - .6896196)/X 

2 + .4952024)/X - (.187344E-2))/X + .7979095 
C 

SQR = -DSQRT(X) 
GO TO 40 

C 
30 TI = (8.98975114/T5 - .93457031)/T5 + .8/5 

T2 = (?.48062114/T5 - .5546875)/X - X 
SQR = .79188/&5608 * DSQKP(1 /X) 

C 
40 T5 = X - .7853981535 

JJ(K) == (1. {- SQR*(T2*DCOS(T5) + TlADSIN(T5))) / AAA 
C 

IF (X.GT.140.0) GO TO 50 
T3=(((((((1660.734/X-173/.556)/X+543.663~})/X+~l.~~~O~)/X 

? - 33.78366)/X + 5.108402)/X - .6130935)/X 
3 - .3360536)/X + .3987795 

C 
iI(K) = (T3*DSQRT(X)*DEXP(X)) / AAA 

50 CONTINUE 
C 
c GET DIFFERENCE 

1 l I ( 2 )  - T I ( 1 )  
J = JJ(2) - J J ( 1 )  

668 KKTURN 
FND 



2 3 9  

Subroutine KJBSSL(A,Rl,RB,K,J) 

Subroutine KJBSSL calculates 

and 

r2 
1 
- J ( r2 , r , )  = arJ,(ar) d r  
a’ a’ 

w h e r e  X, is the modified Bessel function of the second kind of  order 1, 
and J ,  is the Bessel function of the first kind of order 1. 

Input 

A a in the above equations 
R1 r, in the above equations 
R2 r2 in the above equations 

Output 

K The right side of the first equation above 
J The r i g h t  s i d e  of  the second equation above 

- Listing 

SUBROUTINE KJBSSL (A, RL, R2, K, J) 
C 
C 
C 
C 
C 
C 
c 
c 
C 
C 
c 
C 
c 

THIS SUBROUTINE EVALUATES K(X2,X1)/(A**3) AND 
J(X2,X1)/(A**3) WHERE X1 = A*R(1) AND X2 = AkR(2) 
IT USES THE METHODS DESCRIBED ON PAGE 259 AND ON 
PAGE 263 OF “COMPUTER PROGRAMS FOR SOME EDDY- 
CURRENT PROBLEMS - 1970” 
DICTIONARY 
X - VARIABLE USED TO EVALUATE INTEGRAL 

X*Kl(X) AND X*J1(X) 
A - COMMON FACTOR IN X 
R(1) - FACTOR FOR DIFFERENT VALUES OF X 
K - VALUE OF K(X2,Xl)/(A**3) 
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C J - VALUE OF J(X2,X1)/(A**3) 
C JJ(1) - INTEGRAL OF (X*.Jl(X)) - PI/2 
C =(I) - INTEGRAL OF (X*Xl(X)) - P I / 2  
C K1 - WORKING VALUE OF KK(I) 
c J 1  - WORKING VALUE OF JJ (I) 
C I - SUBSCRIPT USED TO KEEP TRACK OF XL, X2 
C N - VARIABLE OF SUMMATION 
C FN - FLOATING POINT VALUE OF N 
C LLIHIT- VARIABLE OF SUMMATION 
C ZLOG - LOG(X/2) - .577215665 
C T1 - ((R(I)**3) * XM(2N)) / ((2**(2Ntl))*N!*(Ntl)!) 

C T2 - (-1)**N 
C 

C 

C 

FIRST CONSTANT FOR INTG OF X*J1(X) 

SECOND CONSTANT FOR INTG OF X*Jl(X) 

CONSTANT FOR INTG OF X * K l ( X )  
C T3 - 1/1 "k 1/2 f . . . 1- 1/N 

C T4 - 1/(2N+3) 
c T5 - X**2 OR X - PI/4 
C SQR - -DSQRT(X) OR DSQRT(2/(PI*X)) 
C 

IMPLICIT REAL*8 (A-H,O-Z) 
REALt8 KK(2), JJ(2), K, J ,  K1, J1 
DIMENSION R(2) 
DATA C1/.577215665/,C2/.8333333333/,~IO2/1.57O7963268/ 

R ( 1 )  = R1 
R(2) = R2 
RA=A*A 
M=p&-x-A 

t ,C3/.7978845608/,€'104/.7853981634/ 

C 
C GET BOTH VALUES FOR KK(1) AND JJ(1) 
C 

DO 50 I=1,2 
X = A*R(I) 
IF(X.GT.1.E-9)GO TO 5 
JJ (I)=O. 
KK(I)=-PIO2/AAA 
GO TO 50 

5 T5 = X*X 
C 
C DECIDE WHICH METHOD TO USE 
C 

C 
IF (X .GT. 5 . )  GO TO 20 

LIMIT=INT(2.*X+8.) 
Tl=R(I)*R(I)*R(I)/Z, 
T2 = 1. 
T3 = 0, 
ZLOG=DLOG(X/2.)+Cl 
J1 = T1/3. 
K1 = Jl*(ZLOG-C2) i- R(I)/(AA) 
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c 
C 
c 

EVALUATE SUMMATION 

DO 10 N-1,LIMIT 
FN * FLOAT(N) 
T1 = T1*T5 / (4.*FN*(FN+l.)) 
T2 5 -T2 
T3 - T3 t- 1./FN 
T4 = l./(2.*FN+3.) 
J1 = J1 +- T2*Tl*T4 
K1 * K1 + Tl*T4*(ZLOG-T4-T3-1./(Z*(FN-t-l.))) 

10 CONTINUE 
KK(I)4l-P102/AAA 
JJ(1) - J1 
GO TO 50 

C 
C 
C 
C 

FOLLOWING IS USED WHEN D 5  
IF D 3 0  WE USE DIFFERENT CONSTANTS FOR X*Jl(X) 

20 IF (X .GT. 30.) GO TO 30 
C 

T1 =e -((((((-188.1357/X C 109.1142)/X - 23.79333)/X 
2 + 2.050931)/X - 0.1730503)/X + 0.7034845)/X 
3 -0.0641093-3) 

C 
T2 = ((((-5.817517/X + 2.105874)/X - .6896196)/X 

2 -t .4952024)/X - (.187344E-2))/X + .7979095 
C 

SQR == -DSQRT(X) 
GO TO 40 

C 
30 T1 - (8.98975114/T5 - .93457031)/T5 + .875 

T2 = (2.48062114/T5 - .5546875)/X - X 
SQR=C3*DSQRT(l./X) 

C 
40 TS-X-PI04 

JJ(1) - (l.+SQR*(T2*DCOS(T5)+Tl*DSIN(T5)))/AAA 
IF X IS GRFATER THAN 77, WE EXPERIENCE UNDERFLOW 
IN CALCULATING KK(1) AND SO SET KK(1) TO 0.0 

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 50 

50 CONTINUE 
45  KK(1) = 0.0 

C 
K-KK( 2) -KK( 1) 
J-JJ(2) -JJ( 1) 
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RETURN 
END 
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Subroutine PCLKUP(DEPTH,RHSMAG,LHSPHA) 

Subroutine PCIXI.JP searches through a lookup t a b l e  c rea ted  by program 
PCBLDF t o  f i n d  the depth and magnitude o f  an i n t e g r a l  corresponding t o  the 
phase which it  i s  given as input .  I t  i s  cal led by programs PCINV and 
PCRTSCAN. 

Input 

LHS PHA The phase of the  in t eg ra l  

Output 

DEPTH The depth at which the i n t e g r a l  has  t h i s  phase 
RHSMAG The magnitude of  the i n t e g r a l  when it  has t h i s  

phase 

L i s t i n g  

SUBROUTINE PCLKUP(DEPTH,RHSMAG,LHSPHA) 

REAL*8 LHSPHA 
DATA PI/3.141592653/,LOU/8/,LOE/40/ 
OPEN(LOE,FILE-'ASPHAJ0.DAT' ,STATUS='OLD') 

RHSPHAO=O. 

IMPLICIT REAL*8(A-H,O-Z) 

c OPEN(LOE,FILE='ADPHAF.DAT' ,STATUS='OLD') 

1120 READ(LOE,*,END=1380)Z,RIISMAG,RHSPHA 
DPH=ABS(ABS(RHSPHA)-ABS(RHSPHAO)) 
DMG=RHSMAG-KHSMAGO 
RLMR=ABS(ABS(RHSPHA)-ABS(LHSPHA)) 
DZ=Z - ZO 
IF(RHSPHAO.EQ.O.)GO TO 1180 
IF(WSPHA.GE.LHSPHA) THEN 
IF(RHSPHA0.LT.LHSPH.A) THEN 
AF=RLMR/DPH 
DEPTH=Z-DZ*AF 
RHSMAG-RHSMAG-DMG*AF 
GO TO 1400 
END IF 
ELSE 
IF(RHSPHA0. GE. LHSPHA) THEN 
AF=RLMR/DPH 
DEPTH=Z-DZ*RF 
RHSMAG=RHSMAG-DMG*AF 
GO TO 1400 
END IF 
END IF 

EUi SMAGO=RHSiMAG 
RHSPHAO-WSPHA 

1180 ZO=Z 
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PHDO-RLMR 

WRITE(O,*)Z,RHSPHA 
C WRITE(LOU,*)Z,RHSPHA 

1200 GO TO 1120 
1380 DEPTH=Q . 

RHSMAG=O . 
1400 CLOSE(L0E) 

RETURN 
END 
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Subroutine RFLKUP(DEPTH,RHSMAG,LHSPHA) 

Subroutine RFLKUP searches through a lookup t a b l e  c rea ted  by program 
RFBLDF t o  f i n d  the  depth and magnitude of an i n t e g r a l  corresponding t o  the  
phase which it is given as input .  I t  is c a l l e d  by program RFINV. 

LHSPHA The phase of the  i n t e g r a l  

O U t D U t  

DEPTH The depth a t  which the  i n t e g r a l  has phase LHSPHA 
RHSMAG The magnitude of the  i n t e g r a l  when it has phase 

LHS PHA 

Listing 

SUBROUTINE RFLKUP(DEPTH,RHSMAG,L,HSPHA) 

REAL*8 LHSPHA 
DATA PI/3.141592653/,LOU/8/,LOE/40/ 
OPEN(LOE,FILE-'RF25P.5OO',STATUS-'OLD') 
RHSPHAO-0. 

DPH-ABS(ABS(RHSPHA)-ABS(RHSPHA0)) 
DMG-RHSMAG-RHSMAGO 
RIAR=ABS(ABS(RHSPHA)-ABS(LHSPHA)) 
DZ-Z - ZO 

IMPLICIT REAL*8(A-H,O-Z) 

1140 READ(LOE,*,@ND-l280)Z,RHSMAG,RHSPHA 

IF(RHSPHAO.EQ.O.)GO TO 1180 
IF(RHSPHA.GE.LHSPHA) THEN 
IF(RHSPHA0.LT.LHSPHA) THEN 
AF-RLMR/DPH 
DEPTH=Z-DZ*AF 
RHSMAG-RHSMAG-DMG*AF 
GO TO 1400 
END IF 
ELSE 
IF(RHSPHA0. CE. LHSPHA) THEN 
AF==RLMR/DPH 
DEPTH-Z-DZ*AF 
RHSMAG-RHSMAG-DMG*AF 
GO TO 1400 
END IF 
END IF 

RHSMAGO=RHSMAG 
RHSPHAO=RHSPHA 
PHDO-RLMR 
WRITE(O,*)Z,RHSPHA 

1180 ZO-Z 
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1.200 GO TO 1140 
1.280 DEPTH=O . 

1400 CLOSE(L0E) 
RHSMAG=Q . 

RETURN 
END 
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Data F i l e  REF.DAT 

The following data file is required to run some of the reflection c o i l  
programs in this r epor t .  

20-A 
20-6 
20-c 
2 0 4  
20-F 

2 0 4  
R2OG 
2 0 4  
30-6 
30-0 
RJOD 
30-E 
R 3 O f  
40-A 

40-C 
40-0 
R40E 
H4Of 
DO-A 
6 0 4  
6 0 4  
60-E 
60 - i  
6 0 4  
R6OH 
R601 
83-A  
83-6 
R83C 
1004 
120L 
140A 
190.4 

P m r  

40-8 

1508 
R 1 son 
200A 
2008 
2 5 0 t  
3004 
3008 
400A 
4008 
400C 
500C 
183R 
2oow- 
2oow- 
65-P 
EM) 

-A 
-8 

0.0200 
0.0200 
0.0200 
0.0200 
0.0200 
0.0200 
0.0200 
0 0200 
0.0200 
0 0300 
0.0300 
0.0300 
0.0300 
0.0300 
0,0400 
0 0400 
0.0400 
0.0400 
0,0400 
0.0400 
0.0600 
0,0600 
0.0600 
0,0600 
0.0600 
0.0600 
0.0600 
0.0600 
0.0632 
0.0832 
0.0830 
0 1000 
0 1200 
0.1400 
0 . 1 5 0 0  
0.1500 
0.1500 
0.2000 
0.2000 
0.2500 
0,3000 
0 3000 
0.4000 
0.4000 
0.4000 
0.5000 
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