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PREFACE

Computer Programs for Some Eddy—Cufrent Problems

was presented in its original form in August 1969 as
ORNL-TM-2501. Since then a number of modifications
have been made to improve the programs, or due to com-
piler changes on the Megasystems computer. Also,
programs have been written for the electromagnetic
properties of coils above three conductors and pro-
grams have been added that consider some of the proper-
ties of the eddy-current instruments used to perform
the measurements. The programs in the earlier report
are still valid; however, the modifications in this

report provide improved efficiency.






COMPUTER PROGRAMS FOR SOME EDDY-CURRENT PROBLEMS - 1970

W. A. Simpson C. V. Dodd
J. W. Luquire’ W. G. Spoeri
ABSTRACT

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

INTRODUCTION

This report contains computer programs developed to calculate the
solutions to the equations derived in a previous report2 which discusses
the applicability of the equations to actual test problems. The pro-
grams are written in BASIC language, which is usually used with a time-
sharing computer system. While these programs will operate, with a few
modifications, on many different computer systems, they were written
specifically for the Megasystems,” GE-430 BASIC. In most of these pro-
grams an optional "IET" has been implemented (i.e., with the present
system it is no longer necessary to type "LET" at the beginning of each
line). Instructions for ruanning theée programs and examples of their
use are included with each program. Figure 1 illustrates those cases
for which solutions have been obtalned. Table 1 lists the various pro-

grams written for the specified geometrical configurations.

loonsultant from The University of Tennessee, Knoxville.

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

JMegasystems, Inc., 460 Twelfth Avenue, New York, N.Y. 10018




(@) CASE 1: COIL ABOVE THREE -CONDUCTOR PLANE.

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

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

Fig. 1.

ORNL - DWG 68-731R

(6) CASE 2: REFLECTION-TYPE COIL (AS USED IN
PHASE-SENSITIVE INSTRUMENT ) ABOVE A

THREE-CONDUCTOR PLANE.

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

LTI
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(7) CASE 6: COIL INSIDE TWO CONDUCTOR TUBE.

Eddy-Current Testing Cases for Which Solutions Have Been

Obtained in the Form of Tntegral Equations.



Table 1. Computer Programs for Solution of Equations
for BEddy-Current Test Configurations
. . “ . Program
Configuration Program Calculation Name
Coil in air Coil inductance, resistance, ete. ATRCO
Coil above a two-conductor plane Normalized coil impedance CIADT
Defect sengitivity factor for a defect DEFEC
in the cladding material
Defect sensitivity factor for a lattice DELAT
of defects in the cladding material
Defect sensitivity factor for a defect DEFECB
in the base material
Net eddy~-current force exerted on a FORCE
conductor
Coil above a three-conductor Normalized coil impedance 3CONDT
plane
Reflection-type coil above a Magnitude and phase of iunduced voltage RFIM
single conducting plane on a 3 X 5 lattice
Normalized impedance of coils MREP
Reflection~type coil ahove a Magnitude and phase of induced voltage RFICT
two-conductor plane Normalized impedance of coils CIADL
Phase shift of induced voltage with DISC
Mift-off" set
Magnitude and phase of induced voltage RFIC
for a range of cladding thickness values
with "1lift-off" automatically set
Change in magnitude and phase of induced RFDFT
voltage due to a defect in the cladding
material
Change in magnitude and phase of induced RFDFL2
voltage due to lattice of defects in
the cladding material
Change in phase of induced volbage due BASREAD
to a lattice of defects in the clad-
ding material with the "1lift-off" set
Change in magnitude and phase of induced RFDFTB
voltage due to a defect in the base
material
Reflection-type coil above a Magnitude and phase of the induced voltage  3REFLT
three-conductor plane
Through-transmission coils Magnitude and phase of the induced voltage  THRU
for a single conducting plate
Change in magnitude and phase of induced THRUDF
voltage dus to a defect in the plate
between the coils
Magnitude and phase of the induced voltage  2THRU
for a two-layered conductor
Coil between two conducting Normalized coll impedance BINCO

planes
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Table 1 (continued)

Configuration Program Caleulation Program
Name
Coil encircling a two-conductor Normalized coil impedance ENCCO
rod Defect sensitivity factor for a defect ENDFT
in the outer material
Defect sensitivity factor for a lattice ENDFTL
of defects in the outer material
Defect sensitivity factor for a differ- READIN
ential coil system for a lattice of
defects
Defect sensitivity factor for a defect ENDFB
in the inmer material
Coil inside a two-conductor tube UWormalized coil impedance INNCO
Defect sensitivity factor for a defect TINDFT
in the inner material
Defect sensitivity factor for a lattice INDFTL
of defects in the inner wmaterial
Defect sensitivity factor for a defect INDFB
in the outer material
Eddy-current bridge Effect of drifts in circuit elements on BRIDGE
eddy-current bridge measurements
Phase-sensitive eddy-current Effect of drifts in circuit elements on PHASEN

instrument

neasurements performed using the phase~
sensitive instrument

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 desired
answer. For example, note that all the coil impedance values are given
in terms of normalized impedances. The normalized values of impedances
mist be multiplied by the magnitude of the coil impedance in air, wL, to
obtain the actual coll impedance.

from AIRCO.

The inductance, L, may be calculated

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 ?Zwud and is also dimensionless, since 2/qu is the square of
the eddy-current skin depth in meter-kilogram-second (mks) units. The
value of M may also be calculated by the formula, M = 5.09397 x 1077 <£§$>,
where r is now expressed in mils,  is the frequency of cycles per second

(Hertz), and p is the resistivity in microhm-centimeters.



The discussion and example that precede each of the detalled pro-

grams 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 alr of a coil
of rectangular cross section, as shown in Pig. 2. This is the type of
coll that is used in many eddy-current tests. The impedance such a coil

will have in air is:

=y

7 =j‘2'JT'

. L,
alr

where Z is the lmpedance in ohms, j is the square root of minus one, f

is the frequency in Hertz, and L is the inductance in henries. The

impedance the coil will have when placed on a metal is 2 = lzair Zn’

where Zn is the normalized Impedance, which is calculated from one of

the impedance programs. In addition, the integral calculated in the air

ORNL-DWG 68-10309
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Fig. 2. A Rectangular Cross-~Section Coil.



inductance program is also caleulated (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 air and used
in any of the Ilmpedance programs for cases with the same relative coil
dimensions. The program AIRCO calculates the coil inductance and a 'nor-
malization factor" used in impedance calculations. The first normaliza-
tion factor is used with planar conductors and the second is used with

cylindrical conductors.

Discussion of AIRCO

This program is 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 twoc normalization factors that
are used in other programs appearing in this report. To use this pro-
gram, 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."

In the first portion of the program, the computer calculates the
two normalization factors and the inductance divided by the product of
the square of the number of turns on the coil and the mean coil radius.
In order to determine the actual inductance, it is necessary to specify

)}

both the number of turns and the mean coil radius (in inches). The
latter information is given in line 50 of the program. The number of
turns, however, will depend on the wire gage selected and on the number
of layers of insulation on the wire. On the other hand, the user may
already know the inductance desired, but not the number of turns and wire
gage necessary to give this inductance. In order to provide for a wide
range of possible uses, the program has been designed to accept as inpub
three numbers specifying the wire gage, number of turns, and desired
inductance.

To use this program, one types the following lines into the progrem.

(Note: Parentheses are not typed, but indicate that the appropriate

number 1s to be typed there. )



v

20 Let Rl = (numerical value of normalized inner coil radius)
30 Let R2 = (numerical value of normalized outer coil radius)
40 Tet I = (numerical value of normalized length of coil)

50 Let R3 = (numerical value of mean coil radius, in inches)

60 Let I3 = [number of insulation layers (i.e., 1, 2, 3, or 4)]

The program may now be run.

The print-out by the computer will have the following format:
COIL LENGTH IS (L) RL = (RL) r2 = (R2)
INDUCTANCE/Nt2¥R(BAR) = =-=====-
NORMALIZATION FACTOR

PLANAR CONDUCTOR ==n o mm e CYLINDRICAL CONDUCTOR === mmwme
SINGLE
E
DOUBL INSULATTON
TRIPLE
OUADRUPLE

WHAT IS WIRE GAGE, NUMBER OF TURNS, TNDUCTANCE?

?

The various symbols enclosed in parentheses indicate that the numerical
value of the symbol will be printed. The curly bracket indicates that
the statement printed depends on the value of I3 in line 60.

There are four options that the user now has, depending on what he
wishes to calculate and what is already known. They are, with "O"

denoting unknown:

WIRE GAGE NUMBER QOF TURNS INDUCTANCE
1. 0 0 X

Here the program will calculate the number of turns necessary Lo give
the specified inductance, the wire gage, number of turns per layer,
number of layers, the actual inductance using the calculated number of

turns, coll dc resistance, and Q at 1 kHz.

2. 0 X 0



When the number of turns is specified, as here, the program calculates
the wire gage, number of turns per layer, number of layers, inductance,

coil dc resistance, and Q at 1 kHz.

WIRE GAGE NUMBER OF TURNS INDUCTANCE
3. X X 0

Here the program calculates the inductance, coil dc resistance, Q at
1 ¥Hz, and the calculated number of turns that will fit on the coil, and

finally, when the wire gage is specified:
4, X 0 0

the computer calculates the number of turms, turns per layer, number of
layers, inductance, coil dc resistance, and @ at 1 kHz.

After the question mark appears, the user types in the data in the
order given above, with a comma between each value. The known values
are typed in, and zeros are typed for the unknowns.

The inductance is in henries and the gage is American Wire Gage or
Brown and Sharpe Wire Gage.

The example below is presented as an additional aid to those who

wish to use this program.

Sample Calculation of AIRCO

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 is to be wound with wire having a single
layer of insulation.

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 = 0.5
30 Let R2 = 1.5
40 Tet L 1



i
o
N
N
@]

50 Let R3
60 Let I3

]

The program may now be run.

It should be noted that the program assumes the coll to be wound
with copper wire. If this is not the case, the program may be altered
by multiplying the entire expression in line 1340 by the ratic of the
resistivity of the metal used to that of copper.

The program is now run with the following results:

COIL LENGTH IS 1 RL = .5 R2 = 1.5
INDUCTANCE/N12%R(BAR) = 1.2665F-6

NORMALIZATION FACTOR

PIANAR CONDUCTOR .160405 CYLINDRICAL CONDUCTOR .503926
SINGLE INSULATION

WHAT IS WIRE GAGE, NUMBER OF TURNS, INDUCTANCE

?
Suppose the inductance is to be 200 yH and we wish the computer to calcu-

late wire gage and number of turns. After the gquestion mark we type:
? 0, 0, 2E-4
The computer then prints:

MEAN COIL RADIUS .25 INCHES
EXACT NUMBER OF TURNS NEEDED 157.698
GAGE # #/IAYER IAYERS INDUCTANCE RESISTANCE Q AT 1 KHZ
24 121 11 11 1.17747BE-4 406886 1.81827
25 169 13 13 2.29696E-4 71663 2.0139

Thus the closest we can come is about 230 pH, using 169 turns of #25

wire. A closer value will require changing the coll dimensions.
Suppose instead that 1000 turns of wire are to be used and that we

wish the computer to calculate the wire gage and inductance. After the

question mark we type:
2 0, 183, O

The computer then prints:



10

MEAN COIL RADIUS .25 INCHES

NUMBER OF TURNS SPECIFIED 1000

GAGE #  #/IAYER TAYERS INDUCTANCE RESTSTANCE Q AT 1 KHZ
32 784 28 28 4.94323E-3 16.8554 1.84268

33 961 31 31 7.42721F-3 26.0531 1.79121

34 1225 35 35 1.20684E-2 41.8777 1.81071

On the given coil form, 961 turns is the closest that we can come, using
#33 wire. The inductance is about 7.43 mH.

As another example, suppose that the coil has been wound with
480 turns of #30 wire and we wish the computer to calculate the induc-

tance. After the question mark we type:
? 30, 480, O
The computer then prints:

MEAN COIL RADIUS .25 INCHES
INDUCTANCE 1.85294E-3 RESTSTANCE 6.4899 @ AT 1 KHZ 1.79392
ACTUAL NUMBER OF TURNS 480 CALCULATED NUMBER 484

The inductance was calculated using the specified (actual) number of
turns. The last line of the print-out tells us that, with perfect
winding techniques, we could have put 484 turns on the coil.

Finally, suppose that the coil is to be wound with #36 wire and we
wish the computer to calculate the number of turns and the inductance.

After the question mark we type:

The computer then types:

MEAN COIL RADTIUS .25 INCHES
GAGE # #/LAYER LAYERS INDUCTANCE  RESISTANCE Q AT 1 KHZ
36 1936 44 44 3.01432E-2 105.237 1.7997

We see that 1936 turns are required and that the inductance is about

30 mH.
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ATRCO Program

10 REM AIRCO VERSION 12/17/69
20 R1=.87562

30 R2=1.12438

40L=.87065

50 R3=.201

60 13=4

70 PRINT"COIL LENGTH IS L,"R1=";3R1,"R2=";R2
80 LETS1=1E-2

20 LETS2=1

100 LETE1l=»1

110 LET 16=0

120 LET B1=0

130 LET B2 =52

140 LETI9=16

150 FORX=B1+51/2 TQ B2 STEP S5l

160 LET Z=R2x*X

170 LET 01=R2

180 GOSUB 1000

190 LET I12=F2

200 LET Z=R1*X

210 LET Q1=R]}

220 G@sUB 1000

230 LET Il1=F2

240 IF X*L=>.005 THEN 270

250 LETA1=.5%X*xL12-Xt2%Lt3/6

260 G@ T@ 280

270 LET Al=L+(EXP(~X*L)~-1)3/X

280 LET 16=16+S1*(12-11312%Al1/X

290 NEXT X

300 IF(I6~19)/16>E1 THEN 1220

310 READS1,S2,E1

320 IF E1>DTHENI220

330DATAZE ~252,1E-2,5E25551E-351E-1510,1E-45+5550,1E-5,2,200,1E~6,151,~1
340 LET Q6=8E-7T*PI1t2%x16/(L*(R2~R1))2

350 PRINT™ INDUCTANCE /Nt24%R(BARY=";Q6
360 PRINT
370 PRINT'™ ", NIRMALIZATION FACTAR"

380 PRINT"PLANAR CONDUCTOR'"3I63"CYLINDRICAL CONDUCTOR";PI*16
3901F R3=0 THEN 1470

400 ON I3 G@ T@ 410,470,530,590
410 C1=+460655

420 C2=.151396

430 C3=9.802228E~2

440 C4=2.56791E-2

450 PRINT "SINGLE INSULATION™
460 G@ TO 640

470 C1=.89126%8

480 C2=.43444

490C3=.17864

500C4=5.47423E-2

510 PRINT"DOUBLE INSULATION
520 G@ T2 640

530 C1=1.08488

540 C2=.146042

550 C3=3%9.802228E-2

560 C4=3*%2.56791E-2
STOPRINT"TRIPLE INSULATI@N'



580 G@ TO 640

590 C1=1.48545

600 C2=.290734

610 C3=4%9.802228E-2

620 CA4=4%2.56791E-2

630 PRINT"QUADRUPLE INSULATIOGN" .

640 PRINT "WHAT IS WIRE GAGE,NUMBER OF TURNS».INDUCTANCE®
650 INPUT G3sN3,L3

660 PRINT "MEAN C@IL RADIUS'™3R33' INCHES™

670 IFL3=0DTHENS30

630 G@ sSUB 1250

690PRINT"EXACT NUMBER @F TURNS NEEDED' 3N4

TOOPRINT"GAGE # #/LAYER LAYERS INDUCTANCE RESISTANCE Q@ AT 1HZ"
710 PRINTG33N33N13N23L33R53Q3

720 IFN4<N3THEN780

730 GA=G3+1

740 G@ SUB 1340

TS50PRINTG33N33N13N23L33R53Q33

T60IFN3>N4THENT 470

770GATE730

78063=6G3-1

790G@ SUB 1340

B8O0OPRINTG33N33N13N23L33R5:Q3

B10IFNA>N3THEN1 470

820GBTE 780

830 IFG3>0THENS8BO

840 N4=N3

850 GO SUB 1260

B60PRINT”NUMBER @F TURNS SPECIFIED™3NA

870 G@ T@ 700

880 IF N3>0THEN 930

890 G@ SUB 1340

J00PRINT GAGE # #/7LAYER LAYERS","INDUCTANCE","RESISTANCE","Q @1KHZ"
910PRINTG33N33N13N23L3,R5,5,33

920G@ TG 1470

930N4=N3

940 R4=(.9989+.017%(G3/10-1))%101(G3/10-4)

950 G@ SUB 1430

960PRINT INDUCTANCE" SL33'"RESISTANCE'" 3R53°Q AT 1 KHZ3Q3
970 G@& SUB 1340

980PRINT"ACTUAL NUMBER GF TURNS™IN4;3"CALCULATED NUMBER'™3IN3
290 G@ TG 1470

1000 IFZ>S5THEN 1090

1010 LETLS=INT(2%Z)+3

1020 LETF{=.5%Q1 %Q1 %Z

1030 LET F2=F1/3

1040 FARN=1TOLS

1050 LETF1=~F1%.250%Z%Z/ (N%xN+N)

1060 LETF2=F2+F1/(2%N+3)

1070 NEXTN

1080 G@TZ 1210

1090 IF Z>30 THEN 1160

1100 LET Q1=C¢C(~188.1357/Z+109.1142>/72-23.79333)/Z2+2.050931)/Z
1110 LET Q1=C((Q1-17305032/7+.7034845)/7Z--064109E-3

1120 LET Q2=C(C(=-5817517/Z2+2.1058743/Z2-+6896196)/7Z+.4952024)/2
1130 LET Q2=(Q2~-.187344E-2)/Z+.7979095

1140 LET F2=(1-SQR(2)*(Q2*CASCZ~-PI/4)-Q1*SINCZ-P1/74))>7(X*%X)
1150 GB TA 1210

1160 LET P3=1/(Z*Z)

1170 LETP1=Z%(-1+P3*%(-:5546875+2.48062114%P3))

1180 LETP2=.875+P3%(~+93457031+8.98975114%P3)
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1190 LETF2=1+.79788456%(P1*C@S5(2~.78539816)+P2%*SIN(Z-.78539816))/5QR(Z)
1200 LETF2=F2/(X*X)

1210 RETURN

1220 LETB1=B2

1230 LET B2=82+32

1240 G2 T@ 140
1250N4=SQR(L3/(R3*.0254%Q6))

1260 D3=R3%«95%SAR((R2-R1I*L/N4A)
1270R4=1.037T1E-5/7(D3*D3)

1280 Q=40
1290G3=40+10*%(LRG(RAI~LAG(.9989+.01 7T*(Q/10-13))/2.302585093
1300 IF ABS(Q@-G3)<tE-4 THEN 1330

1310 Q@=G3

1320 GO T@ 1290

1330 G3=INT(G3)
1340R4=(.9989+.017%(G3/10-12)%10t(G3/10-4)
1350D3=8QR(1.037T1E~5/R4)

1360 IFG3>40 THEN 1390

1370 13=(C1*LOG(D3*1000>~-C2I%1E~-3

1380 G& T@ 1400

1390 13=(C3*D3%1000+C4)X*1E~-3

1400 N1 =INTC(L¥R3/7(D3+13))

1410 N2=INT{(R2-RI1)I%R3/(D3+13))
1420N3 =N1 *N2

1430 R5=N3%R3%xR4%2%P1/12
14400.3=N3*N3*¥R3*.0254%Q6

145003 =2000*PI*L3/R5

1460 RETURN

1470 END

COIL ABOVE A TWO~CONDUCTOR PLANE

The case of a single coil 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 (CLADT),
the sensitivity of a single defect in the cladding material (DEFEC), the
sensitivity of a defect at any point on a lattice in the cladding mate-
rial (DELAT), the sensitivity factor for a defect in the base material
(DEFECB), and the net eddy-current force exerted on the conductor (FORCE).

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.
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ORNL-DWG 67-2523R

Fig. 3. A Coil of Rectangular Cross Section Above a Two~Conductor
Plane.

The defect programs can be used to study the change in normalized
coil impedance due to the presence of a defect. We shall call any dis-
continuity in the electromagnetic properties of the material a defect.
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 CLADT

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. These results will, of course, be dimension-

less and will be referred to as being "normalized." The product of the
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angular frequency of the driving current, the permeability, the conduc-
tivity, and the sguare of the mean radius of the coil must be calculated
for each conductor. Let this product be denoted by wp101?2 for the upper
layer and by wp26552 for the lower layer.

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 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 1ift-off plus normalized coil length)
60 LET ML = (numerical value of wujo,7°)

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

two additional lines:

320 IET X1 = X
330 LET Y1 = O
70 LET Ul = (numerical value of relative permeability of upper

conductor)

80 LET M2 = (numerical value of wu,0,r?)

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

two additional lines:

i

350 LET X2 = X

360 LET Y2 = O

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

100 LET C

1l

(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:
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R1 = (R1) R2 = (R2) L1 = (L1) 2 = (12)

CIAD = (¢), ML = (Ml), UlL= (ui), M2 = (M2), U2 = (U2)

X ATR VALUE RFAL PART IMAG PART
2

10 eeemee e e

15 eeemee e e

20 memmee e

40 emmeeemmmmee e
NORMALIZED IMAG PART ~~-==- 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," "RFEAL 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 cne 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 CLADT

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 alu-
minum 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

1l

0.5
1.5

Normalized radius of inner coil = 0.125/0.250

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

Furthermore,



Thus,

This
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Angular frequency of driving current = 21 X 5000 sec™!
Permeability of both conductors = 47 X 1077 n/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

wppop e = 91.91

W ToTe = 45.48
informstion is now typed into the program; that is, one types

20 LET R1 = 0.5
30 LET RR = 1.5
40 LET L1 = 0.02
50 LET L2 = 1.02
60 LET M1 = 91.91
70 LET Ul = 1

80 LET M2 = 45.48
90 LET U2 = 1

100 LET ¢ = 0.08

il

The program is now run with the following results:

From

Rl = 0.5 R2 = 1.5 Il = 0.2E-01 2 = 1.02
CLAD = 0.08 ,ML = 91.91 ,Ul =1 ,M2 =45.48 U2 =1
X ATR VALUE REAL PART IMAG PART
5 0.1592323 0.107332 ~0.118106E-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 —0.11833E-01

NORMALIZED IMAG PART 0.6763225 NORMALIZED REAL PART 0.0737719

this, we see that the normalized impedance of the coil is

Zn = 0.0737719 + j 0.6763225
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CILADT Program

10 REM CLADT VERSION 07708768
20 LET R1=.8333

30 LET R2=1.1667

40 LET L1=.0476

50 LET L2=.3809

60 LET M1=77.05

70 LET U1l =1

80 LET ™M2=40

90 LET U2=1

100 LET C=.05

110 PRINT "R1="3R1,"R2=";R2,"L1=""3L1,"1L2="3L2
IBOPRIN’I"'CLAD:I.;C;II’D';'IMI =l' ;Ml ;I"II;IIUI :";Ul ;'l,"}"Me:";Me;l"";'llJ2=";U2
130 PRINT X", "AIR VALUE', "REAL PART"™, "IMAG PART"
140 LET St=1E-~-2

150 LET S2=5

160 LET 16=0

170 LET 17=0

180 LET I8=0

190 LET I9 =0

200 LET B1=0

210 LET B2 =S2

220 FR X = Bl +3S1/2 T@ B2 STEP S1

230 LET Z=R2%X

240 LET Q1=R2

250 G@SuUB 7%0

260 LET I2=F2

270 LET Z=R1x*X

280 LET Q1=Ri

290 GBSUB 780

300 LET 1t1=F2

310 LET S3=S1*(I2-11)12/X

320 LET X1=707T107*{(SORCSQAROXFXRXEX+M] %ML I +X%kX) I /U1
330 LET Y1=-707107*(SQRCSARCX*kX*XkX+M1 %M1 I =-X*X)) /LI
340 IF X1*C*U1>15 THEN 490

350 LET X2=T707107*(SQARCSORCX*xX* X4 X+M2AM2) +X*kX) ) /U2
360 LET Y2=,707107*(SQRCSQRIXkXKXKkX+M2%kM2) -X*X) ) /U2
370 LET X3=EXP(2*xX1*C*U1)

380 LET Y3=COS(2*xY1*xC*Ul)

390 LET Y4=SIN(2*Y1*C*Ut)

400 LET A6=(X~-X1)*(X1+X2)+Y1*x(Y1+Y2)

410 LET AT=(X-X1)*(Y1+Y2)-¥Y1%{(X1+X2)

420 LETAS=(X+X1 2% (X1 -X2)~Y1*(Y1-Y2)+(A6XYI-AT*Y4)*X3
430 LET B5=Y1%{X1-X2)+(X+X1 )% (Y1 -Y2)+(ATXYI+A6XY4)I*X3
440 LET C63(X+X1)¥(X1+X2)~-Y1I%(Y1+Y2)

450 LET C7=Y14(X1+X2)+(X+X1)*%(Y1+Y2)

460 LET CS=(X-X1)*(X1-X2)+Y¥1x{(Y1-Y2)+(CH6*YD-CT*Y4)%X3
470 LET DS=(X-X1)2*(Y1-Y2)=-Y1%k(X]~X2)+(CT*YZ+C6XY4)*X3
480 G@ TA 530

490 LET AS =X-Xi

500 LET BS5=-Y1

510 LET C5=X+X1

520 LET D5=YI1

530 LET K1=CAS*C5+85%D5)/7(C5*%C5+D5%D5)

540 LET K2=(C5%B5-A5*DS5)/(C5xC5+D5*%D5)

550 IF X*L2>30 THEN 590

560 LET G=EXP(-2%xX¥kL1I+EXP(-2%X*L2)-2*%EXP(-X*{(L1+L2))
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570 LETG3=EXP(-X*{(L2-L1))~1

580 GO T@ 610

590 LET G=EXP{~X*xL1)

600 LET G3=~1

610 LET 16=16+S53%G*xK1/(2%X)

620 LET IB=I8+353%G*K2/(2%X)

630 LET I9=19+33%(G3/X+L2-L1)

640 NEXT X

650 LETB1=RB2

660 LET B2=B2+S2

670 LET Q3=X+51/2

680 LET I7=19+16

690 PRINT 03,19,17,18

700 IF X < 3 THEN 220

710 LET S1=53E-2

720 IF X<10 THEN 220

730 LET Si1=.1

TAQLETS2=20

750 IF X<3S THEN 220

760 PRINT "NORMALIZED IMAG PART"3I7/19,"NORMALIZED REAL PART";-18/19
770 GO@T@ 930

780 IF Z>5 THENgTO

790 LETLS=INT(2%Z)+3

800 LETF1=e5%Q1%Q1 %7

810 LET F2=F1/3

820 FORN=1T@LS

830 LETF1=~F1*.250%Z%Z/ (NXN+N)

840 LETF2=F2+F1/(2%N+3)

850 NEXTN

860 GATO 920

870 LET Q1=C{((-188.1357/2+109.1142)/2-23.793332/2+2.050931)/Z
830 LET Q1=((Q1~-.1730503)/Z+.70348453/2-.064109E-3

890 LET Q2=(((-5.817517/Z+2.105874)/Z2~-.6896196)/Z+.49520243/2
900 LET Q2=(Q2-.187344E-2)/2+.7979095

910 LET F2=(1-3QR(ZI*(A2*CASCZ-PI/4)-Q14SINCZ-PI/4)))/7(X%kX)
920 RETURN

930 END

Defect in Cladding Material

Discussion of DEFEC

This program is designed to calculate the defect seunsitivity factor
for a coil with rectangular cross section above a conductor consisting
of two layers, which may be of different types of material. TFor this
program, the defect must be located in the upper layer, which is labeled
IIT in Fig. 3, p. l4.

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 ag being "normalized.” The product of the angu-

lar frequency of the driving current, the permeability, the conductivity,
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and the square of the mean radius of the coil must be calculated for

each conductor.

Let this product be denoted by wuloi;z for the upper

layer and by wp,o,r” for the lower one.

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

following lines into the program.

typed.)

20
30
40
50

60
70

LET
LET
LET
LET

LET
LET

Note:

R1
RZ
Ll
12

M1
M2

It

h

I

Il

(numerical value
(nmmerical value
(numerical value
(numerical value
coil length)

(numerical value

(numerical value

(Note: Parentheses should not be

of
of
of
of

of
of

normalized inner coil radius)
normalized outer coil radius)
normalized lift-off)

normalized lift-off plus normalized

W, 0,72

wu202;2)

the conductivity of the lower conductor 1is zero, one must

type two additional lines:

380 LET X2

390 LET Y2

80 LET C

90 LET R =

100 LET Z1

110 LET 19

Note:

1!

il

X
0

(numerical value of normalized thickness of upper

conductor)

(numerical value of normalized R position coordinate

1

of defect)

(numerical value of normalized Z position coordinate

of defect)

(numerical value of normalization factor)

This value may be obtained with the aid of AIRCO 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) 11 = (L1) 2 = (
CLAD THICKNESS IS (C) ML = (ML) M2 =
DEFECT IS LOCATED AT (R,Z) = (R), (z1)

X MAGNITUDE PHASE

5 mmmmmn cceea-

10 ammme= -

15 emmeee ammeee

20 mmmmee emme-

25  mmmmem ameeas

30 mmmmee e

35 emmmee ammeee

Nt N

i

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 program.

Sample Calculation of DEFEC

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 1is smaller). Let us further suppose that we are inter-
ested in the defect sensitivity factor for the case in which the defect
ig located 0.010 in. below the surface of the copper, 0.250 in. from the
coll 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 ccll radius to be 0.250 in., so that

it

0.5
1.5

Normalized inner coil radius = 0.125/0.250

il

Normalized outer coil radius = 0.375/0.250
Normalized lift-off = 0.005/0.250 = 0.02
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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
Normalized Z position of defect = 0.010/0.250 = 0.04

Furthermore,

Angular frequency of driving current = 2 X 5000 sec™?
Permeability of both conductors = 4n X 1077 h/m
Conductivity of copper = 5.77 X 107 mhos/m
Conductivity of aluminum = 2.86 X 107 mhos/m

Thus,

(Llulgl;z = 91..91

Wl 52?2 = 45,48

At this point, cne determines the normalization factor by placing
the normalized coil dimensions in ATIRCO and running that program. It
is worth noting that the normalization factor is independent of all vari-
ables except the coil dimensions. This factor is the first normalization
factor in the print-out of AIRCO 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 R2 = 1.5
40 LET L1 = 0.02

1]

50 LET L2 = 1.02

60 LET ML = 91.91

70 LET M2 = 45.48

80 LET C = 0.08

90 IET R = 1

100 LET Z1 = -0.04

110 TET 19 = 0.1604008

The program is now run with the following results:
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Rl = .5 R2 = 1.5 Il = .02 L2 = 1.02
CIAD THICKNESS IS .08 ML = 91.91 M2 = 45.48
DEFECT IS LOCATED AT (R,Z) = 1 ,—.04
X MAGNITUDE PHASE

5. .157671 ~1.96004

10. . 159277 ~1.9668

15. .158621 ~1.96982

20. .159061 —-1.967

25. L158876 ~1.96833

30. . 158929 ~1.96793

35. .15892 ~1.96799

From this, we see that the defect sensitivity factor is 0.15892
exp(=j 1.96799). 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 calctilated from dimensions which are normalized by the

mean radius of the coll.

DEFEC Program

10 REM DEFEC VERSION 10/06/170
20 LET Ri=.5

30 LET R2=1,5

40 LET L1=.02

50 LET L2=1.02

60 LET M1=91.91

70 LET M2=45.48

80 LET C=.08

90 LET R=1

100 LET Z1=-.04

110 LET I9=.1604008

120 PRINT "R1="3R1,"R2=";3R2,"L1="30L1,"L2=";L2
130 PRINT "CLAD THICKNESS I3 "3C,"M1=""3M1,"M2=""3M2
140 PRINT "DEFECT IS LOCATED AT (R,ZY="3R3"»"3Z1
150 PRINT "X'"'s "MAGNITUDE® » °‘“PHASE"

160 LET Si=1E-2

170 LET S2=5

180 LET 16=0

190 LET 18=0

200 LET B1=0

210 LET B2=82

220 FOR X=81 +51/2 T@ B2 STEP 51

230 LET Z=R2%X

240 LET 91=R2

250 G@sSuB 780

260 LET 12=F2

270 LET Z=R1x*X

280 LET 21 =Ri

290 G@sus 780

300 LET It=F2

310 LET I3=12-11

320 LET Z=X%*R
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330 G4suB 930

340 LETS3=(I2-113*%J1*S1*(EXP(~X*L1)-EXP{-X*L2))

350 LET X1=.707107*SARCSAROXOKXKk Xk X +M] *M1 ) +XkX)

360 LET Y1=.707107*SQRCSARCXAXkX¥X+M]1 %M} ) -X*kX)

370 IFX1*C>15THENS60

380 LET X2=.707107*SQRCSARCXkXKkXHX+M2%M2) +X*kX)

390 LET Y2=+T70T7107*SAR(SARIX*k Xk Xk X+M2%M2 ) ~X#X)

400 LET X3=EXP(2%X1*C)

410 LET Y3=C@S(2%Y1*C)

420 LET Y4=SIN(2%Y]1*C)

430 LET X5=X1+X2

440 LET X6=X1-X2

450 LET Y5=Y1+Y2

460 LET Y6=Y1-Y2

470 LETAS=(XS*COASCY1*%(2*C+Z1))~-YS*SINCY1*(2*%C+Z1)II*EXPIX1*(2%C+Z1))
480 LET AS=AS+(X6%COS(-Y1*Z1)-Y6%SINC-Y1*Z1)I)*EXP(~X1%*Z1)
490 LETBS=(YS*COASCY1*(2*C+Z1)I+XS5*SINCY1*(2%C+Z1)II*EXPIX1*(2%xC+Z1))
500 LET B5=BS+(Y6*COSCY1I*Z1)~X6*SINCY1*Z1)IKEXP(~X1%Z1)
510 LET C6=(X+X1))%{X1+X2)-Y1%(Y1+Y2)

520 LET CT7=Y1#{X1+X2)+(X+X1)*(Y1+Y2)

530 LET CS=(X-X1)*(X1~X2)+Y1%(Y1~-Y2)+(CE6XYI~CT*Y4)*X3
540 LET DS=C(X~X1)2%(Y1-Y2)=-Y1*(X]1-X2)+(CT*xY3+C6%Y4)*X3
550 GAT@600

560 LET AS=EXP{X1*Z1)*COSC(Y1%Z1)

570 LET BS=EXP(X1*Z1)%*SINCY1*Z1)

580 LET CS=X+X1

590 LET D5=Y1

600 LETK1=CA5%CS+85%DS)/(CS5S*C5+D5%D5)

610 LETKZ2=(CS5*%B5~-AS%DS)/(C5*C5+D5*D%)

620 LETI6=16+S3*Kl

630 LETI8=18+S3%K2

640 NEXT X

650 LET 81=B1+52

660 LET B2=82+52

670 LET Q3=X+51/2

680 LETQ2=ATN(IB/16)

690 IFI6>0THENTI0

700 LET Q2=Q2+3.1415927

710 PRINTQ3s3*MI*x(I16%16+I8%IB)/(4*P1%19),2%Q2

720 IF X < 3 THEN 220

730 LET S1=5E-2

740 IF X<10 THEN 220

750 LETS1=.1

760 IFX<30THEN220

770 GOTO 1040

780 IFZ>5THEN 870

790 LETLS=INT(2%Z)+3

800 LETF1=¢5%Q1%Q)1*Z

810 LET F2=F1/3

820 FORN=1TG4LS

830 LETF1I=-F1%.250%Z%Z/(N*N+N)

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

850 NEXTN

860 GOTO 920

870 LET Q1=({(~-188.1357/Z+109+1142>5/Z~-23.79333)/72+2.050931)/Z
880 LET Q1=¢(Q1-.1730503)/Z+.7034845)/7Z2~-.064109E~3

890 LET Q2=({(-5.817517/Z+2+105874)/Z-+6896196)/Z+.4952024)/Z
900 LET Q2=(Q2-.18T7344E-2)/Z+.7979095

910 LET F2=(1-SORCZ)*(Q2%CBS(Z-PI1/74)Y-Q1%SINCZ~PL1/4)))/(X*X)
920 RETURN

930 IFZ>3THEN 980
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940 LET Q1=(C((2.1E~11%Z12=-5.38E~9)%Z12+6.T5TE~TI*Z12~5.42443E-5)%712
950 LET @1=((Q1+2.60415E~3)%Z12-6+25E-2)%Z12+.45

960 LET J1=Z*91

970 G@TO 1030

980 LET Q3=(((~.14604057/2+.276176793/2-.20210391)/Z+4.61835E-33/Z
990 LET Q3=((Q3+.14937)/Z+4.6BE-6)/Z+.79788456

1000 LET Q4=C((~.21262014/2+.19397232)/Z+6.022188E-2)/2-1.7222733E~1>/2
1010 LET Q4=((Q4+5.085E-4)/Z+.37498836)/Z~2+35619449+Z

1020 LET Ji1=Q3%CBS5(Q4)/50R(Z)

1030 RETURN

1040 END

| Lattice of Defects in Cladding Material

Discussion of DEILAT

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 ftypes 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. 14.

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 angu-
lar frequency of the driving current, the permeabllity, the conductivity,
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 upper
layer and by wu2@252 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 lift-off)

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

20 LET ML = (numerical value of wuqoqr?)

22 LET M2 = (numerical value of wu,os1?)
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If the conductivity of the lower conductor is zero, one

type two additional lines:

X2 =X
Y2 = 0O
C = (numerical value of normalized thickness of upper

conductor)

19 = (normalization factor)

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

appropriate coil dimensions in that program.

M2 = (numerical value of number of lattice spacings in
R direction)
N2 = (numerical value of number of lattice spacings in
z direction)
R9 = {numerical value of maximum normalized radial peosition

of defect)

Neither M2 nor N9 may exceed 15. The lattice spacing in the

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

may now be run.

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

Rl = (R1)
CIAD THICKNESS IS (c)

Z,R
(z(1))

(z(2))

*
*
x
*
N

(2(n9))

12=(12)
M2=(M2)
P e b e S
R R o
HHHHH R KA
KR KK KRN KKK
HH R A HRK
X X
* x
»* *
* ¥
FHFHHHAERARH*
HHH KRR KRN

L1=(11)
Ml=(M1)

(r(2))

R2=(R2)

(r{1))

et ot o Rt -

o et o . ——— v o e .

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
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for the case in which the defect is located at the given lattice point.
Tt should be noted that the lattice points for which M2 > 4 will be
printed below the last line — that is, the line containing Z(N9).

The example below is presented for additional aid to those who

wish to use thils program.

Sample Calculation of DELAT

Suppose that we wish to know the defect sensitivity factor for a
coll 0.250 in. long with inner ahd 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 inter-
ested 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. sc 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

i
]

il

Number of R lattice spacings = 4
Number of Z lattice gspacings = 2

Furthermore,

Angular frequency of driving current = 27 X 5000 sec™?
Permeability of both conductors = 41 x 107 h/m
Conductivity of copper = 5.77 x 107 mhos/m
Conductivity of aluminum = 2.86 x 107 mhos/m

Thus,

it

wp101;2 91.91

mu262—f2 = 45.48
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At this point one determines the normalization factor by placing
the normalized coil dimensions in ATRCO and running that program. It
is worth noting that the normalization factor is independent of all vari-
ables except for the coil dimensions. This factor is the first normal-
ization factor in the print-out of ATIRCO 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 LET RL = 0.5
14 LET RR = 1.5
16 LET L1 = 0.02
18 LET L2 = 1.02

20 LET M1 = 91.91

22 LET MR = 45.48

24 LET C = 0.08

26 LET 19 = 0.1604008

28 LET M9 4
30 LET N2 = 2

32 LET R9 = 2

il

The program is now run with the following results:

Rl = 0.5 R2 = 1.5 Ll = 0.28-01  I2 = 1.02

CIAD = 0.08 Ml = 91.91 M2 = 45.48

7, R 0.25 0.75 1.25 1.75

- 02 2.48653E-2 . 16025 . 102609 2.13112E-2
~1.80821 —1.86373 —2.215 —2.78744

~.06 1.622278-2 .118717 8.76213E-2 . 01964
—2.35137 —2.21069 —2.35673 ~2.61333

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 0.0876213
exp(~j 2.35673).

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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DELAT Program

10 REM DELAT VERSION 1076770
12 LET R1=.5

14 LET R2=1.5

16 LET L1=.02

18 LET L2=1.02

20 LET M1=91.91

22 LET M2=45.48

24 LET C=.08

26 LET 19z.1604008

28 LET M9=4

30 LET N9=2

32 LET R9=2

34 DIM RC18515%s 1C18515)s PC(18515)

36 PRINT1:R1,R2sL1,L2

38 PRINT:1:C,M1,M2,19

39 PRINT:1:M9,N9,R9

40 LET S$1=1£-2

42 LET $2=5

44 FORJ=1TON9

46 FORI=1TOM9

48 LETRCI,J)=0

50 LETICI,J)=0

52 NEXTI

54 NEXTJ

56 LET B1=0

S8 LET B2 =52

60 FORX=831+51/2TPB2STEPSI

62 LET Z=R2%X

64 LET Q1=R2

66 GOSUB 246

68 LETI2=F2

70 LET Z=R1*X

72 LET Q1=RI1

74 GBSUB246

76 LET 11=F2

78 LET $3=(I2-11)%S1%*(EXP(=X*L1)-EXP(-X*¥L2))
BO LET X1 = .70T10T#SQRCSARCXAXKXAX+MI*M1 ) +X%X)
82 LET Y1 = +707107*SQRCSORCXKXK¥XKX+M1 *M1 )~ X*X)
84 IFX1*C>15THEN114

86 LET X2 = «707107*SQRCSOROGKXFXAX+M2KM2 ) +X*X)
88 LET Y2 =.70T107*SQARCSQRCX¥XAXKX+M2KM2 ) - X*X)
90 LET X3=EXP(2%X1%C)

92 LET Y3=COS(2%Y1%C)

94 LET Y4=SINC2¥Y1%C)

96 LET X5=X1+X2

98 LET X6=X1-X2

100 LET YS5=Y1+Y2

102 LET Y6=Y1-Y2

104 LET C6=C(X+X1)KC(X1+X2)-Y1#(Y1+Y2)

106 LET C7=Y1#(X1+X2)+(X+X1 D% (Y1 +Y2)

108 LET CS=(X~-X1)K(X1=X2)+Y1*(Y1-Y2)+(CH*¥Y3-CTHY4)*X3
110 LETDS5=CX~X1)# (Y1 =Y2)=Y1*CX1 =X2)+(CTHYI+CHkYA) *X3
112 GO TO 118

114 LETCS=X+X1

116 LETDS=Y1

118 FORJ=1TOND



120
122
124
126
128
130
132
134
136
138
140
142
144
146
148
150
152
154
156
158
160
162
164
166
168
170
172
174
176
178
180
182
184
186
188
1920
192
194
196
198
200
202
204
206
208
210
212
214
216
218
220
222
224
226
228
230
232
234
236

30

LETZ1=C.5-J)*%C/N9

IFX1*C>15THEN136

LETZ2=2%C+21

LETAS=(XS5*CASCY1 %Z2)~YS*SINCYI *7Z2)YXEXP (X1 *xZ2)
LETAS=AS+(X6*%COSC-Y1¥Z1)~Y6*SINC-Y1*Z1IIKEXP(~X1%Z1)
LET BS=(YS*COSCYI *Z2)+XS5S%SINCY1 *¥Z2))XEXP(X1*Z22)

LET B5=BS+(Y6*%COASCY1*7Z1)~-X6kSINCYI*Z1))I¥EXP(-X1%x71)
G3 T2 140

LETAS=EXP(X1%Z1)*%CASC(Y1%Z1)

LETBS=EXP(X1%Z1 Y&SINCY1*Z1)

LETKI =(AS*CS+35%D5)/(C5*%C5+D5%D5)

LET K2=(C5%BS-A5%DS)/(C5%C5+D5%D%)

FORI=1TBM9

LETR=CI~-«5)%R9/M9

LETZ=X*R

GosuBz27e6

LETRCI>JI=RC(I»JI+S3%kK1 *xJ]

LETICIs I)=1CI5J)+S3%K2% ]}

NEXT I

NEXTJ

NEXT X

LETB1=B1+52

LETB2=B2+52

LETS1=5E~-2

IF X<15 THEN 60

LET S1=.1

IF X<35 THEN 60

FOR.J=1TAN9

FORI=1T@M9

LET PCIsJ)=2%ATNCICI>J)/RCIsJY)

IF RCI»J)>0 THEN 184

LET PCI»J)=P(1,J)+2%P1

LET RCI»J)=3*%kMIKR(RCILII4RCI>II+ICI>II*TILILUXII/CA4%PI*19)
NEXTI

NEXTJ

PRINT2$1 8" Z5R" 5 «S5%RI/M951 .5%¥RI/MI52.5%¥RI/M9,3.5%RI/ M2
FORJ=1TBN9
PRINT218CeS~JYXC/NIsR(15UJI»R{25J)5R(35JI5R(45.D)
PRINT 1" "L,P(1,J)sP(2,5,J)sP(3,J)>P4,0)

PRINT:1:

NEXT.

IFM9<4.5THEN298
PRINT$1:4.5%RI/M955e5%¥RI/MI26e5%RI/ M5 TeS*kRI/ M58« S5S%kRI/ M
FORI=1TAN9

PRINT$1:tR(55J)s RC65sJI)sR(T75JI>sR(B5JI)>R(9sJ)

PRINT 1 tP(5,J)sPCE:>U)sPLCT5sU)5P(B5>J)sP(9,0)

PRINT:1:

NEXTJ

IFM9<9.5THEN298
PRINT:12:9.5%R9/MI,105%RI/MI»115%RI/MI512.5%R9/M95135%R9/M9
FORJI=1TONG
PRINT21:RC10,JI)>R(115J)>RC1250)5R(13>J)5»RC(14-3)
PRINT:1:PC10sJX>P(1150)5PC12,0)2PC135J),P(14,5.0)
PRINT:21s

NEXTJ

IFM2<14.5THEN298
PRINT:1214.5%¥R9/MP515.5%R9/M9516.5%RI/MI21T75%RI/MI518.5%¥R9/M9
FORJ=1TAN9I

PRINT21:RC155,J)sR165J)5RC1750),RC€18,1)
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238 PRINT:1:PC155,J)»P(165,025sP(175J),PC18,0)

240 PRINTst:

242 NEXTJ

244 G2TO 298

246 IFZ>STHEN 264

248 LETLS=INT(2%Z)+3

250 LETF1=.5*%Q1%Q1%Z

252 LET F2=F1/3

254 FORN=1TOLS

256 LETF1=~F1%.250%Z%Z/ (N¥N+N)

258 LETF2=F2+F1/(2%N+3)

260 NEXTN

262 GOTG 274

264 LET Q1=(((~188.1357/2+109.1142)/2-23.79333)/2+2.050931)/2
266 LET Q1=((Q1-+1730503)/Z+.7034845)/2~.064109E~3

268 LET Q2=(((~5.817517/2+2.105874)/2-.6896196)/7+.4952024)/Z
270 LET Q1=C((2.1E-11%Z12~5,38E~9)%Zt2+6.TSTE~-TI)%Z1t2-5.42443E-5)%712
272 LET F2=(1-SQAR(ZIY*(A2*%CAS(Z-PI/4)-Q1%3SINC(Z=-PIL/4)))3/(X*X)
274 RETURN

276 IFZ>3THEN 286

278 LET Q1=(((2.]E~11%2~5.38E~9)%2+6s TSTE-T)*2-5.42443E~-5)%2
280 LET 91=((Q1+2.60415E~3)%Z12-6.25E-2)1%Z12+.5

282 LET J1=Z%Q1

284 GOTO 296

286 LET Q3=C(((~+14604057/Z+.27617679)/Z~.20210391)/Z+4.618353E~3)/1Z
288 LET Q3=((Q3+.14937)/7Z+4.68E-6)/Z+.79T788456

290 LETR4=C(((~-.2120014/Z2++19397232)/Z+6.02218E-2)>/Z~1.7222733E~1)/Z
292 LETQ4=C((Q4+5.085E-4)/2+.374988361/7~2.35619449+Z

294 LETJ1=Q3%COS5(Q4)/SQARIZ)

296 RETURN

298END

Defect in Base Material

Discussion of DEFECRB

This program is designed to calculate the defect sensitivity factor
for a coll with rectangular cross sectlon 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. 14.

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 wulolrz for the upper layer

and by mugdz?z for the lower one.
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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)

1

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

40 LET L1

i

(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 wu,01r2)

if

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

type two additional lines:

350 LET X1 = X

360 IET Y1 = O

70 LET M2 = (numerical value of WppTor?)

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

conductor)

I

90 LET R (numerical value of normalized R position coordinate of

defect)
100 LET Z1 = (numerical value of normalized Z position coordinate
of defect)
110 LET I9 = (normalization factor)

Note: This value may be cbtained with the aid of AIRCO 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) Ll = (11) 2 = (I2)
CIAD THICKNESS 1S (C) ML = (ML) M2 = (M2)
DEFECT POSITION IS R = (R) z
X MAGNITUDE  PHASE
5 e
10 e e
15 mdmem e
20 cmmmee e
25 emmmee mmeeee
30 e e
35 dmmmee e

It
—~
N
|
~—
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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 three
columns, headed "X," "MAGNITUDE," and "PHASE," are the upper limit of
the numerical integration belng 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 DEFECB

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 inter-
ested in the defect sensitivity factor for the case in which the defect
is located 0.030 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

0.125/0.250
Normalized outer coil radius = 0.375/0.250
Normalized 1lift-off = 0.005/0.250 = 0.02

Normalized coil length = 0.250/0.250 = 1

Normalized thickness of copper = 0.020/0.250
0.250/0.250
0.030/0.250

G.5
1.5

1l
i

Normalized inner coil radius

it
it

0.08

il
-

fl

Normalized R position of defect

it

0.12

1l

Normalized Z position of defect

Furthermore,

Angular frequency of driving current = 21 X 5000 sec”™?

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

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

W o r® = 91,91
wpzdzzz = 45,48

At this point one determines the normalization factor by placing
the normalized coil dimensions in AIRCO and running that program. It is
worth noting that the normalization factor is independent of all vari-
ables excluding the coil dimensions. This factor is the first normal-
ization factor in the print-out of AIRCO and for the case in point is
found to be 0.1604008. The remaining procedure is guite simple.

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

20 LET R1 = 0.5

30 LET R2 = 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 LET R = 1

100 LET Z1 = -0.12

110 LET I9 = 0.1604008

The program 1s now run with the following results:

Rl = 0.5 R2 = 1.5 L1 = 0.2E-01 2 = 1.02
CLAD THICKNESS IS 0.08 Ml = 91.91 M2 = 45,48
DEFECT POSITION IS R=1 Zz =-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
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From this we see that the defect sensitivity factor 1is

0.1473835 exp(—j 2.7606562). To obtain the change in normalized imped-
ance, 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 coill.

DEFECB Program

10

20

30

40

S50

60

70

80

90

100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450

REM DEFECB VERSION 03/05/69
LET Rl=.5

LET R2=1.5
LET L1=.02

LET L2=1.02

LET M1=91.9!

LET M2=45.48

LET C=.08

LETR=1

LET Z1=-.12

LET 19=.1604008

PRINT 'R1="3R1,"R2=";R2,"L1="35L1,"L2=""3L2
PRINT "CLAD THICKNESS IS'3C,"MI=""3MI,"M2=";M2
PRINT "DEFECT POSITION IS","R="3R,"Z=";Z1
PRINT X", "“MAGNITUDE™ » "PHASE"™

LET S1=1E-2

LET s2=5

LET 16=0

LET 18=0

LET B1=0

LET B2 =52

FOR X = B1 +S1/2 TO B2 STEP 51

LET Z=R2%X

LET Q1=R2

G25UB 680

LET 12=F2

LET Z=R1*X

LET Q1=R1

G@SsSUB 680

LET Il=F2

LET I3=12-11

LET Z=X%R

GosuB 830
LETS3=CI2-112%J1 %51 ¥CEXP(~-X*L1 I ~EXP(-X*L2))
LET X1 «TOTIO0T*SARCSARC Xk XK Xk X+M1 %M1 ) +X%kX)
LET Yl «TOTIOTxSARCSQREXAXRXKX+M] %ML ) ~XkX)
LET X2 «TOTI0T*SARCSAR (XA XKRXEX+M2 M2 ) +X*X)
LET Y2z2.707107*SQRCSARCX* Xk Xk X+M2AM2) - X*kX)
LET X3=EXP(2*X1*C)

LET Y3=COS(2%Y1*C)

LET YA=SIN(2%Y1%C)

LET X5=COSC Y1 +Y2)*C+Y2%Z1)

LET YS=SINCC(Y1+Y2)XC+Y2%Z]1)

LET X6=2*%EXP((X]1+X23%C+X2%Z1)

LET AS5=X1%X5-Y1*Y5

[ 11



460
470
480
490
500
510
520
530
540
550
560
570
550
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
760
770
740
790
800
810
820
830
840
850
860
870
880
290
900
210
920
930
240

LET BS5=Y1%X5+X1*Y5

LET C6=(X+X1 )%k (X1 +X2)-Y1%{(Y1+Y2)

LET C7=Y1%x(X1+X2)+(X+X1)x{Y1+Y2)

LET CS5=(X=-X1)*{(X1-X2)+Y1%(Y1-Y2)+L{CHh*kY3I~-CTkY4)*X3

LET DS5=(C(X=-X1)k(Y1-Y2)-Y14{(X1-X2)Y+{(CT*Y3+CH6xYAI*X3

LETKI =X6% (A5%C5+B5%DS)/CC5%C5+4D5%D5)

LETK2 =X6% (CS5*B5S-A5%D5)Y/(CS5*CS5+D5S*DS)

LETI6=16+53%K]

LETI8=18+S3*K2

NEXT X

LET B1=Bt+52

LET 32=82+52

LETA2=ATNC(CI&/16)

IF16>0THENG610

LET Q2=Q2+3.1415927

PRINT X+S1/2,M2%(I16%16+18%183)/19,2%Q2

IF X <« 3 THEN 220

LET S1=5E-2

IF X<10 THEN 220

LETS1 =«1

IFX<30THEN220

GOTO 940

IFZ>STHEN 770

LETLS=INT(2%7)+3

LETF1=e5%01%Q1%Z

LET F2=F1/3

FORN=1TOLS

LETF1==F1%.250%Z2%Z/ (N.N+N)

LETF2=F2+F1/(2%N+3)

NEXTN

GBT3 820

LET Q1=¢{(~188.1357/2+109.1142)/7-23.79333)/7+2.050931)1)/2
LET 91=C¢(Q1-+.1730503)/Z+.7034845)/7-.064109E~3

LET Q2=€C(-5.817517/7+2:1095874)/Z-6896196)/72+.4952024)/7Z
LET Q2=(R2-.187344E-2)/2+.7979095

LET F2=(1-SQR(ZIY*(A2%CAS(Z~-PI1/74)-31%SINCZ-PI1/74)))/7(X*%X)
RETURN

IFZ>3THEN 880

LET Q15(C((21E~11%Z12«5.38E-9)%Z12+6.75TE-TI)*Z12-5.42443E~-5)%Z212
LET 91=C(Q1+2.60415E-3)%Z12-6.25E-2)%7t2+.5

LET J1=Z%Q1

G3T® 930

LET Q3=C0C(-.14604057/2+.27617679)/72~20210391)/Z+4.618358-3)/7Z
LET Q3=C(Q3++14937)/7+4.681-6)Y/7+.T79738456

LET Q4=0((~.21262014/7+.19397232)/Z+6.022188-22/7-1.7222733E-13/2
LET Q4=((Q4+5.085E-4)/72+.37498836)/2-2.35619449+7

LET J1=Q03%CAS(N4)X/SORCZ)

RETURN

END



37

Force on a Conductor

Discussion of FORCE

This program is designed to calculate the force on a conducting
plate of effectively infinite thickness due to the current flowing in a
coll of rectangular cross section placed above it. The physical situa-
tion is depicted by Fig. 3, p. 14, assuming regions IIT 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 dimensionless
and will be referred to as being "normalized." The product of the angu-
lar frequency of the driving current, the permeability, the conductivity,
and the square of the mean radius of the coil must be calculated for the
conductor. Let this product be denoted by WLoT? .

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

following lines into the program. (Wote: 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 normalized lift-off)

50 LET Ll
60 LET M1

(numerical value of normalized coil length)

i

(numerical value of wu6?2)

it

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

COIL LENGTH IS (L1) Rl = (R1) R2 = (R2)
LIFT-OFF IS (L) ML = (M1)

X FORCE/I12

5 -

1T o NI

5 e

200 e
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 numerical integration being

performed by the computer, while the second column is the force divided
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by the square of the ampere-turns of the coil. These appear principally
to allow one to inspect 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 whe wich

to use this program.

Sample Calculation of FORCE

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 0.375 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

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

i

1

Furthermore,

Angular frequency of driving current = 21 X 50,000 sec™?!
Conductivity of copper = 5.77 x 107 mhos/m
Permeability of copper = 41 X 1077 h/m

Thus,
wuor? = 919.1.
The above information is now typed into the program as follows:

20 LET R1 = 0.5
30 LET R2 = 1.5
40 LET L = 0.02
50 LET 11 = 1

60 LET ML = 919.1

The program is now run with the following results:
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COIL LENGTH IS 1 Rl = 0.5 R2 = 1.5
LIFT-OFF IS 0.2E-01 ML = 919.1

X FORCE/I12

5 0.322771E-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 107% N/(amp-turn)?.

FORCE Program

10

20

30

40

50

60

70

80

0

100
110
120
130
140
150
160
170
130
180
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370

REM FORCE VERSIGN 07/26768
LET R1=.8333
LET R2=1.1667
LET L=.0952
LET LL1=.3333
LET M1=862.8
PRINT'COIL LENGTH IS"3L1,"R1=";3R1,"R2=""3R2
PRINT"LIFTOFF 1S™sL,"M1=";MI
PRINT"X"," *"F@RCE/It2"

LET S1=1E-2

LET S2=5

LET 16=0

LET B81=0

LET B2 =S2

FOR X=B1+$1/2 T@ B2 STEP 351

LET Z=R2%X

LET a1=R2

GO SU3 390

LET I2=F2

LET Z=R1%X

LET a1=R1

G@ sSuUB 390

LET 11=F2

LET 13=I12-11

LET 853=51%13%13

LET X1=.707107%SAR(SARCXHXRXEKEMT HMT ) +XkX)
LET Y1=.70T7107*%SARCSARCKAX kXA X+M] kM1 ) =Xk X)
LET KI=Y1/Z(XIRXRX+2KXkXT X1 +XTRXTxXT+Y1%Y]1%X1)
LET 16=16+53%K1¥X*¥(EXP(-X*L)-EXP(-X¥x(L+L1)))>12
NEXT X

LET B1=81+82

LET B2=B2+52

LET F1=1.97392E~-6%16%M1 /(L1 *(R2-R1))>12
PRINTX+S1/25™ ",F1

IF X<3THEN 150

LET S1=5E-2

IF X<15 THEN 150
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380 GO T 540

390 IFZ>S5THEN 480

400 LETLS3=INT(2%Z)+3

410 LETF1=.5%01%0Q1*%01

420 LET F2=F1/3

430 FORN=1TOLS

440 LETF1=~F1%.250k%7Z%x7Z/ (NXN+N)

450 LETF2=F2+F1/(2%N+3)

460 NEXTN

470 GITE 530

480 LET Q1=0((-188.1357/Z+109.1142)/7~23.79333)/Z+2.050931)>/7Z
490 LET Q1=C(Q1-.1730503)2/72+.70348453/7Z-.064109E-3

500 LET A2=(((-5.817517/Z+2.1058T4)/7~.6896196)/7+.4952024)/7
510 LET A2=(R2-.187344E~2)/Z2+.7979095

520 LET F2=(1-SAR(ZI*(A2*CAS(Z~-PI/4)-O01%SINCZ-PI1/4)))/ (XkX%kX)
530 RETURN

540 END

COIL ABOVE A THREE-CONDUCTOR PLANE

Discussion of 3CONDT

This program is designed to calculate the normalized impedance of
a2 coll with rectangular cross section above a conductor consisting of
three layers, all of which may be of different types of material (see
Fig. 4).

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 angu-
lar 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 wu101;2 for the upper
layer, by wu,0,r? for the middle layer, and by wp;0,r° for the lower
layer.

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

40 TET L1 = (numerical value of normalized lift-off)
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ORNL-DWG 67-2523R2

Fig. 4. A Coil with a Rectangular Cross Section Above a Three-
Conductor Plane.

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

60 LET M1 = (numerical value of ““1“1;2)

i

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

type two additional lines:

H

360 LET X1 = X
370 LET Y1 = O
70 LET ULl = (numerical value of relative permeability of upper

i

conductor)

it

80 LET M2 = (numerical value of wuzdz;z)
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Note: If the conductivity of the middle conductor is zero, one

must type two additional lines:

i

390 LET X2
400 LET Y2

90 LET U2 = (numerical value of relative permeability of middle

X
0

1!

conductor)

100 TLET M3 = (numerical value of wu303?2)

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

must type two additional lines:

570 LET X3 = X
580 LET Y3 = O
110 LET U3

I}

(numerical value of relative permeability of lower
conductor)
120 LET €1 = (numerical value of normalized thickness of upper
conductor )

130 LET C2 (numerical value of normalized thickness of upper

n

plus middle conductors)
The program may now be run.

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

Rl = (R1) R2 = (R2) L1 = (1L1) 12 = (12)
CIADL = (C1) cran2 = (¢2)

ML = (M1) M2 o= (M2) M3 = (M3) Ul = (Ul) U2 = (u2) U3 = (U3)
X ATIR VALUE REAL PART  IMAG PART
5. e e e
0. e e e
5. emeae= e e
20, mmeeme e e
/0
NORMALIZED IMAG PART —=w=--- NORMALIZED IMAG PART —==ew-

The various symbols enclosed in parentheses are used to indicate
that the numerical value of the symbol will be prianted. The four columns,
headed "X," "AIR VALUE," "RFAL 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
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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 3CONDT

Suppose we wish to know the normalized impedance of a coil 0.250 in.
long with inner and outer radii of 0.125 and 0.375 in., respectively,
in the presence of 0.010 in. of silver clad on 0.010 in. of copper which
in turn is clad on an aluminum conductor of effectively infinite thick-
ness (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

0.125/0.250
Normalized outer radius of coil = 0.375/0.250
Normalized lift-off = 0.005/0.250 = 0.02
Normalized coil length = 0.250/0.250 = 1.0
Normalized thickness of silver = 0.010/0.250 = 0.04

Normalized thickness of silver plus copper = 0.020/0.250 = 0.08

0.5
1.5

Normalized inner radius of coil

i
i

H

Furthermore,

21 X 5000 sec”™?
41 X 1077 h/m
Relative permeability of all three conductors = 1
Conductivity of silver = 6.14 X 107 mhos/m

5.77 X 107 mhos/m
Conductivity of aluminum = 2.86 X 107 mhos/m

Angular frequency of driving current

i

Permeability of all three conductors

i

Conductivity of copper

it

Thus,

w,o, T8 = 91.91

wu30352 = 45.48
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This information is now typed into the program as follows:

20 LET Rl = O.5
30 LET R2 = 1.5
40 IET L1 = 0.02
50 LET L2 = 1.02
60 LET ML = 97.79
70 LET Ul = 1

80 LET M2 = 91.91
90 LET U2 = 1

1l

100 LET M3 = 45.48
110 LET U3 = 1
120 LET C1 = 0.04

130 LET C2 = 0.08

The program is now run with the following results:

R1 = .5 R2 = 1.5

CIADY = .04

ML = 97.79 M2 = 91.91 M3 = 45.48
X ATR VALUE

5. .159232

10. .160231

15. . 160337

20. .160375

40. . 160401

L1 = .02
CIAD2 = .08

Ul =1 U2 =

REAL PART
107024
. 108004
.108111
. 108149
. 108174

1

2 = 1.02

U3 =1

IMAG PART
-1.175160E-2
-1.17739E-2
—1.177448-2
—1.17744E-2
1. 17744 E-2

NORMALIZED IMAG PART .€74399 NORMALIZED REAL PART 7.34063E-2

Thus, the normalized impedance of the coil is Zn = 0.0734063 + j 0.674399.

3CONDT Program

10 REM 3COANDT VERSION 10\08\69
20LETRI=.5

30LETR2=1.5

40LETL1=.02

SOLETL2=1.02

60LETM1 =91 .91

TOLETUL =1

BOLETM2=45.48

90 LET U2=1

100 LET M3=55

110 LET U3=1

120LETCt=.08

130 LET C2=.16

140 PRINT "R1=";3R1,"R2="3R2,"L1=""3L1,"L2=""

3Lz
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1SOPRINT"CLAD1="3C1, L"CLAD2=";C2

T60PRINT ML =""3M1 3""M2=""3M2 3" M3=""sM33"Ul=""3U1;"U2=""3U2;3""U3=""5U3
170 PRINT "X"> '"AIR VALUE"™, "REAL PART", '"IMAG PART"
180 LET S1=1E-2

190 LET S2=5

200 LET 16=0

210 LET 17=0

220 LET 18=0

230 LET 19=0

240 LET 81=0

250 LET 82=52

260 FOR X=31+31/2 T@ B2 STEP 51

270 LET Z=R2%*X

280 LET 01=R2

290 G2 SUB 1100

300 LET 12=F2

310 LET Z=R1%X

320 LET Qi=Rti

330 G2 5uU3 1100

340 LET I11=F2

350 LET S3=81*(I2~11)t2/X

360 LET X1=.707107%(SQR(SARCK*XkXxX+M1 %M1 I+X*xX)) /U1l
370 LET Y1=+707107*{(SQRISARCX*kXKkX*X+M1 ¥M1 I -X*X) I/l
380 IF Xi1*%Ci1*U1>15 THEN 810

390 LET X2=+707107*(SQRC(SOARCXkXRkXKkX+M2*xM2) +X*xX) ) /U2
400 LET Y2=+T707T107T*{SARCSAR XXXk XKk X+M2%kM2) - X*X) ) /U2
410 LET X4=EXP(2%X1*C1xlJ1)

420 LET Y4=COS(2%Y1*C1xU1)

430LETYS = SIN(2*Y1*C1xU1)

440 LET A1 =(X-X1)%(X1+X2)+Y1%(Y1+Y2)

450 LET A2=(X=-X12%(Y1+Y2)~YI*(X1+X2)

460 LET D1 = (X+X1)%(X1-X2)-Y1x(Y1-Y2)

470 LET D2=(X+X1)%(Y1-Y23+Y1*%(X1~-X2)

480 LET AS5= D1+(A1%Y4-A2%Y5)%X4

490 LET BS5=D2+(A2%YA4+A]1%Y5I%X4

S00 LET A4=(X+X12%k{X1+X2)~-Y1*(Y1+Y2)

510 LET DA=(X+X12k{Y1+Y2)+YI%(X1+X2)

520 LET A3=(X-X1)%(X1-X2)+Y1x(Y1-Y2)

530 LET D3=(X~-X1)%{Y]1~Y2)~Y1%{X1~-X2)

540 LET CS5=A3+(A4%Y4-D4%*Y5)%X4

550 LET DS=D3+(D4%YA4+A4*Y5)%X4

560 IF (X1%C1*UL1+X2*%(C2-C1)%U2)>15 THEN 850

570 LET X3=.707107T*{(SQR(SARIXKXkXKkX+MI*M3 ) +X%kX) I/ U3
580 LET Y3=.707107*(SQR{SORCXkXEX*kX+M3%M3)~X%kX))I/U3
590 LET X5=EXP(2*%X2%(C2-C1)I*U2)

500 LET Y6=CAS5(2%Y2%x(C2-C1)r*U2)

510 LETYT7=SIN(2%Y2X(C2-C1I%U2)

620 LET G1=X2+X3

630 LET G2=Y2+Y3

640 LET G3=X2-X3

650 LET G4=Y2-Y3

660 LET G5=G1*A5-G2+*8B5

6TOLETG6=G1 *B5+G2*A5

630LETAS6=A3%Y4-D3*Y5

690LETD6=A3*Y5+D3*Y4
TOOLETAT=X5%(GS*Y6-GaxYTI+GI3* (A4+X4%xAE) ~G4*(DA+X4%D6)
TIOLETDT=X5%(Go%YT+G6%Y6)+G34(DA+X4*D6)+G4*x(A4+X4%A6)
T20LETG7=G1*C5-G2*D5

T30LETG8=G1 *D5+G2*C5
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TAOLETB6=D1*Y4~-D2%YS
TSOLETC6=D1*Y5+D2*Y4

760

LET AB=X5%(GT*Y6-GBXYTI+GI3*x(A1+X4*%B6EI-G4X(A2+X4%C6)

TTOLETDE=XS%(GT7*YT+GE8*kYHE)+G3*%(A2+X4*C6)+G4* (A1 +X4%B6)
TEOLETKI =(AT*A8+D7%DBI/ (A8¥AB+DE%DY)
TIOLETK2=(A8%D7-AT*D8BY/ (A8*A8+DB*DA)

800GOTABT0

810
820
830
840
850
860
870
880
890
900
210
920
230
940
950
960
970
980
990
1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250

LET AS=X-Xl

LET B5=-Y1

LET CH=X+X1
LET D5=YI1

LET KI1=(AS*CS5+85%D5)/(CS*CS+D5%DS)
LET K2=(C5*#BS5-A5%DS)/(C5*%C5+D5%D5)

IF X*L2>30 THEN 910

LET G=EXP(-2%X*kL1)+EXP(~2%X*L2)-2%EXP(~-X*(L1+L2))
LETG3=EXP(-X*(L2-L1))-1

G@ T@ 930
LET G=EXP(-X*L1)
LET G3=-1
LET 16=16+33%G*K1/(2%X)
LET I8=18+53*%G*xK2/(2%X)
LET 19=19+53%(G3/X+L2-L1)
NEXT X
LETB1 =82
LET B2=B2+52
LET Q3=x+517/2

LET I7=19+16

PRINT Q3,19,17,18

IF X < 3 THEN 260

LET St=5E-2

IF X<10 THEN 260

LET Sit=.1
LETS2=20

IF X<35 THEN 260

PRINT '*NORMALIZED IMAG PART";317/19,"NORMALIZED REAL PART;~18/19
GdT@ 1250

IF Z>5 THEN1190

LETLS=INT(2%Z)+3

LETF1=5%Q1*%Q1%Z

LET F2=F1/3

FORN=1TOALS

LETF1=-F1%.250%Z%Z/ (N¥kN+N3>

LETF2=F2+F1/(2%N+3)

NEXTN

GATA 1240

LET Q1=¢C((~-188.1357/Z+109.1142)/7-23.79333)/2+2.050931)/2Z
LET Q1=0(@1-+1730503)/Z+.7034845)/Z~-.064109E-3
LET Q2=(C((~5.817517/Z2+2+.105874)/Z~-.6896196)/7Z+.4952024>/7
LET Q2=¢Q2-+187344E-2)/Z2+.7979095

LET F2=(1-SAR(Z)*(Q2*%CBSCZ~-PI1/4)~-Q1*SINCZ-PI1/4)))/(X*X)
RETURN

END
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REFLECTION~TYPE COIL ABOVE A SINGLE CONDUCTING PLANE

This type of coil system is used with the phase~sensitive eddy-
current instrument®’’ and consists of a large driver coil surrounding
small pickup coils at each end, wound in opposition to each other.
Typical uses for this coil arraungement sre the measurement of conductiv-
ity in samples of effectively infinite thickness and clad or plate thick-
ness in samples of effectively finite thickness. This section contains
programg written for a reflection-type coil above a single conducting

plane.

Magnitude and Phase of Induced Voltage

Discussion of RFLM

This program is designed to calculate the variation with conductiv-
ity, with lift-off set, of the phase shift of the voltage induced in two
oppositely wound pickup coils of the same size by the current in a large
driver coil sbove a conducting plane of effectively infinite thickness
(at least four coil diameters or skin depths, whichever is smaller).

The pickup colls 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 program calculates the magnitude and phase of the induced volt-
age at 15 points on a 3 X 5 lattice (5 values of lift-off and 3 values
of conductivity). This allows one to examine the sensitivity to lift-
off variations as well as to conductivity variations.

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 preduct of
the angular fregquency of the driving current, the permeabllity, the con-
ductivity, and the square of the mean radius of the driver coil must be

calculated for the conductor. Let this product be denoted by WLoT? .

“C. V. Dodd, Mater. Evaluation 22(6), 260-263 (1964).
°C. V. Dodd, Mater. Evaluation 26(3), 33-36 (19¢8).
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Once these calculations have been made, one need only type the

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

20 LET R1 (numerical value of normalized inner radius of driver)

i

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

40 LET R3 = (numerical value of normalized inner radius of pickups)

50 LET R4 = (numerical value of normalized outer radius of pickups)
60 LET 16 = (numerical value of normalized minimum 1ift-off)

70 LET 12 = (numerical value of normalized lift-off increment)

80 LET 13 = (numerical value of normalized length of driver coil)
90 LET I4 = (numerical value of normalized length of pickup coils)

100 IET I5 = (numerical value of normalized distance of pickup coils
from their respective ends of the driver coil)

110 LET M1 = (numerical value of wuor?)

130 LET Ul = (numerical value of relative permeability of conducting
region)

140 LET M9 = (numerical value of fractional change in conductivity)
The program may now be run.

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

R1 = (RL) R2 = (R2) DRIVER LENGTH IS (L3)
R3 = (R3) R4 = (R4) PICKUP LENGTH 1S (I4)
ML = (ML) Ul = (Ul) PICKUPS RECESSED (L5)

M VARTATTON IS + —(100*M9) PERCENT

ZERO LIFT-OFF IS (L6)

VOLTAGE/PHASE/PHASE WITH DISCRIMINATOR SET

DISCRIMINATOR VOLTAGE TIs (V1)

(16) (16 + 12) (16 + 2x12) (L6 + 3%x12) (16 + 4xL2)

s g - vn - —— o - e 2o ——— -

- - - o - B - - ——— -

oy o —— o R4 e e o -~ -
- - o o - e -~ o car - v - o —

PHASE SHIFT ~e—enw LIFT-OFF ~-eenn
% OF RANGE -==-=- % OF TOTAL =w==—=
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The various symbols enclosed in parentheses are used to indicate
that the numerical value of the symbol will be printed.

There are five columns of data, one under each value of lift-off.
Fach column is divided into three sections of three lines each. These
sections correspond, from top to bottom, to the three values (—100xM9,
nominal, and +100%M2, percent) of conductivity. The three lines in each
section are, from top to bottom, the magnitude of the induced voltage
divided by the product of frequency, driver current, number of turns on
driver coil, number of turns on a pickup coil, and driver coil mean
radius in meters; the phase of the induced voltage (in radians); and the
phase shift between the induced voltage and a constant value which is
taken to be the discriminator set point of the phase-sensitive eddy-
current instrument (see DISC program, p. 77).

The last two lines of the print-out give the PHASE SHIFT, which is
the phase shift due to the specified conductivity change; the LIFI-~OFF,
which is the phase shift due to the specified lift-off variation; the
% OF RANGE, which is the LIFI-OFF divided by the PHASE SHIFT, multiplied
by 100; and the % OF TOTAL, which is the % OF RANGE, multiplied by the
total conductivity variation (2*M2).

The example below is presented as an additional aid to those who

wish to use this program.

Sample Calculation of RFIM

Let us suppose we wish to measure the conductivity of a metal plate
using a reflection-type coll arrangement in the phase-sensitive eddy-
current instrument. The driver coil is assumed to be 0.500 in. long with
inner and outer radii of 0.200 and 0.300 in., respectively. The pickup
colls are assumed to be 0.200 in. long with inner and outer radii of
0.100 and 0.150 in., respectively, and are mounted flush with the ends
of the driver. The conductor is taken to be a plate of stainless steel
of effectively infinite thickness (at least four coil diameters or skin
depths, whichever is smaller) whose conductivity may vary by +10%. The
driving current frequency is assumed to be 100 kHz and the minimum 1ift-
off 0.025 in. The lift-off increment 1s taken to be 0.0125 in.



First, we

Normalized
Normalized
Normalized
Normalized
Normalized
Normalized
Normalized
Normalized

Normalized

Furthermore,

Thus,

Angular fr
Permeabili
Relative p

Nominal co

wpoT? = 42

50

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

]

inner radius of driver coil = 0.200/0.250 = 0.800

outer radius of driver coil = 0.300/0.250 = 1.200
0.100/0.250 = 0.400

outer radius of pickup coil 0.150/0.250 = 0.6

length of driver coil = 0.500/0.250 = 2.000

length of pickup coil = 0.200/0.250 = 0.800

length of pickup coils from the ends of the driver coil = O
minimum 1ift-off = 0.025/0.250 = 0.100

increment of lift-off = 0.0125/0.250 = 0.050

I

1

inner radius of pickup coil

i)

equency of driving current = 21 X 100,000 sec™?!
41 X 1077 n/m

i

ty of stainless steel conductor
ermeability of conductor = 1

nductivity of stainless steel = 1.3333 x 10° mhos/m

A5

This Information is typed into the program in the following manner:

20 LET R1
30 LET R2
40 LET R3
50 LET R4
60 LET 16
70 LET 12
80 LET 13
90 LET 14
100 LET 15
110 IET M1
130 LET Ul
140 LET MO

= 0.8
= 1.2
= 0.4
= 0.6
= 0.1
= 0.05
= 2.0
= 0.8
0

= 42,45
1

= 0.1

ii

The program is now run with the following results:



Rl = .8 R2 = 1.2 DRIVER LENGTH IS 2
R3 = .4 R4 = .6 PICKUP LENGTH IS .8
ML = 42.45 Ul =1 PICKUPS RECESSED O

M VARIATION IS +-10. PERCENT
ZERO LIFT-OFF IS .1
VOLTAGE/PHASE/PHASE WITH DISCRIMINATOR SET

DISCRIMINATOR VOLTAGE IS —1.22406E-3

.1 .15 .2 .25 .3
3.49406E-7  3.00479E-7  2.59214E-7  2.24378E-7  1.94912E-7
1.9137 1.90723 1.90001 1.89237 1.88451
.017222 1.64576F-2  1.57363E-2  1.54316E-2  1.583095-2
3.56237E-7  3.06256E-7 2.64095E-7  2.28504E-7  1.98406E-7
1.89715 1.89118 1.88444 1.87723 1.86978
0 —3.57488F-4 ~7.15358F~4 —6.93439E-4 -2.85218E-9
3.62192E~7  3.11295E-7 2.68355E-7  2.32107E-7  2.01457E-7
1.88275 1.87722 1.87088 1.86405 1.85697
—1.49614F-2 ~1.49674E-2 — 015009 - 014701 —1.37485%-2
PHASE SHIFT 3.21834E-2 LIFT-OFF 1.790473E-3
% OF RANGE 5.5632 % OF TOTAL 1.11264

from which we see that the phase shift due to a 20% change in conductiv-
ity is 3.21834 x 1077% radians, while that due to lift-off is

1.79043 X 1072 radians, the latter phase shift being 5.5632% of the
former and 1.11264% of the total.

RFIM Program

10 REM. RFLM 577769
20R1=.75

40R3=.35

S0R4=."7

60 L6=0

T0L2=.05

80L3=.4

0L 4=.1

100L.5=.1

110 M1=45.48

120 M=M1

130 LET Ul=]

140M9=.025

150 PRINT "R1="3R1, "R2=";R2, "DRIVER LENGTH IS":L3
160 PRINT "R3="3R3, "R4=";R4, "PICKUP LENGTH IS":L4
170 PRINT"MI=""3M1,"Ul="3U1,"PICKUPS RECESSED'":LS
1BOPRINT”M VARIATION IS +-"3100%M9;""PERCENT"

190 PRINT"ZERG LIFT~QFF IS":L6

200PRINT"V@LTAGE /PHASE/PHASE WITH DISCRIMINATOR SET"
210 LET Si1=1E-2

220 LET S2=5

230F@QRI=1TO3

240 FOR J=1 T@ 5

250R(1,J)2=0
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2601¢1,J2=0

270 NEXT J

2BONEXTI

290 LET B1=0

300 LET B2 =52

310 FOR X = Bl +51/2 T B2 STEP S1

320 LET Z=R2x%X

330 LET @1=R2

340 G@AsSuB 1160

350 LET 12=F2

360 LET Z=R1x*X

370 LET Q1=R1

380 GdsSUB 1160

390 LET I1=F2

400 LET Z=RaxX

410 LET Q1=R4

420 G@SUB 1160

430 LET J2=F2

440 LET Z=R3*%X

450 LET @1=R3

460 GASUB 1160

470 LET J1=F2

480 LET S3=S1*(I2-11)*(J2-J1)

490 IF X*1.3>50 THEN 530

500 LET G=EXP(-X*¥L5)+EXP(~X*(L3~L5X)-EXP(-X*k(L.3-L4-LS))~EXP(-X*(L5+L4))
510 LET GS=EXP(~-X%xL3)-1

520 G@ T@ 550

530 LET G=EXP(-X*L5)*(1~-EXP(-X%*L4))

540 LET G5=-1

550FOR1I=1T33

S60M1 =M*(1+(I1~2)%MI)
STOLETX1=«707106781 %SQR(SOR Xk Xk Xk X+MI %xM1 ) +X*X) /U]
SBOLETY1=«707106781*SQR(SAR (X, Xk Xk X+M]1 %M1 ) ~X%kX) /U1
S90DS=X%kX+2% Xk X] + X1 kX1 +Y1 *Y])

600K (I =(X¥xX-X1%X1-Y1*Y1)/D5
610NCI)=~24Y1xX/D5S

620F3RJI=1TAS

630L=C(J-1)%L2+L6
640LETRCI»>JI=R(I>J)+S3*kK(II*G*GS*EXP (-2*%X*kL)
SS50LETICILJI=ICI> ) +S3RNCIIXGRGOXEXP(~2% X kL)
660NEXT.1

6TONEXTI

68ONEXTX

690 LET B1=82

700 LET B2=B2+S2

710 IF X < 3 THEN 310

720 LET S1=5E-2

730 IF X<9 THEN 310

740 LET St=.1

750 IF X<19 THEN 310

760 PRINT

770 PRINT

T80FORI=1TA3

790 FBR J=1 TGO 5
BOOLETM(I»J)=SQR(R(I>J)12+1(1,J)12)%2.4805E-5/((R2-R1)*(R4~R3)*L3*L4)
BI0LETPCI»JI)=ATNC(-RCI,J)/I1(1,0))
820IFI1CI,J)<ATHENSES50

B30LETP(I»J)=P(I-,J)+P1

840 PRINT:STORE::M(I,J)>P(I.J)

850 NEXT J



860NE XTI

BTOLETHL =M(251)

SEOLETH2=M(2,5)

BIOLETHS=P(251)

S00LETH6=P(2,5)

910G@sSUBLI310

920 PRINT L6,L6+L2,L6+2%L2,L64+3%L2,L6+4%L2
930FORI=1TO3

940FBRJI=1TBS

9501 =M1

960R2=P(1,J)

370GOSUB1360

980Y(1»J)=P

990NEXTJ

{000PRINT
T1O10PRINTMCIS1)0MCIS2),MCTI53)5MCI542,MC155)
1020PRINTPC(I»1)5P{Is2)5PCI153),PCI1,4)sP(1,5)
1030PRINTYC(I»1)5YCL22)5¥CI53)0YC15425YC155)
1040NEXT1

105001 =¥¢C1,1)

1060Q2=1

1070F@RJ=2T@5

1080 IF Y(1,J)<Q1 THEN 1100

109001 =Y{1>J)

1100 IF Y1, >Q2 THEN 1120

1110 Q2=Y(1,0)

1120 NEXTJ

113023=YC1,1)-Y(3,1)

1140PRINT"PHASE SHIFT"3Q3:"LIFT-23FF"301-Q2:3" 2" 3(Q1~Q2)%200%M9/Q3
1150 G8 T9 1380

11601FZ>5THEN]I250

1170 LET L9=INT(2%Z)+3

1180 LET Fl=.5%01%Q1%Q1

1190 LET F2=F1/3

1200 FOR N=1THOL9

1210 LETF1=-F1%.250%Z%Z/(N*N+N)

1220 LETF2=F2+F1/(2%N+3)

1230 NEXTN

1240 GOTO 1300

1250 LET Q1=(((~188.1357/2+109.1142)/2~23.793333/2Z+2.050931)/Z
1260 LET Q1=((R1-.1730503)/2Z+.70348453/Z-.064109E~3
1270 LET Q2=C((~5817517/2+2.105874)/2-.6896196)/7Z2+.4952024)/7
1280 LET Q2=(Q2~+187344E~2)/2+.797209S

1290 LETF2=(1-SQRCZIY*(Q2*COSCZ~PI1/4)-Q1*SINCZ-PI/4)))/CX%X*%X)
1300 RETURN

1310 LET @1 =ATNC(C(H2%SIN(HA6) -HI1 *SINC(HSY )/ (HI1*COAS(HS)-H2%CAS(HEI )
1320 IFH1*%COSC(HS)-H2*COSC(H6)Y>0THEN1340

1330 LET@1=81-3.14159265

1340 LETVI=HMI*SINCA1+HS)

1350PRINT"DISCRIMINATOR VBLTAGE IS*:V1

1360 LET P=01-ATN(VI/SARCQ1I *Q1 -VI*V1))+Q2
1370RETURN

1380 END
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Normalized Impedances of Reflection~Type Coils

Discussion of MREP

This program, which is designed to provide input data for the
PHASEN program (see section on "Phase-Sensitive Eddy-Current Tnstrument"),
simultaneously calculates the normalized impedances of driver and pickup
coils in a reflection-type coil arrangement above a conducting plane of
effectively infinite thickness (at least four coil diameters or skin
depths, whichever is smaller).

The program calculates the normalized impedance of each coil at
5 points on a 1 X 5 lattice consisting of 5 values of 1lift-off and
1 value of conductivity. It is then printed three times on the file,

This was done in the interest of saving computer time, since it was
found that the error introduced into the PHASEN program by neglecting a
10% change in conductivity was of the order of 1% or less.

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 the conductor. ILet this product be denoted by wuor?.
Once these calculations have been made, one need only type the

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

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

coil)
40 LET R3 = (numerical value of normalized inner radius of pickup
coils)
50 LET R4 = (numerical value of normalized outer radius of pickup
coils)
60 LET L0 = (numerical value of normalized length of driver coii)
70 LET 11 = (numerical value of normalized length of pickup coils)
80 LET L2

i

(numerical value of normalized distance of pickup coils

from the ends of the driver coil)
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90 LET L3 = (numerical value of normalized minimum 1ift-off)

100 LET I4 = (numerical value of normalized increment of 1lift-off)
130 LET ML = (numerical value of wuor?)
140 LET Ul = (numerical value of relative permeability of conductor)

The program may now be run.

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

Rl = (R1) R2 = (R2) DRIVER LENGTH IS (LO)
R3 = (R3) R4 = (R4) PICKUP LENGTH IS (1L1)
ML = (ML) Ul = (u1) PICKUPS RECESSED (L2)
NOR RFAL PART---NOR IMAG PART
DRIVER COIL

= ——_— - o e - — -

o - - - " -~ - - -

- [Py - - - - —_— -

o ——— - - - ] -

- e - - - - —— = -

o —— o — - - —

The various symbols enclosed in parentheses indicate that the
numerical value of the symbol will be printed.

The top line of data in each block is the real part of the normsl-
ized impedance, calculated for each of the five lift-off values, and the
bottom line is the imaginary part.

The example below is presented as an additional aid to those who

wish to use this program.

Sample Calculation of MREP

As stated previously, this program is designed to be used in con-
Junction with the PHASEN program; thus, the example below is also
referenced in that program.

Suppose it is desired to calculate the real and imaglnary parts of
the normalized impedances of all three coils in a reflection-type coil
arrangement above a stainless steel plate of effectively infinite thick-

ness (at least four coil diameters or skin depths, whichever is smaller).



The driver coil is assumed to be 0.5 in. long with inner and outer

radii of 0.200 and 0.300 in., respectively. The pickup colls are assumed

to be 0.200 in. long with inner and outer radii of 0.100 and 0.150 in.,

respectively, and are flush with the ends of the driver coil. The mini-

mum distance from the stainless steel plate will be taken to be 0.025 in.

The 1lift-off increment will be 0.0125 in. and the frequency of the

driving current 100 kHz.

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

Normalized
Normalized
Normalized
Normalized
Normalized
Normalized
Normalized
Normalized

Normalized

Furthermore,

inner radius of driver coil = 0.200/0.250 = 0.800
outer radius of driver coil = 0.300/0.250 = 1.200
inner radius of pickup coil = 0.100/0.250 = 0.400
outer radius of pickup coil = 0.150/0.250 = 0.600
length of driver coil = 0.500/0.250 = 2.000
length of pickup coil = 0.200/0.250 = 0,800

Il

it

Il

1
i

Il

!

distance of pickup coils from ends of driver coil = 0O
minimum lift-off = 0.025/0.250 = 0.100
increment of lift-off = 0.0125/0.250 = 0.050

Angular frequency of driving current = 27 X 100,000 sec™?!

Permeability of stainless steel conductor = 41 X 1077 h/m

Relative permeability of conductor = 1
Conductivity of stainless steel = 1.3333 X 10° mhos/m

Thus,

Q)}LO:I‘—Z = 42,45

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

20
30
Z0
50
60
70
80

LET
LET
LET
LET
LET
LET
LET

R1
R2
R3

R4 =

10

Ll o

L2

0.8
1.2

- 0.4

0.6
2.0
0.8
0
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90 ILET L3 = 0.1

100 LET IA4 = 0.05
130 LET ML = 42.45
140 LET UL = 1

The program is now run with the following results:

Rl = .8 R2 = 1.2 DRIVER LENGTH IS 2
R3 = .4 R4 = .6 PICKUP LENGTH IS .8
ML = 42.45 Ul =1 PICKUPS RECESSED O
NOR REAL PART --- NCR IMAG PART
DRIVER COIL
3.15732E-2 2.72132E-2 2.35718E-2 2.05092E-2 1.79181E-2
878171 .891266 . 902604 912465 .921077

BOTTOM PICKUP
3.83668E-2 2.96496E-2 2.32058E-~2 1.83751E-2  L.47074E-2

.9220018 .934261 . 945423 .95427 .961356
TOP PICKUP

7.11078E-4 6.39095F-4 5.15954F~4 5.203888-4  4.71337E-4

. 996022 . 996327 . 996603 .996851 .997076

Thus, for example, the real part of the normalized impedance of the
vottom plckup coil, calculated for the minimum 1lift-off, is 3.83668E-2;
and the imaginary part is 0.920018.

MREP Program

10 REM MREP VERSION 04702770
20 R1=.75

30 R2=1.25

40 R3=.35

50 Ra=.7

AD LD=e6

70 Ll1=.2

g0 L2=1

90 1L.3=0

17 LA4=35

110 L8=L3+L2

120 Lé6=L3+L0-L1-L2

130 M1=1.339%921

140 =1

150 PRINT"RI=";;R1,7"R2=";R2,"IRIVER LENGTH IS0
160 PRINTYR3=";3R3,"R4=""3R4,"PICKUP LENGTH 1S"3L1
170 PRINT"MI=""sM1,"Ul="3J1,"PICKIPS RECESSEN'3L2
10 LET S1=1E-2

190 LET S2=5

200 F3R I1=0 T9 2



210
220
230
240
250
260
270
2830
290
300
31N
329
330
349
350
360
370
340
390
400
410
420
439
440
450
4560
479
430
490
500
510
520
530
540
550
559
5719
550
590
6N0
610
620
630
640
650
660
670
630
690
770
710
720
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JC1yYy=n

NCIY=0

KCI)Y=0

MCT) =D

PCIY)=]

ACIY=0

NEXT 1

19=0D

10=0

LET 81=0

LET B2 =32

PR X = Bl +S1/2 T@ B2 STEP Si
LET 7Z=R2%X

LET N1 =R2

GAsUR 1230

LET I2=F2

LET Z=R1*X

LET 91 =R1

GasJ3 12390

LET I1=F2

LET S3=851%(12-11)t2/X
7=R4%X

A1 =R4

G3 SU3 1239

J2=r2

Z=R3 %X

N1=R73

G? S'J3 1230

J1=F2

S4=31%(J2-J1)12/X

IF XxL.0>30 THEN 557

Gl =EXP(~2%XkLOY+]1 -2 «kEXP(-X*L.N)
GR=EXP (-X*k1.N) -1

G2 T 570

G1=1

G2=-1

IF X%L1>30 THEN 610
G3=EXP(-24X¥L1)+1 ~2%EXP(~X*I_1)
G4=EXP(-X¥_1) -1

GO TO 639

G3=1

Ga=-1

IF X*%L3>15 THEN 860

LET X1 = 707107%(SOQRCSARCK kXK Xk X+M]1 %M1 ) +Xk X))/l
LET Y1=.707107%(SARCSAIRCX kX EXKX+ML %M1 ) ~X%kX) ) /Ul
DS=(X+X1 ) (X+X1)+Y1%Y1]
KE=CC(X-X1 )%k (X+X1)~-Y1*Y1)/D5
K2=z=2%XkY1 /DS

FgR 1=0 Tg 2

Z1 =2 X% (L3+L4%1)

IF Z1>30 THEN 860
G1=EXP(-71)



730
740
7590
750
770
780
790
800
810
820
830
840
850
860
870
830
890
200
910
920
930
240

59

JCI)=JCIX+SB*G1 %P1 %K1/ (2%X)
NCII=NC(I)+S3%G1 kB 1 %K2/(2%X)
22=2% Xk (LE+L.4%1)

IF Z2>30 THEN 850
B2=EXP(~Z2)
KCI)=K(Id+S4%G3 %P2 %K1 /(2%X)
MCI)=MCII+SAXG3 P2 RK2 7/ (2%X)
Z3=2% Xk (L6+L4%])

IF Z3>30 THEN 850
Y3=EXP(~Z3)
PCII=PCI)+S4%G3*B3%K1/(2%X)
QCII=DCII+SA%G3%BI*kK2/(2%X)
NEXT 1

I19=19+S33%(G2/X+L.0)
10=ID0+54%(G4/K+L1)

NEXT X

LETB1=82

LET B2=32+352

IF X < 3 THEN 320

LET S1=5E-2

IF X<10 THEN 320

LET S1=.1

950LETS2=20

963
270

IF X<35 THEN 320
FZR I=0 Ta 2

980 BCIY»=19+JCI)
990 CCIN=I0+K(I)

1000
1010
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380

DCIY=I0+P(I)

NEXT 1

PRINT™ NOGR REAL PART---NOR IMAG PART"
PRINT

PRINT™ DRIVER C@1IL"™

PRINT ~N(O)Y/I9,~-N{1)/19,-N(2>/19

PRINT BC(0O)Y/19,BC1)/19,8(2>/19

PRINT

PRINT BOTTEM PICKUP™

PRINT =-MC0)/I0,-MC13/710,-M(2)/10

PRINT C(0>/10,C(1>/105C(2)710

PRINT

PRINT™ TGP PICKUP"

PRINT -QC0)/I05-Q¢1)3/10,-Q¢23/10

PRINT DCOX/10,DC13/10,D(2)/10

G2 T@ 1380

IF Z>5 THEN1320

LETLS=INT(2%Z)+3

LETF1=5%Q1%Q1%Z

LET F2=F1/3

F@RN=1TQOLS

LETF1=~F1%.250%2%Z/ (N%N+N)

LETF2=F2+F1/(2%N+3)

NEXTN

GAT? 1370

LET Q1=0((-188.1357/Z2+10911423/Z-23.79333)/72+2.050931)/%
LET 91=€CA1-1730503)/Z+.7034845)/7-.064109E-3

LET 02=C((-5.817517/2+2.105874)/Z-+6896196)/7+.4952024>/7Z
LET Q2=(Q2-.187344E-2)/2+.7979095

LET F2=(1-3QR(Z)*(Q2*%CBSCZ~-PI1/4)-Q1*SINCZ~PI/4)))/(X*X)
RETURN

END
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REFLECTION-TYPE COIL ABOVE A TWO-CONDUCTOR PLANE

This type of coil system is used with the phase~sensitive eddy-
current instrument®:7 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 (RFICT), the normalized impedances of the coils
(CIAD1), the phase shift of the induced voltage with "lift-off" set
(DISC), the phase shift over a range of cladding thickness values with
"lift-off" automatically set (RFLC), the change in the magnitude angd
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 mate-
rial (RFDFLQ), 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).

These programs are useful in optimizing the coil dimensions and

the operating freguency for reflection~type coils.

Magnitude and Phase of Induced Voltage

Discussion of RFICT

This program is designed to calculate the differences in mesgnitude
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. 5. The pick-
up coils must be identical, equidistant from the respective ends of the
driver coil, and be within its leugth. They must also be coaxial with
the driver coll. The two conducting layers may have different permeabil-~

ities and electrical conductivities.




6l

CRNL~DWG 68-7312

"“"Z=lz
les
1=1y

1I

==

Fig. 5. A Reflection-Type Coil Above a Two-Conductor Plane.

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. Let this product be denoted by mulql?z
for the upper layer and by mu262?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.)



type

type

20
30
40
50
60
70
80
90

LET R
LET R
LET
IET R
LET
LET
LET
LET
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ends of driver)

100 LET M1 = (numerical value

Note:

If the conductivity of

two additional lines:

440 LET X1 = X

450 LET Y1 = O

110 LET Ul = (numerical value
conductor)

120 LET M2 = (numerical value

Note: 1If the conductivity of

two additional lines:

470 1ET X2 =

480 LET Y2 = O

130 LET U2 = (numerical value
conductor)

140 LET

numerical value of normalized inner radius
numerical value of normalized outer radius
numerical value of normalized inner radius
numerical value of normalized outer radius

= (
= (
= (
= (
= (numerical value of normalized lift-off)
= (
= (
= (

of wulol?g)

of driver)
of driver)
of pickups)
of pickups)

numerical value of normalized length of driver)
numerical value of normalized length of pickups)

numerical value of normalized distance of pickups from

the upper conductor is zero, one must

of relative permeability of upper

of wuzoz?z)

the lower counductor is zero, one must

of relative permeability of lower

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 = (RL) R2 = (R2)

= (R3) R4 = (R4)
PICKUPS ARE RECESSED (I5)
LIFF-OFF = (L) , ML = (ML)
X MAGNITUDE
5. aeeaes
W, acaaa
5. ameees
200 aeeme-

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

DRIVER LENGIH IS (IL2)
PICKUP IENGTH 1S (16)
CIAD THICKNESS IS [C]

, Ul=(u1) , M= (MR), W= (W)

PHASE
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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 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 ig presented for additional aid to those who wigh

to use this program,

Sample Calculation of RVICT

Let us suppose that we wish to know the difference in the voltages
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
colils 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 alumi-
num (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
Normaelized 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 =3
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 = O

Normalized thickness of copper = 0.010/0.250 = 0.04

Ffurthermore,
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Angular frequency of driving current = 21 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,

91.91

WO T2

|

wu202?2 = 45.48
This information is now typed into the program using the following format:

20 IET R1 = 0.8
30 LET = 1.2
40 LET = 0.4
50 LET R4 = 0.6
60 LET L = 0.02
70 LET 12 = 8

80 LET 16 = 0.8
90 LET L5 = O

3 &

100 LET M1 = 91.91
110 LET Ul = 1
120 LET M2 = 45.48

130 LET U2 = 1
140 TRET C = 0.04

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-O1

LIFT-OFF = 0.2E-01 , Ml = 91.91 ,UlL =1 ,M2 = 45,48 ,U2 = 1

X MAGNITUDE PHASE

5 0.3806977E~02 1.8412638
10 0.3764764E-02 1.8319976
15 0.3765228E-02 1.8322294
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



65

difference is obtained by multiplying the last line by the freqguency 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 coill, and the

mean radius of the driver coil in meters.

RFLCT Program

10 REM RFLCT VERSIBN 02/04/70
20 LET R1=.8

30 LET R2=1.2

40 LET R3=.4

50 LET Ra=.56

60 LET L=.02

70 LET L2=§

80 LET L6=.8

90 LET L5=0

100 LET M1=91.91

110 LET U1=t

120 LET M2=45.48

130 LET U2=1

140 LET C=.04

150 PRINT "R1="3R1., "R2="3R2, "DRIVER LENGTH I5";L2
160 PRINT "R3=";R3, "R4=";R4, "PICKUP LENGTH IS";:Lé
170 PRINT "PICKUPS ARE RECESSED™;3;L5» “CLAD THICKNESS 15";C
180 PRINTTLIFT GFF="'3L",M1="3M1",U1=" 301", M2="" s M2%",U2=""31J2
190 PRINT "X, "MAGNITUDE", "PHASE"

200 LET S1=1E-2

210 LET 52=5

220 LET 16=0

230 LET 18=0

240 LET B1=0

250 LET B2 =52

260 FBGR X = Bl +S1/2 T8 B2 STEP St

270 LET Z=R2¥X

280 LET @1=R2

290 GOSUB 920

300 LET I2=F2

310 LET Z=R1%X

320 LET Q1=R1

330 GOSUB 920

340 LET 11=F2

350 LET Z=R4%X

360 LET 91=R4

370 GB5UB 920

380 LET J2=F2

390 LET Z=R3*X

400 LET 01=R3

410 G@SUB 920

420 LET J1=F2

430 LET $3=S1%CI2-11)%CJ2-J1)

440 LETX1=.707106781 *SARCSORCXAXEXRX+MIEM1 ) +X*X) /U1
450 LETY1=.707106781*SQARCSARCX*k Xk X£X+M1 £M1 ) - X*kX) /U1
460 IF X1%C#*U1>15 THEN 610

470 LETX2=.707106781 *SARCSAR(X*X £ XK X+M2KkM2 Y + X¥X) /U2
480 LETY2=.707106781 *SARCSAR(XKkXAX*kX+M2AM2) - X¥X ) /U2
490 LET X3=EXP(2%X1%C*U1)

500 LET Y3=CBS(2%Y1*C*U1)



510 LET Y4=SIN(2%Y1*C*Ul)

520 LET A6=(X-X1 )k (X1 +X2)+Y1%{Y1+Y2)

530 LET A7=(X=X1)%(Y1+Y2)=Y1*%(X1+X2)

540 LETAS=(X+X1)*(X1~-X2)-Y1*(Y1-Y2)+(A6XYI-AT*Y4)%X3
550 LET BS=Y1*®x{X1-X2)+(X+X1)*k(Y1-Y2)+(AT*YI+A6*YA)I*X3
560 LET C6=(X+X12*x(X1+X2)-Y1*x(Yl+Y2)

STO LET CT=YI*(X1+X2)+(X+X1I*(¥Y1+Y2)

580 LET CS={X-X1)*(X1-X2)+Y1*{(Y1-Y2)+(C6XY3-CTxY4)*X3
590 LET DS=C¢X-X1¥*{Y1-Y2)-Y1*(X1~X2)+(CTxYI+CEXKYLI*X3
600 G@ T@ 650

610 LET A5 =X-Xl

620 LET BS=-~Y1

630 LET C5=X+X1

640 LET DS=YI1

650 LET K1=C(A5%C5+B5%DS)>/(C5*%C5+D5%D5)

660 LET K2=(C5*B5-A5%D53/(CS5*%C5+D5%D5)

670 IF X%xL2>50 THEN 710

680 LET G=EXP(-X%LS)+EXP(-X*(L2-LS)II-EXP(~X*(L2-L5~L63)-EXP(~X*(L5+L6))
690 LET GS=EXP(-X*L2)-1

700 GO TB 730

710 LET G=EXP(-X*L5)*(1-EXP(~-X*L6))

720 LET G5=-1

730 LET G6=G*GS*kEXP(~2%X*L)

740 LET 16=16+G6*K1%53

750 LET I8=18+G6*%K2%53

760 NEXT X

770 LET B1=B2

780 LET B2=B2+32

790 LET Q1=5QR(I6*I6+I8*IB)

800 LET Q2=ATN(-16/18)

810 IF 18<0 THEN 830

820 LET Q2=Q2+PI

830 PRINT X+51/2, Q1, Q2

840 IF X < 3 THEN 260

850 LET S1=5E-2

860 IF X<9 THEN 260

870 LET Sti=.1

880 IF X<19 THEN 260

890 PRINT " VBLTAGE/F INN'R(BARY="}

900 PRINT 2.4805E-5%Q1/((R4~-R3)*(R2~R1)*L2*%L6)

210 G@ T@ 1070

920 IF Z>5 THEN 1010

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

940 LET F1=.5%Q1%Q1%xQ1

950 LET F2=F1/3

960 FOR N=1T8L9

970 LETF1=~F1%.250%Z%Z/ (N:N+N)

980 LETF2=F2+F1/(2%N+3)

990 NEXTN

1000 G2TA 1060

1010 LET Q1=C((~-188.1357/Z2+109.1142)/72-23.79333)/2+2.050931)/2
1020 LET Q1=¢(Q1-.1730503>/7Z+.7034845)/2-+.064109E-3
1030 LET Q2=C¢((~5.817517/Z+2.105874)/72-.6896196)/Z+.4952024>/2
1040 LET Q2=(RA2-.187344E-2)/72+.7979095

1050 LET F2=(1-SAR(ZI*(Q2*COASCZ~-PI/4)~Q1%*SINCZ-PI1/4)))/(XkX*¥X)
1060 RETURN

1070 END
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Discussion of CIAD1

This program, which is designed to provide input data for the
PHASEN program (see section on "Phase-Sensitive Eddy-Current Instrument'),
simultaneously calculates the normalized impedances of driver and pickup
coils in a reflection-type coil arrangement above a two-layered con-
ducting plane (see Fig. 5, p. 61). The two conducting layers may have
different values of conductivity and permeability.

The program calculates the normalized impedance of each coil at
5 points on a 1 X 5 lattice consisting of 5 values of lift-off and
1 value of clad thickness. It is then printed three times on the file.
This was done in the interest of saving computer time, since it was
found that the error introduced into the PHASEN program by neglecting a
10% change in clad thickness was of the order of 1% or less.

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 ag 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. Let this product be denoted by wulalfz
for the upper layer and by wp,o,r° 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
coil)

30 ILET R2 = (numerical value of normalized outer radius of driver

coil)

40 1ET R3 = (numerical value of normalized inner radius of pickup
coils)

50 LET R4 = (numerical value of normalized cuber radius of pickup
coils)

60 LET 10 = (numerical value of normalized length of driver coil)

70 LET L1 = (numerical value of normalized length of pickup coils)

80 LET 12 = (numerical value of normalized distance of pickup coils

from the ends of the driver coil)



type

type
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90 LET 13 =
100 LET I4 =
130 LET Ml = (numerical value

(numerical value

Note: If the conductivity of

two additional lines:

680 LET X1 = X

690 LET Y1 = O

140 LET Ul = (numerical value
conductor)

150 LET M2 = {(numerical value

Note: If the conductivity of

two additional lines:

710 LET X2 = X
720 LET Y2 = O
160 LET U2 = (numerical value

conductor)

(numerical value of normalized minimum 1lift-off)

of normalized increment of lift—off)

of wulol;z)

the upper conductor is zero, one must

of relative permeability of upper

of wu202§2)

the lower conductor is zero, one must

of relative permeability of lower

170 LET C = (numerical value of normalized clad thickness)

The program may now be run.

The print-out by

the computer will have the

following format:

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

R2 = (R2) Rt = (R4) PICKUP LENGTH IS (L1)

Ml = (M1) Ul = (Ul) PICKUPS RECESSED (12)

M2 = (M2) U2 = (u2) CLAD THICKNESS (C)
NOR REAL PART --- NOR IMAG PART

DRIVER COTL

- o - - o - - o
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The various symbols enclosed in parentheses indicate that the
numerical value of the symbol will be printed.

The top line of data in each block 1s the real part of the normal-
ized impedance, calculated for each of the five lift-off values, and the
bottom line is the imaginary part.

The example below is presented as an additlonal aid to those who

wish to use this program.

Sample Calculation of CIADI

As stated previously, this program is designed to be used in con-
Junction with the PHASEN program; thus, the example below is also refer-
enced in that program.

Suppose it is desired to calculate the real and imaginary parts of
the normalized impedances of all three coils in a reflection-type coil
arrangement above a stainless steel plate. The driver coil is assumed
to be 1 in. long with inner and outer radii of 0.200 and 0.300 in.,
respectively. The pickup coils are assumed to be 0.200 in. long with
inner and outer radii of 0.100 and 0.150 in., respectively, and are
flush with the ends of the driver. The stainless steel plate will be
taken to be 0.025 in. thick and the minimum lift-off to be 0.025 in.

The lift-off increment will be 0.0125 in., and the frequency of the
driving current 100 kHz.

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

Normalized inner radius of the driver coil = 0.200/0.250 = 0.800
Normalized outer radius of the driver coil = 0.300/0.250 = 1.200
Normalized inner radius of the pickup coil = 0.100/0.250 = 0.400

it

Normalized outer radius of the pickup coil = 0.150/0.250 = 0.600

Normalized length of the driver coil = 0.500/0.250 = 2.000

Normelized length of the pickup coil = 0.200/0.250 = 0.800

Normalized distance of the pickup coils from ends of the driver
coil = O

Normalized minimum lift-off = 0.025/0.250 = 0.100

Normalized increment of lift-off = 0.0125/0.250 = 0.050

Normalized thickness of plate = 0.025/0.250 = 0.100
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Angular frequency of driving current = 2n X 100,000 sec™?

Permeability of stainless steel conductor = 41 x 1077 h/m

Relative permeability of conductor = 1

Conductivity of stainless steel = 1.3333 x 10° mhos/m

Thus,

Wilq

0'1.:_['—2

= 42.45

This information

20
30
40
50
60
70
80
20
100
130
140
150
710
720
160
170

LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET

Rl =

R2
R3

is now typed into the program as follows:

N~ oo

o O O N O O = O
@ O O

LET ¢ = 0.1

The program is now run with the following results:

Rl =

R3

ML =

M2

::O

5.99304E-2

.88

838

R2 = 1.2 DRIVER LENGTH IS 2
R4 = .6 PICKUP LENGTH IS .8
Ul = 1 PICKUPS RECESSED O
UR =1 CLAD THICKNESS = .1

NOR REAL PART ~-~-- NOR IMAG PART

DRIVER COIL
5.22041E-2 4. 56566E-2 4.00789E-2 .035305
.899672 .909541 .918199 .925821
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BOTTOM PICKUP

5.67095E-2 4 . 50409E-2 .036173 2.93464E-2

938451 948338 L956264 . 962684
TOP PICKUP

1.4727E~3 1.330558-3 1.20497E-3 1.09378-3

.996125 L996411 . 99667 .996905

2.40301E-2
.967934

9.948588~4
.997119

Thus, for example, the real part of the normalized impedance of the

bottom pickup coil, calculated for the maximum lift-off, is 2.40301E-2;

the

imaginary part is 0.967934.

CIAD]l Program

10

20

30

40

an

60

70

318}

90

100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340

REM CrLam VERSIGN 05706770
R1=.75
R2=1.25
R3=.35
Ra=e7
LO=e4
Li=.1
L2=s1
L3=.1
L4=.05
L8=L3+L2
L6=L0O+L3~L1-L2
M1=45.48
1 =1
M2=91.91
Uz=1
-3 | ‘
PRINT"R1=""3R1,"R2="3R2,"DRIVER LENGTH I5"3L0
PRINT"R3=""3R3,'"R4="3R4,"PICKUP LENGTH IS$";sL1
PRINT"MI="3M1,""Ul="3U1,"PICKUPS RECESSED";L2
PRINT™M2=""3M2,"U2=""31J2,"CLAD THICKNESS="";C
LET Sti=1E-2
LET S2=5
FOR I=0 TG 4
JCI)=0
NCI»=0D
KCId=0
MCT)Y=0
PCIX)=0
DC1Y=D
NEXT 1
19=0
10=0
LET B1=0



350
360
370
3%0
390
400
410
420
430
1440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
630
690
700
710
720
730
740
750
760
770
780
790
800
810
820
830
840
%50
R60
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LET B2 =52

FBR X = Bl +51/2 T@ B2 STEP §1

LET Z=R2%X

LET 21=R2

GASUB 1450

LET I2=F2

LET Z=R1*X

LET 091=R1

GBSUB 1450

LET I1=F2

LET S3=S1%(I2-11)t2/X

Z=R4a%xX

N1 =R4

G@ SUB 1450

Jo2=F2

7=R3*X

N1 =R3

GZ SURB 1450

J1=F2

S4=S1%(J2-J1)12/X%

IF X%L0>15 THEN 590

Gl =EXP(~2%kXkL.0)Y+1 ~2%EXP (-X*L0)

G2=EXP(~X%XxL0)-1

GG TO 610

G1 =t

G2=-1

IF X%L1>15 THEN 650
G3=EXP(-2%XkL1)+1-2%EXP(-X*L1)

G4=EXP(-X*L1)-1

G@ TO 670

G3=1

G4a=-

IF X%1.3>7.5 THEN 1080

LET X1=.707107*(SQARCSARCXKkXkXkX+M]1 %M1 ) +X%X)) /U1
LET Y1=eT7OTI0T*(SARCSARCXAXKXRX+MI M1 -XkX)) /U1
IF X1*C*U1>15S THEN 850
X2=.TOT10THCSARCSAR (XK XA XKk X+M2 kM2 ) +X%%X) ) /U2
Y=o TOTIOTRCSARCSARCXEXKXKX+M2EM2) - XkXD) /U2

LET X3=EXP(2%X1*C*xU1)

LET Y3=COSC2%Y1*C*U1)

LET Y4=SINC2%Y1%C*U1)

LET A6=(X-X1)2%(X1+X2)+Y1%(Y1+Y2)

LET A7=C(X~X1)%{Y1+Y2)~-Y1%{X1+X2)

LETAS=(X+X1 2% (X1 -X2)-Y1 k(Y1 -Y2)+(A6%XY3-ATxY4)*X3
LET BS=Y1%(X1-X2)+(X+X1)2%(Y1-Y2)+(AT*YI+A6XY4)*%3
LET C6=(X+X1)%(X1+X2)-Y1*(Y1+Y2)

LET CT=Y1%(X1+X2)+(X+X1D%x(Y1+Y2)

LET CS5=(X-X1)I%{X1~-X2)+Y1%(Y1-Y2)+(CO6XY3I-CT*YA4)*X3
LET DS=CX-X1)%C(Y1-Y2)~Y1* (X1 -X2)+(CT*xY3+C6%kY4I*X3
G@ TG 890

LET A5 =X-X1

ET BS=-Y1



870

380

%90

900

910

920

930

240

950

960

970

910

990

1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
11990
1200
1210
1220
1230
1240
1250
1260
1270
12450
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380

LET
LET

LET C5=%X+X1
LET D5=YI1

K1=CAS5*C5+85%DS)/(CS*C5+D5%D5)
K2=(CS5*B5-A5%D5)Y/(CS5%CS5+D5%DS)
FOR I=0 TO 4

Z1=2%Xk (L3+L4% 1)
IF Z1>15 THEN 1080

G1=EXP(-Z1)
JCII=JCI)+53%G1 %P1 %K1 /(2%X)
NCID)=NCIX+S3%G1 %01 %*K2/(2%X)

Z2=2% X% (LB+L4%1)
IF Z2>15 THEN 1070

A2=EXP(-22)

73

KCI)=KCI)+354%G3%02%K1/7(2%X)
MOII=MCId+S54%G3%A2%K2/(2%X)

Z3=2% Xk (L6+L.4%1)

IF Z3>15 THEN 1070

B3=EXP(~-Z3)

PCI)=PCI)+S54%G3*P3%K1/(2%X)
DCI)=RCI)+54%G3*%D3%K2/(2%X)

NEXT I
19=19+5S3%(G2/X+L.0)
IO=10+34%(GA/X+1L1)
NEXT X

LETB1 =82

LET 82=B2+52

IF X < 3 THEN 360
LET S1=5E-2

IF X<10 THEN 360
LET Sti=.1
LETS2=20

IF X<35 THEN 360
FOR I=0 TGO 4
BCIY=19+JC1D
CCIN=I0+K(ID
DCIX)=10+PCI)D

NEXT 1

PRINT"

FGR I=1 TO 3

FAR J=0 TO 4

NER REAL PART---NOR IMAG PART"

PRINT:STORE2¢-NCJ)/19,8(J)/19
PRINT:STORE2:-MCJX/10,CCI>/710
PRINT¢STEZRE2:-0(1/10sDCI/I0

NEXT J
NEXT I
PRINT

PRINT"

DRIVER COIL"

PRINT -NL0O)Y/I19,-NC1)/19,-N(2)/19,~N(3)/19,~-NC4>/19
PRINT BCOY/19,8C13/19,8(2)/19,8(33/19,8C4)/19

PRINT
PRINT"

B4TTEGM PICKUP"

PRINT -MWOY/I0,-MC1)/10,-M(2)/10,5,~M(3)/10,-MC4)/710
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1390 PRINT C(0>/10,C(1)/10,C(2)/105CC3)/10,C(4)/10

1400 PRINT

1410 PRINT" TépP PICKUPY

1420 PRINT -2€0)7/10,~-QC1)/105-0¢2)/10,-0¢3)/10,-0C4>/10

1430 PRINT DC0O)Y/10,DC13/10,D(2)/10,D¢3)/10,DC4)/10

1440 G2 TO 1600

1450 IF Z>5 THENIS540

1460 LETLS=INT(2%Z)+3

1470 LETF1=.5%Q1%Q1%7Z

1480 LET F2=F1/3

1490 F@RN=1TQOLS

1500 LETF1=-F1%.250%7%Z/(NkN+N)

1510 LETF2=F2+F1/(2%N+3)

13520 NEXTN

1530 GOTA 1590

1540 LET Q1=CC(-188.1357/Z+109.1142)/7-23.79333)/Z+2.050931)77
1550 LET Q1=C(N1~-.1730503)/72+.7034845)/7~.064109E-3

1560 LET 02=C((~5.817517/Z+2.105874)/2~.68961963/7+.4952024)/7
1570 LET Q2=(Q2~-¢187344E-2)/7+.7979095

1580 LET F2=(1-SAR(ZY*(QA2*COS(Z-PI/4)~Q1*SINCZ-PI/4)))/CX%X)
1590 RETURN

1600 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 vary as shown in
Fig. 6. The discriminator in the phase-sensitive eddy-current instrument
may be set to trigger at a voltage level, V,. With the discriminator set
at this level, there 1s 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 l1ift-off. It
then calculates the phase shift for any other signal with the discrimina-
tor set to trigger at voltage Vs.

To use this program, one must execute the preceding program (RFLCT)
for maximum and minimum 1ift-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.
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Fig. 6. Voltage Wave Form for Zero Lift-0ff and Maximum Lift-O0ff.

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 run.

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

ZERO PHASE IS =~=~=~ DISC. VOLT. IS wwemm-

WHAT ARE AT AND DI?
At this point, one types the magnitude and phase values for the thick-
ness, conductivity, or lift-off of interest. The computer will then
print

PHASE SHIFT IS —--==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 obtained from
the preceding program. The second guantity 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.
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Sample Calculation of DISC

Let 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 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 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 +10% about the nominal
thickness. The fregquency of the driving current is assumed to be 5 kiz,
and the maximum and minimum 1ift-off values 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 coil = 0.100/0.250 = 0.4
Normalized outer radius of pickup coil = 0.150/0.250 = 0.6
Normalized minimum 1ift-off = 0/0.250 = O

Normalized maximum lift-off = 0.050/0.250 = 0.2
Normalized length of driver coil = 2.000/0.250

fi

8
0.8
Normalized distance of pickup coil from ends of driver coil = 0O

Normalized thicknesses of copper = 0.036, 0,040, 0.044

il

Normalized length of pickup coil = 0.200/0.250

Furthermore,

Angular frequency of driving current = 271 X 5000 sec™?!
Permeability of both conductors = 41 X 1077 n/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
wulclfz = 91.91
mu262;2 = 45,48

This information is now typed into the preceding program which is

then executed. The following information results:

LIFT-OFF COPPER THICKNESS MAGNITUDE PHASE
0 0.04 0.3978011E~02 1.8335539
0.2 0.0 0.2343262E-02 1.8107041
0 0.036 0.39597E-02 1.8366082
0 0.044 0.39944838-02 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 0.3973011E-2, 1.8335539, 0.2343262E-2, 1.8107041
At this point the program is run, and the following results are obtained:

ZERO PHASE IS 1.2753124 DISC. VOLT. IS 0.1301623E-03
WHAT ARE AT AND DI? 0.395978-2, 1.8366082

PHASE SHIFT IS 3.0790429
WHAT ARE AT AND DI?  0.3994483E-2, 1.8304875
PHASE SHIFT IS 3.0731886
From this we see that for zero lift-off and 2 copper thicknegg 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

10 DATA 1512885 -3,.656582,7.36538E~4,.535609

20 READ A1,D1,42,D2

30 LET 91=ATN¢ A2%SIN(D2)~-A1XSINI(D1)I)/ZC(A1*COS(D1I~-A2ZxCASID2II)
40 LET V1=A1*5INC21+D1)

S0 PRINT"ZERZ PHASE 1S5 "301,"DISC. VOLT. IS5 "3V1

60 PRINT" WHAT ARE AI AND DI'3

70 INPUT A3,D3

80 PRINT

90 PRINT™ "L,"PHASE SHIFT IS"301-ATN(VI/59R(A3%A3~-V1%V1))+D3
100 PRINT

110 G@ T3 60

120 END
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Phase of Induced Voltage for a Range of Cladding Thickness
Values with Lift-0ff Automatically Set

Discussion of RFLC

This program is designed to calculate the variation with clad
thickness, with 1lift-off set, of the phase shift of the voltage induced
in two oppositely wound pickup coils of the same size by the current in
a large driver coll above a two-layered conductor. The physical situa-
tion is shown in Fig. 5, p. 61. 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 permeabilities and electrical
conductivities.

The program calculates the magnitude and phase of the induced voli-
age at 15 points on a 3 X 5 lattice (5 values of lift-off and 3 values
of clad thickness). This allows one to examine the sensitivity to lift-
off variations as well as to clad thickness variations.

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. Let this product be denoted by wuqoyr?

2 for the lower one.

for the upper layer and by wu,oor
Once these calculations have been made, one need only type the

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

20 IET Rl = (numerical value of normalized inner radius of the
driver coil)

30 LET R2

i

(numerical value of normalized outer radius of the

driver coil)

40 1ET R3 = (numerical value of normalized inner radius of the
pickup coils)

50 IET R4 = (numerical value of normalized outer radius of the

pickup coils)

60 LET 16 = (numerical value of normalized minimum 1ift-off)
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70 LET 12 = (numerical value of normalized lift-off increment)

80 LET 13 = (numerical value of normalized length of driver coil)
90 LET I4 = (numerical value of normalized length of pickup coils)
100 LET 15

(numerical value of normalized distance of pickup coils
from the ends of the driver coil)

110 LET ML = (numerical value of wulUl;2)

|

120 LET C9 = {numerical value of fractional change in clad thickness)
130 LET Ul = (numerical value of permeability of upper conductor)
140" LET M2 = (numerical value of wu,0,r?)

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

type two additional lines into the program:

620 LET X2 = X
630 LET Y2 = O
150 LET U2 = (numerical value of relative permeability of lower

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 (13)
R3 = (R3) R4 = (R4) PICKUP LENGTH IS (IA)
ML = (ML) Ul = (Ul) PICKUPS RECESSED (I5)
M2 = (M) U2 = (U2)

¢ 18 (C) PLUS AND MINUS (100%C9) PERCENT
ZERO LIFT-OFF IS (L6)

VOLTAGE/PHASE/PHASE WITH DISCRIMINATOR SET
DISCRIMINATOR VOLTAGE IS (V1)

(L6) (16 + 12) (16 + 2x12) (L6 + 3x12) (16 + 4%12)

— - — -~ —— - - - - ——— -

- - v o - e . -

- — - - ——-— - .- -

— o o - - o - - — - . -

- ——— o e - - —— - -

—— - - -~ o - [
R - - e - P -

- —— v - —— o - - -

PHASE SHIFT ~wwm—- LIFT=O0FF mmmem
% OF RANGE --=-- % OF TOTAL ~=-—-
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The various symbols enclosed in parentheses are used to indicate
that the anumerical value of the symbol will be printed.

There are five columns of data, one under each of the five values
of lift-off. Each colum is divided into three sections of three lines
each. These sections correspond, from top to bottom, Lo the three
values (—100%C9, nominal, and +100xC9, percent) of clad thickness. The
three lines in each section are, from top to bottom, the magnitude of
the induced voltage divided by the product of frequency, driver current,
number of turns on the driver coil, number of turns on a pickup coil,
and mean radius of the driver coil (in meters); the phase of the induced
voltage; and the phase shift between the induced voltage and a constant
value which is taken to be the discriminator set point of the phase-
sensitive eddy-current instrument (see DISC program, p. 77). The last
two lines give the PHASE SHIFT, which is the phase shift due to the
specified variation in clad thickness; the LIFT-OFF, which is the phase
shift due to the specified variation in lift-off; the % OF RANGE, which
is the LIFT-OFF divided by the PHASE SHIFT, times 100; and the % OF TOTAL
THICKNESS, which is the total variation in clad thickness (2%C9) times
the % OF RANGE.

The example below is presented as an additional aid to those who

wish to use this program.

Sample Calculation of RFLC

Let us suppose we wish to know the differences in the voltages
induced in two pickup coils positioned inside the driver coil and flush
with its ends. The driver coil isg assumed to be 0.500 in. long with
inner and outer radii of C.200 and 0.300 in., respectively, while the
pickups are taken to be 0.200 in. long with inner and outer radii of
0.10C and 0.150 in., respectively. The conductor is taken to be a plate
of stainless steel 0.025 in. thick whose thickness may vary by +10%.

The frequency of the driving current is assumed to be 100 kHz and the
minimum lift-off 0.025 in. The lift-off increment will be taken to bve
0.0125 in.

First, we determine the mean coil radius to be 0.250 in., so that
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Normalized inner radius of driver coil = 0.200/0.250 = 0.300

Normalized outer radius of driver coil = 0.300/0.250 = 1.200
Normalized inner radius of pickup coil = 0.100/0.250 = 0.400
Normalized outer radius of pickup coil = 0.150/0.250 = 0.600

il

Normalized length of driver coil = 0.500/0.250 = 2.000

Normalized length of pickup coil = 0.200/0.250 = 0.800

Normalized minimum lift-off = 0.025/0.250 = 0.100

Normalized increment of lift-off = 0.0125/0.250 = 0.050

Normalized distance of pickup coils from ends of driver coil = O
Normalized thickness of stainless steel plate = 0.025/0.250 = 0.100

Furthermore,

Angular frequency of driving current = 21 X 100,000 sec™?
Permeability of stainless steel conductor = 4n x 107 h/m
Relative permeability of conductor = 1

Conductivity of stainless steel = 1.3333 X 10° mhos/m
Thus,

Wiy 0_1;2 =42, 45

Wi re = O
This information is typed into the program using the following format:

20 LET Rl =
30 LET R2 =
40 LET R3 =
50 LET R4
60 LET 16 =
70 LET L2
80 LET L3 =
90 LET 1A =
100 LET 15 = O

110 LET M1 = 42.45
120 1LET 0.10
130 LET UL = 1

140 LET M2 = O

620 LET X2 = X

i
O N O O O O - O

2
N
it
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630 LET Y2 = O
150 LET U2 = 1
160 1LET ¢ = 0.1

The program is now run with the following results:

R1 = .8 R2 = 1.2 DRIVER LENGTH IS 2
R3 = .4 R4 = .6 PICKUP LENGTH IS .8
ML = 42.45 Ul =1 PICKUPS RECESSED O
M2 =0 ue = 1

C Is .1 PLUS AND MINUS 10. PERCENT

ZERO LIFT-OFF IS .1

VOLTAGE/PHASE/PHASE WITH DISCRIMINATOR SET
DISCRIMINATOR VOLTAGE IS —2.12874E-8

1 .15 .2 W25 .3
3.411778-7 2.94307E-7 2.546758~7 2.21124E~7 1.92665E-"7
2.23022 2.21858 2.20641 2.19397 2.18143
4.23914E-2 4. 07057E-2 3.98332E-2 4. 01277E-2 4 18844 F~2
3.51116E-7 3.02629E-7 2.616598-"7 2.27002E-"7 1.976258-"7
2.1896 2.17836 2.16659 2.15452 2.14234
1.45519E-11 ~1.50022E-3 -2.2319E-3 ~1.83224E-3  -2.80852E-9
3.58887E-7 3.09115E-7 2.67085R-"7 2.315528-7 2.01451E-7
2.15383 2.14301 2.13163 2.11994 2.10813
~3.70875E-2  —-3.83351E-2 —3.88511E~-2  -3.82640E~2 —3.62689E-2

PHASE SHIFT 7.94789E-2 LIFT-OFF 2.5582E-3

% OF RANGE 3.21872 % OF TOTAL .643744
from which we see that the phase shift due to a 20% change in clad thick-
ness is 7.94789 X 1072 radians, while that due to 1lift-off is 2.5582 % 1073
radians, the latter phase shift being 3.21872% of the former and .643744%

of the total thickness variation (20%).

RFLC Program

10 REM RFLC VERS 10N 01705770
2OR1=.75
30R2=1.25
40R3=.35
50R4=.7

60L6=0
7012405
BOL3=.4
90L4=.1
100LS=.1

110 Mi=45.48
120 LET C9=.05
130 LET Ul=1
140 M2=91.91
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150 LET U2=1

160 LET C=1

170 LET C1=C

180 PRINT "R1="3R1l, "R2="3R2, "DRIVER LENGTH IS";L3
190 PRINT "R3="3R3, "R4="'3R4, "PICKUP LENGTH IS"3L4
200 PRINT"M1=""3M1,"Ul="3U1,"PICKUPS RECESSED";L5
210 PRINT"M2=";3M2,"U2=""3U2

220 PRINT™C IS"3C3"PLUS AND MINUS'3100%C93"PERCENT"
230 PRINT"ZER® LIFT-@FF IS"3Lé
PA0PRINT"VALTAGE/PHASE/PHASE WITH DISCRIMINATOR SET"
250 LET Si=1E£-2

260 LET 52=5

270F@RI=1TO3

280 FOR J=t T@ 5

290R(I<J)=0

3001I¢I,J)=0

310 NEXT J

320NEXTI

330 LET B1=0

340 LET B2 =32

350 FBR X = Bl +51/2 T@ B2 STEP 51

360 LET Z=R2%X

370 LET 91=R2

380 G@35UB 1480

390 LET I2=F2

400 LET Z=R1%X

410 LET Q1=Rl1

420 GASUB 1480

430 LET It=F2

440 LET Z=R4*X

450 LLET Q1=R4

460 GISUB 1480

470 LET J2=F2

480 LET Z=R3%*X

490 LET @1=R3

500 G@ASUB 1480

510 LET Ji=F2

520 LET S3=S51%(I2-112%(J2-J1)

530 IF X*L3>50 THEN 570

540 G=EXP(-X4 L3I +EXP(~X¥(L3-L5))-EXP(-X*¥(L3-LA4~L5)I-EXP(~-X*(L4+L5))
550 GH=EXP(-X*L3)-1

560 GO TA 590

570 G=EXP(-X%LS5)>* (1 -EXP(~-X%L4))

580 GS=-1

590 X1=.T70710681%3ARCSAR XX ¥ Xk X+M] ¥M1 I+ X%X) /U1
600 Y1=.T0T710681%SARCSARCXKX* Xk X+M1 *M] I ~X*xX) /1J1
610 IF Xp*C*UJ1>15 THEN 860

620 X2=.T70710681 *SARISARCX¥ Xk Xk X+M2%KM2 ) + X% X) /U2
630 Y2=7T710681 *x3QR(SARIXk Xk XH¥X+M2xM2)I -X*X) /U2
640 A6==(X~10% (X1 +X2)+Y1k(Y1+Y2)

630 AT=(X~X1)k{Y1+Y2)-Y1%X1+PX22))

660 CT=Y148(XT+X2I+(X+X1 Ik (Y1+Y2)

670 FOR I=1 T@ 3

680 C=C1*(1+(I~-2)2%C9)

690 X3=EXP(2%X1*CxUl)

700 Y3=COS(2xY1*C*U1)

710 Y4=SINC2%Y1*C*xU1)

720 AS=(X+X1)%(X1~X2)~Y1¥%({Y1~Y2)+(A6XY3I~ATXY4)I%X3
730000 AC66==(X+X1I*(X1+X2)-YI1H(YI+Y2)

T40 BS=YLR(X]=X2)+(X+X1D)*(Y1-Y2)+(AT*Y3+A6XYA)%*X3
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750 CS=CX-X1)*(X1~X2Y+Y1 (Y1 -Y2)+(C6*¥YI-CTHYA)*X3
760 DS={X~-X1dK(Y1~Y2)-Y1*k(X1-X2)+(CTHYI+6XxY4)*%X3
770 KCI)=(A5*%CS5+DS5%xB5)/(CS*C5+D5%D5)

780 NCI)=(CS5%35-A5*%DS5)/(CS5*C54+D5%D5)
790F@RJI=1TAS

B800L=CJ-1)*xL.2+L6
BIOLETRCI»JI)=RCI5JI+33*K(II*G*GS5*¥EXP (~2%X*kL.)
B20LETICILJI=TCT2J)+SIARNCIIKkGKRGSKEXP (2% X*kL.)
830NEXTJ

BAONEXTI

850 G@ T@ 990

860 AS=X~X1

870 BS=-Y1

880 CS5=X+X1

890 D5=Y1

900 FOR 1I=1 TO 3

910 KCIJX)=C(AS*CS5S+D5%BS)/(CS*C5+D5%DS)

920 NC(IXY=(CS5*B5~A5%D5)/(C5%C5+D5%DS)

930 F8R J=1 TO S

940 L=(J~1)%L2+L6

950 R(I,JI)=RCI»JI+SI*KCII*GkGE)EXP (-2%X*kL)
960 IC(I,J)Y=1C1,J)+S3*kNCIIXGKGSKEXP(~2*X*L)
970 NEXT J

980 NEXT 1

990NEXTX

1000 LET RB1=32

1010 LET B2=82+52

1020 IF X < 3 THEN 350

1030 LET S1=53E-2

1040 IF X<9 THEN 350

1050 LET S1=.1

1060 IF X<19 THEN 350

1070 PRINT

1080 PRINT

1090F@RI=1T33

1100 F@R J=1 TO 5

1110LETMCI» J)=SOR(R(I».JI12+1I(15J)12)%2+4805E~5/((R2-R1)I*%(R4-R3)*L3%L4)
1120LETPCL, JI=ATN(-R(I,.J)/71C1,J))
1130IFICI>J)<@THENT160
1140LETP(I>J)=PC(I,J)+PI

1160 NEXT J

11 70NEXTI

1180LETH]I =M(251)

1190LETH2=M(2,5)

1200LETHS =P(2,1)

1210HETH6=P(2,5)

1220G3SUB1630

1230 PRINT L6,L6+L2,L6+2%L2,1L.6+3*%L2,1L6+4%L2
1240FORI=1TG3

1250F@RJI=1TA5

126001 =MCI,.DD

1270Q02=P(I-J)

12806G95UB1680

1290YC1I,J)=P

1300NEXTJ

1310PRINT
1320PRINTMCI>1)5MC(152)5M(153)5M(154)5M(155)
1330PRINTPC(I»125P(152)5PCI153),P(15,4),P(I55)
1340PRINTYCI21)5YC(Is2)5YC153)5Y(I154)5YC1+5)
1350NEXTI



136091=YC1,1)

137082=0Q1

1380FBRJI=2TO5

1390 IF Y(1,J)<Qt THEN 1410

1400RQ1=YC1,J)

1410 IF Y{1,J)>@02 THEN 1430

1420 Q2=Y{1,J)

1430 NEXTJ

144003=Y(151)-Y(3,1)

1450PRINTPHASE SHIFT" Q33" LIFTOFF"3Q1~Q235"% OF RANGE";100%(Q1-02)/23
1460 PRINT™Z @F TOTAL THICKNESS™:;(Q1-Q23%200%C9/Q3

1470 G@ T9 1700

1480IFZ>5THEN1S70

1490 LET L2=INT(2%Z)+3

1500 LET F1=.5%Q1%Q1%Q1

1510 LET F2=F1/3

1520 F@R N=1TOL9

1530 LETF1=-F1%.250%Z*%Z/ (N¥N+N)

1540 LETF2=F2+F1/(2%N+3)

1SS0 NEXTN

1560 GATI 1620

1570 LET @1=(((-188.1357/Z+109.1142)/2~23.7933332/2+2.050931)/2
1580 LET Q1=((01~.1730503)/Z+.7034845)/2~.064109E-3

1590 LET Q2=(((~5.817517/2+2.1058743/2-+6896196)/7+.4952024)/Z
1600 LET Q2=(Q2-.187344E~2)/7+.7979095

1610 LETF2=C1-SQR(ZI*(N2%CBS(Z~PI/4I-Q1*SINCZ-PI/4)))/7(XkXkX)
1620 RETURN

1630 LET O1=ATNC(H2XxSINC(HE) ~H1 *¥SINCHS) Y/ (H1*CBS(H5)~H2*CBS(H6) YD
1640 IFH1*COS(HS)-H2*CA@SCHAI>OTHENT 660

1650 LETO1=001-3.14159265

1660 LETV1I=H1*SINC@1+HS5)

167TOPRINT"DISCRIMINATOR VOLTAGE IS";iV1

1680 LET P=01-ATNC(VI/SAR(AI*Q1-V1*V1))+Q2

16 90RETURN

1700 END

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

Discussion of RFDFET

This program is designed to calculate the defect sensitivity factor
for a reflection~type coil above a two-layered conductor (see Fig. 5,
. 61). 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 also be
coaxial with the driver coil. The two eonducting layers may have dif-
ferent 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 con-
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ductivity, and the square of the mean radius of the driver coil must be

calculated for each conductor.

for the upper layer and by wu202;2 for the lower one.

Let this product be denoted by wulgl;z

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 radius of pickup
coil)

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

20 LET L = (numerical value of normalized 1ift-off)

22 LET L1 = (numerical value of normalized length of driver coil)

24 IET 12 = (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 LET ML = (numerical value of wu,0yr?)

30 LET M2 = (numerical value of wi,0,1°)

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

type:

118 LET X2 = X
120 LET Y2 = O

32

3

36

The program

LET

LET

LET

¢ = (numerical value of normalized thickness of upper

conduetor)

R = (numerical value of normalized r position coordinate

of defect)

71 = (numerical value of normalized z position coordinate

of defect)

may now be run.
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For each lift-off value, the print-out by the computer will have

the following format:

DEFECT PROGRAM FOR PHASE-SENSITIVE EDDY-CURRENT INSTRUMENT

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

PICKUP LENGTH IS (I2) R3 = (R3) R4 = (R4)

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

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

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

X REAL #1 IMAG #1 REAL #2 IMAG #2
5 hmmme mmmmmmmmemme e
10 emmeme e e e
15  emmmmm e memmemmm memee
10 ey —
25  mmmmme memmemm mmmeee e
30 mememm mmmmme s e
VOLTAGE/FINN'R(BAR) = ~=~=== PHASE = =mwewm

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 numbers of turns on the driver and pickup colls, and the mean radius
of the driver coil.

The example below is presented for additional ald 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 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 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 is assumed to be 0.010 in.

of copper clad on an effectively infinite thilckness of aluminum



(at least four

Let us further

factor for the

surface of the
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coil diameters or skin depths, whichever is smaller).

suppose that we are interested in the defect sensitivity

case in which the defect is located 0.005 in. below the

copper 0.250 in. from the coil axis.

driving frequency to be 5 kHz and the lift-off to be zero.

that

We shall assume the

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

Normalized
Normalized
Normalized
Normalized
Nermalized
Normalized
Normalized
Normalized
Normalized
Normalized

Normalized

Furthermore,

Thus

This

Angular frequency of driving current

inner radius of driver coil = 0.200/0.250

outer radius of driver coil = 0.300/0.250

inner radius of pickup coils = 0.100/0.250
outer radius of pickup coils = 0.150/0.250
lift-off = 0/0.250 = 0

length of driver = 2.000/0.250 = 8

length of pickup = 0.200/0.250 = 0.8

distance of pickups from ends of
thickness of copper = 0.010/0.250 = 0.04

r positlon of defect

z position of defect

driver =

0.250/0.250 = 1
0.005/0.250 = 0.02

21 X 5000 sec”

Permeability of both conductors = 47 X 1077 h/m

Conductivity of copper = 5.77 X 107 mhos/m

Conductivity of aluminum = 2.86 x 107 mhos/m

91.91

wug()"z;z = 45,48

information is now typed into the program as follows:

12 IET R1
14 LET R2
16 LET
18 LET R4
20 LET L

R3 zz

= 0.8
1.2
0.4
0.6
0]

H

0

1

1

0.4
0.6



The program

22 LET L1 = 8

24 LET I2 = 0.8
26 LET I3 = O

28 LET M1 = 91.91
30 LET MR = 45.48
32 LET ¢ = 0.04
34 LET R = 1

36 LET Z1 = -0.02

29

is now run with the following results:

DEFECT PRCGRAM FOR PHASE-SENSITIVE EDDY-CURRENT INSTRUMENT

DRIVER LENGTH IS 8
PICKUP LENGTH IS .8
CLAD THICKNESS IS .C4
DEFECT LOCATION IS
PICKUP IS RECESSED O

X REAL #1

5. 1.74519E-2
10. 2.12246E-2
15. 2.16198E~2
20, .02157

25, 2.14739E-2
30 2.14484E-2

Rl = .8

R3 = .4

ML = 91.91
R=1
LIFT-OFF IS5
IMAG #1
~1.84411E-2
~2.009958-2
—2.01746E-2
—2.01€95E-2
—-. 020162
—2.01604E-2

oH

VOLTAGE/FINN'R(BAR) = 1.395%4E-7

R2 = 1.2

R4 .6

M2 = 45.48
Z = —.02

0

REAL #2
—2.14218E-3
—8.40258E-4
~1.20443E-3
—1.17105E-3
~1.16697E-3
~1.173358-3

[T

IMAG #2

2.41172F-3
1.82973E~3
1.8995%-3
1.897178-3
1.89662E~3
1.89701E-3

PHASE = 1.37027

from which we see that the phase of the defect sensitivity factor is

1.37027, while its magnitude is the product of 1.395% 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 coll.

REFDEFT Program

10 REM RFOFT
12 LET R1=.8

14 LET R2=1.2
16 LET R3=.4

18 LET R4=.6

20 LET L=0

22 LET L1=8

24 LET L2=.8

26 LET L3=0

28 LET M1=91.91
30 LET M2=45.4%
32 LET C=.04

34 LET R=1

36 LET Z1=-.02

VERSIAGN

1076770



20

3EPRINT" NDEFECT PROGRAM FEr PYASE SENSITIVE EDDY'
AYPRINT' CHURRENT INSTRIMENT

APRINT

44PRINT

A6PRINTORIVER LENGTH IS"™3L1,"R1="3R1,"R2=""3
AKPRINTO2ICKNP LENGTH 1S322, 3="3R3,"R4=""3R4
S5OPRINTCLAD THICKNESS I5"3C,""ME=""53M1,""vM2="";
S2PRINT"DEFECT LACATION IS","R="3R,"7=";371
SAPKRINT "PICKIP 1S RECESSED"SL3,"LIFT aFF IS'"3L
SHPRINT X", REAL #1'," IVMAG #1","REAL #2","1MAG #2"
5% LET S1=1E-2

60 LET $2=5

62 FER I=1 T3 2

HALETRCIN =0

66LETICIN=0

6% NEXT 1

70 LET Bi1=0

72 LET 32 =82

TAFPRX=31+851/72T2HB25TERPS]

76 LET 7=R2%X

78 LET 21=R2

%0 GISUR 214

B2LETIZ2=F2

K4 LET 7=R1%X

%6 1LET 21=R1

K8 G 518 218

90 LET I1=r2

92 LET S3=(I2-T1)2%51k(EXP(=XkL)-EXP(=X*(L+L1)))
94 LET Z=R4#%X%

96 LET21=R4

9% GO SUB 218

100 LET T4=F2

102 LET Z=R3%*X

104 LET 1A1=R3

106 G& SU3 218

108 LET I3=F2

110 S4=C14=-1I3>2%S1TREXP(~XkLI* ] ~EXP(-X*¥L2))*(EXP(-X*(L1-2%L3-L23))-1)
111 S4=3534*%EXP(=~Xk[.3)

112 LET X1 = «7071074SARCSARCXAXKXRkX+M] ¥M] ) +X kX))
114 LET Y1 cTDTINTHIARCSAREX KX KX KX +MT kMY ) -X%kX)
1161IFX1%C>15THEN1 456

118 LET X2 = +707107%50RC3ARCXKXAXKX+M24M2) +X*X)
120 LET Y2=.707107%SORCSARCXKkXEX R X+M2%M2 ) ~X*%X)

122 LET X3=ExXP(2%X1x*x(C)

124 LET Y3=C285(2%Y1%C)

126 LET Y4=3IN(2%xY]1%(C)

128 LET X5=X1+X2

130 LET Xé6=X1-X2

132 LET ¥Y5=Y1+Y2

134 LET Yé6=Y1-Y2

136 LET CH=(X+XIDIX(X1+X2)=-YI*(Y1+Y2)

13% LET CT=YUR(XT+X2)+(X+X1)k(YTI+Y2)

140 LET C5=(X~-XT1)I% (X1 -X2)+Y1*{(Y1=-Y2)+(TAHAXRY3I=-CT*Y4)*X3
TA2LETDS=(X-X1)% (Y1 =¥Y2)-YI % (X1 ~X2)+(CTxY3+CHXY4)*X3
144 G2 Ta 150

V46 LETCS=X+X1

14SLETDS=Y1

15D IFX1%C>15THENT 64

152LKETZR2=2%C+7Z1
1SALETAS=(XS¥COSCY1I#72)=-Y5%SINCY1 *Z2)IXEXP (X1 *7Z2)
156 LETAS=A5+(X6*CESCYL*kZ1I+Y6KkSINCY1*Z1D)I*EXP(~X1*Z1)
15% LET 85=CY5%CASCYI *Z2)+XOkSINCY1I *Z2) ) ®EXP (X1*Z2)



169
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LET35=235+ (Y6083 (YT 471 ) -X6%5INCYT®7Z1IIREXNP (-X1%71)

16262 T 164

164LETAS =8

X2(XEZ1)%CO5CYT%71)

166LETAS=EXP (XTI %21 IS INCY1*71)
T6HLETKI=C(AS*C5+35%D5) /(T5%C5+D5%N5)

170

LET K2=(C5%35-A3%DS)/(CO5*CH+D5:%N5)

1 7T2LET 2 =X%R
174635113248
TT6LETROII=X(1 Y +53 %K1 *.J1

175
| §ath]
142
184
196

LET TC1)=TC1)+53%K2% 1

LET RE2I=(2)+S4%K*.]J1

LET I2)=I(2)+54%K2%.J1

NEXT X

PRINT X+51/72,R01),1C1)3,R¢2),1(2)

182LETRI=31+52
190LETR2=32+52
192LETS1 =5E -2

Lo
19"
10
200
2932
204
206
20K
210
212

IF X<15 THEN 74

LET S51=.1

IF X<25 THEN 74

LET RC3II=RCIIKR2I~-TCLI*IC2)

LET I(3)=RC1IRI(2I+R(PVXIC1)

LET P=ATNCI(3)>/7R2(3))

IF R(33>0 THEN 210

LET P=P+P]

LET M=SRidRI3IRRCIIFTCIIRI(3)

LET Du3%20 4805E-54M1 /(24P I*(R2-R1I¥(R4-R3IkL1*kL2)

214PRINTVOLTAGE /F INNTRIBARY =" 3 O%M,"PHASE="" ;P

216
219
220
222
224
226
228
230
232
234
236
238
240
242
244
246
245
250
252
254
256
25%
24610
2672
264
266
268
270
272
274
276

63 TY 270

IF 7>5 THEN 236

LETLS=INT(2%7)+3

LETF1z.5%21 %01 %7

LE, F2=F1/3

FORN=1TILS

LETF1=-F1%.250%Z%7Z/(N¥N+N)

LETF2=F2+F1/(2%N+3)

NEXTN

GDTA 246

LET P1=(((~18R8«1357/7+109:1142)/7~-23.79333)/2+2.050931)/7Z
P1=0(P1~-.1730503)/7Z+.T034%45)/7-.064109£~-3
PR=((~5+31T51T/Z+2.105%74)/Z2~6%961962/7+.4952024)/7
P2=(P2-418T3448-2)/7+.7979095
F2z(1=59RCZIF(P24COS(Z-PI/4)~PI4SINCZ=-PI/4))3)/EX%X)
ETURN

IFZ>3THEN 258

LET 21 =0 (2. 1E~-11%712-5.38E-9)%7t2+6.T5TE-TI%Z12-5.42443E-5)%7 12
LET 21=C(A1+2.60415E-3)%712-6.25E-2)%712+.5

LET J1=7%01

GOT3 26%

LET 93=(((~+ 14604057/ 7+.27517679)/Z2~-202103921)/72+4.61335E-3>/7
LET O3=C(Q3+.14937)/7+4.68E-6)/7+,T97%8456

LET 24=(({~e21262014/2+.19397232)/7+6.0N22 188 ~-23/7~-1.72227T33E-1)/7
LET A4=((N4+5.085E-4)/72+.3T498%36)/2-2.35619449+2

LET J1=R3%Ca5(04)/59RC2)

RETURN

LET L=L+.1

PRINT

IF L<.25 THEN 46

END

CRCRURCNG
-

Ao

i

READY
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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 defect may be located at any one of a number of points on
a lattice in the upper layer, which is labeled TIT in Fig. 5, p. 61.

The pickup coils must be jdentical, 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 differ-
ent 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
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 the character :1: 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-

2

lated for each conductor. Let this product be denoted by wulcl? for

2 for the lower one.

the upper layer and by wpde?
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 radius of driver
coil)

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

16 LET R3

il

(numerical value of normalized inner radius of pickup

coils)



23
30

LET

LET
LET
LET
LET

LET
LET

Note:
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R4 = (numerical value of normalized outer radius of pickup
coils)

L = (numerical value of normalized lift—off)

I1 = (numerical value of normalized length of driver coil)

12 = (numerical value of normalized length of pickup coils)

I3 = (numerical value of normalized distance of pickup
coils from ends of driver coil)

ML = (numerical value of wulol?z)

M2 = (numerical value of wuzozgz)

If the conductivity of the lower conductor is zerc. one must

type two additional lines:

124 LET X2 = X

126 1ET Y2 = O

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

34 LET RY9 = (numerical value of normalized maximum radial position
of defect)

36 LET M = (numerical value of number of lattice spacings in
r direction)

238 LET N9 = (numerical value of number of lattice spacings in
Z direction)

Note: MNeither MG nor N9 may exceed 15. The lattice spacing in the

r direction

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

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

using the name :1:. The program may then be run.

During the execution of this program, integral multiples of 5

which are less than or equal to 30 will be printed at the conscle. These

appear as indications of how far the integration has proceeded. The data

resulting from this program will have the following format:
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(11) (R1) (R2)
(L2) (R3) (R4)
(c) (M1) (M2)
(13) (L)
(M) (n9)

(r(1)) (R(2)) RAAKHHRK KA (R(19))
(Z(1))  mmmmem memae PRGOS e
(z(2)) _:_m- ....... *********i ______
(Z(N9))  meemmem mmmae *%H****M ______

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 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 z(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 pickup coils positioned 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 the pickup
coils 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 lift-off to be zero.
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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 = 0.3
1

Normalized outer radius of driver coil = 0.300/0.250 =

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 = G/0.250 = O
Wormalized length of driver coil = 2.000/0.250 =
Normalized length of pickups = 0.200/0.250 = 0.8

o

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

Maximum radial position of defect = 0.500/0.250 = 2

Number of r lattice spacings = 4

2

|

if

Nuber of z lattice spacings
Furthermore,

Angular frequency of driving current = 2x X 5000 sec~?
Permeability 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,

wyoy e = 91.91

W, O,T = 45,48
This information is now typed into the program using the following format:

12 ILET R1 = 0.8

14 LET R2 = 1.2
16 LET R3 = 0.4
18 LET R4 = 0.6
20 LET L = 0
22 1ET 11 = 8
24 LET 12 = 0.8

26 LET 13 = O
28 LET ML = 91.91

il



30 LET M2 = 45.48
32 LET C = 0.04
34 LET R2 = 2

36 LET MO =

38 LET N9 = 2

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

follewing results:

96

8 .8 1.2
.8 A )
.04 91.91 45.48
0 0
4 2
.25 .75 1.25 1.75
—. 01 7.90209E-8 2.80396E-7 5.17974E-8 6.15896E-9
1.52977 —~4 . 6947 1.2978 1.10321
~.03 6.62192%~8 2.3361E-7 4.31258E-8 5.11103E-9
1.32039 1.38167 1.07198 .873305

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 0.431258 x 1077
exp(+3 1.07198).

RFDFL2 Program

10 Re#
12 LET Ri1=.8

14 LET R2=1.2
16 LET R3=.4

18 LET R4=.6

20 LET L=0

22 LET L1=§

24 LET L2=.8%

26 LET L3=0

28 LET M1=91.91
30 LET M2=45.48
32 LET C=.04

34 LET R9=2

36 LET M9=4

38 LET N9=2

40 DIM MCIB,18),1C18518),5018,18),JC18,18),NC18,18)sPC18,18),RC18)»ZC18)
44PRINT:1:L15R1sR2 '
46PRINT:1:L2,R3:R4

4% PRINT:1:C,M1sM2

SOPRINT:1:L3,L

52 PRINT:1:M9,N9

S54PRINT $1:
56 LET S1=t
58 LET S$2=5

RFDFL2 VERSION 1076770

£-2



97

60 FBR I=1 TY N9

62 FAR J=1 TG M9

64 LET MCI,J)=0

56LETICI> J)=0

68 LET SCI»J)=0

70 LET JC(I.J>=0

72 NEXT J

T4 NEXT 1

76 LET 31=0

7% LET B2 =82

BOFORX=8B1+51/2T@B2STEPS!

82 LET Z=R2%X

84 LET AQ1=R2

86 G253 326

83LETI2=F2

90 LET Z=R1%X

92 LET @A1=Rt

94 G@ SUB 3258

95 LET 11=F2

98 LET S3=(I12-I11)%31%(EXP{-X%L)~EXP(~-X*:(L+L1)))
100 LET Z=R4xX

102 LETQ1=R4

104 G@ 3SUB 326

106 LET l4=F2

108 LET Z=R3%X

110 LET Q1 =R]

112 GZ SUB 326

114 LET 1I3=F2

116 S4=C14~13)%3S1REXP(=X*L)% (1 -EXP(-K(kL2IIX(EXP(~ Xk (L1 ~2%1.3~L2))-1)
117 S4=S4%EXP(-%X*L3)

118 LET X1 = »707107*S5QR(SARCX*kX®xXKkX+M1 (M1 ) +X*kX)
120 LET Y1 = «70710T7T*SAR(CSARCKRXRXxX+M1AM] ) ~¥%kX)
122IFX1*%C>15THEN152

124 LET X2 = .707T107*SORISARCXAXFXKX+M2HM2 ) +X*X)
126 LET Y2=.70T7107*SAR{ISAR(X*kXKXKkX+M2¥M2) - X*xX)
128 LET X3=EXP{(2%X1*()

130 LET Y3=CO05(2%xY1%x(C)

132 LET Y4=SINC2xY1I*C)

134 LET X5=X1+X2

136 LET X6=X1-X2

138 LET Y5=Y1+Y2

140 LET Y6=Y1-Y2

142 LET CH=(X+X1I*{X1+X2)~Y1%C(Y1+Y2)

144 LET C7=Y1 (X1 +X2)+(X+X1)D)%x(Y1+Y2)

146 LET CS=(XK~X1)*(X]1~X2I+Y1%{Yl-Y2)+(CH*kYI-CT*Y4I%X3
TABLETDS=(X-X1)*% (Y1 =Y2) - Y1 % (X1 -K2I+(CTXY3+CHEXY4) %X3
150 GB TG 156

152 LETCS=X+X1

154LETDS=Y1

156 FOR I=1 T2 N9

158 LET Z(I1)=(.5-1I)*%C/N9

160 LET Z1=Z{I1)

162IFX1%C>15THEN176

164LETZR2=2%C+Z1

166LETAS =L XS5*CUSCYI*Z2)~YSASINCYI %Z2IIKEXP X1 *Z2)
168LETAS=AS+(X6*CUS(-YIXZ1)~Y6xSINC~YI*Z1)IKEXP(~X1%Z1)
170 LET BS=(YS%COSCYIkZ2I)+XS5xSINCYI *Z2XIX%EXP(X1%Z2)
172 LETB3=B5+(Y6*%COSCYI*Z1 I-K6XFINCYI*Z1IIAEXP(~X1%Z1)
174G0 T9 180

1 76LETAS=EXP (X1 *Z1)*CAS{YI *Z1)
178LETSS=EXP{(X1*Z1»*SINCYI*Z1)
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THILETKE =(ASHRES+H35%DS I/ (CHRI5+DS %)
192 LET K2=(C5%B35=-A5%DS5S)Y/(05%C5+4D5%D5)
184 FOAR =1 T2 M9

146 LET RCII=(J=ea53%29/M9

18R T7Z=XkxR0.J)

190G2SU3356

132LETMCIs J)=MCI,J)+53 %K1 #.]1

194 LET ICT0)=1CT, )¢50 %K% J1
196 LET SCIsJ)=5C1, . 0)+544kK1 %]
198 LET JU15,0)=JC1,.0)+54%xK2%.J1
200 NEXT J

202 NEXT 1

204 NEXT X

206 PRINT X+51/2,

208LET31=31+32

210LET32=82+82

P212LETS] =5E -2

214 IF X<15 THEN &0

216 LET St=.1

218 IF X<25 THEN 80

220 LET N=3%244805E-5%M] /(2%PI*(R2-RII¥(RA-R3I¥I.1*L_2)
a22 FAR I=1 T3 N9

224 FOR J=1 TO M9

296 LET NCI-J)=MCI-J0%S5C15,00-1C1s0)%JCIs0)
229 LET ICI,J=MCI>,JY%JCIL0)+SCI0%1C1,0)
230 LET PCI, PD=ATNCICI>JI/ZNCIS>JY)
232 IF NCI»J)>0 THEN 2364

234 LET P(I5,.J)=P(1,.J)=-21

236 LET MCI»J)=503¢NCI»JJI)RNCI>II+ICTI>0)%1C1,00)
238 NEXT J

240 NEXT I

242 PRINTziz2" ',

244 FER J=1 TA 4

246 PRINT:1::RCI)>

24% NEXT J

250 Fer I=1 TG N9

252 PRINT:1:2Z(1)>»

254 FOR J=1 TGO 4

256 PRINT:1:Q:xM(IsJ)s

259 NEXT J

260 PRINT:zt:" ',

262 F3R J=1 TO 4

264 PRINT:1:tPC(1,J)»

266 NEXT J

268 PRINT21:

270 NEXT 1

272 IF M9<4.5 THEN 378

274 FIR J=5 TQ 9

276 PRINT:1:R(D),

275 NEXT J

240 FOR I=1 TE N9

2%2 FAR J=H T8 9

A4 PRINT$1 :xMCIsJ)s

2H6 NEXT J

288 FOR J=5 TG 9

290 PRINT:1:P(IsJ)>

292 NEXT J

294 PRINT:1:

296 NEXT 1

298 IF M9<9.5 THEN 37%

300 F@R J=10 TG 14




99

302 PRINT:1 RO,

304 NEXT JJ

3N6 FOR I=1 T3 N9

308 Fan J=10 TH 14

310 PRINTsLsO%M(I>.1)0

312 NEXT .J

314 FER O J=10 T3 14

316 PRINTS1:P(Is.0)»

31K NEXT .

320 PRINT:=1:

322 NEXT 1

324 IF #M9<14.% THEN 3783

3256 IF Z»5 THEIN 344

328 LETLS=INT(2%7Z)+3

330 LETF1=5%01 %017

332 LET FR2=F1/3

334 FIRN=1TILS

336 LETF1==F1%250%Z%7/(NEN+N)

338 LETF2=F2+F1/(2:%N+3)

340 NEXTN

342 GATY 354

344 LET P1=C0({(-18%.1357/7Z4109.1142)/72-23.79333)/2+2.0509313¥/7
346 LET Pl=((P1-e1730503)/72+T034845)/7-+064109E-3

348 LET P2=(C(=5e31T517/7+21085874)/ 7265496196/ 2+, 49520243/ 7
350 LET P2=(P2-.187344E~2)/72+,.7979095

352 LET F2=(1-30R(Z)%(P2+CISCZ-PI/4)-P1Lk3IN(Z=PI/4)))/(XkX)
354 RETURN

356 IFZ>3THEN 366

A58 LET D1 =2C(((2.1E=-11%7212+-5.385 =) k71246 TSTE~TIRZt2~-5+424435-5)r%712
350 LET M=0(AT+2.8041S5E-3)%712-625R-2)%k712+45

362 LET J1=7%91

354 GBTY 3745

366 LET A3=CCC=1460405T/7+2751T76T79)/7~20210391)/72+4.618358-33/7
3A% LET N3=((A3+14937)/7+4.68E=A)/2+.T9783455

370 LET 04=2C0C(~e21262014/7++1939T232)/7+46.0221K88E~2)/7Z~1.7222733E~1)/7
372 LET NA=C(OA35 .05 -4)/7+.37T499936)/7~2.35619449+7

374 LET J1=03%C035(04)7/759RC7)

376 RETLRN

374 LET L=L+.1

3UAPRINT 21

352 1IF LL<e25 THEN 44

384 END

READY

Change in Phase of Induced Voltage Due to a Iattice of Defects
in the Cladding Material with Lift-0ff Set

Discussion of BASREAD

This program 1s designed to caleculate, with lift~off set, the varia-
tion with defect parameters of the phase difference of the voltages
induced in two identical, oppeositely wound pickup coils by the current
in a large driver coil above a two-layered conductor (see Fig. 5, p. 61).

For this program, the defect may be located at any one of a number of
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points on a lattice in the upper layer; it may also have any size, shape,
and orientation. The pickup colls 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 RFLC and then RFDFLZ.
The output data from the latter program comprises the input data for this
program. 1t 1s worth noting that the data generated by the computer in
the execution of RFDFIZ2 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 RFLC and RFDFIZ is complete, one need only
type the following lines into the program. (Note: Parentheses are not
typed. )

12 LET M = (number of different size defects)

14 LET N = (number of shape and orientation factors)

28 LET V1 = (numerical value of discriminator voltage setting)
Note: This value is given in the print-out of RFLC.

30 LET Ol = {numerical value of zero phase)

Note: This value may also be obtained from RFLC by inserting:

1225 PRINT "ZERO PHASE IS"; Ol

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

the absence of defect)

The data required in line 294 are given in the middle block of the
print-out of RFLC.

The program may ncw be run.

c. v. Dodd, W. E. Deeds, J. W. Luquire, and W. G. Spoeri, Some
Eddy-Current Problems and Their Integral Solutions, ORNL-4384 (19697.
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The print-out by the computer will have the following format:

DRIVER LENGTH IS (L1) Rl = (R1) R2 = (R2)
PICKUP LENGTH Is (L2) R3 = (R3) R4 = (R4)
CLAD THICKNESS IS (C) ML = (ML) M2 = (MR)
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 (s(0))
z R (r(1)) (r(2)) HHHHHHKAH K (R(:2))
(2(15) ____________ HHKNARERHRHE o !
____________ KW Fe N H KA KN U,
____________ oW N WA RN - e v
(z(2)) emmmmm = KREKERKHEKR oo
____________ KR W HeH K —
____________ S S e e v
* 3 * * *
* * .3 * X
* ¥ ¥ * *
¥ * % ¥ *
(Z(W9)) mmmmme emmman KRHEHKEFENR Cem
R H WK Yo e KK

R - - -

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 RFDFL2.

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 sen-
sitivity 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 the presence of the defect. It should be noted
that the lattice points for which M2 > 4 will be printed below the last
line [i.e., the line containing zZ(W2)1. 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 RFDFIL2. Furthermore,
let us assume a spherical defect with a radius of 0.0125 in. in the upper

layer.



102

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

is executed, which yields the following informatiomn:

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

V1l = ~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:

i

12 1ET M

14 LET N

28 LET V1 = —0.06306E-7

30 LET O1 = —1.86628

290 DATA 5.235988E-4

292 DATA 1

294 DATA.1927237E-6, 1.8335539, .1469769E-6, 1.824176, .1135246E-6
1.8107041

i

1
1

Execution of the program yields the results that follow:

DRIVER LENGTH IS 8

PICKUP LENGTH TS 0.8

CILAD THICKNESS IS 0.4E-O1

PICKUP IS RECESSED O

DISC. VOLTAGE 18 ~0.0630599E-07 ZFRO 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
~0.1E-01  0.077631E-06  0.27542398-06  0.5103326E-07  0.6173647E-08
~1.6201885 -1.5614521 —1.8482656 -2.0370686

0.715163E-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 0.29835478-03  0.080938E~-03 0.11415818-04
from which we see that a spherical defect with a radius of 0.0125 in.
located at r = 1.25, z = —0.03 yields a phase difference, with lift-off
set, egual to 0.080938E~03. The results for other values of lift-off have

been omitted for the sake of brevity.



103

BASREAD Program

10 DIM M{18518),P(18518),R(18)-,Z2(18),V(18)55(18)
12 LET M=5

14 LET N=1}

16 FOR D=1 Td M

18 READ V(D>

20 NEXT D

22 FOR 9=1 T@ N

24 READ 5(@)

26 NEXT @

28 LET V1=-.40926E-8
30 LET @1=~3.394969

32PRINT™ DEFECT PRZGRAM FOR PHASE SENSITIVE EDDY"
34PRINT" CURRENT INSTRUMENT®
36PRINT" CLATTICEDY™
38PRINT

40PRINT

44 READ V,P

46 INPUT 21t L1sR1sR2

48 INPUT 3:1: L2,R3,5R4

50 INPUT 13 CrMl,M2

52 INPUT 3:1: L3»L

54 INPUT :1: M9,N9

56 FOR J=1 TO 4

58 INPUT :t: R(D
60 NEXT J

62 FOR I=1 T@ N9

64 INPUT :21:s 2<I)
66 FBR J=1 TO 4

68 INPUT 213 M(I,J)
70 NEXT J

72 FOR J=1 TG 4

T4 INPUT 31: P(ILJ)
76 NEXT J

T8 NEXT 1

80 IF M9<4.5 THEN 130
82 F@R J=5 TO 9

84 INPUT 31t RCJ)
86 NEXT J

88 FOR I=1 TO@ N9

90 F@R J=5 T@ 9

92 INPUT tl1: MC(I.J)
94 NEXT J

96 FOR J=5 TQ 9

98 INPUT 313 P(I»J)
100 NEXT J

102 NEXT I

104 IF M9<9.5 THEN 130
106 FBR J=10 TO 14
108 INPUT t1: RCJ)
110 NEXT J

112 F@R I=1 T@ N9
114 FER J=10 T@ 14
116 INPUT 13 M{I.J)
118 NEXT J
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120 F@R J=10 TO 14

122 INPUT :1: PCl.J0)

124 NEXT J

126 NEXT 1

128 IF M9<14.5 THEN 130

130 FOR @=1 Td N

132 FUR D=1 TO M

134 PRINT"DRIVER LENGTH IS"3L1,'"RI1="3R1,"R2=";R2
136 PRINT"PICKUP LENGTH IS";3;L2,"R3=";R3,"R4=""3R4
138 PRINT"CLAD THICKNESS IS"3C."MI=""3Ml1,"M2=>";M2
140 PRINT "PICKUP IS RECESSED"3 L3,"LIFT OFF IS'"3L
142 PRINT'"DISC. VOLTAGE IS '"V1,"ZER® PHASE IS 301
144 PRINT"DEFECT V@LUME IS"3V(D)I,"5 & @ FACTOR IS"335(@)
146 PRINT

148 PRINT * Z » R"»

150 FGR J=1 TG 4

152 PRINT RCJ)»

154 NEXT J

156 FOGR I=1 T@ N9

158 PRINT Z(CI)»

160 FOR J=1 T2 4

162 PRINT M(CI,J)»

164 NEXT J

166 PRINT ' ",

168 FOR J=1 T@ 4

170 PRINT PCI»J)»

172 NEXT .J

174 PRINT'™ ',

176 F@R J=1 TO 4

178 LET W1=V(DI®*S(BIXM(I» DI*CAS(PCI>III+V*CBS(P)
180 LET W2=V(DI*S(@I*M(Is JIXSINCPC(I,J))+VXSINCP)
182 LET W3=ATN(W2/W1)

184 IF W1>0 THENI188

186 LET W3=W3+PI

188 PRINT 01-ATN(V1/SQR(W1t2+W2t2-V1t2))+W3>

190 NEXT J

192 PRINT

194 NEXT 1

196 IF M9<4.5 THEN 282

198 FUR J=5 T@ 9

200 PRINT R(CJ)»

202 NEXT J

204 FOR I=1 T@ N9

206 FOR J=5 Ta 9

208 PRINT M(IsJ)»

210 NEXT J

212 FOR J=5 TO 9

214 PRINT P(CI»J)»

216 NEXT J

21 FBR J=5 T@ 9

220 LET W1=V(DI*SCOI*M(I1,J)%kCOSCPCI>J)I+V*kCASCP)
222 LET W2=V(DI*S(@Y*M{I,I)*SINCPCI>J)I+VXSINCP)
224 LET W3=ATNC(W2/W1)

226 IF W1>0 THEN 230

228 LET W3=W3+PI1

230 PRINT @1-ATN(V1I/SQRC(W1t2+W21t2-V112))+W3.>



232 NEXT J

234 PRINT

236 NEXT I

238 IF M9<9.5 THEN 282

240 FOR J=10 TQd 14

242 PRINT R{J)>»

244 NEXT J

246 FOR I=1 T@ N9

248 FOR J=10 TO 14

250 PRINT M(I1,J)»

252 NEXT J

254 FOR J=10 T2 14

256 PRINT P(I,J),

258 NEXT J

260 FUR J=10 TG 14

262 LET Wi=V(DX%*S(O)*M(I1,J)*CASIP(I,J)I+VXCBS(P)
264 LET W2=V(DI*S(PI*¥M{I,JI*SINCP(I,J)I+V¥SINC(P)
266 LET W3=ATN(W2/W1)

268 IF W1>0 THEN 272

270 LET W3=W3+PI

272 PRINT 91-ATN(VI/SAR(W1t2+W212-V112))+W3>»

274 NEXT J

276 PRINT

278 NEXT 1

280 IF M9<14.5 THEN 282

282 NEXT D

284 NEXT ©

286 PRINT

288 IF L<.25 THEN 44

290 DATA +143675E-2s+.214466E~25.305362E~2,.418879E~2,.537527E-2
292 DATA 1

294DATA«136045E 6533648825 103404E-65,3+35574,+.079711E-6,3.343604
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. 5,
p. 61). For this program the defect must be in the lower layer. 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 coll. 1In addition, the two conductor layers may have
different 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
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dimensionless 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 bhe calculated for each

2 for the upper layer

conductor. Let this product be denoted by wu161;
and by wui,o0,r? 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 = (numerical 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 1lift-off)

22 LET L1 = (normalized length of driver coil)

24 LET I2 = (normalized length of pickup coil)

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

driver coil)
28 LET ML = (wu,oyr?)
30 LET M2 = (wu,o,r?)

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

type two additional lines:

112 IET X1 = X

114 LET 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 21 = (numerical value of normalized z position coordinate

of defect)

The program may now be run.
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For each lift-off value, the print-out by the computer will have

the following format:

DEFECT PROGRAM FOR PHASE~SENSITIVE EDDY-CURRENT INSTRUMENT

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

PICKUP LENGTH IS (L2) R3 = (R3) R4 = (R4)

CLAD THICKNESS 18 (C) ML = (ML) M2 o= (M2)

DEFECT LOCATION IS R = (R) 7z = (zl1)

PICKUP IS RECESSED (13)  LIFT-OFF I8 (L)

X REAL #1 IMAG #1 REAL #2 IVAG #2
5 mdmaeem mmmememmmmmm e
10 emmmmm mmme mmmmme e
15 = emmmee mmmmee mmmmee emmeea
20 mmmmeme emmmmm e e
25 mmmmem mmmeme mmmmee e
30 mmmmme e mmmmee e
VOLTAGE/FINN'R(BAR) = —-m~=m PHASE = =m—w=w

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.

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

to use this program.

Sample Calculation of RFDFTE

Let us suppose that we wish to know the defect sensitivity factor
for the case of two plckup 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 coils are assumed to be 0.200 in. long with inner and ocuter 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
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(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 0.015 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 1lift-off to be O.

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

0.250 in., so that

1l
i

Normalized inner radius of driver coil 0.200/0.250

0.300/0.250

1l
1l

Normalized outer radius of driver coil

it

0.4
0.6

Normalized inner radius of pickup coils = 0.100/0.250

H

Normalized outer radius of pickup coils = 0.150/0.250
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 = 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 = 0.015/0.250 = 0.06

i

Furthermore,

Angular frequency of driving current = 10,000 7 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,

wpyoyr? = 91.91
W0, T7 = 45.48

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 LET R4 = 0.6

20 LET L = O



The program

22 LET L1
24 LET 12
26 1LET 13
g LET ML
30 LET M2
32 LET

2

2

Il

1

il

i

C =

34 LET R =

36 LET

DEFECT

DRIVER
PICKUP

Z1 =

0]
1

g8

0.8

0
91.91
45,48
04

-0.06

CLAD THICKNESS IS .04
DEFECT LOCATION IS
PICKUP IS RECESSED O

X
5

10
15
20
25
30
VOLTAGE/FINN'R(BAR) = 4.73534F-8

REAL #1
1.11332E-2
1.374898-2
1.39888E-2
.013965
1.39259E-2
1.39173E-2

R1 -
R3
ML = 91,91
R=1

LIFT~-OFF IS O

109

I

.8
S

i

IMAG #1
~L.74977F-2
~1.91176E-2
~1.91847E-2
~1.91809E-2
-. 019176
~1.91751E-2

R? =
R
I\IIZ.,.
7 = —.06

I

-1
—,
-5
—6
-6
—6

PHASE =

is now run with the following results:

1.2
.6
45 .48

REAL #2

.35229E~3
AO927E~4
L7149F-4
STT08E~4
55244 F-4
51424 B

L981202

PROGRAM FOR PHASE-SENSITIVE EDDY-CURRENT INSTRUMENT

LENGTH IS 8
LENGTH IS .8

IMAG #2
2.29015E-3
1.721488-3
1.78398E-3
1.78257E-3
1.78213E~3
1.78235E-3

from which we see that the phase of the defect sensitivity factor is

0.981202, while its magnitude is the product
frequency of the driving current, the number

and pickup coils, and the mean radius of the

RFDFTB Program

10
12
14
16
15
20
22
24
26
25
30
32
34
38

QM

B
S )
—

R R Iy A
e e R B B B B e e R e

S O S T O S A S W S
IR

{

[

o
. — .
NN
N

BN
»
N> e

A A A

T
M

BT
K

[
oo O

8]

i

[

M1 =91 .91
M2=45 48
C=e04
R=1
Zi=~a06

RFDFT3

VERSTAIN

driver coil.
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3% PRINT™ DEFECT PRIGRAM KGR PHAST SENSITIVE EDDY'
A PRINTY CURRENT INSTRUMINT"

A2 PRINT
a4 PRINT

46 PRINT"DRIVER LENGTH IS"3L1,"R1=""3R1,"R2=""3R2
A% PRINTTPICKUP LENGTH IS";3L2,'"3=""3R3,"R4="34
S0 PRINTCLAD THICKNZSS IS0, MI="5M1 "2 =" 542

52 PRINT"DEFECT LEGCATIAN I3'W,"R="3R,"7="371

54 PRINT "PICKUPR IS RECESSEDY™SL3L,"LIFT GFF I5'3L

56 PRINTYX"LTREAL #1","IMAG #1',"REAL #29,""[MAG #2'
59 LET St=1E-2

50 LET S2=5

62 R I=1 T2 2

64 LETRCII=D

A6 LETICI)=D

i

59 NEXT 1

70 LET B1=)

72 LET 32 =32

T4 FORX=B1+31/2TOBRSTEPS1
76 LET 7Z=R2%X

78 LT N1=R2

“0 GOSUS 194

82 LETI2=F2

HA LET Z=R1:%X

86 LET A1=Rr1

%8B G727 S8 194

9y LeET I1=F2

92 LET S3=CI2-T1)*31H(EXP(-X L)-EXP(~Xx(L+L1)))
94 LET 7Z=R4%X

946 LETO1=R4

9% G SHU3 194

100 LET I4=r2

102 LET Z=R3%X

104 LET 71=R3

106 G2 53 194

108 LET 13=F2

110 S4=C14-132*STAZXP(=XkLI* {1 -EXP(-X*L2II¥(EXP(-X:(L1~2%.3-L2))~1)
111 S4=SAa%EXP(=-X*L3)

112 LET X1 TOTIDTHINRCSARCKFCHEXEX+MT %M1 ) + X% XD
114 LET Y1 «TATIOTRSARCSORIXE XK RKERK+M kML ) ~X%X)
116 LET X2 = «707107%5QR(SARCXKXHFXEX+M2EM2 ) +XkX)
118 LET Y2=.707107kSARCSARCKHFL Kk XEN+M2kM2) =Xk X)
120 LET X3=EXP(2%X1*xC)

122 LET Y3=C25¢2%Y1*C)

124 LET Y4=SIN(2%Y1*C)

126 LET X5=CU8S (Y1 +Y2)*C+Y2%71)

129 LET YS=SINCCYL+YR)*C+YR2:%Z1)

130 LET X6=24EXP (X1 +X2)kC+X2:%x71)

132 LET AS=X1%X5-Y1%Y5

134 LET 35=Y]1%X5+X1%YS

136 LET Co=(X+X1IR (X1 +X2)-Y1IR{Y]+Y2)

138 LET CT=Y1%(X1+X2)+(X+X1Ik(Y1+Y2)

140 LET C5=(X=X12%(X1=-X2)+Y1%(Y1-Y2)+(CH*)kYI~CTkY4)*X3
142 LETDS=(X-X1)%(Yl ~Y2)-YIx(X1=-X2)+(CTkY3+C6H4Y4)*X3
144 LETKI =X6%(A5%C5+B5%DS5) /CC5%C5+D5%DS)

146 LET K2=X6:(C5%835-A5%D5)/(C5%CS+D5%D5)

148 LETZ=X*R

150 GOsSU3224

152 LETRC1I=RC1I+53*K1*J1

154 LET IC1)=IC1)>+353kK2%J1

156 LET RE2Y=R(2)+S4*xK]*.]J1]




154
160
162
164
166
164
170
172
174
176
17¢
1540
142
184
186
185
190
192
194
196
19%
200
2072
204
2046
208
210
212
214
216
2143
220
202
224
226
224
230
232
234
236
234
240
242
244
246
249
250
252
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LET I€2)=1(2)+34%K2%J1

NEXT X

PRINT X+S1/72,RC1)Y,IC1)XsR(2)-,1(2)

LET31=81+52

LETH2=2324+52

LETS1=5K~2

IF X<15 THEN 74

LET Sl=.1

IF X<25 THEN 74

LET R>E3I=RCIIFR2I=TC1IXRIC2)

LET IC3)=RC1IFI(2I+R(2I*IC1)

LET P=ATNC(IC3)/7R(3))

IF RC3)>0 THEN 186

LET P=pP-P1

LET M=SORCRAC3IFRCII+ICIIXIC3I)

LET A=3%2.4¢05E-5xM2 /(24P I % (R2-H1 IR (R4-RII%L1xL2)
PRINTYVILTAGE /ZF INN"RBARI =" 2::M, " PHASE =" ;P

GJd TS 246

IF 7Z>5 THEN 212

LETLS=INT(2%723+3

LETF1 25501 %01 %7

LET FR=F1/3

FIRN=1TELS

LETF1=-F 152508757/ (N®N+N)

LETF2=F2+F 1 /(2xN+3)

NEXTN

Gate 222

LET Pl=CC(-1858.1357/72+109.11423/7-23.79333)Y/7+2.050931)/7
LET P1=((P1-.1730503)/7+.TN34%45)/7~.06410N9E-3

LET P2=(((-5.81751T/7+2«1058TA4AY/7~+6896196)/7+.49520243/7
LET P2=(PR-.1873445-23/7+.7979095

LET FR=01-39RCEIHF(P2RCASCZ~PI/4)=P1RSINCZ~P1/4)3) /7 (X%kX)
RETURN

IFZ>3THEN 234

LET Q1 =(((2.1E-11%Z+2-5.34E~-9)4%71t2+48.75TE~TI%712-5.42443K-5)2%712
LET D1=0(D1+2.60415K-3)#k712-4.25E-2)%7¢t2+.5

LET J1=7%91

GOTE 244

LET A3=(((~e1A604D5T/7+2761T76TIV/7Z-e20210391)/7+4.6184355-~-3>/7
LET A3=0(A3+.14937T)/ 744680 ~6)/7+TATR4456

LET B4=00(- 2126201477+ 19397232 )/ 7+ .N221 808K =2) /7172227331377
LET 94=C(NA4+5.0495~4)/7+e3TA9RH%36Y/7~2e35619449+7

LET J1=0933%C05¢N4)/5032C72)

RETURN

LET L=l+.1

PRINT

IF L<e3 THEN 46
END

READ Y
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REFLECTION-TYPE COIL ABOVE A THREE~CCNDUCTOR PLANE

This type of coil system is used with the phase-sensitive eddy-
current instrument®:10 and consists of a large driver coil surrounding
small pickup coils at each end, wound in opposition to each other.

The program (3REFLT) in this section calculates the magnitude and

phase of the voltage induced in the pickups of such a coil system.

Discussion of 3REFLT

This program is designed to calculate the differences in magnitude
and phase of the voltages induced in twc oppositely wound pickup coils
of the same size by the current in a large driver coil above a three-
layered conductor (see Fig. 7). 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. All three
conducting layers may have different permeabilities and electrical con-
ductivities.

To use thils 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 permeabllity, the con-
ductivity, and the mean radius of the driver coil must be calculated for
each conductor. Let this product be denoted by wu,o;r? for the upper
layer, by wu262?2 for the middle layer, and by wu303?2 for the lower layer.

Once these calculations have been made, ocune 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 LET R3 = (numerical value of normalized inner radius of pickup

coils)

9C. V. Dodd, Mater. Evaluation 22(6), 260-263 (1964).
10¢c. V. Dodd, Mater. Evaluation 26(3), 33-36 (1968).
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50 LET R4 = (numerical value of normalized outer radius of pickup
coils)

60 LET L = (numerical value of normalized 1lift-off)

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

80 LET 16 = (numerical value of normalized length of pickup coils)

90 LET L5 = (numerical value of normalized distance of pickup
coils from the ends of the driver coil)

100 LET M1 = (numerical value of mu161;2)

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

two additional lines:

480 LET X1 = X

490 LET Y1 = O

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

120 LET M2 = (numerical value of wu2o2?2)

Note: TIf the conductivity of the middle conductor is zero, one must

two additional lines:

510 IET X2 =

520 LET Y2 = O

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

140 LET M3 = (numerical value of wu363;2)

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

two additional lines:

090 LET X3 = X

700 LET ¥3 = O

150 LET U3 = (numerical value of relative permeability of lower
conductor)

160 LET €1 = (numerical value of normalized thickness of upper
conductor)

170 LET C2 = {(numerical value of normalized thickness of upper plus

middle conductor)
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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) DRIVER LENGTH IS (I2)
R3 = (R3) R4 = (R4) PICKUP LENGTH IS (I6)
PICKUPS ARE RECESSED (L3) CIADL = (C1) CIAD? = (C2)

LIFT-OFF = (L)

ML = (ML) Ul=(u1) ™M2= (M) U2=(U2) M3=(M3) U3 = (U3)
X MAGNTTUDE PHASE

5 e e

3 5 Oy

15 mem= b

200 e s

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 coll, the number of turns on a pickup coil,
and the mean radius of the driver coll in meters.

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

to use this program.

Sample Calculation of 3REFLT

Let us suppose that we wish to know the difference in the voltages
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
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 taken to be
0.005 in. of sgilver clad on 0.005 in. of copper which is in turn clad on
an effectively infinite thickness of aluminum (at least four coil diam-
eters or skin depths, whichever is smaller). The driving current fre-

quency is assumed to be 5 kHz; the 1ift-off 0.005 in.



Thus,

This

First, we determine the

Normalized
Normalized
Normalized
Normalized
Normalized
Normalized
Normalized

Normalized

Normalized thickness of silver

inner radius
outer radius
inner radius

outer radius
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mean coil

of driver
of driver
of pickup
of pickup

length of driver coil

length of pickup coil
lift-off = 0.005/0.250 = 0.02

distance of pickup coils from ends of

thickness of silver plus copper =

radius to be O.
coil = 0.200/0.
coil = 0.300/0.
coil = 0.100/0.
coil = 0.150/0.
= 2.000/0.250 =
= 0.200/0.250 =

0.005/0.250 = 0.
0.010/0.250 = 0.04

250 in., so that
250 = 0.8

250 = 1.2

250 = 0.4

250 = 0.6

8

0.8

driver coil = O
02

information is now typed into the program as follows:

Normalized

wu, o, 1 = 97.79
mpzozfz = 91.91
wu303?2 = 45,48

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 I6 = 0.8

90 LET 15 = 0

100 LET M1 = 97.79
110 LET Ul = 1

120 LET M2 = 91.91
130 LET U2 = 1

140 LET M3 = 45.48
150 1ET U3 = 1

160 LET C1 = 0.02
170 LET C2 = 0.04

The program is now run with the following results:
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Rl = .8 R2 = 1.2 DRIVER LENGTH IS &

R3 = .4 Rs = .6 PICKUP LENGTH IS .8
PICKUPS ARE RECESSED O CLADL = .02 (CIADZ = .04
LIFT-OFF = .02

ML = 97.79 Ul=1 M2 =091.91 WR=1 M =4548 13 =1
X MAGNITUDE PHASE

5. 3.82381E-3 1.84004

10, 3.7808E-3 1.83069

15. 3.78128E-3 1.83092

20. 3.78128E-3 1.83093
VOLTAGE/FINN'R( BAR) = 1.83193E-7

from which we see that the

(i.e., the phase value for

phase of the voltage difference is 1.83093

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 coil in meters.

3REFLT Program

10 REM™ 3REFLT VERSIGN 02/04/70
20 LET Rl=.8

30 LET R2=1.2

40 LET R3=.4

50 LET R4=.6

60 LET L=.02

70 LET L2=8

80 LET Lé6=.8

90 LET L5=0

100 LET MI1=91.91

110 LET Ui=1

120 LET M2=45.48

130 LET U2=1

140 LET M3=55

150 LET U3=1

160 LET C1=.04

170 LET C2=.08

180 PRINT *R1=""3R1, "R2=";R2, "DRIVER LENGTH IS";3L2
190 PRINT "R3=";3;R3, "R4="3R4, "PICKUP LENGTH IS";L6
200 PRINT “PICKUPS ARE RECESSED™;L5s, "CLAD1="3C1, "CLADR="3C2
210 PRINT "LIFTOFF=""3L

220 PRINT "MI="3M13 "Ul="3sUls “M2=""3;M2; ""U2=""3U23 ""M3=":;M33 "U3="3U3
230 PRINT "X, "MAGNITUDE", 'PHASE"

240 LET Si=1E-2

250 LET sS2=5

260 LET 16=0

270 LET I8=0

280 LET B1=0

290 LET B2 =352

300 FBR X = Bl +51/2 T@ B2 STEP S}

310 LET Z=R2%X

320 LET Q1=R2



330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
5&Q
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
760
770
780
790
800
810
820
830
240
850
860
870
880
890
900
210
920
930
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GOSUB 1240

LET 12=FfF2

LET Z=R1x%X

LET 21=R1

G@sSU3 1240

LET I1=F2

LET Z=R4x%xX

LET Q1=R4

GasuUB 1240

LET J2=F2

LET Z=R3%X

LET Q1=R3

GAsuRB 1240

LET J1=F2

LET S3=S1*(I2-11)*%CJ2~J1)

LET X1=.7071067814#SQR(SARCX*XkX*kX+M1 kM1 ) +XxX) /U1
LET Y1=e707106781 ¥*SQRCSARCX¥XRXKkX+M] %M1 )~ XxX) /U1
IF X1%C1%U1>15 THEN 930

LET X2=.707106781 %*SAR(SARCXkXkXKkX+M24M2) +X%xX) /U2
LET Y2=+707106781%SARCSARCX* Kk XKk X+M2*M2) - X*kX) /U2
LET X4=EXP(2%xX1*C1*¥Ul)

LET Y4=COS(2%Y1*C1*U1)

LET YS=SINC(2%xY1%*C1*xUl)

LET A1=(X-X1)*%(X1+X2)+Y1%x{Y1+Y2)

LET A2=(X-X1J)*%C(Y1+Y2)-Y1I%(X1+X2)

LET D1=(X+X1Ik(X1-X2)-¥Y1%(Y1-Y2)

LET D2=(X+X13%(Y1-Y2)+Y1%(X1-X2)

LET AS5=D1+C(A1%Y4-A2%YS5)*X4

LET B5=D2+C(A2%Y4+A1 XxYS)I*X4

LET A4={X+X1 )% (X1 +X2)-Y1*k{(Y1+Y2)

LET DA=(X+X1)* YT +Y2)+Y1R(X1+X2)

LET A3=(X~X1)®{(X1-X2)+Y1%(Y1-Y2)

LET D3=(X-X1)*{Y1-Y2)-Y1%(X1-X2)

LET CS=A3+(A4xY4-D4*xY5)*XA4

LET DS=D3+(D4*Y4+A4*Y5)*X4

IF (X1*%C1*Ul+X2%(C2-C1)*U2)>15 THEN 9270

LET X3=.707106781 % (SQR(SAR Xk Xk XkX+M3%*M3 ) +X%X>) /U3
LET Y3=.707106781 *(SAR(SARCX* Xk Xk X+M3*M3)-X*X>)/U3

LET XS5=EXP(2%X2*%x(C2-C1))*U2)
LET Y6=COS(2%Y2%(C2-C1)*U2)
LET Y7=SIN(2xY2%(C2-C1)*U2)
LET G1=X2+X3

LET G2=Y2+Y3

LET G3=X2-X3

LET Ga=Y2-Y3

LET G5=G1#%A5-G2%85

LET G6=G1*B5+G2*AS

LET A6=A3%Y4-D3*Y5

LET DA6=A3%Y5+D3*¥4

LET A7z XS5*%(GS*Y6~G6XYTI+G3*k(A4+X4%A6)-GA*k(DA4+X4%D6)
LET D7=XS5*(GS*YT+G6¥Y6)+G3*(D4+XA4%D6I+GA*k(A4+X4%A6)

LET G7=G1%C5-G2x%D5
LET G8=G1*D5+G2%C5S
LET B6=D1%Y4-D2%Y5
LET C6=D1*Y5+D2%Y4

LET AS8=X5%(GT4*Y6-GB*YT)+G3*x(A1+X4%B6)-G4%(A2+X4%C6)
LET D8=XS%x{(GTxYT+GB*YE6)I+G3*(A2+X4*C6I+Ga*x (Al +XA4%B6)

LET K1=(AT*A8+DT*DB)/(ABXxAB+DB*DB)
LET K2=C(A8*DT7-A7xDB)/(AB*AB+DE*D8)
GB T@ 990

LET A5 =X-X1
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940 LET B5=-Y1
950 LET C5=X+X1

960

970

980

990

1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390

also
of s
The

and

LET D5=Y1
LET K1=CAS*CS5+B5%DS)>/(CS5*%C5+D5%D5)
LET K2=(CS*B5-A5%DSY/(CS5*LC5+DS5%D5)
IF X*%L2>50 THEN 1030
LETG=EXP(~X%kL5)I+EXP(~ Xk (L2~LS))~EXP (=X, (L2-LS5-L6))-EXP(~-X%(L5+1L6))
LET GS=EXP(~X*L2)-1

G@d T@ 1050

LET G=EXP(~X*kL5)%(1-EXP(~X%x.6))
LET GS=-1

LET G6=GkGS¥EXP(~2%X%xL)

LET 16=16+G6¥K1%*S3

LET I8=I8+G6%K2%S83

NEXT X

LET Bl1=B2

LET B2=B2+S32

LET 91 =S0R(16%16+18%18)

LET Q2=ATN(-16/18)

IF I8<0 THEN 1150

LET Q2=Q2+P1

PRINT X+S172, @1, 02

IF X <« 3 THEN 300

LET S1=5E-2

IF X<9 THEN 300

LET S1=.1

IF X<19 THEN 300

PRINT " VALTAGE/F INN'R(BAR)="3

PRINT 2.4805E-5%Q1/((R4~-R3)Y*%(R2-R1)I*L2%L6)
Ga T@ 1390

IF Z>5 THEN 1330

LET L9=INT(2%Z)+3

LET Fl=.5%01%Q1%Q1

LET F2=F1/3

FOR N=1TOL9

LETF1==F1%«250%ZxZ/ (N*N+N)

LETF2=F2+F1/(2%N+3)

NEXTN

GaTAa 1380

LET Q1 =(((-188.,1357/2+109.1142)/7-23.79333)¥/2+2.050931)>/Z
LET @1=((Q1-+1730503)/2+.7034845)/2Z~.064109E-3

LET Q2=C((~-5.817517/Z+2.1058743/Z7-.68961963/7Z+.4952024>/2
LET 92=(Q2-»187344E-2)/2+.7979095

LET F2=(1~-SAR(Z2I*(Q2*%COS(Z-PI/43~-Q1*%SINCZ-PI/4)))/(XkX*¥X>
RETURN

END

THROUGH-TRANSMISSION COTLS

This type of coil and conductor configuration, shown in Fig. 8, is
used with the phase-sensitive eddy-current instrument. It consists
large driver coil and a pickup coil on opposite sides of a conductor.
signal transmitted by the driver coil passes through the conductor

ig then detected by the pickup coil.
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Fig. 8. A Through-Transmission Coil Arrangement.

In this section there are programs that calculate the magnitude and
phase of the induced voltage (THRU) and the change in the magnitude and
phase of the induced voltage due to a defect (THRUDF). In 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.

Magnitude and Phase of Induced Voltage

Discussion of THRU

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
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opposite side of a conducting plate. The colls must be coaxial but may
have different lengths and radii. The physical situation is shown in
Fig. 3.

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 the conducting plate. Let this product be denoted by wulol;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)

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

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

60 ILET L = (normalized lift-off of driver coil plus normalized
Lift-off of pickup coil)

70 TET L2 = (normelized length of driver coil)

80 LET 14 = (normalized length of pickup coil)

90 LET Ml = {numeriecal value of Wiq oy r?)

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

must type two additional lines;

400 LET X1 = X

410 LET Y1 = O

100 LET ULl = (numerical value of relative permeability of conducting
plate)

110 LET ¢ = (numerical value of normalized thickness of conducting

plate)

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

gl = (R1) R2 = (R2) R3 = (R3) R: = (R4)
2 = (12) 4 = (I4) LIFT-OFF = (L1)
THICKNESS = (C) ML = (M1) Ul = (U1)

X REAL, OF PICKUP  IMAG OF PICKUP

1. e e

2. mmmeee e

3. e

L e e

5. e e

10. e e

5. mmmmee s

L

35, e e
MAGNITUDE IS ~----=~ PHASE IS ~=mww=

VOLTAGE/FINN'R(BAR) = =m-=-

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 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 1s the magnitude of the
peak (or root mean Square) induced voltage 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 the 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 THRU

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
gide 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

ormalized inner radius of driver coil = 0.100/0.500 = 0.2
Normalized outer radius of driver coil = 0.900/0.500 = 1.8
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 = 0.025/0.500 = 0.05
Normalized thickness of copper plate = 0.250/0.500 = 0.5

i

Normalized inner radius of pickup coil

il

Furthermore,

Angular frequency of driving current = 27 X 1250 sec~!
Permeability of copper = 47 X 1077 h/m

Relative permeability of copper = 1

Conductivity of copper = 5.77 x 107 mhos/m

Thus,
(‘Julgl;z = 91.91
This information is now typed into the program in the following format:

20 LET Rl = 0.2

20 LET R2 = 1.6
40 LET R3 = 0.0975
50 LET R4 = 1.025
60 LET L = 0.05

70 LET L2 1.6
80 LET L4 = 0.05
90 LET ML = 91.91
100 1ET UL = 1
110 LET ¢ = 0.5

i

]

it

The program is now run with the following results:
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R1 = 0.2 Re = 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 ~0.2112395E-04
15 -0.2112471E-04
25 ~0.2112472E~04%
35 —0.21124728-04

MAGNITUDE IS8 O.2842956%-04

R3 = 0.0975 R4 = 1.025
LI¥T-OFF = O.5E-01
Ul =1

IMAG OF PICKUP
.2713761E-05
.1313368E-04

. 1865904 E-04

. 1906794 E-04

. 1901738E-04

. 19027 34E-04

. 190259E~04

. 1902593k~ 04
.1902593E-04
PHASE IS —3.979216

OOO0OOCOOOoC OO0

VOLTAGE/FINN'R(BAR) = 0.2715425E-07

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 magni-

tude of the current, 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.

THRU Program

VERSION

02704770

10 REM THRU
20 LET R1=0

30 LET R2=2

49 LET R3=.975

50 LET R4=1.025

60 LET L=0

70 LET L2=2

90 LET L4=.05

90 LET M1=77.05

100 LET J1=100

110 LET C=.5

120 PRINT "R1=""3R1,"R2="3R2,"R3=""3R3,"R4=""3R4

130 PRINT”L2="3L2,"L4="3L4,"LIFTOFF="";L

140PRINT"THICKNESS=""3C»"'"™
150 PRINT"X","REAL OF
160 LET S1=1E-2

170 LET sS2=1

180 LET 16=0

190 LET 18=0

200 LET Bl =0

210 LET B2 =82

PICKUP" ' IMAG

=" i3MILUT =T U

OF PICKUP™
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220 FOR X=B1+(51)>/2 TGO 82 5TEP 51

230 LET Z=R2%X

240 LET Q1=R2

250 G@sUB 750

260 LET I2=F2

270 LET Z=R1*X

280 LET 121=R1

290 G2sU3 760

300 LET 11=F2

310 LET Z=R4%X

320 LET A1=R4

330 GOSN 760

340 LET J2=F2

350 LET Z=R3x%X

360 LET 21=R3

370 GAsUB 760

380 LET J1=F2

390 LET S3=X*S1*(I2-T11)2%CJ2~J1)

400 LET X1=.707107x%(SQRISQRIXFXENxX+MT M1 I +X*X) )/ /Ut
410 LET Y1=707107T*C(SARCSORCX A Xk Xk X+ME %M1 I =-X%.X3) /U1
420 LET X3=EXP(2%X1*C*U1)

430 LET Y3=COS{(2%xY1*C*xU1)

440 LET YA4=SINC(2*xY1+C*xU1l)

450 LET A3=X1*COSCYT*C*kUJ1I)=-Y1*SINCYL*C*xtJ1)

460 LET 83=Y1*%COSCY1I*C+UT)+X1*SINCY1 *C%iJ1)

470 LETC1=C(X+X1 I (X+X1 X=-Y1kY1IRYB-24Y]I*(X+X1I%*Y4
480 LETC2=Y14xY1 ~(X=-X1)2*{(X-X1)+X3%(C1

490 LETD1I=Y4CCX+HXI IR (X+X1 D =Y xY1 I +2%Y1x(X+X1I%Y3
500 LETD2=2%Y1*(X-X1)+X3%D]1

SI0ETKI= A3XC2+8B3%D2)/(C2*C2+D2%D2)

520 LETK2=(B3*xC2-~A3%D2)/(C2kC2+D2%D2)

530 LETG=(1-EXP{~X%L2) 3k (1 ~EXP(~-XkLAYIKEXP (~L*X+X]1xC)
SANLETI16=16+S3 %K1 %G

SS50LETIS=18+53¥K2%G

560 NEXT X

570LETB1 =32

580 LET32=82+52

590 PRINT X+51/72,16,18

600 IFX<3.5THENR220

610 LET S1=5E-2

6Z20LETS2=5

630 IF X<9THEN220

640LETS2=10

650LETS1=.1

660 IF X<25THEN220

670 LETO1=SQR(I6XI6+I8%1H)

650 LET Q2=ATN(~-16/18)

690 IF I8<0 THEN 710

700 LET 92=R2+P1

710 PRINTMAGNITUDE IS8"391,"PHASE 1S53:-02

720 PRINT ' VOLTAGE/FINN'R(BAR)Y="3

730 PRINT 9.92201E-5%01/({(R4-R3I*(R2-R1I*L2¥L4)
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T40PRINT

750 GB T3 910

760 1FZ>5 THEN BS50

770 LET L9=INT(2%Z>+3

780 LET F1=.5%Q1%Q1%0Q1

790 LET F2=F1/3

800 FOR N=1TOL9

810 LETF1==F1%.250%Z*%xZ/ (N*N+N)

820 LETF2=F2+F1/(2%N+3)

830 NEXTN

840 GBOTB 900

850 LET Q1=(((-188+1357/7Z+109.1142)/2-23.79333)/Z+2.050931)/7
860 LET Q1=((Q1~-+1730503)/2Z+.7034845)/7-.064109£-3

870 LET Q2=(C(~5.817517/Z+2.105874)/7-+6896196)/7+.4952024)/7
880 LET Q2=(QA2-+187344E-2)/2+.7979095

890 LET F2=C(1-SORCZI*(A2%COBS(Z-PI1/4)~Q1*SINCZ-PI1/4)))/(X%kX%xX)
900 RETURN

910 END

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

Discussion 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 coll of rectangular cross section positioned on the opposite side
of the conducting plate containing the defect. The coils must be
coaxial but may have different lengths and radii. The physical situation
is shown in Fig. 8, p. 120.

To use the program, one must first divide all dimensions by the
mean driver coil radius. The results will, of course, be dimengionless
and will be referred to as being "normalized." The product of the angu-
lar frequency of the driving current, the permeability, the conductivity,
and the square of the mean driver coil radius must be calculated for the
conducting plate. Let this product be denoted by wu161¥2.

Once these calculatiouns 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)
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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 Ll = (numerical value of normalized lift-off of driver coil)

22 LET T1 = (numerical value of normalized length of driver coil)

24 LET L2 = (numerical value of normaliged lift~off of pickup coil)

26 LET T2 = (numerical value of normalized length of pickup coil)

28 LET ML = (normalized wy, o, r?)

30 LET C = (normalized thickness of conducting plate)

32 LET R = (normalized r position coordinate of defect)

34 IET 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 1S (T1) Rl = (R1) RR = (R2)

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

DRIVER LIFT-OFF IS (Ll) PICKUP LIFT-OFF IS (12)

PLATE THICKNESS IS (C) ML = (ML)

DEFECT POSITION IS R = (R) Z = (z1)

X REAL # IMAG #1 REAL #2 IMAG #2
1 mmememm e mmmmmm mmm——e
2 e e e e
3 mmdmee e e e
b mmmmmm ememm—e e e
5  mmemee mcmmem mmmmma e
10 mmmmee mmmmmm mmmmme e
15 mmemmm mmmemmm e e
20 mmmc;e mmeem= memmemea mme—em
25  mmmmmm e e memmae
30 emmmme mmmmme e e
35 emeem= mmemm= mmmmem e
VOLTAGE/FINN R!(BAR) = ==-nn- PHASE = =====-

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 columms are the real and imaginary
parts of the two integrals which appear in the expression for the defect
These appear primarily to allow one to inspect the

In addition to the phase of the defect

induced voltage.

convergence of the integration.
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sensitivity factor, the last line contains the magnitude of the defect

sensitivity factor divided by the produet of the frequency of the driving

current, the nuwber 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 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 defect is located 0.125 in. below the surface of the

copper 0.500 in. from the coil axis.

rent is assumed to be 1.25 kHz, the

0.0125 in., and the lift-off of the

The frequency of the driving cur-

lift-off of

pickup coil

First, we determine the mean radius of the

0.500 in., so that

Normalized inner radius of driver coil = O.
Normalized outer radius of driver coil = O.
Normalized inner radius of pickup coil = 0.

Normalized outer radius of pickup coil = 0.

the driver coll to be
to be 0.0125 in.

driver coil to be

100/0.500 = 0.2
900/0.500 = 1.8
4875/0.500 = 0.0975
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 =

O

.800/0.

500 = 1.6

Normalized length of pickup coil = 0.0125/0.500 = 0.025
plate = 0.250/0.500 = 0.5
Normalized r position of defect = O.500/O.5OO =1

= 0.125/0.500 = 0.25

Normalized thickness of copper

Normalized z position of defect

Furthermore,

Angular frequency of driving current = 27w X 1250 sec”?

Permeability of copper = 47 X 1077 mhos/m
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Relative permeability of copper = 1

Conductivity of copper =

Thus,

WL, Oy T

2

= 91.91

5.77 x 107 nmhos/m

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

12
14
16
18
20
22
R4
26
28
30
32
34

LET
LET
LET
LET
LET
LET
LET
LET
LET
LET

LET

The progran

DRIVER
PICKUP
DRIVER

35

VOLTAGE/FINN'R(BAR) =

LET R

Rl
R2
R3
R4
Ll
Tl
12
T2
ML
C

i

b

Z1

is

=0
-1
=0
=1
=0
=1
-0
-0

2

.8
.09%5
.025
.025
.6
025
.05

= 91.91
0.5

1

= -0.25

now run with the following results:

LENGTH IS 1.6
LENGTH Is 0.5E-01
LIFT-OFF IS 0.25E-01
PLATE THICKNESS IS 0.5
DEFECT PGSITION I8

OCOCOOOoOOO0O

REAL #1
.0629491E-01
.3331064E-01
L64029E-01
J464T456E-01
L4626008F~01
.4658471E-01
.4640574E-01
A642996E-01
AE43259F-01

0

R1 = 0.2 R2 = 1.8

R3 = 0.0975 R4 = 1.025

PICKUP LIFT-OFF I8 0.25E-01

ML = 91.91

R=1 Z = -0.25
INAG #1 REAL #2

.0632373E-01
.328999E-01

.453173E-01

.4538658E-01
L4522971E-01
L4536996E-01
W4533249E-01
4533432E-01

453344.3E-01

0.07899258-05

QOO0 O0OOOO0O

.0691648E-03
L07129878-02
. 1760296802
.2099335E-02
. 1793536E-02
.1921084E-02
.1934439E-02
. 1946801E-02
.1949332E~02
PHASE = 1.5197954

OCCoOoOCcCTC OO0 0O

IMAG #2

.0694502E-0
.07009378~0
.1686355E-0
. 1990084 E-0
. 1744791E-0
L17991E-02

.1801759E-~0
. 1802697E-0
. 1802795E-0

From this we see that the phase of the defect sensitivity factor is

1.5197954, while its actual magnibude is obtained by multiplying

7.89925 x 107 by the frequency of the driving current (1250), the number
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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 REM THRUDF VERSION 03703769
12 LET Ri=.2

14 LET R2=1.8

16 LET R3=.0975

18 LET R4=1.025

20 LET L1=.025

22 LET Tt=1.56

24 LET L2=.025

26 LET T2=.05

2% LET M1=91.91

30 LET C=.5

32 LET R=1

34 LET Z1=-.25

36 PRINT"DRIVER LENGTH IS"3T1,"R1=";R1,'"R2="";R2
38 PRINT"PICKUP LENGTH 1S'3T2,"R3="3R3,"R4="3R4
40 PRINTDRIVER LIFTOFF IS"3L1,"PICKUP LIFTOFF 1IS":L2
42 PRINT"PLATE THICKNESS 1S"3C,'"M1=""3M]

44 PRINTU"DEFECT POSITION IS"»"R="3R,"Z="3Z1

46 PRINTX",'"REAL \1","IMAG M ",5"REAL \2","IMAG \2"
48 LET S1=1E-2

50 LET S2=1

52 FOR J=t Ta 2

54 LET RUJI>=0

56 LET ICJ)=0

58 NEXT J

60 LET B1=0

62 LET B2=S82

64 FOR X=B1+51/2 T® B2 STEP Si

66 LET Z=R2x%X

68 LET Q1=R2

70 G2 SuB 210

72 LET 12=F2

74 LET Z=R1%X

76 LET A1=R1

78 G@ SURB 210

80 LET I1=F2

82 LET Z=R4x*xX

84 LET Q1=R4

86 G@ SUB 210

88 LET J3=F2

90 LET Z=R3%X

92 LET Q1=R3

94 G@ SUB 210

96 LET J2=F2

98 LET Z=R*X

100 G@ SUB 240

102 LET S3=3S1%(I2~11)%Ji

104 LET S4=51%(J3~J2)*J1

106 LET X1=.707107*SQRCSQARCXkX®.XkX+M1*M1 I +X*X)
108 LET Y1=-707107*SQRCSQROX*XkXkX+M1 kM1 ) ~X*kX)
110 LET X3=EXP(2%X1%*(C)
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114
116
118
120
122
124
126
128
130
132
134
136
138
140
142
144
146
148
150
152
154
156
158
160
162
164
166
168
170
172
174
176
178
180
182
184
186
188
190
192
194
196
198
200
202
204
206
208
210
210
214
216
218
220
222
224
226
228
230

LET Y3=CAS(2%Y1*C)

LET Y4=SIN(2*Y]*(C)

LET CH6=(X+X1 2% (X1 +X2)~Y1*(Y1+Y2)

LET C7=Y1%{X1+X2)+(X+X1)k(Y1+Y2)

LET CS=(X=-X1)I*% (X1 -X2)+Y1%{Y} ~Y2)+(C6*YI-CT*YA4)*X3
LETDS=(X~-X1)*¥(Y1-Y2)-YI* (X1 -X2)+(CTxY3+C6%Y4I*%X3
LET K=C5%C5+D5%D5 '

LET Al=X3*((X+X1)%Y3-Y1*Y4)

LET Ci=X3%((X+X1)%Y4+Y1%Y3)

LET L=L1

LET T=T1

LET Y=2Z1

G2 SUB 262

LET A4=A2

LET B4=C2

LET L=L2

LET T=T2

LET Y=~(Z1+(C)

G SuUB 262

LET A53=42

LET B5=C2

LET KI=(A4%C5+84%D5)/K

LET K2=(A4%D5-B4%C5) /K

LET K3=(AS5%C5+B5%D5)/K

LET KA=(AS*D5-B5%C5)/K

LET RC13I=R{1)+53%K1

LET IC1)=IC1)+53%K2

LET R(2)=R{2)+S4*K3

LET 1(2)=1(2)+S4%K4

NEXT X

PRINT X+S51/2,R{1351(1),R(2),1(2)

LET B1=B1+52

LET B2=B2+S2

IF X<3.5 THEN 64

LET S1=5E-2

LET 382=5

IF X<9 THEN 64

LET Si=.t1

LET S2=10

IF X<25 THEN 64

LET RE3I=RC1I*R(2I-1C1I*1(2)

LET I(3)=RCII*ICZ2I+R(2I*IC1)

LET M=SQR(R(3I*R(3>}+1(33%I1(3))

LET P=ATNCI(3)/R(3))

IF R(3)>>0 THEN 204

LET P=P+PI

LET Q=3%2.4805E~5%M1/(4%PI4T1%T2%(R2-R1)%(R4~-R3))
PRINT “VOLTAGE/FINN'R(BAR)Y~-";Q%M»""PHASE~";
Go TA 276

IFZ>5THEN 228

LETLS5=INT(2%Z)+3

LETF1=.5%Q1%@1%Z

LET F2=F1/3

FORN=1T@LS

LETF1=-F1%.250%Z%Z/ (NkN+N)
LETF2=F2+F1/(2%N+3)

NEXTN

GOTA 238

LET Q1=(((-188.1357/Z2+109+1142)/7Z~23.793333)/2+2.050931>/Z
LET @1=C(Q1~.1730503)/Z+.7034845)/2-.064109E~3
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232 LET Q2=(C(-5.817517/Z+2.105874)/Z2-.6896196)/7Z+.4952024)3/7

234 LET Q2=(Q2-.187344E~-2)/7+.7979095

236 LET F2=(1~SQR(ZI*(Q2*%COSCZ-PI/4)-Q1*5INCZ-PI/4)))/(X*X)

238 RETURN

240 IFZ>3THEN 250

242 LET Q1=(C((2.1E~11%Z1t2-5.38E~-9)%Z1t2+6.T5TE~TI*Z12-5.42443E~-5)%Z2
244 LET D1 =0(N1+2.60415E-3)%Z12-6.25E-23%Zt2+.5

246 LET J1=Z%Q1

248 GOTO 260

250 LET Q3=(((~.14604057/7Z+.27617679>7/2-.20210391)/Z+4.61835E~53/Z
252 LET Q3=((Q3+.14937)/7+4.68E-6)/7+.79788456

254 LET Q4={((~-.21262014/Z2+.19397232)/7Z+6.022188E-2)/2-1.7222733E-11/Z
256 LET Q4=(CQ4+5.085E-4)/2+.3T498836)/Z2~2.356192449+Z

258 LET J1=Q3%C@S(Q4)/SQARCZ)

260 RETURN

262 LET X4=EXP{(-X1%*Y)

264 LET X5=COS5CYl*Y)

266 LET YS=SINCY1*Y)

268 LET X6=EXP(-X*L)*{1-EXP{-X*T))

270 LET A2=X6k (A1 +X4%((X~X1DI*kX5-Y1*Y5))

272 LET C2=X6*(C1-X4%x((X-X1I*Y5+Y1%X5))

274 RETURN

276 END

Discussion of 2THRU

This program is designed to calculate the magnitude and phase of
the voltage induced in a pickup coil with a rectangular cross section by
the current in a driver coil with a rectangular cross section positioned
on the opposite side of a two-layered conducting plate. The coils must
e coaxial but may have different lengths and radii. The arrangement
is shown in Fig. 9.

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 Trequency of the driving current, the permeability, the con-
ductivity, and the square of the mean radius of the driver coil must be
calculated for both layers of the conducting plate. Let this product be

denoted by wu101?2 for the upper conductor and by wugaz?g

for the lower
conductor.
Once these calculations have been made one need only type the

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



Fig. 9.

20 LET R1

30 LET R2

40 LET R3

50 LET R4

il
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of normalized outer radius

Through-Transmission Coil Arrangement for a Two-Conductor Plate.

of driver

of driver

of pickup

of pickup

60 LET L = (normalized lift-off of driver coil plus normalized

1ift-off of pickup coil)
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70 LET 12 = (normalized length of driver coil)
80 LET I4 = (normalized length of pickup coil)

90 IET M2 = (numerical value of wu,d,T?)

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

type two additional lines:

i

440 LET X1 = X
450 LET Y1 = O

100 LET Ul = (numerical value of relative vermeability of upper

it

i

conductor)

110 IET M2 = (numerical value of wu,o,r?)

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

type two additional lines:

460 LET X2 = X

470 LET Y2 = O

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

130 LET C1 = (numerical value of normalized thickness of upper
conductor)

140 LET C2

(numerical value of normalized thickness of upper

conductor plus normalized thickness of lower conductor)

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)
2 = (12) Y = (14) LIFTOFF = (L)

CLAD THICKNESS = (C1) TOTAL THICKNESS = (C2)
ML = (ML) M o= (M2) Ul = (u1) w2 = (u2)
X REAL OF PICKUP IMAG OF PICKUP

L. eemmee e

2. emmmee e

3. emmmee e
.

5. emmmme e

10, mmmmee e

5. emmeee mmeeee

25. emmmme e

35, mmemee e

MAGNITUDE IS =====- PHASE IS ~mmmm-

VOLTAGE/FINN'R(BAR) = -=-=--
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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 other two columns 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 root mean square) induced voltage 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 the 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 2THRU

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 on which 0.010 in. of aluminum
has been clad. The driver is taken to be 0.800 in. long with inner and
outer radlii of 0.100 and 0.900 in., respectively. The frequency of the
driving current is 1.25 kHz, the lift-off of the driver coil 0.0125 in.,
and the lift-off of the pickup coil is 0.0125 in.

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 1lift-off of driver coil = 0.0125/0.500 = 0.025
Normalized lift-off of pickup coil = 0.0l25/0.5OO = 0.025
Normalized lengtlh of driver coil .800/0,500 = 1.6
Normalized length of pickup coil = 0.025/0.500 = 0.05
Normalized thickness of upper conductor = 0.010/0.500 = 0.02

il
O
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Normalized thickness of lower conductor plus upper
conductor = (0.010 + 0.250)/0.500 = 0.52

Furthermore,

Angular frequency of driving current = 21 X 1250 gec™?
Permeability of both conductors = 4n X 1077 mhos/m
Conductivity of copper = 5.77 x 107 mhos/m

Thus,

I

w0, T = 45.48
91.91

WL, T, T2

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

20 LET Rl = 0.2
30 ILET R2 = 1.8
R3

40 LET = 0.0975
50 LET R4 = 1.025
60 LET L = 0.05

70 LET I2 = 1.6
80 IET 14 = 0.05
90 LET Ml = 45.48
100 LET U1 = 1

110 LET M2 = 91.91
20 IFT IR = 1

130 IET C1 = 0.02
140 IET C2 = 0.52

The program is now run with the following results:

Rl = .2 R2 = 1.6 R3 = .0975 R4 = 1.025
2 = 1.6 4 = .05 LIFTOFF = .05
CLAD THICKNESS = .02 TOTAL THICKNESS = .52

ML =45.48 M2 =91.91 Ul=1 UR-=1

X REAL OF PICKUP IMAG OF PICKUP
1. —1.76069E~6 2.6493E-6

2. ~1.08048E-5 1.28964E-5

3. —1.76595E-5 1.84124F-5
4. ~1.8379E-5 1.88304E-5
5. ~1.81475E-5 1.87708E-5
10. —1.81258-5 1.87782E-5
15. ~1.81257E-5 1.87771E-5
25. —1.81257E-5 1.87771E-5
35. —1.81257E-5 1.87771E-5
MAGNITUDE IS 2.60983E-5 PHASE IS -3.90934

VOUTAGE/FINN'R{ BAR) = 2.49275%-8
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from which we see that the phase of the induced voltage is —3.90934.
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 pilckup coil, and the mean radius of the driver

coil in meters.

2THRU Program

10 REM 2THRU VERSIGN 10/16769
20 LET Ri=0.2

30 LET RZ2=1.6

40 LET R3=0.0975

50 LET R4=1.025

60 LET L=0.05

70 LET L2=1.6
"800 LET L4=.05

90 LET M1=91.91

100 LET Ul=]

110 LET M2=91.91

120 LET UZ2=1

130 LET C1=D.25

140 LET C2=0.5

150 PRINT "R1="3R1,'"R2="3R2,'"R3="3R3,"R4=""3R4
160 PRINT"L2="3L2,"LA4=""3L4,"LIFTOFF=""3L

170 PRINT "CLAD THICKNESS="3C1l., "TOTAL THICKNESS="3i(C2
180 PRINT "Mi="3M1; "M2=";M2; "Ul=";3U1; "U2="3uU2
190 PRINT"X",»""REAL OF PICKUP","IMAG OF PICKUP"
200 LET S1=1E-2

210 LET 52=1

220 LET 16=0

230 LET 18=0

240 LET B81=0

250 LET B2 =S2

260 F@R X=B1+(S1)/2 T B2 STEP S1

270 LET Z=R2x%X

280 LET Q1=R2

290 GOSUB 1050

300 LET i2=F2

310 LET Z=R1x*X

320 LET Qt=R1

330 G@sSUB 1050

340 LET Il=F2

350 LET Z=R4%X

360 LET Q1=R4

370 GOSUB 1050

380 LET J2=F2

390 LET Z=R3%X

400 LET Q1=R3

410 G@3UB 1050

420 LET J1=F2

430 LET S3=X*S1x(I2~11)%¢J2~-J1?



440
450
460
479
480
490
500
510
520
530
540
550
5560
570
S80
590
600
610
620
630
640
650
660
670
620
690
700
710
720
730
740
750
760
770
780
790
800
810
820
830
840
850
860
870
880
890
900
910
920
930
940
950
960
270
980
290

LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
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X1=sTOTI0T*SAR(CSORCXF R KX A X+MI ¥MI I+ XkX)/J1
YI=e 7071074 (SARCSARCX KX EXRX+MI ¥M1 I -X%xX) ) /U1
X2=e 707107 (SARCSAR (XK XKk XKk X+M24M2) +X kX)) /U2
Y2=eTOTI07TR(SARCSARCAEARRX XX +M2%M2) -X%kX) ) /U2
B8=X1%X2-Y1*Y2

CB=X1kY2+Y1%xX2

F3=2%CAS(Y1*C1xU1)

F4=2%3INCYL#C1*UJ1)

FO=CaBS(Y2%(C2-C1r*U2)

F6=SIN(Y2*(C2~C1I*U2)
AT=(BE*F3~CB8*%FA)*FS~(BBkF4+C8%F3)%F6
D7=(BE*F3-CB*xFA4I*F 6+ (BRXF4+CB*F3I*F5
X4=EXP(2%X1*C1*U1)

Y4=COS(2*xY1l *C1*lJ1)

Y5=SIN(2%Y1*C1*U1)

Al =CX-X1 2k (X1+X2)+Y1 (Y1 +Y2)
A2=(X-X1 2% (Y1 +Y2)=YT1 % (X]+X2)
DI=(X+X1 )k (X1 -X2)~-Y1*(Y1-Y2)
D2={X+X1 2% (Y1 -Y2)+Y1*(X]-X2)
AZ=C(X-X1 IR {X1-X2)+YI%(Y1~-Y2)
D3=(X~-X1)*(Y1-Y2)-Y1I%(X1-X2)
A4=(X+X1 Ik (X1 +X2)=-Y1Ix(Y1+Y2)
DA=C(X+X1 )% (Y1+Y2)+YI*%(X1+X2)
C5=A3+(A4%Y4-DAxY5)%X4
DS=D3+(DAXRY4+A4XYD)I¥X4
XS5=EXP(2%X2%x(C2-C1)*U2)
Y6=COS(2%xY2%x(C2-C1)I*U2)
Y7T=SINC2*Y2%(C2-C1*U2)

G1=X+X2

G2=X2~X

G7=G1*CS5-Y2%D5

G8=G1*#D5+Y2%*C5

B6=D1%Y4-D2%Y5

C6=D1*Y5+D2%Y4
AB=X5*(GTkYE-GB*YTI+G2* (A1 +X4%BEI~Y2*(A2+X4%C6)
DE=XS%(GTKkYT+GBRYEI+G2 X (AZ+X4%CEI+Y2 K (AL +X4%B6)
KI=(AT*A8+DT7*DE) /7 (AB*AB+DB*DE)
K2=(A8%DT7~-AT*D8)/ (AB*AB+DEXDE)
G=(1~EXP(-X*L2))%(1-EXP(-XkLAYIREXP(-LAkX+X1*%C1+X2%{(C2-C1))
I6=16+53%K1%G

I8=18+S3%K2%xG

NEXT X

LET

B1=82

LETB2=8B2+52
PRINT X+51/2,16518
IF X<3.5 THEN 260

LET
LET

S1=5E~2
32=5

IF X<9 THEN 260

LET
LET

52=10
St1=.1

IF X<25 THEN 260
LETQI=SAR(I6*I6+18%18)

LET
IF
LET

Q2=ATN(~16/18)>

I8<0 THEN 1000

Q2=02+P1

1000 PRINTMAGNITUDE IS5"3Q1.,"PHASE 1I3";3;-R2
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1010 PRINT " VOLTAGE/F INN'R{BAR) ="}
1020 PRINT 9.92201E-5%31/C(R4~-R3)*(R2-R1)*L2%L4)
1030 PRINT

1040 GO T@® 1200

1050 IFZ>5 THEN 1140

1060 LET L9=INT(2%Z)+3

1070 LET F1=.5%Q1%Q1*Q1

1080 LET F2=F1/3

1090 FBR N=1TOL9

1100 LETF1=-F1%.250%Z%Z/ (N*N+N)D

1110 LETF2=F2+F1/(2%N+3)

1120 NEXTN

1130 GETO 1190

1140 LET Q1=(((~-188.1357/2+109.1142)/72-23.79333)>/Z2+2.0509313/Z
1150 LET Qt=C(Q1~¢1730503)/2+.7034845)/2-.064109E-3

1160 LET Q2=(((~-5.817517/Z+2:105874)/2-+6896196>/Z+.4952024>/Z
1170 LET Q2=(Q2~.187344E~2)/Z+.7979095

1180 LET F2=(1~-SQR(ZI*(Q2%CIS(Z-P1/4)-B1%5IN(Z~PI/4)})/(X+X*X)
1190 RETURN

1200 END

COIL BETWEEN TWO CONDUCTING PLANES

A coil between two conducting planes, shown in Fig. 10, is normally
used to measure the spacing between the two planes.11 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 BINCO

This program is designed to calculate the normalized impedance of a
coll of rectangular cross section between two conducting plates of effec-
tively infinite thicknesses (at least four coil diameters or skin depths,
whichever is smaller) (see Fig. 10). The plates may have different
permeablilities 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 be calculated for each

11g. V. Dodd, Microtecnic 18(5,6), 1~7 (1964).
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Fig. 10. A Coil of Rectangular Cross Section Between Two Conducting
Plates.

conductor. Let this product be dencted by wplol?z for the upper plate
and by wu,0,r? 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 coil radius)

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

40 LET L1 = (numerical value of normalized lift-off from lower
conductor)

50 LET I2 = (numerical value of normalized lift-off from lower
conductor plus normalized coil length)

60 LET M1 = (numerical value of wulUlzz)

Note: If the conductivity of the upper plate 1s zero, one must type

two additional lines:
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320 LET X1 = X
330 LET Y1 = O

70 LET Ul = (numerical value of relative permeability of upper
conductor)
80 ILET M2 = (numerical value of muzgzgz)

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

two additional lines:

340 LET X2 = X
350 LET Y2 = O
90 IET 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 will have the following format:

RL = (R1) R2 = (R2) Ll = (1L1) L2 = (12)
ML = (ML) Ul = (ul) M2 = (M2) 2 = (U2)
CONDUCTOR SEPARATION TS (C)

X ATR VALUE REAL PART TMAG PART

5  mmmmmem e ddieea

10 emeemm mmmmme e

15 mdmmmme cmmmmm e

20 emmmee e e

40 mmmmee e e
NORMALIZED IMAG PART =-===- NORMALIZED REAL PART =-=—=~

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 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 program.



142

Sample Calculation of BTNCO

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 a 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

i
i

Normalized separation of conductors = 0.125/0.250 = 0.5
Furthermore,

Angular frequency of driving current = 21 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,

91.91
45 .48

il

wplolrz

i

wuzazfz
This information is now typed into the program using the following formatb:

20 LET Rl = 0.5
30 LET R2 = 1.5
40 LET L1 = 0.02
50 LET L2 = 0.42
60 LET M1 = 91.91
70 LET Ul = 1

80 LET M2 = 45.48
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90 LET U2 = 1
100 LET ¢ = 0.5

The program is now run with the following results:
Rl = 0.5 R2 = 1.5 L1 = 0.2E-01 2 = 0.42
ML = 91.91 Ul =1 M2 = 45.48 U2 = 1

CONDUCTOR SEPARATION IS 0.5

X ATR VALUE REAL PART IMAG PART
5 0.06617157 0.2512494FE~-01 -0.0852233E-01
10 0.0557785 0.2569981F~01 ~0.0856341E-01
15 0.06684212 0.2577326E-01 ~0.08564158-01
20 0.06687971 0.2580084E~01 ~0.0856423E-01
40 0.06689865 0.2581979E-01 —0,08564245-01

NORMALIZED IMAG PART 0.38595379

NORMALIZED REAL PART 0.12801815

From this, we see that the normalized impedance is Z = 0.12801815
+ § 0.38595379.

BTNCO Program

10 REM

20 LET R1=.8333
30 LET R2=1.1667

40 LET L1=.0476

50 LET L2=.3809

60 LET M1=77.05

70 LET Ut =1

80 LET M2=40

90 LET U2=1

100 LET C=«5

110 PRINT "R1="3R1,"R2="";R2,"L1="5L1,"0L2="3L2
120PRINT"MI =" 3M1,"Ul=""3U1,"M2="3M2,""U2="" ;U2

130 PRINT' *,>'"CONDUCTOR SEPARATIGN 1S8";C

140 PRINT X5 'AIR VALUE", '"REAL PART'", "IMAG PART"
150 LET S1=1E-2

160 LET S2=5

170 LET 16=0

180 LET 17=0

190 LET I8=0

200 LET B1=0

210 LET B2 =82

220 FBR X = Bl +S1/2 T8 B2 STEP 5t

230 LET Z=R2%X

240 LET Ql1=R2

250 G@SUB 720

260 LET I2=F2

270 LET Z=R1*X

280 LET 41=R1

290 GOsUB 720

300 LET 11=F2

310 LET S$3=81%(12-11)>12/X

320 LET X1=.707107%(SQRCSAREX*XAXxX+MI %ML I +X%X) ) /U1
330 LET Y1=.707107*(SORCSAREXKXHXEX+M1 %M1 ) -X*X) ) /U1

BTNCQ VERSION 07708768
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350
360
370
380
390
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550

144,

LET X2=¢707107#(SARCSARCX KX ¥k XKk X+M2 (M2 +X*%kX) ) /12
LET Y2=,707T107*(SQR(SARCXkX# Xk X+M2%kM2) - XkX) ) /U2
LET Y=X

GO SUB 600

LET K3=K1

LET K4=K2

LET Y=-~X

GG SuUB 600

LET KS=K1+K3

LET Ké=K2+K4

LET I6=16+2%83*%((L2~-L1)+(EXP(~-X*(L2-L13)~-1)/X)
LET I7=I7+53%(2%(L2-L1)+K5)

LET I8=18+53%K6

NEXT X

LETB1=B2

LET B2=B2+52

LET Q3=X+S1/72

PRINT Q3,16,17518

IF X < 3 THEN 220

LET S1=35E-2

IF X<10 THEN 220

LET S1=.1

S560LETS2=20

570
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
760
770
780
790
80D
810
820
830
840
850
860
870

IF X<35 THEN 220

PRINT "NORMALIZED IMAG PART"317/16,'"NORMALIZED REAL PART'"3-18/16
G@TE@ 870

LET Gl1=2*%(EXP(-Y*(L2~-L1))~1)

LET G2=(EXP(-Y*L2)-EXP(-Y*L12)12

LET Al1=G1*{Y+X2)+G2%(Y-X2)

LET C1=(Y+X1)*A1~Y1%*Y2%(G1~G2)

LET C2=Y2%(Y+X1)X*(G1~GR2)I+Y1*Al

LET AZ2={(Y+X1)%(Y+X2)-Y1*xY2

LET A3=(Y+X1)*Y2+(Y+X2) %Y1

LET CH=A2%Y~Yk((Y~X1)*(Y-X2)-Y1*Y2IKEXP(-2%Y*C)

LET DS=A3%Y+Y*((Y~X1I%Y2+Y1*{(Y-X2IIKEXP(-2%Y*C)

LET K1=(C1*C5+C2%DS)/(CS5%C5+D5%D5)

LET K2=(C2%C5-C1*DS5S)/(C5*%C5+D5%xD3)

RETURN

IF Z>3 THENSI10

LETLS=INT(2%Z)+3

LETF1=.5%Q1%Q1%7Z

LET F2=F1/3

FORN=1T@LS

LETF1==F1%.250%Z%Z/ (N*N+N)

LETF2=F2+F1/(2%N+3)

NEXTN

GOTG 860

LET @1 =0 (-188.1357/72+109.1142)3/2-23.793333/Z2+2.050931)/2
LET Q1=CC(Q1~.1730503)»/7Z+.7034845)/Z-.064109E~3

LET Q2=0C(~5.817517/Z2+2.105874)/7-6896196)/7Z+.4952024)/7
LET Q2=(Q02-.187344E-2)/Z2+.7979095

LET F2=(1-SQR(ZI*(Q2*%CPSC(Z~PI/4)-Q1*SINCZ~-P1/4)))/CX*¥X)
RETURN

END
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COIL ENCIRCLING A TWO-CONDUCTOR ROD

The case of a coil encircling a two-conductor rod, shown in Fig. 11,
is typical of many eddy-current tests. If 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 section, we have programs that calculate the normalized

coil impedance (ENCCO), the defect sensitivity factor for a defect in

CRN(L~DWG 67~ 2525R

e

[ ——zo=,!1

Fig. 11. A Coil of Rectangular Cross Section Encircling a Two-
Conductor Rod.
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the outer material (ENDFT), 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 (ENDFB).

Normalized Coil Impedance

Discussion of ENCCO

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. 11). The conductors may have different permeabilities
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 dimensionless
and will be referred to as being "normalized.” The product of the angu-
lar frequency of the driving current, the permeability, the conductivity,
and the sqguare of the mean radius of the coil must be calculated for each
conductor. Let this product be denoted by wulalfg for the inner conduc~
tor and by Mu262;2 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 R1 = (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 = O plane)

20 LET M1 = (numerical value of wplgl?Q)

Note: If the conductivity of the inner conductor is zero, one must
type two additional lines.

60 LET X1 = X

62 LET Y1 = O
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22 LET Ul = (numerical value of relative permeability of inner
conductor)

24 LET M2 = (numerical value of wu,0,r?)
Note: If the conductivity of the outer conductor is zero, one must

type two additional lines.

56 1ET X2 = X
58 LET Y2 = O
26 LET U2

i

(numerical value of relative permeability of outer
conductor)

28 LET A = (numerical value of normalized radius of inner conductor)
30 LET B = (numerical value of normalized radius of outer conductor)

32 LET A9 = (normalization factor)

Note: This value may be obtained with the aid of AIRCO 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:

o
it

Rl = (R1) R2 = (R2) Ll = (L1) L2 = (I2)

INN RAD = (A) OUT RAD = (B) ATR VALUE = (A9)

= (ML) Ul = (U1) M2 = (M2) U2 = (u2)
AIR VALUE REAL PART IMAG PART

. - - o - -~ -

- 2 -~ - -~ -

T mmcme dmmmme
8 mmmmme el
9 e e, e
10 mmmmee e s
11 memeee e el
12 mmmmeemmeeee e
13 emmmee mmmmee e
Y mmmmeme e e
15 e e e
16 mmemeemmmmee s
NORMALIZED IMAG PART ------ NORMALIZED REAL PART =www—n-

OV W N E

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

cate that the numerical value of the symbol will be printed. The first
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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 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 coll in the presence of the two-conductor rod.

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

to use the program.

Sample Calculation of ENCCO

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 0.5380 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 ouber conductor is assumed to be copper with a radius of 0.400 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 = O plane to be
0.005 in.

Pirst, we determine the mean coil radius to be 0.500 in., so that

0.84
1.16

Normalized imner coil radius = 0.420/0.500
Normalized outer coil radius = 0.580/0.500

Normalized distance from bottom of coil to z = 0 plane = 0.01

i

1l

Normalized distance from top of coil to z = O plane = 0.32
0.6
0.8

1

Normalized radius of inner conductor = O.BOO/O.SOO

Normalized radius of outer conductor = 0.400/0.500

I

Furthermore,

Angular frequency of driving current = 21 X 1250 sec™?
Permeability of both conductors = 47 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
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Thus,

muzcé;z = 91.91

1l

At thig point one determines the normalization factor by placing
the normalized coil dimensions in AIRCO and running that program. It
is worth noting that the normalization factor is independent of all
parameters except the coil dimensions. This factor is normalization
factor 2 in the print-out of AIRCO 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 Rl = 0.84
14 LET R2 = 1.16

16 LET 11 = 0.01
18 LET 12 = 0.32
20 LET M1 = 45.48
22 LET UL = 1

24 LET M2 = 91.91
26 LET U2 = 1

28 LET A = 0.6

30 LET B =

32 LET A9 = 0.1011632B-1

Execution of the program yields the following results:
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Rl = .84 R = 1.16 L1 = .0% 2 = .32
INN RAD = .6 OUT RAD = .8 AIR VALUE = 1.01163E-2

ML = 45.48 Ul = 1 M2 = 91.91 R =1

X ATR VALUE REAL PART IMAG PART
1. 1.04034E-3 —9.65715E-4 ~4 48224 E~4
2. 4.91629E-3 2.00179E-3 ~7.28955E~4
3. 7.69354E-3 4 .40082F-3 —8.92772E~4
4. 8.02258E-3 4.57181E~3 —9.85552E-4
5. 8.49571E-3 4. 97829E-3 —1.03686E-3
6. 9.28378E-3 5.73816E-3 —1.06459E-3
7. 9.45269E~3 5.89514E-3 ~1.07929E-3
8. 9.56387E-3 6.00128E~3 —1.08694E~3
9. 9.83788E-3 6.273148-3 —1.09088E-3
10. 9.91996E-3 6.35432%-3 ~1.09288E~3
11. 9.94553E-3 6.37951E-3 ~1.0939E-3
12. 1.00317E-2 6.4655E-3 ~1.0944F-3
13. 1.00638E-2 ©.49755E-3 ~1.09465E-3
14. 1.00687E-2 6.50242E-3 —~1.094'77E-3
15. 1.00888E-2 6.5225E-3 —1.09482E~3
16. 1.00968E~2 6.53046E-3 —1.09484E~3

NORMALIZED IMAG PART .64747 NORMALIZED REAL PART .108226

From this we see that the normalized impedance is Z = 0.108226 + j 0.64747.

ENCCO Program

10 REM

12 LET R1=0.84
14 LET R2=1.16
16 L1=0.01

18 L2=0.32

20 M1=45.48

22 Ut =1

24 M2=91.9]

26 1J2=1

28 A=0.6

30 B3=0.8

32 A9=0.1011632E-1
APRINT"RI="3R1,"R2="3R2,"L1="3L1,"L2=";1L2
36PRINT "™INN RAD="3A3"0UT RAD="333"AIR VALIE=""349
JBPRINTMI="53M1,"U1=""5U1,"M2="" 3M2,""J2=""31J2

40 PRINT "X",'AIR VALUE'™,"REAL PART","IMAG PART"
42 LET M7=0
44 LET M¥%=0
46 LETM9=0

48 LETS1=1E-2
50 LETS2=1

52 LET B81=0
54 LET B2 =32
56 FAR X = Bi1

ENCCD VERSIZN 10719770

+S1/72 Tg 82 STEP Si
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2% LET X2
60 LET Y2
62 LET X1}
64 LET Y1
A6 LET 71
68 LET 91
70 LET 22
12 LET 02
TALET Z=A%71

T6LETE=31

78G25U8 314

BOLETI1 =21

S2LET.J1 =02

B4LET12=35

F6LETI2=06

BELETZ=A%Z2

FILETO=92

92G25U8 318

4LETI3=21

F6LETJI3 =02

9B3LETK3=23

100LETN3 =04

102LETI4=05

104LETJ4=26

106LETKa=27

108LETNA=0QY

11OLETZ=%X%5

112LETS=0

114G95U3 318

116 LET K5=93

118LETI6=25

120LETK6=0Q7

122LETZ=3%72

124LET2 =022

126Ga3U3 318

128LETI7=01

130LETJIT=02

132LETKT=073

134LETNT=04

136LETI®=N5

138LETJIB=06

T40LETKE=17

142LETNS =08

144 LET 21 =-X*¥KSkKE*COSINBI +Z2kKT*K6*¥COSCO2+NT ) /U2

146 LET A2==XkKS5kKSkSINI(NB)+Z2%KT*KEXSINC(O2+NT) /U2

14% LET D1 = SORCO1%Q1+02%02)

150G2513508

152LETE1 =23

154LETI1 =Z1%14%11%COS(A1+J4+J1) /U1~ 72%I2% I3 *CASCA2+J2+.J3) /7112
156LETA2=71%14%T11%SINCO1+J4+J1) /U1 -Z2%I2%I34SINCBAR2+.J2+]J3) /U2
15 LET D2 = SARCA1 %A1 +02%02)

160G25UB508

e TOT1I0TESARCSARCXEXAX KX +M2 M2 ) + X% X)
«TOTI0T*SOARCSARCXEX KX XX +M2HM2) =Xk X)
«TDNTIOTHSARCSORIXKKEXK X +MY kM1 ) +%X%X)
«TATI0TRSARCSAR CXEX %X AX+M] %M1 I =Xk X)
SARCKI¥X1+Y1%kY1)

ATNCY1/X1)

SARCXZ2 4 X2+Y2%xY2)

ATNCYR2/X2)

1 S T S N O TR T B £
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162LETEZ2=0Q3

164 LET Q1 =Z1%K4%11*%COSCO1+Na+J1) /U1 +Z2%xK3*[24CBSCQ2+N3+J2) /12
166 LET N2=Z1%K4k%[1*SINCB1+N4+J1) /U1 +Z2%K3xI24SINCD2+N3+.J2)/1J2
168 LET D3 = SAR(A1*Q1+A2%A2)

170G2SUB508

172LETE3=023

174 LET Ql1=Z2%17%K6%xCASCA2+J7)/7U2+X*kIZ%xKS*CBS(JIBY

176 LET Q2=Z2*%IT7xK6*SINC(G2+JT7I/U2+ Xk I8kKSkSINCIK)

178 LET D4 = SARCQ1*Q1+Q22%Q2)

180GOSUBS08

182LETE4=93

184 LET 21 = D1%D2*%COS(E1+E2)+D3%D4*COASCE3+E4)
186 LET 92 = D1*D2*SIN(ELI+E2)+D3%D4*SINCEI+E4)
188 LET DS = SAR (A1*Q1+02%Q2)

190GASUBS0R

192LETES=R3

194LETGI =CIB*D3*CUS(JIE+EIZ -5 ) ~KB*D2*kCASI(NB+E2~ES)I I/ (B¥KE%XDS )
196LETG1=G1-16/Ké
198LETG2=C18%D3*SIN(JB+E3~-ESI-KBXxD2kSININB+E2~-ES5) )/ (B*kK6%D5)
200 LET Z = R2%X

202 LET 21 = R2

204G@s3 250

206 LET Q27 = K7

208LETI2=F8
210 LET 7 = R1%X

212 LET Q1 = Rl

2146G325UB 250

216 LET Q8 = K7

218LETI1I=F8

220 LET S5=4*%S1%((Q7-Q8YkSINCXR(L2~-1L1)2/2))12
222 LET S3=3.141593%X*%351%(12-11>12

224 LET A3 = S3%((EXP(-X¥k(L2-L1))~-1)/X+L2-L1)
226 LET MT7=M7+A3+G1 %55

228 LET M8=M8+G2%S5

230LETMI=M9+A3

232 NEXT X

234 PRINT X+51/2,M9,M7,M8

236 LET S1=5E-2

238 LETB1=31+S52

240 LETB2=RB2+32

242 1FX<15.5 THEN 56

2A44PRINT"NORMALIZED IMAG PART" 3 (A9-MP+MT7)/A9,
246PRINTNORMALIZED REAL PART;-M8/A9
248G3TA516

250 IF Z>5 THEN 298

252 LET LS=INT(20%(1-EXP{(~Z/10))+4)

254 LETF1=0

256 LET F2=1

258LETF6=1

260LETTS=01%Q1 %01

262 LETF8=T576

264 LET Té6=1/2



266
268
270
272
274
276
274
250
282
284
286
288
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LET K7 = 21/7(XkX3+CeS5TT215665~1/72-1/3+LBG(Z/2))*T5/6
Fgr R=1 T@ LS

LET Fé=-1%F6

LET F1=F1+1/R

LET F2=F2+1/(R+1)

LET TH=TS*Z%Z

LETT6=T6/ (4%xR*(R+1))

LETC2=T6/(3+2%R)

LETFT=F&%T5%C2

LET C1=(«577215665~-(F1+F2)/2~-1/(3+2:%kR)II%C2
LET F3=Cl1*T5+C2%LOGCZ/2)%TS

LET K7=K7+F3

2IDLETF 8=FB+F7

292
294
296
298
300
302
304
306
308
310
312
314
316
318
320
322
324
326
324
330
332
334
336
33%
340
342
344
346
348
350
352
354
356
35%
360
362
364
366
368

NEXT R

LET K7=K7-3+1415927/(2%X%X*xX)

G@ T2 316

LET Pi1=(((-188+.1357/Z+109.1142)/7-23.79333>/72+2.050931>/7Z
LET P1=((P1-+.1730503)/7Z+.7034845)/2-.064109E-3

LET P2=(((~3H817517/7+2+.105874)/7-.6896196)/7Z++49520243/7
LET P2=(P2-.187344E~2)/Z2+.7979095

LET P4=3.1415927

LET F8=(1~-SQRCZY*(P2*COS(Z~PA4/4)~-P1*SINCZ-P4/4)))/ CXxX*kX)
LET P3=(({«T989839/Z-1.1768576)/2+.91571421)/72-.67491295)/7
LET P3=(P3+1.09582763/2+1.2533263

LET K7==P3%SAR(ZIREXP(~Z)/ (X*kX%kX)

RETURN

IFZ>8THEN392

LETLS=20% (1 -EXP(~Z/10))+4

LET T1=1

LETTS=Z/2

LETV1=T1

LETV2=0

V3=0

V4=0

LETV5=TS*C@35(3)

LETV6=TS5*S5IN(G)

LETVT=V5

LETV8=Y6

LETF1=0

LETF2=1

FAR R=1 T@ L5

LET Z3=C85(2%R%*3)

LET Z4=5IN(2*Rx*x3)

LET Z5=COS((2%R+1Y*@)

LET Z6=5IN{{(2%R+])*2)

LETF1=F1+1/R

LETF2=F2+1/(R+1)

LET T1=T1*ZxZ/(A4¥R%R)

LET TS=TS*7%Z/(4¥R¥k(R+1))

LET V1=V1+T1%Z3

LET V2=V2+T1%Z4

LET V3=V3+T1%Z3%F1



370
372
374
376
374
380
382
384
346
38Y
390
392
394
396
39%
400
402
404
406
408
410
412
41 4
416
418
420
422
424
426
428
430
432
434
436
438
440
442
444
446
A48
450
452
454
456
459
460
462
464
466
468
470
472
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LET V4=V4+T1xZ4%F ]

LET V5=V5+T5%75

LET V7=VT7+TS*(F1+F2)%Z5

LET V6=V6+T5%Z6

LET VH =VU8+TS*x(F1+F2)%7Z6

NEXTR

LET V3=V3-(0.577215665+L0G(Z/2))*V1+0%xV2
LET Va4=V4-(0.577215665+1.8GCZ/2))%V2-0%V1
LETVT7=~-VT7/2+C0SC0)/72+(.577215665+L0G(Z/2))%V5-0%V6
LETVE==V8/2-SIN(B)/Z+(5T7T7215665+LBG(Z/2)I*VE+@%V5
GATO474

LETF1=1

LETW7=1

LETWS =1

LET W3=1

LET W1=1

LETT2=1

LETT1=1

LET W2=0

LETW4=0

LETW6 =0

LETW&=0

L5=3+20/Z

FORR=1TOLS

LETF1=~F1

LET T2 =T2%(4~(2%R-1)%(2%R-1)I/(F*kR*Z)
LET TI1=T1*(~(2%R-1)12)/(B%R*7Z)

LET Z3=C@S(R*®)

LET Z4=SIN(R*3)

LET Wil=Wl+F1*T1%Z3

LET W2=W2-F1%xT1%xZ4

LET W3=W3+T1+#Z3

LET Wa=Wa4-T1%*Z4

LET WS=WH+F1%T2%73

LET Wo6=W6-F14T2%Z4

LET W7 =WT7+T2%7Z3

LET W8=WE-T2*kZ4

NEXT R

LET Q9=.3989422804*%EXP(Z*COS(3))>/SARCZ)
LET QA5=Q9%(COSCZ*xSIN(DI~.5%0))

LET A6=09%(SINCZ%SIN(I)~5%F))

LET Q9=1.253314137*%EXP(-Z*¥CA5C(3))/SARCZ)
LET Q7=29%(C@S(-Z*SINC@)-+5%3))

LET A8=909%(SINC-Z%5INC@}-«5%3))

LET V5=W5%Q5~-W6%Q6

LET V6=W6%QA5+WS%kN6

LET V7=WT7k07-Wg+x03

LET V&=WgxQ37+W7%08

LET V1I=W1*Q5-W2*%Q6

LET V2=W1*kQ86+W2%0Q5

LET V3=W3%Q7-W4%k0§

LET VA=W3%Q8+W4%Q7
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474 LETA1=SAR(VI*V]I+V2%xVY2)
476 LETO2=ATN(V2/V1)

478 IFV1I>0THENA4G2

480 LETA2=N2+3.1415927

482 LETQA3=SORCV3%V3+V4%xV4)
484 LETA4=ATNC(V4/V3)

486 IFV3>NTHEN490D

488 LET34=04+3.1415927

490 LETQAS=SARCVS*VS+YEXVYE)
492 LETA6=ATN(VA/VS)

494 IFV5>0THEN498

496 LETQ6=06+3.1415927

498 LETQAT=SARCVT*VT+VB%kVE)
500 LETQ8=ATN(VE/VT)

502 IFV7>0THENS05%

304 LETQ8=N8+3.1415927

506 RETIIRN

508 LETA3=ATNC(A2/91)

510 1¥921>0THENS1 4

512 LETA3=R3+3.1415927

514 RETURN

516END

Defect Sensitivity Factor for a Defect in the Outer Material

Discussion of ENDFT

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 diame-
ters) length. For this program, the defect must be in the outer conduc-
tor which is labeled II in Fig. 11, p. 145. 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
each conductor. Let this product be denoted by wu,0,T? for the inner
conductor and by wp,0,r> 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
14 LET
16 LET

18 LET

20 LET

Note:
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R1

i

(numerical value of normalized inner coil radius)
R2 = (numerical value of normalized outer coil radius)
L1l = (numerical value of normelized distance between bottom

of coil and z = O plane)

I2 = (numerical value of normalized distance between top of
coil and z = O plane)

ML = (numerical value of mulol;z)

If the conductivity of the inner conductor is zero, one must

type two additional lines.

60 LET
62 LET
22 LET
24 LET
26 LET
28 LET

30 LET

32 LET

Note:
placing the

The program

X1 =X
Y1 =0
M2 = (numerical value of wpzazgz)

A = (numerical value of normalized radius of inner conductor)

B = (numerical value of normalized radius of outer conductor)

RO = (numerical value of normalized r position coordinate of
defect)

79 = (numerical value of normalized z position coordinate of
defect)

A9 = (normalization factor)

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

appropriate coil dimensions in that program.

may now be run.

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

Rl = (R1) R2 = (R2) Ll = (11) 2 = (12)
INN RAD = (A) OUT RAD = (B) ATR VALUE = (A9)

ML = (ML) M2 = (M2)

DEFECT POSITION IS R = (R2) 7 = (Z9)
X MAGNITUDE PHASE

1 e mmm——

5  dmmmema i

110 e ——

15 s e

216 [ ppuupu e ——

25 emmmmm amaen

30 e e

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

cate that the numerical value of the symbol will be printed. The first
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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 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 1s presented for additional aid to those who wish

to use this program.

Sample Calculation of ENDFT

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 encirecling a two-conductor rod
of effectively infinite (three or four coil diameters) lengbth. 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 loecated 0.350 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.

First, we determine the mean coil radius to be 0.500 in., so that

0.84
1.16

i

0.420/0.500
0.580/0.500
Normalized distance from bottom of coil to Z = O plane = 0.01

i

Normalized inner coil radius

I
it

Normalized outer coil radius

Normalized distance from top of coil to Z = O plane = 0.32
0.300/0.500 = 0.6
Normalized radius of outer conductor 0.400/0.500 = 0.8
0.350/0.500 = 0.7
0.0825/0.500 = 0.165

i
il

Normalized radius of inner conductor

il

Normalized r position of defect

i

Normalized z position of defect

Furthermore,
Angular frequency of driving current = 21t X 1250 gec™?
Permeability of both conductors = 47 X 107 h/m
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Conductivity of copper = 5.77 x 107 mhos/m
Conductivity of aluminum = 2.86 x 107 mhos /m

Thus,

wulUlfz = 45.48
91.91

i

Oy, T2

At this point, one determines the normalization factor by placing
the normalized coil dimensions in ATRCO and running that program. It is
worth noting that the normalization factor is independent of all param-
eters excluding the coil dimensions. This factor is normalization
factor 2 in the print-out of AIRCO 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 Rl = 0.84
14 LET R2 = 1.16
16 LET L1 = C.0L
18 LET 12 = 0.32
20 LET Ml = 45.48

22 LET M2 = 91.91
24 LET A = 0.6
26 LET B = 0.8

28 LET RO = 0.7
30 LET Z9 = 0.165
32 LET A9 = 0.1011632E-1

Execution of the program yields the following results:

Rl = .84 R2 = 1.16 L1 = .0L 2 = .32
INN RAD = .6 OUT RAD = .8 ATR VALUE = 1.01163E-2
ML = 45.48 M2 = 91.91

DEFECT POSITION IS R = .7 zZ = .165
X MAGNITUDE PHASE

1. 1.69385E-2 -2.87084

5. L 168507 -2 .64092

10. . 240658 —2.48695

15. .250567 —2.4526

20. .251382 —2.44879

25. L2513 ~2.44928

30. .25123 -2 44974
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From this, we see that the defect sensitivity factor is 0.25123
~J 2.44974
e .
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.

ENDFT Program

10 REM ENDFT VERS 10N 10/19/70
12 LET Ri=.84

14 LET R2=1.16

16 LET L1=.01

I8 LET L2=.32

20 LET M1=45.48

P2 LET M2=91.91

24 LET A=.6

26 LET B=.8

28 LET R9=0.7

30 LET 79=.165

32 LET A9=.1011632E~1

34 PRINTR1=""3R1,"R2="3R2,"L1=""3L1,"L2=""35L2

36 PRINTINN RAD="3A,"GUT RAD=";3;B,"AIR VALUE=""3A9

38 PRINT'MI=""3M1," ",""M2="";M2

40 PRINT"DEFECT P@SITION IS*,"R="3;R9,"Z="379

42 PRINT ""X",'"MAGNITUDE™,""PHASE"

44 LET M9=0

46 LET M7=0

48 LET M8=0

50 LETS1=1E-2

52 LETS2=1
S4 LET B1=0
56 LET B2 =
58 FOR X = Bl +51/2 T@® B2 STEP SI

60 LET X2=470T107*SGRCSARCXH*XAXKX+M2¥M2) + Xk X)
62 LET Y2=.707107T*SARCSARCXkXkX*X+M2*kM2) = X*X)
64 LET X1=.7071074SQRCSAR (XA XKX*X+M]*kM] I +X*kX)
66 LET Y1=.707107*SQARCSORCXAXAX*kX+M] *¥M1 ) = X%X)
68 LET Z1=SORCX1*X1+Y1%*YI)

70 LET @1=ATNCY1/X1)

72 LET Z2=S0R(X2*X2+Y2%Y2)

74 LET 82=ATNCY2/X2)

76 LETZ=A%Z1

78 LETO=01

80 GOSUB 316

82 LETI1=Q1

84 LETJ1=02

86 LETI2=Q5

>
wn
- 0\
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90

92

94

96

98

100
102
104
106
108
110
112
114
116
118
120
122
124
126
128
130
132
134
136
138
140
142
144
146
148
150
152
154
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158
160
162
164
166
168
170
172
174
176
178
1380
182
184
186
188
190
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LETJ2=R6

LETZ=A%Z2

LET@=22

G@sSUB 316
LETI3=Q1

LETJ3=Q2

LETK3=83

LETN3=04

LETI4=0Q5

LETJ4=Q6

LETK4=97

LETN4=08

LETZ=X*B

LET@=0

G@sSUB 316

LET K5=Q3

LET16=Q5

LETK&6=27

LETZ=B%Z2

LET@=02

GasSUB 316

LETI7T=Q1

LETJ7=Q02

LETKT7=Q3

LETNT =24

LETI8B=AQ5

LET.Jg=Q6

LETK3=QR7

LETNB=Q8

LET Z=R9*Z2

LET ©=92

GasuB 316

LETI9=Q5

LETJ9=06

LET K9=07

LET N9=Q8

LET Q1=-X¥K5«KZ*CASINGI +Z2*xKT*KE6%CAS(I2+NT)
LET 92=-%XkKS5kKBkSINING)+Z2k K T*K6XxSIN(A2+NT)
LET D1=50R(Q1*%Q1+32%Q2)

GB3SUB506

LETE1 =03

LET Q1=Z1%14%11%COS(O1+Ja+J1)-Z2%I2%I3*%COS(B2+J2+J3)
LET Q2=Z1xI14%xI1%SINCG1+J4+J1)-Z2*%I2%I3%SINC(G2+J2+.13)
LET D2=SAQR(QA1*01+02*Q2)

GBSUB506

LETE2=Q3

LET QlI=Z1%K4*I1*COSCO1 +N4+J1)+Z2%K3*I2%CBS(Q2+N3+.J2)
LET 92=Z1*K4*xI11*SINCG1+NA+J1 ) +Z2%kKI*I2H*SIN(OP2+N3I+J2)
LET D3=53QR(Q31¥Q1+02xQ2)

G@SUB506

LETE3=03

LET Q1=Z2%174xK6*%COSCA2+J7)+XkI8kK5+COS(JR)
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192 LET Q2=Z2*%IT*K6*SINCA2+J7I+X*kI8*K5%3INCJIB)
194 LET D4=SOR(Q1*Q1+Q2%Q2)

196 G@SUBS506

198 LETE4=Q3

200 LET Q1=D1¥D2%CBS(E]1+E2)+D3*%DA*COBS(E3+E4)
202 LET Q2=D1*D2*SIN(EI+E2)+D3*D4*SIN(E3+E4)
204 LET D5=SQR(A1%0Q1+02%92)

206 GBSUB506

208 LETES=Q3

210 LET Gl1=(I9%D3%COSCJI+E3~ES)-KI*kD2*CAS(NI+E2-ES5) )/ (B*DS)
212 LET G2=C(I19*%D3*SIN(JI+E3-ES5)-KI*kD2*JIN(NI+E2~-ES5))/(B*D5)
214 LET Z = R2%*X

216 LET Q1 = R2

218 GASUB 268

220 LET Qa7 = K7

222 LET Z = R1#*X

224 LET At = R1

226 GOSU3 268

228 LET Q8 = K7

230 LET S5=S1%(Q7-Q8)* (SINIX*x{(Z9-L1))~-SIN(X*{(Z9-L2)))
232 LETMT7=MT+G1 %855

234 LET M8=M8+G2%S5

236 NEXTX

238 LET M9=ATN(M8/MT)

240 IF M7>0THEN244

242 LET M9=M9+P1

244 LET N9=(3%M2)/(4%F.8696044%A9)

246 PRINT X+S51/2-N9%{(M7TxM7+MZ%kM8)»2%M9

248 LKET S1=5E-2

250 1IF X>4.5 THEN 258

252 LETS1=1

254 LET B2=5

256 G@ TO 58

258 LET S2=5

260 LET B1=32

262 LET B2=B2+52

264 TFX<29.5THENSS

266 G2 TY 514

268 IFZ>3THEN308

270 LET LS=INT(20%(1-EXP(~-Z/10)3>+4)

272 LETF1=0

274 LET F2=1

276 LETF6=1

278 LETTS=91%01%*Q1

280 LET Té6=1/2

282 LET K7=01/0(XkX)+(577215665-1/2-1/73+LLAGCZ/2))*T5/6
284 FOR R=1 T8 LS

286 LET Fi=F1+1/R

288 LET F2=F2+1/(R+1)

290 LET T5=TS5%Z*Z

292 LET T6=T6/(4%R*(R+1))

294 LET C2=T6/(3+2%R)
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LET C1=Ce577215665~(F1+F23/2-1/(3+2%R)I)*C2
LET F3=C1*T5+C2%LAGCZ/2)%TS

LET KT7=KT7+F3

NEXT R

LET K7=K7-PI/(2%X*X*%X)

GO TO 314

LET P3=(((.7989839/Z~1.1768576)/Z+.91571421)/7Z-+674912953/7
LET P3=(P3+1.0958276)/2+1.2533263

LET K7=-P3*%SQR(ZI*EXP(~Z)/(XkX*¥X)
RETURN

IFZ>8THEN390

LETLS5=20%(1~EXP(~Z2/103)+4

LET Ti=1

LETTS5=2/2

LETV1=T1

LETV2=0

V3=0

Va=0

LETVS=T5%C25(9)

LETV6=T5*SINCG)

LETV7=V5

LETV8=V6

LETF1 =0

LETF2=1

FBR R=1 T@ LS

LET Z3=COS(2%R*Q)

LET ZA=SIN(2%R*@)

LET Z5=C@S((2%R+1)*d)

LET Z6=SINC(2%R+13%*3)

LETF1=F1+1/R

LETF2=F2+1/(R+1)

LET Ti=T1*Z%Z2/(4%R%*R)

LET TS5=TS*Z%Z/(4%R*(R+1))

LET V1=V1+T1%Z3

LET V2=V2+T1%Z4

LET V3=V3+T1%Z3%F1

LET VA=V4+T1 *Z4%F}

LET VS=VS+T5%Z5

LET V7=V7+T5%(F1+F2)%Z5

LET V6=V&6+T5*Z6

LET V8 =VB+TS*(F1+F2)%76

NEXTR

LET V3=V3-(D577215665+L.OG(Z/2))%V1+B%V2
LET V4=V4-(0.577215665+LBGCZ/2))%V2-8%V]
LETVT7=-VT7/2+CAS(@Y/Z2+(«577215665+1L.BG(Z/2))%VY5-0%V6
LETV8==~V&/2~-SINCBI/Z+(e57T7215665+LAGCZ/2))%VE6+T*V5
GOTDA4T2

LETF1 =1

LETW7=1

LET W5=1

LET W3=1

LET W1=1
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LETT2=1

LETT1 =1

LET W2=0

LETW4=0

LETW6=0

LET W8=0

LS5=3+20/Z

FOR R=1 T@ LS

LETF1=~F1

LET T2 =T2%(4~(2%R-1)Y¥%(2%R~12)/(B*kR*7)
LET Tli=T1#*(~(2%R~1)12)/(8%R*x7)
LET Z3=COS(R*B)

LET Z4=SIN(R*@)

LET W1=Wl+F1%T1%Z3

LET W2=W2-F1*T1%Z4

LET W3=W3+T1x%Z3

LET W4=W4-T1%Z4

LET WS=W3+F1%T2%Z3

LET W6=W6-F1*T2*%Z4

LET W7 =W7+T2%Z3

LET W8=W8-T2%Z4

NEXTR

LET Q9=.3989422804%EXP(Z*CAS5(@))/5QAR(Z)
LET Q5=09%(COS(Z*kSIN(DI~.5%3))
LET Q6=Q9%(SINC(Z¥SIN(Z)-.5%3))
LET Q9=1.253314137*%EXP(~Z%C@S(B))/SAR(CZ)
LET A7=Q9*%(COS(~-Z%SIN(@)~-+5%0))
LET A8=Q9%(SIN(~Z%3INC(D)Y~-.5%3))
LET VS=WS5%QS5-W6%0Q6

LET V6=W6%Q5+WS5%Q6

LET V7=WT7*Q7-W8%AG

LET V8=W8%Q7+WT7T%Q8

LET VIi=W1%Q5-W2*Q6

LET VZ2=W1*xQ6+W2%Q5

LET V3=W3%Q7-W4%Q8

LET V4=W3*Q8+W4%xQ7

LETA1 =SAR(VI %V1+V2%V2)
LETAZ2=ATN(V2/V1)

IFV1>0THEN480

LET 22=02+P1I
LETQ3=SAR(V3*Y3+V4%xV4)
LETQ4=ATN(VA/V3)

IFV3>DTHENA4BS

LET 0Q4=04+P1
LETA5=SAQR(VS*V5+V6%xV6)
LETQ6=ATN(V6/V3)

IFV5>0THEN496

LET Q6=06+P]
LETA7T=SQR{VT*VT+V3Z%xYg)
LETAB8=ATNCVE/VT)

IFV7>0THENSO4

LET G8=Q8+P1
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504 RETURN

506 LETA3=ATN(I2/Q91)
508 IFQ1>0THENS12
510 LET Q3=Q3+PI1

512 RETURN

S14END

Defect Sensitivity Factor for a Lattice of
Defects in the Outer Material

Discussion of ENDFTL

This program is designed tec calculate the defect sensitivity factor
for a coll 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
number of points on a lattice in the outer conductor, which is labeled
IT in Fig. 11, p. 145. 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. I the
latter situation arises, one may delete the character :4: wherever it
appears in the program, thus causing the data to be printed at the con-
sole; otherwise, one may access the data by using the name :4:.

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 thils product be denoted by wu161?2 for the inner conduc-
tor and by wuzcz?z 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
14 LET
16 LET

18 LET

20 LET

Note:
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RL = (numerical value of normalized inner coil radius)
R2 = (numerical value of normslized outer coil radius)
Ll = (numerical value of normalized distance between bottom

of coil and Z = O plane)

I2 = (numerical value of normalized distance between top of
coil and Z = O plane)
ML = (numerical value of wu,0,T?)

If the conductivity of the inner conductor is zero, one must

type two additional lines:

80 LET
82 LET
22 LET
24 LET
26 LET
28 LET

Note:
placing the

30 LET

32 LET

34 LET

Note:
r direction

tion, 78 is

X1 = X

Yl =0

M2 = (numerical value of Wu,o,r?)

A = (numerical value of normalized radius of imner conductor)
B = (numerical value of normalized radius of outer conductor)

A9 = (normalization factor)

This value may be obtained with the aild of AIRCO simply by

appropriate coil dimensions in that program.

R9 = (numerical value of number of lattice spacings in
r direction)

79 = (numerical value of number of lattice spacings in
z direction)

78 (numerical value of maximum normalized z position

]

coordinate of defect)

Neither R9 nor 79 may exceed 15. The lattice spacing in the
is (B-A)/R9, while it is Z8/29 in the z direction. In addi-

measured from the midplane of the coil.

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

using the name :4:, and the program may then be run.

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 formatb:



(R1) (R2)
(n) (B)
(M1)
(R9) (Z9)
(rR(1))
(z(1) mmmee-
(z(2)) =
(2(79)) e
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L

(1.2)

R R HHHHANK
KA K KKK KN
KK KKK K KRN
KoK AR KK
HHEARRAX KK

*

%

*

*
HRH KW A HHNH
Rk b e

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 at 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(z9)].

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

to use this program.

Sample Calculation of ENDFITL

Let us suppose that we wish to know the defect gensitivity 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 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 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 X 2 lattice in the copper.

We shall assume the frequency

of the driving current to be 1.25 kHz and the distance cf the bottom of

of the coil from the Z = O plane to be 0.005 in.

First, we determine the mean coil radius to be 0.500 in., so that
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0.84
1.16

Normalized distance from bottom of coil to Z = O plane = 0.0L

i

Normalized inner coil radius = 0.420/0.500
Normalized outer coil radius = 0.580/0.500

It

Normalized distance from top of coil to Z = 0 plane = 0.32

Normalized radius of inner conductor = 0.300/0.500 = 0.6
Normalized radius of outer conductor = 0.400/0.500 = 0.8
Number of r lattice spacings = 4
Number of z lattice spacings = 2

Maximum normalized z coordinate of defect = 1.000/0.500 = 2
Furthermore,

Angular frequency of driving current = 21 X 1250 sec™?
Permeability of both conductors = 4n X 107 h/m
Conductivity of copper = 5.77 x 107 mhos/m

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

wulfjl;Z = 45 . 48

W, 0,r? = 91,91

At this point one determines the normalization factor by placing
the normalized coil dimensions in ATRCO and running that program. It is
worth noting that the normalization factor is independent of all paran~
eters excluding the coil dimensions. This factor is normalization
factor 2 in the print-out of AIRCO 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 Rl = 0.84
14 LET R2 = 1.16
16 LET L1 = 0.01
18 LET I2 = 0.32
20 LET ML = 45.48
22 LET M2 = 91.91
2% LET A = 0.6

2¢ LET B = 0.8
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28 LET A9 = 0.1011632E-1
30 LET RO = 4
32 LET Z9 = 2
34 LET Z8 = 2

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

results:

.84 1.16 .01 .32

.6 .8 1.01163E~2

45,48 91.91

4 2 2
.625 L675 725 15

~.335 1.148258-2 1.62134E~-2 2.49876E-2 4.15522F-2
8.26914% 8.90257 —2.93334 -2.18561

—-1.335 9.771898~-5 1.51725E-4 2.56761E-4 4.61585E~4
8.10211 8.75756 ~3,08512 ~2.36424

From this, we see that for the case of a defect located at R = 0.725,
7 = —1.335 the defect sensitivity factor is 2.56761 X 1074 exp(~j 3.08512).
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 factocr. Note that the defect volume must be calculated from

dimensions which are normalized by the mean radius of the coil.

ENDFTL Program

10 REM ENDFTL VERSIGN 10720770
12 LET R1=0.84

14 LET R2=1.16

16 LET L.1=0.01

18 LET L2=0.32

20 LET M1=45.48%

£2 LET M2=91.91

24 LET A=0.6

26 LET B=0.8

28 LET A9=0.1011632E~-1

33 LET R9=4

32 LET Z9=2

34 LET Z8=2

36 DIMMCLIE,18)51C18,18),P(18,18),R(18),7(18)
38PRINT$4:R1,R25,L1,L2

A0PRINT:4:A:8B,A9

42PRINT :4:M1 5" "HoM2

A44PRINT 1 42:R95729,728

46PRINT 4

4% PRINT * A PROGRAM IS N@OW RUNNING. PLEASE D@ NOT DISCONNECT!!!®
50 PRINT



22
34
56
5¢
60
62
64
66
68
70
72
T4
76
T8L.
“g0L
B2
84
36
8%
90
92
94
26
98
100
102
104
106
108
110
112
114
116
118
120
122
124
126
128
130
132
134
136
138
140
142
144
146
148
150
152
154
156
158
160
162
164
166
168
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FORI=1TEZ9

FORJI=1TBRY?

LETM(I,.J2=0

LETIC(IsJ)=0

NEXTJ
NEXTI

LETS1=1E-2

LETS2=1

LETB1=0
LETB2=52
FORX=B1+51/2T@B2STEPS1
LETX2=«70T7107T*SORCSAR C Xk XA X KX +M24M2 ) + Xk X)
LETY2=eTOT107*SQRISARCX¥ Kk XA X+M2HM2 ) - X*X)
ETX1=«707107%SOQRCSAR XXk XxX+M1 M1 ) + X% X)
ETY1=«707107*SAR(SORIX %Xk Xk X+M1 %M1 ) -X*X)
LETZ] =5QR(X1*X1+Y1*Y1)
LETZ1=ATNC(Y1/X1)
LETZZ2=SQR{X2*X2+Y2%xY2)

LET 92=ATNC(Y2/X2)

LETZ=A%Z1
LET® =81

GosSUB424

LETI1=0a1
LETJ1 =02

LETIZ2=Q5

LETJ2=06

LETZ=A%72

LET@ =02

GOSUB4a24

LETI3=01

LETJ3=02

LETK3=@3

LETN3=Q4

LETI4=Q5

LETJ4=06

LETK4=Q7

LETN4=Q8

LETZ=Xx%B

LET@=0

GAsSUB424

LET K5=Q3

LETI6=Q5

LETK&6=Q7

LETZ=B*Z2

LET@=02

GasuUB4R24

LETI?7?7=0Q1

LETJ7=0R2

LETK7=03

LETNT=04

LETI8=QS5

LETJ8=0é&

LETK8=Q7

LET N8=08

LET Q1=-X¥K5+%K8%COSINBY+Z2*kKT*KE6¥COAS(B2+NT)
LET 92=-X*K5%KB*SININEI+Z2*kKTH*KHXSINCI2+NT)
LETD1=5@R(Q1*Q1+Q2%Q2)

GAsSuUBA1 4

LETE1=Q03
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176
178
180
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184
186
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192
194
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198
200
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204
206
208
210
212
214
216
218
220
202
224
206
228
230
232
234
236
238
240
242
244
246
248
250
252
254
256
258
260
262
264
266
268
270
272
274
276
278
280
282
284
286
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LETQ1=Z1%I14%11%COS5C21+J4+J1)-Z2%I2*%I3*xCOSCQ2+J2+.J3)
LETA2=Z1%14% 11 %5INCO1+JA4+J1)-Z2% 124 [3%SINCG2+J2+.13)
LETD2=S9R(Q1*01+A2*Q2)

GESIIB614

LETE2=23

LET Q1=Z1%K4xI1%COSC31+N4A+J1 I +Z2%xK3*12*%COSCG2+N3+J2)
LET Q2=Z1%K4*%I1%SINCO1 +NA+J1 I +Z2%kKIRI2*SINCG2+N3+J2)
LETD3=3QR(Q1*Q1+Q2%Q2)

GOsUB614

LETE3=93

LET Q1=Z2%I7T*KE6xCAS(B2+JT) +XxI18%KS)COS(IE)

LET Q2=Z2kIT*K6*SINCG2+ JTI)+XKkIBKkKS*5INC.IB)
LETD4=3SQR{Q1 %21 +02%Q2)

GOoSUB614

LETE4=Q33

LETQ1 =D1%D2%CAS(ET+E2)+D3%DA4%COHSC(E3+E4)
LETQ2=D1*D2%SIN(E1+E2)+D3*D4*SINCE3+E4)
LETD5=SQR(Q1*Q1+Q2%Q2)

GOsuUB614

LETES5=03

LETZ=R2%X

LET@1=R2

Ga5UB376

LETQT7=K7

LETZ=R1*X

LETQ1=R1

GOSUB376

LETS6=Q7-K7

LET@ =22

FORJ=1TBR?2

LETRCJ)=A+(J=5)*%(B~A)/R9

LETZ=Z2%R(J)

GoSUB424

LETI9=Q5

LETJ9=06

LETK9=Q7

LETN9=0%

LETG1 =C¢I19%D3%CESCJI+E3-ES)~K9*D2*COSI(NI+E2-ESI)I/(B*DS)
LETG2=CI9%D3*SINCJIS+E3-ESI-KOKkD2kSIN(NI+E2~-ES5) )/ (B*D5)
FORI=1TOZ9

LETZCI)=(L1+L2)/2-(1~.5)%Z8/Z9

LETSS=S14S6% (SIN(X*(Z(I)-L1I)-SINCX*(Z(I)~-L2)))
LETM(I»J)=MC(I,J)+G1%S5

LETICIJ)=ICI5J)+G2%S5

NEXT1I

NEXTJ

NEXTX

PRINTX+S1/725

LETS1=5E-2

LETB1=R1+52

LETB2=B2+52

IFX<29.5THENT2

FORI=1TBZ9

FORJ=1TBGRY

LETPCI, J)=2%ATNCIC(Is.J)/M(15d))

IFM(I,J)>0THEN284

LETPC(I,J)=P(1,J)+2%P1

LETMCI, X =MCII)*MCTILJ)+ICTI>I)*ICTIs )

NEXTJ
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288 NEXTI

290 LETQ=(3%M2)/(4%92.8696044%A9)
292PRINT 42" ',

294 FORJI=1TE4
296PRINT:4:R(J)»

298 NEXTJ

300 FORI=1TOZ9
302PRINT:2427¢(1)>»

304 FOR.J=1T04
306PRINT14:0%MC(I-J)s
308 NEXTJ

310PRINT 242"

312 FORJI=1TO4
314PRINT:4:P(I>J0)
316 NEXTJ
318PRINT:4:

320 NEXTI

322 IFR9<4«5THENG622
324 FBRJI=5TE9
326PRINT24:R(J)

328 NEXTJ

330 FORI=1TZZ9

332 FORJ=5T@9
334PRINT:4:Q0%M(15J)>»
336 NEXTJ

338 FBRJ=5T29
340PRINT:4:P(I-J)>
342 NEXTJ
344PRINT 4

346 NEXTI

348 IFR9<9.5THEN622
350 FORJ=10TD14
352PRINT®4:R(J)s

354 NEXTJ

356 FORI=1TOZ9

358 FORJI=10TO14
360PRINT4:Q&MC(I>.0),
362 NEXT.J

364 F@RJ=10T314
366PRINTt4:P(1-J),
368 NEXT.J
370PRINT 4

372 NEXTI

374 IFR9<14.5THENS22
376 IFZ>3THEN416

378 LETLS=INT(20%(]1~EXP(-Z/10>)+4)
380 LETF1=0

382 LETF2=1

384 LETFé=1

386 LETTS=01%Q1*a1
388 LETT6=1/2

3920 LETKT7=01/(X¥X)+{(+577215665-1/2~1/3+LOGCZ/2)I%T5/6
392 FORR=1TOLS

394 LETF1=F1+1/R

3956 LETF2=F2+1/(R+1)
398 LET T53=T5%Z%Z
400 LETTH=TH/U4%R*¥(R+1))
402 LETC2=T&/(3+2%R)
404 LETC1=(e577215665~-(F14F23/2~1/(3+2%R)I%C2
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406 LETF3=C1*TS+C2%LBGC(Z/2)Y*T5S

408 LETKT7=K7+F3

410 NEXTR

412 LETKT=KT7-3.1415927/(2%XkxX*%X)

414 GOTO422

416 LETP3=(((+T7989839/7~1.17685T6)/Z+.915T71421)/2-.67491295)/Z
418 LETP3=(P3+1.0958276)/7+1.25332463
420 LETK7=~P3%SORCZIXEXP(-Z)/ZCX¥X%X)
422 RETURN

424 IFZ>8THEN498

426 LETLS=20%(1 -EXP(-Z/10))+4

428 LET T1 =t

430 LETTS=Z/2

432 LETVI=T1

434 LETVZ2=0

436 V3=0

438 V4=0

440 LETVS=T5*%CAS(O)

442 LETV6=TS*SINCG)

444 LETV7=V5

446 LETVB=V6

448 LETF1=0

450 LETF2=1

452 FQR R=1 T2 LS

454 1LET Z3=COS(2%R*x@)>

456 LET Z4=SINC(2%R*0)

458 LET Z5=COSC(2%R+1)I%Q0)

460 LET Z6=SINC(2*%R+1)>%*3)

462 LETFi=F1+1/R

464 LETF2=F2+1/(R+1)

466 LET T1=T1%kZ*Z/(4%R*R)

468 LET TS=TS%Z*Z/(4%R*(R+1))

470 LET V1=V1+T1%Z3

472 LET V2=V2+T1%xZ4

474 LET V3=VU3+T1*Z3%F1

476 LET V4=VA4+T1*Z4%F1

478 LET VS=VS5+T5%Z5

480 LET VT=VT+TS*k(F1+F2)%2Z5

482 LET V6=V6+T5%76

484 LET V8 =VE&+TS5*(F1+F2)%7Z6

486 NEXTR

488 LET V3=Y3-(Q.577215665+LBGCZ/2))%V1 +0%V2
490 LET V4=V4~-(0.577215665+LOAGC(Z/2))¥kV2~-0%xV]
492 LETVT ==-VT/2+COS(BY/Z+CeSTT215665+L.OGC(Z/2))*V5-0%V6
494 LETV8=~V8/2-SIN(D)Y/Z+(.577215665+LBGCZ/2))*V6+@%VS
496 GOATOSKO

498 LETF1 =1

500 LETW7=1

502 LETWS=1

504 LET W3=1

506 LET Wi=1

508 LETTZ2=1

510 LETTI1=1

512 LET W2=0

S14 LETW4=0

516 LETW6=0

518 LETWE=0

520 LS=3+20/7
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522 FORR=1TOLS

524 LETF1=-F1

526 LET T2 =T2%(4-(2%R~-1)*%(2¥%R~11)I/(8%R*Z)
528 LET Ti=T1*(~-(2%R-1)1t2)/(8*¥R*7Z)
530 LET Z3=CaS5(R*@)

532 LET Z4=SIN(R*0)

534 LET Wi=WI+F1%T1%Z3

536 LET W2=W2-F1%T1%Z4

538 LET W3=W3+T1#%Z3

540 LET W4=W4-T1%Z4

542 LET WS=WS5+F1%T2*%Z3

544 LET W6=W6-F1%T2%Z4

546 LET W7 =WT+T2%Z3

548 LET W8=Wg-T2%Z4

550 NEXT R

552 LET Q9=.3989422804*EXP(ZxCAS(@)>)/SQR(Z)
554 LET Q5=09%(COSCZ*SINCE)~.5%0))
556 LET Q6=Q9%{(SINCZ*3IN(G)~.5%0))
558 LET Q9=1.253314137*EXP(~Z%CB5(@))/SARCZ)
560 LET Q7=09%(CAS(-Z*SINC@)I~.5%0))
562 LET Q8=Q9%(SINC-Z*SIN(Z)~+5%2))
564 LET VS5=WS*QS-W6%Q6

566 LET V6=W6XxN5+W5xQ6

568 LET V7=W7xQ7-W8%A8G

570 LET VB=WB*QT7+WT*QY

572 LET V1=W1%Q5-W2%Q6

574 LET V2=W1*Q6+W2%Q5

576 LET V3=W3%Q7-U4%Q8

578 LET VA4=W3*Q8+WaxQ7

580 LETQ1=SAR(VIXxV1+V2%V2)

582 LETQ2=ATN(VZ2/V1)

584 IFV1I>0THENSE8S

586 LETA2=Q2+3.1415927

388 LETQ3=3aR(V3I*Y3+V4%kV4)

590 LETQ4=ATN(V4/V3)

592 IFV3>0THENS96

594 LETQ4=Q4+3.1415927

596 LETAS=SAR(VI*kV5+V6E%VE)

598 LETQ6=ATN(V&/V5)

600 IFVS>0THENG04

602 LETQ6=QR6+3.1415927

604 LETQ7=SQ@R(VT*VT+VEXVE)

606 LETO8=ATN(VE/VT)

608 IFVT>OTHENS12

610 LETA8=Q8+3.1415927

612 RETURN

414 LETA3=ATN(R2/Q1)

616 IFQ1>0THENG20

618 LETA3=03+3.1415927

620 RETURN

622END

READY
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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 sen-
sitivity for a differential coil system which is shown encireling a two-
conductor rod in Fig. 12. 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 & common axis. The two conduc-

tors need not have the same electrical conductivity.

ORNL-DWG 67-2525R2

Fig. 12. A Differential Encircling Coil System.



To use this program, one must execute the program which calculates
the defect sensitivity factor for a coil encircling 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 com-
puter in the execution of either ENDFTL or INDFTL are stored in a data
block, which 1s 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 IET D = (numerical value of center-to-center coil spacing)

Note: This spacing is in units of z lattice spacings, which are
equal to Z8/29 for either case of interest. The definitions of Z8 and
Z9 can be found in the explanatory material for either ENDFTL or INDFTL.
The name of the data file must now be typed into each line which contains
an "input” command (e.g., line 18) which becomes: 18 input: (name of
file containing data): R1, R2, L1, L2. The program may now be run.

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

RADII OF BOTH COILS ARE INNER = (R1) OUTER = (R2)
LENGTH OF BOTH COILS IS (IL2-L1) AIR VALUE IS (A9)
RADIT OF CONDUCTORS ARE INNER = (A) OUTER = (B)
COILS ARE SEPARATED (D*z8/79) ML = (ML) M2 = (M2)
z , R (R(1)) (R(2)) *xxxxxxt¥x " (R(R9))
(Z(l)) ____________ KAREREKEEN e
____________ FeHe K M e NN NN e
(z(2)) emeeee eeeeas HXHRRERHRFE
____________ R e T S o - - ——
* * * * *
* * * * *
¥ 3 k3 * *
* * % * ¥*
(z(z97)) e eem HHHHHRERRN e
____________ P N e

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

are normalized and the Z(I)'s are measured from the midplane of the coll
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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 7(z9")]. Furthermore, 79" = Z9 — 1
— Int(D/2), where Z9 and all other symbols are defined in the explanatory
material for both ENDFTL and INDFTL.

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

to use this program.

Sample Calculation of READIN

Let us suppose that we are interested in the differential defect
sensitivity 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 ENDFTL is written on the file :4:, the following

lines are typed into the program:

10 IET D = 2
18 INPUT t4: R1l, R2, L1, L2, etc. for the other input lines.

The program is then run with the following results:

RADII OF BOTH COILS ARE INNER = .84 OUTER = 1.16
LENGTH OF BOTH COILS IS .31  AIR VALUE IS 1.01163E-2
RADIT OF CONDUCTORS ARE INNER = .6 OUTER = .8
COILS ARE SEPARATED 2 ML = 45.48 MZ = 91.91
Z ) R .625 675 725 775
-.5 1.13862E-2 1.60633E~2 2.47338E~-2 . 041098
—~4, 2958 ~3.066244 —2.93177 ~2.18361

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

0.247338 x 10~1 ¢4 2:93177
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READIN Program

10 REM READIN VERSION 11/15/69

12 LETD=3

14 LETH=INT(D/2)

16 DIM MO185,18),PC1%,18),SC1%,18),1C1R,18)50C183,18)RC1IRYZCIR)
18 INPUT:4:R1,R2,.L1,L2

20 INPUT:4:A-B,A9

22 INPUT:4:M1,M2

24 INPUT:4:R95,79,7%

26 FORJ=1TO4

28 INPUT:4a:RCH)

30 NEXTJ

32 FORI=1TOZ9

34 INPUT:24:7C1)

36 FORJ=1T04

38 INPUT:s4:MCI> )

40 NEXTJ |

42 FORJ=1T0O4

44 INPUT:4:P(1,.0)

46 NEXTJ

48 NEXTI

5N IFR9<4.5THEN9SR

52 FOR J=5 T9O 9

54 INPUT:4:RC(.D)

56 NEXT.J

5% FORI=1TAZ9

60 FORJI=S5T@9

62 INPUT:4:M(1,J)

64 NEXT.J

A6 FORJI=5TO9

68 INPUT:4:PCI-.0D

70 NEXTJ

72 NEXTI

T4 IFR9<9.5THENIH

76 FORJ=10TO14

T8 INPUT:4:ROD

80 NEXTJ

82 FORI=1TOZ9

%4 FORJ=10TO14

$¥6 INPUT:2:4:MC(I,.0)

88 NEXTJ

90 FORJ=10TB1 4

92 INPUT::4:PC(I> D)

94 NEXT.J

96 NEXTI

98 PRINT"RADII OF 8OTH COILS ARE",™INNER=";R1,VOUTER="3R2
100 PRINT"LENGTH OF 80TH COILS I1S"s1L.2-L1,""AIR VALUE IS";3A9
102 PRINT"RADII OF CONDUCTORS ARE'™"INNER="3A,"JUTER="":8
104 PRINTCOILS ARE SEPARATED'™:D*ZH/79,"M1=""3M1,"M2=""3M2
106 FZR I=H+1 TO Z9
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119
112
114
116
118
120
122
124
126
128
130
132
134
136
138
140
142
144
146
148
150
152
154
156
158
160
162
164
166
168
170
172
174
176
178
180
182
184
186
188
190
192
194
196
198
200
202
204
206
208
210
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LET 3=1-H

IF I>D THEN 116

LET K=D+1-1

G2 T2 118

LET K=1-D

FOR J=1 T3 R9

LET SCQ5,JY=M(Ks J)*CAS(P(K»JII-M(I,J)*CAS(P(I5J))D
LET IC2,J)=MIK>JI¥SIN(P(K>J))~-MCI>»J)XSIN(PC(I-J))
IF S5CQ,J)<>0 THEN130
LETGCA»J)=-(3.1415927)/2
GO T3 136
LETO(Q,J)=ATNC(IC(A»J)/S(R5J))
IFS(Q,J)>>0 THEN136
LET@CQ,J)=0(AsJ)-31415927
LET S, J)=S5AR(S(A>I)XkS(Q>II)+I(Q5>JI)*I(Q»I))
NEXT J

NEXT 1

FZR I=1 T 7Z9-(H+1)

LET ZCIH)=ZCI)-(L1+L2)/2
NEXT 1

IF D=2%H THEN 158

LET Z=7ZC1)

FBR I=1 TQ 7Z9-(H+1)

LET ZCI1)=Z(1)~Z

NEXT I

PRINT

PRINT* P AP R">»
FAR.J=1T@4

PRINTR{J)»

NEXTJ

FORI=1TOZ9-(H+1)
BRINTZCI) >

FOGRJ=1TG4

PRINT SCIsJd)do

NEXTJ

PRINT' ',

FARJI=1TO4

PRINTOCIs JD>

NEXT J

PRINT

NEXTI

IFRI<4.5THENZ2A42
F@RJI=5TJ9

PRINTRCJ)Y

NEXTJ

FORI=1TOZ9-(H+1)
FOGRJI=5T@A9

PRINT SCIsJ)s

NEXTJ

FORJ=5TI9

PRINTOCI».J)>

NEXT J
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212 PRINT

214 NEXTI

216 TFR9<92.5THEN242
21% FORJ=10TD14

220 PRINTRCD)»

222 NEXT.J

224 FARI=1ITOZ9-(H+1)
226 FARJ=10TO14

228 PRINT SC(I»J)»
230 NEXTJ

232 FARJ=10TD14

234 PRINTGC(L> J)>»
236 NEXTJ

238 PRINT

240 NEXTI

242 PRINT

244 END

Defect Sensitivity Factor for a Defect in the Base Material

Discussion of ENDIB

This program is designed to calculate the defect sensitivity factor
for a coil with rectangular cross section coaxial with and encircling a
two-conductor rod of effectively infinite (three or four coil dismeters)
length. For this program, the defect must be in the inner conductor
which is labeled II in Fig. 11, p. 145. 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 angu~
lar 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 inner conductor
and by wuzdz?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 R1

i

(numerical value of the normalized inner coil radius)
14 LET R2 = (numerical value of the normalized outer coil radius)
16 LET L1

i

(numerical value of the normalized distance between

bottom of coil and Z = O plane)
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18 LET 12 = (numerical value of the normalized distance between
top of coil and Z = O plane)

20 LET ML = (numerical value of wp,0y77)

22 LET M2

i

(numerical value of wu,o,r?)

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

type two additional lines:

60 LET X2 = X
62 LET Y2 = O
24 LET A = (numerical value of normalized radius of inner conductor)
26 LET B = (numerical value of normalized radius of outer conductor)
28 LET R9 = (numerical value of normalized r position coordinate
of defect)
30 LET 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 AIRCO simply by

placing the appropriate coll 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) Ll = (L1) 2 = (12)
INN RAD = (A) OUT RAD = (B) ATIR VALUE = (A9)

ML = (ML) M = (MR)

DEFECT POSITION IS R = (R9) Z = (29)
X MAGNITUDE PHASE

1 ddmeme e

5 mmmmmm e

10 mmmmee mmmmma

15 eemmee mmmeen

20 emmeme mmmee-

25  ememee ecceee

30 mmemmee meeea

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 primarily to allow one to inspect the convergence of the
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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 program.

Sample Calculation of ENDFB

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 = 0 plane to be 0.005 in.

First, we determine the mean coil radius to be 0.500 in., so that

0.84
1.16
O plane = 0.01

Normalized inner coil radius = 0.420/0.500

Normalized outer coil radius = 0.580/0.500

i
it

i

]

Normalized distance from botton of coil to Z
Normalized distance from top of coil to Z = 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
Normalized r position of defect = 0.200/0.500 = 0.5
Wormalized z position of defect = 0.0825/0.500 = 0.165

Furthermore,

Angular frequency of driving current = 271 X 1250 sec™?
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
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Thus,

wpldl;z = 45.48

WM252;2 = 91,91

At this point one determines the normalization factor by placing
the normalized coil dimensions in AIRCO and running that program. It is
worth noting that the normalization factor is independent of all param-
eters excluding the coil dimensions. This factor is normalization
factor 2 in the print-out of ATRCO 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 LET R2 = 1.16
16 LET L1 = 0.01
18 LET L2 = 0.32
20 LET M1 = 45.48
22 IET M2 = 91.91
24 LET A = 0.6

26 LET B = 0.8

28 LET R9 = 0.5
30 LET Zz9 0.165
32 LET A9 0.1011632E-1

H

i

I}

Execution of the program yields the following results:

Rl = .84 R2 = 1.16 11 = .01 L2 = .32
INN RAD = .6 OUT RAD = .8 ATR VALUE = 1.01163E-2
ML = 45.48 M2 = 91.91

DEFECT POSITION IS R=.5 Z = ,165
X MAGNITUDE PHASE

1. 1.537658-3 7.54112

5. 1.34156E~2 7.85114

10. .016374 8.00735

15. 1.64629E-2 8.02217

20. 1.64634E-2 8.02278

25. 1.04634E-2 8.02276

30. 1.64634F-2 8.02275

From this we see that the defect sensitivity factor is 0.0164634 J8.02275
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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.

ENDFB Program

10 REM ENDFB VERSION 10731769
12 LET R1=.84

14 LET R2=1.16

16 LET L1=.01

18 LET L2=.32

20 LET Mi=45.48

22 LET M2=91.91

24 LET A=.6

26 LET B=.9

28 LET R9=.5

30 LET Z9=.165

32 LET A9=.1011632E~1

34 PRINTR1="3R1,"R2="3R2,"L1="30L1,"L2=""312
36 PRINTY™INN RAD="3A,"OUT RAD="3B,"AIR VALUE="3A9
38 PRINT"M1I=""3M1," ","M2=""3M2

40 PRINTUDEFECT P@SITION IS™,"R="3R9,"Z="379
42 PRINT X" ""MAGNITUDE" ,"PHASE"

44 LET M9=0

46 LET M7=0

48 LET M8=0

50 LETS1=1E-2

52 LETS2=1

54 LET B1=0

56 LET B2 =82

58 FOR X = Bl +S1/2 T8 B2 STEP §i

60 LET X2=TOT107%SARISAR CXEXEXAX+M2 M2 ) +X%X)
62 LET Y2=.707107%3QR(SARCXFXkXEX+M2%M2 ) ~XkX)
64 LET X1=T707107%SARISARCXKXKXKkX+MI %M1 I +X*X)

66 LET Y1=«T0O7107*SORCSOROXKRXAXEX+MY :M1 ) ~X%X)
68 LET Z1=30R{IX1¥X1+Y1%Y1)
70 LET D1=ATN(Y1/X1D

T2 LET Z2=5QR{XZ2%X2+Y2%Y2)
T4 LET S2=ATN(Y2/X2)

76 LETZ=A%Z1

78 LETY=01

80 GB8SsU3 312

$2 LETI1=01

84 LETJ1 =22

86 LETI2=Q5

8% LETJ2=R6

90 LETZ=A%Z2

92 LETG=02
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94 G2SUZ 312

96

93

100
102
104
106
108
110
112
114
116
118
120
122
124
126
128
130
132
134
136
138
140
142
144
146
148
150
152
154
156
15%
160
162
164
166
168
170
172
174
176
178
180
182
184
186
188
190
192
194
196

LETI3=91
LETJ3=02

LETK3 =03

LETN3=04

LETI4=05

LETJ4=26

LETK4=a7

LETNA4=Q28

LETZ=X%3

LET@=0

GasSUB 312

LET K5=Q3

LETI6=Q5

LETK6=27

LETZ=8%72

LET@=02

GOSUB 312

LETI7=0Q1

LETJ7=22

LETK7=03

LETN7=Q4

LETI&=25

LETJ8=R6

LETK8=27

LETNG=0Q8

LETZ=R9%Z1

LETO=01

G2 SuU3 312

LETI9=R5

LETJ9=06

LET Q1=~-X4KS5*xKBXCOSING) +Z2*KT7TkK6*xCBS(D2+NT)
LET A2=-XkKS5*KE*SININBI+Z24KT*K6*SINCE2+NT)
LET D1=5AR(A1*01+Q2%Q2)

GBsUB502

LETE1=Q3

LET Q1 =Z1%14%x11*%CASCI1+J4+J1)~Z22%I2%I3*COASCO2+TJ2+I3)
LET Q2=Z1*%14%I1%SINC(B1+J4+J1)-Z2% 12k I3%SINCO2+J2+J3)
LET D2=SQR(Q1*21+02%32)

GgSUB502

LETEZ2=33

LET Q1 =Z1#%K4%11*%CAS(B1+N4+J1I+Z24K3*I12%CBS(F2+N3+.J2)
LET Q2=Z1%KA%I1*SINC(O1 +N4+J1 I +Z2%K3*I2%SINCO2+N3+J2)
LET D3=SARCA1%31+Q2%32)

GasuBs02

LETE3=03

LET Q1=Z2%17xK6%xCAS(A2+JTI+XkI18%kK5xCASCJI8)
LET Q2=Z2%IT*K6*SINCG2+J7)+X*IB8*kKS*kSINCIB)
LET D4=SQRCA1%21+N2%Q2)

GOsSUB502

LETE4=Q3

LET Q1=D1*D2*%xCOS(R1+E2)+D3*%D4*COS(E3+E4)
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200
202
204
206
208
210
212
214
216
218
220
222
224
226
224
230
232
234
236
238
240
242
244
246
248
250
252
254
256
258
260
262

264

266
264
270
272
274
276
278
280
PEe
284
R2RA
288
290
292
294
296
298
300
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LET Q2=D1*D2*SINCEI+E2)+D3*D4%xSINCE3+E4)
LET D5=SQR(A1*91+32%Q2)

GAsUB502
LETES=Q3
LET Gl1=19%COSC(J9-E5I/ (A%B¥DS?

LET G2=I19%SINCJI-ES)/ (A%B%DS)
LET 7 = R2%X

LET @1 = R2

GASUB 264

LET 97 = K7

LET Z2 = R1x%X

LET Q1 = R1

GasuUB 264

LET A8 = K7

LET S5=S51%{@7-Q08)%(SINCXk{Z9-L1I)~SINIX%k¢Z9-1.2)))
LETM7=MT+G1 %S85

LET M8=MB+G2%S5

NEXTX

LET M9=ATN(MZ/MT)

IF M7>0THEN240

LET M9=M9+P1

LET N9=(3%M1)/(4%9.8696044%A9)
PRINT X+51/25N9k(MT¥MT+M8%MB)»2%M9
LET S1=5E-2

IF X>4.5 THEN 254

LETB1 =1

LET B2=5

G TA 58§

LET $2=5

LET 81=32

LET B2=32+852

IFX<29«5THENSS

Gd T® 510

IFZ>3THEN304

LET LS=INTC(20% (1 ~EXP(-Z/103)+4)
LETF1=0

LET F2=1

LETF6=1

LETTS=01%21 %01

LET Té=1/2

LET K7=0Q1/7(X*X)+(577215665-1/2-1/3+LAG(Z/233%T5/6
FOR R=1 T2 L5

LET FI=F1+1/R

LET F2=F2+1/(R+1)

LET T5=TH5*7Z%7Z

LET Té6=T6/(4%kR*(R+1))

LET C2=T6/(3+2%R)

LET Cl=(577215665~(F1+F23/2~-1/(3+2%R)II%C2
LET F3=CI1%TS5+C2*%LOG(Z/2)%T5

LET KT7=K7+F3

NEXT R

LET K7=KT7-PI/(2%X*kX4X)
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302 G TO 310

304 LET P3=(((.7989839/72-1.17685T76¥/7Z+«915T1421)/7Z-+67491295)/7
306 LET P3=(P3+1.0958276>/7Z+1.2533263
308 LET K7=-P3*SQRCZIXEXP(-Z)/ (XkX%X)
310 RETURN

312 IFZ>8THEN386

314 LETLS=20*%(1~EXP(-7Z/10)3+4

316 LET Ti1=1

318 LETTS=Z/2

320 LETV1I=TI1

322 LETVZ2=0

324 V3=0

326 V4=0

328 LETVS=TS5*CAS(3)

330 LETV6=TS5%xSINCD)

332 LETVT=V5

334 LETV8=V6

336 LETF1=0

338 LETF2=1

340 FOR R=1 T3 LS

342 LET 7Z3=COS(2%R*3)

344 LET Z4=SIN(2:*R*x0)

346 LET Z5=COSC(2%R+1)*0?>

348 LET Z6=SINC(2XxR+1)*x0)

350 LETF1=F1+1/R

352 LETF2=F2+1/7(R+1)

354 LET T1=T1*Z%Z/(4kR*R)

356 LET TOS=THS*Z*xZ/(4%R*(R+1))

358 LET V1=V1+T1%Z3

360 LET V2=V2+T1%x7Z4

362 LET V3=V3+T1kZ3%F1

364 LET V4=V4+T1%Z4%F ]

366 LET V5=V5+T5%Z5

368 LET V7=VT+TS5%(F1+F2)%Z5

370 LET V6=V6+T5*Z6

372 LET V8 =VE+TOSX(F1+F2)%Z6

374 NEXTR

376 LET V3=V3-(0.577215665+LOGC(Z/2))%V]1 +G%xy2
378 LET V4=V4-(05TT7215665+L0G(Z/2))%V2-0%V ]
380 LETVT=-VT/2+C8S3C(BY/7Z+C.5TT215665+LOBG(Z/2)I*VS5-B%V6
382 LETVE=~-VE/2-SIN(@I/Z+(.577215665+L.OG(Z/2))%VE6+A*VS
384 GOTOR46%9

386 LETF1=1

388 LETWT7=1

390 LETWS=1

392 LET W3=1

394 LET Wi=1

396 LETTZ2=1

398 LETTI=1

400 LET #W2=0

402 LETWa=0

404 LETW6=0
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406 LETWS=0

408 LS5=3+20/Z

410 FORR=1TALS

412 LETF1=-F1

414 LET T2 =T2%(4-(2%R~1)I%(2%R-1II/(B¥R*Z)
416 LET T1=T1Xx(=-{(2%R=-1)12)/(F¥kR*%Z)
418 LET Z3=CO5(R*0)

420 LET Z4=SIN(R*¥0)

422 LET W1sW1+F1%T1%7Z3

424 LET W2=W2-F1%T1%Z4

426 LET W3=W3+T1*Z3

428 LET Wa=W4-T1xZ4

430 LET WO=WH+F 1 %T2%773

432 LET We=W6-F1%xT2%7Z4

434 LET W7 =WT+T2%Z3

436 LET W3=WH-T2%Z4

438 NEXT R

440 LET Q9=.3989422804*%EXP{Z*CAS(BII/SORCL)
442 LET QA5=09%(COS{Z%SIN(@)~.5%0))
444 LET Q6=09%(SIN(Z%SINCD)~.5%2))
4446 LET Q9=1.253314137T*EXP(~Z*%CBS(Q)I/SARCD)
448 LET Q7=Q94%(COS(-Z*5IN(@I~«5%B3))
450 LET Q8=Q09%(SIN(-Z%SINC(@G)-+5%F))
452 LET V5=W5*R5-W6%06

454 LET V6=WH*Q5+HS®D6

456 LET VI=WT%Q7-W8%QY

458 LET VB=W8%QT+WT7%Q8

460 LET V1i=W1*05-W2%Q6

462 LET V2=W1k0D6+W2%x0Q5

464 LET V3=W3%QT7-W4%Qs

466 LET V4=W3xQD8+Wa4xQ7

468 LETO1=50R(VI4Y]1+V2%V2)

470 LETQZ2=ATN(V2/V1)

472 IFV1I>0OTHENA4TS

474 LET Q2=Q2+P1

476 LETA3=SAR(V3I*VY3+Va%y4)

479 LET 9Q4=ATN(V4/V3)

480 IFV3>0THEN484

482 LET Q4=04+P1

484 LETOS5=SOR(VSRkVS5+VE%*VE)

486 LETR6=ATNVE/VS)

488 IFV5>0THEN492

490 LET Q6=R6+P1

492 LETRT=SAR(VT*VT+VExVE)

494 LETRE=ATN(VE/VYT)

496 IFYT7>0THENSOO

498 LET D8=Q8+P1

500 RETURN

502 LET@3=ATN(Q2/21)

504 IFQ1>0THENSOS

506 LET A3=Q3+PI1

508 RETURN

S10DEND

READY



188

COIL INSIDE A TWO-CONDUCTOR TURE

The case of a coil inside a two-conductor tube, shown in Fig. 13,
is typical of a number of tubing inspection problems. If we take the
conductivity of the outer conductor to be zero, the problem reduces to
a coil 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 (INNCO), the defect sensitivity factor for a defect in
the inner material (INDFT), the defect sensitivity factor for a defect
located at any point in a lattice in the inner material (INDFTL), and

the defect sensitivity factor for a defect in the outer material (INDFB).

ORNL-0OWG 68-7315R

Fig. 13. A Coil of Rectangular Cross Section Inside a Two-Conductor Tube.
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In addition the program, READIN, p. 177, 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 INNCO

This program is designed to calculate the normalized impedance of
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 as shown in Fig. 13. 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 dimensionless
and will be referred to as being "normalized." The product of the angu-
lar 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 wp101?2 for the inner conduc-
tor and by wy,o,r? 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 LET R2
16 LET L1

(numerical value of normalized outer coil radius)

1l

(numerical value of normalized distance between bottom

i

of coil and Z = O plane)

18 LET L2 = (numerical value of normalized distance between top of
coil and Z = O plane)

20 LET M1

(numerical value of wulalrz)

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

type two additional lines:

62 LET X1
64 LET Y1

1!

X
0

i
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22 LET Ul = (numerical value of relative permeability of inner
conductor)

24 LET M2 = (numerical value of wu262;2)

1l

Note: I the conductivity of the outer conductor is zero, one must

type two additional lines:

58 LET X2 = X

60 LET Y2 = O

26 LET U2 = (numerical value of relative permeability of outer
conductor)

28 LET A = (numerical value of normalized radius of inner conductor)

30 LET B = (numerical value of normalized radius of outer conductor)

32 LET A9 = (normalization factor)

Note: This value may be obtained with the aid of AIRCO 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) L1 = (11) 2 = (12)
INN RAD = (A) OUT RAD = (B) ATIR VALUE = (A9)

ML = (M1) Ul = (Ul) M2 = (MR2) v2 = (u2)
AIR VALUE REAL PART IMAG PART

VR ~TITOoy o MW

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

column, headed "X," is the upper limit of the integration being performed
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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 columns 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 normal-
ized 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 INNCO

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 & radius of 0.600 in., while the
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 = O plane to be
0.005 in.

First, we determine the mean coll radius to be 0.500 in., so that

It
O

.84
1.16
0 plane = 0.01

Normalized inner coil radius = 0.420/0.500
Normalized outer coil radius = 0.580/0.500

it

Normalized distance from bottom of coil to Z

Normalized distance from top of coil to Z = 0 plane = 0.32
Normalized radius of inner conductor = 0.600/0.500 = 1.2
0.700/0.500 = 1.4

EX
H

Normalized radius of ocuter conductor
Furthermore,

Angular frequency of driving current = 21 X 1250 sec™?
Permeability of both conductors = 41 X 1077 h/m
Relative permeability of both conductors = 1
Conductivity of copper = 5.77 X 107 wmhos/m

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

whyoyr? = 91.91

wu202;2 = 45 .48

At this point, one determines the normalization factor by placing
the normalized coil dimensions in ATRCO and running that program. It is
worth noting that the normalization factor is independent of all param-
eters excluding the coil dimensions. This factor is normalization
factor 2 in the print-out of ATRCO and for the case in point is found to
be 0.01011632. With the normalization factor in hand, the remaining
procedure is gquite simple.

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

12 IET Rl = 0.84
14 LET R2 = 1.16
16 LET L1 = 0.01
18 IET L2 = 0.32
20 LET M1 = 91.91
22 LET Ul = 1

24 LET M2 = 45.48
26 LET U2 =

28 LET A =

30 LET B =

32 LET A9 = 0.1011632E-1

Execution of the program yields the following results:

Rl = .84 R2 = 1.16 Ll = .01 L2 = .32
INN RAD = 1.2 OUT RAD = 1.4 ATR VALUE = 1.01163E-2

M1 = 91.91 Ul =1 M2 = 45.48 R =1

X AIR VALUE REAL PART IMAG PART
1. 1.04034E-3 —1.32295E-3 —3.35516E-4
2. 4.916288-3 1.50431E-3 ~5.92461E~4
3. 7.69354E-3 3.85285E-3 -7 .581E-4&
4. §.02258E-3 4 .00405E-3 ~8.56243E-4
5. 8.49571E-3 4 4020283 ~9.11933E~4
6. 9.28377E-3 5.15804E-3 ~9.42622E-4
7. 9.,45269E~3 5.31326E-3 —9.5914E-4
g. 9.56387E-3 5.4186E-3 —9.67865E-4
9. 9.83787E-3 5.69011E-3 —9.72406E-4
10. 9.91995E-3 5.77112E-3 =D 14144 R4
11. 9.94553E-3 5.79624E~3 ~9.75934E-4
12. 1.003178-2 5.88219E-3 ~3.76533E-4
13. 1.00638E-2 5.91423E-3 ~9.7683E-4
14. 1.00687E-2 5.91909E-3 —9.76973E-~4%
15. 1.00888E-2 5.93917E-3 —9.7704B-4

NORMALIZED IMAG PART .5898(C9 NORMALTZED REAL PART 9.65800E-2
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From this we see that the normalized impedance is Zn = 0.0965806

+ j 0.589809.

INNCO Program

10 REM INNCS VERSTGON 10/20/770
12 LETR1=.84

14 LETR2=1.16

16LETLI=.01

TSLETL2=.32

2O0LETM1=91.91

22LETUL =1

Q4LETM2=45. 48

R6LETUZ=1

2HLETA=1.2

3DLETB=1.4

32LETA9=.1011632E-1
34PRINT"RI="3R1,"R2=""3R2,"L1=""3L1,""L2=""5L2
36PRINT™INN RAD="3A,"8UT RAD3B,""AIR VALUE="3A9
JEPRINTMI =" sM1 " UL ="3Ul,"M2=""3M2,""U2=""302
4OPRINT?X","AIR VALUE","REAL PART"."IMAG PART"
AZ2LETMT =0

A4LETME=0

46LETMI=0

ARKLETST=1E-2

SOLETSZ2=1

S52LETB1=0

SALETB2=52

S56FERX=B1+51/2TUB2STEPS]

SELETX2= TOT10T¥SARCSAR CXK XK XK X+M2%M2 ) +X*X)
BO0LETYZ2=-T07107*SARCSARCXEXKX KX +M2*KM2) =Xk X )
G2LETX1 =« 70710 7*SARCSORCXRX%K XK +M1 %M1 I+ Xk XD
BALETY1 =« 707107k SAR(SAR C Kk Xk Xk X+M1 %M1 I ~X%X)
H66LETZ1 =SQRIXTI*X1+Y1%Y1)

6BLETI1I=ATN(Y1/X1)

TOLETZ2=50R{X2%*X2+Y2%YZ)

T2LET 92=ATNCY2/X2)

TALETZ=A%X

T6LETG=0

T86G05UB308

BOLETI1=01

H2LETIZ2=R5

B4LETK2=07

B6LETZ=A%Z1

BBLETO =01

90GasSUB308

S2LETI3 =21

94LET J3=02

P6LETK3 =03

GELETN3 =04

100LETI4=Q5

102LETJ4=06

104LETK4=Q7

106LETN4=Q8

108LETZ=B%Z1
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110LET®=01

112GOSUB308E

114LETIS=Q1

P16LETJI5=22

11 8LETKS5=93

120LETNS =04

122LET16=Q5

124LETJ6 =06

126LETK6=Q7

128LETN6=28

130LETZ=B%Z2

132LETG =22

134G05UB30%

136LETK7=023

138LETNT7=Q4

140LETKE=07

142LETN&=QH

T441LETA1 =X*14% 11 %COSCJ4)~-Z1 *xI3*I2%xCA5CB1+J3) /711
T46LETO2=X*T14%I1*SINCJ4)-Z1*I3*I2*%SINCG1+J3)>/7U1

148LETD1 =5QR(ATI *Q1 +Q2%Q2)

150GUSUB 498

152LETE1 =03

154 LET Q1 =-Z1*K5%KE*CAS (1 +NS+NGI /UL +Z2%xKT*xKE6XCBS(G2+NT+N6) /U2
156 LET Q2=-Z1%K5kKEXxSINCO1I+NS+NEI /U1 +Z2%KTkKEXSINC(B2Z+NT+NE) /U2
158LETD2=SQR(A1*Q1 +Q2%Q2)

160GB51B498

162LETE2=03

164 LET Ql=-Z2%KT*16*%COSCB2+NT+J6) /U2 ~-Z1 *ISkKB*kCOSC(O1+I5+Ng)I /U1
166 LET Q2=-7Z2%xK7T*I6%SINCIZ2+NT+J6)I/U2-Z1*IS*kKEXSIN(D1 +JI5+Ng) /U1
16BLETD3=8AR(A1 %A1 +02%02)

170GOSUB498

172LETE3=R3

174 LET 01=X%K4kI1%COSI(NAI+Z1%kK3*I2*CASCD1 +N3) /U1

176 LET Q2=X*K4%I1*xSIN(N4I+Z1*K3KkI2%«SINCF1 +N3) /U1
178LETD4=SAR(AI *Q1 +Q2%Q2)

1380GASUB498

I82LETE4=03

18ALETQI=D1*D2%COS(E1 +E2)+D3*D4*%COS(E3+E4)
16LETA2=D1*D2%SINCE1 +E2)+D3*D4*xSINCE3+E4)
188LETD5=SAR(AI *Q1 +Q2%Q2)

190GAs5UB49g

192LETES=A23

194LETG]1 =(T4*%D2%COSC(JA4+E2 ~ES) +KA4*D3*¥COBS(N4+E3-ES)II/(DSKkA*I2) -K2 /12
196LETG2=(14%D2*SINCI4+E2-ES) +K4%N3*SINC(NA4+E3-E5))/(DS*A*I2)
198LETZ=R2%X

200LETQ1 =R2

202G4sSUB 260

204LETQ7=V1

206LETI2=V2

208LETZ=R1 %X

210LETQ1 =R1

21268SUB 260

214LETR8=V1

216LETIN =V2

21 8LETQ9=Q07-Q8

2ROLETSS5=4%S1 % (Q9%SINCXkx(L2-L1)/2))12

222LETA1 =G1 %55
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224LETA2=6G2%S5

226LETI3=12-11

228LETS3=3+141592%Xk13%13%S1

230LETA3=S3% ((EXP(-X*(L2-L13)>-1)/X+L2~L1)
A32LETM7=MT7+A1+A3

234ALETME=ME+A2

236LETM9=M9+A3

238NEXTX

240LETA3=X+(S1)/2

242PRINTR35>M9,M7,M8

244 ETS1=5E~2

246LETB1=B1+52

24%LETB2=B2+52

2501FX<14THENS6

252PRINT"NGRMALIZED IMAG PART";(A9-M9+MTI/AY,
254PRINT"NORMALIZED REAL PART';:;-MB/A9

256PRINT

298GATAS06

260 IF Z>5 THEN 286

262LETL5=20% (1 ~EXP(~Z2/10))+4

264LETF1=01%Q1%Q1/2

266LETF2 =1

268LETV1=F1/3

270LETV2=V1

2T2FORR=1TOLS

2TALETF1=F 1 % Z%Z/ C4%R*¥(R+1))

2T6LETF2=~F2

2TBLETVI=VI+F1/(3+2%R)

ZBOLETV2=V2+F2%F 1 /(3+2%R)

RHE2NEXTR

284 GO TO 306

286 LET P1=(((~188+1357/Z+109.1142)/Z2-23.79333)/2+2.050931)/7
288 LET P1=((P1=.1730503)/Z+.70348453/72-.064109E~3
290 LET P2=C((-5.817517/Z+2.105874)/7~+6896196)/7+.4952024)/7
292 LET P2=(P2-.187344E-2)/2+.7979095

294 LET P4=3.1415927

296 LET V2=(1~SQRCZIX(PRACASCZ-P4/4)~PI%SINCZ-PA4/A4)) )/ CXRKAX)
298 LET P3=({(1660.794/7~1T737556)/7+543.6694)/7Z+11.81804)/7
300 LET P3=(((P3-33.7T8366)/7+5.108402)/7~.6130935)/7
302 LET P3=(P3~-.3360836)/7Z+.3987795

304 LETVI=P3*3ARCZIYEXPCZI/(XEX*kX)

306RETURN

308 IFZ>3THEN382

310 LETLS=20*%(1~EXP(~Z/10))+4

312 LET T1=1

314 LETT5=2Z/2

316 LETVI=TI1

318 LETV2=0

320 V3=0

322 V4=0

324 LETVS=T5*CBS5(0)

326 LETV6=T5%S5INCD)

328 LETV7=V5

330 LETVE=Vé

332 LETF1=0

334 LETF2=1

336 F@R R=1 TO LS
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340
342
344
346
344
350
352
354
356
35¥%
360
362
364
366
368%
370
372
374
376
37¢%
380
382
384
386
388
390
392
394
396
399
400
4072
404
406
408
410
412
414
416
418
420
422
A2 4
A2 6
428
430
432
434
436
438
440
442
444
446
444
450
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LET Z3=CaS(2%x3%0)

LET Z4=SIN(2%R*x{)

LET Z5=CaSC{(2xR+13%¥0)

LET Z6=5SINC(2%R+123*03)

LETF1=F1+1/R

LETF2=F2+1/(R+1)

LET T1=T1%Z%Z/(4%R%R)

LET TS=T5%Z%Z/(4%R4(R+1))

LET Vi=V1+T1%73

LET V2=V2+T1%2Z4

LET V3=VU3+T1*Z3%F 1

LET VA=VA4+T1kZ4%F 1

LET V5=VS+T5%75

LET V7=VT+TS5%(F1+F2)%Z5

LET V6=V6+T5%76

LET V8 =VB+TOX(F1+F2)%7Z6

NEXTR

LET V3=V3-~-(0.577215665+LBGCZ/2))*V1+0%xY2
LET V4=V4-(0.57T215665+LBGCZ/2))I*V2-0*%V]
LETVT7==-VT7/2+COS(BY/Z+(5TT215665+L.0G(Z/2))*xV5-B%Vé
LETV8=~V&/2-SINCDI/Z+(-5TT215665+LAG(Z/2))I%VE+3%V5
GOTD4a64

LETF1=1

LETWT=1

LETHWS =1

LET W3=1

LET Wi =1

LETT2=1

LETT1=1

LET W2=0

LETW4=0

LETWA =0

LETW8=0

1.5=3+20/Z

FORR=1TZLS

LETF1=-F1

LET T2 =T2*(4-(2*%R-1)%(2%R=1)1/(8%xR*Z)
LET TI1=T1*x(=(2%R~1312)/C(8kR*x7)

LET Z3=CO3(R*O)

LET Z4=SIN(R*8)

LET W1=W1+F1%xT1%Z3

LET W2=W2~-F1%T1*xZ4

LET W3=W3+T1%Z3

LET WA=W4-T1%Z4

LET WO=WS5+F1%T2%73

LET W6=W6~F1%T2+Z4

LET W7 =W7+T2%723

LET W8=W8-T2x7Z4

NEXT R

LET Q9=3989422804%EXP(Z%COS(HY)I/SARCZ)
LET Q5=09%(COS(Z%SINCA)~5%8))

LET Q6=Q9%(SINCZ*SINC(@)~.5%03))

LET Q9=1.253314137*%EXP(~Z*%CBS(D))I/SARCZ)
LET 97=09%(COS(-Z*4kSINCDOI-+5%@))

LET Q8=Q09%(SIN(-Z%SIN(G)~+5%3))

LET V5=WS%Q5-W6*xD6

LET V6=W6xQ5+W5%x06
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452 LET VT7=WT7xQ7-Wg*QY

454 LET VE=WEXxQT+WTxQ3%

456 LET VI=W1%Q05-W2x06

458 LET VR2=W1*xQ6+W2%Q5

460 LET V3=W3*%Q7-W4%Q8

462 LET V4=W3%*08+W4xQ7

464 LETQ1=3OR(VI*V]+V2%V2)
466 LETQAZ=ATN(V2/V1)

468 IFV1>0THENA4T2

470 LETQ2=02+3.1415927

472 LETA3=SORVIXVI+V4%xV4)
474 LETRQ4=ATN(VA4A/V3)

476 IFV3>0THEN4S0

478 LETQ4=04+3,.1415927

480 LETAOS=5QR(V5%VYH+VE%VE)
482 LETQ6=ATN(V6/VS)

484 IFVS>0THEN48Y

486 LETQ6=06+3.1415927

488 LETRT7=SQRIVT*VT+VE*VE)
490 LETA8=ATN(VE/VT)

492 IFVT>0THEN496

494 LETRE=08+3.1415927

496 RETURN

498 LETQ3=ATNR2/01)

500 IFR1>0THENS04

502 LETQ3=03+3.1415927

504 RETURN

S06END

READY

Defect Sensitivity Factor for a Defect in the Tnner Material

Discussion of INDFT

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. For this program, the defect must be in the inner conductor
which is labeled IIT in Fig. 13, p. 188. The conductors may have differ-
ent 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 angu-
lar frequency of the driving current, the permeability, the conductivity,

and the square of the mean radius of the coll must be calculated for each
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2 for the inner conduc-

conductor. Let this product be denoted by wplal;
tor and by wu20252 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 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 TET 12 = (numerical value of normalized distance between top
of coil and Z = O plane)

20 LET M1 = (numerical value of wp101;2>

22 LET M2

1!

(numerical value of wu,o,r?)

Note: TIf the conductivity of the outer conductor is zero, one must

type two additional lines.

60 LET X2 = X
24 LET A = (numerical value of normalized radius of inner conductor)

26 LET B = (numerical value of normalized radius of outer conductor)

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

placing the appropriate coil dimensions in that program.

28 LET A9 = (normalization factor)

30 LET R9 = (numerical value of normalized radius of r position
coordinate of defect)

32 LET 79 = (numerical value of normalized radius of 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) 11 = (L1) L2 = (12)
INN RAD = (&) OUT RAD = (B) AIR VALUE = (A9)

ML = (ML) o= ()

DEFECT POSITION IS R = (R9) z = (29)
X MAGNITUDE PHASE

1 mmeeee b

5 amacee -

0 cmmmee e

15 emmeme cmmeaa

20 mmmeee aman
O
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The varilous 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 principally 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 INDFT

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
ig assumed to be aluminum with a radius of 0.700 in. Let us further sup-
pose that we are interested in the defect sensitivity factor for the case
in which the defect 1s located 0.650 in. from the axis and 0.0825 in.
above the Z = O plane. We shall assume the frequency of the driving cur-
rent 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 coll radius to be 0.500 in., so that

Normalized inuner coil radius = 0.420/0.500 = 0.84
Normalized outer coil radius = 0.580/0.500 = 1.16

i
H

i

Normalized distance from bottom of colil to Z = O plane = 0.01
Nermalized distance from top of coil to Z2 = O plane = 0.32
Normalized radius of inner conductor = 0.600/0.500 = 1.2
Normalized radius of outer conductor = 0.700/0.500 = 1.4
Normalized r position of defect = 0.650/0.500 = 1.3
Normalized z position of defect = 0.0825/0.500 = 0.165

1

Furthermore,

Angular frequency of driving current = 21 X 1250 sec™!

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

Conductivity of aluminum = 2.86 X 107 mhos/m

Thus,

o)ulo'l—fz

91,91

= 45.48

At this point one determines the normalization factor by placing

the normalized coil dimensions in ATIRCO and running that program. It is

worth noting that the normalization factor is independent of all param-

eters excluding the coil dimensions. This factor is normalization

factor 2 in the print-out of ATRCO and for the case in point is found to
be 0.01011632.

procedure is quite simple.

The above

12
4
16
18
20
22
24
26
28
30
32

LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET

R1
R2
Ll
L2

79

With the normalization factor in hand, the remaining

information is now typed into the program as follows:

0.84
1.16
= 0.01
0.32
91.91
= 45.48
1.2
1.4
0.1011632E-1
1.3
0.165

1t

1

H

i

i

[

Execution of the program yields the following results:

Rl = .84 R =1.16 11 = .01 e = .32
INN RAD = 1.2 OUT RAD = 1.4 ATR VALUE = 1.01163E-2

ML = 91.91 MR = 45.48

DEFECT POSITION IS R= 1.3 Z = .165
X MAGNITUDE PHASE

1. 6.84521E-3 —2.83022

5. 8.32674E-2 ~2.62241

10. .123555 -2.46001

15. .129339 -2.42232

20. .129826 —2.41805

25. L129775 —2.41861
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From this we see that the defect sensitivity factor is 0.129775 e~j2'41861.

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

INDFT Program

10 REM INDFT VERSISN 16720770
12 LET R1=.84

14 LET R2=1.16

16 LET L1=.01

18 LET L2=.32

20 LET Mi=91.91

22 LET ¥M2=45.4%

24 LET A=1.2

26 LET B=1.4

28 LET A9=.101156321K~1

30 LET R9=1.3

32 LET Z9=.165
34PRINT"R1I="3R1,"RE=""3R2,"L1=""3L1,"L2="3L2
6PRINTTINN RAD="3A"OUT RAD="3B,"AIR VALUE="3A09
BRPRINT"MI="3M1," ","M2="" ;M2

A0PRINTVDEFECT P@SITION IS5","R=";3R9,"Z="379
A2PRINT X" "MAGNITUDE > PHASE"

AALETMT =0

461 FETMHE =0

481LETM9=0

SOLETSI=1E-2

SZ2LETS2=1

S4LETB1 =0

56LETR2=52

SHFORX=B1+51/2TUB2STEPS!

BILETXZ2=e 707107 4SARCSARCXeXAX KX +M2%M2 ) + X% X)
AZLETY2=.707107*3DR(SARC KR XKkXAX+M2%M2 ) = X*X)
BALETX1 =« 70710 7T*SARCSARCICKX Xk X+M] £ML I+ X*XK)
BELETY1 =2 TO7TI0DT7*SARCSAR (X Xk Xk X+M1LAML ) = X*kX)
GELETZI=3ARCXT (X1 +Y1*Y1)

TOLETIY =ATNCYL /X1

T2LETZ2=530R(X2*%kX2+Y2%Y2)

TALET @2=ATNC(Y2/X2)

TOLETZ=A%X

TBLETA=0

B0GISUB300

S2LETI1=01

B4LETIZ2=05

HOELETK2=07
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F3LETZ=AXZ]

9OLETO =01

92GBS1I3300

94LET 13 =01

96LETJ3=02

98LETK3=Q3

100LETN3=24

102LETI4=95

104LETJA=Q6

106LETK4=Q7

108LETN4=Q8

110LETZ=3*Z1

112LETO=91

114G33UB300

116LETIS>=21

118LETJ5=92

120LETKS=R3

122LETNS =04

124LETI6=25

1261.ETJ6=06

128LETK6=07

130LETNG6=Q8

132LETZ=RB*7Z2

1341LET3=02

136GBSUB300

138LETKT7=Q23

140LETNT=04

1421 L ETKE=37

144LETNS =%

146LETZ=RI*Z1

L4K8LETO=01

150GESURB300

152LETIO9=Q5

154LETJ9=06

156LETKI=97

15B8LETN9=28

160LETA1 =X¥14%11%CESCJ4)-Z1%I3%I2%CPISCG1+JI3)
1621LETAR =Xk 14% 11 %S INCJ4) =21 I3 I2%SINCI1+.J3)
164LETD1 =SOR(AT %01 +02%N2)

166 GOSUB490

168LETE]L =Q3

170 LET Q1 =-7Z1%KS5%kKG%COS(F1 +NSHNR)Y +Z2 kK Tk KH*CHS(G2+NT+NE)
172 LET 22=-Z1%K5%KBXSINCOT +NS+NGII+Z2*4KTKkKE6KSINCI2+NT+NE)
17T4LETD2=SARC(IF 1 kA1 +Q2%Q2)

176 GYSUIB490

1 78LETER=A3

180 LET 01==-Z2%KT*x164COSCI24NT+J6)-Z1kISHKZKkCAS(BL+IJ5+N3)
182 LET A2=-Z24KT*IS5*SINC@2+NT+J46)~Z1 *ISkKEXSIN(D1+J5+N8)
184LETD3=S2R(D1*%01+0Q2:%Q32)

186 GOSUB490

18R8LETE3 =023

190 LET Q1 =X*Ka4*%I1*COSIN4I+Z1*¥K3*I2xCASCD1+N3)
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192 LET A2=X*KA%XI1*SINI(N4)I+Z1*K3*I2*kSINCG1 +N3)
194LETD4=SARCO1 %01 +Q2%G2)

196 GOSUB490

198LETE4=93

200LETRI=D1*D2%CAS(E1+E2) +D3*DA4*COS(E3+E4)
202LETA2=D1*D2*SINCE1 +E2) +D3*D4*SINCE3+E4)
204LETDS=SQR(A1 *Q1 +02%A2)

206GISUB490

208LETES=Q3

210LETGI =(I19%D2%COS(JI9+E2-E£5) +K9*D3%CISINI+E3-E5) )/ (A%D5)
212LETGR2=C(19*D2*SINCJI+E2-ESI +KO*DI*SIN(NI+E3~ES)I )/ (A%DS)
214LETZ=R2%X

216LETO1=R2

218GASUB 272

22OLETAT=V1

P22LETZ=R1%X

224LETO1 =R]1

226GASUR 272

228LETAB=V1

230LETA9=07-08
232LETSS=S1*Q9%(SIN(X¥C(Z9-L1))=SINCXk(Z9-12)))
234LETM7 =MT+G1 %S5

236LETM8=MB+G2%S55

P3HBNE XT X

2ADLETMI=ATNC(ME/MT )

2421FM7>0THEN246

2A4LETMO=MO+3.1415927
PAGLETNO=C(3%M1 )/ (4%9.8696044%A9)
2AEPRINTX+S1/2,NO* (MT#MT+MBXMRB) , 24M9
2SOLETS1=5E-2

252 [FX>4. STHEN2 60

254LETR1 =1

256LETB2=5

258GATOS

260LETS2=5

262LETR1=B2

264LETRB2=B2+52

2661F X<24+5THENSS

268PRINT

270 GOT049%

2721F Z>3THEN290

2TALETLS=20% (1 ~EXP(=Z/10))+4
2TELETF1=01%Q1401/2

27LETV1=F1/3

280FARR=1TOLS

OUOLETF1=F 1 %2%2/ CAkR¥(R+1))
28ALETVI =V +F 1/ (3+2%R)

286NEXTR

288 GO TO 298
290LETP3=C((1660.794/7-1737+.556)/2+543.6694)/7+11.81804)/7
292 ETP3=(((P3~33.78366)/7Z+5.108402)/7-.6130935)/7Z
29ALETP3=(P3~.3360836)/7+.3957795
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204

LETVI=P34%SQRCZIXEXP(Z) /7 ( Xk X% X)

298RETURN

300
302
304
306
308
310
312
314
316
318
320
322
324
326
328
330
332
334
336
338
340
342
344
346
348
350
352
354
356
35%
360
362
364
366
368
370
372
374
376
378
380
382
384
3%6
388
390
392
394
396
398

IFZ>STHEN37 4
LETLS5=20% (1 -EXP(~Z/10))+4
LET Ti=1

LETTS=7/2

LETV1=T1

LETV2=0

V3 =0

Va=0

LETVS=T5%COS(3)
LETV6=TS5%SINCE)

LETV7=VS

LETV8=V6

LETF1=0

LETF2=1

FGR R=1 T@ L5

LET 7Z3=COS(2%R*03)

LET Z4sSINC(2*R*3)

LET Z5=C8S((2%kR+1)Y%3)

LET Z6=SINC(2%R+1)%2)
LETF1=F1+1/R
LETF2=F2+1/(R+1)

LET T1=T1*Z%Z2/C4%R%R)

LET TS=T5%7Z%7Z/(4%R¥(R+1))
LET VI=V1+T1%2Z3

LET V2=V2+T1%kZ4

LET V3=V3+T1x7Z3%F1

LET Va4=V4+Tl1kZ4A%F}

LET V5=V5+T5%75

LET V7=VT7+TS5%(F1+F2)%Z5
LET V6=V6+T5%26

LET V8 =VS+TS5*(F14F2)%7Z6
NEXTR

LET V3=V3-(0.3577215665+LAG(Z/2))*V1+3%{2
LET VA=V4-(0«.57T215665+1.0GCZ2/2))%xV2-0%V1
LETVT=-VT/72+COSCAY/7+Ce5TT215665+1.0GCZ/2))I*%YS5~-0%V6
LETVE=-V8/2~-5IN(@)/Z+(577215665+L.3G(Z/2))I%V6+T%V5
GOTO456

LETF1=1

LETW7=1

LETWS =1

LET W3=1

LET Wil=1

LETT2=1

LETT1 =1

LET W2=0

ETWA=0

LETW6=0

LETW&=0

1.5=3+20/72Z

FORR=1TALS
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400 LETF1=-F1

402 LET T2 =T2%(4-(2%R=1)%(2%R~1))/(8*R*7)
404 LET T1=T1*(-(2%R=-1)12>/(8%R*Z)
406 LET Z3=COS(R*0)

408 LET Z4=SINC(R%3)

410 LET Wl=WI1+F1%T1%2Z3

412 LET W2=W2-F1*T1%xZ4

414 LET W3=W3+T1%Z3

416 LET W4s=Wa-T1%74

418 LET WS=WS+F1%T2%Z3

420 LET Wo6=W6-F1%xT2%74

422 LET W7 =W7+T2%73

424 LET WE=WE-T2%7Z4

426 NEXT R

428 LET Q9=.3989422804%EXP(Z%COSCOII/SARCZ)
430 LET 05=Q9%(COSCZ%SINCDI-.5%3))
432 LET Q6=29%(SINCZ¥SINCI)Y~.5%3))
434 LET Q9=1.253314137T*EXP(-Z*%COSCB)Y)/SARLZ)
436 LET QA7=09%(COS(-Z*SIN(DI~.5%0))
438 LET Q28=Q09%(SIN(-Z*SIN(EI-.5%3))
440 LET VS=WS*Q5-W6%06

442 LET V6=WH6%Q5+WS*06

444 LET VT=WT¥%Q7~WE8*0E

446 LET VS=WS*QT+WT7%0Q8

448 LET V1=W1%0S5-W2%06

450 LET v2=W1%36+W2%Q5

452 LET V3=wW3%Q7-W4%08

454 LET V4=W3%Q8+W4%Q7

456 LETO1=SAORCVI*V1 +V2%y2)

458 LETAZ2=ATN(V2/V1)

460 IFVI>0THEN464

462 LETA2=02+3.1415927

464 1LLETO3=SARCYIRVI+VA4%U4L)

466 LETQ4=ATN(V4A/Y3)

468 IFV3>0THEN4T2

470 LETA4=04+3,.1415927

472 LETAS=SARCVS*YS+VE%kVE)

474 LETQ4=ATN(V6/VS)

476 IFVS>0THEN4ROD

478 LETQ6=06+3.1415927

480 LETAT7=SARCVTI*YT+US®RVE)

482 LETAB=ATNCVZ/VT)

484 IFVT>0THENA4SS

486 LETA8=0%+3.1415927

493 RETURN

490 LETA3=ATNI2/91)

492 IFQ1>0THEN496

494 LETA3=03+3.1415927

496 RETURN

493END

READY
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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 coill 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 IIT in Fig. 13, p. 188. 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 the character :2: wherever it
appears in the program, thus causing the data to be printed at the con-
sole; otherwise one may access the data by using the name :2:.

To use this program, one must first divide all dimensions by the
mean radius of the core. The results will, of course, be dimensionlegs
and will be referred to as being "normalized.” The product of the angu-
lar 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 inner conduc-
tor and by wu,0,r® 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 LET 11 = (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 = O plane)
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20 LET ML = (numerical value of wu1q152)

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

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

type two additional lines:

76 LET X2 = X

78 TET Y2 = Q
24 LET 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)

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

placing the appropriate coil dimensions in that program.

30 LET RY = (numerical value of number of lattice spacings in the

r direction)

32 IET 79 = (numerical value of number of lattice spacings in the
z direction)
34 LET 78 = (numerical value of maximum normalized z position

coordinate of defect)

Note: WNeither RY nor Z9 may exceed 15. The lattice spacing in the
r direction is (B-Z)/R9, while it is Z8/29 in the z direction. In addi-
tion, 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 execubtion 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)

(a) (B)

(M1)

(r9) (29)
(r(1))

(z(1))  eemees

(z(2))  ameen

(11)
(A9)
(M2)
(78)
(rR(2))

(12)

KR HX KR HHRH
K AHAKKAXNK
i O S s
KA HAHKR KWK

*

¥

*

¥
HK K K HAN KKK
AHXHKA AKX

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 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 following example is presented for additional aid to those who

wish to use thils programn.

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 outer is assumed to be aluminum with a radius of 0.700 in.

Let us

further suppese that we are interested in the defect sensitivity factor

Tfor 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 X 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 coll from the Z = O

plane to be 0.005 in.
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First, we determine the mean coil radius to be 0.5C0 in., so that

it
i

0.84
1.16

Normalized distance from bottom of coil to Z = O plane = 0.01

Normalized inner coil radius = 0.420/0.500

Normalized outer coil radius = 0.580/0.500

il

Normalized distance from top of coil to Z = O plane = 0.32
0.600/0.500 = 1.2
0.400/0.500 = 1.4

il

Normalized radius of inner conductor

it

Normalized radius of outer conductor
Number of r lattice spacings = 4
Number of z lattice spacings = 2

Maximum normalized z coordinate of defect = 1.000/0.500 = 2

Furthermore,

Angular frequency of driving current = 21 X 1250 sec™?
Permeability of both conductors = 41 x 10~ n/m
Conductivity of copper = 5.77 x 107 mhos/m
Conductivity of aluminum = 2.86 X 107 mhos/m

Thus,

Wwuqopr? = 91.91
wp202;2 = 45,48

At this point one determines the normalization factor by placing
the normalized coil dimensions in ATRCO and running that program. It is
worth noting that the normalization factor is independent of all param-
eters excluding the coil dimensions. This factor is normalization
factor 2 in the print-out of AIRCO 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 LET R2 = 1.16
16 LET 11 = 0,01

18 LET 12 = 0.32
20 LET ML = 21.91
22 LET M2 = 45.48

i
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24 LET A = 1.2

26 LET B = 1.4

28 IET A9 = 0.1011632E-1
30 LET R9 = 4

32 1IET Z9 = 2

34 LET 28 = 2

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

following results:

.84 1.16 .01 .32
1.2 1.4 1.01163E-2
91.91 45.48
i 2 2
1.225 1.275 1.325 1.375
-.335 1.73148E-2 9.57992E~3 5.73528-3 3.73408E-3
—2.23563 —3.00254 8.81929 8.17699
~1.335 1.83913E~5 9.433428-6 5.13913E-6 3.04802E-6
—2.70347 9.11392 8.35868 7.66988

From this, we see that for the case of a defect located at R = 1.325,
7 = —1.335 the defect sensitivity factor is 5.13913 x 1076 ¢J8-77868,

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.

INDEFTL Program

10 RE™ INDFTL VERS TSN 10720770
12 LET Ri1=.84

14 LET R2=1.16

16 LET Li=.01

18 LET L2=.32

20 LET M1=91.91

22 LET MP=45.4%

24 LET A=1.2

26 LET B=1.4

28 LET A9=.1011632E-1

30 LET R9=4

32 LET Z9=2

34 LET Z8=2
36DIMMCIB,18),IC1I8,18)sP(18,18)5R(18)5Z(18)
38PRINT22:R1-R2,L1,L2

A0PRINT:2:A58,A9

42PRINT:2:M1," ",M2
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44PRINT:21R9, 79,28
A6PRINT 22 2

48 PRINT ' A PROGRAM IS NIW RUNNING. PLEASE DO NOT DISCONNECT!I!™
SOPRINT

S2FORI=1THZ9
54FORJ=1THRY
SELETMC1,J)=0
SELETICI>J)=0

BONEXTJ

62NEXT I

BALETS]=1E -2

66LETS2=1

6BLETB1=0

7O0LETB2 =52
TEFBRX=B1+S1/2TOB2STEPS]
TALETX2=.707107*SORCSAR (X*XAXKX+M2AM2 ) + X% X)
TELETY2=. 707107 %SARCSAR CXRX*k Xk X +MR2 %M ) = X*X)
TELETX1=. 70710 7¥SARCSAR COXkXAXKX+M1 £M1 )+ X% X)
BOLETY1=.707107*SARCSAR CXkX kXX +M1 %M1 ) -~ X*kX)
B2LETZ1=SQRCX1 X1 +Y1%Y1)
S4ALETO1 =ATNCY1/X1)
BOLETZ2=SQAR X2k X2+ Y24Y2)
SSLETO2=ATNCY2/X2)

OLET Z=A%X

92LET? =0

94GBS5UB406

96LETI1=Q1

9BLETI2=05

100LETK2 =07

102LETZ=A%Z1

104LETD=01

106GOSUB406

108LET13=01

110LETJ3=02

112LETK3=03

11 4LETN3 =04

116LET14=05

118LETJ4=06

120LETK4=07

122LETN4=08

124LETZ=8%21

126LET0=01

12860508406

130LETI5=01

132LETJ5=02

134LETKS =03

136LETNS =04

138LET16=Q5

140LETJ6=06

142LETK6=07

144LETNG6=08

146LET Z=B%22

1 4SLETO=02

150G85UB406

152LETK7=03

154LETN7 =04

156LETKS=Q7



212

15B8LETNR=0%

TAOLETAI =Xk I4%11%COSCJ4)~-Z1*I3*I24COSCA1+J3)
162LETA2=X*14*xI1 *SINCJ4)-Z1*I3*I2%SINCO1+J3)

164LETD1 =SAR(AI *Q1+Q2%Q2)

166GBSUBS96

168BLETEL1=Q3

170 LET 21=~Z1 %KS*KE*COS (D1 +NS+NEI+Z2*kKTRkK6¥CAS(G2+NT+NE)
172 LET Q2=-Z1%K5*%KEkSINCI1 +NS+NEI+72%kKT*K6*SIN(PI2+NT+N6)
17TALETD2=8S2R(Q1 %01 +Q2*02)

176GOSUBS596

178LETE2=Q3

180 LET 21=~Z2%K7*16*COS(O2+NT+J6)-Z1*IS*kKB*COS(O1+JIS+NS)
182 LET Q2=-Z2%KT*I6%SIN(G2+NT7+J6)-Z1*IS5*kKE*SIN(D1+I5+4N8)
184LETD3=SaR(Q1*%Q1+Q2%Q2)

186GOSUB596

188LETE3=Q3

190 LET Q1=X¥K4*kI1*CUS(N4Y+Z1*%K3*I2*%COAS5(D1+N3)

192 LET Q2=X¥K4*%I1kSIN(NAY+Z1*K3*kI24xSINCO] +N3)
1924LETD4=50R(A1 *Q1 +32%Q32)

196G3SIIB596

198LETE4=Q3

200LETO1=D1%D2*xCASC(E1 +E2)+D3%D4*xCIS(E3+E4)
202LETA2=D] *D2*SINCE1 +E2)+D3%D4*SINCE3+E4)
204LETDS=SAQR(Q1*0Q1 +Q2%02)

206GI5UBS9%6

208LETES=Q3

210LETZ=R2%X

212LETA1 =R2

214G35UB378

216LETRT=VI]

218LETZ=R1*X

220LETA1 =R1

222G05UB378

224LETQR8=V1

226LETS6=Q7-28

228LETO=01

230FARJI=1TURY

232LETR(JII=A+(B-A)*(J-35)/R9

234LETZ=Z1 %R (D)

236GOSUB 406

238LETI9=Q5

240LETJ9=06

2421LETKI=Q7

244LETN9=Q8
246LETGI=(CI9%D2*COSCJIJI+E2-ES5I+K9*%D3*CAS(NI+EI~ES) )/ (A%D5)
248LETG2=C19%D2%SINCJII+E2-ESI+KI(DI*SINCNI+EI~ESI I/ (A*XDS)
250FORI=1TAZ9

252LETZ(II=(L1+L.2)/2-(1-5)%Z8/29
25ALETS5=S1*S6%(SINCXKk(Z(I)~L1I)-SINCXK(ZC(I)-L22))
2S6LETMC(I>J)=M(I>J)+G1*355

258LETICILII=1C1,J)+G2%*35

260NEXTI

262NEXTJ

26 4NEXTX

266PRINTX+S1/2,

268LETS1=5E-2

270LETB1 =B1+52
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2T2LETB2=B2+52
2T4IFX<1 9«5THENT2
2T6FORI=ITAZY
R2T4FIRI=1TERY
280LETPCI, J)=2%ATNCIC(I> J)/MCI»J))
282IFMC1,J)>0THEN286
2B4LETP (I JI=P(I,J)+2%P1}
2BO6LETMCIs JI=MCIJ)EMOIUX+ICTIIIXICTIL. 0D
288NEXTJ

290NEXT I
292LETA=3%M1/(4%9.3696044%0A9)
294PRINT t23™",
296FBRJ=1T24
298PRINT:2:tR(J) >
3D0ONEXT.J
302F@RI=1TGZ9
304PRINT::2:ZC1),
306FARI=1TA4
308PRINT :2:Q%M(Is.0)>
310NEXTJ

312PRINT 212",
314FQRJI=1TO4
316PRINT:2:P(I5J)>
31 8NEXTJ

320PRINT:2:

322NEXTI
3241FR9<4.5THENSGO4
326F3RJI=5T0O9
328PRINT:2:R(J) .,
330NEXTJ
332FF9RI=1TPZ9
334F@RJ=5T09
336PRINT:2:0%M(I,J)>
338NEXTJ
340FORJ=5TB9
342PRINT:2:P(15J)>
344NEXTJ

346PRINT 2

3A8NEXTI
3501IFR9<9.5THENG04
352F39R.J=10T@1 4
354PRINT:2:RC(J)»
356NEXTJ
358FORI=1TEZY9
360FIRJI=10TB14
362PRINT32:2%M(1sJ)>»
364NEXTJ
366FORJI=10T01 4
368PRINT:2:P(I>0)>
370NEXTJ

372PRINT:2:

3TANEXT1
3761FR9<14«5THENG604
378IFZ>3THEN396
3BOLETLS=INT(20% (1 =EXP(~Z/10))+4)
382LETF1=Q01%Q1%Q1/2
S84LETV1I=F1/3
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386FORR=1TOLS

388LETF1=F1%7Z%xZ/(4%R*(R+1))

39NLETVI=VI+F1/(3+2%R)

392NEXTR

394GATB404
396LETP3=C((1660T94/7~1737T5562/72+543.6694)/Z+118180412/7Z
39BLETP3=(((P3-33.78366)/72+5.108402)/72-+.6130935>7/7
400LETP3=(P3~.3360836)/Z+.3987795

A02LETVI =P3*SARCZIXEXP (Z) / (X*kX%X)

ADARETURN

406
408
410
412
41 4
416
418
420
422
42 4
426
28
430
432
434
436
438
440
442
444
446
448
450
452
454
456
454
460
462
464
466
468
470
472
4774
476
478
480
482
A84
486
488
490
492
494
496
498

IFZ>8THEN480
LETLS=20% (1 ~EXP(~Z/10))+4
LET T1=1

LETTS=7/2

LETVI=T1

LETV2=0

V3=0

V4=0

LETVS=T5%C@S()
LETVE6=TS5*SINCA)

LETV7=V5

LETV8=V6

LETF1=0

LETF2=1

FOR R=1 T@ LS

LET Z3=CO0S(2%R*8)

LET Z4=SIN(2%R*@)

LET Z5=C0S((2%R+12%3)

LET Z26=SINC(2%R+1)*7)
LETF1=F1+1/R
LETF2=F2+1/7(R+1)

LET Tl1=Ti*Z*Z/(4%kR*R)

LET TS=T5%Z%Z/(4%R*(R+1))
LET VI=VI+T1*Z3

LET V2=V2+T1*xZ4

LET V3=V3+4T1%Z3%F1

LET V4=VA4+T1*Z4%F |

LET VUS5=V5+T5%Z5

LET V7=VT7+T5%(F1+F2)%75
LET V6=V6+TS*%Z6

LET V8 =VB+TS*(F1+F2)%Z6
NEXTR

LET V3=U3-C0+57T7215665+L8G(Z2/2))%V1 +0%V2
LET V4=V4-(0.577215665+LBGCZ/2))%xV2-0*V1
LETVT==VT7/2+C@S(AY/Z+(«577215665+L.3GCZ/2))*%VY5-B%V6
LETV8=-Y8/2-SINCBY/Z+(.577215665+L.BG(Z/2))I%VE+0%VS
GaTB562

LETF1=1

LETW7=1

LETWS =1

LET W3=1

LET W1=1

LETTZ2=1

LETT1=1

LET W2=0

LETW4=0

LETW6=0
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502
504
506
50%
510
512
514
516
518
520
522
524
526
528
530
532
534
536
538
540
542
544
246
54%
550
552
554
554
558
560
562
564
566
568
570
572
574
576
578
580
582
5%4
586
S5K8
590
592
594
596
598
600
602
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LETWS=0

LS=3+20/2

FORR=1TOLS

LETF1=~F1

LET T2 =T2%(4-(2%R-1)%(24%R=1)I/(SkR*Z)
LET T1=T1%(-C2%R~1)12)/(B%R*Z)
LET 7Z3=COS(R*0)

LET Z4=SINCR¥0)

LET W1=W1+F1%T1%73

LET W2=W2-F1*T1%24

LET W3=W3+T1%23

LET Wa=Wa-T1xZ4

LET WS=WS+F1%T2%Z3

LET W6=W6~F1*T2%Z4

LET W7 =WT7+T2%73

LET W8=W8=-T2%Z4

NEXT R

LET 09=.3989422804%EXP(Z*CBS(H))/SORCZ)
LET 95=09%(CBSCZ4SINCE)-.5%@))
LET Q6=09%¢(SIN(Z*SINCHI~.5%0))
LET D9=1.253314137%EXP(-Z*COSCD))/SQR(Z)
LET Q7=09%(COS(~-Z*SINCP) =.5%0))
LET 28=09%(SINC~Z#SINCI) ~+5%0))
LET V5=W5%QS-W6*Q6

LET V6=W6+Q5+W5%Q6

LET V7=W7#Q7-W8%08

LET VS=WR8%Q7+W7%08

LET V1=W1%*Q5-W2%06

LET U2=W1%06+W2%Q5

LET V3=W3407-Wa%Q8

LET V4=W3*Q3+WA%kQT
LETA1=SORCVL V1 +V2%V2)
LETQ2=ATN(V2/V1)

IFV1>0THENS70
LETA2=02+3.1415927
LETR3=SQRCV3#V3+V4*V4)
LETQ4=ATNC(YA/Y3)

IFV3>0THENS T8
LETO4=04+3.1415927
LETAS=SAR(VSHVS+V6%V6)
LETB6=ATNC(V6/V5)

IFV5>0DTHENS 86
LETQ6=06+3.1415927
LETA7=SAR (VT VT +VB%VS)
LETQ8=ATNCYS/VT)

IFVT>0THENS 94
LETQS=08+3.1415927

RETURN

LETO3=ATNCAZ/01)

IFQ1>0THENGN2
LETO03=03+3.1415927

RETURN

604END

READY



216

Defect Sensitivity Factor for a Defect in the Outer Material

Discussion of INDFB

This program is designed to calculate the defect sensitivity factor
for a ccil 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. 13, p. 188. 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 angu-
lar frequency of the driving current, the permeability, the conductivity,
and the square of the mean radius of the coil must be calculated for each

2 for the inner conduc-

conductor. TLet this product be denoted by wu101§
tor and by wu,o,r? 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 LET R2 = (numerical value of normalized outer coil radius)
16 ILET L1 = (numerical value of normalized distance between bottom

of coil and Z = O plane)

18 LET I2 (numerical value of normalized distance between top of
coil and Z = O plane)
20 LET ML = (numerical value of wu,0yr?)

22 IET M2 = (numerical value of MHZUZ;Z)

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

type two additional lines:

60 LET X1 = X
62 LET Y1 = O

2% LET A = (numerical value of normalized radius of inner conductor)

il

]

26 LET B = (numerical value of normalized radius of outer conductor)

28 LET A9 = (normalization factor)
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Note: This value may be obtained with the aid of AIRCO simply by

placing the appropriate coil dimensions in that program.

30 LET B9 = (numerical value of normalized r position coordinate
of defect)

32 LET 29 = (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) 1 = (L1) 2 = (12)
TN RAD = (A) OUT RAD = (B) AIR VALUE = (A9)

ML = (ML) M2 = (M2)

DEFECT POSITION IS R = (R9) z = (29)
X MAGNITUDE PHASE

1 e e

5 dmmeee emiee-

1T .

15 emmeee eemen

20 mmmeee e

25 demeee deas

The various symbols enclosed in parentheses are used here to indi-
cate that the numerical value of the symbol will be printed. The first
colum, 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 inte-~
gration. 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 additiénal aid to those who wish

to use this program.

Sample Calculation of INDFB

Let us suppose that we wish to know the defect sengitivity 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
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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 C.0825 in. above the Z = O plane. We shall assume the fre-
guency 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.

First, we determine the mean coil radius to be 0.500 in., so that

it

0.84
1.16

Normalized inner coil radius = 0.420/0.500

Normalized outer coil radius = 0.580/0.500

Normalized distance from bottom of coil to Z = O plane = 0.01
Normalized distance from top of coil to Z = O plane = 0.32
1.2

1.4

it

Normalized radius of inner conductor = 0.600/0.500

i

Normalized radius of outer conductor = 0.700/0.500
Normalized r position of defect = 0.750/0.500 = 1.5
Normalized z position of defect = 0.0825/0.500 = 0.165

Furthermore,

Angular frequency of driving current = 2rx 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,

wuldl?z = 91.91
NMZUQEQ = 45,48

t this point one determines the normalization factor by placing
the normalized coil dimensions in ATRCO and running that program. It is
worth noting that the normalization factor is independent of all param-
eters excluding the coil dimensions. This factor is normalization
factor 2 in the print-out of ATIRCO 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 Rl = 0.84
14 LET R2 = 1.16
16 LET L1 = 0.01
18 LET L2 = 0.32
20 LET ML = 91.91
22 LET M2 = 45.48
24 IET A = 1.2

26 1IET B = 1.4
28 LET A9 = 0.1011632E-1
30 LET R9 = 1.5
32 LET Z9 = 0.165
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Execution of the program yields the following results:

Rl = .84
INN RAD =
ML = 91.91

1.2

R2 = 1.16

OUT RAD = 1.4

DEFECT POSITION IS

X
1
5
10
15
20
25

MAGNITUDE

3.87969E-4
4.14216E-3
5.18987E-3
5.22209E-3
5.22224E-3
5.22226E-3

Ll = .01 2= .32
ATR VALUE = 1.01163E-

M2 = 45.48
R= 1.5
PHASE
7.52726
7.82334
7.99527
8.01217
8.01287
8.01285

From this we see that the defect sensitivity factor is 5.22226 x 10~2

jg.012
oJ8:01285

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.

JNDFB Program

10 REM
12 LET
14 LET
16 LET
18 LET
20 LET

R1=.84
R2=1.16
Li=.01
L.2=.32
M1=91.91

INDFR

VERS TSN 1Q/20/70
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22 LET M2=45.48
24 LET A=1.2
26 LET B=1.4

28 LET A9=.1011632E -1

30 LET R9=1.5

32 LET Z9=.165
JAPRINT"R1=""3R1,"R2=""3R2,"L1="30L1,""L2=""3L2
36PRINT™INNRAD=""34,"0UT RAD="3B,""AIR VALUE="3A9
JEPRINT"MI=""3M1,"" ","M2=""3M2

40PRINTDEFECT P@SITION IS","R="3R9,"Z=""379
A2PRINT" X" »""MAGNITUDE™ ,""PHASE"

A4LETMT7=0

A6LLETMB=0

4A8LETM9=0

SOLETS1=1E~2

SZLETS2=1

S54LLETB1=0

56LETR2=52

SBFORX=B1+51/2TOB2STEPS1

HOLETX2=« TOT107%SARCSAR (XHXE XK X+M2:kM2 ) + Xk X)
G2LETY2=e T0T107*3ORCSAR Xk Xk XK X+M2%xM2 ) - Xk X)
SALETX1 =« TOT10T.SAR(CSAR CKK XX HX+MT kML I+ kX))
GO6LETY1 = TOTINDT*SARCSAR (XA XKk XAX+M] kM1 ) = X% %)
S5BLETZ1=SARCX1*X1 +Y1#Y1)

TOLETB1=ATNC(Y1/X1)

T2LETZ2=SQR(X2*%X2+Y2%xY2)

T4LET @2=ATNC(Y2/X2)

TOLETZ=A%X

T8LETZ =0

80GOSUB296

B82LETII =91

4LETIZ2=05

6LETK2=027

BELETZ=A%Z1

90LETO=01

92G0SUB296

94LETI3=Q1

961LET.J3=Q2

98ILETK3=R3

100LETN3 =04

102LETI4=95

1041.ETJa=16

106LETK4=07

108LETN4=Q8

110LETZ=B*Z1

112LETE=01

114G251B296

116LETIS=0Q1

11 BLETJS5=22

120LETKS5=0Q3

122LETNS=R4

124LLETI6=95
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126LETJ6=026

128LETK6=027

I30LETNG6=Q8

132LETZ=B*72

134LET@=02

136GASUB296

138LETK7=03

140LETNT=04

1421LETKB=07

144LETNE =08

146 LETZ=R9%Z2

148 LET9=02

150 GPSUB296

152 LETK9=37

154 LETN9=Q8

IS6LETQI =X%14%11xCOSCJ4)-Z1*I3*I2*%COS(A1+U03)
19BLETO2=XkT4%T1 *SINCJ4)~Z1*I3%I2%xSINCZ1+J3)
16DLETDI =SAR(Q1 D1 +02%A2)

162G23UB486

164LETE L =Q3

166 LET 91=-Z14%KS*kKE*CHS(T1+NS+NEI+Z2xKTHkKO6XxCOS(P2+NT+NSH)
168 LET Q2=-7Z1*K5*KEXSIN(I1+NS+NBI+Z2xKTHKE6XSINC(P2+NT+NE)
17O0LETD2=5SQR(A1 %01 +Q2%32)

1726853486

174LETE2 =033

176 LET Q1 =-Z2%KT*I16%CAS(@2+NT+J6)~Z1%I5kKBXCO53(T1 +J5+NS3)
178 LET Q2=-Z2%KTkI&6*SIN(G2+NT+J6)-Z1kISKkKBXSIN(DT1+J5+NS)D
1S0LETD3=SQR(A1XxA1 +Q2%N2)

18268S5UB486

1KALETE3=03

186 LET Q1 =X*KA4kx[1%COS(N4AI+Z1*K3*I2%COSCT1+N3)
188 LET 02=X*K4xI1*SININAI+ZTI K3 xI2%SINCFH1 +N3)
120LETDA=SOR(Q1 %1 +Q2%02)

192Ga251B446

194LETE4=03

L96LETA1 =D1%DR24COSCE1+E2)+D3%D4*COS(E3+E4)D
TORLETA2=D]1*D2*xSINCEL1+E2)+D3*D4*SINCE3+E4)
200LETDS=SAR(A1¥xN1+0A2%Q2)

20260518485

204LETES=Q3

206LETCGl =~ (KI*COS(NI-ESII/(AXBXDS)
2OBLETGR=~(KI%XSIN(NI-ES) )/ (AXB*DS5)
210LETZ=R2%X

212LETA1=R2

214G35UB 268

2I6LETOT=VI

ZIBLETZ=R1 %X

220LETA1 =R1

2226G05U8 268

224LETR8=V]

R26LETR9=07-98

22QLETSS =S %9k (SINCXKk(ZI~L1I)=SIN(X%(79~-L2)))
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R230LETM7=MT7+G1 *S5
232LETME=ME+G2%55

234ANEXTX

236LETMI=ATN(MB/MT)
238IFM7>0THEN242
240LETM9=M9+3.1415927
242LETNI=(3*¥M2)/(4%9.3696044%A9)
PAAPRINTX+51/2sNIx(MT7TAMT+MIKMEB) » 2%M9
246LETS1=5E-2

2481IF X>4.5THEN256

250LETB1 =1

252LETB2=5

254G9T0O58

256LETS2=5

258LETR1 =B2

260LETB2=8B2+52

262 IF X<24.5THENSH

264PRINT

266 GO TO 494

2681IF7Z>3THEN286
RTOLETLS=20%x(1-EXP(-Z/10))+4
2QT2LETF1=01%21%x91/2
274LETV1I=F1/3

2T6FORR=1TALS
2T8LETF =F 1 %ZkkZ/ (4%R%{(R+1))
280LETVLI=V1+F1 /(3 +2%R)

2B2NEXTR

284 GO TS 294
286LETP3=(((1660.794/7Z-1737.5563/7+543.6694)/7+11.81804)/Z
2EBLETP3=(((P3-33.7T8366)/Z2+5.108402)/72-.6130935)/7
290LETP3=(P3~+33608)/7Z+.3987795
292 LETV1 =P3*S5QRCZIKREXP LI/ (XkX*X)
294RETURN

296 IFZ>8THEN370

298 LETLS=20%(1-EXP(-2/10))+4
300 LET T1=1

302 LETTS=Z/2

304 LETVI=T1

306 LET V2=0

303 V3=0

310 V4=0

312 LETVS=T5*%COS35(9I)

314 LETV6=TS*SINCH)

316 LETVT=VS

318 LETVE=V6

320 LETFI1=0

322 LETF2=1

324 F3R R=1 TO LS

326 LET Z3=COS(2%R*k1)

328 LLET Z4=SINC(2*R%@)

330 LET Z5=COS(2*%xR+1)%0)

332 LET Z6=SINC(2%R+1)*0)



223

334 LETF1I=F1+1/R

336 LETF2=F2+1/(R+1)

338 LET T1=T1%Z*Z/(4%R*R)

340 LET TS=T5%Z%Z/(4%R¥(R+1))

342 LET V1=V1+T1%Z3

344 LET V2=V2+T1%x7Z4

346 LET V3=V3+T1*Z3%F1

348 LET V4=V4+T1*Z4%F1

350 LET VS=VS+T5%Z5

352 LET V7=VT+TS%(F1+F2)3%Z5

354 LET V6=V6+T5%Z6

356 LET V8 =VB+TH¥(F1+F2)%Z6

358 NEXTR

360 LET V3=V3-(0.5772156585+LOGCZ/2))%V]1+0%V2
362 LET Va4=V4-(0.577215665+L0GCZ/2)>%V2~0%V1]
364 LETVT7=~VT/2+COS(@)/Z+(5TT215665+L0G(Z/2))%V5~0%*V5
366 LETVS=-VE/2-SIN(BI/Z+(.577215665+L0OG(Z2/2)I%V6+D*V5
368 G@TA452

370 LETF1=1

372 LETWT7=1

374 LETWS=1

376 LET W3=1

378 LET Wi=1

380 LETTZ2=1

382 LETT1=1

384 LET W2=0

386 LETW4=0

388 LETW6=0

390 LETW8=0

392 L5=3+20/27

394 FORR=1TOLS

396 LETF1=-F1

398 LET T2 =T2%(4-(2%R=1)k(2%kR~1))I/{(B%kR*k7)
400 LET T1=T1*(~(2%R~-13)12)/(8%R*7)

402 LET Z3=COS(R*@)

404 LET Za=5IN(R*E)

404 LET Wi=WI+F1%T1%Z3

408 LET W2=W2-F1*T1%xZ4

410 LET W3=W3+T1%Z3

412 LET Wa=Wa-T1%Z4

414 LET W5=WS+F1*T2%73

416 LET Wée=WH~F1*T2%Z4

418 LET W7 =W7+T2%Z3

420 LET WE=W&-T2*Z4

422 NEXT R

424 LET 99=«3989422804%EXP(Z%CEB3(@))/SARCT)
426 LET A5=09%(COS(Z*SIN(D)~.5%C))

428 LET Q6=09%(SINC(Z*SINCS)~.5%@3)

430 LET 09=1.253314137T*EXP(~-Z%CB5C(BIY/SQARCZ)
432 LET Q7=09%(CBS(~Z*SINCD)~5%D))

434 LET Q8=Q9%(SIN(-Z¥SIN(D)~.5%F))

436 LET V5=W3%05-Ws%Q6
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438 LET V6=W6*AS+W5%Q6

440 LET VTI=WT7xQT7-W8*AG

442 LET VB=Wg8kQT+W7*Q8

444 LLET V1=W1%Q5-W2+%Q6

446 LET V2=W1*%Q6+W2%*Q5

448 LET V3=W3*Q7-W4%Q8

450 LET Va4=W3kQ8+W4%kQ7

452 LETQR1=SAR(V]I*V]+V2%xV2)
454 LETQA2=ATN(V2/V1)

456 IFV1>0THEN460

458 LETQA2=Q02+3.1415927

460 LETQ3=5QR(V3I*V3+V4%xV4)
462 LLETQ4=ATN(V4/V3)

464 IFV3>0THEN468S

466 LETQ4=04+3.1415927

468 LETQ5=SQR(VS*VY5+V6%VE)
470 LETA6=ATN(VE6/VS5)

472 IFVS>0THEN476

474 LETQ6=Q6+3.1415927

476 LETQT=SAR(VTXVT+YZEKVE)
478 LETA8=ATN(VE/VT)

480 IFVT7>0THEN484

482 LETQ8=08+3.1415927

484 RETURN

486 LETQ3=ATN(R2/01)

4%8 IFQ1>0THEN492

490 LETQ3=Q3+3.1415927

492 RETURN

494 ND

READY

EDDY-CURRENT BRIDGE

A bridge circuit, used in many eddy-current instruments, is shown
in Fig. 14. Suppose that the bridge is unbalanced slightly and that the
magnitude and phase of the unbalance voltage are measured with both Ll
and 12 in air. If probe coil L1 is now brought into the viecinity of a
conductor, both the magnitude and phase of the unbalance voltage will
change. This change may be used to measure permeability, conductivity,
or clad thickness provided that the bridge can be made to ignore varia-
tions in any two of these quantities while measuring the third.

As an example of the use of the bridge, let us consider the problem
of determining the permeability of a metal plate. Pigure 15 is a plot

of the real versus the imaginary part of the normalized impedance of a
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coil above the plate for a number of values of the parameter M = wua;z,
where w 1s the angular frequency of the driving current, p the perme-
ability, o the conductivity, and r the mean coil radius in meters. For
any point on the curve, a change in either frequency or conductivity
will cause the point to move along the solid curve. The dashed lines
indicate the variation with lift-off (i.e., a point originally on the
solid curve will move along one of the dashed lines if the lift-off is
varied). Note that in the region of the curve for small values of M,
the variation with lift-off is approximately parallel to the variation
with conductivity. This is a desirable effect, since we wish to make
the wvariation due to all the unwanted variables parallel to each other
and perpendicular to the change caused by the variable we wish to measure.

Figure 16 is an enlargement of the region of the curve with small
values of M shown in Fig. 15. Three additional curves corresponding to
permeabilities of 1.003, 1.005, and 1.007 are also included. The dashed
line agaln indicates the variation with lift-off. The nine points shown
on the graph represent three values of conductivity for each of tThree
permeability curves. Here it can easily be seen that the variation due
to conductivity, which is approximately parallel to the variation due to
lift-off, is essentially perpendicular to the variation due to permeabil-
ity. Thus, it 1s expected that we can separate these effects, responding
to the permeability changes while ignoring changes in conductivity or
lift-off.

Let us now suppose that the nine points on the impedance diagram of
Fig. 16 represent the complex impedance of test coll L1 in the bridge
circuit of Fig. 14. Corresponding to these nine values of impedance,
there are nine values of the complex voltage ;1 across L1 which are
gotten by a 1:1 mapping of the impedances onto a voltage diagram. This
is shown in Fig. 17. Here each point is identified by the set (a,b)
where a identifies the permeability value and b the conductivity value.

The problem now resolves itself into finding a way to make the
bridge insensitive to conductivity changes (i.e., to changes inA§1 along
the solid curves) while maximizing the response to permeability changes
(i.e., te changes in ;1 which jump from one curve to another). This is

accomplished in the following manner.
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Suppose two cirecles of radius A are drawn about the end points
[(2,1) and (2,3)] of the middle permeability curve of Fig. 17. The
intersection of these two curves defines two points which are equidistant
from the specified values of 61. Arbitrarily choosing the lower of
these two points and assigning to it the coordinates (Xz; yz), the
bridge is now adjusted so that the complex voltage ?2 across the refer-
ence coil L2 is given by 62 = x, + Jy,. Now we see that as the conduc-
tivity varies (thereby varying 61 along the solid curve), the phase of
the unbalance voltage (A§ = ;1 - VZ) changes, but the magnitude remains
practically constant. On the other hand, a permeability change will
cause little variation in the phase of A§ but a relatively large change
in the magnitude. Thus, by monitoring |A§| it is possible to determine
the permeability while ignoring changes in conductivity or lift-off.

The question arises as to the optimum value of A, the magnitude of
the voltage unbalance at the two balance points. large values of A will
minimize the variation of |A§\ with conductivity but will decrease the
sensitivity of the bridge to variations in permeability. In addition,
large values of A tend to increase the detrimental effects of drifts in
the circuit elements of the bridge. Hence, a compromise must be reached.
Qur work has shown that a value of A in the neighborhood of one-hundredth
to one~-tenth of |§1] is a reasonable compromise.

The program responsible for making the foregoing calculations is
the BRIDGE program (see p. 240). This program accepts as input the nine
values of the normalized impedance shown in Fig. 16. It then calculates
the nine corresponding complex values of 61, the bridge set point 62,
and the nine values of A§. In order to do this, the user must specify
the two points from which 52 is determined and the value of A. This is
effected by typing in the correct values in lines 12 through 16 of the

program. For instance, if lines 12 and 14 are:

12 DATA 2, 1
14 DATA 2, 3

the BRIDGE program will calculate the value of v, using points (2,1)
and (2,3) as shown in Fig. 17. TLine 16 of the program gives the value

of A in units of I$l|.
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Description of BRIDGE

This program is designed to calculate the response of the bridge
circuit shown in Fig. 14 to changes in the normalized impedance of the
test coil Ll. Since part of the input to this program consists of nor-
malized impedances, the circuit is useful for the measurement of any
parameter which would effect a change in these impedances (e.g., perme-
ability, conductivity, clad thickness, etc.).

The bridge is designed to operate with a certain unbalance when
both the test coil (Ll) and the reference coil (L2) are in air. Then,
when the test coil is brought into the vieinity of a conducting plane,
the magnitude and phase of the unbalanced voltage are altered.

The program calculates the magnitude and phase of the unbalanced
voltagé at nine points on a 3 X 3 lattice consisting of three 1lift-off
values and three values of the parameter being measured (e.g., permeabil-
ity). This allows one to determine the sensitivity of the measurement
to 1lift-off variations as well as to changes in the parameter being mea-
sured. The program then calculates the effect on the unbalanced voltage
of a drift in each of the other circuit elements. This makes it possible
to assign a maximm permissible drift to each element.

To execute the program, one need only type the following lines:

(Note: Parentheses are not typed.)

12 DATA (x1), (Y1) [X1 and Y1 are bridge balance points (see p. 228)]

14 DATA (%2), (¥2) [X2 and Y2 are bridge balance points (see p. 228)]

16 DATA (A) [A is the normalized magnitude of the bridge unbalance
(see p. 228)]

18-38 DATA (The normalized impedances are typed in lines 18-34)

200 LET 16 = [numerical value of minimum lift-off (in mils)]

210 LET 12 = [numerical value of lift-off increment (in mils)]

260 LET S1 = (numerical value of fractional change in frequency)

270 LET 82 = {numerical value of fractional change in amplifier gain)

280 LET 83 = (numerical value of fractional change in bridge
resistor R6)

290 LET 84 = (numerical value of fractional change in both bridge

resistors, R5 and R6, simultaneously)
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300 LET S5 = (numerical value of fractional change in test coil
inductance)
320 IET S7 = (numerical value of fractional change in bobth test

coil and reference coil inductance, simultaneously)

1}

330 LET S8 (numerical value of fractional change in test coil

de resistance)

340 IET S9 = (numerical value of fractional change in test coil
dc resistance and reference coil de resistance,
similtaneously)

350 LET SO = (numerical value of fractional change in amplifier
input resistance)

360 LET F = (numerical value of frequency)

370 LET VO = (numerical value of applied voltage)

380 LET G = (numerical value of amplifier gain)

390 LET L1 = (numerical value of test coil inductance)

400 LET RL = (numerical value of test coil dc resistance)

410 LET R3 = (numerical value of amplifier input resistance)
420 LET X3 = (numerical value of amplifier input reactance)
430 ILET R5 = (numerical value of first bridge resistor)

440 LET R6 = (numerical value of second bridge resistor)

450 LET R4 = (numerical value of amplifier input resistance)
460 LET ¥4 = (numerical value of amplifier input reactance)
470 LET R2 = (numerical value of reference coil dc resistance)
480 LET 12 = (numerical value of reference coil inductance)

The program may now be run. The example below is presented as an

additional aid to those who wish to use this program.

Sample Calculation of BRIDGE

Suppose we wish to measure the permeability of a piece of stainless
steel tubing using an encircling coil in one leg of the bridge circuit.
The tubing is assumed to be 0.250 in. in outside diameter with a nominal
wall thickness of 0.015 in. The coil is assumed to be 0.125 in. long
with inner and outer radii of 0.130 and 0.205 in., respectively. The

frequency is taken to be 5 kHz.
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The normalized impedances of the coll are determined by running the
ENCCO program (see p. 150) for the nine values of permeability and 1ift-
off desired. Suppose the relative permeability is known to be in the
range of 1.003 to 1.007. The three permeability values used in the cal-
culations are then chosen to be 1.003, 1.005, and 1.007. Since the
nominal outer radius of the tubing is 0.125 in. while the inner radius
of the coil is 0.130 in., the nominal 1ift-off is 5 mils. Assumning that
this may vary by as much ag =1 mil, the three lift-off values are chosen
to be 4, 5, and 6 mils.

Before running the ENCCO program it is necessary to run AIRCO in
order to obtain the normalization factor for a cylindrical conductor.

We first determine the mean radius of the coil to be 0.1675 in., so that

0.130/0.1675 = 0.7761
1.2239

i1

Normalized innér radius of coil
Normalized outer radius of coil = 0.205/0.1675 =
Normalized length of coil = 0.125/0.1675 = 0.7463

i

This informetion is typed into AIRCO in the following manner:

20 LET R1 = 0.7761
30 LET R2 = 1.2239
40 LET L = 0.7463

it

it

The program is now run, and the normalization factor for a cylindrical
conductor is found to be 3.75739E-2. We may now proceed to the determina-
tion of the normalized impedanceé.

From the above data we find (for a relative permeability of 1.003

and nominal lift-off):

Normalized inner radius of tubing = 0.110/0.1675 = 0.6567
Normalized outer radius of tubing = 0.125/0.1675 = 0.7463

Furthermore,

Angular frequency of driving current = 21 X 5000 sec™}
Permeability of inner (air) conductor = 4x X 1077 h/m
Relative permeability of inner conductor = 1
Conductivity of immer conductor = O

Permeability of outer (stainless steel) conductor

= 1.003 X 4t X 1077 h/m
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Relative permeability of outer conductor = 1.003
Conductivity of stainless steel = 1.3333 x 10° mhos/m

Thus,

wulo‘l_fz =0
Wi,o,re = 0.9528

The above information is typed into ENCCO using the following format:

12 LET R1 = 0.7761
14 LET R2 = 1.2239

16 IET 11 = O
18 LET L2 = 0.7463
20 LET M1 = O
60 IET X1 = X

62 LET Y1 = 0O

22 LET Ul = 1

24 LET M2 = 0.9528

26 LET U2 = 1.003

28 LET A = 0.65067

30 LET B = 0.7463

32 LET A9 = 3.75739E-2

The program may now be run.

The same calculations must be performed for the two remaining perme-
abilities and lift-offs. This is most conveniently done by READ state-
ments on the permeability (line 26) and tubing radii (lines 28 and 30)
and by simple looping. When this is done, the following normalized
impedances may be constructed, as shown in Table 1. The top line in
Table 1 is the real part of the normalized impedance and the bottom line
the imaginary part. We are now ready to run the BRIDGE program.

Suppose we wish to evaluate the effect of a 0.01% drift in each of
the variocus circuit elements on the unbalance voltage. Thus, S1 through

SO (lines 260-350) are 0.0001. Furthermore, let

Test coil de resistance = 1.78 ohms

Test coil inductance = 11.5 mH
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Table 2. Normalized Impedance Values
Permeability Lift-Off, mils

(kHz) 4 5 6

1.003 2.272378=-2 2.21138E-2 2.149178~2
1.00022 1.00022 1.00023

1.005 2.26893E-2 2.20804E-2 2.14593E-2
1.00073 ! 1.00072 1.00072

1.007 2.26551E-2 2.20472E-2 2.14271E-2
1.00124 1.00122 1.00121

Reference coil inductance = 10 mH
Applied voltage = 100 V
Amplifier gain = 150
Amplifier input resistance = 100K ohms

Bridge resistor R5 = 100K ohms

Amplifier input reactance 1 X

10*° ohms (this value was chosen

to make the input reactance effectively infinite)

Normalized magnitude of the volt

age unbalance = 0.04

The dc resistance of the reference coil and the value of bridge

resistor R6 are not specified because they are made variable to allow

control over the balance set point.

and printed out by the program.

Both of these values are calculated

The above information is typed into BRIDGE as follows:

12 DATA 2, 1
14 DATA 2, 2

16 DATA 0.04

18 DATA 2.127237E-2, 1.00022
20 DATA 2.21138E-2, 1.00022

22 DATA 2.14917E-2, 1.00023

24 DATA 2.26893E-2, 1.00073

26 DATA 2.20804E-2, 1.00072

28 DATA 2.14593E-2, 1.00072

30 DATA 2.26551E-2, 1.00124

32 DATA 2.20472E-2, 1.00122
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34 DATA 2.14271E-2, 1.00121
200 16 = 4

210 L7 = 1

260 S1 = 1FE-4

270 82 = 1E-4

280 83 = 1F-4
290 84 = 1E-4
300 85 = 1B-4
310 386 = 1E-4
320 87 = 1B-4
330 88 = 1E-4
340 89 = 1lE-4
350 80 = 1E-4
360 F = 5E-3
370 vO = 100
380 G = 150
390 L1 = 1.15E-2
400 RL = 178
410 R3 = 1B-5
420 X3 = 1E-10
430 RS = 1E-5

440 R4 = 1E-5
450 X4 = 1E-10
460 I2 = 0.01

The program 1s now run with the following results:

BRIDGE UNBALANCE SET USING

X1 Y1 X2 Yo NOR MAG OF UNBAL
2 L 2 3 .04
BRIDGE VOLTAGE 100 VOLTS AC FREQUENCY 5000 HZ GAIN 150
BDG RES ATR INDUCTANCE COIL D C RES AMP IMP R-T
1 100000 .0115 178 100000 1E+10
2 ? 01 ? 100000 1E+10
X IS SET ON .187769 Y IS SET ON .342603
NOMINAL BRIDGE VOLTAGES AND PHASES
LIFT-OFF 4 MILS 5 MILS & MILS
PERMEABILITY
1.003 2.40112 2.40114 2.40216

—2.742006E-2 —2.74043E-2 —2.63881E-2



PHASE
DRIFT

1.005
PHASE
DRIFT
1.007

PHASE
DRIFT

g8g.812
0

2.42854

1.01863E-10

88.8598
0

2.45597
2.74223E-2
88.9062

0
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VALUES OF R2 AND R6 FOR BALANCE

R2 = 169.476

- EFFECTS OF DRIFTS

.01 % INCREASE IN FREQUENCY

R6 = 21029,

BRIDGE UNBALANCE POINT DRIFTS TO X = .18777

.01 % INCREASE IN AMPLIFIER GAIN
BRIDGE UNRALANCE POINT DRIFTS TO X =

- LIFT-OFF 4 MILS
PERMEABILITY
1.003 2.40136
—2.71798E-2
PHASE 88.809
DRIFT 2.40849F-4
1.005 2.42879
2.43486E-4
PHASE 88.85¢e8
DRIFT 2.43486E-4
1.007 2.45621
2.76685E-2
PHASE 88.9033
DRIFT 2.46128E~4

LIFT-OFF 4 MILS
PERMEABILITY
1.003 2.40136
—2.71805E-~2
PHASE 88.812
DRIFT 2.40083E~4
1.005 2.42879
2.42825E-4
PHASE 38.8598
DRIFT 2.42825F-4
1.007 2.45621
2.76679E-2
PHASE 88.9062
DRIFT 2.45567E-4

89.5949 90.3929
0 0
2.42805 2.42854
4. 96904 E-4 1.01863E-10
89.6326 90.4208
0 0
2. 45496 2.45493
2. 64114E-2 2.63885E-2
89.6693 90.4478
0 0
F = 5000.5
Y = 342698
5 MILS 6 MILS
2.40138 2.40239
—2.71651E-2 —2.61506E-2
89.5918 90.3899
2. 3916F-4 2. 37537 Emb
2.42829 2.42878
~2.55137E~4 2. 40114E~4
89.6296 90.4178
2. 41767 E-4 2. 40114E4
2.4552 2.45518
2.66558E~2 2.66311E-2
89.6663 90. 4449
2. 4A3TEEL 2. 42694 b
G = 150.015
VIBT769 Y = 342663
5 MILS 6 MILS
2.40138 2.4024
—2.71642E-2 —2.61479E-2
89.5949 90.3929
2. 40084E-4 2.40185E-4
2.42829 2.42879
~2.54129E-4 2. 42824 Ft
89.6326 90.4208
2. 42775 4 2 4R82U T,
2.4552 2.45518
2. 66569E-2 2.66339E-2
89.6693 90.4478
2 4BLGEE~4 2. 4BLE2E4



.01 % INCREASE IN BRIDGE RESTSTOR
BRIDGE UNBALANCE POINT DRIFTS TO X = .187751

LIFT-QFF
PERMEABILITY
1.003

PHASE
DRIFT
1.005
PHASE
DRIFT
1.007

PHASE
DRIFT

.01 % INCRFASE IN BOTH BRIDGE RESISTORS R5-R6
BRIDGE UNBALANCE POINT DRIFTS TO X =

LIFT~O0FF
PERMFABILITY
1.003

PHASE
DRIIT
1.005

PHASE
DRIFT
1.007

PHASE
DRIFT

.01 % INCREASE IN BRIDGE VOLTAGE
BRIDGE UNBALANCE POINT DRIFTS TO X =

LIFT-OFF
PERMEABTLITY
1.003

PHASE
DRTIFT
1.005
PHAGE
DRIFT
1.007

PHASE
DRIFT

4 MILS

2.4063
—2.22414F-2

88.7472

5.17919E~-3

2.43372
5.17691E-3
88.7956
5.17691E-3

2.46114
.032597
88.8427
5.17468%-3

4 MILS

2.40088
—2.76598E-2
88.8121
—2.39216E~4
2.4283
—2.41947E-4
88.8598
—2.41947E~4

2.45572

2.717TE-2

88.9063
—2.44679E~4

4 MILS

2.40136
~2.71805E-2

88.812

2.40082E-4

2.42879
2.42825E-4
88.8598
2.42825E~4

2.45621
2.76679E-4
88.9062
2.45567E-4
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Y = .342629
5 MILS 6 MILS
2.40628 2.40726
~2.226278-2 ~2.12858E-2
89.5284 90.3247
5.1416E-3 5.10229E-3
2.43319 2.43364
4, 64284E-3 5.10088E-3
89.5668 90.3533
5.13975E-3 5.10088E-3
2.46009 2.46003
3.15494F-2 .031488
89.6041 90.381
5.1379%4E-3 5.09951E-3
100010.
187751 Y = .342629
5 MILS 6 MILS
2.4009 2.40192
~2.76435E-2 ~2.66274F-2
89.5949 90.3929
~2.39219E-4 ~2.393218-4
2.42781 2.4283
~7 . 38803E-4 ~2.41958-4
89.6326 90.4208
~2.41899E-4 ~2.41958-4
2.45471 2.45469
2.61668E-2 2.61439E-2
89.6693 90.4479
2. 4457984 —2. 4457984
VO = 100.01
.187788 Y = .342698
5 MILS & MILS
2.40138 2.4024
—2.71642E-2 —2.61479E-2
89.5949 90.3929
2.40084F-4 2.40184E-4
2.42829 2.42879
—2.5413E-4 2.428238-4
89.6326 90.4208
2. 42774 4 2.42823E~4
2.4552 2.45518
2.66569E-4 2.66339E-2
89.6693 90.4478
2. 4546584 24546284

R6 = 91038.1

91038.1
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.01 % INCREASE IN TEST COIL INDUCTANCE L1 = 1.15012E-2

BRIDGE UNBALANCE POINT DRIFTS TO X = .187769 ¥ = .342663
LIFT-OFF 4 MILS 5 MILS & MILS
PERMEABILITY
1.003 2.4065 2.40652 2.40753
~. 02204 ~2.20252E-2 ~2.10116E-2
PHASE 88.8099 89.5911 90. 3874
DRIFT 5.38065E-3 5.37902E-3 5.37647E-3
1.005 2.43393 2.43343 2.43392
5.38332E-3 % . BB4TE3 5.37899E-3
PHASE 88.8576 89.6288 90.4153
DRIFT 5.38332E-3 5.3816E-3 5.37899E-3
1.007 2.46135 2.46034 2.46031
3.28083E-2 3.17956E-2 .03177
PHASE 88.904 89.6654 90. 4424
DRIFT 5.38599E-3 5.384198-3 5.38152E-3
.01 % INDUCTANCE INCREASE IN BOTH Ll-I2 1.15012E-2  .01000L
BRIDGE UNBALANCE POINT DRIFTS TO X = .18777 Y = 342698
LIFT-OFF 4 MILS 5 MILS & MILS
PERMEABILITY
1.003 2.40136 2.40138 2.40239
~2.71798E-2 —2.71651E-2 ~2.61506E-2
PHASE 88.809 89.5918 90.3899
DRIFT 2.40849E-4 2.39159E-4 R.37536E-4
1.005 2.42879 2.42829 2.42878
2 .434B6E-4 ~2.55137E-4 2 .40114E-4
PHASE 88.8568 89.6296 90.4178
DRIFT R.434BEE-4 2.41767E-4 2.40114E-4
1.007 2.45621 2.4552 2.45518
2.76685E-2 2.66558E-2 2.66311E-2
PHASE 88.9033 89.6663 90.4449
DRIFT 2. 46128E-4 2. 443T8E-4 2. 426944
.01 % INCREASE IN TEST COIL RESISTANCE Rl = 178.018
BRIDGE UNBALANCE POINT DRIFTS TO X = .187769 Y = .342663
LIFT-OFF 4 MILS 5 MIIS 6 MILS
PERMEABILITY
1.003 2.40114 2.40112 2.4021
—2. 7404 E-2 ~2.74223E-2 ~. 026443
PHASE 88.7483 89.5316 90.3297
DRIFT 1.8215E-5 ~1.79928E-5 ~5.49031E-5
1.005 R.42856 2.42803 2.42849
1.5971E-5 —5. 16678E-4 —5.62287E~5
PHASE 88.7973 89.5701 90.3583
DRIFT 1.59709E-5 ~1.97737E-5 ~5.62288E-5
1.007 2.45598 R.45493 2.45487
2.74361E-2 2.63899E-2 2.63309E-2
PHASE 88. 844 89.6074 90.386
DRIFT 1.37882E-5 —2.15038E-5 ~5.75116E-5
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.01 % RESISTANCE INCREASE IN BOTH R1-R2

178.018  169.493

BRIDGE UNBALANCE POINT DRIFTS TO X = .187788 Y = 342663
LIFT-OFF 4 MILS 5 MILS 6 MILS
PERMEABILITY
1.003 2.40112 2.40114 2.40215
—2.742495-2 —2.74069E~2 —.026389
PHASE 88.815 89.5978 90.3958
DRIFT —4.30326E-6 ~2 . 627 6E-6 ~9.19506E-7
1.005 2.42854 2.42804 2.42854
—4 . 22006E-6 4 94T B4, ~8.79954E-7
PHASE 88.8627 89.6355 90.4237
DRIFT 4 . 22016E~-6 —2.56595E-6 -8 .800568-7
1.007 2.45596 2.45495 2.45493
2.74182%-2 2.64089E~2 2.63876E-2
PHASE 88.92091 89.6721 90.4507
DRIFT ~4.13992E-6 —2.50635E-6 ~8.39427E~7
.01 % INCREASE IN AMPLIFIER INPUT RES R3 = 100010
BRIDGE UNBATLANCE POINT DRIFTS TO X = .187769 Y = .342663
LIFT-OFF 4 MILS 5 MILS 6 MILS
PERMEABILITY
1.003 2.40114 2.40116 2.40218
—2.74007E-2 —2.73842%-2 —2.63679E-2
PHASE 88.8124 89.5952 90.3932
DRIFT 1.99134E-5 2.00838E-5 2.02558-5
1.005 2.42856 2.42807 2.42856
1.99344F-5 4 76802F-4 2.02704E-5
PHASE 88.8601 89.6329 90.4211
DRIFT 1.99343E-5 2.01022E-5 2.02703E-5
1.007 2.45599 2.45498 2.454.95
2.74423F~2 2.64315E-2 2.64087E-2
PHASE 88.9066 89.6696 90.4481
DRIFT 1.99551E-5 2.01209E-5 2.028681-5

RANGE 5.38098E-2 LIFT-OFTF:  1.92136 %
RMS DRIFT 7.49254E-3 % OF RANGE IS 13.9241

The program first prints out the bridge set points (X1, Yl; X2, Y2),
the normalized magnitude of the unbalanced voltage, the applied voltage,
the frequency and the amplifier gain. Next it prints out the values of
the various components of the bridge. Note that a question mark is
printed for the values of bridge resistor 2 (R6) and coil 2-dc resistance
(R2). This is done to indicate that these values are not yet known. The
program then calculates and prints out the real and imaginary parts of

—
the voltage V, that must exist across the reference coil to produce the
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specified unbalanced voltage. These values are given, respectively, by

114 14
.

the lines "x is set on and "y is set on

Next the program prints out the nominal output voltages and phases
(i.e., the values that would exist in the absence of drifts in the cir-
cuit components). There are seen to be four numbers associated with
each value of 1lift-off and permeability. From top to bottom, these
values are the magnitude of the unbalance voltage, the difference between
the magnitudes of the calculated and specified unbalance voltages, the
phase of the unbalance voltage (in degrees) and the DRIFT, which is the
difference between the magnitude of the unbalance voltage and the corre-
sponding value in the nominal voltages and phases block. Obviously, the
latter value will be zero for the nominal block.

As an example, in the present case, for a lift-off of 4 mils and a
permeability of 1.005, the magnitude of the output voltage is 2.42854 V,
the difference between this value and the specified value is
1.01863 x 10-1° v (it should be quite small since the present exsmple
is one of the set points) and the phase of the output voltage is
28.8598 deg. The DRIFT is, of course, zero.

Following the nominal voltages and phases block, the values of R2
and R6 necessary to give the speéified unbalance voltage are printed.
Thus, if RR is 169.476 Q and R6 is 91.029K Q, then the real part of the
complex voltage across the test coil will be 0.1387769 and the imaginary
part will be 0.342663, as was printed out previously.

The program next determines the effects of drifts in the circuit
components on the magnitude and phase of the unbalanced voltage. For
example, for a 0.01% increase in frequency, the real and imaginsry parts
of the bridge unbalanced voltage drift to 0.18777 and 0.342698, respec-
tively. For a lift-off of 4 mils and a permeability of 1.007, the output
voltage is 2.45621 V and the phase is 88.9033 deg. This output voltage
represents a drift of 2.40083 X lO"4 V from the corresponding nominal
value.

A glance at the drifts in the various blocks indicates that the
worst offenders are the bridge resistor RE and the test coil inductance
Ll. A 0.01% increase in either of these quantities gives rise to a

drift of about 5 X 102 V. Tt should be noted, however, that this is
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for unmatched drift (i.e., if either R5 and R6 drift together or L1 and
12 drift together, the effect is much less).

At the end of the print-out are listed the RANGE, which is the
average voltage change due to the specified permeability change; the
LIFT-OFF percent, which is the percent of RANGE attributable to lift-off
errors (i.e., it is the voltage change due to lift-off variations divided
by the voltage change due to permeability variations, multiplied by 100);
the RMS DRIFT, which is the root mean square value of the set composed
of the largest drift in each block; and the % OF RANGE, which is the
percent of the RANGE represented by the RMS DRIFT.

BRIDGE Program

10 REM BRIDGE VERSIZGN 04/21770
12 DATA 2,1

14 DATA 2,3

16 DATA .04

18 DATA 2.27237E-251.00022
20 DATA 2.21138E-2,1.00022
22 DATA 2.14917E-2,1.00023
24 DATA 2.26893E-251.00073
26 DATA 2.20804E-251.00072
28 DATA 2.14593E-251.00072
30 DATA 2.26551E-251.00124
32 DATA 2.20472E-251.00122
34 DATA 2.14271E-251.00121

200 1.6=3

210 L7=2

220 READ X1,Y1.,X2,Y2,A

230 PRINT® BRIDGE UNBALANCE SET USING"
240PRINT" X1, Y17, X2, Y2 NOR MAG 9F uUNBAL"™

250 PRINTX1,Y1,5,%2,5,Y2,4
260 S1=1E-4
270 52=1E-4
280 S3=1E-4
290 S54=1E-4
300 S5=1E-4
310 S6=1E-4
320 57=1E-4
330 S®=1E-4
340 59=1E-4
350 SO=1E-4
360 F=5E3

370 VO=100

380 G=150

390 L1=1.15E-2
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400 R1=178

410 R3=1ES

420 X3=1E10

430 R5=1ES

440 R4=1E5

450 X4=1E10

460 L2=.01

4TOPRINT"BRIDGE V@LTAGE™3VO0;3"VOLTS AC FREQUENCY"3F3"HZ  GAIN"3G
480 PRINT"  BDG RES","AIR INDUCTANCE","C@IL D C RES","AMP IMP R-1"
490PRINT™1"3R5,L1,R1,R33X3

500 PRINT™2';™ 2,12, ?2",R43X4

S10W=2 %P1 %F

520 FOR I =1T03

530 FOR J=1 TO 3

540 READ RCI,J)>I1CI,J)

550 G@ SUB 2180

560 NEXTJ

STONEXTI

580 A=A*SQRCC(VIX1,Y1)12+W(X15Y1)12)/C(RCX1,Y1I12+1CX1,Y1)12))
590C=C(V(X15Y1)-V(X2,Y2))12
600B=C(WIX1sY1)-W(X2,Y2))12
6100=SGNCCVIXT Y1)~V (X25Y2)IRCW(X15Y1)-W(X25Y2)))
620%K=+5%CVEX] 5 Y1) +V (X2, Y2) +Q*SQR(B*C AX¥A*A-B=C)/(B+C)))
630 Y=o5%CW(X1sY1)+W(X2,5Y2)-SQR(CKCA¥A*A-B=-C)/(B+C)I)I)
640A=AG

650PRINT™X IS SET ON";X»"Y IS SET ON"3Y

660PRINT

670 PRINT"N@MINAL BRIDGE VALTAGES AND PHASES™

680 GO SUB 2430

690 FOR I=1 T@ 3

700 FOR J=1 T@® 3

710 SCI,JY=ACI>J)

720 NEXT J

730 NEXT I

740 G@ SUB 2540

750 FBR I=1 T2 3

760 Q3=ACI»1)-A

770 Q4=Q3

780 FOR J=2 T@ 3

790 IF (ACI>J)~A)<Q3 THEN 810

800 @3=ACI,J)-A

810 IF (ACI»J)~A)>Q4 THEN 830

820 D4=A(I,J)~-A

330 NEXT J

340 DC(1)=ABS(Q3-Q4)

350 CC1>=(Q3+04)/2

860 NEXT 1

870 G1=D(1)

880 FOR I=2 TO 3

890 G2=DCI)

900 IF G2<Gl THEN 920

910 G1=G2 ,

920 NEXT 1

930 95=ABS(C(1)-C(3))

940 KI=(X*k(VO=X)=Y*Y)/ (XkX+Y*Y)

950 K2=~Y¥UOQ/ CXKX+Y*Y)

960 Al1=X4+K1*RA/K2

970 C=WHL2% (XA¥WHL2+K1 *RA/K2K ( XA+WHL2))

980 R2=(-R4*X4+SQR(RAKRAXXA¥KA-4%¥A1*C) )/ (2%A1)
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390 @1 =RA*xRK4%X4*% (R2Z*R2+RA4*R2+WXxWkL2%1L2)

1000
1010
1020
1030
1040
1050
1060
1070
1080
1090

D2 =R4*R4*x X4k ( X4XxWkL2+WxWkL2*x.2+R2%R2)
B3=X4%(R2+R4)I+R4*W*L2

Da=X4%W*|.2 -R2%R4
R6=(K1%*01~K2%02)/(03*%03+04%04)
PRINT"VALUES @F R2 AND R6 FBR BALANCE®™
PRINT"R2=""3R2,'"R6=""3R6

PRINT

PRINT "EFFECTS @F DRIFTS™

IF S1=0 THEN 1180

W=Wx(1+51)

1100PRINT 100%St3'"% INCREASE IN FREQUENCY F="3W/C2%PI)

1110
1120
1130
1140
1150
1160
1170
1180
1190

G@ suB 2270

G@ SUB 2370

G@ SUB 2430

Ga SuUB 2540

G@ suB 2720

T0O=Q6

W=W/(1+S1)>

IF S2=0 THEN 1280
G=G*(1+52)

1200PRINT 100%S523"% INCREASE IN AMPLIFIER GAIN G="3G

1210
1220
1230
1240
1250
1260
1270
1280
1290

G@ SuUB 2270

G@ SUB 2370

G@ SUB 2430

G@ SUB 2540

G@ SuUB 2720

T1=Q6

G=G/(1+52)

IF S3=0 THEN 1380
R6=R6%(1+53)

1300PRINT 100%S33"7% INCREASE IN BRIDGE RESIST@R R6=""3R6

1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510

Gg s5uB 2270

G@ suB 2370

G@ SUB 2430

G2 SUB 2540

G@ suB 2720

T2=06
R6=R6/(1+53)

IF S4=0 THEN 1500
RS=R5%(1+54)
R6=R6*x{(1+54)
PRINT100%543"7% INCREASE IN BOGTH BRIDGE RESIST@RS R5-R6';3R53R6
G@ suB 2270

G@ sSuB 2370

G@ SUB 2430

G@ SUB 2540

G@ sSuUB 2720

T3=Q6
R5=R5/7(¢1+54)
R6=R6/7(1+S4)

IF S5=0 THEN 1600
VO=Y0*x(1+55)

1520PRINT 100%553°*% INCREASE IN BRIDGE VOLTAGE vVo=";V0

1530
1540
1550
1560

G@ SUB 2270
GO sUB 2370
GB SUB 2430
G@ SUB 2540
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1570 G@ SUB 2720

1580 T4=Q6

1590 VO=V0/(1+55)

1600 IF 56=0 THEN 1700

1610 L1=L1%(1+56)

1620PRINT 100%363"% INCREASE IN TEST COIL INDUCTANCE Li='"3L1
1630 GO SUB 2270 ‘

1640 GO SUB 2370

1650 GO SUB 2430

1660 GO SUB 2540

1670 G@ SUB 2720

1680 TS5=Q6

1690 L1=L17¢1+56)

1700 IF S$7=0 THEN 1820

1710 L1=L1*C1+S7)

1720 L2=L2%¢1+S7)

1 730PRINT 100%S7:3"Z INDUCTANCE 'INCREASE IN BOTH L1&L2"3L13L2
1740 G@ SUB 2270

1750 G@ SUB 2370

1760 G& SUB 2430

1770 G@ SUB 2540

1780 GP SUB 2720

1790 T6=Q6

1800 L1=L1/¢1+S7)

1810 L2=L2/¢1+ST)

1820 IF S8=0 THEN 1920

1830 R1=R1%(1+S8)

1840PRINT 100%583"%2 INCREASE IN TEST COIL RESISTANCE R1=";R1
1850 G@ SUB 2270

1860 G@ SUB 2370

1870 GO SUB 2430

1880 GO SUB 2540

1890 G@ SUB 2720

1900 T7=Q6

1910 R1=R1/C1+S88)

1920 IF S$9=0 THEN 2040

1930 R1=R1*{1+59)

1940 R2=RZ2%(1+59)

1950PRINT 100#$93"% RES{STANCE INCREASE IN BOTH R1&R2";R1;3;R2
1960 GO SUB 2270

1970 G@ SUB 2370

1980 GO SUB 2430

1990 G2 SUB 2540

2000 GO SUB 2720

2010 T8=Q6

2020 R1=R1/¢1+59)

2030 R2=R2/¢1+S9)

2040 IF S0=0 THEN 2130

2050 R3=R3*%(1+S0)

2060PRINT 100%$03"% INCREASE IN AMPLIFIER INPUT RES R3="3;R3
2070 GO SUB 2270

2080 GO SUB 2370

2090 GO SUB 2430

2100 G@ SUB 2540

2110 G@ SUB 2720

2120 T9=R6

2130 A8=TOXTO+TI*T1+T2*T2+T3*T3+T4*%TA+TS*kTS4+T6XTH6+TTHTT+TBXT8+TI*T9
2140 Q99=SQR(QAB? ~

2150 PRINT"RANGE'™ Q53" LIFTOFF 1" 3100%G1/Q53"%"



2160
2170
2180
2190
2200
2210
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PRINT''RMS DRIFT™3Q93" % OF RANGE IS5"3100%Q9/Q5
G2 T@ 28§10

Al =R3*kX3*%(R1+WkL1*%R(I,J))

B1=R3*X3*kWxL1*x1(1-J)
Cl1=R3*k(X3+WkL14IC(I,J))+X3%k(R1+WxL1*R(I,J))
D1=X34«WxL1*T(I,J)-R3*k(RI+WkL1*R(I>.J))

222001 =C(A1%C1+B1%D1)/(C1*xC1+D1%D1)
223002=(B1*C1-A1%D1)Y/(C1*C1+D1%D1)
2240V(1,J)=V0*(R1*(R5+Q1)+Q2*Q2)/((R5+Q1)12+2212)
2250W(1,J)=V0*Q2%R5/((R5+Q1)t2+Q212)

2260
2270
2280
2290
2300

RETURN

Al =R4*K4%R2
Bl1=R4%X4%WxL.2
Cl1=RA4*(X4+WkL2)+X4%*R2
D1 =X4xWkL.2~R4%R2

231001 =(A1*C1+B1%D1)X/(C1*C1+D1%D1)>
2320Q2=(B1*C1-A1*¥D1)/(C1*C1+D1*D1)

2330
2340
2350

X=V0* (A1 *(R6+Q1)+Q2%Q2I/((RE6E+Q1 DI t2+Q212)
Y=VO*Q2*R6/((R6+Q1)12+Q21t2)
PRINT"BRIDGE UNBALANCE P@INT ORIFTS T@ X="3X3' Y="3

2360RETURN
2370F@RI=1TA3

2380 FOR J=1 T@ 3
2390 G@ SUB 2180
2400NEXTJ
241 0NEXTI

2420RETURN

2430
2440
2450
2460
2470
2480
2490
2500
2510
2520
2530
2540
2550
2560
2570
2580
2590
2600
2610
2620
2630
2640
2650
2660
2670
2680
2690
2700
2710
2720
2730

FOR I=1 T9 3

FOR J=t T@ 3

ACTI>J)=GkSARC(V(IJ)~X)12+(W(I,J)-Y)2)

JCI, J)=ATNCCWCT > ) =Y/ (V(I»J)=-X))

IF (V(I»J)-X><0 THEN 2490

G@ T@ 2500

UCI> D=UdI,J)+PI

UCI»J)=5T.295779513%U(1,J)

NEXT J

NEXT I

RETURN
PRINT"LIFT-QFF" L6353 "MILS 5 LA6+LT3 " MILS”»L6+2%L 73 °MILS"
PRINT "PERMEABILITY™
PRINT'1.003",AC1513,4(1,52)5A(1,3)

PRINT" ",A(151)-A5,AC1,2)-A>AC1,3)-A
PRINT"PHASE®,U(1,1)2,UC1.,2),UC1,3)
PRINT"DRIFT">A(151)-5SC151)5AC¢1,2)-5(1,5,2)5,A(153)~S(1,3)
PRINT

PRINT'1.005",A(2,51)5A(2,2)5A(2,3)

PRINT" "5A(2,1)-AA(2,2)-A>A(2,3)~A

PRINT"PHASE" »U(2,1),U(2,2),U(2,3)
PRINT"DRIFT"5A(2,1)-5(2,1),A(2,2)~-5(2,2),A(2,3)-5(2,3)
PRINT

PRINT"1.007"5A(351)5A(352),A(3,3)

PRINT" '"5A(35,1)-A5A(3,2)-A5A(3,3)-A
PRINT"PHASE"»UJ(3,1),U(352),U(3,3)
PRINT"DRIFT">A(3,1)-5S¢(3,1),A(3,52)-5(3,2),A(3,3>~5(3,3)
PRINT

RETURN

Q6=A8SCA(1,1)~-S(1,1))

FOR I=1 T@ 3
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2740 FIR J=1 TG 3

2750 27=A85CACI»J)=-501,3))
2760 1F A7<76 THEN 27380
2773 A6=27

2780 NEXT J

2790 NEXT I

2808 RETURN

25310 END

PHASE-SENSITIVE EDDY-CURRENT INSTRUMENT

Description of PHASEN

For a circuit containing no other components, the magnitude and
phase of the voltage induced in the pickup colls of the reflection-type
coil arrangement, shown in Fig. 5, p. 61, can be determined by running
the RFIC (p. &2) or RFIM program (see p. 51) for the particular coils.
If this coil arrangement is ubtilized in an actual circuit, however, the
other circuit elements will alter the magnitude and phase of the induced
voltage. |

One such use of the reflection-type coil arrangement is in the
phase~gensitive eddy-current instrument, an equivalent circuit for which
is shown in Fig. 18. The PHASEN program was designed to calculate the
magnitude and phase of the voltage supplied to the discriminator of the
instrument and to evaluate the phase shifts introduced by drifts in the
circuit elements. The calculations are made, not for a single lift-off
and clad thickness (or conductivity), but for a 3 X 5 lattice of points
involving five lift-off values and three clad thicknesses (or conduc-
tivities). This allows one to determine the sensitivity of the instrument
to 1lift-off variations as well asg to changes in the clad thickness (or
conductivity).

To execute this program, it is necessary to determine the mutual
inductance between the driver and pickup coils and also the real and
imaginary parts of the normalized impedance of both driver and pickup
coils. This information is provided by two additional programs. If
the instrument is being used to measure clad thickness, the mutual
inductance is obtained by running the RFLC program; if conductivity, the

appropriate program is RFIM. In the former case the normalized impedances
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Fig. 18. Equivalent Circuit for the Phase-Sensitive Eddy-Current
Instrument.

of driver and pickup coils are obtained by running CLADL (see p. 71) and
in the latter case by running MREP (see p. 57).

It is worth noting that the guantity actually calculated by the
RLFC (or RFIM) program is not the mutual inductance between driver and
pickup coils, but rather the induced voltage divided by the product of
frequency, driver current, number of turns on driver coil, number of
turns on a pickup cecil, and the square of the driver coil mean radius
(in meters). From this information, the complex mutual inductance is
calculated by PHASEN.

In order to expedite the dinput of data, the 2HASEN program has been
designed to read from a file the data generated by the RFLC (RFIM) and
CLAD1 (MREP) programs. In order to do this, it is necessary to alter
RFLC (RFIM) and CILADL (MREP) so that they will print on a file. This is
explained in the sample calculation of this program.

For BRASIC compilers which do not have the capability of printing
on a file it will be necessary to type in the data manually. Care
should be taken to ensure that the RFILC (RFLM) data are typed in first
and that all data are typed in the correct order.

To execute the PHASEN program, one types the following lines.

(Note: Parentheses are not typed.)
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of the pickup circuit)

(numerical velue of fractional change

inductance)

100 LET 88 = (numerical value

110
120
130
140

150
160
170
180
190
200

210
220
230
240
250

260

LET
LET
LET
LET

LET
LET
LET
LET
LET
LET

LET
LET
LET
LET
LET

LET

RO
R1
R2
R3

R4
Ccl
c2
L0
L1
2

vO

i

i

t

it

H

inductance)
(numerical value
(numerical value
(numerical value
(numerical value
source)
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¥ = (numerical value of number of turns on driver coil)

NL
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(numerical value of number of turns on a pickup coil)

[numerical value of mean radiug of the driver coil

(in meters)]

(numerical value of frequency)
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430 LET R5 = (numerical value of external series resistance, if
any, added to driver coil)

The program may now be run.

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

DRIVER RES PICKUP RES AMP INPUT RES VOLTAGE
(RrO) (R1) (R4) (v0)
DRIVER IND PICKUP IND GATIN FREQUENCY
(10) (L1) (@) (r)
DRIVER SERIES RESISTANCE IS (R5)
V2 % OF RANGE DRIFTS
PHASE SHIFT -=-w-=w RMS DRIFT =wmwm= S J——

The various symbols enclosed in parentheses indicate that the
numerical value of the sywbol will be printed.

The first column, headed "V2," is the magnitude of the voltage at
the output of the amplifier. The second column, headed "% OF RANGE,"
is roughly the percent of the total phase shift attributable to varia-
tions in lift-off [actually, it is the change in phase shift due to
lift-off variations divided by the change in phase shift due to clad
thickness (or conductivity) variations, multiplied by 100]. Under the
third column, headed "DRIFTS," are printed nine values. FEach of these
corresponds to the largest value in the 3 X 5 lattice of phase shift
changes produced by a drift in one of the nine circuit elements whose
variations are given in lines 20 through 100 of the program. Reading
from left to right and from top to bottom, the drifts are those due,
respectively, to changes in dc resistance of the driver coil, dc regis-
tance of the pickup coil, input resistance of the amplifier, applied
voltage, frequency, capacitance of the driver circult, capacitance of
the pickup circuit, driver inductance, and pickup inductance. Finally,
the last line of the print-out gives the PHASE SHIFT, which is the phase
shift due to the specified variation in clad thickness (or conductivity),
the RMS DRIFT, which is the root mean square value of all nine drifts;
and the PERCENT OF PHASE SHIFT represented by RMS DRIFT (i.e., the value
of RMS DRIFT divided by the value of PHASE SHIFT) multiplied by 100.
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The example below is presented as an additional ald to those who

wish to use this program.

Sample Caleulation of PHASEN

Suppose we wish to evaluate the effect of drifts in circult ele=-
ments on the measurement of the thickness of a stainless steel plate
whose thickness may vary by +10%. We will assume that the driver coil
ig 0,500 in. long and that the inner and outer radii of the coil are
0.200 and 0.300 in., respectively. The pickups are 0.200 in. long with
inner and outer radii of 0.100 and 0.150 in., respectively, and are
mounted flush with the ends of the driver. The stainless steel plate is
taken to be 0.025 in. thick +10%.

Before proceeding, it will be necessary to run the RFLC program
(see p. 82) to determine the mutual inductance between driver and pickup
coils. The sample calculation provided in the description of the
RFLC program is the same as needed for the present example; thus, we may
use the data given therein.

As was previously mentioned, the PHASEN program is designed to
input from a file the data generated by the auxiliary programs. To do
this, it will be necessary to alter these programs so that they will
print on & file. This is accomplished as follows.

Suppose we wish the RFLC program to print on a file named £TORE.

We first save an empty file by this name. Then we call up the

RLFC program and type

1160 PRINT:STORE:M(I,J),P(I,J)
1165 NEXT J

The program is then run. The data given on p. 82 will be printed in
STORE in row-wise order, and only the first two lines of each section
will be printed. These data will then be read by the PHASEN program.

For BASIC compilers which do not have the capability of printing
on a file, it will be necessary to type in the RFLC data manually and
to alter the PHASEN program. The latter effect is accomplished by
changing line 360 of the PHASEN program to read

360 READ M, P
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and by entering the RFLC data in DATA statements. These statements may
be placed anywhere in the PHASEN program, but care must be taken to
ensure that the data are typed in row-wise order. As an exsmple, the

following statements might be employed:

91 DATA 3.41177E-7, 2.23022
92 DATA 2.94307E-7, 2.21858

96 DATA 3.51116E-7, 2.1896

etc., until all 15 data pairs are entered. The DATA statements need not
be numbered consecutively, but they must appear in the order given above.
Having generated the mutual inductance data by running the
RFLC program, we now must calculate the normalized impedances of driver
and pickup coils. This is accomplished by ruanning the CILAD] program
(see p. 71). The sample calculation provided in the description of
CLIADL is again Jjust that necessary for the present example; thus, we
may use the data onpp. 70, 71.
To avoid the labor of typing in this data, the CLAD1l program may be
altered to print on a file. Suppose this file is to be named STOREZ.
We first save an empty file by this name. Then we call up the

CLADL program and type

1250 FOR I = 1 TO 3

1260 FOR J = O TO 4

1270 PRINT: STORE2: -N(J)/19, B(J)/19
1280 PRINT: STORE2: -M(J)/10, ¢(J)/10
1290 PRINT: STORE2: —Q(J)/10, D(J)/10
1300 NEXT J

1310 NEXT I

I

It

The program is then run. The data givenon pp. 70, 71 will be printed
in STOREZ column-wise order and read by the PHASEN program.
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Note that the instructions given in lines 1250-1310 will cause the
same data to be printed three times. This ié due to the fact that the
CLADL calculations are performed for a single clad thickness rather than
for the three values actually given; thus, the data are repeated twice
to provide the required number of data points. As explained in the
description of the CLADL program, this procedure saves computer time with
little loss in accuracy. ‘

For BASTIC compilers which do not have the capability of printing on
a file, it will again be necessary to type in the data manually and to
alter the PHASEN program. The latter effect is accomplished by changing
lines 470,‘480, and 490 of the PHASEN program to read

470 READ R(I,J), I(I,J)
480 READ s(1,J), J(I,J)
490 READ T(I,J), X(I,J)

and by entering the CIAD] data in DATA statements. Care must be taken
to ensure that the data are typed in column-wise order and that all
CLADL DATA statements follow those due to RFLC. As an example, the
following statements might be employed:

261 DATA 5.99304E-2, .88838

262 DATA 5.67095E-2, .938451
263 DATA 1.4727E-3,  .996125
264 DATA 5.22041E-2, .899672

etc. The 15 data pairs on pp. 70, 71 are typed in this manner and then
repeated twice, making a total of 45 lines of CLAD1 data. The advantage
of having the programs print on a file thus becomes obvious.

Having provided the PHASEN program with the necessary data from
RFLC and CLAD1, the parameters of the bridge circuit may be entered.
Suppose we wish to evaluate the effect of a 1% change in each of the
various elements of the circuit.  Then the fractional changes SO through

58 are all equal to 0.01. Furthermore, suppose
de resistance of the driver coil = 13.48 Q
de resistance of the pickup coil = 0.487 Q

Internal registance of voltage source = 0.1 @
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Input resistance of the amplifier = 100,000
Capacitance of the driver circuit = 75 pF
Capacitance of the pickup circuit = 75 pF
Driver inductance = 2.835 mH

Pickup inductance = 21.41 uH

Applied voltage = 10 V

Number of turns on driver coil = 627

Number of turns on pickup coil = 72

Amplifier gain = 1000

Mean radius of the driver coil = 6.35 X 1073 n
Frequency = 100,000 sec™*

External series resistance added to driver coil = O

information is typed into the program using the following format:
20 LET 80 = 0.01

30 LET 81 = 0.01

40 LET 82 = 0.01

50 LET 83 = 0.01

60 LET 84 = 0.01

70 LET 85 = 0.01

80 LET 86 = 0.01

90 LET 87 = 0.01

100 LET 88 = 0.01

110 LET RO = 13.48
120 LET R1 = 0.487
130 LET RR = 0.487
140 LET R3 = 0.1

150 IET R4 = 1E-5

160 LET Cl = 7.5E-11
170 LET C2 = 7.5E-11
180 LET IO = 2.835E-3
190 LET L1 = 2.141E-5
200 ILET L2 = 2.141E-5

210 LET VO = 10
220 LET N = 627
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230 LET N1 = 72

240 1ET G = 1B-3
250 LET R = 6.35E-3
260 LET F = 1E-5
430 LET R5 = O

i

The program 1s now run with the following results:

DRIVER RES PICKUP RES AMP INPUT RES VOLTAGE
13.48 487 100000 10
DRIVER IND PICKUP IND GATN FREQUENCY
.002835  2.141E-5 1000 100000
DRIVER SERIES RESISTANCE IS O ~
V2 % OF RANGE DRIFTS
63.4988 8.62631 8.52916E-5 2.25438E-7 2.59772E-6

1.709938-3 9.12737E-5 4.71482E-8
2.78463E~6 1.64554F-3 2.51373E-6
PHASE SHIFT 8.07678E-2  RMS DRIFT 2.3764FE-3 % IS 2.94226

from which we see that the phase shift due to a 1% change in resistance
of the driver coil is 8.52916E-5 radians, that due to a 1% change in
resistance of the pickup coil is 2.25438E-7 radians, etc. The average
phase shift due to the specified variation in thickness is 8.07678E-2
radians, and the RMS value of all nine drifts is 2.3764E-3 radians, the
latter value being 2.94226% of the former. The voltage delivered to the
discriminator is 63.4988 V, and the phase shift due to the specified
variation in lift-off is 8.62631% of the phase shift due to the specified

variation in thickness.

PHASEN Program

10 RED
20 50
30 31
4n 52
50 53
60 54
80 56=.01

90 57=.01
100 58=.01
110 RO=39.55
120 R1=1.2
130 R2=1.2

=

PHASEN VERSION Q1720770

01



254

140 R3=.1

150 R4=1ES

160 C1=7.5E~-11

170 C2=7.5£-11

180 1L0=3+.2E-3

190 L1=2.3E-5

200 L2=2.3E-5

210 v0=10

220 N=575

230 N1=65

2403 G=1000

250 R=5.08FE-3

260 F=400

270 PRINT'"DRIVER RES","PICKUP RES","AMP INPUT RES","VOLTAGE"
280 PRINT RO>R1,R4,V0

290 PRINT

300 PRINT"DRIVER IND","PICKUP IND","GAIN","FREQUENCY"
310 PRINT LO»L1,GsF

320 PRINT

330 PRINT

340 FOR I=1 TG 3

359 FBR J=1 T9 5

360 INPUT:STORE:tM,P

370 A=(MkN®N1*kRI/(2%PT)

380 MC(I,»J)=A%SINCP)

390 PC(I>J)=~CA%CBS(P))

400 NEXT J

410 NEXT I

420 W=2%P I*F

430 ROS=1E3%WkL.0

440 R6=RO+RS

450 FOR I=1 T2 3

460 F@R J=t T@ 5

470 INPUT:STOREZ2tR(ILJI>I1CI-J)
480 INPUT:STOREZ2:5C1,J),JC150)
490 INPUT:STOREZ2:TC(I»JY>K(Is.J)
500 NEXT J

510 NEXT I

520 GZ sSUB 1580

530 V2=3(2,1)

340 22=B(25,5)%SINID(255))-B(25,13*%SIN(D(2,51))
550 93=B(2,1)*%COS(D(251))-3(2,5)%CASCD(255))
560 @1=ATN(O2/03)

570 IF 93<0 THEN 590

580 GO TV 600

590 Q1=01+P1

600 V1=B(2,1)>%SIN(I1+D(2,1))
610 G@ SUB 1910

620 F@R I=1 TGO 3

630 FOR J=1 T@ 5

640 ACI>J3=GCI> D)

650 NEXT J



660
670
630
690
700
710
720
730
740
750
760
770
750
790
800
810
320
B30
840
K50
860
810
%30
890
900
910
920
930
240
950
960
970
9430
990
1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170

NEXT I

FOR I=1 TO 3
D21 =GC1,1)
A2=0Q1

FOR J=2 T@ 5

IF G(I,.J2<Q1 THEN 730

QA1=G{I-DD

IF GCI->J3>22 THEN 750
A2=G(Is.0)

NEXT J
CCI)=A85(01-02)

NCIY=(Q1+02)/2

NEXT 1

RE=C L1

FOR I=2 T2 3
B9=CCI)

IF 99<08 THEN 840

N8=N9
NEXT 1
A3=NC1)=-NC3)

IF S0=0 THEN 930

R6=R6X(1+50)
G@ SUB 1580
G@ sSUB 1910
G2 sUB 1990
TO=24

R6=R6/7C1+50)

IF S1=0 THEN 1000

R1=R1%(1+51)
GZ SUB 1580
G2 sUB 19190
GY s5UB 1990
T1=04
R1=R1/7(1+3S1)

IF 32=0 THEN 1070

Ra4=R4%(1+52)

G@ SUB 1580
G® SUB 1910
Gg 3UB 1990
T2=04
RA=RA4/C1+52)
IF $3=0 THEN
YO =V0O%(1+383)
GO SUB 1580
G@ SUB 1910
GO SUB 1990
T3=04

V0 =V0/(1+53)
IF S4=0 THEN
WaWk(1+54)
G99 SUB 1580
GB SUB 1910

1140

1210

255



1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
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G@ sSuB 1990

Ta=04

W=W/¢1+54)

IF $5=0 THEN 1280
C1=C1*(1+S5)

G@ SUB 1580

GO SuUB 1910

Go SUB 1990

TS=Q4

Ci1=C1/¢1+55)

IF S6=0 THEN 1350
C2=C2%(1+56)

G SuUB 1580

G SuUB 1910

G SuUB 1990

T6=0Q4

C2=C2/7¢1+S8)

IF S7=0 THEN 1420
LO=L0¥(1+57)

G@ SUB 1580

G@ SUB 1910

GA sSuB 19920

T7=04

LO=LO/ZC1+57)

IF S8=0 THEN 1490
Li=L1%{1+58)

Gd SUB 1580

G@ sSuUB 1910

G@ SUB 1990

T8=Q4

L1=L1/C1+38)
QE=TOXTO+T1*T1+T2*T2+T3*T3+TA4*TA+TOS*TS+TE6XTEHG+TTHTT+T8%T8H
Q7=SQARC(QA6)

PRINT"DRIVER SERIES RESISTANCE IS'"3RS
PRINT"V2","7Z BF RANGE",'" ","DRIFTS"
PRINT V2,100%Q8/Q3>T0>Ti,T2
PRINT' "' ",T3,T4,T5
PRINT' ", ®“5sT6-T7-TF

1560PRINT"PHASE SHIFT™3Q3:" RMS3 DRIFT*"3Q7;5°" %Z 158'3100%Q7/Q3

1570
1580
1590
1600
1610
1620
1630
1640
1650
1660
1670
1680
1690
1700
1710
1720
1730

G@ T@ 2130

FOR I=1 T@ 3

FOR J=1 T@ 5

A1=R3/7C1+(WkC1*xR3)12)

Bi=~W*C1*R3%A1l

A2=R4/ (1 +(WxC2%R4)*2)

B2=-WxC2kR4%A2

A3=A2+WkL1%SCI, D+WkL24T (I, J)+R1+R2
B3=B2+WxL1*%JC(I,J)+WkL2%K(I,J)

G1=MC(I>J)t2-P(I,J)1t2

G2=2*M(1,J)*P(I-J)

K1 =R6+W*LO%RC I J)+WAW* (G *A3+C2*B3)/(A3*A3+B3%B3)
K2=WkLOkICI»JJ)+WkWx(G2*%A3~-G]1*B3)/(A3*A3+B3*B3)
G3=K1%A1l-K2%31

G4=K1*B1+K2%A1
VCI»J)=C(VO/R3I*(GI*k (K1 +A1I+G4%(K2+B1I)/C((K1+A1)t2+(K2+B1)12)
WCI,J)=CVO/R3IKR(GAR(KI+A1I -G % (K2+B13)I/((K1+A1) 12+ (K2+B1)12)
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1740 A4=CA3¥MCI,J)+B3%P(1,J))/(A3¥A3+B3%83)
1750 B4=(A3%P(1,J)-33%M(1,J))/(A3*¥A3+B3%B3)

1760 7Z1=A1%AR-B1*R2

1770 Z2=A1%B2+31%A2 « |
1780 AS=CZI%C(A1+K1)+Z24(B1+K2))/(C(AL+K1)12+(B1+K2)12)
1790 B5=(Z2%(A1+K1)-Z1%(B1+K2))/((A1+K1)12+(B1+K2) 12)
1800 UCI+.J)=CVD/R3)KW*GK(AL*BS+BA*AS)

1810 Y(I,J)==(V0/R3)*H*GX(A4*AS-B4*BS5)

1820 DCI,JY=ATNCYCI, I3 /UCI,J))

1830 IF UCI»J)<O THEN 1850

1640 GO TO 1860

1850 DCI1,J)=DCI,J)+P1I

1860 ACI,J)=30RVCI,II12+W(T>J)12)

1870 BCI,J)=5QRUCI,JIT2+Y(I+J)12)

1880 NEXT .J

1890 NEXT I

1900 RETURN

1910 FOR I=1 TO 3

1920 FOR J=1 T@ 5

1930 G(I,J)=01~ATNCVI/SARCBCIL I t2-V1%V1)I+DC(I,sJ)
1940 IF ABSCG(I,J))<PI THEN 1960

1950 GCI,J2=GC1>J)-SGNCGCI,J)I*2*P]

1960 NEXT J

70 NEXT I

1980 RETURN

1990 FBR 1=1 TO 3

2000 FOR J=1 T® S

2010 LCI>J)=GC1,.0)-0CI,)

2020 NEXT J

2030 NEXT I

2040 Q4=ABS(L(1,1))

2050 FOR I=1 T@ 3

2060 FOR J=1 TO 5

2070 Q5=ABS(L(15J))

2080 IF 05<04 THEN 2100

2090 Q4=05

2100 NEXT J

2110 NEXT 1

2120 RETURN

2130 END

ACCURACY OF CALCULATIONS

In this section we shall discuss the accuracy with which these

programs calculate the integrals presented in a previous report.!? There

12¢. 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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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:
Jl(x), fol(X)dx, Il(z) fol(x)dx, Io(z)

Kl(z), fXKl(X)dX, Kb(z)

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 is a complex
number. We shall now discuss the accuracy of each of these approxima-

tions.

Discussion of Jy(x)

The approximation for Jl(x) is taken from the Handbook of Mathemat~
ical Functions,!? Eqs. 9.4.4 and 9.4.6. For x = O to 3 we use the

approximation:
Iy (x) = % x — (6.258-2)x> + (2.604158-3)x° — (5.42443E-5)x"

+ (6.7578-7)%7 — (5.388-9)x'! + (2.1E-11)x*3

The reported error is less than 1.3E-8. For x between 3 and infinity we

use the approximation:

Q
J(x) = -i cos(Q,) ,
X2

13National Bureau of Standards, Handbook of Mathematical Functions,
p. 370, U.S. Government Printing Office, Washington, D. C., 1964.
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where

Q, = 0.79788456 + (4.68E-6)/x + 0.14937/x* + (4.61835E-3)/x°

— 0.20210391/x% + 0.27617679/%° — 0.14604057 /x5

and

Q; = x — 2.35619449 + 0.37498836/x + (5.085E-4)/x% — 0.17222733/x>

+ (6.022188E-2) /x* + 0.19397232/x° — 0.21262014/x°

The reported error is less than 9E-8.

‘ x
Discussion of éle(x)dx

This range of integration was divided into two regions. To approxi-
mate the integral from O to 5, we use the series representation13
(Eq. 9.1.10) for J](x), multiply by x, and integrate term by term with

respect to x.

X © L /R0t L21+3
J (x)dx = z -1 ->
/X , ) (-1 <2 n (ne1) ! (2nes)
0 n=0 '

We take‘2x¥j"terms in the approximation.

For the region between 5 and infinity we use the approximation:
x
d[le(x)dx = 1= /x [qQ, cos(x - n/4) — Q, sin(x - x/4)]
O %

where the coefficients,

Q, = 0.7979095 — (0.187344E-2) /x + 0.4952024 /x* — 0.6896196/x>
+ 2.105874 /x% — 5.817517 /%7
and
Q = - (0.0641Q9E-3) + 0.7034845 /x — 0.1730503/x2 + 2.050931/x>

— 23.79333/x% + 109.1142/x° — 188.1357/x°

)
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have been determined by a 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 APPROXIMATTION ACTUAL VALUE DIFFERENCE

0.5 0.204456E-01 0.204456E-C1 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 —0.3637978%-11
2.5 1.5889403 1.5889403 0.2910383E-10
3 2.1677231 2.1677231 0.2910383E~10
3.5 2.5537528 2.5537528 0.2910383E-10
4 2.6133333 2.6133333 0.1455191E-10
4.5 2.2843038 2.2843038 0.1455191E-10
5 1.6032957 1.6032957 0.07275958-10
5.5 0.70655645 0.706555'73 ~0.0719424E-05
6 —0. 19765044 -0.10765039 0.4333287E~-07
6.5 —0.87913766 -0.87913832 —0.0661486E-05
7 —1.1459147 —1.1459147 0.1809094E-06
7.5 -0.89837738 ~0.89837617 0.1211148E-05
8 —0. 1624609 —0.16245976 0.1174163E~05
8.5 0.90846388 0.90846427 0.3920904E-06
9 2.065269 2.0652688 -0.1579173E-06
2.5 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
12 0.20184917 0.2018503 0.113344.3E-05
12.5 —~1.0120725 ~1.0120721 0.4056128E~06
13 =1.775617 —1.775617 0.0633735E-07
13.5 —1.8801856 —1.8801856 0.4095¢360E-07
14 -1.2743509 ~1.2743509 0.3716413E-06
14.5 —0.0828132 —0.08281247 0.0730123E-05
15 1.4185281 1.4185289 0.0868487E-05
15.5 2.8665793 2.86658 0.0673477FE=-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~05
17.5 2.647369 2.064'73679 —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 ~0.0777552E-05
20 ~2.282114 —2.2821147 —0.0747525E-05
20.5 —1.2291259 ~1.2291267 —0.071802F-05

21 0.40084917 0.4008486 —0.5746023E-06
21.5 2.2180202 2.2180199 ~0.2416927E-06
22 3.776'7232 3.7767235 0.2741726%E-06
22.5 4.6849525 4, 6849534 0.0864063E~05



261

X APPROXIMATION ACTUAL VALUE DIFFERENCE

23 4.7030693 4,7030707 0.1347827E-05
23.5 3.8068092 - 3.8068108 0.15411498-05
24 2.1980817 2.198083 0.1335603E-05
24.5 0.25973223 ©0.2597329¢8 0.0753498E-05
25 ~1.5356547 —~1.5356547 ~0.4289904E-07
25.5 —2.7411629 —2.7411637 —0.0804589E-05
26 ~3.0469315 —3.0469327 —0.1279477E-05
26.5 —2.3597314 —2.3597327 —0.1319582E-05
27 -0.83031503 -0.83031598 ~0.0948286E-05
27.5 1.1792652 1.1792648 —0.36392888-06
28 3.1813856 3.1813857 0.1216831E~06
28.5 4.6813188 4.681319 0.2125743E~06
29 5.2996209 5.2996206 —0.2395245E-06
29.5 4.8681301 4.8681289 ~0.11478258-05
30 3.475291 3.4752888 ~0.2178421E-05

The error in the approximation is about #2E-6 or less between O
and 30. TFor greater values of x, the error is slightly larger, although
the integral approximations have usually converged before x reaches 30.

Iﬁ the program ATRCO, which is somewhat slower to converge, we use
a third approximation between 30 and infinity. It has the same form as
used before:

X :
b/%Jl(x)dx =1+ VAggm[Plcos(x — n/4) + Pysin(x — n/4)] ,

0 :
where the coefficients P; = — x — 0.5546875/x + 2.48062114 /x> 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 éxIl(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 Iy(x), multiply by x, and integrate term by term with

% 15
- [\1+2n X203
JXIl(X)d}( 32 <§
A n'(n+1)1(2n+3)
n=0

respect to x:
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We take L5 terms in the series where I5 = 20 + <}.- eux/lé> r 4. For
the region between 5 and infinity, we use the following approximation:
~ 1

L/ﬁxIl(x)dx = P3x§ PR

0
where the coefficient P, = 0.3987795 - 0.3360836/x — 0.6130935 /x>
+ 5.108402/x — 33.78366/x% + 11.81804/x° + 543.6694/x° — 1737.556 /%"
+ 1660.79% /x® nhas been determined by a least-squares fit.

The variation between the approximation and the "actual value" is

shown in the following tabulation. The "actual value'" was calculated by
numerical integration of xIl(x) and agrees with values calculated from

seven-place tables.l”

J

DIFFERENCE/
X "ACTUAL VALUE"  APPROXIMATION  DIFFERENCE "ACTUAL VALUE"
0.5 0.2122687E-01  0.2122687E-01 —0.6232312E-09  —0.294E~07
1 0.17954477 0.17954478 —0.0702584F-07 ~0.391E-07
1.5 0.66401539 0.66401541 —~0.2136584E-07 —0.322E-07
2 1.7841686 1.7841686 ~0.462096E-07 —0.259E-07
2.5 4, 0764673 4 . 0764675 ~0.1673761E~-06 —0.411E-07
3 8.4814158 8.4814162 ~0.399712E-06 ~0.471E~Q7
3.5 16. 644762 16.644763 ~0.0825617E-05 ~0.496E~07
4, 31.432477 31.432478 —0.1491745E-05  —0.475E-07
4.5 57.811153 57.811157 ~0.4028668E-05 ~0.0697E-06
5 104 . 35068 104. 35069 ~-0.08531848-04  -0.0818E-06
5.5 185.78408 185.78496 —0.0883081E-02 —0.47533E-05
6 327.36 327.36114 —0.1143995E-02  ~0.34946E-05
6.5 572.23069 572.23054 0.1523569E~03 0.2663E-06
7 993,97292 993.96971 0.3207929%-02 0.32274E-05
7.5 1717.7781 1717.7708 0.0734394E-01. 0.42753E-05
8 2956.269 2956.2582 0.1085959E-01 0.36734E-05
8.5 5069.9682 5069.9573 0.1093128E-01 0.21561E-05
9 8669.2788 8669.2752 0.3615498E-02 0.4178-06
9.5 14786.309 14786.325 ~0.1590186E-01  —0.10754E-05
10 25164.12 25164.173 ~0.5256569E~01  —0.20889E-05
10.5 4R743.237 42743, 346 ~0.10980105 —0.25689E-05
11 72479 .343 72479.53 ~0. 18637943 —0.25715E-05
11.5 122716.63 122716.9 ~0. 27078056 ~0.22066E-05
12 207492 .91 207493 .25 ~0.33177948 —0.1599E-05
12.5 350406.21 350406.51 ~0.30313491 ~0.08651E~05

L. 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/

X "ACTUAL VALUE"  APPROXTMATION DIFFERENCE "ACTUAL VALUE"
13 591096.98 591097 .04 -0.5995178E~01 —0, 1014 E-06
13.5 996109.6 996108.98 0.61592102 0.6183E-06
14 1.6770822E+06  1.6770801E+06  2.0863723 0.1244E-05
4.5 2.8211956E+06  2.8211907E+06  4.9243