


>... 



O R N E  Tbl- 3295 

Contract No. W-7405-eng-26 

METALS AND CEKATdICS DIVISION 

COMPUTER PROC*RfiM FOR SOPm EDDY-CURRENT PROBLEMS - 1970 

W. A. Simpson C .  V.  D o d d  
J. W. Luquire W. C. Spoeri  

JUNE 1971 

OAK R I E E  NATIONAL LABOFS+TORY 
Gak Ridge, Tennessee 

op era t e d by 
UNION CARBIDE CORPOR4TIOI'J 

for the 
TJ. s - Aromc ENERGY COMMISSION 

WARTIN UAAlE iTA  EivERGY SYSTFMS LARAAIEB' 

3 4 4 5 b  0 2 8 b 7 3 7  9 





iii 

CONTENTS 

Page 
I__ 

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . .  
Inductance of a Coil  i n  A i r  . . . . . . . . . . . . . . . . . . .  

Discussion of AIRCO . . . . . . . . . . . . . . . . . . . . .  
Sample Calculation of AIRCO . . . . . . . . . . . . . . .  
AIRCO Program . . . . . . . . . . . . . . . . . . . . . .  

Coil  Above a Two-Conductor Plane . . . . . . . . . . . . . . . .  
Normalized Coil  Impedance . . . . . . . . . . . . . . . . . .  

Discussion of CLAnT . . . . . . . . . . . . . . . . . . .  
Sarrple Calculation of CLADT . . . . . . . . . . . . . . .  
CLADTFrogram . . . . . . . . . . . . . . . . . . . . . .  
Discussion of DEFEC . . . . . . . . . . . . . . . . . . .  

Defect i n  Cladding Material . . . . . . . . . . . . . . . . .  
Sample Calculation of DEFEC . . . . . . . . . . . . . . .  
DEFECFrogram . . . . . . . . . . . . . . . . . . . . . .  

Lat t ice  of Defects in Cladding Naterial . . . . . . . . . . .  
Discussion of DEMT . . . . . . . . . . . . . . . . . . .  
Samp1.e Calculation of DELAT . . . . . . . . . . . . . . .  
DELAT Program . . . . . . . . . . . . . . . . . . . . . .  

Defect i n  Base Platerial  . . . . . . . . . . . . . . . . . . .  
Discussion of DEFECB . . . . . . . . . . . . . . . . . .  
Sarrple Calculation of DEFECB . . . . . . . . . . . . . .  

Force on a Conductor . . . . . . . . . . . . . . . . . . . .  
Discussion of FORCE . . . . . . . . . . . . . . . . . . .  
Sample Calculation of FORCE . . . . . . . . . . . . . . .  
FORCEFrogram . . . . . . . . . . . . . . . . . . . . . .  

C o i l  A b o v e  a Three-Conductor Plane . . . . . . . . . . . . . . .  
Discussion of 3CONDT . . . . . . . . . . . . . . . . . . . .  

Sample Calculation of3CONDT . . . . . . . . . . . . . .  
3CONDT Program . . . . . . . . . . . . . . . . . . . . .  

DEFECB Program . . . . . . . . . . . . . . . . . . . . .  

Reflection-Type Coil  Above a Single Conducting Pl.ane . . . . . .  
Magnitude and Phase of Induced Voltage . . . . . . . . . . .  

Discussion of RFU4 . . . . . . . . . . . . . . . . . . .  
Sample Calculation of RFU8 . . . . . . . . . . . . . . .  
RFLM Program . . . . . . . . . . . . . . . . . . . . . .  

Normalized Impedances of Reflection-Type Coils . . . . . . .  
Discussion of MRlEP . . . . . . . . . . . . . . . . . . .  
Sample Calculation of ?.IREP . . . . . . . . . . . . . . .  
MRFP Program . . . . . . . . . . . . . . . . . . . . . .  

v i  i 
1 

1 

5 
e 
8 
11 

13  
14 
14 
16 
1.8 
15 
19 
21 
23 
25 
25 
27 
2'3 
31 
31 
33 
35 
3'7 
3'7 
38 
39 

40 

4.3 
44 

47 
47 
47 
49 
51 
5 Lk 

54 
55 
57 

A 0 



i v  

____. Page 

Reflection-Type Coil  Above a Two-Conductor Plane . . . . . . . .  
. . . . . . . . . . .  

Discuss5.on of RFLCT . . . . . . . . . . . . . . . . . . .  
Sample Calculation of RFLCT . . . . . . . . . . . . . . .  
RFLCTProgram . . . . . . . . . . . . . . . . . . . . . .  
Discussion of CLADI . . . . . . . . . . . . . . . . . . . .  
Samplk Cal.culation of CLAD1 . . . . . . . . . . . . . . .  

. . 
Discussion of DISC . . . . . . . . . . . . . . . . . . .  
Sample Calculation of  DISC . . . . . . . . . . . . . . .  

Magnitude and Phase of Induced Vol-tage 

C L A D 1  Program . . . . . . . . . . . . . . . . . . . . . .  
Magnitude and Phase of Induced Voltage with L i f t - o f f  Set  

DISC Program . . . . . . . . . . . . . . . . . . . . . .  
Phase of Induced VoI.l;age for a Range of Cladding Thickness 
Values wit 'n L i f t - o f f  Automatically Se-t . . . . . . . . . . .  

Disciission of RFLC . . . . . . . . . . . . . . . . . . .  
Sample Calcxlation of RFLC . . . . . . . . . . . . . . .  
RFLC Program . . . . . . . . . . . . . . . . . . . . . .  

Change i n  Magni-Glide and Phase of Induced Voltage Due t o  a 
Defect i n  the Cladding Material . . . . . . . . . . . . . .  

Discussion of RFDFT . . . . . . . . . . . . . . . . . . .  
Sample Calculation of RFDFT . . . . . . . . . . . . . . .  

Change i n  Magnitude and Phase of Induced Voltage Due t o  a 
Lat t ice  of Defects i.n t he  Cladding Material . . . . . . . .  

Discussion of RFDFL2 . . . . . . . . . . . . . . . . . .  
Sample Calculation OP RFDFL2 . . . . . . . . . . . . . .  
RFDFL2 Program . . . . . . . . . . . . . . . . . . . . .  

Defects i n  -the Cladding Material  with Lift-off Set  . . . . .  
Discuss ion of BASREAD . . . . . . . . . . . . . . . . . .  
Sample Calculation of  EASREAD . . . . . . . . . . . . . .  

RFDFT Program . . . . . . . . . . . . . . . . . . . . . .  

Change i n  Phase of Induced Voltage Due t o  a Ta t t i ce  of 

BASREAD Program . . . . . . . . . . . . . . . . . . . . .  
Change i n  Magnitude and Phase of Induced Voltage Due t o  a 
Defect i n  t h e  Base Material . . . . . . . . . . . . . . . .  

Discussion of HFDITB . . . . . . . . . . . . . . . . . .  
Sample Calculation of WDFTB . . . . . . . . . . . . . .  
RFDFTB Program . . . . . . . . . . . . . . . . . . . . .  

Reflection-Type Coil  Above a Three-Conductor Plane . . . . . . .  
Discussion of  3REFLT . . . . . . . . . . . . . . . . . .  
Samp l e  Calculation of 3REFLT . . . . . . . . . . . . . .  
3REFIIII Program . . . . . . . . . . . . . . . . . . . . .  

Throu~h-TransnLission Coils . . . . . . . . . . . . . . . . . . .  
Magnitude and Phase of Induced Voltage . . . . . . . . . . .  

Discussion of TKRU . . . . . . . . . . . . . . . . . . .  
Sample Cal.culation of THRU . . . . . . . . . . . . . . .  
THHU Pro. oram . . . . . . . . . . . . . . . . . . . . . .  

60 
60 
60 
63 
65 
67 
69 
71 
74 
' 7 4  
76 
7'1 

78 
78 
80 
82 

85 
85 
87 
89 

92 
92 
94 
96 

99 
99 
101 
1.03 

105 
105 
107 
109 

1.12 
112 
1.15 
117 

119 
3.20 
120 
122 
1.24 



V 

Page 
_I_ 

Change i n  blagrritude and Phase of Induced Voltage Due t o  a 
Defect i n  the  P l a t e  Between the  Coils . . . . . . . . . . .  126 

Discussion of THRUDF . . . . . . . . . . . . . . . . . .  126 
Sample Calculation of THRUDF . . . . . . . . . . . . . .  128 
THKUDF Program . . . . . . . . . . . . . . . . . . . . .  130 
Discussion of  2THKU . . . . . . . . . . . . . . . . . . .  132 
Sample Cahu la t ion  of 2THRU . . . . . . . . . . . . . . .  135 
2THRU Program . . . . . . . . . . . . . . . . . . . . . .  137 

Coil  Between Two Conducting Planes . . . . . . . . . . . . . . .  139 
Discussion of BTNCO . . . . . . . . . . . . . . . . . . .  139 
Sample Ca. l cu l a t ion  of BTNCO 142 
BTNCO Program . . . . . . . . . . . . . . . . . . . . . .  1ct.3 

. . . . . . . . . . . . . . .  

Coi l  Encircling a Two-Conductor P.od . . . . . . . . . . . . . .  
Normalized Coil  Impedance . . . . . . . . . . . . . . . . .  

Discussion of ENCCO . . . . . . . . . . . . . . . . . .  
Sample Calculation of ENCCO . . . . . . . . . . . . . .  
ENCCO Program . . . . . . . . . . . . . . . . . . . . .  

Material  . . . . . . . . . . . . . . . . . . . . . . . . .  
Discussion of EfTDFT . . . . . . . . . . . . . . . . . .  
Sample Calculation of  ENDFT . . . . . . . . . . . . . .  
EiUDFTProgram . . . . . . . . . . . . . . . . . . . . .  

Outer Phterial . . . . . . . . . . . . . . . . . . . . . .  
Discussion of EMDFTL . . . . . . . . . . . . . . . . .  
Sample Calculation of ENDFTL . . . . . . . . . . . . .  
ENDFTL Program . . . . . . . . . . . . . . . . . . . .  

f o r  a Lat t ice  of Defects . . . . . . . . . . . . . . . . .  
Discussion of READIN . . . . . . . . . . . . . . . . .  
Sample Calculation of READIN . . . . . . . . . . . . .  
READIN Program . . . . . . . . . . . . . . . . . . . .  

Defect S e n s i t i v i t y  Factor f o r  a Defect i n  the  B s e  Nater ia l  
Discussion of ENDFB . . . . . . . . . . . . . . . . . .  
Sample Calculat ion of FJXDFB . . . . . . . . . . . . . .  
ENDFB Program . . . . . . . . . . . . . . . . . . . . .  

Defect S e n s i t i v i t y  Factor f o r  a Defect i n  the Outer 

Defect Sens i t i v i ty  Factor for a Lat t ice  of Defects i n  the 

Defect S e n s i t i v i t y  Factor f o r  a D i f f e ren t i a l  Coi l  System 

. 145 . 146 

. 146 . 148 . 150 

. I55 . 155 . 35 '7  

. pi9 

. 174 
* 174 . 176 
. 1'7'7 
. 179 . 179 
. 181 . 183 

Coi l  ins ide  a Two-Conductor Tube . . . . . . . . . . . . . . . .  188 
Normalized Coil  Impedance . . . . . . . . . . . . . . . . . .  189 

Discussion of INNCO . . . . . . . . . . . . . . . . . . .  189 
Sample Calculat ion of 1 W C O  . . . . . . . . . . . . . . .  
IrJNCO Program . . . . . . . . . . . . . . . . . . . . . .  133 

Mater ia l  . . . . . . . . . . . . . . . . . . . . . . . . . .  19'7 
Discussion of  TPDFT . . . . . . . . . . . . . . . . . . .  197 
Sample Calculat ion of INDF'T . . . . . . . . . . . . . . .  
IIDFT Program . . . . . . . . . . . . . . . . . . . . . .  201 

191 

Defect S e n s i t i v i t y  Factor f o r  a Defect i n  the  Inner 

199 



v i  

Page 

Defect Sens i t i v i ty  Factor for  a Lat t ice  of Defects i n  
the  Inner Material . . . . . . . . . . . . . . . . . . . . . .  

Discussion of INDFTL . . . . . . . . . . . . . . . . . .  
Sample Calculation of' INDFTL . . . . . . . . . . . . . .  
INUFTL Program . . . . . . . . . . . . . . . . . . . . .  

Material  . . . . . . . . . . . . . . . . . . . . . . . . . .  
Discussion of INDFB . . . . . . . . . . . . . . . . . . .  
Sample Calculation of iNDFB . . . . . . . . . . . . . . .  
TNDFBProgram . . . . . . . . . . . . . . . . . . . . . .  

Eddy-Cinrest Bridge . . . . . . . . . . . . . . . . . . . . . . .  
Description of BRIDGE . . . . . . . . . . . . . . . . . .  
Sample Calcul.ation of S R I E E  . . . . . . . . . . . . . .  
E3HIIX;E Program . . . . . . . . . . . . . . . . . . . . .  

Phase- Sens it ive  Eddy- Current Ins trurnent . . . . . . . . . . . . .  
Description of PHASEN . . . . . . . . . . . . . . . . . .  
Sample Cal-culation of PHASEN . . . . . . . . . . . . . .  
PHASEN Program . . . . . . . . . . . . . . . . . . . . .  

Accuracy of Calculations . . . . . . . . . . . . . . . . . . . .  
Approximation of Functions . . . . . . . . . . . . . . . . .  

Discussion of J ( x )  . . . . . . . . . . . . . . . . . . .  
Discussion of 6xJl(x)dx . . . . . . . . . . . . . . . . .  

Defect Sens i t i v i ty  Factor for a Defect i n  the Outer 

2 

OX 
Dis cuss ion of &Il ( x) dx . . . . . . . . . . . . . . . . .  
Discussion of /xKl(x)dx . . . . . . . . . . . . . . . . .  

0 
Discussion of I , ( Z ) .  I , (z>.  b ( ~ ) .  K, (z) . . . . . . . .  

Step Size . . . . . . . . . . . . . . . . . . . . . . . . . .  
Convergence . . . . . . . . . . . . . . . . . . . . . . . . .  
Additional Errors . . . . . . . . . . . . . . . . . . . . . .  

Concliisrions . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Acknowledgment . . . . . . . . . . . . . . . . . . . . . . . . .  
L i s t  of Symbols . . . . . . . . . . . . . . . . . . . . . . . . .  

206 
206 
208 
210 

214 
216 
217 
219 

224 
229 
230 
240 

245 
245 
249 
253 

257 
258 
25% 

259 

261 

263 

266 

271 
271 
272 

273 

2'73 

274 



v i i  

PREFACE 

Computer Programs f o r  Some Eddy-Current Problems 

was presented i n  i t s  o r i g i n a l  form i n  August 1963 as 

OmL-TM-2501. Since then a number of  modifications 

have been m d e  t o  improve t h e  programs, or due t o  com- 

p i l e r  changes on t h e  Megasystems computer. Also, 

programs have been w r i t t e n  f o r  t he  electromagnetic 

proper t ies  of c o i l s  above th ree  conductors and pro- 

grams have been added t h a t  consider some of t h e  proper 

t i e s  of t h e  eddy-current instruments used to perform 

t h e  measurements. The programs i n  t h e  e a r l i e r  report, 

are s t i l l  va l id ;  however, t h e  modifications i n  t h i s  

repor t  provide improved ef f ic iency .  





COMPUTER PROGRAIviS FOR SOME EDDY-CURREW PROBLEMS - 1970 

W .  A .  Simpson C .  V .  Dodd 
J. W .  Luquire' W.  G .  Spoeri 

This report  contains computer programs f o r  solving some 
eddy-current problems f requent ly  encountered i n  nondestruc- 
t i v e  t e s t i n g .  Operating ins t ruc t ions  and examples a r e  given 
f o r  each program. These programs a r e  w r i t t e n  i n  BASIC lan- 
guage and may be used on a time-sharing computer. 
eddy-current t e s t s  can be quickly and accurately designed 
by u t i l i z i n g  these  programs. 

Various 

INTRODUCTION 

Tnis repor t  contains computer programs developed t o  ca l cu la t e  t h e  

so lu t ions  t o  the  equations derived i n  a previous r epor t2  which discusses 

the  a p p l i c a b i l i t y  of t he  equations t o  a c t u a l  t e s t  problems. 

grams a r e  wr i t t en  i n  BASIC language, which i s  usual ly  used with a t i m e -  

shar ing computer system. While these programs w i l l  operate, with a few 

modifications,  on many d i f f e r e n t  computer systems, they were w r i t t e n  

s p e c i f i c a l l y  f o r  t h e  Megasy~tems,~  GE-430 B 4 s I C .  

grams an opt iona l  'ImT" has been implemented ( i . e . ,  with t h e  present  

system it i s  no longer necessary t o  type "I;ET" a t  t h e  beginning OS each 
l i n e ) .  Ins t ruc t ions  f o r  running these  programs and examples of t h e i r  

use a r e  included with each program. Figure 1 i l l u s t r a t e s  those cases 
f o r  which so lu t ions  have been obtained. Table 1 l i s t s  t h e  various pro- 

grams wr i t t en  f o r  t h e  spec i f ied  geometrical  configurat ions.  

The pro- 

I n  most of  these pro- 

'Consultant from The University of Tennessee, KnoxTril.le. 

2 C .  V.  Dodd, W. E. Deeds, J. W. Luquire, and W. G. Spoeri, - Some 
FAdy-Current Problems and Their In t eg ra l  Solutions,  ORNL--43t?l (Apr i l  
1909 ) . 

3Megasystems, Inc . ,  460 Twelfth Avenue, New York, N.Y. 10018 
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lo) CASE 1 :  COIL ABOVE Tt iRCC -CONDUCTOR Dl ANE 

( b )  CASE 2: REFLECTION-TYPE COIL I A S  USED 1F.l 
PHASE-SENSITIVE !NSTRUMENT I ABOVE A 
THRFE-CONDUCTOR ? L A N E ,  

( c l  CASF 3 :  1HROUGH-TRANSMISSION COILS I A S  
USE0 IN PHASE-SENSITIVE INSTRUMENT. 

le1 CASF 5 :  COiL ENCIRCLING TWO CONDUCTOR ROD. 

( d l  CASE 4: COIL BETWEEN TWO-CONDUCTING 
PLANES (FOR SPACING MEASUREMENTS. 

( f l  CASE 6 :  COIL INSIDF T'rL'fl CCNDUCTOR TUBE. 

Fig .  1. Eddy-Current Testing Cases f o r  Which Solut ions Have Been 
Obtained i n  t he  Form o f  In t eg ra l  EquaLions. 



3 

Table 1. Computer Programs for Solution of Equations 
f o r  Eddy-Current Test CorrEigurat ions 

Program 
Name Configuration Program Calciilat ion 

Coi l  i n  air Coi l  inductance, resistance,  e t c .  

Coil  above a two-conductor plane Normalized c o i l  bpedance 

Defect s e n s i t i v i t y  fac tor  for a defect 
i n  t h e  cladding mater ia l  

Defect s e n s i t i v i t y  fac tor  For a l a t t i c e  
o f  defects i n  t h e  cladding material  

Defect s e n s i t i v i t y  fac tor  f o r  a defect 
i n  t h e  base mater ia l  

Coil  above a three-conductor 

Reflection-type c o i l  above a 
plane 

s i r g l e  conducting plane 

Reflection-type c o i l  above a 
two-conductor plane 

Reflection-type c o i l  above a 

Through-transmission co i l s  
three- conduct or plane 

Coil  between two conducting 
planes 

Net eddy-current force exerted on a 

Normalized c o i l  impedance 
conduct ox 

Magnitude and phhase of induced voltage 

Normalized impedance of co i l s  

Pkagnitude and phase of induced voltage 

Normalized impedance of  c o i l s  

Phase sh i f t  of induced voltage with 

Magnitude and phase of induced voltage 

on a 3 X 5 l a t t i c e  

" l i f t - o f f "  s e t  

for  a range of cladding thickness values 
with " l i f t - o f f "  ailtomatically s e t  

Change i n  magnitude and phase of induced 
voltage due t o  a defect i n  the  cladding 
mter ia l  

Change i n  magnitude and phase of induced 
voltage due t o  l a t t i c e  of defects i n  
the  claddin@; m t e r i a l  

C'lange i n  phase of induced voltage due 
t o  a l a t t i c e  of defects i n  t h e  clad- 
ding mater ia l  with t h e  "lifY;-off" s e t  

voltage due t o  a defect i n  the  base 
mater ia l  

Change i n  magnitude and phase of induced 

Magnitude and phase of the ifidueed voltage 

r n n i t u d e  and phase of' the  induced voltage 

Change i n  magnitude mid phase of induced 

f o r  a s ing le  conducting p l a t e  

voltage due t o  a defect i n  t h e  p l a t e  
between the  c o i l s  

f o r  a two-layered conductor 
Magnitude and phase of t h e  induced voltage 

Normalized c o i l  m e d a n c e  

ALRCO 

CLAUT 

DEFZC 

DELAT 

DEFECB 

FORCE 

3 c o m  

WLM 

MREP 

RFLCT 

CLAD1 

D I S C  

RFW 

WDFT 

RF'DFI;? 

BASREAD 

WDFTB 

3xEFLT 

'UKRU 

THRUDF 

2THRU 

BTNCO 



Table 1 (continued) 

Configuration Program Calculation Program 
Name 

- ___I_.___..._ 

Coil encircl.ing a two-conductor Normalized c o i l  impedance ENCCO 

Defect s ens i t i v i ty  factor f o r  a defect ENDFT rod 
i n  the  outer material  

Defect s ens i t i v i ty  fac tor  fo r  a l a t t i c e  ENTDFTL 
of defects i n  the  outer material  

Defect s ens i t i v i ty  fac tor  
e n t i a l  c o i l  system fo r  8 
defects 

Defect s ens i t i v i ty  fac tor  
i n  the  i m e r  m t e r i a l  

Normlized c o i l  impedance 

Defect s ens i t i v i ty  fac tor  

Defect s ens i t i v i ty  fac tor  

Coil  ins ide  a two-conductor tube 

i n  tlne inner r a t e r i a l  

fo r  a d i f f e r -  READIN 
l a t t i c e  of 

f o r  a defect ENDFB 

1mc 0 

fo r  a defect INDET 

f o r  a l a t t i c e  INDFTL 

Eddy- current bridge 

of defects i n  the  inner material  

i n  t he  outer material  

eddy-current bridge measurements 

Defect s ens i t i v i ty  fac tor  for  a defect INDFB 

Effect of drifts  i n  ci.rcuit elements on BRiD(;E 

Phase-sensitive eddy-current Effect of drifts i n  c i r cu i t  elements on P A W E N  
ins tnment, measiirements performed using the  phase- 

s ens it ive instrument 

Despite t h e  apparent r epe t i t i on ,  each of these  progr6ms and i t s  

respect ive discussion has been made e s s e n t i a l l y  self-contained, although 

i n  some instances more than one program must be run t o  obtain t h e  desired. 

answer. For example, note t h a t  a l l  t he  c o i l  impedance values a r e  given 

in terms of normalized impedances. The normalized values of impedances 

must be mult ip l ied  by t h e  magnitude of t he  c o i l  impedance i n  a i r ,  wL, bo 

obtain t h e  a c t u a l  c o i l  impedance. The inductance, L, m y  be calculated 

from AIRCO. 

The dimensions used i n  these programs a r e  a l s o  normalized with 
- 

respect  t o  t h e  mean c o i l  radiu-s, r, and therefore  have no units; M i s  

defined as r2wp.o- and i s  a l s o  dimensionless, s ince  2/wpo i s  the  square of 

t h e  eddy-cilrrent sk in  depth i n  meter-kilogram-second ( m k s )  units. 

value of M may a l s o  be calculated by the  formul-a, M = 5.09397 X 

where 

(Her tz ) ,  and p i s  the  r e s i s t i v i t y  i n  microhm-centimeters. 

The- 

(?), 
i s  now expressed i n  mils, f i s  tine frequency of cycles per  second 
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The discussion and example t h a t  precede each of t h e  d e t a i l e d  pro- 
grams presume tha.t t he  s p e c i f i c  program has a l ready  been entered i n t o  

t h e  a c t i v e  compuber memory. 

i n  a l a t e r  s ec t ion .  

The accuracy of these programs i s  discussed 

INDUCTA4NCE OF A C O I L  IN A I R  

We here consider t he  ca l cu la t ion  of t h e  inductance i n  a i r  of a c o i l  

of rectangular c ross  sec t ion ,  as shown i n  Fig .  2 .  This  i s  t h e  type of 

c o i l  t h a t  i s  used i n  many eddy-current t e s t s .  

w i l l  have i n  a i r  i s :  
The impedance such a c o i l  

where Z i s  the  impedance i n  ohms, j i s  t h e  square root  of minus one, f 

i s  t h e  frequency i n  Hertz, and L i s  t h e  inductance i n  henr ies .  

/'air1 - zn7 
impedance t h e  c o i l  w i l l  have when placed on a metal i s  Z = 

where Z i s  t h e  normalized impedance, which i s  ca lcu la ted  from one of 

the  impedance programs. 

The 

n 
I n  addi t ion ,  t h e  i n t e g r a l  ca l cu la t ed  i n  t h e  a i r  

ORNL- DWG 68- 10309 
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Fig. 2.  A Rectangul-ar Cross-Section Coi l .  
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inductance program i s  a l s o  ca lcu la ted  (along with seve ra l  other  i n t eg ra l s )  

i n  a l l  t he  impedance programs. Since t h i s  i n t e g r a l  i s  one of t h e  slowest; 

t o  converge, it can be cal.cul-atcd sepsratel-y for a c o i l  j.n a i r  and 'used 

i n  any of the  impedance programs f o r  cases with t h e  same relativ-e c o i l  

dimensions. The program AIRCO ca lcu la tes  t h e  c o i l  inductance and a "nor- 

mal izat ion factor ' '  used i n  impedance ca lcu la t ions .  
t i o n  f a c t o r  i s  used with planar  conductors and t h e  second i s  used with 

cy l ind r i ca l  conductors. 

The f i r s t  iiormaiiza- 

Discussion of ATRCO 

This program i s  designed t o  ca l cu la t e  t he  inductance i n  a i r  of a 

c o i l  with rectangular  cross  sec t ion .  Such a c o i l  i s  shovm i n  Fig. 2 .  
In addi t ion,  t h i s  program w i l l  c a l cu la t e  two normalization f ac to r s  t h a t  

a r e  used i n  other  programs appearing i n  t h i s  r epor t .  

gram, one must f i rs t  d iv ide  a l l  diniensi.ons by t h e  mean radius  of t h e  

c o i l .  The resid-ts w i l l ,  of  course, be dimensionless and w i l l  be r e fe r r ed  

t o  as being "normalized. If 

To use t h i s  pro- 

I n  t he  f i r s t  por t ion  of t h e  program, the  computer ca lcu la tes  t h e  

t w o  normalization f ac to r s  and t he  inductance divided by the  product of 

t he  square of t h e  number of tu rns  on the  c o i l  and t h e  meal? c o i l  radi-us. 

I n  order t o  determine t h e  a c t u a l  inductance, it i s  necessary t o  spec i fy  

both the  number of tu rns  and t h e  mean c o i l  radi.us ( i n  inches) .  

l a t t e r  information i s  given i n  l i n e  50 of  t he  program. 

turns ,  however, will. depend on t'ne wire gage se lec ted  and on the  number 

of l ayers  of i n su la t ion  on the  w i r e .  

a l ready  know the  inductance desired,  but  not t h e  number of t-urns and wire 

gage necessary t o  give t h i s  inductance. 

range of poss ib le  'uses, t h e  program has been designed t o  accept as input 

thi-ee numbers specifyi.ng t h e  wire  gage, number of tu rns ,  and des i red  

inductance. 

The 

The number of 

On t h e  other  hand, tile user  may 

In  order t o  provide for a wid.e 

To use t h i s  program, one types the  following l i n e s  i n t o  the  progra,m. 

(Note: 

number i s  t o  be typed there .  ) 
Parentheses a r e  not typed, but i nd ica t e  t h a t  the appropriate  



20 L e t  R1 = (numerical value of normalized inner  c o i l  rad ius)  

30 Let R2 = (numerical  value o f  normalized outer  c o i l  r ad ius )  

4 0  Let L 

50 Let R 3  = (numerical value of mean c o i l  rad ius ,  i n  inches) 

60 L e t  I3 = [number of i n su la t ion  layers  ( i . e .  , 1, 2, 3, o r  4 )  I 

= (numerical value of  normalized length o f  c o i l )  

The program may now be r u n .  
The pr in t -out  by t h e  computer w i l l  have t h e  following format: 

C O I L  LEIVGTH I S  (L) R1 = (R1) R2 = (RS) 
LNDUCTANCE/Nf2*R( EAR) - -------- 

PLANAR CCJMBIJCTOR - - - - - - - - CYLINDRICAL CONDUCTOK -------- 
S INGLE 

~~~~~ 1 INSULATION 
QUADRW LE 

WHAT IS WIRE GAGE, NUI4BER OF TURNS, INDirCTATJCE? 

? 

The various symbols enclosed i n  narentheses ind ica t e  t h a t  t h e  nimerical  

value of t he  symbol w i l l  b e  pr in t ed .  The cur ly  bracket ind ica tes  that 

t h e  statement p r in t ed  rleperids on t h e  val-ue of I3 i n  l i n e  L O ,  

There a r e  four options t h a t  t h e  user  now has, depending on what he 

wishes t o  ca l cu la t e  and what i s  a l ready  known. 

denoting unknown: 

They are ,  with "0" 

WIRE GAGE 

1. 0 

NUMEER OF Tmm 
0 

Ilere the program w i l l  c a l cu la t e  t h e  nwnber of turns  necessary t o  give 

the  spec i f i ed  inductance, t h e  w i r e  gage, number of tu rns  per layer ,  

number of layers ,  t h e  actual inductance using t h e  calcuhted number of 

turns ,  c o i l  dc res i s tance ,  and Q a t  1 '&z. 

2. 0 X 0 



When t h c  nuruber of tu rns  i s  specif ied,  ass here,  t h e  program ca lcu la tes  
the wire gage, number of  tu rns  pe r  layer ,  number of layers ,  inductance, 

c o i l  dc res i s tance ,  and Q a t  I WIz. 

WIRE GAGE 

3 .  X 

NUMBER OF TURNS INDUCTANCE 

X 0 

Here the  program ca lcu la tes  t h e  inductance, c o i l  de res i s tance ,  Q a t  
1 kHz, and t h e  ca.l.culated number of turns t h a t  w i l l  fit on t h e  co i l ,  and 
f i n a l l y ,  when t h e  wire gage i s  specif ied:  

4 .  X 0 0 

t he  computer ca lcu la tes  t h e  number of turns ,  tu rns  per  layer,  number of 

layers ,  inductance, c o i l  dc res i s tance ,  and Q a t  1 kHz. 

After t he  questTon rlia,rk appears, t he  user  types i n  t h e  da ta  i n  t h e  

order given above, w i t h  a comia between each value. 

a r e  typed in ,  and zeros a r e  typed f o r  t h e  unknowns. 

The known values 

The ind-iictance i s  i n  henries  and t h e  gage i s  American WTre Gage o r  
Brown and. Sharpe Wire Gage. 

The example below i s  presented as  an addit?-onal a i d  t o  -those who 

wish t o  use t h i s  prograin- 

Sample Calculation of AZRCO 

Suppose t h a t  we wish t o  know t h e  inductance of a coil. 0.250 i n .  
long with inner  and outer  r a d i i  of 0.125 and 0.375 i n . ,  respec t ive ly .  

We shall assume t h a t  t he  c o i l  i s  t o  be wound with wire having a s ingle  

layer  of insu la t ion .  

F i r s t ,  we determine the  mean c o i l  radius  t o  be 0.250 i n . ,  so t h a t  

Nornialized inner  c o i l  radius  = 0.125/0.250 

Normalized outer  c o i l  radius  

Normalized c o i l  length - 0.250/0.250 = 1 

0.5 

0.3?5/0.250 = 1.5 

This information i s  now typed i n t o  the computer i n  the  following format: 
20 Let R1 = 0.5 

30 Let R 2  = 1 . 5  

40 Let 1, - 1 



50 Let R3 = 0.250 

60 Let I3 = 1 

The program m y  now be run.  

It should be noted t h a t  t h e  program assumes t h e  c o i l  t o  be wound 

with copper wire.  If t h i s  i s  not t h e  case, t he  program may be a l t e r ed  

by multiplying t h e  e n t i r e  expression i n  l i n e  1340 by the r a t i o  of  t h e  

r e s i s t i v i t y  of t he  metal used t o  that of copper. 

The program i s  now run w i t h  t h e  following r e s u l t s :  

COIL L E Z T H  I S  1 R1 = .5 R2 = 1.5 

ZPSDUCTANCE/Nt2*R( BAR) I:: 1.26653-6 

NORIWLIZAT I O N  FACTOR 

PLANAR CONDUCTOR .160405 CYLINDRICAL CONDUCTOR .503926 

SINGLE INSULATION' 

WHAT IS W I R F ,  GAGE, NUMBER OF TURNS, INDUCTANCE 

Suppose the  inductance i s  t o  be 203 UH and we w i s h  t h e  computer t o  calcu- 

1a . te  wire gage and number of turns. After  t he  question mark w e  type: 

? 0, 0, 2E-4 

The corrrputer then p r i n t s :  

MEAN C O I L  RADIUS .25 INCHES 

EXACT NUMBER OF T"TS NEEDED L57.698 
GAGE is- BILAYER MYERS INDUCTANCE RESISTANCE QAT 1 KHZ 

24 121  11 11 1.177473-4 .40C8R6 1.81827 

25 169 13 13 2.2'3696E-4 .71663 2.0139 

Thus the c loses t  we can come i s  about 230 pH, using 169 turns  of #25 

wire.  A closer value w i l l  r equi re  changing t'ne c o i l  dimensions. 

Suppose ins tead  t h a t  1000 turns  of wire a r e  t o  be used and t h a t  we 

wish the computer t o  ca l cu la t e  t h e  wire gage and inductance. After  t h e  

question mark we type: 

The computer then p r i n t s :  
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MTAN COIL -RADIUS .25 INCHES 

NlJMBER OF TURNS SPECIFIED 1000 

GAGE # #/L4YER TAYERS 1TJDIJCCTA.NCE RESISTANCE Q AT I KKZ 

32 7'84 28 28 4-.943233-3 16.8554 1.84-268 

33 961 31 31 7.42721E-3 26.0531 1.79121 

34 1.225 35 35 1..20684tE-2 41.8777 1.81071 

On t h e  given c o i l  form, 9 6 l t u r n s  i s  the  c loses t  t h a t  we can come, using 
#33 wire.  The inductance i s  about, 7.43 mH. 

A s  another example, suppose t h a t  t h e  c o i l  has been wound with 

480 turns  o f  #30 wire and we wish the  computer t o  ca lcu la te  t he  induc- 

tance.  After tine question mark we type: 

? 30, 480, 0 

The computer .then p r i n t s  : 

MEAN C O I L  HADIUS .25 INCHES 

INDUCTANCE 1.852913-3 RESISTANCE 6.4899 Q AT 1 KHZ 1.79392 

ACTUAL NUMBER OF TURNS 480 CALCULATED NUMBER 4-84 

The inductance WELS calculated using the  spec.i.fied ( ac tua l )  number of 

tu rns .  'l'he 1.as-L l i n e  of the pr int-out  t e l l s  us t ha t ,  with pe r fec t  
winding techniques, we could have put  484 turns on tl?e c o i l .  

Finall-y, suppose t h a t  the c o i l  i s  t o  be wound with #36 wire and we 
wish t h e  computer t o  ca lcu la te  t h e  number of tu rns  and t h e  i.nctucta,nce. 

After the  question mark we type: 

? 30, 0, 0 

The computer then types: 

MEAN C O I L  ,%DIUS .25 INCHES 

GAGE # #/LAYER LAYERS INDUCTANCE RESISTANCE Q AT 1 m 
36 1'936 44 44 3.01432E-2 105.237 1. '7997 

We see t h a t  1336 turns  a re  required and t h a t  t he  ind.uctance is about 
30 mH. 
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AIRCO Program 

10 REM airc0 VEKSI0N 1 2 / 1 7 / 6 9  
20 R l z . 8 7 5 6 2  
30 R2=1 - 1 2 4 3 8  
4 0 L = . 8 7 0 6 5  
S O  R 3 = . 2 0 1  
60 I 3 = 4  
70 PR I N T ' T 0  I L LENGTH 
80 LETS1 = I  E - 2  
90 L E T S 2 = 1  

1 1 0  LET I 6 = 0  
1 2 0  LET R 1 = 0  
130 LET B 2  =S2 
1 4 0  L E T I 9 = 1 6  
1 5 0  F B R X = R l + S 1 / 2  T 0  E32 S T E P  S1 
1 6 0  LET Z = R 2 * X  
1 7 0  LET 01 = R 2  
1 8 0  G0SUR 1000 
190 LET 1 2 = F 2  
200 LET Z=Rl*X 
210 LET Q l = R 1  
220 G0SUB 1 0 0 0  
230 LET I l = F 2  

I S" i L, "R 1 =" ; R 1 J " R 2  =" i R? 

100 L E T E l = - 1  

240 I F  X*L>.OO5 THEN 270 
250 LETA 1 =. 5*X*L * 2 - X t % * L t 3 / 6  
260 G 0  T 0  280 
270 LET A l = L + ( E X P ( - X * L ) - l  ) / X  
280 LET 1 6 = 1 6 + S l * C I 2 - 1 1  ) t 2 * A l / X  
290 NEXT X 
300 I F C I 6 - 1 9 ) / 1 6 > E l  THEN 1 2 2 0  

320 I F  E l > O T H E N 1 2 2 0  

340 LET B 6 = 8 E - 7 * P I t 2 * 1 6 / < L * ( R 2 - R l ) ) r 2  
350 PRINT" 
360 PRINT 
370 PRINT" " 0 "  NBRMALI ZAT I 0 N  FACTBR" 
380 PRINT"PLAN4R CBNDUCT0R"; 163"CYLINDRICAL CBNDUCTPIR" ; P I  *I  6 
3 9 0 I F  R 3 = 0  THEN 1 4 7 0  
400 ON I 3  G 0  TQ 4 1 0 ~ 4 7 0 ~ 5 3 0 ~ 5 9 0  
4 1 0  C 1  =e460655 
420 C 2 = . 1 5 1 3 9 6  
430 C 3 z Y . 8 0 2 2 2 8 E - 2  
440 C 4 = 2  - 5 6 7 9 1  E - 2  

310 READSt ,S2 ,E1 

~ ~ ~ D A T A ~ E ~ ~ J ~ J ~ E ~ ~ J ~ E ~ ~ ~ S J ~ E - ~ J ~ E - ~ J ~ O J ~ E ~ ~ ~ ~ ~ J ~ O J ~ E ~ ~ ~ ~ ~ ~ O O ~ ~ E ~ ~ J ~ ~ ~ J ~ ~  

I NOUC TANCE /N t 2 *R ( 3 A R  ) =" i 13 6 

450 PRINT "SINGLE INSULATIBN" 
460 G 0  T B  640 
470 C 1 = * 8 9 1 2 6 8  
480 C 2 =  43444 
4 9 0 C 3 = .  17864 
5 0 0 C 4 = 5 . 4 7 4 2 3 E - 2  
510 PRINT"D0URLE INSULATIPIN" 
520 G 0  TQ 640 
530 Cf = I  *0848R 
540 C 2 =  e I46042 
550 C 3 = 3 * 9 . 8 0 2 2 2 8 E - 2  
560 C4=3*2.S67 9 1  E - 2  
570PRINT"TRIPLE INSULATIBN" 



580 G 0  T 0  6 4 0  
5 9 0  C 1 = 1  * 4 8 5 4 5  
600 C 2 = - 8 9 0 7 3 4  
610 C3=4*9.802228E-2 
6 2 0  C4=4*2.56791E-8 
6 3 0  PR 1NT"QUADRUPLE INSULAT IBN" 
6 4 0  PRINT "WHAT I S  WIRE GAGEBNUMBER OF TURNS*INDUCTANCE" 
650 INPU'T G 3 r N 3 r L 3  
660 PRINT "MEAN C B I L  RADIUS" 3R3i"INCHES" 
6 7 0  IFL3=0THEN830 
6 8 0  GO SUB 1250  
690PRINT"EXACT NUMBER O F  TURNS NEEDED"IN4 
700PH 1NT"GAGE # #/LAYER LAYERS INDUCTANCE RESISTANCE Q AT 1 HZ" 
7 1 0  P R I N T G 3 ; N 3 i N l i N 2 i L 3 ; R 5 3 Q 3  
7 2 0  I F N 4  cN3THEN780 
7 3 0  G3=G3+1 
7 4 0  G0 SUB 1 3 4 0  
750PRINTG3JN3iNl;N2;L3;R53Q3 
7 6 0  I F N 3  .N4THEN1470 
77QGBT0730 
780C23=G3 -1 
7 9 0 6 0  SUB 1 3 4 0  
800PRINTG3;N3:N13N2JL3SR5JQ3 
810IFN4>N3THEN1470 
82 a ~ 0 ~ 1 3  7 BO 
830  I F  G3 >OT HE N8 BO 
840 ihJ4=N3 
850 G0 SUR 1 2 6 0  
860PRINT"NUMBER O F  TURNS SPEC IF IED"1N4 
8 7 0  G0 T 0  7 0 0  
880 I F  N3>0THEN 9 3 0  
8 9 0  GC1 SUB 1 3 4 0  
900PRPNT"GAGE d +/LAYER LAYERS"r"INDlJCTANCE*'r"RESISTANCE"~''Q 81 KHZ'* 
~ ~ ~ P R I N T G ~ ; N ~ ~ N ~ J N ~ ~ L ~ D R ~ ~ Q ~  
920G0 T 0  1 4 7 0  
930N4=N3 

950 GQ SUB 1 4 3 0  
960PRINT" INDUCTANCE"JL3i"RES ISTANCE"IR5I"Q A T  1 KHZ" i Q 3  
970  G0 SUB 1340 
980PRINT"ACTUAL NUMBER OF TURNS"JN4I"CALCULATED NUMBER"iN3 
9 9 0  GO TB 1 4 7 0  
1000 IF%>STHEN 1 0 9 0  
101 0 LETLS= I N T  (2*2) +3 

1 0 3 0  LET F 2 = F 1 / 3  
1 0 4 0  F0RN=lTBL5 

1060 L E T F 2 = F B + F l / < B * N + 3 )  
1 0 7 0  NEXTN 
1080 GaT0 1210 
1 0 9 0  I F  2 ~ 3 0  THEN 1 1 6 0  

940  R 4 ~ ~ ~ 9 9 8 9 + ~ 0 1 7 * < G 3 / 1 0 ~ 1 ~ ~ * 1 0 ~ ~ G 3 / 1 0 ~ 4 ~  

1 020 LETF 1 5 *Q 1 *Q 1 * Z 

1050  LETFI=-F1*.250*Z*Z/(N*N+N) 

1 1 0 0  
1 1 1 0  LET Q1~~~QI~~1730503)/%+.7034845)/2-.064109E~~ 
1 1 2 0  LET Q 2 ~ C < ~ ~ 5 ~ 8 1 7 5 1 7 / 2 + 2 ~ 1 0 5 ~ 7 4 ~ ~ Z ~ ~ 6 8 9 6 1 9 ~ ~ ~ 2 + ~ 4 ~ 5 2 ~ 2 4 ~ ~ 2  
1130 LET 82=<Q2-.187344E-2)/2+.7979095 
1 140 LET F2=( 1 -SQR < Z)*<Q2*C0S< 2-P 1/4)-Q1 * S I N (  2-P 1/93 ) )/CX*X) 
1 1 5 0  GB T 0  1210 
1 1 6 0  LET P 3 = 1 / ( Z * Z )  

LET (31 = (  C ( - 1  88- 1 3 5 7 / 2 * 1 0 9 *  1 1  42)/Z-23*79333)/2+2*050931 ) I T  

11 7 0  L E T P I  = Z * < - l  +P3*<-.5546875*2.48062114*P3)) 
1 1 8 0  LETP2=.875+P3*C-.93457031+~*9~975114*P3) 
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1190 LETF2=1+.79788456*<Pl*C0S<Z-.78539816)+P2*SIN(Z-.78539816~)~SQR(Z) 
1200 LETF2=F2/<X*X) 
1210 RETURN 
1220 LETBl =I32 
1230 LET 82=82+S2 
1240 G0 T0 140 
1250N4=SQR<L3/<R3*.0254*Q6)> 
1260 D3=R3*.95*SQR<<R2-R1)*L/N4) 
127OR4=1.0371E-S/<D3*D3) 

1 2 9 0 G 3 ~ 4 0 + 1 0 * ~ L 0 G < R 4 ~ ~ L 0 G < ~ 9 9 8 9 + ~ 0 1 7 * < Q / l O ~ ~ ~ ~ ~ ~ 2 ~ 3 0 2 5 8 5 0 9 3  
1280 Q=40 

1300 IF ASS<Q-G3)ctE-4 THEN 1330 
1310 Q=G3 
1320 G0 TQ 1290 
1330 G3=INT<G3) 
1340R4=< .9989+*017*<G3/10-1 1 )*10T<G3/10-4) 
1350D3 =SQR< 1.0371E-S/R4) 
1360 IFG3>40 THEN 1390 
1370 13=<C I *L0G<D3*1000~-C21+1E-3 
1380 G0 T 0  1400 
1390 13=tC3*03*1 OOO+C4 )*1E-3 
1400 N1 =INT <L*R3/<D3 + I3 > ) 
1410 N8=INT<<R2-Rl)*R3/(D3+13)) 
1420N3 =N1 *N2 
1430 R5 =N3*R3+R4*2*PI 1 1  2 

145063=2000*PI*L3/R5 
1460 RETURN 
1470 END 

1440L3=N3*N3*R3* .0254*(36 

COIL ABOVE A TWO-CONDUCTOR PLA.?EZ 

The case o f  a s ing le  c o i l  above one conductor c lad  on another, as 

shown i n  Fig.  3 ,  i s  t y p i c a l  o f  many eddy-current t e s t s .  Many inrpedance- 

bridge eddy-current instruments use t h i s  type of c o i l .  In addi t ion,  

t h i s  genera l  case w i l l  reduce t o  a number of simpler cases .  

i n  t h i s  sec t ion  w i l l  c a l cu la t e  t h e  normalized c o i l  impedance ( C U D T ) ,  

t he  s e n s i t i v i t y  of a s i n g l e  defec t  i n  t h e  cladding mater ia l  (DEFEC), the  

s e n s i t i v i t y  of a defect  a t  any poin t  on a l a t t i c e  i n  the  cladding mate- 

r i a l  ( D E U T ) ,  t h e  s e n s i t i v i t y  f ac to r  f o r  a defect  i n  t h e  base ma te r i a l  

(DEFECB), and t h e  ne t  eddy-current force  exerted on the  conductor (FORCE). 

The programs 

The impedance program can be used t o  study t h e  e f f e c t  on normalized 

c o i l  impedance of va r i a t ions  i n  Lhe thickness of t he  cladding a n d  t h e  

conduct ivi ty  and permeabili ty of t h e  cladding and base xia.terials. In 

addi t ion,  w e  may t a k e  t he  conduct ivi ty  of the base material t o  be zero 

and obtain t h e  case of  a c o i l  above a p l a t e .  
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Fig.  3. A C o i l  of Rectangular Cross Section Above a Two-Conductor 
Plane. 

The defect progrms can be used t o  study the  change i n  nornlalized 

c o i l  impedance due t o  the  presence of  a defec t .  

cont inui ty  i n  t he  electromagnetic proper t ies  of t h e  mater ia l  a defec t .  

In addi t ion,  t he  l a t t i c e  program can be used t o  study the  e f f ec t s  o f  a 

defect  located at any point  i n  a l a t t i c e .  From these  programs, we can 

optimize the effect iveness  of  a c o i l  i n  detect ing defec ts .  

We s h a l l  c a l l  any d is -  

Nomalized Co i l  Impedance 

Discussion of CLADT 

This program i s  designed t o  ca lcu la te  t he  norinalized impedance o f  

a c o i l  with rectangular  cross sec t ion  above a conductor consis t ing of 

two layers ,  which may be of d i f f e ren t  types of mater ia l  ( s ee  Fig. 3 ) .  

To use t h i s  progrm,  one must f i r s t  divide a l l  dimensions by the 

mean radius  of  t he  c o i l .  These r e s u l t s  w i l l ,  of  course, be dirnension- 

l e s s  and w i l l  be re fer red  t o  as being "normalized." The product of Yize 



angular frequency of the  dr iving current ,  t he  permeability, t h e  conduc- 

t i v i t y ,  and t h e  square of the  mean radius  of the  c o i l  must be calculated 

f o r  each conductor. 
layer  and by wp2cr,r2 f o r  t he  lower layer .  

(Note: 

Let t h i s  product be denoted by wplcr,F2 for t h e  upper 

Once these  ca lcu la t ions  have been made, one need only type t h e  

Parentheses a r e  not typed. ) following l i n e s  i n t o  the  program. 

20 LET R1 = (numerical value of normalized inner c o i l  rad ius)  

30 LET R 2  = (numerical value of normalized outer c o i l  rad ius)  

~ F O  LET L1 = (numerical value of normalized l i f t - o f f )  

50 LET L2 -= (numerical value of  l i f t - o f f  plus normalized c o i l  length)  

60 LET MI = (numerical value of wplrrlr2) 

Note: If t he  conductivity of t h e  upper conductor i s  zero, one must type 

two add i t iona l  l i nes :  

320 LET X1 = X 

330 LET Y1 = 0 

70 LET U1 = (numel-ical value of r e l a t i v e  permeabili ty of upper 

conductor) 

80 LET I$? = (numerical value of up2c2F2) 

Note: If t h e  conductivity of the  lower conductor i s  zero, one must type 

two addi t iona l  lines : 

350 LET X2 = X 

360 LET Y2 = O 

90 LET TJ2 -: (numerical value of r e l a t i v e  permeabili ty of lower 

conductor ) 
100 LET C = (numerical value of normalized thickness of upper 

conduct o r  ) 

The program may now be run. 

The pr in t -out  by t h e  computer w i l l  have the  following format: 



16 

R1 11 
c TAD 
X 
5 .  
10 
15 
20 
40 
NOFNALIZED 

K2 = (K2) 
M I  I= (Ml), u l  = 

A I R  VATJJE 

---...-- 
--e--- 

------ 
NORMALIZED REAL PART 

s 2  = (L2) 
u2 I= (u2) 

IMAG ?ART 

The various symbols enclosed i n  parentheses a r e  used t o  ind ica t e  

t h a t  t h e  numerical value of t h e  symbol w i l l  be pr in ted .  
headed "X," "AIR VALTJE," "REAL PART," and "IMAC; PART," a r e  t h e  upper 

l i m i t  of t h e  numerical i n t eg ra t ion  being performed by t h e  computer, t h e  

value of t he  i n t e g r a l  i n  t he  absence of t h e  conductors, t h e  r e a l  p a r t  of 

t h e  i n t e g r a l  i n  t h e  presence of t h e  conductors, and t h e  imaginary p a r t  

of t he  i n t e g r a l  i n  the  presence of t he  conductors, respec t ive ly .  These 

appea.x p r i n c i p a l l y  t o  allow one t o  inspect t h e  convergence of t he  in te -  
g ra t ion .  The l a s t  l i n e  is  t h e  normalized impedance of t h e  c o i l  i n  t h e  
presence of  t h e  conductors. 

The four  colurms, 

The example below i s  presented f o r  addi-tional a i d  t o  those who wish 

t o  use t h t s  program. 

I Sample Calculati-on of CLADT 

Suppose t h a t  we wish t o  know t h e  normalized impedance of a c o i l  

0.250 in. long and wikh inner and outer r a d i i  of 0.125 and 0.375 i n . ,  

respectively,  due t o  t he  presence o€ 0.020 i n .  of copper c lad  on an alu- 

minum conductor of e f f e c t i v e l y  i n f i n i t e  t'nickness (at l e a s t  fou r -co i l  

diameters ox sk in  depths, whichever i s  smal le r ) .  We s h a l l  assume t h e  
dr iv ing  frequency t o  be 5 kHz and t h e  l i f t - o f f  to be 0.005 i n .  

First, we detevinirie t h e  mean c o i l  radius t o  be 0.250 i n . ,  so t h a t  

Norrnalized radfus of inner c o i l  = 0.125/0.250 = 0.5 

Normalized radius of ou ter  c o i l  = 0.375/0.250 = 1 .5  

Normalized l i f t - o f f  = 0.005/0.250 -= 0.02 

Normalized c o i l  length = 0.250/0.250 = 1 

Normalized thickness of copper Z: 0.020/0.250 = 0.08 

Furthermore, 



Angular frequency of dr iving current  = 2~ x 5000 sec-' 

Permeability of - both conductors = 47l X 

Relative permeabili ty of - both conductors = 1 

Conductivity of copper = 5.'77 X lo7 mhos/m 

Conductivity of aluminum = 2.86 X lo7 mhos/m 

h / m  

Thus, 

This information i s  now typed i n t o  the program; that i s ,  one types 

20 LET R1 = 0.5 

30 LET €32 = 1.5 

40 LET L1 = 0.02 

50 LET L2 = 1.02 

60 LET M1 = 91.91 

70 U T  U1 = 1 

80 LET M2 = 45.48 

90 LET U2 = 1 

100 LET C = 0.08 

The program i s  now run with t h e  following r e s u l t s :  

R1 = 0.5 R2 = 1.5 L1 = 0.23-01 L2 = 1.02 
CISLD = 0.08 ,M1 = 91.91 ,U1 = 1 ,iW = 45.48 ,K? := 1 
X A I R  VALUE REAL PART IMAG PART 
5 0.1592323 0.107332 -0.118106~-!~1 
10 0.1602305 0.1083125 4). ll8325E-01 
15 0.16033'7 1 0.108419 -0.ll833E-01 
20 0.1603754 0.1084573 41.118333-01 
40 0.1604008 0.1084826 4.11833E-OL 
NORMALIZED IMAG PART 0.6'763225 NORMALIZED REAL PART 0.0737719 

From t h i s ,  w e  see t h a t  t h e  normalized impedance of t h e  c o i l  i s  

Z = 0.0'7337r719 + j 0.6763225 . n 
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CLADT Program - 

V E R S  I O N  0 7 / 0  8/6 H 1 0  REM c14dt 
20 L E T  Rlz .8333 
30 LET K 2 = 1  - 1 6 6 7  
40 L E T  L l z . 0 4 7 6  
50 LET L 2 = * 3 8 0 9  
60 L E T  M l r 7 7 . 0 5  
70 L E T  U l = l  
80 LET M2=40 
90 Ltzr u2=1 
1 0 0  LET C z . 0 5  
110 P R I N T  " R 1 = " 3 R I  ,"R2=";R2,"L1=";L1,"L2='";L2 
1 2 0 P K  I IN l'"C L A D  = I a  ;C J " , " ; " M  1 =" ;MI ;",";"lJ1 =";U1 ;",'*;*'~~:!=o';M:!;",'';"~J2=";U2 
1 3 0  PRINT "X". " A I R  V A L U E " >  " R E A L  PART", " I M A G  PART" 
1 4 0  L E T  S1=1E-% 
1 5 0  L E T  S 2 = 5  
1 6 0  L E T  I 6 = 0  
1 7 0  L E T  I7=0 

1 9 0  LET I 9  =O 
200 ].ET B 1 = 0  
2 1 0  L E T  R 2  =S2 

230 L E T  Z = R B * X  
240 L E T  Q1=92 
250 GaSUB 780  
260 L E T  I 2 = F 2  
270 LET L = 9 1 * X  
280 LET Q I = R 1  
290 GBSUU 780 
300 L E T  I l = F 2  

1 8 0  L E r  I E I = O  

220 FBH x = B I  +s i /?  r0 ~2 STEP s i  

3 1 0  L E r  s 3 = s i * ( 1 2 - 1 1  ) t 2 / x  
320 L E T  X 1 = * 7 0 7 1 0 7 * ( S Q R C S Q R < X * X * X * X + M l  * M I  ) + X * X )  ) / U 1  
330 LET Y1  = . 7 0 7 1 0 7 * ( S O R < S Q R ( X * X * X c X + M 1 * M I  ) - X * X ) ) / I J l  
340 IF X l * C * U I > l 5  T H E N  490 
350 LET X 2 = *  7 0 7 1  07*< S9R (SQR ( X * X * X * X + M 2 * M 2  ) + X * X )  1 /U2 
360 L E T  Y 2 = * 7 0 7 1 0 7 * ( S Q R ( S Q R ( X * X * X * X * X + M 2 * ~ 1 2 ) - X ~ X ) ) / U 2  
370 L E T  X 3 = E X P ( ? * X I  * C W I  1 
380 LET Y 3 = C Q S < P * Y I  * C * U l  ) 

390 L E T  Y 4 = S I N C 2 * Y I  * C * U I  1 
400 LET A 6 = ( X - X 1  > * < X l + X 2 ) + Y l * ( Y l + Y 2 )  
410 L E T  A 7 = ( X - X 1  ) * < Y l + Y 2 ) - Y l * ( X l + X 2 )  
420 L E T A 5 = < X + X l  ) * ( X 1  - X 2 ) - Y l * < Y l - Y 2 ) + C A 6 * Y 3 - 4 7 * Y 4 ) * X 3  
430 LET 9 5 = Y l * < X I  - X 2 ) + ( X + X l  ) * ( Y 1  - Y Z ) + ( A 7 * Y 3 * A b * Y 4 ) * X 3  
440 LET C 6 = < X + X l  ) * ( X I + X 2 ) - Y I * < Y I * Y B )  
450 L E T  C 7 = Y l * < X l + X 2 ) + ( X + X l  ) * < Y l + Y 2 )  
460 LET C S = C X - X I  ) * ( X I - X 2 ) + Y l * ( Y l - Y 2 ) + o * x 3  
470 L E T  U 5 = ( X - X 1 ) * (  Y1  - Y 2  1 - Y l * (  X1 - X 2  ) + < C 7 * Y 3 + C 6 * Y 4 ) * X 3  
480 G 0  TO 530 
430 L E T  A5 = X - X I  
500 LET 8 5 = - Y 1  
510  L E T  C 5 = X + X I  
520 L E T  D 5 = Y 1  
530 L E T  K1 =<A5*CS+HS*D5)/<CS*C5+D5*D5) 
5411 LET 

560 LE i 

K 2  = <C 5 *05 -A5 * D 5  ) 1 < C  5 *C 5 +DS*DS ) 

G=EXPC - 2 * X + L 1 )  +EXP( -.?*X*L2 1 - 2 * E X P  C - X * <  L 1  +L2) ) 
550  IF x + L ~ > ~ o  rmN 590 
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5 70 LETG3 =EXP ( -X*(L2 -L1 ) ) - 1 
580 G0 T 0  610 
590 LET G=EXP(-X*LI ) 

600 LET G 3 = - 1  
610 LET 1 6 = 1 6 + S 3 * G * K l  / ( 3 * X )  
620 LET I 8 = I8  +S3 *G *K2 / ( 2 * X ) 
630 LET 1 9 = 1 9 + S 3 * ( G 3 / X + E 2 - L 1  ) 
640 N E X T  X 
6 5 0  L E T B I = B 2  
660 LET B2=92+S2 
670 LET 8 3 = X + S 1 / 2  
680 LET 17=19+16 

700 I F  X < 3 THEN 220 
7 1 0  LET S I = S E - 2  
720 I F  X < 1 0  THEN 220 

7 4 0 L E T S 2 = 2 0  
750 I F  X < 3 S  THEN 220 

770 GBTB 930 
780 I F  Z s S  T H E N 8 7 0  
790 LETL5 = INT ( 2  * Z )  +3 

810 LET F Z = F 1 / 3  
820 F 0 R N = I  TOL5 

840 L E T F 2 = F 2 + F I  / ( 2 * N + 3 )  
850 NEXTN 
860 G0TB 920 

690 P R I N T  03.. I 9 , 1 7 > 1 8  

730 LET S 1 z . l  

760 P R I N T  "NBRMALIZED I M A G  PART"; 1 7 / 1 9 ~ " N Q R M A L J Z E D  REAL P A R T " ; - I 8 / 1 9  

800 L E T F I  =.5*(rll * Q l  *Z: 

830 L E T F l  =-F1*02SO*Z*Z/<N*N+N) 

870 
880 LET Q 1 ~ ~ ~ B 1 - ~ 1 7 3 0 5 0 3 ~ ~ Z + ~ 7 0 3 4 ~ 4 5 ~ / 2 ~ * 0 6 4 1 0 9 ~ ~ 3  
890 LET 8 2 = ( ( ( - 5 ~ 8 1 7 5 1 7 / 2 + 2 . 1 0 5 8 7 4 ) / 2 - . 6 ~ 9 6 1 9 6 ) / 2 + . 4 9 5 ~ 0 ~ 4 ~ ~ 2  
900 LET 9 2 = < 4 2 - .  1 8 7 3 4 4 E - 2 ) / Z + - 7 9 7 9 0 9 5  

LET 91 = (  ( ( - 1  88.1357/2+109.1142)/2-23 79333 ) / 2 + 2 . 0 5 0 9 3  1 ) / Z  

910 LET F2=<l-SQR(Z)*(~2*C0S(~-PI~4)-~l*SI~(~-PI/4))~/(X*X) 
920 KETIJKN 
930 END 

Defect i n  Cladding Material  

Discussion of DEFEC 

This program i s  designed t o  ca lcu la te  t h e  defec t  s e n s i t i v i t y  f ac to r  

for a coil with rectangular  cross sec t ion  above a conductor consis t ing 

of two layers ,  which may be of d i f f e ren t  types of mater ia l .  For t h i s  

program, the defect m u s t  be located i n  t h e  upper layer ,  which i s  labeled 
I11 i n  Fig. 3, p. 14. 

To use t h i s  program, one must f i r s t  divide a l l  dimensions by the  
mean radius  of t h e  c o i l .  The r e s u l t s  w i l l ,  of course, be dimensionless 

and w i l l  be re fer red  t o  as being "normalized." 

lar frequency of  t h e  dr iving current ,  t h e  permeability, t h e  conductivity,  

The product of t h e  angu- 
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and the  square of t he  mean radius  of t h e  c o i l  must be calculated f o r  
ea,ch conductor, 

l ayer  and by op2u2r2 f o r  the  lower one. 

Let t h i s  product be denobed. by qr,crlr2 for t he  upper 

Once these  calculat ions have been made, one need only type the  

following l i n e s  i n t o  the  program. (Note: Parentheses should not be 

typed. ) 

20 LET R1 = (numerical value of normalized inner  c o i l  rad ius)  

30 LET R 2  (numerical value of normalized outer c o i l  radius)  

40 LET L1 - (nwneriral value of normalized l i f t - o f f )  

50 LET L2 = (numeri-cal value of normalized l i f t - o f f  plus  normalized 

c o i l  length)  

60 LET M1 = (numerical value of qrlcrlr2) 

70 LW M? = (numerical value of W I J - ~ ~ ~ F ~ )  

Note: If the conductivity of t he  lower conductor i s  zero, one must 

t y p e  two addi t iona l  l i nes :  

380 LET X2 = X 

390 LET Y2 = 0 

80 LET C = (mmer ica l  value of normalized thickness of upper 

conductor) 

90 LET 14 = (numerical value of normalized R pos i t i on  coox’dinate 

of defec t )  
100 LET Z1 = (numerical value of normalized Z pos i t i on  coordinate 

of defect  ) 
110 LET 19 = (numerical value of normalization f ac to r )  

Note: This value may be obtained with the  a i d  of AIRCO simply by 

placing the  appropriate  c o i l  dimensions i n  t h a t  program. 

The program may now be run. 

The pr in t -out  by the  computer w i l l  have the following format: 
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R1 == (Rl) R2 
CLAD THICKNESS IS  
DEFECT IS LOCATED 

= (R2) L1 = ( L l )  L2 = (L2) 
(4 M1 = (Ml) rvl2 = ( m )  
AT ( R , Z )  = ( R ) ,  (Zl) 

The various symbols enclosed i n  parentheses a r e  used here  t o  indi-  

ca t e  t h a t  t he  numerical value of t he  symbol w i l l  be p r in t ed .  The th ree  

columns, headed "X, " "MAGNITUDE, " and "PHASE" a r e  the  upper l imi t  of 

t he  numerical i n t eg ra t ion  being performed by t h e  computer, the  magnitude 

of t h e  defec t  s e n s i t i v i t y  f ac to r ,  and t h e  phase of t h e  defec t  s e n s i t i v i t y  

f ac to r ,  respect ively.  These appear p r inc ipa l ly  t o  allow one t o  inspect  

t he  convergence of t he  in tegra t ion .  The magnitude and phase values f o r  

X = 35 are considered t o  be cor rec t ,  s ince  t h e  in tegra t ions  i n  most cases 

converge s u f f i c i e n t l y  we l l  f o r  t h i s  value of X. 

The example below i s  presented for add i t iona l  a id  t o  those who wish 
t o  use t h i s  program. 

S a m l e  Calculation of DEFEC 

Suppose t h a t  we wish t o  know t h e  defec t  s e n s i t i v i t y  f a c t o r  f o r  a 
c o i l  0.250 i n .  long with inner  and outer  radi i  of 0.125 and 0.375 i n . ,  

respect ively,  above 0.020 i n .  of copper c lad  on an aluminum conductor of 

ei'fective1.y i n f i n i t e  thickness  ( a t  l e a s t  four  c o i l  diameters o r  sk in  

depths, whichever i s  smal le r ) .  

es ted  i n  t h e  defect  s e n s i t i v i t y  f a c t o r  f o r  t he  case i n  which the  defec t  

i s  located 0.010 i n .  below t h e  surface of t he  copper, 0.250 i n .  from t he  

c o i l  a x i s .  We s h a l l  assume t h e  dr iving frequency t o  be 5 kHz and t h e  
l i f t - o f f  t o  be 0.005 i n .  

Let us f u r t h e r  suppose that  we a r e  i n t e r -  

F i r s t ,  we determine t h e  mean c o i l  radius  to be 0.250 i n . ,  so t h a t  

Bormalized inner  c o i l  radius  = O.l25/0.250 = 0.5 

PSoma,lized outer  c o i l  radius  = 0.375/0.250 = 1.5 

Normalized l i f t - o f f  = 0.005/0.250 = 0.02 
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Normalized cot1 length = 0.250/0.250 = 1 

Normalized ttiickness o f  copper = 0.020/0.250 = 0.08 

Normalized R p o s i t i o n  of defec t  = 0.250/0.250 =: 1 

Normalized Z pos i t i on  of defect : 0.010/0.250 = 0.0.4 

Furthermore, 

Angular frequency of driving current I: 2fi x 5000 sec-l 

Perineabil.i.ty of both conductors =- 4fi x 
Conductivity of copper := 5.77 X lo7 mhos/rn 

Conductivity of aluminum = 2.86 x 1.07 mhos/m 

h/m 

Thus, 

A t  t h i s  po in t ,  one determines t h e  normalization f a c t o r  by pl.acing 

t h e  normal.i.zed c o i l  dimensions i n  A I R C O  and running t h a t  program. 
i.s worth noting t h a t  t h e  normalization f a c t o r  i s  independent of all var i -  

ables except t h e  c o i l  dimensions. This f a c t o r  i s  the  f i r s t  normalization 

f ac to r  i n  the  pr in t -out  of  A I R C O  and for t h e  case i n  po in t  i s  found t o  
be 0.1604008. 

T t  

The rermining procedure i s  qu i t e  simple. 
The above information i s  now typed i n t o  t h e  program as follows: 

20 Rl = 0.5 

30 LET R2 = 1.5 
40 LET L1 =: 0.02 

50 LET L2 = 1.02 

60 LET MI = 91.91 

70 LET M2 = 45.48 
80 LET C ::: 0.08 

90 TJET R 2: 1 

1-00 LET Zl := 4 . 0 4  

110 LKT 19 = 0.1hO4~008 

The program i s  now run with t h e  following results: 
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R1 = .5 R2 = 1.5 
C U D  THICXNESS IS .C% 
DEFECT I S  LOCATED AT (R,Z) = 1 
X MAGNITUDE 
5. .15767 1 
10. .159277 
15. .158621 
20. .E9061 
25. . E8876 
30. .158929 
35. .15892 

L1 == .02 L2 .= 1.02 
M1 = 91.91 l@ = 4 5 . 4  

PHASE 
,-. 04 

-1.96004 
-1.9668 
-1.96982 
-1. 967 
-1.96833 
-1.96793 
-1.96799 

From t h i s ,  we see t h a t  t h e  defec t  s e n s i t i v i t y  f a c t o r  i s  0.158'32 

exp(-j 1.96799). 

midt ip ly  t h e  defec t  s e n s i t i v i t y  f a c t o r  by t h e  product of t he  defec t  

volume and t h e  shape and o r i en ta t ion  f a c t o r .  

volume must be ca lcu la ted  from dimensions which are normalized by t h e  

mean radius of t h e  c o i l .  

To obta in  t h e  change i n  normalized impedance, we 

Note t h a t  t h e  defec t  

DEFEC Program 

VERSION 1 0/06/70  1 0  REN DEFEC 

30 LET R 2 = 1  0 5  
40 LET L1 =e02  
50 LET L 2 = 1  - 0 2  
60 LET M 1 = 9 1  e 9 1  
70 LET M2~45 .48  
%Cl LET C=.O8 

20 LET R1Z.S 

90 LET R = l  
100 LET 2 1 = - . 0 4  
1 1 0  LET I 9 = * 1 6 0 4 0 0 8  
1 2 0  PRINT "R1 = " J R 1  ~ ' * R 2 ~ ' ' ; R 2 ! r " L l  ="rL1 r " L 2 = " i L 2  
1 3 0  PRINT "CLAD THICKNESS I S  " ; C t " M I = "  i M 1  . "M2=" iM2 
1 4 0  PRINT "DEFECT I S  L0CATED AT C R ~ Z ) = " ; R i " t " '  > z 1  
150 PRINT " X " t  "MAGNITUDE" I "PHASE" 
160 LET S 1 = 1 E - 2  
170 LET 52=5 
180 LET 16=0 
190 LET 18=0 
200 LET B1 =O 
210 LET E32=S2 
220 F0R X=YI + S t & ?  T 0  R2 STEP S 1  
230 LET Z=R2*X  
2 4 0  LET O l = R Z  
250 G 0 S U R  780 
260 LET 1 2 ~ ~ 2  
270 LET Z = R l * X  
280 LET 01=K1 
290 G0SUR 780 
300 LET Il=F2 
310 LET 1 3 = 1 2 ? - I I  
320 LET Z = X * R  
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330 GrdSUU 930 
340 L E T S 3  = < I 2  - I 1  ) *  J 1  * S  1 * CEXP < - X * L l  ) - E X P  C - X * L 2  ) ) 
3 5 0  LET X1 = * T O 7 1  0 7 * S Q R ( S O R ( X * X * X * X + M l  *MI ) + X * X )  
360 L E T  Y1 = e 7 0 7 1  0 7 * S O R c S Q R t X * X c X * X + M l  * M I  ) - X * X )  
3 7 0  I F X l  * C > 1 5 T H E N 5 6 0  
380  L E T  X 2 = . 7 0 7 1 0 7 * S B R ( S O R < X * X * X * X + ~ 2 * M ~ ) + X * X )  
390 L E T  Y2  = 7 0 7 1  0 7 * S B R (  SQRC X*X+X*X+MB*M2 ) - X * X )  
400 L E T  X 3 = E X P ( 2 * X l + C )  
410 L E T  Y 3 = C 0 S < 2 * Y l * C )  
420 L E T  Y 4 = S I N C ! ? * Y l * C )  
430 L E T  X 5 = X l + X 2  
440 L E T  X 6 = X l - X 2  
450 L E T  Y S = Y l + Y 2  

470 L E T A S = ( X S * C B S < Y l * C 2 * C + Z I  ) ) - Y S * S I N < Y l * C 2 * C + Z l  ) ) ) * E X P ( X 1 * ( 2 * C + Z I  ) )  
4 8 0  L E T  A S = A S + C X 6 * C 0 S ( - Y l * Z I  > - Y 6 * S I N ( - Y l C Z l  ) ) * E X P ( - X l * Z l )  
490 LET55=<YS*CQS<Y1*<2*C+Zl ) ) + X 5 * S I N ( Y l * C 2 * C + Z I  1 ) ) * E X P < X l * < Z ? * C + Z l  1 1  
500 LET f 3 5 = R 5 + < Y 6 * C B S < Y l * Z I  ) - X 6 * S I N < Y l * Z l  ) ) * E X P ( - X l  * Z 1  > 
510 L E T  C 6 = ( X + X 1  ) * < X l + X 2 ) - Y l + C Y l + Y 2 )  
520 L E T  C 7 = Y  1 * C X 1 +  X2  1 + ( X+ X I  1 * < Y 1 + Y 2  1 
530 L E T  C 5 = C X-  X 1  ) * C X 1 -  X 2  1 + Y 1 *  C Y 1 - Y 2  1 + < C  6 * Y 3 - C  7 * Y  4 ) * X 3  
540 L E T  D S = < X - X l  ) *CY1  - Y 2 ) - Y 1  * < X I  - X 2 ) + < C 7 * Y 3 + C 6 * Y 4 ) * X 3  
550  G 0 T 0 6 0 0  
560 L E T  A S = E X P ( X I  +Z1  ) * C B S C Y I  * Z 1  1 
570 L E T  B S = E X P ( X I * Z I  ) * S I N < Y l  *ZO ) 

580 L E T  C S = X + X I  
590 LET D 5 = Y l  
600 LETKl=(AS*C5+R5*05)/CCS*CS+D5) 
61 0 L E T K 2 = < C 5 * A S - A 5 * D S ) / < C 5 * C S + D 5 * D S )  
620 L E T I 6 = 1 6 + S 3 * K l  
630 L E T I 8 = 1 8 * S 3 * K 2  
640 N E X T  X 
650 L E T  F31 =E31 + S 2  
660 LET B 2 = 0 2 + S 2  
670  L E T  Q 3 = X + S 1 / 2  
680 L E T Q 2 = A T N (  18 /16> 
690 I F I 6 > 0 T H E N 7 1 0  

460 LET Y ~ = Y I - Y ~  

700 LET Q 2 = Q 2 + 3 *  1 4 1  5927 
710 PRINTQ3~3*Ml*C16*16+18~~8~/<4*~I*I9>r2*0Z? 
720 I F  X < 3 T H E N  220 
730 L E T  S 1 = 5 E - 2  
740  IF X < 1 0  T H E N  220 

7 6 0 I F  X <30 T HE N22 0 
770 G B T 0  1 0 4 0  
780 I F Z > S T H E N  870 
790 L E T L S  = I N T  < 2 * Z  > +3 

8 1 0  L E T  F 2 = F 1 / 3  
820 F 0 R N = I  TQILS 

840 L E T F % = F 2 + F 1 / < 2 * N + 3  > 
850 N E X P N  
860 G 0 T 0  920 

750 L E T S t = * l  

800 L E T F l = . 5 * Q 1  *Q1 * Z  

830 L E T F l  = - F 1 * . 2 5 0 * Z * Z / ( N * N + N )  

870 L E T  8 1 ~ ~ ~ < ~ 1 8 8 = 1 3 S 7 / 2 + 1 0 9 . 1 1 4 2 ~ / Z ~ 2 3 ~ 7 9 3 3 3 ~ / Z ~ ~ ~ ~ 5 0 9 3 1 ~ ~ 2  
880 LET Q 1 ~ ~ < Q 1 ~ ~ 1 7 3 0 5 0 3 ~ / Z + ~ 7 0 3 4 8 4 5 ~ / ~ ~ ~ ~ 6 4 1 0 9 ~ ~ 3  
a90 LET ~ 2 = ~ ( ~ - ~ . g ~ 7 ~ 1 7 / ~ + 2 . i o s ~ 7 4 ) / ~ - ~ 6 ~ 9 6 i 9 6 ~ ~ ~ + . 4 9 5 ~ 0 2 4 ~ ~ ~  
900 L E T  Q2zCQ2-a 1 8 7 3 4 4 E - 2 ) / Z + . 7 9 7 9 0 9 S  
9 1  0 LET F2=< 1 -SQR< Z)*<02*CQS C Z - P I  1 4 )  -Q1 *S I N (  2-P I / 4 )  ) ) / <  X*X)  
920 RETURN 
930 I F Z r 3 T W E N  980 
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940 LET Q 1 = < ( < 2 . 1 E - l l * Z T 2 - 5 . 3 8 E ~ 9 ~ ~ Z T 2 + 6 ~ 7 5 7 E - 7 ) * Z T 2 ~ 5 ~ 4 Z 4 4 3 E ~ ~ ~ * 2 t 2  
950 LET Q1=< (Q1+2 e 6 0 4 1  S E - 3 ) * 2 ? 2 - 6 . 2 S E - 2 ) * Z t ~ + * S  
960 LET J1 =Z*Ql 
970 G0T0 1030 
980 LET ~ 3 ~ < ~ < ~ ~ 1 4 6 0 4 0 5 7 ~ 2 + ~ 2 7 6 1 7 6 7 9 ~ ~ 2 ~ ~ 2 0 2 1 0 3 9 1 ~ ~ 2 + 4 ~ 6 1 8 3 S ~ ~ 3 ~ ~ Z  
990 LET Q3=(<Q3+.14937) /2+4*68E-6 ) /2+ .79788456  
1000 LET Q 4 ~ ~ < < ~ ~ 2 1 2 6 2 0 1 4 ~ 2 + ~ 1 9 3 9 7 2 3 2 ~ / 2 + 6 ~ 0 2 2 1 8 8 E ~ 2 ~ ~ 2 ~ 1 ~ 7 ~ 2 2 7 3 3 ~ ~ ~ ~ ~ 2  
1010 LET 84=( (Q4+5 .085E-4>/2+ .37498836) /2 -2 .35619449+2  
1020 LET JI =Q3*CBSCQ4)/SQR<Zl 
1030 RETURN 
1040 END 

L a t t i c e  of Defects i n  Cladding Material 

Discussion of DEMT 

This program i s  designed to ca lcu la t e  t h e  defect s e n s i t i v i t y  f a c t o r  

for a c o i l  with rec tangular  c ross  sec t ion  above a conductor cons is t ing  

o f  two layers ,  which may be of d i f f e r e n t  t y p e s  of ma te r i a l .  For t h i s  

program, t h e  defec t  may be located at any one of a number of po in t s  on 

a l a t t i c e  i n  t h e  upper layer ,  which i s  labeled 111 i n  Fig.  3 ,  p .  14. 
T o  use t h i s  progrmi, one mist f i r s t  divide all dimensions by t h e  

mean radius of t h e  c o i l .  The r e s u l t s  w i l l ,  of course, be dimensionless 

and w i l l  be r e f e r r e d  to as being "normalized." 

lar  frequency of t h e  dr iv ing  cur ren t ,  t h e  permeability, t he  conductivity, 

and t h e  square of t h e  mean rad ius  of t h e  c o i l  must be ca lcu la ted  f o r  

each conductor. 

l ayer  and by wp202r2 f o r  t h e  lower one. 

The product of t h e  angu- 

L e t  t h i s  product be denoted by wvi,a-lr2 for t h e  upper 

Once these  ca lcu la t ions  have been made, one need only type the  

following l i n e s  i n t o  t h e  program. (Note: Parentheses should not be 

typed. ) 

12 LET R1 = (numerical value of normalized inner c o i l  radius) 
14 LET R2 = (numerical value of normalized outer  c o i l  r ad ius )  
16 LET L1 = (numerical value of  normalized l i f t - o f f )  

18 LET L2 = (numerical value of normalized L i f t -o f f  p lus  normalized 

c o i l  l ength)  
20 LET MI = (numerical value of W ~ L ~ C T ~ F ~ )  
22 UT ~2 = (numerical value of c.':v2m2F2) 
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Note: If‘ t h e  conductivity o f  t h e  lower conductor i s  zero, one 

must type two add i t iona l  l ines :  

86 LET X2 = X 

88 ILEX Y2 = 0 

24 LET C = (numerical value o f  normalized thickness of upper 

cond-uctor) 

26 LET I9 :I (normalization f a c t o r )  

Note: This value may be obtained with t h e  a i d  of AIRCO simply by 

placing t h e  appropriate c o i l  dimensions i n  tha-t; program. 

28 LET M9 z= (numerical value of number o f  l a t t i c e  spacings i n  
R d i r ec t ion )  

30 LET N9 = (nwncrical value of number of l a t t i c e  spacings i n  
z d i rec t ion )  

32 LET R 9  = (numerical value of maximimi no rml i zed  r a d i a l  pos i t i on  

of defect  ) 

Note: Neither M9 nor N9 may exceed 15.  “he l a t t i c e  spacing i n  t h e  

R di-rection i s  RS/rJm, while it i s  C / N 9  i n  t h e  Z d i rec t ion .  

The program may now be run. 

The pr in t -out  by the  computer w i l l  have t‘ne following format: 

L2= ( L2) 
M2=(M2) 

*.x**XX**** 

******-E*** 

** x*x x-**** 
% X X X * * X * - x *  

+*****x*** 
X 

* 
* 
E 

********** 
********+* 

The various symbols enclosed i n  parentheses a r e  used here t o  indi-  

The upper ca t e  t h a t  the  numerical value o f  t he  symbol w i l l  be printed.. 

value a t  each l a t t i c e  poin t  i s  the  magnitude of the  defec t  s e n s i t i v i t y  

fac tor ,  while the  lower one i s  the  phase of  the defec t  s e n s i t i v i t y  f a c t o r  



f o r  t h e  case i n  which t h e  defect  i s  located a t  t h e  given l a t t i c e  po in t .  

It should be noted t h a t  t he  l a t t i c e  poin ts  f o r  which M9 > 4 will be 

p r in t ed  below t h e  las t  l i n e  - t h a t  i s ,  t h e  l i n e  containing Z(N9). 
The example below i s  presented f o r  additional. a id  t o  those who 

wish t o  use t h i s  program. 

Sample Calculation of D E U T  

Suppose t h a t  we wish t o  know the  defect  s e n s i t i v i t y  f ac to r  f o r  a 
c o i l  0.250 i n .  long with inner  and outer  r a d i i  of 0.125 and 0.375 i n . ,  

respect ively,  above 0.020 in .  of copper c lad on an aluminum conductor 

of e f f ec t ive ly  i n f i n i t e  thickness ( a t  l e a s t  four  c o i l  diameters or sk in  

depths, whichever i s  smaller) .  Let us fu r the r  suppose t h a t  we a r e  in t e r -  

es ted i n  t h e  defect  s e n s i t i v i t y  f a c t o r  for t h e  cases i n  which t h e  defect  

i s  located a t  any one of t he  poin ts  which l i e  within 0.500 i n .  of t he  

c o i l  ax i s  on a 4 X 2 l a t t i c e  i n  the  copper conductor. 

the  dr iving frequency t o  be 5 kHz and t h e  l i f t - o f f  t o  be 0.005 i n .  
We s h a l l  assume 

F i r s t ,  we determine t h e  mean c o i l  radius  t o  be 0.250 i n .  so  t h a t  

Normalized inner c o i l  radius  = 0.125/0.250 = 0.5 

Normalized outer c o i l  radius  = 0.375/0.250 = 1.5  

Normalized l i f t - o f f  -- 0.005/0.250 = 0.02 
Normalized c o i l  length = 0.250/0.250 = 1 

Normalized thickness of copper = 0.020/0.250 = 0.08 

Maximum radial pos i t i on  of defec t  = 0.500/0.250 = 2 

Number of R l a t t i c e  spacings = 4 

Number of Z l a t t i c e  spacings = 2 

Furthermore, 

Angular frequency of dr iving current = 27c X 5000 sec'l 

Permeabili ty of both conductors = 4+3r X 

Conductivity of copper = 5.77 X 

Conductivity of  aluminum = 2.86 X lo7 mhos/m 

h/m 
mhos/m 

Thus, 
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A t  t h i s  po in t  one determines t h e  norrnalization f ac to r  by placing 

It t h e  normalized c o i l  dimensions i n  A I R C O  and running t h a t  program. 

i s  worth noting t h a t  t h e  norrnalization f a c t o r  i s  independent of a l l  var i -  

ables  except fo r  t h e  c o i l  dimensions. This f a c t o r  i.s t h e  f i r s t  normal- 

i z a t i o n  f ac to r  i n  t h e  pr in t -out  of A I R C O  and f o r  the case i n  po in t  i s  

found t o  he 0.1604008. The remaining procedure ris qui.te simple. 

The above inforination i s  now typed i n t o  t h e  progrm as follows: 

1.2 LET R1- = 0 . 5 
lr, LET R2 = 1.5 

16 LET L1. = 0.02 

18 LET 1 2  = 1.. 02 

20 IXT M1 = 91.91 

22 LET M2 = 45.48 

24 LET C ::: 0.08 

26 L m  19 = 0.160~,.008 

28 LET m = 4 

30 LET N9 = 2 

32 LET R9 = 2 

The program i s  now run with t h e  following r e s u l t s :  

R1 = 0.5 R2 = 1.5 ILL = O.2E-01 L2 ~1 1.02. 
CLAD = 0.08 M1 = 91.91 M2 =: 4-5.48 
z, R 0.25 0.75 1." 25 1.75 
-. 02 

-. 06 1.622273-2 .11871? 8 .?62L3E-2 .01.964 
-2.35137 -2.2 1.069 -2.35673 -2.61333 

2.486533-2 .16025 .lo2609 2.13 112E- 2 
-1.80821 -1.86373 -2 I 215 -2.78744 

From t h i s  we see t h a t  f o r  t h e  case in which the  defect  i s  located 

a t  R = 1.25, Z = 4.06 t h e  defec t  s ens i t i v - i t y  f ac to r  i s  0.08762l3 
e q ( - j  2.35673). 

To obta in  t h e  change i n  normalized impedance, w e  mult iply t h e  defect  

s e n s i t i v i t y  f ac to r  by t h e  product of the  defect  volume and the  shape and 
o r i en ta t ion  f ac to r .  Note t h a t  t h e  defect  volume must L e  ca lcu la ted  from 

dimensions which are normalized by t h e  mean radius  of t'ne c o i l .  
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DEMT Program 

10 RLM DELAT 
12 LET R l z . 5  
1 4  LET R 2 = 1  - 5  
16 LET L 1 = . 0 2  
18 LET L?=1 - 0 2  
20 LET M 1 = 9 1  * 9 1  
2% LET M 2 = 4 5 * 4 8  
24 LET C = . O 8  
26 LET 1 9 = . 1 6 0 4 0 0 f 3  
28 LET M9=4 
30 LET N 9 = 2  
3 2  LET 119=2 
34 D I M  R < l t 3 r l S ) s  I C 1 8 ~ 1 5 ) ~  P ( l K r 1 5 )  
36 P R l N T ~ f : R l r R % ~ L l ~ L 2  
38 PR1NT:I : C n M l r M 2 r I 9  
39 P R I N T Z 1  : M 9 ~ N 9 r K 9  
40 LET S 1 = 1 E - 8  
4 2  LET S2=5  
44 F m R J = l T B N 9  
46 F B R I = I T B Y 9  
4 8  L E T R < I r J ) = O  
50 L E T I C I r J ) = O  
52 NEXT1 
5 4  NEXTJ 
56 LET B l = O  
5 8  LET E32 = S 2  
60 FBRX=Yl +S1 /BTDR2STEPSl  
62 LET Z = R 2 * X  
64 LET GI1 = R 2  
66 GQSlJR  2 4 6  
68  L E T I 2 = F 2  
70 LET Z = R l t X  
72 LET Q l = R 1  
7 4  GBSUB245 
76 LET I l = F 2  
78 LET S 3 = < 1 2 - 1 1  ) * S l * ( E X P < - X * L l  3-EXPC-X*L2))  
80 LET X I  = . 7 0 7 1 0 7 * S Q K C S Q K ~ X * X x X * X + M I  *MI ) + X * X 9  
82 LET Y1 . 7 0 7 1 0 7 * S B R ( S O R < X C X * X * X + M 1 * M I ) - X * X )  
84 l F X l  *C*15THENl 1 4  
86 LET KL? = 7 0 7 1 n 7 + S O R ( S Q R < X * X * X * X + M 2 ~ ~ ~ ~  > + X + X )  
88 LET Y 2  = . 7 0 7 1 0 7 * S Q R ( S O R < X * X * X + M 2 * M 2 ) - X c X )  
90 LET X S = E X P ( 2 * X l * C )  
92 LET Y 3 = C Q S < 2 * Y l  *C 1 
94 LET Y 4 = S I N ( 2 * Y l * C )  
96 LET X 5 = X l + X 2  
98 LET X 6 = X I - X 2  
100 LET Y 5 = Y I + Y 2  
102 LET Y 6 = Y l - Y 2  
1 0 4  LET C 6 = ( X + X l  ) * < X l + X 2 ) - Y l * < Y I + Y 2 )  
106 LET C 7 = Y I * < X l + X 2 ) + < X + X l  ) * < Y l + Y 2 )  
1 O H  LET C 5 = ( X -  XI ) * ( X l  - X:! ) +Y 1 * ( Y 1 -Y2 ) + (C 6 * Y 3  -C 7*Y4 1 C X 3  
1 10 L E T D 5 = (  X-XI I * (  Y1 - Y 2  ) -Y1 *(X1 - X 2  ) + < C 7 * Y 3 + C 6 * Y 4 ) * X 3  
112  GB T 0  1 1 8  
1 1  4 LETCS=X+Xl  
1 1  6 LETDS=Yl  
1 1  8 F B K J = l T B N 9  
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23 8 
240 
2 4 2  
2 4 4  
2 4 6  
248  
250 
2S2 
2 5 4  
2 5 6  
2 5 8  
2 6 0  
262 
2 6 4  
266 
268 
2 7 0  
2 7 2  
2 7 4  
2 7 6  
2 7 8  
2 80 
2 82 
284 
2 86  
288  
290 
2 92 
2 94 
8 9 6  
2 9 8 E N D  

Defect i n  Ease Material  

Dis elis s ion  of DEFECB 

This program- i s  designed t o  ca lcu la te  t h e  defect  s e n s i t i v i t y  f ac to r  

fo r  a c o i l  with rectangular cross  sec t ion  above a conductor consis t ing 
of two layers ,  which may be of d i f f e r e n t  types of  mater ia l .  

program, the  defect  must be located i n  t h e  lower layer,  which i s  

1-abeled IV i n  Fig.  3, p. 14. 

For t h i s  

T o  use t h i s  program, one must divide a l l  dimensions by t h e  mean 

radius  of t h e  coil.. The r e s u l t s  w i l l ,  of course, be dimensionless and 
w i l l  be re fer red  t o  as being "normalized." The product of t h e  angular 

frequency of t h e  dr iving current ,  t he  permeabili ty,  t h e  conductivity,  

and t h e  square of t h e  mean radius  of the  c o i l  must be calculated fo r  each 

conductor. 

and by ~ y ~ v ~ r ~  f o r  t h e  lower one. 

Let t h i s  product be denoted by qilolT2 for t h e  upper layer  
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Once these  ca lcu la t ions  have been made, one need only type t h e  

following l i n e s  i n t o  the  program. (Note: Parentheses should not be 

typed . ) 
20 LET Rl = (numerical Val-ue of normalized inner c o i l  rad ius)  

30 LET R2 = (numerical. value of normalized outer c o i l  radi.us) 

40 LET L1. = (numerical. value of normalized l i f t - o f f )  

50 LET L2 (numerical value of normalized l i f t - o f f  p lus  

normalized c o i l  length) 

60 LET ~1 = (numerical value of uplmlF2) 

Note: T f  t h e  conductivity of t h e  upper conductor i s  zero, one must 

type two ad.iiitiona1 l i n e s  : 

350 L m  XI.. = x 
360 LEX Y1 I: 0 

70 LET M2 = (nixnerical value of wy2~2?~) 

80 LET C -3 (numerical value of normalized thickness of upper 
conduct or ) 

90 LET R = (numerical value of normalized R pos i t i on  coordinate of 

de fec t )  

100 LET Z1 = (n imer ica l  value of normalized Z pos i t i on  coordinate 

of  de fec t )  

110 LET 19 =I (normalization f a c t o r )  

Note: This value may be obtained with t h e  a i d  of A I R C O  simpl.y by 

placing the  appropriate c o i l  dimensions i n  tha t  program. 

'The program may now be run. 

'The pr in t -out  by the computer w i l l  have t h e  following format: 

Ll 
M1 
R =  

= (Ll) L2 = (L2) 
L- (M1) M2 = ( M 2 )  
: (R) z = (z1) 

PHASE ------ 
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The various symbols enclosed i n  parentheses a r e  used here  %o indi-  

c a t e  that  t h e  numerical value of the  symbol w i l l  be pr in ted .  The th ree  

colurms, headed "X, " "MAGNITUDE, I' and "PHASE, 'I a re  t h e  upper l i m i t  of 

t h e  numerical i n t eg ra t ion  being performed by the  computer, t he  magnitude 

of  t h e  defect  s e n s i t i v i t y  fac tor ,  and the phase of t he  defect s e n s i t i v i t y  

f ac to r ,  respect ively.  These appear p r inc ipa l ly  t o  a l l o w  one t o  inspect 

t h e  convergence of t h e  in tegra t ion .  The magnitude and phase values f o r  

X .= 35 a r e  t h e  ones f o r  which convergence can be considered complete t o  
within O.Ol$, 

The example below i s  presented fo r  add i t iona l  a id  t o  those who wish 

t o  use t h i s  program. 

Sample Calculation of DEFECB 

Suppose t h a t  we wish t o  know t h e  defect  s e n s i t i v i t y  f ac to r  f o r  a 

c o i l  0.250 i n .  long w i t h  inner  and outer  radi i  of 0.125 and 0.375 in . ,  

respect ively,  above 0.020 i n .  of copper clad on an aluminum conductor of 

e f f ec t ive ly  i n f i n i t e  thickness (a t  l e a s t  four c o i l  diameters o r  sk in  

depths, whichever i s  smal le r ) .  

es ted i n  the  defec t  s e n s i t i v i t y  f ac to r  f o r  t h e  case i n  which the  defect  

i s  located 0.030 i n .  below t h e  surface of t h e  copper, 0.250 i n .  from t he  

c o i l  a x i s .  We s h a l l  assume t h e  dr iving frequency t o  be 5 k.Hz and t h e  
l i f t - o f f  t o  be 0.005 i n .  

Let us fu r the r  suppose t h a t  we a r e  in t e r -  

F i r s t ,  w e  determine t h e  mean c o i l  radius  t o  be 0.250 i n . ,  so t h a t  

Normalized inner  c o i l  radius  = 0.125/0.250 = 0.5 
Normalized outer  c o i l  radius  = 0.375/0.250 = 1.5 

Normalized l i f t - o f f  = 0.005/0.250 = 0.02 
Normalized c o i l  length = 0.250/0.250 = 1 

Normalized thickness of capper = 0.020/0.250 = 0.08 
Normalized R pos i t i on  of defec t  = 0.250/0,250 = 1 

Normalized Z pos i t i on  of defec t  = 0.030/0.250 = 0.12 

Furthermore, 

Angular frequency of dr iving current  = 21r X 5000 sec-'  

Permeabili ty of both conductors = 4fl X lo-'' h/m 
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Conductivity of copper = 5.77 x 
Conductivity of aluminum = 2.86 x lo7 r rhos/m 

r n ~ ~ o s / m  

Thus, 

A t  t h i s  po in t  one determines t'ne normali.zal;ion f a c t o r  by placing 

t h e  normalized c o i l  dimensions i n  AIRCO and ruririing t h a t  program. It is 

worth noting t h a t  t h e  normalization f ac to r  i s  ind-ependent of a1.l. var.i.- 
ab les  excluding the  c o i l  dimensions. This f a c t o r  i s  t h e  f i r s t  normal.- 

i za t ion  f a c t o r  i n  the pr in t -out  of  AIRCO and f o r  t h e  ease i n  po in t  i s  

foun.d t o  be 0.1004008. TI:: remaining procedure i s  qu i t e  simple. 

The above information i s  now typed .  i.nto the  program as follows: 

20 LET R1 = 0.5 

30 LET R2 ::. 1.5  
40 LET L1 =- 0.02 

50 LET i2 = 1.02 
60 LET M I  = 31.91 

70 LET iQ = 45.48 

80 LET C := 0.08 

90 LET R = 1 

100 LET Z1 ::I -0.12 

110 LET I9 = 0. I.6MOOS 

The program i s  now r u n  with t h e  fol-lowing resu3.ts: 

RI ':: 0. 5 R2 = 1.5 T J  = 0.2E-01 L2 = 1.02 
CIAU TBICKNESS IS  0.08 M l  = 31.91 M2 = 45.48 
DEFECT POSITION TS X = l  z = -0.12 

5 0. I452237 -2.755953-4 
X MAGNITUDE PiL4S E 

10 0.1A763532 -2.7590948 
15 0.14728876 --,2.761718 
20 0.1.4?40717 -2 .?60311 
25 0.14737916; -2.760?304 
30 0.14738376 -2.?606505 
35 0.1473835 -2.7606562 
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From t h i s  we see t h a t  t h e  defect  s e n s i t i v i t y  f ac to r  i s  
0.1473835 em(-j 2.7606562). 
ance, we rnultiply t h e  defect  s e n s i t i v i t y  f a c t o r  by t h e  product of the  

defect  volume and t h e  shape and o r i en ta t ion  fac tor .  

defect  volume must be ca lcu la ted  from dimensions which a r e  normalized 

by t h e  mean radius  of t h e  coil. 

To obtain t h e  change i n  normalized imped- 

Note t h a t  the 

DEFECB Program 

VERS I ON 0 3 f  0 5 / 6 9  10 REX OEFECR 
20 LET R l = - 5  
30 LET R 2 = 1  e 5  
40 LET L l  z.02 
50 LET L 2 = 1 * 0 2  
60 LET M 1 = 9 1  -91  
70 LET M 2 ~ 4 5 . 4 8  
80 LET C z . 0 8  
90 L E T R = l  
1 0 0  LET 21=- .12 
110 LET I 9 = . 1 6 0 4 0 0 8  
120 P R I N T  "R1 = " ; R ~ J " R ~ , = ' * ; R ~ ~ " L ~ = " ' J L ~  r " t ' 2 = " 3 L 8  
130 P R I N T  "CLAD T H I C K N E S S  IS";C,"Ml =";MI ."M2=":M2 

150 P R I N T  "X"D "MAGNITUDE" s "PHASE" 
160 LET S 1 = 1 E - 2  
170 LET S2=5  
180 LET I 6 = 0  
190 LET I 8 = 0  
800 LET HI =O 
210 LET R 2  = S 2  
220 FQR X = E31 + S 1 / %  T 0  92 STEP S1 
230 LET Z = R 2 * X  
240 LET Q 1  = R 2  
250 GBSUR 680 
260 LET I8=F2 
270 LET Z = R I * X  
280 LET Q l = R i  
290 G Q S U R  680 
300 LET I 1 = F 2  
310 LET 1 3 = 1 2 - S 1  

330 GBSUB 830 
340 
350 LET X 1  . 7 0 7 1 0 7 * S Q R < S Q R < X * X * X * X + M I * M 1  ) + X * X )  
360 LET Y I  = . 7 0 7 1 0 7 * S ~ K ( S O R < X * X * X * X + M I * M I ) - X * X )  
370 LET X 2  = . 7 0 7 1 0 7 * S Q R < S O R C X * X * X * X + M 2 * M 2 ) + X * X )  
380 LET Y2 * 707 l07*SQRC SQR <X*X*X*X+M2*MB > - X * X  1 

1 40 P R I N T  "DEFECT PPI S I T  I ON IS" s"R='' i R." Z=" i z1 

320 LET Z=X*K 

L E T S 3  = ( I 2  - I 1  ) *J1 *S 1 *<EXP C - X*LI > - E X P <  -X*L2 ) ) 

390 LET X 3 = E X P ( 2 * X l  * C )  
400 LET Y 3 = C O S ( 2 * Y l * C )  
4 1 0  LET Y 4 = S I N ( Z * Y 1 * C )  
420 LET X 5 = C Q S C C Y l + Y 2 ) * C + Y 2 * Z l )  
430 LET Y 5 = S I N (  CY1 + Y 2 ) * C + Y 2 * 2 1  > 
440 LET X 6 = 2 * E X P <  < X I  + X 2 > * C + X 2 * 2 1  1 
450 LET A 5 z X l  * X 5 - Y 1  * Y 5  
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Force on a Conductor 

Discussion of FORCE 

This program i s  designed t o  ca lcu la te  t h e  force  on a conducting 

p l a t e  of e f f ec t ive ly  i n f i n i t e  thickness due t o  the  current  flowing i n  a 

c o i l  of rectangular  cross  sec t ion  placed above it. The physical  s i tua-  

t i o n  i s  depicted by Fig. 3, p .  14, assuming regions I11 and I V  t o  be 

iden t i ca l .  

To use t h i s  prograrfi, one must f i r s t  divide a l l  dimensions by t h e  

mean radius  of t h e  c o i l .  The r e s u l t s  w i l l ,  of course, be dimensionless 

and w i l l  be re fer red  t o  as being "normalized." 

lar frequency of t h e  dr iving current ,  the  permeabili ty,  the conductivity, 

and t h e  square of t he  mean radius  of t h e  c o i l  must be calculated fo r  t h e  

conductor. 

The product of t h e  angu- 

Let t h i s  product be denoted by W ~ L C T ~ * .  

Once these  ca lcu la t ions  have been made, one need only type the  

following l i n e s  i n t o  the  program. (Note: Parentheses should not be 

typed. ) 

20 LFT R1 = (numerical value of normalized inner  c o i l  rad ius)  

30 LET R2 = (numerical value of normalized outer  c o i l  rad ius)  

l+O LET L = (numerical value of normalized l i f t - o f f )  

50 LET L1 = (numerical value of normalized c o i l  length) 

60 LET ~1 = (numerical value of w y c G 2 )  

The program may now be run. 

The pr in t -out  by the  computer w i l l  have the  following format: 

COIL L;ENGTH IS ( L1) 
LIFT-OFF I S  ( L )  

5 
lo 
15 
20 

R1 = (R1) 
M1 = (M1) 

R2 = (R2) 

X FORCE/I~~ ------ 
------ 
-..---- 
------ 

The various symbols enclosed i n  parentheses a r e  used here t o  indi-  
ca t e  t h a t  the  numerical value of t he  symbol w i l l  be prirlted. The f i r s t  

c o l m ,  headed "X," i s  the  upper l i m i t  of t h e  numerical in tegr8 t ion  being 
performed by the  computer, while t h e  second column i s  t h e  force  divided 
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by the square of t he  ampere-turns of t h e  c o i l .  These appear principal1.y 

t o  a,l.l.ow one t o  inspect t h e  convergence of t h e  in t eg ra t ion .  The fo rce  

value f o r  X = 20 i.s t h e  one f o r  which convergence can be considered t o  

be complete. 

The example below i s  presented f o r  add i t iona l  a i d  t o  those who wish 

t o  use t h i s  program. 

S a m l e  Calculation of FORCE 

Suppose t h a t  we wish t o  know t h e  fo rce  on a copper conductor of 

e f f ec t ive ly  i n f i n i t e  thickness (a t  l e a s t  four c o i l  diameters o r  s k i n  

depths, whichever i s  smaller)  due t o  the  current i n  a 0.250-in.-long 

c o i l  with inner and outer  r a d i i  of 0.125 and 0.3'75 i n . ,  respec t ive ly .  

The driving frequency i s  assumed t o  be 50 kHz and t h e  l i f t - o f f  t o  be 

0.005 i n .  

F i r s t ,  we determine t h e  mean c o i l  radius t o  be 0.250 i n . ,  so  t h a t  

Normalized inner c o i l  radius = 0.125/0.250 = 0.5 
Normalized outer c o i l  radius = 0.375/0.250 = 1.5  
Normalized l i f t - o f f  = 0.005/0.250 = 0.02 

Normalized c o i l  length = 0.250/0.250 = 1 

Furthemor e, 

Angular frequency of dr-lvtng cur ren t  = 2~s x 50,000 sec-' 

Conductivity of copper = 5.77 x lo7 mhos/m 

Permeability of copper : L+TI x lom7 h/m 

Tjnus , 
-. 

w ~ c q - '  = 919.1. 

The above information i s  now typed i n t o  the  program as follows: 

20 LET Rl = 0.5 

30 LET R2 - 1.5 

4.0 LET L = 0.02 

50 LET L1 = 1 

60 LET M I  = 919.1 

The program i s  now run with t h e  following r e s u l t s :  
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C O I L  LENGTH IS 1 K1 = 0.5 
L I F T - O F F  I S  0.2E-01 M1 I;- 919.1 
X FOHCE/I  t 2 
5 0.32277 1E- 06 
10 0.3240263-06 
15 0.32409OE-06 
20 0.32411lE-C6 

R2 = 1.5 

From t h i s  we see  t h a t  the  force per ampere-turn squared i s  
0.324111 X M/( amp-turn) 2.  

FORCE Proffram 

V E R S I O N  0 7 /3 6 / 6 8  
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:3 SO 
3 90 
400 
41 0 
42r l  
43 0 
440 
450 
460 
470 
4 80 
4 90 
SO0 
51 0 
52 0 
530 
540 

COIL ABOVE A TKREE-CONDUCTOR PLANE 

Discussion o f  3CONIYI 

This program i s  designed t o  ca l cu la t e  t h e  normalized impedance of 
8 c o i l  with rectangular cross sec t ion  sbove a conductor cons is t ing  of 

t h ree  layers ,  a l l  of which may be of d i f f e ren t .  types of ma te r i a l  ( s ee  

Fig.  4 ) .  

To use t h i s  program, one must f irst  divide all .  dimensions by t h e  

mean rad.ius of Uie c o i l .  The r e s u l t s  w i l l ,  o f  course, be dimensionless 

and. Will  be r e fe r r ed  t o  as being "normalized." 

lar  frequency of t h e  dr iv ing  cur ren t ,  the permeabil-ity-, t h e  conductivity, 

and t'ne square of t h e  mean radius of t h e  c o i l  must be ca lcu la ted  for 

each conductor. 

l ayer ,  by ~ p . ~ o , r ~  for t h e  niiddle layer,  and by up303F2 for t h e  lower 

l aye r .  

The product of t he  angu- 

Let t h i s  product be denoted by op1ul~r2 f o r  t h e  upper 

Once these  ca lcu la t ions  have been made, one need only type t h e  
following l i n e s  i n t o  the program. (Note: Parentheses are not -typed. ) 

20 LET H1 ::' (numerical value of normalized inner c o i l  rad ius)  

30 LET ~2 = (numerical value of norra.lized outer c o i l  raciius) 

40 LET L1 = (numerical value of normalized l i f t - o f f )  
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ORNL-DWG 67-2523R2 

I 

Z==O 

z=-C, 

Fig. 4 .  
Conductor Plane. 

A Coi l  with a Rectangular Cross Section Above a Three- 

50 LET L2 = (numeri-cal value of l i f t - o f f  plus normalized c o i l  length)  

00 LET ICL = (numerical value of wplalF2) 

Note: If the conductivity o f  the upper conductor i s  zero, one must 

type two addi t iona l  l ines:  

360 LET X1 = X 

370 LFT Y1 = 0 

70 LET U1 = (numerical value of r e l a t i v e  permeabili ty o f  upper 

conductor) 

80 LET 1~12 = (numerical value of w ~ L ~ c T ~ ? )  
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Note: if the  conductivity of  Lhe middle conductor i s  zero, one 

must type two add i t iona l  l i n e s :  

390 LET X2 = X 

400 LET ~2 = 0 

90 LET U2 = (numerical value of r e l a t i v e  permeabili ty of middle 

conductor) 

100 LET ~3 = (numerical value of up3cr3F2) 

Note: If t h e  conductivity o f  .the lower conductor i s  zero, one 

must type two additional. l i n e s :  

570 LET X 3  = X 

580 LET Y 3  = 0 

11.0 LET li3 = (numerical value of r e l a t i v e  permeabili ty o f  lower 

conduct o r  ) 
120 LET Cl = (numerical value o f  normal-ized thickness of upper 

conductor ) 
L30 LlET C 2  = (numerical value of normalized. thickness of upper 

plus middle conductors) 

The program may now be run. 

The pr in t -out  by the  computer w i l l  have the  following fo-mat: 

10. 
1s. 
20.  ------ 

The various symbols enclosed i n  parentheses a r e  used t o  ind ica t e  
t h a t  t h e  numerical value of  t he  symbol w i l l  be pri-nted.. 

headed "X," "AIR VALUE," "REAL PART," and "IMfiG PART," a r e  t he  upper 

l i m i t  o f  t h e  n&erical  i n t eg ra t ion  being performed by the  computer, t he  

value of t he  i n t e g r a l  i n  t h e  absence of t h e  conductors, t h e  real  p a r t  of 

t h e  i n t e g r a l  i n  t h e  presence o f  t he  conductors, and t h e  imaginary p a r t  

The four c o l m i s ,  
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of t h e  i n t e g r a l  i n  the  presence of t he  conductors, respect ively.  These 

appear p r inc ipa l ly  t o  allow one t o  inspect  t he  convergence of t he  in te -  

gra t ion .  The last l i n e  i s  the  normalized impedance of the c o i l  i n  "ne 

presence of t h e  conductors. 

The example below i s  presented f o r  addi t iona l  a i d  t o  those who wish 

t o  use t h i s  program. 

Sample Calculation of  3CONDT 

Suppose we wish t o  know t h e  normalized impedance of a c o i l  0.250 i n .  

long with inner and outer  radii  of 0.125 and 0.375 i n . ,  respect ively,  

i n  t h e  presence of  0.010 in .  of s i l v e r  c lad on 0.010 in .  of copper which 

i n  turn i s  c lad  on an aluminum conductor o f  e f fec t ive ly  i n f i n i t e  thick-  

ness (at  least four c o i l  diameters or skin depths, whichever i s  smaller). 
We s h a l l  assume t h e  dr iving frequency t o  be 5 kHz and t h e  l i f t - o f f  t o  

be 0.005 i n .  

F i r s t ,  we determine t h e  mean c o i l  radius  t o  be 0.250 i n . ,  so  t h a t  

Normalized inner  radius  of c o i l  = 0.125/0.250 = 0.5 
Normalized outer  radius  of  c o i l  = 0.375/0.250 = 1.5 
Normalized l i f t - o f f  = 0.005/0.250 = 0.02 
Normalized c o i l  length = 0.250/0.250 = 1.0  

Normalized thickness o f  s i l v e r  = 0.010/0.250 = 0.04 

Normalized thickness o f  s i l v e r  plus  copper = 0.020/0.250 = 0.08 

Furthermore, 

Angular frequency of dr iving current  = 2 ~ t  X 5000 sec'l 

Permeabili ty o f  a l l  three  conductors = 47t X 

Relat ive permeabili ty of a l l  th ree  conductors = 1 

Conductivity of s i l v e r  = 6.14 X lo7 mhos/m 

Conductivity of copper = 5.77 X lo7 mhos/m 

Conductivity o f  aluminum = 2.86 X lo7 mhos/m 

h/m 

Thus , 



This information i s  now typed i n t o  the program as  follmTs: 

20 LET R1 = 0.5 

30 TAET R 2  = 1.5 

L+.O LET L 1  = 0.02 

50 LET L2 = 1.02 
60 T J T T  M l  97.79 
'70 LET Ul = 1 

80 LET M2 -1 91.91 
90 LET U2 = 1 

100 LET M 3  = 45.48 

110 LET u3 := 1 

1-20 LET C1 = 0.04 

130 LET C2 11: 0.08 

The program i s  now run w i t h  the  following r e s u l t s :  

31 I:: . 5 R2 = 1 .5  L 1  I= .02 L2 = 1.02 
CIAUl -= .04 CLAD2 = .08 
MI. = 97.79 M2 = 91.91 M3 = 45.4-8 U 1  = I IR ::: 1 U3 = 1 
X A I R  VALUE REAL PART IWG PART 
5 .  .E9232 .lo7024 -1.175 1.63- 2 
1-0 . .160231 .1080@4 -1.17739E-2 
15. .160337 .lo8111 -1.17744-E-2 
20. .140375 .lo8149 -1.1774.4.E-2 
40. .1601,01 .I08174 -1.17744 E- 2 
NORMALIZED IMAG PART .674399 NORMALIZED REAL Pmr 7.340633-2 

T h u s ,  the normalized impedance of the  c o i l  i s  Z = 0.0734063 + j 0.674399. n 

3CONDT Program 



1 50Pi i  1 N T " C L A D  1 ='I ;C  1 > 
1 6 0 P R  I N ' r " M 1  =" : 
170 Pi i INT " X " r  " A I R  V4LIJE" .  " R E A L  P A R T " ,  " I M A G  P A R T "  

, " C L A D 2 = "  J C 2  
;"+$z="; M% ; " M 3 = " ;  M3 ; "UI  =" ; U 1  ;"U2=" ; u2 ; '*u3=" i u 3  

18'3 LET S 1 = 1 E - 2  
190 LET S2=5  

210 LET I7=0  

230 LET I9=0 
240 LET B 1 = 0  

260 FBI? X = 3 1 + S 1 / 2  T O  82 S T E P  S1 
270 L E T  Z = R 2 * X  
280 L E T  Q l = R 2  
290 G 0  S!JQ 1100 
300 L E r  I % = F ~  
310 LET Z = R l * X  
320 LET Q I = R ~  
330 G'd 5113 1100 
340 LET I l = F %  
350 L E T  s3=si*(12-11 ) T Z / X  

20c1 L E T  16=0 

2 2 0  L E r  I H = O  

2 5 0  L E r  92=sz 

360 LET X 1 = . 7 0 7 1 0 7 * < S O R < S S R < X * X * X * X + M 1 * M I ) + X * X ) ) ~ U ~  
379 LET Y 1  = a 7 0 7 1  0 7 * < S O R ( S Q R t X * X * X * X + M l  *?I1 ) - X * X )  I / U 1  
38'3 I F  X l * C 1 * U l > l 5  T H E N  810 
390 LET X 2 = * 7 0 7 1 0 7 * ( S Q R < S 8 R < X * X * X * X + M 2 * M % ) + X * X ) ) / U ~  
400 LET Y ~ = . 7 0 7 1 0 7 * i S g R ( S B R ( X * X * X * X + M 2 * M ~ ) - X * ~ ) ) / U ~  
410 LET X 4 = E X P < 2 * X l  *C1 rlJ1 ) 
420 LET Y 4 = C 0 S < 2 * Y I  *c1 * U 1 )  
4 3 0 L E T Y S  = S I N ( B * Y l * C I * U l  ) 
440 LET A l = ( X - X l  > * < X l + X 2 1 + Y l * C Y l + Y 2 1  
450 LET A 2 = C X - X 1  ) * ( Y l + y 2 ) - Y l * ( X l + X 2 )  
460 LET 01 = C X + X l  ) * ( X 1  - X 2 ) - Y 1  * C Y 1  - Y 2 )  
470 L E T  D Z = C X + X l  ) * C Y l - Y 2 ) + Y l * ( X l - X 2 )  
480 LET A S =  D l  + C A I  * Y 4 - A 2 * Y S ) * X 4  
490 LET R 5 = D B + C A 2 * Y 4 + A l  * Y 5 ) * X 4  
500 LET A 4 = ( X + X l  ) * ( X l + X 2 ) - Y l * ( Y l + Y 2 )  
510 LET D 4 = ( X + X 1  ) * ( Y I + Y 2 ) + Y l * < X l + X 2 )  
520 LET A 3 = ( X - X 1  ) * ( X 1  - X 2 ) + Y l * < Y l - Y 2 )  
530 LET D 3 = ( X - X 1  ) * < Y l - Y 2 ) - Y l * < X l - X 2 1  
540 LET C 5 = A 3 + < A 4 * Y 4 - D 4 * Y S ) * X 4  
550 LET D S = D 3 + ( D 4 * Y 4 + A 4 * Y 5 ) * X 4  
560 I F  ( X l * C l * U I + X 2 * ( C 2 - C 1 ) * U 2 ) > 1 5  T H E N  850 
570 LET X3=.707107*<SORCSQRCX*X*X*X+M3*M3)+X*X>)/U3 
580 LET Y 3 = . 7 0 7 1 0 7 * ( S Q R ( S Q R ( X * X * X * X + M 3 * M 3 ) - X * X ) ) / U 3  
590 LET X S = E X P 1 2 * X 2 * C C 2 - C 1  )*U2) 
500 LET Y 6 = C B S C 2 * Y 2 * ( C 2 - C 1  )*lJ2) 
5 1  0 LET Y 7  =s I N  < 2 * Y 2 *  ( C 2  -c I. ) *u2 ) 
620 LET G l = X 2 + X 3  
630 LET G Z = Y 2 + Y 3  
640 LET G 3 = X 8 - X 3  

660 LET G 5 = G 1  * A S - G 2 * R S  
670 L E T G 6  = G  1 *B 5 + G 8  * A 5  
6 8 O L E T A  6 = A 3  * Y 4  - D 3  * Y S  
6 9 0 L E T D 6 = A 3 * Y 5 + 0 3 * Y 4  
7 0 0 L E T A 7 = X 5 * < G 5 * Y 6 - G 6 * Y 7 ) + G 3 * < A 4 + X 4 * A 6 ) - G 4 * ( D 4 + X 4 * D 6 )  
7 l 0 L E T D 7 = X S * ( G 5 * Y 7 + G 6 * Y 6 ) + G 3 * ( D 4 + X 4 * D 6 ) + ~ 4 * ( A 4 + X 4 * A 6 )  
7 2 f l L E T G 7 = G 1  *C5 - G 2 * D 5  
7 3 0 L E T G 8 = G 1 * 0 5 + G 2 * C 5  

- 650 LET G 4 = Y 2 - Y 3  
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740LETBb=Dl*Y4-D2*Y5 
750LETC6=Dl *Y5+02*Y4 
760 LET A 8 = X 5 * < G 7 * Y 6 - G 8 * Y 7 ) + G 3 * < A l + X 4 * ( A 2 + ~ 4 ~ C ~ )  
7 7 0 L E T D 8 = X 5 * ( G 7 * Y 7 + G 8 * Y 6 ) + G 3 * < A 2 + X 4 * C 6 ) + G 4 * ( A l + X 4 * B ~ )  
780LETK1 =(A7*AB+D7*D8) /<A8*A8+DB*DB) 
790LETK2 = <A8*D7 -A7*D8 1 / (AB*A8+D8*D8 ) 
800GQT0870 
1310 LET AS=X-Xl 
820 LET B5=-Y1 
830 LET CS=X+Xl 
840 LET D S = Y l  
850 LET K I = ( A 5 * C S + R 5 * D S ) / < C S * ~ 5 + D 5 * D 5 )  
860 LET K2 = ( C  5 *R 5 -A5 *D5 ) / < C  5 *C 5 +D 5*D5 ) 
870 IF X*L2>30 THEN 910 
880 LET G=EXP<-2*X*Ll )+EXP<-2*X*L2) -2*EXP<-X*<Ll +L2 9 1 
890 LETG3=EXP(-X*<LB-L1 ) ) - 1  
900 G0 T0 930 
910 LET G=EXP(-X*Ll 1 
920 LET G3=-1 
930 LET 16=Ih+S3*G*K1/(2*X) 
940 LET 18=18+S3*G*K2/<2*X) 
950 LET 19=19+S3*CG3/X+L2-L1> 
960 NEXT X 
970 LET01 =02 
980 LET B2=82+S2 
990 LET Q3=X+S1/2 
1000 LET 17=19+16 
1010 PRINT 0 3 r  I 9 r  I78 I 8  
1020 IF X < 3 THEN 260 
1030 LET Sl=SE-2 
I040 I F  X<lO THEN 260 
1050 LET S1z.l 
1060LETSZ-20 
1070 IF Xc35 THEN 260 
1080 PRINT "NQRMALIZED IMAG PARTu';I7/I3r"N0RMALI2ED REAL P A R T " ; - 1 8 / 1 9  
1090 GQTB 1250 
1100 I F  Z>5 THEN1190 
1 1  10 LETLS=INT<2*Z)+3 

1130 LET F2=F1/3 
1 1 40 TORN= 1 T0L5 

1160 LETF2=F2+F1/<2*N+3) 
1170 NEXTN 
1180 G0TQ 1240 

1 1 2 0 LE TF 1 = e 5 *Q 1 *Q 1 * Z 

1150 LETFl=-F1*.250*Z*Z/<N*N+N) 

1190 LET Q 1 ~ < < ~ ~ 1 8 8 ~ 1 3 5 7 ~ 2 + 1 0 9 ~ 1 1 4 2 ~ ~ 2 ~ 2 3 ~ ~ ~ 3 3 3 ~ ~ Z + 2 ~ 0 5 0 9 3 1 ~ / Z  
1200 LET Q 1 = t < Q 1 - ~ 1 7 3 0 5 0 3 ) / Z + . 7 0 3 4 8 4 5 ) / 2 - . 0 6 4 1 0 9 E ~ 3  
1210 LET Q 2 ~ < ~ < ~ 5 ~ 8 1 7 5 1 7 / 2 + 2 ~ 1 0 5 8 7 4 ~ / 2 * ~ 6 8 9 6 1 9 ~ ~ / Z + ~ 4 9 5 2 0 2 4 ~ ~ 2  
1220 LET 
1230 LET F 2 = < I - S Q R < Z ) * ( Q 2 * C B S < 2 - P I / 4 ) - Q I * S I N < Z - P 1 / 4 ) ~ ) / ( X * X ~  
1240 RETURN 
1250 END 

A2 = ( Q2 - 1 873 44E-2 > / Z +  7 3 790 95 



REFLECTION-TYPE C O I L  ABOVE A S I E L E  CONDUCTING PLANE 

This type of  c o i l  system i s  used with t h e  phase-sensit ive eddy- 

current  instrument'?,' and cons is t s  of a la rge  dr iver  c o i l  surrounding 

s m a l l  pickup coils at each end, wound i n  opposit ion t o  each other .  

Typical uses for t h i s  c o i l  arrangement a r e  the measurement of conductiv- 

i t y  in samples of e f f ec t ive ly  i n f i n i t e  thickness and c lad  o r  p l a t e  thick- 

ness i n  samples of e f f ec t ive ly  f i n i t e  thickness.  This sec t ion  contains 

programs m i t t e n  fo r  a re f lec t ion- type  c o i l  above a s ing le  conducting 

plane.  

Magnitude and Phase of Induced Voltage 

Discussion of RFLM 

This  program is designed to ca lcu la t e  t h e  va r i a t ion  with conductiv- 

i t y ,  with l i f t - o f f  s e t ,  of t h e  phase s h i f t  of t he  voltage induced i n  two 

opposi te ly  wound pickup c o i l s  of t he  same s i z e  by t h e  current i n  a la rge  

dr iver  c o i l  above a conducting plane of e f f ec t ive ly  i n f i n i t e  thickness 

(a t  l e a s t  four  c o i l  diameters o r  sk in  depths, whichever i s  smaller) .  

The pickup c o i l s  must be iden t i ca l ,  equid is tan t  Prom t h e  respect ive ends 

of t h e  d r ive r  c o i l ,  and be within i t s  length.  They must a l s o  be coaxial  

with the  d r ive r  c o i l .  

The program ca lcu la tes  t he  magnitude and phase of t he  induced vol t -  

age a t  15 poin ts  on a 3 X 5 l a t t i c e  ( 5  values of l i f t - o f f  and 3 values 
of conduct ivi ty) .  This alluws one t o  examine the  s e n s i t i v i t y  t o  l i f t -  

o f f  va r i a t ions  as w e l l  as t o  conductivity va r i a t ions .  

To use t h i s  program, one must f i r s t  divide a l l  dimensions by the  

mean radius  of the  dr iver  c o i l .  The r e s u l t s  w i l l ,  of course, be dimen- 

s ion less  and w i l l  be ref'erred t o  as being "normalized." The product of  

t h e  angular fYequency of t he  dr iving current ,  t h e  permeability, t h e  con- 

duc t iv i ty ,  and t h e  square of  the  mean radius  of the dr iver  c o i l  must be 

calculated f o r  the conductor. L e t  th is  product be denoted by cdpG2.  

'C. V. Dodd, Mater. Evaluation I I 2 2 ( 6 ) ,  260-263 (1964). 

'C. V.  Dodd, Mater. Evaluation - - 26( 3 ) ,  33-36 (1968) a 



Once these calculat ions have been made, one need only type the  

following l i n e s  i n t o  t h e  program: (Note: Parentheses a r e  not typed. ) 

20 LET R I  = (numerical value of normalized inner  radius  of d r ive r )  

30 LET R2 = (numerical value of normalized outer  radius  of d r ive r )  
40 LET E3 = (numerical value of normalized inner  radius  o f  pickups) 

50 LET R/t = (numerical value of normalized ou-Ler radius  of pickups) 

60 LET L6 := (numerical value of normalized minimum l i f t - o f f )  

70 LET L2 = (numerical value of normalized l i f t - o f f  increment) 

80 LET L3 = (numerical value of  norrmlized. 1-ength of dr iver  c o i l )  

90 LET Ut = (n.Lu-nerica.1 value of normalized length of pickup c o i l s )  

100 LET L5 = (numerical value of noraalized- dis tance of pickup c o i l s  

from t h e i r  respect ive ends of t he  d r ive r  c o i l )  

110 LET MI = (numerj-cal value of oli.0-7~) 

l39 LET U1 = (numerical value of  r e l a t i v e  perraeability of conducting 

reg ion)  

1-40 LET M9 = (numerical value of f r a c t i o n a l  change i n  conductivity) 

The program may now be run. 

'The p r h t - o u t  by t h e  computer w i l l  have the  following format: 

R1 = (Rl) R2 = ( R 2 )  DRIVER LENGTH IS ( L 3 )  
R 3  = (R3) R4 = (R4) P I C K U P  LENGTH I S  (u) 
€41 = (Ml) u1 = (u1) PICKUF'S RECESSED ( T 5 )  
M VARIATION I S  + -(1oo*M9) 
ZERO LIFT-OFF IS (a) 

PERCENT 

v OLTAGE/IWGE/FHASE WITH DISCRIMINATOR SET 

(a) 
DISCRIMlNATOR VOLTAGE IS ( V l )  

(L6 i- L2) (L6 + 2 . X L 2 )  (L6 + 3xL2) (Lkj I- 4*L2) ------ ---I-- ---.--- ------ ------ 
-----I ------ ------ ------ --I--- 

------ ------ --I--- --"."--- 
PHASE SHIFT I----- LIFT-OFF -----I 
$ OF RANGE ------ $ OF TOTAL ------ 
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The various symbols enclosed i n  parentheses a r e  used t o  ind ica te  

t h a t  the  numerical value of t h e  symbol will be pr in ted .  

There a r e  f i v e  columns of data,  one under each value of l i f t - o f f .  

Each c o l m  i s  divided i n t o  three  sec t ions  of t h ree  l i n e s  each. These 

sect ions correspond, from top t o  bottom, t o  the  three  values (-100-xM9, 

nominal, and +lOO*bB,  percent)  of conductivity.  

sec t ion  are ,  Prom top to bottom, the  magnitude of t h e  induced voltage 

divided by t h e  product of frequency, d r ive r  current ,  number of tu rns  on 

d r ive r  c o i l ,  number of tu rns  on a pickup c o i l ,  and d r ive r  c o i l  mean 

radius  i n  meters; t h e  phase of t he  induced voltage ( i n  rad ians) ;  and the 

phase s h i f t  between t h e  induced vol tage and a constant value which i s  

taken t o  be t h e  discr iminator  s e t  po in t  of t h e  phase-sensit ive eddy- 

cur ren t  instrument ( see  DISC program, p.  77). 

'The three  l i n e s  i n  each 

The las t  two l i n e s  of the  pr in t -out  give t h e  PHASE SHIFT, which i s  
t h e  phase s h i f t  due t o  t h e  spec i f ied  conductivity change; t h e  LIFT-OFF, 

which i s  the  phase s h i f t  due to t h e  spec i f ied  l i f t - o f f  var ia t ion ;  t h e  

4 OF RANGE, which i s  t h e  LIFT-OFF divided by t h e  PHASE SHIFT, mult ipl ied 
by 100; and t h e  $ OF TOTAL, which i s  t h e  $ OF RANGE, mult ipl ied by the  

t o t a l  conductivity va r i a t ion  (2-x-M9). 

The example below i s  presented as an add i t iona l  aid t o  those who 

wish t o  use t h i s  program. 

Sample Calculation of RFLM 

Let us suppose we wish to measure t h e  conductivity of a metal  p l a t e  

using a re f lec t ion- type  c o i l  arrangement i n  the  phase-sensit ive eddy- 

current  instrument. The d r ive r  c o i l  i s  assumed t o  be 0.500 i n .  long with 

inner and outer  r a d i i  of 0.200 and 0.300 i n . ,  respect ively.  The pickup 

c o i l s  a r e  assumed to be 0.200 i n .  long with inner  and outer  r a d i i  of 

0.1013 and 0 . U 0  i n . ,  respect ively,  and a r e  mounted f lu sh  with t h e  ends 

of t h e  d r ive r .  The conductor i s  taken to be a p l a t e  of s t a i n l e s s  s t e e l  

of e f f ec t ive ly  i n f i n i t e  thickness (a t  l e a s t  four  c o i l  diameters or sk in  

depths, whichever i s  smaller)  whose conduct ivi ty  may vary by +lo$. The 

dr iving current  freqxency i s  assumed t o  be 100 kHz and the  minimum l i f t -  

off  0.025 i n .  The l i f t - o f f  increment i s  taken t o  be Q.0125 i n .  
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F i r s t ,  we determine t h e  mean c o i l  radius t o  be 0.250 i n . ,  so  that 

Normalized inner radius of d r ive r  c o i l  = 0.200/0.250 = 0.800 

Normalized outer radius of d r ive r  c o i l  ::I 0.300/0.250 = 1.200 

Normalized inner radius of pickup coil. = 0.100/0.250 := 0.400 

Normalized outer rad ius  of pickup c o i l  = 0.150/0.250 = 0.6 

Normalized length of  d r ive r  c o i l  = 0.500/0.250 = 2.000 

Normalized length of pickup c o i l  = 0.200/0.250 : 0.800 
Normalized length of pickup c o i l s  from the ends o f ' t h e  d r ive r  c o i l  = 0 

Normalized m3.nimum l i f t - o f f  = 0.025/0.250 = 0.100 

Normalized increment of l i f t - o f f  1- 0.0125/0.250 = 0.050 

Furthermore , 
Angular frequency of dr iv ing  cur ren t  = 2fl X 100,000 sec" 

Permeability of s t a i n l e s s  s t e e l  conductor = 4fi X lo-'' h/m 

Relative permeabili ty of conductor = 1 

Nominal conductivity of s t a i n l e s s  s t e e l  = 1,3333 X lo6 mhos/m 

'rhus, 

This hfo rma t ion  i s  typed i n t o  the program i n  t h e  following manner: 

20 LET R1 = 0.8 

30 LET R2 == 1 . 2  
40 mr ~3 = 0.4 

50 LET R4 -: 0.6 

60 LET L6 = 0 . 1  

70 LET L2 = 0.05 

80 LET L3 = 2.0 

90 LET LA = 0.8 

100 LET := 0 

110 LET M l  -= 42.45 

130 LET U1. = 1. 

140 LET ?@ =: 0 . 1  

The program i s  now run with t'ne following results: 
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R1 -: .8 R 2  = 1 . 2  DRIVER LENGTH I S  2 
R 3  = .4 RA := ,6 PICKUP LENGTH IS .8 
ILL = 42.45 U l  = 1 PICKUPS RECESSED 0 
M VARIATION IS +- 10. PERCETJT 
ZERO LIFT-OFF I S  .1 
VOLTAGE/PHASE/PHASE WITH D ISCRIMIWT OK SET 

DISCRIMJYATOR VOLTAGE IS  -1.224063-8 
.1 .E .2 .25 
3 .@406E-7 3.004793-7 2-592143-7 2.2L378E-7 
1.9337 1.90723 1. 9000l 1. 89237 
.017222 1.44576E-2 1.573633-2 1.543163-2 

3.562373-7 3.06256E-7 2.640'353-7 2.285O4E-7 
1.89715 1.89118 1.88444 1.87'723 
0 -3.5'7488E-4 -7.15358E-4 -6.93439E-4 

3. 62192E-7 3.112953-7 2.683553-7 2.321073-7 
1.88275 1.87722 1. 87088 1.86405 

-1.49614E-2 -1.L9474E-2 - ,015O09 - .01&701 
PHASE SHIFT 3.21834E-2 LIFT-OFF 1.790433-3 
'$ OF RANGE 5.5632 OF TOTAL l.ll264 

. 3  
1.949123-7 
1.88451 
1.583093,-2 
1.98406E-7 
1. 86978 

-2.85218E-9 

2.01457E-7 
1.85697 

-1.3'74853-2 

fromwhich we see  t h a t  t h e  phase s h i f t  due t o  a 2O$ change i n  conductiv- 

ity i s  3.21834- X 10" radians,  while t h a t  due t o  lift-off i s  

1.79043 X 

formel- and 1.11264% of the t o t a l .  

radians,  t h e  l a t t e r  phase s h i f t  being 5.5632$ of the  

RFLN Pronram 

5 / 7 / 6 9  10 REM RFLM 
2 0 R 1 = .  7 5  
3 0 R Z = 1  e25  
40R3 = 3 5 
50R4=. 7 
60 L 6 = 0  
70L2=.05 
8 0 L 3 z . 4  
90L4=. 1 
1 0 0 L 5 = *  1 
110 M l s 4 5 . 4 8  
120 M = M I  
130 LET U l = l  
140M9=.025 
150 P R I N T  " R 1  = " ; R 1  D " R ~ = " : R Z D  "DRIVER LENGTH I S " J L 3  
160 PRINT " R 3 = " i R 3 +  "R4=";R4+ "PICKUP LENGTH I S " I L 4  
170 PRINT"M1 ~ ' ' i M 1  s " U 1  ="fU1 t"P1CKUPS RECESSED"fL5  
1BOPRINT"M VARIATIBN I S  +-'I; I00*M9;"PERCENT" 
190 P R I N T " Z E R 0  LIFT-OFF IS" :L6 
; ? O O P R I N T " V Q L T A G E / P H A S E / P H A S E  WITH DISCRIMINATQR SET" 
210 LET S l = l E - 2  
220 LET S 2 = 5  
2 3 0 F Q R I  = I  T03 
240 FQR J=1 T 0  5 
m O R <  I D J )  =O 
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2601 ( ID J ) = O  
270 NEXT J 
280NEXT I 
290 LET R 1 = 0  

310 F0R X = B1 +SI12 T0 82 STEP S1 
320 LET %:-R2*X 

340 G0SUB 1 1 6 0  
350 LET I2=F2 
350 LET Z=Rl*X 
370 LET QI=Rl 
380 G0SUrj 1160 
390 LET II=F2 
400 LET %-rR4*X 
410 LET Q l = R 4  
420 G0SUB 1160 
430 LET J2=F2 
440 LET %=R3*X 
450 LET Q 1  =R3 
460 GBSUB 1160 
470 LET ,JI=r"2 
480 LET S3=Sl*(I2-11 )*<52-J1) 
490 IF X*143*50 THEN 530 
500 LE T F = E  XP ( - X*L5 1 +EXP < -X* <L3-L5 > 1 - E X P  C - X* (L3 -1-4 -L5 1 ) -EXP( - X*( L5+L4) 1 
510 LET G5=EXP<-X*L3)-I 
520 GO T0 550 
530 LET G=EXP< -X*L5 1 *< 1 -EXP< -X*L4) ) 
540 LET G 5 = - 1  
550F0R I = 1 T03 
560MI=M*Cl+<I-2)*M9) 
5 7 0 L E T X 1 ~ ~ 7 0 7 1 0 6 7 8 1 * S O R ( S Q R ~ X * X * X * X + N I * M ~  1+X*X)/UI 
580LETYls 707 106781 *SQR ( S Q R  (X*X*X*X+MI *MI )-X*X)/IJI 
590DS=X*X+2*X*X1 + X I  * X I  + Y 1  *Y1 
600KC I) -<X*X-XI * X I  - Y 1  * Y l  ) I D 5  
610N(I)=-2*Yl*X/D5 
620F0RJ=l T05 
630L=( J-1 )*L2+L6 
~~OLETR<IDJ)=R<IDJ)+S~~K(I)*G*G*G~*EXP(-~*X*L) 
~§~LETI(IIJ)=I<IDJ)+S~+N<I)*~*G*G~*~XP(-~*X*L) 
660NE XTJ 

680NEXTX 
590 LET f l 1  =a2 
700 LET l338=R2+S2 
710 IF X c 3 THEN 310 
720 LET SI =SE-2 
730 IF Xc9 THEN 310 
740 LET SI=.l 
750 IF X < 1 9  THEN 3 1 0  
760 PRINT 
770 PRINT 
780FBRI =1 T03 
790 FGlR J = l  T0 5 

300 LEr ~2 =s2 

330 i x r  QI =RZ 

6 7 0 ~ ~ x 1 -  I 

B O O L E T M < I D J ~ ~ S ~ R ~ R ~ I J J > ~ ~ + I < I , J ) ~ ~ ) * ~ . ~ ~ O ~ E ~ ~ / < < R ~ ~ ~ ~ ~ * ~ R ~ ~ ~ ~ ~ * L ~ * L ~ ~  
~ ~ O L E T P ( I D . J ) = A T N ( - H < I D J ~ / I ~ I I J ~ )  
820 IF I ( ID J) C0THEN850 
~~OLETP<IDJ)=P<IIJ)+PI 
840 PRINT:ST~RE:M<IDJ)DP<IDJ) 
850 NEXT J 
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860NE XT I 
870LETH1 = M < 2 1 1  ) 
8 8 0 L E T H 2 = M ( 2 r 5 )  
8 9 0 L E T H 5 = P < 2 r  1 )  
9 0 0 L E T H 6 = P ( 2 r 5 )  
91 OGBSIJBI 31 0 
920 PRINT L ~ ~ L ~ + L ~ J L ~ + Z ! * L ~ J L ~ + ~ * L ~ Y L ~ + ~ * L ~  
9 3 0 F @ R I = 1  T 0 3  
940FBRJ=1 T 0 S  
950Q1 = P l C  I t  J) 
960Q2=P(  I Y  J) 
970GBSUB 1360 
980Y < 19 J) =P 
990 NEXT J 
1 OOOPR INT 
~ O ~ O P R I N T M ~ I Y ~ ~ ~ M < I Y ~ ~ ~ ~ ~ I ~ ~ ~ ~ ~ ~ I ~ ~ ~ ~ M ~ I ~ ~ ~  
~ ~ ~ ~ P R I N T P < I ~ ~ ) ~ P < I ~ ~ ~ ~ P < I D ~ ~ ~ P ~ I Y ~ ~ ~ P ~ I ~ ~ ~  
1030PRINTYC I r 1. ) Y Y (  I t2 1 * Y <  1 9  3 )  Y <  294) > Y <  195) 
1 O4ONEXT I 
1050Q1 = Y (  1 Y 1 ) 
1 0 6 0 Q 2  = Q 1  
1 0 7 0 F Q R J = 2 T B S  
1 0 8 0  I F  Y(ltJ)<Ql THEN 1100 
1 0 9 0 Q 1  =Y(1 YJ) 
1 1 0 0  I F  Y(l>J>>Q2 THEN 1 1 2 0  
1 1  1 0  Q 2 = Y ( 1 0  J) 
1120 NEXT.J 

1 1 4 0 P R  1NT’“PHASE SHIFT”;Q3;”L I F T - 0 F F “ i Q l  -Q2 ;”%” i <Ql-Q2>*200*M9/Q3 
2150 GO T 0  1 3 8 0  
1 1 6 0 I F Z > S T H E N 1 2 5 0  
1 1  70 LET L 9 = I N T < 2 * 2 ) + 3  

1 1 9 0  LET F 2 = F 1 / 3  
1200 FDR N=lT0L9 

1220 LETF8=FB+Fl /CZ?*N+3)  
1 2 3 0  NEXTN 
1 2 4 0  G0TB 1300 

i 1 3 o Q 3 = Y ( i D i  ) - y ( 3 0 l )  

1180 LET F l = . S * Q t * Q l * Q I  

1210 LETT1 =-Fl*.2SO*Z*Z/CN*N+N) 

1250 LET Q 1 ~ ~ ~ ~ ~ 1 8 8 - 1 3 5 7 / 2 + 1 0 9 ~ 1 I 4 2 ~ ~ 2 ~ 2 3 ~ 7 9 3 3 3 ~ / ~ ~ 2 ~ 0 5 0 9 3 1 ~ / Z  
1 2 6 0  LET Q1~<<01~~1730503)~2+.7034845)/2-.064109E~3 
1270 LET Q 2 = ~ ( < ~ 5 ~ 8 1 7 5 1 7 / 2 + 2 . 1 0 5 8 7 4 ~ ~ Z ~ ~ 6 8 9 6 1 9 6 ~ / Z + ~ 4 9 5 ~ 0 2 4 ~ / Z  
1?80 LET Q2=CQ2-.187344E-2)/2+.?9?909~ 
1 2 9 0  LETF2=~1-SQR(Z)*(Q2*C0S(Z-PI~4)-Ql*SIN<Z-P1/4~~)/<X~X*X) 
1 3 0 0  RETURN 
1 3 1 0  LET 01=ATN(<H2*SIN(Hfi)-Hl*SIN(H5))/(H!*C0S<H5~-H~*CBS<H6))) 
1380 IFWl * C 0 S < H 5 )  - H 2 * C B S ( H 6 ) > 0 T H E N 1 3 4 0  
1330 L E T 0 1 = 0 1 - 3 . 1 4 1 5 9 2 6 5  
1 3 4 0  L E T V I = H I * S I N < O l + H S )  
1 3 5 0 P R  1NT“D I SCR IMINATBR VBLTAGE IS” ;VI 
1360 LET P=B1 -ATN<Vl /SQR(Ql  + Q 1  -V1 *V1 ))+GI2 
1 3  70RETURN 
1380 END 
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Normalized Impedances of' Ref lection-Type Coils 

Discussion of MREP 

This program, which i s  designed t o  provide input da ta  f o r  t h e  

PHASEN program (see  sec t ion  on "Phase-Sensitive Eddy-Current Instrument"), 

simultaneously ca lcu la tes  t h e  normalized impedances of d r ive r  and pickup 

c o i l s  i n  a re f lec t ion- type  c o i l  arrangement above a conducting plane of 

e f f e c t i v e l y  i n f i n i t e  thickness ( a t  l e a s t  four c o i l  diameters or sk in  

depths, whichever i s  smal le r ) .  

The program ca lcu la t e s  t h e  normalized inpedance of each c o i l  a t  

5 po in t s  on a 1 X 5 l a t t i c e  cons is t ing  of 5 values of l i e - o f f  and 

1 value of conductivity.  It i s  then  p r in t ed  th ree  times on t h e  f i l e .  

This was  done i n  t h e  i n t e r e s t  of  saving computer t h e ,  s ince  i.t was 
found t h a t  t h e  e r r o r  introduced i n t o  t h e  PHASEN program by neglecting a 

10% change i n  conductivity was  of t h e  order of 1% or  less. 
To use this program, one must f i r s t  divide a l l  dimensions by t h e  

mean radius of t h e  dr iver  c o i l .  'The r e s u l t s  will., of course, be dimen- 

s ion less  and w i l l  be r e fe r r ed  t o  as being "normal.ized.." The product of 

the  angular frequency of t h e  dr iv ing  current,  t h e  permeability, the  con- 

Zuctivity,  and t h e  square of' t h e  mean rad ius  of  t he  d r ive r  coil-must be 

ca lcu la ted  for t he  conductor. 
- 

Let t h i s  product be denoted by qmr2  

Once these  ca lcu la t ions  have been made, one need only bype t h e  

following l i n e s  i n t o  the  program. (Note: Psrenbheses a r e  not typed.)  

20 LET Rl = (numerical value o f  norrnali.zed inner  radius of d r ive r  

c o i l )  
30 LET R2 = (numerical value of normalized outer radius of d r ive r  

coil.) 

c o i l s )  

c o i l s )  

40 LET R3 = (numerical value of norrflalized inner rad ius  of pickup 

50 LET R4 = (numerical value of normalized outer radius of pickup 

60 LET LO = (numerical value of normalized length of dr iver  c o i l )  

70 LET 1,l = (numerical value of normalized 1-ength of pickup c o i l s )  

80 LET L2 = (numerical value of normalized d is tance  of  pickup c o i l s  

f r o m  t h e  ends o f  t he  dr iver  c o i l )  
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90 LET L? = (nurilerical value of normalized minimum l i f t - o f f )  

100 LET & = (numerical value of normalized increment of l i f t - o f f )  

1-30 LET ML = (numerical value of qmT2) 
140 LET U1 = (numerical value of r e l a t i v e  permeabili ty of conductor) 

The program may now be run. 

The pr in t -out  by the  computer w i l l  have t h e  following format: 

Rl 
R 3  
M1 

= (Rl) F2 = ( R 2 )  DRIVER LEDJGTH IS (LO)  
= (R3) R4 = (R4) PICKUP LENGTH IS (Ll) 
= (Ml) u1 (u1) PICKUPS RECESSED (L2) 

NOR REAL PART---ROR IMAG PART 

BOTTOM PICKUP 

TOP PICKUP 

The various symbols enclosed i n  parentheses ind ica te  t h a t  t h e  

numerical value of  t h e  symbol will be pr in ted .  

The top lix of data  i n  each block i s  t h e  r e a l  p a r t  of t h e  normal- 
ized impedance, calculated f o r  each of  t h e  f i v e  l i f t - o f f  values, and the  

bottom l i n e  i s  t h e  imaginary pa r t .  

T h e  example below i s  presented as an add i t iona l  aid t o  those who 

wish t o  use t h i s  program. 

Sample Calculation of MREP 

A s  stated previously, t h i s  program i s  designed t o  be used i n  con- 

junct ion with t h e  PHASEN program; thus, t h e  example below i s  slso 

referenced i n  t h a t  program. 

Suppose it i s  desired t o  ca l cu la t e  the  r e a l  and imaginary p a r t s  of 

t h e  normalized impedances of a l l  th ree  c o i l s  i n  a ref lect ion-type c o i l  
arrangement above a s t a i n l e s s  s t e e l  p l a t e  of e f f ec t ive ly  i n f i n i t e  thick-  

ness ( a t  l e a s t  fou r  c o i l  diameters o r  sk in  depths, whichever i s  smaller)  
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The d r ive r  c o i l  i s  assimed t o  be 0.5 i n .  long with inner and outer  

r a d i i  of 0.200 and 0.300 in . ,  respect ively.  

t o  be 0.200 i n .  long with inner  and outer r a d i i  of 0.100 and 0.150 i n . ,  
respect ively,  and a r e  f lu sh  with t h e  ends of t he  d r ive r  c o i l .  The mini- 

mum dis tance from the  s t a i n l e s s  s t e e l  p l a t e  w i l l  be taken t o  be 0.025 i n .  
The l i f t - o f f  increment w i l l  be 0.0125 i n .  and t h e  frequency of t he  

dr iving current  100 kHz . 

The pickup c o i l s  a r e  assumed 

F i r s t ,  we determine t h e  mean c o i l  radius  t o  he 0.250 i n . ,  so 'chat 

Normalized inner radius  of dr iver  c o i l  = 0.200/0.250 = 0.800 

Normalized outer radius  of d r ive r  c o i l  I:- 0.300/0.250 = 1.200 

Normalized inner radius  of pickup c o i l  = 0.100/0.250 = 0.400 

Normalized outer radius  of pickup c o i l  = O.l50/0.250 = 0.600 

Normalized length of d r ive r  c o i l  = 0.500/0.250 = 2.000 

Normalized length of pickup coil- = 0.200/0.250 ::: 0.800 

Normalized. dis tance of  pickup coils from ends of dr iver  c o i l  = 0 

Normalized minhmi l i f t - o f f  = 0.025/0.250 = 0.100 

Normalized increment of l i f t - o f f  = O.Ol25/0.250 :: 0.050 

Furthermore, 

Angular frequency of dr iving current  := 27r X 100,000 sec"' 

Permeability of stainless s t e e l  conductor = 4.Jr X loe7 h/m 

Relative permeabili ty of conductor = 1 

Conductivity of  s t a i n l e s s  s t e e l  = 1.3333 X lo6 mhos/m 

Thus, 

This information i s  now typed i n t o  t h e  program i n  the  following format: 



5 'I 

90 LXT L3 = 0.1 

100 LET Ik+ = 0.05 

130 LET M1 = 42.45 

140 LET U l  = 1 

The program is now run with the  following r e s u l t s :  

R1 I= .8 
R3 = .4 
M1 := 42.45 

3.836683-2 
.92901,4 

?.110?8E-4 
.996022 

R 2  = 1.2 DRIVER LENGTH IS 2 
RA = .6 PICKUP LENGTH IS .8 
Ul = 1 PICKUPS RECESSED 0 

NOR REAL PAXT --- NOR IMAG PART 

DRIVER COIL 
2.721323-2 2.357183-2 2.050923-2 1.791813-2 
. $91266 .go2604 .912465 .921G'77 

BOTTOM PICKUP 
2.96496E-2 2.32058E-2 1.837513-2 1.4'7074E-2 
.934261 .945423 .9542? .961356 

TOP PICKUE' 
G -39095E-4 S.75951+E-4 5.2O38m-4 4.7L33'7E-A 
.996327 .996603 . 996851 .997076 

Thus, for example, t h e  r e a l  p a r t  of t h e  normalized impedance of t h e  

bottom pickup c o i l ,  calculated f o r  t he  minimum lift-off, i s  3.836683-23 

and t h e  imaginary p a r t  i s  0.92OOl;i. 

PEEP Program 

MREP v F R s I I1 v 0 4 0 ? 7 0 
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730 J (  I ) =  i (  I )+SO*Gl * @ I  *Kl/(2*X) 
740 N <  I ) = a (  I )+S3*Gl+Ol*K%/(2*X) 
753 z2=9*x*cL8+L4*I) 
759 IF 22>30 T H E N  850 
770 0'?=EXP( - Z Z  1 
789 K( I )=I(< I )+S4*G3*0?*K1/<2*X) 
7 9 0  M ( I ) = Y l (  T)+S4*G3*02*K2/<9*X) 
800 Z3=?*X*CL6+L4*1 1 
810 IF 2'3230 THEN 850 
8"s 03=EX?(-Z3) 
830 P(Z)=P(I)+S4*G3*03*Kl/(~*X) 
840 B(I)=7(I)+S4+G3~B3*K~/(~*~) 
8 5 0  NEXr I 
860 19= 19+S3*(G2/X+LO ) 

873  IO=IO+S4*(G4/X+Ll) 
880 N E X T  Y 
390 LET91=32 
900 L E T  B2=32+S2 
910 IF X c 3 THEN 320 
920 LET S1=5E-2 
930 IF X c l O  THEN 320 
9/10 LET s1=.1 
~ S O L E T S ? = ? O  
969 I F  X<35 T H E N  3?0 
970 FC53Y 1=0 TO 2 
980 R<I)=I9+J(I) 
993 C( I ) = I O + K (  I) 
1900 D<I)=IO+PCI) 
1010 NEXT I 
1090 PRINT" NDR REAL PQRT---NQR I M A G  PARr"  
1100 PRINT 
i 1 io P H I N ' r "  DRIVER CDIL" 
1120 PRINT -N(O)/I9,-~(1)/19,-N(2)/I9 
I 130 P R I N r  ~(0)/19~9<1)/19.9<2)/19 
1140 PRINT 
i i s ~  rRINr" R0TTflM PICKCIF'" 
1160 PRINT - M ( O ) / I O ~ - M < ~ ) / I O I - M ~ ~ ) / I O  
1170 PKINr C(O)/IOtC(l )/10>C(2)/10 
1180 PRINT 
1190 PKINr"  TQP PICKUP" 
1200 PRINT' - ~ ~ ~ ~ ~ I ~ ~ ~ ~ ~ ~ ~ ~ I O I ~ Q ~ ~ ) / I ~  
1210 PRINT D ( O ) I I O I D < ~ ) / I ~ ~ D ~ ~ ~ / I ~  
1220 G 8  TB 1380 
1230 IF Z>5  THEN1320 
1840 LETLS=INT<2*Z)+S 

1263 LET F2=F1/3 
1270 FQRN=lTOL5 

1290 LETF?=FL?+FI/(F!*N+3) 
1300 NEXTN 
1310 GDTD 1370 
1320 LET Q1=((~-188.1357/2+109.1142)/2-e3.79333)/Z~23~79333~/~+~~050931~/~ 
1330 LET Q 1 ~ ~ ~ ~ 1 ~ * 1 7 3 0 5 0 3 ~ ~ 2 + ~ 7 0 3 4 ~ 4 5 ~ ~ 2 ~ ~ 0 6 4 1 0 9 ~ - 3  
1340 LET 0 2 ~ ~ ~ ~ ~ 5 ~ ~ 1 7 5 1 7 / 2 + 2 ~ 1 0 S ~ 7 4 ~ / Z ~ ~ 6 8 9 6 > / ~ + ~ 4 9 S ~ 0 2 4 ~ / 2  
1350 LET Q2=(Q2-. 187344E-2)/2+*7979095 

1250 LETFl=*5*01 *Qt  *Z 

1280 LETFl=-Fl*-250*%+Z/(N*N+N) 

1360 LET F B = (  1 - S Q R (  Z) * (Q2*CBS(  Z-PI/4) -Q1 *SIN( Z-P1/4 ) 1 )  / <  X * X )  
1370 RETURN 
1380 E N D  
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REFLECTION-TYPE C O I L  ABOVE A TWO-CONDUCTOH PMNE 

This type of c o i l  system i s  used with the  phase-sensit ive eddy- 

current  instrUment677 and cons is t s  of a l a rge  dr iver  c o i l  surrounding 

s m a l l  pickup c o i l s  at each end, wound i n  opposit ion t o  each other .  

The programs i n  t h i s  sec t ion  ca lcu la te  t h e  magnitude and phase of 
t he  induced vol tage (RFUT),  t h e  no rml i zed  impedances of the  c o i l s  

(CIAD1) the  phase s h i f t  of t he  induced voltage with " l i f t - o f f "  s e t  

(DISC), t h e  phase s h i f t  over a range of clad.ding thickness values with 

" l i f t - o f f "  automatically s e t  (RFLC) 

phase of t h e  induced vol tage due t o  a defect  i n  t h e  cladding mater ia l  

(RFDFT), t h e  change i n  t h e  magnitude and phase of the  induced voltage 

due t o  a defect loca-ted a t  any poin t  i n  a l a t t i c e  i n  the  cladding mate- 

r i a l  (RFDFLZ), t h e  change i n  phase o f  t h e  induced voltage due t o  a defect  

located at any poin t  i n  a l a t t i c e  I.n the  cladding mater ia l  with the  

" l i f t - o f f "  s e t  (BASREAU), and t h e  change i n  the  magnitude and phase of 

the induced voltage due t o  a defect  i n  the  base makerial (K1;DkTB). 

t h e  change i n  the  magnitude and 

These programs a r e  use fu l  i n  optknizi-ng the  c o i l  dimensions and 

the  operating frequency f o r  ref lect ion-type c o i l s .  

MagnituFis and Phase of Induced Voltage 

Discussion of RFLCT 

This program i.s designa3 t~ Zalculate t he  differences i n  m3,gnitude 

and phase of the  "voltages" indtrced in two opposi te ly  wound pickup c o i l s  

of t h e  same s i z e  by the  current  i n  a l a rge  d r ive r  c o i l  above a two- 

layered conductor. The phys ica l  s i t u a t i o n  i s  shum i n  Fig. 5. The pick- 

up c o i l s  must be iden t i ca l ,  equidis tant  from t he  respect ive ends of the  

d r ive r  c o i l ,  and be within .Lts le;i,c;th. They must a l s o  be coaxial  with 

the  d r ive r  c o i l .  The t ~ c i  conduc-Ling layers  may have d i f f e r e n t  perrneabj.1- 
i t i e s  and e l e c t r i c a l  conduct iv i t ies .  

-- 
6 C .  V. Dodd, Mater. Evaluation _..... 2 2 ( 6 ) ,  . 260-243 (1964). ..._... 

C .  V .  Doc?&, Ma.ter. Fw.l.;iation 2 6 ( 3 ) ,  33-36 (1968). 7 
......_ ..-..I--- 
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GRNL-DWG 68-7312 

I 

- - z = &  
... .-... 2=I, 

2 = I ,  

Fig. 5 .  A Reflection-Type Coil  Above a Two-Conductor Tlane. 

To use t h i s  program, one must f i r s t  divide all dimensions by t h e  

mean radius  of t he  dr iver  c o i l .  The r e s u l t s  will, of course, be dimen- 

s ion less  and w i l l  be re fer red  t o  as being "normalized." The product of 
t h e  angular frequency of t h e  dr iving current ,  t h e  permeabili ty,  t h e  con- 

duc t iv i ty ,  and the  square of t he  mean radius  of t h e  d r ive r  c o i l  must be 

calculated f o r  each conductor. 

f o r  t h e  upper layer  and by q i 2 m 2 F 2  f o r  t h e  lower one. 

Let t h i s  product be denoted by wplcrlr2 

Once these calculat ions have been made, one need only type the  

following l i n e s  i n t o  t h e  program. (Note: Parentheses a r e  not typed.)  
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20 TjET R1 = (numerical value of normali.zed. .inner radius  of dr ive r )  

30 L;ET R2 = (numerical value o f  normalized outer  rad.fus of  d r ive r )  

40 LET R3 = (numertcal value o f  normalized inner radius  of pickups) 

50 LET R4 = (numerical value of normalized outer  radius  of pickups) 

60 LET L = (numerical value o f  normalized l i f i - o f f )  

70 LET L2 = (numerical value of normalized length of driver.) 

80 LET Lk = (numerical value of normalized length of pickups) 

90 LET L5 = (nurfleri.ca1. value of normalized dis tance of  pickups from 

ends of dr iver )  

100 LET ~1 = (numerical value of uplcr17) 

Note: If t h e  conductivity of  t he  upper conductor i s  zeyo,  one must 

type two add i t iona l  l i n e s  : 

440 LET X1 = X 

450 LET Y1 = 0 

110 LET U1 = (numerical value of r e l a t i v e  permeabili ty of  upper 

couduc t o r )  

120 bET ME? = (numerical value of wp2a2G2) 

Note: If t h e  conductivity of t he  lower conductor i s  Z ~ T O ,  one must 
type two add i t iona l  l i n e s  : 

470 LET X2 = X 
480 TJET Y2 = 0 

130 LET U 2  = (numerical value of  r e l a t i v e  permeabili ty of  lower 

conductor) 

140 LET C = (nimerical  value of normalized thickness of upper 

conduct or ) 

The program may now be run .  

The pr in t -out  by the  computer w i l l  have t h e  foI lowing format: 

R 1  = ( R l )  R2 = ( R 2 )  
R3 = ( R 3 )  R4 = (RI) 
PICKUPS ARE RECESSED (L5) 
LIFjf-OFF = ( L )  , MI = ( M l )  , 
X W N I T U D E  
5 .  
10. ------ 
15. 
20. ------ 

------ 
------ 

VOLTAGE/F~XN'R(BAR) = ------ 

D R R E R  LENGTH IS ( L2) 
PICKUF ZZNGTH TS ( J h )  
CLAD IHICKFESS I S  [C]  
u11 (m) , M2 = (a)  , m = (u2) 

PHASE ------ 
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The various symbols enclosed i n  parentheses a r e  used here t o  indi-  

ca t e  t h a t  t h e  numerical value of t h e  symbol w i l l  be pr in ted .  The f i rs t  
column, headed “X,” i s  the  upper l i m i t  of t he  in tegra t ion  being performed 

by t h e  computer. The other  two columns have self-explanatory headings. 

The l a s t  l i n e  pr in ted  i s  t h e  magnitude of t h e  peak (or root mean square) 

voltage d i f fe rence  divided by t h e  product of t h e  frequency of t h e  dr iving 

current ,  t h e  magnitude of t h e  peak (or root mean square) current ,  the 

number of tu rns  on the  d r ive r  c o i l ,  t he  number of tu rns  on a pickup c o i l ,  

and t h e  mean radius  of t h e  d r ive r  c o i l  i n  meters. 
The example below i s  presented f o r  add i t iona l  a id  t o  those who wish 

t o  use t h i s  program. 

Saxrole Calculation of RFLCT 

Let us suppose t h a t  we wish t o  know the d i f fe rence  i n  t‘ne voltages 

induced i n  t w o  pickup c o i l s  posi t ioned in s ide  t h e  d r ive r  c o i l  and f lu sh  

with i t s  ends. The d r ive r  c o i l  i s  assumed t o  be 2 i n .  long with inner 

and outer r a d i i  of 0.200 and Q.300 in . ,  respect ively,  while the  pickup 

c o i l s  a r e  assumed t o  be 0.200 i n .  long with inner and outer  radi i  of 
0.100 and 0.150 i n .  , respect ively.  The conductors a re  taken t o  be 

0.010 i n .  of copper c lad  on an e f f ec t ive ly  i n f i n i t e  thickness of a lu rn i -  
nun ( a t  l e a s t  four c o i l  diameters or sk in  depths, whichever i s  smaller) .  

The dr iving current  frequency i s  assumed t o  be 5 Hz; t h e  1-ift-off 

0.005 in .  

F i r s t  we determine t h e  mean c o i l  radius  t o  be 0.250 i n . ,  so  t h a t  

Normalized inner radius  of dr iver  c o i l  := 0.%00/0.250 = 0.8 

Normalized outer radius  of‘ d r ive r  c o i l  = 0.300/0.250 = 1.2 

Normalized inner  radius  of pickup c o i l  = 0.100/0.250 = 0.4 

Normalized outer  radius  of  pickup c o i l  = O.L50/0.250 = 0.6 

Normalized I.ength of dr iver  c o i l  = 2.000/0.250 = 8 
Normalized length of pickup c o i l  -= 0.200/0.250 = 0.8 
Normalized l i f t - o f f  =- 0,005/C. 250 = 0.02 

Normalized d is tance  of pickup from ends of dr iver  c o i l  = 0 

Normalized thickness of copper 7 0.010/0.250 = 0.CX 

Furthermore, 
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Angular frequency of dr iving current  = 2 ~ t  x 5000 sec"' 

Permeabili ty of both conductors = 471 X 

Relat ive permeabili ty of both conductors = 1 

Conductivity of  copper : 5.7'1 X lo7 mlios/m 

Conductivity of  aluminum = 2.86 X lo7 mhos/m 

h/m 

Thus, 

This inforrmtion i s  naw typed i n t o  the  program using t h e  following format: 

20 LET R l  = 0.8 
30 LET El2 = 1 .2  
40 LET ~3 = 0.4  
50 LET R 4  = 0.6 

60 LET L = 0.02 
70 LET L2 = 8 
80 LEr L6 = 0.8 

90 LET L5 = 0 

100 LET M1 = 91.91 

110 LET U1 = 1 

120 U T  M2 = 45.48 

1.30 mr IQ := 1 

140 LET C = 0.m 

The program i s  now run with the  following r e su l t s :  

R1 I: 0 . 8 R2 := 1 . 2  DRIVER LENGTH IS 8 
R3 = 0 . A  R 4  = 0.6  PICKUP LENGTH I S  0.8 
PICKUPS ARE RECESSED 0 C L I D  THICKNESS IS 0.4E-01 
LIFT-OFF 1 O.2E-01 M l  = 91.91 ,U1. 1 yM2 = 45.48 ,TJ2 ::: 1 
X MAGNITUDE PrnS E 
5 0. 38069r1r1E-02 1 I 8./+12638 
10 0.3?6476&-02 1.8319976 
1.5 0-37652283-02 1.8322294 
20 0.3765232%-02 1. 8322326 

VOLTA>GE/FINN' R(  EAR) = 0.1.8241523-06 

from which we see t h a t  t he  phsse of t he  voltage difference i s  1.8322326 
(i. e . ,  the  phase value for X = 20) .  The ac tua l  m,3g;nitude o f  the voltage 
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di f fe rence  i s  obtained by multiplying the  last l i n e  by t h e  frequency of  

the driving current  (5000) ,  t h e  magnitude of t h e  current, t h e  number of 

tu rns  on the d r ive r  co i l ,  t he  number of t ixns  on a pickup co i l ,  and t h e  

mean radius  of t h e  d r ive r  c o i l  i n  meters. 

RFLCT Program 

V E R S I O N  02/04/70  1 0  REM RFLC r 
20 LET R l z - 8  
30 LET R 2 ~ 1 . 2  
40 LET R 3 z . 4  
50 LET R 4 z . 6  
GO LET L=.O2 
70 LET L 2 = 8  

90 LET LS=O 

110 LET 1 1 1 ~ 1  

130 LET U2=1  

80 LET L h z . 8  

100 LET M l = 9 1 . 9 1  

120 LET M 2 ~ 4 5 . 4 8  

140 LET C z . 0 4  
150 PRINT "R1 =";HI z ' *RB=";R29 " D R I V E R  LENGTH I S " ; L 2  
160 PRINT " R 3 = " j K 3 t  " R 4 = "  iR4t "PICKUP LENGTH I S " J L 6  
170 PRINT '*PICKUPS ARE RECESSED"SL5z "CLAD THICKNESS IS";C 
1 80 BFF=" 5 L" t M1 =''; M l  " t U 1 = I *  i U 1 ", Me =" ; MB" r U2=" ; LJ2 
190 PRINf " X " ,  "MAGNITUDE". "PHASE" 

PR 1NT"L 1 FT 

200 LET S 1 = 1 E - 2  
210 LET S2=5 
220 LET I6=0  
'230 LET IB=Q 
240 LET 81 =O 
250 LET E32 =S% 
260 FDR X = 731 + S 1 / 2  TO 92 STEP S1 
270 LET Z = R 2 * X  
2 4 0  LET (31=R2 
290 G B S U B  920 
300 L E r  1 2 = ~ 2  
310 L E r  Z = R I * X  
320 LET Q l = R 1  
330 GBSUB 920 
340 LET I 1  =F2 
350  LET Z=R4*X 
360 LET Q 1 = R 4  
370 GQSlJY 920 
380 LET J % = F %  
390 LET Z=H3*X 
400 LET 6 1 = R 3  
410 GBSlJB 920 

430 LET S3=Sl*(I2-11 ) * < J ? - . J l )  
420 LET JI=F:! 

440 LETXI I. 707 1 0 6 7 8 1  * S O R C S Q K ( X * X * X * X + M l  * M l  ) + X * X )  /U1 
450 L E T Y 1 = . 7 0 7 1 0 6 7 8 1 * S Q R ( S ~ ~ ( X * X * X * X ~ ~ l * ~ l ~ - X * X ) ~ U l  
460 I F  X1*C*U1>15 THEN 610 
470 LETX%=.707106781*S8R[SOR(X*X*X*X*X+M2*~~)+X~X)/U2 
480 L E T Y 2 = . 7 0 7 1 0 6 7 8 1 * S Q R ( S Q R C X * X * X * X + M ~ ~ ~ 2 ) - X * X ) / ~ 2  
490 LET X3=EXP(B*Xl*C+Ul)  
500 LET Y 3 = C 0 S ~ 2 * Y l * C * U l )  
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5 1 0  L E T  Y 4 = S I N ( Z ! * Y l  *C*Ul  1 
520 LET A 6 = < X - X 1  ) * ( X l + X 2 ) + Y I * ( Y l + Y 2 )  
539 LET A 7 = < X - X 1  ) * ( Y l + Y 2 ) - Y I * ( X l + X 2 )  
540 L E T A S = < X + X I  ) * < X l - X 2 ) - Y I * C Y l  - Y 2 ) + ( A 6 * Y 3 - A 7 * Y q ) * X 3  
550 L E T  B 5 = Y 1  * ( X 1  - X 2 ) + < X + X I  ) * C Y 1  - Y 2 ) + < A . / * Y 3 + A 6 * Y 4 3 * X 3  
560 L E T  C 6 = < X + X I  > * C X l + X 2 ) - Y l * < Y l + Y B )  
570 LET C 7 = Y l * < X l  + X B ) + ( X + X l  ) * ( Y l + Y 2 )  
580 
590 
600 G 0  T 0  650 
610 LKT A 5  = X - X 1  
620 L E T  8 5 = - Y 1  

L E T  C 5 :: C X - X I  1 * ( X 1  - X 2  ) + Y  1 *( Y 1 -  Y 2  1 + ( C 6 + Y 3 - C  7 * Y 4  1 * X 3  
LET D 5 = (  X - X I  ) * < Y 1  - Y 2  1 - Y l * <  X 1  - X 2 )  + ( C 7 * Y 3 + C S * Y 4 ) * X 3  

630 L E T  C 5 = X + X 1  
6/10 LEI '  D 5 = Y 1  
650 L E T  K1 = < A 5 * C 5 + R 5 * D S ) / ( C 5 * C S + D 5 * 0 5 ,  
660 L E T  K 2  = (C 5*H 5 -A5 * D 5  > / < C  5 *C 5 +DS*DS ) 

670 I F  X * L 2 > 5 0  T H E N  710 
680 L E T  G = E X P < - X * L S ) + E X P ( - X * ( L 2 - L 5 ) ) - E X P ( - X * < L 2 - L S - L 6 ) ) - E X P ( - X * ( L ~ ~ L 4 ) ~  
690 L E T  G S = E X P < - X * L 2 ) - 1  
700 GO T O  730 
71 0 
720 LET 657-1 
730 LET G 6 = G * G S * E X P ( - 2 + X * L >  
740 LET 1 6 = I 6 + G 6 * K l  *S3 
750 LET I 8= 1 8 + G b * K 2 * S 3  
760 N E X T  X 
770  L E T  B1=32 
780 L E T  B 2 = B 2 + S 8  
790 LET Q l  = S Q t i ( 1 6 + 1 6 + 1 8 + 1 8 )  
800 LET Q 2 = A T N ( - I 6 / 1 8 )  
810 I F  1 8 ~ 0  T H E N  830 
820 LET Q 2 = Q 2 * P I  
830 P R I N T  X + S l / 2 ! r  Q I ! r  Q2 
840 I F  X 3 T H E N  260 
850 LET S 1 - 5 E - 2  
860 I F  X c 9  r H E N  269 

880 I F  X c 1 9  T H E N  2 4 0  
890 P R I N T  " V B L T A G E I F  LNN'HCBAR ) = I '  i 

910 G 0  T 0  1 0 7 0  
920 I F  Z>5  T H E N  1010 
930 L E T  L 9 = I N T ( P * Z > + 3  

950 L E T  F 2 = F 1 / 3  
360 F 0 R  N = I T @ L 9  

980 L E T F 2 = F 2 + F l / < 2 * N + 3 )  
990 N E X T N  
1000 G 0 T 0  1060 

L E T  G = E X P (  - X * L 5  ) *  C 1 - E X P  C - X * L 6 )  ) 

870 L E T  S 1 z . l  

900 P R I N T  2 . 4 8 0 5 E - 5 * 0 1 / < < R 4 - R 3 ) * < R 2 - R 1 ) * L 2 a L 6 )  

940 LET F I = . 5 * Q I * Q l * Q l  

970 LETFl=-FI*.250*Z*L/(N*N+N) 

1010 L E T  Q 1 ~ ~ < ~ ~ 1 8 H ~ 1 3 5 7 ~ Z + 1 0 9 ~ 1 1 4 2 ~ ~ 2 ~ 2 3 ~ 7 9 3 3 3 ~ ~ ~ + 2 ~ O S O 9 ~ 1 ~ ~ ~  
1020 LET 8 1 = ( < Q 1 - . 1 7 3 0 5 0 3 ~ / % + . 7 0 3 4 ~ 4 5 ) / Z - . O 6 4 I O 9 E - 3  
1 0 3 0  L E T  Q 2 ~ < < < ~ 5 ~ 8 1 7 S 1 7 ~ Z + 2 ~ 1 0 5 8 7 4 ~ / 2 ~ ~ 6 ~ 9 6 1 9 4 ~ ~ ~ + ~ 4 9 5 2 0 ~ 4 ~ / ~  
1040 LET Q2=(Q2-.187344E-2)/2+.1979095 
1 0 5 0  LET F2=(l-SQR(Z)*(02*C0S(Z-PI/4)-QI*SIN<Z-P1/4)))/<X~X~~) 
1060 RETURN 
1070 END 
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Discussion of CLAD1 

This program, which is designed t o  provide input  data f o r  t h e  

PIZClSEN program ( see sec t ion  on "Phase-Sensitive Eddy-Current Instrument"), 

simultaneously ca lcu la tes  t h e  normalized impedances of dr iver  and pickup 

c o i l s  i n  a ref lect ion-type c o i l  arrangement above a two-layered con- 

ducting plane ( see  Fig. 5 ,  p. 61). 

d i f f e r e n t  values of conductivity and permeabili ty.  

The two conducting layers  may have 

The program ca lcu la tes  t h e  normalized impedance of each c o i l  a t  
5 poin ts  on a 1 X 5 l a t t i c e  consis t ing of 5 values of l i f t - o f f  and 

3 value of  c lad thickness.  It is then pr in ted  th ree  times on t h e  f i l e .  

This was done i n  the  i n t e r e s t  of saving computer t i m e ,  s ince  it was 
found t h a t  t h e  e r ro r  introduced i n t o  t h e  PMEN program by neglecting a 
10% change i n  clad thickness w a s  of t h e  order of 1% or l e s s .  

To use t h i s  program, one must first divide a l l  dimensions by t h e  

mean radius  of t h e  d r ive r  c o i l .  The r e s u l t s  w i l l ,  of course, be dimen- 

s ion less  and w i l l  be r e fe r r ed  t o  as being "normalized." The product of 

t h e  angular frequency of t h e  dr iving current,  t h e  permeabili ty,  t he  con- 

duc t iv i ty ,  and t h e  square of t h e  mean radius  of t h e  dr iver  c o i l  m u s t  be 

calculated f o r  each conductor. 

for  t h e  upper layer  and by wp2c2T2 f o r  t h e  lower one. 

Let t h i s  product be denoted by qtl(rlr2 

Once these ca lcu la t ions  have been made, one need only type the 

following l i n e s  i n t o  t h e  program. (Note: Parentheses axe not typed.)  

20 LET R1 = (numerical value o f  normalized inner radius  of d r ive r  

c o i l )  

30 LET R2 = (numerical value of normalized outer  radius  of dr iver  

c o i l )  

c o i l s )  

c o i l s )  

40 LET R3 = (numerical value of normalized inner radius  of pickup 

50 LET R4 = (numerical value of normalized outer radius  of pickup 

60 LET LO = (numerical value of normalized length of d r ive r  c o i l )  

'70 LET L1 = (numerical value of normalized length of pickup c o i l s )  

8c) LET L2 = (numerical value of normalized dis tance of  pickup c o i l s  

from t h e  ends of t h e  dr iver  c o i l )  
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90 LET L3 = (numerical value of normalized minimum lift-off) 

100 LET L! = (numerical value of norrmlized increment of lift-off) 

130 LET Ml = (numerical value of W i - l l ~ r l r ~ )  

Note: If the conductivity of the upper conductor is zero, one must 

.tyl?e two additional lines: 

680 LET X1 =I X 

690 LET Yl = 0 

140 LET U1 == (numerical value of relative permeability of upper 

conductor) 

EO LET ~2 = (numerical value of w p 2 ~ 2 F 2 )  

Note: if the conductivity of the lower conductor is zero, one must 

bype two additional lines: 

710 LET X2 := X 

720 LET Y2 = 0 

160 LEI' U 2  := (numertcal value of relative permeability of lower 

conciuctor) 

170 LET C :I: (numerical value of normalized clad thickness) 

The program may now be ruri. 

The print-out by the computer will have the following format: 

Rl 
R2 
M1 
M2 

= (R1) R2 = (R2) DRIVER LENGTH IS (LO) 
= (R2) R4 = (R4) PICflTJp TSNGTH IS ( L l )  
= (141) u1 = (Ul) PICKUPS RECESSED ( L 2 )  
= (a> TJ2 = (u2) CLAD T H I C r n S S  ( c )  

NOR REAL PART --- MOR IMAG PARI' 

DRIVER C O I L  
---...- ----- ----- 
--I-.. ---...- ---I- 

BOTTOM PICKUP 



The various symbols enclosed i n  parentheses ind ica t e  t h a t  t he  

numerical value of t h e  symbol w i l l  be pr in ted .  

The top l i n e  of da ta  i n  ea,ch block i s  t h e  r e a l  p a r t  of t h e  normal- 

ized impedance, calculated f o r  each of t he  f i v e  Lift-off values, and t h e  

bottom l i n e  i s  the  imaginary p a r t .  

The example below i s  presented a s  an add i t iona l  a i d  t o  those who 

wish t o  use t h i s  program. 

Sample Calculation of CLAD1 

A s  s t a t e d  previously,  t h i s  program i s  designed to be used i n  con- 

junct ion w i t h  t h e  PHASEN program; thus,  the  example below i s  a l s o  r e fe r -  

enced i n  t h a t  program. 

Suppose it i s  desired t o  ca l cu la t e  t h e  real  and imaginary p a r t s  of 

t he  normalized impedances of a l l  t h ree  c o i l s  i n  a ref lect ion-type c o i l  

arrangement above a s t a i n l e s s  s t e e l  p l a t e .  The d r ive r  c o i l  i s  assumed 

t o  be 1 i n .  long with inner  and outer  radii of 0.200 and 0.300 in . ,  

respec t ive ly .  The pickup c o i l s  a r e  assumed t o  be 0.200 i n .  long with 

inner and outer r a d i i  of 0.100 and 0.150 i n . ,  respect ively,  and a r e  

f lu sh  w i t h  t h e  ends of t h e  d r ive r .  The s t a i n l e s s  s t e e l  p l a t e  w i l l  be 

taken t o  be 0.025 i n .  t h i ck  and t h e  minimum l i f t - o f f  t o  be 0.025 i n .  

The l i f t - o f f  increment w i l l  be 0.0125 i n . ,  and t h e  frequency of the 

driving current  100 MIz . 
F i r s t ,  we determine t h e  mean c o i l  radius  t o  be 0.250 i n . ,  so  t h a t  

Normalized inner radius  of t he  d r ive r  c o i l  = 0.200/0.250 = 0.800 

Normalized outer  rad ius  of t h e  d r ive r  c o i l  = 0.300/0.250 = 1.200 

Normalized inner rad ius  of t he  pickup c o i l  = 0.109/0.250 = 0.400 

Normalized outer  radius  o f  t h e  pickup c o i l  = O.l50/0.250 = 0.600 

Normalized length of the d r ive r  c o i l  = 0.500/0.250 : 2.000 

Normalized length of t h e  pickup c o i l  = 0.200/0.250 = 0.8C0 

Normalized dis tance of' the  pickup coils from ends of t he  d r ive r  

c o i l  = 0 

Normalized minimum l i f t - o f f  = 0.025/0.250 := 0.100 

Normalized increment of l i f t - o f f  = O.OL3-5/0.250 = 0.050 

Normalized thickness of  p l a t e  = 0.025/0.250 =: 0.100 



Furthermore, 

Aqp1.ar frequency of dr iving current = 2n: x 100,000 see-' 

Permeability of s t a i n l e s s  s t e e l  conductor ::: Ltfl X lo-'' h/m 

Relative permeabili ty of conductor = 1 

Conduc-tivity of s t a i n l e s s  s t e e l  = 1,3333 x d o s / m  

Thus 

T h i s  information i s  now typed into the  program as follows: 

20 LET X I  = 0.8 

30 U T  R2 = 1 . 2  
40 TAFT R3 = 0 . L k  

50 LET RL;. = 0.6 

60 LET LO = 2.0  

70 LET L1 = 0.8 

80 r.,m L% = G 

90 LET L 3  = 0 

100 LET Ut = 0.05 

130 LET M1 = 42.45 

140 LET U .  = 1. 

150 LET = 0 

710 LET X? = X 

720 LET Y2 = 0 

160 LET = 1 

170 m r  c = 0.1 

The program i s  now run with t h e  following results: 

R1.. = .8 R2 = 1.2 DRIVER LENGTH IS 2 
R3 = . d ~  R4 -= .6 IJICKUP LENGTH IS .8 
MI = 42.45 U1 = 1. PICKUPS RECESSED 0 
M2 =- G u2 = I CLAD THICKNESS := .1 

NOH REAL Pmr --- NOR IMAG PAIU 

DRIVER C O I L  

5.993G4E-2 5.2204l-E-2 4.56566E-2 4.00789E-2 .035305 
.88%38 .899672 .909541 .918199 .925821 
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BmTOM PICKUF 

5.670953-2 4.504093-2 .[I36173 2.93464E-2 2.403013-2 
.93b45 I .948338 .950264 .962684 .9367934 

TOP PICKUP 

1.47273-3 L.33055E-3 1.2MS17E-3 1.0937E-3 9.9[+858E-4 
.996125 ,9964l.l .99667 .996905 .997119 

Thus, for example, the r e a l  part of t h e  normalized impedance of the 
botton pickup coil, calculated for the maximum lift-off, is 2.403013-2; 

the imaginary part  is 0.967934. 

CLAD1 Program 

VZKS I3'V r) s 10 6 /7i) 



72 

350 
3 60 
370  
3 Flr) 
3 90 
400 
4 1  0 
42 0 
430 
440  
450 
460 
4 7 0 
480 
4 90 
5r) 0 
51 0 
520 
530 
540 
550 
560 
570 
5 80 
5 90 
60 0 
6 1  0 
62 0 
630 
640 
650 
6 60 
6 70 
680 
6 90 
700 
71 0 
7% 0 
730 
740 
750 
760 
770 
7 80 
730 
80 0 
81 0 
82 0 
83 0 
840 
8 5 0  
860 

LET R 2  =S2 
FD:? X = B 1  + S I 1 2  TD 92 STEP S 1  
L E T  2-132 k X  
LET 2l=R2 
GDSUt3 1450  
LET I 2 = F 2  
L E T  Z = R I * X  
L E T  O l = R l  
GOSlJU 1 4 5 0  
LET I l - - F 2  
LET S 3 = S  1 * (  12- I 1  1 t 2 1 X  
Z = R 4 * X  
91  =I14 
G 0  S U 9  1 4 5 Q  
J 2  =F2 
% = R 3 * X  
I2 1 = 113 
G@ SUB 1 4 5 0  
,J1 =F2 
S 4 = S 1  * ( J % - J l  1 t 2 / X  
I F  X * L O > l 5  THEN S 9 0  
G 1  = E X P ( - 2 * X > k L O ) + I  - 2 r E X P C - X I L O )  
G 2  =EXP( - X * L 0  ) -  1 
G 0  T @  6 1 0  
G 1  1.1 
G 2 = - I  
I F  X * L I > l S  THEN 6 S 0  
G 3 = E X P ( - 2 * X * L l  ) + I  - 2 * E X P ( - X * L l  1 
G 4 z E X P C  - X * L I  1-1  
G0 T Q  670 
G 3 = 1  
G 4 = - 1  
I F  X * L , 3 > 7 * S  T H E N  1 0 8 0  
LET X I  =*707107*(SQR(SQR(X*X*X*X+Ml*Nl ) + X * X ) ) / U l  
LET Y 1 = . 7 0 7 1 9 7 * ( S O R ( S ~ R ( X * X * X * X ~ ~ ~ * M l ) - X * X ) ) / U ~  
I F  X l * C * U l > l S  THEN 850 
X 2 = . 7 0 7 1 0 7 * ( S ~ R ( S r ) R ( ~ * X * X * X ) ) / U ~  
Y% = 70 ’7 1 0 7 * ( S (2 t ?  C 5 ’3 R ( X* X * X * X + M3 * 1’42 1 - X * X 1 ) /IJ 2 
LET X 3 = E X P ( 2 * X l  *C*lJl 1 
LET Y 3 = C @ S ( 2 * Y l  *C*IJl ) 
LET Y 4 = S I V ( 2 * Y l  *C*IJl ) 

LET A 7 = < X - X 1  ) * ( Y l + Y 2 ) - Y l * < X l + Y 2 )  
LETAS 
LET R 5 = Y 1  * ( X I  - X R ) + ( X + X l  ) * C Y 1  - Y 2 ) + ( A ? * Y 3 + A 6 % Y 4 ) * X 3  
LET C 6 = ( X + X 1 1 * ( X 1 + X 2  ) - Y 1 * ( Y 1 + Y 2  1 
LET @ 7 = Y l * ( X l + X 2 ) + ( X + X l  ) * ( Y l + - Y 2 )  
LET C S = < X - X I  ) * < X I  - X 2 ) + Y l * ( Y l  - Y 2 > + < C 6 * Y 3 - C 7 * Y 4 ) * X 3  
L E T  D5=( X - X I  > *<  Y 1 - Y 2  1 - Y 1  * ( X I  - X 2  ) + ( C  7 * Y 3 + C 6 * Y 4 )  * X 3  
Gc3 r!3 890 
LET A 5  = X - X 1  
E T  R 5 = - Y 1  

L E r  A ~ = ( X - X I  ) * ( x i  + x 2 ) + y i * ( y i + y 2 )  

( X +  X 1 1 * ( X 1 -  X 2  1 - Y 1 * ( Y 1 - Y 2  1 f ( A 6 * Y 3  - A 7 * Y 4  ) * X 3  
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Magnitude and Phase of Induced Voltage with L i f t - o f f  Set 

Discussion of DISC 

This program i s  designed t o  simulate the  l i f t - o f f  adjustment i n  t h e  

phase-sensit ive eddy-current instrument. The voltage Yrom e i t h e r  a 

r e f l e c t i o n  c o i l  o r  a through transmission-type c o i l  may vary as shown i n  
Fig. 6 .  The discriminator i n  the  phase-sensit ive eddy-cilrrent instrument 
may be s e t  t o  t r i g g e r  a t  a voltage leve l ,  V,. W'ith the discriminator s e t  

a t  t h i s  1-evel, t h e r e  i s  r e l a t i v e l y  l i t t l e  v a r i a t i o n  i n  phase s h i f t  with 

l i f t - o f f .  

amplitude and phase of t he  voltage for maximum and ininirnum l i f t - o f f .  It 

then ca l cu la t e s  t h e  phase s h i f t  f o r  any other s i g n a l  wi th  t h e  discrimina- 

t o r  s e t  t o  t r i g g e r  at voltage U2. 

This program first  ca l cu la t e s  t h e  voltage l e v e l V 1  f r o m  t h e  

To use t h i s  program, one must execute t h e  preceding program (RFZCT) 

for maxirflum and minimum lif . t-off and then for various c lad  thicknesses, 

conduct iv i t ies ,  o r  l i f t - o f ?  values.  i n  each instance,  t h e  da t a  of  

inberes t  will. be t h e  magnitude and phase values f o r  X ::: 20 s ince  they 

comprise the  input da ta  f o r  t he  program at hand. 
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ORNL-DWG 68-40310 

(MAXIMUM LIFT (ZERO LIFT OFF) 

Fig. 6. Voltage Wave Form f o r  Zero L i f t - O f f  and Maximum Lif t -off .  

Once t h i s  information has been obtained, one need only type the 

follawing Line i n t o  t h e  program. (Note: Parentheses a r e  not typed.)  

10 DATA (magnitude and phase values f o r  minimum and maximum l i f t - o f f )  

The program may now be run. 

The p r in t -ou t  by t h e  computer w i l l  have the  following format: 

ZERO PHASE I S  ---I-- DISC. VOLT. I S  ------ 
'WHAT ARE A I  &sD DI? 

At t h i s  po in t ,  one types t h e  magnitude and phase values for t h e  thick- 

ness, conductivity, o r  l i f t - o f f  of i n t e r e s t .  The computer will then 

p r i n t  

PHASE SHIFT IS ------ 
WHAT ARE A I  AND D I ?  

and t h e  user  again types magnitude and phase values of i n t e r e s t .  The 

phase s h i f t  i s  pr in ted ,  and new magnitude and phase values a r e  requested. 

This sequence continues imtil t h e  user exhausts a l l  da t a  obtained from 

t h e  preceding program. The second quant i ty  on the  f i r s t  l i n e  i s  t h e  

vol tage  at; which t h e  discriminator of  t h e  Phase-Sensitive Eddy-Current 

Instrument must be s e t  i n  order t h a t  l if ' t -off  e f f e c t s  be minimized. 
The example below i s  presented fo r  a d d i t i o n a l  a id  t o  those who wish 

t o  use t h i s  program. 
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Sample Calculatioa of D I S C  

Let us suppose t h a t  we wish t o  know t h e  v a r i a t i o n  with c lad  thick- 

ness, with l i f t - o f f  set, of the  d i f fe rence  i n  phase of t h e  voltages 

induced i n  two  pickup c o i l  pos i t i ons  coaxia l ly  ins ide  and f l u s h  w i t ‘ ?  
the  ends of t he  d r ive r  c o i l .  The d r ive r  c o i l  i s  assumed t o  he 2 i n .  

long with inrier and outer r ad i i  of  0.200 and 0.300 in. , respec t ive ly ,  
while t h e  pickup c o i l s  a r e  assumed t o  be 0.200 i n .  long with inner and 

outer  r a d i i  of 0.100 and 0.150 i n . ,  respec t ive ly .  The conductors a r e  

assumed t o  be copper with a nominal thickness of 0.010 i n .  c lad  on an 

e f f e c t i v e l y  i n f i n i t e  thickness of aluminum ( a t  least, four cot1 diameters 

or sk in  depths, whichever i s  smal le r ) .  

a r e  i n t e r e s t e d  i n  a thickness range of copper of +lo$ about t h e  nominal 

thickness.  The frequency o f  t h e  dr iv ing  cur ren t  i s  assumed t o  be 5 kHz, 
and the  maximum and minimum l i f t - o f f  values t o  be 0.050 and 0 i n . ,  

r esp e c t  i ve ly  . 

Let us f i l r ther  suppose t h a t  we 

F i r s t  we determine t h e  mean d r ive r  c o i l  radius t o  be 0.250 i n . ,  so 

t h a t  

Normalized inner radiu-s of d r ive r  c o i l  = 0.200/0.250 = 0.8 

Norimlized outer radius of d r ive r  c o i l  = 0.300/0.250 = 1.2 

Normal.ized inner radius of pickup c o i l  = 0.100/0.250 = 0.4 

Normalized outer radius of pickup c o i l  = O.l50/0.250 = 0.6 

Normalized minimum lift-oYf = 0/0.250 = 0 

Normal-ized maximum l i f i - o f f  := 0.050/0.250 = 0.2 

Normalized length of d r ive r  c o i l  = 2.000/0.250 = 8 

Normalized length of  pickup c o i l  = 0.200/0.250 = 0.8 

Normalized d is tance  of  pickup c o i l  from ends of d r i v e r  c o i l  = 0 

Normalized thicknesses of copper :: 0.036, 0.040, 0.044 

Furtlierrnclre, 

Angular frequency of  driving current = 2fi X 5000 sec- l  

Permeability of both conductors = 4~ X lom7 h/m 

Relative permeabili ty of both conductors - 1 

Conductivity of copper = 5.77 X lo7 mhos/m 

Conductivity of aluminum = 2.86 x lo7 mhos/m 



Thus 

This information i s  now typed i n t o  the  preceding program which i s  

then executed. The following information r e s u l t s :  

LIFT- OFF COPPER THICKNESS MAGNITUDE PHASE 

0 
0.2 
0 
0 

0.04. 0.3Yl78011E-O2 1.8335539 
0.04 0.23432623-02 1.8107~1 
0.036 0.395 97E- 02 1.8366082 
0.a4 0.399U83E-02 1.83M67'5 

The magnitude and phase values for minimum and maximum l i f t - o f f  a r e  

now typed i n t o  t h e  program - t h a t  is, one types 

10 DATA 0.397801lE-2, 1.8335539, 0.23432623-2, 1.8lO7M1 

At t h i s  point  t he  program i s  run, and t h e  following r e s u l t s  a r e  obtained: 

ZERO PHASE I S  1.27'53124 D I S C .  VOLT. IS 0.13016233-03 
WHAT ARE A I  AND D I ?  0.395973-2, 1. $366082 

PHASE SHIFT I S  3.07'90429 

PHASE SHIFT IS 3.0731886 
WHAT ARF: A I  AND DL? 0.39944833-2, 1.83W+6'75 

Fromth i s  we see  t h a t  f o r  zero l i f t - o f f  and a copper thickness  of 0.036 

the  phase s h i f t ,  w i t h  l i f t - o f f  s e t ,  i s  3.@190429, while f o r  t h e  same lift- 

of f  and a copper thickness of 0.044 it i s  3.0731886. 

DISC Program 



Phase of  Induced Voltage f o r  a Range o f  Cladding Thickness 
Values with L i f t  - O f f  Aut omat i c a l l y  S e t  

Discusston of HFLC 

This program i s  designed t o  ca l cu la t e  f;he v a r i a t i o n  with c lad  

thickness, with l i f t - o f f  s e t ,  of t h e  phase s h i f t  of t h e  voltage in.d.uced 

i n  two oppositely wound pickup c o i l s  of the same s i z e  by t h e  cur ren t  in 

a l a rge  d r ive r  c o i l  above a two-layered conductor. The phys ica l  sitiia- 

t i o n  i s  shown i n  Fig. 5, p .  61. The pickup c o i l s  must be identical.,  
equid is tan t  from t h e  respec t ive  ends of t'ne d r ive r  coil-, and be wi th in  

i.ts length. They must a l s o  be coaxia l  with t h e  d r ive r  c o i l .  The two 

conducting l aye r s  may have d i f f e r e n t  permeabi l i t i es  and e l e c t r i c a l  

conduct iv i t ies .  

The pi-ogram ca lcu la t e s  t h e  magnitude and phase of t h e  induced volt-  

age a-f; 15 poin ts  on a 3 X 5 l a t t i c e  (5 values of l i f t - o f f  and 3 values 

of c lad  th ickness) .  

o f f  va r i a t ions  as we l l  as t o  c lad  thickness va r i a t ions .  

This allows ozle t o  examine t h e  s e n s i t i v i t y  t o  l i f t -  

To use t h i s  program, one must f i r s t  d iv ide  a31 dimensions by t h e  

mean radius o f  t h e  dr iver  c o i l .  The r e s u l t s  w i l l ,  of course, be djmen- 

s ion less  and w i l l .  be r e fe r r ed  to as  being "normalized." The product of 

t h e  angular frequency of t h e  dr iv ing  current,  t h e  permeability, t h e  con- 

duc t iv i ty ,  and t h e  square of the mean rad ius  of t he  d r ive r  c o i l  must be 

ca lcu la ted  f o r  each conductor. 

for t h e  upper layer  and by op20-2;~ f o r  t h e  lower one. 

Let t h i s  product be denoted by ~ p ~ o - ~ r ~  

Once these  ca lcu la t ions  have been made, one need only type the  
following l i n e s  i n t o  the  program. (Note: Parentheses a r e  not typed.)  

20 LET R1 = (numerical v a h e  of  normalized inner rad ius  of t h e  

d r ive r  c o i l )  

30 LET R2 = (nuner ica l  v-slue of norrflalized outer radius of t h e  
d r ive r  c o i l )  

40 LET R 3  == (numerical value of normalized inner radius of t he  
pickup coils) 

50 LET R4 = (n imer ica l  value of normalized outer rad ius  of t h e  

pickup c o i l s )  

60 LET L6 = (numerical value of normalized minimum l i f t -o f f ' )  
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70 LET L2  := (numerical value of normalized l i f t - o f f  increment) 

80 LET L3 = (numerical value of normalized length o f  dri%er c o i l )  

90 LET I.&+ = (numerical value of normalized length of pickup c o i l s )  

100 LET L.5 = (numerical value of normalized d is tance  of pickup L:c i l s  

f r o m  t h e  ends of t h e  d r ive r  c o i l )  

110 LET IVLL = (numerical value of cdplcrlF2) 

120 LET C 9  = (nume?.ical value of f r a c t i o n a l  change i n  c l ad  thickness) 

130 LET U1 = (numerical value of  permeabili ty of  upper conductor) 

140 LET IVP = (numerical value oi" r ~ p ~ o - ~ F ~ )  

Rote: If t h e  conductivity of t h e  lower conductor i s  zero, one must 

type two addi t iona l  l i n e s  i n t o  t h e  program: 

620 LET X 2  = X 

630 LET Y2 = 0 

150 LET U2 = (numerical value of r e l a t i v e  permeabili ty of  lower 

conductor) 

The program may now be run. 

The pr in t -out  by t h e  computer w i l l  have the following format: 

R 1  = (Rl) R2 =: ( R 2 )  DRIVER LENGTH IS ( W )  
R 3  = (R3) R4 = (RA) PICKUF L Z X T H  I S  (a) 
M 1  = (Fa) u1 = (Ul) PICKUPS RECESSED (L5) 

C IS ( C )  PLUS AND MINUS (1OO*C9) PERCENT 
M2 = ( m )  u2 =: (u2) 

ZERO L I F T - O F F  IS (Ih) 

DISCRIMINATOR VOLTAGE IS (VI) 
VOLTAGE/PHASE/PHASE WITH DISCRIMINATOR 

(La (L6 + L2) (L6 + 2 x U )  ----- ----a 

----- ----a ----- 
- - -e -  ----- - -a_-  

SET 

PHASE S H I F T  ----- L I F T -  OFF - - - - - 
$J OF M N G E  ----- $I OF TOTAL ----- 
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The various symbols enclosed i n  parentheses a r e  used t o  ind ica t e  

t h a t  t h e  numerical value of t h e  symbol w i l l  be pr in ted .  

There a r e  f i v e  columns of data,  one und.er each of t h e  f i v e  values 

of l i f t - o f f .  Each columi i s  divided i n t o  th ree  sec t ions  of t h ree  l i n e s  

each. These sec t ions  correspond, f r o m t o p  t o  bottom, t o  t h e  t h r e e  

values (--1OO*C9, nominal, and +100-x-C9, percent )  of c lad  thickness.  

t h r e e  l i n e s  i n  each sec t ion  a re ,  from top  t o  bottom, t h e  magnitude of 

t h e  induced voltage divided by t h e  product of frequency, d r ive r  current,  

number of tu rns  on t h e  d r ive r  c o i l ,  number of t u rns  on a pickup c o i l ,  

and mean radius of t h e  d r ive r  c o i l  ( i n  meters); t h e  phase of t h e  induced 
voltage; and. t h e  phase s h i f t  between t h e  induced voltage and a constant 

val-uue which i s  taken t o  be the  discriminator s e t  po in t  of the phase- 

s e n s i t i v e  eddy-current instrument ( see  DISC program, p.  7 7 ) .  The las t  

t w o  l i n e s  g ive  t'ne PmSE SHIFT, which i s  the  phase s h i f t  due t o  t h e  

spec i f ied  v a r i a t i o n  i n  c lad  Ynickness; t h e  LIFT-OFF, whic'n i s  t h e  phase 

s h i f t  due t o  t h e  spec i f i ed  v a r i a t i o n  i n  l i f t - o f f ;  t he  $ 01;' RANGE, which 

i s  t h e  LIFT-OFF divided by t h e  'I)'HASE SHIFT, times 100; and t h e  % OF TOTAL 

THICKNESS, which i s  the  t o t a l  v a r i a t i o n  i n  c lad  thickness (2*C9) times 

Lhe $ OF RAPTGE. 

The 

The example below i s  presented as  an add i t iona l  a id  t o  those who 

wish t o  use t h i s  program. 

Sample Calculak ion of RFLC 

Let us suppose w e  wish t o  know t h e  d i r fe rences  i n  "ne voltages 

induced i n  two pickup c o i l s  posit ioned in s ide  t h e  d r ive r  c o i l  and f lu sh  

with i t s  ends. The d r ive r  c o i l  i s  assumed t o  be 0.500 i n .  long with 

inner and outer r ad i i  of  0.200 and 0.300 i n . ,  respectivel-y, while t h e  

pickups a r e  taken t o  be 0.200 i n .  long with inner and outer  r a d i i  of 

0.100 and O.l.250 i n . ,  respec t ive ly .  

of s t a i n l e s s  s t e e l  0.025 i n .  t h i c k  whose thickness may vary by +lo%. 
The frequency of t h e  dr iv ing  current i s  assumed t o  be 100 kHz and the  

minimixn l i f t - o f f  0.025 i n .  The l i f t - o f f  increment w i l l  be taken t o  be 

0.0125 i n .  

The conductor i s  taken t o  be a p l a t e  

F i r s t ,  we determine t h e  mean c o i l  radius t o  be 0.250 i n . ,  so t h a t  
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Normalized inner  radius  of d r ive r  c o i l  = 0.200/0.250 1: 0.80'3 

Normalized outer radius  of d r ive r  c o i l  =: 0.300/0.250 = 1.200 

Normalized inner rad ius  of pickup c o i l  = 0.100/0.250 = 0.400 

Normalized outer radius  of pickup c o i l  = 0.150/0.250 '= 0.600 

Normalized length of d r ive r  c o i l  = 0.500/0.250 = 2.000 

Normalized length of pickup c o i l  = 0.200/0.250 = 0.800 

Normalized minimum l i f t - o f f  := 0.025/0.250 = 0.100 

Normalized increment of l i f t - o f f  = 0.0125/0.250 = 0.050 

Normalized dis tance of pickup c o i l s  from ends of d r ive r  c o i l  = 0 

Normalized thickness of stainless s t e e l  p l a t e  = 0.025/0.250 = 0.100 

Furthermore, 

Angular frequency of dr iving current  = 2K X 1 ~ ~ , 0 0 0  sec-' 

Permeabili ty of s t a i n l e s s  s t e e l  conductor = 47I X h/m 
Relative permeabili ty of conductor = 1 

Conductivity of  s t a i n l e s s  s t e e l  = 1.3333 X l o 6  flhos/m 

Thus, 

This information i s  typed into t he  program using t h e  following format: 

20 LET R1 0.8 

30 LET R2 = 1 . 2  
40 LET R3 = 0.4 

50 LET R4 = 0.6 

60 L&T L& = 0.1 

70 LET L2 = 0.05 

80 LET L3 = 2.0 

30 U T  r/+ 7 0.8 

1.0'3 LET L5 = 0 

110 LET M l  - 42.45  

120 LET C'f = 0.10 

130 LET U1 = 1 

1&0 LET bl2 -= 0 

620 LET X2 = X 
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630 LET Y2 = 0 

150 LET E? = 1 

160 LET C = 0 . 1  

The program i s  now run with the following results: 

R1 = .8 R2 = 1.2  DRIVER LENGTH I S  2 
R3 := .A R4 = .6 PIICK.W LENGTH I S  .8 
M1 = 42.45 U1 = 1 PICKUPS ECESSED 0 
M 2 = 0  u2 = 1 
C IS  .1 PLUS AND MINUS 10. PERCENT 
ZERO LIFT-OFF I S  . I 
VOLTAGE/PHASE/PHASE WITH DISCRIMINATOR SET 
DISCRIMINATOR VOLTAGE IS -2.12874-E-8 

.1 .15 . 2  .25 

2.23022 2.21858 2.20641 2.19397 
3.411773-7 2.943073-7 2.546753-7 2.2I124t.E-7 

4.239143-2 4.070573-2 3.98332E-2 4.012773-2 
3.5111GE-7 3.026293-7 2-6165'33-7 2.2?0023-7 
2.1896 2.17836 2.16659 2.15452 
1.455193-11 -l..500223-3 -2.2319E-3 -1.832243-3 
3.588873-7 3.091153-7 2.670853-7 2.315523-7 
2.1.5383 2.14301 2.13163 2.11994 

-3.708753-2 -3.83351E-2 -3.885113-2 -3.8264-GE-2 

PKkSE SHIFT 7.947893-2 LIET-OFF 2.5582E-3 
$ OF RANGE 3.21872 % OF TOTAL .643744 

.3 
1.926653-7 
2.18143 
4.18844E-2 

1 - 976253-7 
2.14234 

-2 808523- 9 
2.014513-7 
2.10813 

-3.426893-2 

from which we see  t h a t  t h e  phase s h i f t  due to a 20% change i n  c lad  thick-  

ness i s  7.94789 X 

rad.iaris, t he  l a t t e r  phase s h i f t  being 3.218'72% of t h e  former and .643744.$ 

of the t o t a l  thickness va r i a t ion  (20%). 

radians,  whi1.e t h a t  due to 1i.ft-off i s  2.5582 X 

RFLC! Promwn 

10 !<Et4 R F L C  V E R S I 0 N  01 / 0 5 / 7 0  
20H1 = e 7 5  
3 0 R 2 = 1  - 2 5  
40x3 = - 3 5  
5 0 R 4  =. 7 
6 0 L 6  =O 
7 0 L 2 z 0 5 
80!..3=. 4 
9 0 L 4 = -  1 
1 O O L 5 z  1 
1 1 0  M i = Y 5 . 4 8  
120 LET C 9 z . 0 5  
130 LET U l = l  
1 4 0  M 2 ~ 9 1 . 9 1  
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1 5 0  LET ?13=1 
16'3 LET C = l  
170 L E T  C 1 = C  
180 P R I N T  * * R I  = * * ; x i ,  - *R ;?= - ;R~ .  " D R I V E R  L E N G T H  1s*9;1,3 

190 P R I N T  " R ' 3 = " ; R 3 ,  " R 4 = " i R 4 .  "PICKUP L E N G T H  I S " I L 4  
200 PRINT"IVI1  = " i M 1  s " U 1  =";IJ1 . " P I C K U P S  R E C E S S E D " ; L S  
8 10 PR I N T " M 2  =I' 5 M 2  >"U;?=" i U 2  
220 PRIMT"C 1 S " ; C ; " P L U S  A N D  M I N U S " ;  1 0 Q * C 9 i " F " R C E N T "  
2 3 0  P K 1 N T " t E K B  L I F T - a F F  IS"SL6 
2 4 0 P K  I N  T " V 0 L T A G E / P W A S E / P H A S E  WITH D I S C ?  I M I N A T U R  SET" 
250 LET S l = I E - 2  
260 LET S ? = 5  
2 7 0 F @ ? I  =1  T03 
250  FdR J = l  T0 5 
29OR < I cJ =O 
3 0 0 1 < I ~ J ) = O  
310 N E X T  J 
3 2 r ) ' J E X T  I 

340 L E T  82 = S 3  
35r) F l a R  X = D l  +Sl/% T0 52 S T E P  S 1  

370 L E T  Q l = R B  
380 G(3SIJ9 1480  

330 L E r  ~ i = o  

360 L E T  Z=R?*X 

390 L E T  I;?=F;? 
409 L E T  Z = R I * X  
410 L E r  ~ i = ~ i  
420 GQSCIB 1 4 8 0  
4 3 Q  L E T  I l = F 2  
440 L E T  L = R 4 * X  
450 L E T  Q 1 = Q 4  
460 GQSIJB 1480 

480 L E T  % = R 3 * X  
490 LET 01 = R 3  
500 G%ISIJR 1480 
510 L E T  J 1 = F 2  
520 L E T  S3=SI*<I2-11 )*(J2-J1)  
530 I F  X * L 3 > S O  T H E N  570 
540 G = E X P < - X + L S ) + E X P ( - X * ( ~ 3 - L 5 ) ) - E X P ( - X * < L 3 - L 4 - L ~ ) ) - E X ~ < - X * ( L 4 + L 5 ) )  
550 GS =E XP C - X * L 3  ) - 1 
560 GQ T@ 590 
573 G = E X P  < - X * L 5  * ( 1 -EXP C - X * L 4  ) > 
5 q O  G 5 z - 1  
590 X 1 = ~ 7 0 7 1 0 6 8 1 * S ! 2 R ( S O R < X * X * X * X * X + M l * M l ~ + X * X ~ / U l  
600 Y 1 = * 7 0 7 l 0 6 8 1  * S K I R < S B R < X * X * X * X + M l  *M1 > - X * X ) / l J l  

470 L E r  J ~ = F ; ?  

610 IF X I * C * U l > l S  T H E N  8 6 0  
620 X ~ = . 7 0 7 1 0 6 8 1 * S O R < S O R < X a X * X * X * X + M ~ * M ~ ) + X * X ) / ~ ~  
630 Y P  = 77 10681 *SQR < S Q R  ( X*X*X*X+M?*YB > -X*X 
640 A b = = < X - l  ) * < X 1  + X 2 ) + Y I * ( Y l + Y 2 )  
650 A 7 = C  X - X 1  1 *I  Y 1  * Y 2  1 - Y 1  *X1 +PX2:! > 1 
660 C 7 = Y l * ( X l + X B ) + C X + X l  ) * < Y l + Y % )  
670 FUR 1 = 1  T0 3 
680 C = C  1 *< 1 + <  1-2 1 *C 9 )  
690 X 3 = E X P < 2 * X 1  * C * U l  1 
700 Y 3 = C B S < 2 * Y l  *C*Ul 3 
710 Y 4 = S I N < 2 * Y l * C * U l  ) 
720 AS=CX+Xl ) * < X I  - X 2 ) - Y l * ( Y l  - Y 2 ) + C A b * Y 3 - A 7 * Y 4 ) * X 3  
730000 AC66==<X+Xl ) * < X l + X 2 ) - Y l * C Y l  + Y 2 )  
749 95 Y I * C X 1 - X 2  1 + < X +  X 1 1 * ( Y 1 - Y2 1 + C A 7 * Y 3  + A  6 * Y 4  ) * X 3  

/IJ2 
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7 5 0  C S = (  X-XI >* (  X1 - X 2  1 +Y1*( Yl -Y2 1 + <C6*Y3-C7*Y4 3 *X3 
760 DS=i X - X I  ) *<  Y1 - Y 2  )-Y 1 *( X1 -X2 ) +  <C7*Y3+C6*Y4 3 * X 3  
770 K ( I ) = ( A ~ * C ~ + D ~ * R ~ ) / ( C ~ * C ~ * D ~ * D ~ O )  
780 N ( I ) = ( C S * n S - A 5 * D 5 ) / ( C 5 * ~ 5 * D 5 * D 5 )  
790F0,?J=l T O 5  
80OL,=( J-1 )*LZ+L6 
8lOLETRCIrJ)=R(It J)+S3*K( I)*G*GS*EXP(-2*X*L) 
8ZOLETI(ItJ)=I(It J ) + S 3 * N < I ) * G * G S * E X P ( - 2 c X * L )  
H30NEXTJ 
840NEXT 1 
850 G0 TO 990 
860 AS=X-Xl 
870 BS=-Yl 
880 C5-Xt.Xl 
890 D 5 = Y 1  
900 FQR 1=1 'T0 3 
910 KCI )=<A5*C5*D5*B5)/(C5*C5+D5*D5) 
920 N( I )=(C5*95-AS*D5 )/(CS*C5+D5*05) 
930 FBR J=l T0 5 
940 L:=( J-1  )*LZ+L6 
950 
960 
970 NEXT J 
980 NEXT I 
990 NE XT X 
1000 LET F31=92 
1010 LXT 92=t32+52 
1020 IF X e 3 THEN 350 
1030 LET S1 =SE-2 
1040 IF X<9 THEN 350 

1060 IF Xc19 THEN 350 
1070 PRINT 
1080 PRINT 
1090F0HI=1T03 
1100 FQR J-1 T 0  5 

R C I t J)=R < I t J) +S3*K< I )*G*G5*EXP ( -2*X*L) 
I( ItJ)=I<It J)+S3*N< I )*G*G5*EXP(-Z?*X*L) 

1050 LET S1z.l 

1 1 1 01,ETMC I t .J 1 =SQR< R C I t .J) t 2 +  I < I f J )  t 2  1 *2 4805E-5/ ( < R 2  
1 120LETPC I t  J)=ATN<-R< It J )  / I  ( It J) 1 
1 I30IFI<ItJ)<0THENI 160 
1140LETP(ItJ)=P(ItJ)+PI 
1160 NEXT J 
1170NEXTI 
1 1  80LETH1=M(2tl ) 
1 1  90LETH2=M(2>5) 
1200LETHS=P(2t 1 )  
1210HETH6=?<2,5) 
1220GBSUB1630 

1240FBR I = 1  T03 
125OF0HJ=lT05 

1230 PH INT L6t L6+LZt 1,6+2*L2~ L6+3*L2r L6+4*L2 

126061 =M( It J) 
1270Q2=P( It J) 
1280G0SUR1680 

1300NEXTJ 
13 1 O ? R  INT 

1290Y(ItJ)=? 

1 3 2 0 P R I N T M < I t 1 ) t M ~ I t 2 ~ ~ M < I t 3 ~ ~ M < I t 4 ~ r M < I 1 5 ~  
l 3 3 0 P R I N T P < I t l ~ t P ~ I t Z ~ t P ~ I t 3 ~ t P ~ I t 4 ~ t P < I t 5 ~  
1340PRINTY< I t  1 )rY( It2)tY<It3)rY< It4)tY( 1 ~ 5 )  
1350NEXTI 

R1 )*CR4-R3)*L3tL4) 



1 3 6 O O l = Y ( l s l )  
1 3 7 0 8 2 = 8 1  
1 3 8 0 F 0 R  J = 2 T 0 5  
1390 I F  Y<I,J)<Ql THEN 1 4 1 0  
1 4 0 0 8 1  = Y <  1 > J) 
1 4 1 0  I F  Y C l s J I s Q 2  THEN 1430 
1420 0 2 = Y ( 1  P J) 
1 4 3 0  NEXT,J 
1 4 4 0 ~ 3 = Y ( l ~ l ) - Y < 3 ~ 1 )  
1450PRINT"PHASE SHIFT'1~Q3;'1LIFT0FF'*fQl -Q2;"% OF RANGE"; lOO*CQl-O2)/Q3 
1 4 6 0  PRINT"% 0 F  TBTAL THICKNESS"; (01 - w ) * 2 0 0 + C 9 / Q 3  
1 4 7 0  G0 'S0 1700 
1 4 8 0  I F Z > S T H E N 1 5 7 0  
1 4 9 0  LET L9=INF(2*Z)+3 

151c)  LET F 2 = F 1 / 3  
1 5 2 0  F a R  N=lTBL9 

1540 L E T F 2  =F2+F 1 / ( 2 * N + 3  ) 
1550 NEXTN 
1560 G0T0 1620 

1500 LET F1=*5*Q1 *Q 1  * Q 1  

1 5 3 0  L E T F l = - F 1 + - 8 5 0 * Z * Z / < N * N + N )  

1570 LET Q 1 ~ C ~ ~ ~ 1 R 8 ~ 1 3 5 7 / 2 + 1 0 9 ~ 1 1 4 2 ) / 2 - 2 3 . 7 9 3 3 3 ~ / ~ ~ 2 3 ~ 7 9 3 3 3 ~ / 2 + 2 ~ 0 ~ 0 9 3 I ~ / Z  
1580 LET 8 1 = C < Q 1 - ~ 1 7 3 0 5 0 3 ) ~ Z ~ * 7 ~ 3 ~ ~ 4 5 ~ / 2 ~ ~ 0 6 4 1 0 9 E - 3  
1590 LET 0 2 ~ ~ C C ~ 5 ~ 8 1 7 5 1 7 / 2 + 2 ~ 1 0 5 8 7 4 > / 2 - . 6 8 9 6 1 9 6 ~ / ~ ~ ~ 6 ~ 9 6 1 9 6 ~ / Z + ~ 4 9 5 % 0 ~ 4 ~ / Z  
1600 LET Q2=(02-=187344E-2)/2+.7979095 
1 6 1 0  L E T F 2 = ( I - S B R C Z l * ( 0 2 * C ~ S C ~ - P I / 4 ) - 8 i * S ~ N ( ~ - P I / 4 ) ) ) / ( X * X * X )  
1 6 2 0  RETURN 
1 6 3 0  LET 0 l ~ A T N ( C H P * S I N E H f i ~ - H l * ~ I N ~ H S ~ ~ ~ ~ H l * C 0 S C H 5 ~ - H ~ * C ~ S ( H 6 ~ ~ ~  
l h 4 0  I F H l  *CBS(H5)-H2*CBSCH6)1nTHENI 660 

1660 LETVl =HI + S I N < 0 1  +H51 
1 670PRINTD1DISCRIM1NAT0R VBLTAGE 1S";VI 
1 6 8 0  LET P ~ B l - A T N C V I / S Q R < Q l * Q 1 - V 1 + V 1 ) > + 8 2  
1690RETURN 
1 7 0 0  END 

1 6 5 0  LET01 =01-3 1 4 1  59265 

Change i n  Magnitude and Phase of Induced Voltage Due t o  
a Defect i n  the  Cladding Material  

Discussion of RFDFT 

This program i s  designed to ca lcu la t e  t he  defec t  s e n s i t i v i t y  f a c t o r  

for a re f lec t ion- type  c o i l  above a two-layered conductor ( see  F-ig. 5, 

p .  61) 
pickup c o i l s  must be iden t i ca l ,  equid is tan t  from t h e  respec t ive  ends of 

the  d r ive r  co i l ,  and e n t i r e l y  within i t s  length.  They must also be 

For thLs program, t h e  defec t  r u s t  be i n  t h e  upper layer .  The 

coaxia l  with t h e  d r ive r  co i l .  
f e r e n t  e l e c t r i c a l  conduct ivi t ies .  

The two conducting layers  may have d i f -  

To use t h i s  program, one must f i r s t  divide all dimensions by t h e  
mean radius  of t he  d r ive r  c o i l .  The r e s u l t s  w i l l ,  of course, be dimen- 

s ion less  and will be r e fe r r ed  t o  as being "normalized." The product of 
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the  angular frequency o f  t he  dr iving current ,  t h e  permeabili ty,  the con- 

duc t iv i ty ,  and the  square of t he  mean radius  of t he  dr iver  c o i l  must be 

calculated f o r  each conductor. 

for t h e  upper layer  and by w p 2 m 2 r 2  f o r  the lower one. 

Let t h i s  product be denoted by ~ p ~ o , r ' ~  

Once these  ca lcu la t jons  have been made one need only type Llie 

following l i n e s  i n t o  the  program. (Note: Parentheses a r e  not typed.) 

12 LET R1 = (numerical value of normalized inner  rad ius  of d r ive r  

c o i l )  
14 LET I32 = (numerical value of normalized outer radius  of d r ive r  

c o i l )  

16 LET R 3  = (numerical. value of normalized inner  radius  of pickup 

c o i l )  

18 LET R4 = (numerical value of aorrnalized outer radius of pickup 

c o i l )  

20 LET L - (numerical value of normalized l i f t - o f f )  

22 LET L1 = (numerical value of normalized length of d r ive r  c o i l )  

24 LET L2 = (numerical value of normalized length of  pickup c o i l )  

26 LET W = (numerical value of normslized dis tance of pickup c o i l  

from ends o f  dr ive r  c o i l )  

28 LET ~1 = (numerical value of fuu Io lG2)  
30 LET M2 = (numerical value of  w j l - 2 0 2 r Z )  

Note: If the  conductivity of t h e  lower conductor i s  zero, one must 

type: 

11.8 LET X2 = X 

120 LET Y2 = 0 

32 LET C = (numerical. value of normalized thickness of upper 

conductor) 

34 LET R = (numerical value of normalized r pos i t i on  coordinate 

of defec t )  
36 LET Z1 -: (numerical value of normalized z pos i t i on  coordinate 

of defec t )  

The program may now be run. 
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For each l i f t - o f f  value, t he  p r in t -ou t  by t h e  computer w i l l  have 

t h e  following format: 

DEFECT PROGRAM FOR PHASE- SENS ITIVE EDDY-CURRENT IBJSTRWENT 
DRIVER LENGTH I S  (LL) R1 = (R1) R2 = (R2) 
PICKUP LENGTH IS (L2) R3 = (R3) R4 = (RL+) 
CLAD THICKNESS IS (C) M1 := (a) 142 = (142) 
DEFECT LOCATION I S  R -2 (R) z (21) 
PICKUP IS RECESSED ( L 3 )  
X REAL #1 IMAG #l REAL 82 IMAG K2 

LIFT-OFF IS (L) 

The various symbols enclosed i n  parentheses a r e  used here  t o  ind i -  

c a t e  t h a t  t h e  numerical value of t h e  symbol w i l l  be pr in ted .  The first 

coIimn, headed "X," i s  t h e  upper l i m i t  of t h e  in t eg ra t ion  being performed 

by t h e  computer, while t h e  o ther  four  columns a r e  t h e  r e a l  and imaginary 

p a r t s  of t h e  two i n t e g r a l s  whlch appear i n  t h e  expression f o r  t he  defec t  

voltage.  These appear pr imar i ly  t o  allow one to inspec t  t h e  convergence 

of t h e  in t eg ra t ion .  

f ac to r ,  t he  l as t  l i n e  contains t h e  magnitude of t h e  defect s e n s i t i v i t y  

f a c t o r  divided by t h e  product of t h e  frequency of t h e  dr iv ing  current,  

t he  numbers of t u rns  on t h e  d r ive r  and pickup c o i l s ,  and t h e  mean radius 

of t h e  d r ive r  c o i l .  

In  addi t ion  t o  t h e  phase of t h e  defec t  s e n s i t i v i t y  

The example b e l m  i s  presented f o r  a d d i t i o n a l  a id  t o  those who wish 

t o  use t h i s  program. 

S a m l e  Calculation of RFDFT 

Suppose t h a t  we wish t o  know t h e  defec t  s e n s i t i v i t y  f a c t o r  f o r  t h e  

case of two pickup c o i l s  pos i t ioned  i n s i d e  and f l u s h  with t h e  ends of  
Yne d r i v e r  c o i l .  The d r ive r  c o i l  i s  assumed t o  be 2 i n .  long, with inner 

and outer  r a d i i  of 0.200 and 0.300 i n . ,  respec t ive ly ,  while t h e  pickup 
c o i l s  a r e  assumed t o  be 0.200 i n .  long, with inner and outer r ad i i  0.100 

and 0.150 i n . ,  respec t ive ly .  

of copper c lad  on an e f f e c t i v e l y  i n f i n i t e  thickness of slzuninum 

The conductor i s  assumed t,o be 0 .Ol .O  i n .  
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( a t  l e a s t  four c o i l  d.lanietei-s or sk in  depths, whichever i s  smaller)  I 

Let us f u r t h e r  suppose t'nat we a r e  i n t e r e s t e d  i n  the defec t  s e n s i t i v i t y  

f a c t o r  f o r  t h e  case i n  which t h e  defec t  i s  located 0.005 i n .  below t h e  

surface of t h e  copper 0.250 i n .  from t h e  c o i l  ax i s .  We s h a l l  assume t h e  

dr iv ing  frequency t o  be 5 Wz and t h e  l i f t - o f f  t o  be zero. 

F i r s t ,  we determine the  mean d r ive r  c o i l  radius t o  be 0.250 i n . ,  so 

t h a t  

Normalized inner radius of d r ive r  c o i l  = 0.200/0.250 = 0.8 

Normalized outer  radius of d r ive r  c o i l  = 0.300/0.250 = 1 . 2  

Normalized inner  radius of pickup c o i l s  = 0.100/0.250 = 0.4 

Normlizec? outer radius of pickup c o i l s  = 0.150/0.250 = 0.6 

Normalized l i f t - o f f  = O/0.250 = 0 

Normalized length of d r ive r  = 2.000/0.250 = 8 
Normalized length of pickup = 0.200/0.250 = 0.8 

Normalized d is tance  of pickups from ends of d r ive r  := 0 

Normalized thickness of copper ::: 0.010/0.250 = 0.04 

Norrnalized r pos i t i on  of defec t  = 0.250/0.250 = 1 

Normalized z pos i t i on  of d-efect = 0.005/0.250 = 0.02 

Furtherrnor e , 
Angular frequency of driving current = 21.r X 5000 seem1 

Permeability of bot'n conductors = 4rC X lom7 h/m 

Conductivity of copper = 5.77 X lo7 mhos/m 

Conductivity of aliminurn -= 2.86 x 1.07 mhos/m 

Thus 

This information i s  nuw typed. i n t o  t h e  program a s  foil-rms: 

12 U T  R1 :I- 0.8 

1-4 LET I12 = 1 .2  

16 LET R 3  ::: 0.4 

18 LET K 4  = 0.6 

20 LET I, O 
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22 LET L1 = 8 

24 LET L2 := 0.8 
26 LET u :: 0 
28 LET M l  = 91.91 

30 LET iW = 45 .i+8 

32 LFT C = 0.04. 

34 LET R = 1 

36 LET Z 1  = -4.02 

The program i s  now run with t h e  following r e s u l t s :  

DEFECT PRGWV FOR PHASE-SENSITIVE EDDY-CURREWC I N S T R W m  
DRIVER LENGTH I S  8 R 1  = .$ R2 = 1 . 2  
PICKUP LENGTH IS  .8 F3 = .4 R4 = .6 
C U D  THICKKESS IS .@4 M1 = 91.91 M2 = 45.48 
DEFECT LOCATION I S  R = l  z = -.02 
PICKUP IS RECESSED 0 LIFT-OFF IS 0 
X REAL #l IMAG #1 REXL #2 I W  #2 
5. L.74519E-2 -1.844U.E-2 -2.1421ElE-3 2.411723-3 
10. 2.122463-2 -2.0099353-2 4.40258E-4 1.82973E-3 
15. 2.lG198E-2 -2.0174GE-2 -1.204433-3 1. 8995E-3 
20. ,02157 -2.01695E-2 -1.1710.53-3 1.89717E-3 

2,147393-2 -. 020162 -1.16697% 3 1.89662E-3 
30. 2.14484-E-2 -2.01604~-2 -1.173353-3 1.89701E-3 
25. 

VOLTAGE/h'INN' R ( BAR) = 1.395 %E-7 PHASE = 1.37027 

from which w e  see t h a t  the phase of the defect s e n s i t i v i t y  f a c t o r  i s  

1.37027, w h i l e  its magnitude i s  the  product of 1.39594 x 
frequency of  t h e  driving current ,  the number of tu rns  on t h e  d r ive r  c o i l  
and pickup co i l s ,  and t h e  mean radius  of  t he  driver c o i l .  

t h e  

RFDFT Program 

10 R E Y  HYDFT 
18 LET R l = - H  
14 LET 2 2 = l . ?  
1 6  LET '13z.4 
1 8  LET R 4 z . 6  
29 LET L=O 
22 LET L I = H  

26 LET 13=0 
24 LET L?=.4 

28 LET +I1 ~ 9 1 . 9 1  
39 LET M % = 4 5 * 4 8  
32 L E T  C z . 0 4  
34 LET R = l  
36 LET % 1 = - * 0 2  
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Change ?.n Magnitude and Phase of Induced Voltage Due t o  a 
Lat t i ce  of Defects i n  the  Cladding Material  

Discuss ion of RFDFL2 

This program i s  designed t o  ca l cu la t e  t h e  defec.L s e n s i t i v i t y  f ac to r  

f o r  a re f lec t ion- type  c o i l  above a two-layered cond.uctor. For t h i s  

program, the  defect  may be located a t  any one of a number of po in ts  on 

a l a t t i c e  i n  the  upper layer ,  which i s  labeled 111 i n  Fig. 5, p .  61. 

The pickup c o i l s  must be ident ica l ,  equidis tant  from .the respect ive ends 

of t h e  d r ive r  c o i l ,  and e n t i r e l y  wi th in  i t s  length.  They must a l s o  be 

coaxia l  with the  d r ive r  c o i l .  

ent e l e c t r i c a l  conduct ivi t ies .  

The two conducting layers  may have d i f f e r -  

Before proceeding fu r the r ,  it i s  worth noting t h a t  i n  the  execution 

of t'nis program t h e  da ta  generated by t'ne computer a r e  s tored  i n  a da ta  

block which i s  used as i.nput data  f o r  another program. 

BASIC compilers which do not have t h i s  capabi l i ty ,  t h i s  program may or 

may not be executable, depending upon the  compiler used. If' t h e  l a t t e r  

s i t u a t i o n  a r i s e s ,  one may de le t e  the  character  :1: wherever it appears 

i n  the  program, thus causing t h e  data  t o  be p r in t ed  a t  the  console; 

otherwise, one may access t h e  data  by using the  nzme :I:. 

Since the re  e x i s t  

To use t h i s  program, one must f i r s t  divide a l l  dimensions by t h e  

mean radius  of t he  d r ive r  c o i l .  The r e s u l t s  wi1.1, of course, be dimen- 

s ion less  and w i l l  be r e fe r r ed  t o  as being "nornialized." The product of 

the angular f-requency of t he  dr iving current ,  t h e  permeabili ty,  t h e  con- 

duc t iv i ty ,  and t h e  square of t h e  mean d r ive r  c o i l  radius  must be calcu- 

l a t ed  f o r  each conductor. 

t he  upper layer  and by wp20-,r2 f o r  t he  lower one. 

Let t h i s  product be denoted by wplcr,r2 f o r  

Once these  calculat ions have been made, one m u s t  type the  following 
l i n e s  i n t o  the  program. (Note: Parentheses a r e  not typed. ) 

12 LET R1 = (numerical value of normalized inner radius  of d r ive r  

c o i l )  

c o i l )  

14 LET R 2  = (numerical value of normalized outer  radius  of' d.river 

16 LET K3 = (numerical value of normalized inner radius  of pickup 

c o i l s )  



18 LET R4 --1 (numerical value of normalized outer  radius  of pickup 

c o i l s )  

20 LET L = (numerical value of normalized l i f t - o r f )  

22 LET L1 = (numerical value o f  nornialized length of d r ive r  c o i l )  

24 U T  L2 = (numerical value of normalized length of pickup c o i l s )  

26 LET L3 = (numerical value of normalized dis tance of pickup 

c o i l s  from ends of  d r ive r  c o i l )  

28 LET PJI~ = (numerical value of op1r17) 

30 LET w = (numerical value of wpZu2F2) 

Note: If t h e  conductivity of t he  lower conductor i s  z e r c ,  one m u s t  
type two add i t iona l  l i nes :  

124 LET X2 = X 
126 LET Y2 = 0 

32 LET C = (numerical value of normalized thickness of upper 

conductor) 

34 LET R9 L- (numerical value of normalized maxhum r a d i a l  pos i t ion  

of de fec t )  

36 LET ?@ = (numerical value of number of l a t t i c e  spacings i n  

r d i rec t ion )  

38 LET = (numerical value of number of  l a t t i c e  spacings i n  

z d i rec t ion )  

Note: Neither M9 nor I!@ may exceed E .  The l a t t i c e  spacing i n  t he  

r d i rec t ion  i s  R9/!@, while it i s  C / N 9  i n  t he  z d i rec t ion .  

After  typing these  l i n e s ,  one need only c rea t e  an empty da.ta f i l e  

using t h e  name : I: . The program may then be run. 

During the  execution of t h i s  progrm, i n t e g r a l  multiples of 5 
which a r e  l e s s  than o r  equal t o  30 w i l l  be p r in t ed  a t  t h e  console. 

appear as ind ica t ions  of how far t h e  in tegra t ion  has proceeded. 
r e su l t i ng  from tois  program w i l l .  have t h e  following format: 

These 

The data  
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------ 
---I-- 

I----- 

--.-...-- 

I..,---- 
------ 
---...I- 

-* 
* 
* 
-fc 

***.X..X.)C~.f.~., 

***.X--H+**** 
~*sc**-x~-x~-x--x~x- 
********** 
****sc****sc 

-x- 
* 
+r 

X 

3c********-Ic 

-X-.X.X ******* 

I..---- 

The various symbols enclosed i n  parentheses a r e  used here "io ind i -  

The upper c a t e  t'nat t h e  numerical value of t h e  symbol w i l l  be p r in t ed .  

value a t  each l a t t i c e  po in t  i s  t h e  magnitude of t h e  defec t  s e n s i t i v i t y  

f ac to r ,  while t h e  lower one i s  t h e  phase of t h e  defec t  s e n s i t i v i t y  fac- 

t o r  f o r  t h e  case i n  which t h e  defec t  i s  located a t  t he  given l a t t i c e  

po in t .  It should be noted t h a t  t h e  l a t t i c e  poin ts  for  which M9 > 4 w i l l  
be p r in t ed  below t h e  las t  l i n e  - t h a t  is, t h e  l ir ie containing Z(N9). 

The example below i s  presented for add i t iona l  a id  t o  those who wish 

t o  use t h i s  program. 

Sample Calculation of RFDE'L2 

Suppose t h a t  we wish t o  know t h e  defect s e n s i t i v i t y  f ac to r  f o r  t h e  

case of two pickup c o i l s  posit ioned ins ide  and f l u s h  with t h e  ends of 

t h e  d r ive r  c o i l .  

and outer  r a d i i  o f  0.200 and 0.300 in .  , respectively,  while t h e  pickup 

c o i l s  a r e  assumed t o  be 0.200 i n .  i n  length with inrier and- outer  radii 

of 0.100 and 0.150 i n . ,  respec t ive ly .  

0.010 i n .  of copper c lad  on an e f f e c t i v e l y  i n f i n i t e  thickness of alwninufi 

(a t  l e a s t  fou r  coil. diameters o r  sk in  depths, whichever i s  smal le r ) .  Let 

The d r ive r  c o i l  i s  assumed t o  be 2 i n .  long with inner 

The conductors a r e  assumed t o  be 

us f u r t h e r  suppose t h a t  we a r e  i n t e r e s t e d  i n  t h e  defec t  s e n s i t i v i t y  f a c t o r  
fo r  t h e  cases i n  which t h e  defec t  i s  located a t  any one of t h e  po in t s  

which l i e  within 0.500 i n .  of t h e  c o i l  axis on a, 4 X 2 l a t t i c e  i n  t h e  

copper conductor. 

t h e  l i f t - o f f  t o  be zero. 

We s h a l l  assume t h e  driving frequency t o  be 5 kYz and. 



F i r s t ,  we  determine t h e  mean radius  of the  dr iver  c o i l  to be 

0.250 i n . ,  s o  t h a t  

Normalized inner radius  of dr iver  c o i l  = 0.200/0.250 = 0.8 

Normalized outer  radius  of dr iver  c o i l  1- 0.300/0.250 = 1 . 2  
Normalized inner  radius  of pickups = 0.100/0.250 = 0.4 

Normalized outer  radius  of pickups :: 0.150/0.250 = 0.6 

Normalized l i f t - o f f  = 0/0.250 = 0 

Normalized length of d r ive r  c o i l  = 2.000/0.250 = 2 
Normalized length o f  pickups = 0.200/0.250 1- 0.8 

Normalized dis tance of pickups from ends of  dr iver  = 0/0.250 =: 0 
Normalized thiekaess  of copper = 0.010/0. 250 z- 0. CG 
Maximum r a d i a l  pos i t i on  of defec t  = 0.500/0.250 = 2 
Number of r l a t t i c e  spacings = 4 

Nmber of z l a t t i c e  spacings = 2 

Furthermore, 

Angular frequency o f  driving current  = 2~ X 5000 sec'l 

Permeabili ty of both conductors = 47C X 

Conductivity of copper = 5.77 X lo7 mhos/m 

Conductivity of aluminum = 2.066 X 10" mhos/m 

h/m 

Thus, 

This information i s  now typed i n t o  the program using the  following format: 

l.2 LET R1 = 0.8 

14 LET R2 = 1.2 

16 LET R 3  = 0.4 

18 LET R4 = 0.6 

20 LET L =7 0 

22 U T  L1 = 8 

24 U T  L2 0.8 

26 LET L3 L- 0 

28 LET M1 = 91.91 
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An empty da ta  f i l e  i s  now created,  and t h e  program i s  run with t h e  

following r e s u l t s  : 

8 .8 1.. 2 
.8 .4 .6 
.04 91.91 45.48 
0 0 
4 2 

.25 .75 1.25 1." 75 

1.52977 -4.694? 1.2978 1.10321 

1.32039 1.3816'7 1.07198 .873305 

-. 01 7.902093-8 2.8039GE-7 5.17974.E-8 6.158963-9 

-. 03 6.621923-8 2.33613-7 4.3Q58E-8 5.11103E-9 

from which w e  see t h a t  for the  case i n  which t h e  defec t  i s  located at 

R = 1.25, Z = -0.03, t h e  defect  s e n s i t i v i t y  f ac to r  i s  0.431258 X lom7 

exp( +j 1.07198). 

- RFDFL2 Program 

V E i i S I O V  1 3 / 6 / 7 0  
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6 0  FOR C = l  TQ N9 
62 FBI? . J = l  T O  M 9  
64 LET M<I.,.J)=O 
66LETI(I1 J)=0 
68 LET S(IpJ)=O 
70 LET %J( 11 J ) = O  
72 NEXT J 
74 NEXT I 
76 LET 3 1  =?7 
78 LET 92 = S Z  
ROFPJRX=Bl +S 1 /2T@RZSTEPS 1 
X 2  LET Z=RZ*Y 
84 LET 0 1 = R 2  

8HLEI I2 =F2 
90 LET Z = R I * X  
92 LET 01 =!?I 
94 G 0  SlJB 326 
96 LET 1 1 = F 2  
98 LET S 3 ~ C I 2 - I l ) * S I * ( E X P C - X c L ) - E Y P ( - X * ( L + L I ) ) ) )  
100 LET Z=K4*X 
103 L E T 0  1 =RY 
104 G@ SUB 326 

108 LET Z = R 3 * X  
110 LET Q 1  =R3 
1 1 %  GB SUB 326 
1 1  4 LET I 3 = F 2  
116 S 4 ~ < 1 4 - 1 3 ~ * S 1 * E X P C - X * L ~ * 0 * ~ E X P ~ - X * ~ L 1 - Z ~ L 3 - L 2 ~ ~ - 1 ~  
1 1  7 S4=S4*EXP(-X*L3) 
118 LET XI = . 7 0 7 1 0 7 + S Q ~ C S B H ( Y * X * X * X + M 1 * M l ) c X * X )  
120 LET Y1 = . 7 0 7 1 0 7 * S Q H C S O K ( X * X S X * X + M I ) - X * X >  

86 GBSUH 326 

106 w r  I ( ~ = F Z  

122IFXl *C>l5THENl S 2  
124 LET X 2  = . 7 0 7 1 0 7 * S Q R ( S B R < X * X * X * X + M 2 * M 2 ) + X * X )  
126 LET Y B = . 7 0 7 1 0 7 * S O R ( S ~ H ( X c X * X * X * X + ~ ~ * ~ ~ ) - X * X )  
188 LET X3=EXPC2*XI*C) 
130 LET Y3=C@SC2*Yl*C) 
132 LET Y4=SIN(2*Yl*C) 
134 LET X5=Xl+X% 
136 LET X6=Xl-X2 
138 LET Y5=YI+Y2 
140 LET Y6=Y1 -Y2 
142 LET C 6 = ( X+X1 ) * ( Xl + X %  > -Y 1 * ( Y 1 i. Y2 ) 
144 LET C7=Yl*(Xl+X2)+CX*Xl )*(Yl+Y2) 
146 LET CS=CX-Xl )*~XI-X%l+YI*CYI -Y2l+(C6*Y3-C7%Y4)*X3 
148LETDS=CX-X1 )*CY1 - Y 2  )-Y1 *CX1 -X2 )+<C7*Y3+Ch*Y4) *X3 
150 68 TO 156 
152 LETC5=X+XI 
154LETD5=Yl 
1 5 6  F0R 1 = 1  TO 89 

160 LET Z I = Z C I )  
168IFX1 *C>15THENl76 
164LETZ%=2*C+ZI 
1 66LETAS = [ X5*C0S ( Y 1 *22 ) - YS*S IN C Y 1 * Z 2 )  1 *EXP C X 1  f Z 2  ) 
1 6 8 L E T R 5 = A 5 + C X 6 * C B S ( - Y l * ~ l  >-Y6*SIN(-YI*%l) ) * E X P ( - X I * Z I  ) 
170 LET R S = C  YS*CBS ( Y1 * Z 2  1 *XS*SINC Y1*22 > 1 +EXP C X 1 * 2 2 )  
172 LET85=R5*CY6*C@SCYl*Zl ) - X 6 * S I N ( Y I * Z I ) ) * E X P C - X l * ~ l )  
174G0 TO 180 
176LETAS=EXP(Xl*ZI )*CUSCYI *Z1> 
178LET95=EXP(Xl*Zl )*SINCYI*ZI ) 

158 LET %(I)=C.5-I)*C/N9 
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Change i n  Phase of Induced Voltage Due t o  a Lat t ice  of Defects 
i n  t h e  Cladding Material  with L i f t - O P f  Set 

Discussion of  BASRElZD 

This program i s  designed t o  ca lcu la te ,  with l i f t - o f f  s e t ,  t he  vaxia- 

t i o n  with defect  parameters of t h e  phase d i f fe rence  of t h e  voltages 
induced i n  tido iden t i ca l ,  oppositely wound pickup coils by the  current  

i n  a l a rge  d r ive r  c o i l  above a two-layered conductor ( see  Fig. 5, p .  61).  

For t h i s  program, t h e  defec t  may be located at any one of a number of 
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poin ts  on a l a t t i c e  i n  the  upper layer;  it may a l so  have any s ize ,  shape, 

and or ien ta t ion .  The pickup c o i l s  must be ident ica l ,  equidis tant  from 

the  respect ive ends of t he  dr iver  c o i l ,  and be within i t s  length.  They 

must a l s o  be coaxial  with t h e  dr iver  c o i l .  The two conducting layers  

may have d i f f e ren t  e l e c t r i c a l  conduct ivi t ies .  

To use t h i s  program, one must f irst  execute RFLC and then RFDFL;?. 

The output data  from the  l a t t e r  program comprises the  input data  f o r  t h i s  

program. It i s  worth noting t h a t  t h e  da ta  generated by t h e  computer i n  
t h e  execution of RFDFL2 a re  s tored i n  a data  block, which i s  then read 

as  input f o r  t h i s  program Since there  e x i s t  BASIC compilers which do 

not have t h i s  capabi l i ty ,  t h i s  program may o r  may not be executable, 

depending upon the  compiler. used. 

Once t h e  execution of RFLC and RFDFU i s  complete, one need only 

type the  following l i n e s  i n t o  the  program. 

typed. ) 
(Note: Parentheses a r e  not 

12 LET M = (number of d i f f e ren t  s i z e  defec ts )  

14- LET N := (number of  shape and or ien ta t ion  f ac to r s )  

28 LET V1 == (mmer ica l  value of discriminator voltage s e t t i n g )  

Note: This value i s  given i n  the  pr in t -out  of XE'LC. 

30 LET 05 = (numerical value of zero phase) 

Note: This value may also be obtained from RFLC by inser t ing :  

1225 PRINT "ZERO PHASE IS"; 01 
290 DATA =: (numerical value o f  normalized defect  volumes) 

292 DATA = ('IN'' shape and or ien ta t ion  f ac to r s8 )  

294 DATA = (magnitude and phase of voltage f o r  each l i f t - o f f  i n  

the  absence of  defec t )  

The data  required i n  l i n e  29A a r e  given i n  t h e  middle block of the  

pr int-out  of RFLC. 

The program may now be run. 

8C. V. Dodd, W. E.  Deeds, J. W. Luquire, and W. G. Spoeri, Some 
Eddy-Current Problems and Their In t eg ra l  Solutions, ORNL-4384 (1-j. 



The pr in t -out  by t h e  computer w i l l  have t h e  following format: 

DRIVER LENGTH I S  ( L 1 )  
P I C K U P  LENGTH IS (L2) 
CLAD THICKNESS IS ( C )  
P I C K U P  IS RECESSED (0)  
D I S C  VOLTAGE IS  (Vl) 
DEFECT VOLUME IS ( V ( D ) )  
z ------ 

------ 

R1 = (Rl) R2 = (R2) 
R3 = (R3) RLt -= (RA) 

LIFT-OFF I S  ( L )  
ZERO PHASE IS (01) 
S AND 0 FACTOR I S  ( S ( 0 ) )  

( R ( 2 ) )  ********** ( R ( M 9 ) )  ------ ********** ------ 
-----... ********x-* ------ 
-----... ********* 

MI. = (Ml) PQ = (rJr;?) 

* 
* 
* 
* 

jc 

* 
*- 
* 

* 
++ 
* 
* 

* 
* 
x- 
* 

* 
* 
* 
* 

The various symbols enclosed i n  parentheses a r e  used here t o  ind i -  

ca te  t h a t  t h e  numerical value of t h e  symbol w i l l  be pr in ted .  A l l  symbols 

not defined above a r e  defined i n  t h e  explanatory mater ia l  for RFDFL2. 

The f i r s t  value a t  each l a t t i c e  point  i s  t h e  magnitude of t h e  defect 

s e n s i t i v i t y  f ac to r ,  while t h e  second one i s  t h e  phase of t he  defect  sen- 

s i t i v i t y  f ac to r  f o r  t h e  case i n  which t h e  defect  i s  located a t  t h e  given 

l a t t i c e  poin t .  The t h i r d  value a t  each l a t t i c e  point  i s  t h e  phase s h i f t ,  

with l i f t - o f f  s e t ,  i n  t h e  presence of t h e  defec t .  

t h a t  t h e  l a t t i c e  poin ts  f o r  which I@ > !+ w i l l  be pr in ted  below t h e  l a s t  

l i n e  [i-e., t h e  l i n e  containing Z(N9)l. 

for each l i f t - o f f ,  defect  volume, and shape and o r i en ta t ion  f ac to r .  

It should be noted 

The e n t i r e  format i s  repeated 

The example below i s  presented for add i t iona l  a i d  t o  those who w i s h  

t o  use t h i s  program. 

Saxmle Calculation of B E I S R W  

Suppose t h a t  we are in t e re s t ed  i n  t h e  case fo r  which t h e  input da ta  

i s  j u s t  t h a t  obtained from the  sample ca lcu la t ion  of RFDFL2.  Furthermore, 

l e t  us assume a spher ica l  defect  with a radius  of  0.0125 i n .  i n  t h e  upper 

layer .  
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F i r s t ,  t he  appropriate  values are placed i n  RFLC and that; program 
i s  executed, which y ie lds  t'ne following informat ion: 

LIFT- OFF mmnmF: PHASE 

0 0.19272373-6 1.8335539 

0.2 0.11352463-6 1. 8107041 
0 . 1  0.1469769E-6 1.824176 

V l  -O.O6306E-'7 0 1  = -1.. 86628 

F'urtherniore, 

Normalized defect  volume = 5.23S388E-4 
Shape and o r i en ta t ion  f ac to r  = 1 

This information i s  now typed i n t o  Yne program using t h e  following format: 

12 LET M := 1 

14 LET N = 1 

28 LET V1 =: 4.06306E-7 

30 LET 01 := -1.86628 
290 DATA 5.235988E-4 

292 DATA 1 

294 DATA. 1-9272373-6, 1.8335539, .1-469769E-6, 1.824176, . l135246E-6 
1 I 8107041 

Execution of t h e  program yie lds  t h e  r e s u l t s  t h a t  follow: 

DRIVER LENGTH IS 8 
PICKUP LENGTH IS 0.8 
CLAD TIlICKNESS IS 0.43-01 
PICKUP IS RECESSED 0 

DEFECT VOLUME IS 0.5235987E-03 S AND 0 FACTOR IS 1 
DISC. VOLTAGE I S  -0.06305993-07 ZERO PHASE IS -1.86628 

Z , R 0.25 0.75 1.25 1.75 
-0.13-01 0.077631E-06 0.2754239E-06 0.510332SE-07 0.6I.73647E-08 

-1.6201885 -1.5614521 -1.8482656 -2 + 0370686 
0.7151633-03 0.2116282E-03 0.0753722E-03 0.1174203E-04 

-0.3E-01 0.62042393-07 0.2193-606E- 06 0.4031928E-07 0.486054E-08 
-1.8616698 -1.7992387 -2.1.03904 -2 .295 045 6 

0.09349123-03 0.29835473-03 0.0809383-03 O.lULS81E-04 

from which we see  t h a t  a sphe r i ca l  defec t  with a radius  of 0.0125 i n .  

located. a t  1% = l .25,  z -0.03 yie lds  a phase difference,  with l i f t - o f f  
s e t ,  equal t o  0.0809383-03. The resul-ts f o r  other  values of l i f t - o f f  have 
been omitted for the  sake of brev i ty .  
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EASRFAD Program 

10 D I M  M ( l H 9  18)rP<18~18)sRC18)rZC18)sVC18)~SC18) 
12 LET M=5 
14 LET N = l  
16 FOR D=l TO M 
18 READ VCD) 
'20 NEXT D 
22 F0R 0=1 T0 N 
2 4  READ SC0) 
26 NEXT 0 
2 8  LET V1=-*40926E-8 
30 LET 01~-3.394969 
32PR INT" DEFECT P R B G R A M  FBR PHASE SENSITIVE EDDY" 
3 4 P R I NT " 
3 6PR I NT" CLATTICE)" 
38PR ZNT 
40PR INT 
44 READ VYP 
46  INPUT :1 : LlrRlrRB 
48 INPUT :1: L ~ Y R ~ Y R . ?  
50 INPUT :1: CYMlsM2 
52 INPUT :1 : L ~ Y L  
54 INPUT : I  : M9.9N9 
56 F U R  J = l  T0 4 
58 INPUT :1: R ( J )  
60 NEXT J 
62 F O R  1 = 1  T0 N 9  
64 INPUT :1 : ZCI) 
66 FBR J=1 TB 4 
68 INPUT 2 1 :  M<IsJ) 
70 NEXT J 
72 F0R J=1 T0 4 
74 INPUT : I  : P<I>J) 
76 NEXT J 
78 NEXT I 

82 F0R J=S T0 9 
84 INPUT : I :  RCJ) 
86 NEXT J 
88 FOR 1=1 T@ N9 
90 FDIK J=5  TO 9 
92 INPUT :1: MCI*J> 
94 NEXT ,J 
95 F0R J=5 T0 9 
98 INPUT $1: PCIYJ) 
100 NEXT J 
102 NEXT I 
104 IF M9q9.5 THEN 130 
105 F0R J=10 T0 14 
108 INPUT : I :  RCJ) 
110 NEXT J 
112 F0R 1=1 TB N9 
114 F O R  J=10 T0 14 

I18 NEXT J 

C U R R E NT I N S T R U ME N T" 

80 IF M9X4.5 THEN 130 

116 INPUT :1: MCIYJ) 
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120 F 0 R  J=10 TB 1 4  

124 NEXT J 
126 NEXT I 

1 3 0  F0R 0=1 TO N 
1 3 2  FBR D = l  TB M 
1 3 4  PRINT"DR1VER LENGTH I S " 3 L 1  r " R 1  ="sR1 s"RR8-;"; R 2  
1 3 6 PR I NT" P I C  KUP LENGTH R 4  
13 8 PR 1NT"CLAD T H I C K N E S S  I S'O 3C r " M 1  =I* f M I  s " M 2 = "  ; M 2  
1 4 0  P R I N T  " P I C K U P  IS R E C E S S E D " ; L 3 r " L I F T  O F F  1 S " i L  
1 4 2  PR1NT"DXSC. V0LTAGE I S  " V l r " Z E R 0  PHASE IS " 3 0 1  
1 4 4  P R I N T " D E F E C T  VOLUME I S " 3 V ( D ) r " S  R 0 FACTQR I S " 3 S ( 0 )  
1 4 6  P R I N T  
1 4 8  P R I N T  ** Z D R " t  
150 F0R J=1 T 0  4 
1 5 2  P R I N T  R < J ) r  
1 5 4  NEXT J 
1 5 6  FOR I = 1  T 0  N 9  
158 P R I N T  Z ( I ) r  
1 6 0  F0R J=l  T 0  4 
1 6 2  P R I N T  M ( 1 t J ) r  
164 NEXT J 
1 6 6  P R I N T  ** " r  

1 6 8  FOR J=l  TO 4 

172 NEXT J 
1 7 4  P R I N T "  " r  
1 7 6  FBF? J= l  T 0  4 
1 7 8  LET W I = V < D ) * S < O ) * M (  I D J ) * C B S < P < I I J ) ) + V * C Q S ( P )  
1 8 0  LET W 2 = V < D ) * S < B ) * M ( I r J ) * S I N < P O ) + V * S I N < P )  

1 2 2  I N P U T  : I  : P ( I r J )  

128 I F  M9c14.5 THEN 130 

I S" f L2 D "R 3 = I p  3 R 3  s "R 4 ='' 

1 7 0  P R I N T  P < I I J ) D  

1 8 2  L E T  W3=ATN(W2/WI 1 
1 8 4  I F  W t > O  T H E N 1 8 8  
186 L E T  W 3  =W3 +P I 

1 9 0  NEXT J 
1 9 2  P R I N T  
1 9 4  NEXT I 
1 9 6  I F  N 9 ~ 4 . 5  THEN 282 
1 9 8  F0fi .J=5 T 0  9 
200 P R I N T  R ( J ) D  
202 NEXT J 
204 F0K 1 = 1  TO N 9  
206 F 0 R  J = 5  T 0  9 
208 P R I N T  M < I D J ) J  
2 1 0  NEXT J 
212 F0R J=5 T 0  9 

216 NEXT J 
218 F0R J=5 TC3 9 

1 8 8  P R I N T  01 - A T N ( V l / S Q R ( W I  t2+W2t2-V1 t 2 ) ) + W 3 ~  

214 P R I N T  P ( I > J ) r  

220 L E T  W ~ = V ( D ~ * S < ~ ) * M < I D J ) * C B S ~ ) + V * C B S < P )  
222 LET W 2 = V < D ) * S < O ) * M < I r J ) * ~ I N ( P ~ I r J ) ) + V * S I N ( P )  
224 LET W3=ATN<W2/Wl ) 
226 I F  W l > O  THEN 230 
22 8 L E T  W3 =W3 +P I 
230 P R I N T  O I - A T N < V l / S Q R < W l  t 2 + W 2 ? 2 - V 1  ?2))+W3r 
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232 NEXT J 
234 PRINT 
236 NEXT I 

240 F0R J=lO TO 14 
242 PRINT R C J ) s  
244 NEXT J 
246 F0R 1 = 1  T0 N 9  
248 F0R J=10 T0 I4 
250 PRINT M<IsJ)r 
252  NEXT J 
2 5 4  F0R J=10 TB 14 
256 PRINT P<IJJ)J 
258 NEXT J 
260 FOR J=10 TO 14 
262 LET W I = V ( D  )*S<0 ) *M< I t J 1 *CQS (P < 1 9  J )  1 +V*C@S <P) 
264 LET W~=V<D)*S<~)*M~IDJ)*S~N<P<I,J))~V*S~N(P) 
2 6 6  LET W3=ATN<U2/WI 3 
268 IF W 1 > 0  THEM 272 
270 LET W3=W3+PI 
272 PRINT 01 -ATN<Vl/SQR<Wl?Z+W2t2-Vr t2))+lrt31 
274 NEXT J 
276 PRINT 
278 NEXT I 

282 NEXT 0 
284 NEXT 0 
286 PRINT 
288 IF L < * 2 S  THEN 44  
290 DATA .143675E-2~.214466E*21.305362E-2~.418879E~~~*~57S27E*2 
292 DATA 1 

296 E N D  

238  IF M9q9.S THEN 28’2 

280 IF M9c14.5 THEN 282 

2 9 4 D A T A ~ I J 6 0 4 5 E ~ 6 ~ 3 r 3 6 4 8 $ 2 r ~ l O 3 4 0 4 E ~ 6 ~ 3 ~ 3 5 ~ ~ 4 ~ ~ ~ 7 9 7 1 ~ ~ ~ 6 ~ 3 ~ 3 4 3 6 ~ 4  

Change i n  Magnitude and Phase of Induced Voltage 
Due to a Defect i n  t h e  Base Mater ia l  

Discussion OS RFDFTB 

This program i s  designed t o  ca l cu la t e  t h e  defec t  s e n s i t i v i t y  f ac to r  

f o r  a re f lec t ion- type  c o i l  above a two-layered conductor ( see  Fig. 5, 
p.  61). For t h i s  program t h e  defect  must be i n  t h e  lower layer .  The 

pickup c o i l s  must be iden t i ca l ,  equid is tan t  from t h e  respec t ive  ends of 

t h e  d r ive r  c o i l ,  and be wi th in  i t s  length.  They must also be coaxia l  

with the  d r ive r  c o i l .  i n  addi t ion,  t he  two conductor layers may have 

d i f f e r e n t  e l e c t r i c a l  conduct iv i t ies .  

To use t h i s  program, one must f i rs t  divide all dimensions by t h e  
mean radiius of t h e  d r ive r  c o i l .  The results w i l l ,  of course, be 
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dimensionless and w i l l  be re fer red  t o  as being "normalized. I' 

of the  angular frequency of t h e  dr iving current ,  t he  permeabili ty,  and 

t h e  square of t he  mean d r ive r  c o i l  radius  must, be calculated for each 

conductor. 

and. by w p 2 m 2 r 2  f o r  t h e  lower one. 

The product 

Let t 'nis product be denoted by up1(7,r2 for t h e  upper layer  

Once these  ca lcu la t ions  have been made, one need only type the  

following l i n e s  i n t o  the  program. (Note: Parentheses are not typed.)  

l2 LET R1 = (numerical value of normalized inner  radius  of d r ive r  

c o i l )  

1.4 LET' R2 = (numerical value o f  normal-ized outer  radius  of dr iver  

c o i l )  

16 LET R3 = (numerical value of normalized inner radius  of pickup 

c o i l )  

18 LET R4 = (numerical value of  normalized outer  radius  of pickup 

c o i l )  

20 LET L = (numerical value of normalized l i f t - o f f )  

22 LET L 1  = (nornialized length o f  dr ive r  c o i l )  

24 LET L2 = (normalized length of pickup c o i l )  

26 LET L3 = (normalized dis tance of pickup c o i l  from ends of 

d r ive r  c o i l )  
- 

28 LET MI = (uplolr2) 

30 LET M2 = ( ~ p ~ i ~ ~ ; ' )  

Note: if t h e  conductivity of t h e  upper conductor i s  zero, one must 

type t w o  add i t iona l  l i nes :  

112 I 3 T  x1 == x 
114 LET Y1 = 0 

32 LET C = (numerical value of normalized thickness o f  upper 

conduct or ) 
34 LE?' R = (numerical 

defec t )  
36 LET Z1= (numerical 

of defect  

The program may now be run. 

a lue  of normalized r pos i t i on  coordinate of 

value of  normalized z pos i t i on  coordinate 
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For each l i f t - o f f  v a h e ,  t he  pr in t -out  by t h e  computer w i l l  have 

t h e  following format: 

DEFECT PROSRAM FOR PHASE-SENS ITIVE EDDY- CUIH?ET\1T INSTRLMENT 

DRIVER LENGTH IS (Ll) R1 = ( R 1 )  F2 = ( R 2 )  
PICKUP LENGTH IS ( U )  R.3 = (R3) R 4  = ( R 4 )  
CLAD THICKXESS I S  ( C )  M1 = ( M l )  M.2 = ( m )  
DEFECT LOCATION IS R = ( R )  z = (21) 
PICKUP I S  RECESSED (L3) LIFT-OFF IS  ( L )  
X REAL #1 LMAG ffl REAL ff2 IMAG ff2 
5 ------ ---..-- ----I- ------ 

The various symbols enclosed i n  parentheses a r e  used here t o  indi-  

ca t e  t h a t  t h e  numerical value of t he  symbol w i l l  be pr in ted .  The f i r s t  

column, headed "X, " i s  t h e  upper l i m i t  of the  in tegra t ion  being performed 

by t h e  computer, while t h e  other fou r  columns a r e  t h e  r e a l  and imaginary 

p a r t s  of t he  two in t eg ra l s  which appear i n  t h e  expression for the  defect  

voltage.  These appear pr imar i ly  t o  allow one t o  inspect  t h e  convergence 

of  t h e  in tegra t ion .  I n  addi t ion  t o  t h e  phase of the  defec t  s e n s i t i v i t y  

fac tor ,  t h e  l a s t  l i n e  contains t h e  magnitude of t he  defect  s e n s i t i v i t y  

f ac to r  divided by t h e  product of t h e  frequency of t h e  dr iving current ,  

t he  nurnber of t u rns  on t h e  d r ive r  and pickup co i l s ,  and t h e  mean rad ius  

of t he  d r ive r  c o i l .  

The example below i s  presented f o r  add i t iona l  a i d  t o  those who wish 

t o  use t h i s  program. 

Sample Calculation of RFDFTB 

Let us suppose t h a t  we wish t o  know the  defect  s e n s i t i v i t y  f ac to r  

f o r  t'nc case o f  t w o  pickup c o i l s  posi t ioned ins ide  t h e  d r ive r  c o i l  and 

flush with i t s  ends. The d r ive r  coil. i s  assumed t o  be 2 i n .  long with 

inner and outer  r a d i i  of 0.200 and 0.300 in . ,  respect ively,  while t h e  

pickup c o i l s  a r e  assumed t o  be 0.200 i n .  long with inner and outer  r a d i i  

o f  6.100 and O . l . 5 0  i n . ,  respect ively.  The conductors a re  assumed t o  be 

0.010 i n .  of copper c lad on an e f f ec t ive ly  i n f i n i t e  thickness o f  aluminum 
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( a t  l e a s t  four c o i l  diameters or sk in  dept‘ns, whichever i s  sma l l e r ) .  

Let us f w t h e r  suppose t h a t  we are i n t e r e s t e d  i n  the  defect s e n s i t i v i t y  

f ac to r  for t h e  case i n  which t h e  defec t  i s  located 0.015 i n .  below t h e  

sur face  of t h e  copper, 0.250 i n .  from the  coFl ax i s .  We s h a l l  a s s m e  

t h e  driving frequency t o  be 5 kHz and t h e  l i f t - o f f  t o  be 0. 

F i r s t ,  we determine t h e  m a n  radius of t h e  d r ive r  c o i l  t o  be 

0.250 i n . ,  so t h a t  

Norrmlized inner radius of d r ive r  c o i l  = 0,200/0.250 I= 0.8 

Normalized outer radius of d r ive r  c o i l  = 0.300/0.250 = 1 . 2  

Normalized inner  rad ius  of pickup c o i l s  x: 0.100/0.250 = 0.4 

Normalized outer radius of  pickup c o i l s  = 0.150/0.250 = 0.6  

Hormalized l i f t - o f f  : 0/0.250 = 0 

Normalized length of d r ive r  c o i l  = 2.000/0.250 = 8 
Normalized length of pickup c o i l s  : 0.200/0.250 = 0.8 

Normalized d is tance  of pickup c o i l s  from ends of d r ive r  c o i l  = 0 

Normalized thickness of copper = 0.010/0.250 = 0.04 

Normalized r pos i t i on  of defect = 0.250/0.250 = 1 

Normalized z p o s i t i o n  of defec t  - 0.015/0.250 = 0.06 

Furthermore, 

Angular frequency of driving current = 10,000 71 sec-l 

Permeability of both conductors = 471 X lom7 h/m 

Conductivity of copper := 5.77 X lo7 r h o s / m  

Conductivity of aliuninum = 2.86 x lo7 mhos/m 

‘Thus, 

This information i s  now typed t n t o  t h e  program as follows: 

12 IZT R1 = 0.8  

14 LET R2 = 1 .2  

16 LET R3 = 0.4  

18 LET 84 = 0.6 

20 LET L = 0 



22 LET L1 = 8 

24 LET L2 = 0.8 

26 LFT L3 = 0 

28 LET M1 -7: 91.91 

30 LET PI2 = 45.48 
32 LET C = 0.04 

34 LET R = 1 

36 LET Z1 = 4 . 0 6  

The program i s  now run with t h e  following results:  

DEFECT PRCCMM FOR PHASE- SENS ITIVE EDDY- CuRREluT INSTRUMENT 

DRIVER LEITGTH IS 8 R1 = .8 R2 = 1 . 2  
PICKUP LENGTH IS .8 R 3  = .4  R4 = .6 
CLAD THICKNXSS IS .a la -- 91.91 M2 = 45.48 
DEFECT LOCATION IS R = l  z = -.06 
PICKW IS RECESSED 0 LIFT-OFF I S  0 
X RE.4.L $1 IMAG K1 REAL ii2 IMAG #2 
5 1.113323-2 -1.749'77E-2 -1.352233-3 2.290B-E-3 
10 1.374893-2 -1.9117GE-2 4.4992'?3-4 1.721483-3 
15 1.39888E-2 -1.918473-2 41.7149E-4 1.783983-3 
20 .013965 -1.918093-2 -6.57708E-4 1.782573-3 
2s 1.3925 4E- 2 -. 019176 -6.55244E-4 L.'78213E-% 
30 1.391'733-2 -1.917'513-2 41.57424.E-4 1-782353-3 
VOLTAGE/FDm?'R( BAR) = 4.73534E-8 PHASE = .981202 

from which we see  t h a t  t h e  phase of the defec t  s e n s i t i v i t y  f a c t o r  i s  

0.981202, while its magnitude i s  the  product of 0.C73534 X lo-", t h e  

frequency of the driving curren t ,  t h e  number of turns on t h e  d r ive r  c o i l  
and pickup co i l s ,  and t h e  mean radius of the d r ive r  c o i l .  

RFDFTB Program 
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REFLECTION-TYPE C O I L  ABOVE A THREE-CONDUCTOR PLANE 

This type of c o i l  system i s  used with the phase-sensi t ive eddy- 

current  instrument' J lo snrl cons is t s  of a l a rge  d r ive r  c o i l  surrounding 

s m a l l  pickup c o i l s  a t  each end, wound i n  opposit ion t o  each other .  

The program (3KEFLT) i n  t h i s  sec t ion  ca lcu la tes  t'ne magnitude and 

phase of -the voltage induced i n  Lhe pickups of such a c o i l  system. 

Discussion of 3REFLT 

This program i s  designed t o  ca l cu la t e  t he  differences i n  magnitude 
and phase of t he  voltages induced i n  twc oppositely wound pickup c o i l s  

of  the  same s i z e  by t h e  current  i n  a la rge  d r ive r  c o i l  above a three-  

layered conductor ( see  Fig. 7 ) .  
equidis tant  from the  respect ive ends of t he  d r ive r  c o i l ,  and be wi th in  

i t s  length.  T'ney must a l s o  be coaxial  with the  d r ive r  c o i l .  All t h ree  

conducting layers  ma,y have d i f f e ren t  permeabi l i t ies  and e l e c t r i c a l  con- 

duc t iv i t i e s .  

The pickup e o i l s  must be ident ica l ,  

To use t h i s  program, one must f i r s t  divide all dimensions by the  

mean radius  of t h e  dr iver  c o i l .  The r e s u l t s  w i l l ,  of course, be dimen- 

s ion less  and w i l l  be re fer red  t o  as being "normalized." The product of 

t he  angular frequency of t he  dr iving current,  t h e  permeabili.ty, t he  con- 

duc t iv i ty ,  and t h e  mean radius  of tine d r ive r  c o i l  must be calculated fo r  

each conductor. 

layer ,  by w ~ ~ G ~ F ~  for t he  middle layer,  and by h ) p 3 ~ 3 r 2  f o r  Yne lower layer .  

Let t h i s  product be denoted by wplulr2 for t he  upper 

Once these  calculat ions have been made, one need only type t h e  

following l i n e s  i n t o  t h e  program. (Note: Parentheses a r e  not typed.)  

20 LET R1 = (numerical value o f  normalized inner radius  of d r ive r  

c o i l )  

c o i l )  

30 LET R 2  = (numerical va3.ue of normalized outer  radius  of d r ive r  

40 LET R3 = (numerical value of normaI.ized inner  radius  of pickup 
c o i l s  1 

'C. V. Dod-d, Mater. Evaluation -- 22(6), 260-263 (1964). - 
1°c. v. Dodd, Mater. Evaluation g ( 3 )  , 33-36 (1968). 

I_ 
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Fig. 7 .  Reflection-Type C o i l .  Above a Three-Conductor Plane. 



50 LET RLt = (numerical value of normalized outer  radius  of pickup 

c o i l s )  

60 LET L = (numerical value of normalized l i f t - o f f )  

70 LET L2 =:: (numerical value of  normalized length of d r ive r  c o i l )  

80 LET Ib = (numerical value of normalized length of pickup c o i l s )  

90 LET L5 ::= (numerical value of normalized d is tance  of  pickup 

c o i l s  from t h e  ends of t h e  d r tve r  c o i l )  
- 

100 LET ~1 = (numerical value of (,jplr1r2) 

Note: If t h e  conduct ivi ty  of t h e  upper conductor i s  zero, one must 

type two add i t iona l  l i nes :  

480 LET X1 = X 

(+go lYET Y1 = 0 

1.10 LET U1 = (numerical v a h e  of re lab ive  permeabil-ity of upper 

conduct or)  
1.20 LET IQ = (numerical value of 

Note: If t h e  conduct ivi ty  of t h e  middle conductor i s  zero ,  one must 

type two add i t iona l  l i n e s :  

51.0 U T  X2 = X 

520 LET Y2 = 0 

130 LET U2 = (numerical value of r e l a t i v e  permeabili ty of middle 

conduct or ) 
1-40 LET ~3 = (numerical value o f  wjr3msF2)  

Note: If t h e  conduct ivi ty  of t h e  lower conductor i s  zero, one must 

type two add i t iona l  l i n e s  : 

690 LET x3 I= X 

700 LET Y3 = 0 

150 LET U3 (numerical value o f  r e l a t i v e  permeabi l i ty  o f  lower 

conduct or) 

160 LET C1 = (numerical value of normalized thickness  of  upper 
conductor) 

170 LET C2 = (numerical value of normalized thickness of upper p lus  
middle conduct or) 



The program may now be run. 

The pr int-out  by t h e  computer w i l l  have the  following format: 

R1 = ( R l )  R 2  = ( R 2 )  DRIVER LENGTH I S  (L2) 
R3 = ( R 3 )  R& = ( R 4 )  PICKUP LENGTH I S  (L5) 
PICKUPS ARE RECESSED ( G )  CLAD1 = (Cl) CLAD2 = (C2) 
LIFT-OFF = (L) 
MI = (Ml) U1 = (Ul) M2 ( M 2 )  U2 = ( U 2 )  M 3  := (I@) U3 = (D) 
X MAGNITUDE PHASE 
5 
10 

----- I-I-- 

I^--- ----- 

The various symbols enclosed i n  parentheses a r e  used here t o  indi-  

The f i r s t  ca t e  t h a t  t h e  numerical value of t h e  symbol w i l l  be pr in ted .  

column, headed "X," i s  the  upper l i m i t  of t he  in tegra t ion  being performed 

by t h e  computer. The other  two columns have self-explanatory headings. 

The l a s t  l i n e  pr in ted  i s  t h e  magnitude of t h e  peak ( o r  root  mean square) 

vol tage difference divided by the product of t he  frequency of t h e  dr iving 

current ,  t h e  magnitude o f  t h e  peak (or root  mean square) current ,  t he  

number of t u r n s  on the  d r ive r  co i l ,  t he  number of turns  on a pickup c o i l ,  

and t h e  mean radius  of t he  d r ive r  c o i l  i n  meters. 

The example below i s  presented f o r  addi t iona l  a id  t o  those who wish 

t o  use t h i s  program. 

Sample Calculation of 3REFIX 

Let us suppose t h a t  we wish t o  know the difference i n  t h e  voltages 

induced i n  two pickup c o i l s  posit ioned in s ide  t h e  d r ive r  c o i l  and f lu sh  

with i t s  ends. The d r ive r  coil. i s  assumed t o  be 2 in .  long with inner 

and outer r a d i i  of 0.200 and 0.300 i n . ,  respect ively,  while t h e  pickup 

c o i l s  a r e  assumed t o  be 0.200 i n .  long with inner and outer r a d i i  of 

0.100 and 0.150 i n . ,  respect ively.  

0.005 i n .  of s i l v e r  clad on 0.005 i n .  of copper which i s  i n  tu rn  clad on 

an e f f ec t ive ly  i n f i n i t e  thickness of aluminum (at  l e a s t  fou r  c o i l  diam- 

e t e r s  or sk in  depths, whichever i s  smal le r ) .  

quency i s  assumed t o  be 5 WIz; t h e  l i f t - o f f  0.005 in .  

The conductors a r e  taken t o  be 

The dr iving current  fre- 
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First, we determine the mean coil radius -to be 0.250 in., so that 

Normalized inner radius of drtver coil. = 0.200/0.250 I= 0.8 
Normalized. outer radius of driver coil = 0.300/0.250 = 1 . 2  

Normalized inner radius of pickup coil = 0.100/0.250 := 0.4 

Normalized outer radius of pickup coil = O.EO/O.250 = 0.6 

Normalized length of driver coil = 2.000/0.250 = 8 

Normalized length of pickup coil = 0.200/0.250 1:: 0.8 
Normalized lift-off = 0.005/0.250 :I: 0.02 

Normalized distance of pickup coils f r o m  ends of driver coil. = 0 

Normali.zed thtckness of silver = 0.005/0.250 := 0.02 

Normalized thickness of sllver plus copper = 0.010/0.250 = 0.04 

Thus, 

This information is now typed into t h e  program as fol lows:  

20 LET R1 = 0.8 

30 LET FQ = 1.2 

40 LET R3 = 0.4 

50 LET R4 = 0.6 

60 LET L = 0.02 

70 LET L2 = 8 

80 LET L6 = 0.8 

90 LET L5 = 0 

100 LET M1 = 97.79 

110 LET UJ = 1 

120 LET M2 = 91.91 

130 LET U2 = 1 

1LO LET M3 = 45.48 

150 LET U3 1 

160 LET C1.. = 0.02 

170 LET C2 -= 0.04 

The program is now run with the followi-ng results: 
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R1 = .8 R2 = 1.2 
R3 = .4 R4 = .6 
PICKUPS ARE RFCESSED 0 
LIFT-OFF = .02 
bl l  97.79 U1 = 1 =- 91.91 
x MAGNITUDE 
5.  3.8238l.E-3 
10. 3.7808E-3 
15. 3.78 128E-3 
20.  3-78 12813-3 
VOLTAGE/FIPJN'R( BAR) = 1.83193E-7 

DRIVER LENGTH IS 8 
PICKUP LENGTH IS .8 
CLAD1 = .02 CLAD2 = .% 

U2 = 1 = 45.48 LE = 1 
PHASE 
1.84004 
1.83069 
1.83092 
I. 83093 

from which we see t h a t  t h e  phase of the voltage d i f fe rence  i s  1.83093 

(i. e . ,  t h e  phase value f o r  X = 2 0 ) .  

difference i s  obtained by mult iplyirg t h e  l a s t  l i n e  by the  frequency of 
t h e  driving current  (5000), t h e  magnitude of t he  current ,  t he  number of 

turns on the  d r ive r  coil, t he  number of tu rns  on a pickup coi l ,  and t h e  

mean radius  of t h e  driver c o i l  i n  meters. 

The a c t u a l  magnitude of t h e  voltage 

3KEFL'T Prowram 

V E R S I B ? J  0 2 / 0 4 / 7 0  10 R E M  ~ ~ F F L T  

30 L E r  R ~ = I . P  
40 L F r  ~ 3 = . 4  

60 LET L=.o? 

80 L E r  L ~ = . T S  
90 LET ~ 5 = 0  

120 L E r  ~ 2 = 4 5 . 4 ~  

20 LET rZl=.S 

5 0  LET R 4 z - h  

7r) LET L?=3 

lr1'3 LET M 1 ~ 9 1 . 9 1  
110  LET 111=1  

13r3 LET U 2 = 1  
140 LET M 3 = 5 5  
150 LET U3=1 
i l jo  L E r  c 1 = . 0 4  
170  LET C 2 = * 0 8  
181') PRINT "r?l = " ; R 1  9 "Q5?==";tj?, "D'?IVF17 LENGTH IS";L:! 
1 9 0  Pi3INI' " K 3 = " ; R 3 9  "ri4=":K4, "PICKUP LENGTH 1S";Lb 
201) P S I N T  "PICKiJr'S ARE R E C E S S E O " ; L ~ J  "CLA131 ='" ;Cl  J "CL40?=";?2 
210 P R I N T  " L I F T B F F = " ; L  
220 PRINT "M1 = " ; M I  ; "U1 =" ; U 1 ; "MZ =" ; M 2  ; "Uz=" ; U% ; '*M3="  ; M.3 ; "iJ3=" ; U3 
230  PRINT "X". " I ' ~ A G N I T U U E ' * J  "PHASE" 
241) LET S l = I E - 2  

260 LET I6=0 
27!1 LET I N = O  
2 8 0  LET Y1=0 
2 9 0  LET E38 =s2 
300 F @ R  X = E31 + S 1 / 2  T0 F3P STEP S1 
310 LET Z=RB*X 
320 LET Q l = W  

250  L E r  SP=S 
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330 G O S U d  1 2 4 0  
340  L E r  1 2 = ~ 2  
350 L E T  % = 8 1 * X  
360 LET Q l = R I  
370 GQSIJ3 1 2 4 0  
3813 LET I 1  =F% 
3 9 0  LET Z = R 4 * X  
400 LET Q l = R 4  
4 1 0  GQSIJH 1240  
430 LET . J 3 = F 2  

440 LET Q 1 = R 3  
450 GQS1.Jr-J 1240 

470 LET S 3 = S 1 * <  12-11 ) * ( J 2 - J 1  1 
480 LET X I  = . 7 O 7 1 0 6 7 8 1  * S Q R < S Q H < X * X * X * X * i 4 I  *M1 ) + X * X ) / U l  
490 LET Y l = . 7 0 7 1 0 6 7 8 1 * S O R < S B R < X * X a X * X + M I + M l * M l  ) - X * X ) / U I  
5 0 0  I F  X I * C l * U l > I S  THEN 930 
5 1  0 LET X 2 = . 7 0 7 1 0 6 7 8 1  *SQR<SrSR( X*X*X*X+MB*i42 ) + X * X ) / U 2  

530 LET X 4 = E X P ( 2 * X I  *C1 *?I1 ) 

5 5 0  LET Y 5 = S I N ( 2 * Y I * C l * U I  1 
5 6 0  LET A1 = < X - X I  ) * ( X I + X 2 > + Y l * ( Y l + Y 2 )  
5 7 0  LET A 2 = < X - X 1  ) * < Y I + Y 2 ) - Y I * ( X l + X 2 )  
580 LFT O I = ( X + X l  ) * < X l - X B ) - Y l * ( Y I  - Y 2 )  
590 LET D 2 = ( X + X l  ) * C Y 1  - Y 2 ) + Y I * < X I  - X 2 )  
600 LET A 5 = D 1  + ( A I  * Y 4 - 4 2 * Y S ) * X 4  
6 1 0  [.ET R 5 = 0 2 + < 4 P * Y 4 + A I  * Y 5 ) * X 4  
620 LET A 4 = < X + X l  ) * < X I  + X 2 )  - Y 1 * (  Y 1  + Y 2 )  

640 LET A 3 = C X - . X I  ) * ( X I - X 2 ) + Y l * h Y I  - Y 2 )  
650 LET D 3 = ( X - X l  ) * ( Y I - Y 2 ) - Y I * < X I - X 2 )  
6 6 0  LET C S = A 3 + ( A 4 * Y 4 - D 4 * Y 5 ) * X 4  
670 LET U 5 = D 3 + ( D 4 * Y 4 + A 4 * Y S ) * X 4  
680 I F  < X l * C I * l J l + X 2 * ( C 2 - C 1  ) * U 2 ) > 1 5  THEN 970 

430 LE-r Z = R ~ * X  

463 ,LET J I = F ~  

5 8 0  LET Y ~ = . 7 0 7 1 0 6 7 8 1 * S 8 R ( S O R ( X * ~ * X * X + M 2 * ~ B ) - X * X ) / U ~  

5 4 0  LET Y 4 = C Q S ( 2 * Y l C C I * U I  1 

630 LE-r D ~ = < X + X I  + Y P )  + Y I  * ( x i  c x 2 )  

690 LET X 3 ~ . 7 0 7 1 0 6 7 8 1 * < S Q R < S Q R C X * X * X * X + M 3 ) * X * X ) ) ~ ~ J 3  
7 0 0  LET Y3=.707106781*<SQR(SQR(X*X*X*X+M3*M3)-X*X))/U3 
7 1 0  LET X S = E X P ( B * X 2 * ( C 2 - C 1  ) *U2)  
720 LET Y6=CQSCB*YS?*(C2-C1 ) * U 2 )  
730 LET Y 7 = S I N ( 2 * Y 2 * ( C 2 - C 1  )*tJ2) 
740 LET G l = X 2 + X 3  
750 LET G % = Y Z + Y 3  
760 LET G 3 = X 2 - X 3  
770 LE'T G 4 = Y 2 - Y 3  
7 8 0  L E T  G5=G1 * A 5 - G 2 * R 5  
790 LET G6=G1*135+G2*A5 
800 LET 4 6 = A 3 * Y 4 - D 3 * Y 5  
810 LET D h = A 3 * Y 5 + 0 3 * Y 4  
880 LET A72 X 5 * < G 5 * Y 6 - G 6 * Y 7 ) + G 3 * ( A 4 + X 4 * A 6 ) - G 4 * ( O 4 + X 4 * D 6 )  
830 LET D7=X5*<G5*Y7+G6*Y6)+G3*(D4+X4*D6)+G4*(A4+X4*A6) 
840 LET G 7 = G l  * C 5 - 6 2 * D 5  
850 L E T  G 8 = G I  * D 5 + G 2 * C 5  
860 LET B 6 = D 1  * Y 4 - D 2 * Y 5  
870 LET C 6 = D 1  * Y 5 + D 2 * Y 4  
880 LET A 8 = X 5 * <  G 7 * Y 6  - G g * Y 7  ) + G 3  * < A  1 + X 4 * R 6  3 - G 4 +  ( A 2 + X 4 * C  6 1 
890 LET Df3=XS* < G 7  * Y 7  + G B * Y 6 )  +63*(  A 2 + X 4 * C 6 )  +G4*< A 1 + X 4 * R 6 )  
900 L E T  K 1 = ( A 7  *A 8+07 *D 8 1 / ( A  8 * A 8 + D  8*0 8 ) 
91 0 LET K2= < A 8 * D  7 - A 7  *D 8) / ( A 8 * A  8 + D  8*D 8 1 
920 G 0  T 0  990 
930 LET A S  r X - X I  
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940 LET R5=-Y1 
950 LET C S = X + X i  
960 LET D5=Y1 
970 LET Kl=(A5*C5+B5*D5)/(CS*CS+D5*D5) 
980 LET K 2  = ( C  5 *E35 - A S * D 5  ) / < C S * C  5 +D5+D5 1 
990 IF X*L2>50 THEN 1 0 3 0  
1 0 0 0 L E T G = E X P ( - X * L 5 ) + ~ X ~ ( - X * ( L ~ - ~ 5 ) ) - E X P ( - X * ( L ~ - L 5 - L ~ ) ) - E X P ( - X * ( L 5 + L 6 ) )  
1010 LET G S = E X P < - X * L B ) - l  
1020 GC1 T0 1 0 5 0  
1030 LET G=EXP(-X*L5)*<1 - E X P ( - X * L 6 ) )  
1040 LET G 5 = - 1  
1050 LET G6=G*GS*EXP<-2*X*L) 
1 0 6 0  LET 16=16+G6*KI*S3 
1 0 7 0  LET 18=18+G6*K2*S3 
1 0 8 0  NEXT X 
1 0 9 0  LET B l = B B  
1100 LET R 2 = B 2 + S 2  
1 1  1 0  LET (31 =SORCI6*16+18*18) 
1120 LET B2=ATN(-Ih/I8) 
1 1 3 0  I F  I 8 < 0  THEN 1 1 5 0  
1 1  40 L E T  Q 2 = Q 2 + P I  

1 1 6 0  I F  X e 3 THEN 300 
1 1 7 0  LET S 1 = 5 E - 2  
1 1 8 0  I F  Xc9 THEN 300 

1 2 0 0  I F  X e 1 9  THEN 300 
1210 P R I N T  " VQLTAGE/F I N N  ' R C B A R  1 =" : 

1230 G0 T 0  1 3 9 0  
1240 I F  2>5  THEN 1 3 3 0  
1250 LET L 9 = I N T ( 2 * Z ) + 3  

1270 LET F 2 = F 1 / 3  
1280 F0R N = l T 0 L 9  

1 3 0 0  L E T F 2 = F Z + F 1 / ( 2 * N + 3 )  
1 3 1 0  NEXTN 
1320 G0T0 1380 

1 1 5 0  PRINT X + S 1 / 2 i  B l i  (52 

1 1 9 0  LET S l z . 1  

1220 PRINT 2 . 4 8 0 5 E - 5 * 0 1 r ( C H 4 - R 3 ) * ( R Z - R l ) r L B * L 6 )  

1 2 6 0  LET F l = ~ S * Q l * Q l * 4 1  

1 2 9 0  LETFl=-Fl*.250*Z*Zr(N*N+N) 

1 3 3 0  LET Q1~~~~~188~135X~Z+109.1142)/2-23.79333~12+~~05093I ) / Z  
1340 LET Q 1 ~ ~ ~ Q 1 ~ ~ 1 7 3 0 5 0 3 ~ / Z + ~ 7 0 3 4 ~ 4 5 ~ / 2 ~ ~ 0 6 4 1 0 9 ~ ~ 3  
1 3 5 0  LET 8 2 ~ ~ ~ ~ ~ 5 ~ 8 1 7 S 1 7 ~ 2 + 2 ~ l 0 5 ~ ~ 4 ~ / 2 ~ ~ 6 8 9 6 1 9 6 ~ / Z + ~ 4 9 5 2 0 2 4 ~ / 2  
1360 LET Q2=<Q2-.187344E-2)/2+.7979095 
1370 LET F2=Cl-SBR<Z~+(QZ*CBSCZ-PXlq,-QI*SIN~Z-P~/4)))/(X*X*X) 
1 3 8 0  RETURN 
1 3 9 0  END 

THROUGH-TRANSMISS I O N  COILS 

Tinis type of coil and conductor configuration, shown in Fig. 8 ,  is 

a lso  used with the  phase-sensitive eddy-current instrument. It consists 

of a large driver coil and a pickup coil OE opposite sides of a conductor. 

The signal transmitted by the driver coil passes through the eonductor 

and is then detected by the pickup coil. 



120 

ORNL- DWG 68- 7313 

Fig. 8. A Through-Transmission Coil  Arrangement. 

In  t h i s  sec t ion  there  a r e  programs tha t  ca lcu la te  t he  magnitude and 

phase of the induced voltage (TIIRU) and the  change i n  the  magnitude and 

phase of t he  induced voltage due t o  a defect  (THRUJIF). 

program, D I S C ,  i n  t h e  preceding sec t ion  can be used t o  ca lcu la te  t he  

phase shift ;  of t he  induced voltage with the l i f t - o f f  set. 

i n  addi t ion,  t he  

Magnitude and Phas,a of Induced Voltage 

Discussion of 'TflRU 

This program i s  designed t o  ca l cu la t e  the  magnitude and phase of t h e  

'lvoltagel'  induced i n  a pickup c o i l  of rectangular  cross  sec t ion  by t h e  

current  i n  a dr iver  c o i l  of rectangular  cross  sec t ion  posi t ioned on t h e  
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opposite s i d e  of a conducting p l a t e .  

have d i f f e ren t  lengths and radii .  The phys ica l  s i t u a t i o n  i s  shown i n  

Fig.  8 .  

The c o i l s  must be coaxia l  but m y  

To use t h i s  program, one must f irst  d iv ide  a l l  dimensions by t h e  

mean radius of t h e  d r ive r  c o i l .  The r e s u l t s  w i l l ,  of course, be dimen- 

s ion le s s  and w i l l  be r e f e r r e d  to as being “normalized.” The product of“ 

t h e  angular frequency of  t h e  dr iv ing  current,  t h e  permeability, t h e  con- 

duc t iv i ty ,  and t h e  square of t h e  mean d r ive r  c o i l  radius must be calcu- 

l a t e d  for t he  conducting p l a t e .  Let t h i s  product be denoted by wpla,r2. 

Once these  ca l cu la t ions  have been made, one need only type the  

following l i n e s  i n t o  the  program. (Note: Parentheses are not tTyped.) 

20 LET R 1  = (numerical value of normalized inner ra-dius of d r ive r  

c o i l )  

30 LET R2 = (numerical value of normalized outer radius of d r ive r  

c o i l )  

60 LET R 3  = (numerical value of normalized inner radius of pickup 

coil) 

50 LET R4 = (numerical value of normalized outer r ad ius  of pickup 

c o i l j  

60 LET L = (normalized Lii’t-off of d r ive r  c o i l  plus normalized 

l i f t - o f f  of pic’r;uy! c o i l )  

70 LET L2 := (normalized length of d r ive r  c o i l )  

80 LET Ut = (normalized length of pickup c o i l )  
90 LET MI = (numerical value of q ~ ~ r ~ F ~ )  
Note: If the  conductivity of t h e  conducting p l a t e  i s  zero, one 

must .type two add i t iona l  l i n e s :  

LPOO LET X1 = X 

410 LET Y 1  ::= 0 

100 LET TJl = (numerical value of r e l a t i v e  permeabili ty of conducting 

p l a t e )  

110 LET C = (numerical value of normalized thickness of conducting 

p l a t e )  

The Program may now be run. 
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The pr in t -out  by t h e  computer w i l l  have t h e  following f o r m t :  

K1 = (Rl) R?. = (R2) K3 = (R3) R4 = (R4) 
L2 = (L2) LL, LIFT-OFF - (LL) 
THICKNESS = ( C )  M1 = ( M l )  Ul = (Ul) 
X REAL OF PICKUP W A G  OF PICKUP 
1. 
2. 
3 .  
4 . 

The various symbols enclosed i n  parentheses a r e  used here t o  ind i -  

The f i r s t  ca t e  t h a t  t he  numerical value of t'ne symbol w i l l  be p r in t ed .  

column, headed "X," i s  t h e  upper l i m i t  of t h e  in t eg ra t ion  being performed 

by t h e  computer. 

o f  t h e  i n t e g r a l .  

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

peak ( o r  root  mean square) induced voltage divided by t h e  product of t he  

frequency of t h e  driving current,  t h e  magnitude of the peak ( o r  root  

mean square) current,  t h e  number or t u r n s  on t h e  d r ive r  c o i l ,  t h e  nunber 
of tu rns  on t h e  pickup c o i l ,  and t h e  mean radius of t h e  d r ive r  c o i l  i n  

meters. 

The other two cohmns a r e  t h e  real. and ?maginary p a r t s  

The next t o  tine last l i n e  contains t h e  magnitude and 

The las t  l i n e  p r in t ed  i s  the  magnitude of' t h e  

The example below i s  preseated f o r  add i t iona l  a id  t o  t'nose who wish 

to use t'nis program. 

Sample CalculaLion o f  THRU 

Suppose t h a t  we wtsh t o  know t h e  voltage induced i n  a pickup coil. 
0.025 i n .  long with inner and outer r a d i i  of 0.48?5 and 0.5125 i n . ,  
r espec t ive ly ,  by t h e  cur ren t  i n  a dr ive r  c o i l  posit ioned on t h e  opposite 

s ide  of' a 0.250-in.-thick copper p l a t e .  

0.800 i n .  long with inner and outer r a d i i  of 0.100 and 0.900 i n . ,  respec- 

t i v e l y .  

t he  l i f t - o f f  of t h e  d r ive r  coi.1 t o  be 0.0125 i n . ,  and the l i f t - o f f  of 

t he  pickup c o i l  t o  be 0.0125 i n .  

The d r ive r  i s  assumed t o  be 

The frequency of  t h e  dr iv ing  current i s  assumed to be 1.25 kIlz, 



123 

F i r s t ,  we determine the mean radius  of t h e  d r ive r  c o i l  t o  be 

0.500 i n . ,  s o  that 

Normalized inner  radius  of d r ive r  c o i l  = 0.100/0.500 = 0 . 2  

Normalized outer  radius  of dr iver  c o i l  == 0.900/0.500 = 1.8 
Normalized inner  rad ius  of pickup c o i l  11: 0.4875/0.500 = 0.0975 

Normalized outer  rad ius  of pickup c o i l  = 0.5125/0.500 = 1.025 
Normalized l i f t - o f f  of d r ive r  c o i l  = 0.0125/0.500 = 0.025 

Normalized l i f t - o f f  of  pickup c o i l  -= G.OL25/0.500 = 0.025 

Normalized length of d r ive r  c o i l  = 0.800/0.500 = 1.6 

Normalized Length of pickup c o i l  = 0.025/1).500 = 0.05 
Normalized thickness of copper p l a t e  T 0.250/0.500 = 0.5 

Furthermore, 

Angular frequency of  dr iving current  = 2fl X 1250 sec-l 

Permeabili ty of  copper = 4fl X 

Relat ive permeabi l i ty  of copper = 1 

Conductivity of copper = 5.77 X lo7 mhos/m 

h/m 

This information i s  now typed i n t o  the  program i n  t h e  following format: 

20 LET Rl = 0.2 

30 LET R2 = 1.6 

LtO LET W =: 0.0975 

50 U T  J% = 1.025 

60 LET L = 0.05 

70 LET L2 = 1.4 

81) LET l2!+ = 0.05 

90 L m  ~i = 91.91 
100 LET U1 = 1 

110 LET C = 0.5 

The program i s  now run with the following results: 
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R 1  = 0.2 R2 = 1.6 
L2 = 1.6 IL = 0.5%-01 
THICKNESS =: 0.5 M l  = 91.91 
X REAL OF PICKUP 
1 -0.2095097E-05 
2 -0.1.2674 16E- @4 
3 4.2058863E-04 
rt -0.21413523-04 
5 4.211496E-04 
1.0 -0.21123953-04 
15 4.2ll247lE-04 
25 4.2112472E-04 
35 4.21l2472E-04 
MAGNITUDE IS 0.28429563-04 

R3 -- 0.0975 R4 - 1.025 
Ll&T-OFF O.5E-01. 
u1 = 1 
IMAG OF PICKUP 
0.271.376U-05 
0.1333368E-04 
0.1865904E-04 
0 1906794E-04 
0.1901738E-04 
0.19027343-04. 
0.1902593-01~ 
0.l902593E-04 
0.1902593E-@4 
PHASE IS -3.979216 

VOlXAGE/FINN' R( EAR) = 0.27154253-07 

from which we see  t h a t  t h e  phase of t h e  induced voltage i.s -3.979216. 

The a c t u a l  magnitude of  t he  induced voltage is obtained by multiplying 
t h e  las t  l i n e  by the  frequency of t h e  driving cur ren t  (1250), t h e  magni- 

tude o f  t h e  cur ren t ,  t h e  number o f  turns on t h e  d r ive r  co i l ,  t h e  number 

of t u rns  on t h e  pickup coil., and t he  mean radius of  t h e  d r ive r  c o i l  i n  

meters. 

THRU Pro, p r a m  

VERSION 02/04/70  1 0 RE M THRlJ 
20 LET R1=0 
39 L E T  K Z = ~  
4r) L E T  R 3 = * 9 7 5  
50 LET 24=1.025 
60 LET L = O  
70 LET L 2 = 2  
YO L E T  L 4 z . 0 5  
90 LET M1=7'7.!35 
1 0 0  LET IJ1=100 
1 1 0  LET C z . 5  
1 ? 0  P Q I N T  " R 1  = I o m i  9 #? 1 > " R2 1'' 5 R 8 J " R 3 =I' ; R 3 J I' 'i 4 =I' ; I? 4 
1 3 0 
1 ~ ~ I ) R I N T " T Y I C K N E S S = " ; C J " ~ ~  =";M1 ~ " t J 1  =";U1 
1 S O  P'iINT"X">"YE4L O F  F'~CK~JP"r"IMF-\G BF PICKIJP" 

PR I NT"L2 =I' i L2 J " L 4  =I* ; L 4  J "L I F T @ F F = "  i L 

160 LET S 1 = 1 E - 2  
1 7 9  LET S 2 = 1  
180 LET I 6 = 0  
190 LET I8=Q 
200 LET S 1  =0 
210 LET B 2  =s2 
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Change i n  Magnitude and Phase of Induced Voltage Due t o  a 
Defect i n  t h e  P la t e  Between the  Coils 

Discussion of TKKTJDF 

This program i s  designed t o  ca lcu la te  t h e  defect  s e n s i t i v i t y  f a c t o r  

f o r  a pickup c o i l  of rectangular  cross sec t ion  due t o  the current  i n  a 
d r ive r  c o i l  of rectangular  cross sec t ion  posi t ioned on t h e  opposite s i d e  

of -th:: conducting p l a t e  containing the  defec t .  The c o i l s  must be 

coaxial  but  may have different;  lengths and r a d i i .  Tine phys ica l  s i t u a t i o n  

i s  shown i n  Fig. 8, p .  120. 

To use t h e  program, one must f i r s t  divide a l l  ciiniensFons by the  

mean dr iver  c o i l  radius .  The r e s u l t s  w i l l ,  of course, be d-imensionless 

and w i l l  be r e fe r r ed  t o  as being "normalized." The product of t h e  angu- 
lar  frequency of the  dr iving c w r e n t ,  t'ne permeability, the  conductivity,  

and the  square of .the mean d r ive r  c o i l  radius  must be calculated for the  

conducting p l a t e .  Let t h i s  product be denoted by ~ p ~ ~ ~ r ~ .  

Once these  ca lcu la t ions  have been made, one need only type t h e  

foI.lowing l i n e s  i n t o  the  program. Parentheses a re  not typed. ) 

12 LET R1 1 (numerical value of norrnalized inner  radius  of dr iver  

(Note: 

c o i l )  

14 LET R 2  = (numerical vaI.ue of normalized outer  radius  of d r ive r  
c o i l )  
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16 LET R3 = (numerical value of normalized inner  radius  of pickup 

c o i l )  

18 LET R4 := (numerical value of normalized outer  radius  of  pickup 

c o i l )  

20 LET L 1  = (numerical value of normalized l i f t - o f f  of dr iver  c o i l )  

22 U T  TI = (numerical value of normalized length of d r ive r  c o i l )  

24 LET L2 = (numerical value of normalized l i f t - o f f  of pickup c o i l )  

26 LET T2  = (numerical value of normalized length of pickup c o i l )  

28 LET M1 = (normalized mp1~1y '2 )  

30 LET C = (normalized thickness of conducting p l a t e )  

32 LET R = (normalized r pos i t i on  coordinate of defec t )  

34 LET 21 = (normalized z pos i t i on  coordinate of defec t )  

The program may now be run. 

T'ne pr in t -out  by t h e  computer w i l l  have t h e  following format: 

DRIVER LENGTH IS ( T I )  R1 = (R1) R2 3- (R2) 
PicKlTp LENGTH IS ( ~ 2 )  R3 = (R3) R4 = (R4) 
DRIVER LIFT-OFF IS ( L l )  PICKUP LIFT-OFF IS (L2) 
PLATE THICKNESS IS (C) 
DEFECT POSITION I S  R = (R) z = (z1) 

M 1  -L. ( M l )  

X REAL #1 IMAG #l REAL #2 IMG #2 ------ 1 
2 
3 
4 
5 
10 
15 
20 
25 

------ --I--- 35 
VOLTAGE/FINN R'( EAR) = -I---- 

------ 

------ 
------ 
PHASE = 

The various symbols enclosed i n  parentheses a r e  used here to indi-  

The f irst  ca t e  t h a t  t h e  numerical value of the  symbol will be pr inted.  

column, headed "X," i s  t h e  upper L i m i t  of t h e  in tegra t ion  being performed 

by the  computer, while t he  other  four  columns are t h e  r e a l  and imaginary 

p a r t s  of the two in t eg ra l s  which appear i n  the  expression f o r  the defect  

induced vol tage.  

convergence o f  t h e  in tegra t ion .  

These appear pr imar i ly  t o  allow one t o  inspect t h e  

In  addi t ion  t o  the  phase of t h e  defect  



s e n s i t i v i t y  fac tor ,  t he  las t  l i n e  contains t h e  magnitude of t h e  defec t  

s e n s i t i v i t y  f ac to r  divided by t h e  product of t h e  frequency of t h e  dr iving 

current ,  t he  number of tu rns  on the  d r ive r  and pickup co i l s ,  and tile 

mean radius  of t'ne d r ive r  c o i l .  

The exLmq)le below is  presented for add i t iona l  a i d  t o  those  who wish 

to use t h e  program. 

Sample Calcu-lation of TKRUDF 

Suppose t h a t  we wish t o  know t h e  defect s e n s i t i v i t y  f a c t o r  for a 
pjckup coil .  0.025 i n .  long with inner  and outer  rad3.i of 0.4875 and 

0.5125 i n . ,  respect ively,  posi t ioned on .the opposite s ide  of a 0.250-in.- 

t h i c k  copper p l a t e  from a d r ive r  coj.3- t h a t  i s  0.800 in .  long with inner 

and oute-t- r a d i i  of 0.100 and 0.900 i n . ,  respec t ive ly .  Let us f l i r ther  

suppose t h a t  we are in t e re s t ed  i n  t'ne defect  s e n s i t i v i t y  f ac to r  for t h e  

c o i l  i n  which t h e  defect i s  located 0.125 i n .  be1o.w Yne surface of the 

copper 0.500 i n .  from .the c o i l  ax i s .  

r en t  i s  assumed t o  be 1.25 kHz, t h e  l if t ;-off of t he  d r ive r  c o i l  t o  be 

0.0125 in . ,  and t h e  l i f t - o f f  of t h e  pickisp c o i l  t o  be 0.0125 i n .  

The frequency of t h e  dr iv ing  cur-  

F i r s t ,  we d-etermine t h e  mean radius  of t h e  driver c o i l  to be 

0.500 i n . ,  so  t h a t  

Norillal-ized inner  radius  of dr iver  c o i l  = 0.100/0.500 = 0 .2  

Normalized outer  radius  of d r ive r  c o i l  := 0.900/0.500 = 1.8 
Normal-ized inner  radius  of pickup c o i l  = 0.4875/0.500 = 0.0975 
Normalized outer  rad.-i.ils of pickup c o i l  = 0.5125/0.500 = 1.,025 

Normalized l i f t - o f f  of d r ive r  c o i l  = 0.0125/0.500 =: 0.025 

Normal-ized l i f t - o f f  of pickup c o i l  = 0.0125/0.500 = 0.025 

Normalized length of d r ive r  coil. = 0.800/0.500 ::I 1.6 

Normalized length of pickup c o i l  = 0.01.25/0.500 = 0.025 

Normalized thickness  of copper p l a t e  = 0.250/0.500 = 0.5 
Normali.zed r pos i t i on  o f  defec t  ::: 0.500/0.500 = 1 

Normalized I, pos i t i on  of defect  = 0.1.25/0.500 = 0.25 

FWth ermor e , 
Angular frequency of dr iv ing  current  = 2Jr X 1250 set"' 
Permeabili ty of copper = 4fl X mhos/m 



Relat ive permeabili ty of copper :x 1 

Conductivity of copper = 5.77 X lo7 mhos/m 

Thus 

This information i s  now typed i n t o  t h e  program i n  t h e  following format: 

l2 U T  R1 = 0.2  
14 LET H2 = 1.8 
16 LET 113 = 0.0975 

18 LET R4 = 1.025 
20 LET L1 = 0.025 
22 LET T 1  = 1.6 

24 LET L2 = 0.025 

26 ZET T2 = 0.05 

28 LET Pa = 91.91 

30 LET C = 0.5 

32 LET R = 1 

34 LET Z1 = -0.25 

The program is  now run with t h e  following r e s u l t s :  

DRIVER LENGTH IS 1.6 K1 = 0.2 R2 = 1.8 
PICKUP LJ3NGTH IS 0.5E-01 R3 = 0.0975 R4 == 1.025 
ERrVER LIFT-OFF IS 0-25E-01 PICKUP LIFT-OFF IS 0.25E-01 
PLATE THICKilESS I S  0.5 MI := 91.91 
DEFECT PCC;ITION I S  R z l  z = -0 .25  
X REAL R1 IMG tf-1 REAL #2 LWG #2 
1 0.0629491E-01 0.06323733-01 0.069164RE-03 0. C694502E-0 
2 0.3331064E-01 0.3289WE-Ol 0.OY12987E-02 0.O700937E-0 
3 0.464029E-01 0.4531’133-01 0.1’7602963-02 0.1686355E-0 
4 0.4G47456E-01 0.45386583-01 0.20993353-02 0.1990084E-0 
5 0.4626008E-01 0.45229713-01 0.17935363-02 0.L7U79lE-0 
10 0.46584‘/13-01 0.45369963-01 0.1921084E-02 0.17991E-0% 
15 0.4640574E-01 0.45332493-01 0.19344393-02 O.UOl759E-0 
25 0.46429963-01 0.45334323-01 0.1946801E-02 0.1802697E-O 
35 0.46432593-01 0.4533443E-01 0.19493323-02 O.lfKl2795E-0 
VOLTAGE/FII’JN’ R( MR) = O.cV89925E-05 PHASE = 1.5197954 

From t h i s  we see t h a t  the phase of  the defect s e n s i t i v i t y  factor i s  

l.51’37954y while i t s  actual magnitude i s  obtained by multiplying 

7.89925 X by t h e  frequency of  t h e  dr iving current  (1250), t h e  nimber 
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o f  turns 011 t h e  d r ive r  c o i l ,  t h e  number of tu rns  on t h e  pickup c o i l ,  and 

the mean radius  of t h e  d r ive r  c o i l  i n  meters. 

THXiUDF Program 

10 REM T H R U  D F 
12 LET R I z . 2  
1 4  LET R 2 z l  - 8  
1 6  LET R3=.0975 
1 8  LET R 4 - 1  - 0 2 5  
20 LET L l z . 0 2 5  
22 LET T l = l  e 6  
2 4  LET L 2 = . 0 2 5  
26  LET T 2 z . 0 5  
28 LET M 1 ~ 9 1  a 9 1  
30 LET Cz.5  
32 LET R = l  
3 4  LET 21=-.25 
3 6  PRINT"DR1VER LENGTH 1S";Tl > " R I  = " i R 1  r"R2=";R:! 
38 PR I N T  "P IC KUP LENGTH IS" 3 T 2  > " R 3  ="' ; R 3  > " R 4 = "  ; R 4  
40 PK1NT"DRIVER L I F T Q F F  1S";Ll  >"PICKUP L I F T B F F  I S " ; L 2  
4'2 PR I NT"PI..ATE T H  IC KNESS I S'O 3C > 'OM1 ='' i Pi1 
44  PR1NT"DEFECT PQS ITIQN I S " ~ " X = " ~ R ~ "  Z = " ; z l  
46 PR I NT** xi*, " R E A L  \ 1 I M A G  \ I I * ,  " H E A L  \2" > '* I MAG \2" 
48 LET S I = I E - 2  
50 LET S 2 = 1  
52 F0R J=l T0 2 
54  LET R ( , J ) = O  
56 LET I ( J ) = O  
5 8  NEXT J 
60 LET B1 =O 
62 LET R 2 = S 2  
64 FOR X = B l + S I /  
66 LET Z=R2*X 
68 LET Q 1 = R 2  
70 GD SUO 2 1 0  
72 LET I 2 = F 2  
74 LET Z=Til*X 
76 LET Q I = R 1  
78 GO SU5 210 
80 LET Il=FF-? 
82 LET Z = R 4 * X  
8 4  LET 6 1 = R 4  
86 G 0  SUB 210 
88 LET .13=F2 
90 LET Z=R3*X 
92 LET Q 1  = R 3  
94 G 0  SUB 210 
96 LET J ? = F 2  
98 LET Z = R * X  
100 G0 SlJB 240 

T R 2  s EP 

VEKS I Q N  

1 

03/03 169 

102 LET S3=S1*(  12-11 )*.JI 
104 LET S 4 = S I * ( J 3 - J 2 ) * J l  

108 LET Y1=~707107*SBR(SQR<X*X*X*X+Ml*Ml)-X*X) 
110 LET X3=EXP(Z*Xl*C)  

106 LET X I  = . 7 0 7 1 0 7 * S O R ( S O R < X * X * X * X + M I * M I  ) + X * X )  
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112 LET Y 3 = C O S ( 2 * Y l  *C) 
114 LET Y 4 = S I N ( 2 * Y I * C )  
1 1 6  LET C 6 = ( X + X l  ) * ( X l + X 2 ) - Y l * ( Y l + Y 2 )  
1 1 8  LET C 7 = Y L * ( X I + X B > + ( X + X l  ) * < Y l + Y 2 )  
1 20 LET C 5 = ( X-XI ) * ( X I -  X:! > + Y 1 *  ( Y 1 - Y 2  ) + ( C b * Y 3  -C 7 * Y 4  ) * X 3  
122 LETDS=(  X - X I  ) * C Y 1  - Y 2  3 - Y l * (  X! - X 2  ) + ( C 7 * Y 3 + C 6 * Y 4 )  * X 3  
1 2 4  LET K = C 5 % 5 + D S * D 5  
126 LET A 1  = X 3 * (  ( X + X I  ) * Y 3 - Y 1  * Y 4 )  
128 LET C 1  = X 3 * <  (? (+X i  > * Y 4 + Y 1  r Y 3 )  
130 LET L = L l  
1 3 2  LET T = T I  
1 3 4  LET Y = Z 1  
136 GB SUR 262 
138 LET A 4 = A 2  
1 4 0  LET B 4 = C 2  
1 4 2  LET L = L 2  
1 4 4  LET T = T 2  
1 4 6  LET Y = - ( Z l + C )  
1 4 8  G 0  SIJB 262 
150 LET A 5 = A 2  
1 5 2  LET RS=C:! 
1 5 4  LET K 1  =(A4*C5+B4*DS)/K 
1 5 6  LET K 2 = ( A 4 * D 5 - € 3 4 * C S ) / K  
1 5 8  LET K 3 = ( A S * C S + B S * D S ) / K  
1 6 0  LET K 4 = < A S * D 5 - 9 5 * C 5 ) / K  
1 6 2  LET K C I  ) = R ( l  ) + S 3 * K 1  
164 LET I C 1  ) = I C 1  )+S3*K2 
1 6 6  LET R(2)=R<2)+S4*K3 
1 6 8  LET I C 2 ) = 1 ( 2 > + S 4 * K 4  
170 NEXT X 
17% P R I N T  X + S I / B ~ K < l ) , I ( I  ) r R < 2 ) , 1 ( 2 )  
1 7 4  LET F J l = B l + S 2  
176  LET B 2 = B 2 + S 2  

1 8 0  LET S l = S E - 2  
182 LET S 2 = 5  
184 I F  X c 9  THEN 6 4  

188 LET 5 2 = 1 0  
1 9 0  I F  X < P 5  THEN 6 4  
192 LET R C 3 ) = R ( l  ) * R C 2 ) - 1 < 1  )*1(2) 
194  LET I C 3 ) = K C I ) * I C 2 ) + R < 2 ) * I ( 1 )  
196 LET M = S Q R ( R ( 3 ) * R ( 3 ) + f < 3 ) * I < 3 ) )  
198 LET P = A T N ( I C 3 ) / R C 3 ) )  
200 I F  R ( 3 ) > 0  THEN 204 
202 LET P = P + P I  
204 LET Q = 3 * 2 * 4 8 0 5 E - 5 * M 1 / ( 4 * P I * T l * T ~ * ( R 2 - R l ) * ( ~ 4 - R 3 ) )  
206 Pf-? INT “VBLTAGE/F INN’R(RAR )-’* ;Q*M>”P HASE-”; P 
208 GB TO 276  
210 IFZ,5THEM 2213 
2 12 L E T L 5 =  INT < 2 * 2 )  +3 

2 1 6  LET F 2 = F 1 / 3  
218 FPIRN=lTOLS 

222 L E T F 2 = F 2 + F l / ( 2 * N + 3 9  
224 N E X T N  
226 G0TB 238 

178 IF  X C 3 . 5  THEN 64  

1 8 6  LET S l = . I  

2 1 4 LETF 1 =. S * O  1 *Q 1 * Z  

220 LETFl=-Fl*.250*Z~Zr(M*N+N) 

328 LET Q 1 ~ ~ ~ < ~ 1 8 H ~ 1 3 5 7 / Z + 1 0 9 ~ 1 1 4 2 ~ ~ Z ~ 2 3 ~ 7 9 3 3 3 > / ~ + 2 ~ 0 ~ 0 ~ 3 1 ~ / ~  
230 LET Q 1  = C  C 0 1 - a  1 730503 ) / Z *  7034845)  17.- e 0 6 4 1  0 9E-3 
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Discuss ion of 2THRU 

This program i s  designed t o  ca lcu la te  t h e  magnitude and phase of 

t he  voltage induced i n  a pickup c o i l  with a rectangular cross sec t ion  by 

t h e  current; i n  a dr iver  c o i l  with a rectangul8.r cross sec t ion  posit ioned 

on the  opposite s ide  of a two-layered conducting p l a t e .  The c o i l s  must 
be coaxial  but may have d i f f e ren t  lengths and r a d i i .  The arrangement 

i s  show1 i n  Fig. 9 .  

To use t h i s  program, one must f i . r s t  divide all dimensions by t h e  

mean radius of t h e  dr iver  c o i l .  The results w i l l ,  of course, be dimen- 

s ion less  and w i l l  be re fer red  t o  as  being "normalized." T h e  product of 

the angular frequency of t h e  driving current,  t h e  permeability, t h e  con- 

duc t iv i ty ,  and the  square of t h e  mean radius of t he  dr iver  c o i l  must be 

calculated for both layers  of  t'ne conducting p l a t e .  Let t h i s  product be 

denoted by a ) l ~ - ~ o - ~ r ~  f o r  t h e  upper conductor and by u(_ i2m2r2 for t he  lower 
conductor. 

Once these calculat ions have been made one need only type the  

fol-lowing lines i n t o  t h e  program. (Note: Parentheses a r e  not typed. ) 
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ORNL-DYG 68- 73138 

x\ 

Fig. 9 .  'Through-Transmission Coil  Arrangement for a Two-Conductor P la te .  

20 LET Rl = (numerical value of normalized inner  radius of dr iver  

coil) 

30 LET R2 = (numerical value of normalized outer  radius  of d r ive r  

c o i l )  

40 LET 23 == (numerical value of normalized inner  radius  of pickup 
c o i l )  

c o i l )  
50 LET R4 = (numerical value of norrnalized outer  radius  of pickup 

60 LET L = (normalized l i f t - o f f  of d r ive r  c o i l  plus normalized 

l i f t - o f f  of pickup c o i l )  



70 LET L2 = (normalized length of dr iver  c o i l )  

80 LET Lf!+ = (normalized I.engt1.1 of pickup c o i l )  

90 LET IQ ::: (numerical value of wplcrlr2) 

Note: if t h e  conductivity of t h e  upper conductor i s  zero, one must 

type two addi t iona l  l i nes :  

440 LET X1 = X 

450 LET Y1 = 0 

100 LET U1 = (numerical value of  r e l a t i v e  permeabili ty of upper 

conduct or  ) 
11.0 LET ~2 = (numerical value of up2u27) 

Note: If the  conductivity of the lower conductor i s  zero, one must 

type two add i t iona l  l i nes :  

460 LET X2 = X 

470 LET Y2 = 0 

120 LET TJ2 := (numerical value of r e l a t i v e  permeabili ty of lower 

conduct o r  ) 
130 LET C1 := (numerical value of normal.ized thickness of  upper 

conduct o r )  

140 LET C2 = (numerical value of normalized thickness of  upper 

conductor p lus  normalized -thickness of lower conductor) 

The program may now be run. 

The pr in t -out  by the computer w i l l  have the following format: 

R1 (Rl) R2 = (R2) R3 = (R3) R4 = (R4) 
L2 I= (L2) Lf4 = (ut) LIFTOFF = (L) 
CT.AU THICKNESS .-I (Cl) 

X REAL OF PICKUP I M G  OF PICKUP 
1. 
2 .  

TUTAL THICKNESS = (C2) 
::; (m) M2 = (M2) Ul= (m)  TJ2 = ( m )  

I--...-- ------ 
------ ------ 

------ ----....." 25. 
35. 
MAGNITUDE is ------ PHASE IS ------ 

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

VOLTAGE/FINN'R( BAR) = ------ 
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The various symbols enclosed i n  parentheses are used here  t o  ind i -  

"he f i rs t  c a t e  t h a t  t h e  numerical value of t h e  symbol w i l l  be pr in ted .  

column, headed "X," i s  t h e  upper l i m i t  of t h e  in tegra t ion  being performed 

by the  computer. 

of t h e  in t eg ra l .  
phase of t h e  in t eg ra l .  

peak (or root  mean square) induced voltage divided by the  product of t he  

frequency of the  d r i v i r g  current ,  t h e  magnitude of t h e  peak ( o r  root  

mean square) current ,  t h e  number of t u rns  on the  dr iver  c o i l ,  t h e  number 

of tu rns  on t h e  pickup coi l ,  and t h e  mean radius  of t h e  d r ive r  c o i l  i n  

meters. 

The o ther  two c o l m s  a r e  t h e  real  and jmaginary p a r t s  

The next t o  t h e  l a s t  l i n e  contains t h e  magnitude and 

The last l i n e  pr in ted  5s t h e  magnitude of t he  

The example below is  presented f o r  addi t iona l  a id  t o  those who wish 

t o  use t h i s  program. 

S a m l e  Calculation of 2THRTJ 

Suppose t h a t  we w i s h  t o  know t h e  voltage induced i n  a pickup c o i l  

0.025 i n .  long with inner and outer  radii of 0.4875 and 0.5125 i n . ,  

respect ively,  by t h e  current  i n  a d r ive r  c o i l  posit ioned on t h e  opposite 

s ide  of a 0.250-in.-thick copper p l a t e  on which 0.010 i n .  of aluminum 

has been clad.  

outer r a d i i  of 0.100 and 0.900 in . ,  respect ively.  

&riving current is  1.25 kHz, t h e  l i f t - o f f  of t h e  d r ive r  c o i l  0.0125 i n . ,  

and t h e  l i f t - o f f  of t he  pickup c o i l  i s  0.0125 i n .  

The d r ive r  i s  taken t o  be 0.800 in .  long w i t h  inner  and 

%he frequency of t h e  

F i r s t ,  we determine t h e  mean radius  of t h e  d r ive r  c o i l  t o  be 

0.500 i n . ,  s o  t h a t  

Normalized inner radius of driver c o i l  = 0.100/0.500 = 0.2 
Normalized outer  radius  of dr iver  c o i l  = 0.900/0.500 = 1.8 
Normalized inner  radius of pickup c o i l  : 0.4875/0.500 = 0.09'15 

Normalized outer radius  of pickup c o i l  = 0.5l25/0.500 == 1.025 

Ivbrmalized l i f t - o f f  of  d r ive r  c o i l  = 0.013.5/0.506 = 0.025 
Normalized l i f t - o f f  o f  pickup c o i l  = 0.0125/0.500 = 0.025 

Normalized length of d r ive r  c o i l  = 0.$00/0.500 = 1.6 

Normalized length of pickup c o i l  = 0.025/0.500 = 0.05 

Normalized thickness of upper conductor - 0.010/0.500 = 0.02 



136 

Normalized thickness of lower conductor plus upper 

conductor = (0.010 C 0 .250) /0 .500  = 0.52 

F u r  t h errnor e, 

Angular frequency of dr iv ing  current L- 2n x 1250 seem1 

Permeability of both conductors = 4fl X 

Conductivity of copper = 5.77 x io7  mhos/m 
mbos/m 

Thus, 

This information i s  now typed i n t o  t h e  program i n  t h e  following format: 

20 ZET R1 = 0.2 

30 LET R2 = 1.8 

40 LET F3 = 0.0975 
50 LET R4 = l.025 

60 LET L = 0.05 
70 LET L2 = 1.6 
80 LET L4 = 0.05 

90 LET M1 = 45.48 
100 LET U1 = 1 

110 LET M;? = 91.91 
1 2 o m u 2 = 1  

130 LET C1 = 0.02 

1/+0 LET C2 = 0.52 

The program i s  now run with the following results: 

R1 = .2 R2 = 1.6 R 3  = .0975 R4 = 1,025 
L2 = 1.6 U. = .05 LIETOFF = .05 
CLAD THICKNESS = .02 TOTAL THICKNESS = .52 
Nl. = 45.48 M2 = 91.91 U1 = 1 u2 = 1 

1. -1,76069E-6 2.64933-6 
2. -1.08M8E-5 1.28964E-5 
3. -1.765953-5 1.84l24-E-5 
4 .  -1.83793-5 1.88304E-5 
5 .  -1.81475E-5 1.877083-5 
IO. -1.8125E-5 1.877823-5 
15. -1.812573-5 1.8777u-5 
25. -1.812573-5 1. $77713-5 
35. -1.812573-5 1.8777 lE-5 
MAGNITUDE IS 2.60983E-5 PMSE I S  -3.90934 
VOLTAGEIFINN’ R( BAR) = 2.49275E-8 

x REAL OF PICKUP IMAG OF P r c m  
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from which we see t h a t  the  phase of  t h e  induced vol tage i s  -3.90'934. 

The ac tua l  magnitude of t h e  induced voltage i s  obtained by multiplying 

t h e  last  l i n e  by the  frequency of t h e  dr iving current (U50), t he  

magnitude of the  current ,  t h e  number of turns  on the dr ive r  c o i l ,  the 
number of turns  on t h e  pickup coil, and t h e  mean radius  of the dr ive r  

c o i l  i t 1  meters. 

2THF.U Program 

VEHSEQN 101 I 6/69 10 REM ZTHRIJ 
20 LET R 1 = 0 . ' 2  
30 LET K 2 = 1  e 6  
40 L E T  H3=0 .0975  
50 LET R4=1.025 
60 LET L z 0 . 0 5  
70 LET L 2 = 1  e 6  
80 LET L 4 z . 0 5  
90 LET M 1 = 9 1  e 9 1  
100 LET I J 1 = 1  

1?0 L E T  lJ?=l  
110 L E T  1.18~91 -91 

130 L E T  C 1 = 0 * 2 5  
140 LET C 2 = 0 - 5  
150 
160 
170 P R I N T  "CLAD T H I C K N E S S = " . ? C l ,  "TQTAL THICKNESS=";C2 
180 P R I N T  " M 1  = " i M 1  3 "M2="  ;P I23  " U I  =";U1 i "U2=";U2 
190 P R I N T " X ' * J " R E ~ L  C3F FICt(lJP"0"IMAG 5F PICKUP" 
200 L E T  S 1 = 1 E - 2  
210 L E T  S % = l  
220 LET I 6 = 0  

240 LET B1 =O 
250 L E T  52  =S? 
260 FOR X = B I + ( S l ) / %  T13 92 S T E P  S 1  
270 LET Z = X 2 * X  
8x0 L E T  0 1 = H 2  
290 GQSUR 1050 
300 LET IS=F% 
310 L E T  Z = R l * X  
320 L E T  Q l = r ? l  
330 GBSUH 1050 

3 5 0  L E T  Z = R 4 * X  
3 6 0  LET 01 =K4 
370 GQSUB lOS0 
380 LET J 2 = F 2  

PR I N T  
~ r i f N T " L 2 = " ~ L 2 ~ " L 4 = " '  > L 4  r ' *  L I F T 0  FF =" j 1, 

" R 1  =" ; R l  r " R 8  "I' 3 HZ,"R3 =" ;R3 , ' 'R4= ' '  ; 2 4  

230 L E r  I E = O  

340 L E T  1 1  

390 LE: r Z = R ~ * X  
400 L E T  9 1  =ii3 
410 G0SUS 1050 
420 L E T  . J l=F% 
430 L E T  S3=X*:Sl*< 12- I 1  9 * (  J%-J1 1 
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440 LET x1 = . ~ O ~ ~ O ~ * ~ B F ~ ( S B R ( X * X * X * X + M ~ * M ~  ) + X * X ) / i J l  

460  LE ’T  X % = . 7 0 7 1 0 7 * < S Q R ( S 4 R ( X * X * X * X + ~ % * ~ 2 ) + X * X ) ) / U ~  

480 LET B 8 = X 1  * X 2 - Y 1  * Y 2  
4 9 0  L E T  C 8 = X 1  * Y 2 + Y 1  * X 8  
500 L E T  F 3 = 2 * C B S ( Y l * C I * U l )  
5 1 0  L E T  F 4 = 2 * S I N ( Y l * C l * U l  1 
520 LET F S = C Q S ( y 2 * ( C 2 - C 1  )*IJ2) 
530 L E T  F 6 = S I N < Y 2 * ( G 2 - C 1  ) *U2)  
540 L E T  A 7 =  (R8*F3 -C 8*F4 1 *FS - ( R  8*F4 +C R * F 3  ) *F6 
550 L E T  U 7 = ( B 8*F3 -C 8*F4 ) *F 6 + ( R  8*F 4 +C 8*F3 ) *F 5 
560 L E T  X 4 = E X P ( 2 * X l  * C I * L J l  ) 

580 LET Y S = S I N ( Z * Y l * C l * U l  1 
590 L E T  A l = ( X - X l  > * ( X I + X % ) + Y I * C Y l + Y 8 )  
600 LET A 2 = ( X - X 1  ) * C Y 1  + Y 2 ) - Y l  * < X 1  + X Z )  
610 L E T  O l = < X + X l  ) * ( X l - X Z ) - Y l * < Y l - Y 2 )  
620 L E T  1 ) 2 = < X + X 1  ) * < Y l - Y 2 > + Y l * < X l  - X 2 )  

640 L E T  D 3 = ( X - X l  ) * C Y 1  - Y 2 ) - Y l * < X l - X 2 )  
6’50 LET A 4 = ( X + X l  ) * < X l + X 2 ) - Y l * ( Y l + Y 2 )  
660 L E T  D 4 = < X + X l  ) * ( Y l + Y 2 ) + Y l * ( X l + X Z )  
670 L E T  C 5 = R 3 + ( A 4 * Y 4 - D 4 * Y 5 ) * X 4  
680 LE’T D 5 = 0 3 + ( D 4 * Y 4 + R 4 * Y 5 ) * X 4  
690 LET X S = E X P < 2 * X 2 * ( C 2 - C 1  ) * ! J2 )  
700 L E T  Y 6 = C B S ( 2 * Y 2 + ( C 2 - C 1  ) *U2)  

720 L E T  G l = X + X 2  

450 L E T  Y1  7 0 7 1 0 7 + < S Q t ? ( S 4 R C X * X * X * X + + l l  *+I1 ) - > ( * X I  ) / U t .  

479 L E T  Y Z =  707 1 0 7 * <  SQR ( S O H <  X * X * X * X + M 2 * N 2  ) - X * X  1 ) /U2 

570 u r  Y ~ = c B s ( ~ * Y ~  * c i * ! ~ i  

630 L E r  A ~ = < X - X I  ) *<XI-XZ)+YI*(YI -Y~)  

7 1 o L E T  Y ~ = S  I N ( ~ * Y ~ * c c ~ - c  1 )*u2)  

730 L E r  G ~ = x ~ ! - x  
7 4 0  L E T  G 7 = G 1  * C 5 - Y 2 * D 5  
750 L E T  G 8 = G 1  * D 5 + Y 2 * C 5  
760 L E T  R 6 = 0 1  * Y 4 - 0 2 * Y 5  
770 L E T  C 6 = D 1  * Y S + D 2 * Y 4  
780 L E T  A8=X5*(G7*Y6-G8*Y7)+G2*(Al + X 4 * R 6  ) - Y 2 * ( A 2 + X 4 * C 6 )  
7Y3 LET 0 8 = X S  * C G 7  * Y 7  + G 8 * Y  6 1 + G 2  * ( A 2  +X4*C 6 > + Y 2 *  ( .4 1 + X 4  *E3 6 ) 
800 LET K 1  =(A7*Ag+D7*D8)/<A8*A8+Qg*D8) 
8 1 0 L E T  K 2  = ( A  8 *D 7 - A  7 *D 8 1 / ( A  H*A 8 +D 8*0 8 1 
820 LET G = ( l  - E X P ( - X * L 2 ) ) * < 1  - E X P ( - X * L 4 ) ) * E X P ( - L * X + X l * ~ l ~ X ~ * ( ~ 2 - ~ ~  ) )  
8.30 L E T  1 6 = 1 6 + S 3 * K l  * G  
840 LET 18=18+S3*K2*G 
850 N E X T  X 
860 L E T  B 1 = 9 2  
870 L E T B 2 = 8 2 + S 2  
880 PRINT X + S I  12, I 6 1  I 8  
890 I F  X e 3 . 5  T H E N  260 
900 L E T  S 1 = 5 E - 2  
9 1 0  L E T  S2=5 
920 I F  X < 9  THEN 260 
930 LE‘r s2=10 
940 L E T  S 1 z . l  
9 5 0  I F  X e 2 5  T H E N  260 
960 L E T Q I = S Q R < I 6 * 1 6 + 1 8 * 1 8 )  
970 LET 02=ATN(  -16118) 
980 I F  1 8 ~ 0  T H E N  1 0 0 0  
990 LET Q 2 = Q 2 + P I  
1000 PR1NT”MAGNLTUDE I S “  ;Q1 =“PHASE I S w w  i -Q2 



1010 PRINT ‘’ 

1030 P R I N T  
1040 G 0  T 0  1200 
1050 IFZ>S T H E N  1140 
1060 LET L9=1NT(2*2)+3 

1080 LET F 2 = F 1 / 3  
1090 FBR N = I T 0 L 9  

1 I 1 0  LETF2=FB+F1/<2*N+3) 
1120 NEXTN 
1130 G 0 T 0  1 1  90 

VO L.T 4 G E /F I NN ’ R C R A R ) = ” i 
1020 PRINT 9.9220IE-5*81/( <R4-R3)*(R2-R1 )*L’2*L4) 

1070 LET Fl=.5*Ol*Ql*Ol 

1100 LETFl =-F1**250*Z*Z/<N*N+N) 

1 1 4 0  LET Q 1 = <  ( ( - 1  8 8 * 1 3 ~ 7 / 2 * 1 0 9 ~ 1 1 4 2 ) / Z - 2 3 . 7 9 3 3 3 ) ~ 2 + ~ * 0 5 0 9 3 1  ) / Z  
1 I 50 
1160 LET Q 2 ~ ~ ~ ~ ~ 5 ~ 8 1 7 5 ~ 7 / 2 + 2 ~ 1 0 5 8 7 4 ~ / 2 ~ ~ 6 ~ 9 6 1 9 6 ~ ~ 2 + ~ 4 ~ 5 ~ 0 ~ 4 ~ ~ 2  
1170 LET 82=(Q2-.187344E-2)/2+.7979095 
1180 LET F2=(I-SQR(Z)*<Q2*C0S~Z-P1/4)-~l*SIN(~~PI/4)~)/~X*X*X~ 
1190 R E T U R N  
1200 END 

LET Q 1 = < C Q 1 1 1 730503 ) /Z+  c 7034845 ) /Z -  064  1 0 9 E  -3  

C O I L  BETWEEN TWO CONDUCTING PLAlWS 

A c o i l  between two conducting planes, shown i n  Fig.  10, i s  normally 

used t o  measure t h e  spacing between the  two planes.’’ 

(ETNCO) i n  t h i s  sec t ion  ca lcu la tes  the normalized c o i l  impedance as a 

fiunction of t h e  various c o i l  and conductor var iables ,  including t h e  

spacing between t h e  planes.  

The program 

Discuss ion of HTNCO 

This program i s  designed t o  ca l cu la t e  t h e  normalized impedance of a 
c o i l  of rectangular  cross sec t ion  between two conducting p l a t e s  of effec- 

t i v e l y  i n f i n i t e  thicknesses ( a t  l e a s t  four  c o i l  diameters or  sk in  depths, 

whichever i s  sma.Uer) ( see  Fig. 10). The p l a t e s  may have d i f f e r e n t  

permeabi l i t ies  and e l e c t r i c a l  conduct ivi t ies .  

To use t h i s  program, one must divide all dimensions by t h e  mean 

radius of the c o i l .  The results w i l l ,  of course, be dimensionless and 
w i l l  be r e fe r r ed  t o  as being “normalized.” The product OT t he  angular 

Trequency of t h e  dr iving cilrrent, t h e  permeabili ty,  t h e  conductivity,  

and t h e  square of t h e  mean radius  of  t he  c o i l  must be calculated f o r  each 

”IC. V. Dodd, Microtecnic l8 (? ,6) ,  1-7 (1964). - 
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z = Q  

Fig. l o .  A Coil  of Rectangular Cross Sect ion Between Two Conducting 
P la tes  . 

conductor. 

and by wp2cr2r2  for t h e  lower one. 

Let t h i s  product be denoted by wl-rlclr2 for t h e  upper p l a t e  

Once these  ca lcu la t ions  have been made, one need only type the  

following l i n e s  i n t o  the  program. (Note: Parentheses a r e  not typed.) 

20 TXT N l  = (numerical value of normalized inner  c o i l  rad ius)  

30 LET R2 = (numerical value of norrnalized outer  c o i l  radius)  

40 GET L1 1 (numerical value of normalized liM,-off from lower 
conductor) 

50 LET L2 = (numerical value of normalized l i f t - o f f  from lower 

conductor p lus  normalized c o i l  length)  

60 LET M l  = (numerical value of  ( A ) ~ ~ L T ~ ~ * )  

Note: If t h e  conductivity of t2ie upper p l a t e  r is zero, one m u s t  type 

two addi t ional  lines : 
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320 LET X1 =: X 

330 LET Y1 =: 0 

70 LET U1 = (numerical value of r e l a t i v e  permeabili ty of upper 

conductor) 

80 LET IQ = (numerical value of o i ~ ~ o - ~ ? ~ )  

Note: If t h e  conductivity of t he  lower p l a t e  i s  zero, one must tNpe 

two a d d i t i o n a l  l i n e s  : 

3-40 LET X2 = X 

350 LET Y2 = 0 

30 LBT U2 = (numerical value of r e l a t i v e  permeabili ty of lower 

conduct or ) 
100 LET C = (numerical value of normalized separa t ion  of conductors) 

The program may now be run. 

The pr in t -out  by the  computer w i l l .  have t h e  following format: 

RI = (R1) R 2  = (R2) L1 = ( L l )  L 2  = ( L 2 )  
Ml = (741) 111 := (Ul) M2 =: ( M 2 )  u2 = ( l a )  

CONDUCTOR SEPARATION IS ( C )  
X A I R  VALUE REAL PART IMAG PART 
5 
10 
l.5 
20 

The various symbols enclosed i n  parentheses a r e  used here  t o  ind i -  

c a t e  t h a t  t h e  numerical value of t h e  symbol w i l l  be p r in t ed .  The f i rs t  
column, headed "X," i s  t h e  upper Limit, of t h e  in t eg ra t ion  being performed 

by t h e  computer. 

t h e  i n t e g r a l  i n  the  absence of t h e  two conductors, while the remaining 
two columns a r e  the  r e a l  and imaginary p a r t s  of t he  i n t e g r a l  i n  t he  

presence of t h e  conductors. 
t h e  convergence of t h e  in tegra t ion .  The las t  l i n e  i s  t'ne normalized 
impedance of the  c o i l  i n  t h e  presence of t h e  conductors. 

'The second column, headad " A I R  VALUE, I '  i s  t h e  value of  

These appear c h i e f l y  t o  allow one t o  inspect, 

The example below i s  presented f o r  add i t iona l  aid t o  those who wish 

t o  use the  program. 



Sample Calculation of BTNCO 

Let us suppose t h a t  we wish t o  know t h e  normalized impedance of a 

c o i l  of rectangular cross sec t ion  0.100 i n .  long with inner and outer 

radi i  of 0.125 and 0.375 i n . ,  respec t ive ly ,  posit ioned between two con- 

ducting p l a t e s  which a r e  separated by a d is tance  of 0.125 i n .  

conductor i s  assumed Lo be copper, while t h e  lower i s  assumed t o  be 

aluminum. The bottom o f  t h e  c o i l  i s  taken t o  be 0.005 i n .  f r o m t h e  

aluminum conductor, and the  frequency of t h e  dr iv ing  cur ren t  t o  be 5 kHz. 

The upper 

F i r s t ,  we determine t h e  mean c o i l  radius t o  be 0.250 i n . ,  so t h a t  

Normalized inner  c o i l  radius = 0.125/0.250 = 0.5 

Normalized outer c o i l  rad3.m = 0.375/0.250 = 1 . 5  
Normalized l i f t - o f f  = 0.005/0.250 = 0.02 

Normalized c o i l  length : 0.100/0.250 = 0.4 

Normalized separation of conductors 2 0.125/0.250 = 0.5 

k7i: t h ermo r e, 

Angular frequency of driving cur ren t  = 23r X 5000 sec-l  

Permeability o f  both conductors = 4-fi X 

Relative permeabili ty of both conductors = I 

Conductivity of coppp- = 5.77 X lo7 mhos/m 

Conductivity of aluminum = 2.86 X lo7 mhos/m 

h/m 

This information i s  now typed i n t o  t h e  program using t h e  following format: 

20 LET R1 = 0.5 

30 LET R2 = 1.5 

(I-0 U T  L1 = 0.02 

50 LET L2 = 0.42 

60 LET M l  = 91.91 

70 LFT U1 = 1 

80 LET M2 = 45.48 
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90 LET U2 = 1 

100 LET C = 0.5 

The program i s  now run with t h e  following results: 

R 1  = 0.5 
M1 L- 91.91 

X 
5 
10 
I5 
20 
40 
NORMALIZED 

R2 = 1.5 L 1  O.2E-01 L2 = 0.42 
u1 = 1 M 2  = 45.48 u 2 = 1  

A I R  VALUE REAL PART IMAG PART 
CONDUCTOR SEPARATION IS 0.5 

0.06617157 0.2512494E-01 4.08522333-01 
0.0557785 0.256998l~-01 -O.O85634l~-Ol 
0.06684212 0.25'773263-01 -0.0856415E-01 
0.06687Y71 0.2580084-E-01 -0,08564233-01 
0.06689865 0.25819793-01 -0.085 6424E- 01 

IMAG PART 0.38595379 NORMALIZED REAL PART 0.12801815 

From t h i s ,  we see that the  normalized impedance i s  Zn = 0.12801815 

+ j 0.38595379. 

BTNCO Program 

10 REM RTNC0 
20 LET R1=*8333  
30 LET R 2 = 1  - 1 6 6 7  
40 LET L 1 = . 0 4 7 6  
5C LET L2=.3809 
60 LET M1~77.05 
7 0  LET U 1 = l  
80 LET M 2 = 4 0  
90 LET U2=1 
ID0 LET C z . 5  
110 P R I N T  " R l = " ; R  

VEKSIBN 07/08/68 

, 99  L 2  ='I i L 2  
12OPri 1NT"M 1 =" .# M1 r "U 1 ='* ; U 1 
130 PRINT" ","CBNDUCT0R S E P A R A T I n N  IS";C 
140 P R I N T  "X", " A I R  VALUE", "REAL PART"> "IMAG PART" 

"M2 =" $ M2 s " U 2  ='I ; U2 

150 LET S I z l E - 2  
160  LET S 2 = 5  
170 LET I6=0 
180 LET I 7 = 0  
1 9 0  LET I8=0 
200 LET €31 =O 
210 LET B 2  =S2 
220 F0R X = B1 + S i 1 2  T 0  B2 STEP SI 
230 LET Z = R 2 * X  
240 LET Q1=R2 
250 G0SUB 720  
260 LET I 2 = F 2  
270 LET Z = R l * X  
280 LET B l = R I  
290 GBSUB 720 
300 LET I l = F 2  
310 LET S 3 = 5 1 * ( 1 2 - 1 1  )*2/X 
320  LET X l = . 7 0 7 1 0 7 * ( S Q R C S Q R < X * X * X * X ~ X ~ ~ l ~ ~ l ) + X * X ) ) / U l  
330 LET y l = . 7 0 7 1 0 7 * < S Q R ( S O R < X * X * X * X * X + M I * ~ l ) - X * X ) ~ ~ U l  
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340 LET X 2 = .  7 0 7 1  0 7 * < S Q R < S O R C X * X * X * X + N 2 * M 2  )+X*X) 1 /(JB 
350 LET Y 2 = . 7 0 7 1 0 7 * ( S Q R ( S Q R C X * X * X * X + ~ 2 * M 2 ) - X * X ) ) / U ~  
360 LET Y = X  
370 G O  SlJB 600 
380 LET K3=K1 
390 LET K 4 = K 2  
400 LET Y = - X  
410 G@ SUB 600 
420 LET K 5 = X I + K 3  
430 LET K 6 = K 2 t X 4  
440  LET 1 6 = 1 6 + 2 * S 3 + ( < L 2 - L 1 ) + ( E X P C - X ~ C L 2 - L l ) ) - ~ ) / X )  
450 LET 17=17+. '33*(2*CL2-L1 ) + K 5 )  
460 LET 1 8 = 1 8 + S 3 * K 6  
470 NEXT X 
480 LETBl  =E32 
490 LET 82=82+S2 
500 LET 0 3 = X + S 1 / 2  

520 I F  X c 3 THEN 220 

540 I F  X c 1 0  THEN 820 

5 6 0 L E T S B  =80 

580 P R I N T  "NQRMALIZED I M A G  PART"; 1 7 / I 6 ~ " N 0 R I Y R L I Z E D  REAL PART"; -18/16  
590 G0TQ 870 

6 1  0 LET 
620 LET A1 :GI*<Y+X2)+G2*CY-X2) 
630 LET C 1  = < Y + X l  ) * A I  - Y l * Y 2 * C G 1  - G 2 )  
640 LET C2=Y2*CY+Xl ) * < G 1  - G 2 ) + Y I  + A I  
650 LET A B = ( Y + X l  ) + ( Y * X 2 ) - Y l * Y 2  
660 LET A 3 = C Y + X I  )*YZ+(Y+X2)*YI  
670 LET C 5  = A 2 * Y - Y * (  C Y-XI 1 * C Y - X 2 )  - Y 1 ICY%) *EXP ( - 2 * Y * C  ) 

680  LET D 5 = A 3 * Y + Y * C  CY-XI ) * Y 2 + Y l * ( Y - X 2 ) ) * E X P ( - 2 * Y * C )  
6 9 0  LET K1 = ( C 1  * C S + C % * D 5 ) / C C 5 * C 5 + D S * D S )  
'700 LET K%=CC'?*C5-CI + D S ) / ( C S * C 5 + D 5 * 0 5 )  
7 1 0  RETURN 
720 I F  Z > 5  THENBlO 
'73D L E T L 5 = I N T < 2 * Z ) + 3  

750 LET F2=F1/3 
760 F B R N = I  T 0 L S  

780 L E T F % = F 2 + F I  /C2*N+3) 
790 NEXTN 
800 GQTB 860 

5 1 0  P R I N T  03,169 I79 I8 

530 LET S 1 = 5 E - 2  

5 5 0  LET SI  =. 1 

570 I F  x<35 ' r m N  220 

600 LET G I  =~*(ExPc-Y*(i. .p-i . . t  I 1 - 1  
G 2  = C EXP ( - y*12 1 -EXP ( - Y  *11) ) T 2  

740 L Z T F I  = * 5 * 8 1  *i31 * Z  

770 LETFI=-Fl*.250*Z*Z/CN*NiN) 

8 1 0  LET 0 1 ~ ~ ~ C - 1 H 8 ~ 1 3 5 7 / % + 1 0 9 ~ 1 1 4 ~ ~ ~ ~ ~ ~ ~ ~ 7 9 3 3 3 ~ / ~ + ~ ~ ~ 5 0 9 3 1 ~ / ~  
820 LET 61 = < C 8 1 - . 1 7 3 0 5 0 3 ~ / 2 + ~ 7 0 3 4 8 4 5 ) / Z - = ~ 6 4 1 0 9 ~ ~ 3  
830 LET 0 2 ~ ~ ~ ~ ~ 5 ~ 8 1 7 5 1 7 / 2 + 2 ~ 1 0 5 8 7 4 ) / 2 - . 6 3 9 6 1 9 6 ~ / Z ~ ~ 6 3 9 6 1 9 6 ~ / 2 + ~ 4 9 5 2 0 2 4 ~ / ~  
840 LET Q 2 = ( 6 2 - .  1 8 7 3 4 4 E - 2 ) / % + . 7 9 7 9 0 9 5  
850 LET F 2 = ( I - S Q R < Z ) * < Q 2 * C B S ~ Z - P I ~ 4 ~ - Q l ~ S I N C Z - P I / 4 ) ~ ~ / ~ ~ * X ~  
860 RETURN 
870 END 
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C O I L  ENCIRCLING A TWO-CONDUCTOR ROD 

The case of a c o i l  enc i rc l ing  a two-conductor rod, s h m  i n  Fig.  11, 
i s  t y p i c a l  of many eddy-current t e s t s .  If we l e t  the  inner conductor 

have zero conductivity,  t h i s  genera l  case reduces t o  the  case of a c o i l  

enc i rc l ing  a tube. This type of  c o i l  i s  used with imped.ance bridge 

instruments. 

In  t h i s  sect ion,  we have programs t h a t  ca l cu la t e  t he  normalized 

c o i l  impedance (ENCCO),  t h e  defect  s e n s i t i v i t y  f a c t o r  f o r  a defect  i n  

CRNL-DWG 67- 2525R 
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Fig. 11. A Coil  of Rectangular Cross Section Encircling a Two- 
Conductor Rod. 



t h e  outer  mater ia l  (ENDET), t h e  defec t  s e n s i t i v i t y  f a c t o r  f o r  a defect  

located a t  any poin t  i n  a l a t t i c e  i n  the outer  ma te r i a l  (ENDr'TL), t h e  

defec 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  c o i l  system and a defec t  

located a t  any poin t  i n  a l a t t i c e  ( R E A D I N ) ,  and t h e  defec t  s e n s i t i v i t y  

f ac to r  f o r  a defec t  i n  t h e  base material (ENDFB). 

Normalized Coil  Impedance 

Discussion of  ENCCO 

This program is  designed t o  ca l cu la t e  t h e  normalized impedance 

a c o i l  with rectangular  c ross  sec t ion  coaxia l  with and enc i rc l ing  a 
conductor rod of e f f e c t i v e l y  i n f i n i t e  ( t h r e e  or four c o i l  diameters) 

of 

two- 

length (see Fig. 11). The conductors may have d i f r e r e n t  permeabi l i t i es  

and e l e c t r i c a l  conduct iv i t ies .  

To use . this  program, one must f i r s t  d iv ide  a l l  dimensions by t h e  

mean radius  of t he  c o i l .  The r e s u l t s  w i l l ,  of coixrse, be dimensionless 
and w i l l  be r e fe r r ed  t o  as being "normalized." 
lar  frequency of t h e  drivi.ng current ,  t h e  permeabili ty,  t h e  conductivity,  

and t h e  square of  t h e  mean radius  of  t h e  c o i l  must be ca lcu la ted  for each 

conductor. 

t o r  and by u : ~ , ~ c r ~ ~ '  f o r  t'ne outer  one. 

The product of t h e  angu- 

Let t h i s  product be denoted by w ~ ~ ~ m ~ ~ ~  f o r  t h e  inner  conduc- 

Once these  ca lcu la t ions  have been made, one need only type t h e  

Parentheses are not  typed. ) following l i n e s  i n t o  .the program. (Note: 

12 LET R1 := (numerical value of normalized inner  c o i l  rad ius)  

14 LET R 2  = (numerical value of normalized outer  c o i l  rad ius)  

16 IYET T , l  = (numerical value of normalized dis-Lance between bottom 

of  c o i l  and z = 0 plane)  

18 LET L2 = (numerical value of normalized dLstance between top  of 

c o i l  and z := 0 plane)  

20 LET ~1 = (numerical value of wplcrlF2) 

Note: If t h e  conduct ivi ty  of  t h e  inner conductor i s  zero, one m u s t  

type two add i t iona l  lines. 

60 LET X1 = X 

62 LET Y1 = 0 



22 U T  U1 = (numerical value of  r e l a t i v e  permeabili ty of inner 

conductor) 

24 LET PR = (numerical value of op2UzF2) 

Note: If t h e  conductivity of the outer conductor i s  zero, one m u s t  
type two add i t iona l  l i nes .  

56 LET X2 = X 

58 LET Y2 = 0 

26 LET U2 = (numerical value of r e l a t i v e  permeabili ty of outer 

conduct o r  ) 
28 LET A = (numerical value of normalized radius of inner  conductor) 

30 LET B = (numerical value of normalized r ad ius  of outer conductor) 

32 LET A9 = (normalization f ac to r )  

Note: This value may be obtained with the  a id  of A I R C O  simply by 

placing t h e  appropriate  c o i l  dimensions i n  t h a t  program. 

The program may now be run. 

c a t e  

The pr in t -out  by the  computer w i l l  have t h e  following format: 

K1 = ( R l )  R 2  = (R2) L1 = (Ll) L2 := (L2) 

b l l =  ( M l )  Ul = (Ul) bl2 = ( m )  u2 = ( m )  
INN RAD = ( A )  

x A I R  VALUE REAL PART LMAG PART 

O W  RAD = (B) AIR VALUE = (A9) 

3 
4 
5 
6 
‘7 
8 
9 
10 
I1 
12 
13 

The various symbols enclosed i n  parentheses are used here  t o  indi- 
t h a t  t h e  numerical value of t h e  symbol will be pr in ted .  The f i r s t  
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colmm, headed "X," i s  the  upper l i m i t  of t he  in tegra t ion  being performed 

by t h e  computer. The second column, headed "AIR VALUE," i s  t h e  value of 

the  i n t e g r a l  i n  the absence of t h e  two-conductor rod, while t h e  remaining 

two colimns a r e  the  r e a l  and imaginary p a r t s  of t he  i n t e g r a l  i n  the  

presence of t he  conductors. 

t h e  convergence of t h e  in tegra t ion .  The las t  l i n e  i s  t h e  normalized 

impedance of t he  c o i l  i n  t he  presence of t h e  two-conductor rod. 

These appear ch ie f ly  t o  a1.l.o~ one t o  inspect  

The example below i s  presented for add i t iona l  a i d  t o  those who wish 

t o  use the  program. 

S a q l e  Calculation of ENCCO 

Let us suppose t h a t  we wish t o  know t h e  normalized. impedance of a 
c o i l  0.155 i n .  long with inner and outer  r a d i i  0.4.20 and 0.580 in . ,  

respect ively,  due t o  t h e  presence of a coaxial  two-conductor rod OS 

e f fec t ive ly  i n f i n i t e  ( t h r e e  o r  four c o i l  diameters) length.  

conductor i s  assumed. t o  be aluminum with a radi.us of 0.300 i n . ,  while 

t he  outer  conductor i s  assumed t o  be copper with a radius  of 0.400 i n .  

We s h a l l  assume the  frequency of t h e  dr iving curren-1; t o  be 1.25 kHz and 

Lhe dis tance of t h e  bottom of t he  c o i l  from the  z = 0 plane t o  be 

0.005 i n .  

The inner 

F i r s t ,  we determine the mean c o i l  radius  t o  be 0.500 i n . ,  so t h a t  

Normalized inner coj.1 radius  = 0.420/0.500 = 0.84 
Normalized outer  c o i l  radius  = 0.580/0.500 = 1.16 

Normalized dis tance from bottom of c o i l  t o  z := 0 plane = 0.01 
Normalized dis tance from top o f  c o i l  t o  z = 0 plane = 0.32 

NormaIized radius  of inner conducbor = 0.300/0.500 = 0 . 6  

Nori-mlized radius of outer  conductor = 0.400/0.500 = 0.8 

%W t hermor e, 

Angular frequency of driving current  = 2 ~ r  X 1250 seem1 

Permeability of both conductors = 4fl X 

Relative permeabili ty of both conductors = 1 

Conductivity of copper = 5.77 x io7 mnhos/m 

Conductivity of aluminurn = 2.86 X lo7 rnhos/m 

h/m 
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Thus, 

A t  t h i s  po in t  one determines t h e  normalization f a c t o r  by placing 

It t h e  normalized c o i l  dimensions i n  AIRCO and running t h a t  program. 

i s  worth noting t h a t  t h e  normalization f a c t o r  i s  independent of a l l  
parameters except t h e  c o i l  dimensions. This f a c t o r  i s  normalization 

f a c t o r  2 i n  t h e  pr in t -out  of AIRCQ and for  t h e  case i n  po in t  i s  found t o  

be 0.01011632. With t h e  normalization f a c t o r  i n  hand, t h e  remaining 

procedure i s  q u i t e  simple. 

The above information i s  now typed i n t o  t h e  program as follows: 

12 LET R1 = 0.84 

14 LET R2 = 1.16 

16 LET L 1  = 0.01 

18 LET L2 = 0.32 

20 LET M l  = 45.48 

22 LET U1 = 1 

24 LET M2 = 91.91 

26 LET U2 = 1 

28 LET A = 0.6 

30 LET B = 0-8 

32 LET A9 = 0.1011632E-1 

Execution of t h e  program y ie lds  the following r e s u l t s :  



R1 = .% R2 I: 1.16 L1 = .01 L2 = .32 
I N N  RAD = .6 OTJT RAD = . 8  A I R  'VALTJE = 1.01163E-2 
: 4.5.L& u1- = 1 M2 = 91.91 u 2 = 1  

X AIR VALUE REAL PART IMAG PART' 
1. 1.040343-3 -9.657153-A 4.48224E-4 
2 .  4.91629E-3 2.00179% 3 -7.289553-4 
3. 7.69354-E-3 4.40082E-3 4.92'772E-4 
4. 8.022583-3 4.57181E-.3 -9.855S2E-4 
5. 8.495'71E-3 4.978293-3 -1.036863-3 
4 .  9.283783-3 5.738163- 3 -1.064593-3 
7 .  9.4-5269E-3 5.895143-3 -1.079293-3 
8 .  9.563873-3 6.00128E-3 -1.O8694E-3 
9. 9.83788E-3 6.273143-3 -1.090883-3 
10. 9.919963-3 6.354323-3 -1.092883-3 
11. 9.945533-3 6.3795 1.E- 3 -1 I 09393-3 
12. 1.00317E-2 6.46553-3 -1. 094-4-E-3 
13. 1.00638E- 2 6.497553-3 -1.094653-3 
14. 1.00687E- 2 6.502423-3 --I. 094~773-3 
15. 1.. 008883-2 6.52253-3 -1.09482E-3 
16 " 1.009683-2 6.530463-3 -1.09484E-3 
NOKMALIZED IMAG PART .64747 NORMALIZED REAL PART .lo8226 

From t h i s  we see that the normalized impedance i s  Z = 0.108226 + j 0.64747. 
n 

EXCCO Program 

V E  ti s I 0 N 1011 917:) ENCC%r 
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1 6 % L Z r E % = q 3  
164  LET rll  = Z 1  *K4*11 * C B S ( O l  +N4+J1 ) / U 1  + Z 2 ~ K 3 * 1 2 * C O S ( 0 2 + N 3 + , j ~ ) / l J 2  
1 6 6  LET O ? = Z l * K 4 * 1 1  * S I N < D I + U 4 + J I  ) / U l + ~ ? * K 3 * 1 2 * S I N ( 0 3 + N 3 + ~ J ~ ) / l J 2  
168 LET 03 = S C l t ? ( 0 1 * 9 1 + 9 2 * Q 2 )  
1 7 0 G O S U 3 5 0 H  
1 7 2 L E T E 3 = 9 3  
1 7 4 LET r3 1 = %3 * I 7 * K 6  * C  0 S ( 132 t. J'7 ) /U2 f X* 1 8% K5 *C 0 S ( J t3 1 
1 76  LET r32 = Z2-k I7*K4*S I N  (02 +,J7 ) /U2 f X *  I H*KS*S I N  ( 58 1 
1 7 8  LET D 4  = S Q 2 ( f I l * ? l + Q ? * Q ? )  
1 8(3GOSIJL3508 
1 8 2 L E T E 4 = 1 3  
1 8 4  LET '31 = D I * D 2 * C Q S ( E l + E 2 ) + D 3 * 0 4 * C O S < E 3 + E 4 )  
1 8 6  LET W = O 1 * D ~ * S I N ( E l + E 2 1 + D 3 * D 4 * S I N < E 3 + E 4 )  
1HH LET D5 = S'IR (41*31+qF!*Q2) 
190GGJSIJf l508 

1 9 ~ L E T G 1 = ( 1 8 * D 3 ~ C ~ S ( J K + E ? - E S ) - K H * D 2 * C Q S ( ~ 8 + E 2 - ~ 5 ) ) / ( ~ * ~ 6 ~ ~ 5 )  
1 9 6 L E T G 1  =GI - I 6 / K 6  
l 9 H L E T G 2 = ( I R * D 3 * S I N ( J 8 + E 3 - E 5 ) - K 8 * D 2 * S I N ( N ~ + E ~ - ~ S ~ ) ~ ( ~ * K 6 * D 5 )  

20? LET '31 = R 2  
204GQSIJY 250 
206  LET Q7 = K7 
20 8 L E  r I 2  =F 8 
210 LET z = R l * X  

214GaSUR 250 
2 1 6  L E T  Q8 = K 7  
? 1 HLE I' I 1  =F8 
220  LET 

224 LET 43 = S 3 * < < E X P < - X * ( L 2 - L 1  1 1 - 1  ) / X + t 2 - L 1  1 
'226 LET M7=M7+A3+G1 * S 5  
2 2 8  LET ?48=M5+62*SS 
230IdETMY=M3+A3 

I ~ ? L E T E S = Q ~  

2 0 0  L E r  e = R ~ * X  

212 t E r  91  = x i  

S S = 4 * S 1 * (  ( Q 7 - 0 8 )  4s IN( X * ( L 2 - L I  112 1 ) t %  

222 LE r s3 4.1 4 1 5  9 3 * x * s  1 * c 12 - I 1 ) t ?  

232 x x r  x 

2 3 8  L E r i 3 i  = q i  + s 2  

234 P R I N T  X+S1  / ? t Y 9 > M 7 t Y l 5  
2 3 6  1,FT 5 1 ~ 5 E - 2  

2 4 0  L E T i 3 2 = 9 ? + S 2  
242 I F X < 1 5 . 5  THEN 56 
2 4 4 P t ? I N T a * N Q R M 9 L I  'ZED I Y A G  PAIZT" i ( A 9 - M 9 + N 7  1 / A 9 r  
2 4 4 I 3 R T N T ' * N O R M 4 L I  Z E D  REAL PART"; -iv18/A9 
2 4 8 G D T Q S 1 6  
250 I F  %>5 THEN 298 
2 5 %  L E T  LS=INT<20*(l-EXP(-%/10))+4) 
254  L E T F I = O  
256 L E T  F 2 = 1  
2 5 8 LET F 6 = 1 
2 6 0 L E T T 5 = 0 1 * 0 1  *Q1  
2 6 2  L E T F 8 = T 5 / 6  
264  LET T 6 = 1 / 3  
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474 LETr31 = S r ; ] G ( V l  *VI +V2*V2) 
476 LETQ2=4TN(V2/V1 1 
478 IFVl>OTHEN482 

4 83 I, ET 0 3 = S 7 R ( V 3 * V3 + V 4 *V4 > 
484 LET34=ATN<V4/V31 
4 8 6  I F V 3 s 9 T H E N 4 9 0  

490 LETQS=S~R(VS*VS+VG*V6) 
492 LET96=ATN<V6/VS 1 
494 IFV5rOTHEV498 

4913 LETQ7=SQR(V7*V7+V8*V8) 
S O 0  LETQF3=4TYtV8/V7 1 
502 IFV720THEN506 

4H0 LETr32=q% + 3  141 5927 

488 L E T 3 4 = 0 4 + 3  141 5937 

496 LETQ6=(36+3  1 4 1  5927 

S O 4  LETQS=QR+3*1415927 
5 0 6  RETII?S  

510 TF'll  ,OTYENSl4 

514 RETlJriN 
S I S E N D  

50 H LE r t v  = ~ T N  ( 02 1'3 1 

51 ? L E T 7 J z r S 3  +3 rn 14 1 5327 

Defect S e n s i t i v i t y  Factor f o r  a Defect i n  t h e  Outer Material 

Discussion of ENDFT 

This program i s  designed t o  ca l cu la t e  t h e  defec t  s e n s i t i v i t y  f ac to r  

f o r  a c o i l  w i t h  rectangular  cross sect ion,  coaxia l  with and encircl ing 

a two-conductor rod of  e f f e c t i v e l y  i n f i n i t e  ( th ree  or  four c o i l  diame- 

t e r s )  length.  

tor which i s  labeled I1 i n  Fig.  11, p. 145. The conductors may have 

d i f f e r e n t  e l e c t r i c a l  conduct ivi t ies .  

For t h i s  program, t h e  defec t  must be i n  t h e  outer  conduc- 

To use t h io  program, one m u s t  d ivide a l l  dimensions by t h e  mean 

radius  o f  t h e  c o i l .  The r e s u l t s  w i l l ,  of course, be dimensionless and 

wi l l  be r e fe r r ed  t o  as being "normalized." !The product of t h e  angular 

frequency of the  driving; current ,  the  permeabili ty,  t he  conductivity,  

and t h e  square of t h e  mean radius  of t h e  c o i l  must be calculated f o r  

each conductor. 

conductor and by wp2m2F2 for  t h e  outer  one. 

Let t h i s  product be denoted by w ~ J . ~ o ~ ~ ~  f o r  t h e  inner 

Once these  ca lcu la t ions  have been made, one need only type t h e  

following l i n e s  i n t o  t h e  program. (Note: Parentheses a r e  not typed.)  
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12 LET RL = (nurnerical value of normalized inner coil. r ad ius )  

14. LET R2 = (numerical value of normalized outer c o i l  r ad ius )  

16 LET L1 :: (numerical value of normalized d is tance  between bottom 

of c o i l  and z = 0 plane) 

18 LET I2 == (numerical value of norrmlized d is tance  between top of 

c o i l  and z .:= 0 plane) 

20 LET MI = (numerica1- value of L I ~ ~ O - ~ F ~ )  

Note: If t h e  conductivity of t h e  inner conductor i s  zero, one must 

type two add i t iona l  Lines. 

60 LET X1 -- X 
62 LET Y1 - 0 

22 LET w = (numerical value of wp20-,F2) 

24 LET A - (numerical value of normalized rad ius  of inner conductor) 

26 LET R - (numerical value of norrflalized radius of ou ter  conductor) 

28 LET R9 = (nixnerical value of normalized r pos i t i on  coordinate of 

defect ) 
30 LET Z9 = (numerical. value of normalized z pos i t i on  coordinate of 

defect ) 
32 LET A9 = (normalization f a c t o r )  

Note: This value may be obtained with t h e  aid of A I K C O  simply by 

p lac ing  t h e  appropriate c o i l  dimensions i n  tha: program. 

The program may sow be run. 

The p r in t -ou t  by the  computer w i l l  have t h e  following format: 

RI = (R1) R2 = (H2) Ll. = (z1) L2 = (L2) 

M1 = ( M l )  w = ( m )  
DEFECT POSITION I S  R = (R9) z = (z9) 

INN RAD = ( A )  OUT RAD = ( 5 )  A I R  VALUE = (A9)  

X MAGNITUDE PHASE 
1. 
5 
10 
15 
20 
25 
30 

The various symbols enc l -~sed  i n  parentheses a r e  used here t o  ind i -  

c a t e  t ha t  t h e  numerical value of t h e  symbol w i l l  be pr in ted .  T h e  first 
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column, headed "X," i s  t h e  upper l i m i t  of t h e  in tegra t ion  being performed 

by t h e  computer. 

and appear c h i e f l y  t o  allow one t o  inspect  t h e  convergence of t h e  in te -  

gra t ion .  The magnitude and phase values f o r  X = 30 a r e  considered t o  be 

correct s ince  t h e  in t eg ra t ion  i n  most cases converges s u f f i c i e n t l y  w e l l  
f o r  t h i s  value of  X. 

The other  two columns have self-explanatory headings 

The example below i s  presented for  add i t iona l  a id  t o  those who wish 

t o  use t h i s  program. 

Sample Calculation of EJ!IDFT 

Let us suppose that  we wish t o  know the  defec t  s e n s i t i v i t y  f ac to r  

for a c o i l  0.155 in .  long with inner  and outer  r a d i i  of 0.420 and 

0.580 in . ,  respect ively,  coaxia l  w i t h  and enc i rc l ing  a two-conductor rod 

of e f f e c t i v e l y  i n f i n i t e  ( t h r e e  or  four c o i l  diameters) length.  

inner conductor i s  assumed to be aluminum with a radius  of 0.300 i n . ,  

while t he  outer  conductor is  assumed t o  be copper with a radius  of 

0.400 i n .  

s e n s i t i v i t y  f ac to r  for  the  case i n  which t h e  defec t  i s  located 0.350 i n .  

from t h e  ax is  and 0.0825 i n .  above t h e  Z = 0 plane. We s h a l l  assume the  

frequency of t h e  dr iv ing  current  t o  be 1.25 kHz and t h e  d is tance  of t h e  

bottom of t h e  c o i l  from t h e  Z = 0 plane t o  be 0.005 i n .  

The 

Let us fu r the r  suppose t h a t  we a r e  in t e re s t ed  i n  t h e  defect  

F i r s t ,  we determine t h e  mean c o i l  rad ius  t o  be 0.500 i n . ,  so  t h a t  

Normalized inner c o i l  radius  = 0.420/0.500 = 0.84 
Normalized outer  c o i l  radius  = 0.580/0.500 = 1.16 

Normalized dis tance from bottom of c o i l  t o  Z = 0 plane = 0.01 
Nomnalized dis tance from top of c o i l  t o  Z = 0 plane = 0.32 

Normalized radius of inner  conductor = 0.300/0,500 = 0.6 

Normalized radius  of outer  conductor = 0.400/0.500 == 0.8 
Normalized r pos i t i on  of defec t  = 0.350/0.500 = 0.7 
Normalized z pos i t i on  of defec t  = 0.0825/0.500 = 0.165 

Furthermore, 
Angular eequency of  dr iving current  = 21C X 1250 see'' 

Permeabili ty of both conductors = 4 X  X lo-7 h/m 
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Conductivity of copper = 5.77 X 1.0‘ mhos/m 

Conductivity of aluminum = 2.86 x lo7 mhos/m 

Thus, 

A t  t h i s  po in t ,  one determines t h e  normalization f a c t o r  by placing 

t h e  normalized c o i l  dimensions i n  AIRCO and running t h a t  program. It i s  
worth noting t h a t  t h e  normalization f a c t o r  i s  independent of a l l  param- 

e t e r s  excluding the  c o i l  dimensions. This f a c t o r  i s  normalization 

f a c t o r  2 i n  t h e  p r in t -ou t  of AIRCO and f o r  t h e  case i n  poin t  i s  found t o  

be 0.0101.1632. With t h e  norrtlalization f a c t o r  i n  hand, t h e  rematning 

procedure i s  q u i t e  simple. 

The above information i s  now typed i n t o  t h e  program as  follows: 

12 LET H1 = 0.84 

14 LET R2 = 1.16 

16 LET L 1  = 0.01 

18 LET L2 = 0.32 
20 LET M1 = 45 .A8 

22 LET PI2 = 91.91 

24 LET A = 0.6 

26 U T  B = 0.8 
28 LET R9 = 0.7 
30 LET Z9 = 0.165 
32 LET A 9  = O.1011632E-1 

Execution of t h e  program y ie lds  the  following r e s u l t s :  

R 1  = .84 R2 = 1.16 
INN RAD = .6 OUT RAD = .8 
M l  = 45.48 
DEFECT POSITION I S  
X MAGNITUDE 

5. .168507 
10. .240658 
15. .250567 
20. .25 1.382 
25. .2513 
30. .25123 

1. 1.693853-2 

L1 = .01 L2 = .32 
A I R  VALUE = 1.011(63E-2 
m = 91.91 
H = .7 Z = .165 
PHASE 

-2.87084 
-2.64092 
-2.48695 
-2.4526 
-2 .1~4879 
-2.44928 
-2.44974 
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From t h i s ,  we see that t h e  defec t  s e n s i t i v i t y  f a c t o r  i s  0.25123 

e -j 2.44971 

To obtain t h e  change i n  normalized impedance, we m u l t i p l y  t he  defect  

s e n s i t i v i t y  f a c t o r  by t h e  product of  t he  defec t  volume and t h e  shape and 

o r i en ta t ion  f a c t o r .  Note that the defect volume must be ca lcu la ted  from 

dimensions which a r e  normalized by the  mean radius  of t h e  c o i l .  

ENDFT Program 

VERSIQJN 10/19/70 1 0  REM ENDFT 
12 L E T  R 1 = * 8 4  
14 LET R 2 ~ 1 . 1 6  
1 6  LET L 1 = * 0 1  
18 LET L5?=*32 
20 LET M 1 ~ 4 5 . 4 8  
22 LET M2=91*91 
2 4  LET A z . 6  
26 LET B=.S 
28 LET R9=0-7 
30 LET % 9 = 0 1 6 5  
32 LET A 9 = 0  1 0 1  1 6 3 2 E - 1  
3 4  
36  f'? INT" I N N  RAD ='l  ; A  *"@UT RAD="  f R ."A 12 VALIJE=" i A 9  
3 8  PRINT"M1 =";Y1 J " "#"M2=" ;hg  
40 PR I NT" D E  FEC T F'B S I T I 0 AI I S" z " R ='* Z R 9 t " Z=" 3 z9 
42 PR I N T  "X" 9"MAGN I TUDE" J "PH4SE" 
4 4  LET M 9 = 0  
46 LET H7=0 
48 LET M 8 = 0  
S O  L E T S l z l E - 2  
52 L E T S 2 = 1  
54 LET B1=0 
56 LET R 2  = S 2  
5 8  F0R X = A i  + S 1 / 2  T0 R?, STEP S 1  

P!? I NT"R1 ='* 5 21 ~ " q 3  ='' i R2 9 "1-1 zgg i L 1  ."L2 =I' i L2 

60 LET X 2 =  7071 07*SQK C SQR( X*X*X*X+M2*Pl? > +X*X) 
62 L E T  Y3=.  7071 07*SQR(SQR< X*X*X*X+M2*M2)-X*X) 
64 LET X1=.707107*SQR(SOR<X*X*~~X+Ml*Ml)+X*X) 
66 LET Y 1 = . 7 0 7 1 0 7 * S ~ H ( S Q B ~ X ~ X ~ X ~ X ~ ~ l * M ~  > - X * X >  
6 8  LET Z 1  = S [ S R C X I  * X 1  *K1 * Y I  > 
70 LET O l = A T N ( Y l / X l  1 
72. LET Z 2 = S q R ( X 2 * X 2 + Y 2 * Y 2 >  
74 L E T  0 2 = A T N ( Y 2 / X % )  
76 L E T Z = A * Z I  
78 LETO=rill 
80 GQSIJR 316  
K 2  L E T I l = Q l  
8.4 L E T J l  =Q? 
86 l d E T I 2 = Q 5  
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FlCS L E T J 2 = Q 6  
90 LETZ=A*Z2  
92 L E T O = 0 2  
94 GOSUQ 3 1 6  

98 L E T J 3 = Q 2  
100 L E T K 3 = Q 3  
102 L E T N 3 = 0 4  
104 LETI4=QS 
1 0 6  L E T J 4 = O 6  
1 0 8  L E T K 4 = 0 7  
110 L E T N 4 = 0 8  
1 1 2  LETZ=X*B 
1 1 4  LETB=O 
116 GQSUB 316 
1 1 8  LET K5=(33 
120 L E T I h = Q S  
122 L E T K 6 = 0 7  
124 L E T % = Q * Z 2  
1 2 6  LETC3=02 
1 2 8  G0SIJB 3 1  4 
130 LETI7=(;31 
132 L E T J 7 = Q 2  
134 L E T K 7 = Q 3  
136 14ETN7=34 
138 L E T I H = Q S  
140  LET.J8=C?6 
1 4 2  LETK4=Q7 
144  LETNH=Q8 
146 LET Z = f i 9 % Z 2  
148 L E T  @=a2 
150 GOSIJS 3 1 6  

1 5 4  L E T J 9 = @ 6  
156 LET K9-Cl7  
158 L E T  N 9 = O F 3  
1 6 0 L E  T B 1 = - X + K5 + K 8*C 0 5 C N8 1 + 28 *K 7 *K6 *C 0 5 < 82 + N 7 1 
1 6 2  LET 9 3 = - X * K S * K g * S I N ( N 8 ) + % ~ * ~ 7 * K 6 * S I ~ ( ~ ~ + ~ 7 )  
164  LET 01=Sf2f -?<QI*Ql+QP*Q2)  
1 6 6  G@SIJ95Q6 
169 L E T F I = Q 3  
170  L F T  01 ~ Z l * I 4 * I I * C 0 S < O 1 + J 4 + . J l  ) -Z2*I2*13*CQSCB2+J2+53) 
17? LET 0 2 ~ 2 1  :g14* I 1  *S INC01+.14+ J 1  1 -Z?*  I8* I3*S I N ( 0 2 +  J2+ J.3 1 
174  LET D2?=SORCBI  *01+?2*82) 
1 7 5  GC3SIJ3506 

IS0 LET (31 = Z 1  *:K4*11 *CB.S(01  +N4+J1 ) + Z 2 * K 3 * 1 2 * C B S ( 0 2 + N 3 + , J ~ )  
182 LET W = Z l  * K 4 * I 1  *SINt0l +N4+J1 )+Z2*K3*12*SIN<Q2+N3+J2) 
1 Y 4  LET D 3 = S Q R < Q 1  * a 1  +Q'2*Q?)  
1 8 6  GDSIJ3506 

190 LET Q l = Z 2 * I  7 * Y 6 * C 0 S  <02+J7) +X*I8*KS*C0SC 5 8  1 

96 L E T I ~ = Q I  

1 5 2  L E T I S = Q S  

1-78 L E T E ~ = Q ~  

188 L E T E ~ = Q ~  
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1 9% LET ~ 2 = Z 2 * I 7 ~ K 6 * S I N < 0 2 + J 7  1 + X * I 8 * K 5 * S I N ( J 8 )  
1 9 4  LET D4=SQRCBl*Ql*Q2*Q2> 
196 GOISLlB506 
198  L E T E 4 = 0 3  
209 LET 01 =RI*D2*CQSCEI + E ~ ) + D 3 * D 4 * C 8 S C E 3 + E 4 3  
202 LET 0 2 = D I * D 2 ~ S I N ~ E l + E 9 ) + 0 3 * D 4 * S I ~ ( E 3 + E 4 )  

206 GgSUS5r36 
208  L E T E 5 = 9 3  
219 LET G 1 = ~ 1 9 * 0 3 * C O S C J B + E 3 - E 5 ) - K 9 * D ~ * ~ 0 S ( ~ 9 + E ~ - E S ) ) / ~ ~ * D S )  
212 LET F 2 = C I 9 * D 3 * S I N C J 9 9 E 3 - E S ) - K ~ * D 2 * S ~ ~ ( ~ 9 + & ~ - E 5 ) ) / C ~ * ~ S )  
214  LET 2 = R 2 * X  
216 LET B l  = R 2  
218 GQSUS 2 6 8  
2.30 LET 9 7  = K 7  
22% LET z = R l * X  
224 LET Q l  = R f  
226 G(3SU3 268 
228 LET CJY = K 7  
830 LET S5=Sl*C07-08)*(SfN<X*(Z9-Ll))-SI~(X*CZ9-~~))) 
232 LETM7=M7*Gl*S5 
2 3 4  LET M8=MS+G2*S5 
236 NEXTX 
2 3 5  LET M9=ATN(M8/M7) 
240 I F  M7>OTHEN244 
942 LET M9=M9+PI 

204 LET DS=SQR(QI *oi +W*W)  

2 4 4 LET 
246 PAINT X + S 1 / 2 r N 9 * ( M 7 * ~ 7 * M 8 * M 8 ) , 2 * M 9  
248 LET S t  = 5 E - %  
250  I F  X 2 4 - 5  THEN 258 
2S? L F T 9 1 = 1  
254  LET 8 2 = 5  
256 60 TO 5 8  
2 5 8  LET S 2 = 5  
269 LET H l = 3 2  
262 LET Y ? = R 2 + S Z  

2 6 6  G@ TCJ 5 1 4  
268 I F Z r 3 T H E N 3 0 8  
279 LET LS=INT(20*( 1 -EXPf  - % / l o )  ) + 4 )  
2 7 %  L E T F l = I )  
274 LET F 2 = 1  
? 7 6  L E T F 6 = 1  

280 LET T 6 = 1 / 2  

2 8 4  F03 !?=I  TO L 5  
286 LET F l = F l + l / R  
288 LET F 2 = F 2 + 1  / ( R + l  ) 
290 LET TS=TS*%*Z 
292 LET T h = T 6 / ( 4 * R * C R + l  1 )  
? 9 4  LET C ? = T h / ( 3 + 2 * R >  

\I 9 = ( 3 * M 2  1 / C 4 * 9 8 6 9 60 4 4 *A 9 1 

2 6 4  I F X < 2 9 * 5 T H E N S 8  

3 7 5  L E ' r r 5 = 9 i w i * ~ i  

282 LET K7=iJ1 / C X * X > + t  5 7 7 ? 1 5 6 6 5 - 1 / 2 - 1 / 3 + L Q G <  2 / 2 3  )*T5/6 
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296  LET C 1 = < - 5 7 7 2 1 S 6 6 5 - < F l  + F 2 ) / 2 - 1 / < 3 + 2 * R ) ) * C 2  
2Y8 LET F 3 = C l * T S + C 2 * L O G < Z / 2 ) * T S  
300 LET K 4 = i ( 7 + F 3  
302 N E X T  R 
334  LET K 7 = K 7 - P 1 / ( 2 * X * X * X )  
306 GO T 0  3 1 4  
308 LET P 3 = < < ( . 7 9 8 9 8 3 9 / Z - l  . 1 7 6 8 5 7 6 ) / 2 + = 9 1 5 7 1 4 2 1  ) / 2 - * 6 7 4 9 1 2 9 5 ) / 2  
310 LET P 3 = < P 3 + l  * 0 9 S H 2 7 6 ) / 2 + 1  -2533263 
3 1 2 LET K7r-P3*SE)R ( 2 )  *EX}'< - Z 1 / ( X * X * X  3 
3 1 4  RETURN 
3 1  6 I F Z > 8 T H E N 3 9 0  
3 18 L E T L 5 = 2 0 * (  1 - E X P  ( - Z / I O )  1 +4 
320 LET T 1 = l  
322 L K T T 5 = 2 / 2  
324 L E T V l = T l  
3 2 6  l , E T V 2 = 0  
32% V 3 = 9  
330 V4=0  
332 LETVS =T5*CBS (0 ) 
334  L E T V 6 = T S * S I N ( O )  
3 3 6  I,ETV7=VS 
338 LETV8=V6 
340 L F T F l  =O 
342 L E T F Z = l  
344 F O R  R = l  T 0  L 5  
346 LET Z 3 = C B S ( ? * R * 0 )  
348 LET 24=SIN<2*X*0)  
350 L.ET Z5=CQS( (2*R+1 ) * Q )  

352 LET 26=SIN((?*R+l ) * a )  
354 L E T F l  = F l + l / R  
3 5 6  l M E T F 2 = F 2 + 1  / < R + 1  1 
358 LET T i  =T1 *L*Z/(4*R*R) 
360 L E T  TS=TS*Z*%/(4*H-@<K+l  1 )  
3 6 2  LET V l = V l + T I * Z 3  
364  LET V 2 = V 2 + T l * Z 4  
366 LET V 3 = V 3 + T I * Z 3 * F l  
368 LET V4=V4+T1*%4*Fl  
370 LET V5=V5+TS*ZS 
37% LET V 7 = V 7 + T S * C F l + F 2 ) * Z S  
374 LET V6=Vh+TS*Z6  
376 LET V 8  = V 8 + T S * ( F l + F ? ) * % 6  
3 7 8  NEYrR 
380 LET V 3 = V 3 - < 0 . 5 7 7 ? 1 5 6 6 S + L 0 ~ ( ~ / ' ~ ) ) * V l + ~ * V ~  
382 LET V4=V4-<0.57721S665+l-~G(Z/2))~V~-~*Vl 
384 
386  

L E T V 7 = - V 7 / 2 + C Q S  ( 0 ) / 2 +  C 5 7 7 2 1  5 6 6 5 + L 0 G  ( 2 1 2  > 1 * V 5 - F I * V 6  
L E T V H = - V H / 2 - S I N ( O ) / Z + (  5 7 7 2 1  5 h h 5 + L B G <  2 / 3  1 )*V6+@.rCVS 

3 8 8  GQTB472  
390 L E T F I = I  
392 LET!d7=I 
394 LET W5=1 

398 LET W i = l  
396  LET k13=1 
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400 L E T T 2 = 1  
402 LETT1 = I  
404 LET W2=0 
406 LETW4=0 
408 LET'rJ6=O 
410 LET W8=0 
4 1 2  L 5 = 3 + 2 0 / Z  
4 1 4  F O X  R = l  TQ L S  
416 L E T F l  = - F l  
4 1 8  LET T 2  = T ? * ( 4 - < 2 * R - l  )*(?!*Fi-l ))/<8*R*%) 
4?0 LET T I = T l * ( - ( ? * R - l  ) * 2 > / ( 8 * R * Z )  
422 LET Z3=CBS(H*0> 
424 LET Z 4 = S I N < R * @ )  
4:?6 LET W1 = W 1  +F1 *T1 *Z3 
428 LET 5J2=W2-F1 *TI  *24 
430 LET W3=W3+Tl*Z3 
432 LET W4=W4-T1*24 
434 LET WS=W5+FI*T2*Z3 
436 LET W6=W6-F1 *T2*24 
438 LET W 7  =a-.f7+TZ!*Z3 
4 4 0 LET W 8 = ld 8 - T 2 * 24 
442 NEXTR 
444 
446 LET ~ 5 = 0 9 * < C B S < Z * S I N C B ) - . 5 * ~ )  1 
449  LET B6=09*(SIN<Z*SIN(O)-.S*~)) 
450 LET 9 9 4  * ? 5 3 3 1 4 1 3 7 * E X P < - Z * C 0 S ( ~ ) ) / S ~ R ( ~ )  
452 LET ~ 7 = Q 9 * ( C 0 S ( - Z * S I N < 0 ) - . 5 * ~ ) 1  
454 LET ~8=09*(SIN(-Z*SI~<0)-.5*0)) 
456 LET VS=WS*OS-W6*96 
4SH LET V6=Wh*QS+WS*96 
460 LET V7=W7*97-W8*Q8 
453 LET VF?=WB*87+W7*Q8 
464  LET V i  =Wl*OS-bJ2*06 
4G6 LET V2=W1 *Q6+1.12*Q5 
468 LET V3=W3*Q7-W4*98 
470 LET V4=W3*Qf3+W4*q7 
472 L E T B l = S Q R < V I * V l + V 2 * V 2 )  
474 LETQ'2=RTN<V2/Vl  ) 
476 IFVl >OTHEN480 
474 LET W = & ? + P I  
480 L E T Q 3  = S O R ( V 3 * V 3 + V 4 * V 4  1 
48? L E T Q 4 = A T N ( V 4 / V 3 )  
484  I F V 3 > O T H E N 4 8 8  
486 LET 0 4 = 9 4 + P I  
4 K 8 LE T fl5 = S II R ( V 5 * V 5 + V 6 * V 6  1 
490 LETO6=ATN( V 6 / V 5  1 
492 I F V 5 > 0 T W E N 4 9 6  
494  LET 0 6 = 0 6 + P I  
496 L E T Q 7 = S O R < V 7 * V 7 + V ~ * V ~ )  
4 9 8  LETOf#=ATN<V8/V7 1 
500 I F V 7 > 0 T H E N 5 0 4  
502 LET B&Q€$.+PI 

LET 99=* 3 989432 8 0 4 * E  XP ( Z*CBS (0 1 1 /SQR C Z) 
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504 R E T l J R N  
506 LETQ3=ATN(Q%/Ql 1 
5 0 8  I F 8  1 > O T H E N S  12 
Slr )  LET B3=Q3+PI 
512 !IETU!?N 
5 1 4ENU 

Defect S e n s i t i v i t y  Factor f o r  a Lat t ice  o f  
Defects i n  t h e  Outer Material. 

Discussion of ENDFTL 

This program i s  designed t o  calcu.late t h e  defect  s e n s i t i v i t y  f ac to r  

f o r  a c o i l  with rectangular cross sec t ion  coaxial  with and enc i rc l ing  a 

two-conductor rod of e f f ec t ive ly  i n f i n i t e  ( th ree  or four  c o i l  diameters) 

length. 

number of poin ts  on a l a t t i c e  i n  t h e  outer  conductxr, which i s  labeled 

I1 i n  Fig. U, p .  145. The conductors may have d i f f e ren t  e l e c t r i c a l  

conduct ivi t ies .  

For t h i s  program, t h e  defect  may be located a t  any one of a 

Before proceeding fur ther ,  it i s  worth noting t h a t  i n  t h e  execution 

of t h i s  program t h e  da ta  generated by t h e  computer a r e  s tored  i n  a data 

block which i s  used as input data  f o r  another program, 

e x i s t  BASIC compilers which do not have t h i s  capabi l i ty ,  t h i s  program 

m y  or may not be executable, depending upon the  comptler used. 

la t ter  s i t u a t i o n  a r i s e s ,  one may de le t e  t h e  character  : 4 :  wherever i t  
a-ppears i n  the  program, thus causing t h e  data t o  be pr in ted  a t  t h e  con- 

sole;  otherwise, one may access t h e  data by using Yne name : 4 : .  

Since the re  

T-f the  

To use t h i s  program, one must divide a l l  dimensions by t h e  mean 

radius of t h e  c o i l .  The r e s u l t s  w i l l ,  of course, be dimensionless and 
w i l l  be r e fe r r ed  t o  as being "normalized." Tine product of t h e  angillar 
frequency of t he  dr'iving current , t he  permeabili ty,  khe conductivity, and 

the  square of  the mean radius  of the  c o i l  must be calculated f o r  each 
conductor. 

t o r  and by wp.,cr2r2 f a r  t h e  outer one. 

Let t h i s  product be denoted by uplmlF2 f o r  t h e  inner conduc- 

Once these  ca lcu la t ions  have been made, one ii1us.t type the  following 

l i n e s  i n t o  the  program. (Note: Parentheses are not typed.)  
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12 LET R1 = (numeri.ca1 value of normalized inner  c o i l  rad ius)  

14 LET R2 = (numerical value of normalized outer c o i l  radius)  

16 LET LL = (numerical value o f  normalized d is tance  between bottom 

of  c o i l  and Z = 0 plane)  

18 LET L?. = (numerical value of normalized dis tance between top of 

c o i l  and Z = 0 plane)  

20 LET ~1 = (nwnerj-cal value of wp,a-,T2) 

Note: If t h e  conductivity of t he  inner conductor i s  zero, one must 

type two addi t iona l  l i nes :  

80 LET X1 = X 

82 LET Y1 = 0 

22 LET ~ 2 .  = (numerical value of up2u2F2) 
24 LET A = (numerical value of  normalized radius  of  inner  conductor) 

26 LET B = (numerical value of normalized radius  of outer conductor) 

28 LET A9 = (normalization f a c t o r )  

Note: This value inay be obtained with t h e  a i d  of AIRCO simply by 

placing t h e  appropriate  c o i l  dimensions i n  t h a t  program. 

30 LET R9 = (numerical value of number of l a t t i c e  spacings i n  

r d i rec t ion )  

32 LET Z9 = (numerical value of number of  l a t t i c e  spacings i n  

z d i rec t ion )  

34 LET Z 8  = (numerical value of maximum normalized z pos i t i on  

coordinate of de fec t )  

Note: Neither R9 nor Z9 may exceed 35. The l a t t i c e  spacing i n  t h e  

I n  addi- r d i rec t ion  i s  (B-A)/R9, w h i l e  it i s  B/Z9 i n  t h e  z di rec t ion .  

t ion ,  Z8 i s  measured from t h e  midplane of the c o i l .  

After  typing these  l i n e s ,  one need only c rea t e  an empty data f i l e  

using t h e  name : 4 : ,  and t h e  program may then be run. 

During the execution of t h i s  program, t h e  in tegers  which a r e  l e s s  

than or equal t o  30 w i l l  be consecutively pr in ted  a t  t h e  console. 

appear as ind ica t ions  of how f a r  t h e  in t eg ra t ion  has proceeded. 

r e su l t i ng  from t h i s  program w i l l  have t h e  following format: 

These 

The data 
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------ 
--I--- 

*- 
* 
* 
* 

********** 
-X-***+*-*-X~X-X 

******-x--x-* )c 

* 
-X- 

* 
* 

3c********* 

*%******** 

The various symbols enclosed i n  parentheses a r e  used here t o  ind i -  

The upper ca te  t h a t  t he  numerical value of t he  symbol w i l l  be p r in t ed .  

value a t  each l a t t i c e  poin t  i s  t h e  magnitude of t h e  defect  s e n s i t i v i t y  

f a c t m ,  while t he  lower one i s  t h e  phase of t h e  defect  s e n s i t i v i t y  f a c t o r  

f o r  t he  case i n  which the  defec t  i s  Located a t  the given l a t t i c e  po in t .  

It should be noted t h a t  .the la t t i .ce  poin ts  f o r  which R9 > 4 w i l l  be 

p r in t ed  below the  las t  l i n e  [ i. e. , t he  l i n e  containing Z( Z9) 1 .  
The example below i s  presented fo r  add i t iona l  a i d  t o  those who wish 

t o  use t h i s  program. 

Sample Calculation of ENDFTL 

L e t  us suppose t h a t  we wish t o  know the  defect  s e n s i t i v i t y  f ac to r  

for t he  case of a c o i l  0.155 i n .  long with inner  and outer  r a d i i  of 

0.420 and 0.580 i n . ,  respect ively,  coaxia l  with and encircl . ing a two- 

conductor. rod of e f f ec t ive ly  i n f i n i t e  ( t h r e e  0% four  c o i l  diameters) 

length.  The inner conductor i s  assumed t o  be aluminum with a radius of 

0.300 i n . ,  while t he  outer  conductor i s  assumed t o  be copper with a 
radius  of 0.400 i n .  Let us fu r the r  suppose t h a t  we a r e  in t e re s t ed  i n  the  

defec t  s ens i - t i v i ty  f ac to r  f o r  t h e  cases i n  which the  defect  i s  located 

a t  any one of t h e  poin ts  which l i e  within 1.000 i n .  of t he  midplane of 
t h e  c o i l  on a 4 X 2 l a t t i c e  i n  t h e  copper. 

of t h e  dr iving current  t o  be 1.25 M z  and t h e  dis tance cf t h e  bottom of 

of t h e  c o i l  from the  Z = 0 plane .to be 0.005 i n .  

Me shall- assume the frequency 

F i r s t ,  we determine t h e  mean c o i l  radius  t o  be 0.500 i n . ,  so t h a t  
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PJormalized inner c o i l  rad ius  = 0.420/0.500 = 0.34 

Normalized outer  c o i l  radius = 0.580/0.500 :- 1.16 

Normalized d is tance  from bottom of c o i l  t o  Z = 0 plane = (3.01 

Hormalized d i s t ance  from top of c o i l  to Z = 0 plane = 0.32 

Normalized rad ius  of inner  conductor = 0.300/0.500 = 0.6 

Normalized radius of outer  conductor = 0.400/0.500 = 0.8 
PITmber of r l a t t i c e  spacings = 4 

Number of z l a t t i c e  spacings = 2 
Maximum normalized z coordinate of defec t  = 1.000/0.500 = 2 

Fur t herrnor e, 

Angular frequency of dr iv ing  cur ren t  = 2x x 1250 sec’l 
Permeability of both conductors = 4~ X 

Conductivity of copper = 5.77 x lo7 mhos/m 

Conductivity of aluminum -= 2.86 x lo7 rnhos/m 

h/m 

Thus, 

A t  t h i s  po in t  one determines t h e  normalization f a c t o r  by p lac ing  

t h e  normalized c o i l  dimensions i n  AIRCO and running t h a t  program. 

worth noting t h a t  t h e  normalization f ac to r  i s  independent of a11 param- 

e t e r s  excluding t h e  c o i l  dimensions. This f a c t o r  i s  normalization 

f a c t o r  2 i n  t h e  pr in t -out  of A I R C O  and f o r  t h e  case i n  poin t  i s  found t o  

be 0.01011632. 

procedure i s  q u i t e  simple. 

It is  

With t h e  normalization f a c t o r  i n  hand, t h e  remaining 

The above information i s  now typed i n t o  t h e  program as follows: 

12 LET RL 7: 0.84 

14 LET R2 = 1.16 

16 LET L 1  = 0.01 

18 LFT L2 I- 0.32 

20 LET ML = 45.48 

22 LET M2 = 91.91 

24 U T  A = 0.6  

26 LET B = 0-8 
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28 LET A9 = O.10116323-1 

30 LET Rg = 4 
32 I&ll Z9 == 2 

34- Lrn z8 = 2 

An empty da ta  f i l e  i s  now created and t h e  program r u n  with .the following 

r e s u l t s  : 

.84 1.16 

.6 .8 
45.48 
4 2 

-. 335 1.14825 E- 2 
.625 

8.26914 

8.10211 
-1.335 9.771893-5 

.01 .32 
l.Oll63E-2 
91.91 
2 
.675 .725 .775 
I-. 62134E-2 2. A9876E- 2 4.155223- 2 
8.90257 -2.93334 -2.18561 
1.51725E-4 2.56'7613-4 4.6lS85E-4 
8.75756 -3.085 I 2  -2.36424 

From t h i s ,  we see t h a t  f o r  t'ne case of' a defec t  located a t  R = 0.725, 

Z = -1.335 t h e  defect  s e n s i t i v i t y  f ac to r  i s  2.56761 x 

To obtain the change i n  normalized impedance, we mult iply the  defect  

s e n s i t i v i t y  f ac to r  by the  product of bhe defect  volume and t h e  shape and 

o r i en ta t ion  f ac to r .  Note t h a t  t h e  defect  volume must be calculated. from 

dimensi-oss which are normalized by t h e  mean radius  of t h e  c o i l .  

exp(-j 3.08512). 

ENDFTL Program 

V E R S I O N  10 /20 /70  
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52 F B F ! I = I T B Z 9  
5 4  F B R J = l T @ R P  
56 LET!VI( 1 1  J ) = 0  
5 8  L E T I ( I I J ) = O  
60 NEXTJ  
4 2  NEXT1 
6 4  L E T S 1  21E-2 
66 L E T S 2 = 1  
66 L E T D l = O  
70 LET‘32=S2  
72. FQRX=R I +S 1 1 2 T 8 9 2 S T E P S  1 
7 4  LETX2=.707107PSBR<SQR<X*X*X*X+MZ*M2)+X*X) 
76 LET Y2 = 707 1 0 7*SQR ( SQK ( X*X*X*X+MB*M2 1 - X * X  ) 
7 H L E T X l = . 7 0 7 1 0 7 * S Q H ( S O H < X * X * X * X + ~ l  *M1 )+X*X)  
BOLETYl= .  7 0 7 1 0 7 * S Q R < S Q R C X * X * X * X ~ ~ l  *M1 ) - X * X )  
m t E r E i = s Q R c x 1 * x i + ~ i * ~ i )  
84 LETml  =ATN<YI  1 x 1  ) 
36 L E T Z 2 = S B R t X 2 * X ~ + Y 8 * Y 2 )  
88 LET Q 2 = A T N C Y 2 / X 2 )  
90 LETZ=A*Zl  
92 LETGI=Ol 
94 GDSUB424 
96 L E T I l = Q l  
98 L E T , J l = Q 2  
1 0 0  L E T I P = Q S  
1 0 2  L E T J B = Q 6  
104 LETZ=A*.Z2 
1 0 6  L E T 0 = 0 2  
1 0 8  GG)SUBrt24 
110 L E T I 3 = Q I  
3 1 2  L E T J O = Q 2  
I 1 4  L E T K 3 = 0 3  
1 1 6  L E T N 3 = Q 4  
118 L E T I I = Q S  
120 L E T J 4 = B 6  
122 L E T K 4 = Q 7  
124 LETN4=QFS 
126 LETZ=X*B 
1 2 8  LETB=O 
1 3 0  GC3SU9424 
132 LET K 5 = Q 3  
134  L E T I 6 = Q 5  
136 L E T K 6 = Q 7  
138 LETZ=R*Z2  
1 4 0  L E T 0 = 0 2  
142 G Q S U B 4 2 4  
144 LETI7=131 
1 4 6  L E T J 7 = 0 2  
1 4 8  L E T K 7 = Q 3  
I 5 0  LETN”I=B4 
152 L E T I 8 = Q S  
154 L E T J g = Q 6  
1 S6 LETKB=Q7 
158 LET NR=Qt3 
160 LET Q l = - X * K S * K 8 * C B S C N S ) + Z 2 * K 7 * ~ 6 * C 0 S ( 0 ~ + ~ 7 )  
162 LET Q 2 = - X * K S * K 8 * S I N C N 8 ) + 2 2 * K 7 * K 6 * S I N ( 0 2 + N 7 ~  
164 L E T 0 1  =SQR<QI*Ql+Q8*Q2) 
1 6 6  GOISLIE3614 
168 L E T E l  =Q3 
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170 L E T O l  = Z 1  r I 4 * I  1 *CQS<Bl + J 4 + J 1  ) - Z 2 * 1 2 * 1 3 * C B S ( 0 2 + J 2 + J 3 )  
1 72 L E T Q 2  = Z 1 li: I4* I 1 *S I N  C la 1 + 5 4  + J1 1 - Z:2* I 2  * I3*S I N < 02 +&? +.J3 1 
1 7 4  L E T 0 ? = S 9 R ( Q l * Q l  +Q2*Q2) 
1 7 6  GOSlJE3hl 4 
1 7 6  LETE:?=93 
1 8 0  LET Q 1  = Z 1  *K4*I l  * C a S C Q l  + N 4 + J l  ) + Z ~ + K ~ * I ? * C B S ( I ~ ~ + N ~ + J B )  
1 8 2  LET Q 2 = Z 1  * K 4 * I l * S I N ( Q l + N 4 + J l  ) + Z ~ * K 3 * 1 2 * 5 1 ~ < 0 2 + N 3 + J 2 )  
1 8 4  L E T D 3 = S Q R  CB 1 *Q1 +Q2*Q2 ) 
186 G B S U R 6 1 4  
188 L E T E 3 = Q 3  
190 LET 0 1 = Z 2 ~ 1 7 * K 6 ~ C a S ( 0 2 + J 7 ) ~ X ~ I ~ * K S * C ~ S ( J ~ )  
19% LET Q 2 = C 2 P  17*K6*S I N ( W + . J 7  1 +X*I8*KS*S IN( . . J8  1 
1 9 4  L E T D 4 = S Q R ( B l * S I + 1 . 1 2 * Q 2 )  
1 9 6  GOSUB614 
198 L E T E 4 = Q 3  
200 L E T Q l = D l * D 2 * C Q S ( E I + E Z ) + D 3 ~ D 4 * C ~ S ( ~ ~ + E ~ )  
202 L E T Q 2 = D I * D 2 * S I N ( E l + E 2 ) + ~ 3 * D 4 * S I N ( ~ ~ ~ ~ 4 )  
204 L E T D S = S Q l < ( O l  *(s1+132*02) 
206 G Q S U H 6 1 4  
208 ldF-TE5=Q3 
2 1  0 14ET%=R2*X 
2 1 2  LE’IQ 1 = R ?  
2 1 4  G D S U B 3 7 6  
21 6 L E T B 7 = K 7  
21 8 I -ETZ=Rl  * X  

222 GC3SUB376 
224 L E T S 6 z Q 7  - Y 7  
226 L E T @ = @ ?  
2 2 8  F B R J = l T @ R 9  

232 L E T Z = Z 2 * R (  J )  
234  GBSlJB424 
236 L E T I 9 = ( 3 5  
238 LE:TJS=Q6 
240 L E T K 9 = Q 7  
242  L E T N 9 = 0 8  

220 L E T Q I  =rii  

230 L E T R < , J )  = A + <  J-• 5 ) * ) r<B-A ) / R 9  

2 4 4  L E T G i = ( I 9 * D 3 * C O S ( J 9 + E 3 - E S ) - K 9 * D ~ + C ~ S ( N 9 + E ~ - E S ) ) / ( ~ * D 5 )  
246 L E T G % = ( I 9 + D 3 * S I N < J 9 + E 3 - E 5 ) - K 9 * D 2 * S I N < N 9 + ~ 2 - E 5 ) ) / ( ~ P D 5 )  
248 F O R  I = 1  TB Z9 
250 
252 L E T S 5 = S l * S 6 * < S I N < X * < Z C I ) - L I ) - L l ) ) - S I N ( X * ( Z ( I ) - L ~ ) ) )  
254  L E T ~ < I ~ J ) = M ( I D J ) + G I * S S  
256  L E T I < I D J ) = I ( I D  J)+G2*SS 

LETZC I )  = < L l  + L 2  l I 2 - c  I - *  5 1 * Z 8 / Z 9  

258 NEXT1 
260 NEXTJ 
262 NEXTX 
264 P R I N T X + S 1 / 2 r  
2 6 6  LETS1 ~ 5 E - 2  
268 LET13 1 = R  1 +S2 
270 L E T Y 2 = R 2 + S ?  

2 7 4  F ( a R I = l T B Z Y  
276 F @ R J = l T @ ; R 9  

2 72  I F  X <2 9 5 THEN72 

278 L~ETP(IIJ)=~*ATN<I(IDJ)/M<I,J)) 
280 IFM< I J J ) > O T H E N 2 8 4  
282 
284 
286 NEXTJ 

L E T P (  I J J) = P  ( I D  J )  +2*P I 
LETM< I J  J ) = W C  1 1  J) *M< 1 1  J ) +  I <  I r  J ) * I  ( I D  .J) 
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288  NEXTI 
2 90 
2 92 PR I NT : 4 :" 

LETB=( 3 * M 2  ) / C 4*9 86960 44*A9 1 
" J  

2 9 4  FORJ=IT04 
296PRINT:4:R(J), 
2 9 8  NEXTJ 
300 FBR I = 1 T@Z9 

304 FI;I?R,J=ITQII 

3015 NEXTJ 

31% FOi?i,J=1T@34 
3 1 4 PI? I VT 
316 NEXTJ 
3 t SPK INT :4 : 
3'20 YEXTI 

324 F @ K J = S T B 9  

3 2 8  N E X T J  
330 FOR I = I  TB Z 9  
332 FQHJ=STD9 
334PRINT:4:Q*M<I=J)= 
336 NEXTJ 
338 F@KJ=ST09 
340PRINT :4 :P< I J J )  J 

342 NEXTJ 
344PHINT:4: 
346 NEXTI 

350 FORJ=lOTB14 

354 NEXTJ 
356 F@Rl=iT@Z9 
3SFI F O H , J = I  OTQl4 

3 6 2  NEXTJ 
364 FQR,J=l OT814 
366PRINT :4 :P(  I J  J ) J  

30?PRINT:4:ZCI)1 

30 6 Pi3 I NT : 4 : Q C M ( I J .I 1 J 

310PXINT:4:" " J  

4 : P ( I J J 1 9 

322 IFR9C4 STHEN622 

326PRINT:4:R(J), 

348 IFR9c9-5THEN622 

352PMINT 2 4 :RCJ) 9 

360PRINT?4:Q*M< I J ~ > Y  

36n NEXTJ 
3 70 Pli I NT : 4 : 
37% MEXTX 

376 IFZ23THEN416 
378 L E T L S z I N T  ( 2 0 *  ( 1 -EXP ( - 211 0 ) > + 4  ) 
380 L E T F l = O  
382 L E T F 2 = 1  
384 L E T F 6 = 1  
386 LETTS =Q 1 *Q 1 *Q 1 
388 L E T T 6 = I  12 

3 9 2  FIIRR=lTOLS 
394 LETFl =F1+1 / R  
39.6 LETF2=F2+1 / < H + l  1 
398 LET T5=TS*Z*Z 
100 LETT6=16/(4*R*<R+l)) 
402 LETCB=T6/(3*2*R ) 

374 IFR9414 5THEN622 

390 LETK7zOI /(X*X)+< e57721 5665-1 /2-1/3+LBG(Z/2) ) + T 5 / 6  

404 LETC 1 = C  57721 5 6 6 5 - < F 1  + F 2  112-1 / ( 3 + 2 * R )  ) * C 2  
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406 L E T F 3 = C 1 * T S + C 2 * ! - 0 G ( Z / 2 ) * T 5  
408 L E T K 7 = K 7 + F 3  
4 1 0  NEXT2 

414 GBTL3422 
412 LETK7=K7-3.1415927/(2*X*X*X) 

4 1 6  L E T P 3 = ( ( ( . 7 9 8 9 8 3 9 / Z - l . l 7 6 ~ S 7 6 ) / Z + . 9 1 5 7 1 4 ~ ~ ) / Z - * h 7 4 9 1 2 9 5 ) / 2  
4 1  X L E T P 3 = ( P 3 + 1  . 0 9 S & 2 7 6 ) / 2 + 1 . 2 5 3 3 2 6 3  
420 L E T K 7 = - P 3 * 5 0 R (  Z )  *EXP C - % )  / <  X * X * X )  
422 RETURN 
42 4 I F  Z > K T  HE N 4  9 8 
426  L E T L 5 = 2 0 * ( 1  -EXP<-%/IO) )+4  
428 LET T l = l  
430 L E T T 5 = 2 / 3  
43% L E T V I = T I  
434 LETV2=O 
436 V 3 = G  
4 3 8  V4=0 
4 4 0 LE T VS = T 5 * C  B S ( 0 ) 
4-42 LET \I 6 =T S * S I N ( B 1 
444  L E T U 7 z V 5  
4 4 6  LETV8-V6 
448 L E T F l  =O 
4 5 0  L E T F 2 = I  
452 FQR R = 1  T 3  L 5  
454  LET Z 3 = C O S ( % * R * @ )  

4 5 8  LET ZS=CBS((2*H+I ) * a )  
460 LET Z6=SIN<<2*R+1 ) * 8 )  
462 !-ETFI =F1+1 / H  
464 L E T F % = F 2 + 1 / ( H + I  1 
466 LET T l = T l * Z * Z / < 4 * R * R )  
468 LET T 5 = T S * % * Z / ( 4 * l ? * ( R + 1 ) )  
470 LET V1 =V1 + T I  * 2 3  
472 LET V 2  =V2 +T 1 + Z 4  
474 LET V 3 = V 3 + T l * Z 3 * F l  
4'76 LET V 4 = V 4 + T 1  *Z4*F1 
4'78 LET V5=V5+TS*ZS 
480 LET V 7 = V 7 + T S * < F I + F Z ) * Z 5  
482 LET V 6 = V 6 + T S * Z 6  
484 LET V 8  = V 8 + T 5 * < F 1  + F 2 ) * Z 6  
486 N E X T R  

45 6 LET 24 =s I N ( 2 *R *o ) 

488 LET V3~V3-<0.57721566S+LBG<Z/Z?))*V1+8*V2 
490 LET V 4 = V 4 - < 0 . 5 7 7 2 1  S h 6 5 + L Q G < Z / 2 ) ) ~ V 2 - L 3 ~ V l  
492 LETV7 .-V7/2 + C O S  ( 0  1 / Z +  ( 5772 1 5 6 6 5 + L O G  ( 212 ) ) + V 5 - B * V 6  
4 9 4  L E T V 8 = - V Y / 2 - S I N ( O ) / Z + ( . 5 7 7 ~ ~ 5 6 6 5 + L 0 G ( Z / 2 ) ) * V 6 + 0 ~ V 5  
496 GL3TBSHO 
498 LETFl -1 
500 LETW7=I  
502 LETWS=l 
S O 4  LET W3=1 
506 LET W l = l  
508 LETT2-1  
510 L E T T l = l  
512 LET W3=0 
S 19 LE'TW4 =O 
51 6 LETW6=O 
5 1 8  LETWFS=O 
520 L 5 = 3 + 2 0 / Z  
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522 F B i l R = l T B L S  
5?4 L E T F l  = - F 1  
526 LET T 2  = T Z * < 4 - ( 2 * R - 1  ) * ( 2 * R - 1 )  ) / ( 8 * R * Z )  
5 2 8  LET T l = T 1 * ( - < 2 * R - l  )?23/<&*R*Z) 
530 LET 23=COS(R*0) 
53% L E T  Z 4 = S I N ( R * O )  
534 L E T  \*,I1 =611 +F1 *T1 *%3 
536 LET W 2 = W 2 - F l * T l * Z 4  
538 LET W3=W3+T1 *Z3 
541) L E T  bJ4=W4 -T 1 * Z 4  
542 LET W5 =W5 +F 1 * T 2 * % 3  
544 L E T  W6=W6-F1 *T2*Z4 
546 LET W7 =1,117+T2*23 
548 LET bJ&=W8-T2*24 
550 NEXT R 
552 
554 LET 0 5 = Q 9 ~ ( C B S < Z * S I N < B ) - . S * ~ ) )  
5 5 6  LET Q6=Q9*(SIN(Z*SI~<O)-.5*8)] 
5 5 8  LET Q9=1.253314137*EXP(-Z*C0S<O))/SQR<Z) 

LET Q9= 398’4422 8 0 4 * E  X P  ( Z*CGlS ( 0 )  ) /SQR ( Z )  

560 1x1- Q ~ = ~ ~ * < c Q s ( - z * s I ~ < ~ ) - . ~ * ~ ) )  
562 LET B S = ~ 9 * C S I Y ( - % * S I N < B ) - . S * B )  1 
564 LET VS=W5*Q5-W6*06 
566 LET V6=Y6*05+W5*06 
S 6 8  LET V7=W7*Q7-W8*98 
570 LET VR=WK*87+W7*08 
572 LET V1 = W 1  *QS-W2*Q6 
574 LET V2=W1*06+W2*fJ5 
576 LET V3=W3*Q7-W4*Q8 
578 LET V4=W3*QX+W4*Q7 
580 LETO1 = S 9 R < V l * V l  + V 2 * V 2 )  
582 L E T Q 2 = A T N ( V 2 / V l )  
584 IFVl > W H E N 5 8 8  

5 8 8  L E T 0 3 = S Q R < V 3 * V 3 + V 4 * V 4 )  
590 L E T Q 4 = A T N < V 4 / V 3 )  
592 I F V 3 > 0 T H E N 5 9 6  

596 L E T ~ S = S Q K ( V S * V S + V 6 * V 6 )  
5 9 8  LETQ6=ATN ( V 6 f V S )  
600 IF  V 5  > 0 THEN 60 4 

604 L E T Q 7 = S Q R ( V 7 * V 7 + V 8 * V 8 )  
6 0 6  LETCl8=ATN<VH/V7) 
608 I F V 7 > 0 T H E N 6 1 2  

6 1 2  RETUKN 
61 4 L E T Q 3 = A T N ( O 2 / B l )  
6 1 6  I F O l ~ O T H E N 6 B O  

586 L E T Q 2 = Q 2 + 3  1 4 1  5927 

594 L E T 0 4 = Q 4 + 3 . 1 4 1 5 9 2 7  

602 L E T Q 6 = 0 6 + 3 * 1 4 1 5 9 2 7  

6 1 0  L E T Q 8 = 0 5 + 3 . 1 4 1 5 9 2 7  

6 1  FI L E T Q 3 = 0 3 + 3 * 1 4 1 S 9 2 7  
620 R E T U R N  
6 2 2 E N D  

R E A D Y  
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Defect S e n s i t i v i t y  Factor f o r  a Dif fe ren t i a l  Coi l  System 
f o r  a La t t i ce  of Defects 

Discussion of RFADIN 

This program is  designed t o  ca lcu la te  t h e  d i f f e r e n t i a l  defect  sen- 

s i t i v i t y  f o r  a d i f f e r e n t i a l  c o i l  system which i s  shown enci rc l ing  a two- 

conductor- rod i n  Pig. 12. 

c o i l  system ins ide  a two-conductor tube. The c o i l s  must have rectangular  

cross  sect ions,  i d e n t i c a l  dimensions, and a common ax i s .  The two conduc- 

Lors need not have t h e  same e l e c t r i c a l  conductivity.  

One may a l s o  use t h i s  progran for a d i f f e r e n t i a l  

ORNL- OWG 67- 2525R2 

-7- 
s 

1 

Fig. 12. A Di f f e ren t i a l  E:ncLrcling Coil  Systex. 
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To use t h i s  program, one 

the defect s e n s i t i v i t y  f ac to r  

(ENDFTL) or f o r  a c o i l  i n s ide  

must execute the  program which ca lcu la tes  

f o r  a c o i l  enc i rc l ing  a two-conductor rod 

a two-conductor tube (INDFTL). The output 

data  from e i t h e r  of these  programs comprise t h e  input data f o r  t h e  

program a t  hand. 

pu ter  i n  t h e  execution of e i t h e r  ENDFTL or  INDFTL a r e  s tored  i n  a da ta  

block, which i s  then read as input  fo r  t h i s  program. Since there  e x i s t  

BASIC compilers which do not have t h i s  capabi l i ty ,  t h i s  program may or 

m y  not be executable, depending upon the compiler used. 

It i s  worth noting t h a t  t h e  data  generated by t h e  com- 

Once the  execution of e i t h e r  of t h e  above-named programs i s  com- 

p l e t e ,  one need only type t h e  following l i n e s  i n t o  t h e  program. 

Parentheses a r e  not typed.)  

(Note: 

12 LET D = (numerical value of  center-to-center c o i l  spacing) 

Note: This spacing i s  i n  units of z l a t t i c e  spacings, which are 
equal t o  Z8/Z9 f o r  e i t h e r  case of i n t e r e s t .  

Z9 can be found i n  t h e  explanatory material f o r  e i t h e r  ENDFTL o r  INDFTL. 

The name of t h e  da ta  f i l e  must now be typed i n t o  each l i n e  which contains 

an "input" command ( e - g . ,  l i n e  18) which becomes: 

f i l e  containing da ta ) :  R I ,  R2, Ll, L2. The program may now be run. 

The de f in i t i ons  of Z8 and 

18 input:  (name of 

The pr in t -out  by t h e  conrputer w i l l  have t h e  following format: 

RADII OF BOTH C O I L S  ARE 
LENGTH OF BOTH COILS IS ( Z - L l )  
RADII OF CONDUCTORS ARE 
C O I L S  ARE SEPARATED (D*Z8/Z9) 

Z R (R(1)) ------ ------ (z (1)  I 
( Z W )  ------ 

* * 
* * 
* * 
3c sc 

----_- 
-e---- 

(z(z9' ) ) 

The various symbols enclosed i n  parentheses a re  used here  t o  ind i -  

ca t e  t h a t  the numerical. value of t h e  symbol will be p r in t ed .  A11 lengths 

a r e  normalized and t h e  Z( I) ? s  are measured f k o m  t h e  midplane of t h e  c o i l  
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system. The upper value a,t each l a t t i c e  po in t  i s  the  magnitude of t h e  

d i f f e r e n t i a l  defec t  s e n s i t i v i t y  f ac to r ,  while t h e  lower one i s  the  phase 

of t h e  d i f f e r e n t i a l  defec t  s e n s i t i v i t y  f ac to r  f o r  -the case i n  which t h e  

defec t  i s  loca ted  a t  t h e  given l a t t i c e  po in t .  It should be noted here 

t h a t  t h e  l a t t i c e  po in t s  for which R9 > 4 w i l l  be p r in t ed  below the las t  
l i n e  [ i . e . ,  t h e  1i.ne containing Z(Z9’)I. l?urthermore, Z9’ = Z9  .- 1 

- Int(D/2), where 29 and a l l  other symbols a r e  defined i n  t’ne explanatory 
ma te r i a l  f o r  both ENDFTL and INDFTL. 

The example below i s  presented f o r  add i t iona l  a i d  t o  those who wish 

t o  use t h i s  program. 

Sample Calculation of  READIN 

Let us suppose t h a t  we a r e  i n t e r e s t e d  i n  t h e  d i f f e r e n t i a l  d-efect 

s e n s i t i v i t y  f a c t o r  for t h e  case i n  which t h e  input da ta  a r e  j u s t  those 

obtained from t h e  example immediately precedimg .ENDli”TL. 

l e t  l i s  suppose t h a t  t h e  center-to-center separa t ion  of t he  c o i l s  i s  two 

z l a t t i c e  spacings. 

Furthermore, 

Since t h e  output of ENDFTL i s  wr i t t en  on t h e  f i l e  : 4 : ,  t h e  following 
l i n e s  a r e  typed into t h e  program: 

10 LET D = 2 

18 TlUPUT : A :  R1, R2, L1, L2, e t c .  for t h e  other input l i n e s .  

The program i s  then run  with t h e  following results: 

RADII  OF BOTH COILS ARE I r n R  = .84 OUTER = I-. 1.6 
LENGTH OF BOTH COILS IS .31. A1H VALUE IS 1.011633-2 
R A D I I  OF CONDUC’TORS ARE INNER = .6 OUTER = .8 
C O I L S  ARE SEPAF&TED 2 M l  = 4-5.48 M2 = 91.91 

Z , R  .625 ,675 .725 .775 
-. 5 I., 138623-2 1.606333-2 2.47338E-2 .041-098 

-4.2958 -3.66241, -2.93 Ylri -2.1.8361 

From t h i s ,  we see t h a t  for t h e  case i n  which t h e  defec t  is located a t  
H = 0.725, Z =: -0.5, t h e  d i f f e r e n t i a l  defec t  s e n s i t i v i t y  f ac to r  i s  
0.247338 x 1 O - I  e 

-j 2.93177 
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READIN Program 
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2 1 2  P X I N T  
214 N E X T I  

? 1 Y  F 9 R J = l O T Q 1 4  
220 PRINTR<J>* 
2?? NE XT J 
224 F c 3 I Z I = I T O L 9 - < H + I  1 
2’26 F O R J =  1 OTtl14  

2 3 0  NEXXT,J 
232 FBK,J=l  OT’314 
2 3 4  P R I N T @ <  I Y . J ) Y  
256  NEXTJ  
’238 P R I N T  
240 NEXTI 
?42  P R I N T  
2 4 4  E N D  

? I 6  IFR9<9*STHEN’?42 

:?‘? K i’2 I NT S < I a ,J 3 9 

Defect S e n s i t i v i t y  Factor for a Defect i n  the  Base Material  

Discussion of ENDFE 

This program i s  designed t o  ca lcu la te  t h e  defect  s e n s i t i v i t y  f a c t o r  

f o r  a c o i l  with rectangular  cross sec t ion  coaxial  with and enc i rc l ing  a 

two-conductor rod of effectively.  i n f i n i t e  ( th ree  o r  four c o i l  diameters) 
length.  

which i s  labeled I1 i n  Fig. 11, p.  145. The conductors may have d i f f e ren t  

e l e c t r i c a l  conduct ivi t ies .  

For t h i s  program, t h e  defect  m u s t  be i n  t h e  inner conductor 

To use t h i s  program, one must f irst  divide a l l  dimensions by the  

mean radius o f t h e  c o i l .  The r e s u l t s  w i l l ,  of course, be dimensionless 

and w i l l  be r e fe r r ed  t o  as being “normalized.” 

l a r  frequency of t h e  dr iving current ,  t h e  permeabili ty,  t h e  conductivity,  

and t h e  square of t h e  mean radius  of t h e  c o i l  must be calculated for each 

conductor. 

and by up2n2F2 f o r  t h e  outer one. 

following l i n e s  i n t o  the  program. (Hoter Parentheses a r e  not typed.)  

12 LET R1 = (numerical value of  the  normalized inner  c o i l  rad ius)  

14 LET X 2  = (numerical value of t h e  normalized outer c o i l  rad ius)  

l.6 LET L1 = (numerical value of t he  norml ized  d is tance  between 

The product of t h e  angu- 

Let t h i s  product be denoted by o+tlclr2 f o r  the  inner  conductor 

Once these  ca lcu la t ions  have been made, one need only type the  

bottom of c o i l  and Z = 0 plane)  
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18 U T  L2 = (numerical value of t h e  normal-ized d is tance  between 

top of c o i l  and z = 3 plane) 

20 LET ~1 = (numerical value of up1mlF2) 

22 LET ~2 = (numerical value of 

Note: If t h e  conductivity of t he  outer conductor i s  zero, one must 

type two add i t iona l  l i n e s :  

60 LET X2 = X 

62 JXT Y2 = 0 

24 LET h = (numerical value of normalized radius of inner conductor) 

26 LET B = (numerical value of normalized rad ius  of ou ter  conductor) 

2g LET R9 = (numerical value of normalized r pos i t i on  coordinate 

of  defec t  ) 
30 LET Z9 = (numerical value of normalized z p o s i t i o n  coordinate 

of de fec t )  

32 LET A 9  = (normalization f a c t o r )  

Note: This  value may be obtained with t h e  a id  of AIRCO simply by 

p lac ing  t h e  appropriate c o i l  dimensions i n  t h a t  progrm. 

The program may now be run. 
The p r in t -ou t  by t h e  computer will have Yfle following format: 

Rl - ( R l )  R 2  = ( 8 2 )  L 1  = (Ll) L2 ( Q )  
INN rcu = (A) OUT RAD = (B) AIR VALUE - ( ~ 9 )  
m =  ( M l )  M2 = (a) 
DEh'ECT POSITION IS X = ( R 9 )  z = (z9) 
x MAGNITUDE PmSE 
1 
5 
10 
15 
20 
25 
30 

The various symbols enclosed i n  parentheses a r e  used here t o  ind i -  

The f i rs t  c a t e  t h a t  t h e  numerical value of t h e  symbol w i l l .  be pr in ted .  

column, headed "X," i s  t h e  upper l i m i t  of t h e  in t eg ra t ion  being performed 

by t h e  computer. The other two columns have self-explanatory headings 

and appear pr imar i ly  t o  allow one .Lo inspect t h e  convergence of' t h e  
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i n t eg ra t ion .  

t o  be cor rec t  s ince  t h e  in tegra t ion ,  i n  most cases,  converges s u f f i c i e n t l y  

we l l  f o r  t h i s  value of X. 

The magnitude and phase values f o r  X = 30 a r e  cansidered 

The example below i s  presented f o r  addi t iona l  a i d  t o  those who wish 

t o  use t h i s  program. 

Sample Calculation o f  ENDFB 

Let us suppose t h a t  we wish t o  know the  defect  s e n s i t i v i t y  f ac to r  

for a c o i l  0.155 i n .  i n  length with inner and outer  r a d i i  of 0.420 and 

0.580 in . ,  respect ively,  coaxial  with and enc i rc l ing  a two-conductor rod 

of e f f ec t ive ly  i n f i n i t e  ( t h r e e  o r  four  c o i l  diameters) length.  

inner conductor i s  assumed t o  be aluminum with a radius  of 0.300 i n . ,  

while t h e  outer  conductor i s  assumed to be copper with a radius  of 

0.400 i n .  

s e n s i t i v i t y  f a c t o r  fo r  t h e  case i n  which t h e  defect  i s  located 0.250 i n .  

f r o m t h e  ax is  and 0.0825 i n .  above t h e  2 = 0 plane.  We s h a l l  assume t h e  

frequency of t h e  dr iving current  t o  be 1.25 kHz and t h e  d is tance  of t h e  

bottom of t h e  c o i l  from t h e  Z = 0 plane t o  be 0.005 i n .  

The 

Let us fu r the r  suppose t h a t  we a r e  in t e re s t ed  i n  t h e  defect  

F i r s t ,  we determine t h e  mean c o i l  radius  t o  be 0.500 i n . ,  so  t h a t  

Normalized inner c o i l  radius  = 0.420/0.500 = 0.84 

Normalized outer  c o i l  radius = 0.580/0.500 = 1.16 

Normalized dis tance from botton of c o i l  t o  Z = 0 plane = 0.01 

Normalized d is tance  from top of c o i l  t o  Z = 0 plane -- 0.32 
Normalized radius  of inner conductor = 0.300/0.500 = 0.6 

Normalized radius  of outer  conductor = 0.400/0.500 1 0.S 

Normalized r pos i t i on  of  defect  -= 0.200/0.500 = 0.5 

Uormalized z pos i t i on  of defect = 0.0825/0.500 = 51.165 

Furthermore, 

, 4qu la r  frequency of dr iving current  = 2a X 1250 see‘’ 

Permeabili ty of  both conductors = 4c X 

Conductivity of copper := 5.77 X 1017 mhos/m 

Conductivity of aluminum = 2.86 X LO7 rrihos/m 

h/m 
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Thus, 

A t  t h i s  po in t  one determines t h e  normalization f ac to r  by placing 
t h e  normalized c o i l  dimensions i n  A I R C O  and running t h a t  program. It i s  

worth noLing t h a t  t h e  normalization f a c t o r  i s  independent of a l l  param- 

e t e r s  excluding t h e  c o i l  dimensions. This f a c t o r  i s  norma,l.ization 

f ac to r  2 i n  t h e  pr in t -out  of AIRCO and f o r  t h e  case i n  p o i a t  i s  found t o  

be 0.01011632. With t h e  normalization f a c t o r  i n  hand, t h e  remaining 

procedure i s  q u i t e  simple. 

The above information i s  now typed i n t o  t h e  program as follows: 

12 LET R1 = 0.84 

14 LET R2 = 1.16 

16 LET L1 = 0.01 

18 LET L2 = 0.32 

20 LET M1 = 45.48 

22 LET IW = 9l.71 

24 LET A = 0.6 

26 LET B = 0.8 
28 LET R9 = 0.5 

30 LET Z9 = 0.165 

32 T;ET A9 = 0. IOllG32E-1 

Execution of t he  program yie lds  t h e  following r e s u l t s :  

Rl I:= .84 K2 = 1.16 
I N N  RAD = .6 OUT RAD = .8 
M1 :I: 4-5 .4% 
DEFECT POSITION IS 
X MAGNITUDE 
1.. 1.. 53765E-3 
5 .  1.341563-2 
10. .016374 
L5. 1.64629E-2 
20. 1.64434E-2 
25. I. 64634E-2 
30. 1.64634E-2 

L1 = .01 L2 = .32 

M2 = 91.91 
R = . s  Z .I: . 165 
PHASE 
7.54112 
7 .85 114- 
8.00735 
8.02217 
8.02278 
8.02276 
8. 02275 

A I R  VALUE ::- 1.011633-2 

'634 e j 8 . 0 2 2 7 5  From t h i s  we see tha t  t h e  defect s e n s i t i v i t y  f a c t o r  i s  0.016+ 
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T o  obtain the  change i n  normalized impedance, we multiply t h e  defect  

s e n s i t i v i t y  f a c t o r  by t h e  product of t h e  defect  volume and t h e  shape and 

o r i en ta t ion  f ac to r .  Note that t h e  defec t  volume must be calculated f r o m  
dimensions which are normalized by t h e  mean radius  of t h e  c o i l .  

ENDFB Program 

VERSION 10/31/69  



94 GgSU3 3 1 2  
96 L E T I 3 = 9 1  
98 L F T J 3 = ! X  
1 0 0  L E T K 3 = Q 3  
1 0 2  L E T N 3 = Q 4  
1 0 4  LE’114=Q5 
1 0 6  L E T J 4 = Q 6  
108 L E T K 4 = Q 7  
1 1 0  LETN4=0Y 
1 1 2  LETZ=X*B 
1 1 4  LEl’f3=O 
1 1 6  G8S1113 3 1 2  

1 2 0  l . .FTI6=Q5 
1 2 2  L E T K 6 = 9 7  

1 2 6  LETQ=82 
128 GBS!JR 3 1 2  
130 L E . T 1 7 = Q l  
1 3 2  LET.J7=Q2 
1 3 4  L E T K 7 = 0 3  
1 3 6  L E T N 7 = Q 4  
1 3 8  LETI8=95 
140 L E T J 8 = ! 3 6  
1 4 2  LETK8=’37 
144  L E T N 8 = 9 8  
1 4 6  L E T Z = K ? * Z I  
1 4 8  L E T D = 0 I  
iso GD SUB 3 1 2  
152 L E ’ T I 9 = Q S  
1 5 4  L E T J 9 = Q 6  
1 5 6  LET 01 = - X * K S * X 8 * C O S  CN8> +Z2*K7*KS*C@S(B2+N7)  
1 5 8  LET Q2 = - X * K S * K 8 * S  I N  ( N 8  1 + Z 2 * K 7 * K 6 * S  I N  ( D ?  +N7 1 
1 6 0  LET U l = S Q 1 1 ( 9 1 * 9 1 + Q 2 * Q 2 )  
1 6 2  G0SUF3502 
1 6 4  LETE1 =Q3 
166 LET ‘ .11=%1*14*II*COS(Ol  + J 4 + 5 1  )-ZP*IZ*I3*C0S<02+J2+J3) 
1 6 8  LET Q 2 = Z I * I 4 * I l * S I N ( B l  + \ J 4 + 5 1  ) - % ~ * 1 2 * 1 3 * S I ~ < O 2 + J ~ + J 3 )  
1 7 0  LET D2=SQK(81*91+92*92> 
1 7 2  GOSUB502 

1 7 6  L E T  Q 1  = Z l * K 4 ~ I l * C ~ S ( O l + N 4 + J 1  ) + 2 2 * X 3 * X 2 * C B S < ~ 2 + N 3 + 5 2 )  
178 LET W = Z l  ?tci<4*I 1 *SIN ( 0 1  +N4+ J1 ) + Z 2 * K 3 * 1 2 * S I N < 0 2 + N 3 + ~ ~ ~  1 
1 8 0  LET D 3 = S Q R < Q 1 * 8 1 + 0 2 * 9 2 )  
1 5 %  GBSfJB502 
184  I , E T E 3 = 9 3  
1 8 6  LET 0 1 =E* I7*K6*C 135 C Qr? + 5 7  1 +Xi@ I 8 :kKS*CUS ( , J 8 )  
1 X H  L E T  cr)2=Z2*I 7*K6*S I N < B 2 + J 7  )+X*I  H*KS*S I N (  J8) 
1 9 0  ILET D4=S(?RCQl  *c31 + Q 2 * G 2 )  
1 9 2  GBSrJ9502 
1 9 4  LETE4=Q3 
1 9 6  L E T  01 =!I1 *D?*COS<El + E ~ ) + D 3 ~ D 4 * C 0 S C E 3 + E 4 )  

1 1 8  LE’r ~ 5 ~ 0 3  

1 2 4  L E - r z = g * m  

1 7 4  LE‘rE2 =w 
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30 H 
31 0 
312 
31 4 
316  
31 8 
38 0 
322 
324 
3 2 4  
327 
3 3 0  
332 
334 
336 
338 
340 
3 42 
344 
346 
348 
350 
352 
354 
356 
358 
:3 6 0 
3 6 2  
1364 
3 6 6  
3 6 8  
370 
3-73 
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3 7 6  
373  
3 80 
3 82 
3 8 4  
3 8 6  
388 
3 90 
3 9? 
3 9 4  
396 
3 9 8  
400 
402 
43 4 





C O I L  INSIDE A TWO-CONDlTCTOR TUBE 

The case of a c o i l  i.nside a two-conductor tube, shown i n  Fig. 13, 

i s  t y p i c a l  of a number of' tubing inspect ion problem.  

conductivity of t he  outer  conductor t o  be zero, the  problem reduces t o  

a c o i l  i n s ide  a s ing le  tube. 

bridge instrunents  f o r  many eddy-current tubing t e s t e r s .  

If we take the  

This type of c o i l  i s  used with impedance- 

In t h i s  section, t he re  are programs which calcula,te the  normalized 

c o i l  impedance ( I N N C O ) ,  Lhe defect  s e n s i t i v i t y  f ac to r  for  a defect i n  

t h e  inner mater ia l  (INDFT), t he  defect  s e n s i t i v i t y  f ac to r  for a defect  

located a t  any poin t  i n  a l a t t i c e  i.n t he  inner ma te r i a l  (INDFTL), and 

t h e  defect s e n s i t i v i t y  f ac to r  f o r  a defect  i n  the  outer  mater ia l  (INDFB). 

O R N L - O W C  68-7335R 

F ig.  13. A C o i l  of Rectangular Cross Section Inside a Two-Conductor Tube. 



In addi t ion  the  program, READIN, p .  1'7'7, can be applied t o  ca l cu la t e  

t h e  defect  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  c o i l  system f o r  a defect  

located a t  any point  i n  a l a t t i c e .  

Normalized Coil  Impedance 

Discussion of INNCG 

This program i s  designed t o  ca l cu la t e  t h e  normalized impedance of 

a c o i l  with rectangular cross  sec t ion  coaxial  with and ins ide  a two- 

conductor tube of e f f ec t ive ly  i n f i n i t e  ( t h r e e  or  four c o i l  diameters) 

length.  

i n f i n i t e  as  shown i n  Fig.  13. The conductors may have d i f f e r e n t  perme- 

a b i l i t i e s  and e l e c t r i c a l  conduct ivi t ies .  

The wal l  thickness of t he  outer  conductor i s  a l s o  e f f ec t ive ly  

To use t h i s  program, one must f i r s t  divide a l l  dimensions by t h e  
mean radius  of t he  c o i l .  The r e s u l t s  w i l l ,  of course, be dimensionless 

and w i l l  be r e fe r r ed  t o  as  being "normalized." 

l a r  frequency of t h e  dr iving current ,  t h e  permeabili ty,  t he  conductivity,  

and the  square of t he  mean radius  of  t h e  c o i l  must be calculated for each 

conductor. 

t o r  and by qu2cs2F2 f o r  t h e  outer  one. 

following l i n e s  i n t o  the  program. (Note: Parentheses a r e  not typed.)  

12 LET R1 = (numerical value of normalized inner c o i l  rad ius)  

14 LET R 2  = (numerical value of normalized outer  c o i l  rad ius)  

16 LET L1 = (numerical value of normalized dis tance between bottom 

The product of t h e  angu- 

L e t  t h i s  product be denoted by op1cr,r2 f o r  t h e  inner  conduc- 

Once these  ca lcu la t ions  have been made one need only type the  

of c o i l  and 2 = 0 plane)  

18 LET L2 = (numerical value of normalized dis tance between top of 

c o i l  and Z = 0 plane)  

20 LEr MI (numerical value of W ~ L ~ O ~ F * )  

Note: If the  conductivity of the inner conductor i s  zero, one must 

type t w o  add i t iona l  l i nes :  
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22 LET IT1 = (numerical value of  r e l a t i v e  permeabili ty of inner 
conductor) 

24 LET W, = (numerical value of wuzcr2F2) 

Note: If the  conductivity of  t h e  outer  conductor i s  zero,  one m u s t  

ty-pe two add i t iona l  l ines :  

58 LET X2 = X 

60 LET Y 2  = 0 

26 LET U2 = (nurrierical value of r e l a t i v e  permeabili ty of oiiter 

conductor) 

28 LET A = (numerical value of normalized radius  of' -inner conductor) 

30 LET 13 = (numerical value of normalized radius  of outer  conductor) 

32 LET ~9 = (normalization f a c t o r )  

Note: T h i s  value may be obtained with the  a i d  of AIRCO simply by 

placing t h e  appropri-ate c o i l  dimens ions in t h a t  program. 

The program may naw be run. 

The pr in t -out  by t h e  computer w i l l  have bhe followirig format: 

R1 I= (Rl) R2 = ( R 2 )  
im RAD = (A) om MB = 
MI- = (MI) u1 = (u1) 
X A I R  VALUE 
1 
2 

...... 
------ 

5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
L5 
NORMALIZED 

---I-- 

L M  PART ------ 

L1 = (LIJ L2 = (IJ%) 

M2 cz (M2) u2 (w,) 
(B) A I R  VALUE -= (A9) 

RE411 PART 1MRG PART ------ 

...... ------ 
----I- ------ 
------ 
I----- 

-----_ 
...... 

...... ----_- 
-----I ------ 
------ ..I---- 

NORMALIZED HEAL F'ILST ------ 
'The various symbols enclosed i n  parentheses are used here  t o  ind j -  

The f i r s t  ca t e  t h a t  the numerical value of t h e  symbol w i l l .  be prinbed. 

colurmi, headed "X," i s  t h e  upper l i m i t  of t he  in tegra t ion  being performed 



191 

by t h e  computer. The second column, headed "AIR VALUE," i s  t h e  value of 

t h e  i n t e g r a l  i n  t h e  absence of t h e  two-conductor rod, while t h e  remaining 

two columns a r e  t h e  real and imaginary p a r t s  of t h e  i n t e g r a l  i n  t h e  

presence of t he  conductors. These appear pr imar i ly  to allow one to 

inspec t  t he  convergence of t he  in t eg ra t ion .  The las t  l i n e  i s  t h e  normal- 

i zed  impedance of t h e  c o i l  i n  t h e  presence of t h e  two-conductor rod. 

The example belaw i s  presented f o r  add i t iona l  a i d  to those who wish 

to use t h i s  program. 

Sample Calculation of INNCO 

Let us suppose t h a t  we wish to know t h e  n o m l i z e d  impedance of a 

c o i l  0.155 i n .  long with inner  and outer  r a d i i  o f  0.420 and 0.580 i n . ,  

respec t ive ly ,  due to t h e  presence of a coaxia l  two-conductor tube of 

e f f e c t i v e l y  i n f i n i t e  ( t h r e e  o r  four  c o i l  diameters) length.  
conductor i s  assumed t o  be copper with a radius of 0.400 i n . ,  while t h e  

outer  conductor i s  assumed t o  be alwninum with a radius of 0.700 i n .  

We s h a l l  assume t h e  frequency of t h e  dr iv ing  cur ren t  t o  be 1.25 kHz and 

t h e  d i s t ance  of t h e  bottom of t h e  c o i l  from t h e  Z = 0 plane to be 

0.005 i n .  

The i m e r  

F i r s t ,  we determine t h e  mean c o i l  radius t o  be 0.500 in . ,  so t h a t  

Nomnalized inner c o i l  radius = 0.420/0.500 = O.ti4. 

Normalized outer c o i l  rad ius  = 0.580/0.500 = 1.16 

Normalized d is tance  from bottom of c o i l  to Z = 0 plane = 0.01 

Normalized d is tance  from top  of c o i l  t o  Z = 0 plane = 0.32 

Normalized rad ius  of inner conductor = 0.600/0.500 -2 1.2 

Normalized rad ius  of ou ter  conductor -- 0.700/0.500 = 1.4 

Purthermore, 

Angular frequency of dr iv ing  cur ren t  = 2 R  X 1250 see-' 

Permeabili ty of both conductors 7 X h / m  

Rela t ive  permeabili ty of both conductors =: 1 

Conductivity of copper = 5.77 X lo7 mhos/m 

Conductivity of aluminum = 2. $6 x lo7 mhos/m 
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A t  t h i s  po in t ,  one determines t he  normalization f a c t o r  by placing 

t h e  normalized c o i l  dimensions i n  AIRCO and running t h a t  program. 

worth noting t h a t  t jne normalization factor i s  independent; of all param- 

e t e r s  excluding t h e  c o i l  dimensions. This f a c t o r  i s  normalization 

f ac to r  2 i n  t h e  pr in t -out  of AIRCO and f o r  t h e  case i n  poin t  i s  found t o  
be 0.01011632. With t h e  normalization f a c t o r  i n  hand, t h e  remaining 

procedure i s  q u i t e  sknple. 

It i s  

The above information i s  now typed i n t o  t h e  program as follows: 

12 LET R1 = O.%r+ 

14 LET R2 = 1.1.6 

16 LET L 1  = 0.01 

18 U T  L2 = 0.32 

20 LET M1 = 91.91 

22 LET u1 = 1 

24- LET M2 = L+5.4-8 

26 U T  U2 = 1 

28 LET A = 1.2 

30 T,ET B = 1.4- 

32 LET A9 O.1011632E-1 

Exec.ution of t h e  program y ie lds  the following r e s u l t s  : 

RS = .84 F2 = 1.16 
I N N  RAD = 1.2 @UT P a  -= 1.4 
M1 91.91 UI. = 1 
X A I R  VALUE 
1. 1.040343-3 
2. 1+.91628E-3 
3 .  7.6935AE-3 
4 .  8.022583-3 
5. 8.4957l-3-3 
6. 9.283773-3 
7. 9,452693-3 
8.  9.563873-3 
9. 9.83787E-3 
SO. 9.9 19953- 3 
11. 9.945533-3 
12. 1.003173-2 

1.4 . 1.. 006873- 2 
1.5 . 1.008883-2 

13. 1.. 00638E-2 

NOKMALXZEC IM&G PART .5898@9 

L2 = .32 L1 = .01 
AIR VALUE = 1.011633-2 
K? - 45.48 u2 = 1 
REAL PART IMAG PART 

-1.322953-3 -3.355l6X-L 
1.5W31E-3 -5.924613,-4 
3.852853-3 -/ .581B-L 
r+. 004053-3 4.562433-4 
4.4 0202E-3 4.11933E-4 
5.l58C4E-3 -9.426223-4 
5.313263-3 -9.5914E-4 
5.4 186E-3 -9.678653-4 
5.6901U-3 -9.724@6E-4 
5 .‘77112E-3 -9.74744E-k 
5.79624E-3 -9.759343-4 
5.882193-3 -9.76533E-4 
5.91423E-3 -9.76833-4 
5.919093-3 -9. ‘lby/jE-4 
5.939173-3 -9.7704E-4 

NORMALIZED RFAL PART 9.65806E-2 



193 

From t h i s  we see that the normalized impedance i s  Zn = 0.0965806 

+ j 0.589809. 

IMNCO Prowram 

V E R S I O N  1 O / ? 0 / 7 0  
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1 l O L E T B = @ l  
1 1 2 G O S U R 3 0 8  
1 1  4 L E T I S = Q l  
1 1  6 L E T J S - Q 2  
1 1 %LE.fKS=Q?, 
120LETNS =Q4 
1 2 2 L E T I 6 = Q 5  
1 2 4 L E T J 6 = 0 6  
1 ?6LET’K6=0’7 
1 2  HLE T N 6  =$GI 8 
1 3 O L E T  z =R :I: 22 
1 3 P L E T Q  =02 
1 3 4 G @ S U R 3 0 8  
1 3 6 L E T K 7 = 0 3  
1 3 H L E T N 7 = 4 4  
1 4 0 L E T K 8 = Q 7  
14%LFT!v8=38 
1 4 4 L E T 0 1  = X *  I 4 *  I 1  *CQS ( J 4 )  - % 1  * I s *  12*6@7s ( 0 1  +J3 1 /lJl 
I 4 6 L E ~ ~ ~ ~ X * I 4 * I I * S I N ~ J 4 ~ - ~ 1 * 1 3 * 1 ~ * ~ I N ~ ~ l + J 3 ~ ~ U l  
1 4 8LE’TO 1 =s QI? ( (3 1 :k Q 1 +Q2 * Q 2  1 
l S O G B S I J R 4 3 8  
1 52 LETE t =Q3 
1 S 4  L E T  Q 1  z - Z I  *KS*KH*C@S<01 + N S + N 8 ) / I J l  +Z%*K- / *Kh*CaS<MZ+N7+N6) /U2 
1 5 6  L E T  Q 2 = -  Z1 * K S * K U * S  I N <  01 +NS+NB)  /U1 +Z%*K7*Kh*S I N ( ( W + N 7 + N 6 )  /U2 
I S 8 L E ’ I D P = S Q R ( Q l * Q I  +Q2*Q2) 
1 6 0 G 0 S I . J B 4 9 8  
1 b ? L E T E % = Q 3  
1 6 4  LET 0 1  =-Z%*i(7* I 6 * C O S  ( @ 2 + N 7 + J 6  ) /LJ2-Z1 *IS*K8*COS ( 0 1  + . J 5 + N 8 )  /U1 
166 LEI.  QR=-Z2*K7*16*S I N (  82+N7+56 )/U2 - Z 1  *IS*K8*S I N  ( @  1 + J S + N 8 ) / U l  
168LETD3=SQR(Bl*91+02*Q2) 
1 7 0 G O S U B 4 9 8  
1 7 P L E T E 3 = 9 3  
1 7 4  L E T  Q l  = X a ~ 4 * I l * C ~ S ( N 4 ) + Z l * ~ 3 ~ I ? * C ~ S ( 0 1  + N 3 ) / 1 1 1  
1 7 6 L E T  Q2 = X*K4 * I 1 * S  I N ( N 4  1 + Z 1 * K 3  ;F I 2  *S I N ( B 1 + N 3  1 / l J  1 
t 7HLETD4=SQK(S1 * Q 1  + Q 2 * Q P )  
1 H O F O S i J f 3 4 9 8  
1 8 2 L E T E 4 = Q 3  
184LETQl =Dl*D2*Cf f iS (E l  + E 2 ) + n 3 + 1 ) 4 * C O S ( E 3 + E 4 )  
I 8 6 L S T 9 2 = D l * D 2 * S I N ( E I + E ~ ) + ~ 3 * ~ 4 * S I N ( E 3 + E 4 )  
1 8 8 L E T D 5 = S Q K ( Q l * Q l  + Q 2 * 0 2 )  
1 9 0 G D S l J S 4 9 8  
1 9 2 L E T E S = Q 3  
1 94 LET G 1 = ( I 4 *D2 *C 0 S ( , J 4  +E% -E 5 ) + K-4 *cU 3 *C B S ( N4 .t E 3  -E 5 1 / DS*A*  
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Defect S e n s i t i v i t y  Factor for a Defect i n  t h e  Inner Material  

Discussion of INDFT 

This program i s  designed t o  ca l cu la t e  t h e  defec t  s e n s i t i v i t y  f ac to r  

f o r  a c o i l  with rectangular  cross sec t ion  coaxial  with and inside a two- 

conductor tube of e f f ec t ive ly  i n f i n i t e  (three or  four c o i l  diameters) 

length.  The wa l l  thickness of t he  outer  conductor i s  a l s o  e f f ec t ive ly  

i n f i n i t e .  For t h i s  program, the  defec t  must be in t he  inner conductor 
which i s  labeled ?IT i n  Fig. 13, p.  l88. The conductors may have d i f f e r -  

ent e l e c t r i c a l  conduct iv i t ies .  

To use t h i s  program, one must f i r s t  divide a l l  dimensions by the  

mean radius  of t h e  c o i l .  The r e s u l t s  w i l l ,  of course, be dimensionless 

and will be r e fe r r ed  t o  as being "normalized." 

lar  frequency of t h e  dr iving current ,  t h e  permeabili ty,  t h e  conductivity,  

and t h e  square of t h e  mean radius  of t h e  c o i l  must be calculated fo r  each 

The prociuct of t h e  angu- 
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conductor. 

t o r  and by w p 2 m 2 r 2  f o r  the  outer. one. 

Let; t h i s  product be denoted by w p 1 c i L ~ 2  for t h e  inner  conduc- 

Once these calculat ions have been made, one need only type t h e  

Parentheses a r e  not typed. ) following l i nes  i.nto the  program. (Note: 

12 LET R I  = (numerical value of normall.zed inner  c o i l  rad ius)  

14 T,ET R 2  = (numerical value of normalized outer  c o i l  rad ius)  

16 LET L1 = (numerical value of normalized dis tance between bottom 

of  c o i l  and Z = 0 plane)  
18 LET L2 == (numerical value of normalized dis tance between top 

of c o i l  and Z = 0 plane) 

20 LET MI = (numerical value of ~ p ~ o - , F ~ )  

22 LET 1v12 = (numerical value of w p 2 m 2 F 2 )  

Note: T f  t h e  conductivity of t h e  outer  conductor i s  zero, one must 
type two ad.ditiona1 l i n e s .  

60 LEY X2 = X 

62 ZiRT Y2 = 0 

24 LET A - (numerical value of normalized radius  of inner  conductor) 

26 LET B = (numerical value of normalized radius  of outer  conductor) 

Note: This value may be obtained with the  a i d  of AIRCO simply by 

placing t h e  appropriate c o i l  dimensions i n  t h a t  program. 

28 LET A9 (nornial.ization f a c t o r )  

30 LET R9 = (numerical value of normalized radjus  of r pos i t i on  

coordinate of defect  ) 
32 LET Z9 - (numerical value of  normalized radius  of  z pos i t ion  

coordinat e of defect  ) 

The program may now be run. 

The pr int-out  by the  computer w i l l  have t h e  foil-owing format: 
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The various symbols enclosed i n  parentheses a r e  used here  t o  ind i -  

ca t e  t h a t  t h e  numerical value of t he  symbol w i l l  be pr in ted .  The f irst  
column, headed "X," i s  t h e  upper l i m i t  of t h e  in t eg ra t ion  being performed 

by the  computer. The other two columns have self-explanatory headings 

and appear p r inc ipa l ly  to allow one t o  inspect  t h e  convergence of t h e  

in tegra t ion .  The magnitude and phase values f o r  X = 25 a r e  considered 

t o  be cor rec t  s ince  t h e  in tegra t ion  i n  most cases converges s u f f i c i e n t l y  

w e l l  for t h i s  value of X .  

The example belaw i s  presented f o r  addi t iona l  a id  t o  those who wish 

t o  use t h i s  program. 

S m l e  Calculation of INDFT 

Let us suppose t h a t  we w i s h  t o  know t h e  defect  s e n s i t i v i t y  f ac to r  

f o r  a c o i l  0. I55 in .  long with inner and outer  radi i  of 0.420 and 0.580 i n . ,  

respect ively,  coaxial  with and ins ide  a two-conductor tube of e f f ec t ive ly  

i n f i n i t e  ( t h r e e  o r  four  c o i l  diameters) length.  The inner conductor i s  

assumed to be copper with a radius  of 0.600 i n . ,  while t h e  outer  conductor 

i s  asswned t o  be aluminurnwith a radius  of 0.700 i n .  Let us fu r the r  sup- 
pose t h a t  we a r e  in t e re s t ed  i n  t h e  defect  s e n s i t i v i t y  f ac to r  fo r  t he  case 

i n  which t h e  defect  i s  located 0.650 i n .  f r o m t h e  ax i s  and 0.0825 in .  

above t h e  Z = 0 plane. 

r e n t  t o  be 1.2% kHz and t h e  dis tance of t h e  bottom of t h e  c o i l  from t h e  

Z = 0 plane t o  be 0.005 i n .  

We s h a l l  assume t h e  frequency of' t h e  dr iving c w -  

F i r s t ,  we determine t h e  mean c o i l  radius  t o  be 0.500 in . ,  so  t h a t  

Normalized inner c o i l  radius  = Q.d20/0.500 = 0"$4 

Normalized outer  c o i l  radius  = 0.5t30/0.500 = 1.16 

Normalized d is tance  from bottom of c o i l  t o  Z = 0 plane = 0.01 

Normalized dis tance from top of c o i l  t o  Z = 0 plane = 0.32 

Normalized radius of inner conductor = 0.600/0.5110 = 1 . 2  
Normalized radius  of outer  conductor = 0.700/0.500 ?= 1.4 
Normalized r pos i t ion  of defect  = 0.650/0.500 = 1.3 
Normalized z pos i t i on  of defect  = 0.0825/0.500 = 0.165 

Furthermore, 

Angular frequency of dr iving current  = 2fi X 1250 stx-' 
Permeability of both conductors := 4fl x h/m 
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Conductivity OP copper ::: 5.77 x lo7 mhos/rn 

Conductivity of aLuminum = 2.86 X lo7 mhos/m 

At; t h i s  po in t  one determines t h e  normalization f ac to r  by placing 

the  normalized c o i l  dimensions i n  AIHCO and running t h a t  program. It i s  

worth noting t h a t  t he  normalization f ac to r  i s  independent of a l lpa ram-  

e t e r s  excluding t h e  c o i l  dimensions. This f a c t o r  i s  normalization 

f ac to r  2 i n  t h e  pr in t -out  of  AIRCO and f o r  the case i n  poin t  i s  found t o  

be 0.01011632. With t h e  normalization f a c t o r  i n  hand, t h e  remaining 

procedure i s  qu-ite simple. 

The above i n f o r m t i o n  i s  now typed. i n t o  t h e  program as follows: 

12 LET R1 = 0.84 

14 TET I%? = 1.16 
16 LET L1 - 0.01 

18 LEY' 22 = 0.32 

20 LET M1 = 91.91 

22 LET M2 45.4% 

24 LET A = 1.2 

26 I 8 T  B = 1.4 

28 LEI' A9 = 0.1011632E-1 

30 L;ET R9 = 1.3 

32 TXT Z9 = 0.165 

Execution of t he  program yie lds  the  following r e s u l t s :  

Rl = .84 R2 = 1.16 
INN IUD = 1.2 OTJT RAD = 1.4 
M l  = 91.91 
DEFECT POSITION IS 
X MAGNITUDE 
1. 6.8452l~-3 
5. 8.326'74E-2 
10. .I23555 
15. .l29339 
20. . I29826 
25. . l.29775 

L1 = .01 I2 = .32 
A I R  VALUE = 1.011633-2 
M2 = 45.4% 
R = 1.3 Z = .165 
PHASE 

-2 I 83022 
-2.62241 
-2.46001 
-2.42232 
-2.41805 
-2.41861- 
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- j 2 . 4 1 8 6 1  From t h i s  we see  t h a t  t he  defect  s e n s i t i v i t y  f a c t o r  is 0.129775 e 
To obtain the  change i n  normalized impedance, we mult iply t h e  

defec t  s e n s i t i v i t y  f a c t o r  by the  product of t h e  defect  volume and t h e  

shape and o r i en ta t ion  f ac to r .  Note t h a t  t h e  defect  volume must be 
ca lcu la ted  from dimensions which a r e  normalized by the  mean radius  of 

the  coil. 

INDFT Program 
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Defect S e n s i t i v i t y  Factor f o r  a I a t t i c e  of Defects 
i n  the  Inner Material  

D i s  cus s ion o f I.mFTL 

This program is designed t o  ca lcu la te  t h e  defect  s e n s i t i v i t y  fax tor  
You. a c o i l  with rectangular cross sec t ion  coaxial  with and ins ide  a two- 

conductor tube of e f f ec t ive ly  i n f i n i t e  ( t h r e e  o r  f'oiir c o i l  diameters) 

length. The wa l l  thickness of the outer  conductor i s  a l so  e f f ec t ive ly  

i n f i n i t e  ( th ree  or four  sk in  depths) .  

be I-ocated a t  any one of a number of points  on a l a t t i c e  i n  t h e  inner 

conductor, which i s  labeled IT1 i n  Fig. 13, p.  188. The conductors may 

have d i f f e ren t  e l e c t r i c a l  conduct iv i t ies .  

For t h i s  program, t h e  defect  may 

Before proceeding fur ther ,  it i s  worth noting t h a t  i n  tlie execution 

of  t h i s  program t h e  da ta  generated by t h e  computer a re  s tored  i n  a data, 

block which i s  used as input dxts f o r  another program. Since the re  

e x i s t  B(ISIC compilers which do not have t h i s  capabi l i ty ,  t h i s  program 

may or  may not be execlitable, depending upon t h e  compiler used. If t h e  

l a t t e r  s i t u a t i o n  a r i s e s ,  one may de le t e  t h e  character  :2: wherever it 

appears i n  the  program, thus causing the  da ta  t o  be pr in ted  a t  the con- 

sole; otherw3.se one may access t h e  data  by using t h e  name :2:. 

To use t h i s  program, one must f irst  divide a l l  d.imensions by tlie 

mean radius of t h e  core. 'The r e s u l t s  w i l l ,  of  course, be dimensionless 

and w i l l  be r e fe r r ed  t o  as being "normalized.'" 

lar frequency of t h e  dr iving current , t he  permeabili ty,  t h e  conductivity,  

and t h e  square of t h e  mean radi.us of t h e  coi.1 must be calculated for  each 

conductor. 

t o r  and by wp2za,r2 f o r  t h e  outer. one. 

The product of t he  angu- 

Let t h i s  product be denoted by wplcr,r2 f o r  t h e  inner conduc- 

Once these calculat ions have been made, one must type t h e  following 

l i n e s  i n t o  t h e  program. (Note: Parentheses a r e  not typed.)  

12 LET R1 = (numerical value of  normalized inner c o i l  rad ius)  

1.4 LET R 2  = (numerical value of normalized outer c o i l  rad ius)  

16 LET L l  -= (numerical value of normalized dis tance between bottom 

o f  c o i l  and Z = 0 plane) 

18 LET I2 = (numerical value of normalized dis tance between top of 

c o i l  and z z: o plane) 



20 LET 10 = (numerical value of qtJrrlr2) 
22 LET ~2 = (numerical value of wp2cr2F2) 

Note: If t h e  conductivity of t h e  outer  conductor i s  zero, one must 

type two add i t iona l  l i nes :  

76 LET X2 = X 

'1'8 L;ET 312 = 0 

24 LET A = (numerical. value of normalized radius  of inner conductor' 

26 LET B = (numerical value of normalized radius of" outer conductor) 

28 L;GT A9 = (normalization f a c t o r )  

Note: This value may be obtained with t h e  a i d  of AIRCO silrrply by 

placing t h e  appropriate  c o i l  dimensions i n  t h a t  program. 

30 R9 = (numerical value of number of l a t t i c e  spacings i n  t h e  

r d i rec t ion )  

32 LET 29 = (numerical value of number of l a t t i c e  spacings i n  t h e  

z d i rec t ion )  

34 LET 28 = (numerical value of maximum normalized z pos i t i on  

coordinate of defec t )  

Note: Neither R9 nor Z9 m y  exceed 15. The l a t t i c e  spacing i n  t h e  

I n  addi- r d i rec t ion  is  (B-Z) /R9,  while it is  Z 8 / Z 9  i n  t he  z di rec t ion .  

t ion ,  28 i s  measured f'rorn t h e  midplane of t h e  c o i l .  
After  typing these  l i nes ,  one need only c rea te  an e q t y  da ta  f i l e  

using t h e  name : 2 : ;  t h e  program may then be run. 

During t h e  execution of t h i s  program, t h e  in tegers  which are l e s s  

than o r  equal t o  20 w i l l  be consecutively pr in ted  a t  t h e  console. 

appear as ind ica t ions  of how far the  in tegra t ion  has proceeded. The 

data r e su l t i ng  from t h i s  program w i l l  have t h e  following format: 

These 
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-.."---- 

** %- x -x--x- -EX-* 

?c********* 

?c*% -3C***x-x-x- 
* 
x 
* 
* 

** x x %-x-x-~x-*-% 
********** ...----- 

The various symbols enclosed i n  parentheses a r e  used here t o  ind i -  

The upper ca t e  t h a t  t h e  numerical value o f  t h e  symbol w i l l  be pr in ted .  

value a t  each l a t t i c e  point  i s  t h e  magnitude of tlie defect sensitiv.i.ty 

fac tor ,  while t he  lower one i s  the  phase of t h e  defect  s e n s i t i v i t y  f ac to r  

fo r  t h e  case i n  which the  defect i s  located a t  the  given l a t t i c e  poin t .  

It should be noted t h a t  t he  l a t t i c e  points  f o r  which R9 > r b  wi.11  be 

p r in t ed  below t h e  las t  l i n e  (i. e. ,  t he  l i n e  containing %/IO). 
The following example i s  presented f o r  addi t iona l  a i d  t o  those who 

wish t o  use t'nis program. 

Sample Calculation of INDFI'L 

Let us suppose t h a t  we wish t o  know t h e  defect  s e n s i t i v i t y  f ac to r  

f o r  t he  case of a coil .  0.155 i n .  long with inner and outer r a d i i  of 
0,420 and 0.580 i n . ,  respect ively,  coaxial  with and ins ide  a two-conductor 

tube of e f f ec t ive ly  i n f i n i t e  ( t h r e e  o r  f o u r  c o i l  diameters) length.  

inner conductor i s  assumed t o  be copper with a radius  of 0.600 i n . ,  while 

t h e  outer i s  assumed t o  be aluminurnwith a radius  of 0.700 in .  Let us 
fu r the r  suppose t h a t  we a re  in te res ted  i n  t he  defect  s e n s i t i v i t y  f ac to r  

f o r  the cases i n  which t h e  defect i s  located a t  any one o f  t h e  poin ts  

which l i e  within 1.000 in .  of t h e  midplane of tlie coil. on a. 4 X 2 l a t t i c e  

i n  t h e  copper. We s h a l l  assume t h e  frequency of t h e  dr iving current  t o  

be 1.25 kHz and t h e  dis tance of t he  bottom of tne c o i l  from t h e  Z =! 0 

plane t o  be 0.005 i n .  

The 
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F i r s t ,  we determine t h e  mean c o i l  radius t o  be 0.500 in . ,  so t h a t  

Normalized inner  c o i l  radius  = 0.420/0.500 = 0.84 

Normalized outer  c o i l  radius -- 0.580/0.500 = 1.16 

Normalized dis tance from bottom of c o i l  t o  2 = 0 plane = 0.01 
Mormalized dis tance from top of  c o i l  t o  Z = 0 plane = 0.32 

Normalized radius of inner  conductor = 0.600/0.500 -- 1.2 
Normalized radius  of outer  conductor = 0.400/0.500 = 1.4 
Number of r l a t t i c e  spacings = 4 

Number of z l a t t i c e  spacings = 2 

Maximum normalized z coordinate of defect  == 1.000/0.500 = 2 

F t r t h e r m r e ,  

Angular flrequency of dr iving current  = 2fl X 1250 see'' 

Permeabili ty of both conduetors = 4n  X 

Conductivity of copper = 5.77 X lo7 mhos/m 

Conductivity of aluminum = 2.86 X lo7 mhos/m 

h/m 

Thus, 

A t  t h i s  point  one determines t h e  normalization f ac to r  by placing 

the  normalized c o i l  dimensions i n  AIRCO and running t h a t  program. It i s  
worth noting t h a t  t he  normalization f ac to r  i s  independent o f  a l lpa ram-  

e t e r s  excluding t h e  coil dimensions. This f ac to r  i s  normalization 

f a c t o r  2 i n  t h e  pr in t -out  of AIRCO and fo r  t h e  case i n  poin t  i s  found to 

be 0.01011632. 

procedure i s  q u i t e  simple. 

With the normalization f a c t o r  i n  hand, t h e  remaining 

The above information i s  now typed i n t o  the program as follows: 

12 LET R1 = 0.84 

14 LET R2 = 1.16 

16 LET L1 = 0.01 

18 LET L2 := 0.32 

20 LET M1 = 91.91 

22 L;ET M2 = 45.48 
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24 r,ET A = 1.2 

26 LET B = 1.4 
28 LET A9 0.1011632E-1 

30 LET R9 4 

32 LET Z9 = 2 

34 LET Z8 = 2 

An enpty data  f i l e  i s  now created and t h e  program run with the 
following r e su l t s :  

.84 1.16 
1.2 1.4 
91.91 
4 2 

-.335 1.73 148E- 2 
1.225 

-2.23563 
-1.335 1.839133-5 

-2.70347 

.01 .32 
1.0ll63E-2 
45 .4-8 
2 
1.275 1.325 1.375 
9.579923-3 5.73523-3 3.7342083-3 
-3.00254- 8.81929 8.17699 

9.11392 8.35868 7.66988 
9.43342E-4 5.l39l3E-6 3.04802E-6 

From t h i s ,  we see t h a t  f o r  t he  case of' a defect  located a t  R = 1.325, 
j 8 .35868  Z = -1.335 t h e  defect  s e n s i t i v i t y  f ac to r  i s  5.l.3913 x e 

To obta in  t h e  change i n  normalized impedance, we multi.ply the  defec t  
s e n s i t i v i t y  f ac to r  by the  product o f  t h e  defect  volime and t h e  shape and 

or i en ta t ion  f a c t o r .  Note t h a t  t h e  defect  volume must be calculated from 

dimensions which a re  normalized by t h e  mean radius of  t he  c o i l .  

ITUDETL Program 

1 NDF-TL 
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44PilI 'J  I'Z2 : R 9 , Z 9 *  Z B  
4 6PR I NT : 2 : 

5OPfi I N ? '  
SpFBl? I = 1  T D Z 9  
5 4 F @ ? . J = l T B i ? 9  

4Fi P R I N T  " A PRBGRAlN I S  U3tJ R U N N I N G .  PLEASE OCI NDT UISC(? ,NNECT!!!"  

5 6 L E T M I  13 J) = O  
SKLEI ' I  ( I t  J ) = 0  
60NE XT J 
6 P N E X T I  
6 4 L E T S l  = 1 E - 2  
6 6 L E T S 2  = 1 
6 8 L E T B  1 =O 
7 0 L E T Y 2  = S 2  
7 2 F B H X = R  1 + S  1 / ?TBQ2STEPSl  
7 4 L E T X P = * 7 0 7 1 0 7 * S O R ( S ~ R ( X * X * X * ~ + ~ 2 * ~ ? ) + X * X )  
7 6 L E T Y P z .  7 0 7 1 0 7 * S 9 R ( S Q R ( X * X * X * X + ~ ~ ~ M ~ ) - X * ~ )  
7 8 t 4 E T X l = *  7 0 7 1 0 7 * S Q R ( S O K ( X * X * X * X + M l * ~ l  ) + X * X )  
8 0 L E T Y l = *  7 0 7 1 0 7 * S Q R ( S Q K < X * X * X * X + M l  * M I  ) - X * X )  
W L E  T i : ]  = S O R ( X I  *x1 + y 1  *y1  1 
K4LET01  = A T N I Y l / X l  ) 
H6LET 22 =S QR ( X 2  * X? + Y 8  -Ir Y 2  ) 
9 8 L E T 8 2 = A T N < Y 2 / K ? )  
90LETL=A*X 
9 ? L E T 8  =O 
94 GPJ S U B  406 
9 6 L E T I I  =91 
9HLET I:! =Q5 
1 0 0 L E T K ? = 0 7  
1 O%LETZ=A*Zl  
1 0 4 L E T O  =@ 1 
1 Q 6 G @  S1J9 4 0 6 
1OFSI,ETI3=Q1 
1 1 OLET,J3=02  
1 l ? L E T K 3 = r ) 3  
1 1  4 L E T N 3  =Q4 
1 1  6LETI4=BLS 
1 1 FILET,J4 =Q6 
1 BOLET K 4  =Q 7 

1 2  4 L E T  Z=B * Z1 
12 6 L E T B  =0 1 
1'2 8G0SU9406 
1 3 0 LET I S = 9 1 
1 3 2 L E T J S = 0 ?  
1 3 4 L E T K S  =Q3 
1 3 6 L E T N 5  =04 
1 3 q L E T  I h r Q 5  
1 4 O L E T J 6 = 0 6  
1 4 Z L E T K 6 = ' 2 7  
1 4 4 L E T N 6 = Q S  
1 4 6 L E T % = B * Z ?  
1 4 Y L E T U = 0 2  
I SOGBSlJI3406 
1 5 2 L E T K 7 = 0 3  
1 5 4 L E T N 7 = 0 4  
1 5 h L E T K S = 0 7  

I % ~ L E T N ~ = Q ~  
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2 7 2 L E T 9 ? = 3 2 + S ?  

3 7 6 F l l : i I  = l T @ Z 9  
2 7 Y F Q Y J = I T O R 9  
2KOLETP ( I > J )  = Z  *ATNC I ( I t  J > / M C  I t J )  ) 
282 I F V (  1, J ) > O T H E N 2 8 6  
~ K ~ L E T P ( I I J ) = P ( I , J ) + ~ * P I  
286LETMC I Y J ) = ? l C  I f  J) * M (  I 

2 7 4  I F  X <  1 9 5 THEN72 

J )  + I ( I t J ) * I  < I t . J )  
2 8 8 V E XT J 
2 9 0 v ~ x r  I 
2 9 2 ? L E T 3 = 3 * M 1 / ( 4 * 9 *  8 6 9 4 0 4 4 * A 9 )  
2 94PK INT : 2 :'"', 
2 9 6 F D I i  J =  1 T Q 4  
2 9 H P d I N T : Z  :K( J) t 
3 0 0 NE XT J 
3 n 2 F B X  I = 1  TUZ9 
3 0 4 P i 3 I N T : 2 : % C I ) 9  
3 0 6 F @ R J = l  TU4 
3 0 8 P 4 I V T : 2 : L ! * M C I i J ) t  
31 WJEXT,J 
3 1 2J'R I NT : 2 : ' * I '  t 

31 ~ F D ! ~ J = I  arc34 
3 1 6Pf i  I NT : 2 : P < I ,  J >  t 
31 KVEXTJ 
3 2 0 P I i I N T  : 2  : 
3 2 2 N E X T  I 

3 2 6 F B K  J = 5 T B 9  

3 3 0 N E X T  J 
3 3 2 F a R I = t  T 0 Z 9  
3 3 4 F B R J = S T B  9 

33 8NE XT J 
3 4 0 F Q R J = S T B 9  
3 4 2 P R  I NT : 2 : P ( I t J 1 a 

3 4 4 N E X T  J 
3 4 6 P Z I N T : 2 :  
3 4 S N E  XT I 

352FQR.J= t O T 0  14 

3 5 6 N E X T J  
3SRFEIRI=1 T 0 Z 9  
3 6 0 F Q R J = l O T B l 4  
342PR INT 82 : Q*M C I J J) t 
36 4 VE XT J 
3 6 6 F B R J = 1 0 T 0 1 4  
3 6 8 P K I N T  : 2  :PI I ,  J) 9 

37 O N E  XT J 
3 7 2 P Y I N T : 2 :  
3 7  4VE XT I 

378 I F Z p 3 T H E N 3 9 4  
3 8 0 L E T L S = I N T  C20* ( 1 -EXP C - Z /  10 1 3 +4  > 
3 8 2 L E T f r  1 =O 1 *Q 1 *Q 1 1 2  
3 % 4 L E T V l  =F1/3 

324IFR9<4.STWEN604 

3 R S P R I N T  :2 : R CJ) > 

3 3 6 P d I N T  :2 :O*M(  I t J) t 

3 5 D I F R 9 < 9 . 5 T H E N 6 0 4  

354 PR I NT : 3 : R ( J 1 > 

376 IFR9< 14 S T H E N 6 0 4  
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3 8 6 F 0 I i R = 1  T O L S  
3 8 8 L E T F l  =F1 * ? * Z / < 4 * R * ( ! ? + l ) )  
~ ~ C ~ L E T V I  = v i  + F I  / ( 3 + : ! * ! 1 )  
3 9.2 NE XTR 
3 9 4 G @ T 0 4 0 4  
3 9 6 L E T P 3 = <  ( ( 1660 7 9 4 / Z - 1 7 3 7 . 5 5 6 ) / 2 + 5 4 3  6694)  / Z + 1 1  8 1  8 0 4 ) I Z  
398LETP3=(((P3-33.7H~66)/~+5*1~840~)/Z-~61309~5)/Z 
40OLE7P3 = ( P 3 - .  3360336 ) / Z +  e3987795 
40'2 LET v 1 5 P 3  * s 0 13 c z 1 *E x t' ( z 1 / ( x * x*x ) 
4 0  4 i lET( J RN 
406 IPZ>8THEN480  
408 LETLa5r20*C1  - E X t ' < - Z / l O )  ) + 4  

4 1 ?  L E T T S = % / 2  
4 1 4  L E T V I = T I  
4 1 6  LETVZ=O 
4 1 8  V 3 = 0  
420 V4=0 
422  LETVS =TS*CQS ( 0  1 
4 9 4  L E T V 6 = T S * S I N ( O  1 
426 LETV7-VS 
428 L E T V 8 = V 6  
430  L E T F l  =D 
432 I_ETF2=1  
4 3 4  FQR K-1 TU L 5  
436 LET 2 3 = C D S ( 2 * R * Q  1 
4 3 8  LET Z 4 = S I N < 2 * R * O )  
4 4 0  LET Z 5 = C D S ( < 3 * 1 1 + 1  ) * @ I  
4 4 2  LET L 6 = S I N < C % * R + l  )*O) 
444 L E T F  1 = F  1 + 1 /R 
446 L E T F 2 = F 2 + 1  /(H+l ) 
448 LET T1 =T1 *Z*Z/<4*K*R)  
450 LET T S = T S * Z * Z / ( 4 * K * < R + l )  1 
45% L E T  V I = V I + T l * Z 3  
454 LET V 9 = V Z + T 1  *Z4  
456 LET V 3 = V 3 + T 1  *cZ3*F1 
458 LET V 4 = V 4 + I 1  *Z4*F1 
460 LET V S = V S + T 5 * % 5  
462 L E T  V 7 = V 7 + T S * ( F l  +F2)*Z5 
464 LET V 6 = V 6 + T 5 * Z 6  
466 LET V 8  = V g + T 5 * ( F I + F Z ? ) * Z 6  
468  NEXTR 

[ { I O  LET T I  = I  

4 7 0  LET V3=V3-(0.577%15665+L0GCZ/2))*V1+0*V2 
4 72 LE?' V4 = V 4  - ( 0 57 7 2  1 5 66 5 +LBG ( Z /% ) 1 *V? - 0 * V  1 
47 4 LET V'7 = - V 7  1 2  +C B 5 ( (3 ) / Z + ( 5 7 7 2 1 5 6 6 5 +1g3 G ( Z 12 1 1 *V 5 - 0 *V 6 
476 L E T V H = - V 8 ~ 2 - S I N ( 5 ) / % + ~ ~ S 7 7 ~ 1 5 6 ~ 5 t L 0 G ~ Z / 2 ~ ~ * V 6 + 0 * V 5  
478 G Q T 0 5 6 3  
480 L E T F l z l  
482 LETW7=1 

486 LET W 3 = 1  
4 8 8  LET W l = l  

492 L E T T l = l  
494 LET w2=0 
496 LETW4=O 

484 LErL, i s=i  

490 L E ' r w  = I  

498  L E T W ~ = O  
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Defect S e n s i t i v i t y  Factor fo r  a Defect i n  the  Outer Material  

D i s  cuss ion of INDFB - 

This program i s  designed t o  ca lcu la te  t he  defect s e n s i t i v i t y  fac tor  

for a c o i l  with rectangular cross sec t ion  coaxial  with and ins ide  a two- 

conductor tube of e f f ec t ive ly  i n f i n i t e  ( th ree  o r  four  c o i l  diameters) 

length.  'Be w a l l  thickness of t h e  outer  conductor i s  a l so  e f f ec t ive ly  

i n f i n i t e  ( th ree  o r  four  sk in  depths).  

be i n  t h e  outer  conductor which i s  labeled IV i n  Fig. 13, p. 188. The 

conductors may have d i f f e ren t  e l e c t r i c a l  conduct ivi t ies .  

For t h i s  program, t h e  defect  must 

To use t h i s  program, one must f i r s t  divide all- dimensions by the  

mean radius  of the c o i l .  The r e s u l t s  w i l l ,  of course, be dimensionless 

and-wi l l  be re fer red  t o  as being "normalized." 

l a r  frequency o f  t he  dr iving current ,  t he  permeability, t h e  conductivity, 

and the  square of t h e  mean radius  of t h e  c o i l  must be calculated for each 

conductor. 

t o r  and by ( J ' I J - ~ C T ~ ~ ~  for  the  outer one. 

The product of the  angu- 

T,et t h i s  prodhct be denoted by uplm1F2 for t h e  inner conduc- 

Once these calculat ions have been made, one need only type t h e  

Tollowing l i nes  i n t o  the program. (Note: Parentheses a r e  not typed.) 

12 LET R1 = (numerical value of normalized inner c o i l  rad ius)  

14 LET R2 - (numerical value o f  normalized outer c o i l  rad ius)  

16 LET L1 = (numerical value of normalized dis tance between bottom 

of c o i l  and Z = 0 plane) 

18 LET TJ2 = (numerical value of normalized dis tance between top of 

c o i l  and Z = 0 plane)  

20 mr ~1 = (numerical value of up10-152) 

22 LET IQ = (numerical value of iAip2o2F2) 

Note: If t h e  conductivity of t h e  inner conductor i s  zero, one must 

type two addi t iona l  l i nes :  

60 LET X1 = X 

62 LET Y1 = 0 

24 LET A = (numerical value of normalized radius  of inner conductor) 

26 LET B = (numerical value of normalized radius  of outer conductor) 

28 LET ~9 = (normalization f ac to r )  
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Note: This value may be obtained with t h e  a i d  of AIRCO simply by 

placing t h e  appropriate  c o i l  dimensions i n  t h a t  program. 

30 LET R3 = (numerical value of normalized r pos i t i on  coordinate 

of de fec t )  
32 LET Z9 = (numerical value of normalized z pos i t i on  coordinate 

of defect  ) 

The program may now be run. 

The pr in t -out  by t h e  computer w i l l  have t h e  following format: 

Rl = (R1) 
INN RAD = 

DEFECT POS 
M1 = ( M l )  

R2 = (a) 
(A) OUT RAD = ( B )  

ITION IS 
X MAGNITUDE 
L 
5 
LO 
15 
20 
25 

w_ = (Ll) 

m = ( m )  
R := (R9) z = (z9) 

L2 = (L2) 
A I R  VALUE = (A9) 

PHASE 

The various symbols enclosed i n  parentheses a r e  used here  t o  indi-  
The f irst  ca t e  t h a t  t h e  numerical value of t he  symbol w i l l  be pr in ted .  

column, headed "X," i s  t h e  upper l i m i t  of t h e  in tegra t ion  being performed 

by t h e  computer. 

and appear c h i e f l y  to allow one t o  inspect t h e  convergence of the in t e -  

gra t ion .  The magnitude and phase values f o r  X = 25 a r e  considered t o  be 

cor rec t  s ince  t he  in tegra t ion  i n  most cases converges s u f f i c i e n t l y  wel l  

fo r  t h i s  value of X. 

The other  two columns have self-explanatory headings 

The example below is  presented for add i t iona l  a id  t o  those who wish 

t o  use t h i s  program. 

Sample Calculat ion of INDFB 

Let us suppose t h a t  w e  wish t o  know t h e  defect  s e n s i t i v i t y  f ac to r  

for  a c o i l  0.155 i n .  long w i t h  inner and outer  r a d i i  of 0.420 and 

0.580 i n . ,  respect ively,  coaxial  w i t h  and ins ide  a two-conductor tube of 

e f f ec t ive ly  i n f i n i t e  ( t h r e e  o r  four  c o i l  diameters) length.  

conductor i s  assumed t o  be copper w i t h  a rad ius  of 0.600 i n . ,  while the  

The inner  

...., . . . .~ .  . 
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outer  conductor i s  assumed t o  be aluminum with a radius  of  0.700 in .  

Let us fu r the r  suppose t h a t  we a r e  in te res ted  i n  the  defect  s e n s i t i v i t y  

f ac to r  f o r  t he  case i n  which t h e  defect, i s  located 0.750 i n .  from the 

ax is  and 0.0825 in .  above the  Z = 0 plane.  We s h a l l  assume t h e  f r e -  

quency of t h e  dr iving current, t o  be 1.25 kHz and t h e  dis tance of t h e  

bottom of the c o i l  from the  Z = 0 plane t o  be 0.005 i n .  

F i r s t ,  we determine t h e  mean c o i l  radius  t o  be 0.500 i n . ,  s o  .that 

Normalized inner c o i l  radius  = 0.420/0.500 = 0.84 
Normalized outer c o i l  radius  = 0.580/0.500 = 1.16 

Normalized dis tance from bottom of c o i l  t o  2 = 0 plane = 0.01 

Normalized dis tance from top  of c o i l  t o  Z = 0 plane = 0.32 

Normalized radius of inner conductor = 0.600/0.500 = 1 . 2  
Normalized radius of outer  conductor := 0,700/0.500 = 1.4 
Normalized r pos i t ion  of defect  = 0.750/0.500 = 1.5 
Normalized z pos i t ion  of  defect := 0.0825/0 I 500 = 0.165 

Furthermore, 

Angular frequency of driving cu*rent  = ~ I C  x ~ 5 0  sec- l  

Permeability of  both conductors = /+TI x 
Conductivity of copper = 5.77 x lo7 nlhos/m 

Conductivity of alwni.num = 2-86  x 10'' mhos/m 

h/m 

Thus 

A t  t h i s  point  one determines t h e  normalization f ac to r  by pI.aci.ng 

the  normalized c o i l  dimensions i n  AIRCO and running t h a t  program. It i s  

worth noting t h a t  t h e  normalization f ac to r  i s  independent of a l l p a r a m -  

e t e r s  excluding t h e  c o i l  dimensions. This f ac to r  i s  normalization 

fac tor  2 i n  t h e  pr in t -out  of AIRCO and fo r  the  case i n  point  i s  found t o  

be 0.01011632. With t h e  normalization f ac to r  i n  hand, t he  remaining 

procedure i s  qu i te  simple. 

The above information i s  now typed i n t o  the  program as  follows: 
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12 LET R1 = 0.84 
14 LJ3T FQ = 1.16 
16 L;ET L1 = 0.01 

18 LF;T L2 = 0.32 

20 LET = 91.91 
22 LET M2 = 45.48 

24 I&T A = 1 .2  

26 LET B = 1 .4  
28 LET A9 = O.1011632E-1 

30 ZET R9 = 1.5 
32 LET 29 = 0.165 

Execution of t h e  program yie lds  t h e  following r e s u l t s :  

R1 = .84 R2 = 1.16 
I N N  RAD = 1.2  OUT M D  = 1.4 
M1 = 91.91 
DEFECT POSITION I S  
X MAGNITUDE 
1 3.879693-4 
5 4.14216E-3 
10 5 a U987E-3 
15 5.222093-3 
20 5.22224E-3 
25 5 1p 222263-3 

L1 = .01 L2 = .32 
A I R  VALUE z= 1.01163E-2 
M2 = 45.48 
R = 1.5 2 = .165 
PHASE 

7.52726 
7. 82334 
7.99527 
E3.01.217 
8.01-287 
8.01285 

From t h i s  we see  t h a t  -the defect  s e n s i t i v i t y  f ac to r  i s  5.22226 x 
e j 8  . o x 2 8 5  

To obtain t h e  change in normalized impedance, we multiply the 

defec t  s e n s i t i v i t y  f ac to r  by the  product of t h e  defec t  volume and t h e  

shape and o r i en ta t ion  f ac to r .  Note t h a t  the defec t  volume must be 

calculated from dimensions which are normalized by t h e  mean radius  of 

t h e  c o i l .  

INDFB Program 

x :\1DF13 
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2% LET 1"1'2=45.48 
24 LE'r 9 - 1 . 2  
26 LET B z 1 . 4  
2 8  L E T  A 9 = . 1 0 1  1 6 3 z F - 1  
30 LET R 9 = l  - 5  
32 LET %9=.165 
34PR I NT"R 1 =" ; R 1 t"R2 ='' ; R% t "L 1 =" j L 1 t "L2 ='* i L? 
36FR I NT" I N N R A D  ='* 5 A I  "OI.IT 
3 8 P R I NT" M 1 =" i PI 1 J '* 
40Pi3 1NT"DEFEC T 
42PR I NT" X" J "MA GN I TIJD E" t "PHASE" 

FIAT) ='* i B > "A I R V A L U E  =" ; A 3  
'* t '* PI2 = ' g  ; M 2  

POS I T  I lilN I S" t "i?-'* R9 t '* Z=" ; Z9 

44LETM7=0  
46LETM8=0  
4 81-E T M9 = 0 
SOLETS1 = 1 E - 2  
5 2 L E T S ? = l  
54LE'r:31 =o 
56LETF32 =S2 
5KF@i?X=31 + S l / 2 T a R % S T E P S I  
h O L E T X ~ = . 7 0 7 1 0 7 a S Q K ( S ~ ~ ( X * X ~ X ~ X + M ~ ~ ~ ~ ) ~ X ~ X )  
h?'l,ETY?- 7 0 7 1  07*SOR <SO!?( X*X:kX*X+MZ*Y% ) - X : k X )  
6 4 L E  T X 1 7 0 7 1 C) 7 * S  0 R ( S Q R ( X* X* X* X + M 1 :kM 1 ) + X:k X 1 
6hLETYl~*'707l07*SQR<SQR( X*X*X*X+Ml *M1 > - X * X )  
FjRLETZl = S Q R ( X l  * X 1  +\I1 * Y l  1 
70LETk3I. = A T N ( Y l / X l  ) 
7 2 L E T  22 =SQR ( X 2 * X 2  + Y 2 * Y 2  1 
7 4 L E T  0 2 = A T N ( Y 2 / X 2  1 
7 6 L E T  Z = A  * X 
7HLETO =O 
80G0S~J02 96 
8 2 L E T I  1 =Cll 
84LET 12=05 
8 6 L E T K 2  = 9 7  
8HLETZ=A*Zl 
9 0 L E T 0  =GI 1 
92GOSUR296 
94LET I3 = Q  1 
961,ET.J3 =02 
9 8 L E T K 3  =Q3 
1 0 0 L E T 3 l 3 = 0 4  
1 O2LET 1 4  =45 
1 0 41-E T J 4  = r;] 6 
1 0 6 L E T X 4 = 0 7  
108LETN4=Q8 
1 l O L E T % = R * % l  
1 12LET:3 =o  1 
I 1  4G@Sl. lB296 
1 1  b L E T I 5 = i 3 1  
1 1 FSLET J5  =92 
1 2 0 L E T K S  =T)O 
1 2 ? L E T N 5 = 0 4  
1 2 4 L E T 1 6 = 9 5  
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438 LE?' V6=W6*CJ5+',45*Q6 
4 4 0  I..FT V7=M7*07-'d8*Q8 
4 4 2  LE r V3=:*!8*Q7+W7*Q8 
444 LET V 1  = W 1  *QS-W%*08 
446 LET V2=bdl Wh+W2*9S 
448 LET V3=W3*67-W4:k08 
45c) LET V4=W3*08+W4*97 
4 S 2  L E T O l  =SQR(Vl *Vi +V2*V2) 
454 LE'TS2=ATN<U%/VI  ) 
456 IFUl > O T H E N 4 6 0  

460 L E T Q 3  =SQR ( V 3  * V 3  +V4*V4 1 

46 4 I F V 3  > 0 'r H E  N 4 6 8 

4 h 8 LET B S = S Q H C V 5 * V S + V 6 # V 6 ) 
470 IdET'36=ATN(V6/VS 1 
4 '72 I F' V 5 > 0 T HE N 4 '7 6 

476 L E T Q ~ = s ~ R ( v ~ * v ~ + v K ; ~ v ~ )  
478  LETQ8=ATN(V%/V7) 
480 IFV7>0THEN484 

45 8 LET 02 =Q2 + 3 1 4 1 5 92 7 

462 L E T ~ ~ = A T N ( V ~ / V ~ )  

466 ~ ~ ~ ~ 4 = 9 4 + 3 . 1 4 1 5 9 2 7  

474 L E T " ) 6 = Q 6 + 3  1 4 1  5 9 2 7  

4 R ?  LFTOS=f?!?+3o141S937 
434 RETCIKiV 
4%6 L E T Q 3 = A T N ( Q B / Q I  1 
488 I F 9 1  >OTHEN492 
490 L E T 9 3 = Q 3 + 3  1 4 1  5927  
492 R E T U R N  
'4 9 4F: N i l  

READY 

EDDY-CURRENT BRIDGE 

A bridge c i r c u i t ,  used i n  many eddy-current instruments, i s  shmm 

i n  Fig.  14. 
magnitude and. phase of t h e  unbalance voltage a r e  measured with both L1 

and L2 i n  air .  If probe c o i l  L1 i s  now brought i n t o  the  v i c i n i t y  of a 

conductor, both the magnitude and phase of  t h e  unbalance vol tage w i l l  
change. This change may be used t o  measure permeability, conductivity,  
or  clad thickness provided t h a t  t h e  bridge can be made t o  ignore var ia-  
t i o n s  i n  any two of these  quan t i t i e s  while measuring t h e  t h i r d .  

Suppose t h a t  t h e  bridge i s  unbalanced s l i g h t l y  and t h a t  t h e  

A s  an example of t he  use of t he  bridge, l e t  us consider t h e  problem 

of determining t h e  permeabili ty of a metal p l a t e .  Figure 15 i s  a p l o t  

of t h e  r e a l  versus t h e  imaginary p a r t  of t h e  normalized impedance of  a 
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Fig. 14. A Typical Eddy-Current Bridge. 
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c o i l  above the  plat:: fo r  a number of values of t he  parameter M := W ~ C T F ~ ,  
where w i s  t h e  angular frequency of the  dr iving current ,  IJ. t he  perme- 

a b i l i t y ,  o- t he  conductivity,  and r t he  mean c o i l  radius  i n  meters. 

any point  on t h e  curve, a change i n  e i t h e r  frequency or conductivity 

w i l l  cause the  poin t  t o  move along the  s o l i d  curve. The dashed l i n e s  

ind ica te  the  va r i a t ion  with l i f t - o f f  (i. e . ,  a poin t  origina1l.y on the  

s o l i d  curve w i l l  move along one of t he  dashed l i n e s  i f  t h e  l i f t - o f f  i s  

var ied) .  

the va r i a t ion  with l i f t - o f f  i s  approximately p a r a l l e l  t o  t h e  var ia t ion  

witin conductivity.  This i s  a des i rab le  e f f ec t ,  s h c e  we wish t o  make 

t h e  va r i a t ion  due t o  a l l  t he  unwanted var iables  p a r a l l e l  t o  each other 

and perpendicular t o  the  change caused by t h e  var iab le  we wish t o  measure. 

For 

Note t h a t  i n  the  region o f  t he  curve f o r  small  values of M, 

Figure 16 i s  an enlargement of t h e  region of t h e  curve with small  

values of M shown i n  Fig.  15. Three additi-onal c'wves corresponding t o  

permeabili- t ies of 1.003, 1.005, and 1.007 are a l s o  included. The dashed 

l i n e  again indicates  t h e  va r i a t ion  with l i f t - o f f .  The nine poin ts  shown 

on t h e  graph represent  t h ree  values of conductivity f o r  each of t h ree  

permeabili ty curves. Here it can e a s i l y  be seen t h a t  the va r i a t ion  due 

t o  conductivity,  which i s  approximately p a r a l l e l  t o  t h e  var ia t iof i  due t o  
l i f t - o f f ,  i s  e s s e n t i a l l y  perpendicular t o  t h e  va r i a t ion  due t o  permeabil- 

i t y .  Thus, it i s  expected t h a t  we can separate  these  e f f ec t s ,  respofiding 

t o  the  permeabili ty changes while ignoring changes i n  conductivity or 

l i f t - o f f .  

Let us now suppose t h a t  t he  nine poin ts  on t h e  impedance diagram of 

Fig. 16 represent  t he  complex impedance of t e s t  coi.1. L1 i n  t h e  bridge 

c i r c u i t  of  Fig. 14. Corresponding t o  these nine values of irqedance, 

t he re  a r e  nine values of the complex voltage V, across Llwhich a r e  

got ten  by a 1:l mapping of t h e  impedances onto a voltage diagram. This 

i s  shown i n  Fig. 17. Here each poin t  I.s i den t i f i ed  by the  s e t  (a ,b)  

where a i d e n t i f i e s  t h e  permeabili ty Val-ue and b t h e  conduct ivi ty  value.  

+ 

The pro'ul-em now resolves  i t s e l f  intho f inding a way t o  make - l i e  --. 
bridge in sens i t i ve  t o  conductivity changes ( i . e . ,  t o  changes i n  V, along 

the  s o l i d  curves) while maximizing the  response t o  permeabili ty changes 

(i.e., t o  changes i n  V, which jump from one curve t o  another) .  This i s  
accomplished i n  the  following manner. 

-+ 
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Fig. 17. Variations i n  Voltage Due t o  Variations i n  Conductivity 
and Permeability. 
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Suppose two circ3-es of  radius  A a r e  drawn aboik the  end poin ts  

[(2,1) and ( 2 , 3 ) ]  o f  t he  middle permeabi1i.ty cu.rve of Fig.  17.  The 

in t e r sec t ion  of these two curves defines two Foints  which are equidis tant  

from the  spec i f ied  values of V,. 

these  two poin ts  and assignizlg t o  it t h e  coordinates (x2, y,), t h e  

bridge i.s now adjusted so  t h a t  t h e  complex voltage V, across t h e  r e fe r -  

ence c o i l  L2 i s  given by V, = x2 + jy,. Now we see t h a t  as the  conduc- 

t i v i t y  var ies  ( thereby varying V, along the  s o l i d  curve) ,  t h e  phase of 

t h e  unbalance voltage (AV = V, - V,) changes, but t he  magnj-tude remains 

p r a c t i c a l l y  constant.  On t'ne other  hand, a permeabi.1j.ty change w i l l  

cause l i t t l e  va r i a t ion  i n  t'ne phase of AV but a r e l a t i v e l y  l a rge  change 

i n  the  magnitude. Thus, by monitoring IAVI it i s  possib1.e t o  determine 

the  permeabili ty while ignoring changes i n  condvctivity or l i f t - o f f .  

.* 
A r b i t r a r i l y  choosing t h e  lower of 

-9 

-6 

3 

- - * - e  -)I 

+ 

4 

Tine question a r i s e s  as  t o  the  optimum value of A, the  magnitude of 

t he  volLage unbalance a t  t h e  two balance poin ts .  Targe values of A wi .11  

minimize t h e  va r i a t ion  of lAVl with conductivity bu.t w i l l  decrease t h e  

s e n s i t i v i t y  of t h e  bridge t o  var ia t ions  i n  permeabili ty.  In addition, 

l a rge  values of A tend t o  increase t h e  detr imental  e f f e c t s  of d r i f t s  i n  

t h e  c i r c u i t  elements of t he  bridge. Hence, a compromise must be reached. 

O u r  work has shown t h a t  a value of A i n  t h e  neighborhood of one-hundredth 

t o  one-tenth of IV, I i s  a, reasonable compromise. 

-+ 

-+ 

The program responsible f o r  making t h e  foregoing ca lcu la t ions  i s  

t h e  B R I E E  program ( s e e  p.  240).  This program accepts as  input t he  nine 

values of t h e  normalized impedance shom i n  Fig.  16. It then ca lcu la tes  

the  nine corresponding complex values of VI, -the bridge set poin t  V2, 

and the  nine values of AV. I n  ord-er t o  do t h i s ,  the  user  must specify 

t h e  two poin ts  from which V, i s  determined and the  value of A. 
ef fec ted  by typing i n  t h e  cor rec t  values i n  l i n e s  12 through 16 o f  t h e  

program. For instance,  i f  l i n e s  12 and 14 are :  

-+ 3 

-+ 

-P 

This i s  

12 DATA 2, Z 

14 DATA 2 ,  3 
--+ 

the  BRIDGE program w i l l  ca lcu la te  the  value of V, using poin ts  (2,l) 

and ( 2 , 3 )  as  shown i n  Fig,  17. 
of A i n  un i t s  of I v1 I . 

Line 16 of .the program gives the  value 
-+ 
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Description of 8RIDGE 

This program i s  designed t o  ca l cu la t e  t h e  response of t h e  bridge 

c i r c u i t  shawn i n  Fig.  14 t o  changes i n  t h e  normalized impedance of  t h e  

t e s t  c o i l  L1. 

malized impedances, t h e  c i r c u i t  i s  usef'ul fo r  t h e  measurement of any 

parameter which would e f f e c t  a change i n  these  impedances (e .g . ,  perme- 
a b i l i t y ,  conductivity,  c lad thickness,  e t c  ./ ) . 

Since p a r t  of t h e  input t o  t h i s  program cons is t s  of nor- 

The bridge i s  designed t o  operate with a c e r t a i n  unbalance when 

both t h e  t e s t  c o i l  ( L l )  and t h e  reference c o i l  (L2) a r e  i n  a i r .  Then, 

when t h e  t e s t  c o i l  i s  brought i n t o  t h e  v i c i n i t y  of a conducting plane, 

t h e  magnitude and phase of t h e  unbalanced voltage a r e  a l t e r e d .  

The p r o g r m  ca lcu la tes  t h e  magnitude and phase of t h e  unbalanced 

vol tage a t  nine poin ts  on a 3 x 3 l a t t i c e  cons is t ing  of th ree  l i f t - o f f  
values and th ree  values of t h e  parameter being measured ( e . g . ,  permeabil- 

i t y ) .  
t o  l i f t - o f f  var ia t ions  as w e l l  as t o  changes i n  the  parameter being mea- 

sured. The program then ca lcu la tes  t h e  e f f e c t  on t h e  unbalanced voltage 

of a d r i f t  i n  each of t h e  other  c i r c u i t  elements. This makes it possible  

t o  ass ign  a maximum permissible d r i f t  %o each element. 

This allows one t o  determine t h e  s e n s i t i v i t y  of t h e  measurement 

To execute t h e  program, one need only type t h e  following l i nes :  

(Note: Parentheses a r e  not typed.)  

12 DATA (Xl), (Yl) [ X l  and Y1 a r e  bridge balance poin ts  ( s ee  p .  228)1 

14 DATA (X2), (Y2) [X2 and Y 2  are bridge balance poin ts  ( s ee  p.  229;)] 

16 DATA ( A )  [A i s  t h e  normalized magnitude of the  bridge imbalance 

( see  p. 228)l 

l.8-38 DATA (The normalized impedances a r e  typed i n  l i n e s  18-34) 

200 LET LG = [numerical value of m i n i m u m  l i f t - o f f  ( i n  mi l s ) ]  

210 LET IL? = [numerical value of Li f t -of f  increment ( i n  mi l s ) ]  
260 LET S1 = (numerical value of f r a c t i o n a l  change i n  frequency) 

270 LET S2 = (numerical value of f r a c t i o n a l  change i n  amplif ier  gain)  

280 LET 53 = (numerical value o f  f r a c t i o n a l  change i n  bridge 

r e s i s t o r  R 6 )  

290 LET S 4  = (numerical value of  f r a c t i o n a l  change i n  both bridge 

r e s i s t o r s ,  R5 and R6, simultaneously) 
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300 IXT S5 = (numerical value of f r a c t i o n a l  change i n  t e s t  c o i l  

inductance ) 
320 LET S'? = (numerical value of f r a c t i o n a l  change i n  bo%h t e s t  

c o i l  and reference c o i l  inductance, siniuytaneously) 

330 LET Sg = (numerical va.l.ue of f r a c t i o n a l  change i n  t e s t  c o i l  

dc res i s tance)  

340 LET S9 = (numerical value o f  f r a c t i o n a l  change i n  t e s t  c o i l  

dc res i s tance  and reference c o i l  dc res i s tance ,  

s i m u l t  aneous ly ) 
350 LET SO = (numerical value of f r a c t i o n a l  change i.n amplif ier  

input res i s tance  ) 
360 LET F = (numerical value of frequency) 

370 LET VO = (numerical value of applied vol tage)  

380 LET i; = (numerica,l value of amplif ier  gain) 

390 LET L1 = (numerical value of  t e s t  coil.. ind-uctance) 

400 LET Rl = (numerical value of t e s t  c o i l  dc r e s i s t ance )  

410 LET R3 = (numerical value of amplif ier  input res i s tance)  

420 U T  X 3  = (numerical value o f  amplif ier  input reactance) 

Lb.30 LET R5 = (numerical value of f i r s t  bridge r e s i s t o r )  

440 LET R6 = (numerical value of  second bridge r e s i s t o r )  

G O  LET R4 = (numerical value of amplif ier  input r e s i s t ance )  
460 LET X4 = (numerical value o f  amplif ier  input reactance) 

470 LET R.2 = (numerical value o f  reference c o i l  dc res i s tance)  

480 LET I2 = (numerical value of reference c o i l  inductance) 

'The program may now be run. 'The example below i s  presen-Led as  an 

addi t iona l  a id  t o  t h o s e  who wish t o  use t h i s  program. 

S a m l e  Calculation of B R I E E  

Suppose we wish Lo measure the  permeabili ty of a piece of  s t a i n l e s s  

s t e e l  l;ubing using an enc i rc l ing  coil. i n  one leg  of t'ne bridge c i r c u i t .  

The tubing i s  assumed t o  be 0.250 in .  i n  outside d-iameter with a nominal 

w a l l  thickness of 0.015 i n .  The c o i l  i s  assumed t o  be 0.125 i n .  long 

with inner and outer r a d i i  of 0.130 and 0.205 i n . ,  respect ively.  The 

frequency i s  taken t o  be 5 kHz. 
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The normalized impedances of t h e  c o i l  are determined by running t h e  

ENCCO program ( see  p .  150) for  t h e  nine values of permeabili ty and l i f t -  

of f  des i red .  Suppose t h e  r e l a t i v e  permeabili ty i s  known t o  be i n  the  

range of 1.003 t o  1.007. 

culat ions a r e  then chosen t o  be 1.003, 1.005, and 1.007. Since t h e  

nominal outer  radius  of t h e  tubing i s  0.125 i n .  while t h e  inner radius  

of  t h e  c o i l  i s  0.130 i n . ,  t he  nominal l i f t - o f f  i s  5 mils. Asswing t h a t  

t h i s  may vary by as much as  ~1 m i l ,  the th ree  l i f t - o f f  values a r e  chosen 

t o  be 4, 5, and G m i l s .  

The t h r e e  permeabili ty values used i n  t h e  cal-  

Before running t h e  ENCCO program it is necessary t o  run AIRCO i n  

order t o  obtain t h e  normalization f ac to r  f o r  a c y l i n d r i c a l  conductor. 

We f i r s t  determine t h e  mean radius of t h e  c o i l  t o  be 0.1675 in., so  t h a t  

This 

Normalized inner radius  of c o i l  = o.WO/0.1675 = 0.'7?61 

Normalized outer  radius of  c o i l  = 0.205/0.1675 = 1.2239 

Normalized length of c o i l  = 0.125/0.1675 = 0.7463 

information i s  typed i n t o  AIRCO i n  t h e  following manner: 

20 U T  R l  = 0.7761 

30 N T  2.2 = 1.2239 

40 LET L = 0.7463 

The program i s  now run, and t h e  normalization f ac to r  fo r  a cy l ind r i ca l  

conductor i s  found t o  be 3.757393-2. We may now proceed t o  t h e  determina- 

t i o n  of t h e  normalized impedances. 

From t h e  above data we f i n d  ( f o r  a r e l a t i v e  permeabili ty of 1.003 
and nominal l i f t - o f f )  : 

Normalized inner radius of tubing = O.llO/O.l675 = 0.6567 

Normalized outer  radius  of tubing = 0.125/0.16'75 = 0.7463 

Furthermore, 

Angular frequency of dr iving current  = 2Z X 5000 sec'l 

Permeabili ty of inner ( a i r )  conductor = X h/m 

Relat ive permeabili ty of inner conductor = 1 

Conductivity of inner conductor = 0 

Permeabili ty of outer ( s t a i n l e s s  steel) conductor 

= 1.003 X 4?r X 1(3-?' h / m  



232 

Relative permeabili ty of outer conductor = 1.003 

Conductivity of s t a i n l e s s  s t e e l  = 1.3333 X lo6 mhos/rn 

Thus, 

The above information i s  typed i n t o  ENCCO using t h e  following format: 

12 LET R 1  = 0.7761 

14 LET R2 =: 1.2239 

16 LET Ll = 0 

1.8 U T  L2 = 0.7463 

20 LET ML =: 0 

60 U T  X1 = X 

62 LEX' Y 1  = 0 

22 LET Ul I= 1. 

24 LET M 2  = 0.9528 

26 LET U2 = 1.003 

28 LET A = 0.656'7 

30 LET B = 0.7463 

32 mr ~9 = 3.'75?39~-2 

The program may now be run. 

The same ca lcu la t ions  must be performed l o r  t h e  two remaining perme- 

a b i l i t i e s  and l i f t - o f f s .  This i s  most conveniently done by READ s t a t e -  

ments on t h e  permeabili ty ( l i n e  26) and tubing radi i  ( l i n e s  28 and 30) 
and by simple looping. 
impedances may be constructed, as  shown i n  Table 1. The top l i n e  i n  

Table 1 i s  t h e  r e a l  pa r t  of t h e  normalized impedance and t h e  bottom l i n e  

t h e  kmaginsry p a r t .  

When t h i s  i s  done, the  following normalized 

IrJe a r e  now ready t o  run the BRIDGE program. 

Suppose we w i s h  t o  evaluate the e f f e c t  of  a 0.01% d r i f t  i n  each of 

t h e  various c i r c u i t  elwnents on t h e  unbalance voltage.  T h u s ,  Sl. through 

SO ( l i n e s  260-350) a r e  0.0001. Furthermore, l e t  

Test c o i l  dc res i s tance  := 1-78  ohms 

Test c o i l  inductance = 11.5 mH 
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Table 2. Normalized Impedance Values 

Permeabili ty L i f t - o f f ,  m i l s  
(Md 4 5 6 

1.003 2.272373-2 2.21l.383-2 2.14917E-2 
1.00022 1.00022 1.0002% 

1.005 2,268933-2 2.208043-2 2.145933-2 
1.00073 1.00072 1.00072 

1.00124 1.00122 1. 00l21 
1.007 2.26551E-2 2.20472E-2 2.1427l.E-2 

Reference c o i l  inductance = 10 mH 

Applied voltage = 100 V 

Amplifier ga in  2 150 
A m p l i f i e r  input r e s i s t ance  = lOOK ohms 

Bridge r e s i s t o r  R5 = lOOK ohms 
Amplifier input reactance = l X lo1" ohms ( t h i s  value w a s  chosen 

t o  make t h e  input reactance e f f ec t ive ly  i n f i n i t e )  

Nornalized magnitude of t he  vol tage unbalance = 0.04 

The dc res i s tance  of t h e  reference c o i l  and t h e  value of bridge 

r e s i s t o r  R6 are not spec i f ied  because they are m8de va r i ab le  t o  allow 

cont ro l  over t h e  balance set poin t .  

and p r in t ed  out by t h e  program. 

Both of these  values are calculated 

The above information i s  typed i n t o  BRIDGE as follows: 

12 DATA 2, 1 

14 DATA 2, 3 

16 DATA O.W+ 

l.8 DATA 2.1272373-2, 1.00022 

20 DATA 2.21U8E-2, 1.00022 

22 DATA 2.149173-2, 1.00023 

21, DATA 2.26893E-2, 1.00073 

26 DATA 2.208mE-2, 1.00072 

28 DATA 2 - 14593E-2 , 1.00072 
30 DATA 2.2655U-2, 1.00124 

32 DATA 2.2O472E-2, 1.00122 
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34 DRI'A 2.14271E-2, 1.00121 

200 L6 = 4 

210 L? = 1 

260 S1 = 1 E - 4  

270 S 2  .:I 1E-4 

280 S3 = IE-4 

290 S4 =: 1 E - 4  

300 S5 :: 13-4 

310 S6 = 1.E-4 

320 S? zz 1E-4 

330 S 8  1E-L+ 

340 S9 = 1E-4. 

350 So = 1E-.?, 

360 F = 5E-3 

370 VO = 100 

380 G = I50 

390 L 1  = 1.UE-2  

400 R 1  = 1?8 

410 R3 = 1E-5 

420 X 3  = 1E-10 

430 R!5 = 1E-5 

440 R4 = 1.E-5 

450 X4~ = 1E-10 

460 L2 = 0.01 

The program i s  now rim with the  following r e s u l t s :  

BRIDGE UNBALANCE SET USING 
NOR MAG OF UPJBAL Y 1  x2 Y2 XI 

BRTDCJE VOLTAGE 100 VOLTS AC FREQUENCY 5000 HZ GAIN 150 
2 3 .or, 2 1 

BIZ RES A I R  INDUCTANCE COIL D C RES 

2 ? .01 
X IS SET ON .18'1'169 

NOMTNAL B R I X E  VOLTAGES AND PHASES 
LIFT-OFF 4 MILS 5 MILS 6 MILS 
PERMEABILJTY 
1.003 2.40112 2.40114 2.40216 

AMP IMP R - i  

100000 1E+10 
1 1.00000 .01u 1'78 100000 1E+10 

? 
Y I S  SET ON .342663 

-2.742063-2 -2.74043E-2 -2.638813-2 
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PHASE 88.812 89.5949 90 .) 3929 
DRIFT 0 0 0 
1.005 2.42854 2.42805 2.42854 

PHASE 88.8598 89.6326 90.4208 
DRIFT 0 0 0 
1.007 2.45597 2.45496 2.45493 

PHASE 88.9062 89.6693 90.4478 
D R I F T  0 0 0 

VALUES OF R2 AND R6 FOR BALAJlJCE 
R2 = 169.476 R6 = 91029. 

EFFECTS OF DRIFTS 
.01 $ I N C R W E  I N  FREQUENCY 
BRIDGE UNBALANCE POINT DRIFTS TO X = -18777 Y 2 .342698 
LIFT- OFF 4 MILS 5 MILS G MILS 
PERMEABILITY 
1.003 2 -401.36 2.40138 2 40239 

PHASE 88. 809 89.5918 90.3899 

1.005 2.428'79 2.42829 2 - 4287% 

PHASE 88.8568 89.6296 90.4178 

1.007 2.45621 2.4552 2.4551% 

PHtZSE 88.9033 89.6643 90.4449 
DRIFT 2.4612EiE-4 2.44.378E-4 2 I 42694E-4 

1.023633-10 -4.96904E-4 1.01863E- 10 

2.742233-2 2.44114E-2 2.638853-2 

F = 5000.5 

-2 -717983-2 -2.7 165 lE-2 -2 a 615063-2 

DRIFT 2.40849E-4 2.3916E-4 2 e 375373-4 

2.43486E-4 -2.551373-4 2.40114E-4 

DRIFT 2.43486E-4 2.417673-4 2 - 40114E-4 

2 -766853-2 2.665583-2 2 a 66312~-2 

.01 $J IPTCRF,ASE IN AMPLIFIER GAIN 
BRIDGE UrJBALANCE POINT DRIFTS TO X = .187769 Y = .342663 
LIFT- OFF 4 MILS 5 b1ILs 6 MILS 
PERMEABILITY 
1.003 2.40136 2 . 4 0 ~ 3 8  2.4024 

PHASE 88.312 89.5949 90.3929 

1.005 2.42879 2.42829 2.42879 

PHASE 88.8598 89.6326 90,4208 

1.007 2.45621 2.4552 2 .A5518 

PHASE 88.9062 89 - 6693 90.4478 

G = l50.015 

-2.7 1805E- 2 -2 - 7 16423- 2 -2.61479E-2 

DRIFT 2.40083E-4 2.40084E-4 2.40185E-4 

2.42825 E-4 -2.54l29E-4 2.42824E-4 

DRIFT 2.42825E-4 2.427753-4 2.428243-4 

2.766753-2 2.66569E-2 2.663393-2 

DRIFT 2.45567E-4 2 . 4 5 4 6 6 ~ 4  2.454623-4 
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.01 $ INCREASE I N  B H I E E  RESISTOR 
BRIDGE UNBAMCE POINT DRIFTS TO X I= .187751 Y = ,342629 
LIFT- OFF 4 MILS 5 MILS 6 MILS 
PERMEABILITY 
I., 003 2.4063 2.40628 2.40726 

PHASE 8% . v u 2  89.5284 90 3247 
DRIFT 5.179193-3 5.1416E-3 5-102293-3 
1.005 2.43372 2.43319 2 .43364. 

PHASE 88.7956 89.5668 90 3533 
D R I F T  5.176913-3 5.l3975E-3 5.100883-3 
1.007 2.46 114 2.46009 2.46003 

.032597 3.15494E-2 .031488 
PHASE 88.8427 89.6041 90 e 381 

5.17468E-3 5.13794E-3 5.0995 1E-3 DRIFT 

.01 % INCREASE I N  B(YT€I BRIDGE RESISTORS E-R6 10001~. 91038.1 
BRIDGE UNBALANCE POINT DRIFTS TO X = .187'751 Y = .342629 
LIFT- OFF kt MILS 5 M I L S  6 M I L S  
PERMEABILITY 
1.003 2.40088 2.4009 2.40192 

PmSE 88.83.21 89.5949 90.3929 

1.005 2.4283 2.42781 2.4283 

PHASE 88.8538 89.6325 90.4208 

1.007 2.45572 2 .45471 2.45469 

PHASE 88.9063 89.6693 90.44'79 

36 = 91038.1 

-2.22414E-2 -2.226273-2 -2.13.8583-2 

5.17491E-3 4.642843-3 5.10088E-3 

-2.765983-2 -2 .76435E-2 -2.662'74E-2 

DRIFT -2.39214E-4 -2.392193-4 -2.3932l-E-4 

-2.4.l947E-4 -?.38803E-4 -2.4195E-A 

D R I 3 T  -2.1+194-7E-4 -2.41899E-4 -2.4195E-L: 

2 .rt1rlr?7E-2 2 e 61468E-2 2.614393-2 

DR IN' -2.44679E-4 -2.445'793-4- -2 -44579.E-4 
.01 $ INCREASE I N  BRIEE VOLTAGE vo = 1.00.01 
B R I E E  UNBALANCE POINT DRIFTS TO X .187788 Y = .34269Li 
LIFT- OFF 4 MILS 5 MILS 6 MILS 
PERMEABILITY 
1.003 2.40136 2.40138 2.4024 

PHASE 88.832 89.5949 90.3929 

1.005 2.42879 2.42829 2.42879 

PHASE 8s' .8598 89.6326 90.4208 

1.0O7 2.45621 2 .A552 2.45518 

PHASE 88.9062 89.6693 90.44?8 

-2.718053-2 -2.71642E-2 -2.61479E-2 

2.40084E-4 2.40184.E-kt DRIFT 2.400823-4 

2 -42825E-4 -2.54UE-4 2.42823E-4 

DRIFT 2.428253-4 2.42774s-4 2.42823E-4 

2.76679E-4 2.66569E-4 2.663393-2 

DRIFT 2.4556'7E-4 2.45465E-4 2.45462E-4 
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.01 '$ INCREASE I N  TEST 
BRIDGE UNBC1LANCE POD?" 
LIFT- OFF 4 MILS 
PERMEABILITY 
1.003 2.4065 

PHASE 88.8099 
-. 02204 

C O I L  INDUCTANCE L 1  = 1.EOU.E-2 
DRIFTS TO X = .187769 Y = .342663 

5 M I L S  6 MILS 

2.40652 2.40753 

89.5911 90.3874 
-2.202523-2 -2.10116E-2 

DRIFT 5.380653-3 5.37'3023-3 5.376473-3 
1.005 2.43393 2.43343 2.43392 

PHASE 88. 8576 89.6288 90.4253 

1.007 2.4t3l.35 2.46034 2.46031 

PHASE 88.704 89.6654 90.4424 

.OX $ INDUCTANCE INCREASE I N  BOTH L1-L2 1.l5Ol2.E-2 .010001 
BRIDGE UNBALANCE POINT DRIFTS TO X = .18777 Y = .342698 
LIFT- OFF 4 MILS 5 M I L S  6 MILS 
PERMEABILITY 
1.003 2.40136 2.40138 2.40239 

PXASE 88.809 89.5918 90.3899 

1.005 2.42879 2.42829 2 + 42878 

PHASE 88.8568 89.6296 90,4178 

5.383323-3 4.88473-3 5.378993-3 

DRIFT 5.383323-3 5.38163-3 5.378993-3 

3.28083E-2 3-179563-2 .03177 

D R I F T  5.385993-3 5.384193-3 5,381523-3 

-2.71798E-2 -2 .?1651E-2 -2.615063-2 

DRIFT 2 -40849E-4 2.39L59E-4 2.37536E-4 

2.4386E-4 -2.55 1373-4 2.40llcS.E-i, 

DR LFT 2.43486E-4 2.41767E-4 2 - 40114E-4 
1.007 2.45621 2 -4552 2.45518 

PHASE 88.9033 89.6663 90.4449 
2.746853-2 2.665583-2 2 6631J-E-2 

DRIFT 2.46128E-4 2.44378E-4 2.426943-4 
.01 INCRELC1SE I N  TEST C O I L  RESISTANCE R1 = 178.018 
BRIDGE UNBALANCE POINT DRIFTS TO X == .187769 Y .342663 
LIFT- OFF 4 M I L S  5 MILS 6 MILS 
PERIGUBILITY 
1.003 2.40114 

PHASE 88.7488 89.5316 90.3297 

1.005 2.42856 2.42803 2.42849 

PHASE 88.7973 89.5701 90.3583 

1.007 2.45598 2.45493 2.45487 

PHASE 88.8444 89.6074 90.386 

2.40112 2.4021 
-2.74024.E-2 -2.742233-2 -. 026443 

DRIFT 1.82l5E-5 -1.799283-5 -5.4903lE-5 

1.5 97 1E-5 -5.16678E-4 -5.622873-5 

DRIFT 1.59709E-5 -1.97737E-5 -5.62288E-5 

2.7.436LE-2 2.638993-2 2.633093-2 

DRIET 1.378823-5 -2.150383-5 -5.751163-5 
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.01 % RESISTANCE INCREASE IN BOTH R l - R 2  178.018 169.493 
BRIDGE UNBAMNCE POINT DRIFTS TO X = .187788 Y = .342663 

4 MILS 5 MILS 6 MILS LIFT- OFF 
PERVFABILITY 
1.003 2.43112 2 I 40114 2.402 15 

PmSE 88.815 89.5978 90.3958 

1.005 2.42854 2.42804 2.42854 

PHASE 88.8627 89.6355 90.4237 

1.007 2.45596 2.454-95 2.45493 

PHASE 88.9091 89.6721 90.4507 

.01 % INCREASE IN AMPLIFIER IWUT RES 

-2.74249E- 2 -2.74069E-2 -. 026389 

DRIFT -4.303263-6 -2.627 6E- 6 -9.195063-7 

A,-. 220063-6 -4.99473-4 4.79954E-'1 

DRIFT -C,. 220163-6 -2,565953-6 -8.80056E-7 

2.74182E-2 2.640893-2 2.638763-2 

DRIFT 4.. 13992E-6 -2.506353-6 -8 .394.27E-7 
R 3  = 100010 

BR1LX;E f J T J B A ~ N C E  POINT DRIPTS TO X = .187'769 
LIFT- OFF /It MILS 5 MILS 
PERMEABILITY 
1.003 2.4 OlU+ 2.40116 

PJ3ASE 88.8124 89.5952 
DRIFT 1.991343-5 2.00838E-5 
1.005 2.42856 2 . 4 2 8 ~  

PI-USE 88,8601 89.6329 

-2 -74007E-2 -2.738423-2 

1.99344E- 5 4.7'6802E-4 

DRIFT 1.99343E-5 2.01022F-5 

1.007 2 .45599 2 "45498 
2.74423E-2 2.64315E-2 

PHASE 88.9066 89.6696 
DRIFT 1.995513-5 2.012093-5 
RANGE 5.38098F-2 LIFT-OFF: 1.92136 $ 
RMS D R I F T  7.49254E-3 $ OF RANGE IS 13.9241 

Y .342663 
6 MILS 

2.402.U 

90.3332 
2.02553-5 

2.42856 
2.02704E-5 
90.4211. 
2 - 027033-5 

2.45495 
2 .  64.0873-2 
90.4481 

-2. G3679E-2 

2.028683-5 

'The program f i r s t  p r i n t s  out t h e  bridge s e t  po in ts  (XI., Y1; X2, e), 
t he  normalized magnitude of t h e  unbalanced voltage,  t h e  app1.ied- voltage,  
t h e  frequency and t h e  amplifier gain.  Next it p r i n t s  out t h e  v a h e s  of  

t h e  various components of t he  bridge. Note t h a t  a question mark i s  

p r in t ed  f o r  t he  values of bridge r e s i s t o r  2 (R6) and c o i l  2-dc r e s i s t ance  

( R 2 ) .  The 
program then ca lcu la tes  and p r i n t s  out t h e  r e a l  and imaginary p a r t s  of 

This i s  done t o  ind ica t e  t h a t  these  values a r e  not ye t  knawn. 

-+ 
t h e  voltage V, t h a t  must e x i s t  across  t h e  reference eoi.1 t o  produce the  
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spec i f ied  unbalanced voltage.  

t h e  l i n e s  "x i s  set  on 

These values a r e  given, respect ively,  by 

I '  and "y i s  s e t  on II 

Next t h e  program p r i n t s  out t h e  nominal output voltages and phases 

( i . e . ,  t h e  values t h a t  would e x i s t  i n  the absence of d r i f t s  i n  t h e  c i r -  

c u i t  components). 

each value of l i f t - o f f  and permeabili ty.  

values are the  magnitude of  t he  unbalance voltage,  t h e  d i f fe rence  between 

the  magnitudes of t h e  calculated and spec i f ied  unbalance voltages,  t h e  

phase of t h e  unbalance voltage ( i n  degrees) and t h e  DRIFT,  which i s  the  

difference between t h e  magnitude of t h e  unbalance vol tage and t h e  corre- 

sponding value i n  t h e  nominal voltages and phases block. Obviously, t h e  

l a t t e r  value w i l l  be zero for t h e  nominal block. 

There are seen t o  be four numbers associated with 

From top t o  bottom, these 

A s  an example, i n  t he  present  case, f o r  a l i f t - o f f  of 4 m i l s  and a 
permeabili ty of 1.005, t h e  magnitude of t h e  output voltage 9s 2.428% V, 

t h e  difference between this value and t h e  spec i f ied  value i s  
1.01863 X 

is one of t he  s e t  po in ts )  and t h e  phase of t h e  output voltage i s  
88.8598 deg. The DRIFT is, of  course, zero. 

V (it should be qu i t e  small s ince  the  present  example 

F o l l m i n g  t h e  nominal voltages and phases block, t h e  values of R2 

and RC, necessary t o  give the  spec i f ied  unbalance voltage a r e  pr in ted .  

Thus, i f  R2 i s  169.476 R and R6 i s  91.029X R, then t h e  r e a l  p a r t  of  the 

complex vol tage across t h e  t es t  c o i l  w i l l  be 0.1127769 and t h e  imaginary 

p a r t  will be 0.342663, as was pr in t ed  out  previously.  

The program next determines t h e  e f f ec t s  of d r i f t s  i n  t h e  c i r c u i t  

components on t h e  magnitude and phase of  t h e  unbalanced voltage.  

example, f o r  a 0.01$ increase i n  eequency,  t he  real  and imaginary parts 

of t h e  bridge unbalanced voltage d r i f t  t o  0.18777 and 0.342498, respec- 

t i v e l y .  For a l i f t - o f f  of 4 m i l s  and a permeabi l i ty  of 1.007, t h e  output 

vol tage i s  2.45621V and t h e  phase i s  88.9033 deg. 

represents  a d r i f t  of 2.40083 X lo-" V from t h e  corresponding nominal 

value.  

For 

This output voltage 

A glance a t  t h e  dr i f ts  i n  t h e  various blocks ind ica tes  t h a t  the 

worst offenders are t h e  bridge r e s i s t o r  R6 and t h e  t e s t  c o i l  inductance 

L1. A 0.01% increase i n  e i t h e r  of these  quan t i t i e s  gives r i se  t o  a 
drift of about; 5 x V. It should be noted, however, t h a t  t h i s  i s  
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for unmatched d r i f t  ( i . e . ,  i f  e i t h e r  F 6  and R6 d r i f t  together  or L l  and 

L2 d r i f t  together ,  t he  e f f e c t  i s  much l e s s ) .  
A t  t he  end of  t h e  pr in t -out  a r e  l i s t e d  t h e  RANGE, which i s  t he  

average voltage change due t o  the  spec i f ied  permeabili ty change; t h e  

LIFT-OFF percent,  which i s  the  percent of RANG% a t t r i b u t a b l e  t o  l i f t - o f f  

e r ro r s  ( i . e . ,  it i s  t h e  voltage change due t o  l i f t - o f f  var ia t ions  divided 

by t h e  voltage change due t o  permeabili ty var ia t ions ,  mul t ip l ied  by 100); 
the  WS DRIFT, which i s  the  root  mean square value of t h e  s e t  composed 

of the  l a rges t  d r i f t  i n  each block; and the  '$ OF RANGE, which i s  the  

percent of t he  RANGE represented by t h e  RMS DRIE'T. 

B K I E E  Program 
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400 K 1 = 1 7 H  
4 1 0  R 3 = 1 E 5  
420 X 3 - 1 E 1 0  
430 R 5 = 1 E S  
4 4 0  R 4 = 1 E 5  
450 X 4 = 1 E 1 0  

4 7 0 P R I N T " R R I D G E  V 0 L T A G E 1 ' ; V O ; " V 0 L T S  A C  F R E O U E N C  Y'* ; F ; " H Z  GA I N " i  G 
460 L 2 = * 0 1  

480 P R I N T "  B U G  R E S " t ' * A I R  I N D U C T A N C E " > " C U I L  D C R E S " t " A M P  IMP R - I "  
4 9 0 P R  I N T "  1 "; R 5  J L1 J R 1 j R 3  J X 3  
500 P R  I NT"2" ; '* ? " t L 2  t 'I ?'* t R 4 I X 4  
5 1 OW =% *P Z *F 
520 F0'2 I =1T03 
530 F O R  J = l  T Q  3 

550 G 0  SIJB 2180 
560 N E X T J  
S 7 0 N E X T I  

540 R E A D  R < I * J ) ~ I < I J J )  

580 

6 0 0 8 = < W < X 1  Y Y 1  1 - W  < X ~ Y  Y 2  P ) t 2  
h 1 OQ=SGN< < v <  X I  J Y 1 ) -v < x2 Y Y 2  1 )*( w < x i  J Y l  ) - w <  x20 Y 2  1 1 ) 
6 2 0 X = * S * C V < X I  J Y 1 )  + V < X 2 r  Y 2  ) + Q * S Q R < D * < 4 * A * A - B - C ) / < B c C ) )  1 
630 

A = A * S Q R C  C V (  X I  r Y 1  1 t 2 + W ( X l t  Y 1  1 t 2 ) / < R < X 1  t Y 1  1 t 2 + I <  X 1  t Y 1 )  $2) 1 
5 9 o c = < v c x 1  Dy1 ) - V < X 2 t Y 2 ) ) r 2  

YE e 5* € W  < X I  t Y 1 ) + W <  X 2  J Y 2  ) -SQR<C*< 4 * A * A * B - C  ) 1 <B+C ) ) ) 
6 4 0 A  =A * G 
h 5 0 P R I N T " X  IS  S E T  Q N ' * I X J " Y  I S  SET 0 N " ; Y  
6 6 0 P R I N T  
670 P R I N T " N 0 M I N A L  B R I D G E  V B L T A G E S  A N D  P H A S E S "  
680 G 0  S U B  2430 
690 F O R  I = 1  T O  3 
700 F 0 R  J=l  T B  3 
71 0 
720 N E X T  J 
730 N E X T  I 
'740 G 0  SUB 2540 
750 F 0 R  1 = 1  T 0  3 
760 Q 3 = A <  I t 1  ) - A  
770 Q4=Q3 
780 FQR J=2  T 0  3 

S ( I t  J) = A <  I t  J )  

790 I F  < A < I Y J ) - A ) < Q ~  T H E N  810 
800 Q 3 z A ( I t J ) - A  
810 I F  < A ( I t J ) - A ) > Q 4  T H E N  830 
820 Q 4 = A <  11 J)-A 
330 N E X T  J 
340 D < 1) = A B S  < Q 3  - Q 4 )  
1350 C C I ) = < 8 3 + Q 4 ) / 2  
860 N E X T  I 
870 G I = D C l )  
880 F 0 R  1=2 T0 3 
890 G 2 = D C I )  
900 I F  G 2 e G 1  T H E N  920 
910 G l = G 2  
920 N E X T  It 
930 Q S = A B S C C < l  )-C<3)) 
940 K l = < X * < V O - X ) - Y * Y ) / C X * X + Y * Y )  
950 K2 = - Y * V O / < X * X + Y * Y )  
960 A 1  = X 4 + K l * R 4 / K 2  
970 C = W * L 2 * < X 4 * W * L 2 + K 1  * R 4 / K 2 * t X 4 + W * L 2 )  1 
980 
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990 0 1 = R 4 + X 4 * X 4 *  ( R2*R2 +R4*R2 +W *W *L2 *L2 > 
1000 02  =R4*R4*X4*( X4*W*L2+W*W*L2*L2+R2*R2 > 
1 0 1 0  03=X4*CR2+R4)+R4*W*L2 
1020 04=X4+W*L?-R2*R4 
1030  R6= ( K1*0 1 -K2*02 ) / ( 03*03 +04*04 ) 
1040  PR1NT"VALUES OF R 2  AND R6 FOR BALANCE" 
1050  PRINT"R2=" ;R2ra 'R6="iR6 
1 0 6 0  PRINT 
1070  PRINT "EFFECTS BF DRIFTS" 
1080 I F  S 1 = 0  THEN 1180 
1090 W=W*(l+Sl )  
1 lOOPRINT 100*51;"% INCREASE IN FREQUENCY F=";W/<2*PI 1 
1 1 1 0  GO SUB 2 2 7 0  
1120  GO S U B  2 3 7 0  
1 1 3 0  GO SUR 2 4 3 0  
11-40 GO SUB 2 5 4 0  
1150 G0 SUB 2 7 2 0  
1160  TO=Q6 
1170 W=W/<l+SII) 
1180 I F  S 2 = 0  T H E N  1 2 8 0  
1 1 9 0  G = G * ( l + S 2 >  

1210 G0 S U R  2 2 7 0  
1220 G0 SlJB 2 3 7 0  
1230 G 0  SUR 2 4 3 0  
1240  G0 S U R  2 5 4 0  
1250 G0 SfJB 2 7 2 0  
1260 f l  =Q6 
1270  G=G/(l+S2) 
1280  I F  S 3 = 0  THEN 1 3 8 0  
1 2 9 0  R 6 = R 6 * < 1 + S 3 )  
1300PRINT 1 O O * S 3 J ' * X  INCREASE IN BRIDGE RESESTQR R6=" 3R6 
1310  G0 SUB 2 2 7 0  
1320 G0 SUB 2 3 7 0  
1330  G0 SUB 2 4 3 0  
1 3 4 0  G0 SUB 2 5 4 0  
1350  GO SUB 2 7 2 0  
1360 T 2 = Q b  
1370 R 6 = R 6 / < 1 + 5 3 )  
1380  IF S4=0 T H E N  1 5 0 0  
1390 R5=R5*C1+S4) 
1400 R6=R6*(1+S4)  
1410 P R I N T 1 0 0 * S 4 ~ " %  INCREASE IN B0TH BRIDGE RESISTQRS RS-R6";RS;R6 
1420  G0 SUB 2 2 7 0  
1430  G0 SUB 2 3 7 0  
1 4 4 0  G0 S U B  2 4 3 0  
1450  G0 SUB 2 5 4 0  
1460 GO SUB 2720 
1470  T 3 = Q 6  
1-480 RS=R5/Cl+S4)  
1 4 9 0  R 6 = R 6 / ( 1 + S 4 )  
1500 I F  SS=O THEN 1 6 0 0  
1510  VO=VO*(l + S 5 )  
1520PRINT 1 00*S5Ia'%. INCREASE IN BRIDGE V O L T A G E  vo ='# ; vo 
1530 G 0  SUR 2 2 7 0  
1540 G0 SUB 2 3 7 0  
1550 G O  S U B  2 4 3 0  
156fl G0 SUB 2540 

1200PRINT 1OO*S2;"% INCREASE IN AMPLIFIER GAIN G="; G 
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1570 G0 SUB 2720 
1580 T4=Q6 
1590 VO=VO/Cl+SS) 
1600 IF S6=0 THEN 1700 
1610 Ll=Ll*<l+S6) 
1620PRINT 100*S6t"X INCREASE I N  TEST C0IL INDUCTANCE Ll =";L1 
1630 G0 SUB 2270 
t 6 4 0  G0 SUB 2370 
1650 G0 SUB 2430 
1660 GBI SUR 2540 
1670 G 0  SUB 2720 
1680 T5=Q6 
1690 L1 =Ll/C 1 +S6) 
1700 IF S7=0 THEN 1820 
1710 LI=Ll*Cl+S7) 
1720 L2=L2*Cl+S7> 
1730PRINT 100*S7;"% INDUCTANCE INCREASE IN BBTH Ll&L2"ILl ;L2 
1740 G 0  SUR 2270 
1750 G0 SUB 2370 
1760 G 0  SUB 2430 
1770 GO SUR 2540 
1780 G0 SUB 2720 
1790 T6=Q6 
1800 L1 = L 1 / < 1  +s7> 
1 8 1 0 L2 =L2 1 c 1 +s 7 1 
1820 IF S8=0 THEN 1920 
1830 Rl=Ri*CI+Sf?) 
1840PRXNT lOO*S8;"% INCREASE IN TEST CBIL RESISTANCE R1 =";R1 
1850 GO SUR 2270 
1860 GO SUB 2370 
1870 G0 SUB 2430 
1880 G0 SUB 2540 
1890 G 0  SUB 2720 
1900 T7=Q6 
1910 R1 =R1 I C 1  +SH> 
1920 IF S9=0 THEN 2040 
1930 R1 =R1*< 1 +S9) 
1940 R2=R2*C1 +S9) 
1950PRINT 100*S9; "% RESlSTANCE INCREASE IN B B T H  Rl&R2";RltR2 
1960 G 0  SUB 2270 
1970 GO SUB 2370 
1980 GO SUR 2430 
1990 GO SUB 2540 
2000 G13 SUB 2720  
2010 T8=Q6 
2020 R1 = R 1 / < 1  + S 9 )  
2030 R2=R2/C 1 +S9) 
2040 IF SO=O THEN 2130 
2050 R3=R3*C 1 +SO 1 
2060PRINT 100hS0;"I INCREASE IN AMPLIFIER I N P U T  RES R3="*;R3 
2070 F0 SUB 2270 
2080 GBI SUB 2370 
2090 GO SUB 2430 
2100 GO SUB 2540 
2120 GB SUB 2720 

2130 Q8=TO*TO+Tl*Tl+T2*T2+T3*T3+T4*T4+T5*T5+T6*T6+T7*T7+T8*T8+T9*T9 
81 40 1 3 9 = S Q R C Q 8 >  
21 50 Pi3INT"RANGE";BS;" I,IFTolFF:"3 100*G1 /OS;"%" 

2120 T ~ = W  
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21 60 PR1NT"RMS DRIFT";09;" X OF R A N G E  IS";lOO*Q9/Q5 
2170 Gt3 TB 2810 
21 80 
2190 Bl=R3*X3*W*Ll*I<IrJ) 
2200 
221 0 

2230Q2=<Rl *C1 - A I  *D1 )/<C1 *C1 +D1 *D1 1 
2 2 4 0 V C I ~ J ~ ~ V 0 * C Q 1 + < H 5 + Q l ~ + Q 2 ) / ( ( R 5 + Q 1 ~ ~ 2 + ~ 2 ~ 2 ~  
8250WCIrJ>=VO*Q2*R5/(<RS*Ol )t2+Q2t2) 

A1 =R3*X3*CRl +W;%Ll-*RC I t  J)) 

C 1 =R3* ( X 3  +bJ*Ll* I C I J J) 1 +X3* C K I +W*LI *R C I J J )  1 
D1 =X3*W*LI *I C I J  J)-R3*CR I +W*Ll *R( I J  , I )  1 

2220Ql=<A1*Cl+Bl*Dl )/(Cl*Cl+Dl*Dl 1 

2260 RETLJRN 
2270 A1 =R4*X4*R2 
2280 81=R4*X4*W*L2 
2290 C1 =R4*4X4+W*L2>+X4*R2 
2300 D 1 =X4*W*L2 - K 4 * R 2  
231 OQ1 =CAI *C  I +R 1 *D1  )/CC 1 *C 1 +D1 *D1 ) 
2320(32=CB1 *C 1 - A I  *D1 ) / < C  1 *C 1 +D1 * D l  1 
2330 X=VO*CQl*CR6+Ql )+Q2*Q2)/<CR6+01 )t2+(32t2) 
2340 Y=VO*Q2*R6/C<R6+QlI t2+Q2t2) 
2350 PR1NT"RRIDGE IJNRALANCE PDINT DRIFTS T0 X=":X;" y=" ; y 

2360;iETUliN 
2370F0RI=lT03 
2380 FUR J=l T0 3 
2393 GO SlJS 21 80 
2400NEXTJ 
241 ONEXTI 
242 0 RE TUIIN 
2430 FOR I = 1  T0 3 
2440 FOR J=l T0 3 
2450 A ( I ~ J ) = G * S Q H C ( V < I ~ J ) - X ) ~ ~ + C W C I J J ) - Y ) T ~ )  
2460 IJ(Ir J ) = A T N C C W < I r . J ) - Y ) / C V ( I I J ) - X ) )  
2/17!) IF CVCItJ)-X)<O THEN 2490 
2480 GO T 0  2500 
2490 UCI~.J)=UCIJJ)+PI 
2500 UCIrJ)=57.295779513*UCI~J) 
2510 NEXT J 
2520 NEXT I 
2530 RETURN 

3550 PRINT "PEKMEAi3ILITY" 
2540 PR 1NT"L IFT-BFF". Lh3"MI LS"J Lh+L7;"MILS" J L6+2*L7i"IyILS" 

2 5 6 0  
2570 PRINT" " ~ A C l ~ l ) - A r A < l r 2 ) - A . A < l r 3 ) - A  
2580 
2590 P R I N T " D R I F T " ~ A < l r I ~ - S C l r l ) , A < l r 2 ) - S < 1 J 2 ~ r A C l ~ ~ ~ ~ ~ C ~ ~ ~ ~  

PRINT"1 003"rAC 1 ~ 1  ) J A C 1.2 ) J  A C 1 J 3 1 

PR1NT"PHASE"rUC 1 J 1 1 I UC 1 r 2  1 J UC 1 r 3  1 

2600 PRINT 
2 6 1 0 
2620 PRIN'T" " J R C ~ J  1 ) - A J A < ~ J ~ ) - A J A C ~ D ~ ) - A  
2630 
2640 ~ R I N T " D R I F T " ~ A C ~ ~ ~ ~ - S < ~ J ~ ~ ~ A < ~ ~ ~ ~ ~ S ~ ~ J ~ ~ D A < ~ ~ ~ ~ ~ S C ~ ~ ~ ~  

F' K I NT " 1 0 0 5" J A C 2 r 1 ) J A C 2 J 2 1 J A C 2 D 3 ) 

PK 1NT"PHASE"a U C 2  > 1 ) > U (232 1 rU (2 J 3 )  

2650 PRINT 
2660 P R I N T " ~ ~ ~ ~ ~ " ~ R , < ~ D  1 )~A<3r2)rAC3r3) 
2670 PRINT" " J A C ~ , ~ ) - A J A < ~ ~ ~ ) - A ~ A ( ~ J ~ ) - A  
2680 PR 1NT"PHASE"r LJC 3 J 1 1 J U ( 3  ~2 1 J U  (3 J 3) 
2690 P ~ I N T " O R I F T " J A < ~ ~ ~ ~ ~ S C ~ J ~ ) , A ~ - S C ~ ~ ~ ~ J A ~ ~ J ~ ~ ~ S ~ ~ J ~ ~  
2700 PRINT 

2720 
2710 m r u m  

Q6=ABS ( A C 1 J 1 ) - S  C 1 r 1 1 1 
2730 FOR 1=1 TB 3 
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PHASE- SElUS IT TVE EDDY- CuItRF;W INSTRUMENT 

Description of PHASEN 

For a c i r c u i t  containing no other  corrrponents, t h e  magnitude and 

phase of the voltage induced i n  t h e  pickup c o i l s  of t h e  re f lec t ion- type  

c o i l  arrangement, shown i n  Fig. 5, p. 61, can be determined by running 

t h e  KFLC (p. $2) or WIN program ( see  p. 51) for t h e  p a r t i c u l a r  c o i l s .  

If t h i s  c o i l  arrangement i s  u t i l i z e d  i n  an a c t u a l  c i r c u i t ,  however, t h e  

other c i r c u i t  elements w i l l  a l t e r  t h e  magnitude and phase of t he  induced 

v o l t w e .  

One such use of t h e  ref lect ion-type c o i l  arrangement i s  i n  t h e  

phase-sensit ive eddy-current instrument, an equivalent c i r c u i t  f o r  which 

i s  shown i n  Fig. l$. The PHASEN program was designed t o  ca lcu la te  t h e  

magnitude and phase of t h e  voltage supplied t o  t h e  discr iminator  of t h e  
instrument and t o  evaluate t h e  phase s h i f t s  introduced by d r i f t s  i n  t h e  

c i r c u i t  elements. The ca lcu la t ions  a r e  made, not f o r  a s ing le  l i f t - o f f  

and clad thickness (or conduct ivi ty) ,  but f o r  a 3 X 5 l a t t i c e  of po in ts  

involving f i v e  l i f t - o f f  values and th ree  clad thicknesses (or conduc- 

t i v i t i e s ) .  
t o  l i f t - o f f  va r i a t ions  as w e l l  as t o  changes i n  the c lad  thickness ( o r  
conduct ivi ty) .  

This allows one t o  determine t h e  s e n s i t i v i t y  of t h e  instrument 

To execute t h i s  program, it i s  necessary t o  determine t h e  mutual 
inductance between the  dr iver  and pickup c o i l s  and a l s o  t h e  r e a l  and 
imaginary p a r t s  of the  normalized impedance of both d r ive r  and pickup 

c o i l s .  This information i s  provided by two add i t iona l  programs. If 

t h e  instrument i s  being used t o  measure clad thickness,  the mutual 

inductance i s  obtained by running t h e  RFLC program; if conductivity, t h e  
appropriate  program i s  WLM. In  t h e  former case the  normalized impedances 
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V, 

O R N L - D W G  70-5237 

Fig. 18. Equivalent Ci rcu i t  for t he  Phase-Sensitive Eddy-Current 
Instrument. 

of dr ive r  and pickup c o i l s  a r e  obtairied by running CLAD1 ( s ee  p .  71) and 

i n  the  l a t t e r  case by running MREP (see  p.  57). 

It i s  wort'n noting t h a t  t h e  quant i ty  ac tua l ly  calculated by the  

RLFC (or  RFLM) program i s  not t h e  mutual inductance between d r ive r  and 

pickup c o i l s ,  but r a the r  the  induced voltage divided by t h e  product of 

frequency, d r ive r  current ,  number of tu rns  on d r ive r  c o i l ,  number of 

t u rns  on a pickup co i l ,  and the  square of t h e  d r ive r  co t lmean  radius  

( i n  meters).  From t h i s  information, t h e  complex mutual inductance i s  
calculated by PHASEN. 

I n  order t o  eLxpedite t h e  input of data ,  t h e  r'€4SEN program has been 

designed t o  read from a f 5 . k  t h e  da ta  generated by the  RFLC (RFM) and 

CLAD1 (MREP) programs. 
RFLC (RFLM) and C L A D 1  (MREF) so  t h a t  they w i l l  p r i n t  os  a f i l e .  
explained i n  the  sample ca lcu la t ion  of t h i s  program. 

I n  order t o  do t h i s ,  it i s  necessary t o  a l t e r  
This i s  

For BlzSIC compilers which do not have the capab i l i t y  of p r in t ing  

on a f i l e  it w i l l  be necessary t o  type i n  t h e  da ta  manually. 

should be taken t o  ensure t h a t  t he  RFLC (RFLM) da ta  a r e  typed i n  f irst  

and t h a t  a1.l da ta  a r e  typed i n  the  cor rec t  order.  

Care 

To execute t h e  PIWSEN program, one types t h e  following l i n e s .  

Parentheses a r e  not typed. ) (Note: 
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20 LET SO = (numerical value of fractional change in dc resistance 

of the driver coil) 

30 LET S1 = (numerical value of fractional change in dc resistance 

of the pickup coil) 

resistance of the amplifier) 

40 LET S2 = (numerical value of fractional change in input 

50 LET S3 = (numerical value of fractional change in applied voltage) 

60 WET S 4  = (numerical value of fractional change in frequency) 

70 U T  S5 = (numerical value of fractional change in capacitance 

of the driver circuit) 

80 LET S6 = (numerical value of fractional change in capacitance 

of the pickup circuit) 

90 LET S7 = (numerical value of fractional change in driver 

inductance ) 
100 LET 58 z= (numerical value of 

inductanc e) 

110 RO = (numerical value of 

1-20 LET RI = (numerical value of 

l.30 LET R2 -- (numerical value of 

140 LET Ei3 = (numerical value of 

source) 

150 LET R4 2 (numerical value of 

160 LET Cl = (numerical value of 

1'10 LET ~2 = (numerical value of 

180 LET LO I= (numerical value of 

190 LET L1 = (numerical value of 

200 LET ~2 = (numerical value of 

coil) 

210 LET VO = (numerical value of 

fractional change in pickup 

de resistance of the driver coil) 

de resistance of first pickup coil) 

de resistance of second pickup coil) 

internal resistance of voltage 

input resistance of the amplifier) 

capacitance of the driver circuit) 

capacitance of the pickup circuit) 

driver inductance) 

inductance of the first pickup coil) 

inductance of the second pickup 

applied voltage) 

220 LET N = (numerical value of number of turns on driver coil) 

230 LET N1 = (numerical value of number of turns  on a pickup coil) 
240 LET G = (numerical value of gain of amplifier) 

250 LET R = [numerical value of mean radius of the driver coil 

(in metem)] 

260 IXT F = (numerical value of frequency) 
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430 LET R5 = (numerical. value of ex te rna l  s e r i e s  res i s tance ,  i f  

any, added t o  d-river c o i l )  

The program may now be run. 

The pr in t -out  by t h e  computer w i l l  have t h e  f o l l m ~ i n g  forraat: 

DRIVER RES PICKUP RES miF IWUT ms VOLTAGE 

DRIVER IND PICKUP Irn G R I N  FREQUENCY 

DRIVER SERIES RESISTANCE IS  (@)  
v2 $ OF M N G E  

(RO)  ( R 4 )  (vo) 
(a) (L1) (G) (F) 

DRIFTS ------ ---I-- ...----- ------ 
-...---- I----- ...----I 

PHASE SHIFT ------ RIG DRIFT ------ $ IS ---I-- 

The various symbols enclosed i n  parentheses ind ica t e  t h a t  t h e  

numerical value of the  symbol. w i l l  be pr in ted .  

The f i r s t  column, headed "V.2," i s  the  magnitude of t he  voltage a t  

the  output of  t h e  amplif ier .  

i s  roughly t h e  percent o f  t h e  t o t a l  phase shi . f t  a t t r ibu tab l -e  to varia- 
t i ons  i n  l i f t - o f f  [ac tua l ly ,  it is  t h e  change i n  phase s h i f t  due t o  

l i r t - o f f  va r i a t ions  divided by t h e  change i n  phase s h i r t  due t o  c lad  

thickness (or conductivity) var ia t ions ,  mult ipl ied by 1001. 

t h i r d  column, headed "DRIFTS," a r e  pr in ted  nlne values.  

corresponds t o  t h e  l a rges t  value i n  t h e  3 X 5 l a t t i c e  of phase s h i f t  

changes produced by a d r i f t  i n  one of t h e  nine c i r c u i t  elements whose 

var ia t ions  a r e  given i n  l i n e s  20 through LOO of t h e  program. Reading 
from 1.e-fi t o  r i g h t  and from top  t o  bottom, t h e  d r i f t s  a r e  those due, 

respect ively,  t o  changes i n  dc r e s i s t ance  of t he  d r ive r  c o i l ,  dc r e s i s -  

tance of t h e  pickup c o i l ,  input r e s i s t ance  of the  amplif ier ,  applied. 

voltage, frequency, capasitance of the  d-river c i r c u i t ,  capacitance of 

t h e  pickup c i r c u i t ,  d r iver  ind.uctance, and pickup inductance. Final lg ,  
t he  las t  l i n e  of t he  print-ouk gives the  PHASE SHIFT, which i s  the  phase 

s h i f t  due t o  the  spec i f ied  va r i a t ion  i n  clad thickness ( o r  conduct ivi ty) ,  

t he  FM3 DRIFT, which i s  t'ne root  mean square value of  a l l  nine d r i f t s ;  

and t h e  PERCENT OF PHASE SHIFT represented by k W  DRIFT (i. e.  , t he  value 
of RMS DRIFT divided by the value of PHASE SHIET)  xnultiplied by 100. 

The secolzd column, headed I f $  OF RANGE," 

Under t h e  

Each of t hese  
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The example below i s  presented as an addi t iona l  aid t o  those who 

wish t o  use this program. 

Sample Calculation of PHASEN 

Suppose we wish t o  evaluate t h e  e f f e c t  of d r i f t s  i n  c i rcui t  ele- 

ments on t h e  measurement of t h e  thickness of a s t a i n l e s s  s t e e l  p l a t e  

whose thickness may vary by do$.  
i s  0.500 in. long and t h a t  t he  inner  and outer  r a d i i  of t h e  c o i l  a r e  

0.200 and 0.300 i n . ,  respect ively.  The pickups a r e  0.200 i n .  long with 

inner and outer r a d i i  of 0.100 and 0.150 i n . ,  respect ively,  and a r e  

mounted f lu sh  with t h e  ends of  t he  dr iver .  The s t a i n l e s s  s t e e l  p l a t e  i s  

taken to be 0.025 i n .  t h i ck  +lo$. 

We w i l l  assume t h a t  t h e  dr iver  c o i l  

Before proceeding, it w i l l  be necessary t o  run the  RFLC program 
( see  p .  82) t o  determine t h e  mutual inductance between d r ive r  and pickup 

c o i l s .  The sample ca lcu la t ion  provided i n  t h e  descr ip t ion  of t h e  

RFLC program i s  t h e  sane as needed for the  present  example; thus, we may 

m e  t he  data given there in .  

A s  was previously mentioned, the  PHASEN program i s  designed t o  

inpiit from a f i l e  t h e  data generated by t h e  aux i l i a ry  programs. 

t h i s ,  it w i l l  be necessary t o  a l t e r  these  programs so t h a t  they w i l l  

p r i n t  on a f i l e .  This i s  accomplished as follows. 

To do 

Suppose we wish t h e  RFLC program t o  p r i n t  on a f i l e  named STORE. 

We f i r s t  save an empty f i l e  by t h i s  name. Then we c a l l  up the  

R I B C  program and type 

1160 PRINT: STORE: M( I, J) , P( I, J) 
1165 _ITEX" J 

The program i s  then run. 
STORE in row-wise order, and only t h e  f i r s t  two l i n e s  of  each sec t ion  

w i l l  be pr in ted .  These data w i l l  then be read by t h e  PHASEN program. 

For BEiSTC compilers which do not have t h e  capab i l i t y  of p r in t ing  

on a f i l e ,  it w i l l  be necessary t o  type i n  t h e  WLC data manually and 

Lo a l t e r  the  PHASEN program. 

changing l i n e  360 of the  PHASEN program t o  read 

The data given on p . 82 w i l l  be p r in t ed  i n  

The l a t t e r  e f f e c t  i s  accomplished by 

360 xmI) M, P 
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and by entering t h e  RFLC da ta  i n  DATA statements. 

be placed anywhere i n  the  PIHASEN program, but care  must be Laken t o  

ensure t h a t  the da t a  a r e  typed i n  row-wise order.  A s  an example, t h e  

following statements might be employed: 

These statements may 

9 1  DATA 3.411?7E-'Y, 2.23022 

92 DATA 2 9430713-7, 2.21858 

96 DA'TA 3.511163-7, 2.1896 

e tc . ,  u n t i l  a l l  15 data  p a i r s  a r e  entered. The DATA statements need not 

be numbered consecutively, but they  must appear i n  t h e  order given above. 

Having generated the  mutual inductance data by running t h e  

RFLC program, we now must ca l cu la t e  t h e  normalized impedances of d r ive r  

and pickup c o i l s .  This i s  accomplished by running t h e  CLAD1 program 

( see  p. 71) .  
C L A D 1  i s  again j u s t  tha t  necessary f o r  t h e  present  e.xample; thus, we 

may use t h e  da ta  onpp.  70, 71. 

The sample ca l cu la t ion  provided i n  t h e  descr ip t ion  of 

To avoid. t h e  labor of typing i n  t h i s  data, t h e  CLAD1 program may- be 

a l t e r e d  t o  p r i n t  on a f i l e .  Suppose t h i s  f i l e  i s  t o  be named STOflE2. 

We f i r s t  save an empty f i l e  by t h i s  name. Then we c a l l  up t h e  

CLAD1 program. and type 

1250 FOR I = 1 'TO 3 

1260 FOR J' = 0 TO 4 

1270 PRINT: STORE2: -N( J) / I9 ,  B ( J ) / 1 9  

1280 PRINT: STORE2: -M(J)/Io, C( J ) / Io  

1290 PRINT: STORF2: Q( J) /Io, U( J) /Io 

1300 NEXT J 

1310 NEXT I 

The program i s  then run. The data  given on pp. 70, 7 1  w i l l  be p r in t ed  

i n  STORE2 column-wise order and read by t h e  PHASEN program. 
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Note t h a t  t h e  in s t ruc t ions  given i n  l i n e s  l250-331Il) w i l l  cause the  

same da ta  t o  be p r in t ed  t h r e e  times. This i s  due t o  t h e  f a c t  t h a t  t he  

C U D 1  ca lcu la t ions  a r e  perforrned for a s ing le  c lad thickness  r a the r  than 

f o r  t he  th ree  values a c t u a l l y  given; thus, t h e  data a r e  repeated twice 

t o  provide t h e  required number of data poin ts .  

desc r ip t ion  of t h e  C U D 1  program, t h i s  procedure saves computer time with 
l i t t l e  l o s s  i n  accuracy. 

A s  exp1sined i n  t h e  

For BASIC compilers which do not have t h e  capab i l i t y  of p r in t ing  on 

a f i l e ,  it w i l l  again be necessary to type i n  t h e  data Inanually and t o  

a l ter  the  PHASEN program. The l a t t e r  e f f e c t  i s  accomplished by changing; 

l i n e s  470, 480, and 490 of t h e  PIEASEN program to read 

and by enter ing the C L A D 1  data i n  DATA statements.  

t o  ensure t h a t  t h e  data a r e  typed i n  column-wise order and t h a t  a l l  
C L A D 1  DATA statements follow those due t o  WLC. A s  an example, t h e  

Care must be taken 

follcwing statements might be employed: 

e t c .  

repeated twice, making a t o t a l  of 45 l i n e s  of CLAD1 data .  The advantage 

of having t h e  programs p r i n t  on a f i l e  thus becomes obvious. 

The 15 data p a i r s  on pp. 70, 71 a r e  typed i n  t h i s  manner and then 

Having provided t h e  PHASEN program with t h e  necessary data from 

WLC and C W 1 ,  t h e  parameters o f  t h e  br idge c i r c u i t  may be entered. 

Suppose w e  w i s h  t o  evaluate  t h e  e f f e c t  of a 1s change i n  each o f  the 

various elements of t h e  c i r c u i t .  Then the  f r a c t i o n a l  changes SO through 

S8 a r e  a l l  equal  to 0.01. Furthermore, suppose 

de r e s i s t ance  of the dr ive r  c o i l  = 13.48 R 

dc r e s i s t ance  OP the  pickup c o i l  = 0.487 il  

i n t e r n a l  r e s i s t ance  of voltage source = 0 . 1  R 
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Input res i s tance  of t h e  amplif ier  = 100,000 R 

Capacitance of t h e  dr iver  c i r c u i t  := 75 pF 

Capacitance of t h e  pickup c i r c u i t  2 75 pF 

Driver inductance = 2.835 mH 

Pickup inductance = 21.41 pH 

Applied voltage 1:: 10 V 

Number of t u rns  on dr iver  c o i l  I:: 627 
Number of t u rns  on pickup c o i l  = 72 
Amplifier gain = 1000 
Mean radius  o f  t he  dr iver  c o i l  ::? 6.35 X m 

Frequency = 100,000 sec-l 

External s e r i e s  res i s tance  added t o  d r ive r  c o i l  = 0 

This information i s  typed i n t o  t h e  prograrn using the  following format: 

20 LET so = 0.01 

30 LET S1 = 0.01 

40 LET S2 = 0.01 

50 LET S 3  = 0.01 

60 LET S 4  = 0.01  

70 LET S5 = 0.01 

80 LET S6 = 0.01. 

90 LET s7 =: 0.01 

100 LET S8 = 0.0.1. 

110 LET R@ == 13.L& 

120 LET R1 = 0.487 
130 LET R2 = 0.487 

140 LET EO = 0 . 1  
150 LET i34 = 1E-5 

160 LET C1 = 7.5E-1.1. 

170 LET C 2  = 7.5E-11 

180 LET' LO 2.8353-3 

190 LET L1 = 2.141E-5 

200 LET L2 = 2 . 1 4 1 E - 5  

210 LIET vo = 10 

220 LET N = 627 
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230 LET N1 I= 72 

240 U T  G lE-3 

250 U T  R = 6.353-3 

260 LET F = 1E-5 

430 LET % 7 0 

The program i s  now run with t h e  following results: 

DRIVER RES PICKUP RES AMP IwuT RES VOLTAGE 
13.48 .4.$7 100000 10 

DRIVER IND P I C W  IND GAIN FREQUENCY 
.002835 2 a 1413-5 1000 100000 

DRIVER SERIES RESISTANCE IS 0 
v2 $ OF BANG3 D R I F T S  
63.4988 8.62631 8.529143-5 2.254383-7 2.597723-6 

1.709933-3 9.127373-5 4-714823-8 
2.784633-6 1.64554.E-3 2.5l373E-6 

PHASE SliIFT 8.07678E-2 F34S DRIFT 2.3764E-3 '$ IS 2.94226 

from which we see  t h a t  t h e  phase s h i f t  due to a l$ change i n  r e s i s t ance  

of t h e  d r ive r  c o i l  i s  8.52916E-5 radians,  t h a t  due to a l$ change i n  

r e s i s t ance  of the  pickup c o i l  i s  2.254383-7 radians,  e t c .  

phase s h i r t  due t o  t h e  spec i f ied  va r i a t ion  i n  thickness i s  8.076783-2 

radians,  and t h e  RNS value of a l l  nine d r i f t s  i s  2.3'764E-3 radians, the  

l a t t e r  value being 2.94226% of t h e  former. 

discr iminator  i s  63.4988 T J ,  and t h e  phase s h i f t  due t o  the  spec i f i ed  
va r i a t ion  i n  l i f t - o f f  i s  8.62631$ of t h e  phase s h i f t  due t o  t h e  spec i f ied  

va r i a t ion  i n  thickness.  

The average 

The vol tage del ivered t o  t h e  

PHASEN Program 
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6 6 0  IVEXT’ I 
670 F ! l i i  I=1 T 0  3 
680 O l = G ( I r l >  
690  Q’2=’21 
700 F O R  .J=2 T0 5 
710 I F  G < I r . J ) c n l  THEN 730 
720 Q I = G ( I r J )  
730 IF G ( I > , J ) > T ; ) 2 -  THEN 750 

7 5 0  N Z X T  ,J 
760 C ( I )  = A r j S ( I ) l  -Q2) 
7 7 0  U < I ) = ( ? l 1 + 9 2 ) / 2  
7Pi0 VUEXT I 
790 rJR=C < 1 ) 
800 FOR I = 2  TQ 3 
810 O?=C(I) 
Y‘>O IF ‘33408 THEN 840 
i$JD Ors=rl9 
p140 NEXT I 
e50 I-)3=N(1 ) - N ( 3 )  
8 6 0  I F  SO=O THEN 930 
870 R 6 = i i 6 * (  1 + S O )  
SHO GQ SUB 1 5 8 0  
590 GO SlJS 191 i) 
900 G5? 5119 1990  
‘710 T O = Q 4  
920 Hb=R6/(1 + S O )  
930 IF S 1 = 0  THEN 1000 
940 ?l=R1*Cl+Sl) 
9S0 Grjj SIJ5 1580 
960 GIZI SUB 1910 
370  GO S1J3 1990  
yyr) ~i-1 = n 4  
991) R l  =Rl/(1 + S 1 )  
1000 IF S2=0 THEN 1070 
1010 I?4=1?4*(1+S2) 
tCa20 GO S1J13 1580 
1 0 3 0  G8 SUY 1910 
1040 GQ StJB 1990 
1 0 5 0  T B = Q 4  
1060 R 4 = R 4 / (  1 + S % )  
10’70 I F  S 3 = Q  THEN 1140  
1080 VO=VO*Cl+S3) 
1090 GQ SUB 1580 
1100 GC3 S U R  1910 
I l l 0  G@ S U B  1990  
l l ? f 3  T3=934 
1130 VO=VO/(I + S 3 )  
11.10 I F  S 4 = 0  THKN 1210 
1 1 so I$=!$*( 1 +s4 1 
1 1  60  GB S U 9  1580 
1170 GD SUB 1310 
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1180 GQ SUH 1?90 
1190 T4=04 
1200 w = w / <  1 + S 4 )  
1210 I F  S 5 = 0  THEN 1280 
1220 c1 =c1*< 1 + S 5 )  
1230 GO SUB 1 5 8 0  
1240 GO SlJB 1910 
1250 G0 Sur3 1990 
1260 TS=Q4 
1270 C 1  = C 1 / <  1 + S 5 )  
1280 I F  56=0 THEN 1350 
1290 C2=C2*<1 +S6) 
1300 G0 SUR 1580 
1310 GQ S U B  1910 
1320 G 0  SUB 1990 
1330 T6=Q4 
1340 C 2 = C 2 / <  1 +S6) 
1350 I F  S7=0 THEN 1420 
1360 LO=LO*<l+S7) 
1370 G0 SUB 1580 
1380 G0 SUB 1910 
1390 G 0  SUB 1990 
1400 T7=04 
1410 LO=LO/<l+S7) 

1430 LI=Ll*<1+S8) 
1440 GO SUB 1580 
1450 GCI SUB 1910 
1460 G0 SUB 1790 
1470 T 8 = Q 4  
1480 L1 = L 1 /  C 1 + S 8  ) 
1490 Q6=TO*T09Tl*Tl+T2*T%+T3*T3+T4*T4+T5*T5+r~*T6+~~*T~+T~*T8 
1500 Q7=SBRCQ6) 
1510 PRINT"DR1VER SERIES RESISTANCE IS";H5 
1520 PRINT'*V:!'*t"% 0 F  RANGE"s" "s"DR1FTS" 
1530 PRINT V2~100*Q8/Q3sTOsTlsT2 
1540 PRINT" '*.*I ' I s  T3s T4t T5 
1550  PRINT" *'t** '* s T6sT7s TE 
1 560PR 1NT"PHASE SHIFT" 3 Q3 ;'* RMS DRIFT"1Q7r" 2 IS"; 100*Q7/Q3 
1570 G 0  T0 2130 
1580 F0R I = l  T0 3 
1570 F0K J=l  T 0  5 
1600 A 1  =R3/( 1 +<W*C 1 *R3) t2) 
1610 A ¶  =-W*Cl*R3*Al 
1620 n2=R4/(1+(W*C2*R4)?2) 
1630 B2=-W*C2*R4*A2 
1 640 
1650 B ~ = B ~ ~ W * L ~ * J ( I I J ) + W * L ~ * K ( I ~ J )  
1660 
1670 
1680 K1 =R6+W*LO*R< I s  J ) + W * W * < G 1 * A 3 + G 2 * R 3 ) / ( A 3 * A 3 + B 3 * B 3 )  
1 6 90 
1700 G3=Kl*AI-K2*Bl 
1710 G4=KI*Bl+K2*Al 
1720 V <  I s , J )  (VOIR3 ) *<  G3* (K1 + A 1  1 + G 4 * <  K2+R 1 1 ) /( (K1 +AI 1 t2+ (K2 + B  1 1 t 2  ) 
1730 W ( I s J ) = < V O / R 3 ) * < G 4 * < K 1 + A ~ ) - G 3 ~ ( K ~ + ~ l ) ) / ( ( K l + A l ) ~ 2 + ( K 2 + 8 1 ) ~ 2 ) -  

1 4 2 ~  I F  s8=0 - r m N  1490 

A3 =A2 + W*L 1 * S  < I * J 1 +W*L2 *T C I s J ) + R  1 + R 2  

GI =M< ItJ) t 2 - P <  It J) t 2  
G Z = % * M <  I s  J)*P< I s  J) 

K 2  =W*LO* I < I s .J 1 + W * W *  ( G2*A3-G 1 * B 3  1 / (A3*A3 +83*R3 3 
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ACCURACY OF CALCULATIONS 

In this sec t ion  we shal l  discuss  t h e  accuracy w i t h  which these  

programs ca lcu la t e  the i n t eg ra l s  presented in a previous repor t .  l 2  There 

I 2 C .  V. Dodd, W .  E. Deeds, J. W. Luquire, and W. G.  Spoeri, Some 
Eddy-Current Problems and Their I n t e g r a l  Solutions,  ORNL-4384 ( L 9 w  



258 

a r e  th ree  main sources of  e r r o r  i n  t h e  numerical evaluation of t hese  

in t eg ra l s :  (1) t h e  accuracy of t h e  approximation of t h e  various f’unc- 

t i o n s  i n  the  integrands, ( 2 )  t h e  step s i z e  i n  t h e  numerical evaluation 

o f  Yne in t eg ra l ,  and (3)  t h e  convergence of t h e  i n t e g r a l s .  

Approximation of Functions 

We approximated t h e  following functions which were not standard 

functions i n  t h e  FASIC language: 

J, i s  a f i r s t - o r d e r  Ressel function of t h e  f i r s t  kind., and 1, and. 

K, a r e  f i r s t - o r d e r  modified Bessel. functions of - h e  f i r s t  and second 
kind, respec t ive ly .  The argument x i s  a r e a l  number, and z i s  a complex 

number. We s h a l l  now discuss the  accuracy of each of t hese  approxirna- 

t ions.  

Discussion of Jl (x) 

The approximation for J l ( x )  i s  taken from t h e  Handbook of Mathemat- 

i c a l  Functions,13 E q s .  9.4.4 and 9.4.6.  
approximation: 

For x = 0 t o  3 we use t h e  

1 
1 2 J (x)  I= - x - (4.25E-2)x3 + (2.60415E-3)x5 - (5.42443E-5)~~’ 

+ (6.757s-7)x9 - ( 5 . 3 8 E - 9 ) ~ ~ ~  + ( 2 . l E - 1 1 ) ~ ~ ~  . 
The reported e r r o r  i s  less than 1.3E-8. For x between 3 and i n f i f i i t y  we 

use t h e  approximation: 

13National Ruresu of Standards, Handbook of Mathehatical Functions, 
p. 370, U.S. Government P r in t ing  Office, Washington, D. C . ,  1964. 
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where 

Q3 = 0.79788456 + (4 .6$E-6) /~  + O.l4937/x2 + (4.61835E-3)/x3 

- 0. 2021D391/x4 + 0. 27Q176'79/x5 - 0. 14604057/x6 

and 

Q4 = x - 2.35619449 + 0.37498€436/~ + (5.085E-4)/x2 - 0.17222733/x3 

+ (6.022l88E-2)/x4 + 0.1939'7232/x5 - 0.21262014/x6 . 
The reported e r ro r  i s  less than 9E-8. 

X 
Discussion of I'rJ (x)dx & 

This range of in t eg ra t ion  was divided i n t o  two regions.  To approxi- 

mate the i n t e g r a l  from 0 to 5, we use t h e  s e r i e s  representation' '  
(Eq.  9.1.10) for J l ( x ) ,  multiply by x, and in t eg ra t e  term by term w i t h  

respect to x. 

We t ake  2x-t-3 t e r m  i n  t h e  approximation. 
For the  region between 5 and i n f i n i t y  we use the  approximation: 

j J l ( x ) d x  = 1 - 6  [Q, cos(x - f l /4)  - Q1 s i n ( x  - f i /4)1 , 
0 

where t h e  coef f ic ien ts ,  

Qz = 0.79'79095 - (0.1873&E-2)/~ -f 0.4952024/x2 - 0.6896196/x3 

-t 2.105874/~" - 5. 81?517/x7 

and 

Q,I = - (0.0641093-3) -t 0.?034$45/~  - o.1730503/x2 + 2.050931/x3 

- 23. 79333/x4 + 109. 1l42/x5 - 188. l357/xb , 
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have been determined by a least-squares f i t .  The "actu.al value" w a s  

ca lcu la ted  by numerical rixtegration o f  xJ, (x) and agrees with values 

calcu.lated from National Rureau of  Standards t a b l e s  t o  wi th in  +13-8. 

X 

0.5 
1 
1.5 
2 
2.5 
3 
3.5 
4 
4.5 
5 
5.5 
6 
6.5 
7 
7.5 
8 
8.5 
9 
9.5 
10 
10.5 
11 
11.5 
12 
12.5 
13 
13.5 
14 
14.5 
15 
15.5 
16 
16.5 
17 
17.5 
18 
18.5 
19 
19.5 
20 
20.5 
21 
21.5 
22 
22.5 

APPROXIMAT 1 ON 

0.2044563-01 
0.15453272 
0.473708 
0.97798873 
1.5889403 
2.167723 1 
2.5537528 
2.6133333 
2.2843038 
1.6032957 
0.70655645 

-0. 197650U+ 

-1.14 59147 
-0.8983'7738 
-0.1624609/+ 

-0.87913766 

0.90846388 
2.065269 
3.0217648 
3.526368 
3.4286108 
2 .?228899 
1.5570277 
0.201847 I7 

-1.0120725 
-1.77 5 6 17 
-1.8801856 
-1.27435 09 
-0.0828132 
1.4185283. 
2.8665793 
3.8992502 
4.2463153 
3. 800075A 
2.647369 
1.0537113 

-0.597843 
-1.8990298 
-2.5 175747 
-2.282114 
-1.2291259 
0.49084917 
2.2180202 
3.7767232 
4.6849525 

ACTUAL VALUE 

0.2044563-01 
0.151+53272 
0.473708 
0.9'1'198873 
1.5889403 
2.167'7231 
2.5537528 
2. Cl33333 
2.2843038 
1.6032957 
0.70655573 

4.10'165039 
-0. 87913832 

-0.87837617 
-1.1459147 

-0.162459'76 
0.908)+6427 
2.0652688 
3.0217649 
3.5263689 
3.4286126 
2.7228921 
I. 5570296 
0.2018503 

-1.. 0120721 
-1.7'75617 
-1. $801856 
-1.27/~3509 
-0.08281247 
1.4 185289 
2.86658 
3. 8992504 
4.2L63149 
3. 8000746 
2.6473679 
1.0537101 

-0.59784403 
-1.8990306 
-2.5 1'15755 
-2.2821147 
-I. 2293267 
0.4008486 
2.2180199 
3 - 7767235 
4.6849534 

DIFFERENCE 

0.34106053- 12 
0.0909494-E- 11 
0.12732923- 10 

-0.36379'783- 11 
0.291038.3E-10 
0.2910383E- 10 
0.29103833-10 

0 .1455 19 1.3- 1.0 
0 -14-5 5 19 1% 10 

0.07275953-10 
-0.07 19424% 05 
0.433328?3-0'? 

4.06614863-OS 
0.1809094E-06 
0.12111483-05 
0.1174.1633-05 
0,3920904E-06 
4.15791733-06 
0.08181083-06 

0.17995 ME-05  

0.18536593-05 

0.0933519E-05 

0.2S4891E-05 

0.113344-33-05 
0.4056128E-06 
0.06337353-07 
0.4095636E-07 
0.3?164133-06 

0.0868487E-05 
0.0730123~-05 

0.06734773-05 
0.2041342E-06 

-0 I 34732513-06 
-0.0846717E-05 
-0.11200'753-05 
-0.115321.P:-05 
-0.10292'753-05 
--0.08736023-05 
-0.077'75523-05 
-0.0747525E-05 
4-07 18023-05 
-0.57460233-06 
-0.2416927E-06 
0.27417263-06 
0.08640633-05 
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X 

23 
23.5 
24 
24.5 
25 
25.5 
26 
26.5 
27 
27.5 
28 
28.5 
29 
29.5 
30 

- APPROXIMATION 
4.7030693 
3.  8068092 
2.1980817 
0.25973223 

-1.5356547 
-2.7411629 
-3.0469315 
-2.3597314 
-0.83032503 

1.1792652 
3.18l.3856 
4.6813188 
5.2996209 

3.475291 
4.8681301 

ACTUAL VALUE 

L, .7030707 
3 .  $068108 
2.198083 
0.25973298 

-1.5356547 
-2.7411637 
-3.0469327 
-2.3597327 
-0. 83031598 

1.1792648 
3.1813857 
4.681319 
5.2996206 
4.86812E39 
3.4752888 

DIFFERENCE 
0.l347827E-05 
0.15411~+9E-05 
0.13356033-05 
0.07534983-05 

-0.4289904E-07 
-0.08045893-05 
-0.l279477E-05 
4.13195823-05 
-0.0948286E-05 
-0.36392883-06 

0.12168313-06 
0.21257433-06 

-0,23952453-06 
-0.1147825E-05 
-0.2178421E-05 

The e r ro r  i n  t h e  approximation i s  about k2E-6 or less between 0 

and 30. For grea te r  values of  X, t h e  e r r o r  i s  s l i g h t l y  la rger ,  although 

the  i n t e g r a l  approximations have usually converged before x reaches 30. 

In t h e  program ATRCO, which i s  somewhat slower t o  converge, we use 

It has t h e  same form as a t h i r d  approximation between 30 and i n f i n i t y .  

used before: 
X 

JxJ,(x)dx = 1 + &/P,cos(x - a /4 )  + P2s in (x  - a /4) l  , 

where t h e  coe f f i c i en t s  P1 = - x - Om5546875/x + 2.4S062114/x3 and 

0 

P2 = 0.875 - 0.93457031/x2 + 8.98975114/x4 have been determined by a 

l e a s t  squares f i t .  

Discuss ion of l x I l  ( x) dx 

The e r ro r  i n  t h i s  approximation i s  l e s s  than 1E-6. 

X 

U 

This i n t e g r a l  was also divided i n t o  in t eg ra l s  over two regions.  To 

approximate t h e  i n t e g r a l  from 0 t o  5, we use t h e  s e r i e s  r e p r e ~ e n t a t i o n l ~  

(Eq.  9.6.10) for I a ( x > ,  mult iply by x, and in t eg ra t e  term by t e r n  with 

respect  t o  x: 
X I.5 

x2 n+ 3 

n! ( n + l ) !  (2nt3)  
J ' X I l ( X ) d X  = 1 

n=o 0 
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We take L5 terms i n  t h e  s e r i e s  where L5 = 20 + ( 1. - e "/'"> i- 4. For 

t h e  region between 5 and in f in i ty ,  we use tlie following approximation: 

m 

where the  coe f f i c i en t  P, = 0,3987795 - 0.33608361~ - 0.6130935/x2 

+ 5 .  108402/x3 - 33 .78366/x4 -1- 11.%18O4/x5 + 543 6694/x6 - 1737. 556/x7 
i- 1660.794/x8 has been determined by a least-squares fit. 

The va r i a t ion  between t h e  approximation and the  "ac tua l  va1u.e" i s  
shown i n  the  following tabula t ion .  The "ac tua l  va1.iie" w a s  ca lcu la ted  by 

numerical in tegra t ion  of XI'( x) and agrees with values 

seven-place t ab le s .  l 4  

X 

0.5 
1 
1.5 
2 
2.5 
3 
3.5 
4 
4. . 5 
5 
5.5 
6 
6.5 
7 
7 .5  
8 
8.5 
9 
9.5 
1-0 
10.5 
11 
SI. 5 
12 
12.5 

- "ACTUAL VALUE" 

0.21.2%8?E-01 
0.1'1954477 

1.7841686 
4.0764673 

16.644762 
3 1.432477 
57.811.153 

185.7'8408 
327.36 
572.23069 
993.97292 
1-7 17 e 7'781 
2956.269 
5069.9682 
8669.2788 
14786.309 
25 164.. 12 
42743.237 
72479.343 
1227 16.63 
207492.91 
350406.21 

0.66401539 

8 4814158 

104.35068 

APPROXIMATION 

0.21226873-01 
0.17954Q78 
0.6640l541 
1.7 84 1686 
4.0764675 
8.48 2.4162 
16.6447 63 

57.811157 
S04.35069 
185.78496 
327.36114 
572.23054 
993.969'71 
1.7 17 .77 08 
2956.2582 
5069.9573 
8669.2752 
14786.325 
25164.173 
42743.346 
72479.53 
1.227 16.9 
207493.25 
350406.51 

3 1. l t  3 2 w 8  

I 

DIFFERENCE 
4.62323123-09 
4. O702584F-07 
4.2136584E-07 
-0.462096E-07 
4.16737613-06 
-0.399712E-06 
-0.08256173-05 
-0.1491745E-05 
4.40286683-05 
-0,0853184E-04 
4.0883081E-02 
-0.1143995F-02 

0.15235693-03 
0.32079293-02 
0.07%394E-Ol. 
0.10859593-01 
0.10931283-01 
0.36154983-02 

-0. E90186E-01 
4.52565693-01 
--€,1.0980105 
4.18637943 
4.27078056 
-0.33 177948 
-0.30313491 

ca lcu la ted  from 

D IFFEHhNC E / 
"ACTUAL VALUE" 

4.2943-0'7 
-0.391E-07 
4.3223-07 
-0.259F-0'7 
-0.4llE-07 
-0.4713-07 
-0.4963-07 
-0.4753-07' 
--0.069?3-06 
-0.0818E-06 
-0.47533F-05 
-0.349463-05 

0.2663E-06 
0.32274E-05 
0.427533-05 
0.36734E-05 
0.21561E-05 
0.417E-06 

-0.107 54 E- 05 
-0.208893-05 
4.25689E-05 
-0.257l5E-05 
-0.22066E-05 
4.15993-05 
-0.0865lE-05 

I L L .  N. Kamazine and E. A. Cistova, Tables of Bessel Functions of 
Imaginary Argwnent and T'eir In tegra ls  ( i n  Russian), Moscow, 1958. 
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X 

1.3 
13.5 
14 
14.5 
15 
15.5 
16 
16.5 
1'1 
17.5 
l.8 
18.5 
19 
19.5 
20 
20.5 
2 1  
21.5 
22 
22.5 
23 
23.5 
24 
24.5 
25 
25.5 
26 
26.5 
2'7 
27.5 
28 
28.5 
29 
29.5 
30 

_I 

"ACTUAL VALUE" 
591096.98 
996109.6 
1.6770822E+06 
2.8211956Et06 
4.74212E+O6 
7.96522353+06 
I. 3370026E+W 
2.2428269E+07 
3.7601638EG7 
6.30059$23+07 
1.0552023E+O8 
1.76637173+08 
2.9555=5E+08 
4.. 943 1117E+08 

1.38109413+09 
2.3072633+09 
3.85321693+09 
6.432944E-t-09 
1.0?36505E t10 
1.7913864E+10 

L: .982'33 13E+10 
8.30'7394(33+10 
1.3846482E+ll 
2.30734833+11 
3,84~0406E+11 

1.0662769E+12 

2.9553423-tl.2 
4.91876963+12 

1.36184723+13 
2.2654628E+13 

8.26406933+08 

2.9880974+E+10 

6.4028688E-a1 

1.'7'753336E-t 12 

8.1851962E-tl2 

APPROXIMAT 108 
5 9 1097 . (2% 
996108. 98 
1.67708013+06 
2,821190'7E't-06 
4.7L2113+06 
7.9652049E+06 
1.3364994~+07 
2.2428215W07 

d.300%543+07 
1.0552004Et08 

2.9555=4~+08 

8.2640667Es08 
1.38109423+09 
2.30726383+0'3 
3.85321953+09 

1.0736517E+10 
1.79138873+10 
2.98€llOl5Ei-10 

3.760fi54E+07 

1.7663692E+08 

4.9431083E-tO8 

6.432949934-09 

4. 98293833+10 
8.3074064E+10 
1.38465E-t 11 
2.30735093i-11 
3.8a064E-1-11 
6.40287273+11 
1.0662772E-il2 
1.77533333+12 
2.95534023+12 
4.9187639Ei-12 
8.185 18 18E-tl.2 
1.3'618439Ei-13 
2.2654 5583 t13 

DIFFERENCE 
-0.5995178E-01 

0.6E92102 
2.0863723 
4.9243621 
9.9997863 
18. 5r74401 
32.384155 
53.5144.04. 
84.590332 
127 . '31943 
1-84.25976 
250.09277 
312.30273 
338.24492 
25 9.04687 

-59.710937 
464.453l2  
-2587.9687 
-5 95 9 
-12154.562 
-22997,125 
41173 
-70311.75 
-11474-2.5 
--XI8234 
-260375 
-3C7820 
-394904 
-2 8 24 2 8 

264592 
1.845J52Ec06 
5.700768~t06 

3.26672E+07 
7 II 023 1808E+07 

1.43326723+07 

DIFFERENCE/ 
"ACTUAL VALUE" 

-0.1014E-06 
0.61833-06 
O.1244E- 05 
0.174553-05 
0.210873-05 
0.233193-05 
0.242213-05 
0.23863-05 
0.22496E-05 
0.203033-05 
0.17462E-05 
0.14159E-05 
0.105 67 E- 05 
O.O68&E-05 
0.3UfSE-06 

4.4323-07 
-0.3747E-06 
-0.067 16E-05 
-0,092633-05 
-0.113213-05 
-0.12838E-05 
4.137793-05 
-0.14111E-05 
-0.138 12%- 05 
-0.l2872E-05 
-0.112S5E-05 
-0.09O48E-05 
-0.6168E-06 
4.26493-06 
0. U-9E- 06 
O.iS243E-06 
0. l l f j  9E- 05 
0.175l.E-05 
0.239873-05 
0.3 1001E- 05 

The error is equal ly  small f o r  values g rea t e r  than 30, although 
m o s t  of t h e  i n t e g r a l s  have converged before 30. 

Discussion of xK 1( x 1 dx 
This integral was a l s o  divided into i n t e g r a l s  over two regions. To 

approximate the i n t e g r a l  from 0 to 5, we use t h e  s e r i e s  representa t ion  
( E q .  9.6.11), mult iply by x, and in t eg ra t e  each term with respect  t o  x. 

We obtain: 



X 
n L5 \- ,2n+3 1 

-t- 0.577215665 - 

( - 4 0 )  + 

We take  L5 terms i n  t h e  s e r i e s  where L5 = 20 1 - e 

For t h e  region between 5 and i n f i n i t y  we use t h e  following a-pproxi- 

matioii: 
X 

0 

where P, = 1.2533263 + 1.0958276/x - 0.67491295/x2 + 0.91571421./x3 
- 1. 1768576/x4 + 0.79898397/x5 has been deterinined by a least-squares 

f i t .  

Since t h e  valine of t h i s  i n t e g r a l  converges t o  ~ r / 2  a t  i n f i n i t y  and 

we a c t u a l l y  use the  d i f fe rence  of two such i n t e g r a l s ,  we have subtracted 

n/2 from t h e  approximation i n  t h e  program. 

we g ive  values of n/2 - JxKl(x)dx as these  a r e  eas i e r  t o  compare. 

In bhe followi.ng t abu la t ion  
X 

0 

X 

0.5 
1 
1.5  
2 
2.5 
3 
3.5 
4 
4.5 
5 
5 .5  
6 
6.5 
7 
7.5 
8 
8.5 
9 
9.5 

"ACTUAL VALUE" 

I-. 1059033 
0.7A931091 
0.4969222 
0.32490833 
0.21029136 
0.13506675 
0.08623054 
0.547854513-01 
0.3.?t.66817E-01 
0.21.8644lE-01 
0.13'/5002E-01 
0.0862574E-01 
0.53995393-02 
0.33736223-02 
0.21.0L306E-02 
0.1310607E-02 
0.0815 179E-02 
0.5064E7E-03 
0.31425593-03 

APPROXIMATION 

1.1059033 
0.74931091 
0.4969222 
0.32490833 
0.210291% 
0.13506675 
0.08423054 
0.5478545E-01 
0.3466817E-01 
0.21864413-01 
0.13749993-01 
0.08625733-01 
0.53995353-02 
0.3373623-02 
0.2104305E-02 
0.13106063-02 
0.0815179E-02 
0.50641563-03 
0.31Az559E-03 

DIFFERENC F: 
D IFFFRENC E / 

"ACTUAL VALTSE" 

0.2182873-10 
0. 43655743- 10 
0.07275953-09 
0.08731143-09 
0.0800355E-09 
0.58207663-10 
0.09604-263-08 
0.55297273-09 
0.327418E-09 
0.48166833-08 
0.2589445E-07 
0.0805027E-07 
0.36226023-08 
0.18576993-08 
0.0942506~-08 
0.455 2447E- 09 
0.2089353-09 
0.09234-56E-09 
0.4061.284E- 10 

0.2% 10 
0.6E-10 
0. L5E-09 
0.27 E-09 
0.38E-09 
O.43E-09 
0. 3.11-4.E-07 
0.1009E-07 
0.0944E-0'7 
0.22033-06 
0.3.883233-05 
0.0933293-05 
0.06'709lE-05 
0.550653-06 
0 .44'7893-06 
0.347353-06 
0.256313-06 
0.1.8235 E-06 
0.129233-06 
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I( 

10 
10.5 
11 
11.5 
1-2 
12.5 
13 
13.5 
14 
14.5 
15 
15.5 
16 
16.5 
l7 
17.5 
18 
18.5 
19 
17.5 
20 
20.5 
2 1  
21.5 
22 
22.5 
23 
23.5 
24 
24.5 
25 
25.5 
2 6 
26.5 
27 
2'7.5 
28 
28.5 
29 
29.5 
30 

- "ACTUAL VflLWd" 

0.194815'7E-03 
0.12066073-03 
0.0746671E-03 
0.461'71943-04 
0.2853005E-OL 
0.  1761717E-04 
0.1087178E-04 
0.06705223-04 
0.4133235 3-05 
0.25465 16E- 05 
0. E68178E-05 
0.0765 27 LE- 05 
0.573%.l93E-06 
0.36527273-06 
0 2245692346 
0.l380155E-06 
0.08477273-06 
0.52OW38E-O? 
0.3197Li-71E-0'7 
0.1762625 E-0'7 
0.12043353-0'7 
0.0738826E-0'7 
0.4531344E-08 
0.2778475E-Of3 
0.1703276E-08 
0.10433193-08 
0.0639473-08 
0.39188331~-09 
0.2400334E-09 
0.146995'73-09 
0.09OOO33E-09 
0.5509805E-10 
0.33'72412E- 10 
0.20638321~- 10 
0.12628J5E-10 
0 I 0772573% 10 
0.4725805E-11 
0.289Q3SE-11 
0.1767525E-11 
O.lOdO745 E- 11 
0. 0660731E- 11 

APPROXIMATION 

0 . 1 9 4 8 l ~ E - 0 3  
0.1206607E-03 
0.07466913-03 
0.4617193-04 
0.2853004E-04 
0.1761717E-04 
0.1087 1'18E- 04 
0.06r70522E-04 
0.4133234E-05 
0.2546515E-05 
0.15681773-05 
0.0965 2'7 1% 05 
0.57390913-06 
0.3652'725E-06 
0.2245691E-06 
0.13801553-06 
0.084m26E-06 
0.5207'7353-07 
0.3197469E-07 
0.1962624E-07 
0.12m335E-07 
0.0738825.E-07 
0.4531341E-08 
0.27784'73E-OE? 
0.17032753-08 
0.1043918E-08 
0 .  G63%?3-08 
0.39188313-09 
0.2L003333-09 
O.l44795GE-~3Y 
OfO9OO032E-O9 
0.5509802E-10 
0.337241E- LO 
0.20638313-1O 
0.12628 15 E- 10 
0.07725733-10 
0.&/'25803E-11 
0.28~O349E-11 
13.1767524 E- 11 
13.1080'74I.E- 11 
0.06607313-11 

DIFFERENCE 
0.18773263- 10 
0.102629E- 10 
0.06b8354E- 10 
0.4966693% 11 
0.38836'7 1E- 11 
0.30361263- 11 
0.2323533- 11 
0.173108f7E- 11 
0. U56023E- 11 
0.089001E-11 
0.6176448E-12 
0.42096183- 12 
0.2824546E- 12  
0.1869459R-12 
0.12226153-12 
0.07911293-l2 
0.50'7124'73-13 
0.32232023- 13 
0.2033009E- 13 
0.12'73265E-13 
0.0?92275E-U3 
0.48'39943E- 14 
0.3013214E-lA 
0.1dL2953E- 14 
O.ll2L3lSX-14 
0 - 067879 1E- 14 
0 - 40tm3C1E- 15 
0 24 5 05673- 15 
0.14b1453E-fi 
0.08h7124E- I3 
0.5 11'16883- 16 
0.30038 113- 16 
0. lr/Ij268E- 16 
0.10161533-16 
0.5850297E- 17 
0.33Ll809E- 1'7 
0. 18(31353E-lr/ 

0,586557E-18 
0.10599693- 17 

0.3 196755 E- 18 
0 - 1'708922E-18 

DIFFERENCE / 
"ACTUAL VALUE" 

0.09739E-06 
0.08506E-06 
0.089513-06 
0.1075'7E-06 
0.13613E-06 
0. L'7234E-06 
0.213723-06 
0.2581'73-06 
0.303883-06 
0.3495 E-06 
0.373863-06 
0 .4361UA-06 
0.4'75593-06 
0.5 1183-06 
0.54443E-06 
0.57'3223-06 
0.5 78083- 06 
0.61893E-06 
0.063582E-05 
0.064876E-05 
0.065785X-05 
0.0663213-05 
0.066&97E-O5 
0-066333-05 
0.O6523339-05 
0.065023E-05 
0. 063(31-8E-C35 
O.OG2533E-05 
0. 6O885E-06 

0.56861-E-06 
0 .5897F-06 

0.545 18E-06 
0 .5 1?37 1E- 06 
0.49236E-06 
0.46327E-06 
0,432563-06 
0.40035E-06 
0.36673E-06 
0.3318fE-06 
0.2W7E-06 
0.25864E-OG) 

The "ac tua l  value" agrees with values ca lcu la ted  from seven-place 

tab les . ' "  The  e r ror  f o r  values g rea t e r  than 30 i s  similarly small. 
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These functions a r e  a l l  ca lcu la ted  i n  a s ing le  subroutine. The 

approximations between 0 and 8 a re  calcu13ted from t h e  following se r i e s .15  
N 

Z2" 

1 2 2 "  (n!)(n!) 
I 0 i Z )  = 

n::: 0 

N 

N 

- Rn ( Z / 2 )  + 0.577215665 i 2 2  I1 

22n (n ! ) (n ! )  
Ko(z> = 1 

nz.0 

Z2n+1 
K I ( Z )  = - 4- [Rn( z/2) + 0.577215665 

Z 2*"+' n! ( n + l )  ! 
n=o 

+ 4 terms i n  the s e r i e s .  

-z 

We take N = 20 1 - e-'zl/10 ( 
For t h e  functions between 8 and i n f i n i t y  we use Formula 257, p .  201 

and Fomula 204, of r e f .  15 f o r  In, neglecting terms with t h e  f a c t o r  e 

p .  2% f o r  Kn. 

Z F  
e 1 (4 -12)  (4-12)(4- .32)  . . .  - -  I , ( Z )  = - L1 - + Jz-E l! 82 2! ( % Z ) 2  

(-l)n-l (&12) ... [ 4  - (2 r1 -3 )~ ]  

( n - l ) !  ( 8 Z > n - 1  
+ 

I5N. W .  Mclachlan, Bessel li"lmctions for Engineers, 2nd ed.,  Oxford, 
1955. 



2 67 

(4 -12)  + (4-12) (4-3') + ... 
l! 82 2! ( 8 Z I 2  

K1(Z) = .A e-' [I + 

We t ake  3 + 20/x terms i n  each series.  The ' 'actual  value" was 

calculated from seven-place t ab le s  fron Table I1 of r e f .  15 between 0 

and 10 and in te rpola ted  from f ive-place rec iproca l  values (Nat ional  

Bureau of Standards Table 9.12) between IO and 30. 

tabula t ion  gives t h e  values of these f'unctions f o r  Z = xe . 
The following 

i+ 

IO 
11 
x =  1 
APPRO XIMATION 
"AC~TTJAL VALUE" 
APPRO MMATION 
"ACTUAL VALUE 

X ' 2  

APPROXIMATION 
"AC'1'UAL VALUE" 
APPRO XIMATION 
"ACTUAL VALUE" 

MAG 
MAG 

1.01552 
1.015525 
0.501301 
0.5013011 

1.22901 
1.229006 
1.04117 
1.04.11672 

PHASE 
PHASE 

0.248294 
0.24.8294 
0.91029 
0.9102899 

0,912639 
0.912639 
1.27874 
1.2787396 

KQ MAG PHASE 
K1 MAG PK4SE 

0.572032 -1.04.58 
0.572032 -1.045803 
0.77887 -1.25487 
0.7788704 -1.2548657 

0.206644 d .  5093'7 
0.2066U* 4.5093'72 
0. 24.4.293 4.37855 
0,2442934 4.3'785449 
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x = 3  
APPROXTMATlON 
"ACTUAL VALUE" 
APPROXIMATION 
"ACTUAL VALUE" 

1.95019 
1.950193 
1.79991 
1.799908 

1.68456 
1.684559 
1.84504 
1.8/+50)i27 

8.4 2?93E -2 
8 e 4299E -2 
9.4-51533-2 
9.451.534E-2 

3.79316 

3.6'3774 
3.6977643 

3 .  '193160 

x = 4  
APPROXIMATION 
"ACTUAL VALUE" 
APPRO XIMA T I O N  
"ACTUAL VALIE" 

3.43912 
3.439118 
3.1729 
3.172896 

2 A1189 
2.4l1887 
2.51161 
2 5 1.1.6109 

3.62456E -2 
3.6246E -2 
3.95299E -2 
3 952993 -2 

3,0809 
3.080902 
3.0058 
3.0058023 

x = 5  
APPROXIMATION 
"ACTUAL VALUE" 
APPRO XIMA T I 0  N 
"ACTUAL VALUE" 

6.23116 
6.231163 
5.80906 
5.809060 

3.12297 
3.1229'70 
3.20357 
3.2035660 

1.605253 -2 
1.60523 -2 
1. '721293-2 
1.721295E:-2 

2.37047 
2.  3704-73 
2.. 30854 
2.308538'7 

x = G ;  
APPRO XIMA T I 9 N  
"ACTU,4L VALUE" 
APPR3 XIMATION 
"ACTUAL VALTJF," 

11.5008 
11.500794 
10.8502 
10.850182 

3.83318 
3.833179 
3.89998 
3.8999750 

7.245983 -3 
7.246E -3 
7.68153-3 
7.68150LE -3 

1 I 66 104 

1.60834 
1.661043 

1.608343A 

x ::: 7 
APPRO XIMA T I 0  N 
"ACTUAL VALUE 
APPROXIMATION 
"ACTUAL VALIJE" 

21.5479 
21.547863 
20.5003 
20.500302 

4.54298 
4.. 542982 
4.59912 
4.5991161 

3.314563 -3 
3.315E -3 
3.484973 -3 
3.484972E -3 

0.95222 
0.952219 
0 * 906355 
0.9063566 

x - 8  
APPROXIMA TION 
"AC'TUAL VALUE" 
APPROXIMATION 
"ACTUAT, VALUE" 

40.8176 

39.0697 
39.06966 

40.8174 
-1.03113 
-1 03 114 
-0.982745 
-0.982'7It4-9 

1.531.06E-3 
1.531113-3 
1.599913 -3 
1.5998903-3 

0.243824 
0.243795 
0.203194 
0.203 1.949 

x = 9  
APPROXIMATION 
"ACTUAL VALUE I '  

APPROXIMATION 
"ACTUAL VAI~UE I t  

77.9564 
77.9566 
74.9741 
74. 974-01+ 

-0.322577 
4 . 3 2 2 5 7  
-0.279991 
4 . 2 7 9 9 9 6 0  

7.12627E-4 
7.12628E-4 
7.41044E -4 
7.4104-4 1.E -)+ 

-0. )+64365 
- O . l h L +  3 6 1  
-0.500778 
-0. 500778r/ 

x = 10 
APPROXIMATION 
"ACTUAL VALUE ' I  

APPROXIMATION 
"ACTUAL VALUE I f  

149.811-7 
149.847 
144.671. 
144.67053 

0.385675 
0.385673 

0.4-236874- 
0 .  r+23688 

3.336663 -4 
3.336653-4 
3.4562713 -4 
3.456272E -4- 

-1.1.7232 
-1.1'1232 
-1.20534 
-1.2053372 

x = 11 
APPROXIMATION 

APPROXIMATION 
"ACTUAL VALTJE" 

"ACTUAL VA UIF: 

289.537 
289.535 

280.419 
280. A19 

1.56988E-4 
1.56989E-4 
1.62lE-4 
1.62099E-4 

4,40305 
4.40305 
4.37285 
4,3728 

1,0937 
1.09371. 
1.12803 
1.12802 
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x = u  
APPRO XIMATION 
"ACTUAL VALUE" 
APPRO-XIMATION 
"ACTUAL VALUE" 

561. 844. 
561.841 
545.591 
545.600 

1,80157 
1,80157 
1.83286 
1.83286 

'7.415 99E -5 3.69535 
7.41601~ -5 3.69535 
7.637WE -5 3.66753 
7.63705E -5 3 6675 

x =  13 
APPROXIMA T I O N  
"ACTUAL VALUE" 
APPROXIMATION 
"ACTUAL VALUE" 

1094.17 
1094.16 
106A. 9 
1064.93 

2.50931 
2.50931 
2,53806 
2.53803 

3 5 1512E -5 2.98773 
3.515123-5 2.98774 
3.6118E -5 2.36194 
3.611793 -5 2 * (36 19 

x = 14 
APPROXIMATION 
"ACTTJAL VALUE" 
APPRO XIMATION 
"ACTUAL VALUE" 

2W7.35 
2137.34 
2084.19 
2084.21 

3.21696 
3.21696 
3.24355 
3.24347 

1.6'70953 -5 2.28019 
1.670953-5 2.28019 
1.7336E -5 2.25615 
1.713593-5 2.2562 

x = 15 
APPROXIblATION 
"ACTUAL VALUE" 
APPROXIMATION 
"ACTUAL VALUE" 

4186.06 
4186.05 
4088. '77 
4088.69 

3.92453 
3.92453 
3.94926 
3.94927 

7.962913-6 1,5727 
7.962923 -6 1.57270 
8.15 248E -6 I. 55019 
8.152493 -6 1.5502 

x = 16 
APPROXIMATION 
"ACTUAL VALUE" 
APPRO XIMATION 
"ACTUAL VALUE" 

8217.22 
321'7.23 
8037.99 
8038.04 

A. 63204 
4.63204 
4.65516 
1.65517 

3.80298E -6 0.865254 
3.802933 -6 0.86526 
3.8878m -6 0.844094 
3.887823 -6 0 8 U 1  

x = 17 
APPRO XIMATION 

APPRO XIMA T I O N  
"ACTUAL VALUE" 

"ACTUAL VALUE" 

16162.7 
16162.7 
15830.6 
15830.6 

-4.943679 
-0.94369 
-0.92 198A 
-0.921995 

1.81973E-6 0.157849 
1.81974E -6 0.15785 
1.857923 -6 O.I378@4 
1.85792E-6 0. w 7 3  

x = 18 
APPRO XIMA T I O N  
"ACTUAL VALUE" 
APPRO XIPUTION 
"ACTUAL VALTJE" 

31847.0 
31847.2 
3 1228.6 
31228.0 

4.236259 
-0 (. 2362'7 
-0.215818 
-0.215795 

8.72224E -'I -0,549525 
8,722243 -7 -0.54'3526 
8. $95033 -7 -0.568423 
8.8 95 16E -7 -0.5685 

x = 19 
APPROXIMATION 
"ACTUAL VALUE" 
APPROXIMATION 
"ACTUAL VALUE" 

62850.6 
6285 1 
61693.5 
61693.4 

0.47112'7 
0.471126 
0.490451 
0.4'30455 

4 .18'7033 -7 -1.25687 
4.187O3E -7 -1.25687 
4.265 5 9E -7 -1.27481 
4.26549E -7 4.2749 

x = 20 
APPROXIMATION 
"ACTUAL VALUE" 
APPROXIMATION 
"ACTUAL VALUE" 

1.17848 
1.17849 
1.13481 
1.19681 

124212 
124213 
122038 
122037 

2.01269E -7 L+.. 314'39 
2.01268E -7 4.. 31899 
2. 04855E-7 4.30192 
2.04854E -7 A.3019 



270 

x = 2 1  
APPROXIMATION 
"ACTUAL VALUE" 
APPRO XIMA T I O N  
" AC T'UA L VA LIE I' 

245793 
245794 
241694 
241693 

1.88582 
1.88582 
1.90324 
1.90324- 

9.68683 -8 
9.686773 -8 
9.8511E -8 
9.85107E-8 

3.611.69 
3.41169 
3.5954 
3.5954 

x = 22 
APPROXIMATION 
"ACTUAL VALUE" 
APPRO XIMA T I O N  
"ACTUAL VALUE" 

L+86943 
486943 
479188 
47 9 17 9 

2.5931.3 
2.59313 
2 e 60973 
2.60976 

4.66734l.i -8 
4.6673217 -8 
4.742883 -8 
4.74292E -8 

2.9044 
2.9041+0 
2.8888.3 
2.8888 

x = 23 
APF'ROXIMATION 
"ACTUAL VALUE" 
APPROXIMATION 
"ACY'UAL VALUE" 

965'701 
965697 
950983 
950975 

3.30042 
3.3004-2 
3.31628 
3 - 31628 

2 e 251123 -8 
2.24112E -8 
2 e 285973 -8 
2.285973 -8 

2.19713 
2.197W 
2.18222 
2.1822 

x = 24 

"ACTUAL VALUE" 

"ACTUAL VALUX" 

APPRO XIPIATION 

APPROXIMATION 

1.9170LF: c6 
1.9173+6 
1.8893+6 
1.88899E+6 

4.0077 
4.0077 
4.02288 
4.02292 

1,086763 -8 
1.086763 -8 
1.102883 -8 
1.1028'7E-8 

1,48987 
1.48988 
1.47556 
1. L!-755 

x = 25 
APPROXIMATION 
"ACTUAL VALUE" 
APPROXIMATIOI\J 
"ACTUAL VALUE" 

3.8088Et-6 

3 a ??5563+6 
3.755393+6 

3.80876E-'-6 
-1.56822 
-1.56823 
-1.55367 
-1.55367 

5.250933-9 
5.250973-9 
5.32573E -9 
5.325733 -9 

0.782626 
0.78263 
0.768873 
0.7688 

x = 26 
APPROXIMATION 
"ACTUAL VALUE" 
APPROXIMA'TION 
"ACTUAL VALUE" 

7.573663+6 
7.573593+6 
?.471433+6 
'?.4?149E+6 

-0.8609'73 
-0.86098 
-0.846996 
-0.84697 

2 539173 -9 
2.53916E -9 
2.57391F-9 
2.5739034 

7.539023 -2 
7.54E -2 
6.2 1.5 2 hi7 -2 
6.213-2 

x = 27 
APPROXIMATION 
"ACTUAL VALUE" 
APPROXIMA T I O N  
"ACTUAL VALUE" 

1.507123+7 
1.507133-1-7 
1.48753E+'7 
~ 4 8 ~ / 5 4 ~ + 7  

-0.153734 
-0.15374 
-0.140288 
-0.14027 

1.228?3E -9 
1 e 228?3E -9 
1.24492E -9 
1.2449OE -9 

-0.631836 
-0.631836 
-0.644596 
-0.6Vk6 

x I= 28 

"ACTUAL VALUE" 

"ACTUAL VALUE" 

APPRO X I i W T I O N  

APPXOXIMATION 

3.001133+7 
3.0011r/E+7 
2 ~ 963553+7 
2.963603+? 

0.553496 
0.553493 
0.566449 
0.5664 

5.950033 -10 
5.950023 -10 
6.025593 -10 
6.025573 -10 

-1.33905 
-1.33905 
-1.3 5 137 
-1.3514 

x = 29 
APPROXIMATION 

APPRO XIMATION 
"ACTIJAL VALUE" 

"ACTUAL VALUE" 

5.93024E+? 
5.98023+7 

5.90??73+7 
5. 90'18lE-1-7 

1.26072 
1.26071 
1.27321 
1.2732 

2.8830611: -1.0 
2.88306E -10 
2.9184 -10 
2.9184 3E -10 

4.23692 
4.23673 
4.22502 
4.2250 



x = 30 
APPROXIMATION 1.192353+8 1.96793 1.397793-10 3.52972 
"ACTUAL VALUE" 1.192353+8 1.96'793 1.39783-10 3.52972 
APPROTXIMAT1ON 1.17839E+f3 1. '38009 1.41436E -10 3.5182 
"ACTUAL VALUE" 1. L784lE4-8 1.9800 1.41436E -10 3.5182 

The e r r o r  i s  s imi l a r ly  small f o r  values g rea t e r  than 30. 

Step Size 

The in t eg ra l s  a r e  evaluated by dividing the  range of i n t eg ra t ion  

i n t o  a large number of small increments and summing the  product of 

integrand (evaluated a t  t h e  midpoint) and the  increment. 
d i f f e ren t  in tegrx t ion  schemes were t r i e d ,  including a twenty-point 

Gaussian quadrature, but t h i s  w a s  t he  f a s t e s t  and most accurate up t o  

a poin t . )  

g rea t e r  t he  execution t i m e .  
e r r o r  i n  the  computer will become a contr ibut ing fac tor .  The s t e p  s ize  

w a s  chosen t o  have t h e  f a s t e s t  running time and s t i l l  r e t a i n  high 

accuracy. 

varying rapidly,  and the  i n t e g r a l s  converge t o  90% or more of t h e i r  

f i n a l  value. Therefore, i n  most programs, we have taken the  s t ep  s i ze  

t o  be 0.01between 0 and 5, 0.05 between 5 and l5, and 0.1 f o r  x grea te r  

than 15. 
s t e p  s i z e  t o  be 0.01 between 0 and 1 and 0.05 f o r  values g rea t e r  than 1. 

The error due t o  t h e  s t e p  s i z e  var ies  with t h e  c o i l  and conductpr con- 

f igu ra t ion  and t h e  value of  T2uwcr, but  i s  smaller than 0.01% i n  a l l  cases 

t e s t e d .  

s i z e .  

( A  number of 

The smaller the  s t e p  s i ze ,  the  g rea t e r  the  accuracy and the  
For very small s t e p  s izes ,  t he  round-off 

For t he  region between 0 and 5, m o s t  of t h e  integrands a re  

I n  the  enc i rc l ing  coil and inner  c o i l  programs, we take the  

This e r r o r  can be reduced by decreasing the  value of t h e  s t e p  

(This i s  named S1 i n  a l l  t he  programs.) 

Convergence 

'The values of the  integrands i n  the  programs a re  zero a t  x = 0 

and go t o  zero as x goes t o  i n f i n i t y .  

a l so  depends on the  c o i l  and conductor configurat ion and the  values of 
r2(*1pcr. 

converge. Table 2 shows t h e  percentage e r r o r  between the  value a t  

The convergence of t he  i n t e g r a l s  

- 
The air value i n  the  impedance calculat ions i s  t h e  slowest t o  



272 

Table 3. Percentage Error  i n  Convergence Tests o f  Ai . r  Value 

Length 

R2 -R1 
0.01 
0.05 
0.1 
0.2 
0 ..3 
0.4 
0.5 

1 0.5 0.1 0.01 

2.418 3.435 
0.8364 1.194 
0.1203 0.1'134 
0.0457 0.0671 
0.0133 0.0199 
0.0095 0.0144 
0.0072 0.0110 

9.095 23.287 
3.183 7.199 
0.4810 1.171 
0.19'78 0.4961 
0.05281 0.1760 
0.0460 0. m+? 
0.0355 0.0957 

x = 40 and t h e  f i n a l  va,lue as a funct ion o f  t h e  c o i l  dimensions. I n  

some of t he  longer running programs, such as INNCO and ENCCO, t he  a i r  
value i.s ca lcu la ted  i n  AIRCO;  t h i s  value i s  used t o  ca lcu la te  t h e  fina,l. 

normalized impedances. 

impedance programs i f  t he  e r r o r  indicated i n  Table 2 i s  t oo  Large. 

The value ca lcu la ted  by A I R C O  i s  accurate  t o  about a - 6 .  

Similar techniques can be used i n  t h e  o ther  

In addi t ion,  t h e  in t eg ra t ion  can be ca r r i ed  out f u r t h e r  by  modifying 

the program. 

THEN 110 where t h e  value of hX i s  usua l ly  35. 

t r a n s f e r  t he  con t ro l  back t o  a "FOR" 1-oop. 
kX the  program w i l l  c a r r y  t h e  in t eg ra t ion  t o  kx + 5 i n  some cases  

and .to hx -I 1 i n  others .  

The programs, i n  general ,  have a statement TF X < kx 
This statement w i l l  

B y  increasing the  value of 

Additional Errors 

I n  addi t ion  t o  t h e  th ree  major sources of e r r o r  mentioned, t he re  

i s  some e r r o r  due t o  computer round-off. While - this  i s  very  small i n  

most cases,  f o r  extreme c o i l  dimensions it can become qui te  large.  For 

example, very s m a l l  values of t he  c o i l  length,  L, produce considerable 

round-off e r r o r  due t o  inaccuracies  i n  ca l cu la t ing  t h e  expression 



27 3 

For values of L l e s s  than 0.001, t h i s  should be calculated. b y  a 

polynornial expansion for smll values of  x L. 
For values of L = 0.001 and la rger ,  t he  e r r o r  i s  l e s s  than 0.004%. 

(This i s  done i n  AIRCO.) 

Round-off e r r o r s  a re  i n  genera l  ve ry  small on the  GE 430 computer, 

which carries eleven places .  On other  machines, however, it may have a 

much l a r g e r  e f f e c t .  

c orqc LUS IONS 

The programs i n  t h i s  repor t  can be used t o  accura te ly  ca lcu la te  

proper t ies  u t i l i z e d  i n  many eddy-current tests.  By using these programs, 

t h e  design engineer can quickly optimize a p a r t i c u l a r  eddy-current 

t e s t i n g  parameter such as t e s t  frequency or a c o i l  dimension. Use of 

these programs should prove extremely valuable i n  development of eddy- 

cur ren t  t e s t i n g  procedures and w i l l  result; i n  the design of b e t t e r  and 

more economical eddy-current t e s t s ,  
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Symbol 

f 

L 

N 

n Z 

8 

CL 

D 

u- 

Name MKS Unit 

Frequency Hertz 

Square root of minus 1 

Indue t a m e  

Turns of wire 

Mean c o i l  radius  

N o r m l i z e d  impedance 

Skin depth 

Permeabilj t y  

R e  st s t  Fvit  y 

?onduct ivi ty  

Angular frequency 

henries  

meters 

ohms 

meters 

henries  /meter 

ohm meter 

mho /m? t e r 

radians /sec 

D inie n s ions 

1/T  

MIA2 /Q2 

1; 

M L ~  / Q ~ T  

L 

M T , / Q ~  

ML3 /Q2T 

Q2T/ML3 

1/T 
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