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ANALYSIS AND COMPUTER PROGRAMS FOR
EDDY CURRENT COILS CONCENTRIC WITH
MULTIPLE CYLINDRICAL CONDUCTORS

C. W. Nestor, Jr.,” C. V. Dodd,”™ W. E. Deeds*

ABSTRACT

A general derivation is performed to determine the vector potential
produced by eddy current coils concentric with multiple cylindrical
conductors. The conductors may be inside the coils, encircling the coils, or
both. From the vector potential certain physical phenomena, such as coil
impedance, mutual coupling between cous, effect of defects, and ohmic
heating, are calculated. The coils may be placed in electrical circuits and the
voltages produced are calculated.

INTRODUCTION

There are a large number of electromagnetic induction devices in industry that consist of
coils encircling multiple concentric conductors or coils inside of multiple concentric conductors.
These induction devices include induction furnaces, induction probes for measuring the level of
a molten metal, eddy current coils for materials testing purposes, and linear variable difterential
transformers. Analytical solutions have been derived' and computer programs written® for coils
gither inside or encircling concentric conductors counsisting of two different conductivities. In
the present work we shall extend the solutions to any arbitrary number of conductors in a
manner that is easily programmable on a digital computer.’

The main goal of these derivations and the programs is to allow new aund different
problems to be attacked and solved immediately, without first having to derive the problem
and then write a computer program. Computer programs to perform calculations for many of
the problems analyzed are included in the Appendix, and instructions are given on
modifications of the programs needed for other problems.

GENERAL ANALYSIS

The general configuration to be considered is an axially symmetric driving coil located
concentrically with an arbitrary number of cylindrical conductors with arbitrary thickness,
permeability, permittivity, and conductivity. For simplicity, we assume that all media are linear,
isotropic and homogeneous, and the driving current is time-harmonic with frequency, w. Then
the current density J and vector potential A will have only azimuthal components in cylindrical
coordinates:

o - Y
Computer Sciences Division.
*Metals and Ceramics Division.

*University of Tennessee.



J(x) = J(r.2)eg (H
and
A(x) = A(rz)eg 2

where ¢y is an azimuthal unit vector. The vector potential at (r,z), produced by a driving coil
with a current density J(r,z") at (’,z'), can be expressed as

Atz = [ Guzr)i)drdr | (3)
Driving
Coil

where G(r,z;r’,2") is the Green’s function for a unit 8-function current at (r’,z"). In a linear,
. . . - . - 1
1sotropic, homogeneous medium, the Green’s function satisfies

19 1 : 1
[t 2 L e+ e Gles) = - ooy | )
-0r ror r oz

where u, €, and o are the permeability, permittivity, and conductivity of the medinm. The
solution of Eq. (4) for each medium must also satisfy the proper boundary conditions.

We shall first consider a &-function coil coaxial with k+k’—2 cylindrical conductors; k-1
of them inside the coil and k'-1 of them outside the coil, as shown in Fig. 1. The general
solution of Eq. (4) in any region, n, may be obtained by separation of variables. Setting

G"(rz;r',z’) = R(r) Z(z)
and dividing Eq. (4) by R(r} Z(z) gives:

2 2
I 2R@m , 1 2R, 1 97 |

=+ : n€n j nOn — .
R(r) or’ R(r) or 720 3t T e oo 0 (5)

The subscripts n on the permeability, permittivity, and conductivity denote the values of these
patameters in the region n. We shall choose the separation “constant,” o, to be negative and
define

2 2 : 2
an = a” t jou.o. — w s .
Then we can write for the z dependence

1 &z
) dz2 ¥ ©)

Solving this differential equation gives:
Z(z) = A sin a(z-z0) + B cos a(z-z0) . ()

We can drop the sine term due to the symmetry about z = 2’.
The radial term has the following dependence:

r’d’R(r) L MR
dr? dr

(fPos + DRGE) = 0 . (3
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Fig. 1. Multiple cylindrical conductors encircling and encircled
by a delta-function coil.



This differeintial equation has the following solution:
R(r) = Cllaur) +  Ki(aar) , 9

where Ij(a.r) and K (a.r) are modified Bessel functions of first order.
The complete solution for the Green’s function in each region is an integral over the
scparation constant a:

G(r5r,7) = § [Cle)lanr) + Due)Ki@n)] cos a(z-z)der (10)
Q

forn = 1.2, ... k; 2, ... k’. The unknown constants are functions of the separation constant
«a and different for each region. We shall use the boundary conditions to solve for these
unknown constants. In order to obtain a very general solution for an arbitrary number of
cylindrical conductors inside and outside the coil, we shall use a matrix technique.

In the innermost region the coefficient of Ki(ayr), Di(x), must be zero, and in the
outermost region C; must be zero in order for the solution to remain finite. (The outer radius
of the outermost region is infinite.) We shall use the boundary conditions in order to determine
the other constants. We have the following boundary conditions for the Green’s function
(which are the same as those for the vector potential) between regions n and nt[ shown in
Fig. 2:

G (tnzir,2) = Gtz ,7) (11)

and

1 g™ 2 il
S i 'Y {n vt
[ ., (rn,2;1",2") o {G (r.z;r'.z ) r:::rn]

{n+1) o) e
im e _ s Az, Ty 4+ (n+1) ot 7 i o
[ o (rnz;r',2") ar G oz ﬂr:rnJ + 6(z-2")0(r,1") . (12)

Using the Green’s functions from Eq. (10) in Eq. (12),we obtain:

> n I nln d n K nln
§ Cua)™ Llent) Lot | + D) & [ ontn) K,(anr,,)J cos a(z-7)da
0 Mn auln doz,,rn Mn Knly danrn
° n+ I n+1ln 1 ’ n+ K n+lln
= [ Cuil) "—--‘--[ Hamity) .. Ix(anﬂrn)J + Dni(a) q----‘--[--f(“—-‘-r )
o+l Op+1Ty day-1y Hat+l 2230 ¥
d
+ e K(ape11,) | cos a(z-2')de + 8(z-7") 8(rn-r’) . (13)
da”—ﬁrn

We shall make use of the relations
| d
- Ki(z) + — Ki(z) = -Ko(z)
Z dz
and
,1,1(),1..4‘}..1/);1 ) 14)
; HzZ) dz v o(z) , (

and define
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B = (5 = 52 0"+ jopnon - wlpnen)'? . (15

Making these simplifications and multiplying both sides of £g. (13) by o cos a’(z-z') and
integrating from minus to plus infinity gives:

foo oo
f_ - J; {Cn(a)ﬁnlo(anrn) - Dn(a)BnKo(anr,.)} cos a(z-z') cos a'(z-z)dad(z-7")
= i:j: {Cm(a)ﬁmlo(amrn) - Dn-u(a)ﬁmKo(amrn)} cos afz-z") cos a'(z-2")dad(z-7")
+ o ‘S: w 8(z-2)8(r,1") cos a'(z-z)d(z-2') . (16)

We can reverse the order of integration of the integrals containing Bessel functions and use
the Fourier integral theorem:

}r} fomf(a){f_mw cos a(z-z') cos a’(z-z’)d(z-z’)}da = f(a') .
Equation (16) then becomes:
Coalo(ants) = DafinKo(@nts) = CoBralo(@nits) = Doosfine Koowwrra) + 52 8(ra - 1) . (17)
A similar operation on Eq. (11) gives:

Culi(aarn) + DoKi(anrn) = Conili{@nnrs) + Do Ki{anars) . (18)

Equations (17) and (18) represent the relations between the constants for any two regions inside
the coil. We shall now solve for all the unknown constants in the following manner. Since the
innermost region has only one unknown constant, C,, we shall solve for the unknown
constants in the second region in terms of it. Next we shall solve for the unknown constants in
the third region in terms of Ci, then the fourth, until we reach the region containing the coil,
k. We shall do the same thing for the regions outside the coil, starting with the outermost and
working inward, solving for each region in terms of Di, until we reach the region k’. We shall
then use Eq. (17) and Eq. (18) for the coil regions k and k’. This will give two equations for
the two unknowns, C; and D,, and we can solve for them. This will then allow us to write
the expression for the unknown constants in any region.

Solving Fgs. (17) and (18) for the unknown constants in any region, ntl, in terms of the
unknown constants in region n, where the coil is not between the regions, gives:

Cnﬂ = (Ko(a,,ﬂr,.)ll(anrn) + B'['jn"" Io(Olnrn)Kl(anﬂrn))an+1rnCn

n+l

+ <Ko(an+1rn)K1(anrn) - [f < Ko(anfn)Kx(O!nHl'n))(Xr,-=~11'nDn , (19)
w1

and

B
Dn+1 = (Io(a,ﬁ»lrn)ll(anrn) - B" IO(anrn)Il(anHrn))an+1rnCn

n+l

n

+ (IO(an'Flrn)K](anrn) + ,BB KO(anrrz)Il(an+lrn)>aﬁﬂrnDn . (20)
n+l



The denominators have been simplified by use of the Wronskian relation:

Bn+1
Apr1Tn

ﬁm‘](I()(anrlrn)Kl(a)!&l) + Il(anvlrn)KO(_anHrn)) =

We can write Eqgs. (19) and (20} in matrix notation:

Apel = Inﬂ,nén =

cm} Tn(n+l,n)T12(n+1,n):I C,} Tn(n+1,n)C,,+'rlz(n+1,n)Dn:I
= = . @h

Dy Toiln+1,0)Ta(n+ 1)) | D, Taun+1,0)C, + To(nt+1,0)D,

The elements of the 2 X 2 transformation matrix, T4, are simply the coefficients of C, and
D, in Egs. (19) and (20) and are

Tu(l‘l‘f"l,ﬂ) = (Ko(oz,,4.|rn)11(anrn) + [;’Bn Io(anrn)Kl(an*lfn))(er+1rn 5 (22)
atl
le(n+1,n) = (Ko(amr,,)K(a,,rn) - éjﬁ* Kr,(uﬂr,l)Kl(a,,Hrn))r.ymr,l » (23)
H+1 ’
'1'21(n+-1,n) = (Io(a,,+1rn)11(anr,,) -~ B@L IO(Gnrn)ll(arﬁIrn))ﬂ’n*lrn s (24)
n+l

and

n

Tont1,n) = (Io(a,,ﬂrn)Kl(anr,,) n [;B

n+]

Ko{anrn)ll(anﬂrn)) Gl (25)

This transformation matrix gives the relation between the constants in any two regions not
containing the coil between them. It is the same for regions inside and outside the coil, with
the exception that n should be replaced by n’ for regions outside the coil to correspond to our
notation.

Starting from the innermost region (n=1) and going to the second gives:

A = Iz,igl = 12,1[%1] . (26)
The constants in the third region can be obtained by:

as = Tsoar = TaaT20m , (27)
and the constants in the fourth region by:

a4 = I4,3é3 = I4,3I3,2Iz,1@1 . (28)
The general expression for the nth region is

an = Tonalutmr oo T32T281 - 29)
To make our expressions shorter, we shall define:

Y(n) = In,n—lIn—-l,n——Z IB,ZIL] s (30)



and when n = k we shall drop the argument. Thus we have

a0 = Vo and = Var = V[§].

We have very similar equations for the regions outside the coil:

™
g
i
J—
S
Il
—
o
—
U o
S

ar = U(n)ar and av = Uay = LJ[(L))J,
where we have made a similar definition:

U(n’) = In',/1'—-11—n’—1 a2 e 1‘3’,2'12', s

3D

(32)

(33)

(34)

and we have dropped the argument when n” = k’. Thus, we can now write the constants in

any region in terms of the constant in the innermost region,

w15 =o)e

or the outermost region,

0 0
o =[] ~{i]or,

by means of the transformation matrices, V(n) and U(n). We shall write Eqs. (17) and (18) for
the regions on either side of the coil, k and k’. Here we have r, = r’, so that 8(r,-1") = L.

Also, ox = ax = wo and Br == B = B, so that the equations becomic:

CiBolo(or’) — DiffoKofaor’) = CirBolo(ear’) — DiBoKofaor’) + £
KIn

and
Cili(aor’) + DiKi(aor’) = Cpli(aor’) + DeKi(oor’) .

Using our matrix notation, we can write

2
G = |l = 20 Vi lad, = VG,
=1

Dy = VG,

(33)

(36)

(37

(38)



Co = UpnDy | (39
and

Dy = UnDy . (40)
Thus, by writing the constants in Egs. (35) and (36) in terms of C; and Dy, we can get:

Cl[_vlllo(aol") - szKo(aor')] = Dy [UIzlo(er') UzzKu(aor')] 4 41)

Borr

and
Cl[VnIl(Otor') + V21K1(aor’):| = Dx‘[Ulzll(aor') + UzzKl(aor’)] . (42)
We now have two equations and only two unknowns. Solving these gives

- [Ulzll(aol”') + U22K|(aor')] por”
UznViy - UpVa s

C (43)

and

WVil(aor) +VaKiar)]  por’
J.) [ e ) 44
] UnVi - UiV T (44)

where the denominator has again been simplified by use of the Wronskian and the fact that
Bo = ov. Now we can substitute the values of the constants in Eqgs. (43) and (44) into Egs.
31y and (33) to give the constants in any region. We can write the Green’s fuaction for any
‘region inside the coil as

G (rzrtey =

o’ oo (Vi liaar) + VamK(en)] [Unh(er) + UnKi(eor)]

T J, [UnVi - U2V

cos a(z-7)da . 45)
The Green’s function for any region outside the coil is
Gz =

pot’ e [Un(@)h(ens) + Usfa)Ki(anr)] [Visli(eor) + VoiKs{oor)
m J(‘) [UZZVH UI’ZVZl]

cos a(z-zNda . (46)
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Once we have the Green's function, we can get the vector potential by using Eq. (3). The
most commoa type of coil is one of rectangular cross section, as shown in Fig. 3. We added
another region, that contains the coil, and designated it region c. For a densely and uniformly
wound coil, the current density J(r'z’) is approximately:

J(r',z) = old, 4N

where 1. is the number of turns per unit area, and 1 is the current per turn. Substituting Egs.
(47) and (45) into Eq. (3) gives the vector potential for any region inside the coil as

Zz | 5]
A"rz) =nl [ [ G"(zrz)drdz . (48)
11 I

Reversing the order of integration and integrating over the dimensions of the coil gives

nclpo w[sin a(z-h) - sin a(z-b)] [Vi@)i(ear) + Vain)K(aar)]
aao(Uszn - UnVy)

A"(r,2) =
X [Ulzl(rz,rl) + UzzK(rz,H)]d(i' , (49)

where we have defined the functions

I Ool2 ol

[ e = 5f o T(aoreor = 5 xhix)x = L Yean) (50)
[a'h) oo Qo
I":I‘l aor’=a0r| X=woI'y
and
12 1
Jﬂ ’Ki(aor)dr’ = G{TK(I‘z,rl) . (1)
0
It

where 1 and 1, are now taken as the .coil imner and outer radii, and should not be confused
with the outer radii of the first two regions. The vector potential for any region outside the
coil is
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Fig. 3.

multiple cylindrical conductors.
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Ay = Delh sin a(z-1)-sin a(z-5)] [Un(0) i (@wr)t Uas(n)K ()]
" T X aoi(UnV i -UpnVa)
X [Vir,r) + VaK(rzm)lde . (52)

I'he region of the coil requires special treatment. To find the vector potential at a point in the
coil region, r, we must add the solution of A“(rz) for a coil going from r to r: to the
solution of A% (r,z) for a coil going from 1, to r. The results are

nlue = [sina(z-1)) - sin a(z-12)]
T A a(Uzzvu U Vo)

A(c) =
I
X {f[‘ [Ullll(a()r) + UzzKl(aor)][V”I](aor') + Vlel(a()[J)]f’dr’
1
.2
+ fr [Vihi(aor) + Vo Ki(aon)][Uli(aor’) + UZ?.K](CYOIJ)]T/dr,} da

_ ndupo e[sina(z-) - sin a(z-5)]
™ J, a(UxVi -UnVa)

> 2
X {fr U Viliaer)i(aor)r'dr” + ji U Vo Ki(aor) K (eor)r'dr’
1 1
r I
+ Uszl[I](aor) fr K](O[of’)l"df' + K}(a()r) _f [1(0&0[”)1"(”3]
1 r

+ UnVy, [ frr] K (aon)Li{aor)r'de + j,rrz ll(aor)Kl(aor')r’dr’J} da . (53)

We shall use the definitions given in Egs. (50) and (51) for I(r.,r) and K(r»,r1), and we shall
use the relations

r |9
1
f Ki(aor)r'dr” = —5 K(ra,ri) - J‘ Ki(aory'dr’
o
Ty r
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and

I r

1
j‘ Li(eor)Ki(aor)r'dr” = —5 I(r,n) — J‘ L{aor)r'dr’ .
; X s

Equation (53) then becomes

oo g [sin a(z-1}) - sin a(z-12)]
_j; " Otafzy(Uszn“'UuVm)

n.l
Arz) =~

K [UViuli(aor) I(r,mn) + UV Ki(anr)K(r,11)
+ U12V3111((¥()I')K(l')_,1”1) + IJ]QVQ]K]((X()I')I(I'?,,F])]

r

( J" K;(aor)h(aur’)r’dr’
T

+ l: [sin a(z-1y) - sin a(z-1)]
o

12
+ f ll(anr)Kl(aor’)r'dr’]] de . (54)
.

If we take the case of a coil in air with no metal present, we have U == V = I, the unit
matrix, so that Uy = Vy = ;. Then Exq. (54) reduces to

. r
¢ ncI ( oo f f S11 z-11) - si 7. s R
A7) = ﬂﬂ) ‘j:) {[ a(z-11) asm(l(i' 2)]LfK]((Y(JT)I](O{()IJ)IJdT,
n
)
-+ f In(aor)Kl(aur’)r’dr’] } da . (55)
r

. 4 . . .
In an carlier paper,” we have taken the separation “constant,” o’, to be positive and derived

the following three expressions for the vector potential above, below and in a coil with no
conductors present.
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(above)
ncI/J,o s 1 '(,Y()(Z-lz) *(10(2-11)
= DelM — - 56
Alr,z) 5 J; ™ J(rz,rl)Jl(ar)[e e A]da (56)
(below)
A w 1 -ao{li-7) ~ao(lrz)-
A(tz) = 9~2i° J; - Jerdy(anfe @Dy, (57)
(in)
c o 1 r -h) ~ao(z-1
A(rz) = Do f — J(rz,rl)Jl(ar)LZ-eao(Z ) ooy (58)
2 b a0
where
1 "
5 J(r2,ry) = f rJi(ar)dr .
o T

Since the vector potential does not depend on how we choose our separation constant, when in
the coil region we can equate Eq. (55) to Eq. (56), (57) or (58), depending on the value of z.

The correct equation (56, 57 or 58) can be substituted in Eq. (54) for the term in the large
square brackets. For instance, the vector potential inside the coil (that is, ; < z < /) and in
the coil region is:

Az o nlpo > { [sin a(z-4) - 57in a(z-5h)]
T

i)

[U12V1 1I1(C¥01‘)I(I‘2,I‘1)+U22V21K1((101‘)K(I’2,1‘1)+U 12V21(I1(0[01‘)K(I‘2,I'1)'T"K1(Ot()r)1(rz,r1))]
X
UV - U12V21)

anp

F = Jerdiana - ™ gEh] } da . (59)
2o

The vector potential in the coil region above the coil is:

ACr7) = nJuo w{ {sin a(z-) - sina(z-5)]
w

i)

y (UVol(een)l(ra,r)+ Uz Va Ki(aor)K(rz,r)+ Ui Vai di(eor)K (r2,r1 )+ Kieor) (,1);]
(U22Vi - UinVy)

2
(648 04}

+ 57 Jeanhan[e @@ E) ]} da . (60)
14 )
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The vector potential in the coil region below the coil is:

nclpo [3in a(z-4}) - sin a(z-1)]

A = BB (] :
us N adn

> (U Vili(aon)I(r:,t)HUs Vai Ko (wor) K (e, 1)U VoL (aorK (ra,r )+ K i(aror) I(ra,ri )]
(UxVy - UnVay)

-4 _m]([l—z)‘e-ao(b'l)}} da .

R J(rz,n)Jx(ar)[e

2o

(o

We have now determined the vector potential for any region. Once the vector potential has
been determined, we can calculate any physically observable electromagnetic induction
phenomenon from it.

CALCULATION OF INDUCTION PHENOMENA

We shall now apply these equations for the vector potential to calculate some induction
properties of single and multiple coils. These properties include mutual and self-impedance, the
effects of defects and the induction heating insidé a conductor. The coil and conductor
configuration is shown in Fig. 4.

We have added a second coil in the region k, with inner and outer radii, r; and r4, and
with top and bottom at /; and /.

Mutual Impedance
We shall first calculate the mutual impedance between the two coils 1n the presence of the

conductors. The mutnal impedance between the two coils, 1 and 2, is the volage induced in
one coil by a unit current in the other.

. V(2) V(2) .
M = P e M (62
Jwiviy I(l) or Vi j(ul(l) 21, o)
where we can calculate V(2) by
n, — - ny
V()= - % E - dl = ju2r X rAfl), (63)
=1 =1

where Afl) is the vector potential at each turn in Coil 2 dug to the current K1) in Coil 1, and
1, is the total number of turns in Coil 2.
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V) = jw2r[nAl + nAr + nAs + L ALl = jelrnrA, (64)

where rA is the average value of rA over the turns, or

If the turns are distributed uniformly over the cross section of the coil, then

— 1
A = : -
: [Coil Cross-sectional Area] ff
Area

rAdrdz .

Then we can write for the induced voltage

14 T4

n; |
(la-b3)(rs-13) _f f A(Drdrdz , -

13 I3

V(2) = jwlnr

and for the mutual impedance

_ jw2mmy

jewMi, = TG J‘J‘A(l)rdrdz (66)

Substituting in for the vector potential at Coil 2 by a current in Coil I, as given by Eq. (49),
and performing the integration over the dimensions of Coil 2 gives

joM; = Jo2ninaue m{ [cos a(li-b)+ cos a(l-h) -cos a(ls-I1) — cos a(ls-12)]
12

sl )(ra-r3 )(la-l))(r2-11)

2 4
X &Ko

s DYarl(ea,03)+ Vor Koy, 1)) U120z r) + U2z Koo, “)]} (67)

(U27V11 ULZVZI)

where 1 is the total number of turns on Coil 1. We get an identical equation if we reverse the
position of the coils; it is not important which is called Number 1 or 2.
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When performing numerical integrations, it is frequently convenient and desirable to
normalize dimensions. For our calculations, we have normalized by dividing all lengths by T
and multiplying all o’s and B’s by T, where T is the mean radius of the driver coil. This has
the effect of making everything inside the integrand dimensionless. The parameter o, becomes:

an = (0°F + juoE - o pment )"
(68)
2 . 2 2 ¥
un (a" + _](1),un0an - (I)A,U-nfnrz)vz

For purposes of calculation we shall drop the third term, which is very small, below
optical frequencies. The term wu.o.f and all other terms in the integrand of the equations are
dimensionless. There is a slight modification in the constants in front of the integral equations
upon normalization.

FFor all the mutual impedances we have the form:

2 20T =
M, = A pe [da (69)
*0

 (lambs)(ra=13)(la=D )(r2-11)

The integrand does not change in appearance, but we are now considering all length
dimensions in the equation normalized (other than 7). If we consider the special case where no
conductors are outside the coils, we have U = 1, the unit matrix. Then U,, = 1 and U;; = 0,
so that Eq. (67) for the mutual impedance becomes

. _ Jow2nnyuet w {[COSa’(l4-1;z)+COS(1(13-11)—COS(1(.14—11)~~COS a(l3-h)]
joMip; = 13
(=) (ra-r3)(L-1))(1211) "0‘ o agp
Vo )
X [I(ra,rs) + Vo K(r4,13)] K(rz,rl)} da . (70)
11
_If we now consider the special case of no conductors inside the coil, V = 1, Vi; = 1 and
Vi2 = 0. Eq. (67) then reduces to:
: Jw2ninopet = [cos a(ly-h)+ cos a(f3-) —cos a(ls-l)} - cos a(l-1)]
JoMy, = 2 4
(14-13)(1'4-r3)(12-11)(rz-f1) A o g
“Un
X U Krz,11) + K(rz,r) | (ra,r3)do . (71)
- 22

Pickup Coils in Region C

Thus far, we have been considering one coil in the coil region ¢, and the other coil in
region k. The answers will also be the same if we place the second coil in region k’, and
additional coils can also be added to the equation.

Now, however, consider the case where both coils are in the coil region ¢, as shown In
Fig. 5. We shall take the coil with the greatest radial thickness as the No. 1 coil and the other
coil as the No. 2 coil.
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Substitution of Eq. (61) into (66) and performing the integration gives for the mutual
impedance:

oMy = Jw2ninyuet m{ [cos alls-L)tcos a(ls-1)—cos a(l-1)) - cos a(3-12)]
12 7

(14-13)(1'4-1‘3)(12"[1 )(rZ"rl) ‘IO‘

2 4
o g

x [U12V11l(r4,r3)I(r2,r1)+Ug,zV31 K(r4,r3)K(r2,r|)+U12V21(I(r4,r3)K(rz,r|)+K(r4,r3)l(r2,r1)):,
(UaaVii-UnVy)

+ _2a7§a3 J(r4,r3)J(r2,r])[e—ao(l'-[“) n e-ao(lz-lz) ) e-rxo(h-b) - e~ao(lz-/4)]}da . (72)
Iyl

The term containing the elements of the U and V matrices will reduce considerably if there are
no conductors outside the coil. For no conductors outside, it becomes:

[if\% K(m,r;)K(rz,rl):I . (73)

On the other hand, if there are no conductors inside the coil, it becomes:

[3—;2 I(r4,r3)I(r2,r1)] . (74)

If we move the second coil up so that it is inside the first coil (the windings are intermeshed),
the equation is the same except that the last term in square brackets becomes:

ao(l5-17) n e-ao(lrlt) ~ eao(lrlz) B e‘ao(b'll)J

[2(10(14-13) + e (75)

If we make the two coils identical in size, shape, and number of turns we have, both for the
mutual impedance and the self-impedance:

Z = oM = j2wnijeer o {2[l—c05a(12~11)]

(b-h)(r2-11)’

2 4
o o

v [U12V1112(rz,r1)+UggVZIKz(rz,rl)JrZUlezlI(rz,rl)K(rz,rl)]
(U2 Vii-UnaVa1)

R ~aoffr-1
+ T Poadrhy + @ 1]}“ : (76)
Qo
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For no conductors outside the coil, the term in the large square brackets becomes:

V' 2
% ] 2

and for no conductors inside the coil the term becomes:

[ ] e

Additional coils can also be added to the configuration.

We only calculate M, for two coils at a time, and the presence of other coils has no effect
on the calculation, since we assume that only one coil is carrying current for any given
calculation. Once the M; is determined for all the coils, we can allow all the coils to carry
current and solve for the various voltages and currents as a circuit problem.

EFFECT OF DEFECTS

We shall now calculate the effect of defects in one of the inner conductors, n. The voltage
induced by the presence of a defect in the n” conductor (the defect-produced voltage change)
in a detector coil (Coil 2) by a current flowing in Coil [ is’

A2y A
1) (D)

3
Vi) =3 Vo o’z I(D = joMiI(1) , (79)

where a2 is a shape and orientation factor that depends on the particular defect, and Vo is its
volume.

Substituting in Eq. (49) for the vector potential in region n gives the following equation
for the change in the mutual impedance, joM/;, due to the presence of a defect localized in
region n at r,2:

MY = 3Vooum anninaud o[ sin a(z-13) - sin a(z-14)]
) lk 271‘2([4~—/3)(r4-—r3)([2-[1)(1’2-l'j) J; Ol(x%)
y [ViumIi(a.r) + Vau(m)Ki{ann) L Ui2I(rs, 1)+ Uz K(rs,13)] do }
(UzVii-UnV)

_Jf #<lsin a(z-1)-sin a(z-1)]
x{ jo‘

2
(42445

» [Vin)Li{aar)+ Vo) K ((et)][U 121(r2,r1) + Uz K(ro,r1) Jde } (80)

(UxVii—UnVay)
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If we normalize by dividing lengths by T, all the defect equations take the form:

. 3Vo(wpooT )wonnina ok { e } { " }
M, = .. d .. da} . 1
JBRA 27 (L=l )(tam13) (B0 )(12-11) J: * Jo * 1)

If we assume the special case where there are no conductors outside the coil, Eq. (80) reduces
to:

3Vo w ,Loﬂnfz (221112 ()T
/ M

jCUMl’Z - 271’2(14-13)(1'4-1'3)(12-11)(rz—ﬁ)
*[sin a(z-1) - sin a(z-14)] [ Viau(n) Va(n) )
% {Jo. ozozf) l: Vi Ilenr) + Vi Kl(a,,r)] K(rars)
« [sin rx(z—ll)—iina(z-lz)] V() Li(anr) + Vai(n) Kl(anr):|l((rz,r1)da} . (82)
Qoo _ V11 Vll

Since the region in which the vector potential is calculated is in the metal, there is no
restriction on the location of Coil 1 and Coil 2. If the two coils are identical and occupy the
same volume, Eq. (80) reduces to

JoMi; =

3Vo(wpto0 T )wonn inauet { w[sin a(z-4)—sin a(z-1)]
27 (L-h) (r11)

2
oo
0

(83)

[Vium)Li(aar)+ Vam)Ki(e,n)[UI(r,r1) + Uz K(r,n)] da}z
U2,V -U2Va) '

We shall now calculate the effect of a defect in one of the outer conductois, n’ at r,z.
Substituting Eq. (52) for the vector potential in an outer conductor into Eq. (79) and
calculating the mutual impedance gives

. , 3Vo(a)uoﬂn,fz)wazznlnz}l.oF { I [sin a(Z-[3) - sin (I(Z-Lt)]
_](UM] 2 =

2 rrz(l4-13)(r4—r3)(lz—ll )(rZ'rl)

2
(045 43]

[Ulz(n’)Il(an'r)-I— Uzz(n')K1((1,,'1’)][V11I(I‘4,I‘3)+ Vle(I'4,I'3)] } do
(UZZVI 1 UIZVZl)

oo [sin a(z-1) - sin a(z-12)]

X {J‘ 5
g
0

[Uu(n’)Il(a,,'r)Jr Uzz(n’)Kl(an’[’)][Vl 1I(I‘2,I‘1)+ V21K(r2,r1)] } da
(Un2Vi1-UpVa) ’

(84)
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If we assume that there are no conductors inside the coils, the change in mutual impedance
due to defects becomes

-2 —
3Vo(w;uoa,,r )a)a;zn 102 0T

jM, = 27 (La-1)(re-13) (Ll )(2-11)
Un(n) U?z(ll )
X { [sin a(z-55) - sin ee{z-La)] | Li{a,r)+ Ki(awn)| I(rs,rs)de
*5:) [ Uz U ] }
X ,{ J:”[Sin a{z-1)-sin a{z-5)} [U;’(l’l) Li(awr)+ Uij( )K ((xmr)] I(rz,rl)da} (85)

EDDY CURRENT HEATING

The time-averaged power generated in a differential volume dv of the n” conductor is
. 5
given by

— 1 , 1
Py = 3 onw” | Aldv = 5 on’ A A% dV, (86)

where the asterisk represents the complex conjugate.
The form of the equation is similar to that for the effect of defects on a single coil. For
the time-averaged power in an inner conductor we substitute Eq. (49) into Eq. (86) and get:

Tn® nl,uol {sm a(z-1)) ~sin a(z-1)]
2 (b ) (t2-r1)’ and

dP, (r,2) =

[Vu(n)] (ant)+ Vo (n)K () U I(r,r)+ UZZK(rz,n)]

2
dv . 87
(UnVi-UnVa) v {87)

The integrand of this equation is identical to that of Eq. (83) and, in general, the same
computer program can be used for both calculations with only slight modifications.
If we normalize by dividing all lengths by T, the power equations take the form:

5 (wpov B wpen i T I o l 3 )
- ~.d _ .
277'2(12—[1)2(1‘2-1'1)2 J; @ dv (28)

For the case of the time-averaged power in a differential volume in a conductor in a
region, n’, outside the coil we have:
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(oo Fwponi I’ oosin a(z-1) - sin a{z-/2)]

274‘2(12~11)2(I'2-I‘|)2

dP(r,z) =

2
Qo
(/]

< [Un2() i)+ Uno(n)Ki(@un)[ Vi I(r2,11)+ V2 K(r2,11)] da 2
(UZZVII”UIZVZI)

dv . 89

The preceding cquations give the expression for various induction phenomena. We shall
now turn our attention to the numerical evaluation of one of the equations for a particular
problem.



9.

10.

I

25

REFERENCES

C. V. Dodd and W. E. Deeds, J. Appl. Phys. 39, 2829 (1968).

W. A. Simpson, C. V. Dodd, J. W. Luquire and W. G. Spoeri, Computer Programs for
Some Eddy Current Problems - 1970, ORNL/TM-3295 (June 1971).

C. V. Dodd, C. C. Cheng, C. W. Nestor, Jr., and R. B. Hofstra, Design of Induction
Probes for Measurement of Level of Liquid Metals, ORNL/TM~4175 (April 1973).

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

J. W. Luquire, W. E. Deeds and C. V. Dodd, “Axially Symmetric Eddy Currents in a
Spherical Conductor,” J. Appl. Phys. 4/, 3976 (1970).

F. W. J. Olver, “Bessel Functions of Integer Order,” Chapter 9, Handbook of
Mathematical Functions, Edited by M. Abramowitz and L. A. Stegun, National Bureau of
Standards publication AMS 55, pp. 379-385 (June 1964); Andrew Young and Alan Kirk,
“Bessel Functions, Part 1V, Kelvin Functions,” Royal Society Muathematical Tables, Vol.
10, University Press, Cambridge (1964).

J. M. Blair and C. A. Edwards, Stable Rational Minimax Approximations to the
Modified Bessel Functions [(x) and §L{x), Atomic Energy of Canada, Ltd., Report
AECL-4928 (October 1974).

A. E. Russon and J. M. Blair, Rational Function Minimax Approximation for the Bessel
Funcrions Kofx) and Ki(x), Atomic Energy ‘of Canada, Limited, Report AECL-3461
(October 1969).

C. V. Dodd, C. C. Cheng and W. E. Deeds, “Induction Coils Coaxial with an Arbitrary
Number of Cylindrical Conductors,” J. Appl. Phys. 45, 638 (1974).

W. G. Bickley and J. Naylor, “A Short Table of the Functions Ki(x), from o=1 to
n=16,” Phil. Mag. 7, 20, 343-347 (935).

I. Gargantini and T. Pomentale, “Rational Chebyshev Approximations to the Bessel
Function Integrals Kif(x),” Comm. ACM 7, 727 (1964).

G. Eason, B. Noble and I. :N. Sneddon, Phil. Trans. Roy. Soc. (London) A247, 529
(1955).






27

APPENDIX - COMPUTER PROGRAMS

We have written two programs for the PDP-10 computer for the calculation of multiple
cylindrical conductor problems, The first program, discussed in the first section of the
appendix, is designed for interactive use from a remote terminal and provides the user a large
amount of instruction. The second program, discussed in the second section, is designed for
noninteractive use; the user constructs a file containing the input data and then submits the job
to the batch monitor for later execution, usually during the off-shift hours when the computer
load is lightest. Both programs use the set of subroutines listed and described in the third
section of this appendix. Since the set of subroutines is rather large, we have included an index
of subroutine definitions and calls.

To use the interactive program, the user types

EXE MAIN.REL,SUBR.REL

in response to the monitor’s period; to use the noninteractive program the user constructs a file
containing the command

EXE MLCCP.REL,SUBR.REL

(Further instructions about submitting batch jobs can be found in the DEC PDP-10 MPBE
Reference Manual, pp. 4-1, 4-20.)

Interactive Computer Program

To illustrate some of the features of this program we have reproduced below some of the
output from a run using a remote terminal. The symbol ¥ means carriage return. All
underlined material was typed by the user; all other material either by the program or the
monitor. To begin, the user typed

EXE MAIN.REL,SUBR.REL +

in response to the monitor’s period.

.EXE MAIN.REL,SUBR.REL ¥
LINK: Los3ding ‘
[LNKXCT MAIN Execution]

The first message from the program deals with the parameters of the circuit for an
eddy-current liquid level probe’:



28

EACH OF THE PARAMETERS OF THE ATTENUATOR CIRCUILT
WILL BE LISTED WITH ITS CURRENT VALUE. TO RETAIN THIS
VALUE, HIT RETURN. TO INSERT A NEW VALUE, TYPE IT IN.

v0 3.23410E+Q0

|+

RO 4.64000E+02 4
C6 3.83000E-09 +
R6 6.94000E+01
R7  6.94000E+01 +

C7 3.83000E-0¢

<

R9 4.64000+02

<

TN 1.90750E+02 100+

We observe that in the last line the number of turns in the coils, TN, was reduced from 190.75
to 100; all other parameters were kept the sarac.

The program next lists the dimensions of the coils, with radii and end positions both in
inches and normalized form (divided by the radius of coil No. 1):

COIL PARAMETERS ARE :

ACTUAL NORM
R1 0.420 0.840
R2Z 0.580 1.160
L1 0.005 0.010
L2 0.160 0.320
R3 0.420 0.840
R4 0.580 1.160
L3 0.005 0.010
I.4 0.160 0.320

N1 100.000
N2 130.000

and then gives directions for the user as to how to change any or all of the coil parameters:

TO CHANGE ALL COIL PARAMETERS, TYPE "ALL"™ FOLLOWED

BY A RETURN. TO CHANGE SELECTED COIL PARARMETERS,

TYPE PSELECT®. TO SEE THE PARAMETER NAMES, TYPE "NAMES®.
TO KEEP THE PRESENT COIL PARAMETERS, HIT RETURN.
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in this case, the user wished to change the inner radii of the two coils, R, and Ry

TYPE THE TWO-CHARACTER NAME, AT LEAST ONE SPACE, AND
THE NEW PARAMETER VALUE. END WITH A NAME OF "XX".

When the user has finished the changes, as indicated by the parameter name “XX”, the
program lists the coil parameters again:

COIL PARAMETERS ARE

ACTUAL NORM
R1 0.400 0.816
R2 0.580 1.184
L1 0.005 0.010
L2 0.160 0.327
R3 0.400 0.816
R4 0.580 1.184
L3 0.005 0.010
L4 0.160 0.327

N1l 100.000
N2 100.000

followed by o request for information aboui the air parameter, Ao (see, for example, Reference
3, ORNL/TM-4175, p. 47). In this case, the user had no previously caleulated value for Ay
and requested a new evaluation.

THE CURRENT VALUE OF THE AIR PARAMETER, A9 = 0.00000E+00
TO RETAIN THIS VALUE, HIT RETURN. TO INSERT A VALUE,

TYPE T, FOLLOWED BY A RETURN. TO COMPUTE

A NEW VALUE, TYPE ANY OTHER NON-BLANK CHARACTER,

FOLLOWED BY A RETURN.

Py

TYPE IN MAXIMUM ALPHA, STEP AND PRINT FREQUENCY
FOR INTEGRATION FOR A9. FOR DEFAULT VALUES, HIT RETURN.

200,20,1 ¢



A9

ALPHA

2.0000000E+01
4.0000000E+01
6.0000000E+01
8.0000000E+0C1
1.0000000E+02
1.2000000E+02
1.4000000E+02
1.6000000E+02
1.8000000E+02
2.0000000E+02
2.2000000E+02

30

INTEGRAL

3.1401252E~-01
1.1459252E-01
3.1465761E-01
3.1467031E-01
3.1467470E-01
3.1467638E~-01
3.1467738E-~01
3.1467832E-01
3.1467863E-01
3.1467884E-01
3.1467903E-01

= 1,3348786E~02

The program now prints the current values of the parameters describing the conductors,

and requests further information:

INNER CONDUCTOR PROPERTIES:

TERM

3.1401252E-01
5.7999293E-04
.5097393E-05
.2700724E~05
.3893389E~-06
.6807778E~06
.0034218E-06
.3779536E-07
.0393566E-07
.1588050E~07
1.8158001E-07

N WO bk =0

N R,ACTUAL R,NORM M,NORM MU (REL) RHO
1 0.300 0.612 3.4943g+01 1.0000E+00 3.5001E+00
2 0.400 0.816 7.0616E+01 1.0000E+00 1.7320E+00
IF YOU WANT TO CHANGE THE COIL PARAMETERS, TYPE "COIL”
IF YOU WANT TO CHANGE THE CONDUCTORS, TYPE "COND"
IF YOU ARE READY TO RUN, TYPE "RUN"
AND IF YOU WANT TO RETURN TO MONITOR MODE, TYPE "QUIT”

FOLLOWED, IN EACH CASE, BY A RETURN.

COND

In response to the query, the user has requested a change in the conductors. The user can
retain any current value by typing a carriage return in response to the request for a new value,
as shown in the following:
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TO INSERT CONDUCTORS, TYPE "INSERT"

TO CHANGE CONDUCTORS, TYPE “CHANGE"

TO DELETE CONDUCTORS, TYPE "DELETE"

FOLLOWED BY A RETURN. TO RETURN TO THE MAIN PROGRAM,
HIT RETURN.

CHANGE {

FOR A CONDUCTOR INSIDE THE COILS, TYPE "INT"
fOR A CONDUCTOR OUTSIDE THE COILS, TYPE "EXT"
FOLLOWED BY A RETURN.

INT 4

TYPE IN THE VALUE "I" CORRESPONDING TO THE INTERNAL REGION
WHOSE PARAMETERS YOU WANT CHANGED

P

<

TYPE IN THE NEW PARAMETER VALUES,

R .25 ¢
M ¥

MU ¥+
RHO

f<

FOR MORE REGIONS, TYPE "YES";
IF NOT, TYPE "NO", FOLLOWED BY A RETURN,

YES ¢
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In addition to reducing the outer radius of the first conductor to 0.25 inches, the user
wishes to reduce the outer radius of the second conductor to 0.38 inches.

FOR A CONDUCTOR INSIDE THE COILS, TYPE "INT"
FOR A CONDUCTOR OUTSIDE THE COILS, TYPE "EXT"
FOLLOWED BY A RETURN.

INT ¢

TYPE IN THE VALUE "I" CORRESPONDING TO THE INTERNAL REGION
WHOSE PARAMETERS YOU WANT CHANGED

L 24

TYPE IN THE NEW PARAMETER VALUES.

R .38 ¢
M ¥
MU i1
RHO N

FOR MORE REGIONS, TYPE "YES";
IF NOT, TYPE “NO", FOLLOWED BY A RETURN.

NO +

The program again cequests further instructions:

TO INSERT CONDUCTORS, TYPE "INSERT®

TO CHANGE CONDUCTORS, TYPE "CHANGE"

TO DELETE CONDUCTORS, TYPE "DELETE”

FOLLOWED BY A RETURN. TO RETURN TO THE MAIN PROGRAM,
HIT RETURN.

4

Since there are no further conductor changes to be made, as indicated by the carriage
return, the program now lists the coil and conductor properties once more:
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COIL PARAMETERS ARE

ACTUAL NORM
R1 0.400 0.816
R2 0.580 1.184
Ll 0.005 0.010
L2 0.160 0.327
R3 0.400 0.816
R4 0.580 1.184
L3 0.005 0.010
L4 0.160 0.327

N1 100.000
N2 100.000

THE CURRENT VALUE OF THE AIR PARAMETER, A9 = 1.33488E~-02
TO RETAIN THIS VALUE, HIT RETURN. TO INSERT A VALUE,

TYPE T, FOLLOWED BY A RETURN. TO COMPUTE

A NEW VALUE, TYPE ANY OTHER NON-BLANK CHARACTER,

FOLLOWED BY A RETURN.

¥

INNER CONDUCTOR PROPERTIES:

N R,ACTUAL R,NORM M,NORM MU (REL) RHO
1 0.250 0.510 3.4943E+01 1.0000E+00 3.5001E+00
2 0.380 0.776¢  7.0616E+01 1.0000E+00 1,7320E+00

IF YOU WANT TO CHANGE THE COIL PARAMETERS, TYPE "COIL"
IF YOU WANT TO CHANGE THE CONDUCTORS, TYPE "COND"

IF YOU ARE READY TO RUN, TYPE "RUN"

AND IF YOU WANT TO RETURN TO MONITOR MODE, TYPE "“QUIT"
FOLLOWED, IN EACH CASE, BY A RETURN.

RUN ¢

The program now requests the frequency range and step for the calculations (for a single
frequency, use equal first and last frequencies, and a step of 1.0).

FIRST FREQUENCY (KHZ) = 1,25 ¢
LAST FREQUENCY (KHZ) = 1.4 ¥

FREQUENCY STEP (KHZ)

i
v
<o
w
-~
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The input data and results can be saved in a file for later analysis:

IF YOU WANT TO WRITE THE RESULTS OF THIS CALCULATION
ON FILE NO. 1, TYPE 1. TIF NOT, HIT RETURN.
1y

The program now calculates and prints the results for each of the requested frequencies (to
save space, we show only the first):

FREQUENCY (KHZ) = 1.250
FOR COIL IN AIR

ATTENUATOR CQUTPUT VOLTAGE

REAL = 1,63195£-04 IMAG = 1.28101E~-0Z2
MAGN = 1.28112E-02 PHASE= 1.55806E+00 RADIANS
8.92701E+01 DEGREES

ALPHA Z1 %2

1.0 -1.8688785E~-01 ~4,3957077E~02 +

2.0 ~2.6910521E-0) ~7.0336639E~02

3.0 ~-3.0212513E-01 ~-8.5038655E-02

4.0 -3.1542202E-01 -9.3013400E-02

5.0 -3.2083531E-01 ~9.7255419E-02

6.0 -3.2305368E~01 ~-9.9472404E~02

7.0 ~-3.2396529E-01 ~1.0061267E~Q1

8.0 -3.2434059E-01 -1.0119134E-01

2.0 -3.2449551E-01 -1.0148190E-01

10,0 ~3.2455966E-01 -1.,0162652E-01

11,0 ~-3.2458628E~-01 -1.,0169786E~01

12,0 -3.2458731E-01 ~1.0173265E~01
13.0 -3.2460185%g-01 ~1.0174932E~01
14,0 -3.246036%E~01 ~1.0175711E-C1
15.0 -3.2460441E-01 -1.0176061E-01
16.0 -3.2460468E-01 -1.01762092E-01
17.0 -3,2460477-01 -1.,0176266E-01
18.0 ~3.2460480E-01 ~1.0176285E~01

NORMALIZED IMPEDANCE REAL = 1.02937E~01 IMAG = 6.71650E-01
FOR COIL PLUS CONDUCTORS:

ATTENUATOR OQUTPUT VOLTAGE
REAL = 1.40130E-03 IMAG = 8.58299E~-03
MAGN = 8,69662E-03 PHASE= 1.40896E+00 RADIANS
8.07274E+01 DEGREES
PHASE SHIFT = ~-8.54267E+00 DEGREES
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When the calculations are finished, the program requests further instructions:

FOR A NEW SET OF ATTENUATOR PARAMETERS,
TYPE T. FOR NEW COIL OR CONDUCTOR PROPERTIES, TYPE C.
TO RETURN TO MONITOR MODE, TYPE "QUIT".

Ty

Since the user has requested mew circuit parameters, the program lists the current values
and accepts new values, where typed in:

EACH OF THE PARAMETERS OF THE ATTENUCATOR CIRCUIT
WILL BE LISTED WITH ITS CURRENT VALUE. TO RETAIN THIS
VALUE, HIT RETURN. TO INSERT A NEW VALUE, TYPE IT IN.

VO  3.23410E+00 +

RO 4.64000E+02 325, ¥

C6 3.83000E-09 ¥
R6 6.94000E+01 ¥
R7 6.94000E+01 ¥
C7 3.83000E-09 *

R9 4.64000E+02 325. %

T™ 1.00000E+02

The output voltage calculations are repeated for each of the frequencies used in the
previous calculations, with appropriate output to the user’s terminal and to the data file, if
requested. When these calculations are complete, the program again asks for instructions:

FOR A NEW SET OF ATTENUATOR PARAMETERS,
TYPE T. FOR NEW COIL OR CONDUCTOR PROPERTIES, TYPE C.
TO RETURN TO MONITOR MODE, TYPE "QUIT".

QUITY
STOP
END OF EXECUTION

CPU TIME: 40.64 ELAPSED TIME: 25:34.48
EXIT
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The data file containing the output from the program can be listed on the user’s terminal, if
desired:

TY FORO1.DAT

4.0000000E~G1
4.0000000E-01
1.0000000E+02
3.2341000E+CGO0
6.9400000E+01
2
2.5000000E-01
3.8000000E-01
Q
1.2500000E+00
8.6966242E~-03
1.3000000E+00Q
9.0087901E-03
1.3500000E+00
9.3220370E-03
1.4000000E+00
9.6334037E~03
4,0000000E-GC1
4,0000000E-01
1.0000000E+02
3.2341000E+00
6.9400000E+01
2
2.5000000E~01
3.8000000E~01
0
1.2500000E+00
1.11378576-02
1.3000000E+00
1.1538821E-02
1.3500000E+00
1.1938601E~02
1.4000000E+00
1.2337249%E-02

.8000000E-01
.8000000E-01
.0000000E+02
.6400000E+02
.8300000E~-09

W = U1

.4553603E+02
94111356402

B =

.2811181E-02
.4089598E+00
.3323745E~02
.4098785E+00
.3836323E-02
-4107460E+00
.4348915E~-02
.4115674E+00
.8000000E-01
-.8000000E-01
.0000000E+0Q2
.2500000E+02
.8300000E-09

W W = U UT b b b b e

-4553603E+02
.9411135E8+02

N

.6412774E-02
.4069967E+00
.70694191-02
.4078451E+00
1.7726080E-02
1.4086424£+00
1.8382757E-02
1.4093938KE+00

=

5.0000000E~03
5.0000000E-03
1.3348786E-02
3.8300000E~-09
4.6400000E+02

1.0000000E+00
1.0000000E+CGO

1.5580575E+00
8.0727448E+01
1.5575472E+00
8.0780087E+01
1.5570383E+00
8.08297918+01
1.5565287E+00
8.0876853E+01
5.0000000E~03
5.0000000E-03
1.3348786E-02
3.8300000E-09
3.2500000E+C2

1.0000000E+00
1.0000000E+00

1.5550393E+00
8.0614275E+01
1.5544090E+00
8.06635828+01
1.5537787E+00
8.0709266E+01
1.5531483E+00
8.0752319E+01

1.56000000E-01
1.6000000E-01

6.9400000E+01
1.6000000E+02

3.50015060E+00
1.7312200E+00

8.9270118r+01
~8.5426693E+00
8.9240921E+01
-8.4608335E+00
8.9211724E+01
-8.3818332E+00
8.9182527E+01
-8.3056736E+00
1.6000600E-01
1.6000000E-01

6.9400000E+01
1.0000000E+02

3.5001500E+00
1.731%200E+00

8.9097190E+01
-8.482214%E+00
B.9061075E+01
-8.3974924E400
8.90249260E+01
~8,3156938%E+00
8.8988845E+01
-8.2365255E+00

The first three lines contain the coil dimensions and the air parameter, Ao, the next two lines
contain the attenuator parameters. The next line contains the number of inner conductors (2)
and the next lines contain the parameters for the inner conductors, one line per conductor.
Since there are no external conductors in this example, the number of external conductors is
zero. The following lines contain the frequency, the magnitude and phase of the outpui voltage
for the coil in air and the coil plus conductors, and the phase shiflt (in degrees) due to the
conductors, two lines per frequency value.
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MATIN. FOR

THIS I5 THE MRTN PROGRAM POR CALCUILATIONS WITH
CHTLS ENCIRCLING OR ENCIRCLED BY CYLINDRICAL
COYDUCTORS.

BXTERNAL QIDF, D3IZ0, GAUS2, CIET, CITBLO
COMHON /TNTCON/KRIN(10),XHIN{}O),XHUT(10),XRHI(10},NZIN
CONMON SEXTCON/XREX (10) ., XMEL (10), X MUK (10) , XRHAX (10) , NTEX

THE COMHON BLOCKS INTCON AND EXTCON CONTAIN THE INPUT
PARAMFETERS FOR THE INTERNAL AND EXTERNAL CONDUCTORS,
RESPECTIVELY. THP RADTYI {YXREX AND YRIN) ARE IN THCHES
AND THE RESTISTIVITIFS (YRHI AND XBHX) ARF I¥
HMICRO-OHY CRNTIMETERS.

COHMON /REGINT/RIN (10) ,E4IN {10) ,PERMIN{10) ,NRIN
CONMOY /REGEXT/REX {10} ,ENFEX {10) ,PERMEX {10}, NREX

THP COMBEON RLOCKS REGINT AND REGEXT CONTALN THE NORMALIZED
PROPERTIFES FOR THF INTERNAL AND EXTERNAL CONDUCTORS,
RESPECTIVELY. ALL DISTANCES ARE NORMALIZED BY DIVIDING THEH
BY THE MEAY RADIUS OF COIL NUMBER 1.

COAMON /COILIN/ CSIZE(I1D)

THE COMMON BLOCK COILIN CONTAINS THE INPUT COIL PARAHMETERS
WI™1 ALL DISTANCES IN INCHES. THE PARAMETERS ARE

CSIZE{1) -~ RY

CSIZE{?) - R2

CSTZE{3) - L1

CSTRE(U) ~ L2

CSIZE(S) - R3

CSIZF(6) - RU

CSTZE{7) ~ L3

CSIZE(R) - L4

CSIZE(3) - N1

CSIZE(10} - N2

§

WHERE THE R'S ARE RADII, THE L*'S ARE DISTANCES FROM THE 2 = 0
PLANE, AND THE N'S ART NUMBERS OF TURNS. ON THE R*S AND L°S,
SUFFIXES 1 AND 2 REFER TO COIL NO. 1, AND SUFFIXES 3 AND 4

TO CDIL ¥O. 2. SEE DODD, CHENS AND DEEDS,

J. APPL. DPHYS. 45, 638 (1974), FIGS. 4 AND 5, P. €139,

COMMON /COTLS/ CZVORH{D)
THFE COMEON BLOCK COILS CONTAINS THE NOBMALIZED CUDXIL DIMENSIONS
TN THF SAMP ORDER AS THFR TNPUT DIMENSIONS ARE STORED IN THE
COMMON BLOCK COILIN.

ALL DTSTANCES ARE NORWMALIZED BY DIVIDING THEM BY THE NEAN
RADIUS OF COTIL W0, 1.
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HULTIPLE CYLINDRTCAL CONDITTORS
INTEXRACTIVE HATIN PROGRAH

COMMON /CIRCT/ VO, RO, C6, R6, ZDRL, #DIH, ZBURL, %PUIH,
1 87, 7, RS, TN
COMMON SINNHL/ OMRGA, XLNTH, Ri1, ®2, ALRY, ZRE, ZIH4, RBAR

THE COMMON BLOCRS CIRCYT AND INNML CONTAIN THR PARAMEBTRRS NERDED

s N e RS Ne

e Re Xt Ee)

(2N e ER! a0

e NeEe]

90

95

00

1

TO CIMPUTE THE ATTENUATOR CIRCUIT PROPERTIES, AS DESCRIBED I¥

OFNL-TH-4175, PP. 108-111.
CONMON /FACT/RRB

RRB IS THE RECIPROCAL OF THE AVERAGE RADIUS AF
COTL NOG. 1, AS CALCULATED IN SUBRQUTINFE NORNCO.

COMMON SINTPAR/ ALMAX, STES, TP
DINENSTON JUDGE (4)

DIMENSION FRED (20), ANGF (20), ZNRHRE(20), ZNRNIH(20)
EQUIVALENCE (LOOK, XLOOK)

DATA JUDGE/4HCOTL, UHCOND, 3HRUN, 4HQUIT/

DATA DEGPRA /57.2957795/

DATA TTY, A9, BLANK /5, 0., SH /

DATA HPF, HC, FTHPI /SHT , SHC , 12.5653706R1/
DATA CONV /.0254/

DATA THRESH, TOL /1.E-3, S.E~T/

OPEN FILE % POR DUTPUT
CALL OFILE (1, 'FOROT?}
ATTENUATOR CIRCUIT PROPERTIES
CALL ATTEN (ITY)
COYI, PROPERTIES

IF (CSIZE{1) «NE. 0.) CZALL NORMCC
CALL CDISP (ITY)

CALL CCHAN

CALL CDISP (ITY)

RBAR = .5*{CSTZF{1) + CSTZE(2))

RA2 = RBAR**2

TO = ((CSIZE(2) - CSIZE(1))*({CSIZE(4) - CSIZE(3))/R32)*

1 ({CSTZR(6) ~ CSIZF(5))* {CSIZE(8) - CSIZE(7))/RB2)
SEE IF THE ATR PARAMETER, A9, HAS A VALUE

WRITE (TITY,i) A9

FORMAT ('OTHE CURRENT VALUGE OF THE ATR PARAWETER, A9 =1,1PE14.5/
1 ' T0O RETAIW THYS VALUE, HTT RETORN. TO INSERT A VALUE,?/

2 ' TYPE T, POLLOWED BY A RETURN. TO COMPUTE!/

3 ' A VEW VALUE, TYPE ANY OTHER NO¥~3LANK CHARACTER, '/
4 ' FOLLOWED BY R RETURN.!)

READ (XYTY,3125) XLOOK

IF (XLOOK .NE. HT) GO 70 9%
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MOLTIPLE CYLINDRICAL CONDUCTORS
INTERACTIVE MAIN PROGRAYN

WRITE {ITY,2)

FORMAT {*0R9 =7,8)

READ {ITY,5) A9

G0 TO 97

IF {XLODK .HQ. BLANK} GO T0O 97

WRITE (ITY,U44)

FORMAT {'OTYPE IN MAXIMUM ALPHA, STEP AND PRINT PREQUENCY®/
1 ' FOR INTEGRATION FOR A9. FOR DEWAULT VALUES, HIT RETURN.?)
READ (ITY,45) ALMAX, STEP, IP

FORMAT (2B, T)

IF (CSIZE(B) .EQ. CSIZE{4)) CALL COLATR (09, ITY, CINT)

IF (CSIZE(8) .NF. CSIZE{4)) CALL COLAIR {Q9, ITY, CITBLO)
A9 = Q9%TQ

WRITE (ITY,3) A9

FORMAT ('OA9 =7, 1PE15.7)

SBT COIL PROPERTIES IV TOMHON BLOCKS JILWNML/ AND
SCIRCT/ FOR USE BY ATTENUATOR CALCULATIONS

RBAR = RABAR%CONV

R1 = CZNORH (1)

R2 = CZNORM{2)

XLNTH = CZNOBM{4) =~ CZNORM(3)
AIRY = A9

TN = CSIZE{9)

NORMALIZE CONDUCTOR PROPERTIES
DO INTERNAL CONDUCTORS, TF ANXY

NRIN = NCIN
IF (NCIN .EQ. 0) 30 TO 105
DO 100 N=1,NCIN
RIN(N) = XRIN{N)*RRB
IF (XMIN(N) .EQ. 0.) XMIN{N) = 509.39792%XMUI(N)/XRHI (N}

THE FACTOR 509.39792 IS THE CONVERSION FACTOR NEEDED I'D
ACCOUNT FOR DISTANCES IN INCHES, FREQUENCIES IN XILOHERTZ
AND RESISTIVITIES IN MICRO~OHM CENTIMETERS.

EMIN(N) = XMIN{N)*RB2
PERMIN(N) = XMUT{N)
CONTINUE

NORMALIZE PROPERTIES FOR EXTERNAL CORDUCTIRS {IF ANY)

NREX = NCEX

I¥ {(NREX .EQ. 0) GO TO 115

DO 110 N = 1,NCEX
REX {N) = XREYX(N)*RRB
IF {(XMEX(N) .EQ. O.) XMEX(N) = 509.39792%XMUX{N})/XRHX {N)
EMEX (N} = XMEX (N)*RB2 '
PERMEX (N) = XMUX(N)

CONTINUE
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MULTYTPLE CYLINDRICAL CONDUCTORS
INTERACTIVE MAIN PROGRAN

115 IF (NRIN .GT. 0) CALL CNDDSP(1,ITY)

TF (NREX .GT. 0) CALL CNDDSP{2,ITY)

WRITE (ITY,120)
120 FORMAT('OIF YOU WANT T0 CHANGE THE COIL PARAMETERS, TYPE "COILY"Y/

1 ' IF YOU WANT TO CHANGE THE CONDUCTORS, TYPE WCOND"!/

2 * IF YOU ARE RFADY TO RUN, TYPZ YRUNVI/

3 ¢ AND I¥ YOU WANT TO RETURN TO MONITOR MODE, TYPE "QUIT"?/

4 * FOLLOWED, IN EACH CASE, BY A RETURW.'/1X)
123 READ (ITY,125) LOOK
125 FORMAT (AU)

CALL MATCH (LOOK,JUDGE,4,KMAT)

I¥ (KMAT .KE. 0) GO TO 140

WRITE (ITY, 130) LOOK
130 FPORMAT (1X,A4,'? TRY AGAIN! ', $)

GO TO 123
140 GO TO ({90,150,160,900), KMAT

CONDUCTOR PROPERTIES

GO0

150 CALL CNDCHA{ITY)
G0 TO 95

RUN A CALCULATION WITH THE CURRENT PARAMETERS

NG

160 WRITE (ITY,4)

REQUEST FREQUENCY RANGE AND STEP

[sReRe]

4 FORMAT ('OFIRST FREQUENCY (KHZ) = *,%)
READ (ITY,5) F1

5 FORXAT (F)
WRITE (ITY,6)

6 FORMAT {' LAST FREQUENCY (KH7)
READ (ITY,5) F2
WRITE (ITY,7)

7 FORMAT (' FREQUENCY STEP (KHZ)
READ (ITY,5) DF
NP = IFIX ((F2 - F1)/DF + 1.05)

]
-
~
o
R

il
-
-
A
~—"

ASK IF READY TO WRITE RESULTS O¥ FILE

ofan

TURT = 0
WRITE (ITY,22)
22  FORMAT ('0IF YOU WANPY T0 WRITE THE RESULTS OF THIS CALCULATION®/
1 * ON PILE NO. 1, TYPE i. TF NOT, HIT RETURN.')
READ (ITY,23) IWRT
23 FORMAT (1)
IF (IWRT .EQ. 0) GO TO 55

WRITE COTIL PARAMETERS ON PILE 1

o n

WRITE (1,21) CSIZE, A9

WRITF¥ ATTENUATOR PARAMETERS

OO
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MULTIPLE CYLINDRICAL CONDUCTORS
INTERACTIVE MATN PROGHAM

WRITE (1,21 VO, RO, C6b, RA, R7, C7, B9, TH

YRITE MATERTALS PROPERTIFS ON FILE NO. 1

[N aNe!

WRITF (1,20) KCIN
20  FORMAT (1Y, I5)

IF (NCIN .NF. 0)

1 WRITE (1,21) (XRIN(¥), XMIN(N), XMUI(N), XRHI (N}, N=1,N21IN)
21 FORMAT (1X, 1P4E15.7)

WRITE (1,20) NCEX

IF {(SCEX .NE. 0)

1 WRITF {1,21) ([XREX{N), XMEX{(N)}, XMUX(N), ¥RHX(N), N=1,NCEX)

C
55  CONTINUE
C N
c SET OLD FEEQURNCY TO 1 KHZ AND THE ANGULAR FREQUENCY
c TO 2 PI TIMES 1 KHZ
'
FOLD = 1.0
OMEGA = £283.18531
F = F1
NF = MINO(NF,20)
c
' BEGIN LOOP JVER FREJUENCIES
-
DO 300 N=1,NF
RATIO = F/FOLD
IF (NRIN .EQ. 0) GO T3 170
C
c ADIUST ¥ VALUES FOR TINTERNAL REGIONS {TF ANY) T0 THE
c NFW FREQUENCY
c
DO 165 T=1,NRTN
165 EMTIN(I) = EMIN{I)*RATIO
C
C AND THFE SAME FOR THE EXTERNAL REGIONS {IF ANY)
C
170 TF (NREX .ED. 0) GO TO 180
DO 175 I=1,NREX
175 EMEX{T) = EMEX{T)*RATID
C
C INITTALIZE FOR INTESRATION OVER ALPHA
C
180 A2 = 1.
Al = 0.
721 = 0.
7.2 = 0.
c
c COMPNTE OUTPUT VOLTAGE FOR COIL IN AIR
C
WRITE (ITY, 8) ¥
a FORMAT {*OFREJUENIY (KHZ) =',F8.13)
OMEGA = OMEGA*RATIO
ZRE = 0,
7IM = 1.
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MULTIPLE CYLINDRICAL CONDUCTORS
INTERACTIVE MAIN PROGRAR

CALL VOUT (VORL, VOIM, VDABS, VOARG)
PHIAIR = DEGPRA*VDARG
WRTTE (ITY,12)
12 FORMAT ('OFOR COIL IN AIR 32')
¥RITE (1TY¥,11) VOBL, VOIM, VOABS, VOARG, PHIALR
WRITE (ITY,18)

18 FORYMAT ('OALPHAY,T7X,'Z1Y,14% ,%22'/1X)
¢
C ¥RITE QUTPUT FOR ZOIL IN AIR ON FILE 9§
¢
17 {(I¥BT .NE. 0) WRITE (1,21) ¥, VOARS, VOARG, PHTAIR
C
C PICK CORRECT TNTEGRAND AND INTEGRATE FROM At TO A2
C
185 IF (CSIZE(8) .ED. CUSIZE(8))
1 CALL ADAPZ (A1, A2, GAUSZ, QIDF, THRESH, TOL, S1., 32, CHAR)
IP (CSIZE{8) .NE. CSIZE(4))
1 CALL ADAPZ (A1, A2, GAUS2, DJCO, THRESH, TOL, S1, S22, CHAR)
¢
C ADD CONTRIBUTTIONS T3 TOTALS
C
zZ1 =21 + §1
72 = 72 + 52
WRYITE (ITY,9 A2, 21, Z2, CHAR
a FORMAT {1X, F5.1, 1P2E16.7, X, A1)
C
C TESY FOR CONVERGENCE
C
IF (ABS {S1/21) * AB5{(S2/22) .LT. 5.E-7} GO TO 250
Al = A?
AZ2 = A2 + 1,
I¥ (A2 JLE. 32.) GO TO 185
C
C TF ALPHA IS GREATFER THAN THE MAYINUM ALLOWVWED,
C GIVE UP.
C
250 ZRE = ~Z2/09
ZIW = (71 ¢ 09) /09
FREQ{N) = F
ANGF (N) = OMEGA
ZNRHURE{N) = 7ZRE
ZNRMIM(N) = ZIWM
¥RITE {YITY,10) ZRE, ZIH
10 FORHAT {'OKORMALYZED IHMPEDANCE REAL =*, 1PE14.5,
1 ' IMAG =', E14.5)
C
C CALCOLATE ATTENUGATOR JUTPUT VOLTAGE
C
CALL VOUT (VORL, VDIH, VOABS, VOARG)
DEGR = DEGPRAXVOARRSG
WRITE (ITY,13)
13 PGRMAT ('OFOR COIL PLUS ZONDUCTORS: ')
WRITE (ITY,11) VORL, VOIM, VOABS, VOARG, DEGR
11 FORAAT ("OATTENUATOR OUTPUT VOLTAGE'/

1 t REAL =', 1PE13.5, ' IMAG =%, E13.5/
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WRITE QUTPUT VOLTAGE MAG,

2 ' MAGN =
3
DPHI =
IF (IWRT
FOLD = ¥
F=F ¢ DF
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MULTIPLE CYLINDRICAL CONDUCTORS

INTERACTIVE

', E13.5, " PHASE=',

27%, F13.5, ' DEGREES!)

DEGR -~ PHTYATR
WRITE (ITY,16) DPHT
FORMAT (14X, *PHASE SHIFT =?,1PE13.5, * DEGREES')

.NE. 0) WRITE

(1,21

MAIN PROGRAM

£13.5, ' RADIANS'/

VOABS, VOARG, DEGR,

FINTSHED WITH THIS SET OF FREQUENCIES.

ASK FOR NEW

WRITE {ITY,33)
FORMAT {("OFOR A NEW 3ETr OF ATTENUATOR PARAMETERS,'/
1 * TYPE T.

FOR NEW COIL OR CONDUZTOR PROPERTIES,
2 Y TO RETURN TO MONITOR MODE,

READ {ITY, 125 XLOOK
-NE. HT) GO TO 410
CALL ATTEN (ITY)

IF (X¥LOO

IF {TWRT

K

-

EQ. 0} GN TG 40

2

ATTENUATOR PARAMETERS.

WRITE COIL PARAMETERS ON FILE 1

WRITE (1,21) C5IZE, A9

FRITE ATTENUATDR PARAMETERS

WRITE (1,21 vo, RO, C6,

f6, R7, C7, R9, TN

WRITE MATERIALS PROPERTIES ON ¥FILE NO. 1

WRITE {1,20) NCIN

IP (NCIN

NE. 0)

1 WRITE (1,21 {(XRIN(N),
YRITE {1, 20) NCEX

IF (NCEX

NE. 0)

1 WRITE {1,21) (XREX(Y),

COMPUTE ATTENUATOR

PARAMETERS.

DO 405 N=1,NF
F = PREQ(N)
WRITE (ITY,8) F
OMEGA =

ZRE =
1M =

0.
1.

ANGF {N)

CALL VvVDOUDT {VORL, VDIN,

PHIAIR

DEGPRA*VOARG

XMIN (N) , XMUL (N},

XMEX (N) , XMUX(N),

VOABS,

VOARG)

TYPE #QUITY.'/1X)

XRHI (N) ,

XRAX(N) ,

PHASE AND PHASE SHIFI ON FILE ¥NO.

DPHI

TYPE C.*/

N=1, NCIN)

¥= 1, NCEX)

CIRCUIT OUTPUT VOLTAGE FOR EACH
OF THE SET OF NP FREQUENCIES WITH THE NEW CIRCUIT

i
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C WRITE OUTPUT FOR COIL IN AIR O8N FILE 1

IF (IWRT .NE. 0) WRITE (1,21) F, VOABS, VOARG, PHIATLR
WRITE (ITY, 12)

WRITR (ITY,11) VORL, vVvOI®, VOABS, VOARG, PHIAIR
ZRE = ZNRURE (N)

708 = 2 NRMIH(N)

CALL VOUT (VORL, VOI¥, VOABS, VOARG)

DEGR = VOARG*DEGPRA

WRITE (ITY,1})

WRITE {ITY,11) VORL, YOIN, VOABS, VOARG, DEGH
DPHI = DFGR ~ PHIAIR

WRITE (TTY,16) DPHI

WRITE OUTPUT VOLTAGE #MAG, PHASE AND PHASE SHIFT ON FILE NO. 1

Y10

IF (LWRT .NE. O0) WRIT® (1,21) VOABS, VOARG, DEGR, DPHX
405 CONTINUE
GO TO 400

XLOOK IS NOT "7Tv_, TEST FOR "C® OR "QUITH.

aa0

410 IF (XLOOK .EQ. HZ) 52 T) 95
IF (LOOK .EQ. JUDGE(4)3 GO TO 900

Cc
c ¥L.OOK IS NOT RWCOGNIZED - TYPE IT 00T, AND ASK FOR
c ANOTHER TRY.
c
WBTTE (ITY, 130) XLOOK
GO TO 401
C
c BOOITH WAS TYPED IN - CLOSE THE FILE AND GO HORE.
C

900 CALL RELEAS (1)
STOP
END
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BLOCY DATA

COMMON SCOTLIN/ CSIZE({1D)

COMMON /CN ME/ NMCDP(11) /TNOUT/ WORD({2)
COMMON /TNTCON/ XRIN(10D), XKIN{10), XBUT{10},

1 XPHI (10}, NCIN
COMYNN JRXTCON/ XRBX {10}, XHAEX{10), XEUX{10),
1 XRUX {10}, ECFEX

DATA CSIZE /.42,.58,.005,.16,.82,.58, .005,.16,
i 900., 100./

DATA NMCP JSEPI ,5HRZ  ,5HL1 . S5HL2  ,5HR3Z
1 SHPR& L, 58L3  ,SHLG L SHNE ,SHN2 LSHEX
SATA WORD /SHINNER, SHOUTER/

DATA XRIY /.3, .4, 8%0./

DATA XNIN /100, /7

DATA XAOY S2%1., 8%0./

DATA XRHT ~3.5001%, 1.7319%, 8%9,/

DATA NCIN, NCEY /2, 0/

DATA XREX /.6, 7, A%0./

DATA XARY /1070, /

DATA XMUX s#2%1., B%0./

DATA YXRHY /10%1.8F/

END

-
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Noninteractive Program

This program will compute the normalized impedance and output voltage for identical,
intermeshed colls in the presence of multiple cylindrical conductors. To use the program, a
data file named MLCCP.DAT must be created, containing the necessary input data. This can
be done with any of the editing programs now available; if the line editor is used, the line
numbers must be stripped from the file before execution of the program. A convenient way io
do this is to type:

COPY/N = MLCCP.DAT

in response to the monitor’s period.
The format of the data file is as follows:
line I: VO,R0,C6,R6,R7,C7,R9 (attenuator circuit parameters as defined in Reference 3)
line 2: NCIN tNo. of internal conductors)
line 3:  R(1), M(l), MU(1), RHO(1)
hne 41 R(2), M(2), MU(2), RHG(?2)

line NCIM + 2

where R, M, MU, and RHQ are the outer radius, M-value (if known), relative permcability
and tesistivity for each intermnal conductor. The order is from the innermost conductor outward.
If there are no internal conductors, enter a zero for NWCIN,

line NCIN + 3: NCEX (No. of external conductors) followed by NCEX lines of data in
the same format as for the internal conductors, except that R is the
inner radius of each conductor, and that the order is from the
outermost conductor inward.

If there are no external conductors, enter a zero for NCEX. The next two lines contain
the coil parameters in the form

R1, R2, LI, L2, NI
R3, R4, 1.3, L4, N2

where R1 and R2 are the inner and outer radu of the first coil, L1 and L2 are the lower and
upper axial positions of the ends of the first coil, and NI is the number of turns. R3 through
N2 are the analogous parameters for coil no. 2.

The next line contains the value of the air parameter, Aq. If a zero is entered here, the
following line must contain either
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a) the maximum alpha, the step size and print frequency for the numerical integration
for Ag; or

b) zeroes or blanks, in which case the default values of 50, 1 and 10 will be used.

The next line contains the first frequency (F1), the last frequency (F2) and the frequency
step (DF), all in kHz. The calculation will be done for a maximum of 20 frequencies, starting
with Fl and increasing in steps of DF.

The next line contains the control integer NEXT to specify what is wanted for the next
case. A value of 1 means to read new frequency data, 2 means read new coil data, 4 means to
read new conductor data, and 8 means to read new attenuator parameters. Cornbinations of
the above can be used by entering the sum of the appropriate values of NEXT; for example,
to use new frequency data and new conductors, enter 1 + 4 = 5 as NEXT. To stop the
program, e¢nter zero.

A listing of the data file for a sample problem is shown in Fig. Al. The output of the
noninteractive program is similar to that of the interactive program but does not include any
of the prompting. In this example, there are two internal and no external conductors; a value
of A, is given and calculations are requested at a frequency of 1.25 kHz. The value of NEXT
is 5, indicating new conductors and new frequency data; the radius of the inner conductor is
reduced to 0.2 inches and calculations are requested at 1.30 and 1.35 kHz. Finally, with
NEXT = 8, the attenuator propertics are altered.

3,234].,464,3.83E“3,69.4,69.4,3,836—’9,464

1.,3.5001
1

3,0,
4,0,1.,1.732

C e

.42,.58,.005,.605,190.75
.42,.58,.005,.605,190.75
.082737839

1.25,1.25,.1

1%

2
.2,0,1.,3.5001
4,0,1,,1.732

I3

-3,1.35,.05

-2341,928,3.83E~9,69.4,69.4,3.83E-9,928

C W=

Fig. Al. Data file for input to noninteractive program



49

MUTLTIPLE CYLINDRICAL CONDUCZTORS
NONITNTERACTIVE MATIN PROGRAN

c
C MLCCP. FOR
C
FXT ERNAL GAUS2, DIDF, NJICO
COMMON /INTCON/ XRIN({10), YMTIN(1D), XMUT(10), XRHI{10)}, NCIN
1 JEXTCON/ XRFX (1D), XMEX (10}, XMOX(10), XRHL(10), NCEX
2 JREGINT/ RIN{10), EMIN{19), PERMIN(10), NRIY
3 JREGRLT/ REX{10), EMFX{10), DPERMFX (10), NREX
4 /COILIN/ B1, R2, XLY, XL2, ®3, R4, XL3, YL4, XN1, XN2
g JINTPAR/ ALMAX, STEP, TP
3 JFACT/ PRB
CoMMON /T0TLS/ CONORM (R)
1 JCIRCT/ V3, EO, Ch, RA, 2Z{4), R7, C7, RY, TN
2 JINNML/ O%%G5A, XLEN, RC1, RC2, A9, 7RE, 714, RBAR
DIMENSTON FRED(20Y, ANGF(20), ZNRMRZ (20}, ZNRMIM(20)
DATA THRESH, T™NL /1.E-3, 5.F-7/
DATA DEGPRA, ZONV /57.2957795, .0254/
TYPE 1
1 FORMAT (' 10UTPUT TO LINF PRINTER ({6) OR TELETYPE (5)2¢,1X, $)
ACCEPT 2, LOU
2 FARMAT (T)
NEXT = 15

CALL IFILE (10,'MLCCP")

100 IF (N9XT .LT. 8) 50 TO 102

RFAD (10, 10) v6, 70, C6, R6, 87, C7, R9
10 FOPMAT (7F)

NEXT = NEXT ~ @

o)

102 TP (NEXT .LT. &) 50 TO 125
READ (10,2) KZIN
IF {NCIN .EO. 7) 50 TO 110
DO 105 N=1,NCIN
READ (10,3} YRTN(N), XMIN(N), XMUX(N), XRHI (N)
3 FORMAT (4E)
105 CONTINIF

110 READ (10,2) NOEX
IF (¥2EY .EQ. D) GO T 120
DO 115 N=1,NCEY
READ (10,3) XREYX{N), XMEY{N), XMUX{N), YRHX (N)
115 CONTINUE

120  N¥EXT = NEXT -~ 4

125 TF (NEXT .LT. 2) GO TO 130

READ (10,4) R1, ?2, XL1, XL2, XN1, B3, R4, XL3, XL4, XN2
4 FORMAT (5F)

RB2 = (.5% (R1 ¢ R2))%*2

CALL NORMCO

NEXT = NEXT - 2

09 = 0.

READ (10,5} A9
5 FORMAT (E)

IF (A9 .NE. 0O.) GO TO 130
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MULTIPLE CYLINDRTTAL CONDIHTTIRS
NONINTERACTIVE ¥AIN PROGRAWM

R®AD (10,66) ALNMAX, STEP, ID

FORMAT {?E, I)

IF (XL% .%E0. XL2) CALL ZOLAIR (29, LOU, ZINT)
IP {XL% .NE. XL2) CALL COLAIR (99, LOU, CITBLO)
A9 = 09% ((R2 - R1)*(XL2 - YL1)/RB2) *

1 ({R4 - R3)*{XLu - ¥XL3) /RB2)

WRITE (LOU,22) A9
FORMAT ('O0A9 =', 1PE1L.S)
IF (09 .FQ. 0.) 23 = A9%R32%=2/((R2 - R1)=(XL2 ~ YXL1) *

] (R4 - R3) = (XL4 - XL3))

1 ' LAST PREQUENCY (KHZ)

IP {(NEXT .LT. 1) %50 TO 135

READ (10,6) F1, F2, D¥

FORMAT (3F)

WRITE (LOU,33) ¥1i, F2, DF

FORMAT ('OFIRST FRRQUENCTY (KHZ) =', F8.3/

. F8.3/

=1
2 ' FREQUENCY STEP (KHZ) =', F8.3/71X)

9

CALL CDISP (LOI)

RBAR = .5=({P1 + R2}

RA? = ROARK®)

RBAR = RBARTCONV

RC1 = CZNORM{1)

RC2 = CZNORM {2)

XLEN = CZNORNM{4) - CZNIRA (D)

TN = XN1

WRIT® (LOM,44) VO, KO, C6, R6, R7, C7, RO

FPORMAT {'OATTENUATOR PROPERTIES ARE 1/
'0vV0 =*, 1PE13.5, * RO =%, E13.5, ' C6 =!, B13.5, ' ®”%

14

14

2 B13.5/18%, * R7 =*, Ef3.5, * C¢7 =¢*, ®13.5, ' R9 =*, E13.5)

09 = R9*(RB2/{(R2 ~ R1)« (XL2 - XL1))) =%2
NRIN = NCIW
I¥ {NRIN .EQ. 0) GO TO 145
DN 140 ¥=1,NRIN
RIN(N) = YRIN{N)*RRB

IF (XMIN(N) LEJ. 0.) AHIN(N) = 509, 39792¢XHUI(N) /XRHI (N)

EMTN(N) = XMIN{N)=RB2
PERMIN(KN) = XHUT(N)
CONTINUE

NREX = NCEX
IF (NREX .EQ. 2) 0 TO 151
DO 150 N=1,NREX

RFX (N) = XREX (N)*RRB

IF (XMEX(N) ECe 0.) XHEX(N) = S09,39792+#XMUX (N} /XRHX (N}

EMEX(N) = XMEX (N)*RB?
PERMEX (N) = XMUK(N)
CONTINIE

IF (NRIN .GT. 0) CALL CNDDSP (1, LOU)
IF (NREY .GT. 0) CALL CNDDSP (2, LOU)
NF = TFIX ((F2 - F1) /DF ¢ 1.05)

FOLD = 1.

OMEGAR = 6283.,18531
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{NF, 22)
DO 180 N=1,NF
¥ /FOLD

155 I=1,NRIN
EAIN (1)
CONTINUE

{¥NRFX .EQ. 0) G

165

«EQ. 0} GO TO 160

EMIN{I)*RATIO

I=1, NREX

EMEX{N)
CONTINUE

o ro 170

EMEX (N) *RAT 10

WRITE (LOU,14) F

FORMAT ('OALPHA', 7X, 'Z1?,
OMEGA = OMEGA®*RATIO

ANGF{N) = OMEGA

FREQ(N) = F

ZRE = 0.

ZIM = 1.

CALL VDUT (VORL, VOIM, VOAB
PHIAIR = VOARG*DEGPRA

WRTTE (LOU,12)

FORMAT {('0FOR ZOIL

WRT

I

TE {LOU,11)

MAG

]
L4

E13.5/°

* RADIANS'/27%, Fi

A2
Al
71
72

1.
0.
0.
0.

[TV |

WRITE (LOU,7Y

Iw

CALL ADAP2 (A1,

IF

CALL ADAP2 (A1,

z1
YA

FOR
A1
A2
IF
ZRE

ZIM

{xva

{(XL4

<EQ. XL2)

- NE. XL2)

= 71 + 51
= 72 ¢ S2
WRITE {(LOUD,8) A2,
iz,
IF (ABS (S1/21) ¢ A

MAT

= A2

F5. 1,

= A2 + 1.
~LE.

(A2

IN AIR =

YORL, VOIM,

MAGY =',

14%,

1720 /X

S, VOAKG)

')

Y0OABS, VOARG,
FORMAT (*OATTENUATOR DUTPUT YOLTAGE!'/* REAL =', 1PE1L S5,

E13.5, ' PHASE=',

3.5, ' DEGREES')

A2, GAUS2Z,

AZ, GAUS2,

210F,

NJCO,

z1, Z2, CHAR

1P2E16.7,
BS{S2/722)

30.) GO T2 172

= ~Z22/09
ZNRMRE (N)

= (21 + 09 /N9

7 NRMIM {N)
WRITE (LOY,9} ZRE,

FPOR

MAT
IMAG

ZRE

7IiM

ZINM

1x,
» LEa

{(*ONNRMALIZED IMPEDANCE

4

E14.95)

THRESH,

THRESH,

Al)
54 E"?)
REAL =*,

)

PHIAIR

TOL, 31,

TOL, 51,

GO TO 175

1IPEI4.S,

%13,

5,

52,

52,

CHAR}

CHAR)
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NONINTERACTTVS MAIN PROGRAM

CATL VOIT (VORL, VOIM, VOABS, VOARG)
) JARG*DEGPRA
DPEI = DEGR - PHIAIR
WRTTE  (LOY,13)
13 FORMAT {'OFOR CONTL PLUS CONDUCTORS =)
WRITE {LOU,11) VORL, VOIM, VOABS, Vi RG, DEGR
WRTTE (1.07,16) DPHI

16 FORMAT {14%, *PHASE SHIFT =?, 1PE13.5, ' DEGREES?')
FOLD = F
¥ = F + DF

180 CONTINUE
READ IN INFO FOR NEXT CASE

190 READ (10,2) NEXT
TF {NFXT .EQ. 0) STOP
IF (NEX™ .NE. 8) 40 TO 100
READ (10,10) v0, ®0, C6, RH6, R7, C7, RO
WRITF {LOU,44) vO, RG, °6, R6, R7, C7, RO
nO 200 N=1,NF
F = FREQ(N)
WRITE (LOU,14) 7
14 FORMAT ['OFREDUENCY (KHZ) =',F8.3)
OMEGA = ANGF{N)
7ZRE = 0.
218 = 1.
CALL VOUT (VORL, VOTH, VOABS, VOARG)
PHIAIR = VOARG¥DEGPRA
WRITE (LOT,12)
WRITE (LOU,11) VORL, VOI®, VOABS, VOARG, PHIAIR
ZRE = ZNRMRE(N)
ZTM = ZNRHIN{N)
CALL VOUT {VORL, VOIM, VOABS, VOARG)
DFEGR = VOARG*DEGPRA
WRITE (LOU,13)
WRTITE (LDU,11) VORL, VOI%, VOARS, VOAR3, DEGR
DPHI = DEGR - PHIAIR
WRITE (LOU,16) DPHI
200 CONTIWNUE
GO TO 190
END

i

1
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BLOCK DATA

COMMON JCNAME/ FEZP(11)

DATA NMCP /2HR1, 24R2, 2HL1, 2HL2, 2HR3, 2dR4, 2HL3, 2HLY4,
1 28N, PHN2, 2HYX/

END
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Subroutines for Multiconductor Problem

Numerical integration

ADAPT Adaptive integration routines
ADAP2

GAUSS Gaussian integration with 2, 4, 6, 8, or 10 points
GAUS2 (same for simultaneous calculation of twa integrals)

Special functions

CMDBES  Modified Bessel Functions In(z), 1(z), Ko(z) and X(z)
COMKB of complex argument z.

CMI
BESI Modified Bessel Functions Io(x) and I[;(x) of real argument x
BESK Modified Bessel Functions Ko(x) and K(x) of real argument x
i A3
XJINT ()
X1INT Integrals of first-order Bessel Functions t Li(v)  dt, resp.
XKKNT X Ki(t)
Calculation of required integrands
QIDF {dentical intermeshed coils in presence of inteérnal and external conductors
[this report, p. 20]
CINT Identical intermeshed coils in air [this report, p. 20]
DICO Disjoint roils in the presence of multiple conductors [p. 20]

CITBLG Disjoint coils in air [p. 20}
DEFINT Defect and heat generation integrand [pp. 21-24]

UVMAT Flements of the matrices U and V [Dodd, Cheng, and Deeds, J. Appl. Phys.
45, 638 (1974); this report, pp. 6-8]

GCALC Bessel function combinations for thin region {cf. Reference 3, pp. 69-76]
Calculation of coil and external circuit characteristics

COLAIR  Calculation of As, air normalization value

ATTEN Interactive input of attenuator circuit parameters
vOuUT Calculation of attenuator output voltage [cf. Reference 3, pp. 108-111]
Input/Output

CDISP Display coil parameters
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CCHAN Change coil parameters
CNDDSP  Display conductor parameters

CNDCHA  Change conductor parameters
. Miscellaneous

MATCH Search array for first occurrence of a given word

NORMCO Normalize coil dimensions by dividing by mean radius of coil no. 1

Subroutine ADAPT

This subroutine computes an approximation to the integral

a:
f f(a)da

ay

using an adaptive procedure. The basic numerical integration method is specified in the calling
sequence; this method is used to generate a set of estimates of the integral until cither
convergence (as specified in the calling sequence) is reached, or until the maximum allowed
number of estimates has been calculated. In the latter case, the interval is divided in half and
the procedure repeated for each half. If convergence is not reached, the interval is further
subdivided. until 10 such subdivisions have been done or until the interval size is made smaller
than an allowed minimum (S(a» — ai), where S has the built-in value in this version of 1/512).
The output shown below is for the test problem

5
I = f cos xdx = sin (5)
0

with a convergence criterion of 5 X 10”; when the current estimate of the integral over a
subinterval is smaller than 107%, the absolute value of the difference in successive estimates is
examined; if larger, the relative change is used. In our test case, the estimates are computed
with Gaussian integration with 2, 4, 6, 8 and 10 points. The requested convergence was not
achieved for the entire interval, but one splitting was sufficient. The result labelled “EXACT” is
the value of sin (5) computed in single-precision arithmetic on the PDP-10, and the result
labelled “EXACT-APPROX™ is the difference between the “EXACT” wvalue and the result
returned by ADAPT.

The calling sequence is shown in the following program fragment:

EXTERNAL COS, GAUSS
DATA THRESH /1.E -4/, TOL /5.E - 8/

CALL ADAPT (0., 5., GAUSS, COS, THRESH, TOL, ANS, CHAR)
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MULTIPLE CYLINDRICATL CONDUCTIRS
SUBROUTINES

SUBROUTIKE ADAPT (A1, A2, METHD, FINT, THRESH, TOL,
1 ANS, CHAR)
EXTERNAL METHD, FINT

ADAPTIVE INTEGRATION OF FUNCTION FRONM A1 TO A2, WITH THE
FONCTTION SPECIPIED BY THE FUNCTION SUBPROGRAM FINT AND THE
METHOD OF NUMERICAL INTEGRATION SPECIFIED BY PHE SUBROUTINFE
METHD. AN EXAMOLE OF THE USE OF ADAPT IS IN SUBROUTINE
COLAIR.

DIMENSTON AL (10), AR (10), NP (5)
DATA SMULT /1.953125E-3/

DATA NP /2, 4, 5, 8, 10/

DATA XLI% /5/

DATA PLUS, BLANX /1H+, 1H /

INITIALIZE CONVFERGENCE FLAG, INTEGRATION LIMITS, LEVEL
INDEX AND TOTAL, AND COMPUTE MINIMUM ALLOWED STEP SIZE.

CHAR = BLANK

AL(1) = A1

AR{1) = A2

SMIN = SMULT*{A2 - A1)
L =1

01 = 0.

COMPUTE FIRST ESTIMATE FOR CURRENT LEVEL
CALL METHD {AL(L), AR{L}, FPINT, NP({1), T1)

COMPUTE ADDITIONAL ESTIMATES FOR THIS LEVEL, AND TEST
CONVERGENCE ON
{A\) THE ABSOLUTE FERROR, IF THE NEWEST ESTIMATE IS
LESS THAN THRESH, OR
{R) THE RELATIVE ERROR.

DO 105 K=2,KLIM
KP = ND (K)
CALL METHD (AL({L), AR(L), FINT, KP, S1)
DS = ABS (S1 - T1)
TF (ARS(S1) .GT. THRESH) DS = DS/ABS(S1)
IF (DS .LT. TOL) GO TO 120
T1 = $1

CONTINUE

NG CONVERGENCE AT THIS LEVEL. SEE IF THERE ARE MORE.
IF (L .EQ. 10) GO TO 130

SEE IF THE STEP SIZE IS BIGGER THAN THE MINIMUM ALLOWED.
I¥ (AR{L) - AL{L) .LT. SMIN) GO TO 130

TNCREASE LEVEL INDEYX, ADJUST LIMITS
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L= L +1

AL(L) = AL(L-1)

AR{L) = .5%={AL(L-1) # AR(L-1))
50 TO 100

CONVERGED FOR LEVEL L. ADD CONTRIBUTION TD TITAL, SEE IF
MORE LEVELS NEED TO BE DONE.

OnNn o

1200 Q1 = Q1 + St
IF (L .EQ. 1) GO T0 140

C
= MORZ LEVELS LEPT. DECRFASE LEVEL INDEX, ADJUST LINITS, AND
c GO BACK FOR MORE.
c
L=1~1
AT(L) = AR(L#1)
GO TO 100
-
c SET NINCONVERGENCE SIGHNAL
C

130 CHAR = PLUS
50 TO 120

2]

140 ANS = Q1
RETURN
END
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i

1 AL (L) =
N Tl

2 -5.0903112E-01
4 -9,.5817090E-01
6 -9,5892414E-01
8 -9.5892433E-01
10 -9.5892426E-01

L = 2 AL (L) =
N Tl

2 5.,9177476E-01
4 5.9847154E~01
6

8

0

5.9847213E~01
5.9847217E-01

1 5.9847216E-01
L =1 AL(L) =
N Tl

2 ~1.5399678E+00
4 ~1.5573948E+00
6 -1.5573965E+00
8 ~1.5573964E+00

EXACT

~-9.5892428E-01

59

0.000000E+00

0.000000E+00

2.500000E+00

EXACT - APPROX

7.451E-09

AR (L)

AR (L)

AR (L)

i

5.000000E+00

2.500000E+00

5.000000E+00
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Subroutine ADAP?2

This subroutine computes estimates of the integrals of two functions
b

Si = f fix)dx , i =12
a

using an integration method specified in the calling sequence and the same adaptive method
used for single integrands in subroutine ADAPT.
In the examples shown below

a=0 b=2>5

fi(x) = sin x, f» = cos x
so that

S, =1 — cos (5)
S; = sin (5)

The last line of the output shows the values of S, and S, as calculated in single-precision
arithmetic on the PDP-10 and the relative differences between these values and the
approximations to them.

The calling sequence is shown in the following program fragment:

EXTERNAL GAUS2, FTRIG
DATA THRESH /1L.LE -4/, TOL /5.E - 8/

CALL ADAP2 (0., 5., GAUS2, FTRIG, THRESH, TOL, S1, 82, CHAR)

END

SUBROUTINE FTRIG (F1,F2)
COMMON ;ALPO; ALFA, ALSQ, ALFO
Fl = SIN(ALFA)

E2 = COS(ALFA)

RETURN

END
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SULTTPLFE CYLINDRICAL CCGNDUTTIRS
SHBROGTINES

SUBROUTTNE ADAP2 (A1, A2, METHD, FINT, THRFSH, TIL,

1 ANSt, ANS2, CHAR)

FYTERNAL METHD, FINT

ADAPTIVE INTRGRATION OF TWO FUNCTIONS NSING A METHOGD
SPRCIFIED BY SUBROITINE METHD AND INTEGRANDS CALZULATED
7Y STBROUTINE FINT. FOR DETAILS OF THESE SUBRONTINES,
SEE SUBRONTINFE GANS2 AND QIDF, FOR EXAMPLE.

A MAXTMOM OF TEW LEVELS IS PERMITTED. CONVERGENCE WILL
BE TESTED ON
A) THF ABSOLATE ERROR, IF THE ESTTHATE TS LESS THAN
TH® INPUT VARIABLF® THR¥SH, OR
B} THE EELATIVE ERROR, TF THE ESTIMATE IS GREATER THAN
THRESH. TN EITHER CASE, THE TWO MEASURES 0F CHANGE
ARE ADDED TOGFETHER AND THFE SUM TESTED AGAINST THE
INPUT VARIABLE TOL.

WHEN THE SPECTFIED CONVERGENZE TS NOT REACHED, THE VARIABLE
CHAR WILL BF SET TO A PLU3 SIGN; IF SATISFACTIRY
CONVERGENCE IS REACHEDR, CHAR WILL CONTAIN A BLANK.

DIMENSTON AL (10), AR (10}, NP (5)
DATA SMOLT /1.953125F-3/

DATA NP /2, 4, H, 8, 10/

DATA KLTH /5/

DATA PLUS, BLANK /1H#, 1H /
CHAR = BLANK

AL(1) A1

AR( Y A2

SMIN = SMULT*{A2 - A1)

I

THTTTALIZE LEVEL COUNTER L AND TOTALZ 01 AND 22

L = 1
01 = 0.
02 = 0.

EVALUATE FIRST ESTIMATE FOR THIS LEVEL
CALL METHD (AL{L), AR{L), FINT, NP{1), T1, T2}
GET REFINED RSTIMATES

DO 105 ¥K=2,KLIM
KD = NP{K)
CALL METHD (AL{L), AR{L), FINT, KP, ST, S52)
DS1 = ABS (S1 - T1)
IF (ABS(S1) .GT. THRESH) DS1 = DS1/ABS{SY)
ns2 = ABS (52 - T2)
IF {ABS({52) .GT. THRESH) D352 = DS2/ABS(S52)
TF (DS1 & DS2 .LT. TOLY 60 T 120
T = S
T2 = 52

CONTINUE

[



62

HUOLTIPLE CYLINDRITZAL CONDUCTORS

SUBRROQUTINES
C
C CONVERGENCE NDT REACHED. TEST FOR MORE LEVELS.
¢
IF (L .EQ. 10) G3 T3 130
C
T MORE LEVFELS AVAILABLFE. SEE IF THF STREP IS STILL LARGE ENOJGH.
C
IF (AR(L) ~ AL(L) .LT. SMIN) 30 TO 130
C
c INCREASF LEVEL COUNTER AND SBT NEW LIMITS
C
L= L o+ 1
AL{L) = AL{L-1)
AR(L) = .5%{AL{L-1) + AR{L-1))
G0 TO 100
c
C CONVERGUNCE SEACHED - ADD CONTRIBUTIONS TO TOTALS
c
120 01 = D1 + 51
02 = 02 &+ 52
C
C SEE IF WF HAVE PINISHED
C
IF (L .FQ. 1) GO TO 140
C
- MORE LEVELS TO DO - REDUCE COUNTER AND RESET LIMITS
c
L = L - 1
AL(L) = AR{L#+1}
GO TN 100
C
z NO TONVERGENCE POUND — SET THE FLAG TD TNDICATE THIS
C
130 CHAR = PLUS
GO TO 120
10 ANST = 91
ANSZ2 = 02
RETURN

E¥D
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7.1633783E-01 -1.4901161E~08 ~9.5892428E~01

STOP

END
CPU

EXIT

1 AL (L) =
T1

3.8025768E-01
7.1577505E-01
7.1633770E-01
7.1633785E-01
7.1633781E-01

2 AL(L) =
Tl
1.7809873E+00
1.8011416E+Q0
1.8011436E+00
1.8011436E+00
1.8011436E+00
1 AL (L) =
Tl
-1.0726658E+00
-1.0848046E+00
-1.0848058E+00
~1.0848058E+00

al

OF EXECUTION
TIME: 0.20

ELAPSED TIME:

63

0.000000E+00

T2

-5.0903112E-01
~9.5817090E~-01
~9.5892414E-01
~9.5892433E-01
-9.5892426E-01

0.000000E+00

T2

5.9177476E-01
5.9847154E-01
5.9847213E-01
5.9847217E~01
5.9847216E~-01

2.500000E+00

T2

~1.5399678E+00
~-1.5573948E+00
~-1.5573965E+00
-1.5573964E+00

R1

AR (L)

AR (L)

AR (L)

A2

1:10.03

5.000000E+00

2.500000E+CQ

5.000000E+00

R2

7.4505806E~09
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Subroutine GAUSS

The abscissas u, and weights w; for N-point Gaussian integration are stored (for
N = 2,4,6,8 and 10) in the FORTRAN arrays U and W. We compute

b b—a ! b—a X b—a R,
[ Fodx = 5 J fu)du = 5 E wif(u) = = E wilf(u) + f(—u)]
a -1 1=1 i=1
where
b—a b+a
= +
X 5 u B

f(u) = F(x(w)) ; x(—u) = b + a — x(u)

Rounding the abscissas and weights to nine figures gives results correct to eight significant
figures for the integrals

1
L = J‘ x'dx =

k+1
0

Let the N-point Gaussian approximation to I, be Ga(k); the relative error is then

GkaI)_ NN
k

The attached results are for N = 2, 4, 6, 8 and 10, with k = 2N—1.

N RELATIVE
ERROR
—7.45E-09
—7.45E-09
—3.73E-08
—7.45E-09
—2.24E-08

[an-Jie BN e WEE SO N0

1

Values of the integrand function F(x) are calculated by a FORTRAN function
subprogram, which must be defined in the calling program as an external function. A calling
program using the library function COS is shown in the discussion of ADAPT.
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MOLTYPLE CYLINDRICAL CONDUCTORS
SUBROUTINES
SUBROUTINE GAUSS (A, B, F, N, ANS)
N-POINT GAUSSIAN INTEGRATION FROM A TO B OF
INTESGRAND CALCZULATED BY FUNCTION SUBPROGRAM F.
N=2,4, 6, 8, OR 10. RBESULT RETURNED TN ANS.

DIMENSION U({15), W (15)
DATA T/ .577350269%, .339981044, .B61136312, .238619186,

1 -66120938B6, .932469514, .183434642, .52553241),
2 . 796666477, .960289856, . 148874339, .433395394,
3 . 679409568, .865063367, .9739065%29/

DATA %/ 1., . 6521485155, .3478548u45, 467913935,
1 - 360761573, .171320492, .362683783, .313706845,
2 .222331034, .101228536, .295528225, .269266719,
3 . 213086363, . 149451349, 06667134483/

IT = N/2

I1 = {IT*{17T - 1)) /2

I2 =11 # IT

I1 = I1 + 1

BPLA = B + A
ADD = BPLAX.5
BMAO2 = (B - R)*.S
SUM = 0.
DO 100 T=11,12
ALFA = ADD + BMAO2%U{Y)
SUM = SUM + W(I)*(F{ALFA) ¢ F{BPLA - ALFA})
CONTINUE
ANS = SIUM*BUAAO2
RETURN
END
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Subroutine GAUS2

This subroutine is a modification of subroutine GAUSS to allow simultancous calculation
of the Gaussian quadrature approximations to the integrals of two functions:

b
S; = J fux)dx
a

b
S;= [ fi(x)dx
a

The integrands f, and f; are calculated by a subroutine which must be declared

EXTERNAL in the calling program. An example of the use of GAUS2 is shown in the
discussion of ADAP2.

The named COMMON block /ALPO/ contains values of «, o and o' used in the
computation of the integrands.
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MOLTIPLE CYLINDRICAL CONDUCTORS
SUBRCUTINES
SUBROUTIN® GAUS2 [A, B, F, N, aNS1, ANSD
SIMULTANEDUS N-POINT GAUSSIAY INTEGRATION OF
THO INTEGRANDS TOMPUTED BY SUBROUTINE F. H=2,4,6,8
OR 10, LIXITS OF INTEGRATION FROM A TO B.
RESULTS RETURNED IN ANST AND ANS2.

THE COMMON BLOZK /ALPO/ CONTAINS THE POWERS OP ALPHA
NECESSARY IN THE CALCULATION OF THE INTEGRANDS.

COMMON /ALPO/ ALFA,ALSQ,ALFO
DIMENSION U{15y, W(15)

ABCISSAS

DATA U /.577350269%, .339981044, .861136312,

.238619186, 661202386, .932469514,
. 18343U642, .525532410, .7366664717,
.96028985%6, . 143874339, .4333935394,
. 6579409568, .865063367, .973906529/
WERIGHTS
DATA W /1., . 652145155, .347854845,
4679313335, .360761573, . 171324492,
. 3626837813, .313706646, .222381034,
.101228536, .295524225, .269266719,
. 219086363, .149u451349, 0666713483/
INITIALIZE COUNTERS AND TRANSFORMATION PARAMETERS
IT = N/?
I1 = (IT*(IT - 1)) /2
I2 = I1 + IT
I1 =11 + 1
BPLA = B + A

ADD = BPLA%.5
BMAO2 = (B ~ A)*.5
SUM1 = 0.0

SUM2 = 0.0

SUM OF WEIGHTS TIMES FUNCTION VALUES

DO 100 I=11,1I2

ALFA = ADD + BMAO2*U(X)

ALSQ = ALFA®*D

ALFO = ALSQ*%2

CALL P (51,52)

ALFA = BPLA - ALFA

ALSO = ALPA%*

ALFO = ALSQ**2

CALL P {T1,7T2)

SUM1 = W(I)*(T1 ¢ S1) + SUN1

SUM2 = W{I)*(T2 + S2) + SUM2
CONTINUF
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MULTYPLE CYLINDRICAL CONDUCTORS
SUBROUTINES

NORMALIZE ANSWERS

ANS1
ANS 2

RETURN

END

SUMI*BMAD?Z
SIM2%BMAD?2
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Subroutine CMDBES

We have adapted the subroutines described elsewhere’ for the calculation of the modified
Bessel functions of the first and second kinds of complex argument, Io(z), [1(z), Ko(z) and
Ki(z). In our calculations the complex arguments are confined to the region 0 < arg(z) < /4.
We have compared the values computed with our subroutines for arg(z) = n/4 with tabulated
values of the Kelvin functions® and find good agreement.
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MULTIPLE CYLINDRICAL CONDUTTIRS
SUUBROUTINES

OUTINE CMDBES(X,7Y,F)

CONPUTES F{1) + J % F(2) = Z * 10(2)
F(3) # J * F(U4) = 2 * KO{7)
F(5) + J % F(6) = T1(Z)
F(7y + 1 ¢ F{8) = K1(2)

OF THE COMPLEX ARGUMNENT 72 = X ¢+ J * ¥
WIERE J = SQRT{-1)

(OPNL-TH~4175, P. 82)

DTHE
R =
cA1
S1
PHI
IF (

o

NSION F (8)
SORT (X*X + Y+¢Y)
X/P
Y/R
= ATAN(S1/CT)
R .3T. 8.0) GO TO 130

FOR R.LE.8 USE RATTONAL APPROXIMATION FOR KO (Z)
AND RACKWARD REZURRENCE FOR I0(7Z) AWD I1(%)

CALL COMKB (X,Y,BKZR,BKZI,BKOR, BKOI)

¥ (3)
F ()
F(7)
F{8)
CALL
F(1)
F(2)
F(5)
F{6)
GO T

BK7ZR

BRZ I

BXOR

BKOX

I {X,Y,BIZR,BIZI,BIOR,BIOI)
BTZR

BIZI

BIOR

BIOT

0 125

FE VI TR BT IR E R VR T

ASTMPIOTIC SERIES FOR R.GT.S8

-h b o w=d DO DO
.

LA R LI LR | I T I

= 1,

3 ¢+ 20./R
10 N=1,L5

= ~ODD*0ODD
= V/p

AND K1{2)
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MULTIPLE CYLINDRICAL CONDUCTORS

SUBROUTINES
T = $7«3S6%T

1 = Uk{4. + SB) %37

T = CxT

F{1 = TI4SIGN + F(1N
F(3) = T1 + F(})

T1 = -S%7

F(2) = TI*SIGN + F{2)
Fl4) = T1 ¢ F(4)

TY = C*y

F(5) = TI1*SIGN + P (5)
F(7) = T1 ¢+ F(7)

T = -Gy

F(6) = TI*SIGN + F(6)
F{B) = T1 # F(8)

SIGN = ~5IGN

P o= P o+ 1.

OnD = ODD + 2,
L2 = C*¥C1 -~ S#851

S = S4CT + C*51
C = C2
CONTINUE
S6 = EXP{X)
S7 = 1./56
T1 = SQRT (R)
56 = .3989L228%56/T1
ST = 1.25331413%«S7/T1

THE ABOVE FACTORS ARE 1/SQRT{2*PI) AND SQRT{(PI/2)

= ,H%PHIL
COS (ARG)
SIN{ARG)

==}
non oG

na»

MULTIPLY BY COS{PHI/2) - J * SIN(PHI/2) FROM 1/5QRT{(2%)

DO 115 §=2,8,72
T = F(N=1)%C + F(N)*S
F(N) = F(N)®C - P (§~1)*S
F{N-1) =T

CONTINUE

C = COS(Y)

S = SIN(Y)

MULTIPLY I FNS. BY S6*EXP(J*Y) AND K FNS. BY STrEXP{~J*Y)

DO 120 N=1,5,8
T = F(N)*C ~ F{N+1)*5
P{N+1) = SE*{F(N+1) %C ¢ F(N)*S)
P{N) = T*S§
T = F(N#2)*C ¢ F(N+3)¢S

F{N+3) = STY*{P(N+3) *C ~ P (N+2)*5)
F (N+2) = T*57
CONTINUE

MULTIPLY ZERJO~ORDER FUNCTIONS BY 2



T =
F(2)
(MY
T =
¥ (4)
F{3

X
¥

xp
+F

n o

RETURN

END

-

{
F
T
{
F
™

1
(

3
(

72

MOLTIPLE CYLINDRICAL CONDUCTTORS
SUBROUTINES

y - Y*F {2}
1) *Y + F (2)*X

) - YEF (4)
3)¥Y + P (4)*X
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MOLTIPLE CVYLINDRICAL CONDUCTORS
SUBROUTINES

SNBROYTINE COMKR (X, Y, BKZR, BXZI, BKOR, BKII)

COoMPUTES THE REAL AND IMAGINARY PARTS OF THE MILIFIED
BESSEL FUNCTIONS KO (2) AND K1{Z), WHERFE 7 = X & TI*Y,
BY THE METHOD OF Y.L. LURKE, THY SPECTIAL FUNCTIONS

AND THEI®R APPROXIMATIONS, VOL.2, P. 229.

{ORNT-TH-4175, P. 8%5)

DIMENSION P12E(16), P2ZE(16), P3ZE(16), QI1ZE{16)

DIMENSION P1ON{16), P20N{16), P30ON(16), O10%([16)

DIMENSION RTEST{S), NTIST(S)

DATA PIZE /3%0.0)
»-1.59463946,-1.91851852,-2. 11452184
= 2.20917817,-2.38787879,-2.42317518
,~2.48323717,~2.53181273,~2.57198289
y~ 2. 60579048, -2.63463947,-2.6595u815
¢ =2.68127340/

DATA P27.E /3%0.0
14
14
E 4
z

.632653061, 1.07407407, 1.38016529
1.6035533, 1.77333333, 1.90657439
2.01385042, 2.102064082, 2.17580340
2.2388, 2.29218107, 2.3388R8228
2-.3738127/

E /3*0.0

(373 Y UG TN Y

DATA 73
p = 3.00136054F-02,-1.55555556E~-01,-2.655343447E-01
32503721288 ~017, -4, 258585485 F~01,~4.830982178~91
¢ ~5-3056325%-01,~5.70228091E~01,-6.03820515E-01
e~ Ba3260952UF-01,-6.575416E-01,-6.739334126%~-01
L4
7

2 I - B U I S Y

-6.985393318-01/
T /31%0.0
, 1.63265306, 1.38271605, 1.19008254
, 1.064182212, 9.24U444L4F-01, 8.30449827E-01
, 7.53U62604E-01, 6.R9342404FE-01, 5.3516063 1801
, 5.8888-01, S.4B696845E-01, 5.13674197E~01
, U.82830385F~01/
ON /3#0.0
,-1.888888889,-2.09090909,-2.23076921
,=2.33333333,~2.811760871,-2.47358421
,=2.52380952,-2.56521739,~2.6
- 2.62962963,-2,65517241,~2.67741935
. ~2.6969697/
DATA DP2ON /3%0.0
, 7.77777779E-01, 1.18181818, 1.46153846
, 1.66665667, 1.82352941, 1.94736842
, 2.04761905, 2.130u3478, 2.2
. 2.25925326, 2.31034483, 2.35483871
, 2.1939393ay/
DATA D3ION /3%D.0
r
[
’
L 4

DATA D1

WA Lo NS s

DATA P1

192 I~ O I NG Y

R g M e

1.111111711E-01,-9.09090909E~02,~2.307692318-01
-3.33333333E-01, -4, 11764706 E~01,-4.73684211E-01
~5.23809524F%~01,~5.65217391F~01,-.6
~6.29629637-01,-6.55172414E~01,~-6.77419355%~-01
¢~ 0.9696969TE-01/
DATA OION /3%0.0
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HOLTIPLE CYLINDRICAL CONDUCTORS
SUBROUTINES

1.77777778, 1. 45854545, 1.23076923

1.06665667F 00, 9.41176471E-01, 8.42105263E~01
7.61904762R-01, 6.95652174E-01, .64
5.92592523E-01, 5.51724138E~01, 5.16129032E~01
, 1.B4BUSHRSE~-O1/

DATA C/1.25331614/

DATA RTEST/ 1., ., 16., 36., 64./

DATA NTEST/ 15, 10, 10, &, &/

a % e =

TR W -

FIND NTERH, THF NUMBER OF TERHS
HE ASSUMNE THE ARGUMENT HAS BREEN CHECKED TO INSURE THAP R.LE. 8

G Oan

RSQ = X*%2 + Y&k
no 100 1=2,5
IT = 1 ~ 1
IF (RSO .LP. RTEST{I)) &0 TO 105
100 CONTINTE

@]

105 NTERM = NTEST(IT)

C .
[ INTITTALIZE FPK-1, FX-2, AND FK-3 FOR =0 AND N=1
c
FKMIRT = 1.
PKMIRO = 1.
PKM3RZ = 1.
PKM3RO = 1.
FK¥ 317 = 0.
FKH3TO = Q.
PRK¥3TZ = 0.
PKH3ITH = 0.
HX = X*%16,
PKHZ2RZ = {HX ¢ 9.} /9.
PKM2RZ = (HY ¢ 7.)/9.
FX = X*® 3,20
FKHZRO = FX ¢+ 1.
PKH2RO = FKM2RO ¢ 1,20
PRKMZIO = ¥%3,.20
PKHZ2IT = FKMZ2TO
HY = Y* 16.
FRM21IZ = HY/9.
PKMZ2I7 = FKW21IZ
HYS = HY#%2
T = HY ¢ 25,
FKMiIR7 = {HX*T ¢ 75. =~ HYS)/75.
PRE1IZ = HY®{HY ¢« T)/75.
T = HX + 23.
PRMIRZ = (HX*T + 43, - HYS)/75.
PKH1IZ = HY*{(HX ¢+ T) /75.
T = HX + 21,
FKMTRO = ([HX*T ¢ 35, ~ HY¥S) /135,
FKM1T0 = HY*{HX ¢ T} /35.
™ = HYX ¢+ 27.
PKMIRO = ({(HX*7T ¢ 131. - HYS)/35.
PKHI1IO = HY® {HY ¢ Tj /35.
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MULTIPLE CYLINDRICAL CONDUCTORS

SUBROUTINES

RECURRENCE

= 3, NTERM
+ 1

P12ZE (KP1)
P27E(KP 1)

PIZE (KP1)

D1ZE(KP 1)

Q1 *x

D1xy

FKM1RZ + FKM2RZ
FRMIIZ + FKH21Z

HX*T1 ~ D1*FKMIRZ -
HX*T2 - PI1*FKMI1IZ ~

FKM2RZ
FEM1RZ
FKRZ
PKM2IZ
FEM1IZ
FKIZ

[T ST I T I O 1}

T1 = PKMIRZ + PXM2RZ
T2 = PEN1IZ # PKM2IZ

PKRZ =
PXIZ =
PKM3RZ
PKM2RZ
PXM1RZ
PRM3IIZ
PKM21Z
PKMIY?Z

CALCULATIONS OF FKRO,

Pi
P2
P3
01
X
HY
T1
T2
FKRO =
FKIO =
FKM330
FKM 2RO
FKMI1RO
FKM 310
FEKH2IO
FEM1I0

o o#un W onoHoR

HX*T1 - P1*PKMIRZ =~

HX*T2 - P1%pPKM1IZ -~
PKM2RZ

PKM1RYZ

PKRZ

PKM2TIZ

PKM11Z

PKTZ

By ot

P10ON (KPY)
P2ON(KP 1)

P3ON (KP1)

Q10N {KP 1)

Q1%x

Q1*y

FKH1RO + FKM2RO
FKM1TO ¢ FKM2IO

FXIZ, PKRZ,

P2*FXM2RZ
P2*PKM212

P2*PKM2RZ
PR*PKM2IZ

4+

1

+

HyYy*T2
HY«T1

HY=T2
Hy=>T1

HX*T1 - P1*FXMIRD - P2*FKM2RO -~ HY*T2
HY*T2 -~ PI*FKM1I0 ~ PRAFKM2I0 + HY*T)

FKM2ZRO
FKM1RD
FKRO
FKM2Z2ID
FEMIIO
FKIO

LI T S T |

™ = PKM1RO + PKMZRO
T2 = PKH1I0 #+ PKM2IO
HX*T1 - P1*PEMIRO - P2*PKM2R0O - HY*T2 -

PKRO =

]

4

AND PKIZ FIR N = 0

PI*FRMIRZ
PI*FKM3IIZ

P3*PKM3RZ
P3*PRNIIZ

FKIO, PKRO, AND PKIO FIR N = 1

- PI*FKM3IRO

PI*FKM3ITIO

P3I*PKHIRG
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PKIO = HX
PXM3IRD =
DKM2RO
PKM1RD
PKM3LO
PKM2TID0 =
PKMIIO
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MULTIPLE CYLINDRICAL
SUBROUTINES

T2 - P1¥PKM1IO - P2#PKHM2IO *+ HY*T1

PKE2RO
PKH1RO
PKRO
PKM2TO
PK¥1ID
PKIO

C TS SDQUARE ROOT OF PI/2

X2 = X

EMX = EXP (X2)

D = SORT[RSD)

C2 = EMX*C/D

SR = CIS(Y)

TT = -STN(Y)

IP (Y .NE. 0.) 50 TO 120

IF (X .GE.

0.y G2 TO 115

HI = SORT (X2)

GR = 0.0
50 TO 125

G
j==]
i

AL = 0.
GO TO 125

GR = SORT {(
HI = SORT ((
IF {Y .GT.

AR
R

C2% (GR
C2% (HI

CALCUOLAT

DEN = FKRZ¥
DR = (PKRZ*

Y1 = {PKIZ*FKRZ -

BKZR = AR%{
BXZI = BI#*U

CALCULAT

DEN = FERO*

UJR = (PKRO¥FKRO ¢ PKIO*FKIO)/DEN
FX¥RO - PKRO*FKIO) /DENW

VI = {(PKIO*
BKOR = AR*D
BXOT = BI¥U
RETIRN

END

3ORT (X)

X t D)*.5)
X2 + D)*.5)
0.) HI = ~HI

#SR - HI®TI)
#SR + GR¥TI)

FOR KO(7)

CONDIOCTORS

E KO{Z) = BKZR % BKZI=I

2 4+ FRKIZ*¥%2

FKRZ + PKIZ*FKIZ) /DEN
PKRZ*FKIZ) /DEN

R - AT*VI
R + AR*VTY

£ K1(Z) = BKOR ¢ BKOI+*I

*2 ¢ FKIO*»2

R — BI®VI
R + AR*VI

P3*PEM 31D

AND K1 ({Z)
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MULTYPLE CYLIRDRICAL CONDUCTORS

SUPROJTINES
SUBROUTINE CMI{X,Y,BI?R,BIZI,BIO0R,BIOT}
C
c COMPUTES THE RFAL AND IMAGINARY PARTS OF THFE MDODIFIED BESSEL
C FUNCTIONS OF THE FIRST KIWD, T0(Z) AND I1{2), Z = ¥ 4 IxY, BY
c BACKYARD RECURRENCE
C
C (ORNL-TH~4175, P. 90)
«
DIMENSION FRE(52) ,FPIN{52}
DATA A,B/1.FE-18,1.8~18/
C
c CALIULATE N, THE NUMBER OF TERAS
C
R = SORT{¥**2 ¢ yY**2)
N = 1.3%2 + 9,
¢
C COMPUTE 11 AND ¥V, REAL AND IMAG PARTS 2F 2/2
C
T = ¥/%
U o= 2./(T*Y + X}
¥y = =1*7
C
c INITTALYTZE
o
FRE (N+2) = 0.
FIM{N+2}) = 0.
SRE = A
FRE[N+1) = A
S5TM = B
FIM(N+Y) = B
IN = FTLOAT (W)
TNUGZR = YN&(]
THNUOZL = YN*Y
NU = W o+ 1
C
o BACKYARD RRCHRBRENCE
C

DO 135 K=1,X
FRE(NO-1) = FRE{NU+1) + TNUOZR*FRE(NU) - TNUOZI«FIN(NU)
SRE = FRE{NU-1) * SRE
FIM(NT-1) = PIM(NU#1) + TNUOZR*FIA(NU) + TNUOZI*FRE{NU)
SIM = FIM{NU-1) + ST
Ny o= NG - 1
TNUOZR = TNUDZR - U
TNGOZI = TNUOZT - ¥

135 CONTINUE

ADJIUST SUM

e Be RS

SRE = SRE + SRE - FRE{(1)

STM = SIM ¢ SIM - FIN{1)
T1 = SIM/3RE

U1 = 1./(T1*SIH ¢+ SRE)
V1 = ~01%T1
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MULTIPLF CYLINDRICAL COXNDUCTORS
STBROUTINES

NORMALTZE

BX = EXP{X)
SY = STN{Y)
CY = €3S{Y)

FANRE = EX*(CY*U1 -~ SY*V1)

FANIMN = RX* (CY*V1 + SYXT1)

BIZR = FANRE*FRE{1) FANIK*FIN{1)
BIZT = FANRE*FIM{1) PANIN*FRE {1}
BIOR = FANRE*FRE (2) FANIM*FIN{2)
BIOT = FANRE*FIH(2) FANIM*FRE {2)
RETURN

END

I}

i

]

+ ) -
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Subroutine BESI

We have used the rational approximations developed by Blair and Edwards’ to compute
the modified Bessel functions of the first kind of real argument, L(x) and L(x).
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MULTIPLE CYLINDBRICAL COWDOCTORS
SOBROUTINES

SUBROUTINE BESI (X, XTZRO, XIONE)

COMPUTES THE MODIFIED BESSEL FUNCTTONS IO(X) AND I1(X)
OF REAL ARGUMENT X, USING RATIONAL APPROXIMATIONS.
{(J. M. BLATR, AFCL-4928, 0CT. 197#4)

TABLE 13, P.12 (IO(X), X .LE. 1%

DATA PO, P1, P2, P3, P4, PS5, PH, P7, P8, P9/

1 .137394871E12, .335834006E11, .195725233810, .431197766RE18,
2 .627000932806, .487113418E04, .240359483E02, .773737707E-1,
3 .157463530E~3, .193496966E-6/

DATA 00, 01, 02, 03/

1 .34A485713F11,~.229970736E09, .693700416E06,~-.11595)A47E0U/

TABRLE 29, P. 22 {(Ti(X), X <LE. 15)

DATA RO, R1, R2, R3, R4, R5, R6, R7, R8, RO/
1-.130304539E09,-.157394690208,-.610953810E06, -.1138856320E05,
2-.121620389E03,-.819523728E00,-.367341959E-2, -. 1132974 26E~4,
3-.226143979E-7,-. 3409505658~10/

DATA $0, S1, S2/
1-.893665937E08, .475582653R06,-.104386692E04/

PABLE 43, P.32 (I0O({X), X .5T. 19

DATA T0, T1, T2/

1 .468486946E00,-.117012345801, .278005347E00/
DATA U0, U1/
1 .116422863E01,-.306426483%01/

TARLE 61, P. 43 (I1{(X), ¥ .GT. 15)

DATA VO, V1, Vv2/

1 .106280324E01,-.267327163E01, .113698557801/

DATA WO, Wi/

1 .273391652E01,-.577627341E01/

IF (X .GT. 15.) GO TO 100

7 = X*%¥2

Q = 7% - 225.

XTZRO = (PO + 2% (P1 & 7% (P2 + Z*(P3 + Z%(PU4 + Z%(DP5 & Z*(P6 +

T 2%(P7 + 2%(P8 ¢ 7*¥P3}))))))}) /(A0 + Q*{Q1 + O*{Q2 *+ Q0%(Q3 + Q})))
XIONE = X*(RO ¢ Z*(R1 ¢ Z*(R2 + 7% (R3 ¢ Z¥% (R4 ¢ Z& (R5 # Z*% (R6 ¢

1 7% (R7T + Z*{R8 + Z*R9))))))))) /(S0 + QF{ST + Q%(S2 + 2)))
RETURN

72 = 1./%

Q = SORT (Z) *EXP (X)

2 = 7 - 0666666667

XIZRO = Q*(TO + Z+¥# (P1 ¢ Z*T2)) /(U0 + Z¥ (U1 ¢ Z))
XTONE = Q% (VO & Z% (V1 + Z*V2)) /(W0 + Z%(d1 ¢ 2))
RETURN

END
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Subroutine BESK

We use the rational approximations developed by Russon and Blair® to compute the
modified Bessel functions of the second kind of real argument, Ko(x) and Ki(x), and subroutine
BESI to compute needed values of Io(x) and Ii(x) for arguments in the range 0 < x < 1. The
user must test the argument before calling the subroutine; we make no test for negative or zero
argument.
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BULTIPLE CYLINDRYCAL CONDUCTORS
SUBROUTINES

SUBROUTINE BESK (X, XKZRO, XERONE}

A0ODIFIED BESSEL FUNCTIONS KO(X) AND K1(X) OF
REAL ARGUMENT X, USING RATIONAL APPROXTHATIONS.
(A. E. RUSSON AND J. M. BLATIR, AECL-3461, OCT. 1969)

DATA Q0 /-4.21100684E 1/
DATA PO, P1, P2, P3, P4 /1.15931516E-1, 2.789828638-1,
1 2.52890595E-2, 3.45673143E-4, 1.53265946E~5/

DATA RO, R1, R2 /1. 296B4595E+1, 3.286938731E00,

1 1.101731278-1/

DATA VO, V1, V2, V3 /1.16185710E+2, 3.923995818+2,
1 3.09123840E+2, 4.78236536E+1/

DATA SO, S1, S2, S3 /9.27027874E+1, 3.29677332E+2,

1 2.80713014F+2, 5.71852878E+1/

DATA 70, T1, T2, T3, T4 s4.35972688K00, 1.50242580E¢1,
1 1.38370631E+1, 3.64579096E00, 1.31176117E-1/

DATA U0, U1, U2 /3. 47855876800, 1.068316638+1,

1 7.48153646E00/

IF (¥ .GP. 1.} 53 TO 100

CALL BEST (X, XIZRG, XIONE)

ZL0G = ALOG (X)

7 = X=X

XKZRO = PO ¢ 2% (P1 & Z#(P2 + Z%(P3 ¢ 7%PU})) ~ ZLIG*XIZRO
XKONE = ({(RO ¢ Z%(R1 # Z%*R2))/{00 + 7)) *X + ZLOG=XIONE ¢ 1./X
RETURN

z = 1./%

SXEX = SORT{Z)*EXP {~¥)

XKZRO = SYEX* (VO + Z#% (V1 + 2Z*{V2 ¢ Z*V3)))/

1 (SO + Z*(S1 ¢ Z*{S2 % Z*(S3 + 2))))

XKONE = SXEX* {TO + Z=(T1 ¢ Z*{T2 ¢ 7% (T3 + Z¥T4)))) /
1 (U0 ¢ Z% (U1 + 7« (U2 + Z)))

RETHRN

END
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Function XJINT
We have described elsewhere’” our procedure for computing the function
&ry
I = [ dUindt .

ar

We use the same procedure here with appropriate changes for the use of single-precision
arithmetic on the PDP-10.



OO an

LCOaon

100

1

Cc
105

1

84

MULTIPLE CYLTNDRITAL CONDUCTORS
SUBROUTINES

FIUNCTION XJJINT (X1, ¥X2)
INTEGRAL OF X*J1(X) FROM X1 TO X2, DIVIDED BY

¥2 - ¥1. USES POUER SERTES SUMMATION FOR X .LE.
AND AN ASYMPTOITTZ EXPANSION POR X .GT. 5.

DATA PIDU4, EPS, KX /7.8539816E-1, 2.E-8, 50/, ITY /5/

IF (¥2 .GT. S.) GO IO 300
IFLAG = 0

POWER SERIES SUMMATION
{ORNL-TN¥-4175, ©DP. 51~54)

A = X1%.5
A2 = A*A
B = Y2%,5
B2 = B*R
P1 =B - A
T =38+ A
P2 = C*P1
D = B%A
ODLD = C*P2 - DxP1
P4 = C*QOLD - D*pP?
Q0 = .5%{(C*P4 ~ D¥QOLD)
C = B2 + A2
D = B2%A2
SUM = QOLD*.33333333
RD = .5
D2 = 6.
E = D2
SIGN = -1,
TNP3 = 5.
T = -0/TNP3
DO 100 K=1,K¥
SUM = ™ &+ SUA

RD2 = 1./D2

ONEW = (C*Q ~ D*QOLD*RD)*RD2

SIGN = ~STGN

TNP3 = TNP3 + 2,

T = SIGN*QNRW/TNP3

I¥ (ABS(T/SUM) .LT. EPS} GO TO 105

Q0LD = O
Q = QNEWY
RD = RD2

D2 = D2 + E
E =E + 2.
CONTINUE
WRITE (ITY,1) KK, X1, X2, T, S0H

Se

FORMAT {*OXJJNT DID NOT CONVERGE IWN', T3, ' TERMS'/

' ¥ =', 1PEY4.5, 'X2 =', Ei4.5, ' T =', E18.5, °*
STOP

XJINT = .+ {808 # T} /{X2 - X1
IF {IFLAG .EQ. J) RETURN
GO TO 320

STTA

=4

E14.5)
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MULTIPLE CYLINDRICAL CONDHCTORS

SUBROUTINES

C
300 In0d =1

X = ¥2
-
C ASYAPTOTIC SERTES
c {ORNL~TK-3295, P. 259)
c
305 RX = 1./%X

ARG = XX ~- PIO4

01 = ({{({{(~188.1357*R¥ + 109.1142)*RY ~ 23.79333)#RX & 2.050931)
1 %RY ~ .1730503)*%RY + .T7N34845)*RX =~ 6€.4109E-5

07 = [({{~-5.817517*RK + 2.105874)*RX - .6896196) *RY +

1 .4952024) *RY - 1.873U4E-3) *RX + . 7979095

P3 = 1. - SORT(XX)*{(02%20S (AR3) - Q1*¥SIN{ARG})

IF {160 .FQ. 2 GO TD 215

IF (X1 .NE. 0.) GO TO 311

YIINT = P32

RETIRY
C
311 XY = ¥1
W= p3
60 = 2
IF (XX .5T. 5.3 8D TD 305
TPLAG = 1
TT = X2
T = X1
£2 = T1
X1 = 0.
GO TO 90
C
320 P3 = YJINTETH
X1 = T1
¥2 = TT

C

315 XJIINT = (W - PI)/{¥X2 - X1)
RETURN
END
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MULTIPLE CYLINDRICAT CONDICTORS
SUBROUTTINES
FUNCTION XTINT (X1,X2,KK)
COMPUTES INTEGRAL FROM X1 TO X2 OF X*I1(X) .
FOR ¥2.LE.5, MTTHOD USED IS
BY SUMMING A POWER 3ERIES EXPRESSION UNTIL THE
LAST INCLUDED TERM TS LESS THAN 2.E~-8 TIMES THE SUN.
IF THIS LIMIT TS NOT REACHED AFTER KK TERMS,
A MESSAGE WILL BE PRINTED AND THE PROZRAM STOPPED.
(ORNL~TH-4175, PP. 51-56)

DATR X5 / 1.043506882/
DATA ITY /5/

X5 TS THE INTEGRAL FRO® O TO 5.
CHECK SIZE OF X2
I# (X2 .GT. 5.) GO0 TO 300

INITIALIZE TERMS IN SUHX, DENOHINATORS,ETC.

IPLAG = 0
A = X1%.5
A2 = A%%&D
B = X2%,5
B2 = BRx*)
P1 = B - A
C= B + A
P2 = C*P}
0D = B¥}p

QOLD = C#*PpP2 - D¥P1
P4 = C¥QOLD - D*P2

Q = .S¥{CH*PU ~ D¥*QOLD)
C = B2 + A2
D = B2%A2
su¥ = J0LD/3.
RD1 = .5
D2 = 6.
E = D2
TNP3 = 5.
T = Q/TNP3
BEGIN SUM

DO 105 K=1,KK
SUM = T + SUHA
RD2 = 1./DB2
QUEW = (C*Q - D*QOLD¥*RD1) ¥RD2
TNP3 = TNP3 &+ 2.
T = QNEW/TNP3

TEST CONVERGENCE
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MULTIPLE CYLINDRICAL CONDUCTIRS
SUBROIJTINES

I¥ (T/s5uUM .LT. 2.E-8) G0 TO 110

QOLD = Q
Q0 = QNEW
RD1 = RD2

D2 = D2 + E
E = B + 2.
10% CONTTNUE

c

C PRINT NON - CONVERGENCE MESSAGE

C
WRITE (TTY,1) KK,X1,¥2,7,50%#

1 FORMAT {'OXTINT DYD NOT CONVERGE IN?',I3,* TERMSY/

11 X1 =Y, 1PEIN.5,! X2 ="', B14,5,% T=',E14.5,' SUM =' E14.5)
STOP

C

110  LITINT = G4.%* (SUM + T)
IF (TFLAG .EQ. 7) RETURN
G0 TO 320

ASYMPTOTIC SERIERS POR X2.GT.5
{(ORNL TH ~ 3235, P.252)

aGann

300 = X2
1

305 RY = 1./XX
3 = ({{{(((166D.T96%RX ~ 1737.556)=RY + 543,6694)*RY

1 + 11.31904)*RX - 33,78366) *RX+5. 108402) *RX-0. 61309 35) *RX
2- 0.3350836) *RX + 0.3987795

P3 = PIYEXP (XX)*SORT {XX)

G0 TO (310, 315), IG)

9]

310 IF (X1 .NE. 0.) GO TO 311
XIINT = P13
RETURN

311 XX = A1
W= P13
IGo = 2

I? (XX .GT. 5) GO TO 305

IFLAG = 1

Tr = Y2

X2 = 5,

GO TO 90

320 P3 = X5 -« XTIINT
X2 =TT

315 XTINT = W - P3
RETURN
END
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Function XKKNT

The function K(rs,ry) is’

r; o=l o0
Ko = f kidt = [ tKiwdt ~ f K (odt .
or, o1 ar:

We integrate by parts to obtain

O

J Ki(ndt = xKe(x) + f Ko(t)dt
X X

The function

Kix) = f Ko(t)dt
X

was first tabulated by Bickley and Nayler;'’ rational approximations have been obtained by
Gargantini and Pomentale.'' In addition, we use the rational approximations for the modified

Bessel functions Ko(x) and ly(x) given by Russon and Blair.®
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89

MULTYPLE CYLINDRICAL CONDUCIORS

SUBROUTINES

{(X1,%2)

COMPUTES INTEGRAL FROM X1 TO X2 OF XY*K1(N)

NSES FUNCTION KIT(X)

DEFINED BY BICKLEY,

W.G. BICKLEY AND J. NAYLER, PHIL. MAG. V7, 343(1935).
RATIONAL APPROXIMATIONS USED FOR THIS FUNITION, KI1{X),
T. GARGANTINI AND T. POMENTALE, COMM. ACM V7, 727 {1964).

IT = 1

X = X1

CONTTNUE

IF (X .EQ. 0.) 53 T3 115

EMY = EXP (~X)

PEY = ({({(1.214B3775E1%X + UL.18U1359E1)*Y + 2.42325312E1) *X +

1 2.8385012) *X + 0.573686783F-1)%X + 0,14675888E~-3)*X +

P.26 {ARCL-3461)

3.57003303

3.687789181

X,

2 0.243799709F~7
07X = {{{{((9.69335495«X + U4.39529819E1) =X + 5.257u2465581) *¥
1+ 1.97122604E1) %X + 1.93009367}%X + 0.369690054E-1)%X +
2 0.935368997R-4)*X + D.15520813958-7
CONST = SORT{1.0 + X)*DP6X/07X
IF (X .GT.- 1.) 460 TO 105
FOR X.LE.1, UST RATIONAL APPROXINATION IN XSO,
APTROX., 20, P.17 {AECL-3461) AND APPROX. 64,
XX = Y*X
PNYSD =  {~4.99)50794E-1%XY -B.047504730) *¥¥ -
QMXSO = XX - 3.0794299p1
PRISO = (-3.265458559E~1*"XX - 8.21942355)*+XX -~
NSYSQ = XX - 3.68778895%81
BKO = PNYSQ/QMXS3D - {PRXSD/0SXSQ) *ALOG (X)
S = X*BXO + EMX*CONST
GO TO 110
FOR X.GT.1, IS® RATIONAL APPROXIMATION I¥ 1
APPROY. 101, P.33 (AECL-3U61)
CONTINUE
ONX = 1./X
PNONX = (3.65317216E1%0NX + 1.3625510582) *ONX +7.553342)4E1
OMONY = [{ONX + 3.94576473E1)*0ONY + 1.16258716E2)*0ONX #
1 6.03507352F1
CONS2 = SORT(X) *PNONX/QMONX
S = EHX*{CONS2 %+ CONST)
CONTINUF
F =5
G0 TO 120
F = 1.57079633
CONTINUE
IF {IT .%0. 2) GJ TO 125

IT = 2



X = X2
F1 = F
GO TO 100
KKKKT = F
RETURN

E¥D

3

90

MOLTIPLE CYLINDRICAL
SUBROUTINES

- F

CONDUZTORS
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Subroutine QIDF

This subroutine calculates the frequency-dependent part of the integrand for identical,
intermeshed coils in the presence of multiple internal and external conductors.
We define (cf. Eq. 76, p. 20)

A1 ~ cos aff = 1)]
0!2([2 - 11)2

Qo) =

UVl () + UnVa K () + 2UnVal(r,r)K(r,n)
o’(r: — 1) [UnVi ~ Uy Vai]

Let
x = alh — 1) ;

the first factor is

2

. X
2(1 —cos x) 3
; =

X

X
2
The numerator of the second factor is
UnVol(n,r) + UnVaKi(rar) + 2UnVal(r,r)K(r,n)
= Upl(e,rn)[Viul(r,r) + VaK(r,r)]
+ VKo, r)[U2:K(ro, 1) + UsI(rz,ry)]

The FORTRAN arrays UCOL and VCOL countain the real and imaginary parts of the
matrix elements:

UCOL(1) = ReU; VCOL(l) = ReVy,
UCOL(Q2) = ImU, VCOL(2) = ImV,
UCOL(3) = ReUy VCOL{(3) = ReVy,
UCOL®4) = ImUx, VCOL(4) = ImVy,

The matrix clements are calculated in subroutine UVMAT, called for the U and V
matrices.

The remainder of the subroutine computes the real and imaginary parts of the integrand
and returns them as BZ1 and BZ2.
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MULTTPLE CYLTNDRICAL CONDUCTORS
SUBROUTINES

SUBROQUTINE QIDF (BZ1, BZ2)

COMPUTES FREQUENCY-DEPENDENT INTEGRAND FOR INTERMESHED
IDENTICAL COILS (RQ. 72, P. 645)
(DODD, CHENG AND DEEDS, J. APPL. PHYS. 45,5633({1974))

COMHMON /ALPO/ ALFA, ALSD, ALFOD

COMMON /REGION/ R(10), EHM(11), PERN({11), KLIM
COMMON /REGINT/ RIN (10), EMIN{10), PERMIN(10), NRIN
COMMON /REGEXT/ RFX{(10), EMEX(10), PERMEX(10), NREX
COMMON /TEMDPS/ A(40)

REAL L1,L2

COMHON /COILS/ R1,R2,L1,L2, OTHER(Y4)
EQUIVALENCE (X1,A (1)), (X2,A(2)), (X,A(}),
1 (XR3,A(5), {(T1H,A(6)), (C2,A(T)), {(Zi,A(8)),
2 (Z2,A(9)), (X4,A(10))

DIMENSION UCOL(4), VCOL (M)

RALS = 1./ALSD

X1 = ALFA*R1

X2 = ALPA*RZ

BRDY = 1./(X2 - X1)

XI = RDX*XTINT{X1,¥2,50)

XX = RDX*XKKNT(X1,X2)

X = ALPA* (L2 - L1)

XH = X%.5

SAL = ({SIN{XH)/XH)**2

(XH,A(4)),

Hon

tH

i

SET (i? U MATRIX FOR NO EXTERNAL CONDUCTORS

UCOL(3)
UCoL (1)
UCOL{2)
COL (4)

1

non
[ ¥ Wk oo Y

CALCULATE U MATRIX FOR EXTERNAL CONDUCTORS {IF ANY)
(FLAG INH FOR TVMAT = 1)

IF (NREX .NE. O) CTALL OVHAT (1, UCOL)

SET UP V MATRIX FOR NO INTERWAL CONDUZTORS

VoL () = 1.
VCOL(2) = O.
VCOL(® = O.
VCOL (#) = 0.

CALCULATE V MATRIX FOR INTERNRL CONDUCZTORS (IF ANY)
{(FLAG INN FOR UVHAT = 0)

IF {NRIN .¥E. 0) CALL OUVHAT (0, VCOL)

COMPUUTE BZ1 AND BZ2, THE RRAL AND IMAGINARY PARTS
OF THE INTEGRAND.

X1 = VCOL (3) *XK
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MOLTIPLE CYLINDRICAL CONDUCTORS

SOBROUTINES

X2 = VCOL {U4) *XK
C1 = VZOL{N) *XI + X1
C2 = VICL (2)*XT + %2
X3 = BCOL (1) *XT
Y4 = UTOL(2) *¥I
Z1 = X3%C1 -~ Xy«C?2
72 = X3*C2 ¢+ Y4*Z1
C1 = UZOL(3) *XK + X3
C2 = UZOL(4)*XK + X4
71 = 21 + Z1%C1 - Y2%C2
72 = 72 % X1#C2 + ¥2%C1

EVALUATE DENOMINATOR U2,2)V(1,1) - U2,H V{1,2)
Cc1 UCOL {3y *VCOL {1) - UCOL (W) *VZOL(2) — UCOL{1) *VCOL(3)

UCOL{2) *VCOL{4)

o+ U

T2 = MZOL{3)*VCOL(2) + UCOL (4) *VCAL(1) = UCOL {1) *¥TOL (W)
- UCOL {2)*VCOL (3)

X = Cc2/C1

X1 = 1./{C1 + X*C2)

X2 = -Xx1«¥

C1 = SAL¥RALS

B7Z2 = C1* (K1%22 + ¥2%71)
BZ1 = CI={X1*721 - X2*%22)
RETHRN

END
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Function CINT

The integrand function for two identical, intermeshed coils in air is (cf. Eq. 76, p. 20).

[J(rz,n)J2 ai—ty+e " dg

(- 11) la(l:— )T o
We let
x = allh— 1)

and write the second factor as

, X
_oxte -l
Wx) = S
X

To avoid loss of significant figures for small x, we use the rational approximation

o =, 1200 60x 15x% — %’
T %1260 + 360x + 30x° ’

for values of x less than 0.4. Since e is less than 107 for x greater than 20, we compute the
exponential only for 0.4 < x < 20, since in single-precision arithmetic on the PDP-10,

I~ a=1

for a < 107°. We compute the function

oar
.](I'z,rl) 1
== t](t)dt
a(r2—ry) a{r;—ry) f i)
ory

in the function subprogram XJJINT.
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MULTIPLE CYLINDRICAL CONDUCTORS
SURROOTINES

FUNCTION CINT {ALFA)

ATR PARAMETER, A9,
INTEGRAKD FOR IDENTICAL TSTERMESHED COILS IN AIR.

S¥E DODD, DEEDS AND CHENG, J. APPL. PHYS 45,645(1974),
EQ. 72.

aQaoooan

COMMON /COILS/ R1, B2, L1, L2, OTHER(4)
REAL L1, L2

¥ = ALFA® (L2 - L1)

IF {¥ .LT. .4) GO ™3 100

VAL = 1./X%

T = 1.

IF (X .LE. 20.) T = T - EXP(-X)

VAL = VAL*{1. - VAL*T)

GO TO 200

100 VAL = (630. - X*(30. - ¥* (7.5 - X%.5)))/
1 (1260. + X€{360. + X*30.))

200 ¥1 ALFA*R
X2 ALFA*R2
CINT = VAL* [XJINT (X1, X2} /ALFA} %%}
RETURN
END

3 n
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Subroutine DJCO

For coil 2 below coil | and in a different radial region (Fig. 4, p. 16) the mutual
impedance is (Eq. 67, p. 17)

T cos alle— b) + cos all— )~ cos a(ls— ) — cos a(ly~ k)

o’ (L= L)h— 1)

joMiz = je2ninyue J‘
0

% [an(r4,r3) + V21K(r4,r3)][U121(r2,r1) + UzzK(rz,rl)] gg
o’(1s— ) (2t (Un Vi — UiVa) :

(We have assumed that ap = «)

When there are no conductors present, the matrices U and V are unit matrices, and the mutual
impedance is

o0
. @) - I(rs,r3)K(r2,r1) da
M( - 2 5 B R —
JolizT = Jastitapo fO V@) (u-m)n-r) o

where v(a) is the term with the four cosines in the numerator. For the conductors, the
contribution to the mutual impedance is obtained by subtracting the air part from the total:

oo
e CONLG : ol d
joMIT™ = jw20;nau0 f v(a)G(a) ;(;—
0
with
Gla) = UlzI(r4,r3)[V111(r2,r1) + Vz]K(fz,I‘])] + Vle(U,r})[U]zI(rz,rl) + UZZK(rZ’r])]

o (ry 1)t — r) (U Vi~ UpVa)

When the coils are in the same radial region (Fig. 5, p. 19), the integrand for the
contribution from the conductors is (Eq. 72, p. 20) the same. Thus, we can use one subroutine
for calculating the integrand, whether the coils are in the same radial region or not.

The function v(e) is

cos a(ly 1) + cos a(ls— 1) — cos a(ls— 1) — cos al(ls— 1)
o (L= 1) h)

v(a) =
Using trigonometric identities for sums and differences of sines and cosines, we can write v(a)
in a somewhat more convenient form:

sin aty/2 sin aty/2
ata/ 2 aty)2

V() = cos adi
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where
t, = L — 1, the normalized thickness of coil 1;
t, = l4— /3, the normalized thickness of coil 2;
and
dlZ: 11+12 _ l3+14 )

2 2

the normalized distance from the midplane of coil 1 to the midplane of coil 2.
In the subroutine we use the rational approximation

XZ
_ % 70 11(~6~)
- 2
* 6 70“0(%)

which provides about 8-figure accuracy for x < 0.46.
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BOLTIPLE CYLINDRICAL CONDUCTORS
SUBROUTINES

SUBROUTINE DJCO (BZ1, B72)

COMPIUTES THE INTEGRAND FOR DISJOINT COILS ({EQ. A>3, P. 6un)
{DODD, DEEDS AND CHENG, J. APPL. PHYS. 45, 638 (1974))

COMMON /ALPO/ ALFA, ALSQ, ALFO

COMMON /REGION/ R(10), BM{(11), PERH{11), KLIH
COMMON /REGINT/ RIN(10), EMIN(10), PERNIN(10), NRIW
COMMON /REGEXT/ REX(10), EMEX(10), PRRMEX(10), NREX
COMMON /TEHPS/ A{U0)

COMMON /COILS/ R1, R2, XLi1, XL2, R3, R4, ¥L3, XL&
DIYENSION UCOL(4), VCOL (4)

1 AND V MATRIX ELEMENTS ARE STORED AS FOLLOWS:
HCOL (1) RE (1({1,2)), VCOL{1) = RE (V{1,1))
MCoL (2) I (U (1,2)), VCOL(2) IH (V(1,1))
UCOL(3) = RE (U(2,2)), VCOL(3) I8 (V(2,1))
UCOTL (&) TH {U(2,2)), VCOL{4) IH {V (2, 1))

Hon
nonon

H]

(R0S. 37-40, P, 641, DODD, DEEDS AND CHEEG, LIC. CIT.)

EQUIVALENCE (A{1), X), {A{2), T}, (A{3), HALF), {(A(4), RDX),
1 (A(5), X1), {(A(6), X2), (A(7), 1), (A(8B), C2),
2 (A{%), 21, {A (1)) ,22)

COMPUTE THE CZOMBINATION OF TRIG FUNCTIONS V AND THE
BESSEL FURCTION TINTEGRALS

HALF = ALFA¥,H

¥ = HALF* (XL2 - XL1)

IF (X .GT. J46) GO TO 100

T = X*X*. 166666567

Vo= 1. - T={70. - 11.%T)/(70. + 10.*7)

GO TO 105

V = SIN(X) /X

X = HALF® (XLU ~ XL3)

IF {X .GT. .46) GO TO 110

T = X*{*. 166666667

Vo= (1. = T%(70. ~ 11.%T) /({70. ¢+ 10.%T))*¥
GO TO 115

Vo= (SIN(X)/X)#V

V = V*COS (HALF* (XL4 ¢ XL3 -~ XL2 - XL1))/ALSO
¥ = ALPA%R1

T = ALFA*R2

RDX = 1./(T - X)

XK21 = BRDX*XKKNT{X,T)

X121 = BRDX#XTIINT(X,T,50}
X = ALFA%R3}

T = ALFA¥*RU

RDX = 1./(T ~ X}

XK43 = RDX*XKKNT (X,T)
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MULTIPLFY CYLIWDRICAL CONDUCTIRS
SUBROUTINES
¥I43 = RDX*XIINT(X,T,50)
CALCYLATION OF U AND Vv MATRICES

SET 0P U MATRIY FOR NO EXTERNAL CONDUCTORS

e Ee Rt Ee!

1.
0.
0.
0.

ICOL{3)
UcoL (1)
UCOL{2)
UCOL (4)

#o oo

CALCOLATE U MATRIX FOR EXTERNAL CONDUCTORS {IF ANY).

leBeRE!

TF (NREX .NE. 0) CALL OUVMAT {1, UCOL)

SET UP V MATRIX FOR NO INTERNAL CONDUCTORS

aaan

1.
0.
0.
0.

125  VCOL (1)
YCOL (2)
VCOL (3)
VCOL {4)

[ I R |

CALCULATE V MATRIX FOR INTERNAL CONDUZTORS {(IP ANY).

QOa

IF (NRIN .NE. 0) CALL UVNAT (0O, VCOL)

COMPUTE Bz1 AND BZ2, THE REAL AND IMAGINARY PARTS
OF THE INTEGRAND. START YITH THE NIJMERATIR.

gana

135 X1
X2
71
22
X1
X2

VCOL{1)*XT21 + VCOL{3) *XK21

VCOL (2)*XI21 + VCOL (4) *XK2]
XTU3*(UCOL{ 1) *X1 - USOHL(2)*X2)
XI43% {UCOL (1) *X2 + UCOL{2)*X1)
UCOL (1) *XI21 + UCOL (3) *XK21
UCOL (2) *XI21 ¢ UCOL {8) *XK21

721 + NK43* (VCOL{3)*X1 - VCOL {4)*X2)
22 + XKU3% (VCOL (3)%%2 + VCOL (4)*X1)

[ S TR L T E R VI B [

72

NOW COMPUTE DENOXINATOR (U22%y11 - U12%«v21)

e XL RTY]

0
-
§

= UZOL {3) *VCOL(1) - UCOL {4} *VCOL {2) - UCOL (1) *VCOL {3}
1 + NCOL {2) *VCOL (4)

C2 = UCOL{3) *VCOL(2) + UCOL (4) *V2OL(1) - UCOL (1) *VCOL {4)
1 - UCOL(2) *VCOL{3)

X = c2/¢1

X1 = 1./{C1 + £*C2

X2 = -X*X1

BZ1 = V¥ {X1*21 ~ X2¢22)
BZ2 = V¥{X1*22 + X2*21)
RETURN

ERD
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Subroutine CITBLO

When coil 2 is below coil | and the coils are in the same radial region (Fig. 5, p. 19), the
mutual impedance of the coils with no conductors preseat is (Eq. 72, p. 20)

joMig" =

calhi—1), —alb=0)  ~alli~1) el
SO ™ f J(ra,r)J{(r2,r1) e a(h 4)+ e allmh)_ e alhi=h) e all: :)w] do
Jweiitio 5 o o= r)(nn) (s 1)1~ 1) o

The integral for the air part when the coils are not in the same radial region (see discussion of
subroutine DJCO) can be transformed into the above form by the transformation'” given by

oo

da
f (cos ca) Li{ar) Ki(ar?) =3 = -
0

o3

. d
T eJar) Jar) =
2 o

Thus, we can use one subroutine for calculating the integrand for the coils in air, whether the
coils are in the same region or not,
The term with exponential functions can be written in a somewhat more convenient form:

»‘Otd]z sinh atl/2 sinh at;/2

wla) = €
) oty 2 ot/ 2

where

I
—
5

1 > — 1, the normalized thickness of coil 1;

t: = I, — £, the normalized thickness of coil 2;
and

hrh o btk
dio = 57

the normalized distance from the midplane of coil 1 to the midplane of coil 2. In the
subroutine we use the rational approximation

X2
2 210+ 58&5)

i
—+

X 6 X°
)

which provides about 8-figure accuracy for x < 0.25.
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MULTTPLE CYLIWDRICAL CONDUCTORS
SUBROUTINES

FUNCTION CITBLO {ALFA)

COMPUTES THE COIL INTEGRAND FOR THE CASE OF COIL

NO. 2 BELCW COIL NO. 1. SEE

DODD, DEEDS AND CHENG, J. APPL. PHYS. 45, 638 {1974y,
FIG. 4, P. 639 AND EQ. 68, PP, 644-6u45,

COMMON /fCOILS/ RY, R2, ¥XL1, ¥L2, R3, R4, ¥L3, XL4
DATA XLIM J.25/
RALSQ = 1./ALFA**2

¥1 = ALFA*R1

12 = ALFA*R2

X3 = ALFA*P3

X4 = ALFAR*R4

T™ = XL2Z2 - ¥YL1

T2 = L4 - XL3

D12 = .5%(¥L1 + XL2 -~ XL3 - XL4)
TEST = ALFA®* (D12 - .5%(T1 + T2)}))

IF (TEST .GT. 10.) GO TO 120
HALF = .5*%ALPA

X = HALFXT1

IF (X .GT. XLIM) 50 TO 100

T = X*(*. 166666667

Vo= 1. ¢ T«(210. + 58.%T)/(210. ~ 5.%7T)
GO0 TO 105

v = SINH(X) /X

X = HALF*T2

TP {X .537T. XLIM) GO TO 110

T = X*X«_ 166666657

V = V¢{1. + TH{210. + S58.%T) /(210. ~ 5.%T))

GO TO 115
V = Y*SINH (X) /X

VAL = V*EXP{~ALFA*D12)
GO TO 900

VAL = EXP ({-TEST)*RALSQ/ {T1*T72)
CITBLO = VAL*YJJINT (X1, X2)*XJJINT(X3, ¥Y4)*«RALSQ

RETURN
END
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Subroutine DEFINT
The integrands of the expressions for the change in the mutual impedance due to a defect
are for coil 2 (we assume, as elsewhere, that ao = a):

sin a(z—/4) — sin oz~ L) [Va@)her) + VoK i(en)][Unpl(r,rs) + UnK(rer)] da
01(14"13) (Uszn e U12V21) OI(I‘A—U) o

for a defect in the n-th intemal conductor (Eq. 80, p. 21), and

sina(z—h) ~ sina@z—14) Unp(m)ier) + Un(®)Ki(er)  Viul(rar) + VaK(rsrs) da
ale—15) UV — UnVa o(TsT3) ]

for a defect in the n'-th external conductor (Eq. 84, p.22). The integrands for coil number 1
are of the same form, with 5, /i, r; and r; appearing in place of /4, 5, r4 and ;. We use the
subroutine UVMAT to calculate the matrix elements required in the above expressions, with
the additional entry point UVPRT to calculate the partial products U(n') or V(n). The term
involving the sine functions can be transformed into

sin a(z—45h) — sinafz—AL)  sin atyf2 c ( B
alli—1) aty 2 COSHVF

14+¢’3
5

where t; = [y /;, the normalized thickness of coil 2. We use the same rational approximation
as the one used in subroutine DJCO:

X
sin x x? 0= II(Z
""" Sl T

70 + 100

We us¢ the subroutines BESI, BESK or CMDBES to calculate the Bessel functions.

The version of the main program discussed in this report does not include a calculation of
either the effect of defects or of eddy current heating. These features will be added to a future
version of the program, and detailed listings published in a future report.
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Subroutine UVMAT

The matrices U and V are products of the transformation matrices T. We have described
elsewhere’ our procedure for calculating these matrices in REAL*8 arithmetic on the IBM
360/91; we have used the same subroutines here, with appropriate changes for single-precision
arithmetic on the PDP-10.
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MOLTIPLE CYLINDRTCAL CONDUCTORS
SUBROUTINES

SUBRCUTINE UVHAT (INN, VEC

COMPUTES THE REAL AND TMAGINARY PARTS OF
T{1,2) AND 0T (2,2) FOR CONDUCTORS OUTSIDE COILS
V{(1,1) AND V{2,1) FOR CORDUCTORS INSIDE COILS

SEE DODD, DFEDS AND CHENG, J. APPL. PHYS. #45,6%1(1974}),

E0s. 30, 31, 33, AND 34.

DIMENSION T{8), U(4%), Vv(3), F(8), G(8), Z{(B), VEC{)
COMMON /REGION/ R{10), TM{11), PERM(11), KLIX

COMMON /REGEXT/ REX(10), EMEY{10), PERMEX (10), NREYX
COMMON /PEGINT/ RTIN({10), EMIN(10), PERMIN(10), NRIW
COMYMON /TEMPS/ A (40)

THE FOLLOWINS EQUIVALENCE CONSERVES STORAGE.
THE ARBAY A IS USED FOR TEMPORARY STORAGE IN
SUBROUTINES CNDDSP, UVMAT, QIDF, AND DJCO.

EQULVALENCE (T(1),A(1)), (F(DH,A(9)), (G(N),A(1T)),
(Z (1), 2 (25)), (U(1),A(33)), (V(1),A(37))
COMMON /ALPO/ ALFA,ALS),ALFO

NREG NUMBER OF CIJNDUCTORS
KLI# ONF HMORE THAN NREG
R{K} JNNER RADIUS OF OUTER COWDUCTOR, OR

OUTER RADIUS OF INNER CONDUCTIR
EM (K) OMRGA*MU (K) * SIGMA (K) *RBAR**2
PERM{K) PERMEABILITY (%U)

K REGION TINDFYX

ALFA ALPHA, VARTABLF OF INTEGRATIOW
ALSO ALFA*XD

ALFOD ALFA*%qQ

INN=1 TS A PLAG INDICATING CONDUCTORS OQUTSIDE COIL;

OTHFRWISE CONDUZTORS ARE INSIDE COIL.
ILRK = 0

ILRK = 0 TO PHT AIR INTO EXTRA REGION POR PULL
MATRIX CALCULATION FOR ALL REGIONS.

ILRK = 1 TO USE ACZTUAL PARAMETERS FOR PARTIAL HMATRIX

CATCULATION ASSOCIATED WITH DEFECT IN A CONDIUCTOR.
(ENTRY QJVPRT)

INITIALIZE U FROM VEC.

U{1) = VEC(MN
U{2) = VEC{2)
U(3) = VEC(3)
U) = VEC(4)

REGION SELECTION

IF (INN .¥NE. 1) GO TO 85
no 80 K=1,NREY
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MOLTIPLY CYLINDRYCAL CONDUCTORS

SUBROUTINES
R (K) = REY {K)
EM(K) = EMEX(K)
PERM(K) = PERMEYX (K)

CONTINUE
KLI® = NREX + 1

IF (TLRK .ED. 1) GO TG 95
EX(KLIM) = 0.

PERM (KLTM) = 1.0

TF {INN .NE. 0) 53 TO 95
DO 90 K=1, NRIN

R(K) = RIN({(K)

EM(X) = EMTN[X)

PERN(K) = PRERMIN (K)
CONTINUE
KLI® = NRIN + 1
IF (ILRK .EQ. 1) GO TO 95
EM(KLIN) = 0.
PERM{XLINY) = 1.0

A1 = ALFA
IF (EM(1) -NE. J.) A1 = SORT{.5*{ALSQ+SQRT (ALFO+EM (1) *%2}))
A2 = E1(1)/(A1 + A1)

A1 = RE{ALFA{1)), A2 = TM{ALFA({1))
K = 2
BESIN LOOP 0¥ RFEGIONS
B1 = AT%R (K-1)
B2 = A2%R (K-1)
IF {(B2.N¥E.D.) GO ™0 110

CALL BEST {(B1, 7Z{1), Z{5))
CALL BESK {B1, Z(3), Z{7))

HoH

(1) = Z{1) *B1
Z(3) = 2(3)*B1
7 (2) = 0.
7{4) = 0.
Z() = 0.
7(8) = 0.
GO TO 115

CALL CMDBES (B1,B2,Z)

A3 = ALFA
IF (EM(X) LNE. 0.) A3 = SQRT{(.5*%(ALSQ+SORT (ALFO+EM(K) *%*2)))
Al = EM{K) /(A3 + A3

IF (INN .NE. 1) GO TO 140

IF (R .ED. KLIM) GO TO 140

CHECK F¥OR THIN REGION, CONDOGTZTORS OUTSIDE COILS

TREL = {R{R-1} - R{K))/R(XK~-1)
IF {TREL .GT. .1} GO TO 140



aan

g}

h 3 3

a0 G

130

135

AS
i
A6
B5
B6
IF |
CALY,
CALL
F(1)
F (3)
F{2)
P (%)
F(6)
F (8)

[T E Y

GO T0 135

HUL

THI ¥ REGIO

ALFA
EM{K+1) ¥
RH(K+1) /]
AS% R (K)
AG%R {K)

86 .N¥E. O.
3ESI (B5,
BESK (85,

F{1) %p5

F{3)%B5
0.

0.

0.

0

oo
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TIPLE CYLINDRICAL CONDUCTORS
SUBROOTINES

N - FEVALUATE BESSEL FNS OF ALFA {K¢1)*R® {K)

Foe 0.) AS = SORT (5% (ALSQ+SQRT{ALFO+EM{K+T) %%2}))
AS &+ AS)

) GO TO 130
F(1), F(5))
F(3), F(7))

CALYL CHDBES (B5,B6,F)

CALCULATE

G FUNCTIONS

CALL GCALC (A3,A4,K,G)

c1
£2
c3
71
72
T (4
T{2)
T (5)
T{6)
21 =

Woa o b

S

T (3)
T { it)
T{7)
T(8)
G(3)
G (4)
71 =
72 =
T(1)
T2
T{5)
T (6)
21 =

T (3)
T{®
T(T)

CALCULATE

PER® (K+1)

ELEMENTS OF T MATRIX AT R({K)

/PERY [K)

PERN {K) /PERHK (K- 1)

C2%C1

Z{5) *G{ 1)
Z{5) *G {2
Z1*F {3)
ZAEF {W
Z1sF{ 1)
Z1¥F (2)
Z{NH=GLNH
Z{T) *¥G{2)
= ZIi*F (3)
Zi+F{4)
1= (N
Z21%F (2)
G{ 3 *C1
G{w *C1
{5) %G {3)
{5) *G (M)
T{1) +
T(2) +
T{5) =

[ T

oI~ O B L I TR

ooy

Z(7) G {H)
T{3) ¢
T{4) +
T{7H -

[Tt

7.{6) %G {2)
7. (6} *G (1)
72%F (4)
7 2%F {3)
Z2*F{2)
72%F (1)
7 (8} %G { 2)
7(8) *G{ 1)
Z2%5F (4)
Z2%¥ (3)
22% ¥ (2)
Z2%F (1)

IR R T B SRS I

% (6) %G (#)

¢ Z(6) *G{3)

Z1%F (7) - 22%P(8)
71KF (8] ¢ Z2%F (7)
ZA1%F(5) ¢+ L2%F{6)
Z1%P (6) - Z2%F(5)
~ Z(B)*G{#4)

& Z(B)*G{3)

Z1€F (T) ~ Z2*F(8)
21€F (8} + Z2¥%F (1)
Z1XF(5) + Z2*F(6)
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MULTYPLE CYLINDRICAL CONDUCTORS
SUBROUTINES

T(B) = T(Y) -~ Z1kP(6) - Z2%F (5)
G(5) = G{5) *C2

G(6) = 5{B)*C2

21 = 2(1)*G(5) - 2{2)*G(6)

22 = 2(1) *G{H) + Z{2)*G(3)

T() = T(1) + ZI1¥F(3) =« 22%F(4)
TRY) = T(2) + TARF () + L2%F (3)
T(5) = T(5) + Z1%FP{1) ~ Z2%P(2)
T(6) = T{6) + Z1%F(2) + Z2*F{1)
71 = 2(3)*G(5) - 7 (4)*3(6)

22 = 2{U) %G(5) + %{3)*G{6)

T(3) - ZI*F(3) + 22%F (4)
TL4) - ZAEE (4) ~ Z2%P (3)

7) TL{T) ~ Z1%P{1) + 72%F(2)
8) T(B) = Z1¥P(2) = Z2%F (1)
7 GTY*C3
8 5{8) *C 3

(1) *G(7) - Z2{2)*G{(38)
(1Y2G({8) + Z{2)*G(7)
T{1) + 21%P(7) - 22+F (8}
T(2) + Z1*F (B} + 72*F(7)

SIS I L

(5) = T{5) - Z1¥F(5) + Z2*F (6}
T(6) = T{6) - ZI1%P(6) ~ Z2%F (5)
21 = Z(3)*G{T) - Z{4)*G(B)

22 = Z(3)*G(8) + T (4)*G(7)

T(3) = T{3) - Z1*P({T7) + Z2*F{R)
T{4) = T(4) ~ TI*F(B) =~ 7Z2*xF{7)
T{T) = T(7) + Z1%F (5) = 722%F (5)
T{8) = T(B8) + ZI¥F(6) + 22%F(5)

UPDATE K AND ALPHA

¥ = K ¢ 2
A1 = A5
A2 = A6
GO TO 160

THICK REGION ~ CALCYLATE BESSEL FNS OF ALPA{K}*R(X-1)

140 CONTINUE
B3 = A3&R (K~1)
B4 = AU®R(K=~1)
IF (B4 .HE. 0.) GO TO 150
CALL BEST (B3,F(1),F(5))
CALL BESK (B3,F{(3),F (7))

F(1) = F(1)*B3
F(3) = F{3)*B3
F{2) = 0.
F(4) = 0.
(6} = 0.
F(8) = 0.
GO TO 155

150 CALL CMDBES (B3,84,F)
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MULTIPLF CYLINDRICAL CONDUTTIORS
STTBROUTINES

CALTULATE ELEMENTS OF T-HATRIX AT R {K-1)

P =
2{1
Z (2)
7(3)
7 {4)
TN
T{2)
T{3)
T (4
T ({5}
T (6)
TN
T(8)
R =
A1

A2

i

oo

wo oo

K ¢

o
> 3=
£ W

HaL

CONTTNY
Vim =
v{2)
v (3)
U (4)
U {3)
U(2)
g

1

LI T T PR TR T

P*7 (1)
P* 2 (2)
p*z{3)
pr 7 (4)
F(3) *7{5)
F(3) *Z{5)
P(3)*Z{7)
F(3) *Z (8)
F 1) *2{5)
F(1)*2 {F)
FIN*Z(T)
F(1)*72{9)
1

TIPLY TU

B

TN RGN
T{ 1) *10(2)
T(5)*U (1)
T(5)*0(2)
v {3)

v(2)

V(N

L B T R B

I

\K

PERM(K) /PERM (K- 1)

F(8) %7 (6)
F(4) *7 {5)
F(4) %7 (3)
F{Wy =7 (7)
F(2)*2 (6)
F(2)*Z {5)
F{2) =7 (8)
F{2)*7(7)

STORE V

T{2) %1 (2)
T(2) *U{1)
T {6)*0(2)
T(6)*U (1)

CHECK FOR MORE REGIONS

IF (X

ST

VEC{)
VEC {2)
VEC{3)
VEC (4)
RFETURN
ENTRY 1
ILRK =
GO TO S
END

LE. KLTM)

RE

i

U
U{2)
U
7 (4)

o N

VP RT
1
0

GO TO 100

{I8N, VEC)

I I A

+

F(7)*2 {1)
F(7) %2 {2)
F(7)*7% {3)
F(7)*7 (4)
F(5)*2Z (1)
7(5) *2 {2)
F(5) “Z {3)
P5) ¥ 7 {u)

INTO U

+ o e

T(3)*U{3)
T(3)*0 ()
T(7)*U(3)
T{7) > {4)

FINAL COMPONENTS OF U INTO VEQ

o+ e

+ 3 o+

F{8)*Z(2)
F(8)*%7 {1)
F(8) *Z {4)
F{8)*Z{3)
F{5)%7 {2}
F(6) ¥7Z (1)
P{A) *Z (1)
F(6)%Z{3)

T{u) =G n)
T(Y=0(3)
T(8)=xu(4)
T(8) %1 {3)
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MULTIPLE CYLINDRICAL CONDICTORS
SUBROTTIVES

SUBROUTINE GCALC {A, B, N, BIZGH)

COMPUTES THE & FUNCTIONS FDR A THIN REGION,
AS DESCRIBED IN ORNL-TM-4175, PP. 69-73.
THE INPUT PARAMETERS ARE

A = RE(ALPHA(N))
B = IM(ALPHA {¥))
N = REGION INDEX

THE OOTPYT PARAMETERS ARE STORED IN THE FIGHT-ELEMENT ARRAY
RIGG, WITH BIGG{1) = RE{G (1)), BIGG(2) = IM(G{(N),
BIGG(3} = RE(G(2)), ET C.

COMMOY/REGION/R{10),EM (10) ,PERM {10} ,KLIN
DIMENSION BIGG{H)

X = A*R (N-1)

Y = B<R{N-1)

T = R(N) - R(N=-1}

XT = Tkj
XPXI = XI + X
ETA = T*8

YPET = ETA + ¥
HOZ = T/R {(N=-1)

BIGG{1 = 1. - HOZ
BIGG (7) = 1.
BIGG(3) = XI

BIGG (5) = BIGG{}
BIGG (4) = ETA
BIGG(A) = BIGG{H)
BIGG (2) = O.
BIGG(® = O.

XK = 2.

HKORE = .S*(XI - ETA)*[{XT &+ ETA)
HKOTM = YI*ETA

T = Y/X

M= 1./{7%Y ¢ X)
¥ o= -7
FHHIN = ¥
TIM = ~FMMIN
FMMRE = U
TRE = ~-FMMRE
SM2RE = 1.
SRE = 1,
TMIRE = 1.
SM2IM = 0.
SHIRE = 0.
SM1TY = 0O,
SIM = 0.
TYZRE = 0.
TM2TH = 0.
TEATH = 0.

BEGIN LOOP DN K, THE SNHMATION INDEX

po 10 K=1,30
T0 = 0.
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SUBROUTINES

T = TRE¥*HKORE - TIH*HKOIA

IF (8IGG{3) .NE. 0.) I3 = TD
BIGG(3) = BIGG(3) + T

T = TRE*HKOTM + TIN*HKORE

IF (BIGG(4) .NE. 0.) TQ = TQ
BIGH(4) = BIGG(Y) + T

T = SREXHKORE - SIN*HKOIH

IF (3IGG(7) .NE. 0.) TQ = TQ
BIGG[7) = BIGG(7) + T

T = SRE*HKOIM + SIM*HKORE

I¥ (BIGG(8) .NE. 0.) TQ = TO
BIGG(A) = BIGG(R) + T

FHRE = FMMRE ¢ U

FHIM = FHNIN + V

FOR-TERM RECURRENCE RELATION

CONDUZTORS

+ ABS({T/BI3G{3}))

+ ABS(T/BI3G(4))

+ ABS({T/BI3G (7))}

+ ABS(T/BI5G(8))

FOR S AND T

SPRE = FMNREXSHM2RE ~ FHNIM*SH2IM + SMIRE + FHIH*SIH
SPIM = FMMRE¥*SH2TIH + FMMINK*SH2RE ¢« SMI1Ift - FNIHX*SRE
TDRE = PHMREXTH2RE - FPHMIN*TH2IN + THIRE + PHUIA*TIH
TPIM = FHMRE®*TH2IM + FAMIH*TH2RE + TMIIH ~ PHIM*THE

T = TPRE*HKORE - TPIM*HKOTH
IF (BIGG(1) .NE. O0.) TQ = TQ
BIGG(1) = BIGG(1) + T
T = TPREZHKOIN + TPIS*HRORE
IF (BIGG(?) .NE. 0.) TQ = TQ
BIGG(2) = BIGG(2) + T

T = SPRE*HKORE ~ SPIN*HKOIN
IF (BIGG(5) .NE. 0.) TQO = TQ
BIGG(5) = BIGG(S5) + T
T = SPRE*HKOIH ¢ SPIM*HKORE
IF (BIGG(6) -NE. D.) TQ = TD
BIGG(6) = BIGG{6) + T

TEST CONVERGENCE

IFP (TQ JLT. 1.E-7) GO TO 145

OPDATE FOR NEXT PASS

FMHBRE = FNRE
FHHIN = FHIA
SM2RE = SHMIRE
SH1RE = SRE
SRE = SPRE
SH2IM = SHMI1TIH
SB1I% = SIH
SI¥ = SPIA
TH2RE = THIRE
THTRE = TRE
TRE = TPRE
THZ2IM = THIIHN
TAIIA = TIH
TIH = TPIH

XK = XK ¢+ 1.

¢ ABS(T/BI3G{1))

+ ABS{T/BI3G(2))

+ ABS(T/BISG (D))

+ ABS(T/BISG(6))

]

§

FARE#SKE
FHRE#*SIH
FMRE*TRE
FNRE*TIH
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T = (HKORE*XI -~ HKOINM*ETA) /XK
HKOIM = {HKOBE*ETA + HEKDIM*XI} /XK
HRKORE = T

140 CONTINGE

C SUMMATION FINISHED. IFP A NORMAL EXIT IS5 MADE FROH

C THE ABOVE LOOP, CONVERGENCE WAS HOT REACHED.

C TYPE OUT THE NON-CONVERGENCE ALARM.

C
TYPE 1,70

1 FPORMAT {*1 GCALC NOT CONVERGED AFTER 30 IERMS-T)=',1PB15.6}

STOP

C

C CONVERGENCE REACHED.

C MUOLTI PLY BY APPROPRIATE FACTORS.

c

145 CONTINUE

T = BIGG{ ) *XPXI - BIGG (4)*YPET
BIGG(#) = BIGG(3) *YPET ¢ BIGG(4)*XPNI
BYIGG(3) = T

T = BIGG{®) *1] - BIGG {6)*V

BIGG(H) = BIGG({5)*V & BIGG{H)*T
BIGGS) = T

T = 1. + HOZ

BIGG {7) = T*BIGGE{7)

BIGG{8) = BIGG[3}*T

RETURYN

END



112

Subroutine COLAIR

This subroutine computes the value of the air parameter A, which, for identical
intermeshed coils, is given by the expression

o (L) o’

o0 ! . '_Ot(lz“_ 11)“
As = m(r— )~ 1) I‘ [J(rz,rl)] alb—1) + ¢ | do
0 a(ry - 11)

The infinite integral is approximated by the sum

oc

N Oy
f fla)do = z f fla)da
n=I

0 Q-1

with a0 = 0 and with the stepsize a, — o.-1 and the last upper limit oy requested from the
user’s input terminal. The contributions from each step are computed with subroutine ADAPT,
using Gaussian integration. Values of the sum can be printed as frequently as desired. The
output shown below is from a run on the PDP-10 with

ap 7 OGy-1 — 0.25
N = 200 s

and printing every 40th step; the column headed “TERM” shows values of the integral over the
last interval before printing; that is, for @, = 10, the entry in the “INTEGRAL” column is

10

f fla)da
0

and the entry in the*TERM” column is
10

fa)da
9.75
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TYPE IN MAXIMUM ALPHA, STEP AND PRINT FREQUENCY
FOR INTEGRATION FOR A9, FOR DEFAULT VALUES, HIT RETURN.
200,.25,40 ¥

AY

ALPHA

1.0000000E401

INTEGRAL

3.2086329E~01

TERM

9.5676977E-05

2.0000000E+01 3.2668920E-01 4.8552126E-07
3.0000000E+01 3.2706258E-01 1.2545491E-05
4,0000000E+01 3,2722630E-01 4.7799420E-08
5.0000000E+01 3,2727536E~-01 2.4598147E-Ub
6.0000000E+01 3.2729297E-01 3.2716575E-08
7.0000000E+01 3.2730489E~-01 4.1123364E-09
8.0000000E+01 3,2731018E-01 1.2096378E-09
9.0000000E+01 3,2731456E-01 2.3128475E~07
1.0000000E+02 3,2731653E-01 1.4647092E-08
1.1000000E+02 3,2731871E-01 6.6399984E~-08
1.2000000E+02 3,2731934E-0]1 2.5078999£-09
1.3000000B+02 3,2732039E-01 6.2076782E-09
1.4000000E+02 3,2732077E-01 2.9641923E~-0Y
1.5000000E+02 3.2732141E-01 3.1878876E~-08
1.6000000E+02 3,2732159E-01 5.2585881E-09
1.7000000E+02 3,2732200E-01 4.,4921533E-09
1.8000000E+02 3,2732209E-01 8.6923681E-11
1.9000000E402 3,2732232E-01 4.0632505E-09
2.0000000E+02 3,2732239E-01 2.6673168E-09

= 1.,0119264E-02
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SUBROUTINE COLAIR (09, LOU, CINT)

COMPUTES THE ATR PARAMETER, 09, USING FAUSSIAN INTEGRATION.
09 IS 3 NORMALIZFD VALUE OF A9, THE AIR PARANMETFR USED IN
ORNL-T#-3295, P. 149

EXTERNAT. CINT, GAUSS

COMMON /COILS/ R1, R2, XL1, X¥XL2, R3, R4, XL3, ¥LU4
COMMON /INTPAR/ ALMAX, STEP, IP

DATA BLANK /5H /

DATA PLUS /SH+ /

DATA PI/ 3.14153265 /

A1 = 0.

CONT = 0.

StM = 0.

NP = 0

WRITE (L.0OU, 7]

FORMAT {'0',6X,'ALPHA?,7X,* INTEGRAL', 7%, FERA" /1K)

A2 = A1 * STEP

CALL ADAPT (A1, A2, GAUSS, CINT, 1.E-4, 5.E-8%, CONT, CHAR)
SUN = SUK 4 CONT

NP = NP + 1

IF (NP ,LT. IP} GO TO 121

NP = O

WETTE (LOU,4) A2, S1UM, CONT, CHAR

FORMAT {1X, 1P3F15.7, S5¥A 1)

A1 = A2
IF (A1 .TLE. ALMAX) GO TO 100

09 = PT*SUH

IF {(XL2 .NE. YL4) 09 = ,5%39
RETURN

END
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RLOCK DATA
VALOES FOR ATTENUATIR CIRCUIT PARAMETERS

COMMON /CIRCT/ VO, RO, °6H, R6, 22(4), R7, C7
DATA V0, RO, C6, BH6 s3.234%1, U64,, 3.83E-9,
DATA R7, C7, RY /69.4, 3.83E-9, 464./

DATA TN /190.75%/

END

« B9,
h9.4/

TH
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SUBRGUTINE ATTEN (ITY)

DISPLAY AND ALTER ATTENUATOR ZTIRCUIT PARAMETERS
{SEE P. 21, ORNL-TH~4175)

CO®MON /CIRCT/ VO, RD, C6, R6, ZZ({4), RJ, C7, RI, TN

COMMON /COILIN/ CTSIZE (12)

DIMENSION PARAM(8), NAME(8)

DATA NAME /2HVO, 2HRO, 24C6, 2HR&, 2HR7, 2HCT, 2HRO, 2HTH/

WRITE (ITY,1)

FORMAT ({'1EACH 3F THE PARAHMETERS OF THE ATTENUATOR CIRCUIT®/
* WILL BF LISTED WITH ITS CURRENT VALUE. TO RETATIN THIS!'/
' VALUE, HIT RETURN. T0 TNSERT A NEW VALUE, TYPB IT IN.'/1X)

PARAM(1) = VO
PARAM(2) = RO
PARAM{3) = C&
PARAM(4) = R6
PARAM(S5) = R7
PARAM{6) = C7
PARAM{7) = RS9
PARANM {8) = TN

DO 100 T1=1,8
WRITE (ITY,2) NAME{I), PARAX{I)
FORMAT (1Y, A2, 1PE13.5, 2X, %)
READ (ITY,3) TEHP
FORMAT (E)

I¥ (TEMP .GT. 0.) PARAK(I) = TEHP

CONTINUE

VO = PARAH(Y)
RO = DARAM(2)
Ch = PARAM{3)
R6 = PARAN(4)
R7 = PARAM(S)
C7 = PARAM(6)
R9 = PARAN(Y)
TN = PARAMN(B)

CSTIZE(9) = TN
CSIZE{10) = TN
RETURN

END
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SURROUTINES

SUBROUTINE VOUT (V3RL,

CALCULATE
VORL = REAL PART
YOIM = IMAG PART
YIABS3 = MAGNITUDE
VYOARG =
(SEE PP. 108-~111,
REAL MU, L
COMMON /CIRCT/ VO, RO,
1 Rr7, C7, RY9, TN

COMMON /INNML/ OHEGA,
DATA G A1./,
R = R2 - R1
A =
ZHMRL
ZDRL
2ZPHRL =
ZuI ¥
ZDTH 7N IM

ZPUTY = ZMINM

B = ~VO¥R9*G

VHNUMRL B*ZMRL
VNOMIN BEZMIN

P = CH*RO

Q = C7T*R9

OMEGSO = OMEGA*OMEGA
X = OMEGSQ*P*)Q ~ 1,
~OMEGA* (P + D)

A*ZRL

ZHMRL
ZMRL

A*ZIH

Hon B

g0

{ZMRL + ZMRL)*2ZHIN
X*S - Y*T

Y*S ¢ X®T

OMEGA*P

ZDRL *+ R6

A*B + ZDIM

A*ZDIN - (B + RO)
OMEGA*Q

7ZPURL + R7

A*B + ZPUIM
A*ZPUIN ~ (B + R9)
C*P - D*F

D*E + C*F

YDENRL = A + U

YDENIM = B + H

DENSQ =
VORL
VOIN
VOABS =
VOARG =
I¥ (VORL
RETURN
END

W OO gDy g 3an<
LI S T L TON L N ST O S T { B LN | B

MuU*, 12587
SNE. 0.}

L, 1, rR2,
MU /1. 25663706 1E-6/

VOARG

VOoIiM, VOABS,

PHASZ IN RADIANS

DRNL-TM-4175)

6, RH, 7DRL,

ZMRL*ZMRL ~ ZMIR*ZIMIN

A9,

VY OARG)

ATTERUATOR OUTPUT VOLTAGE

1IN,

281,

VDENRL*#VDENRL + VDENIM*VDENIM
= (VHNUMRLXVDENRL + VNUMIN*VDENIM)/DENSQ
= {VYNUMIM*VDENRL -

7im,

ZPURL, ZPUILMN,

RBAR

{OME3A + OMEGA) *TNATN*MU*RBAR*®AY/ (L*L*R*R)

VNUMRL*VDENIM) /DENSQ

SORT {VORL*VORL + VOIM*VDIM)

= ATAN {VYOIN/VORL})
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SUBROUTINE CDIS® {TNN)
DISPLAYS COIL PARAXE

COMMON /COILIN/ CSIZE(1D
COMMON /COTILS/ CZNORYM (8)
COMMON /CNAME/ NHCP(11)
WRITE (INN,1)
FORMAT ('OCOTL PARAMETER
DO 100 I=1,8
WRITE (TUN,2) NMCP({I),
FORMAT (11X, A2, 2F10.3
CONTINUE
WRITE (T"N,3) CSIZE{9),
FORMAT (' N1, F10.3/% &
RETURN
END

TERS ON LOGXCAL UNIT IfiN

)

S ARE :'/7X,

"ACTUAL', S5X,

CSIZE(I), CZNORNMN(I)

)

CSIZE(10)
2°, F10.3)

*NORH*/1X)
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MOLTTPLE CYLINDRICAL CONDUCTORS
SUBROUTINES

SUBROUTINE CCHAN
CHANGE COIL PARAMETRRS

COMMON /COTLIN/ ZSIZE(10)

COMMON /COILS/ CZNORM(S)

COMMNE JCNAME/ HMCP(11)

DIMENSION LTST(4)

DATA LIST /SHALL , SHSELEC, SHNAMES, SH e ITTY /57

WRITE (ITTY,1)

FORMAT (' 0T0 CHANGY ALL COIL PARAMETERS, TYPE WALLY™ FOLLOWEDY/
P BY A BETURN. TO CHAUGE SELECTED COIL PARAMETERS,f/
¢ TYPE "SELECT™. TO SEE THE PARAMETER NAMES, TYPE “NAMESH.'/
' TO KEEP THE PRESENT CZOIL PARAMETERS, HIT RETURN. '/1X)

READ (TITTY,2) ITEM

FORMAT (AS)

CALL MATCH (ITEM, LIST, 4, KMAT)
IF {KMA™ _NF. 0) GO TO 105

WRITE (ITTY,3) ITEM

FORMAT (1X, A5, *'? TRY AGAIN]*, %)
GO TO 100

50 TO (110, 140, 160, 135), EMAT
CHANGE ALL COIL PARAMETERS

ERITE (ITTY,4)
FORMAT (' TYPE T'HE COIL PARAMETER VALUES'/1X)
DO 115 N=1,10
WRITE (ITTY,5) NMCD (N
FORMAT (1X, A2, 1%, %)
PEAD (TTTY,6) CSIZE{N)
FORMAT (E)
CONTINU®

DONE - NORMALIZE COIL PARAHETERS AND RETURN

CALL NOBMCO
RETURN

CHANGE SELECTED COIL PARAMETERS

WRITE {ITTY,9)
FORMAT {' TYPFE THE THO~-CHARACZTER NAME, AT LEAST ONE SPACE, AND'/
! THE NPV PARAMETER VALUE. END WITH A NAME DF wYX"_.*/1X)

READ (ITTY,10) ITEN, VAL

FORMAT (A2, E)

CALL MATCH (ITEM, NMTP, 11, XKMAT)
IPF {KMAT .GT. 0) 50 TO 150

WYRITE (ITTY, 11} ITE#M
FPORMAT (' THERE IS NO PARAMETER NAMED *, A2, *. TRY AGAIN ] /1X)



a
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150

155

160
12

GO TO 145
IF {KMAT
CSIZ E{KMA
GO TO 145

IF (KMAT
GO TO 146

DISPL
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MULTIPLE CYLINDRICAL CONDUCTORS

SUBROUTINES
.GT. 13) GO TO 155
™ = VAL
LE0. 11) GO TO 135

AY PARAMETER NAMNES

WRITE (ITTY, 12} NHMCP

FORMA™ (!
GO TO 30
END

THE PARAMETER MAMES ARE'/1X, 11A5/1X)
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SUBRQUTINE CNDDSP ({IQPT,IUN)

DISPLAYS CONDUCTOR PROPERTIES ON UNIT IUW
IOPT 1 = INNE®R, 2 = OUTER

COMMOYN /INOUT/ WORD{2)
COMMON /INTCON/ XRIN{10), LMIN(10), XN0OI(10), YRHI(1D),
COMMON /EXTCON/ XREX(10), XMEX(10), XMUX(10), XRHX{1D}),
COMMON /REGINT/ RIN(10), EMIN{10), PERMIN{10), NRIN
COMMON /REGEXT/ REYX(10), EMEX (10}, PERMEX (10}, NREX
COMNON /REGION/ R{10)}, EM{11), PERM{11), RRES
COMMON /TEMPS/ A(40)
DIMENSION XR(10), X8 (10), RHO(10), OUT(S)
EQUIVALENCE (XR{D A{1D), {XHM{DH,A{11)},
T (RHO(1),A2(21)), {(DUT{(1),A{31))
IF {(I0PT .EDQ. 2) GO TO 110
NREG = NRIN
DO 105 N=1,¥REG

R(N) = RIN(Y)

XR{N) = XRIN(N)
EM(N) = EMIN(N)
XMy = YMIN{Y)
PERM(N) = PERMNIN(N)

PHO(N) = XRHI{N)
105 CONTINUE
GO TO 120

110 NREG = NREX
DO 115 N=1,NREG
R{N} = REY{N)

XR(¥) = ¥YREX(N)
EM{N) = EMEX{N)}
XMA{N} = XMEX(N)

PFERM{N}) = PERMEX(N)
RHO(N) = XRHX (¥)
115 CONTINU®

120 HRITE {IUN,1) WORD{IOPT)
1 FORMAT ('0', A5, ' CONDUCTOR PROPERTIES:*/
1* N PR,ACTUAL R,NORM M,NORM MO(REL)*, 7X,

2 'RHO'/1X)
DO 125 N=1,NREG

oUT(1) = XR(N)

OUT{2) = R{N)

OUT{3) = EM(N)

OUT(4) = PERM{N)

OUT({5) = RHO(N)

WRITE (IUN,2) N, OUT
2 FORMAT (1X, 12, 2F10.3, 1P3IE12.4)
125 CONTINUE

RETURN

END

NZIN
NCEX
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SUBROUTINE CNDCHA (ITTY)

c

Comm e = 07/12/74

Cm=mm= THIS SHBRONTINE WILL, 0UPON REQUEST, TNSHERT, CHANGE, OR
Comomm = DELETE SELEIZTEDG CONDOCTOR PARAMETERS IN EITHER THE

Qoo me = INTERNAL OR EXTERWAL REGIONS.

c mmmmm

COHMON /EXTCON/ XREY (10) ,XHEX {10), XHUX (10}, XRAX {10) ,NZRX
COMMON /INTCON/ XRIN {10) ,XNMIN{10),XHUT(10) ,XKRHI (10) ,NCIN
COMHMON /REGINT/ RIN(10) ,EMIN (10),PERMIN{10),NRIN

COMMON /REGEXT/ REX (10), EHEX {10), PERMEX {10) ,NREX

CONMON /COILIN/ CSIZE {10)

DIMENSION NANCOP(4) ,DECTIS(#) ,00%¥{2),CODRI (4),CODRE{u)
EQUIVALENCE {(CODRE{1),CODRI{1))

DIMENSION JUDGE {2)

DATA JUDGE / SHYES ,SBHKG  /

DATA HANCOP /S5HR , SHH , SHHU , SHRH) /

DATA DECIS /SHINSER, SHDELET, SHCHANG, SH /

DATA CON /3HINT,34EXT/

DATA BIG, SMALL /SHLARGE, SHSHALL/

ARITE(ITTY,S)
FORMAT {'OTC INSERT CONDUCTORS, TYPE "INRSERT"®/
' TO CHANGE CONDHCTORS, TYPE “CHANGE®W®/
' T0 DELETE CONDUZTORS, TYPE "DELETE®?!/
' POLLOWED BY A RETURN, TO RETORN TO THE ¥ATN PROGRAN,'/
' HIT RETURN.'/1X)

[ Y

[ IR VR N Y

10 READ (XITTY,15) PICK

15  PORMAT (k5)
CALL MATCH (PICK,DECIS,u,KNAT)
IF (KMAT .N®. 0) GO TO 25
WRITE (ITTY,20) PICK

20 PORMAT (1X,A5,'? TRY AGAIN]',$)
GO TO 10

9]

25 50 TO (30,215,375,525) ,KHAT

INSERT ADDITIONAL CONDUCTORS

s Re]

30 9RITE (ITTY,3%)

35  FORMAT ('OFOR A CONDUCTOR INSIDE THE COILS, TYPE WINT®MI/
1 %' POR A CONDUCTOR OUTSIDE THE COILS, TYPE "EXTH!/
1 ¢ FPOLLOWED BY A REFDRN.®/1X)

37 READ (ITTY,40) CHOICE

bo FORMAT (A3)
CALL MATCH (CHOICE,COV,2,KHAT)
IF (KMAT .NE. 0) GO TO 50
WRITE (ITTY,20) CHOICE
GO TO 37

@]

50 IF (KHAT .EQ. 20 GO Tn 125

o0

INSERT INTERNAL CONDUOCTOR, I¥ POSSIBLE.
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MOLTIPLY CYLINDRICAL CONDUCTORS
SUBROUTINES

N = NCIN
IF (¥ .LT. 10) GO TO 65

WRITE (ITTY,60) CON(1)

FORNAT (*OALRFADY HAVE THE MAXIMUN NUMBER OF 1V,
1 A3, "ERNAL CONDUZTORS.Y /10

GO TO 185 ‘

WRITE (ITTY,130) CON{Y)

DO 85 M=1,4
WRITE (ITTY,75) NAMCOP (M)
FORMAT (1X,AS5,1X,%)
READ (ITTY,R0) CODRT{M)
FORMAT (E)

CONTINOF

TEST CONDUCTNR RADIUS AGATINST MINIMOM COTIL INNFR RADIUS

IP (CODRI{1) .LT. AMINT{CSIZE(1),CSIZE(S5))) GO T 95
WRITE (ITTY,90) BIG, CON({1)

FORMAT {' R IS 732 ',AS,! FOR THE *,A3,ERNAL REGION. */
1t TRY AGAIN.'/1X)

GO TO 73

IF (N .EQ. 0) 5D T0O 115
IF (CODRTI{1) .GT. XRIN{N)) GO TO 115

NE4 CONDUCTIR RADIUS .LE. OLD LAST CONDUCTOR RADIUS.
PTIND I SUCH THAT NEW CONDUCTOR RADIUS IS .LT. R{I)},
THEY MOVE PARAMETERS FOR OLD ITH THRU NTH REGIONS
0ouT 1 SLOT.

DO 100 I=1,WN
IF (CODRY (1) .LT. XRIN{I)) GO TO 105
CONTINDE
T+ 1
¥ o+ 1
N
o 11D L=J,N
XRI N (K)
IMIV(K)
AMUT(K)
XRHI (K)
K= K& -
CONTINDE

[ L)

[o B )

XRIN (K=1)
XMIN (K~1)
XMUT (K- 1)
XRHI (K-1)

U I O

NEW PARAMETERS IN TITH REGION - USE NONZERD IRpUT
VALUES ONLY.

IF (CODRI{1) .NE. O.) XRIN{I} = ZODRI (V)
XMIN({(I) = CODRI(2)
IF (CODBT {3) .NE. XMOT (I} CODRI {3)

o

0.)
IF {CODRI(U4) .NE. O.) XRHI(I} = CODRY (4)
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165

170

124

MULTIPLE CYLIRDRICAL CONDUCTORS
SUBROUTINES

G0 TO 120

NEAd CONDUCTOR IS QUTERMOST INTERNAL CONDUCTOR

N =N + 1

IF (CODRI (1) .NE. 0.) XYRIN(N)
XMIN {N) = CODRI(2)

IF (CODRTI(3) .NE. 0.) XMHOUI(N)
IF (CODRI({4Y .NE. 0.) XRHI(N)

i

CODRI (1)

ZODRI {3)
CODRT {u)

o

NCIN = N
GO TO 185

INSERT EXTERNAL CONDUCTGOR

NN = NCHX

IF (NN .LT. 10) GO TO 126
WRITE (ITTY{,60) CTON(2)

50 TO 185

WRITE (ITTY, 130) CTON(2)
FORMAT (' TYPE IN THE NEW CONDUCTOR PARAMETER VALUESt/
1 * FOR THE ?',A3,'ERNAL REGION.'/1X)

DO 145 ¥=1,4
HRITE (ITTY,75) NAHMNCOP (M)
READ {ITTY,80) CODRE{M}
CONTINUE
IF {(CODRE{1) .GT. AMAX1(CSIZE(2),CSIZE(6))) 50 TO 155
WRITE (ITTY,90) SHMALL, CO¥(2)
GO TO 133

IF (NN .EQ. 0) 30 TO 175
IF (CODRE{1) .LT. XREX(NN)) GO TO 175
DO 160 T=1,N¥

IF (CODRE(1) .GT. XREX(I)) GO TO 165

CONTINUOE
J =1+« 1
NN = NN ¢ 1
K = NN
DO 170 U=J,NN
XREX{K) = XREX({XK-1}
THEX (K) = XMEX(K-1)
XMUX{K}) = EMUX(K-1)
XRUHN({K) = XRHYX{K-1)
K = &8 - 1
CONTINUE
IF {CODRE{1) .NE. 0.) XREX(I) = ZODRE({1)
XMEX(I) = CODRE{2)
IF (CODRE {3) .NE. 0.) XAUGX({I) = CODRE({3)
TF (CODRE({4) .NB. O.) XRHX{I) = ZODRE (4)

50 TO 180



175

2

180

o e Ne]

185
190

-

T195
200

3

210

SRR

215

225

a

240

[ R e N

250

275

280

aaonn

1

1
2

NN = NN +

125

AULTI?2LE CYLINDRICAL

1

SUBROUTINES

IF (CODRE (1) .NE. D.) XREX(N

XMEX (BN} =

CCODRYE({2)

IF (CODRE (3) .NE. 0.) XMOX(N
IF (CODRE(4) .NE. 0.) XRHX(N

NCEX = N¥

QUERY FPOR MORE REGIONS

WRBITE (ITTY,190)
FORMAT [* OFOR MOREZ REGIDNS,
TYPE "NO"™, FOLLOWED BY A RETURN.'/1X}

' TF NoOT,

READ (ITTY,200) LOOK

FORMAT (Al

)

N)

)
N)

CONDUCTORS

i

[T}

CODRE{Y)

CODRE{3)
CODRE (4)

TYPE "YES®; '/

CALL MATCH (LOOK,JUDGE,2,KMAT)
IF (KMAT .NE. 0) GO TO 210
WRITE (ITTY,20) LOOK

G0 TO 195

GO TO (30,1, KMAT

DELETE A¥ FEXISTING CONDUC

WRITE (ITTY, 35)

READ {ITTY,40) CHOICE
CALL MATCH ({CHOICE,CON,2,KHAT)
IF (KMAT .NE. 0) GO TO 240
WRITE (ITTY,20) CHDICE

GO TO 225

IP {KMAT .EQ. 2) GO TO 300

TOR

DELETF AN INTERNAL CONDUCTOR.

WRITE (ITTY,250) CON{1), DECIS{(2)

PORMAT (*OTYPE IN THE VALUE
1X,A3, *ERNAL REGION WHOSE PARAMETERS YOU WANT */1X,
AS, 'ED'/1X)

WRITE (ITTY,275)

FORMAT (°

I

', 5)

READ (ITTY,280) T
FORMAT {I2)

N = NCIN -
IF {I .EQ.

1
NCIN) GO TO 290

NI"

CORRESPONDING T3 THR?'/

MOVE ALL PARAMETERS IN ONE SLOT, IP REGION DELETED
WAS NOT THE OLD LAST REGION.

DO 285 L=T,N

XRIN{L)
XHIN{L)
XMOTI (L)

WoHou

XRIN{(L+T)
XMIN{L+7)
XYHUI {L+7)
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MOTTIPLE CYLINDRICAL COGNDUCTORS
SUBROUTINES

XRHY (L) = XRAI(L&1)
285 CONTINOE

g

290 NCIN = N
GO TO 330

DELETE AN EXTERNAL CONDUCTOR

Gy G

300 WRITE {ITTY,250} CON(2), DECIS{2)
WRITE (ITTY,275)
READ (ITTY,280) T
N = NCEX - 1
IF (I .EQ. NCEY) GNn TO 325
Do 320 L=1I,N

XREX (L) = XREX (L+1)

XMFX{L) = XMEX(L+1)

XATUX (L) = XMUX(L+1)

XRHX (L) = XREX(L+1)
320 CONTINUE

325 NCEX = W

DUERY FOR MORE REGIONS

naaa

330 HRITE (ITTY,190)

337 READ (ITTY,200) LOOK
CALL MATCH (LDOK,JUDGE,2,KMAT)
IF {KMAT .NFE. 0y GO TO 350
WRITE (ITTY,20) LOOK
0 TO 337

(3

350 GO TO (215,1), KMAT

CHANGE AN EXISTING CONDUCTOR

IS NN

375 WRITE (ITTY, 35)

9]

385 READ (ITTY,80) CHOICE
CALL MATCH (CHOICE,CON,2,KHAT)
IF (KMAT .NE. 0) GO TO 400
WRITE {(ITTY,20) CHOTCE
G0 TO 385

(]

400 TIF (KWAT .EQ. 2) GO TO 445

CHANGE PROPFRTIES OF AN EXISTING CONDUCTOR

(e N e R

HRITE (ITTY,250) CON(1), DECIS({3)
WRITE (ITTY,275)
READ (ITTY,280) I
WRITE (ITTY,425)
825 FORMAT{'OTYPE IN THE NEW PARAMETER VALUES.'/1X)
DO 440 M=1,u
WRITE (YTTY,75) NAMCOP (M)
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MOLTIPLE CYLINDBTICAL CONDUITORS
SOBROUTYNES

BREAD (TTTY,B80}) CODRI{M)
4y CONTINOE

c
o REPLACE OLD PARAMETER VALUES BY NONZERO INPUT VALUES
c

IF (CODRI (1) .NE. 0.) XRIN{I} = CODRI{1)

XMIN (I) = CODRT(2)

IF {CODRI(3) .NE. 0.) XMUI{I}) = ZODRI {3)

IF (CODRT {4) .NE. 0.) XRHI{I) = CODRT {4}

G0 TO 485
T
c CHANGE EXTERNAL REGIOY
c

445 WRITE (TTTY,250) CON(2), DECIS{I)
WRITE (ITTY,275)
RFAD (ITTY,280) T
WRITF (TTTY,425)
DO 480 M=1,0
WRITE (ITTY,75) NAMCOP (M)
READ (ITTY,80) CODRE (M)
480 CONTINUE

IF _CODRE(1) .NE. 0.} XREX(I) = CODRE{1)
XMEX {I} = CODRRE{(2)

IF (CODRE(3) .NE. 0.} XMUX{I) = TODRE {31}
IF (CODRE{4) .NE. 0.) XRHX{T) = CODRE {4)

QUERY FOR MORE REGIONWNS

a0

485 WRITE (ITTY,190)

500 READ (ITTY,200} LOOK
CALL ™ATCH {LONK,JUDGE,2,KMAT)
IF (KMAT .NF. 0) GO TO 520
WRITE (ITTY,20) LOODK
GO TO 500

]

520 GO TO (375,1), KMAT

BLANK ~ RETURN TO CALLING PROGRAMNM

Ty Y

52% RETURN
END
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MULTIPLE CYLINDRICAL CONDUCTORS
SHBROUTINES

SUBROUTINE NORHCO

NORMALTZE COTL DIMENSIONS BY MULTIPLYING BY THE
RECTPROCAL OF THE HMEAN RADIUS OF COIL WNO. 1

COMMON /COILIN/ TSIZE (10)
COMMON /COILS/ CZNORM(8) /FACT/ RRB
RRB = 2./ (CSIZE{1) + CSIZE{2))
DO 100 ¥=1,8
CZNORM(N) = CSIZE(N)*REB
100 CONTINUE
RETURN
END
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MULTIPLE CYLINDRICAL CONDUCTORS
SUBROUTINES

SUBROUTINE MATCH {ITEM, ITBL, NENT, KMAT}

SEARCHES THE TABRLE ITBL WITH NENT ENTRIES FOR KMAT, THE
INDEX OF THE FIRST ENTRY WHICH IS EQUAL TO ITEM. IF NO
MATCH IS FOUND, KMAT IS ZERO

DIMENSION ITBL(M)

KMAT = 0

DO 100 K=1,NENT
IF (ITE® .NE. ITBL(N)) GO TO 100
KMAT = N
RETURN

100 CONTINUE
RETURN
END
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INDEX OF SUBROUTINE DEFINITIONS AND CALLS
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MULTIPLE CYLINDRICAL CONDUCTORS

SUBROUTINES

ADAPL e e 61
ADAP2 (CALL) ittt 42, 51
ADAPT e 57
ADAPT (CALL) ottt st 114
ATTEN (ot rreeeeaeessnaaae s 116
ATTEN (CALL) .o et tine e et e e 38, 43
BE ST e e 80
BEST (CALL) ceeiiii et 82, 105-107
BESK ittt e nnes 82
BESK (CALL) oot et 105-107
BLOCK DATA (ATTENUATOR) oo 115
BLOCK DATA (COIL PARAMETER NAMES) ... 53
BLOCK DATA (TEST CASE PARAMETERS) ..o 45
COHAN et 119
CCHAN (CALL) oot 38
(01 5 1 1) O SO U TSP UOIPP PP 118
CDISP (CALL) cottieceee ettt e 38, 50
CIINT oottt e et tee st e e s bt aee e st s e s e e e e naneeseenabron 95
CINT (CALL) ettt e cee e 39, 50, 114
CITBLO e ettt ae e s et eene e 101
CITBLO (CALL) . coiii ittt rvee e 39, 50
CMDBES e e e 70
CMDBES (CALL) o e 105-107
CMIL et e e 77
CMI (CALL) oot e 70
ONDCHA et e 122
CNDCHA (CALL) oottt e 40
CONDDE P e e e e 19
CNDDSP (CALL) oottt e e e e s 40, 50
COLATR .ot re e e ere e e e e e e e e s s e sene eeen s 114
COLAIR (CALL) oottt et e 39, 50
COMEK B . et e 73
COMEB (CALL). oo eecree e 70
DICO et e 98
DJICO (CALL) oot e e e 42, 51
F{CALL) 1ottt ettt e e e a e e 65, 67

FINT (CALL) oottt cr e raee e e 57, 61
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GAUS2 o 67

GAUS2 (CALL) i e e 42, 51
GAUSS e 65

GAUSS (CALL) oottt 114

GCALC 109
GCALC (CALL)...coiiiiiiiiiii e e e 106
MATCH . 129
MATCH (CALL) oo e 40, 119, 122, 125-127
METHD o 57, 61
NONINTERACTIVE MAIN PROGRAM ......ccoiiiniiinieciiininn 49
NORMOCO i e 128
NORMCO (CALL) ..ovviiiiiiiiiiii e 38, 49, 119
QIDF i e 92

QIDFE (CALL) oottt i b e 42, 51
UVMAT Lot e e e 104
UVMAT (CALL) oot e 92, 9
UVPRT ettt 108

VOUT Lo 117

VOUT (CALL) c.coiviiiiiiniiiiiiiiiin et 42-44, 51-52
XIINT ettt e s e s s s san st e e s bee e e esns 86

XIINT (CALL) eiiiiiiiiiceiiii it 92, 98
KITNT e e 84

XIINT (CALL) o 95, 101
KEKKNT Lottt ee e e st b s s b st e e e b e 89
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