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COMPUTER PROGRAMS FOR SOME EDDY CURRENT PROBLEMS

1

J. W. Luquire C. V. Dodd
W. E. Deeds?® W. G. Spoeri
ABSTRACT

This report contains computer programs for solving sonme
eddy-current problems frequently encountered in nondestructive
testing. Operating instructions and examples are given for
each program. These programs are written in BASIC language
and may be used on a time-sharing computer. Various eddy-
current tests can be quickly and accurately designed by
utilizing these prograns.

INTRODUCTION

This report contains computer programs developed to calculate the
solutions to the equations derived in a previous report,? which dis-
cusses the applicabllity of the equations to actual test problems. The
programs are written in BASIC language, which is usually used with a
time-sharing computer system. While these programs will operate, with a
Tew modifications, on many different computer systems, they were written
specifically for the Data Network,3 SDSs 240 BASIC. Instructions for
running these programs and examples of their use are included with each
program. Figure 1 illustrates those cases for which solutions have been
obtained. Table 1 lists the various programs written for the gpecified
geometrical configurations.

Despite the apparent repetition, each of these programs and its
respective discussion has been made essentially self-contained, although

in some instances more than one program must be run to obtain the

lconsultant from the University of Tennessee, Knoxville.

2C. V. Dodd, W. E. Deeds, J. W. ILuquire, and W. . Spoeri, Some
Eddy-Current Problems and Their Integral Solutions, ORNL-4384 (April 1969).

?Data Network Corporation, 460 Twelfth Avenue, New York,
N. Y. 10018.
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(0) CASE 1: COIL ABOVE TWO-CONDUCTOR PLANE.

{H) CASE 2: REFLECTION-TYPE CO.L {AS USED IN
PHASE-SENSITIVE INSTRUMENT )} ABCVE A
TWO-CONDUCTOR PLANE.

(¢} CASE 4: COIL BETWEEN TWO-CCNDUCTING
PLANES (FOR SPACING MEASUREMENTS.

{¢) CASE 3: THROUGH - TRANSMISSION COILS (AS
USED IN PHASE-SENSITIVE INSTRUMENT.

(e) CASE 5: COIL ENCIRCLING TWO CONDUCTOR ROD.

(£} CASE 6: COiL INSIDE TWO CCNDUCTOR TUBE.

Fig. 1. Eddy-Current Testing Cases for Which Solutions Have Been
Obtained in the Form of Integral Equations.
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Table 1. Computer Programs for Solution of Equations
for Bddy-Current Test Configurations

Configuration Program Calculation Program Page
Name
Coil in air Coil inductance ATRCOS 6
Coil above a two- Normelized coill impedance CLADTS 10
conductor plane Defect sensitivity factor for a  DEFECS 15
defect in the cladding material
Defect sensitivity factor for a  DELATS 21
lattice of defects in the
cladding material
Defect sengitivity factor for a  DEFECB 28
defect in the base material
Net eddy-current force exerted FORCES 33
on a conductor
Reflection-type Magnitude and phase of RFLCT 37
coil above a two- induced voltage
conductor plane Phase shift of induced voltage  DISC 43
with "1lift-off" set
Phase of induced voltage for a RFLCYC 46
range of cladding thickness
values with "lift-off"
automatically set
Change in magnitude and phase of RFDFT 53
induced voltage due to a defect
in the cladding material
Change in magnitude and phase of RFDFL2 59
induced voltage due to lattice
of defects in the cladding
material’
Change in phase of induced BASREAD 67
voltage due to a lattice of
defects in the cladding mate-
rial with the "1lift-off" set
Change in magnitude and phase RFDFTRB 73
of induced voltage due to a
defect in the basze material
Through-transmission Magnitude and phase of the THRUS 20
coils induced voltage
Change in megnitude and phase THRUDT 85

of induced voltage due to a
defect in the plate between
the coils



Table 1 (continued)

Configuration Program Calculation Frogram Page
Name
Coil between two Normalized coil impedance BTNCO 91
conducting planes
Coil encircling a Normaelized coil impedance ENCCC5 96
two-conduetor rod Defect sensitivity factor for ENDFT5 105
a defect in the outer material
Defect gensitivity factor for ENDFTL 114

a lattice of defects in the
outer material

Defect sensitivity factor for READIN 124
a differential coil system
for a lattice of defects

Defect sensitivity factor for ENDFB5 129
a defect in the inner material

Coil inside a two- Normalized coil impedance INNCO5 138

conductor tube Defect sensitivity factor for TNDFT5 147
a defect in the inner material

Defect sensitivity factor for INDFIL 155

a lattice of defects in the

inner material
Defect sensitivity factor for INDFBS 165
defect in the outer material

desired answer. For example, note that all the coil impedance values
are given in terms of normalized impedances. The normalized values of
impedances must be multiplied by the magnitude of the coil impedance in
air, wL, to obtain the actual coil impedance. The inductance, L, may
be calculated from AIRCOS.

The dimensions used in these programs are also normalized with
respect to the mean coil radius, r, and therefore have no units; M is
defined as ?2qu and 1s also dimensionless, since Z/Muo is the sqguare
of the eddy-current skin depth in mks units. The value of M may also

i =
5 /‘, where r is now

be calculated by the formula M = 5.09397 X 1077 |



expressed in inches, f is the frequency in cycles per second (Hertz),
and p is the resigtivity in microhm-centimeters.

The discussion and example that precede each of the detailed
programs presume that the specific program has already been entered into
the active computer memory. The accuracy of these programs is discussed

in a later section.

INDUCTANCE OF A COIL IN AIR

We here consider the calculation of the inductance in air of a
coil of rectangular cross section, as shown in Fig. 2. This is the type
of coil that is used in many eddy~current tests. The impedance such a
coil will have in air is:

Zair = je2ene L0,
where 7 is the impedance in ohms, Jj is the square root of minus one, f
is the frequency in Hertz, and L is the inductance in henries. The

- Zn’

impedance the coil will have when placed on a metal is Z = lZair

ORNL-DWG 68-10309

Fig. 2. A Rectangular Cross~-Section Coil.



where Zn is the normalized impedance, which is calculated from one of
the impedance programs. 1In addition, the integral calculated in the

air inductance program is also calculated (along with several other
integrals) in all the impedance programs. Since this integral is one

of the slowest to converge, it can be calculated separately for a coil
in alr and used in any of the impedance programs for cases with the same
relative coil dimensions. The program AIRC0O5 calculates the coil induc-
tance and a "normalization factor" used in impedance calculations. The
Tirst normalization factor is used with planar conductors and the second

is used with cylindrical conductors.

Discussion of AIRCOS

This program 1s designed to calculate the inductance in air of a
coil with rectangular cross section. Such a coil is shown in Fig. 2.
In addition; this program will calculate two normalization factors
that are used in other programs appearing in this report. To use this
program, one must first divide all dimensions by the mean radius of
the coil. The resulbs will, of course, be dimensionless and will be
referred to as being "normalized."

Once these calculations have been made, one need only type the
following lines into the program. [Note: (Parentheses should not be
typed. )]

20 LET Rl = (numerical value of normalized inner coil radius)
30 IET R2 = (numerical value of normalized outer coil radius)

40 LET L = (numerical value of coil length).

The program may now be run.

The print-out by the computer will have the following format:

COIL IENGTH IS (L) R1=(R1) R2=(R2)
INDUCTANCE/N12%R(BAR) = ~ewwem

NORMALIZATION FACTOR
PLANAR CONDUCTOR ~mm===--~ CYLINDRICAL CONDUCTOR == wwmm
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The various symbols enclosed in parentheses are used here to
indicate that the numerical value of the symbol will be printed. The
actual inductance of the coil is obtained by multiplying the second
line by the square of the number of turns and the mean radius of the
coil. The remaining print-out is self-explanatory.

The example below is presented for additional aid to those who

wish to use this program.

Sample Calculation of ATRCOS

Suppose that we wish to know the inductance of a coil 0.250 in.
long with inner and outer radii of 0.125 and 0.375 in., respectively.
We shall assume that the coil consists of 200 turns of wire.

First, we determine the mean coil radius to be 0.250 in., so that

Normalized inner coil radius = 0.125/0.250 = 0.5
Normalized outer coil radius = 0.375/0.250 = 1.5

Normalized coil length = 0.250/0.250 = 1
This information is now typed into the computer in the following format:

20 LET R1 -
30 LET R2
40 LET L = 1

i
wn

1.5

4

The program is now run with the following results:

COIL LENGTH IS 1 R1=0.5 R2=1.5
INDUCTANCE/N12xR(BAR) = 0.1266473E-05

NORMALTZATION FACTOR

PLANAR CONDUCTOR 0. 16040079 CYLINDRICAL CONDUCTOR 0.50391397
From this we obtain the inductance in henries simply by multiplying the
second line by the square of the number of turns on the coil and the mean
radius of the coil in meters. |

For our problem, N = 200 turns of wire and the mean coil radius is
0.250 in. To determine the inductance in mks units, we must convert
from inches to meters by the conversion factor 1 m = 39.37 in. We then

have



/7 1m
(200)% x 0.250 in. {E;;j§7—7—{> X 1.266473 x 107° n
A . 1n.

-
Il

3.216848 x 10™% h

It

Thus, the inductance of our coil is 3.216848 X 10"% h or about

322 uh.

1u

20

30

40

SU

&

70

=18]

IC

100
110
12C
130
140
15C
160
170
180
190
(U
210
22U
230
c 4
250
26C
<70
280
290
300
310
320
330
34C
350
360
370
38C
390
400
410
420
430

ATRCOS Program

KEM ALRESS VERSTIN 2/ 17/ 69
LET Kl=1=eC01
LET n2=1+.0G01
LET L=e2Fk-2
FrlNTCAIL LENGTA IS"sLs"RlI="3k]1,"H2=""3K2
LETSI=1k~2
LETSP=1
LETE1=W1
LET Té=C
LET BI1=C
LET B2 =52
LETI9=16
FOnX=B1+5172 10 ke STEFR Si
LET £srexA
LET wl=n2
G SUR 380
LET 1I2=Fp
LET £=h14%4&
LET Gl=ixt
GdSUb 580
LET I1=F2
IF X%l.>«CCS5 THEN 25C
LET Al=. 5%¥XK4Lt2-XK12%.13/6
@3 18 260
LET A1=sL+CEXFC(-X*L) - 1) /K
LET Lé6=16+514C12-11)1t2%A1/X
NEAXT A
LFCI6-193/716>E1 THEM 60C
rnELDS12 525 F1
IF E1>CTHENGCO
LeTARZE-2s2s 1E~-2s SE-2555 1E=3,1E~1510s1F-45.555051FE-552,20051E-651515%
LET W6=8E- Tkl t2%16/C(L*x(Rr2-R1))12
FrINT" INDUCTANCE/NT2RR(EBAR)="3GE
FirINT
FrINT® "', NI=MALIZATION FACTOR"
FRINT"FLANAKR CINLDUCTAK"3163"CYrLINDRICAL CANDUCTOK ;s FIx16
Gd 12 630
IFZ>5THEN 470
LETLS=INTC(2%Z)+3
LETF1=.5%kGl*%L1%2
LET F2=F1/3
FORN=1T9L5
LETF1=-F1%e250% L% 2/ CNKN+ND



440 LETRZ2=F2+F 1/ (2%N+3)

450 NEXTIN

460G G212 590

47C IF £>30 THEN 540

A0 LET 61=({(~188.1357/4+109. 11423/ £-23.T7933B/2+2.050931172
490 LET Gl1=(Cll-. 17305033744+ 7034845)/7£2~«064109E-3

500 LET 2=00(~5.817517/724+2 1058 T4)/ L=+ 6896196)/ L+ 49520245374
510 LET @2=(62-a 18 T344E-2)/ 2471979095

520 LET F2=(1-SuR(L)*¥ (2% CISCL-FI/4) ~Q1*SINCEZ~FI/42)) /CK%XD)
530 G& T4 590

540 LET F3=1/704%4L)

5SSO LETFI=E£*%(~1+F3%(~e 554868 T75+2+43062114%133)

SE0 LETH2=B8T75+F3%(~+93457031+8+.98975114%+3)

570 LETFe= 14+ 72 7834564 (F1%CAS(L-e 78539816 +FR2%XSIN(Z~. TES298 163 /562D
380 LETFE2=F2/ (X*X)

90 KETURN

600 LETRI=BZ

610 LET B2=E2+52

620 GO 18 120

630G END

COIL ABOVE A TWO-CONDUCTOR PLANE

The case of a single coll above one conductor clad on another, as
shown in Fig. 3, is typical of many eddy-current tests. Many impedance-
bridge eddy~current instruments use this type of coil. In addition,
this general case will reduce to a number of simpler cases. The programs
in this section will calculate the normalized coil impedance (CLADTS),
the sensitivity of a single defect in the cladding material (DEFECS),
the sensitivity of a defect at any point on a lattice in the cladding
material (DELATS), the sensitivity factor for a defect in the base mate-
rial (DEFECB), and the net eddy-current force exerted on the conductor
(FORCES) .

The impedance program can be used to study the effect on normalized
coil impedance of variations in the thickness of the cladding and the
conductivity and permeability of the cladding and base materials. In
addition, we may take the conductivity of the base material to be zero
and obtain the case of a coil above a plate.

The defect programs can be used to study the change in normalized
coil impedance due to the presence of a defect. We sghall call any dis~

continuity in the electromagnetic properties of the material a defect.
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ORNL-DWG 67-2523R

Fig. 3. A Coil of Rectangular Cross Section above a Two-Conductor
Plane.

In addition, the lattice program can be used to study the effects of a
defect located at any point in a lattice. From these programs, we can

optimize the effectiveness of a coil in detecting defects.

Normalized Coil Impedance

Discussion of CILADTS

This program is designed to calculate the normalized impedance of
a coil with rectangular cross section above a conductor consisting of
two layers, which may be of different types of material (see Fig. 3).

To use this program, one must first divide all dimensions by the

mean radius of the coil. The results will, of course, be dimensionless
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and will be referred to as being "normalized." The product of the
angular frequency of the driving current, the permeability, the conduc-
tivity, and the square of the mean radius of the coil must be calculated
for each conductor. Let this product be denoted by wuldl?g for the upper
layer and by wu,o,r? for the lower layer.

Once these calculationg have been made, one need only type the

following lines into the program. [Note: (Parentheses are not typed.)]

20 LET Rl = (numerical value of normalized inner coil radius)
30 LET R2
40 LET Ll = (numerical value of normalized lift-off)

i

(numerical value of normelized outer coil radius)

50 LET L2 = (numerical value of lift-off plus normalized coil length)

60 TET Ml = (numerical value of wu,o;7°)

Note: If the conductivity of the upper conductor is zZero, one must

type two additional lines:

320 LET X1 = X
330 LET Y1 = O

70 LET Ul = (numerical value of relative permeability of upper

it

[

conductor)

80 LET M2 = (numerical value of wusopr?)

Note: If the conductivity of the lower conductor is zero, one must

type two additional lines:

350 LET X2 = X

360 LET Y2 = Q

90 LET U2 = (numerical value of relativé permeability of lower
conductor)

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

conductor)

The program may now be run.
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The print-out by the computer will have the following format:

Rl = (R1) R2 = (R2) Ll = (11) 2 = (12)

CLAD = (C), ML = (M1), Ul=(Uul), M2 = (M2), U2 = (U2)

X AIR VALUE REAT. PART IMAG PART

5.  mmmeee e e

L et T

15 mmmmee e e

200 emmmae dmeeee mmmam

40 e

NORMALIZED TMAG PART -we=-- NORMALIZED REAL PART --w---

The various symbols enclosed in parentheses are used to indicate
that the numerical value of the symbol will be printed. The four columns,
headed "X," "AIR VALUE," "REAL PART," and "IMAG PART," are the upper
limit of the numerical integration being performed by the computer, the
value of the integral in the absence of the conductors, the real part of
the integral in the presence of the conductors, and the imaginary part
of the integral in the presence of the conductors, respectively. These
appear principally to allow one to inspect the convergence of the inte-
gration. The last line is the normalized impedance of the coil in the
presence of the conductors.

The example below is presented for additional aid to those who wish

to use this program.

Sample Calculation of CLADTS

Suppose that we wish to know the normalized impedance of a coil
0.250 in. long and with inner and outer radii of 0.125 and 0.375 in.,
respectively, due to the presence of 0.020 in. of copper clad on an
aluminum conductor of effectively infinite thickness (at least four-
coil diameters or skin depths, whichever is smaller). We shall assume
the driving frequency to be 5 kHz and the lift-off to be 0.005 in.

First, we determine the mean coil radius to be 0.250 in., so that

0.5
1.5

Normalized radius of inner coil = 0.125/0.250

1

Normalized radius of outer coil = 0.375/0.250
Normalized lift-off = 0.005/0.250 = 0.02

Normalized coil length = 0.250/0.250 = 1
Normalized thickness of copper = 0.020/0.250 = 0.08
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Furthermore,
Angular frequency of driving current = 2x X 5000 sec™?t
Permeability of both conductors = 4x x 107 h/n
Relative permeability of both conductors = 1
Conductivity of copper = 5.77 x 107 mhos /m
Conductivity of aluminum = 2.86 X 107 mhos/m

Thus,
wpors = 91.91
mngg;?‘ = 45 . 48

This information is now typed into the program; that is, one types

20 LET Rl = 0.5
30 LET R2Z = 1.5
40 LET L1 = 0.02
50 LET L2 = 1.02
60 IET ML = 91.91
70 1ET Ul = 1

80 LET M2 = 45.48
90 LET U2 = 1

100 LET ¢ = 0.08

The program is now run with the following results:

Rl = 0.5 R2 = 1.5 Ll = 0.2E-01 L2 = 1.02
CLAD = 0.08 ,ML = 91.91  ,Ul =1 ,M2 = 45.48 ,U2 = 1
X ATR VALUE REAL PART TMAG PART
5 0.1592323 0.107332 ~0.1181068-01
10 0.1602305 0.1083125 ~0.118325E-01
15 0.1603371 0.108419 ~0.11833E-01
20 0.1603754 0.1084573  —0.11833E-01
40 0.1604008 0.1084826  —=0.11833F-01

NORMALIZED IMAG PART 0.6763225 NORMALIZED REAL PART 0.0737719
From this, we see that the normalized impedance of the coil is

z = Q.0737719 + J 0.6763225
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CLADTS Program

10 rEmM CLADT VEKSION 07/ 08/ 68
20 LET Kk1=+.8333

30 LET Kk2=1+1667

40 LET L1=.0476

S5C LET L2=.3809

6C LET M1=T77.05

70 LET U1=1

80 LET M2=40

90 LET Uue=1

100 LET C=.05

110 FRINT "K1="3R1,"R2="3 k2, "L 1=""3L 1, "L2=""50L2
120FRINTYCLAD="3C3 "3 "M1="3M1;5"5"3"U1l=""3U13", "5 ""M2="3M23 ", "3 "U2=""3U2
130 FRINT "X"> "ALlk VALUE', "KEAL FART", "IMAG PAKRT'
140 LET S1=1E-2

150 LET 52=5

160 LET 16=0

170 LET 17=0

180 LET I8=0C

130 LT 19 =C

200 LET B1=0

210 LET B2 =52

220 FOk X = Bl +51/72 19 B2 STEF 51

230 LET £Z=r2%X

240 LET i=k2

250 GBsUb 780

260 LET 12=F2

270 LET Z=k1%X

280 LE1T @l1=ix1

290 GBsub T80

300 LET Li1=F2

310 LET 53=51%(l2~-11)r2/X

320 LET XK1=« TOT10T7TH( SGROSERIARARXEX+MIXxMII +X*x X))/ U1
330 LET Y11=« 7071074 (SGRCSGRIA Rk X*XkA+M1EMII=X4X)) /U1
340 LF X1%xC>15 THEN 490

350 LET X226« TOTIOTH( SGROSGRIXAX*X (kX +M2*xM2) +X*x X)) /U2
360 LET Y22, 707107+ ( SGROSGRIX*XAX*X+ME2AMR2) -XxX)) /U2
370 LET X3=EAF(2%X1xCkU1)

330 LET r3=CaSC2xY 1*xCxUD)

390 LET Y4=SINC2%Y 1%CxUD

400 LET A6=(X-A 1)k (X 1+X2)+Y 1%(Y1+Y2)

410 LET A7=(R-X1)*(Y1+72)~Y I x({(X1+X2)

420 LETAS=(R+X 1) * (X 1=-A2)~Y 1% (Y 1-Y2)+(A6¥YI~ATxY 4) xX3
430 LET BS=Y1R(XI1-A2)+(X+X 1) R (Y I-Y2)+(ATRY3+A6XY 42+ X3
440 LET Com(X+X 1) R (X 1+X2)~-Y 1% (Y 1+Y2)

450 LET CT=7 1 (K 1+X2) +(X+X 1) (Y 1+Y2)

460 LET CS=(A-XD)*(X1-A2)+Y14%{(Y1-Y2)+(CoéXxY3-CT+YAI*X3
470 LET DSs(X-XD)*({Y1-Y2)~Y1*(X1-X2)+(CT7T*Y3J+CEXY4I%X3
430 GJ T8 53¢

430 LET AS =X-X1

500 LET EB5=-Y1

510 LET CS=X+XK1

520 LET LDS=Y1

530 LET K1=(AS%CH5+BS*D5)/(CS5*C5+DS*05)

540 LET Ke2=C(05xE5-A5%0U5)/7(CO%C5+DS%DS)

550 IF K%L2>30 THEN S90



560
S70
580
o9 ¢
600
610
620
630
640
&50
660
670
630
696
700
710
720
730
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LET G=EAF(-2%X*%L1)+EXF(-2%X%L2) -2« EXF(-X*k(L1+L2))
LETG3=EAF(~X*(L.2-L 1))~
G& T3 610

LET G=EXP(~X%*L 12

LET G3=-1

LET I6=I6+853% GkK1/(2%X)
LET IB=18+S53% GkK2/(2%K)
LET I9=19+503%xCG3/7X+L2-L 1)
NEXT X

LETE1=EB2

LET b2=b2+52

LET @3=X+51/72

LET I17=19+16

FRINT €3,19517,18

IF X < 3 THEN 220

LET 51=5FE-2

IF X<10 THEN 220

LET Si=.1i

T40LET52=20

750
160
710
B0
90
300
510
820
830
840
550
G640
870
880
890
900
710
920
330

IF X<35% THEN 220

FRINT “NORMALIZED IMAG FAKI";17/19,"NORMALIZED REAL PART":-18/19
Ga1e 930

IF Z>5 THENBT0

LETLS=INTC2%Z) +3

LETF 1=+ 5%G1kG1%Z

LET F2=F1/3

FO sz 1TALS

LETF 1z~F 1%e 250% 2% L/ CNEN+N)

LETFZ2=F2+F 1/ (2%N+3)

NEXTN

GATE 920 ;

LET €1=CC(=188+1357/4+109+1142)/2-23. 79333)/2+2.050931>/Z
LET G1=CCE1=-1730503)/&+.7034345)/2-2064109E-3

LET G2=CCC-5.817917/£+2+ 105874)/Z~+6896196)/ 2+ 49520241/ 2
LET G2=CG2-+ 18 7344E-2)/2+. 7979095

LET F2s(1-SER{Z) % (E2*xCASCZ=FL/ & ~G1kSINCZ=F1/2))) /7 (X4X)
KETURN

END

Defect in Cladding Material

Discussion of DEFECS

This program is designed to calculate the sensitivity for a coil

with rectangular cross section above a conductor consisting of two

layers, which may be of different types of material. For this program,

the defect must be located in the upper layer, which is labeled IIT in

Fig. 3.
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To use this program, one must first divide all dimensions by the
mean radius of the coill. The results will, of course, be dimensionless
and will be referred to as being "normalized.” The product of the
angular frequency of the driving current, the permeability, the conduc-
tivity, and the square of the mean radius of the coil must be caleulated
for each conductor. Let this product be denoted by wulcifz for the
upper layer and by wu262;2 for the lower one.

Once these calculations have been made, one need only type the

following lines into the program. [Note: (Parentheses should not be

typed.)]

20 LET R1 = (numerical value of normalized inner coil radius)

30 LET R2 = (numerical value of normalized outer coil radius)

40 LET T1 = (numerical value of normalized lift-off)

50 LET L2 = (numerical value of normalized lift-off plus normalized
coil length)

€0 LET ML = (numerical value of WayoyT2)

70 LET M2 = (numerical value of prGZFE

Note: If the conductivity of the lower conductor is zero, one must

type two additional lines:

380 LET X2 X

390 LET Y2 = O

80 LET C = (numerical value of normslized thickness of upper
conductor)

90 LET R = (numerical value of normalized R position coordinate
of defect)

100 LET 71 = (numerical value of normalized Z position coordinate

of defect)
110 LET 19 = (numerical value of normalization factor)

Note: This value may be obtained with the aid of ATRCO5 simply by

placing the appropriate coil dimensions in that program.

The program msy now be run.
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The print-out by the computer will have the following' format:

Rt = (R1) R2 = (R2) Ll = (11) 2 = (L2)
CLAD THICKNESS IS (C) ML = (M) M2 = (MR)
DEFECT IS LOCATED AT (R,Z) = (R), (Z1)

X MAGNITUDE PHASE

5 s ddimee-

10 amemem eeaee

15 mm—— mmm———

20 mmmmmm memema

25 mmm——— -

30 edemmm eemee-

35 mmmemee e

The various symbols enclosed in parentheses are used here to indi-
cate that the numerical value of the symbol will be printed. The three
columns, headed "X," "MAGNITUDE," and "PHASE" are the upper limit of
the numerical integration being performed by the computer, the magnitude
of the defect sensitivity factor, and the phase of the defect sensitivity
factor, respectively. These appear principally to allow one to inspect
the convergence of the integration. The magnitude and phase values for
X = 35 are considered to be correct, since the integrations in most
cases converge sufficiently well for this value of X.

The example below is presented for additional aid to those who

wish to use this progran.

Sample Calculation of DEFECS

Suppose that we wish to know the defect sensitivity factor for a
coil 0.250 in. long with inner and outer radii of 0.125 in. and 0.375 in.
respectively, above 0.020 in. of copper clad on an aluminum conductor
of effectively infinite thickness (at least four-coil diameters or skin
depths, whichever is smaller). Let us further suppose that we are
interested in the defect sensitivity factor for the case in which the
defect 1s located 0.010 in. below the surface of the copper, 0.250 in.
from the coil axis. We shall assume the driving frequency to be 5 kHz
and the lift-off to be 0.005 in.

First, we determine the mean coil radius to be 0.250 in., so

that



Normalized inner coill radius

Normalized outer coil radius = 0.375/0.250
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i

0.5
1.5

0.125/0.250

Normalized lift-off = 0.005/0.250 = 0.02

Normalized coil length = 0.250/0.250 = 1

Normalized thickness of copper = 0.020/0.250 = 0.08
Normalized R position of defect = 0.250/0.250 = 1
Normelized Z position of defect = 0.010/0.250 = 0.04

Furthermore,

Angular frequency of driving current = 2 X 5000 sec™!

Permeability of both conductors = 4mx X 1077 h/m

Conductivity of copper = 5.77 x 107 mhos/m

Conductivity of aluminum = 2.86 x 107 mhos/m

Thus,

. TR
W, 0T

W, 0, T?

At this

91.91
45.48

point, one determines the normalization factor by placing

the normalized coil dimensions in AIRC05 and running that program. It

is worth noting that the normalization factor is independent of all

variables except the coil dimensions. This factor is the first normali-

zation factor in the print-out of ATRCO5 and for the case in point is

found to be 0.1604008. The remaining procedure 1s quite simple.

The above

20
30
40
50
60
70
g0
20

LET
LET
LET
LET
LET
LET
LET
LET

Rl
R2
1
L2
M1
M2
C

R

100 LET Z1
110 LET 19

information is now typed into the program as follows:

0.5
1.5
0.02
= 1.02
91.91
= 45,48
0.08

1

]

i1

= —0.04
0.1604008

]
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The program is now run with the following results:

Rl = 0.5 R2 = 1.5 Ll = 0.28-01 L2 = 1.02
CLAD THICKNESS IS 0.08 ML = 91.91 M2 = 45.48
DEFECT I8 LOCATED AT (R,Z) = 1 ,—0.4E=-01

X MAGNITUDE PHASE

4., 9999999 0.14757756 ~1.9638444

9.9999999 0.14903352 ~1.9711088

15 0.14840038 —1.9742207

20 0.14882443 ~1.9713002

25 0.14864662 ~1.9726833

30 0.14869698 ~1.9722641

35 0.14868914 ~1.9723336

From this, we see that the defect sensitivity factor is

0.14868914 exp (~j 1.9723336¢). To obtain the change in normalized

impedance, we multiply the defect sensitivity factor by the product of

the defect volume and the shape and orientation factor. Note that the

defect volume must be calculated from dimensions which are normalized

by the mean radius of the coil.

DEFECS5 Program

10

REM DEFECS - VEKRSIan 037037 69

20 LET Rl1=45

30 LET R2=1«5
40 LET Li=.02
50 LET L2=1.02
60 LET M1=91.91
70 LET M2=45.48
g0 LET C=.08

90
10C
110
120
130
140
150
160
17C
180
190
200
210
220
230
240
250
260
270

LET k=1

LET £1=-.04
LET 19=+16040083

FRINT "K1S"3K1s"RE="3R2,"L1="3L1,"L2=";L2
FRINT "CLAD THICKNESS IS "3C,"MI1="3M1, " "M2=";M2
FEINT *DEFECT [$ LBCATED AT (RsZ)="3R3","3¢1
FRINT "A"s “MAGNITUDE™ , "PHASE"

LET S1=1E-2

LET 52=5

LET 16=0

LET 18=0

LET B1=0

LET B2=s2

FOR X=B1 +51/2 19 B2 STEF Sl

LET Z=Rexx

LET €1=k2

GasUB 750

LET I2=F2

LET ZsK14X
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280 LET @l=kl

290 GASUE 730

360 LET L1=F2

310 LET I3=I2-11

320 LET1 Z=X%k

330 GUSUE 930

340 LETS3=CI2-T 1D 5J 14 SI%(EXFC-X4L 1) ~EXFC-X%L2))

350 LET XK1=« TCT107T*SURKCSURIXAX (X AX4M 14M1) +X%X)

36C LET Y11= TOTI0THSORCSGRIXEXEXKX+M 1AM I) =X kXD

370 LFA1%(>15THENSEQ

3BC LET A2=¢ TOT10T*SURCSURCKFXAX AKX +MOKMD) +X*X)

390 LET Y2=6 TOTI0T*SURC SURCASARX KX +MOEMD) =X %X )

400 LET A3=EXF(2%X 1%C)

410 LET Y3=COS(2%7 140D

420 LET YazSINCS%r 150

430 LET X5=X1+X2

440 LET A6=X1-X2

450 LET YS5=Y1+rg

460 LET Y6=Y1-72

470 LETAS=CADKLISUY 14 (2% C+21)) ~YS%SINCY 1*(24%C+Z2 1)) ) kEXF(X 1% 2%C+Z1))
B0 LET 452854+ (K6%xCASC-Y14Z1) =Y ExSINCY14Z1))*EXF(=X1%Z1)
£90 LETES=(YS,CASIY 1% (P, C+L 1) +XSHSINCY 14 (2% C+Z 1)) ) *FEXF(X 1% (2xC+21))
SO0 LETHS=ESHY &KX UASCY IR 21D +X6RSINCY IHZ 1)) ¥EXPC-X1%21)
510 LET CEs(X+X 1) ¥ (A 1+X2) =Y 1k (Y 1+Y2)

520 LET CT=Y 1%(X1+X2) +CX+X 1) k(Y 1+Y 2D

530 LET CH=CXA~X 1) &(K 1~ X2)+Y 1% (Y 1-Y2)+(CokYI~CTRY4)%X3
S40 LET DY9=(A~X 1) # (T 1=-Y2) =Y 1k (X 1-X2)+{CT*Y3+CERY4I* X3
S5¢ GATI 660

560 LET B9=FEXAF(AL1*L1)%CASCY1%21)

570 LET BSZEAFCAIRZ1D#SINCY 1%21)

S350 LET CS=R+41

S90 LET DS=71

6U0 LETR1=C(O5C5+B5%DS)/Z(C5%C5+D5%D5S)

610 LETK2=(CHE5-A5%D5) /7 CCS*CS5+D5%D5)

620 LETL&6=1 6+ 53%K1

630 LETIA=I8+53%K2

640 NEXT X

650 LET bl=kl+s2

660 LET B2=b2+52

670 LET w3=X+S172

€30 LETLE=ATNCIZ/16)

€30 1F16>0THENTILO

TUO LET @2=62+3.1415927

710 FRINTG3, 3%M1k (] 6%1 6+18%I8)/C4kpIk19),2%02

70 IF X < 3 THEN 220

730 LET S1=5E-2

T40 IF A<10 THEN 220

750 LETS1=.1

76C IFX<3UTHENZ2Z0

770 GBIV 1040

750 LF&>S5THEN B 70

790 LETLS=INTC(2*x2)+3

SO0 LETF 1=« S¥61%U1%2

810 LET1 Fe=F1/3

820 FIRN=1TALS

B30 LETFI=-F 1%« 250% 2% 2/ CNAN+N)

sa( LETF2=F2+F 1/ (2%N+3)

850 NEXTIN

860 GI10 920

BTO LET 1=2C((~1858+ 1357/£4+1091142)//4~-23.79333)/2+2.050931>/2
30 LET 61=C(1-e173C503)/2+.T7034845)/24-,064109E~3
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B90 LET G2=0({~5.817517/2+2. 1058 T4/ L=+ 689861960/ L+ 4952024)/F

900 LET we=(U2-+13 7344E-2)/2+.7979095

910 LET Fes0l=-56GrOLI* (2% CPSCL~FI/4) ~G1.xSINCZ-FPI1/4)))/ CX%X)

920 KRETURN

930 IFZ>3THEN 980

940 LET Q1=(C(2 1E~114£12-5.38E«9)%2¢246. TSTE-TI*L12~5. 42443E-5)%Z212
950 LET Gls(C(Q1+2.60415E~3)%212-4.25E~-2)%L12+.5

360 LET Jil=L*i]

970 GAT9 1030

950 LET 632(C = 14604057/ 4427617679/ 4-.20210391)/4+4.61835E~3)/4
990 LET 63=(CU3+. 14937/ L+ 4. 68E~6)/ 24479788456 '

1000 LET @az({(=21262014/2+. 19397232/ L+6.022188E~2)/4~1.7222733E-13/2
1010 LET Was({ua+5. 085 =4/ L+3T7498836)/£-2.35619449+L

1020 LET J1=63%C5C04) 7/ 5UK(L)

1030 RETURN

1040 ENWD

Tattice of Defects in Cladding Material

Discussion of DEIATS

This program is designed to calculate the defect sensitivity factor
for a coil with rectangular cross section above a conductor consisting
of two layers, which may be of different types of material. For this
program, the defect may be located at any one of a number of points on
a lattice in the upper layer, which is labeled IIT in Fig. 3, p. 10.

To use this program, one must first divide all dimensions by the
mean radius of the coil. The results will, of course, be dimensionless
and will be referred to as being "normalized." The product of the
angular frequency of the driving current, the permeability, the conduc-
tivity, and the sqguare of the mean radius of the coil must be calculated
for each conductor. Let this product be denoted by wuldifz for the upper

2

layer and by wu202;° for the lower one.

Once these calculations have been made, one need only type the
following lines into the program. [Note: (Parentheses should not be
typed. )]

12 LET Rl = (numerical value of normalized inner coil radius)

14 LET R2 {numerical value of normalized outer coil radius)

16 LET L1 = (numerical value of normalized 1ift-off)

18 LET 12 = (numerical value of normelized lift-off plus normalized
coil length)

20 LET ML = (numerical value of wuyoir-)

22 LET M2 = (numerical value of wuposr+

i

i



Note:

must

86 LET
88 LET

24 LET
26 LET

Note:
placing the

28 LET
30 LET

32 LET

Note:

R direction
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If the conductivity of the lower conductor 1s zero, one

type two additional lines:

=X

Yz = O

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

T9 = (normalization factor)

This value may be obtained with the aid of AIRCOS simply by

appropriate coil dimensions in that program.

M2 = (numerical value of number of lattice spacings in
R direction)
N9 = (numerical value of number of lattice spacings in
7 direction)
RO = (numerical value of maximum normalized radial position

of defect)

Neither MO nor N9 may exceed 15. The lattice spacing in the

is R9/M2, while it is C/N9 in the Z direction.

The program may now be run.

The print-out by the computer will have the following format:

R1=(R1) R2=(R2) L1=(11) 12=(12)
CLAD THICKNESS IS (C) Mi=(M1) M2=(M2)
Z,R (r(1)) (rR(2)) HXXRHHHAHK (R(M2))
(Z(l)) wwwwwwwwwwww K RNNEEEEXK o
,,,,,,,,,,,, RN KK R KN e
(z(2)) emeeee e HKKAKEXRENE o
____________ KRR W KA NN o v o e o
* * * * *
* ¥ * * X
* * ¥* % 3
* x >* * ¥
(z(n9)) emmmne mmmee- WHERXEKNA
____________ KK KK e W XA

The various symbols enclosed in parentheses are used here to

indicate that the numerical value of the symbol will be printed.

The

upper value at each lattice point is the magnitude of the defect sensi-

tivity factor, while the lower one is the phase of the defect sensitiv-

ity factor for the case in which the defect is located at the given

lattice point.

It should be noted that the lattice points for which



23

M2 > 4 will be printed below the last line — that is, the line containing
Z(N9) .
The example below 1s presented for additional aid to those who

wish to use this program.

Sample Calculation of DELATS

Suppose that we wish to know the defect sensitivity factor for a
coil 0.250 in. long with inner and outer radii of 0.125 and 0.375 in.,
respectively, above 0.020 in. of copper clad on an aluminum conductor
of effectively infinite thicknes‘s (at lemst four-coil diameters or skin
depths, whichever is smaller). Let us further suppose that we are
interested in the defect sensitivity factor for the cases in which the
defect is located at any one of the points which lie within 0.500 in.
of the coil axis on a 4 X 2 lattice in the copper conductor. We shall
assume the driving frequency to be 5 kHz and the lift-off to be 0.005 in.

First, we determine the mean coil radius to be 0.250 in. so that

0.5

1.5

Normalized inner coil radius = 0.125/0.250
Normalized outer coil radius = 0.375/0.250
Normalized lift-off = 0.005/0.250 = 0.02
Normalized coil length = 0.250/0.250 = 1
Normalized thickness of copper = 0.020/0.250 = 0.08
Maximum radial position of defect = 0.500/0.250 = 2
. ,
2

it

it

it

Number of R lattice spacings

Number of Z lattice spacings
Furthermore,

Angular frequency of driving current = 2 X 5000 sec™?!
Permeability of both conductors = 41 X 10~7 h/m
Conductivity of copper = 5.77 X 107 mhos/m
Conductivity of aluminum = 2.86 X 107 mhos/m

Thus,

91.91
45 .48

wulgifz

wp202?2

i
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At this point one determines the normalization factor by placing
the normalized coil dimensions in AIRCO5 and rumnning that program. It
is worth noting that the normalization factor is independent of all
variables except for the coil dimensions. Thig factor is the first
normalization factor in the print-out of AIRCO5 and for the case in
point is found to be 0.1604008. The remaining procedure is quite
simple.

The above information is now typed into the program as follows:

12 IET R1
14 LET R2
16 LET L1
18 LET 12
20 LET M1
22 LET M2
24 LET C

26 LET 19 = O
28 LET M2 = 4
2
2

i

o

Il

1l
I
(@]
D
O WU
Q.
I~
@3

30 LET N9 =
32 LET R9 =

The program is now run with the following results:

Rl = 0.5 R2 = 1.5 Ll = 0.2E-0L 2 = 1.02

CLAD = 0.08 ML = 91.91 M2 = 45.48

Z,R 0.25 0.75 1.25 1.75

—0.2E-01 0.1584851E-01 0. 16428266 0.1572279 0.2153014E-01
-1.9775757 —1.7060864 —1.707901 -2.0792097

~0,6E~-01 0.0985171E-01 0.09716863 0.0927353 0.132156E~01
—2.5026601 -2,2132172 —2.2138198 —2.6091414

From this we see that for the case in which the defect is located
at R = 1.25, Z = ~0.06 the defect sensitivity factor is
0.0925047 exp (—j2.21414).

To obtain the change in normalized impedance, we multiply the
defect sensitivity factor by the product of the defect volume and the
shape and orientation factor. Note that the defect volume must be
calculated from dimensions which are normalized by the mean radius of

the coil.
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DELATS Program

1O
12
14
16
14
S
ce
=24
=i
N1¢
e
5
55
36

59
L
Lt
Li ki
L&
<5

S

b4

K4

LELATS VERSIZN

[

Kl=.5

reztle

Li=a (2

L.2=1. 08

Mli=2le91

M= a5 4

C=. 08

[9=. 160400%

Wi = L

NA=

LET ny=g

DI ROl 15, IC18215)s FOIDH15)
JFEN Z€17, SUTHUT
FrINT PLLE KlsnZ2sL 1,08
FrINT FILE Comilates 9
FRINT PliLk M2sNT2 k9
LET Si=zlhk~-¢

LEl S2=5

Fdrd=11d Wy

Fori=1123¥9
LEdnrCl>dd)=C
LEiLCLdd=(

NEATL

NEATd

[ o Y o
Falaaliie SN sl s Ll ol ol ol AN L

—
H

[
SR S L I I

-
e

e LT wlsG

6
64
T0
T
T4
76
74
L
o
R~

36

£
Eds
s
£
A

1ce

LET b2 =52

Fdrk=bl+51/72TdRE5TEFST

LET Z=RZ%A

LEl Gl=ne

Ga =l 246

LETle=Fg

L'l £=iml®A

LET Wizshkt

Gd SlLkEE ar

LT Lil=bkg

LET S53=(Cl&-1 10425 1%ChXFC~AkL 1) ~FRAF(~X4%L.2))
LET K1 = « TOTHIOTHSERTSLR (A RX 5 AXL+M ML) +X2X)
LET 11 = & FUTHOTHRESEREDURTCAEARLEA+M kM 1) =X &X )
IR 1x0>15THENT YA

LET A2 = « FTCTICTH*SUR(ISURIAKAFARX+MDHAT) +K6X)
LET Y8 = TCTIOTHOURI SUR{ARARLFA+MEHRNME) =K% )
I A4sbAFRCO%A 140D
I 7 3=Cu o0 1%0)
f fa=molNCZxy 150D
T As=s1+Xy
i
b

-

o~
[l e s ol s

P O
T Th=Er 1+y 2

i.«
L

GE/ 28/ €9



1062
U4
1C6
1044
e
112
14
15
13
27
22
24
2 A
23
3
32
148
345
33
40
42
L4
an
a3
59
52
54
A
5%
A7
52
A0
54
A
7
72
74
74
i3
39
52
34

26

LET Yé=vi~-vy
LPI CEm(R+A IR {AT+AL)Y~Y 1R (Y 1+Y D)
1 L7:f]*(Al+ﬁ?)+(ﬁ+ﬁ})#(r}+yg)
Lt? ComCA=A I RCAL~KEX 4T 1R 1-YS) +((6AT ~CTHY ¢) KK
LEALOE(R-K 1) (Y -1 2 =7 1K1 =42)+CCTFxY “ﬁf’[fwﬂ\‘{/)*)\’}
g Ty 113
LET2S=X+X1
LETD3=Y1
SARI=1T NI
LR TL1=C5-J) %0/ 47
IRATC>15TARN135
Lo TL2=2 &0+
L TR RC IS €420 - S =3I NIl 422 «EAPCAL *x42)
LETAS=AS+ (X4 xCIS (-1 kL1 ~1AXSINC-Y1 k410 kEXP(-A1 %410
LET 395=(YS&I3S5CY 142y +X5xSINCr T RL2)) kEXPCATL %42
LETIS=33+( Y4 k0ISCrI %L1 +XASINCY L RL1 ) AP (~A1 x£41)
B39 T3 14)
u@fﬁ%zﬁﬁP(&l*él)kCJS(rlkél)
L I35=EAPCA kél)kCIQ({lkfl)
1“f<1~C35*lﬁ+%3<us)/(v S5C5+D5%D5)
LT A2=2(09k35-45<09) Z/(CH%25+05%D5)
FARL=1T399
LETR=(l-e5) k22 /%3
L TL=KkR
37513274
Lo TRCL, JD=RCL, D) #5341 %]}
LR TICL, =10l d) #5342 % 41
N AT O]
NRAT
NEXTA
LET3T=31+52
!ffi>*37+8>

=T Si=.l

K<35 THAZN 50

IRJ=1TING

IRL=1TI4%7

LET 2CLy D=2 ATHNCICL, D 70100

[# RCL>0)>) THAREN 134

LETPCL,J)=P (1l 00%4.2431354

LET RCE» D) =361 . (RCLs ) kRCL ) #0005 ) =Ll J)) /CakPl cL 3
NE XTI

NKAT.J

PRAINT FILILUE LR «5#2R37/74751 5833 /425245kR7 /743535 x3) 7497
FARJ=1TINY

PRUIINT FILT CeS5=-J) .0/ N25C1 2 J25R(25,0J)5035, 1053045 .0)
HQI\IT LR ""”(l}a]))')(3:»J),P(‘31v1):T)(/J)-J)

PRINT FIL.

NTATJ

[Ri2<4.5TAREN2I 3

PRAINT FILFEA«SE27/17355e3%5R2/1M73585e3K8R77435 7035274972357 747
FIJ=1T399

q x, —i
3
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208 PRINT FILE R(S,J)s R(A»JIRCT5 Y53,V sRC45 1)

210 PRINT FILEPCS,J)5P(8,0)»PCT2d)»P(35,0)5P(3,.

212 PRINT FILR

214 NEXTJ

215 [FM9<9.3THEN293

218 PRUNT FILE «5439/M7,1045kRI/MI511 o552 /425 12+5k29 749> 13+ 5kR 7 /9
229 FARJ=1TIND _ , _ ‘

22 PRINT FILE RO10,J1RC11,J)5RC125 05 »0135d) »RC1 40D

24 PRINT FILE PC10, 0P 1s D sPUI2, 000 PCL3xd) P01 40D

26 PRINT FILE

28 NEXTJ

39 IFMI<14,5THEN29R

32 PRINT FILE14e5%R9/49515.5639 /M9, 15+5&RI /M9 5 1T «5kR9 7495 1345539 749
34 RII=1TOND

36 PRINT FILE RC1IS»d)sRC1640)»RCITyd)»RC135 )

33 PRINT FILEPC1550)»PC1As0)»sP(1750)5PC18sJ0)

40 PRINT FILE

42 NEATJ

44 GITA 293

44 [T Z>STAEN 254

43 LETLS=INTI(2%4) +3

59 LETF1=.5%01 %021 £

59 LET F22F1/3

54 FIIN=ITILGS

56 LETFl==F14.250824£7C NEN+ V)

58 LETR2=F2+F1 /(2&4+3)

40 NEATN

52 53373 2714

54 LET Q1=CCC~188.1357/4+1091142) 72-23.79333) 7£+2.050931) /4
64 LET 212((01=-+1730503)/4+.7034845) 74~.0641098-3

43 22CCC=5.317517/4+2.105874) /4~256896196) /4+e4752024) 74

g

LeT
T LAT Q2=2(02-4137344K~2)/4+.7979095
72 LET F2=2(1~SARCLI (P2 ISCL-PL/ A -1 ¥ SINCL-PLZ24) 3 ) 7(XkR)
74 RETURIN
75 1FL>3THEN 244
T4 LET 21=(l{2e1R=11%L12=5.33R~2) KLT2+8 e T5TE~T) k£12=5.42443E~3) 412
B LET 1= +2 .60 415E-3) £L12-4,258~2) &L12+.5

32 -mT J1=4L%R1

5ATA 234

B4 LET 933000~ 14804057/ L+ 42 TA176T23 74~-202103215/74+4.4133535~3 74

A3 LET 93=C 03+ 14337 /Lt 4.4630-5) /Lt e 72733455 .

FD LET 343 (((=.212420147£4+.19327232) 7L+46.022133K-2) /4~1 . 7222733513 /4
F2 LET 243((4+3.0355~4>/4+e374353338) /4-2.35412449¢+L

24 LET J1=33+%035094) 730042

F45 ILTHRA

3 END

IC IR IRV BN SR VIR SR BRI IR TS BNV RV B R VAR VERC IV G B VIR Ie SRV BRI VRV IR SRV ISR ERCENC IRV v
o
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Defect in Base Material

Discussion of DEFECB

This program is designed to calculate the defect sensitivity factor
for a coill with rectangular cross section above a conductor consisting
of two layers, which may be of different types of material. For this
program, the defect must be located in the lower layer, which is
labeled IV in Fig. 3, p. 10.

To use this program, one must divide all dimensions by the mean
radius of the coil. The results will, of course, be dimensionless and
will be referred to as being "normalized." The product of the angular
frequency of the driving current, the permeability, the conductivity,
and the square of the mean radius of the coil must be calculated for
each conductor. Let this product be denoted by wu161;2 for the upper
layer and by wu202;2 for the lower one.

Once these calculations have been made, one need only type the

following lines into the program. [Note: (Parentheses should not be
typed. )]

20 LET Rl = (numerical value of normalized inner coil radius)
30 LET R2 = (numerical value of normalized outer coil radius)
40 LET L1 = (numerical value of normalized lift-off)

50 LET 12 = (numerical value of normalized lift-off plus

normalized coil length) _
60 LET ML = (numerical value of wg101r2)

Note: 1If the conductivity of the upper conductor is zero, one must

type two additional lines:

350 LET XL = X
360 LET Y1 = O

70 LET M2 = (numerical value of wu,o,r?)

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

90 TET R = (numerical value of normalized R position coordinate of
defect)

100 LET 71 = (numerical value of normalized Z position coordinate

of defect)
110 ILET I9 = (normalization factor)

Note: This value may be obtained with the aid of AIRCOS5 simply by

placing the appropriate coil dimensions in that program.
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The program may now be run.
The print-out by the computer will have the following format:

RL = (R1) R2 = (R2) Ll =

CLAD THICKNESS IS (C) ML = (ML) M2

DEFECT POSITION IS R=(R) 2= (z21)

X MAGNITUDE -  PHASE

5  mmmcme e

10 e e

15 mmmmme e

20 mmmmee e

25 e e

30 eeemee e

35 e

The various symbols enclosed in parentheses are used here to indi-
cate that the numerical value of the symbol will be printed. The three
columns, headed "X," "MAGNITUDE," and "PHASE" are the upper limit of
the numerical integration being performed by the computer, the magnitude
of the defect sensitivity factor, and the phase of the defect sensitivity
factor, respectively. These appear principally to allow one to inspect
the convergence of the integration. The magnitude and phase values for
X = 35 are the ones for which convergence can be considered complete to
within 0.01%. '

The example below is presented for additional aid to those who

wish to use this program.

Sample Calculation of DEFECS

Suppose that we wish to know the defect sensitivity factor for a
coil 0.250 in. long with inner and outer radii of 0.125 and 0.375 in.,
respectively, above 0.020 in. of copper clad on an aluminum conductor
of effectively infinite thickness (at least four-coil diameters or skin
depths, whichever is smaller). Let us further suppose that we are
interested in the defect sensitivity factor for the case in which the
defect is located O 030 in. beldw the surface of the copper, 0 250 in.
from the coil axis. We shall assume the driving frequency to be 5 kHz
and the lift-off to be 0.005 in.

First, we determine the mean coil radius to be 0.250 in., so
that



30

il
O

Normalized imner coil radius = 0.125/0.250

i
=
(9:1

Normalized outer coil radius = 0.375/0.250
Normalized lift-off = 0.005/0.250 = 0.02
Normalized coil length = 0.250/0.250 = 1
Normalized thickness of copper = 0.020/0.250 = 0.08
0.250/0.250 = 1
0.030/0.250 = 0.12

i

i

Normalized R position of defect

Normalized Z position of defect

Furthermore,

Angular frequency of driving current = 2x X 5000 sec™?!

Permeavility of both conductors = 41 X 1077 h/m
Conductivity of copper = 5.77 X 107 mhos/m

Conductivity of aluminum = 2.86 X 107 mhos/m
Thus,

WOy Te = 91,91

W, T,Te = 45.48

At this point one determines the normalization factor by placing
the normalized coill dimensions in ATRCOS5 and rumning that program. It
is worth noting that the normalization factor is independent of all
variables excluding the coil dimensions. This factor is the first
normalization factor in the print-out of AIRCO5 and for the case in
point is found to be 0.1604008. The remaining procedure is quite
simple.

The above information is now typed into the program as follows:

20 LET R1 = 0.5
30 LET RR = 1.5

40 LET L1 = 0.02
50 LET L2 = 1.02
60 LET ML = 91.91
70 LET M2 = 45.48

80 LET C = 0.08
90 ILET R =1

100 LET Z1 :=
110 LET I°

i

~0.12
0.1604008
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program is now run with the following results:

R1 = 0.5 R2 = 1.5 I1 = 0.2E~0L I2 = 1.02
CLAD THICKNESS IS 0.08 ML = 91.91 M2 = 45.48
DEFECT POSITION IS R=1 Z=-0.12
X MAGNITUDE PHASE

5 0.1452237 —-2.7559514

10 0.14763532 —2.7590948

15 0.14728876 —2.761718

20 0. 14740717 ~2.760311

25 0.14737916 ~2.7607304

30 0.14738376 -2.7606505

35 0.1473835 -2.7606562

From this we see that the defect sensitivity factor is

0.1471948 exp(~j2.76095). To obtain the change in normalized impedance,

we

multiply the defect sensitivity factor by the product of the defect

volume and the shape and orientation factor. :Note that the defect

volume must ve calculated from dimensions which are normalized by the

mean radius of the coil.

DEFECB Program

10
20
30
40
5G
60
70
B30
90
oG
110
120
130
140
150
16C
176G
186G
120
200
210
za0
230
1240
250
260
270
256
290

KEM DEFECE VERSI@N 03705/ 69
LET R2=1.5
LET Li=.02
LET Le=1.02
LET M1=91.91
LET M2=45. 45
LET C=.08
LETHR=1
LET Zl==a12
LET I9=+1604008
FRINT "RI="3K1, "R2="5Kke,"L1=5L 1 ""L2="5L2
FRINT "CLAD THICKNESS IS"3Cs™MI1="3M1, M2z 3MD
PRINT “DEFECT POSITION IS8, "Re"iR,"Z="321
FRINT X', T"MAGNITUDE'™ » “FHASE"
LET S1=1E-2
LET S2=5%
LET [e=0
LET I8=QC
LET Bi=0
LET B2 =52
F3K R = Bl +51/72 T¥ B2 S$TEF 51
LET Z=k2¥X
LET Gl=sge
GaSUE 630
LET [2=F2
LET Z=R1%X
LET wl=i1
6Z5UB 630
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300 LET 11=F2

310 LLET 13=1&~11

320 LET £=X*Kk

330 GI5LB 830

340 LETS3=(12-11)%J1%xS1%CEXPC=K%L 1) ~EXP(~-X*1.2))

350 LET A1 = «707107%SERECSGROX XX KX EA+M1RkM 1) +X4X)

360 LET Y1 .707107*5uh(S&R(K*K*X*X+M1*Ml)—A*K)

370 LET K2 e TOUTI0THSERCSHREX kX KX KX +MP2EM2) +X%X)

330 LET Y2=e TOT1O0THSERCSER(AKAXAX KX +M2KkM2) =X kX )

390 LET X3=EXAF(2%X1%0)

400 LET Y3=ClS(2%Y 1%()

410 LET Y4=S5INC2%Y 1%0)

420 LET XS5=CASCY 1+Y2)*xC+Y2% 1)

430 LET Y5=SInNCCY 1+Y 22Xk C+Y 2% 1)

440 LET Xe=2xbAF((X1+X2)%C+K2%Z 1)

450 LET A5=X14X5-Y1%75

60 LET ESzY IxA5+X1%T5

Q70 LET CH=(X+A 1Yk (AX1+A2) -0 1*(Y 1+Y2)

430 LET CI=Y 14 (X1+X2)+(X+X 1) (Y 1+7Y2)

490 LET CS=(A-X12%(A1~-X2)+Y 1R (Y 1~Y2)+(CE6%XYI-CT4Y 4)*X3
500 LET LS=(X-X1)#C0 1-02) =Y 1x (X 1-X2)+CLTRYJ+LEKY 4 %X 3
510 LETK1=X 65 CAS¥CO+ESKkDS) /7 (USACS5+D5S* D)

9520 LETKZ2=X 6% CO%ES~-ASKLSY/CCOXUS+L5%US)

530 LETIE=I 6+53%xK1

540 LETIB=18+53*%K2

550 NEXKT XK

560 LET bl=bi+52

57¢ LET be=be+S2

540 LETwe=ATNCLIBZ16)

590 LFLE6>CGTHENELU

600 LET W2=we+3.1415327

610 FRINT A+85172,M2% (1 651 6+18%[3)/19,2%G2

620 IF A < 3 THEN 22C

630 LET S1=5E~2

Ca0 1F X<10 THEN ¢2C

650 LETS1I=W1

K60 LFA<30THENZZ0

670 W13 240

630 LFL>5THEN 770

620 LETLS=INT(2%4L)Y+3

TO00 LETF 1= Sk 1461k

70 LeEl FP2=F1/3

T20 FIRN=1TILS

T30 LETF lx~=F 14e 250k LKL/ CNKNFND

T40 LETr2=re+F 1/ C25N+3)

T5C NEXTN

750 @WTY s20

T7C LET G1=2(0C~ 13834 1397/4+109e 11423/ £4-23679333)/74+2.050931)/2
T30 LET li=CCQl~e 17305C3)/£+e T034545)/4~0064109F~3
900 LET wes(l{-5817917/4+26 109374)/L~a 6396136/ L+ 4952024007 L
A00 LET W=l 13 T344E~2)/ L4 T7T9095

310 LET Fe=C1=-Seh{2) % (LexCISTL-FL/74) ~LUtaS8INCL-F1/ 2233/ (X%X)
S20 hbETUnrN

330 LFZ>3THEN 480

G40 LET Wi=(((2e lE~11%£1t2-5.338E-9)%212+6e TSTE~TI)hL02-5: £2443F-5)%Z12
500 LET wl1=C(CL1+2. 60415E-3)+212-6.25E~-2)%£12+.5

B60 kT Jlz=d*lil

B7C GI1Y 930

B30 LET U3=(( (-~ 1460A09T/4+e21617679)/L-e20210391)/2+446158335K-3277

H

H
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BP0 LET G3=CCE3+s 149370/ L+ 4e 65E~ EY/ L+ T TIRB 456

700 LET Gas(({(~. 21262014/ 2+, 1939 T232)/ 2+6 02RIRBE-C)Y/ Z~1. 72?’27?’%!2-—1)/&
FIU LET Ga4=C((L4+ 503 0E~ L)/ L+ BT49BB 36/ 2-2e 3561944947

F20 LET J1=u3%0C8 5S4/ Suk( L)

30 KETURN

40 bEnD

Force on a Conductor

Discussion of FORCE5S

This program is designed to calculate the force on a conducting
plate of effectively infinite thickness due to the current flowing in a
coil of rectangular cross section placed above it. The physical situa-
tion is depicted by Fig. 3, p. 10, assuming regions III and IV to be
identical.

To use this program, one must first divide all dimensions by the
mean radius of the coil. The results will, of course, be dimensgionless
and will be referred to as being "normalized." The product of the
angular frequency of the driving current, the permeability, the conduc-
tivity, and the square of the mean radius of the coil must be calculated
for the conductor. Let this product be denoted by wuor? .

Once these calculations have been made, one need only type the
following lines into the program. [Note: (Parentheses should not be
typed. )]

20 LET Rl = (numerical value of normalized inner coil radius)
30 LET R2 = (numerical value of normalized outer coil radius)
40 LET L = (numerical value of normslized lift-off)

50 IET 11 = (numerical value of normalized coil léngth)

60 LET ML = (numerical value of wuor?)

The program may now be run.

The print-out by the computer will have the following format:

COIL LENGTH IS (11) Rl = (R1) R2 = (R2)
LIFT-OFF 1S (L) ML = (ML)

X FORCE/T12

5

116 S SR

B s

20 admmen
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The various symbols encloged in parentheses are used here to indi-
cate that the numerical value of the symbol will be printed. The first
column, headed "X," is the upper limit of the numerical integration
being performed by the computer, while the second column is the force
divided by the square of the ampere~turns of the coil. These appear
principally to allow one to ingpect the convergence of the integration.
The force value for X = 20 is the one for which convergence can be
considered to be complete.

The example below is presented for additional aid to those who

wish to use this program.

Sample Calculation of FORCES

Suppose that we wish to know the force on a copper conductor of
effectively infinite thickness (at least four-coil diameters or skin
depths, whichever is smaller) due to the current in a 0.250-in.-long coil
with inner and outer radii of 0.125 and 0.275 in., respectively. The
driving frequency is assumed to be 50 kHz and the lift-off to be 0.005 in.

First, we determine the mean coil radius to be 0.250 in., so that

Normalized immer coil radius = 0.125/0.250 = 0.5

Normalized outer coil radius = 0.375/0.250 = 1.5

Normalized lift-off = 0.005/0.250 = 0.02
Normalized coil length = 0.250/0.250 = 1

Furthermore,
Angular frequency of driving current = 2% X 50,000 sec™?
Conductivity of copper = 5.77 X 107 mhos/m
Permeability of copper = 4% X 1077 h/m

Thus,

wor? = 919.1.

The above information is now typed into the program as follows:

20 IET R1 = 0.5
30 LET R2 = 1.5
40 LET T, = 0.02

50 LET L1 = 1
60 LET M1 = 919.1



The program is now run with the following results:

COIL LENGTH IS 1 Rl = 0.5 R2 = 1.5
LIFT-OFF IS 0.2E-O1 ML = 919.1

X FORCE/T12

5 0.3227718-06

10 0.324026E-06

15 0. 324096E-06

20 0.324111E-06

From this we see that the force per ampere-turn squared is
0.324111 x 1076 N/(amp-turn)?.

FORCES5 Program

10 MEM FARCES VERSITON 07/ 56/ 65
20 LET Ml=%333

30 el hE=1.1667

40 LET L=.40952

SC LET L1=43333

G0 LET MizH ez

TO FRENT"CBIL LENGIH [S"3L1s"RI="3Hl, "RRe="1RY
HO PRINTUYLIFTIFE 183l wMi="sM] '

U FRINTUAY, " " "FIRKCE/ Tt 2"

1C0 LET Si=1E-2

110 LET &&=5

120 LET 16=0

130 LET Bl=0

140 LET B2 =5%

15C Fdhk K=B1+51/2 T4 B2 STEF S1
160 LET L=ke*k

170 LET &l=pe

5

180 &3 5UE 390

190 LET fesry

200G LET d=iclxx

210 LET Gl=il

220 6@ SUB 390

S30C LET [i=Fg

240 LET [3=19~11

250 LET S3=S1xl3%13 ,

260 LET K12« TOTIOTHSURCSGREXRA AR FX+M 1R 1) K% XD

270 LET Y15« TCT1074SORCSURCARLR R A+M1EM 1) =Xk X)

30 LET KlasY 1/7(R 1A ER+ERI A TR I+A 1THX1EX1+Y Iy {4 1)
90 LET L 6= 6+83%K 14Xk (EAFC~X%L) ~EXPC~KkCL+L1))) 19
300 NEAT X : '
310 LET Bl=E1+52

320 LET bo=pe+se

330 LET Fle1.973982k- 641 6%M1/CLIRC(RE-RKLIYTE
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S40 FolNTA+S1I/25 Vs bkl
350 1 A<3i4dbN 150G

60 LET S1=bhbk-is

37C br A<1L TAEN 150

G Gd Td S40

320 IFZ>5THEN 450

00 LEITLLY=INT(25%52+03
S10 LEIF 1= Skuldn sl
400 kT bPex=b 173

A30 FarN=11T00L5

LA4C LETRF I=-F 1k 250% 2% L7/ ONEN+N)
450 LETFZ2=F2+F 17 248N+3)
450 NEATN

TG GO T 530

450 BT L1s{~138e 1357/74+ 109 1142)/2-23« T3 333)/74+2.0502313/4
470 LET Gl=((l=e 173050334+ TU34845)/ 4~ U64107E~2

SUC LET em(l0=5e 17951 7/74+2 1053 T74) /L~ 6336196/ 44 L3 520024) 7 4

S10 LET Ce=dle-e 1l 7344 -23/7 440 73 T9095

S LET PesCl-SeROLIRCL2XxCHSCA-FI/Z D) ~LlIkSINCL-FI/Z 23227 CAORKERD
S30 RETURN

o040 ENE

REFLECTTON-TYPE COIL ABOVE A TWCO-CONDUCTOR PLANE

This type of coll system is used with the phase~-sensgitive eddy~-
current instrument®s® and consists of a large driver coil surrounding
small pickup coils at each end, wound in opposition to each other.

The programs in this section calculate the magnitude and phase of
the induced voltage (RFLCT), the phase shift of the induced voltage
with "1lift-off" set (DISC), the phase shift over a range of cladding
thickness values with "lift-off" automatically set (RFLCYC), the change
in the magnitude and phase of the induced voltage due to a defect in
the cladding material (RFDFT), the change in the magnitude and phase of
the induced voltage due to a defect located at any point in a lattice
in the cladding material (RFDFLZ), the change in phase of the induced
voltage due to a defect located at any point in a lattice in the
cladding material with the "lift-off" set (BASREAD), and the change in
the magnitude and phase of the induced voltage due to a defect in the

base material (RFDFTB).

“C. V. Dodd, Mater. Evaluation 22(6), 260-263 (1964).
°C. V. Dodd, Mater. Evaluation 26(3), 33-36 (1968).
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These programs are useful in optimizing the coil dimensions and

the operating frequency for reflection-type coils.

Magnitude and Phase of Induced Voltage

Discussion of RFICT

This program is designed to calculate the differences in magnitude
and phase of the "voltages" induced in two oppositely wound pickup coils
of the same size by the current in a large driver coil above a two-
layered conductor. The physical situation is shown in Fig. 4. The
pickup coils must be identical, equidistant from the respective ends of
the driver coil, and be within its length. They must also be coaxial
with the driver coil. The two conducting layers may have different
permeablilities and electrical conductivities.

To use this program, one must first divide all dimensions by the
mean radius of the driver coil. The results will, of course, be dimen-
sionless and will be referred to as being "normalized." The product of
the angular frequency of the driving current, the permeability, the
conduchivity, and the square of the mean radius of the driver coil must
be caleulated for each conductor. Iet this pfoduct be denoted by
wulcl?2 for the uppér layer and by wu202?2 for the lower one.

Once these calculations have been made, one need only type the

following lines into the program. [Note: (Parentheses are not typed.)]

20 LET Rl = (numerical value of normalized inner radius of driver)
30 LET R2 = (numerical value of normalized outer radius of driver)
40 ILET R3 = (numerical value of normalized inner radius of pickups)
50 LET R4 = (numerical value of normalized outer radius of pickups)
60 LET L = (numerical value of normalized lift-off)

70 LET 12 = (numerical value of normalized length of driver)

80 LET 16 = (numerical value of normalized length of pickups)

90 IET 15 = (numerical value of normalized distance of pickups from
ends of driver)

100 IET M1 = (numerical value of wpla1?2)

Note: If the conductivity of the upper conductor is zero, one must

type two additional lines:
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ORNL-DWG 68- 7312

Fig. 4. A Reflection-Type Coil gbove a Two-Conductor Plane.

it

440 LET X1
450 LET Y1

X
0

1!

110 LET Ul = (numerical value of relative permeability of upper
conductor)

120 1ET M2 = (numerical value of wpzczgz)
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Note: 1If the conductivity of the lower conductor is zero, one must

type two additional lines:

470 LET X2
480 LET Y2

X
0

1l

i

130 LET U2 = (numerical value of relative permeability of lower
conductor) '

140 LET C = (numerical value of normalized thickness of upper
conductor)
The program may now be run.
The print-out by the computer will have the following format:
Rl = (R1) R2 = (R2) DRIVER LENGTH IS (IR2)
R3 = (R3) R4 = (R4) PICKUP LENGTH IS (L6)
PICKUPS ARE RECESSED (L5) CLAD THICKNESS IS [C]

LIFT-OFF = (L) , ML = (M1) , Ul = (U1) , M2 = (M2) , U2 = (U2)
X MAGNTTUDE PHASE

5. emmeme cmeaaa

T —————

5. mmeeee s

s T e p—

VOLTAGE/FINN' R(BAR) = ~=mmm-

The various symbols enclosed in parentheses are used here to indi-
cate that the numerical value of the symbol will be printed. The first
column, headed "X," is the upper limit of the integration being performed
by the computer. The other two columns have self-explanatory headings.
The last line printed is the magnitude of the peak (or root mean square)
voltage difference divided by the product of the frequency of the driving
current, the magnitude of the peak (or root mean square) current, the
number of turns on the driver coil, the number of turns on a pickup coil,
and the mean radius of the driver coil in meters. '

The example below is presented for additional aid to those who wish

to use this program.

Sample Calculation of RFLCT

Let us suppose that we wish to know the difference in the volbages
induced in two pickup coils positioned inside the driver coil and flush
with its ends. The driver coil is assumed to be 2 in. long with inner

and outer radii of 0.200 and 0.300 in., respectively, while the pickup



40

cores are assumed to be 0.200 in. long with inner and outer radii of
0.100 and 0.150 in., respectively. The conductors are taken to be

0.010 in. of copper clad on an effectively infinite thickness of aluminum
(at least four-coil diameters or skin depths, whichever is smaller). The
driving current frequency is assumed to be 5 kHz; the lift-off 0.005 in.

First, we determine the mean coil radius to be 0.250 in., so that

Normalized inner radius of driver coil = 0.200/0.250 = 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 = 0.150/0.250 = 0.6
Normalized length of driver coil = 2.000/0.250 = &
Normalized length of pickup coil = 0.200/0.250 = 0.8
Normalized lift-off = 0.005/0.250 = 0.02

Normalized distance of pickup from ends of driver coil = 0O

Normalized thickness of copper = 0.010/0.250 = 0.04
Furthermore,

Angular frequency of driving current = 2rx X 5000 sec™!
Permeability of both conductors = 4m X 107 h/m
Relative permeability of both conductors = 1
Conductivity of copper = 5.77 X 107 mhos/m
Conductivity of aluminum = 2.86 X 107 mhos/m

e,
Thus,

010° = 91.91

W,T,r° = 45,48,

WL

This information is now typed into the program using the following format:

20 LET R1 = 0.8
30 LET R2 = 1.2
40 LET R3 = 0.4
50 LET R4 = 0.6
60 IET L = 0.02

70 LET 12 = 8

80 LET 16 = 0.8

90 LET 15 = O

100 LET M1 = 91.91
110 IET U1 = 1

120 LET M2 = 45.48
130 ILET U2 = 1

140 IET C = 0.04
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The program is now run with the following results:

Rl = 0.8 R2 = 1.2 DRIVER LENGTH IS 8

R3 = 0.4 R4 = 0.6 PICKUP LENGTH IS 0.8

PICKUPS ARE RECESSED O CLAD THICKNESS IS 0.4E-01

LIFT-OFF = 0.2E~-01 ,ML = 91.91 ,Ul =1 ,M2 =45.48 , 2 =1
X MAGNITUDE PHASE

5 , 0.3806977E~02 1.8412638

10 0.3764764E-02 1.8319976

15 0.3765228E-02 1.832229

20 0.3765232E-02 1.8322326

VOLTAGE/FINN'R (BAR) = 0.1824152E-06

from which we see that the phase of the voltage difference is 1.8322326
(i.e., the phase value for X = 20). The actual magnitude of the voltage
difference is obtained by multiplying the last line by the frequency of
the driving current (5000), the magnitude of the current, the number of
turns on the driver coil, the number of turns.on a pickup coil, and the

mean radius of the driver coill in meters.

RFICT Program

10 KM RELCT VERSTIIN Q27 24/ €69
20 LET rl1=.8

30 LET K2=1.2

40 LET K3=.4

50 LET ka=.6

60 LET L=.02

LET LEz=g

BC LET L6=e8

206 LET L5=0

1CO LET M1=91.91

110 LET Ul=1

120 LET ¥ME=45.48

13C LET Ug=1

taC LEL C=.04

150 FRINT "R1="3R1ls "RE2="3hkEZ, “DRIVER LENGTH [S"5L2
16CG FRINT "k3="ir3s "Ré4z="j3kés “FICKUF LENGTA IS"3L€
17¢ FrANT "FLCKUFS ARE KRECESSEL™3LSs "CLAD THICANESS 158";C
10 FAINTULLET JFP="3L"sMI="3M1I" Ul=""5 U1 sM2=" M2, U2=""5 U2
19C FRINT A", “uBGNITULES “FHASE"

“C0 LET Sl=1b-2

210 LEl 52=5

220 LBl 16=0

230 LET 18=C

24C LET BI=0

250 LbT B =52

260 Fdk X = bl +51/72 T4 b2 S5TEr S$1

z70 Lbl L=re*A

250 LET Gl=ne

29¢ Gdslk 920



3C0 LET fg=pe
310 LT L=nlxA
3z LEFT Lli=pt
330 G SUE JeC
340 LET 11=F2
S50 LET Z=haxX
360 LET wl=pe
370 GISUe vl
0 LET J2=re
390 LET £=R3%X
40C LE1 &l1=h3
410 GasSley 920
4G LET ul=kg
430 LBl S3=S81x(le=-11)*x(Jd2-J1)
Gal LETAI= e TCTICETE 14 5Ll SERCAKKKAKAX+MIAMIY+K%.K) /L]
S50 LETY = e TOTICETS 1R SLRCSELRIXE XKk AKX +M14M 1) -X%X)/ U1
60 ITPATIX¥L>I5TAHENVELG
CTU LETAZ= e TOTICETB 1Rk SLRCSLRIXAXRXAXEMPRMP2) +X.X) /U2
430 LETYZ=e TUTIUETS 14 SURESURIXFA KA KL +MORMEZ) X .X )/ U2
220 LET X3=bAFC2%X 1kCkUT)
SO0 LET Y3=Ca85Ce2xr 1xC4L1)
S10 LET YazbHin(2xY 14CkU1)
S0 LET A6=(X=-X1)4CA1+A2)+r1k(Y 1+Y2)
530 LET B7=(A-A 1) (Y 1+Y2)-Y 1%(X1+X5)
S4C LETAST(A+K 1) (X 1-X2) -V 14(Y 1-Y2)+CAEXYI-ATHY &I %X3
550 LET EOSzY 1H(AI~ASI+(X+X 1A (Y 1-Y2I+(ATAYZ+AEXY LI%K3
560 LET CLE=(A+A IR (X 1+A2) -7 1%x(Y 1+Y2)
OTU LET C7=r 1A 1+X2)+(X+X 1) % (Y 1+Y2)
S50 LET COCA-X 1)k (XI=X2)+Y 1 k(Y 1~72)+(CokYI-CTHRY4)%X3
OSYGU LET LOS=C(RA-X1I*(r1=-02) -7 k(X 1=-X2)+CCTkY3+( 65T 4)%X3
ALU LY 19 650
516G LET A5 =X-X1
el LT BES=-11
630 LET CUS=A+XK1
640 LET bLb=Y1
650 LET K1=(e5%xCH+ES*D5Y/(CS*C5+E5%DU5S)
660 LT K22(UOS¥ES-A5%LS)/(C5%CH+L5%LS)
6T7C [F X*+L2>5C THEN 71C
630 LET GeEAF(-AXLS)+EXFC(~AR(L2~LO9) ) ~EXFC-X*k(L2-LS=L &) ~FXF{~X%x(LLS5+L&))
590 LET GS=rAF(-X%Lg)-1
70C G TI 730C
T1C LET GeEAF(=-A%L5)*C1=-EXF(-X*_6))
720 LET Gbh=-1
T30 LET Gé6=GxGH%EXF(-24X%L)
740 LET 16=1 6+G6%K1%53
T50 LET I8=18+06%xK2453
760 NEXT X
170 LET bil=sE2
T40 LE1 bB2=b2+S2
190 LET wl=bak(16%xL 6+13%13)
GO LET W2=ATNC(~-[1€&/158)
$10 IF 138<0 THEN 430
820 LET L2=62+3.414159265
330 FRINT A+51/72, Gi, G2
$40 1IF K < 3 TAEN 260
450 LET S1=5k-2
360 IF A<9 THEN 260
870 LET Si=.1
830 IF A<19 THEN 26C
B0 FxinNT " VAL TAGEZFINN"KR(BAK)=";
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BOO FRINT 2.48050~5kE1/((R4-R3I*{K2~R1) *L2%L 6

210 G2 T2 1670

920G IF £>5 TAEN 1010

P30 LET L9=INT(2%Z)+3

960 LET Fl=.5%G1xGIxu1

950 LET F2=F1/3

60 Fdr N=1TdL9

FT0 LETF 1==F 1%, 250% Lk 2/ {NAN+ND

Y50 LETF2=F24F 1/(2%N+3)

990 NEXIN

1000 G¥18 1060

1010 LET G1=C¢C(~188,1357/24+109. 1142/ 2-23.793333/2+2-050931/Z
1020 LET G1=({l-, 17305032/ 4+.T034345)/2--064109E~3

1630 LET L2s({(=5.39T751 T/ 2+2» 1058 T4) /2~ 6B96196)/ L+.4NZ20272
1040 LET WE=(ug~-e 18T7344FE-2)/74+.7979095

1050 LET F2zC1~SEKCLI ¥ (GRkCISCL-FI/ L) =G4 SINCZ-FPL/ )33/ CARAX %K)
1660 RETURN

1070 END

Magnitude and Phase of Induced Voltage with "Lift-Off" Set

Discussion of DISC

This program is designed to simulate the lift-off adjustment in the
phase-sensitive eddy-current instrument. The voltage from either a
reflection coil or a through transmission-type coil may vafy ag shown
in Fig. 5. The discriminator in the phase-sensitive eddy-current instru-
ment may be set to trigger at a voltage level, V,. With the discriminator
set at this level, there is relatively little variation in phase shift
with lift-off. This program first calculates the voltage level V, from

the amplitude and phase of the voltage for maximum and minimum lift-off.

ORNL —~DWGE 6810310

Vi)
A, sin (wt3,) Ay sin (wht 8}
(MAXIMUM LIFT (ZERQ LIFT OFF)
OFF)
VLt
Vi )

¢, V\Q:::;7f@+zﬂ \\\:::;;/ o

Fig. 5. Voltage Wave Form for Zero Lift-0Off and Maximum Lift-0ff.
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It then calculates the phase shift for any other signal with the dis-
criminator set to trigger at voltage V,.

To use this program, one must execube the preceding program (RFICT)
for maximum and minimum lift-off and then for various clad thicknesses,
conductivities, or lift-off values. In each instance, the data of
interest will be the magnitude and phase values for X = 20 since they
comprise the input data for the program at hand.

Once this information has been obtained, one need only type the

following line into the program. [Note: (Parentheses are not typed.)]
10 DATA (Magnitude and phase values for minimum and maximum lift-off)

The program may now be rumn.
The print-out by the computer will have the following format:
ZERO PHASE IS ~~=-ww- DISC. VOLT. IS ~-===-
WHAT ARE AT AND DI?
At this point, one types the magnitude and phase values for the thickness,

conductivity, or lift-off of interegt. The computer will then print

PHASE SHIFT IS ==w-w-
WHAT ARE AT AND DI?

and the user again types magnitude and phase values of interest. The
phase shift is printed, and new magnitude and phase values are requested.
This sequence continues until the user exhausts all data obtalined from
the preceding program. The second quantity on the first line is the
voltage at which the discriminator of the Phase-Sensitive Eddy-Current
Instrument must be set in order that lift-off effects be minimized.

The example below is presented for additional aid to those who

wish to use this program.

Sample Calculation of DISC

Iet us suppose that we wish to know the variation with clad thick-
ness, with lift-off set, of the difference in phase of the voltages
induced in two pickup coil positions coaxially inside and flush with the
ends of the driver coil. The driver coil is assumed to be 2 in. long

with inner and outer radii of 0.200 and 0.300 in., respectively, while
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the pickup coils are assumed to be 0.200 in. long with inner and outer

radii of 0.100 and 0.150 in., respectively. The conductors

are assumed

to be copper with a nominal thickness of 0.010 in. clad on aun effectively

infinite thickness of aluminum (at least four-coil diameters or skin

depths, whichever is smaller). Let us further suppose that
interested in a thickness range of copper of +10% about the
ness. The frequency of the driving current is assumed to

the maximum and minimum lift-off values to be 0.050 and O

First we determine the mean driver coil radius to be 0
that
Normalized inner radius of driver coil = 0.200/0.250 =
Normalized outer radius of driver coil = 0.300/0.250 =
Normalized inner radius of pickup coil = 0.100/0.250 =
Normalized outer radius of pickup coll = 0.150/0.250 =
Normalized minimum lift-off = 0/0.250 = O
Normalized maximum lift-off = 0.050/0.250 = 0.2
Normalized length of driver coil = 2.000/0.250 = 8
Normalized length of pickup coil = 0.200/0.250 = 0.8
Normalized distance of pickup coil from ends of driver
Normalized thicknesses of copper = 0.036, 0.040, 0,044
Furthermore,
Angular frequency of driving current = 21 X 5000 sec™t
Permeability of both conductors = 4 X 10~7 h/m
Relative permeability of both conductors = 1
Conductivity of copper = 5.77 X 107 uhos/m
Conductivity of aluminum = 2.86 X 107 mhos/m
Thus
wu161;2 = 91,91
W, T8 = 45.48

we are

nominal thick-

be 5 kHz, and

in., respectively.

.250 in., so
0.8

1.2

0.4

0.6

coil = 0O

This information 1s now typed into the preceding program which is

then executed. The following informetion results:
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Lift-0ff Copper Thickness Magnitude Phase
0 0.04 0.3978011E-02 1.8335539
0.2 0.04 0.2343262E-02 1.8107041
Q 0.036 0.395978-02 1.8366082
0 0.044 0.3994483F-02 1.8304675

The magnitude and phase values for minimum and maximum lift-off

are now typed into the program — that is, one types

10 DATA 0.3978011E-Z2,
At this point the program is

ZFRO PHASE IS 1.2753124

1.8335539, 0.2343262E-2, 1.8107041
run, and the following results are obtained:

DISC. VOLT. TS 0.1301623E-03

WHAT ARE AT AND DI? 0.39597E-2, 1.8366082
PHASE SHIFT IS 3.0790429

WHAT ARE AT AND DI?  0.3994483E-2, 1.8304675
PHASE SHIFT IS 3.0731886

From this we see that for zero lift-off and a copper thickness of 0.036
the phase shift, with Lift-off set, is 3.0790429 while for the same 1ift-
off and a copper thickness of 0.044 it is 3.0731886.

DISC Program

LU DATH 1TeS12nB8E~3s « 6545325 Te 3603k~ 45 « D30 60U

20 bl Als s A, U2

B30 BT 01=ATNCCARRSINCLEY A 1STINCRII Y ZCAT14CISCL ) ~A2( D500 YD)

AU LT VI=ATR5INCIT+01D
S0 bFhinT"dbig pAdASE 1S
G orrENTY EpAN
TO INFUT &3,03

Y R S AV

PO, LI SC. VILT. IS Y3 VI
SpboBE o ANL RS

GO el MTeUhALSE SelET LSY3Ol-ATHNCVI/ SGROAZEAZ~VIRVI)) +03

1C0 FwIN
1O 63 1y 60
P N

Phase of Induced Voltage for a Range of Cladding Thickness
values with "Iift-Off" Automatically Set

Discussion of RFLCYC

This program is designed to calculate the variation with cladding

thickness, with lift-off set, of the difference in phase of the voltages
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induced in two oppositely wound pickup coils of the same size by the
current in a large driver coil above a two-layered conductor. The
physical situation is shown in Fig. 4, p. 38. The pickup ccils must be
identical, equidistant from the respective ends of the driver coil, and
entirely within its length. They must also be coaxial with the driver
coll. The two conducting layers may have different permeabilities and
electrical conductivities; in fact, the program performs the calcula-
tions for any number of permeability and conductivity valués for the
upper conductor.

To use this program, one must first divide all dimensions by the
mean radius of the driver coil. The results will, of course, be dimen-
sionless and will be referred to'as being "normalized.” The product of
the angular frequency of the driving current, the permeability, the con-
ductivity, and the square of the mean radius of the driver coil must be
calculated for each conductor. ILet this product be denoted by mu101§2
for the upper layer and by wu202?2 Tfor the lower one.

Once these calculations have been made one need only type the

following lines into the program. [Note: (Parentheses are not typed.)]

20 LET Rl = (Numerical value of normalized inner radius of driver

coil)

30 LET R2 = (Numerical value of normalized outer radius of driver
coil)

40 IET R3 = (Numerical value of normalized inner radius of pickup
coil) :

50 LET R4 = (Numerical value of normalized outer radius of pickup
coil) ‘

60 LET L1 = (Numerical value of normalized minimun 1ift-off)

70 IET 12 = (Numerical value of normalized maximum 1ift-off)

80 IET I3 = (Numerical value of normalized length of driver coil)

90 LET I4 = (Numerical value of normalized length of pickup coil)

100 LET I5 = (Numerical value of normalized distance of pickup

coil from ends of driver coil)
120 IET Ul = (Numerical value of normalized relative permeability
of upper conductor)

130 LET M2 = (Wumerical value of wu,o,r?)

H

Note: If the conductivity of the lower conductor is zero, one

must type two sdditional lines:

i

500 LET X2
510 IET Y2

i
O
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140 IET U2 = (lfumerical value of relative permeability of lower
conductor)

150 LET C = (Numerical value of normalized thickness of upper
conductor)

160 LET S = (Numerical value of fractional thickness range)

1300 DATA (Values of wu,0,r? separated by commas)

The program may now be run.
For each value of wu,0,r°, the print-out by the computer will have

the following format:

Rl = (R1) R2 = (R2) DRIVER LENGTH IS (I3)
R3 = (R3) R4 = (R4) PICKUP IENGTH IS (14)
ML = (ML) Ul = (Ul) PICKUPS RECESSED (15)
M = (M) 2 = (U2)
5 10 15 20
DISC. VOLT wwmmmm ZERO PHASE ~~m=w-
CLAD THICKNESS IS (C) LIFT-OFF IS (L1 + 12)/2

PHASE SHIHFT IS ==wmmm

CIAD THICKNESS IS (C — S/2) LIFT-OFF IS (Ll)
PHASE SHIFT IS w=m--~

CIAD THICKNESS IS (C + 8/2) LIFT-OFF IS (L1)
PHASE SHIFT IS8 -=wm--

The various symbols enclosed in parentheses are used here to indi~
cate that the numerical value of the symbol will be printed. The
numbers 5, 10, 15, and 20 appear during the execubion of the program in
order that one may ascertain whether the program is running properly.
The next line contains the voltage level at which the discriminator of
the Phase-Sensitive Eddy-Current Instrument should be sel to minimize
lift-off effects and the phase value from which the phase shifts are
measured. The remaining lines are self-explanatory.

The example below is presented for additional aid to those who

wish to use this program.

Sample Calculation of RFICYC

Suppose that we wish to know the variation with cladding thickness,
with lift-off set, of the difference in phase of the voltages induced
1in two pickup coils positioned ingide and flush with the end of the
driver coil. 'The driver coil is asgumed to be 2 in. long with inner

and outer radii 0.200 and 0.300 in., respectively, while the pickup
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coils are assumed to be 0.200 in. long with inner and outer radii of
0.100 and 0.150 in., respectively. The conductors are assumed to be
copper with a nominal thickness of 0.010 in. clad on an effectively
infinite thickness of aluminum (at least four-coil diameters or skin
depths, whichever is smaller). Let us further suppose that we are
interested in a thickness range of copper of ilO% about the nominal
thickness. The frequency of the driving current is assumed to be 5 kHz,
and the maximum and minimum values of lift-off are assumed to be 0.050

and O in., respectively.

First we determine the mean driver coil radius to be 0.250 in., so
that
Normalized inner radius of driver coil = 0.200/0.250 = 0.8
Normalized outer radius of driver coil = 0.300/0.250 = 1,2
Normalized inner radius of pickup coils = 0.100/0.250 = 0.4
Normalized outer radius of pickup coils = 0.150/0.250 = 0.6
Normalized minimum lift-off = 0/0.250 = O
Normalized maximum lift-off = 0.050/0.250 = 0.2
Normalized length of driver coil = 2.000/0.250 = 8
Normalized length of pickup coils = 0.200/0.250 = 0.8
Normalized distance of pickup coils from ends of driver = O
Normalized nominal thickness of copper = 0.010/0.250 = 0.04
Fractional thickness range (#10%) = 0.2
Furthermore,
Angular frequency of driving current = 21 X 5000 sec !
Permeability of both conductors = 41 X 107 h/m
Relative permeability of both conductors = 1
Conductivity of copper = 5.77 X 107 mhos/m
Conductivity of aluminum = 2.86 X 107 mhos/m
Thus,
w0 TP = 91.91
0,0, T2 = 45.48

This information is now typed

into the program with the following format:
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20
30
40
50
60
70
g0
90
100
120
130
140

IET
LET
LET

R1 =
R2 ==
R3 =
LET R4 =
LET L1 =
IET IR =
LET I3 =
LET 14 =
IET 15 = O

IET Ul = 1
LET M2 = 45
IET U2 = 1
150 1IET C = O.

160 LET 8 = O.
1300 DATA 91.9

o~

D00 OO0 O+ O
N

48
4
2
1

The program is now run with the following results:

Rl = 0.8 R2 = 1.2 DRIVER LENGTH IS 8
R3 = 0.4 R4 = 0.6 PICKUP LENGTH IS 0.8
ML = 91.91 Ul =1 PICKUP RECESSED O
M2 = 45.48 02 =1

5 10 15 20
DISC. VOLT — 0.06306E-(07 ZERO PHASE — 1.86628
CIAD THICKNESS IS 0.4E-01 LIFT-OFF IS 0.1

PHASE SHIFT IS 0.081373E-02
CLAD THICKNESS IS 0.3¢E-O1 LIFT-OFF IS O

PHASE SHIFT IS 0.320568E-02
CIAD THICKNESS IS 0.43999E-01 LIFT-OFF IS O

PHASE SHIFT IS —0.322143E-02

from which we see that for a clad thickness of 3.6% of the mean coil
radius the phase shift, with lift-off set, is 0.320568 X 1072 while for
a thickness of 4.4% of the mean coil radius the phase shift is
~0.322143 x 1072,

RFLCYC Program

16 nbv RELCYC VERSIIN 3/ 21/ 68
“0 LB
S0 b
40 Lk
S0 LET
e LET i=C

TC LEl Le=e2
sG O LET 3=

JU LET L4=e3
16U LET Ls=C

[ e
he=lel
R3=e 4
K= b



110
120
130
14
150
160
17¢
1306
19 G
200
210
20
=30
cay
250
260
=70
P Ay
290
300
310
320
3G
340
356
360
370
330
320
AG0
410
L O
432100
£1.4; (G
450
460
L0
s
YNy
S0
210
B4
H3C
540
550
560
STG
55 O
SS9 O
600
610
S
SG0
AL
55
HEG
G0
&5 0
SNV

FAVES
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cEAD M
LET Ul=]
LET M2=245. 4%
LET UB=1
LET C=.0¢
LET S=.¢
FRINT “Kl1="3in1ls "RKE="3R2> "URIVER LENGTH I8"3L3
FRINT "k3z73K3, "Raz"3R4, “"FICKUF LENGTA IS"sL4
FRINT™M1="301, " Ul="3 U1, "FICKUFS RECESSEDY;LS
FRINT® " Me=rims, mU2=";12
LET S1=1E-2
LET 58=5%5
Fer J=1 Ta 5
LET K{JI=0
LET 1(J>=0
NEAT J
LET B1=0
LET B2 =52
Fon A = Bl +51/72 19 Bg S1EF S1
LET £3ke®X
LET &l=nhg
GASUB 1320
LET I2=Fg
LET L= ixX
LET wl=n1
G SUE 1320
LET [1=Fg
LET Z=pakx
LET Gl=ka
G SUE 1320
LET JZ=F2
LET Z=id+X
LET G1=R3
G SUB 1320
LET Jlskg
LET S3=51%Clo-1 10%0Je~-J 1)
LETX 1= TOTI06 TR 1A SURC SURTK A& %X 0 1004 1)+ K440 7 UL
LETY 1=e TOTYOE TR Ik SGR{ SUNC K2 A %Xk KM 14 M 1) =Kk /U1
LFALRC> 15THENS TG
LETAZ= TOT106 7S 14 5n( SURKCA KK EL HY
LETY 2= TOTLIUA TH 14 SUR{ SEREE xR R EL+M 2
LET A62CA-X 10 %001 +X8)Y #Y 16 (Y 157 2)
LET BT2(RK=K1)w (Y 1+02)~Y 13 (A 1+AE)
LET CEzCA+R 12 CAI+AL) =Y 10T 1+Y 9)
LET CT=¢ 1RCAI+AEI+ (A+A 1) 2 (0 1+Y 2D
GJ Td 610
LET A% =4-X1
BT BSza~Y ]
BT US=A+R ]
E1 o LbS=Y1
FoRKLO> S0 THEN &50

ZY+XALN /18
ME) =K &KL

£
Gd TG 60
£

LET UsERFC-x# 8) %0 | ~EXPC~X®l£))
el Gh=~1

Fade Jd=1 14 &

LET LU=l I+ 0= 10 s~ 137 2

TGO =k LR P (-2 0K (J) )
ADLEC> 1S bebkd YEC

-
~i -

CET GREArC-AsLO) +EARC-RF(L3=-L9Y) mHRAF( =A% CL 3= 4= 8) )~ EAF(~ X% (L S+ 20 )
LET GoSmbxpF0~4+1.0)-1
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710 G SUn 1470

P20 LET Al=0h5%LS+b0sLR)/(US%CH+D5%L5)
FEU LET A2=005%bES=m56 LSy /0SS 05+ L5+ 15)
T4l LT KA n () +5364 14 GCY)
TS0 il ECJdry=LCd)Y #008%42% 20

A 1R Jd> b b 2
TTC bl CeCl-0/5)40
TG Lk Alxl>1S inbw 500
Fa Lo SUL 14Tl
00U LET K320 0%+ S+ L5y /705 05+ DS 5)
S10 LET “az( LS h=aS% 0 5) 2 (08 Ch+08% DS
sl LR O RCU+ D) =i (U 33+ 5332 LCT)
oL LT 10d+ 5y =t (J+3)+53=cav ()
Sa LET L= i+S/70y 80/ 0158708
SC o A lxC> b TN B T0
$60 G SUb 147C
70 LET Q8= (RSx4 54 0L5) /CCo%C5+05%09)
Al Lkl KEZCUSRES-85% 8/ (USRCH+D5%105)
S0 LET RCd+a) =h(d+4) +S3%A5x 00D
P LET LA+ =1 Cd+4) + 50« L64 ()
10 LET U=sC/7C1+5/78)
FJeC NEXT J
P30 NEAT A
240 LET L1=BEg
D50 LET m2=he+ SR
P60 FRINT A+517 ¢,
J7C LF A < 3 T:+AbN 290
9450 LET Si=tk-2
2906 LE A<y TAlN 200
100G LET Si1=.1
1016 1r X<19 THEN 290
| R~ G S N W |
1030 rriwd
104G F2is =1 T3 5
TCOC LET “CUd=5GrinCd) e+l (d)r2) %24 a3 ChE S/ RE~RI) X (CRE-RTE %L 3%, 4)
1CEC LET FO)=RTNC-RCIIZTCU))
1C70 LF [CI)<C TAEN 1090
[GsC BT £CA)=HCHI+E]
1020 NEAT J
110C LET Aal=¥C1)
111G LET Re=Mmc3)

1ize LT HOS=RFOD
1130 LeT Hé=HC0)
1140 LET wl=v(E)
1150 LET wi2=r(2)
116C LET L=LCZD

1170 GJ SUE 1550
11806 LET wl=am( )

119C LET Le=rC4)

12060 LT L=C1-572)%(
121C LFT L= 1)

1220 GJ >UE 1550
123C LET 1= S)
1edl LET Le=F(5)
1250 LET C=Ci+S/722%L/7¢1-5/72)
260 G Stk 1550
1270 Frlwnvd

1250 FRINT

120 Fhind

13CGC LATe 91691
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1310 6o 1é 20

1320 1P £>9THENTS10

1330 LET Ly=inl(gxsy+3

1840 LET FlzeS5Falsblset

1350 LET Fe=rt/r3

1360 Fdm N=1TaLy

LE7T0 LETF I==F 1k e 250% 4447 C¥N+N)

1330 LeTr2=r24F 1/ (2%6N+3)

1090 NEXTN

Pala GoTe 1460

P10 LET @l =188, 135T/4+1091142)Y/2-23.T2333)/72+2.050%31)/ 7
1420 LET WUl=C0(hli~e 1730503/ 2+ TO34B 45/ L~ QES109E~T

430 LET U220 =58 17517/ 2+24 108K TLI/ L~ 6PQE1FEV/ L+ 295020280/ 2
1440 LT Gez(UE=e 137344823/ 24 7979095

1450 LETFE=C1-SROLIRCUSHIDSUE~FPL/ ) =G 1k SINCZ=-FI/ 4)))/ (X*A%X)
1460 KETURN

a0 LET K3=EAFCZ4K L Ckiild

143 ¢ LET Y3=CaSC2%Y pxCxUL)

1490 LET YasSINCERY 1% 0 U1

ISOC LETAS=(A+A 1Y R(X1~X2) =Y 15 (f1-Y2I+CAEXY 3-ATHY L) %X3

P510 LET BS=Y I5(R1-A2)+ (K410 (Y 1=Y2)+(LT7RY I+LE6KY ) XX

1520 LET CO=CaA~X 12 %CA1~A2)+Y 1RC(Y 1Y 2)+(UEkYI~CTRY 4 %X 3

1930 LET DOS=(A-X1)%LY 1-Y2) =Y 1 (X 1-X2)+(CTHY I+CEEY 4)%X3

1540 RETURN

1550 LETY B1l=aTH (CH2ESINCAE) ~HI%SINCHSI I /{14 COSCHS) ~HI4CAS(HEY I
1560 IRA1RCIS(H5) ~HExCI LA 6> OTHENTSEC i
1570 LETI I=d1-3. 14159265

1550 LET Vis HIkSINCILI+AD)

1590 LET F=d1-ATNCVL/ SUR(ELIA0I~-VIxV1I)+G2

16C0 IF L<l{2) THEN 1620

1610 PRINTVLDISU. VALT"i V1IeMLERE PHASE"2E1

1620 FPrINT

1630 FRINTYCLAL THICKNESS I1S53C,"LIFT 2FF 18%sL

1640 FRINT™ FAOLGSE SHIFT 18" P

1650 RETURN )

1660 ENL

Change in Magnitude and Phase of Induced Voltage Due to
a Defect in the Cladding Material

Discussion of RFDFT‘

This program is designed to calculate the defect sensitivity factor
for a reflection-type coil above a two-layered conductor (see Fig. 4,
p. 38). For this program, the defect must be in the upper layer. The
pickup coils must be identical, equidistant from the respective ends of
the driver coil, and entirely within its length. They must alzo be
coaxial with the driver coil. The two conducting layers may have
different electrical conductivities.

Tb use this program, one must firsgt divide all dimensions by the

mean radius of the driver coil. The results will, of course, be



dimensionless and will be referred to as being "normalized." The product
of the angular frequency of the driving current, the permeability, the

conductivity, and the square of the mean radius of the driver coil must

be calculated for each conductor. Iet this product be denoted by wulvifz

for the upper layer and by wpzdzfz for the lower omne.
Once these calculations have been made one need only type the

following lines into the program. [Note: (Parentheses are not typed.)]

12 LET Rl = (Numerical value of normalized inner radius of driver
coil)

14 LET R2 = (Numerical value of normalized outer radius of driver
coil)

16 IET R3 = (Numerical value of normalized inner radiug of pickup
coil)

18 LET R4 = (MNumerical value of normalized outer radiusg of pickup
coil)

20 TET L = (Numerical value of normalized lift-off)

22 IET L1 = (Numerical value of normalized length of driver coil)

24 IET I2 = (Numerical value of normalized length of pickup coil)

26 LET 13 = (Numerical value of normalized distance of pickup
coil from ends of driver coil)

28 IET ML = (Numerical value of wujioir?)

30 IET M2 = (Numerical value of wu,0,T?)

Note: If the conductivity of the lower conductor is zero, one
must type:

118 LET X2 = X
120 1IET Y2 = O

32 IET C = (Numerical value of normalized thickness of upper
conductor)
34 LET R = (Numerical value of normalized r position coordinate
of defect)
36 IET Z1 = (Numerical value of normalized z position coordinate
of defect)

The program may now be run.

For each lift-off wvalue, the print-out by the computer will have

the following format:
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DEFECT PROGRAM FOR PHASE-SENSITIVE EDDY-
CURRENT INSTRUMENT

DRIVER LENGTH IS (L1) Rl = (R1) R2 = (R2)

PICKUP IENGTH IS (I2) R3 = (R3) R = (R4)

CLAD THICKNESS IS (C) ML = (ML) M2 o= (M2)

DEFECT LOCATION IS R = (R) 7 = (z1)

PICKUP IS RECESSED (13) LIFT-OFF IS (L)

X  REAL #1 IMAG #1 REAL #2 IMAG #2
5 e mmmmmm e m——
10 mmemme mmmmme mmmmee e
15 . e U e e e
20 D e mmmm—— mmm——
25 emmmme o mmmmme 0 mmmmce cmemen
30 mmmmme mmmmme e e

VOLTAGE/FINN'R(BAR) = =m=www - PHASE = =mwwm=

The various symbols enclosed in parentheses are used here to indi-
cate that the numerical value of the gymbol will be printed. The first
column, headed "X," is the upper limit of the integration being performed
by the computer, while the other four columns are the real and imaginary
parts of the two integrals which'appear in the expression for the defect
voltage. These appear primarily to allow one to inspect the convergence
of the integration. In addition to the phase of the defect szensitivity
factor, the last line contains the magnitude of the defect sensitivity
factor divided by the product of the frequency of the driving current,
the numbers of turns on the driver and pickup coils, and the mean radius
of the driver coil.

The example below is presented for additional aid to those who

wish to use this program.

Sample Calculation of RFDFT

Suppose that we wish to know the defect sensitivity factor for the
case of two pickup coils positioned ingide and flush with the ends of the
driver coil. The driver coil is assumed to be 2 in. long, with inner and
outer radii of 0.200 and 0,300 in., respectively, while the pickup coils
are assumed to be 0.200 in. long, with inner and outer radii 0,100 and
0.150 in., respectively. The conductor we assumed to be 0.010 in. of
copper clad on an effectively infinite thickness of aluminum (at least

four-coil diameters or skin depths, whichever is smaller). Let us further



suppose that we are interested in the defect sensitivity factor for the
case in which the defect is located 0.005 in. below the surface of the
copper 0.250C in. from the coil axis. We shall assume the driving
frequency to be 5 kHz and the lift-off to be zero.

First, we determine the mean driver coil radius to be 0.250 in.,

so that

Normalized inmer radius of driver coil = 0.200/0.250 = 0.8
Normalized outer radius of driver coil = O.BOO/O.25O = 1.2
Normalized inner radius of pickup coils .100/0.250 = 0.4
Normalized outer radius of pickup coils = 0.150/0.250 = 0.6
Normalized lift-off = 0/0.250 = O

Normalized length of driver = 2.000/0.250 = 8

Normalized length of pickup = 0.200/0.250 = 0.8

Normalized distance of pickups from ends of driver = O
Normalized thickness of copper = 0.010/0.250 = 0.04
Normalized r position of defect = 0.250/0.250 = 1
Normalized z position of defect = 0.005/0.250 = 0.02

i
o O

Furthermore,

Angular frequency of driving current = 2% x 5000 sec™t
Permeability of both conductors = fﬂ X 1077 h/m
Conductivity of copper = 5.77 X 107 mhos/m
Conductivity of aluminum = 2.86 X 107 mhos/m

Thus,

91.91
45.48

il

wplal?z

it

wu?62?2

This information is now typed into the program as follows:

12 IET R1 = 0.8
14 LET R2 = 1.2
16 LET R3 = 0.4
18 IET R4 = 0.6
20 IET L =0

22 LET 11 = 8

24 IET I2 = 0.8
26 IET I3 =0

28 LET ML = 91.91
30 LET M2 = 45.48
32 IET C = 0.04
34 IET R =1

36 LET Z1 = ~0.02

The program is now run with the following results:



DEFECT PROGRAM FOR

CURRENT PROGRAM
DRIVER LENGTH IS & Rl = 0.8 R2 = 1.2
PICKUP LENGTH IS 0.8 R3 = 0.4 R4 = 0.6
CIAD THICKNESS IS 0.4E-OL ML = 91.91 M2 = 45.48
DEFECT LOCATICN IS R=1 Z = -0.2E-01
PICKUP IS RECESSED O LIFT-OFF IS O
X REAL #1 IMAG #1 REAL #2 IMAG #2
5 0.1696E-01 —0.1824701E-01 0.2077798E-02 ~0.2385628E-02
10 0.20692E-01 ~0.1991495E-01 0.0790374E-02 ~0.18004698-02
15  0.21086798-01 -0.1999053E-01 0.1154164E-02 ~0.187069E-02
20  0.2103699E-0L ~0.19985448-01 0.1120786E-02 ~0.1868363E-02
25  0.2094097E-01 -0.1997792E-01 0.11167018-02 —0.1867812E-02
30  0.209154E-01 ~0.1997639E-0L 0.1123086E-02 ~0.186%201E-02

VOLTAGE/FINN'R(BAR) - 0.1340369E-06 PHASE = —1.7919639

from which we see that the phase of the defect sensitivity factor is
-1.7908883, while its magnitude is the product of 1.340401 X 1077, the
frequency of the driving current, the numbers of twrns on the driver

coil and pickup coils, and the mean radius of the driver coil.

RFDFT Program

10 kM ok LFT VERSLEDN 3/ G376
2 LET Rl=e3

14 LET k=12

16 LET h3=.4

14 LET Ha=. &

2C LEl L=C

AR T - S O 3o

24 LET L2=.3

Je LET L3=0

“X LET Ml=91.%1

30 LET Mox4%. 45

32 LT Cz=a(4&

34 b nm=1

36 LET Zl=-.08

S kFRINT® DEFECT FRAGRAM FIR FPAASE SENSITIVFE Fipre
ACFRLNT® CURKENT INSTRUMENTT
LgF il

44 RLIND

SEFRINT" DI VER LENDIH 15“5Ll:“k)="§kl;“h2=";h?
43 FRINTFLICAURF LENGTH L8302, k323 R3, "Ha=" s K4
SCERINTYOLAD THICANESS 15730, "MI=""4M 1, "M2="" M2
SORRINTUDEFRCT LICATIIN L5 Pr="sh, 42321

SaFRINT CFLICKUF IS KECESSED"sL3,"LIFT JFF IS5":L
SEFRINT AT, "REAL A1, "IMOA0 #17, "KEAL #27,VIMAL #2%
S8 LBl Si=1kE-2

6C LET 52=5

62 For I=1 10 &
SALEIRCIY =D
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€3
G
72
Tak
76
73
30
BeL
s
36
fole)
J0
Je
b
J6
95
160
102
162
1Cé
1¢73
110
112
114
116
11
120
122
124
126
128
13C
132
134
136
134
140
la2
144
146
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FEi1lC1y=¢0C
NEKT 1

LET B1=C
LBl £E2 =52
QRX=1+51/21025TEEFS
LBl Z=r2xX
LET l=n2
GaSLIE 218
Flli2=r2
LET Z=zn1%*X
LET Gl=z=ki
GJd SULk 213

Lkl L1=¢2

LET S53=CL12-1 1) %SIk(EAPC-X4L) ~FAFC=XACL+1_1)))
LET Z=hkikX
LETLI=rY

GJd Sutk 2148

LET Ta=F2

LET £=n3%X

LET L1=r3

GJ Sub 218

LET 13=bkE

LET S54s(la=I3) %5 1% ChAFC-ASL)-FXFC(~AR(L+L2)) )4 FAP(~X%.3)
LET A1 = o 70T107+#S0GR0SURIXXX KR +M 1AM ) +X%X)
LET Y1 = «7071074506h{SGR{IARA KX EX4+MT4M1) ~X%X)
ITPAI*C>EHTHENT4E

LET X2 = «T707T107%5uR(S0RX*X£XKkX+M2KMP2) +X*X)
LET 122« 7071074 SURCOSURIXAX ¥ X6 X+M2%ME) ~X%X)D

LET AK3=kXP(2%X1%()

LET 73=CO5C2%Y 1%()

LET 14=5INC2%Y 1%0)

LET AS=X1+A2

LET X6=A1-K2

LET rS5=ryl+y2

LET 1é6=Y1-Y2

LET COom(X+X1)%(A1+A2) -7 14£(Y 1+Y2)

LET CT=Y 14 (R 1+X2)+(X+A )XY 1+YZ)

LET CO=CA-A 1% (X 1-A2)+Y 1*(Y 1-Y2)+(LE*kYI-CTxY 4)%X3
LETLOS=(X-X 1) 4(Y 1-Y2)~Y 1 (X I-AEI+(LT*Y3+CEexY 4)*X3
GJd 12 150

LETCS=A+X1

1a3LETLS=Y1

150G
152

IFX1%C>15THENTE4
LETL2=2%C+2 1]

15A4LETAS=CALSKRLISCY 1*L2) Y Sk SINCY 1%£L2) )X EXF(X1%22)
1956LETAS=ALH(XEFCASC-Y 1 *LI) ~Y 6xSINC-Y 1% Z 1)) *EXF(-X1%4 1)

153
160
162

LET bS50y 5% CLISCY 1442) +A5ASINCY 1¥L2) ) ¥EXP(X1%£42)
LETES=ES+ (Y 6% CISCY 1.4 1) +XKEXSINCY I.LIIIREXF(-X1%xL1)
GY 19 163

164LETAS=EAF(AI*L 12 *x0LASCY 1424 1)

166
1638
170
17%
174
175
17%
130
152
184

LETESZEXF(X1%L1) %x5INCY 1 %4 1)
LETLSI=CASKCS+ES*kDOYI/Z (COSKkUS+DS4DS)
LET K2=CLS%1:5-A5%LS)/(CS*CHS+NS:D9)
LETL=X%h

Gd SUb2 48

LETROI =K1 +53%K 1% 1

LET TCI)=IC ) +83%<2%J1

LET R(O2)zr(2)+54%xA1%J1

LET 1(2)=1C2)+54%xC2%J1

NEXT X
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16 FRINT A+51/72, k110D RE2) 1 (2D

ISBLETE1=E1+52

19 0LETEZ=B2+ 52

192LETS51=5E~2

194 LF A<15 THbN T4

196 LET S51=.1

198 1§ A<25 THEN 74

SO0 LET ROD=R{DD*n(2)-1C1I*1(2)

cOf LET 1) =RC1DIxIC(2r+r(2)%1 1Y)

204 LED FAINCIC3Y /(3D

206 1 KRO3)>0 THEN 210

204 LET =k-~F1

910 LET M=SLRCRC3Y RO +1C3)%IC3))

212 LEl U=3*2-4305E~5*M1/(2*P[#(h2~hl)*(hA-RB)*LI*LQ)
ZlérnIN]?VaLIAbh/PLNN'n(bﬂh):";u*ﬂ;"kHébF:“i‘

216 g 18 270

21% 1F &> irnkEN 2368

22C LETLS=INT(Z2%L)+3

2y LETF1=a5%Wlxbil*e

g2s LET Fe2=FL1/3

veé FORN=1TOLS

228 LELF 1==F 1 %.250% £/ ONEN+ND

230 LETFZ=F2+F 1/ (2%N+3)

238 NEAIN

234 GIIY 246

P36 LET F12({((~148. 1397744+ 102 1142)7L-23.79333)/724+2.050931)74
238 LET Fl=sC(Ck1=. 1730503) /7484 7034845)74~.064109F -3

240 LET Fe=(l(=5.81T791 77442 10587/ L~ 6396156)/ 2+ 4952084374
242 LET P2=(r2- 18 T344F-2)7 4+, 7979095

Padsi LET P2 1~SGr{ZI*C(FE*CISCL~FL/ &) ~F1RSINCL-FL/ )2 )/ CR%EX)
2a6 nETURN

a8 LR E£>3THEN 258

250 LET wl=(CC(2a 1b=114%412-5.35E-9) %202+ 6. TSTE=~T)HL12-5. 4P 4sL3E-5)%L12
292 LET €l1=s({uLl+2. 604158 ~3)%L12-£.290-2)%212+.5

254 LET Jl=i*xil]

256 G641 2643

253 LET 0320 (~s 1 4€6CA0S I/ L4 B TEVTETIII/ L= 20210331/ 8+ 4. 6183SE-30/ 4
P2E0 LET W3z (L3+ VL9337 /L4 40 6RE =€)/ L4 TP THH8 LSS

PED LET waz(({( =8 12658 014/ 4+ 1933 T032) 7L+ 6.CRL1E3F-2)/4-1.7822733F-1)/74
Phd LET wa4mClba+ S, 09 ~2) A 4+ ATEIREBENV/L~2. 38819449+ 2

PALTS) LhT‘J1=U3*Ldb(uA)/bLh(4)

64 kb TURN

270 Ll L=bl+a1l

2T FRENT

274 LF <oy THEN 46

276 ENU

Change in Magnitude and Phase of Induced Voltage Due to a
lattice of Defects in the Cladding Material

Discussion of RFDFL2

This program is designed to calculate the defect sensitivity factor
for a reflection-type coil above a two-layered conductor. For this

program, the deflect may be located at any one of a number of points on
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a lattice in the upper layer, which is labeled TII in Fig. 4, p. 38.
The pickup coils must be identical, equidistant from the respective

ends of the driver coil, and entirely within its length. They must

also be coaxial with the driver coil. The two conducting layers may
have different electrical conductivities.

Before proceeding further, it is worth noting that in the execution
of this program the data generated by the computer are stored in a
data block which is used as input data for another program. Since there
exist BASIC compilers which do not have this capability, this program
may or may not be executable, depending upon the compiler used. If the
latter situation arises, one may delete line number 42 and the word
"FILE" wherever it appears in the program, thus causing the data to be
printed at the console; otherwise, one may access the data by using the
name /@1/,

To use this program, one must first divide all dimensions by the
mean radius of the driver coil. The results will, of course, be dimen~
sionless and will be referred to as being '"normalized." The product of
the angular frequency of the driving current, the permeability, the con-
ductivity, and the square of the mean driver coil radius must be calcu-~
lated for each conductor. Let this product be denoted by wplal?z for
the upper layer and by muzgz?z for the lower one.

Once these calculations have been made, one must type the following

lines into the program. [Note: (Parentheses are not typed.)]

12 IET Rl = (Numerical value of normalized inner radius of driver

coil)

14 IET R2 = (Numerical value of normalized outer radius of driver
coil)

16 IET R2 = (Numerical value of normalized inner radius of pickup
coils)

18 LET R4 = (Numerical value of normalized outer radius of pickup
coils)

20 ILET L = (Numerical value of normalized lift-off)

22 IET L1 = (Numerical value of normalized length of driver coil)

24 TET 12 = (Numerical value of normalized length of pickup coils)

26 LET 13 = (Numerical value of normalized distance of pickup
coils from ends of driver coil)

28 LET ML = (Numerical value of w“lgl;z)

30 LET M2 = (Numerical value of W, 0, T
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Note: If the conductivity of the lower conductor is zero, one must

two additiocnal lines:

i

124 IBET X2 = X
126 1ET Y2 = O

32 IET C = {Numerical value of normalized thickness of upper

conductor)
34 IET R9 = (Numerical value of normalized maximum radial position
of defect)
36 IET M9 = (Numerical value of number of lattice spacings in
r direction)
38 LET N9 = (Numerical value of number of lattice spacings in
z direction)
Note: Neither MP nor N9 may exceed 15. The lattice spacing in the

r direction is R9/M9, while it is C/N9 in the z direction.

using the name /@1/.

are less than or equal to 30 will be printed at the console.

appear. as indicationg of how far the integration has proceeded.

After typing these lines, one need only create an empty data file

The program mey then be run.

During the execution of this program,  integral multiples of 5 which
k These

The data

regulting from.this'program.will,have the following format:

(1) (Rr1) (R2)
(12) (R3) (B4)
(c) (m1) (m2)
(13) (L)
(1) (19) |
(r(1)) (r(2)) HRRHK KA KA K (R(M9))
(z)1)) S e e RXKERRRHRRH
e e o — - B s i o 3 s s R
(7(2)) emmeee e B
____________ HeHHe e YN NN e o o o
(7Z(W9))  emmmmm e FARKRKRKIN o
A e R

The various symbols enclosed in parentheses are used here to indi-

cate that the numerical value of the symbol will be printed.

e ou

The upper
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value at each lattice point is the magnitude of the defect sensitivity

factor, while the lower one is the phase of the defect sensitivity fac-

tor for the case in which the defect is located at the given lattice

point. It should be noted that the lattice points for which MO > 4

will be printed below the last line —~ that is, the line containing 7(N9).
The example below is presented for additional aid to those who

wish to use this program.

Sample Calculation of RFDFL2

Suppose that we wish to know the defect sensitivity factor for the
case of two plckup coils positioned inside and flush with the ends of
the driver coil. The driver coil is agsumed to be 2 in. long with inner
and outer radii of 0.200 and 0.300 in., respectively, while the pieckup
colls are assumed to be 0.200 in. in length with inner and outer radii
of 0.100 and 0.150 in., respectively. The conductors are assumed to be
0.010 in. of copper clad on an effectively infinite thickness of
aluminum,(at least four-coil diameters or skin depths, whichever is
smaller). Let us further suppose that we are interested in the defect
sensitivity factor for the cases in which the defect is located at any
one of the points which lie within 0.500 in. of the coil axis on a
4 X 2 lattice in the copper conductor. We shall assume the driving
frequency to be 5 kHz and the 1lift-off to be zero.

First, we determine the mean radius of the driver coil to be

0.250 in., so that

Normalized inner radius of driver coil = 0.200/0.250 = 0.8
Normalized outer radius of driver coil = 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 lift-off = 0/0.250 = O

Normalized length of driver coil = 2.000/0.250 = 8

Normalized length of pickups = 0.200/0.250 = 0.8

Normalized distance of pickups from ends of driver = O/O.25O =0
Normalized thickness of copper = 0.010/0.250 = 0.04

Maximm radial position of defect = 0.500/0.250 = 2

Number of r lattice spacings = 4

Number of z lattice spacings = 2

Furthermore,



Angular frequency of driving current = 2r X 5000 gec™!
Permeability of both conductors = 4 x 1077 nh/m
Conductivity of copper = 5.77 x 107 mhos/m
Conductivity of aluminum = 2.86 X 107 mhos/m

Thus,

wploliz 91.91
Wi, O, T 45.48

L]

This information is now typed into the program using the following

format:

12 LET
14 LET
16 LET
18 LET
20 LET
22 LET
24 LET
26 LET
28 LET
30 LET
32 LET
34 LET
36 LET
38 LET

2]
—
t

oo

RER
C OO
oo

i
@]

[
W =
@}

oo u

1.91
5.48
= 0.04

HNO OO

252085
o o

An empty data file is now created, and the program is run with the

following results:

8 0.8 1.2

0.8 0.4 0.6

~4E-01 91.91 45.48

0 0

4 2
0.25 0.75 1.25 1.75

-0.15-01 0.07758398-0C  0.27552245-06  0.50874248-07  0.60958311-08
~1.620616 -1.5616094 —1.8510375 -2.0433756

-0.3E-01 0.6201136E-07  0.2192486E~06  0.4020022E-07  0.4800129E-08
~1.8620754 -1.7993881 —2.1067626 ~2.3014832

from which we see that for the case in which the defect is located at

R=1.25, z

= —0.03, the defect sensitivity factor is

0.4031929 x 1077 exp(—j2.103904)



64

RFDFLZ Program

1¢G REM nkURLZ VERSIAN 037037 69
12 LET kl=.8

lee LET n2=1.2

16 LET K3=s4

I3 LET he=. 6

20 LET L=0

g LET L1=3

¢4 LET L.2=e3

26 LET L3=¢C

zs LET ¥M1=291e91

30 LET M2=45. 44

32 LET C=eC4

34 LET r2=C

36 LET My=4

3% LET Ny=g

L0 LUEIM MCO13518) 51018 15)s5018,18)sJdC12s 13)NC185,13), 01485 1%),k018),£01%)
42 QFEN &1/ JUTHUTL

eI NT PILE L1snls k2

46 RINT FLILE L2sn13sn4s

3 INT FILE CsMlsvme

SUrniNnT FILE L350

52 FRINT FLLE M2,89

SabnriNnl FILE

56 LET S1=1k-2

5% LET S2=5

AU F3R I=1 T NY

62 FIR Jd=1 T MY

64 FTM (L, 02 =C

66LLETLICLsU)=0

64 LET SCLsJd)=C

7L LEY JClsdd=C

T2 NEAT J

T4 NERT I

7€ Lt pi=C

T4 LbET be =52

BOFAnX=pl+51/7212EeSTHEST

s LBl Z=r?sA

Aa LBl Wlspk2

gé& GJISUL Jdgé

sl b1l g=r2

JU LE1 Lz l®A

2 LE1 Wl=h1

J4 Gd SUE 326

Je& LEL Ll=ke

Jrs LET1 S3=C{e=1 1) S1*(EAF(~A%L)~EXF(~A%(L+L1)))
1GC LEl Ld=n4xK

1t LElul=ne

104 Gd SLb 326

106 LT 1e=F2

108 LET £=r3%A

11C LET w1=Kk3

11 Ga Sl 326

114 LET I3=F2

116 LET Se=CLla-13)*%51*CEAPC~A%L) ~FAFC-X4(L+L2)I)*EXF(=X%.3)
T LET A1 = «70T71CTASeRESULECAFAAXRA+M T EY 1) +A%X)
120 LET r1 = «707T10CT7TH50LHCSLRIAAARXAX+M IAM] ) =K *X)
12l rA1¥0>15THEN]1 52

124 Lt A2 = «FTO0T10T*S5CROSURIXKRXRXAL+MPEM2) +X %K)
lee LET Y2=a TOTI0THS5n( SERCAKRKALARA+MPZRMP) =K %K)
128 LE1 A3=EXF(24A1%0)
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130 LET r3=Cdscesy 1%0)

132 LET yea=SInNCekr 150D

134 LET ASsA1+AL

136 Lil A6=XA1-KE

134 L.t ¥ o=y 1+7 2

140 LE Y é=(1-Y2 :

142 LET Ubz(A+X 1) (A 1+A5) ~7 1R (Y 14T78)

144 LET CTat 18 (A 1+XEI+CAEXTIRCY 1+02)

146 LET LS=CA=K104(AI=XK2)+Y 1H(r1=-Y2)+(CE%Y3I~CTRY 4)%X3
1L ILS= (A=K 1) 40 Im(E) =Y 1R (A T-XE)+ (0T Y3+ kY 4) %X 3
150 G2 13 156

152 LETCO=X+A L

19aibTLb=71

156 Fde I=1 18 w2

%4 b1 £C12=Ca5=[040/NY

160 LET £1=4C1)

12l FAI*C>15THEN1TE

16alblersex(+ Ll

TEELETAS=C A LISCY 1RLL) ~Y Sk SINCY 1RL2) )% EAFCA 149D
VBSLETAS=ASHIR G 0DSC=Y ALY =Y ExSINC=C 1% Z 1)) REXFC~XK1%Z1)
170 LED BS=CrS«COSCT 1#L8) +ASKSINCY 1442 ) #FXFCA 1248
172 E 19SS+ (T EFCISCr 14 L 1) +K 6% SINCY 1AZ1)I*EAFC~X1%21)
174G 19 14C

1TELFTASTEALCRI*E1I FCISCY 1%21)

P7ALE TES=EAF(AIRZ1Y&SINCY 122 1D

I CLE TR s CARECO+HESKUS) /(U9 CS+1US*LS)

Iy LET ®KEsC0S5RES=-ASKLS) Z/CUSRCS+L5%DS)

3¢ PR J=1 19 ™9

186 LET nCdI)=Cd=a9) %Rr9/ 49

184 F T45A+RCID

17 0GOSUH35E

122LETMCLa ) =L s J) +53%K 1% ]

194 LET ICTIsdd=1Cl, ) +53%Ke4d]

194 LEL SCL,Jdd=5C1,J0) +54kK1*xJ1

195 LEL JCI,ud=dCi,d)+Sakkek]l

200 NEAT J

208 NEXT L

204 NEXT 4

SUE FRINT A+851/78,

CSCSLETR =R 1+00

CIOLEIEE=LE+58

212LEIS1=5FE-2

214 1F X<195 THEN 5C

€16 LET1 Sl=.1

21 1k A<iS THEN HO

CP0 LE1 L=3%2a 305 -S*M I/ (2%l #(RP-R1D)# (KA~ kI ¥ 1XLO)
222 Pdrk I=1 1J Nw

Pe4 P3r oJ=1 19wy ‘

226 LET NCLoJd)=MCIaJd 4500 ) =00l )*Jil,d?

298 LET IChad)svCl, ) %aCi,d) +SClad)«iCI,

3C LET FClodd=pINCLCLs ) /iNCEL0))

232 Ik NCL,Jd2>0 THEN &3¢
G4
a6

S

Yt i

]

LET FCI» )=kl sd)~11

5 LET il ) =50nCNCEI ) 4NCTLo U +T LU0 %1CT»U))
234 NEXT o

240 NEXT |1

cae FRlINT FILE " "

24é IR J=1 13 4

et FrInt FILE wGAd)s

gas NERT J



50
25
54
256
Pt
260
267
z64
266
268
270
2 1E
274
276
2738
50
s e
26 4

Forn D=1 13
FriNT FILE
POk Jd=1 T2
FrINT FLILE
NEXT

FrINT BILE
For J=1 TJ
FriINT FILE
NEXT W

FRINT FILE
NEAT 1

NG

A I

4

[OF JUX QU QFRTD I

FCladds

I MI<4.5 THEN 378

Fak J=5 14
FrINT PILE
NEAT J

Far 1=1 19
Fdr J=5 19
FrINT PLLE

9
hCJ) s

N2
9
LEMCL s J) s

66

26 NEXT J

288 Fdn J=5 T3 9

290 FRINT FILE FCLoJ)s

29 NEAT J

L34 FhINT FLILE

296 NEAT 1

29 LF MI<FeDH TrEN 378

3CL FIR J=10 19 14

3G2 brINT FLILE KOG

304 NEAT J

S0ée Fdrw I=1 TI N7

308 rdn J=10 18 14

31C FhinNT PILE GEMCLsdds

312 NEXT J

314 F3w J=106 T 14

316 kel FLILE FCLsd) s

315 wEXT J

320 FriND FILE

Sy NEXT L

See 1P MI9<14eS THEN 378

326 LF £Z>5 IHEN 344

3es LEILS=INTCExL)+3

330 LETRF1=.5%61%x01%/L

338 LT F2=P1/3

334 FIRN= LTYLS

336 LETE 1==F 1% 250% 2%k L7 CNENEND

33 LETRZ2=P2+PR1/7(24N+3)

340 NEATN

342 G314 354

344 LET F12(C(= 1358 1357/£4+1091142)/2-23.79333)/2+2.050931)772
346 LET F1=CCH 1= 1730503)/ 444 T034845)/ 7~ 0641C9F-3

343 LET F2=0C0C=5eB81751T7T/4+20 1058 T4I/ 72~ 6HIE1986)/ 7244, 4952024)/7 7
B35C LET F2=(F2-e 1837344 -2)/ 4447979095

352 LET FesCl=50nCL)* (24 CASCL-FIZ ) ~F1SINCZ-FI/Z £))) /7 (X%X)
354 Kb TULKIN

356 IrFe>31nty 366

394 LET WI=(((2elb~11%212~5.038F~9)% 412460 TS TE~TD)4£4102-5,42043F=-8)%721D
JEU LET GI=((ul+2e6CA15E 3D %4120 25F =22 %7Z12+45

362 Lt1 Ji=Lxi1

364 GI1Y 376

366 LET L3=( (e LAECAQS T/ L+ 2TEVTETII/ 2= 202103910/ 2+4,618335F-32/2
368 LF1T L3=C(CG63+e14937)/4+4: CBE~6)L L4 19 T3 456
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STC LET wésl (- 21262014/ 4+ 1939 7232)/£+6.0P21BRE-2)/72~-1.T22PT33FE~-1)/2
G372 LET Gas(QU4+ S, U85E-a)/ 4+ BTLE9RB3EI/E~2e 35619 449+ 7

374 LET J1=w3%CI506 4 /7 5uni L) .

376 KETURN

374 LET L=L+.1

34 UFENT FILE

382 IF L<a25 THEN 44

34 ENU !

Change in Phase of Induced Voltage Due to a Lattice of Defects
in the Cladding Material with the "Lift-Off" Set

Discussion of RASREAD

This program is designed toycalculate, with lift-off set, the varia-
tion with defect parameters of the phase difference of the voltages
induced in two identical, oppositely wound pickup coils by the current
in a large driver coil above a two-layered conductor (see Fig. 4, D. 38).
For this program, the defect may be located at any one of a number of
points on a lattice in the upper layer; it may also have any size, shape,
and orientation. The pickup coils must be identical, equidistant from
the respective ends of the driver coil, and be within its length. They
must also be coaxial with the driver coil. The two conducting layers
may have different electrical conductivities.

To use this program, one must first execute RFLCYC and then RFDFL2.
The output data from the latter program comprises the input data for this
program. It is worth noting that the data generated by the computer in
the execution of RFDFLZ2 are stored in a data block, which ig then read
as Input for this program. Since there exist BASIC compilers which do
not have this capability, this program may or may not be executable,
depending upon the compiler used.

Once the execution of RFLCYC and RFDFL2 is complete, one need only
type the following lines into the program [Wote: (Parentheses are not
typed)]. |

12 LET M = (number of different size defects)

14 IET N = (number of shape and orientation factors)
28 LET V1 = (numerical value of discriminator voltage setting)

it

i

Note: This value may be obtained from the print-out of RFICYC.
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30 LET 01 = (numerical value of zero phase)
Note: This value may also be obtained from the print-out of RFLCYC.

290 DATA = (numerical value of normalized defect volumes)

292 DATA = ("N" shape and orientation factors®)

294 DATA - {magnitude and phase of voltage for each lift-off in
absence of defect)

Note: These values may be obtained from RFLCYC by inserting the
lines 1090 PRINT L(J), M(J), P(J), and 1091 NEXT J. Of the three columns
printed, the first contains lift-off values while the second and third
contain the corresponding magnitude and phase values. The first three
magnitude and phase values are the ones used here.

The program may now be run.

The print-out by the computer will have the following format:

DRIVER LENGTH IS (I1) Rl = (R1) R2 = (R2)
PICKUP LENGTH IS (I2) R3 = (R3) R4 = (R4)
CIAD THICKNESS IS (C) ML = (ML) M2 = (M2)
PICKUP IS RECESSED (L3) LIFT-OFF IS (L)
DISC VOLTAGE IS (V1) ZERO PHASE IS (01)
DEFECT VOLUME IS (V(D)) S AND O FACTOR IS (g8(0))
z , R (RrR(1)) (r(2)) HERKXKKAK KK (R(M2))
(7(1)) e dmmeee HEXRXRKRKE o
_____________ KWK KN e o oo o o
____________ R i o e
( Z( ) ) ) mmmmmmmmmmmm EAAXXRAXXX e
B e e i

HAXHRHXNNHENR e

kok ok ox
L I

(Z(N9))  emmmee e HERKRRRXR®
XHEKEXNRRR

The various symbols enclosed in parentheses are used here to indi-
cate that the numerical value of the symbol will be printed. All symbols

not defined above are defined in the explanatory material for RFDFI2.

6C. V. Dodd, W. E. Deeds, J. W. Luquire, and W. G. Spoeri, Some
Eddy-Current Problems and Their Integral Solutions, ORNL-4384 (April 1969).
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The first value at each lattice point is the magnitude of the defect
sensitivity factor, while the second one is the phase of the defect
sengitivity factor for the case in which the defect is located at the
given lattice point. The third value at each lattice point is the phase
shift, with lift-off set, in thekpresence of the defect. It should be
noted that the lattice points for which M9 > 4 will be printed below
the last line [i.e., the line containing Z(W9)]. The entire format is
repeated for each lift—off, defect volume, and shape and orientation
factor.

The example below is presented for additional aid to those who

wish to use this program.

Sample Calculation of BASREAD

Suppose that we are interested in the case for which the input data
is Just that obtained from the sample calculation of RFDFLZ. Furthermore,
let us assume a spherical defect with a radius of 0.0125 in. in the upper
layer.

First, the appropriate values are placed in RFLCYC and that program

is executed, which yields the following information:

LIFT-OFF MAGNITUDE PHASE
0 0.1927237E-6 1.8335539
0.1 0.1469769F-6 1.824176
0.2 0.1135246F-6 1.8107041

V1 = —0.06306E-7 01 = —-1.86628
Furthermore,

Normalized defect volume = 5.235988E-4
Shape and orientation factor = 1

This information is now typed into the program using the following format:

12 LET M = 1
4 IET N = 1
28 LET V1 = -0.06306E-7

30 LET 01 = —1.86628

290 DATA 5.235988E-4

292 DATA 1

294 DATA.1927237E-6,1.8335539, . 1469769E-6,1.824176, . 1135246E-6,1. 8107041
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Execution of the program yields the results that follow:

DRIVER LENGTH IS 8

PICKUP LENGTH IS 0.8

CLAD THICKNESS IS 0.4E-O1

PICKUP IS RECESSED O

DISC. VOLTAGE IS ~0.0630599E-07 ZERO PHASE IS —1.86628
DEFECT VOLUME IS 0.5235987E-03 S AND O FACTOR IS 1

z , R 0.25 0.75 1.25 1.75
-0.18-01 0.077631E-06 0.2754239E-06 0.5103326E-07 0.6173647E-08
~1.6201885  —1.5614521 ~1.8482656 ~2.0370686
0.7151638-03 0.2116282E-03 0.0753722E-03 0.1174203E-04
—0.3E-01 0.6204239E-07 0.2191606E-06 0.4031928E-07 0.486054E-08
~1.8616698  —1.7992387 ~2.103904 —2.2950456

0.0934912E-03 0.2983547E-03 0.080938E-03  0.1141581E-04

from which we see that a spherical defect with a radius of 0.0125 in.

located at r = 1.25, z = -0.03 ylelds a phase difference, with lift-off

set,

equal to 0.080938E-03. The results for other values of lift-off

have been omitted for the sake of brevity.

BASREAD Program

1G
12
14
LE
15
e
ce
24
26
25
30

LIV MO135 1382 PC18, 18) s nC18)5 201302 VO 1R8)» SCIR)
LET M=%

LET n=1

Forn L=t 19

sk AL VOLD

NEXT L

Fdk 9=1 19 N

rREEL 5C3)

NEXT I

LET Viz~ed(07926E-3
LET Ut=-343249¢€9

JzernINl® LEFECT FrRIGRAY FOh FAASE SENSITIVE ELDY™
34kt CURKENT INSTRUMENT'

J6FRINT (LATTICEDY™

38 FRINT

4CHRINT

4z
44
46
45
50
Y24
54
56
55
&0
62

JFEN /€17, 1INFUL
REAL Vst

INFUL FILE LlsklsrE
INFUT FILE L2sk3ske
INFUT FlLE CoMism2
INFUT FILE L3sL
INFUT FILE M9sN9
Fdr d=1 TJ 4

INFUT FILE wCJ)
NEAT J

FOr I=1 1@ N9



&4
&6
653
TC
1z
T4
7€
78
30
Bz
B4
56
88
20
e
P4
76
45
100
162
1G4
106
103
110
11z
114
116
118
iga
122
i2a
1zé€
125
130
132
134
136
133
140
142
1a4
146
144
150
152
154
156
1558
L6l
162
164
166
165
176
172
174

71

INFUT FLLE £CID
Fak Jd=1 18 4
INFUT FILE ®MC1sdd
NEXT o

FaR J=1 18 4

INFUT FILE FCLaJd2
NEAT J

NEXKT 1

LF M9<4.5 THEN 130

FAOK J=% 10 9

INFUT FILE KCJ)
NELT J

FOK I=1 18 N9

F3rn J=% 18 9

INFUT FILE MCLad)
NEAT J

FARK J=5 T8 9

INFUT FILE FCIsd)
NEXT J

NEXT 1

IF MI<9.5 THEN 130
Fidk J=10 19 ta
INFUT FILE KO
NEAT J

FOK I=1 13 N9

Fok J=10 19 14
INtUT FILE MCLsdJd)
NEAT J

FDb J=10 13 14
InFUl FILE FCI-d
NEXT J

WEXT I

IF M9<14.5 THEN 130

FOk =1 Td N

Fagr D=1l T8 ™

FRINTY"DRIVER LENGTH IS57iL1s"KI="3K1,"K2=""3 KD
FRINTYFICAKUER LENGIH L15"3L2s"K3="3R3,"Rkax"3kK4
FRINTYCLALU THECKNESS IS"3C,"MI="sMi,"Mp="3m2
FRINT "FICKUE IS KECESSEDYsL3»"LIFT JFF 1530
FRINT"UDISC. VOLTAGE 1S “VisTLERD PHAASE 195 301
FPRINT"LEFECT VOLUME ISs VL) ,»"S & O FACTOK I5"3S(2)
FrIN ‘

FrINT " 40 > K,

F@r J=1 18 4

FRINT KC(JY»

NEXAT J

Fak I=1 183 N9

FIRINT £C¢1)»

Fadk J=1 18 «

FriNT MCLsd) s

NERT J

FRINT " %,

Pl Jd=1 T8 4

FrINT FC1,d)

NEXT J

FrINT™



i76
178
130
1852
15 4
18 &
185
190
192
19 4
12 6
194
200
Z02
204
206
08
210
212
21 4
216
213
220
22
224
226
224
230
232
PR T4
236
233
240
24
2l
24E
2443
250
z5¢
“5 4
256
255
<60
262
264
26 6
2653
270
27
274
276
273
280
P
2B 4
23 6
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Fdhk U=1 T3 4

LET WI=VOLI .5CA)*M(1,J)*CASCHFCL,U))+VkCASCH)
LET W2=Vv(b)*x5C(0)4«MCL, I)*SINCF(ISJI)+VRSINCE)
LET W3=aTNC(W2/ W)

Ik WI1>0 THENISS

LET Wi=W3+H1

FRINT G1-ATNCVI/ZSEROWITZ24W212~V]12))+ W3,
NEAT U

FRINT

NEXT 1

IF M3<4.5 THEN 282

Fdn J=5 10 9

FRINT KCJ) >

NEXT J

FOK I=1 13 N9

FOR J=S 13 9

FRINT MC(1sU),

NEAT J

Fdn J=5 12 9

FRINT FCLsJd) .

NEXT J

FIR J=5 T3 9

LET Wi=VID)+5C0)*M(I5,J0)%CASCFCL,J))+VkCASCE)
LET Wa=VL)*5()*MCL,J)*SINCFCI o)) +VRSINCE)
LET W3=ATN(W2/W1)

IF Wi>0 THEN 230

LET W3=W3+i1i

FRINT 3 1-6TNC(V1I/SURCWITZ2+02t2-V1I12))+h3,
NEAXAT J

FiInN

NEAT I

IF M9<2.5 THEN 282

FO3R J=10 Td 14

FrINT KCJ) s

NEXT J

Faik I=1 13 N9

FOh J=10 10 1<«

FRINT MCLsd)d)s

NEXT J

Faxk J=10 Td 14

FRINT FCLaJd) s

NEXT J

FOr J=1C 18 14

LET Wi=VODI*S50I)I*M(T, ) *CASCHECI,I))+VxCASCH)
LET W2V S22 *MCIJ)*SINCFCL, D))+ VESINCE)
LET W3=ATNC(WE/ WD

IF W1>0 THEN 272

LET W3=W3+H1

FRINT @1-2TNCVI/ZSGROWIT2+0212-V112))+W3,
NEXT J

FixINT

NEXT I

IF M9<14.5 THEN 282

NEXT L

NEXT O

FRINT
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288 1IF L<.25 THEN <4

220 DATA +1436T5E~2, 21 4466FE-2,+.305362E~2s «41B3TI9E~-25557527E-2
292 LATL |

294LUATA136045E 653364882, 1034040 -623355745.079711F-653.343604
296 END

Change in Magnitude and Phase of Induced Voltage
Due to a Defect in the Base Material

Discussion of RFDFTB

This program is designed to calculate the defect sensitivity factor
for a reflection-type coil above a two-layered conductor (see Fig. 4,
p. 38). TFor this program.the defect must be in the lower layer. The
pickup coil must be identical, equidistant from the respective ends of
the driver coil, and be within its length. They must also be coaxial
with the driver coil. 1In addition, the two conductor layers may have
different electrical conductivities.

To use this program, one must first divide 2ll dimensions by the
mean radius of the driver coil. The results will, of course, be dimen-
sionless and will be referred to as being "normalized.” The product of
the angular frequency of the driving current, the permeability, and the
square of the mean driver coil radius must be calculated for each con-
ductor. Let this product be denoted by wulcl?z for the upper layer and

by muzaz?z for the lower one.

Once these calculations have been made, one need only type the

following lines into the program. [Note: (Parentheses are not typed.)]

12 LET Rl = (nﬁmerical value of normalized inner radius of driver
coil) ,

14 LET R2 = (numerical value of normalized outer radius of driver
coil) ‘

16 LET R3 = (numerical value of normalized inner radius of pickup
coil)

18 LET R4 = (numerical value of normalized outer radius of pickup
coil)

20 LET L = (numerical value of normalized lift-off)

22 IET Tl = (normalized length of driver coil)

24 LET 12 = (normalized length of pickup coil)

26 LET L3 = (normalized distance of pickup coil from ends of

driver coil)
ML = (opy0yF2)
M2

28 IET ML - 7
= (wppo,T?)

30 LET



T4

Note: If the conductivity of the upper conductor is zero, one must

type two additional lines:

112 LET X1 = X

114 IET Y1 = O

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

34 LET R = (numerical value of normalized r position coordinate of
defect)

36 LET Z1 = (numerical value of normalized z position coordinate
of defect)
The program may now be run.
For each lift~-off value, the print-out by the computer will have
the following format:

DEFECT PROGRAM FOR PHASE-SENSITIVE RDDY-
CURRENT INSTRUMENT

DRIVER LENGTH IS (I1) Rl = (R1) R2 = (R2)

PICKUP LENGTH IS (I.2) R3 = (R3) R4 = (R4)

CLAD THICKNESS I8 (C) ML = (M1) M2 = (M2)

DEFECT LOCATION IS R = (R) 7 = (Z1)

PICKUP IS RECESSED (L3) LIFT-OFF IS (L)

X REAL #1 IMAG #1 REAL #2 IMAG #2
5 e memmme e e
10 eemmeme mmeeee mmmmem e
15 e e e emm——
20 mmmeme mmmmem mmmmee e
25 e i e
30 mmemem emmmes emeeme e

VOLTAGE/FINN'R(BAR) = —=nmn~-- PHASE = —==wm-

The various symbols enclosed in parentheses are used here to indi-
cate that the numerical value of the symbol will be printed. The first
column, headed "X," is the upper limit of the integration being performed
by the computer, while the other four columns are the real and imaginary
parts of the two integrals which appear in the expression for the defect
voltage. These appear primarily to allow one to inspect the convergence
of the integration. In addition to the phase of the defect sensitivity
factor, the last line contains the magnitude of the defect sensitivity
factor divided by the product of the frequency of the driving current,
the number of turns on the driver and pickup coils, and the mean radius

of the driver coil.
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The example below is presented for additional aid to those who wish

to use this program.

Sample Calculation of RFDFTB

Let us suppose that we wish to know the defect sensitivity factor
for the case of two pickup coils positioned ingide the driver coil and
flush with its ends. The driver coil is assumed to be 2 in. long with
inner and outer radii of 0.200 and 0.300 in., respectively, while the
pickup coils are assumed to be 0.200 in. long with inner and outer
radii of 0.100 and 0.150 in., respectively. The conductors are assumed
to be 0.010 in. of copper clad on an effectively infinite thickness of
aluminum (at lemst four-coil diameters or skin depths, whichever is
smaller). Let us further suppose that we are'interested in the defect
sensitivity factor for the case in which the defect iz located 0.015 in.
below the surface of the copper, 0.250 in. from the coil axis. We
shall assume the driving frequency to be 5 kHz and the lift-off to be O.

First, we determine the mean radius of the driver coll to be
0.250 in., so that

Nbrmalized inner radius of driver coil = 0.200/0.250 = 0.8

Normalized outer radius of driver coil = 0.300/0.250 = 1.2
Normalized inner radius of pickup coils = 0.100/0.250 = 0.4
Normalized outer radius of pickup coils = 0.150/0.250 = 0.6
Normalized lift-off = 0/0.250 = O

Normalized length of driver coil = 2.000/0.250 = 8

Normalized length of pickup coils = 0.200/0.250 = 0.8
Normalized distance of pickup coils from ends of driver coil = 0O
Normalized thickness of copper = 0.010/0.250 = 0.04
Normalized r position of defect = 0.250/0.250 = 1

Normalized z position of defect = 0.015/0.250

i
O
o
&)}

Furthermore,

Angular frequency of driving current = 10,000 n sec
Permeability of both conductors = 4m X 1077 h/m
Conductivity of copper = 5.77 X 107 mhos/m
Conductivity of aluminum = 2.86 x 107 mhos/m

Thus,

b)}_LlO“]_}.:z = 91. 91

wuzgz}”z = 45,48
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This information is now typed into the program as follows:
12
14
16
18
20
22
24
26
28
30
32
34
36

LET
LET
LET
IET
LET
LET
LET
LET
LET
LET
LET
LET
LET

Rl =
R2 =
R3 =
RS =
I, =
Ll =

FOBERER
|

The program is now run with the following results:

DEFECT PROGRAM FOR PHASE-SENSITIVE EDDY-
CURRENT TNSTRUMENT

DRIVER LENGTH IS & Rl = 0.8 R2 = 1.2

PICKUP LENGTH IS 0.8 R3 = 0.4 R4 = 0.6

CIAD THICKNESS IS 0.4E-01 ML = 91.91 M2 = 45.48

DEFECT LOCATION IS R=1 Z = -0.68-C1

PICKUP IS RECESSED O LIFT-OFF IS O

X REAL # 1 IMAG # 1 REAL # 2 IMAG # 2

5 0.1113324E-01 —-0.1749774E-01. 0.135291E-02 —0.229157E-02
10 0.1374891E-01 ~0.1911757E-01 0.4505488-03  —0.1722902E-~02
15 0.1398878E-01 —0.1918473E-01 0.0672111E-02 ~0.1785403E-02
20 0.1396504E-01 ~0.1918094F-01 0.0658329E-02 ~0.1783994E~02
25 0.13925925-01 —0.1917590E-01 0.06558658-02 —0.1783552E~02
30 0.1391729E-01 ~0.1917509E-01 0.0658044E-02 —0.1783775E-02

VOLTAGE/FINN'R(BAR) = 0.4739195E-07 PHASE = —2.1603427

from which we see that the phase of the defect sensitivity factor is
—2.1603427, while its magnitude is the product of 0.4739195 x 10'7, the
frequency of the driving current, the number of turns on the driver coil

and pickup coils, and the mean radius of the driver coil.

RFDFTB Program

10
12
14
16
13

22
a4
26
28
30

KEM
LET
LET
LET
LET
LET
LET
b1
LET
LET
LET

RKl=e3
RE=1.2
K3z« 4
k4= o 6
L=0C

L1=38
LZ2=+4
L3=0
M1=91.91
M2=45. 48

KFDFTE

VERSIJN

037037 69



77

32 LET C=.04
34 LET K=1
36 LET Z1=-.06

38 PrInNT' DEFECT PROCGRAM FOR PHASE SENSITIVE FDDY®™
40 FRINT™ CUHRENT INSTRUMENT®

42 FRINT

44 FRINT

46 FRINTDRIVER LENGTH I8"5L1,"R1="3K1,"K2="3 K
48 FRINT"PICKUF LENGTH IS5"3L2,"K3='"3 K3, "Ka="3Ra
50 PRINTUCLAD THICKNESS IS"3C,"M1="3M1,"M2="3M2
52 FRINTYDEFECT LUCATION 8", "R="3K,"Z="321

54 FRINT “FICKUF [S RECESSED"™;L3,"LIFT @FF IS";L
SE FRINTUA™, "KEAL #1","IMAG #1","REAL #2%,“IMAG #2"
S8 LET S1=1E=2

60 LET 5£=5

£2 FBR I=1 T3 2

64 LETRCIDI=0O

66 LETICI2=0

&5 NEXT I

70 LET B1=0

T2 LET BZ =82

74 FBKA=BE1+S1/2TJB2STEPS]

7% LET Zzko%X

78 LET &1=R2

40 GISUE 194

52 LETI2=F2

B4 LET 4=i1%X

56 LET @l=k1

8% G SUB 194

YU LET Li1=F2

P2 LET $3=C12-1 1) 4ST*CEAP(-K*¥L) ~EXEFC-X4CL+L 1327
94 LET Z=Ra%K :

96 LETG1=ka

98 GJ SUEB 194

100 LET L[4=¢2

102 LET Zzk3%X

104 LET €1=K3

106 GO SUE 194

105 LET 13=F2 ,

110 LET S4zCIa-I3)kSIH(EXPC-X$L) =EXPC=-X%(L+L2)) I EXF( -A%L 3)
112 LET X1 = +70710T4SURCSORCXKXAK®X+M 1%M 1) +X%X)
114 LET Y1 s TOTI0THSERC SGREXARX KX KX +M 1RM 1) =XkK)
116 LET K2 = . 7071074SURCSEROXKX XX EX+M2kMD) +X%X)
113 LET Y2=.707107%S6RCSERC AKX kX AX+M24MD) - X#K)
120 LET X3=EXPC2%X 1%C)

122 LET Y3=COSC2%Y 1%()

124 LET Y4=SINC2%Y 1%0)

126 LET K5=COSCIY 1+Y2) xC+Y2%Z 1)

128 LET YS=SINCIY 1+72) %L+Y 2%Z 1)

130 LET X6=2%EXFCC(X1+4X2) %U+X2%Z 1)

132 LET AS=X 1¥X5Y 1%Y 5

134 LET E5=Y 1%#K5+X 1%75

136 LET Coz(A+X1)%CX1+K2) =Y 1%(Y 1+Y2)

138 LET CTaY 1% (X 1+X2) +(X+X 1D % (Y 1+Y2)

P40 LET CHs(X=-K1)4 (X I=X2)4Y 1k (Y 1-Y2) +CCEXY 3=CTHY 4) #X3
142 LETUSSCA=X 1D (Y 1=Y2) =Y 1R (X | ~X2) 4 CCTRY 3+CEHKY 4) X3
144 LETA1=X6k(ASKCS+ESKDS) / (CS5%C5+D5%D5)

146 LET K2zKE4(COkBS~ASKDS) /(CHXCS5+DS4D5)

148 LETC=X*K

150 GASUBLZ 4

[ | 1
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152 LETRCI)=rC 1) +S3%K1%kJ1

154 LET 1C1)=1C1)+53%xL2%J1

156 LET R(2)=R{2)+54k1%xJ]

158 LET [(2)=1C2)+54%K2%xJ}

160 NEXT K

162 FlnT X451/, kU111 RE2YS1(2)

164 LETDl=p1+82

166 LETR2=EZ2+52

163 LE1SI=5kE~2

17¢ IF XK<15 THEN 74

172 LET S1=.1

174 1F X<2b THEN 74

176 LET RO3)=RKO1)xR(2)-1C1X%I(2)

175 LET [C3)=Rk D)L (2)+RK(2)*1C1)

150 LET F=aINC(IC32/ (03D

132 IF R(3)>0 THEN 156

154 LET F=pr-FI1

186 LET M=50RI(RC3I*RKRO3I+I(3I*IC3))

188 LET @=3%2.4805E-5%«M2/(C4xFPI*(R2-K]1)*®(K4-K3) k. 1%x.2)

190 FRINTU"WLTAGEZFLINN"sUBARI="" UkMs "FHASE=""3 F

192 GJ Ty 24é

194 IF £>% THEN 212

196 LETLS=INT(242)+3

198 LETR 1= S%Ulk 1 *L

200 LET FE=FLI/3

22 FBRN=11T4LS

204 LETF1=~P 14 250%2%L7 (NKN+N)

06 LEIFE=F2+F 17 (2%N+3)

U3 NESTN

210 GI1g «ez

212 LET F1=C0(-135%. 1357724+ 10911423/24~-23.793332/4+2.050931)7 4
214 LET Fl1=sC(FlI~« 1730503)/4+. 70348345/ 2~064109F~3

216 1LET Fe={({~5.81T7T51T7/4+2e LOSRTLI/ L= 6396196272+ 49352024372
215 LET re=(F2-e 18 7344E~-2)/24+« 7919095

220 LET Fes(l-0GRlL) 4 (P2 CISCL-FIZ4) -1 SINCZ-FL/Z 4)))/7 (X*%X)
cel KRETURN

2ra Lre>3THEN 234

226 LET L1=(((2e 1E~ 11421 2~5.33E~9)%kZ212+6e TSTE-TIHZ12~5. 42443F~5)%ZL2 2
zed LET 1=l +2e 6UAISE~3) %L1 2~ 6e 250 -2) %1244 5

230 LT J1=£%G1

P3¢ GITY 244

234 LET G350 (=~ 140405 T/6+22T61T6TIX/L~20210391)/2+4.61835F~3)/4
236 LET w3=((L3++ 14937)/ 4t die 6BE~6)/ 4L+ TP TBB8456

238 LET was (- 2126201474+ 1939 7232)/7L%6.022133E-2)/4~171222733E-1>)/2
A4l bl La= (et S UBSE~d)/ 2+ 3T493336)/ 42435619443 +L

P4 LET J1=t3%CaS5064) 7Sk L)

e FETURN

246 LET L=l+al

25 PRINT

250 1r L<e2% TrlkN 46é

“hi BN
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THROUGH~ TRANSMISSTON COILS

This type of coil and conductor configuration, shown in Fig. 6, is
also used with the phase-sensitive eddy-current instrument. It consists
of a large driver coill and a pickup coil on opposite sides of a conductor.
The signal transmitted by the driver coil passes through the conductor
and 1s' then detected by the pickup coil.

In this section there are programs that calculate the magnitude and
phase of the induced voltage (THRU5) and the change in the magnitude and
phase of the induced voltage due to a defect (THRUDF). 1In addition, the
program, DISC, in the preceding section can be used to calculate the

phase shift of the induced voltage with the "lift-off" set.

ORNL - W5 68-7313

~ 7% £y

TN

N

3

NN

RN

Fig. 6. A Through-Transmission Coll Arrangement.
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Magnitude and Phase of Induced Voltage

Discussion of THRU5

This program is designed to calculate the magnitude and phase of the
"voltage" induced in a pickup coil of rectangular cross section by the
current in a driver coil of rectangular cross section positioned on the
opposite side of a conducting plate. The coils must be coaxial but may
have different lengths and radii. The physical situation is shown in
Fig. 6.

To use this program, one must first divide all dimensions by the
mean radius of the driver coil. The results will, of course, be dimen-
sionless and will be referred to as being "normalized." The product of
the angular frequency of the driving current, the permeability, the con-
ductivity, and the square of the mean driver coil radius must be
calculated for the conducting plate. ILet this product be denoted by
wplcl?z.

Once these calculations have been made one need only type the
following lines into the program. [Note: (Parentheses are not typed. )]

20 LET Rl = (numerical value of normalized inner radius of driver

coil)

30 LET R2 = (numerical value of normalized outer radius of driver
coil)

(numerical value of normalized inner radius of pickup

coil)

50 LET R4 = (numerical value of normalized outer radius of pickup
coil)

60 IET L = (normalized lift-off of driver coil plus normalized
1lift-off of pickup coil)

70 LET 12 = (normalized length of driver coil)

80 LET I4 - (normalized length of pickup coil)

90 LET ML = (numerical value of wu,0,r?)

40 LET R3

11

Note: If the conductivity of the conducting plate is zero, one

must type two additional lines:

400 LET X1 = X
410 TET Y1 = O
100 LET Ul = (numerical value of relative permeability of conducting

plate)
110 TET C = (numerical value of normalized thickness of conducting
plate)
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The program may now be run.

The print-out by the computer will have the following format:

Rl = (R1) : R2 = (R2) R3 = (R3) R4 = (R4)
L2 = (12) W = (I4) LIFT-OFF = (L1) ‘
THICKNESS = (C) ML = (ML) Ul = (ul)

X REAL OF PICKUP IMAG OF PICKUP

1. ememee 0 emeeen

2. e e

3. dddmme

b eeeame e .-

5. mmemesm e

10, cmmmee e

15, emmmme ememea

25. mmmmme mmeee

35, mmmmee e

MAGNITUDE IS -s~==- : PHASE IS ~=~~w=
VOLTAGE/FINN'R(BAR) = =wwee-

The various symbols enclosed in parentheses are used here to indi-
cate that the numerical value of the symbol will be printed. The first
column, headed "X," is the upper limit of the integration being performed
by the computer. The other two éolumns are the real and imaginary parts
of the integral. The next to the last line contains the magnitude and
phase of the integral. The last line printed is the magnitude of the
peak (or rms) induced voltage divided by the product of the frequency
of the driving current, the magnitude of the peak (or rms) current, the
number of turns on the driver coil, the number of turns on the pickup
coil, and the mean radius of thetdriver coil in meters.

The example below is presented for additional aid to those who wish

to use this program.

Sample Calculation of THRUS

Suppose that we wish to know the voltage induced in a pickup coil
0.025 in. long with inner and outer radii of 0.4875 and 0.5125 in.,
respectively, by the current in a driver coil positioned on the opposite
side of a 0.250-in.-thick copper plate. The driver is assumed to be
0.800 in. long with inner and outer radii of 0.100 and 0.900 in., respec~
tively. The frequency of the driving current is assumed to be 1.25 kHz,
the lift-off of the driver coil to be 0.0125 in., and the lift-off of
the pickup coil to be 0.0125 in.
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First, we determine the mean radius of the driver coil to be

0.500 in., so that

Normalized inner radius of driver coil = 0.100/0.500 = 0.2
Normalized outer radius of driver coil = 0.900/0.500 = 1.8
Normalized inner radius of pickup coil = 0.4875/0.500 = 0.0975
Normalized outer radius of pickup coil = 0.5125/0.500 = 1.025
Normalized lift-off of driver coil = 0.0125/0.500 = 0.025
Normalized lift-off of pickup coil = 0.0125/0.500 = 0.025
Normalized length of driver coil = 0.800/0.500 = 1.6
Normalized length of pickup coil = O. 025/0 500 = 0.05
Normalized thickness of copper plate = 0.250/0.500 = 0.5

Furthermore,

Thus,

This information is now typed

Angular frequency of driving current = 2x X 1250 sec
Permeability of copper =

Relative permeability of copper = 1

Conductivity of copper =

wulal?z

= 91.91

20
30
40
50
60
70

LET
LET
LET
LET
LET
LET
80 LET
90 LET ML

100 LET Ul
110 IET C

R1
R2
R3
R4
L o=
L2

4 =

Ii

0.
1.

4t X 1077 h/m

5.77 x 107 mhos/m

2
6

0.0975
1.025
0.05

1.

6

0.05
91.91

=1

0.

5

The program is now run with the following results:

Rl = 0.2 R2 = 1.6

2 = 1.6 I4 = 0.5B-01
THICKNESS = 0.5 ML = 91.91

X REAL OF PICKUP
1 —~0.2095097E-05
2 —~0.1267416E-04
3 —0.2058863E-04
4 -0.2141352E-04
5 —0.211496E-04
10 ~0.21123958-04
15 ~(0.2112471E~-0%
25 —0.2112472F~04
35 —0.2112472E-04

MAGNITUDE IS 0.2842956E-04

VOLTAGE/FINN'R (BAR)

R3 = 0.0975 R4 =
LIFT-OFF ==
Ul =1

IMAG OF PICKUP

cleNoRoNoloRoNoNS]

.2713761E-05
.1313368E-04
. 1865904 F-04
. 1906794E-04
.1901738E-04
.1902734F~04
.190259E~04
. 1902593504
.1902593E-04

0.5E-01

-1

into the program in the following format:

1.025

PHASE IS -~3.979216

= 0.2715425E-07
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from which we see that the phase of the induced voltage is ~3.979216.
The actual magnitude of the induced voltage is obtained by multiplying
the last line by the frequency of the driving current (1250), the
magnitude of the current, the number of turns on the driver coil, the
number of turns on the pickup coil, and the méan radius of the driver

coil in meters.

THRUS Program
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370 GESUE TEéU
30 LET Jdl=fg
390 LET S53zA% 51k (IZ-1 1D «(J2~-d 1)
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AO0LETAI=e TUTIOCTHSURISURTARARARAFM THRMII+0%4) /101
CTULEIY 1=me TUTLIUTS SLRLSWRRAFAKAL A+ 140 1) ~ XK A
LU LT KG=RARCERA IRUA£LILD
oL ET r3=0a9028 14k li1)
LA0 b Y e=SINCERT TR URLT)
iDL CTEGEA RO SCY 1RO =Y 1RSINOY 150D
béL:t,L1r¢~r 1L SOy 10 +X 1R SINCTY 1202
270 LETCI=((RK+A DD RCAFA D) =Y 1Y 1) kY 3-2%Y 1R (A+A1)HRY 4
i e TleE=1 1k 1~C(A=K 1R (K=-A1)+43%xC 1
0 LR TL 1= gk (CAFA Y RCA+FRK 1)~ 1Y 1D+ 2% 1R (A+X12%Y D
SUL LETLE=28Y 1R (A-N1)+X 8%l
S1C LETRI=Ca3R02+u3%02) /7 lexCa+DExLI2)
Sel LETAR=CLGkCE-AZELEY/ CLEXCE+U2KRLE)
S50 LETGsl-ral(-AxL ek 1~ PC~-KkL 4) )R ELFC-LaA+X 150D
HaUlL e L <—£ E SEHRK TR G
R5lL Tlo=slasH3%E% G
Nk \f A
i‘fL.Lr Tel=oe
S G bl ndsngr e
S0 FRENT A+51/ 251651
EUG LRA<TGe STAENESC
10 LET S1=bk~-2
CeUlLE Tose=5
CRCLFA<ITHENZZC
LT SE=10
FOClrTol=s |
EHUTFA<25TAHENZZD
ET 0 Ltiu}*%Lh(16*16+lu*I%)
Ca O LET Lb=0TNO-1 67104
e IF L5<0 Tk 710
TUULETLE=CE2+ 3. 141577
IO PRINTYAENTITUHE TS5 61, " FHASE 15V -U2
Tl bl v VAL TACGE/FINN"RCESRK) ="
T30 PNt Fed2001E=59kC 1/ {0 a=32 % n2- 1)L 0kL 4)
T4OFRLINT
o0 Gd 1w 210
50 IrZ>5 TrbEN 550
T70 L1 Ly=INT(ex4)+3
TsC LET Fl=«5FG1R0IkET
70 LET F2=k17 3
SUU Fdee N=1TYLR
10 'zlr1:~P1*.zqu*¢*4/cw*m+w>
B20 LETFZ2=F2+F 1/ (2XxN+3)
A30 NEXTN
s4U DTy 9CC
S0 LET 150001334 139T/2+109« 1142)/4-203.739333)/£4+2.050931)/ 2
SE0 LET WI=C(CUl=e 1730503/ 2+ TUB4B 45/ L~ 0641073
S70 LET L/-(((~H.,17H1I/Z+?.ICH/7A)/L-.66961)6)/£+. 42520242/ 2,
A0 LET 62=(6e-e 137344 ~-2)/2+ 7979095
SO0 LET Foz(l-SUh(L) %24 CISCL~FL/4) -1k SINCE-FLZ 4))) / (R%xX%KK)
FO0 RETURN
210 EnND




Change in Magnitude and Phase of Induced Voltage Due to a
Defect in the Plate Between the Coils

Digcussion of THRUDF

This program is designed to calculate the defect sensitivity factor
for a pickup coil of rectangular: cross section due to the current in a
driver coil of rectangular cross: section positioned on the opposite side
of thekconducting plate containing the defect. The coils must be
coaxial but may have different lengths and radii. The physical situation
is shown in Fig. 6, p. 79.

To use the program, one must first divide all dimensions by the
mean driver coil radius. The results will, of course, be dimensionless
and will be referred to as being '"normalized." The product of the
angular freguency of the driving current, the permeability, the conduc-
tivity and the square of the mean driver coil radius must be calculated
for the conducting plate. Let this product be denoted by wulal;g.

Once these calculations have been made, one need only'type the

following lines into the program; [Note: (Parentheses are not typed.)]

12 LET Rl = (numerical value of normalized inner radius of driver

coil)
14 IET R2 = (numerical value of normalized outer radius of driver
coil)
16 LET R3 = (numegical value of normalized inner radius of pickup
coil
18 LET R4 = (numerical value of normalized outer radius of pickup
coil) ‘
20 LET L1 = (numerical value of normalized lift-off of driver coil)
22 LET T1 = (numerical value of normalized length of driver coil)
24 LET 12 = (numerical value of normalized lift-off of pickup coil)
26 LET T2 = (numerical value of normalized length of pickup coil)
28 LET ML = (normalized wu,0177)
30 IET ¢ = (normalized thickness of conducting plate)

C
32 IET R = (normalized r position coordinate of defect)
34 LET Z1 = (normalized z position coordinate of defect)

The program may now be run.

The print-out by the computer will have the following format:



DRIVER LENGTH IS (T1)
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Rl = (R1) R2 = (R2)

PICKUP LENGTH IS (T2) R3 = (R3) R4 = (R4)

DRIVER LIFT-OFF 1S {(Il1) PICKUP LIFT-OFF IS (I2)

PIATE THICKNESS IS (C) ML = (M1)

DEFECT POSITION IS R = (R) 7 = (Z1)

X REAL #1 TMAG #1 REAL #2 IMAG #2
1 e memmmemem e v s
2 e . cmmm——
3 mmmmmem e e ememm——
4 e mmemme, e
5 e e
10 edmeme e e e
15 emmmme memmme mmemae memee
720
25  emeess mmmemme e e
30 mmeeee e cmmmm e
35 mmemee memmme mmmmee meeeee

VOLTAGE/FINN R*!(BAR) = -wmm-= PHASE = cmmem-

The various symbols enclogsed in parentheses are used here to indi-
cate that the numerical value of the symbol will be printed. The first
column, headed "X," is the upper limit of the integration being performed
by the computer, while the other four columnsg are the real and imeginary
parts of the two integrals which appear in the expression for the defect
These appear primarily to allow one to inspect the con-

In addition to the phase of the defect

induced voltage.
vergence of the integration.
sensitivity factor, the last line contains the magnitude of the defect
sensitivity factor divided by the product of the frequency of the driving
current, the number of turns on the driver and pickup coils, and the
mean radins of the driver coil.

The example below is presented for additional aid to those who

wish to use the program.

Sample Calculation of THRUDF

Suppose that we wish to know the defect sensitivity factor for a
pickup coil 0.025 in. long with inner and outer radii of 0.4875 and
0.5125 in., respectively, positioned on the opposite side of a 0.250-in.-
thick copper plate from a driver coil that is 0.800 in. long with inner
and outer radii of 0.100 and 0.900 in., respectively. Let us further
suppose that we are interested in the defect sensitivity factor for the

coil in which the Jdefect is located 0.125 in. below the surface of the



copper 0.500 in. from the coi
current is assumed to be 1.25
be 0.0125 in. and the lift-of
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1 axis. The freguency of the driving
kHz, the lift-off of the driver coil to
f of the pickup coil to be 0.0125 in.

First, we determine the mean radius of the driver coil to be

0.500 ‘in., so that

Normalized inner radius
Normalized outer radius
Normalized inner radius
Normalized outer radius

of driver coil = 0.100/0.500 = 0.2

of driver coil = 0.900/0.500 = 1.8

of pickup coil = 0.4875/0.500 = 0.0975
of pickup coil = 0.5125/0.500 = 1.025

il

#

Normalized 1lift-off of driver coil = 0.0125/0.500 = 00,025

Normalized liftt-off of p

ickup coil = 0.0125/0.500 = 0.025

Normalized length of driver coil = 0.800/0.500 = 1.6
Normalized length of pickup coil = 0.0125/0.500 = 0.025

Normalized thicknessz of
Normalized r position of
Normalized z position of

Furthermore,

copper plate = 0.250/0.500 = 0.5
defect = 0.500/0.500 = 1
defect = 0.125/0.500 = 0.25

it

Angular frequency of driving current = 27 X 1250 sec™t

Permeability of copper =
Relative permeability of
Conductivity of copper =

Thus,
mplal?z = 91.91
This information is now typed

12
14
16
18
20
22
24
26
28
30
32
34

The program is now run with t

4 X 10”7 whos/m
copper = 1
-

5.77 x 107 mhos/m

into the program in the following format:

LET Rl = O
LET R2 = 1
LET R3 = O
LET R4 = 1.
O
]
0
O

=

LET L1 =
IET T1
LET L2 =
LET T2 =
LET M1 =
LET C = 0.5
IET R = 1

LET Z1 = —0.25

1

he following results:
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DRIVER LENGTH IS 1.6 Rl = 0.2 R2 = 1.8

PICKUP LENGTH IS 0.5E-01 R3 = 0.0975 R4 = 1.025

DRIVER LIiFI-OFF I8 0.25E-01 PICKUP LIFT~OFF IS 0.25E-01

PIATE THICKNESS TS 0.5 ML = 91.91

DEFECT POSTTION TS R=1 7 = -0.25

X REAL #1 TMAG #1 REAL #2 IMAG #2
1 0.0629491E-01  0.0632373E-01  0.0691648E-03  0.0694502E-0
2 0.3331064E-01  0.328999E-01 0.0712987E-02  C.0700937E-0
3 0.4640298-01 0.453173E-01 0.1760296E-02  0.16863558~0
4 0.4647456E-01  0.4538658E-01  0.2099335E-02  0.1990084E-0
5 0.4626008E-01 0.4522971E-01  0.1793536E-02  0.1744791E-0
10 0.4658471E-01  0.4536996E-01  0.1921084E-02  0.17991E-02
15 0.4640574E-01  0.4533249E-01  0.1934439E-02  0.1801759E-0
25 0.4642996F-01  0.4533432E-01  0.1946801E-02  0.1802697E-0
35 0.46432598-01  0.4533443E-01  0.1949332E-02  0.18027958-C

VOLTAGE/FINK'R (BAR) = 0.0789925E-05 PHASE = 1.5197954

From this we see that the phase of the defect sensitivity factor is
1.5197954, while its actual magnitude is obtained by multiplying

7.89925 x 10~7 by the frequency of the driving current (1250), the number
of turns on the driver coil, the number of turns on the pickup coil,

and the mean radius of the driver coil in meters.

THRUDF Program

10 =Ebw T RULK VEKRSL ow O3/ C37 673
12 LET rmizeg

14 bl ne=1ed

16 LEl ni=.0275

15 -bET néz=lelb

SU bkl Ll=elEd

Zet bET T 1=1e 6

4 LET lLe=e (85

f BT TEse U5

T S T ST = B B |

SG LEL U=eb

Je LET n=d

G4 P11 sZi=-e.25 .

36 FrlNi"ounlVEe LENGL= 155 01" iz ks "r2="3R?

35 ralNTUFICKUEFE LInGTH IS5 T2, "K3="3h3s"ka="3 k<

AU Pl NT"DKRIVER LIFTIFF ISV 1, "FICKUF LIFTARE IS8"s5LP
L Pl NT"FLATE THIUOANESS IS5"3Cy"Mi=";3M1

A4 FRINTVDEFECT FOSITION LIS"s"h="3sRs =341

46 FrINTUR"s "RESL #1171 MAG #1"s "REAL #2", "IMAG 2V
s LET S51=1Eb-2

SU LET LS2=

Se kun Jd=1 1o ¢

o4 LET nCJdd)=0

S LET LCAd)=C

S NEAT J

6C LET B1=C
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-

£2 LET hE2=52

G4 Fud A=pl451/78 14 B2 STER S
66 LLET LzkekK

&8 LET Wl=r2

TG Sk 210

T LET To=pg

T4 LET Z=imixx

¢ LET Li=ni

T Ld SUk 210

50 LET [1=¢g

Bz LET =kRaxX

g4 LET Wiske

46 Bd SUB 210

B LET Jd=rg

YO Let £=r0%4

Fe LET Wl=RY

d4 GBS SUe 210

FEOLET Je=F2
5 LET £=h*ig

1OU B9 sSURB 240

10 LET SG=S1%C1g2-L1y%xJ1

104 LET Sa=S140J3-020xJ1

106 LET XK1= TUTICTHSURCSERARIELRX+ 4 14N 1) + X801
Tus L1 112.7UTID7*S@H(SUH(K*K*S*K+M1*M1)-K*A)
P10 LET S3=8AF(2%X 1%C)

112 LET ¢ 3=C)8SCa4y 1RE)

The LET Ya=SLNC2%Y 1%()

116 LET CEs{AR+H1IRCKI+AD) =Y 1RCY 1+Y5)

Pl LT CT=v 14 (A 1+A2) +0Aa+A 1) % (Y 1+7 D)

120 0L

LOE (A=A KR T ~REI+T 1A (Y 1 =Y 2+ (UARY 3= TRY L) %X 2

;..
128 LETUSS (X~L 1Y b~1e) =Y 1R (R 1=AL)+(CTHY 3+ CE*Y 4) %K 3

I K=C00%L5+05% 15

T A1=X3%CCX+X 1) kY 3-0 14Y 4)
LET Cl=X3% R +A 1) ¥ £+7 1%Y 3D

13¢ LET L=L1

182 LbET T=11

134 LET =21

126 @4 SUE zeg

188 LET fea=p2

140 LET Ba=C2

tg2 LET L=LZ

lee LET T=2Tg

bae LET Y==(L1+0()

143 G3 SUB 262

150 LE1 Ab=4w

152 b1 eb=(C2

1504 LET K1=(Ra%x(S+paki8) /K

156 LET Ke=(RA kLS~EAx(5) /K

158 LET K3=(a5KUS+ESXDS)I/K

FOU LET K4=(ASKDS~HY%C5) /K

162 LET RCO1I=rC1I+53%K 1

164 LET [C1)=1C1)+353%K2

166 LET r(2)=h(2)+546%K3

Ted LET [(2)=102)+S4%xK4

t2e LT
126 Lk

12



170
172
174
176
173
150
152
173 4
186
1553
19C
19e
19 4
19 6
1943
zuu
702
204
206
205
z1C
21z
214
216
21is
z220
c2e
cel
zZeé
cen
=230
232
34
=36
23
240
cae
cL4
246
e4a3
2S¢
2oe
£54
256
=253
“Z60
6
2h 4
66
2613
270
272
274
215

20

NEXT X

FRINT A+S51/725KC1)L,1 01 RE2),1¢C2)

LET Bl=k1+52

LET E2=B2+52

1F A<3e5 THEN &4

LET S1=5E-2

LET S5&=%

Ib A<y THEN 64

LET S51=e1

LET >2=10

I K<25 YHEN €4

LET RO =nC DI *xR(2)~1C1I*1(2)

LET [C3)=n(1)R1(E)+x(2IxICT)

LET M=SLrErC3)*xx(D+1C3I*1C3))

LET F=&HTRCIC3)/RO3))D

IF KC3)>C THEN 204

LT F=F+F1

LET G=3%2s 4805FE=9%M1/CexfIaTIRT24(2-RK1Y % (a~K3))
FrlavT"VoLTAGE/ FINN"RCELR) =" kM, "PHASE=""7 P

G Tg 276

{re>5TrEN 223

LETLS=INT(2%£)+3

LETFI=e 5% G Ik I%RL

LT Fz=rl/3

Fohn=1TaLS

LETF I=~F 1k e 2504 LKL/ CNKRNEN)

LETF2=be+i 1/ C2%N+3)

NEATN

Gd1d £33

LET @l1=0C(-183+1307/4+1091142)/2-23.T9333)/2+2.050931)/2
LET @1=CCl1~-e 1730503074+ 77034R45)/7£4-.064109E-3

LET E=(C{~SeB8 17517/ 4+2 1098 T4/ L= e 6RP6196)/ 4+ 49520240/ 7
LET wes(al-a 1873448 -2)/ 44+ 79792095

LET F23C1-5SURCL) A CLexCOS8CL-FI/4) ~U1kSINCLZ-FIZ )Y/ CK%xX)D
RETURN

LR £>3THEN 250

LET 1m0 0(Ze IE=11RAT2-5038E=9) %Lt 04 6. TS TE=TI*Z12~5.42243F-5)%Z ¢
LET wls((ul+ 2. bLaiSE-3)%Lt2~6.25E~2)%L124.5

LET Jl=dgxil

G T8 26C

LET W3=( (= 146040 T/ L+ 2TEITETIN/ -2 2021039 1)/ 72+44 613353F-5)77
LET w320 (U344 1493/ 4+ 244 6BE~EX/ 24T T 456

LET L4z {{(~e 21262014/ L+, 1939 T232)/ 2+ U22I8RE~R2)/2~1.T2P2T33FE~1)/7
LET Wax({Us+He B SE~a) /4 e 3TAOREBEI/ L~ 3561924947

LET JI=zw3%CISC64) /56K 04)

R TLmN

LET AeampAakF(-K1%Y)

LET X5=Ca5CY 11

LET Y5=81INCY 1Y)

LbT A6=EAF(~X%t )41 ~FAF(-X%T))

LET A=A ek(RAI+R 28 ((R-K1)%RXS=-Y 1%Y5))

LET C2=X6%C01-X4x((X~X1)kY5+Y 1%K5))

e TURN

ENLD
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COIL BETWEEN TWO CONDUCTING PLANES

A coil between two conducting planes, shown in Fig. 7, is normally

uged to measure the spacing between the two planes.7

The program
(BTNCO) in this section calculates the normalized coil impedance as a
function of the various coil and conductor variables, including the

spacing between the planes.

Discussion of BTNCO

This program is designed to calculate the normalized impedance of

a coil of rectangular cross section between two conducting:plates of

"C. V. Dodd, Microtecnic 18(5,6), 1~7 (1964).

ORNL ~DWG 68 -7244
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Fig. 7. A Coil of Rectangular Cross Section Between Two Conducting
Plates.
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effectively infinite thicknesses (at least four-coil diameters or skin
depths, whichever is smaller) (see Fig. 7). The plates may have
different permeabilities and electrical conductivities.

To use this program, one must divide all dimensions by the mean
radius of the coil. The results will, of course, be dimensionless and
will be referred to as being "normalized." The product of the angular
frequency of the driving current, the permeability, the conductivity,
and the square of the mean radius of the coil must he calculated for
each conductor. Let this product be denoted by wullez for the upper

2 for the lower one.

plate and by wu202?
Once these calculations have been made, one need only type the

following lines into the program. [Note: (Parentheses are not typed.)]

i

20 LET R1 (Numerical value of normalized inner coil radius)

30 LET R2 (Numerical value of normalized outer coil radius)

40 IET L1 = (Numerical value of normalized lift-off from lower
conductor)

i

50 LET L2 = (Numerical value of normalized lift-off from lower
conductor plus normalized coil length)
60 LET ML = (Numerical value of wp;o;r?)

Note: If the conductivity of the upper plate is zero, one must

type two additional lines:

320 IET X1 = X

330 IET Y1 = O

70 LET Ul = (Numerical value of relative permeability of upper
conductor) _

80 LET M2 = (Numerical value of wpzazrz)

Note: If the conductivity of the lower plate is zero, one must

type two additional lines:

340 LET X2 = X

350 18T Y2 = O

90 LET U2 = (Numerical value of relative permeability of lower
conductor)

100 LET C = (Numerical value of normalized separation of conductors)

The program may now be run.

The print-out by the computer willl have the following format:
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Rl = (R1) R2 = (R2) 1 = (11) 2 = (12)
ML = (ML) Ul = (U1) M2 = (M2) w2 = (U2)
CONDUCTOR SEPARATION IS (C)

X AIR VALUE REAL PART IMAG PART

5 e—ew D m——

10 mmemee e e

15 mmmemme e meen

20 emmmee eemmme dmmen

40 emeeeeemeee e
NORMALIZED IMAG PART wmmm=w NORMALIZED REAL PART -mwwmwm

The various symbols enclosed in parentheses are used here to indi-
cate that the numerical value of the symbol will be printed. The first
column, headed "X," is the upper limit of the integration being performed
by the computer. The second column, headed "AIR VAIUE," is the value of
the integral in the absence of the two conductors, while the remaining
two columns are the real and imaginary parts of the integral in the
presence of the conductors. These appear chiefly to allow one to inspect
the convergence of the integration. The last line is the normalized
impedance of the coil in the presence of the conductors.

The example below is presented for additional aid to those who wish

to use the programn.

Sample Calculation of BRTNCO

Let us suppose that we wish to know the normalized impedance of a
coil of rectangular cross section 0.100 in. long with inner and outer
radii of 0.125 and 0.375 in., respectively, positioned between two con-
ducting plates which are separated by & distance of 0.125 in. The upper
conductor is assumed to be copper, while the lower is assumed to be
aluminum. The bottom of the coil is taken to be 0.005 in. from the
aluminum conductor, and the frequency of the driving current to be 5 kHz.

First, we determine the mean coil radius to be 0.250 in., so that

Normalized inner coil radius = 0.125/0.250

Normalized outer coil radius = 0.375/0.250

Normalized lift-off = 0.005/0.250 = 0.02

Normalized coil length = 0.100/0.250 = 0.4
Normalized separation of conductors = 0.125/0.250 = 0.5

Hoi

0.5
1.5

Purthermore,
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Angular frequency of driving current = 2r X 5000 sec™?
Permeability of both conductors = 4x X 1077 h/m
Relative permeability of both conductors = 1
Conductivity of copper = 5.77 X 107 mhos/m
Conductivity of aluminum = 2.86 X 107 mhos/m

Thus,

wu o = 91.91
Wa,0,T2 = 45.48

This information is now typed into the program using the following format:

20 LET Rl = 0.5

30 LET R2 = 1.5
40 LET L1 = 0.02
50 LET L2 = Q.42
60 LET ML = 91.91
70 LET UL = 1

80 LET M2 = 45.48
90 LET U2 = 1

100 LET C = 0.5

The program is now run with the following results:

Rl = 0.5 R2 = 1.5 Ll = 0.2E-01 12 = 0.42
ML = 91.91 Ul = 1 M2 = 45,48 U2 =1
CONDUCTCR SEPARATION IS 0.5

X ATR VALUE REAL PART IMAG PART

5 0.06617157  0.2512494E-01 —0.0852233E-01

10 0.0557785 0.2569981E-01 ~0.0856341E-~01

15 0.06684212  0.2577326E-01 -0.0856415E-01

20 0.06687971  0.2580084FE-01 —0.0856423E-01

40 0.06689865 0.2581979E-01 -0.0850424E-01
NORMALIZED IMAG PART 0.38595379 NORMALIZED REAL PART 0.12801815

From this, we see that the normalized impedance is

Zn = 0,12801815 + j 0.38595379 .

BTNCO Program

10 REM 3TNC D VERST N 07703753
20 LET R1=.8333

33 LET R2=1.1647

490 LET L1=.0475

597 LET L2=.3309
AD LET M1 =77.05
73 LET Jl=i

B LET A42=40

20 LET UJ2=1
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103 LET 2=.5

2=3
PR3P RENTMI ="M, L= 5 1. 2= M2, 2= 310
1370 PRINT™ "' CHNNICTIR SEPARATIAN [S': 2
140 PRINT X7, 401X JALUKY, "REAL PART, ""IMAG PART

150 whT Si=1&8-2

1 A0 LAT §23=5

PYD LET 162D

P30 LET I7=D

190 LaT I[%=)D

200 LET 31=0

213 LET 32 =582 ‘

220 R A = 31 #8172 T8 32 3TEP St

2730 LET £=32kX ‘

240 LET Q1=2

257 54533 720

2450 LET [23=F2

270 LET £=R1 %X

2Hd LET 1=

2970 335003 720

300 LET [1=f2

310 LET 53=%1%{[2-11)12/4

320D LET Al=707107 8030 SURCAARK LR+ 41 %412 +X4K)) A1
330 LET 1= 7071075050 (IVICKAMK A« r il vl ¥ =K eK)) 7)1
3473 LAT X2z W 70710 75CSARCBAICKCARLEA+M2 0 a2) + Xk y 1D
390 LET (3=4707107x0SIRCIVCARACKEA+2 542y <K £K) ) /112
340 LT r=K

370 5% 53 500

3R LET £3=4K1

320 AT A4=L2

A43Y LET Y=-K

410 B33 Si13 40D

A2 LET A3=<K1+X3

433 LAl KR24L2+<4

443 LAT 1A=I8+24538((L2-L1 )+ (EAP(-Ax{2=-1))~1)/K)
457 LTT [ 7=17+#83%(2&k0L2=1_1)+4£5)

AR LET I13=13+53%44 :

470 HEXT R

A% LRTI1 =32

A0 LET 32=32+432

5300 LET g3=4£+31/2

510 PRINT 23,146,17514

520 L& R < 3 AN 229

537 LET 31=5%~2

540 [7F X210 THEN 220

350 LET S1=.1

3A50LETS2=29

570 [ A<35 THALAY 220

530 PROINT "W23RMALLTARED [A445 PARXTY 3L 7704, 4 0R4AL1 48D REAL
520 33T3 370 :

A00 LET S31=22x(EAPC~Yx(i2-L13y~1D

A1 LET S2=(EAP( =7 kL2)~88”(~7&lL1)rt2

A20 LET A1=31%C7+A2) +3532 4 ~&K2)

A3 LET Cl=C(f+X1) ka1l -y 1kY2:(31~532)

A4 LET C2=¢2k(Y+X1) ¥(G1~532)+Y 14501

650 LET A2=z(f+A1) k(I +X2)=-01%Y2

A AN LET A=Y+ X1 )2+ (Y+X23 2Y1

AT) LET SR=A24Y 7= (Y-A1)5(r-X2) -V 1 &Y 23 &EXP( =257 &)
5380 LT DS=A3kl+Y (Y =-A1)&Y2+Y 1 % ([ ~K2) ) £EALP (=24 =)

PAIT s ~13/1 5
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590 LET L1=C(C1%23+C24%D5)/UC5xCS+D5%D57
700 LET £2=(L24C5-C1 DSy /7 (C5xC5+D5%D5)

710 RETIRN

720 IF £>5% TARN310D

730 LAETLS=INT(2%4)+3

740 LETFRI=e5%21%01 %2

753 LET ¥2=F1/73

740 FIIN=1TI.5

770 LETF1I=-F14#.250%2kL/(NkN+N)
7830 LETF2=F2+F1/(2%N+3)

790 NEATN

BD0 G3rg 340

319 LET 91=C((~138.135774+109.1142)/74-2375333)/74+2.0509311/4
820 LET 21=C(Q1-1730503)/4+.7034345)/4-.3541022-3

B30 LET Q2=((~5317517/4+2.1038374)/74~:4632A198) 74+.4952024) 74
B340 LET @2=(32-.1373445-2)/4+.7377395

350 LET F2=(1-50RC2) k(2.0 ISCL=P /) =01 kSINCL=PL/74))) /CK#KD
340 TTUIN
370 £ND

COIL ENCIRCLING A TWO-~-CONDUCTOR ROD

The case of a coil encircling a two-conductor rod, shown in Fig. 8,
is typical of many eddy-current tests. 1If we let the inner conductor
have zero conductivity, this general case reduces to the case of a coil
encircling a tube. This type of coil is used with impedance bridge
instruments.

In this sectilon, we have programs that calculate the normalized
coll impedance (ENCCO5), the defect sensitivity factor for a defect in
the outer material (ENDFT5), the defect sensitivity factor for a defect
located at any point in a lattice in the outer material (ENDFTL), the
defect sensitivity factor for a differential coil system and a defect
located at any point in a lattice (READIN), and the defect sensitivity
factor for a defect in the base material (ENDFTB).

Normalized Coil Impedance

Discussion of ENCCQO5

This program is designed to calculate the normalized impedance of
a coil with rectangular cross section coaxial with and encircling a two-
conductor rod of effectively infinite (three- or four-coil diameters)
length (see Fig. 8). The conductors may have different permeabilities

and electrical conductivities.
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Fig. 8. A Coil of Rectangular Cross Section Encirceling a Two-
Conductor Rod.

To use this program, one must first divide all dimensions by the
mean radius of the coil. The results will, of course, be dimensionless
and will be referred to as being "normalized.ﬁ The product of the
angular frequency of the driving current, the permeability, the conduc-
tivity, and the square of the mean radius of the coil must be calculated
for each conductor.’ Let this product be denoted by wu101§2 for the
inner conductor and by mngz?z for the outer one.

Once these calculations have been made, one need only type the
following lines into the program. (Note: Parentheses are not typed.)

12 LET Rl = (Numerical value of normalized inner coil radius)

14 IET R2 = (Numerical value of normalized outer coil radius)
16 IET L1 (Numerical value of normalized distance bebween bottom

of coil and z = O plane)

B



18 LET I2

98

i

(Numerical value of normalized distance between top of
coil and z = O plane)

20 LET ML = (Numerical value of wu,0,7%)

Not

e:

If the conduetivity of the inner conductor is zero, one

must type two additiomal lines.

60 IRT X1 = X

62 IET Y1 = O

22 ILET Ul = (Numerical value of relative permeability of inner
conductor) _

24 IET M2 = (Numerical value of wu,o,r?)

Note: If the conductivity of the outer conductor is zero, one

must type two additional lines.

56
58

26
28
30
32

Not

LET
LET

IET
LET
IET
ILET

e:

placing the

The prog

ram

X2 =X

Y2 =0

U2 = {Numerical value of relative permeability of outer
conductor)

A = (Numerical value of normalized radius of inner conductor)
B = (Numerical value of normalized radius of outer conductor)
A9 = (Normalization factor)

i

This value may be obtained with the aid of AIRC0S gimply by
appropriate coil dimensions in that progran.

may now ve run.

The print~out, by the computer will have the following format:

Rl = (R1) R2 = (R2) L1 = (L1) 12

g

INN RAD = (A) OUT RAD = (B) AIR VALUE = (A9)
ML = (ML) Ul = (u1) M2 = (M2) w2 = (u2)

X

Oy Ut I W o+

12
13
14
15
16

ATR VATUE REAL PART IMAG PART

- o o e - — o -
e v e o - o
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The various symbols enclosed in parentheses are used here to indi-
cate that the numerical value of the symbol will be printed. The first
column, headed "X," is the upper limit of the integration being performed
by the computer. The second column, headed "ATR VALUE," is the value of
the integral in the absence of the two-conductor rod, while the remaining
two columns are the real and imaginary parts of the integral in the
presence of the coﬁductors. These appear chiefly to allow one to inspect
the convergence of the integraticn. The last line is the normalized
impedance of the coil in the présence of the two~conductor rod.

The example below is presented for additional aid to those who

wish to use the program.

Sample Calculation of ENCCOS

Let us suppose that we wish to know the normalized impedance of a
coil 0.155 in. long with inner and outer radii 0.420 and 0.580 in.,
respectively, due to the presence of a coaxial two-conductor rod of
effectively infinite (three- or four~coil diameters) length. The inner
conductor is assumed to be aluminum with a radius of 0.300 in., while
the outer conductor is assumed to be copper with a radius of 0.400 in.
We ghall assume the frequency of the driving current to be 1.25 kHz and
the distance of the bottom of the coil from the z = O plane to be
G.005 in.

First, we determine the mean coil radius to be 0.500 in., so that

i

Normalized inner coil radius = 0.420/0.500 = 0.84

Normalized outer coil radius = 0.580/0.500 = 1.16

Wormalized distance from bottom of coil to z = 0 plane = 0.01
Normalized distance from top of coil to 2z = O 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

1y

Il

Furthermore,

Angular frequency of driving current = 21t X 1250 sec™!
Permeability of both conductors = 4 X 1077 h/m
Relative permeability of both conductors = 1
Conductivity of copper = 5.77 X 107 mhos/m
Conductivity of aluminum = 2.86 X 107 mhos/m

Thus,
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mulal;z = 45.48
wp202?2 = 91.91
At this point one determines the normalization factor by placing

the normalized coil dimensiong in ATRCOS and running that program. It
is worth noting that the normalization factor 1s independent of all

parameters, except the coil dimensions. This factor is normalization
factor 2 in the print-out of AIRCOS and for the case in point is found
to be 0.01011632. With the normalization factor in hand, the remaining

procedure is quite simple.

The above information is now typed into the program as follows:
12 IET R1 = 0.84
14 LET R2 = 1.16
16 IET L1 = 0.01
18 LET 12 = 0.32
20 LET ML = 45.48
22 IET Ul = 1
24 LET M2 = 91.91
26 TET U2 = 1
28 LET A = 0.6
30 TET B = 0.8
32 LET A9 = 0.1011632E-1

Execution of the program yields the following results:

g =

@OQQO\\J‘(J-\U)Z\)H:X:E

BEE

13
14
15
16

Eo

~

w
X

= 0.6
5.48

R2 =

1.16

OUT RAD = 0.8
Ul =1
ATR VALUE

oNoNONOCRONOHNORORONGHEGRGRGN® N NG)

.10403378-02
L4916285E-02
L0762353E-01
.0802257E-01
.084957E-01

.0928377E-01
.0945268E-01
.0956387E-01
.0983787E~-01
.09921295E-01
.0994553E-01
.1003168E-01
.100638E-01

.100687E-01

.1008879E~01
.1009676E-01

Ll = 0.1E-01 12 = 0.32

ATR VALUE = 0.1011632E-01

M2 = 21.91 U2 =1

REAL PART IMAG PART

~0.0965715E-02  -0.4482236E-03
0.2001791E-02  —0.0728955E-02
0.4400818E-02  —0.0892771E-02
0.4571806E-02  -0.0985552E-02
0.4978293E-02  —0.1036855E-02
0.573816E-02 ~0.1064592E-02
0.589514E-02 -0.1079286E-02
0.6001279E-02  —0.1086941E-02
0.0627314E-01  —0.1090878E-02
0.0635431E-01  ~0.1092884E-02
0.063795E-01 —0.1093895E~02
0.0646549E-01  —0.1094399E-02
0.0649754E-01 —0.1094646E-02
0.0650241E-01  —0.1094765E-02
0.0652249E~01  ~0.109482E-02
0.0653045E-01 —0.109844E-02

NORMALIZED IMAG PART 0.6474704 NORMALIZED REAL PART 0.10822558
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From this we see that the normalized impedance is

Z, = 0.10822558 + j 0.6474704

ENCCO5 Program

10 KEM ENLCSS VERSIBN 02710/ 69

12 LET kKl1=+8333

14 LET 88=1.1667

16 LET Li=.095%2

18 LET L2=.4285

20 LEIM1=27

28 LET Ul=1

24LEIME=81

26 LET U2=1

25 LETA=.6

30 LETEH= .8 ,

32 LETAY=1.235%9E~2

BGFRINT " RI="3 ks "KE=YIRES "L I="30L 1, "L2=""30L02
BeFRINT "iNN RAL="3A3"YUT KAL="3#3"AIR VALUE=";A9
FRINT"MI="3M1 " Ul="3 U1, "M2="" 3 M2, " UE=""3 U2
40 FrINT A2 "A1K VALUE"»"REAL FARKT", "IMAG FAKRT®
42 LET M7=C

43 LET ME=Q

da LETMI=0

46 LEISI=1E-2

4 LETSe=1

50 LET BI=C

n2 LET B2 =58 :

54 Fdrm K = Bl +51/2 14 B2 STEF 51

56 LET A2 = « TOTIOT*SURKCSER(K*XRXRkX+M2KME) +X*X)
58 LET Y2 = « 07107 SeR(SUR(ARXAX kX +M2%M2) =X %K)
60 LET K1 = «+ 707107 SUR(SEROKAXFXARX+MIRM 1) +X%kK)
62 LET Y1 = « 7071075 5GRESUR(A*RX kXX +M1%MT) ~X*%X)
64 LET Z1 = SURCXIRXALI+Y1%Y 1)

66 LET 91 = BINCYI/ZK D) '

68 LET: €2 = OSURK(AZRAZ2+Y2%Y2) -

70 LET d2= ATN(YR/XZ)
TeLETL=A* L]
T4LETa=a1
716G SUB 316
TsLETI =61
S0LETJI=G2
B2LETIZ2=65
B4lLETJE=66
B6LETZ=A%L2
s8LETY=32
906U SUE 316
2eLETI3=W1
74LETU3=62
YOELETK3=G3
FELEIN3=U4
100LETI 4=wS
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102LETJ o= k6
104LETK 4= Q7

1USLETN 4= @i

JOXILETL=XK4t

110LE13=0

11263SUb 316

114LETKS= -3

116LETL6=65

TISLETK 6= 67T

120LETL=B%ce

122LETQ=0 2

124G3 5Lk 316

126LETI T= 1

1264LETJT=6%

130LE1IXK 7T=463

132LEINT=64

134, F118=605%

136LETJS =66

133LETKS=G7

140L ETNS =3

142LE TG 1=X%A5%K8% COSINEB) 42K T#K 6XCASCI2+NTI/ UL

14ALF TR2=X 4K Sk KB Rk SINCNS) 22K THK 6k SINCAL+N T 2 U2

146 LET L1 = SUKCETHG1+02EE2)

143 GASUES 1 4

15CLETE =63

1ISZLETG1I=2 1% 4% 1%CASCO1+J4+ 1) /7U1-22%x1 2% 3%LASCAS+J2+)3)/U2
154LET62=2 1% 4% 1*SINCO 1+Ja+J 1) /L1 -L2%[ 2% I 3% SINCAR+J2+U3) /U2
196 LET L2 = S6REUI*GLI+G2%GD2)

155 GO SUES 1 4

160LETE2=W3

T6CLETWI=Z 14K ak ] 1% CASCAI+NA+I 1)/ UI-22%K3% 1 24COSCAZ+NI+I2) 7 U2
164LETLE=L1%Ka%] 1R SINCII+N4+J 1) 7 U1 -22% K3k 2% SINCD2+N3+J2)Z U2
166 LET D3 = SHEROGI*G1+E2%G2)

163 GISUBS 14

170LF TE3=03

172LETul=2%x] 7T*K 64k CASCIH+I T/ US~K+1B%KS5*CPSCIB)

174LETE2=22%] TAKE*SINCA2+I T /U2~ XX B%KS%SINCISE)D

176 LET L4 = SWR(QIkG1+GL2*E2)

173 GISLEST4

1I80LETE4=w3

Is2 LET @l = D1*xD2*CASCEI+E2) +L3*%DakxCOASCEJ+E4)
184 LET 62 = D1*D2ASINCEI+E2) +D3*%DaxSINCE3+E4)
186 LET DS = SGR (QI*x01+6L2%E2)

138 GASUBS 1 4

12 0LETES=W3
1952LETGI=CIB*D3*%CASCIB+E3-ES)~KE* L2 CASING+E2-E5))/ (BxK6%xDS)
174LETGI=G1-16/7K6

19 6LETG2=(13%U3*SINCIB+E3-ES) K34 PD2*SIN(NZ+EL-F5))/ (BXKEXDS)
198 LET £ = K2%X

200 LET &1 = kK2

202G 5Ut 248

204 LET &7 = K7

cO6LETIZ2=FZ

203 LET Z = KR1%X

210 LET 6wl = K1

2126G35UE 243
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LET & = K7

21ALETLI=HS

213
220

IR

e
ced
226

2enl.

230
=232
234
236
234
240

LFT S5 2k 510 7-63)%SIN(XRCL2-L1)/2))12
LET 5323. 14159 3%A+S1%(12-11)12

LET £33 = SA%CCHEAFC~K%C(L 2=t 1)) =1)/K+L2~L 1)
LET M7=MT7+03+G14855

LET ME=ME+ G2kSS

ETM9=M9+43

NEXT X

FEINT A+S51/2:,M9,MTsM5

LET S1=5%F~g

LETEl=E1+52

LETBEZ= L2+ 52

LFXK<15.5% THEN 5S4

BEOFRINT"NDRMALLLED 1MAG FAKTV; (A9-M9+M T/ A9,
CLA4PKINTVNDRMALT ZED KREAL FART"3 ~MB/ L9
246G Tu 528

o4
250
25¢
254

LE 225 THEN 296

LET LO=INTC20RCI=EXFC-27 1020+ 4
LETFI=0

LET KF2=1

Z56LETFE=1
CodLETTO=UIAbL kL]

260
zae
Ze4
2E6
2653
270
272
274
276
277
28 ¢
25 e
&3 4
28 6

LETFZ=1576

LET Té=1/2

LET K7 = IZ(AkXI+(.57T7215665-1/2~1/3+LIGLZ/2)2%T5/ €
FOR k=1 T@ LS

LET Fé=~-1%xbFé

LET Fl=F1+1/h

LET FE=F2+1/(R+ 1)

LET TO=T5%k4LxZ

LETTE=TE/CH4%x Rk (RK+ 1))

LETCZ2=TE/(3+2%K)

LETF7=F 6%xT5%xC2

LET C1=Ce 577215665~ F 1+FE)/2-1/C3+2%xK)I*(2
LET F33=014T5+C2%LAGCL/A2Y%TS

LET RT7=K17+F3

E38LETFB=FB+ 7

290
92
29 4
29 &
295
300
aug
304
306
308
310
312
314
316
318
320
Gze
324

NEAT K

LET K7=KT7-3+ 1415927/ (2%K%X%X)

Gd 10 314

LET F1=(C(-183. 1397/4+109. 1142)/2-23.79333)/2+2.0509231)7 2
LET P1=((F1=21730503)/2+-7034345)/2-+064109F-3

LET P22C((~5.317517/4+E« 1058143/ 4-e 6896196/ 2+, 4952024)/Z
LET F2=(F2-.137344E~2)/2++ 7979095

LET F4=3.1415927 :

LET FB8=(1-SURCLI$IF2*CISCL-F 4/ 4)~F1%SINCZ~Fa/ 8)) )/ CX¥X%X)
LET F3=CCCTI89339/2-1 1TESDTEI/ L+4915T1421)/ 2067491295172
LET F3=(F3+1.09532763/4+1.2533263

LET A7=~F3%SURCL) KEXF(=4) /7 (KRX%X)

RETURN

[FZ>8THEN3Y O

LETLS=20%C 1-EAF(~Z/10)3+4

Tl=.5

LETTS=4/2

LETVI=T1
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32
330
332
334
33¢
335
340
34z
J4 4
346
G4
350
352
P4
356
454
360
36
364
S36 €
3€n
37C
372
374
376
37
35 G
3¢
3 4
GE 6
333
390
392
3v 4
376&
396
4Go
age
40 4
406
403
41 G
4l
41 4
416
418
420
4Pl
44
426
428
430
432
{434
436
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LEIVE=C

V3==~.2%

Va=0

LETVS=TS%CY SCI)

LETVE=The51IN0I)

LETVT=VS

LETus=Vé

LeTk1=0

LElke=i

Faok k=1 Td LD

LET £3=CUSCZ%kn*xd)

LET £4=5IN(2%r%d)

LET £5=0UdSCCexnr1)*d)

LET Z26=5SIn0(2%xx+1)%I)
LEYr b=k 141/

LETFZ=p2+1/(hr+ 1)
LETTI=T1lxs%s/ 04k nk(h+1))

LET 15=T15%ke*x4/ (4R Rk+1))

VISV I+ T I%23%x{ 2%+ 1D
Vo=Vt T IkL4k(2%n+ 1)
VE3sUS+T142£3%((2xn+ 1)x{F1+F2)/2~1)
VasWVar T 12 ax{ (2% Rk+1)x{F1+F2)/72~1)
LET VS=VUS+T5%45

LET VT=VT7+T5%Ck1+F2)%45

LET VésVE+rT15%x46

LET V8 =3+ Th4CF1+F2)%L6

NEA TR

VB~ 3=CISC2 D0/ kL) + (e S5TT215665+L3GL/2)) RV =045 V2
Vem~ ot SINC25II/CLF L)+ 9T 7215665+ GL/2)) % V2+a*x V1
LETVT=~YT7/78+40CISCa) 7440577215665+ L3GLL/2))xVUS~-D£VE
LETVS=~Vs3/72-5SINC3) 74+ 0 T21 6E65+LDGCL/2)IRVEFD RS
G 13 483G

LETF1=1

LETW7=1

LETWS= 1

W3= 5

Wl=e5

LETTI2=1

LETTI=1

LET we=C

LETW4=0

LETWe=0

LETWE=0

LS5=3+20/ ¢

FOrk=1TJILS

CETR I=-F 1

LET T2 =Te*x(4-C(2%khk-1)*( 2%k k= 1))/ (B%KxI)
LETT1=T2%(2%K+1)/72

LET £23=Cd SCH¥*Y)

LET Z4=SINC(K®I)D

LET WlsWwl+F1xT1%43

LET W2=Wl~b 1kxT1%Z4

LET W3=WL3+T1%23

LET Wa=wa~T1xZ4

LET Wz WwbS+F 1%T2%23

LET Wéz=We~F 1*T2%xL 4
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3% LT W7 zWieloxsl

440 LET WhdzwWd-T12%44

L2 NEAT o

iy LETWI= e 39354228 GAREXFCLFLILCDI)D

G446 LETLHS=LY*(CIDCAxS5ENCAY~a %I )/ 50 L)
4453 LET@E=LWYR{SINCLREINCIY = 8%/ SERCE)
50 LETEI=GYRCCILCA%5INCI) =1 505) )/ SCRIL*%L%RLD
G52 LETUEzWIRCOINCLAEINCE) =16 SHD I I/ SERC LR LEL)
454 LETGY=1.2%331413T8EAFC-2L%xC25CI))

456 LETLT=094(CIS50(~2451M0I)=~e 5%03) /750K
458 LETU=09 4 (SINC-2%3INCIY =~ B%GIIZ56GRC2)
A0 LETWIE=E9 R0 SC~L40IN0I) = T1a 5532/ SURCLELEL)D
288 LETuszUd s {SINC-2%5INCI) =1 9D Y/ SURCLRLRL)
d6d LETVOsWSR S~ Weku b

L66 LETVEZWExLSY WhkE €

L LETVT=WTRG 7~ Wok L3

4TC LETVS=Wd L7+ W7 ud

47 LETVI=VS=-bisUl+ ol

T4 LEPTVe=Véa-Wiktr-WdEi]

STEH LETY3s-UT-WiEk L3+ Waxl 4

474 LETVAsm~ V= W3dh 4= Wek 3

A0 LRIl SEROVIAVI+HV2HVED

A2 LETUZ2=8TNVE/V 1D

s LRVI>OTHEN 4558

i b LETWE=GE+3E, 1415987

43w LETU3=SEROVEEVI+ VARV 4)

430 LETUL=TNOVS, V3D

£92 LEV3>»0TRnENLD &

434 LET4g=a+3. 1415927

496 LETES=S5un{VOrVS+VExVE)

497 LETQE=LHTNCVE/VE)

SCL LFVS>CGTHENSGY

S LETLESGERT 1415927

504 LETOCT=8URCVTRV T+ VR YE)

SU6 LETUS=0TndNSAVT)

SOE LPVTI>CTHENSLZ

D10 LETUd=6LE+3. 1415927

512 RETULnN

Bl LETLW3=ATNCG2/ 61D

S1é LF&1>GTHENSZO

Dl LETU3=L3+3. 1415927

b e T UsN

EECEND

Defect Sensitivity Factor for a Defect in the Outer Material

Discussion of ENDFTS

This program is designed to calculate the defect sensitivity factor
for a coil with rectangular cross section, coaxial with and encircling &

two-conductor rod of effectively infinite (three- or four-coil diameters)
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length. For this program, the defect must be in the outer conductor
which is labeled IT in Fig. 8, p. 97. The conductors may have different
electrical conductivities.

To use this program, one must divide all dimensions by the mean
radius of the coil. The results will, of course, be dimensionless and
will be referred to as being "normalized." The product of the angular
frequency of the driving current, the permeability, the conductivity,
and the square of the mean radius of the coil must be calculated for

2

each conductor. Let this product be denoted by wulcl;‘ for the inner

2 for the outer one.

conductor and by wp202§
Once these calculations have been made, one need only type the

following lines into the program. (Note: Parentheses are not typed.)

12 ILET Rl = (Numerical value of normalized inner coil radius)

14 LET R2 = (Numerical value of normalized outer coil radius)

16 ILET Tl = (Numerical value of normalized distance between bottom
of coil and z = O plane)

18 IET I2 = (Numerical value of normalized distance between top
of coil and z = O plane)_

20 LET M1 = (Numerical value of wulclrz)

Note: If the conductivity of the inner conductor is zero, one must

type two additional lines.

60 IET X1 = X
62 LET Y1 = O
22 IET M2 = (Numerical value of wu,0,7°)

24 IET A = (Numerical value of normalized radius of inner conductor)

26 LET B = (Numerical value of normalized radius of outer conductor)

28 IET R9 = (Numerical value of normalized r position coordinate of
defect)

30 LET 79 = (Numerical value of normalized z position coordinate of
defect)

32 LET A9 = (Normalization factor).

Note: This value may be obtained with the aid of ATRCOS5 simply by
placing the appropriate coil dimensions in that program.
The program may now be run.

The print-out by the computer will have the following format:
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Rl = (R1) - R2 = (R2) 11 = (11) 2 = (12)
INN RAD = (A) OUT RAD = (B) AIR VALUE = (A9)

ML = (M1) : M2 = (M2)

DEFECT POSITION IS R = (R9) Z = (29)
X MAGNITUDE PHASE

S C eemmen

5 mmmmme . mmamm

10 emmeee emmaea

15 e mim———

200 ememee mmean

25  aemmee ecccma

30 eeemeee mmmeme

The various symbols enclosed in parentheses are used here to indi-
cate that the numerical value of the symbol will be printed. The first
column, headed "X," is the upper limit of the integration being performed
by the computer. The other two columns have self-explanatory headings
and appear chlefly to allow one to inspect the convergence of the inte-
gration. The magnitude and phase values for X = 30 are considered to
be correct since the integration in most cases converges sufficiently
well for this value of X.

The example below is presented for additional aid to thoge who wish

to use this program.

Sample Calculation of ENDFTS

Let us suppose that we wish to know the defect sensitivity factor
for a coll 0.155 in. long with inner and outer radii of 0.420 and
0.580 in., respectively, coaxial with and encircling a two-conductor
rod of effectively infinite (three- or four-coil diameters) length.
The inner conductor is assumed to be aluminum with a radius of 0.300 in.,
while the outer conductor is assumed to be copper with a radius of
0.400 in. Let us further suppose that we are interested in the defect
sengitivity factor for the case in which the defect is located 0.350 in.
from the axis and 0.0825 in. above the Z = 0 plane. We shall assume
the frequency of the driving current to be 1.25 kHz and the distance
of the bottom of the coil from the Z = O plane to be 0.005 in.
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inner coil radius = 0.420/0.500 = 0.84

outer coil radius = 0.580/0.500 = 1.16

distance from bottom of coil to Z = O plane = 0.01
distance from top of coil to Z = 0 plane = 0.32
radius of inner conductor = 0.300/0.500 =
radius of outer conductor = 0.400/0.500 =
r position of defect = 0.350/0.500 = 0.7
z position of defect = 0.0825/0.500 = 0.165

Normalized
Normalized
Normalized
Normalized
Normalized
Normalized
Normalized
Normalized

hon

0.6
0.8

Furthermore,

Angular frequency of driving current = 21 X 1250 sec™ !
Permeability of both conductors = 4x X 1077 n/m
Conductivity of copper = 5.77 X 107 mhos/m
Conductivity of aluminum = 2.86 X 107 mhos/m

Thus,
WL101T° = 45.48
W,T,T7 = 91.91
At this point, one determines the normalization factor by placing

the normslized coil dimensions in AIRCOS5 and rummning that program. It
is worth noting that the normalization factor is independent of all
paraneters excluding the coil dimensions. This factor is normalization
factor No. 2 in the print-out of AIRCO5 and for the case in point is
found to be 0.01011632. With the normalization factor in hand, the
remaining procedure is quite simple.

The above information is now typed into the program as follows:

Execution of the program ylelds the following results:

12 IET R1 = 0.84
14 IET RR = 1.16
16 IET L1 = 0.01
18 IET L2 = 0.32
20 IET M1 = 45.48
22 LET M2 = 91.91
24 LET A = 0.6

26 LET B = 0.8

28 LET R9 = 0.7
30 LET 29 = 0.165
32 LET A2 = 0.1011632E-1
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R1 = 0.84 R2 = 1.16 11 = 0.1E-01 2 = 0.32
INN RAD = 0.6  OUT RAD = 0.8 ATR VALUE = 0.1011632E-01
ML = 45.48 M2 = 91.91

DEFECT POSITION IS R = 0.7 Z = 0.165
X MAGNITUDE PHASE

0.99999999 0.1693847E-01 ~2.8708385

4.99999999 0.16850739 -2.6409193

9.999999999  0.24065815 ~2.4869539

15 0.25056687 —2.4526001

20 0.25138255 —2.448787

25 0.25130007 ~2.4492792

30 0.25123016 —2 . 4497367

From this, we see that the defect sensitivity factor is

0.25123016 o J2+a477367

To obtain the change in normalized impedance, we multiply the defect
sensitivity factor by the product of the defect volume and the shape and
orientation factor. Note that the defect volume must be calculated from

dimensions which are normalized by the mean radius of the coil.

ENDFTS Progranm

EMLPTS VERST N 2ress 69

T kEZ=le 16
iLl=eC1

s LET LZ=.32

dilzabe g

ME=3 leY 1

I{t’

2 LET Kli=e84
Lk
b

LFz=e 165

f=e T0Y1I6GEE-1

34 FRINVIPRIZ" R 1, Pr2s 5w, ML 1=l 1 Ml
36 Pl T NN ma L= G O UT m&Ds ke Vel kR
FEoERLNTTE I s Y Ve MMe e i ME ;
L PRl NTY e r P UT FoSTTian L8 ki mds izt L
L PRANT "X e A ENLTTULEY, B sEY

L LET Mv =0

Lo
L

LE="35 589
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EU LETRS=, TUTITOTHSURCSURCX AKX KA RXFMPEMD) + kXD
6 LET7E= TUTIOTHRSERCSURCARAKARAFMERME) ~X kKD
A4 LETX 1= TCT10 TR SERISURCAKARAFA+MIRM 1) +X%X)
GE LETY 1= TCTI0THSURISEROARAFARLAFMIAM ) ~XEK)

A LET £1 = SOGROAIRA1+Y1HY 1)
TJe LET 91 = ATNCYI/ZX DD

T2 LET 22 = SGR(AZERX2HY EXxT2)D
T4 b b= OTNCY2/A2)

76 LEl1&=0%41

T3 LETI=ad1

S0 GISUL 316

se Ly il i=ul

A4 LETU1=42

36 LEile=ud

B LETde=ué

AU Lela=pf%zse
Ge LElu=de

94 CdSUb 316
46 LbETL3=u1

Y4 e TJ3=zue
100 LETK3=W3
102 LEIN3=L4
104 1LETL 4=65
106 LETJda=6
108 Lk 1Ka=7
110 LETNGz L
112 LETd=A%xb
tia Lild=C

116 LusdUbE 3516
118 LETAL=~63
1 LeTié&=ib
12 LbTKké=17
iea eli=bxa?
126 LETd=02
lew G SUE 316
13C LETI 7=01
132 LETd7=ng
134 LETRT=03
136 LLETN T=(
1833 LETIN=05
140 LETds=Gke
142 L TAS=07
144 L F Tivd=104
146 LEiZ=lds i
Tad LElo=ge
S0 G2 SUs 516
1S5 LETLI=L5
152 LETdi=6h
196 LETR? =67
19 LETNI=LR
FEO LETUI=N 4K 54K xLISINBR )Y ~20%R TR 6 CDSCT2+NT)
162 LETLE=AatS% Sk 5INCNS) ~£2%K TRK 6% SINCIZ+N T



164
166
170
172
174
174
173
150
18z
id 4
14 &
144
12 0
i9e
19 4
126
1973
200
20%
204
=06
208
210
212
214
216
213
22l
z2ee
g2 4
ftala]
228
230
23
234
236
231
240
242
Za4
246
24
250
2h2
254
256
254
260
262
264
266
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LET D1 = SEROUIRGI+GEGERLE)

GaLLES14
EE§Z§ZZ?¢£4*I1*035(31*J4+J1)~ZB*IE*IE*Q35(&2+J?+J?)
Eﬁiae=dlmia*l1$51w<ﬂ1+J4+J1)~ZQ*IE*§3*51N(ﬂ2+d2+dd)
LET D2 = Skl G 1+0peued

GISUES14 :

TR D
t%éif=??*ﬁa*l1*0@5(@1+N4+J1)*ZE#K3*I?*C@S(Q2+N3+J?)
LETGE=Z 10K 4% 1 SINCII+NL+J 1) L% K 3T 26 SINCI2+N3+02)
LET D3 = SURCQIHRGI+LUEREED

GIsURS 14

LETE3=W3 o

LETLI=22%] 74K 6xCDSCUR+IT) ~Ax1 84K S%CASCJIE)

LETOE= 225 TRK64S5LNC(YR2+ ST ~A%xIB KO SINCJIE

LET D4 = SERCGI#G1+E2%02)

G4 SUEST4

LETER4=&3 o ‘

LET @1 = D102 CdSCEI+ESY +D3x D4k COSCRO+E 42
DI1%UPRSINCEI+E2Y+D3%DaxSINCE3+EL

LET G2 = ‘
LET D% = S&kK (B1x61+@2%E2)

GO SUES14
tzgzisﬁfg*bg*cg5(J9+E3-E5)~K9*D2*C®S(N9+EQ~E§))/(H#Q?)
LETGEO=( I9%LakSINCII+ED=ES) =Kk DE2x SINCNG+E2-F5))/ (E*DH)
LET & = RExX

LET 1 = R2

G2 SUB 265

LET &7 = K7

LET £ = Ri%X

LET @1 = Ki

Gd SUL Zébs

LET U8 = K7
LETS5=51%CET~ U8 ¥ SINCXRCZI=L 1)) =SINCAK(Z9-L2)))
LETMT7=MT+(G1%S85

LET MB8=¥s+ G2% 55

NEXTX

LET MY=ATNCMB/MT)

IF M7>0THENR244

LETMI=MI9+ 3. 1415927

LETNO=C 3%M2)/ ( 4%9 + 8 69 6044% 09 )
PHIN1K+51/2:N9*(M?*M7+M8*M8):2*M9

LET S1=5f~-g

IF X>4.5 THEN £58

LETE1=1

LET B2=S

G2 T2 53

LET Se=5

LET bl=E2

LET B2=zbB2+52

IFX<29 ., STHEN58

GaTa Sgz
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268 IFZ>3THENGOSB

270 LET LS=INT(20%C1~8XF(~-2710)0+ 4
2Tz WETF1=0

274 LET F2=1

276 LETF 6=1

274 LETTS=Glkbl*at

250 LET Te=tre

2ne LET K7 = GI/Z(RKXKI+ (577215665 1/2-1/73+4L3GCL/2)) TS 6
Zinda Fdk k=1 Td LS

236 LET Fl=Fl1+1/RK

248 LET FZ2=F2+ 1/ (kv 12

A0 LET TH=T5%Z%£

29 LETT6=TEH/ (4 k+1))

294 LETC2=T6/(3+2%K)

296 LET Cl=(e 577215665~ (F1+F2)/2-1/(3+2%R))*C2
295 LET F33=Cl*TS+C2%L9G6A/2)%TS

3C0 LET KT=KT+F3

308 NERXT K

3Ca LET A7=AT~3 1415927/ (24X%X4X)

306 ¥ TY 314

308 LET F3=((Ce 1989339/ 2~1e 1768576/ L+e91571421)/72~-06T7491295)/ 2
310 LET P3=(P3+1.0953276)/24+1.2533263
312 LET ATe~P3%SGRELIREXP(C~L) /7 (KHkX*XD
314 RETURN

316 IrPs>8THENGYC

313 LETLO=20% 1 =EXP(~£/ 1030+ 4

320 LETTI=L5

322 LETTS=4/2

3e4 LETVI=TI

326 LETVE=0

328 LETVY3=-.25

3306 LETV4=0

332 LETV5=T5%xC3501)

334 LETVE=TS5RSINCIY

336 LETVI=VS

33s LETVE=VS

340 LETF1=C

342 LETrke=1

344 Pk k=1 T4 L5

346 LET £3=CoS{(2%K%I)D

343 LbT £4=SIN(2%4K%xJ)

350 i.bT £5=C8 S50 (2%xK+1)Y%3)

352 LET £6=S5INC(24iKk+1)2%J)

354 LETFI=F 1+ 1/ K

356 LETkZ2=F2+ 1/ (k+ 1D

358 LETTI=T1%4%4/7Ca%xK*x(R+1))

360U LET TS=TS*LkL/ 0 4%xRKE(R+1))

362 LETVI=VI+TI*L3%(2%xKk+1)

364 LETV2=sV2+TI4L4%(2%K+1)

365 LETV3I=V3I+TIHL3*((2kK+1)*(F1+F2)/2-1)
368 LETVA=VA+ T14:L 4% (2% K+ 1) F1+F2)/72~1)
370 LET VUD=VUS+T15%/5



37z
374
376
373
330
xXxe
324
336
390
v
39 4
396
398
400
402
404
406
4%
410
414
414
416
413
420
a2
42 4
426
428
430
432
434
L3 6
A3E
440
442
44 4
446
445
450
45
45 ¢
456
454
460
462
L€ 4
466
4644
470
47
47 4
476
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LET VIsVT+TSk(F1+F2)%25

LET Ve6=VEe+T5%Z6

LET V8 =VS+TSk(FI1+F2)%26

NEXTH
LETV3==V3-COS(2xI)/CL*2)+C e S5TT815665+LAGLE/2) I % VI-3%Y2
LETVA=-VAa+SINC2¥I) /(2% 21 +C e STTR215665+LBGLEZ/ 224 V2+T %V |
LETVT=~VT7/2+CaSCAYFZ2+4C e STTE15665+LDGE/2))IRVS~D%VE
LETVE=~VB/2~-SINCO) /240 577215665+LAGCL/2)) Tz U= X56Wa=3NX
LETFi=1

LETWT=1

LETWS=1

LETW3=45

LETWI=.5

LETTE=1

LETT1=1

LET We2=0

LETW4=0

LETWé=(

LETWSE=0

LETLS=3+20/7Z

FdRrik=1TIL5

LET T2 =TZ#(4-(2%K~-1)¥(2%K~1))/(B¥RK*Z)
LETTI=Tex(2%R+1)/2

LET £3=C35CH%3)

LET Z4=5INCE*2)

LET Wi=Wl+F1%T1443

LET Wa2sW2-F1%T1lkZ4

LET W3=W3+T1%Z3

LET Wa=Ww4g~-TixZ 4

LET WO=WO+F 1%T2%Z3

LET Wé6=We-F1%T12%L4

LET W7 =W7+T2%43

LET We=sUWs-T2%Z4

NEAT K

LETUI=e 3989 4228 04k EAF(ZACASC(I))

LETES=Q9 4 (CE SCLREINCAY -« 5%8) )/ Sk L)
LETEO=02% { SINCZRSINCG) - 5%EII/SGRCZD
LETUI=W9%(CISCLFSINCEY~15%32 )/ SOGRCZ%Z%2)
LETE2= 675 (SINCLRSINIB Y =1+ 9% I/ SURCLEEX L)
LETGI=1.253314137%EXP(~2%C3 503
LETUT=69%(CO5(-L55INCE)I~+5%3) )/ SQRCED
LETUB=IR(SINC=2%SINCE) = 5% 0))/ SR
LETU3=@24(CI8(~LkSINCII~ 1+ 520 I/SURCLHI*Z)
LETG4=@o R (SLN{~Z4S5INCBI~ 15k )/ SERCZkZ%Z)
LETUS=WOHRLE-WEXEE

LETVEz WOk US+ WS G 6

LETVT=WTHU 7~ Wek Gy

LETVE =Wk 7+ W7+ G5

LETVI=VS=-Wikgt+WeRER

LETV2=VE-WIHG2-WokE ]
LETVI=-VT-W24G3+Wax 4
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475 LETVaz = UR ~ W3k G4~ Wak W3
430 LETGLI=SURCVIFVIFVR2LYD)
452 LETLE=/TNCV2/V DD

434 THYI>0THEN 43S

436 LETUHZ2=LE+3. 1415987

438 LETU3=SERrR(V3%VI+V 4%V 4)
220 LETL4=/TNC(VL/ VS

432 1FV3>UTHEN4Y 6

4 LETeamba+ 3. 1415927

426 LETLS=S5URIOVLHRVETVEXVE)
9 LETuwé=8TNCVE/UY)

SLG TFVS>UTHENSC4

502 LETLé6=GA+3.1415927

S04 LETGT=5GROVTHRY T+VS5EVE)
SCE LETEHE=ATNCVS/VT):

508 IFVT>CTHENS 12

S10 LETud=ud3+3. 1415927

512 RreTURN

5le LbTL3=6TNCLE/ )

516 LRLI>CTHENS2O

51 LETUS=Ww3+3e 1415927
S0 KETUAN
hey ENUD

Defect Sensitivity Factor for a lattice of
Defects in the Outer Material

Discussion of ENDFTL

This program is designed to calculate the defect sensitivity factor
for a coil with rectangular cross section coaxial with and encireling a
two-conductor rod of effectively infinite (three- or four-coil diameters)
length. For this program, the defect may be located at any one of a
nunber of points on a lattice in the outer conductor, which 1s labeled
II in Fig. 8, p. 97. The conductors may have different electrical
conductivities.

Before proceeding further, it is worth noting that in the execution
of this program the data generated by the computer are stored in a data
block which is used as input data for another program. Since there
exist BASIC compilers which do not have this capability, this program
may or may not be executable, depending upon the compiler used. If the
latter situation arises, one may delete line 38 and the word "FILE"
wherever it appears in the program, thus causing the data to be printed

at the console; otherwige, one may access the data by using the name /@3/.
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To use this program, one must divide all dimensions by the mean
radius of the coil. The results will, of course, be dimensionless and
will be referred to as being "normalized.”" The product of the angular
frequency of the driving current, the permeability, the conductivity,
and the square of the mean radius of the coil must be calculated for

2 for the inner

each conductor. Let this product be denoted by wulcl?
conductor and by wu,o.F° for the outer one.

Once these calculations have been made, one must type the following
lines into the program. (Note: Parentheses are not typed.)

12 LET Rl = (Numerical value of normalized inner coil radius)

14 LET R2 = (Numerical value of normalized outer coil radius)

16 IET L1 = (Numerical value of normalized distance between bottom
of coil and z = O plane)

18 LET L2 = (Numerical value of normalized distance between top
of coil and z = 0 plane)
20 IET ML = (Numerical value of mplﬁlrz)

Note: If the conductivity of the Inner conductor is zero, one must

type two additional lines:

80 ILET X1 = X
g2 LET Y1 = O

22 LET M2 = (Numerical value of wu,o,r?)

24 IET A = (Numerical value of normalized radius of inner conductor)
26 LET B = (Numerical value of normalized radius of outer conductor)
28 IET A9 = (Normalization factor)

ft

Note: This value may be obtained with the aid of AIRCOS simply by
placing the appropriate coil dimensions in that program.
30 LET R9 = (Numerical value of number of lattice spacings in r
direction)
32 LET 79 = (Numerical value of number of lattice spacings in z
direction)
34 LET 728 = (Numerical value of maximum normalized z position
coordinate of defect)
Note: Neither R? nor Z9 may exceed 15. The lattice spacing in the
r direction is (B-A)/R9, while it is Z8/Z9 in the z direction. 1In
addition, Z8 is measured from the midplane of the coil.
After typing these lines, one need only create an empty data file

using the name ﬁ@B/; and the program may then be run.
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During the execution of this program, the integers which are less
than or equal to 30 will be consecutively printed at the console. These
appear as indications of how far the integration has proceeded. The

data resulting from this program will have the following format:

(R1) (R2) (1.1) (L2)

(a) (B) (89)

(1) (M2)

(R9) (79) (z8)

(r(1)) (r(2)) HHAXHKHIKK (R(R9))

V) e e B
(z(2)) e e iﬁ:ﬁ:ﬁ ~~~~~~
(2(79))  emmeis e KARHXXRRE® .

The various symbols enclosed in parentheses are used here to indi-
cate that the numerical value of the symbol will be printed. The upper
value at each lattice point is the magnitude of the defect sensitivity
factor, while the lower one is the phase of the defect sensitivity
factor for the case in which the defect is located alt the given lattice
point. It should be noted that the lattice points for which R9 > 4 will
be printed below the last line [i.e., the line containing Z(29)].

The example below is presented for additional aid to those who

wish to use this program.

Sample Calculation of ENDFTL

Let us suppose that we wish to know the defect sensitivity factor
for the case of a coil 0.155 in. long with ianer and outer radii of
0.420 and 0.580 in., respectively, coaxial with and encircling a two-
conductor rod of effectively infinite (three— or four-coil diameters)
length. The inner conductor is assumed to be aluminum with a radius of
0.300 in., while the outer conductor is assumed to be copper with a

radius of 0.400 in. Let us further suppose that we are interested in
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the defect sensitivity factor for the cases in which the defect is
located at any one of the points which lie within 1.000 in. of the
midplane of the coil on a 4 by 2 lattice in the copper. We shall assume
the frequency of the driving current to be 1.25 kHz and the distance of
the bottom of the coil from the Z = 0 plane to be 0.005 in.

First, we determine the mean coil radius to be 0.500 in., so that

I

Normalized inner coil radius = 0.420/0.500 = 0.84

Normalized outer coil radius = 0.580/0.500 = 1.16

Normalized distance from bottom of coil to Z = 0 plane = 0.01
Normalized distance from top of coil to Z = O plane = 0.32
Normalized radius of inmer conductor = 0.300/0.500
Normalized radius of outer conductor = 0.400/0.500
Number of r lattice spacings = 4

Number of z lattice spacings = 2

Maximum normalized z coordinate of defect = 1.000/0.500 = 2

BN i

0.6
0.8

Furthermore,

Angular frequency of driving current = 2w X 1250 sec™!
Permeability of both conductors = 4x X 1077 h/m
Conductivity of copper = 5.77 X 107 mhos/m
Conductivity of aluminum = 2.86 X 107 mhos/m

Thus,

wulolrz = 45.48
W,o, e = 91.91

At this point one determines the normalization factor by placing
the normalized coill dimensions in AIRCOS and running that program. It
ig worth noting that the normalization factor is 1ndependent of all
parameters excluding the coil dimensions. This factor is normalization
factor 1 in the print-out of ATRCO5 and for the case in point is found
to be 0.01011632. With the normalization factor in hand, the remaining
procedure is quite simple.

The above information is now typed into the program as follows:
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12 IET R1 = O
14 LET R2 1.
16 LET L1 = O.
18 LET L2 = O.:
A
9

20 LET ML =
22 ILET M2 =
24 LET A = O
26 LET B = O.
28 LET A9 = O
30 LET RY = 4
32 IET 29 = 2
34 IET 28 = 2

Il

An empty data file is now created and the program run with the following

regults:

0.84 1.16 0.1E-01 0.32

0.6 0.8 0.1011632E-~01

45,48 91.921

2, 2 2
0.625 0.675 0.725 0.775

—-0.335 0.1148246E-01 0.1621343E-01 0.2498759E~01 0.4155218E-01
8.2691402 8.9025646 -2.9333451 -—2.1856129

-~1.335 0.0977185E-03 011517243E-03 0.2567598E-03 0.4615816E-03
8.1021059 8.7575633 —3.0851137 —2., 3642342

From this, we see that for the case of a defect located at R = 0.725,
7 = ~1.335 the defect sensitivity factor is

2.567598 X 107 exp(—~33.0851137)

To obtain the change in normalized impedance, we multiply the defect
sensitivity factor by the product of the defect volume and the shape
and orientation factor. Note that the defect volume must be calculated

from dimensions which are normalized by the mean radius of the coil.

ENDFTL Program

10 ~EM ENLFTL VERSIIN QR/ 247 69
1€ LET Kl=eB4

14 LET rZ2=1.16

16 LET Li=.C1

I3 LET LZ2=.32

20 LET M1=45.48

zz LET M2=91.91

24 LEl A=.6

26 ILET E=.8

20 LET A9=.1011632E~1
30 LET n9=4



32
34
36

40
42
44
46

50
52
54
S€
58
&0
(¥4
Gds
66
&6
70
Te
T4
76
74
G50
Be
o4
a6
e
30
PEa
34
EXd)

35

100
e
104
106
108
110
112
114
116
11
122G

lee
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LET Z9=2

LET £8=2

DEIMMC 182 18)2 IC 1B 130, PCLIS» 183) s ROIBILZC 1R+
AFEN/B4s »3UTFUT

PRINTFILERIs R2,0L 1,012

PRINTFILER, Hs AQ

FRINTFILEMIs"™ “,HM2

FRINTFILERS, Z29,25

FRINTFILE

FRINTY A FRIGRAM IS NUW RUNNINGs FLEASE 9 NOT DISCAONNFCTIIT
FRINT

FORI= 1T LY

FARJI=1TE k9

LETMCI,J) =0

LETICISs =0

NEATJ
NEXTI
LETS1=1E~-2

LETS2=1

LETE1=0

LETH2=52

FORA=B1+51/8TOBESTEFSI

LETAS2. TOT107T SCRCSURCARARK (K +MOKM2Y +X %K)
LETYS5. TOT10 T4 SERE SURIK AKX KK AKX+ MERMD) =X 4X)
LETA 1= 707107 SURC SERCK AKX KA RX+M1RM 1) +#£4%X)
LETY 120 TOTI0THSERE SHROARKHSEK+M TEM 1) =X %K)
LETZ 1= SERCKITHX 1+Y 1%Y 1)

LETO1=ATNCY 17K 1)

LETZ2=SURK(K SRS 2+ (251D

LET 32=ATNCTR/K2)

LETZ=8%21

LETa=01

GISUB426

LETLI=ul

LETJ1=GE

LETI2=US

LETJde=we

LETZ=R/%2Y

LETO=02

G SV 426

LETIB=G61

LETJ3=62

LETAB3=63

LEIN3=G4

LETI4=65

LETJa=ts

124 LETA4=67

126

LETN 4= 0
LETE=A#%1

130 iLvta=0

132

G SUL4z s

1834 LEIRS=-63

136
134

LETIA=0S
LETK6=47

140 LETL=bwdz

142

D e

144 GJSUR4R6

144
145
150
152

LETE 7=61
LETJT=0LE
LETH 3
LEINT=&a
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154 e ilo=wd

156 Lilds=u8

154 LbE1Ag=uT

16C LETNS =63

1682 LETLI=K4xKS5% A8« CIESCNS) ~ L2k K THKE6xC35C12+NT)

164 LETUZ2m8#KSEKARSTNONB) L2k K ThKERSINCI2+NT)

166 LETLI=SUROG DRI+ Lekue)

1605 GISUE624

170 LETE1=W3

17 LETwl=£14%1 4% 1% CIS5CI1+d L+ 1) ~22% 1251 3% S5¢2+J2+J3)
17¢ LETUP=21%] 4% 14 SINC1+d4+J 1) =2251 2% 1 35 0IND2+J2+d 3D
176 LETLZ=5GRAUIRGEL+EERLED

1748 @I sSUnécy

loC LETE2=03

152 LETGCI=Z14#Ka%l 14 CaSCI1+N4+41) ~22%A 3% 2% CO5(I2+N3+JED
154 LETEE=Z1%K4%I 1 SINCI I+ 4+ 1) ~ 42k BRI 2K SINCI2+NI+IZ)
o6 LETL3=00r(GlARI+2X0E2)

13y GISUkes4

190 LETE3=63

192 LbTul=48%] 7462050 a2+d7) ~A¥lakL5%CISCIE)

124 LETUS=20%] TR OEKSINCIZ+HI T) ~A 4T 34KEXSINCISED

126 LETLL=Sbm{uldbl+bexu2)

195 Gdslinées

200 LETE4=L3

202 LETuI=L 1Lk CISCE I+ EDY +L 3% DaxCd SO 3+E 4D

204 LETue=01xb2%SINCEI+E2) +L3kL4xSINCEI+HE D

w06 LETLS=S0RCulx1+u2k2)

Z2Cn GISUE 6«

21 LETES=03

vle LETL=RERA

ele LiETul=ne

216 Ganlhiis

218 LETuT=K7

220 LETL=r14X

ced LETGl=i1

224 GISUE373

226 LETS6=0T-K7

30 FasJ=1TI Ry

32 LEThRCUY =2+ (d~a 8)Y k(- 2) / RY

34 LETZL=42%KK0J)

36 GaSUpazé

234 LETls=0u5

caql LETdY =06

z242 LETIK9=67T

cdd LETIN?= w3

46 LETGI=CI9*%U3%CISCII+E3=E5) ~K9xDR*CHSCNI+ER-FS) )/ (EXDS)
Fan LETGE=CId 2L 3% SINCIY+EZ-ES) K9k L2+ SINI(NIG+FS~F5))/(EXxDS)
250 Forl=1T34£9

252 LETZCII=CL1+L2Y/ 2~ Cl-eS) %23/ 29

254 LETS5=S514S6%CSINCAKCLCI) =L 1)) ~SINCA*CZCI) =1.2)))

206 LETHMCLsd)=0CIad)+G1%SS

255 LETICL, D) =1CIs )+ GaxSY

260 NEXTI

267 NEATJ

“6a NEXTA

266 FRINTXK+S51/ 2,

263 LETS1=5k~-2

270 LETul=u1+582

272 LETEZ2=E2+52
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2746
2743

)

121

IFX<E9 e STHEN T4

Fanl=1T929

FORJ=1THRY
LETPCIsdd =25 ATNCICI s ) /7MCT 500D

IFmCLle D) >0THENSSE
LETFCIsJd=F (15U +24FL

LETMCI» 2 =tiC L) *MCIa )+ CIs )% 1CI,J)
NEXTJ

NEXTL

ZOLETE=(3kMBI /(LD B8 69 60CALKNT)

FRINTFLILE®",

FH FIRI=1TI 4

304
306
30
310
31z
314
316
313
320
i

3g4

G
330
338
334
336
3345
340
342
344
346
34
350
352
354
356
354
36
362
GE4
2686
563
370
377
374
376
374
3BC
3o
33 4
33 6
3535
390
392
394

FRHINTFILERCY) »
NEAT
Pdml=113949
PEINTFILEZCL)Y
Fidbad=1T0 <
FRINTFILEGEMCTILJ)»
MNEXT
FRINTRFILE Y,
rFdiRI=1T0 4
FRINTPILEFCLS ) s
NEATJ
PRINTRFILE
NEXTL
ITFix?<4e STHENA3Z
Fiind=5TJ9
PRINTFILERCY) S
NESTJ
Fml=1Ta29
Pl d=5Ta9
FRINTFILEGEMCI D) »
NEATI

Fakd=5Tav
FRINTRILERFCLSU) s
NEXTJ
FRINTFILE
NEATL
IFKI<T« STHENE3D
FORJI=10TI 14
FRINTFILERCY) 5
NEXTJ
Forl=1134%9
FUhJ=10Ta14
FRINTFILEGRMCI»J) s
FURA=10T214
FRINTFILEFCL, J) s
NEXTJ
FRINTFILE

TARTI
IFR9<14e STHEN 632
IFZL>3THEN 415

LETLOS=INTCZ 0k C1-EAFC~2/ 1022+ 4)
LETF1=0
LETF2=

LETF6=1

LETTS=G@1*#@1%Q1

LETTé=172

LETK7=01/ (XX +C e STT215665~1/2~ 1/ 3+LAG(Z/2II%* TS/ &
FOKR=1TOLS



39 &
393
400
a0z
404
406
4043
410
412
L1 4
416
418
420
482
424
412 6
AL
430
L3
434
436
434
£4(
L4y
bidy 4
446
445
450
452
£5 4
456
455
460
L6
46 4
466
464
470
a’fe
47 4
476
476
a3 (i
437
Lid A
45 6
3
490
a3 g
4P 4
49 &
495
1619
S0
Sl
SUé
S0
510
512
14
216
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LETFi=F1+ /K
LETF2=F2+1/(R+ 1)
LETTS=T15%e%4
LETT6=Té&/ C4xRkAx( R+ 1))
LETC2=T 67 (3+2% )
LETC1=C.577215665-C(F1+[2)/2~1/C3+2%R))*C2
LETF3=C14To+C2*xLBGLLr2)%TS
LETA7T=KT7+F3
NEX Tk
LETAT=KT7-3. 1415927/ (2% KX*X%X)
GaTd 424
LETP3=C0((. 7989839/ 2-1« 1768357€)/ 24915714212/ Z2~-+6T7491295)/2
LETF3=(FE+1.0954276)/4+1.2533263
LETA T=~F3%SURCLIFEXF(-Z) /A (X% X%K)
nETURN
IF&>3THENSQO
LETLS=20xC1=-EXF(=4/ 1033+ 4
LETT1=«5
LETTS=24/2
LETVI=TI
Lelves
LETY3=~.20
LETV&=0
LETVO=T5%CAS50)
LETVE=TO®%SINCI)
LETVT=VS
LETV3=VE
LETE1=0
LETRe=1
9 k=1 T4 LS
T 23=Co5(2kix%x3)
T £4=8INCEFR ¥
T £5=085C02kr+1)%d)
l /F”SIN((Z*h+1)*J)

B
LF
LE
|3
k
ETFI=F 1+ 1/
B
_r
E

|
.
Thezpe+ 1/ R+ 1)

TTl=T k%L Clpk(RE 1))

T 15=T5%2%2/Cakpnk{n+1))

CETVI=V I+ T IxZ3%{ 25K+ 1)

LETVE=VE+TI4Z 4% 2%+ 12
LETV3=V3+T1*43F((2xk+1D)R(FI+F2)/2-1)
LETVa=VarTIwl e (CExk+ DX (F1+F2)/2~1)

LET Vh=Vo+To%s5

LET VI=VT+ T« (F 1+ F2)%/25

LET Vé=VerTOHRLE

LET U =yd+ {5 R 1+b2)%L6

NEA TR
LETVE3=-Y3=-0A3C2%3) /(LX) + . 57T215665+L0GCL/2Y )% VI-0%VYP
LETVAz~VA+ SENC(ERGI /7 (LkZIF (o S5TT215665+L3GCZ/2))%xV2+T%V
LETVT==VTi/72+C38503) AL+ 577215665+L3GCZ/2))xV5-0xV4
LETYa==-V3/72-SINCBY /L4 (o 5TT219665+ 1,0 G2/ 2) )k VE+IXS
GJTISFC

LETF I=1

LETw7=1

LiTlS=1

LETW3=. 5

LETWI=ub

LETTE=1

Le1Ti=1

LET We=C

LETWa=(

cCor
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514 LETWESU
S2C LETW3=0
S2Y LEILS=3+20/4

26 LETFi=~F1
SHOLET T2 =Tk 4=C 2%kjam 1)k {2k K= 1))/ (Bx k)
S30G LETTIsTEX(2%Rk+1)/2
532 LET £3=C8 5CR%)
934 LET £4=SINCR%D)
536 LET WisWIi+FP1HTI*Z23
538 LET We=Wo-FlxT1xi4
540 LET 3
S42 LET WazWe-T1%Za
ha4 LET WosWO+P 1% TEx43
S46 LET WEsWE-F 1412424
542 LET W7 =W7+I98%s3
950 LET Wo=Wi-T8%l4
552 NEXT K
954 LETGLY= e 3959 4208 QasEXPCLRCASCEN)
556 LETUS=LO%CCASCLRxSINCB Y=o 5% )/ SERC DD
558 LETEUE=GORCSINCI*SINCDY ~a S%03)/SERCZ)
960 LETUISUO% (LB SCEASINCIY - 1a S¥D) I/ SGRCZFZKZ)
LeE LET R CSINCLASINCGG ) - 1o SkB) )/ SERCZKZKT)
S64 LETEUY=1.293314137T+FAFP(-£4%CUSCI))
566 LETUT=69%CCIS(~Z6SINCA) -« S%B) )/ SCRCZY
568 LEBTWd=Go%(SINC=Z%5INCI) =2 550D/ SEKCZ)
STU LETUB=GI4CCYSC~LASINCA) =10 5% 3/ SERCZRZKE)
572 LETEOA=EI%(SINC-2%SINCE)Y =1 5%3) I/ SORCERZA D)
574 LETVS= WSG9~ WekB6
576 LETVESWEX LS+ WS%GEE
ST LETVI=WTHG T~ 3% 63
S0 LETVS= WG 7+ 7468
S32 LETVISVS~-WikG 1+ WeEkGp
S34 LETVS=VE-WI02-WoxE )
D46 LETVI=-VI-W2% 03+ ekl s
5553 LETVA= - VB = W3k 4= Wk b3
590 LETWI=SUR(VIRVI+VERYS)
52 LETEZ=ATNCV2/VIDD
594 IFV1>OTHENSIE
596 LETUZS=GE+3.1415927
598 LETU3=SORCVIKVE+Vax V)
E0U LETQ4=ATNCVA/ V)
602 1FV3>0TAENGU6
604 LETEAT QA+ 3. 1415927
06 LETES=SUR(VSRYS+YERVE)
€05 LETO6=ATNC(VE/ VD)
610 1FVS>C0THENGL4
612 LETUA=G6+3. 1415927
614 LETET=SGROVTRVT+V3xV)
616 LETEE=ATNCVEZ VT
618 IFVT>0THENG2S
520 LETGE=ME+3.1415927
522 KETUKN
524 LETCE3=ATNCLE/ G
26 IFW1>0THENG3C
528 LETU3=63E+3. 1415927
$30 RETURN
632ENL
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Defect Sensitivity Factor for a Differential Coil System
for a lattice of Defects

Discussion of READIN

This program is designed to calculate the differential defect
sensitivity for a differential coil system which is shown encircling a
two-conductor rod in Fig. 9. One may also use this program for a
differential coil system inside a two-conductor tube. The coils must
have rectangular cross sections, identical dimensions, and a common

axis. The two conductors need not have the same electrical conductivity.

ORNL-DWG 67-2525R2

Fig. 9. A Differential Encircling Coil System.
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To use this program, one must execute the program which calculates
the defect sensitivity factor for a coil encireling a two-conductor rod
(ENDFTL) or for a coil inside a two-conductor tube (INDFTL). The output
data from either of these programs comprise the input data for the
program at hand. It is worth noting that the data generated by the
computer in the execution of either ENDFTL or INDFTL are stored in a
data block, which is then read as input for this program. Since there
exist BASIC compilers which do not have this capability, this program
may or may not be executable, depending upon the compiler used.

Once the execution of either of the above-named programs is com-
plete, one need only type the following lines into the program. (Note:

Parentheses are not typed.)
12 LET D = (Numerical value of center-to-center coil spacing)

Note: This spacing is in units of z lattice spacings, which are
equal to Z8/Z9 for either case of interest. The definitions of Z8 and

Z9 can be found in the explanatory material for either ENDFTL or INDFTL.
18 OPEN/(Name of file containing data)/,INPUT

The program may now be run.

The print-oul by the computer will have the following format:

RADII OF BOTH COILS ARE TNNER = (R1) OUTER = (R2)
LENGTH OF BOTH COILS IS (I2-11) ATR VALUE IS (A9)
RADIT OF CONDUCTORS ARE INNER = (A)  OUTER = (B)
COILS ARE SEPARATED (D*Z8/79) ML = (ML) M2 o= (M2)
Z , R (r(1)) (R(2)) FAXKHHHXXH (R(R9))
(z(1)) e - KHEHIHKHHEE
____________ e H e HK He e Koo ot o o e v
(z(2)) emeeee ameca- KREANKREHHN
____________ KA N e NN K - m - -
* X B3 X *
* * * * *
* % * * *
* * * E3 *
(Z(Z9')) ____________ HRHRRRNHER¥
____________ B

The various symbols enclosed in parentheses are used here to indi-

cate that the numerical value of the symbol will be printed. All lengths
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are normalized and the Z(I)'s are measured from the midplane of the coil
system. The upper value at each lattice point is the magnitude of the
differential defect sensitivity factor, while the lower one is the phase
of the differential defect sensitivity factor for the case in which the
defect is located at the given lattice point. It should be noted here
that the lattice points for which R9 > 4 will be printed below the last
line [i.e., the line containing Z(Z9')]. Furthermore,
79" = 79 — 1 — Int(D/2), where 79 and all other symbols are defined in
the explanatory material for both ENDFTL and INDFTL.

The example below is presented for additional ald to those who

wish to use this program.

Sample Calculation of READIN

Let us suppose that we are interested in the differential defect
sengitivity factor for the case in which the input data are just those
obtained from the example immediately preceding ENDFTL. Furthermore,
let us suppose that the center-to-center separation of the coils is
two z lattice spacings.

Since the output of ENDFTIL is written on the file ﬁ@B/, the
following lines are typed into the program:

10 IET D = 2
18 OPEN /@3/, INPUT

The program is then run with the following results:

RADIT OF BOTH COILS ARE INNER = 0.84 OUTER = 1.16
LENGTH OF BOTH COTIILS I8 0.81  AIR VALUE IS 0.101168E-01
RADIT OF CONDUCTORS ARE INNER = 0.6 OUTER = 0.8
COILS ARE SEPARATED 2 Ml = 45.48 M2 = 91.91
Z , R 0.625 0.675 0.725 0.775
-0.5 0.1188564E-01 0.1606826-01 0.2478397E-01 0.4109833E-01
~4 . 2957535 -8.6623862 -2.9317212 —2.1835753

From this we see that for the case in which the defect is located
at R = 0.725, Z = 0.5, the differential defect sensitivity factor is

0.2478397 x 1071 ¢ 92-9317212
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READIN Program

10 KEM EALTIN VERSION 127 Gars 68
12 LETL=4

14 LET A=INTCL/2)

16 DIM MU18, 182 FC 130180250185 18X 10145 123),0C 18, 13 KOIRY L)
13 drFEN 7837, INFUT

20 INFUT PLILERI RE,L15LE

ce INFUT FLLEAS B A9

cé ENFUT FILEMI,™M2

2h INFUT FILERIS L9548

2 Fdkd=1T04

30 INFUT FILERCS)

32 NEXTJ

34 Farl=11049

35 LNFUT rilLksCcId

35 FaokJd=1104

40 INFUT FILE MO(Llsd)

42 NEAT

L4 POIRI=1T0 4

46 INFUT FLLEFCI D)

48 NEXTJ

S50 NEXTI

Y2 LPRI<495THENTOC

S4 Fidnx J=5 1¢ 9

S6 LNFUT FILERCD)

54 NEXTJ

6C FUnl=11449

62 FOnJ=51dv

64 LINFUT FILE M1

&6 NEATY

¢G5 PInd=5Tw 4

¢ INFUT FPLILERCL,UD

Te NEXATJ

T NEXATIL

75 LFR7<€9 e 5THENTOC

V5 FORJ=10TA 1 4

SO INFLT FELERCDD

2 NEXTJ

s4 pIRI=1T349

46 FORJ=10T914

B LNFUT FILE ML)

F0 NEATJ

92 Fdhru=10T914

24 INFUT FLILEFCL U2

P26 NEATJI

735 NEATL

1CO FRINTIUVKROLIL OF BITA CIILS AKE", "INNER="3K1,"3UTF K=" K2
102 FRINTVLENGTA BF EITA CAILS IS"sL2-Lis"Alk VALUE 1S5";589
164 P NT"xOALIT OF CONLUCTIRKS AKRKE® s "INNER="3A,"JUTFR=""3
1G6 FRINTVCALLS ARE SEFARATELY I L¥LA/Z9,"M1=""3M1, "ME="3Mp
163 Fdn I=H+1 Td £9
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110 LET G=1-+

l1e LV I>L TdbkN 115

114 LET A=L+1~1

16 ¥ 18 120

114 b1 A={~-L

120 PR J=1 1Y RY

122 LET 5CLsJ)=MiCK»JdI*LISCHCKL, D)D) =ML D) *CBSCHCL»J))D
124 LF1T 1Csd)=MULs ) *SINCF(Ls ) =MCT ) *SINCFCLSJ)D
126 LET 2CLrJ)=0TNCEI (LI /D00 UJ))
1o LF SCwsJdd>0 1HEN 132
150 LET SCLsd)=2C(0LrsJ)~-F1
132 LED SCL»J)=5uhCS5Cus JYE5CLsdd+ 1 (s JIRICLaJd)D
134 NEXT J

136 NEAT I

155 FdIn L=1 19 £7-CH+ 12
140 LET £Ci)=4Cl)-CLLl+lE3/2
la NEAT

tas Lo Lzzsxd TrbENv 15«
146 LEL =401

Ty FPIre I=1 10 £9-CH+ 1)
150 LET £2CL)=£Ci)~¢&

195 NEAT 1

154 Fii NV

156 rriNIY L ) ISR
18 Fohd=11d 4

16O FRENTRCUD S

62 NEATU

1eée Fanl=11d49-CA+ 1)

ST o o L A G i

1€ rdad=119 <«

17C PrINT S5CLsdds

1772 NEATU

174 FRINTY™ 'Y

176 Ford=1194¢

174 rrdiNTICLsd) s

150 NEATY

lse nlNi

142 NEATTL

186 lhh?<ee D11 ENZ3S

I8 Pdnd=b5Tdy

120 rrINTRCADY S

172 NEXTU

124 PIRI=113£69-CHE )

126 Fidnd=5129

193 FolNT SCLsd)s

200 NEATY

20 FUohd=5T8%9

cGa FRINTDCL,U) »

2CG6 NEATU

c038 FhLENT

10 NEATI

12 Llrnd<?51nl NE33
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214 FIRJI=I1CTI 14
216 FRINTRCJ) s
218 NEXTJ

220 FAnrl=113442~CH+ 1)
202 PIRJ= 10T 1 4
224 FRINT SCIsJd),
226 NEATJ

273 PInd=10T13 14
230 FRINTOCL»Jd)
232 NEX1J

34 IV

“3&6 WNEATIL

£33 FriINI

ca( G0 19 e

4L P

Defect Sensitivity Factor for a Defect in the Base Material

Discussion of ENDFB5

This program is designed to calculate the defect sensitivity factor
for a coll with rectangular cross section coaxial with and encircling a
two~conductor rod of effectively infinite (three- or four-coil diameters)
length. For this program, the defect must be in the inner conductor
which is labeled II in Fig. &, p. 97. The conductors may have different
electrical conductivities.

To use this program, one must first divide all dimensions by the
mean radius of the coil. The results will, of course, be dimensionless
and will be referred to as being "mormalized." The product of the
angular frequency of the driving current, the permeability, the conduc-
tivity, and the square of the mean radius of the coil must be calculated
for each conductor. Let this product be denoted by wu101?2 for the
inner conductor and by wuzcéfz for the outer one.

Once these calculations have been made, one need only type the

following lines into the program. [WNote: Parentheses are not typed.)]

12 IET Rl = (Numerical value of the normalized inner coil radius)

14 IET R2 = (Numerical value of the normalized outer coil radius)

16 IET Il = (Numerical value of the normalized distance between
bottom of coil and Z = O plane)

18 IET L2 = (Numerical value of the normalized distance between
top of coil and Z = O plane)

20 LET ML = (Numerical value of wuy,017°)

22 LET M2 = (Numerical value of wuzcz?
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Note: TIf the conductivity of the outer conductor is zero, one must

type two additional lines:

60 LET X2 = X
62 IET Y2 =

(@]

24 LET A = (Numerical value of normalized radius of inner conductor)
B

26 LET = (Numerical value of normalized radius of outer conductor)
28 LET R9 = (Numerical value of normalized r position coordinate

of defect)
30 IET Z9 = (Numerical value of normalized z position coordinate

of defect)

32 LET A9 = (Normalization factor)

Note: This value may be obtained with the aid of ATRCOS simply by
placing the appropriate coil dimensions in that program.
The program may now be run.

The print-out by the computer will have the following format:

Rl = (R1) R2 = (R2) 1 = (11) 2 = (12)
INN RAD = (A) OUT RAD = (B) ATR VAIUE = (A9)
ML = (M1) M = (M2)

DEFECT POSITION IS R = (R9) 7 = (29)
X MAGNITUDE PHASE

1 mmemmme e

5 e e

10 emmmem e

15  mmmeme e

20 memem= e

25 emmme= mmmee

30 memmee e

The various symbolg enclosed in parentheses are used here to indi-
cate that the numerical value of the symbol will be printed. The first
column, headed "X," is the upper limit of the integration being performed
by the computer. The other two columns have self-explanatory headings
and appear primarily to allow one to inspect the convergence of the
integration. The magnitude and phase values for X = 30 are considered
to be correct since the integration, in most cases, converges
sufficiently well for this value of X.

The example below is presented for additional aid to those who

wish to use this progran.
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Sample Calculation of HNDFBS

Let us suppose that we wish to know the defect sensitivity factor
for a coil 0.155 in. in length with inner and outer radii of 0.420 and
0.580 in., respectively, coaxial with and encircling a two-conductor
rod of effectively infinite (three- or four-coil diameters) length.

The inner conductor is assumed to be aluminum with a radius of 0.300 in.
while the outer conductor is assumed to be copper with a radius of
0.400 in. Let us further suppose that we are interested in the defect
sensitivity factor for the case in which the defect is located 0.250 in.
from the axis and 0.0825 in. above the Z = O plane. We shall assume
the frequency of the driving current to be 1.25 kHz and the distance of
the bottom of the coil from the Z = O plane to be 0.005 in.

it

Normalized inner coil radius = 0.420/0.500 .84

Normalized outer coil radius = 0.580/0.500 .16

Normalized distance from bottom of coil to 0 plane = 0.01
Normalized distance from top of coil to Z = O plane = 0.32
Normalized radius of inmer conductor = 0.300/0.500 = O.
Normalized radius of outer conductor = 0.400/0.500 = 0.
Normalized r position of defect = 0.200/0.500 = 0.5
Normalized z position of defect = 0.0825/0.500 = 0.165

DN
= O

6
8

It

Furthermore,

Angular frequency of driving current = 2r X 1250 sec™?t
Permeability of both conductors = 4% X 1077 h/m
Conductivity of copper = 5.77 X 107 mhos/m
Conductivity of aluminum = 2.86 X 107 mhos/m

Thus,

waoir? = 45,48
91.91

{t

Wpls 0‘2?2

At this point one determines the normalization factor by placing
the normalized coil dimensions in AIRC05 and running that program. Tt
is worth noting that the normalization factor is independent of all
parameters excluding the coil dimensions. This factor is normalization
factor 2 in the print-out of AIRCOS and for the case in point is found
to be 0.01011632. With the normalization factor in hand, the remaining

procedure is quite simple.
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The above information is now typed into the program as follows:

12 LET R1 = 0.84
14 IET R2 = 1.16
16 IET 11 = 0.01
18 IET T2 = 0.32
20 LET Ml = 45.48
22 LET M2 = 91.91
24 IRT A = 0.6
0.

I

26 IET B = 0.8

28 LET R9 = 0.5

30 LET 79 = 0.165

32 1ET A9 = 0.1011632%E-1

Execution of the program yields the following results:

Rl = 0.84 Re = 1.16 1 = 0.01 2 = 0.32
INN RAD = 0.6 OUT RAD = 0.8 AIR VALUE = 1.01163E-2
ML = 45.48 M2 = 91.91

DEFECT POSITION IS R=20.5 Z = 0.165
X MAGNITUDE PHASE

1 1.53765E-3 7.54113

5 1.34157E-2 7.85115

10 0.016374 8.00735

15 1.64628E-2 8.02217

20 1.64633E~2 8.02278

25 1.64633E-2 8.02276

30 1.64634E~2 8.02276

From this we see that the defect sensitivity factor is

0.0164634 J8-02276

To obtain the change in normalized impedance, we multiply the defect
sensitivity factor by the product of the defect volume and the shape
and orientation factor. Note that the defect volume must be calculated

from dimensions which are normalized by the mean radius of the coil.

ENDFBS Program

1¢ kM FNDFED VERSION 27247 69
12 LET kl=.854

4 LET K2z=1.16

16 LET L1=.01

15 LET L2=.32

20 LET M1l=45e¢ 43

22 LET M2=91.91

24 LET A=.6

26 LET b=e8



a4
30
32
34
34
358
40
4
44
46
<3
50
5
54
56
o4
&0
o4
6 67
i3
76
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LET RI=.5

LET £9=4165

LT A9=.10116325~1
PRINT"KI="3R1s"R2="3RE,"L1=""3L1,"L2="";5L2
PRINTULINN RAL=; L, V"IUT RAD="3E,"A1K VALUE="3;A9
PRINT"MI=201s7"" Vs M2zt M2

FRINTVLDEFECT POSITION IS8y "R=""3K9,"Z=""3£9
FRINT "R, "MACGNITULE s "PHASE"

LET mM2=0

LET M7=0

LET Ms=0

LETSI=1E~2

LETS2=1

LET B1=0

LET BE =52

Fdk A = Bl +51/2 18 B2 STFF $1

LET X2 = « TOT10T#*SEKCSER(ARK kKR +MERMEY + X %K)
LET Y2 = o FOTIOTH50KE SLECKRK KX KL 402472 =X kK)
LET A1 = 707107 SURCSERKCKRXRL KA +3 1%41) +X%X)
LET Y1 = « TUTTOTHSUNRCSUR(AEAKAAR+MIAM 1Y =K *k5)
LET £1 = SURCALI%X1+Y 1%Y 1D

LET 91 = ATNCY1/X1)

LET Z&2 = SOR(ASKAZ+Y 24722
LET 2= ATNYZrK2)
LETa=Rkd]

LETa=21

Gaslub 312

LETL I=81

LETJI=0E

LETIZ=65

LETJZ=E6

LETL=A%L2

:LETé=22

Ga SUE 312
LETI3=G61
LETd3=w2

100 LETK3=63
102 LEIN3=04
104 LETL4=GS
106 LETJ4=G6
104 LETwasut
110 LETNa=G3
112 LETE=A%b
114 LETU=0
1146 GaSUE 312
118 LETKS=~63
1 LETLE=GS
122 LETKE=QT
24 LElZ=p% 20
126 LETa=32

| Pt

G Sk 312
LETL7=w]1
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LETJd7=G2

LETIRT=U3

LEINT=0A

LETIS=GD

LETJds=ué

LET<S=07

Lok TS =

LETL=R9 441

LeTu=dl

GJ SUE 31te

LETL2=65

LETJd =66

LETGI=A kK Stk LI SONS) ~L£2% TR ex G SCI2+NT)
LETWZ=ARKOR A3k SINING) ~L2* L TR &SI NCI2FNT)
LET L1 = SGROQIHLITU26UE)D

G SUBES1O

LETE1=03

LETGCI=Z2 140 a4k [ 14 0IS(P1+Ja+ 1Y ~225x 2% 3408 S5(I2+J8+J3)
LETGeE=L 16l 4% 1xSINGII+J44J 1) ~28% 12k 3 SIN(22+02+ 03D
LET L2 = Serdulfwl+geExes)

GJI SUES10

LETEZ=63

LETUI=£ kK 4okl 14CTECII+NA+I D) -2 K31 24 CISCI2+N3I+I2)
LETW2=4 18 ak] 13SINCI1I+N4+J 1) ~£24K 3% I 85INCI2+N3+02)
LET U3 = sn(lldxul+exi2)

G SURS 10

LETE3=03

L Twl=a28 L T 6kl 5C a2+ 7)) A6 5xA5%0C0 S5CU)
LETWe=agk] TR46xS5INCI2+dT) -Ak xSk SLNCIH)
LET Lg = SuhClIxbl+rexiLe)

GISUnS1C

LETha=a3

Lkl &l = D1kDekCOSCEI+E2Z+D3x D4k CaSCRE3tR4)
LET by = LldpekSINCEI+EZ2)+ L 3% L4k SINCEGHE 4D
LET DS = Stk (WIkE1+G2xu2)

GISUES1C

LETEL=UL

LETGI=i9kCISCII-E9) /7 (RAKEXRLDS)

e TGE=12%SINCU?~ES) A CakbRUD)

LET £ 0= REXX

LET L1 = ke

GdSur 264

LET &7 = 47

LET £ = ki

LET wl = it

GI Sl €h4a

I | g = K77

LETSS=S14 (0T )% CSTNCRKR (LI~ 1)) =SInNCXR (L -2 D
LT I=MT+01%55

LET viazms+ CekSh

NEXTA

bl MG=pTTN0Es/ M7

[F MT7>CTAbkNE 4G
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atis

LET9=2M2+ e 1415927
LETNS=(3«M1) /A 0% o3 €9 6044%AF)
FRINTA+S 1/ 22N 3% (o TRMTEMS RYH ) » 20T
14 LET S1=5%E -2

IF A» a5 THEN 254

b Tk 1=

LET bE=b

G Ta &

LEl
Ll BE=po+Sye

[FAa<zy o« BTHAENSS

Ga 1g 918

IFE£>3THENSO S

264 LET LS=INT(Z20kCl-EAFC(=27 1000+ 4)

263 LETFI=0

270 LET Fe=1

e Lelia=1l

274 LETTS5=Wwl+G1*G1

218 LET Té=l1rse

’ LET K7 = G174+ (577215665~ 1/2-173+L0GCE/230%T57 6
Fiolkh R=1l T8 L5

e LT FPl=Fl+l/ K

s LET Pe=F2+ /(e 1)

A& LB Toh=Thxixy

45 LETTA=TE6/ CakmEx{ n+ 1))

Y0 LETCZ2=T6/ C3+24%K)

€9z LT Cl=Ce 9772186651+ ) /2= 1/(3+2%xK)I*(C2
294 LET FI3=ClxT5+0eslLICLAL/72Y4TS

b LET KT=47T+F3

275 NEAT K

LU e RT7=AT-3. 1415927/ C0kXE05K)

Stz G To 3140

BG4 LT r3=0(Ce T80 £~ 1 VTE38TEI/ 2491571421/ Lo &£T4718953/ 4
U6 LET F3=CF3+1.0955276)/L+1. 2533263
08 LET A7=-F3* 50RO REXFO-E) /A (KR4 KD
310 WETURN

312 IFL>8TrEN346

314 LETLOS=2 e 1-FXF(-2/7 102+ 4

316 LETTI=.5

Sl LE1Tb=gr2

320 LETVI=TI]

ez LElve=(0

Jeda L v3E=-e25

36 LETVa=G

3o LbeTVLH=T5508 502

330 LETVA=TORSINCID

s LETVT=VS

334 LETV3=VE

326 LElri=4

33 LhTFZ=1

34C Fdh =1 Tg LS

4 LET £3=08 50 2% %)
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Lo Ll NSk ki)

L5=0I5002%x+ 1) %D

Lf}:ui!\l((( I C D E VD

f=bk 1+1/ 0

k?+]/(1+})

Lb]ﬁi Tk s Cltpk(n+1))

il Th=lbsowd/ Cakhelint 1))

LETVisVI+T 14350 0dn+ 1)

L Tve=Ve+ T TRL 4k ik + 1)

WFiv?:.o+11*/J*C(‘*:+1)*(b1+F SFALE D]

L!.l\/l”vq*ll+ F{{ EhR+FIIFCHI+EEILA2-1)
LET VoS +TS */%

_r1 VT=YT+T5%(F 1+F &) %L

er Ve VEFTHRLA

LET Vo =W+ 15k (Fl1+F2)RLE

t‘/\'i i

-
e
T
l,

FEAVI=~V3E-CO5( 2% /(L% id+ (e STTE15665+LIGMLA2Y) IRV =% VD
L. TVaz~Va+r 5L NCE®II/ACLx i)+ 0o STTEISE65+LIGCL/ 2 YR YE+HIX V]

LETYT=-V I/ 2+v0A5Ca)/ 2+ e STI2I5665+ 10 LOL/E2Y Y RS-0 4 VA
LB TVE ==Y/ 2~-5INCAY 4+ Ce STTEISEES+L I GLL/ 22X A VEFTRVYD
GsldeTh
LETR =1
LETwi=1
b Thb=
N R
hlod=eh
e T1le=1
Lh1T1i=1
LET WeE=l
LETwa=0
LETVF:v
ETwis=C
LElLb—d+?U/4
Fann=1ToLS
LETE1I==11
LEW Te =12% (4= L&~ 1) %L 2%~ 1))/ (% ik L)
FTT1=Tex(xnrt 1)/ 2

Fi £3=0d5Ck*3)
LET £4=51NCR%3)
LET Wil=sll+bh 111k L3
LET Wezl~F ik 1xd4s
LET wW3=wWR+T1%43
LET Wezha-T1xl4a
el LSz uwb+ R IxTERL3
LET WemWe~F 1=T8%ks4
LET w7 =kh7+t12%x23
bl WzmwelTZ2kla
sERAT

LETUY = 0 39397 €288 0k b A CLELISCE))

LETUOm L4 CCISCAROINCE)~a D%/ SR L)
L.l'lb.fw LOHCSINCLHRDINCY) - DHII I/ SLKCL)
LETLI=La % (U SCAL%LINCI) =1 5% I)I/SURCLRLNF LD
LETLe=0os(SEn(LaSINCI)~1a5%9))/SERULEARL)
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<50 LETW=1.253314137#EAFC-24035C02)

452 LETGT=09 #0502+« 5I N3 = D22 )/ SURCLD

454 L ETLd =9 (LN~ 235in0d) ~e 53D )/ SGRTLD

Lhdy LETLI3=6d9 3l dS (=28 5IN0I) =1, 553D/ 5UKCLHLHRLD
45 LET@a=0 v (5INC-2kSINCI =T Hd D)/ SUROORLE L)

i PR
4f L EEVEEVE~WIAGE~ WaxE ]
470 LETU3=-VT-W3k W3+ WLkl 4
T4 LETVA=-VE- Wik La-Wakid
476 LETUWI=SGERIVIRVI+VERVYD)
476 LETEe=aTNIVE/ V1Y

30 LFWI>UTHEN 45 4
LETLe=E2+3. 1415927
Gidg LETGI=80ROVERVI+ VARV L)
e LETLazATHIVSIVE)
Gas LFV3>CTHEN a9 2
L0 LETHa= L4+ 3. 1418287
e LETWH=Sur{ Va2 VS+Vak V)
i LETUGE=STNOVEIVD)
GF 6 LEVE OTHENSDO
474 LETGE=LA+3. 1415927
SO0 LETUT=56ROVTHVTHVEHRVED
HCF LETWE=8TNCsZ VT
SCa FRVTI>CTAENSOS
D06 LETUE=ws+3. 1415927
SU5 0 Ik TR RN
510 LETGI=LTHNCLE/ 1)
D12 TP LiI>CTHENS 16
Sl4 LETGE=3+3. 1415927
516 RETURN
518 ENU

COIL INSIDE A TWO-CONDUCTOR TUBE

The casé of a coil inside a two-conductor tube, shown in Fig. 10,
is typical of & number of tubing inspection problems. TIf we take the
conductivity of the outer conductor to be zero, the problem reduces to
a coll inside a single tube. This type of coil is used with impedance-
bridge instruments for many eddy-current tubing testers.

In this section, there are programs which calculate the normalized
coil impedance (INNCO5), the defect sensitivity factor for a defect in
the inner material (INDFT5), the defect sensitivity factor for a defect
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Fig. 10. A Coil of Rectangular Cross Section Inside a Two~Conductor
Tube.

located at any point in a lattice in the inner material (INDFTL), and

the defect sensitivity factor for a defect in the outer material (INDFB5).
In addition the program, READIN, in the previous section can be applied
to calculate the defect sensitivity factor for a differential coil

system for a defect located at any point in a lattice.

Normalized Coil Impedance

Discussion of INNCO5

This program is designed to calculate the normalized impedance of
a coil with rectangular cross section coaxlial with and inside a two-
conductor tube of effectively infinite (three- or four-coil diameters)

length. The wall thickness of the ouler conductor is also effectively
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infinite as shown in Fig. 10, The conductors may have different perme-
abilities and electrical conductivities.

To use this program, one must first divide all dimensions by the
mean radius of the coil. The results will, of course, be dimensionlesgs
and will be referred to as being "normalized.” The product of the
angular frequency of the driving current, the permeability, the conduc-
tivity, and the square of the mean radius of the coil must be calculated
2

for each conductor. Let thig product be dencted by MM1U1; for the

2 for the outer one.

inner conductor and by wusoor
Once these calculations have been made one need only type the

following lines into the program. (Note: Parentheses are not typed.)

12 LET Rl = (Numerical value of normalized inner coil radius)

14 LET R2 = (Numerical value of normalized outer coil radius)

16 LET L1 = (Numerical value of normalized distance between bottom
of coil and Z = O plane)

18 IET 12 = (Numerical value of normslized distance between top
of coil and Z = O plane)

20 IET ML = (Numerical value of wu,o,r?)

Note: If the conductivity of the inner conductor is zero, one must

type two additional lines:

62 LET X1 = X

64 IET Y1 = O

22 IET Ul = (Numerical value of relative permeability of inner
conductor) _

24 IET M2 = (Numerical value of wuzazrz)

Note: If the conductivity of the outer conductor is zero, one must
type two additional lines:

58 LET X2 = X

60 IBT Y2 = O

26 IET U2 = (Numerical value of relative permeability of outer
conductor)

28 LET A = (Numerical value of normalized radius of inner conductor)

30 IET B = (Numerical value of normalized radius of outer conductor)

32 LET A9 = (Normalization factor)

Note: This value may be obtained with the aid of AIRCOS simply by
placing the appropriate coil dimensions in that program.

The program may now be run.
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The print-out by the computer will have the following format:

R1 = (R1) R2 = (R2) 1 = (11) 2 = (12)
INN RAD = (A) OUT RAD = (B) ATR VAIUE = (A9)

ML = (M1) Ul = (Ul) M2 = (M2) U2 = (u2)
X AIR VALUE REAL PART TMAG PART
1 aceme= mmmememe e o

2 e mmmcee

3 e i, i

L e e

5 e e e

6 mmmmem e

7 e mmee e

8 e e i

O mmmmmm e i anam
10 emmmee e e
11 emmmeemmeeee s
12 e e i
13 emmmeemmmeme e
P
15 e e
NORMALIZED IMAG PART —--m-- NORMALIZED REAL PART -nwme=

The various symbols enclosed in parentheses are used here to indi-
cate that the numerical value of the symbol will be printed. The first
column, headed "X," is the upper limit of the integration being performed
by the computer. The second column, headed "AIR VALUE," is the value of
the integral in the absence of the two-conductor rod, while the remaining
two colunns are the real and imaginary parts of the integral in the
presence of the conductors. These appear primarily to allow one to
inspect the convergence of the integration. The last line is the
normalized impedance of the coil in the presence of the two~-conductor
rod.

The example below is presented for additional aid to those who

wish to use this program.

Sample Calculation of INNCO5

Let us suppose that we wish to know the normalized impedance of a
coil 0.155 in. long with inner and outer radii of 0.420 and 0.580 in.,
respectively, due to the presence of a coaxial two-conductor tube of
effectively infinite (three- or four-coil diameters) length. The inner

conductor is assumed to be copper with a radius of 0.600 in., while the
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outer conductor is assumed to be aluminum with a radius of 0.700 in.
We shall assume the frequency of the driving current to be 1.25 kHz
and the distance of the bottom of the coil from the Z = 0 plane to be
0.005 in.

First, we determine the mean coil radius to be 0.500 in., so that

Normalized imner coil radius = 0.420/0.500 = 0.84

Normalized outer coil radius = 0.580/0.500 = 1.16

Normalized distance from bottom of coil to Z = O plane = 0.01
Normalized distance from top of coil to 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

i

if

Furthermore,

Angular frequency of driving current = 27w X 1250 sec”!
Permeability of both conductors = 4x X 1077 h/m
Relative permeability of both conductors = 1
Conductivity of copper = 5.77 X 107 mhos/m
Conductivity of aluminum = 2.86 X 107 mhos/m

Thus,

W oqT? = 91.91

Wo O T = 45.48

At this point, one determines the normalization factor by placing
the normalized coil dimensions in ATRCO5 and running that program. It
is worth noting that the normalization factor is independent of all
parameters excluding the coil dimensions. This factor is normalization
factor 2 in the print-out of AIRCO5 and for the case in point is found
to be 0.01011632. With the normalization factor in hand, the remaining
procedure is quite simple.

The above information is now typed into the program as follows:

12 LET R1 = 0.84

14 IET R2 = 1.16

16 IET 11 = 0,01

18 LET 12 = 0.32

20 IET M1 = 91.91

22 IET Ul = 1

24 LET M2 = 45.48

26 IET U2 = 1

28 LET A = 1.2

30 ILET B = 1.4

32 IET A9 = 0.1011632E~1
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Execution of the program yields the following results:

H@mﬂmm+\mmeE

=
N = O

13
14
15

NORMALIZED IMAG PART 0.58980875 NORMALIZED REAL PART 0.09658026

R2 = 1.16

OUT RAD = 1.4
Ul = 1

AIR VALUE
.1040337E~02
.4916284E-02
.0769353E-01
.0802257E-01
.084957E-01
.0928377E-01
.0945268E-01
.0956387E-01
.0983787E-01
.0991995E-01
.0994552E-01
.1003168E-01
.100638E-01
. 1006869E-01
.1008879E-01

cjoNoNeololololoNoloNoNONORONS)

= 0.01 I2 = 0.32

ATR VALUE = 1.01163E-2

M2 = 45.48 U2 = 1

REAL PART IMAG PART

~(0.,1322947E-02 -0.3355146E-03
0.1504308E-02 ~0,5924591E-03
0.3852849R-02 ~0.0758097E~02
0.40040458-02 ~(0.,0856239E-02
0.4402016E-02 -0.091193E-02
0.5158041E-02 —0.0942619E-02
0.5313254E-02 —0.0959137E-02
0.5418599E-02 ~0.0967861E~02
0.5690106E-02 —-0.0972403E-02
0.5771114E-02 ~0.097474E~02
0.5796231E-02 ~0.0975931E-02
0.588219E-02 -0.097653E-02
0.59142248-02 —0.0976826E-02
0.5919087E-02 —0.0976969E-02
0.5939166E-02 —-Q0.0977036E~02

From this we see that the normalized impedance is

INNCO5 Program

10 ektd

1z LEdhl=e32
1< LETnE=1le16
L FTL i=. 0
} LB 2= . 38
Lb = e
e I U

<Al b ivE=ah. 44
well ki b
Zol.bla=1.8
SULFETh=1.4

7 =
n

IG5

Selblad=e 1011 6832k~-1

Gapp Lo
SEERLNTTLN Y k£
SolFe LT i=rsy
0P LNTY A
4( ET{IT—C

LX) 111‘[“

L= e, LT
I>»"ll="";
VAaLUE"™,

i LN I — W T — 2 £ -

NI R IEY I N MY s REs LI LT,
fogul2® s
i VA e P e P
Ul M= v Mlie="

FARTY,

VRE AL

VErSTIN

Le="L

B MO0 e Vi

R

L
RS
CIMAG

o
B
e
[

i

0.0965803 + jO.589809

a1

ALt

I[ 1"
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HELETEI=0

S4B TpE=52

SEFGRA=HI+S I/ 2T E2STEFS]

SALETAE= e TOT10 TR SGRUSLROAHKRKRKLSM IRV ) 4 RK)
COLETY 25 TUOTIOTHRSUROS QR AR AFMEERMEY = KRR)D
EZLETAY=e TOTIOTHSURCSURCERAEALEZXN M TEM 1)+ K%K
GALETY 1= TUTIOTHSGRCSUREREERX KA+ M RN L) ~ Kk 4D
GELETLZI=SUROK 1.X 1+ 127 1)

ARLETY I=8TNCY 17X L2

TULE T £2=80R(RKZHA2+Y 2% 7 2)

THLET G8=nATN(YE2/KE)

F I WA AR

el ETy=0

T3 GALUBI0y

GULETL I=61

el ETI2=E5

BaLETKe=GT

BOLE TL=kd

BELETY =1

FOGHHULEZOH

FELETI3=&1

GaLETI3=08

GALETL3=3

FHLETNE=04

10CLETI 4=0%

1IC2lLETd a=Lé

1C2LE T a= U
TCEL TN 4= @3
1CELETLA=H%L]

THOLETI=A

112G 5Us308

11alLETI5=61

116LETUS=02

THSLETAS=00

120LETNS=04

122 8T 6265

124 ETJ6=66

126LETK6=67

128 ETNG= LS

130LETL4=p%i2

132LETI =02

13460 SUB3GS

136LETA 72063

136 LETNT=G4

140 ETK3=UT

V42l E TS =L

144l b TG 1=kl 4% 1% CASCJA) £tk 3] 2% Co SR 1+J3) /U1

1461 TE2=RK« L 4% L 1xSINCJ4) -2 1134 [ 245N T 1+d3)Y7U1

143 ETD = 50RCEIxG 1+ G2k L)

15063 5UB506

152LETEI=GT

154LETEI=2 15K SkKB R CISCI 1+NBENBI /UL~ Z22%K TR K64 CTSCH2+NTHNEY /U2
15ALETUEZ=2 1 xS KBk SINCI 1 +NS+NS) /U1 -Z22% K TR K &R SIN(DSHNTHNEI A U2
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1oL E TLE=SGRCETRG I+ UREGE)

160060 SUESCE

1AL LT HEE=WLE

164 Tul=£2%K TR EXCISIZHNTHIEI /UL~ L 1H] SxL5%C3 ST 1+dH+NEI /UL
TEELP T2 L2% TRl AFSINCE2FNT+JE) /UL~ Z 141 SRkKBxSINCD 1+JSENEY /U2
163 TLE3=SURG I L1+ G2xu2)

17065 SUBS06

172l b1E3=w3

174 ETUI=X 44k ] 19T SIN4Y -2 1K 3F I 2xCOSCHII+NTY /UL
FPTALETUZ=R&K 4% ] 1% SIWNCN ) -2 1HK3%I 2%« SINCD 1+N3I /UL
17k TUA= SQKCEHIRG1I+HG2RGE)D

15 0G3SLESUE

2l p TE 4= 63

154 b Tel=LIREE2RCOSCEI+E2) +L 3% L4k CY SCE3+E 4D

I B ETUe=D ke SIWCRE I+ E2) +D3% D4k SINCE3+E4)
ISHLE TLS= 56 RCUIRUI+LERES)

WG HLe506

122 ETES=W3

12 4L TOI=C I 4 DBk COSCIa+ EE=-FE S+ R 4k L3R LU SINA+E3=ESY) /(LS kI 2)-K2/ 12
19 6L T0=C] 4% U8R SINCILAEC~ESY + K4k L3R SINC(NA4+ES~ES) )/ CLisx k] 2
Pval. b Tosnesi

CCCLETG =R

202060 5Lk ZEC

2Ual BET16GT=V 1

CUHLETIZ=VE

POSLLE T L= 1%K

210LETel=k1

2126850k 260

214l EThs=V1

216LETL 1=V2

21l b Tud=u7~ud

CECLETSS= 4k S (LR SINCAX(LE~-L1)/2)) 12

2E2LETAI= 601559

22a. L THRP=G2x 55

Ze6LETL 3=12-11

228 E 153736 141592%X%1 3% 35851
C3CLETA3=83%((EAF(- AR (LZ2-L1)I)~ 13 /8+L.2=-L 1)
C3ELETAT=MT+H1+A3

234LETH8=ME + 462

E36LETMI=MY+ A3

238NEXKTX

A4H0LETU3=X+(51)/72

242 FPRINTGE3s MY M To M3

a8 1 51=5k~2

246LETb1=E1+52

243 ETEE=0L2+52

2501 FXK<14THENDS

SO2FRINTNURMALIZED IMAGC FPART"3C(A9-MI+MT)/ A9,
254FRINT"NIRMALTI ZED RE&L FPART'; -M3/7 19

256 FRINT

255G TI514

260 IF £>5 THEN 286

262LETLS=20%( 1~FAF(-Z/10))+ 4
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26 4LETF1=Q1XG1XxQ 1/ 2
266LETF2=1

268LETVI=F1/3

2TOLETVE=VI]

2T2FDRR=1TULS

STALETF 1=F 1%Z2% L/ C4%¥RA(R+ 1))
276LETF2=-F2
2T3LETVI=VI+F 1/ (3+2%R)
ZEOLETVE=VE+FEXxF 1/( 3+ 2% K)
Z2BEZNEX TR

283 4
286
285
290
292
296
295
300
502
304

Gd Td 306

LET PI1=s€((~188.1357/2+102. 1142)/7«23.79333)/2+2.050931)/ 7%
LET FI=((F1=e 17305033/ £+. 7034845/ 2-064109E~3
LET F2=({((-5.817517/2+2. 1UBB T4 /L=~ 6896196/ 2+ 4895202472

LET PE={FE-s 18T7344E-2)/4+ 7979095
LET P4=3.1415927

LET V2=C(1-50RCZI*(P2*CIS(L~-FP 4/ 4) -F 1% SINCZ=-FP 4/ 4) )37 CX&X%X)
LET P3=C0001660. 794/ 217375562/ 2+5436694)/2+11.81304)/2
LET F3z({{FP3~-33.78366)/74+5.108402)/2~«6130935)/2

LET P3=(F3~-.33608363/2+.3%37795
LETV1=P3%SERIZIREXPCLI/Z (KRARN)

306 KETUKN

308
310C
31z
314
316
313
320
aze
324
326
328
330
332
334
336
338
34{)
342
344
34¢&
348
350
35z
354
356
353
360
62
de4
3é&6
363

T FL>8THENGS 2
LETLS5=20%(1-EXP(~-2/ 1))+ 4
Ti=a5

LETTS=2/2

LETVI=T1

LETVZ2=0

V3==-.25

V=0

LETVYS=TS%xCY S(3)
LETVE=TOSXSINCY)

LETV7=V5

LETVB=VE

LETFi1=0

LETF o=

Fdk K=1 T9 LS

LET £3=CdS(26R*%3)

LET £4a=35InN(2%K*d)

LET Z5=C3S5CL2%K+1) %3

LET 26=SINC(2kxR+1)*3)
LETF1=F 1+ 1/K

LETF2=F2+ 17K+ 1D
LETTI=TiRikZ/CahEECRE L))
LET T5=TS*Z%L/ CaxRE(R+12)
Vi=aVi+T 1IR30 2% K+ 12
Ve=Va+ Tl lax( 28Kkt 1)

V3= Y3+ T1% 2350 2xk+ 1IR(FI+P22/72-1)
Vaz Var TlkE 4k (L S+ 1) % (P 1+F23 /213
LET Vb=VE+TS%LD

LET VI=VT+T5%(F1+F2) kL5
LET Ve=Ve+rToS%L6

LET VB =VB+TOk(FI+F2I%L6
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370 NEXTK
372 V3z-Y3~COSC2%BI/ (2% +{ e STTR215665+LAGCZ/2)) %V -B*% V2
374 Vas~Va+r SINC2KkDI/CZ%Z)+( e STT215665+L0GCZ/2) X% V2+I% V1
376 LETVI==-VT/2+C3S(B)/ 2+Ce5TT215665+L0GCL/2))Y*YS-F%VE
378 LETVB==VB/2-SIN(DI/ZZ+(e STTR21S5665+LDGLL/2)) R VE+3% V5
350 GATVBATL

32 LETFI1=1

384 LETWT=1

386 LETWS=1

338 W3=.5

390 Wl=eH

392 LETTe=1

394 LETT1=1

396 LET We=0

395 LETW4=0

400 1LETWe=G

402 LETW3=(

404 L5=3+26/ Z

406 FORK=1TOLS

408 LETF1==F1

410 LET T2 =T2x( 4= 2%k~ 1) % 2kk~1) )/ CE%RR%L)

412 LETT1=Te*( 25K+ 1)/ 2

414 LET Z23=C0SCr%3)

416 LET £4=SINCK*U)

418 bl WizWil+p1xT1%23

420 LET We=We=F 14T 1k 4

402 LET Wiz W3+T1443

424 LET Wamlha-Tikle

426 LET WO=WS+FIRT2%E3

425 LET WeE=WE~F 112874

430 LET W7 =WT+TE%23

432 LET WE=Wi-T2%Z 4

434 NEAT K

436 LETUYS o 39389 2203 04k EXFCZ403 SCi3))

433 LETGS=GUCCYSCZASINCGI) o S5%D) )/ SERCZ)

440 LETUE=EF#CSINCLASINCGD) =0 553037 SER(Z)

442 L TE1=0246CCSCLRSINCId = 1e S%TII/ SURC 2K L% 2D
444 LETGE2=62% CSINCLASINGI) = 14 SRDI I/ SURCZKZRZ)
446 LETEY= 1425331413 7THEXFC=2%C0SC3))

448 LETGT=269%CCASC-2%51NCEU) ~e SKkII I/ SERCZ)

450 LETUS=GEIHCSINC=Z65INCD) e S%23) )/ SERCZ)

452 LETUSZLIR(CUS(-2%xSINC3) =10 ShBI I/ SARCZH LK Z)
454 LETWa=ugk (SINC=24SINCB) ~1e5%D) )/ SURCZKZ*Z)
456 LETVS= WO LS=WokEé

450 LETVE=WEXLS+ Wo* BE

460 LETVTI=WT44 T~ 1ok 63

462 LETVS= Wk 7+ W TkEs

464 LETVIzYS-WkE 1+ Wex G2

466 LETVE=VE-W kLS~ WoxE ]

465 LETV3=-VT-W3kU3+WarE 4

470 LEIVAS -3 = W3k GdmWak (3

472 LETLI=SEROVIXVI+Y2X Y2)

474 LETeE=ATNC(VR/ V)
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476 TFYI>QTHEN &40

AFs LETUZ=HE+3. 1415927

A0 LRTE3=5ROVIRVEE V4RV
442 LETEA=ATNLVAS VD

i g LR YS> CTelBivagids

ant LETL4=idg+ 3. 1415927

4353 LETWOS=SGROVERYS+VARVED
30 LETEE=ATNIVA/ YY)

49 LRYSLS»OTHEN &9 &

424 LETUEe=UE+G. 1415927

L6 LETWT=SURIVTRV T+ VIR W)
A9 LETEE=ATHNCYE/VT)

SO0 TFPVT>UTHENSCS

S5UH LETUA=0E+3.1415%927

564 HETURN

506 LET@3=ATNCG2ZW1)

508 IFGI>0THENSTZ

510 LETUI=EE+3e 1alb227

518 RETURN

5147 M

Defect Sensitivity Factor for a Defect in the Inner Material

Discussion of INDFTS

This program is designed to calculate the defect sensitivity factor
for a coll with rectangular cross section coaxial with and inside a two-
conductor tube of effectively infinite (three- or four-coil diameters)
length. The wall thickness of the outer conductor is also effectively
infinite. PFor this program, the defect must be in the inner conductor
which is labeled III in Fig. 10, p. 138. The conductors may have
different electrical conductivities.

To use this program, one must first divide all dimensions by the
mean radius of the coil. The results will, of course, be dimensionless
and will be referred to as being "normalized."” The product of the
angular frequency of the driving current, the permeability, the conduc~
tivity, and the square of the mean radius of the coil must be calculated
for each conductor. ILet this product be denoted by wulchz for the

2 for the outer ome.

inner conductor and by wu,o,T
Once these calculations have been made, one need only type the

following lines into the program. [Note: (Parentheses are not typed.)]



typ

placing the

12
14
16

LET
LET
LET

R1
11
18 LET

20
22

LET
LET

Note: If

R2 =

i

(Numerical
(Numerical
(Numerical
vottom of

- (Numerical
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value of
value of
value of
coll and
value of

normalized inner coil radius)
normalized outer coil radius)
normalized distance between
Z = 0 plane)

normalized distance hetween

top of coil and Z = O plgne)
(Numerical value of wulclgz)
(Numerical value of wu,0,r°

the conductivity of the outer conductor is zero, one must

two additional lines:

X2
Y2

60 LET
62 LET

24 LET A =

26 LET B

Note:

28 IET
30 LET

A9

32 LET 79

i

il

R9 T

il

X
0

(Numerical value of normalized radius of inmer conductor)
(Numerical value of normalized radius of outer conductor)

This value may be obtained with the aid of ATIRCO5 simply by

appropriate coil dimensions in that program.

(Normalization factor)
(Numerical value of normalized radius of r position
coordinate of defect)
(Numerical value of normalized radius of z position
coordinate of defect)

The program may now be run.

cate that the numerical value of the symbol will be printed.

The print-out by the computer will have the following format:

Rl = (R1)

INN RAD = (A)

ML = (M1)

R2 = (RR)

DEFECT POSITION IS
MAGNTTUDE

X
1
5
10
15
20
25

OUT RAD = (B)

11 = (11) 2 = (12)
ATR VALUE = (A9)

M2 = (M)

R = (R9) Z = (79)
PHASE

The various symbols enclosed in parentheses are used here to indi-

The first

column, headed "X," is the upper limit of the integration being

performed by the computer.

The other two columns have self-explanatory

headings and appear principally to allow one to inspect the convergence

of the integration.

The magnitude and phase values for X = 25 are
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congidered to be correct since the integration in most cases converges
sufficiently well for this value of X.
The example below is presented for additional aid to those who

wish to use this program.

Sample Calculation of INDFTS

Let us suppose that we wish to know the defect sensitivity factor
for a coil 0.155 in. long with inner and outer radii of 0.420 and
0.580 in., respectively, coaxial with and inside a two-conductor tube
of effectively infinite (three- or four-coil diameters) length. The
inner conductor is assumed to be copper with a radius of 0.600 in.,
while the outer conductor is assumed to be aluminum with a radius of
0.700 in. Let us further suppose that we are interested in the defect
sensitivity factor for the case in which the defect is located 0.650 in.
from the axis and 0.0825 in. above the Z = O plane. We shall assume
the frequency of the driving current to be 1.25 kHz and the distance of
the bottom of the coil from the Z = O plane to be 0.005 in.

.84

it
= O

Normalized inner coil radius = 0.420/0.500
Normalized outer coil radius = 0.580/0.500 .16

Normalized distance from bottom of coil te Z plane = 0.01
Normalized distance from top of coil to Z = O plane = 0.32
Normalized radius of imner conductor = 0.600/0,500

Normalized radius of outer conductor = 0.700/0.500
Wormslized r position of defect = 0.650/0.500 = 1.3
Normalized z position of defect = 0.0825/0.500 = 0.165

[

o

1.2
1.4

il

Furthermore,

Angular frequency of driving current = 21 X 1250 sec™?
Permeability of both conductors = 4% X 1077 n/m
Conductivity of copper = 5.77 X 107 mhos/m
Conductivity of aluminum = 2.86 X 107 mhos/m

Thus,

mplcl;'g = 91,91
45 .48

i

At this point one determines the normalization factor by placing

the normalized coil dimensions in AIRCOS and running that program. It

is worth noting that the normalization factor is independent of all
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parameters excluding the coil dimensions. This factor is normalization
factor 2 in the print-out of AIRC0S5 and for the case in point ig found
to be 0.01011632. With the normalization factor in hand, the remaining
procedure is quite simple.

The above information is now typed into the program as follows:

12 IET Rl = 0.84

14 LET R2 1.16

16 IET L1 = 0.01

18 LET L2 = 0.32

20 LET ML 91.91
22 LET M2 = 45.48
24 IET A = 1.2

26 LET B = 1.4

Il

28 IET A9 = 0.1011632E-1
30 LET R9 = 1.3
32 IET Z9 = 0.165

Execution of the program yields the following results:

Rl = 0.84 R2 = 1.16 Ll = 0.01 2 = 0.32
INN RAD = 1.2 OUT RAD = 1.4 ATR VALUE = 1.01163E-2
ML = 91.91 M2 = 45.48

DEFECT POSITION IS R=1.3 Z = 0.165
X MAGNITUDE PHASE

0.99999999 0.0684334E~-01  ~2.8303405

4.99999999 0.08325121 —2.6224884

9.99999999 0.12353465 —2.4600687

15 0.12931823 —2.4223783

20 0.12980529 -2.4181076

25 0.12975508 —2.4186688

From this we see that the defect sensitivity factor is

0.129755 o 92-41867

To obtain the change in normalized impedance, we multiply the defect
sensitivity factor by the product of the defect volume and the shape and
orientation factor. Note that the defect volume must be calculated from

dimensions which are normalized by the mean radius of the coil.

INDFT5 Program

L A {NLFTS VE ST ON O/ D47 69
e LET mlz=ed 4

12 LET wne=1.16

16 b1 Ll=e 01

Pl Lawe 32



O LET MI=21.91

2 LET MiEx=45. 4%

LET A=l.2

LET BE=1.4

&3 LET A2=. 1011632E-1

J0 LET h¥y=1.3

32 LET £9=.165

S4FRINT"RI="3 Rl "HKesYiRZ2, "Ltz 1, "L2=""3512
SEFRINTYINN RAD="3 L, "3UT KOD="3b, A1 K VALLUE=":AM9
BEFRLNTYMI=" 301, " e MB="sppe

LOFRINTOLEFECT FOSITION IS"s"hHK="3KF,"Ex" 349
P RINTVAY s UHAGNLTULR s "FHASE"

44, T T=0

A6 ETME= 0

R ETMI=0

SOLETSI=1E-#

LELETSE=1

S4LETEI=C

56l ET1EE=52

HFYRA=EHI+SI/2TOER2STEPS)

AULETXE=e TOTIGTRSURCSERIA#RARXAX FMEKkM ) +X%X)
CELETY e TOTIC T SURCSERNIK KX F kX +MERMD) ~X %X )
CHLETAI=e TOTIOTH SERCSGHOA AL KX AR +M M) +X4X)
CHLETT 1= TOTI0TH SURCSGRCA®KEXRAPM 1RV 1) ~K%A)
ERLETLI=8UROX 1K 1+Y 1%T7 1)

TFGLETO 1=6TNC(Y 17K 1)

TeLETL2=2S0REAESXZ+HY2RY 2)

Tallbl Qe=a6TN(YB/A2)

TOLET L= £kK

MLETI=C0

SUGY SUR30G

gel.bTli1=4u1

Bal kb TLe=65

SBOLETIRE=WT

el b Ta=A%4 1

FOLETI=31

PEGESUL3GE

FalLETI 3=41

IHLETI3=02

FELETA3=03

I0CLETNG=W4

108LETI 4=wh

104LETJda=66

106LE TR 4= T

108LE TN ¢= 63

NULETZ=0%41

11z2LbTa=y 1

1146050300

116LETLS=w1

TIALETdS=62

1Z2CLETKE=U3

122LETNS= G4

1240.ET1 6=u5

126 ETJ6=C6
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128 BT 6=47

T30LE TN =S

132LE ML=kl

134 Tu=22

15663 5UEB00

138LF 1K T=03

JTA40LETNT=L4

tazibt Tas =67

R N B

146 LFTe=R9+241

Tdwi b Td =31

PH0GI SUL3CC

15¢LETLY=wh

theallb T dy=66

1S6LETHKYy=17

153 ETN =L

LECL e TU1=K&T 2] 1k CISCIAY =L 1% I 350 2%CASCI 1+03)
TEZLETue=Rk L e L 12 5INCI4) ~ 2 1R I GR I 28 SINCS 1+J3)

164 FTLI=50ndWldbL I+ LEXLE)

166 Lo SUbads

Pasie th =03

TTCLETLI= L 1K O3 x0ISCI TENSENA) = £2% K6k K THCISCIZHNTHNED
72 TE2=2 1A 0% {3 SINCIVENSENS ) = L% X kK TR SINCIZHN THNGED
174LETLE=50ROUIREG I+ LEXER)

176 G SUE4ad 4

PT-LETR =43

ISCLETEI=£23K THL x50+ NTHJE)-£1F] S5KAEXCISCH 1+ J5+NE)
IsZLETLE= L8 K TR G bINGIZ+NTHIE) L TR SEKEHRSINCI T+ IHFNAD
IS4l TLE=50h (R I4L I+62% 2D

146 GoSLbwds

sl TE3=WE

FUOLETUI=K kKSR 1R CISONa) =21k B I ORCHESCH T+NT)

1L ETLe=AdK Grl 1R SINONG) ~L 1 &KL 2x5INCET+N3)

194 E MU= 5URCRI*G I+ w2xt?2)

126 GCOSUR493

1930 FTE4=03

CCGLETLI=LIxLe2*CISCEI+EZ2) +D3%L4xCISCEB3+E 4)

SUZLE Twes Ll bek ST NCE 1+ + U3+ Lax SINCE 3+F 4)
CCAlLETLOS=SuR(L TG 1+ E2x02)

cU6GI Shibaye

cUsLETES=3

SICLETCI=C19 4024 CASCJ9+EL-E D)+ DB*CISCNI+EZ-EDY) /7 CAXDS)
Sl ETLe= 0l 9%k SINC(II+EC~ED) + 9% L3k SININ9+F 3~-E9)) /(A% E)
ClalbTe=hekX

zl6Elul=re

213 0I5l 272

2eOLETQT=V ]

2l b 14=h %A

cea blul=nl

Ceetd Sl 78

2e3 ETud=V 1

DOULETRY =6 T~ (i
232LETbb=$l$u9*(blx(x*(é9'Ll))»SIN(K*(£9~L9)))
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234LETHE T=M T+ L1485
CHELETHME =M+ (e Sh

SEBNEXTX

CHOLLETMI=LTNCMB/MT)
HEPTFMT>CTHAENZ 46
CALLEIMP =M+ 8. 1415927

CEOLETNYG=C 350 1) /(4% T o3 6T 60 44% DT )
SA3EFRINTX+ 51/ 2, N9k (M TRM THME* MY 9 Skl
Z25CGLETS1=5E~2

Z2OZIFX>4e STHENZED

254 kTR 1=1

256LETug=5

58 I T 52

2a0LETSE=

CORLETREI=0Le

CHALE TPzl + 52

FEOLFA<Z a0 STHE VRS

PéabninT

2706 GUTB506

ST2LEL> 3THENEZ O

STl ETLS=20% C1-EXF(~Z/ 1000+ 4
ETELETF 1= 15 G IxUl/r2
2T3LEFETVI=F1/3

ZBOFORR=1TULS
SHPLETHF IoF 1R 4% 2/ C Lk REC RS 1Y)

L4 ETVI=VI+F 1/ (3+2%K)

23 6NERTK

2855 G 18 9%

SFOLETHI=((C 16606 798/ Z-1T3Te 0586/ 2+45430 694/ 2+ 1 VB 1804Y/Z
2FZ2LETNF3=(({F3-33s T836E)/2+5. 1UR A0S/ L= £130935%)Y/ 2
P LLETHB=(F 3~ 3360836372+ 3987795
296 LETVIsFIRSERCLYAEXFCLY/ CARA®RR)D
29 KE TLHRN

300 IFZ>THENGT4

e LETLS=20+(1~FXF(~2/710))+ 4
304 LETTI=W5

3C6 LETTS=2/72

308 LETVI=T1

310 LETVE=0

312 LETV3=-.25

dite LETV4=(0

316 LLETVOL=ThHxCI 503

318 LETVE=TOHRSINCE)

e0 LETYT=YS

32 LETve=Vé

324 LETE =0

e LETRE=1

CFUR k=1 T8 LS

FPLET 23=CO 5028 K%D)

LET Z4=STMNC 2% kE3)

LET £5=C250 (2% k+ 1) %3)

LET £6=SINCCSRK+ 13 %8
LETFI=Fi+ 1/ K
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LETFZ2=F2+1/7(R+ 1D
LETTI=Tlkaka/ CakREC R+ 1))

LET T5=T5%4% L/ Cakbox R+ 1))
LETVI=VI+TIRL3% (2% K+ 1)
LETVE=V2+T 144 4% (2kK+ 1)
LETV3=V3+TIRAZ3%( (28Kt 1)R(EFI+F2)/2~1)
LETVazV4+TIH L2462k n+ 1) XCRHI+F2) /721D
LET VoOsVOL+TOH%RLS

> BT V7=V T7+TO&RCEFI+F2)%LS5

L1 VéezVe+rToklé
LET Vi =V3+TS%(F1+F2)%xl6
WEA T

c LETVE=s~-VU3-CU802% ) /(L% + (e STT2156E5+LUGCL/2) Y% VI~ %VD

LETVAT-V4+SInN(2*I)I /(24234 (e STT2IS5665+L T GCL/2))EYO2+T% Y ]
LETVT=-VTI/2+CISCOI/ L+ (e 5TT215665+1.0GLL/2))xVS-D% V6
LETVYS== YR/ 2~SINCII/ L+ (e STTE15665+ L0 0GCL/2) 2R VE+IH VS
GITI 464

LETE1=1

LETWT=1

LeETkS=1

LETW3=45

LETWI=e5

LETTZ2=1

LETT1=1

LET WZ2=0

LETWa=C

LETWe=(

LETWo=(0

LETLS=3+2(/ 2

FORR=1TILS

LETF I=~F 1

LET T2 =Te%x(a~{Ehr=1)4%(8xKk=1))/(34%RK*Z)
LETTI=T2%(2%h+1)/¢

LET £L3=C25CkkD)

LET £Aa=5INCkD)

LET Wi=Wl+bF 1xT1%43

LET Woz=Wo-FlkT1x24

LET W3=W3+T1%k£3

LET WezlamTlxdd

LET Wwo=Wae R 1xTEx43

CLET WesWE-F1kT2%L4

LET W7 =Wi+12%43

LET Wn=ws-TexL 4

NEAT K

LETLd=e 3989 42035 044 ERFCZRCISCI))D
LETWS=09 R COSCELRSINCD Y = 9%T I/ SURCL)
LETGE=L9*CSINCZRSINCI) = D% )/ SGRTED
LETGISLO*CCISCLRSINCD)Y =1 S4D) I/ SOROLRLEL)
LE T =9  CSINCELRSINCII = 1e S5%0) D/ SURCZHRZR L)
LETEY = 1253314137480 -24C35C8B)))
LETL7=09% (CB 5025 SINOd) -0 55O )/ SERCE)D
LETLA=G9aCSINC(~Z6SIN00) =« D%d) )/ 80KCLD
LETGE=GYR {0y S5C(= 2% SINCI) =1 5%/ SR LR L*L)
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486 LETUA=GIR(SINC(=Z%SINC(I I~ 1. 83 I/ SQURCLRL®E)
Sdiin LETVS= WS LS~ WenEs
50 LETVE=WERUH+ WERLE
dhg LETV =k TR T - Wik s
ha LE TV s &G 7+ W TR
586 LETVI=VS- Wikl Wk
458 LETVeE=sVA- W62~ Woki]
60 LETVIs=-NT-WikLl3+ wdk g
4EE LB TVL= = U~ WER G4~ WLk B3
464 LETLI=SRIVIHVIRVERVE)
466 LETU2=0T Ve V1)
470 LETRE=LE+ 3. 1415927
472 LETUE=SUROVIAVE+ V4RV 4L)
a4 LETLa=mInN(Vary®
STE LFY3>0THENES O
478 LETuda= G4+ 3. 1415927
30 LETES=S0RIVERVAE+VERVE)
A2 LETUe=LTNCVASVE)
34 Lr¥Wh> GTHEN 433

e LR TE=WLE+3. 1415927
LETET=00RCY TEY T YRR
LETEB=0TNCVIZY T
FFVT=0THEN 49 &
94 LETEE=CR+3. 141522
476 RE TN
L3 LETW3=RATnie27 W)
SCO TRWli>0THENSGE
SCe LETE3=&3+3. 1415927
S04 RETURN
SU6 ENLD

Defect Sensitivity Factor for a Lattice of
Defects in the Inner Material

Discussion of INDFTL

This program is designed to calculate the defect sensitivity factor
for a coil with rectangular cross section coaxial with and inside a two-
conductor tube of effectively infinite (three- or four-coil diameters)
length. The wall thickness of the outer conductor is also effectively
infinite (three or four skin depths), For this program, the defect may
be located at any one of a number of points on a lattice in the inner
conductor, which is labeled III in Fig. 10, p. 138. The conductors may

have different electrical conductivities.
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Before proceeding further, it is worth noting that in the execution
of this program the data generated by the computer are stored in a data
block which is used ag input data for another program. Since there
exist BASTC compilers which do not have this capability, this program
may or may not be executable, depending upon the compiler used. If the
latter situation arises, one may delete line 38 and the word "FILE"
wherever 1t appears in the program, thus causing the data to be printed
at the consocle; otherwise, one may assess the data by using the name
j@z/.

To use this program, one must first divide all dimensions by the
mean radius of the core. The results will, of course, be dimensionless
and will be referred to as being "normalized." The product of the
angular frequency of the driving current, the permeability, the conduc-
tivity, and the square of the mean radius of the coil must be calculated

2 for the

for each conductor. Let this product be denoted by wu,oyr
immrcmﬂmﬁm‘mdbym%qﬁzfmvmeOMmromu

Once these calculations have been made, one must type the following
lines into the program. (Note: Parentheses are not typed. )

12 ILET Rl = (Numerical value of normalized inner coil radius)
14 LET R2 = (Numerical value of normalized outer coil radius)

16 LET L1 = (Numerical value of normalized distbance between bottom
of coil and Z = 0O plane)

18 IET L2 = (Numerical value of normalized distance between top
of coil and Z = 0O plane)

20 IET ML = (Numerical value of Wu,01r°)

22 LET M2 = (Numerical value of mugog;z)

Note: TIf the conductivity of the outer conductor is zZero, one must

type two additional lines:

i

76 LET X2 X
78 LET Y2 0
24 IET A = (Numerical value of normalized radius of inner conductor)

26 LET B = (Numerical value of normalized radius of outer conductor)
28 LET A9 = (Normalization factor)

il

Note: This value may be obtained with the aid of AIRCOS simply by

placing the appropriate coil dimensions in that program.
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30 LET R9 = (Numerical value of number of lattice spacings in
r direction)

32 IET 79 = (Numerical value of number of lattice spacings in
z direction)

34 IET Z8 = (Numerical value of maximum normalized z pogsition

coordinate of defect)

Note: Neither R9 nor Z9 may exceed 15. The lattice spacing in
the r direction is (B-A)/R9, while it is 28/29 in the z direction. In
addition, Z8 is measured from the midplane of the coil.

After typing these lines, one need only create an empty data file
using the name /@2/; the program may then be run.

During the execution of this program, the integers which are less
than or equal to 20 will be consecutively printed at the console. These
appear as indications of how far the integration has proceeded. The

data resulting from this program will have the following format:

(r1) (R2) (11) (12)
(a) (B) (n9)
(M) M2)
(r9) (29) (z8)
(r(1)) (r(2)) HHRFHRHHHK A (r(R9))
(z(1))  mmmeee eeeao KRERKKRRNR
____________ HEHHHHKHHR o
(z2(2)) e s HARKARRHAR e
____________ FHAHAKHR RN R
(z(79))  mmeeee o KREKERKEHRK
HHRHHKHHNK

- - an - -

The various symbols enclosed in parentheses are used here to indi-
cate that the numerical value of the symbol will be printed. The upper
value at each lattice point is the magnitude of the defect sensitivity
factor, while the lower one is the phase of the defect sensitivity factor
for the case 1n which the defect is located at the given lattice point.
It should be noted that the lattice points for which RO > 4 will be
printed below the last line (i.e., the line containing Z/R9).

The Tollowing example is presented for additional aid to those who

wish to use this program.
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Sample Calculation of INDFTL

Let us suppose that we wish to know the defect sensitivity factor
for the case of a coil 0.155 in. long with inner and outer radii of
0.420 and 0.580 in., respectively, coaxial with and inside a two-
conductor tube of effectively infinite (three- or four-coil diameters)
length. The inner conductor is assumed to be copper with a radius of
0.600 in., while the ocuter is assumed to be a2luminum with a radius of
0.700 in. Let us further suppose that we are interested in the defect
sensitivity factor for the cases in which the defect i1s located at any
one of the points which lie within 1.000 in. of the midplane of the coil
on a 4 by 2 lattice in the copper. We shall assume the frequency of the
driving current to be 1.25 kHz and the distance of the bottom of the
coil from the Z = 0 plane to be 0.005 in.

First, we determine the mean coil radius to be 0.500 in., so that

Normalized inner coil radius = 0.420/0.500 = 0.84

Normalized outer coil radius = 0.580/0.500 1.16

Normalized distance from bottom of coil to Z = 0 plane = 0.01

Normalized distarnce from top of coil to Z = O plane = 0.32

Normalized radius of inner conductor = O.600/O.5OO = 1.

Normalized radius of outer conductor = 0.400/0.500 = 1.4

Number of r lattice spacings = 4

Number of z lattice spacings = 2
Meximum normalized z coordinate of defect = 1.000/0.500 = 2

it

i

N

™~

li

Furthermore,

Angular frequency of driving current = 21 X 1250 sec™ *

Permeability of both conductors = 4x X 1077 h/m
Conductivity of copper = 5.77 X 107 mhos/m
Conductivity of aluminum = 2.86 X 107 whos/m

Thus,

weioire = 91.91

W o 0'2;2 = 45.48

At this point one determines the normalization factor by placing
the normalized coil dimensions in ATRCO5 and rumming that program. It
is worth noting that the normalization factor is independent of all
parameters excluding the coil dimensions. This factor is normalization

factor 2 in the print-out of AIRCO5 and for the case in point is found
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to be 0.01011632. With the normalization factor in hand, the remaining

procedure is quite simple.

The above information is now typed into the program as follows:

12
14
16
18
20
22
24
26
28
30
32
34

LET
LET
LET
IET
LET
LET
LET
LET
LET
LET
LET
LET

0.84
1.16
0.01
0.32
91.91
45.48
1.2
1.4
0.1011632E-1
4
)

<

2

|/ T

i

Won o

An empty data file is now created and the program run with the

following results:

0.84 1.16 0.01 0.22

1. 1.4 1.01163E-2

91.91 45.48

4 2 2

1.225 1.275 1.325 1.375

—0.335 0.1731473E-01 0.0957986E-01  0.5735169E-02  0.3734065E-02
—2.2356292 —3.0025318 8.8192924 8.1769891

~1.335 0.1839122E-04  0.0943341E-04  0.5139131E-05  0.3048009E-06
~2.7034711 9.1139215 8.3586866 7.6698976

From this, we see that for the case of a defect located at R = 1.325,
Z = =1.335 the defect sensitivity factor is

5.13913 x 107°¢

j2.35869
e

To obtain the change in normalized impedance, we multiply the

defect sensitivity factor by the product of the defect volume and the
Note that the defect volume must be

shape and orientation factor.

calculated from dimensions which are normalized by the mean radius of

the coil.
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INDFTL Program

10 KEWM INLFTL VERSI@N 037027 69
12 LET KRl=a84

14 LET k2=1e16

16 LET L.1=.01

13 LET L.2=.32

20 LET M1=91.91

22 LET M2=45. 43

24 L.ET A= le2

26 LET B=la.4

e LET A9=.1011632E-1

30 LET K9=4

32 LET £9=2

34 LET Z3=2

36DIMMC I8, 18)5, L0185, 1802, FC158,18)5,K018)5,4C18)
SEGFEN/ €2/ ,0UTHUT

ACFRINTRFILERL 825 15L2

42FRINTFILEAs By A9

SobRINTFILEYML,Y M2

L6FRINTFIILLERD > £95 48

3FRINTFILE

SCFRINT' A FRIGRAM IS NBW KUNNING. FPLEASE DU NQT DISCENNECT!!!®
SeiI N

SR r1=1TdL9

56F@ LJ=1TYRY

SELETMCL s J) =0

6CLETIC(I,JX=0

62NEXTJ

ELNEXRTI

6oL ETSI=1E~2

6L BETS2=1

TOLETEI=C

T2LETb2=52

TL4FOrA=E1+51/72TIEL2STERS I

TOLETRE= TOTIOTASGROSEBROAKX KA XX +MSHkM2) + X% K)
TELETY 2= TOT10TRSERCSGROX KX KRN +M2EM2) ~ A% X))
SOLETX 1= TCT10T*SERESGROARKKAXX+M 1AM 1) +X%xX)
A2LETY 1= TOTIOTHSORCSURCARARARX+MIAM 1) X kX3
SALETLI=50k(X 1RX L+Y 1Y 1)

S6LETO 1=£TNCY 1/7X 1)

BILETAZ2= SR 2RXE+Y2XxY 2)

SULETOZ=LTNIYZ/A2)

Q2L ETL=R%kX

FAETd=0

Y6 GI SUB40S

IHiLETE I=G1

1COLETL2=0%

T1O2LETKZ=u7

104l ETZ=p%xZ1

106LETYU=01

108 GO SUB40S

110LETI 3=G1

112LETJ3=02

114LETK3=63

116LEIN3=G4

TIBLETT 4=45

120LETJd 4= 6

122l ETKa=u7

12 AL E TN 4= s



126LETLA=b%L

128LETE=81

130GE SUE408

132LETE5=@1

134LETdo=Wge

1GELETA L=

1BSLETNS=04

140LETY =05

142LETJ 6= W6

14aLETK6=W7

146LETNG= RS

148LET =% L2

1SOLETE=82

152064 SUB 408

1S4LETA 7263

156LETNT=04

1SBLETKE=GT

TEOLETNG=us

16ZLETGI=X %]l 4% 1 1% CPSC I -2 1%L 3%12«CPSCB1+d3)
164l ETUe=A%1 44 L 14SINCJ 4 -Z 1% I 341 24« 5INCI1+JI I
166LETDI=SUR( G101+ EE2x2)

168 G2 SUB606

I70LETE1=63

1T2LETRI=Z 1#K 54 X34 CB SO 1+NS+NB) ~Z2%x L T K 6% COSCIZ2+NTHNE)
TTALETEZ=2 1ROk KERSINCD THNSHNZ) ~Z2% A TRK X SINCIZ+N 7T+N 62
176LETLUZ2=80RCEIHRG 1+ W22 02D

1753 G4 SUEE06

IBOLETEZ=W3

IBSLETUI=22%K THL 643 SCI2+NT+I6) -2 1%L 54K3%CA ST 1+ I5+N5)D
IBALETUe=20xK T+ 6xSINCAZ+NT+IE) ~ZL 14T SRkKE*SINCI 1+JI5+NB)
186LETD3=SURIUIHG 1+ RE*GED

145 Ga SLbeC6

190LETES=3

192LETUI=X %K 4k I 13 CIBING ~Z 14K 3T 2% COSCB 1+N D)
19 4L B TO22X %4k 12 SININAY -Z 1k 3x I 2k SINCI1+N3)
19 6LETOA= SERCGTRE 1+ 02X 02

198 GI SUB6UE

2O00LETE 4=Wd

2USLETEI=D1*02*xCISCEI+E2) +D3%D4*CISCEF+E4
E04LETUS=D1% 2% SINCE1+E2) + L3 D4kSINCE3+E 4
ZO6LETLS=SERCG IR I+U2EQ2)

203 G SUB&CE

SIOLETES=U3

Z12LETL=RE*X

214LET@I=R2

216GB5UB330

SIBLETGI=VI1

CE20LETL=RH1%4K

Z2z2LETRI=R1

224069 5UB380

226LETEx=V1

Z2BLETS6=0T-W5

230LETO=01

Z32F0KJ=1TORY

RR4LETR(JI=A+(E~-A)*x(J-0 5)/KY

236LETL=Z1%RCD)

2386I5UB4C3

240LETI9=Q5

24ZLETJ9=06

244LETAI=067
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Z246LLETNI =L

CHRLETGI=CI9% L2k CISCII+F2-ES) +KI kDB CISINI+EZ-ES))I/ (4xD5)
ZOCILETGR=CL9kL2kSINCIP+EL-ES) +K94 Lk SINCNG+EI~ESI )/ (AXDS)
252FdR1=1Ta42
254LETZCL)Y =L 1+L2)/72-C1~e D) XREB/ LY
CO6LETSH=81%S6%CSINCAKLZCI) =L 1) XY =SINCAXCLZCI) =L.2)))
ZO3LETWMCL,dd=MCL, )+ 0G1%55
CZEQLETICLI > =1L, )+ G2%5S
2E6ENEATL

26ANEXTY

ZE6NEATX

263 FRINTR+S /¢

CTULETSI=58~2

g7zl b TEl=u1+82

2tel bElbe=B2+52

16 ERA<]? « STHENT 4
2T73FRl=1Td49

2 UFdnd=1Tuk2

el ETHCL» U) =248 TNCI L, ) 7MKL d))
25 4LFMCL, ) >0THENESS

R ELETFC(Ls J) =01, ) +2% L

2L ETMCLs )=l d)*xvC L, dd+1 01,2411,
IYONEATY

CFENEATI

CFALE TU=35Y 17 (4%F e 8 69 6044% L)
e RINTRFILE™,

CIEFIRI= 1T 4
SCOFRINTFILERCTD S

SUSNEKTY

SuargrI=11249
306FRINTFILEZCL) S
QUsSFIRJ=1Td4
I10FRINTFILEGRMCE> J) s
312NEATJ

31arRINTFILE"S

316FInd=1100 4

3 ERINTFILEFC(LSJ) S

Sz ONEATY

322FRINTFILE

JzaNEA LI

326l Py <d4e STHENET 4
JerFuhd=5T89
B30FRINTFILERCI) S

332NEATY

334FIRI=11349

336rdR)=5199

33 FRINTPILEWERNMCI>J)»
JA40NEATY

346 Fdnd=5199
344PRINTFILERFCLSJ) s

3468ERTY

S48 FRINTFILE

S50NEXTL

3521FRI<I o HTHENGL 4
354FdRJ=10Td14
S56FRINTHILE®RCA) 5

394NEATY

SOUFIKI=1TY 49

362FIRJ=101d 14
BE4FRINTRLILEG®MCLI > J)Y,
366NEXKT.Y
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JEBFURJI=10TY 14

S3TCOPRINTFILERCIJ) »

37eNEXATY

3T4PRINTFILE

3T6NEXTI

BT3IFRY<14. STHENG14

3B0IFZ>3THEN398

BCLETLS=INTC20¥ 1-EXFC -2/ 1O+ 4D

3B4ALETF I=G1%E1%GL/2

356LETVI=F1/3

WSS FORKR=1TILS

SOULETF 1=F k&% L/ CAkRRCR+ 1))

392LETVI=VI+F 1/ {3+ 2%K)

35 aNEXTR

3y 66 TB 406

BIELETP3CCC 16600 1947/ 2-1T3Ta558)/Z+543.6694)Y/2+11B18043/Z
4UOLETF3=CCLF3~33. T366)/2+5. 108 408)/72~6130935)/2
4OPLETP3=(F3-« 336033607 4+.,3937795
LULLETVI=P3xSEREZIFEXPCLY/ (A%RK®X)

406RETURN

408 IFZ>3THEN432

410 LETLS=S0%C 1~EAF(=2/ 1422+ 4

418 LETT1=.5%

414 LETTS=472

£16 LETYI=T]

413 LETVE=0

420 LETVA=~-.28

482 LETVasQ

424 LETVS=TSCY SCE)

426 LETVE=TSkSINCE)

454 LETVT=V5

430 LETVs=VE

£32 LETFI=0

436 LET¥E2=1

G436 kol K=1 TO LS

S34 LET L£3=C3 508k k%d)

a4 LET £a=51N0248R%Y)

442 LET £5=CaS08%r+ 1) %32)

444 LET £6=5TN{C2RN+ 12 %J)

446 LETF 1=F1+1/K

445 LETRZ=F2+ 1/ (R+ 1D

450 LETTI=T 12k L/ {4k CR+ 12D

82 LET T5=T5%Z82/CaxRe{ k+1))

4%4 LEIVI=VI+TIRL380 %R+ 1)

£56 LETVSTV2+TIRL 4% OxR+ 1)

458 LETVYR=V3E+T 15435 2ek+ DI ¥ (F1+F2)»/2-1)

460 LETVa=V4+ TIH#L4%( (2% R+ 1) RCFI+F2) /2= 12

462 LET VS=Y5+15%45

464 LET VTI2VT+ TR I+p2) %25

466 LET VaE=VE+TS%L6

465 LET Yo =sUd+TSH(F1+F@) %26

470 NEXTH

472 LETV3=~VE-CO5C2%8)/ CLAL)+{ o STTR19665+L0GC L/ B I% Y] -D VD
T4 LETVAR = Ma+ SINCEFDI QL2 4C e BTI219665+L 30 Z/ 20 )& V2+ % Y]
476 LuTVYTIs=-YTroeCdstd)/i+( 577215665 +L3 GCA/ LI R VB=-T% VE
475 LETVS==UB/8-SINC3Y/ 2+ 0 e BTTEI5665+LA CLEZ/2) 2% VE+A%YS
50 GOTBSTE

a3 LETF1=1

44 LETET=1

56 LETWS=

a3l LETW3=.5



Glu
a1z

164

LETWI=eb

LET12=1

LETTI=1

LET We=0

LETWa=0

LETWa=C

LETWa=0
LETLS=3+20/ 4
Faols=1TILS

LETF 1=~1"1

LET T2 =14 (4= 2% = 1) % (2%K=12)/(ZxR%Z)
LETTI=T2x (xRt 1)/2
LET £3=C0J5CR*x13)
LET £4=5INCR%Y)
LET Wi=Wl+F1xTi4*43
LET wz=We-r 1%xT1xZ4
LET W3=W3+T1%43

LT kWémha-Tlela

LET Wh=WS+F 1:T2%43

LET We=mhée-F1kT2%L4

LET W7 =W7+T2%£L3

LET Wd=lo-12%44

WNhXl R

LETGI= 39394225 04%EAFCL%CASCLD

LETUO=LI9x(CSCLRSINCYY = SHPBI I/ SURCL)
LETWE=LI*CSINCLZHSINCGIY e 5% X/SURKCL)
LETG1=09x(CISCLASINCI)I =1 5%/ SOROLEZR L)

- LET2=69HCSINCARSINCI) ~ 1o 5%3) I/ SEHR(LKRLK L)

LETWI=1.253314137T*EXF(~Z%CIS5CD))
LETLT=09 % (CASC-LxSINC(II=~e S5XIDI I/ Sk L)
LETeH =9 (SLNC=Z2%5INCD)=a5%5)) /7 50CRCE)
LETUS=LY R CCISC~2kSINCI)~1e 5% I )/ SLR(Zk LK)
LETLgmedE 0 SINC=2kSTINCI) = 1o 5%3) D/ SCROZXZR L)
LETVYS= ok LS~ Wekué
LEdVA=WER LS+ WSk U6
LETVT FEAOWERTIEE JU5
LETVS=ns b 7T+ Txr s
LETVI=VOS-wlke 1+ Wekae
LETVE=VE=-Wiat2~ hgxwl
LETVE= -V 7= WokG3+ ok s
LEIVam -V - Waatiam wakml
LETULI= 0ROV IRV I+ VERYE)
LETLZ2=2TNVEZVD)
TRV I> CTAENSSC
LETWZ=62+3e 1415207
LElGR=50RIVERVEI+V ARV )
LETLa=AT 3 (Va/ V3D

[ WVE>UT=Fnds

ElUaziL 4 3. 1415927
LETRO=5LROVSRVE+VEXVE)
LETee=aTnOVEr VYD
IrVS> CTHENSY &
LETGE=6+e 1415927
LETU7=5GRCVT*VT+VEXUE)
LETLd=0TN RV

LEVI>CIHEN 604
LETOS=Gs+3. 1415927
b TURN
LETES=2TH LR/ 1)
FFGI>0THENGLR
LETOE=63+434 14153927
b TURN

»

S1abv
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Defect Sensitivity Factor for a Defect in the Outer Material

Discussion of INDFB5

This program 1s designed to calculate the defect sensitivity factor
for a coil with rectangular cross section coaxial with and inside a two-
conductor tube of effectively infinite (three- or four-coil diameters)
length. The wall thickness of the outer conductor is also effectively
infinite (three or four skin depths). For this program, the defect must
be in the outer conductor which is labeled IV in Fig. 10, p. 138. The
conductors may have different electrical conductivities.

To use this program, one must first divide all dimensions by the
mean radius of the coil. The results will, of course, be dimensionless
and will be referred to as being "nmormalized." The product of the
angular frequency of the driving current, the permeability, the conduc-
tivity, and the squére of the mean radius of the coil must be calculated
for each conductor. Let this product be denoted by wulcl?z for the

2 for the outer one.

inner conductor and by Wu,o,T
Once these calculations have been made, one need only type the

following lines into the program. [Note: (Parentheses are not typed.)]

12 LET Rl = (Numerical value of normalized inner coil radius)

14 LET R2 = {Numerical value of normalized outer coil radius)

16 LET L1 = (Numerical value of normalized distance between bottom
of coil and 7 = O plane)

18 LET L2 = (Numerical value of normalized distance between top
of coil and Z = O plane)

20 LET M1 = (Numerical value of Wui017°)

22 LET M2 = (Numerical value of Wus0ar?

Note: If the conductivity of the inner conductor is zero, one

must type two additional lines:

60 LET X1 = X

62 LET Y1 = O

24 TET A = (Numerical value of normalized radius of inner COnductor)
26 LET B = (Numerical value of normalized radius of outer conductor)
28 LET A9 = (Normalization factor) :

Note: This value may be obtained with the aid of AIRCO5 simply by

placing the appropriate coil dimensions in that program.
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30 LET R9 = (Numerical value of normalized r position coordinate
of defect)
32 LET 79 = (Numerical value of normalized z position coordinate

of defect)

The program may now be run.

The print-out by the computer will have the following format:

Rl = (R1) R2 = (R2) Ll = (11) 2 = (L2)
INN RAD = (A) OUT RAD = (B) AIR VALUE = (A9)
ML = (ML) M2 = (M2)
DEFECT POSITION IS R = (R9) 7z = (Z9)
X MAGNITUDE PHASE

1 e

5 e

10 e e

15 emeeee memean

200 mmeeme e
21—

The wvarious symbols enclosed in parentheses are used here to indi-
cate that the numerical value of the synbol will be printed. The first
column, headed "X," is the upper limit of the integration being performed
by the computer. The other two columns have self-explanatory headings
and appear chiefly to allow one to inspect the convergence of the
integration. The magnitude and phase values for X = 25 are considered
to be correct since the integration in most cases converges sufficiently
well for this value of X.

The example below is presented for additional aid to those who wish

to use this program.

Sample Calculation of INDFBR5

Let us suppose that we wish to know the defect sensitivity factor
for a coil 0.155 in. long with inner and outer radii of 0.420 and
0.580 in., respectively, coaxial with and inside a two-conductor tube
of effectively infinite (three- or four-coil diameters) length. The
inner conductor is assumed to be copper with a radius of 0.600 in.,
while the outer conductor is assumed to be aluminum with a radius of
0.700 in. Let us further suppose that we are interested in the defect
sensitivity factor for the case in which the defect is located 0.750 in.

from the axis and 0.0825 in. above the Z = O plane. We shall assume



the frequency of the driving current to be 1.25 kHz and the distance of

the bottom of the coil from the Z

Normalized
Normalized

inmner coil radius
outer coil radius
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= () plane to be

0.420/0.500

o

0.005 in.

0.84
1.16

0.580/0.500 =
distance from bottom of coil to Z
distance from top of ceil to Z = 0 plane =
radius of inner conductor = 0.600/0.500
radius of outer conductor = 0.700/0.500
r position of defect = 0.750/0.500 = 1.5
z position of defect = 0.0825/0.500 = 0.165

Normalized
Normalized
Normalized
Normalized
Normalized
Normalized

= 0 plane = 0.01
0.32

= 1.2
= 1.4

Furthermore,

Angular frequency of driving current = 21 X 1250 sec™!
Permeability of both conductors = 4x X 1077 h/m
Conductivity of copper = 5.77 X 107 phos/m
Conductivity of aluminum = 2.86 X 107 mhos/m

Thus,
w0y r? = 91,91
wpzdz?z = 45.48
At this point one determines the normalization factor. by placing

the normalized coil dimensions in ATRCOS and running that program. It
is worth noting that the normalization factor is independent of all
parameters excluding the coil dimensions. This factor is normalization
factor 2 in the print-out of AIRCOS and for the case in point is found
to be 0.01011632. With the normelization factor in hand, the remaining
procedure is quite simple.

The above information is now typed into the program as follows:

12 LET Rl = 0.84
14 IET R2 = 1.16
16 LET L1 = 0.01
18 LET 12 = 0.32
20 LET ML = 91.91
22 LET M2 = 45.48
24 TET A = 1.2

26 IET B = 1.4

28 LET A9 = 0.1011632E-1
30 IET R9 = 1.5
32 IET 79 = 0.165

Execution of the program yields the following results:
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Rl = 0.84 RR = 1.16 L1l = 0.01 2 = 0.32
INN RAD = 1.2 OUT RAD = 1.4 AIR VALUE = 1.01163E-2
ML = 91.91 M2 = 45.48
DEFECT POSITION IS R=1.5 Z = 0.165
X MAGNITUDE PHASE

1 0.1058329E-03  7.5448504

5 0.3230766E-02  7.848431

10 0.4183083E-02  8.0364868

15 0.4214363E-02  8.0554679

20 0.4214578E-02  8.0562493

25 0.42145958-02  8.0562245

From this we see that the defect sensitivity factor is

4.21459 x 1073 ej8.05622

To obtain the change in normalized impedance, we multiply the
defect seunsitivity factor by the product of the defect volume and the
shape and orientation factor. Note that the defect volume must ve
calculated from dimensions which are normalized by the mean radius of

the coil.

INDFB5 Program

LG KB INDFES VERSTIN (137 37 €9
12 LET Kl=en4
e LET Ke=le 16

16 LET1 LlzeUl

ls Lkl L2=.32

G LET M1=91e91

de LET M2z abe 43

Ch P = ]l. 2

26 LET bB=1.4

P9 bl #9=.1011632F=1
SU P R2=1eD

O LET L= .e 165

BEFPRINT /1= Rl MRE="" s RZ, VL 1= 3 1, ML= L2
IAFRENTTLNNRAL= T3 A U UT Ral="sLraln VALUE="349
IR ENT "™ 1= 391" YoV ME

40FRENTUEFECT FoSITLAN LS, ""R="3hkys"d="3£49
A2FRINTYR s A GNT TULE s "FAASE"

L4 T T=0

AELETME3=(

Ak T =

SCGLETSI=1E-2

Sellblse=1

SaLkdlbl=U0

S6HILE T E=SY
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SUFIRAZE I+ 1/ 8T 6e8TRS
AULETAE= TUTITO TR LRI SERCARERAFL+MERME )+ K EX)
SELETUZ=e TOT YO THSER SEURCARKHN KA TGO RME) =K kKD
HELAPTAI= e TOTIOTHDURESBURCARAFX 2L+ 1M T 2+R%X)
GOLETY Ime TUTIUTHSERCESURIK A FR A M L D =KD
EALETAY=SGERIOX TR 1+Y %Y 1D

FCLETEU I=ATNCT I/7X D

TELETL2=S50UROKSAXERY 2xY &)

TalbFl S8=pTNCY R/ 82D

LhTlo=gs
"..l‘: Tig=7

d=wl
Le29 6
Il =1
YaLE L3602
Jeil b T 3=43
TODLEIN3=G 4
1Oz BT a=wbs
oalL b lda=66
ICELETA 4=17
PO R TNa= G
TTOLETe=bndl
TI2LETY =}
114063 SUREY 6
']fLI]l 5=
sl EPd O= Gk
12&Lr1ﬂb:ua
el b TSz a
124 Tl é=05
1”6!#TJ6*£6
AL E TR A=W
iJh!:lN€~Lu
130 a=0b% L8
P4l Td=d8
186GasLEET &
18T T=803
14CLEINT=0L4
1200, E'jds’.&::u”/
Vi b TN = L
P46 LL1¢~nv*£2
143 LbTd=a2
190G GdSUR9 6
150 LETRK9=LT
154 LETNI =L
196LETUl=aXwl a5l 1ACaS5C &Y =213k 1 2% CIS0(D1+I3D
POSL e 1GeaA*l ek ] 14 SINCI) =21+ 131 2%SINCS1+J3)
16 ULETLI=Sun(Lixul+lzkuz)
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142 65U 49 4

taailblE 1= W3

1EELE TLITZ 1% K 5% KSRCHSCI 1+ NO+NSE) =L 28K ThAEHCISCU2+NTHNE)
164 E 16224 143A0KESHS5TNCH IANDSHNE)Y - 22k A TR EESIN(IZ2ENTENE)
TTOLETLUEz=5Rl LIk 1+ LekEe)

1726GI5UL LT 4

170 ETEE=03

176 ET0l=028%K ThL 6k CUSCIE+NTHIE) L1151 HRKE+CI S 1+J5+NB)D
17t Tur=20xK 7L R SINCOZ+NT+IE) =L 1H1 HEERSINCI T+I5+NE)
I3 UL ETL3=8h (G TRU L+ LR WD)

152 b w4«

15 4LETES=63

P LB TG ImA kK 2 TG SON Y =2 15K 3% L 2503505 1+iv3)

Il Twe=Aatas] 1RSINI(NGY~L T3] 1:IINCITI+ND)

P2 0L Ibd=htn(Lixbl+0LesLE)D

122069 5049 4

TAaid b a=wl

L CLETUI=0 1R eCOSCEIFESY + DR DLakCHSCRE3+E 4D

Pyan b ile=L bxlbekSINCEI+ B + L3 L4k SINCE3+E 4D

UGLE TES=5URGWIxGI+LE462)

vz Sl e 4

HoalLETL S=03

COALETGI=~(KIRCISCnI=FS) Y/ CAkbiabibh)

O e T ez~ A& STNONI=-F D))/ ChAsEx05)

o R OIS W S OEE

clel b T l=ne
wlaiad sl =én
SlALE TR T2V ]

2l la=nles

sl ETLl=nl

pewbd sli; 268

dln =41

peborlur =L T=003

ES L TR0 E L LRI R CSINCR R (L9 -1 1)) ~ 5T HNCX 40 49 =1.5)))
cECLE T T T+ 61455

ALkl iEEr e eSS

Lk AT

PRCICI NN AT =N BN G AT

PADEYCIF RN SRR - T B I P

Z4CLE T =My + e 1415027

cldelir Tny =00k ) /4% T o 69 £ 04 4% 09)

AL RENTN S 1/ 2 N R CH Thln THVE ¥ Vs ) 5 Sk 99
RGELE T I=5E -

Za b rA> L 5T ALNES G

2hCLETEI=1

diLblie=s
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Qeéuwlubuu
- F£>?T%?W“ﬂﬁ
ETLO=20%C1~FRAF(~2/ 10 )+ 4
21 Liirl»hl*UI*bl/d
EZTAlL LT I=R 42 G
cTarG k=1 TILS
ATHLE TR I=2r 1ol 407 4R IEC e+ 1))
GLETYI=VI+F 1/ 3+24R)
wiv kAT
e hd TE 294
A ALETHI=( 016600 1944 L1 T3 TS50 L4530 G663 LY 2+ 1) e 18040/ L
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LETWA=G4+ 3. 1415927
LETEL=SURIVERVS+VELVE)
LETUE=ATRNCOVESYE)
TFEYS>OTHENS &
CLETUEsLE+3.4 1415927
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LETUg=aTNLVEZVD
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i LETUI=LTNCL2/01)

496 TFUI>0TAENSCO

493 LETU3=C3+3e 1415927
S00 ETURN

5G2 END

ACCURACY OF CAICULATIONS

In this section we shall discuss the accuracy with which these
programs calculate the integrals presented in a previous report.8 There
are three main sources of error in the numerical evaluation of these
integrals: (1) the accuracy of the approximation of the various func-
tions in the integrands, (2) the step size in the numerical evaluation

of the integral, and (3) the convergence of the integrals.

Approximation of Functions

We approximated the following functions which were not standard
functions in the BASIC language:

Z
OK, (z
K, (z) , JxK (x)ax , _%_)

Jy, is a first-order Bessel function of the first kind, and I, and
K, are first-order modified Bessel functions of the first and second
kind, respectively. The argument x is a real number, and z 1s a complex

number. We shall now discuss the accuracy of each of these approximations.

80, V. Dodd, W. E. Deeds, J. W. Luquire, and W. G. Spoeri, Some
Eddy-Current Problems and Their Integral Solutions, ORNL-4384 (1969).
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Discussion of Ji(x)

The approximation for Jl(x) is taken from the Handbook of
Mathematical Functions,” Egs. 9.4.4 and 9.4.6. For x = O to 3 we use

the approximation:

J(x) = % x — (6.258-2)x% + (2.604158-3)x° — (5.42443E-5)%"

+ (6.7578-7)x° — (5.38E-9)x*! + (2.1E-11)x'? .

The reported error is less than 1.3E-8. For x between 3 and = we
use the approximation:

Q

J,(x) = w% cos(q,)
x2
where
Q; = 0.79788456 + (4.688-6)/x + 0.14937/x? + (4.618358-3) /x>
— 0.20210391/x* + 0.27617679/x° — 0.14604057 /x®
and

Q = x — 2.35619449 + 0.37498836/x + (5.085E-4)/x® — 0.17222733/x>
+ (6.0221885E-2) /x% + 0.19397232/x° ~ 0.21262014/x® .

The reported error is less than 9E-8.

x
Discussion of [xJ,(x)dx
o

This range of integration was divided into two regions. To epproxi-
mate the integral from O to 5, we use the serles representation
(Eq. 9.1.10) for Jl(x), mltiply by x, and integrate term by term with

respect to x.

x oo 2n+1 2n+3
) n/1l X
gXJl(X)dX = Z)(—l) <§> n 1 (n+l)i ! (21’1'*‘3)

“National Bureau of Standards, Handbook of Mathematical Functions,
p. 370, U.S. Government Printing Office, Washington, D.C., 1964.




We take 2%x+3 terms in the approximation.

=

For the region between 5 and «» we use the approximation:

X

JxI(x)ax = 1 - /x [Q2 cos(x — n/4) ~ Q1 sin(x — x/4)] ,

0

where the coeffiecients,

Q2 = 0.7979095 — (0.187344E-2)/x + 0.4952024/x% ~ 0.6896196 /x>
+ 2.105874/x% — 5.817517/x°

and

Q, = — (0.0641098-3) + 0.7034845/x — 0.1730503/x* + 2.050931/x>

— 23.79333/x% + 109.1142/x° - 183.1357/x° ,

have been determined by & least~-squares fit. The "actual value" was
calculated by numerical integration of le(x) and agrees with values

calculated from National Bureau of Standards tables to within +1E-8.

X APPROXTMATTION ACTUAL VALUE DIFFERENCE

0.5 0.2044568-01 0.204456E-01 0.34106058-12
1 0.15453272 0.15453272 0.0909494F~11
1.5 0.473708 0.473708 0.1273292E~-10
2 0.97798873 0.97798873 -0.3637978E-11
2.5 1.5889403 1.5889403 0.2910382E-10
3 2.1677231 2.1677231 0.2910383E~10
3.5 2.5537528 2.5537528 0.2910383E-10
4 2.6133333 2.6133333 0.1455191F-10
4.5 2.2843038 2.2843038 0.1455191E-10
5 1.6032957 1.6032957 0.0727595E-10
5.5 0.70655645 0.70655573 ~0,0719424F-05
6 ~0.19765044 ~(.10765039 0.43332878-07
6.5 ~0.87913766 -0.87913832 -0.0661486E-05
7 ~1.1459147 ~1.1459147 0. 1809094 E-06
7.5 —0.89837738 —0.89837617 0.1211148E-05
8 —0. 16246094 —0.16245976 0.1174163E-05
8.5 0.90846388 0.90846427 0.3920904F~-06
9 2,065269 2.0652688 ~0.1579173E-06
9.5 3.0217648 3.0217649 0.0818108E~06
10 3.526368 3.5263689 0.0933519E~05
10.5 3.4286108 3.4286126 0.1799518E-05
11 2.7228899 2.7228921 0.2154891E-05
11.5 1.5570277 1.5570296 0.1853659E-05
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X APPROXIMATION ACTUAL VALUE DIFFERENCE
12 0.20184917 0.2018503 0.11334435-05
12.5 ~1.0120725 ~-1.,0120721 0.4056128E-06
13 ~1.775617 —1.775617 0.0633735E-07
13.5 —1.8801856 —1.8801856 0.4095636E-07
14 —1.2743509 -~1.2743509 0.3716413E-06
14.5 ~0.0828132 —0.08281247 0.07301238-05
15 1.4185281 1.4185289 0.0868487E-05
15.5 2.8665793 2.86658 0.0673477£-05
16 3.8992502 3.8992504 0.2041342E-06
16.5 4,2463153 4. 2463149 —0.3473251E-06
17 3.8000754 3.8000746 ~0.0846717E~C5
17.5 2.647369 2.6473679 —0.1120075E~05
18 1.0537113 1.0537101 ~0.115321E-05
18.5 ~0.597843 ~0.59784403 —0.1029275E-05
19 ~1.8990298 —1.8990306 ~0.0873602E-05
19.5 —2.5175747 —2.5175755 -0.07775528-05
20 —2.282114 -2, 2821147 ~0.07475258-05
20.5 ~1.2291259 —1.2291267 ~0.071802E-05
21 0.40084917 0.4008486 -0.5746023E-06
21.5 2.2180202 2.2180199 ~0.2416927E~0C
22 3.7767232 3.7767235 0.2741726E~06
22.5 4.6849525 4. 6849534 0.0864063E-05
23 47030693 4.7030707 0.1347827E-05
23.5 3.8068092 3.8068108 0.1541149E-05
24 2.1980817 2.198083 0.1335603E-05
24.5 0.25973223 0.25973298 0.0753498E~05
25 —1.5356547 —1.5356547 ~0.4289904E-07
25.5 —2.7411629 —2.7411637 —0.0804589E-05
26 -3.0409315 -3.0469327 -0, 1279477E-05
26.5 —2.3597314 —2.3597327 -0.13195828-05
27 —0.830315073 —0.83031598 —0.0948286E-05
27.5 1.1792652 1.1792648 ~0,3639288E-06
28 3.1813856 3.1813857 0.1216831E-06
28.5 4.6813188 4,681319 0.2125743E-06
29 5.2996209 5.2996200 ~0.2395245F-06
29.5 4.8681301 4.8681289 -0, 1147825E-05
30 3.4775291 3.4752888 —0.2178421E-05

The error in the approximation is about #2E-6 or less between
O and 30. For greater values of x, the error is slightly larger,
although the integral approximations have usually converged before x
reaches 30.

In the program AIRCO5, which 1s somewhat slower to converge, we use
a third approximation between 30 and «». It has the same form as used

before:



E;Jl(x) dx = 1 + / %§ [P cos(x — n/4) + P,sin(x - 1/4)]

where the coefficients P, = — x — 0.5546875/x + 2.48062114 /% and
P, = 0.875 — 0.93457031/x° + 8.98975114/x* have been determined by a

least-squares fit. The error in this approximation is less than

1E-6.

X
Discussion of £gll(x)dx

This integral was also divided into integrals over two regions. To
approximate the integral from O to 5, we use the series representation
(Eq. 9.6.10) for Il(x), multiply oy x, and integrate term by term with

respect to x:
L5
x U/ \en
gxIl(x)dx = 2: <é>
n=0

We take L[5 terms in the series where 15 = 20 + <é - é_x/lé> + 4. TFor

the region between 5 and », we use the following approximation:

X2 n+3

n! (n+l)?t (2n+3)

i

N

X
e

g;ll(x)dx = P3x
where the coefficient P, = 0.3987795 ~ 0.3360836/x — 0.6130935/x°
+ 5.108402/x> — 33.78366/x% + 11.81804/x° + 543.6694 /x5 — 1737.556/x"
+ l660.794/x8 has been determined by a least-sguares fit.

The variation between the approximation and the "actual value" is
shown in the following table. ‘he "actual value" was calculated by
numerical integration of xIl(x) and agrees with values calculated from

seven-place tables.!®

0L, N. Karmazine and E. A. Cistova, Tables of Bessel Functions of
Imaginary Argument and Their Integrals (in Russian), Moscow, 1958.
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DIFFERENCE/

APPROXTIMATION "ACTUAL VALUE"

DIFFERENCE

0.2122687E-01 .6232312K-09

0.179544%8
0.66401541
1.7841686
4. 0764675
8.4814162
16. 644763
31.432478
57.811157
104..35069
185.78496
327.36114
572.23054
993.96971
1717.7708
2956.2582
5069.9573
8669.2752
14786.325
25164.173
4R743. 346
72479.53
122716.9
207493.25
350406.51.
591097, 04
996108.98

.0702584E-07
.2136584E-07
. 4620968-07
L1673761E-06
.399712E-06
L0825617E-05
.1491745R-05
.4028668E-05
.0853184F-04
.0883081E-02
.1143995E-02
L15235698-03
.3207929E-02
.07343945-01
.1085959E-01
.10931285-01
.36154988-02
.1590186E-01
.52565698~-01
.10980105
.18637943

. 27078056
L33177948
.30313491
.59951788-01
.61592102

X "ACTUAL VALUE"
0.5  0.2122687E-01
1 0.179544777
1.5 0.606401539
2 1.7841686
2.5  4.0764673
3 8.4814158
3.5 16. 644762
4 31.432477
4.5 57.811153
5 104..350068
5.5 185.78408
6 327.36
6.5  572.23069
7 993.97292
7.5 1717.7781
8 2956,269
8.5 5069.9682
9 86692.2788
9.5 14786.309
10 25164,12
10.5 42743.237
11 72479343
11.5 122716.63
12 207492.91
12.5 350400.21
13 591096.98
13.5 996109.6
14 1.6770822E+06
14.5 2.8211956F+06
15 4. 74212F+06
15.5 7.9652235E+06
16 1.3370026E+07
16.5 2.24282695+07
17 3.7601638E+07
17.5  6.3005982E+07
18 1.0552023E+08
18.5 1.7663717E+08
19 2.9555155E+08
19.5 4.9431117E+08
20 8.26406938+08
20.5 1.3810941E+09
21 2.307263E+09
21.5 3.8532169E+09
22 6.432944E+09
22.5 1.0736505E+10
23 1.7913864E+10
23.5 2.9880974%+10
24 4.9829313E+10
24.5 8.3073949E+10

L6770801E+06
.8211907E+06
742 11E+06

.9652049E+06
. 336999rE+07
L24282158+07
L7601554E+07
. 3005854 8+07
.0552004E+08
.7663692E+08
.9555124F+08
.9431083E+08
. 26406678+08
. 3810942E+09
.3072638E+09
.8532195E+09
LA43294998+09
LO0736517E+10
.7913887E+10
.9881015E+10
.9829383E+10
.3074064E+10

DN O WDV OOWNDE I

.0863723
.9243021
.9997863
18.574401
32.384155
53.514404
84..590332
127.91943
184.25976
250.09277
312.30273
338.29492
259.04687
-59.,710937
~864.45312
~2587.9687
—5959
~12154.562
~22997.125
—41173
—70311.75
~114742.5

orvobbbbbbbbooooocodbbbdbbdbdbbbdbdbd

bbbbbbbbboooooooooocoooodbbbddbbdbbocoonobbbdbbdbbbbbsd

. 294807

.391E-07

.322E-Q7

.259E-07

LA11E-Q7

ATIE-Q7

A906E-07

AT5RE-Q7

.0697E-06
.0818E-06
L4'7533E-05
. 34946E-05
. 2663E-06
.32274E-05
42753E-05
. 36734E-05
.21561E-05
L417E-06

L107548~05
.20889E-05
.25689E-05
.25715E~05
.22066E-05
.1599E~05
.08651E~-05
.1014F-06
.6183E-06
L12448-05
.17455E-05
.21087E-05
.23319E-05
.242215-05
.2386E-05
.22496E-05
.20303E~05
.17462E-05
.14159E-05
. 10567R-05
.06844E-05
.3135E-06
A32E-07

.3747E-06
.08716E-05
.09263E-05
.11321E-05
.12838E-05
.137798-05
L14111E-05
.13812E-05
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: "~ : " DIFFERENCE

X ACTUAL VALUE APPROXIMATION DIFFERENCE "ACTUAL VAéUE”
25 1.3846482E+11 1.38465E+11 ~178234 ~0.12872E-05
25.5 2.3073483E+11L 2.3073509E+11  —260375 ~0.11285E-05
26 3.8440606E+11 3.844064F+11 —347820 —0.02048E-05
26.5 6.4028688E+11 6.4028727E+11 -394904 ~0.6168E-06
27 1.0662769E+12 1.0662772E+12  —282428 ~0.2649E-06
27.5 1.7753336E+12 1.7753333E+12 264592 0.149E-06
28 2.955342E+12 2.9553402E+12 1.845152E+06 0.6243E-06
28.5 4.9187696E+12 4. 9187639E+12 5.700768E+06 0.11598-.05
29 8.185196208+12 8.1851818E+12 1.4332672E+07 0.1751-05
29.5 1.3618472E+13 1.3618439E+13 3.26672E+07 0.239878~05
30 2.2054628E+13 2.2654558E+13 7.0231808E+07 0.31001E-05

The error is equally small for values greater than 30, although

most of the integrals have converged before 30.

x
Discussion of {xKl(x)dx

This integral was also divided into integrals over two regions.
To approximate the integral from O to 5, we use the series representa-
tion (Bq. 9.6.11), multiply by x, and integrate each term with respect

to x. We obtain:

X2n+3

+ 0.577215665

i

X
éxKl(x)dx = X +

)[ln e

220+L nt (ne1) ! (2n+3

]
]
[

1
boo =
n

~x /1
We take I5 terms in the series where L5 = 20 (# - e X/ §> + 4,

For the region between 5 and » we use the following approximation:

x
%XKl(X>dX = % - Jx e
where P, = 1.2533263 + 1.0958276/x — 0.67491295/x* + 0.921571421/x>
— 1.1768576/x* + 0.79898397/x° has been determined by a least-squares
fit.

Since the value of this integral converges to 1/2 at « and we

actually use the difference of two such integrals, we have subtracted



ﬂ/Z from the approximation in the program.
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In the following table we

by
give values of w/2 - éXKl(X)dX as these are easier to compare.

X "ACTUAL VALUE"  APPROXIMATION DIFFERENCE
0.5 1.1059033 1.1059033 0.218287E-10
1 0.74931091 0.74931091 0.4365574E-10
1.5 0.4969222 0.4969222 0.0727595E~-09
2 0.32490833 0.32490833 0.0873114E-09
2.5 0.21029136 0.21029136 0.0800355E-09
3 0.1350e675 0.13506675 0.5820766E-10
3.5 0.08623054 0.08623054 0.0960426E~-08
4 0.5478545E-01 0.5478545E-01. 0.55297278E~-09
4.5 0.3466817E-01 0.3466817E~0L  0.327418E-09
5 0.2186441E-01 0.2186441E-01  0.4816683E-08
5.5 0.1375002E-C1 0.1374999E-01  0.2589445E-07
6 0.0862574E-C1 0.0862573E-01  0.0805027E-~07
6.5 0.5399539E-02 0.5399535E-02  0.3622602E-08
7 0.3373622E-02 0.337362E-02 0.1857699E~-08
7.5 0.2104306E-02 0.2104305E-02  0.0942506E-08
g8 0.1310e07E-02 0.1310600E-02  0.4552447E~09
8. 0.0815179E-02 0.0815179E-02  ©.208935E-09
9 0.5064157E~03 0.5064156E-03  0.0923456E-09
9.5 0.31425598-03 0.3142559E-03  0.4061284E-10
10 0.1948157%-03 0.1948157E-03  0.1897326E-10
10.5  0.1206607E-03 0.1206607E-03  0.102629E-10
11 0.0746691E-03 0.0746691E-03  0.0668354E-10
11.5  0.4617194E-04 0.4061719E-04 0.4966693E-11
12 0.2853005E-04 0.2853004E-04  0.3883871E-11
12.5  0.1761719E-04 0.1761719E-04  0.3036126E-11
13 0.1087178E~04 0.1087178E-04  0.232353E-11
13.5  0.06705228-04 0.0670522E-04  0.1731087E-11
14 0.4133235E-05 0.4133234E-05  0.1256023E-11
14.5  0.2546516E-05 0.25465158-05  0.089001E-11
15 0.1568178E-05 0.1568177E~-05  0.6176448E-12
15.5 0.0965271E-05 0.0965271E-05  0.4209618E-12
16 0.5939093E-06 0.59392091E-06  0.2824546E-12
16.5  0.3652727E=-06 0.3652725E-06  0.1869459E-12
17 0.2245692E-06 0.2245691E-06  0.1222615E-12
17.5  0.1380155E-06 0.1380155E-06  0.0791129E-12
18 0.0847927E-06 0.084792¢E-06  0.5071247E-13
18.5  0.5207738E-07 0.5207735E-07  0.3223202E-13
19 0.3197471E-07 0.3197469E-07  0.2033009E~13
19.5  0.1962625E-07 0.1962624E-07  0.1273265E-13
20 0.1204335E-07 0.12043358-07  0.0792275E-13
20.5  0.0738826E-07 0.0738825E~-07  0.4899943E-14
21 0.4531344E-08 0.4531341E-08  0.3013214E-14
21.5 0.27784758-08 0.2778473E-08  0.1842953E-14
22 0.1703276E-08 0.1703275E-08  0.1121315E-14
22.5  0.1043919E-0 0.1043918E-08  0.0678791E-14

DIFFERENCE/

"ACTUAL VALUE"

2E-10
.6E-10
.15E-09
27E-09
.38E-09
.43E-09
L1114E-Q7
.1009E-07

. 0944507
.2203E-06
.188323E-05
.093329E-05
.067091E-05
.55065E-06
ALTEOR-06
. 347358-06
.25631E-06
.18235E~06
.12923E~06
.09739E-06
.08506E-06
.08951E~06
L10757E-06
.13613E-06
L 17234706
.21372E-06
.25817E-06
.30388E~-00
.3495E-06

. 39386E-06
.43611E-06
4 75598-06
.5118E-06
.544.43E-06
.57 322E~06
.59808E-06
.618938-06
.063582E-05
.064876E-05
.065785E-05
.066321E-05
.066497E-05
.06633E-05
.065833E-05
.065023E-05

ool olelojojololoNojoooloRoNoNojoNoloNoNoNoRoNolooloRoloNoNoloNoNoloRoloNoleNoloNoNoNe)
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X "ACTUAL VALUE" APPROXIMATION DIFFERENCE
23 0.063967E-08 0.063967E-08 0.4088661E-15
23.5 0.3918833E-09 0.39188318-09 0.2450567E-15
24 0.2400334E-09 0.2400333E-09  0.1461453E-15
24.5 0.1469957E~09 0.1469956E-09  0.0867124E-15
25 0.09C0033E-09 0.0900032E-09 0.5117688E-16
25.5  0.5509805E-10 0.5509802E~-10  0.3003811E-16
26 0.3372412E-10 0.337241E~-10 0.175268E-16
26.5 0.2063832E-10 0.2063831E~-10 0.1016153E-16
27 0.12628158~10 0.12628158-10  0.5850297E~17
27.5 0.0772573E-10 0,0772573E-10  0.3341809E-17
28 0.4725805E-11 0.4725803E-11  0.1891953E~17
28.5  0.289035E-11 0.2890349E~-11  0.1059969E-17
29 0.17675258-11 0.1767524E-11 0.586557E-18
29.5 0.1080745E-11 0.1080744E-11  0.3196755E-18
30 0.0660731E-11 0.0660731E~11  0.1708922E-18

The "actual value" agrees with values calculated from seven-place
tables. 10

DIFFERENCE/

"ACTUAL VALUE"

0.063918E-05
0.062533E-05
0.60885E-06
0.5899E-06
0.56861E-06
0.54518E~06
0.519718-06
0.49236E~06
0.,46327E-06
0,43256E-06
0.40035E8-06
0.36673E-06
0.33185E-06
0.29579E-06
0.25864E-06

The error for values greater than 30 is similarly small.

Discussion of I,(z), dI,(z)/dz, XK,(z), and 3K,(z)/dz

These functions are all calculated in a single subroutine.

The

approximations between O and 8 are calculated from the following series.’?t

o

ZZIH‘l
NG - ) —
Ao 22t (o)t
31,(z) © 22D
oo =Y(2n+1) -
oz =0 220t pr (ne1)!
= 7 20+1 -
K, (z) = L+ y [111 z/2 + 0.577215665
Z _—:6 22n+1 n '(]fl‘*‘l)' R

_ <} + 1 + L + ... L + 12>]
2 3 n 20+

Vi, w. Mclachlan, Bessel Functions for Engineers, 2nd. ed., Oxford,
1955. ‘
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~

Lln z/2 + 0.577215665

e 1y (o)) 2
2 L
z n=0 2

dz antl g (p1)t

1 1
.,<l+i+i+....%+ ) ]
2 3 n 2n+2 2n+1

We take 20 <l — e—]z/lO]) + 4 terms in the series.

For the functions between 8 and «» we use Formulae 157, p. 204 of

ref. 11.

e [1 4 —1 (4 — 14 - 9)

= — + ~ .
N/2ﬂz

T(2) 1182 21(87)2

(&de~l)”.H~(%~3VW
’ (n — 1)t(8z)B"1 .

BII(Z) e” fl h— 1 . (4 ~ 1Y(4 — 9) B

Sz ) Stz L - 1'8z 21(82)%
(-4 - 1) ... [4 - (2n - 3)2JW
’ (n = 1) (82)7 1 L
e i3/ (e-1) 52 (4-1(4=-9)
V2 23/ 2 118z 21(8z2)?
N (-1 *on —1)(4 - 1) ... [4~(2n -3)2]1

2(n — 1)1(gz)""?

X -2 -1 (4—-1)(4—9)
(2 =/ e [l "1z T 2i(en)? i

+

(4~ 1) ... [4 - (2n - 3)2]]
(n — 1)1(82)2"
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(4 ~ 1)

4 =1 (4 -1)(4~9)
118z z1(8z)% V
(4 - 1) ... [4 = (2n - 3)°]
+

(n - 1)t(8z)>"

.\ 5 (4 - 1)(4 - 9)

2 1!8z

2

(2n - 1)(4 — 1)

21(8z)%

]

[P [4 - (?Il - 3)2]

+

2 (n - 1)t (gz)?

We take 3 + 20/x terms in each series.

The "actual value" was

calculated from seven-place tables from Table IT of ref. 11 between

0 and 10 and interpolated from five-place reciprocal values (National

Bureau of Standards Table 9.12) between 10 and 30.

gives the values of these functions for z = xe©

i

Il

Z =1
APPROXTMATION
"ACTUAL VALUE"

APPROXTMATION
"ACTUAL VALUE"

Z = 2
APPROXIMATION
"ACTUAL VALUE"

APPROXTIMATTION
"ACTUAL VALUE"

Z =3
APPROXTMATTION
"ACTUAL VALUE"

APPROXTIMATION
"ACTUAL VALUE"

Z=4
APPROXIMATION
"ACTUAL VALUE"

APPRCKXIMATTON
"ACTUAL VALUE"

MAG
MAG

I

wiw DN

.52169785
521698

.50130106
.5013011

78275606
782756

0411672
.0411672

.5051089
.50511

L7999076
799908

. 8694681
. 86947

. 1728963
.172896

PHASE
PHASE

O OO0

e R

o

[\CIE SRR A IR A

. 36684869
. 366848

.91028994
.9102899

.1868214
.18682

. 2787395
2787396

. 9199306
.91993

. 8450429
8450429

. 5878306
.58783

.5116109
.5116109

The following table

15t /4

K!  MAG PHASE

K,  MAG PHASE
1.1914094 1.515654
1.19141 1.51565
0.77887041 ~1.2548656
0.7788704 ~1.2548657
0.29724698 1.035719
0.297247 1.03572
0.24429343 4. 378545
0.2442934 4. 3785449
0.107145 0.42279896
0.107145 0.422799
0.09451534 3.6977643
0.09451534 3.6977643
0.4334207E-01 —0.23443368
0.433421E-1 0. 234434
0.3952989E-01 3.0058023
0.3952990E-1  3.0058023



72 =5
APPROXTMATTION
"ACTUAL VALUE"

APPROXIMATION
"ACTUAL VALUE"

2 =6
APPROXIMATTON
"ACTUAL VALUE"

APPROXTMATION
"ACTUAT, VAILUE"

Z =17
APPROXTIMATTON
"ACTUAL VALUE"

APPROXTMATION
"ACTUAL VALUE"

7 =8
APPROXIMATION
"ACTUAT, VALUE"

APPROXIMATTION
"ACTUATL VATLUE"

Z =9
APPROXTMATTON
"ACTUAL VATUE"

APPROXIMATTON
"ACTUAL VALUE"

Z = 10
APPROXIMATTON
"ACTUAL VALUE"

APPROXTMATTION
"ACTUAL VALUE"

Z = 11
APPROXIMATTION
"ACTUAL VALUE"

APPROXTMATION
"ACTUAL VALUE"

Z =12
APPROXTMATION
"ACTUAL VALUE"

APPROXTMATION
"ACTUAL VALUE"

Z = 13

APPROXTIMATION
"ACTUAL VAILUE"

5.3
5.3

5.8
5.8

10
10

10
10.

19,
19.

20.
20.

37.
37.

39.
39.

72.
72.

4.
7.

139.
139.

144,
144 .

271.
271.

280.
280.

529.
529.

545,
545.

103
103

988943
2889

Q90597
09060

.209239
.2092

.850182

850182

462173
4622

500302
500302

345829
3458

069657
06966

041153
0413

97413
97404

58315
583

67067
67053

46009
451

41888
419

61909
621

59121
600

6.13
6.12

Wi WWw Www Www

~

e ope oo oo bbb bbb b6 LS A

e

NN

. 2628465
.26285

.203566
.2035660

.9500556
.95006

.899976
.8999760

. 6434166
64342

.5991161
.5291161

. 94313404
.943134

. 98274486
. 9827449

24428312
.R44281

. 27999139
. 2799960

45618449
L456184

42368813
4236874

.1578356
.15784

. 1280324
.12802

. 8603796
. 86038

.832863
.83286

. 5636147
.56362

OO O

OO0 OO

SO OO OO OO

OO0 OO

oo OO

oo OO0

[N ®)

.08158018-01
.0815789E~1

.076815E-01
L07681504E-1

.36685658-02
. 366854F-2

. 3484967E-02
. 34849728-2

. 1673075E-02
L1EOT7314E-2

.1599913E-02
.1599890E-2

L0771052E-02
07710528-2 2.

.0741043E-02 -0
L074104418-2 0.

.1674337E-03
.167434E-3

1
1
.1620998E-03 4.
. 162099E-3 4

.0786692E-03
.0786697E-3

0
0
L0763713E-03 3.
.07637058-3 3

.1851214E-01 ~0.
.1851218-1 0.

L1721294F-01
L17212958-1

DN DO

T SUR S X

OO Www

OO Ww

N

.3581752E-03 1.
.358175E-3 1.

.3456271E-03
.34562728-3  —1.

.3711913E-04 0.
.371193E-4 0.

91095732
910958

.3085384
. 3085387

.6857101
.68572

. 6083434
. 6083434

.9933861
.99338

. 90635435
.9063566

.2974192
.29739

.20318745
.2031949

.5989414

59894

50077776

5007787

8987637
89876

.2053366

2053372

. 1973264
.19733

3728538

L3728

49494718
LA94922

6675283

L6675

20815962
208159



APPROXIMATION
"ACTUAL VALUE"

Z = 14
APPROXIMATION
"ACTUAL VALUE"

APPROXTMATION
"ACTUAL VALUE"

Z =15
APPROXTMATTION
"ACTUAL VALUE"

AFPROXIMATION
"ACTUAL VALUE"

Z =16
APPROXTMATION
"ACTUAL VALUE"

APPROXIMATTION
"ACTUAL VALUE"

7 o= 17

APPROXIMATION
"ACTUAL VALUE"

APPROXTMATICON
"ACTUAL VALUE"

zZ =18
APPROXTMATTION
"ACTUAL VALUE"

APPROXIMATION
"ACTUAL VALUE"

Z = 19
APPROXTMATION
"ACTUAL VALUE"

APPROXTMATTION
"ACTUAL VALUE"

Z = 20
APPROXIMATION
"ACTUAL VALUE"

APPROXIMATION
"ACTUAL VALUE"

72 =21
APPROXTIMATION
"ACTUAL VALUE"

APPROXIMATION
"ACTUAL VALUE"

1064.9019
1064.93

2031.9028
2031.90

2084.1893
2084.21

3993.0282
3992.99

4088.7682
4088.69

7861.5276
7861.58

8037.9905
8038.04

15503.442
15503.5

15830.572
15830.6

30619.,007
306192.6

31228.555
31228.0

60552.497
60552.6

61693.467
61693.4

119893. 64
119895.

122038.09
122037.

237648.83
237647,

241694,21
241693

BN NN N WWw oW WWw Www IR

5L &L LL L

o TOo

e
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.5380632
53803

.2673952
. 26740

2435497
24347

.9716136
.97161

. 9492626
. 94927

. 6761889
67619
.6551576
.65517

.90212634
.902122

.92198411
.921995

.19701018
.197023

.21581768
.215795

.50831363
.508314

49045147
.490455

2138142
.21381

.1968074
.19681

. 9194666
.91948

.9032373
. 90324

OO

o0 OO

oo OO0

OC OO

OO OO

OO0 Co

.3611797E~04
.361179E-4

L1757633E-04
175764E-4

.17136E-04
.171359E-4

.0834772E-04
.0834769E-4

.0815248E-04
.0815249E-4

. 3974996E-05
. 397499E-5

. 3887812E-05
.388782E-5

. 189709E-05
. 189710E-5

.18579188-05
.185792E-5

.0907198E-05
.0907197E-5

.0889502E~05
.0889516E-5

4345914806
43459386

AR65585E-06
AR6549E-6

.2085169E-06
.208516E-6

. 2048546E-06
. 20485486

.1001872E-06
. 100187E~6

.098511E-06
.0985107E~6

N O

v b b

YR SES

OO WwWw

OO0 ww

o N

-0.

BN NG I

Wiw OO

. 9619429
.92619

.9118383
.911839

.2561507
.2562

6672107
L66721

.5501211
.5502

.9627026
.9627

84409437
L8441

. 2578884
.25789

.13788352
L1279

.5528189
.55280

56842307
.5685

84775346
.84753

LR748108
2749

. 1420677
L 14207

.3019172
. 3019

43644444,
430442

. 5954002
L5954



Z = 22
APPROXIMATTON
"ACTUAT VALUE"

APPROXTMATTON
"ACTUAL VALUE"

7 = 23
APPROXTMATION
"ACTUAL VALUR"

APPROXTMATICON
"ACTUAL VALUE"

Z = 24
APPROXTMATTON
"ACTUAL VALUE"

APPROXIMATION
"ACTUAL VALUE"

7 =25
APPROXIMATTION
"ACTUAL VATLUE"

APPROXIMATION
"ACTUAL VALUE"

7 = 20
APPROXIMATTION
"ACTUAL VALUE"

APPROXIMATION
"ACTUAL VALUR"

7 = 27
APPRCXIMATION
"ACTUAL VALUE"

APPROXIMATION
"ACTUAL VALUE"

Z = 28
APPROXIMATTION
"ACTUAL VALUE"

APPROXIMATION
"ACTUAL VALUE"

2= 29
APPROXIMATION
"ACTUAL VATUR"

APPROXIMATION
"ACTUAL VALUE"
Z = 30

APPROXIMATTION
"ACTUAL VALUE"

APPROXIMATION
"ACTUAL VALUE"

471530.69
571535.

479187 .77
479179.

936445,
936454,

950982.73
950975.

43

.86132145+06
.86131E-6

. 8889985E+06
. 8889916

R

.7025287E+06
.70249E6

.7553576E+06
."75539E6

WwWw ww

.3703585E+06
3703786

471434706
AT7T149E6

-3 2

.4681469E+07
4681587

487527 8E+07
LA48T54ET

B e

L9263 146E+07
L9R629E7

.9635523E+07
. 9636087

NV NN

.836131785+07
.83614E9

. 9078134 E+07
L07TTET

Ut ot bt

. 1645694 F+08
. 16457E8

.1783823E+08
.17841E8

o e

NSRS\ RNV

wLww WwWww

DA N N

= HH oo OO0

e e
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.6252503
.62525

. 6097307
. 60976

.3311482
.33115

L3162792
. 31628

.0371463
03715

.0228755
.02292

.5399528
.53995

.5536714
.55367

.83378861
.833774

. 84699607
. 84697

12755494
27543

. 14028789
. 14027

57874076
578749

. 56644949
L5664

.2850921
. 28509

.2732129
L2732

.9914936
. 99150

.9799999
.9800

oo OO oo OO OO0 OO oo OO cCOoO OO o0 OO

OO0 OO

OO0 OO

OO0 OO0

.4819867E-07
.481982E-7

LAT4RETTE-07
LATAR92E-T7

L2321441F-07
L232142B-7

. 2285965 E-07
.228597E~7

1119272807
L111927E-7

.1102877E-07
. 110287E-7

.5401696E-08
.540168E-8

.5325726E-08
.532573E~8

.2609196E-08
.260919E~9

. 2573906808
.257390E-8

.126135E-08
.126135E-8

.1244919E-08
. 124490E-8

.6102251E-09
.610227E-9

.6025588E-09 -
.602557E~9

. 295424 2F-09
.295424F-9

.2918403E-09
.291843E-9

. 1431141 E-09
.143116E-9

. 1414356E-09
. 14143689

T NN

OO Ww

OO0 Ww

[ACIRA]

§ N N

ww OO

. 26931405
. 269309

.8888312
.8888

.97519003
.975190

1822169
L1822

. 6020165
.60202

41755626
L4755

8959473
.89595

76887328
L7688

.1897982
.18980

L6215264E-1
.B21E-1

483578
48358

. 64459586
. 6446

7772943
STT729

. 3513693

|.3514

.0709537
.07096

.2250201
L2250

. 36456199
. 364563

.5182039
.5182
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The error is similarly small for values greater than 30.

Step Size

The integrals are evaluated by dividing the range of integration
into a large number of smgll increments and summing the product of
integrand (evaluated at the midpoint) and the increment. (A number of
different integration schemes were tried, including a twenty-point
Gaussian quadrature, but this was the fastest and most accurate up to
a point.) The smaller the step size, the greater the accuracy and the
greater the execution time. For very small step sizes, the round-off
error in the computer will become a contributing factor. The step size
was chosen to have the fastest running time and still retain high
accuracy. For the region between O and 5, most of the integrands are
varying repidly, and the integrals converge to 90% or more of their
Tinal value. Therefore, in most programsg, we have taken the step size
to be 0.01 between O and 5, 0.05 between 5 and 15, and 0.1 for x greater
than 15. TIn the encircling coil and inner coil programs, we take the
step size to be 0.01 between O and 1 and 0.05 for values greater than 1.
The error due to the step size varies with the coil and conductor
configuration and the value of r?wuo, but is smaller than 0.01% in all
cases tested. This error can be reduced by decreasing the value of the

step size. (This is named S1 in all the programs.)

Convergence

The values of the integrands in the programs are zero at x = O

and go to zero as x goes to Infinity. The convergence of the integrals
also depends on the coil and conductor configuration and the values of
réuuo.  The air value in the impedance calculations is the slowest to
converge. The followlng table shows the percentage error between the
value at x = 40 and the final value as a function of the coil dimensions.
In some of the longer running programs, such as INNCO5 and ENCCO5, the
air value is calculated in ATIRCO5; this value is used to calculate the

final normalized impedances. Similar techniques can be used in the



188

Percentage Error in Convergence Tests of Air Value

Length 1 0.5 0.1 0.01
R,-R;

0.01 2.418 3.435 9.095 23.287
0.05 0.8364 1.194 3.183 7.199
0.1 0.1203 0.1734 0.4810 1.171
0.2 0.0457 0.0671 0.1978 0.4961
0.3 0.0133 0.0199 0.05281 0.1760
0.4 0.0095 0.0144 0.0460 0. 1247
0.5 0.0072 0.0110 0.0355 0.0957

other impedance programs if the error indicated in the above table is
too large. The value calculated by ATRC05 is accurate to about 1E-6.

In addition, the integration can be carried out farther by
modifying the program. The programs, in general, have a statement
IF X < XMAX THEN 110 where the value of XMAX is usually 35. This state-
ment will transfer the control back to a "FOR" loop. By increasing the
value of XMAX the program will carry the integration to X + 5 in

MAX
some casges and to XMAX + 1 in others.

Additional Errors

In addition to the three major sources of error mentioned, there
is some error due to computer round-off. While this is very small in
most cases, for extreme coil dimensicns it can become quite large. For
example, very small values of the coil length, L, produce considerable

round-off error due to inaccuracies in calculating the expression

L+(e~xb- )/x.

For values of L less than 0.001, this should be calculated by a
polynomial expansion for small values of x L. (This is done in ATRCO5.)

For values of L = 0.001 and larger, the error is less than 0.004%.
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Round-off errors are in general very small on the SDS 940 computer,
which carries twelve places. On other machines, however, it may have a

much larger effect.

CONCLUSIONS

The programs in this report can be used to accurately calculate
properties ubilized in many eddy-current tests. By using these programsz,
the design engineer can quickly optimize a particular eddy-current
testing parameter such as test freguency or a coil dimension. Use of
these programs should prove extremely valuable in development of eddy-
current testing procedures and will result in the design of better and

more economical eddy-current tests.
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LIST OF SYMBOILS

Symbol Name MKS Unit
T Frequency Hertz
J Square root of minus 1
L Inductance henries
N Turns of wire
r Mean coil radius meters
Zn Normalized impedance ohms
) Permeability henries/meter
o} Resistivity ohm meter
o Conductivity mho/meter
W Angular frequency radians/sec

Dimensions

1/T
ML? /Q?

L

ML? /Q?T
ML/Q?
ML /QPT
P/’
1/T
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