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INTRODUCTION

The Navy operates and maintains many shore—based communication
facilities that employ large insulators in their antenna arrays. Due to
various problems with these insulators, an investigation of insulator
failures, alternative insulator design, and new concept development was
begun.

Electrical difficulties, such as arcing, corona, and heating or
burning of insulators, are associated with the presence of an extremely
high electric field . Therefore, when evaluating old and new insulator
designs, it is helpful to know the electric field distribution asso-
ciated with each insulator. The geometric complexity of insulators and
their associated electric fields precludes the use of classical analytical
methods to determine these fields. This report describes a computer
program developed to calculate and plot the electric potential distribu-
tion of insulator configurations.

Many antenna insulators have geometries that are axially symmetric ;
that is, the insulator appears the same regardless of how it is turned
about its axis of symmetry . The same is true of the electric fields
associated with such an insulator. Thus, the problem can be reduced
from one involving three dimensions to one of two dimensions.

The program calculates the potential distribution for multidielec—
tric media by numerically solving Laplace ’s equation. The potential
distribution is found in a direct manner by solution of simultaneous,
finite—difference equations. Computer drawings of equipotential lines
can then be made.

The program is capable of solving many other types of problems,
including electric flux lines, mechanical stress, and temperature dis-
tribution. Geometries that are strictly two dimensional can be treated
by making a minor modification to the program.

This report describes the mathematics behind and organization of
the computer program . A detailed users guide is not given here, al though
one is being prepared . A listing of the computer statements is given in
the Appendix.

BACKGROUND

The electric fields of high voltage insulators satisfy Maxwell’s
equations. But all of Maxwell’s equations do not need to be solved in
order to obtain the desired information about the insulator fields. In
studying the electrical breakdown of insulator configurations , it is the
electric field intensity which is of interest. The electric field
intensity, E, consists of two components as shown in Equation 

1.1



= — TV — (1)

The scalar potential  func t ion , V, is related to the voltage applied
across the insulator , and the voltage gradient, TV , at a given point is
related to the dimensions of the insulator and the distance from the
electrodes of the insulator. The other component is the rate of change
of the magnetic vector potential , A~, which is a function of the current
distribution on the antenna, the geometry of the insulator electrodes,
and the distance from the insulator electrodes.

Since insulators consist of one or more dielectric materials that
are different from air, it is necessary to apply the constituitive
relation to Equation 1 to get the displacement flux density , ~~~.

(2)

where c is the dielectric constant of the material in which ~ is evalu—
ated .

In a region that contains no free electric charge, such as the
region around the insulator electrodes, Maxwell’s divergence equation
for the electric field is written as

V.D 0 (3)

Applying this condition to Equation 2 yields

= — ~ 

~~ 
+ . -

~
) = 0 (4)

or

= — c{v
2v + ~~ (V.~)] = 0 (5)

V.A is Ijefined by the Lorentz condition , Equation 6 ,

+ u c ~~~ + i i o V  = 0 (6)

where p and a are the permeability and conductivity of the medium ,
respectively. Using Equation 6 to substitute for v.A, Equation 5
becomes

t
2
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I
or 

= — c 
[v
2v — ~~ (u c + p a 

v)] 
0 (7)

v.5 = _ c ( v
2v — — ~~~~ 0 (8)

Since V, in the steady—state operating condition, is of the form

V = V ( r , z) ejWt (9)

at any given point in space for some V(r , z), the time derivatives of V
are given by

3V
= j w V  (10)

2
= — w  V (11)

where w is the angular frequency of the system. Table I shows approxi-
mate values for the constants in Equation 8 for the space between the
electrodes of most types of VLF antenna insulators.

Table 1. Constants for Regions Near Electrodes of
Most VLF Antenna Insulators

Constant Symbol Approximate Value

Angular frequency w 2 x lO~ sec~~
—11Dielectric constant c 1 x 10 F/rn

Permeability p 1 x 10 6 H/rn

Conductivity a 1 x 10
_li 

(ohm—m)~~

Rewriting Equation 8 using Equations 10 and 11

= — c 
[v

2v + ~ 
2 

— p a w)Vj = 0 (12)
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But

p e w 2 _ j p a w ~~~~~~4 x l O
_ l _ j 2 x l O ~~~

2
~~~~~~4 x l O

_ 7 
(13)

This implies that the jpawV term may be ignored when considering the
steady—state voltage of most insulators, since it is much smaller than
the pew2 term. Equation 12 then becomes

Vs~~ = — c(V2V + k
2 V) = 0 (14) ‘

where

k
2 

= ~ 
2 x lO~~ (15)

For the purpose of evaluating Equation 14 it is sufficient to approx-
imate the VLF antenna insulator as a parallel—plate capacitor shown in
Figure 1. In the cylindrical coordinate system Equation 14 is written
as 

- 
e[!(f )  (r ~) 

+ 

~~~ 
(
~

) + + k
2 
V ] 

0 (16)

Since the problem has cylindrical symmetry, V is independent of 4 and
= 0. To facilitate easy analysis, the problem can be simplified

by considering the region near the middle of the capacitor, far from the
edges. In this region, V is independent of r, and ~V/~r = 0. Equa—
tion 14 then becomes:

—~- + k
2 V = o (17)

This equation has a simple solution which can be easily analyzed .

V
V = 

sin k d 
sin k z (18)

For a VLF insulator

—4 —lk 6 x lO  meter

d i meter

4 
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Figure 1. Parallel—plate capacitor.
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But sin x x when x < 5 x 1o 2
. Therefore , a very good approximation

for the solution is

V
V = ~~~~ k z  = V t  (19)

Equation 19 is the solu tion to Laplace ’s equa tion:

V 2V = 0 (20)

It can be shown t~ at the k2V term in Equation 14 and 16 has a minimal
e f f e c t  on the solution.

Thus, for  the siz e and frequency range of VLF antennas the potential
distribution , V , can be fo und to suf f icien t accuracy by solving Lap lace ’s
equation.

The electric field intensity consists of another component due to
the magnetic vector potential as shown in Equation 1. In analyzing the
e f f e ct of this componen t , the region at the surface of an electrode ,
as in Fi gure 2 , will be considered . This is appropriate since the
electric field intensity will be maximum near the electrode , and it is
this region which will be most vulnerable to electrical breakdown.
Equation 14 is integrated over a small volume element through which the
electrode surface passes.

J v.~ = — e f (V~ V + k2V) dv (21)

vol vol

The V’D and V2V terms in Equation 21 are converted to surface integral
terms by app lication of the divergence theorem.

= - c(JVV.d ~ + V dv) 
(22)

If the reg ion is considered to be an infinitesimal volume element so
that D, VV , and V are invariant throughout the region , the equation
becomes

D.Jd~ = - c 
(VV .Jd~ + k 2 V f  

dv) 
(23)

6
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where 
~~~~ 

TV0, V0 are values at the surface of the electrode. Completing
the in tegra tion yields:

= — e(VV ’AS + k
2 V AS A2~) (24)

The approximate magnitudes of the various factors in the right-4-iand side
of Equation 24 for VLF antennas are given in Table 2. The voltage
gradient value is an average value and is conservative when compared to
the peak gradients, which are of greatest interest. Therefore,

VV .AS I I~~SI 
(1 x io5 V/rn)

k
2 
V AS A~ I AS A9~ (2 x l0~~ V/rn2)

Keeping in mind that A9. is an infinitesimal length, it can be seen that
the k2 V0 term is insignificant when compared to the voltage gradient
term. Equation 24 can be approximated quite accurately by

D ‘AS — c TV. AS (25)
0 0

or , simplifying

= 0 — c’v (26)
0 S 0

Table 2. Factors in an Infinitesimal Volume Element at an
Electrode of a VLF Antenna Insulator

Fac tor Symbol Approximate Value

Voltage gradient TV
0 

1 x l0~ V/rn

Voltage V 5 x l0~ V0 

4 .-lWave number k 6 x 10 m

In summarizing , the electric field intensity near the electrodes of
an insulator is very nearly equal to the voltage gradient at that point ;
the component contributed by the magnetic vector potential in Equation 1
can be neglected. The electric field intensity can be interpreted from

8
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the po ten tial d istribu tion by Equation 26. For example , if equipoten tial
lines are plo tted , the regions where the lines are most dense are the
regions of highest potential gradient and highest electric field inten-
sity. It is easier to visualize the electric fields of insulators in
this manner than by plotting electric field lines themselves. For this
reason , the computer program is designed to calculate and plot the
potential distribution .

COMPUTER SOLUTION METHOD

Potential Distribution Problem

As descr ibed above , the po tential dis tribu tion near an insulator
can be found accura tely by solving Laplace’s equation (Equation 20).
Lap 1a~ e’s equation can be rewritten in the form of Equation 14, ignoring
the k V term , since its effect on the solution is negligible:

c(V 2V) = v.E = 0 (27)

Coordinate Grid System. Finite—difference techniques are used to
solve the equation numer ically. The geometry of the region near the
antenna insulator is descr ibed according to a grid system, such as the
one shown in Figure 3. The grid is drawn in a plane passing through the
axis of symmetry of the insulator so that a section view of the insulator
can be def ined in terms of the grid points. The boundary of a material
(electrode or dielectric) is approximated by a series of line segments
that connect adjacent grid intersection points. These line segments can
be ver tical , horizon tal , or diagonal. All line segments must start and
end on grid intersection points , and diagonals mus t connec t two po ints
that are formed by the intersection of adjacent horizontal and vertical
grid lines. By properly choosing the spacing of grid lines and using
combina tions of horizontal , vertical, and diagonal line segments, the
ma terial boundar ies of an insulator can be described qu ite accura tely.

The ability to use variable grid density is an important feature.
If the entire grid region were composed of equally spaced grid lines ,
the total number of grid lines would be determined by the dens ity
required to accurately describe the smallest feature of the insulator
con f iguration. This often results in an excessively large number of
gr id lines in reg ions where they are not necessary . Allowing a variable
grid densi ty makes it possible to use a high grid density only in regicrls
where it is necessary to achieve an accurate description of the insulator
or where de tailed inf orma tion on the po tential dis trib ut ion solut ion is
required . The result is a substantial savings in computer memory require-
ments and program execution time. Also , if a uniform grid size Is used ,
i t  is often necessary to compute two or more solutions, using a f ine r
grid with each new solution in order to obtain the desired accuracy in a
given region of interest. When using a variable grid density, one
solu t ion is usually all that is required .

9
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Formulation of Numerical Equations. Equation 27 Is integrated over
a volume element surrounding each grid intersection as shown in Figure 4.

fc V 2V dv = f V’i ~ dv = 0 (28)

vol vol

A surface integral is ob ta ined by app lying the divergence theorem to
Equation 28.

- 

V.D dv = fD.ds = 
Jc 

VV.ds = 0 (29)

This is an integral of the disp lacement flux densities crossing the
surface areas of the volume element. Equation 29 Is applied to the
surfaces of the volume element in Figure 4. Due to cylindrical symmetry ,
the voltage gradient in the q direction is zero. Thus, the in tegrals
over the vertical faces in the q—plane are also zero. The grad ients
across the remaining four faces are generally not zero. These remaining
faces are chosen such tha t they pass through the midpoi nts of the line
segments joining the central point , whose potential is 

~~~~
, and the

corresponding horizontally or vertically adjacent point , 
~~~ 

thr ough ~~~~~

Each of the four  faces can be divided by a boundary which separates t~~o
different dielectric materials. There are, then, a total of eight possi-
ble dielectr ics and eight different homogeneous segments through which
the f lux , q j j ,  may pass.

In calculat ing the integral  in Equation 29 numerica l ly ,  the f l u x
crossing the surfaces is approximated by a finite difference value for
the  voltage gradient .  The norma l component of f l u x  passing throug h a
given face is assumed to be un i fo rm across that  face.  For example ,

q 2 3  h 2 
° (30)

Since this normal component of the voltage gradient is perpendicular to
the surface through which it passes , the dot produc t in Equation 29 is
r’~duced to s imple multiplication. The integral in Equation 29, then , is
the sum of eight terms , each of which is a product of a displacement
flux density and the area through which the flux passes. The form in
which this equation is used in the program , with the c o e f f i c i e n t s  of the

~ ‘s grouped together  and a fac tor  of TI dr opped , is

11 
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Organization of Equations. There is one equation of the form of
Equation 31 for each grid intersection point . If the grid consists of in

horizontal and n vertical lines, as in Figure 3, there will be mn = m x n
equations. These simultaneous equations can be written in matrix form
as

A~~ = B (32)

where A is an inn by mu constant matrix , ~ is a vector of mn unknowns,
and B is an mn—vector of constants. By carefully choosing the order of
the mn equations , A can be made a banded, symmetric matrix as shown

F schematically in Figure 5. The ordering of the equations is indicated
by the subscripts of the 4 > ’ s in Figure 3. The rth equa tion , whose
coefficients appear in the rth row of the A matrix, involve at most five
grid points whose subscripts fal l  between r — n and r + n, inclusive.
This means that the bandwidth of A is never larger than 2n + 1, with n
elements on each side of the diagonal. Furthermore, this arrangement
scheme y ields a symmetric matr ix  so that only the diagonal elements and
the elements on one side of the diagonal need to be stored in the corn—
puter in order to know the entire matrix. That means storage for only
mn x (n + 1) elements is required instead of mn x mu if all elements
were needed . This ordered numbering system results in a substantial
savings in computer storage. The bandwidth is narrowest and memory

13 
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requirements s...allest when n is less than m. Such is the case for most
axially symmetric antenna insulators, which tend to have diameters that
are smaller than their lengths . This usually results in the need for
fewer vertical grid lines than horizontal grid lines. Consequently,
the computer pr ogram is arranged such tha t the ver tical grid lines are
parallel to the axis of symmetry.

There are few nonzero elements in B. These nonzero elements cor-
respond to equa tions which involve grid poin ts tha t are of a known
specified potential. For example, if a given 4>r is a point on an elec-
trode of potential V0, Equa tion 31 is no t used , and the equa tion for  tha t
poin t is simply

= V (33)

where V becomes an element of the B vector .
0

Solution of Equations. Once all of the mn equations are formulated ,
the matrix equation (Equation 32) is converted to reduced echelon form
by the process of Gauss—Jordan elimination. The 4> solutions are then
calculated by back subst i tut ion into the reduced set of equations.

Boundary Conditions. There are several grid poin ts tha t mus t be
trea ted specially. One of these, in which a grid intersec tion is a
poin t on a conductor or elec trode of known po tential, has already been
discussed . Points along the edge of the grid must also be given special
consideration. If the potentials along the grid boundary are known ,
those points can be treated as described above for Equation 33. If the
grid boundary potentials are unknown, other methods must be used since
these boundary poin ts have only two or three neighboring poin ts instead
of four as in the general case of Figure 4.

For a grid boundary that coincides with the axis of symmetry, there
are four grid points involved as in Figure 6. The same arguments apply
as for Figure 4, except that there are only four dielectric segments
through which flux passes. The displacement flux density through each
segment is multiplied by the surface area through which the flux passes.
With the sum of these four terms set equal to zero, a fac tor of IT
dropped , and the coefficients of the 4> ’s grouped together , an equa tion
similar to 31 appears that corresponds to Equation 29.

4> 1 / h~ \ 4> 2 / h1 h2 h2 h
3\ 4> 3 ( h~

+ -j
~
---

\1

52 2 + £ 3 2 J +

/ h~ h 1 h 3 h~~~ \
— 4>o ~~~l 4 h 1 

+ 
~2 2 + £ 3 2 + £ 4 = 0 ~34)
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In many problems the bot tom horizontal  grid line represents a p lane of
symmetry. For example , if the two ends of a guy line insulator are
mirror images of each other , the plane which passes through the midpoint
of the insulator and is perpendicular to the axis of symmetry is a p lane
of symmetry . The method of images can be app lied to simplif y the probl em
and obtain the boundary condition. Since both ends of the insulator are
identical , the solution needs only to be calculated from the plane of
symmetry toward one end . The boundary condition at the plane of symmetry
can be satisfied by assigning all points  on the corresponding grid line
a potential equal to the value midway between the potentials of the two
insulator ends.

In all cases where an explicit boundary po tential is unknown ,
ano ther means of sat isf ying the boundary condition requirements must be
found . A simple method of obtaining the boundary condition is to deter-
mine an approximation for a particular electric flux line that exists at
a large d istance from the reg ion of greatest interest. Figure 7 depicts
such a f lux  line for  a guyline insulator which is not symmetrical about
its midpoint. The lack of end—to—end symmetry of the insulator assembly
requires that three of the grid boundaries (top, bottom , and right—hand
sides) must be treated in this manner. The location of the distant flux
line can be found easily by analytical methods, since most field problems
degenera te to a very simple problem when only the solution at a distant
point is required . In the case of a guyline insulator , the assembly
appear s electrically as a simple needle gap when viewed f r om a large
distance. The needle gap prob lem is one for which the fields are easily
calculated. A flux line is by definition a line of direction of the
electric field . The flux is along and parallel to the line, and no f lux
crosses the line. If the grid intersection labeled in Figure 4 were
loca ted on or ins ide this f l ux line, it would experience no displacement
f lux  den sity from outside the flux line. This can be described mathe-
matically by assigning e = 0 for the region outside the flux line.
There is no known material having a dielectric constant of zero; this is
merely a mathematical technique tha t ef f ectively sati s f ies the boundary
condition. As a result , the points beyond the flux line, in the reg ion
where the dielectric constant is zero, have no bear ing on the poten tial
solution in the interior region, and it is not necessary to know the
potentials along the outer grid boundary.

Treatment of Conductors. Conductors are fundamentally dif fe ren t
from dielectrics and must be given special treatment. If the potential
Is known , as with insulator electrodes, the grid points in that conductor
are treated as in Equation 33. But some insulator assemblies have metal
components that are between the electrodes and are insulated from any
fixed potential. An example of such a “floating potential conductor” is
the pin that is used to connect one or more suspension insulators together
to form a chain of insulators. The potential of such a conductor is not
known and cannot be specified on input; it must be calculated during the
execution of the program . This is done by using the same method as for
o ther poin ts , but a very high dielectric constant is used to describe
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the region of the conductor. If the relative dielectric constant is
nearly infinite when compared to the other dielectrics in the problem ,
it is equivalent to requiring that the electric field be zero throughout
that region. That is, all points would be at the same potential , as in
a conductor. This method of representing floating potential conductors
makes it possible to solv e the problem using Laplac e’s equation instead
of Poisson ’s eq ua t ion as would be necessary if the free charge distribu-
tion on the conductors were considered . The theory behind the method is
illustrated in Figure 8. As the dielectric constant of the sphere is
increased in views (a) through (d), it begins to appear more like a
conductor until , in Figure 8d , all points in the region are at the same
potential. The exact magnitude of the dielectric constant that is
necessary to give satisfactory results may depend upon the particular
computer being utilized . Using a value approximately 108 times larger
than the other dielectric values involved in the problem has shown to be
successful.

Computer Plotting of Solutions

Calcomp plotting is used to give a pictorial representation of the
equipotential lines. From an equipotential plot it is easy to determine
the regions of highest electric field.

To plot a given equipotential line, a systematic search of the grid
is executed to determine the coordinates of points having the given
potential. A starting point for the line is determined by successively
sear ch ing along each grid line until two points are found such that
their potentials bracket the potential value to be plotted . The search
for this initial point on the equipotential line may include horizontal
or vertical grid lines or both. An example of a vertical grid line is
shown in Figure 9, where points A through F represent intersections with
horizontal grid lines. If a starting point for the equipotential line
of value 50.0 were desired , it would be found in the interv al be tween
points C and D. The location of the intersection of the equipotential
line with this vertical grid line is determined approximately by inter-
polation between points C and D. Several methods of interpolation m ay
be used. The simplest is f irs t degree or linear interpola tion , which
assumes a linear variation in potential between C and D. A slightly
more sophisticated method involves using the data from points B and E in
addition to C and D. It is then possible to generate a third degree
polynomial approximation for the potential distribution between points B
and E. This polynomial can then be solved to determine an approximate
vertical coordinate for the 50.0 value. The type of interpolation that
is emp loyed depends upon the accuracy req uired and the rela tive spac ing
of the grid lines with respect to the smoothness of the equipotential
curves.
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Figure 10. Sample grid rectangle and potential solution at in te r—
section points .
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Once an i n i t i a l  point  of the equi p o t e n t i a l  line is obta ined , the
next  poin t  is found by checking the remaining  sides of the r e c t a n g le
formed by adjacent grid l ines on one side of the line segment CD , as
shown in Figure 10. Since an equ ipo t en t i a l  line must  be cont inuous
th roughou t  the grid region , if it en ters  a r ec tang le  through one side ,
such as CD , it must then exit through one of the other three sides.
This assumes that  the grid ne twork  is f ine enough so tha t  the equi po —
tential lines cannot  en t e r  and exi t  on the same side of a r ec t ang le .
This r equ i remen t  is s a t i s f i e d  if t h e  grid is designed by the user to be
f ine enough in reg ions where  the e l e c t r i c  f ie ld  is sharpl y curved or
c o n t o r t e d .  Subsequent  e q u i .p u t e n t i a l  po in t s  are found by searching
successive r ec t ang le s .  For example , in Fi gure 10 the next r e c t a n gl e  to
be searched would be t he  re . t angle  above line segment D C. If the desired
p o t e n t i a l  occurs  e x a c t l y a t  a corner  of a rectangle , the po t en t i a l  of
that grid intersection is shifted by a finite , but small, increment.
This avoids numerical difficulties that would occur if the equipotential
l ine were to go t h r o u g h  a c or n e r  of a r ec t ang le instead of one of the
sides. The incremental shift is negl ig ib le  so that the appearance of
the  p lot is un a f 1 e ct e~~.

The search process  is r e p e a t e d  so tha t  the equ ipo ten t i a l  is t raced
throughou t the entire grid until the line either ends at the grid bound-
ary or circles back to the initial point. The equipotential curves are
drawn by connecting these points.

There are several formats in which the equipotential plot can be
drawn . The equi potential lines can be plotted thoughout the entire grid
region , or small segments of the grid can be enlarged and p l o t t e d .  The
half—section view of one side of the axis of symmetry can be “rotated”
about the axis of symmetry so that a full section view of the insulator
can be plotted in one figure. Such a plot , showing the insulator on
both the right— and left—hand sides of the axis of symmetry is often
easier to interpret than if only one side were plotted . This can be
taken a step farther if the insulator assemb ly ‘io be p l o t t e d  has end—to—
end symmetry  so that the two ends are mirror images about a plane of
symmetry . The view of one end may be “r e f l e c t e d  across the p l ane of
symmetry such that a full—length view of the insulator is plotted . The
method used to in terpola te  po ten t i a l s  between gr id i n t e r sec t ions  wi l l
a f f ect the appearanc e of the p lot in regions where grid lines are sparse.
Where linear interpolation is unsatisfactory, polynomial interpolation
is often adequate to yield smooth plot curves.

Examp les

Fig0.:-e 11 shows a guy l ine insulator having end—to—end symmetry.
The p o t en t i . i l  d i s t r i b u t i o n  need only be calculated fo r  o n e — f o u r t h  of the
sec t ion  view shown in Figure  11. The solut ion fo r  the remaining three
quadrants can be obtained from the first quadrant solution using symmetry .
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Figure 11. Section view of a guy line insulator.
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The coordinate grid for one quadrant of the insulator assembly is
shown in Fi gure 12. The grid lines are very dense near the o r ig in
(where the i n su l a to r  is loca ted ) ,  since t h i s  is the region where the
greatest accuracy is required . The grid lines are less dense in regions
away f rom the in su l a to r  where the e lec t r i c  f i e ld  Is smooth . The d i s t a n t
boundary condition is satisfied by the curved dielectric boundary which
is an approximation of an electric flux line. The dielectric constant
is un i ty  everywhere inside the boundary that  is occup ied by air. The
dielec tric constant is zero outside this boundary to simulate the lack
of disp lacement f l ux  dens i ty  crossing the flux line. The boundary
condi t ions  for  the bot tom and l e f t — h a n d  sides are sa t i s f ied  by the
symmetry of the conf igu ra t ion.

Figure 13 is the equipotential plot for the quadrant of the insulator
shown in Figure 12. The voltage between adjacent equipotential lines is
2.5% of the voltage between the electrodes of the insulator in Figure 11.
In general , the equipotential values that are to be plotted can be
chosen as necessary to give an adequate p icture of the po ten t i a l  d i s t r i —
hotion .

If a more de tai led v iew of the reg ion near the insulator (or any
other region) is desired , an enlarged view can be obtained. One way to
do this is to plot the same data on a larger scale. Figure 14 is the
grid in the region of the insulator in Figure 12 which has been plotted
on a larger scale.

The equ ipo ten t ia l  p lot for  the reg ion of Figure 14 is g iven in
Figure 15. This plot was made using a portion of the same data that was
used to plot Figure 13.

If the grid is not of sufficient density in the region of the
insulator , it may not be possible to obtain an accurate enlarged plot
from that set of data . It is then necessary to obtain another potential
solution using a denser gr id sys tem tha t includes only the region to be
enlarged . The boundary condi t ions for  this  second grid can be obtained
from the potential solution for the original grid. Not all of the
boundary grid points in the denser grid will have existed in the coarse
grid and their  po t en t i a l s  wil l  not be exp l i c i t ly known. The po ten t i a l s
of those boundary grid points  that  did not exis t in the o r ig ina l grid
can be found by in terpolat ion between points  of known potential.

It is often desirable to obtain a full view of an insulator plot ,
ra ther  than a view of one—half or one quadrant. The additional views
can be p lot ted by repeating the p lotter pen commands two or four times
with  the appropr ia te  inversions to achieve the f u l l  view of the desired
region. Figure 16 is s eh a plot of the guy line insulator.

The suspension insuLator string in F igure 17 is an examp le of an
insulator that does not have end—to—end symmetry and , hence , no p lane of
symmetry midway between the end electrodes. In this problem , the bound-
ary conditions on three sides are unknown. By making an approximation
for  the f lux  line shown , these boundary conditions are satisfied .
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Fi gure 18 is an enlarged , full—section view , equi po tential plot of
the suspension insulator chain . The voltage between each pair of adja-
cent equipotential lines is 2% of the total voltage across the end
electrodes. The potentials of the two end electrodes may be arbitrarily
spec ified , bu t the potentials of the in terior elec trodes are unknown
prior to execution of the program. These conductors must be treated as
dielec trics having an infinite dielectric constant. Their potentials
are then calculated in the same manner as for all other points.

Electric Flux Lines

In add ition to the equipo tential lines , the direc tion lines of the
electric field also give information about an electric field . These
lines of elec tric f lux , which are or thogonal to the equipotent ial lines ,
can also be found by solu tion of Laplace ’s Equation 35.

= 0 (35)

The computer program will calculate a value of U for each grid point in
a manner similar to that for electric potentials. However, unlike the
potential solution , the numerical values of U have no direc t signif i—
cance. A line of equal U value is an electric field direction line,
but , in general , there is no clear relationship be tween the spac ing of
these flux lines and the values of U along the lines. It is somewhat
difficult to determine the values of U that should be plotted to give an
accura te p icture of the electric field intensity . This is in contrast
to the plotting of equi poten tial lines, where the potential values to be
plotted ar e equally spaced values of V. Also , care must be taken when
using the f lux line plots to determine the reg ions of highest electric
field . This is because the electric flux is a volume field flow which
is difficult to represent clearly in a two—dimensional plot. Electric
f lux  distr ibution is shown by describing many tubes of flux, each of
which encloses a given amout of flux. The flux density is greatest
where the tubes are the narrowest .  In a two—dimensional plot , a tube
may appear to be narrow , when , in fac t, the dimension that is perpen-
dicular to the plotting surface may be very large. Thus, wha t appears
to be a high flux density region may actually be a low flux density
region. Knowledge of the three—dimensional geometry is necessary in
order to interpret a two—dimensional plot.

In spite of the d i f f i cu l ty in interpretation , p lots of elec tric
flux lines are sometimes useful. They ind icate the direc tion of the
electric field more clearly than equipotential plo ts and can also be
used with potential plots to more clearly def in e reg ions of h igh elec-
tric field intensity or distortion .

To obtain the solution to Equation 35 for the purpose of plotting
flux lines, the computer program is executed exactly as for the poten-
tial solution. All that needs to be changed are the boundary conditions
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and dielectric constants such that the equal U—value lines are ortho-
gonal to the equipotential lines. The potential function , V(r ,z), has a
gradient that is perpendicular to lines of equal V at each point. The
negative of the gradient of V is the electric field vector function , E,
as in Equation 36.

= — V v  (36)

For the function U(r ,z) there can be def ined  a corresponding vector
function , ~~, given by Equation 37.

F = — V U  (37)

~ is perpendicular to the lines of equal U at each point.  The requirement
that .‘ines of equal V be perpendicular to lines of equal U is equivalent
to requiring that vector function ~ be perpendicular to vector function V.

The requirement of having E perpend icular to F can be analyz ed a t a
boundary between two dielectrics as shown in Figure 19. In (a) the
dielec tric cons tan ts c~ and 

~2 
are normal dielectric constants as they

would be used in the solution for the potential distribution , V. In (b)
the dielectric constants , Cj and c~ , are the values as they would be
used to obtain the U distribution. ~ and t are , respectively, unit
normal and unit tangent vectors to the boundary between the two media .

Since there is no current flowing along the boundary between the
dielectrics , the tangential electric fields on each side of the boundary
must be equal. This condition is expressed mathematically in Equa-
tion 38.

t.E
1 

t E
2 

(38)

Also, the normal component of the displacement flux density must be
continuous across the dielectric boundary as expressed in Equat ion  39.

c
1
(n.E

1
) = c

2
(n.E

2
) (39)

Fur ther , ~ corresponds to E, and bo th are ac tua l ly  solutions to the same 
S

equations with only the boundary conditions differing . Therefore , P 
—

mus t also meet condit ions that  correspond to Equations 38 and 39 fo r  E.
These conditions for P are expressed in Equations 40 and 41.

t~~
’
2 

(40)

= c
2
(n’F2) (41)
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E and F can be expressed in terms of their tangential and normal
components at the boundary between the two dielectrics . In medium 1 at
the boundary :

= t E 1 + (42)

F
1 

= t F
1 

+ (43)

In medium 2 at the boundary:

E2 
= t’E

2 
+ n.E

2 
(44)

F
2 

= t’F
2 

÷ (45)

The requirement that ~ and ~ be perpendicular must hold at the dielectric
boundary . The nonzero vectors E and F are perpendicular if and onl y if
their dot produc t is zero as in Equation 46.

= 0 (46)

Substituting Equations 42 and 43 into Equation 46 gives t h e condition
for perpendicularity at the boundary in medium 1:

E1
F
1 

= ( E
1

) (~ .F1) + (i~.E1)(i~.F1) = 0 (47)

The cond i t ion  for medium 2 is obtained by substituting Equations 44 and
~s3 into Equation 46 to yield:

E2
.F
2 

= ( E
2

) ( ~~~~
’
2

) + ~~~E2
).F

2
) = 0 (48)

Equations 47 and 48 are equivalent and can be compared by substitution
of Equa tions 38 , 39 , 40, and 41 into Equation 47. Equation 49 is Equa-
tion 47 written in terms of E

2 
and F

2
.

C C ’
(
~~~ 2

)(€
~~ 2

) + 
c 

.E
2
) c ’ •F’2~ = 0 (49)

1 1

Equations 48 and 49 can both be true only if the die lectric constan ts
satisfy Equation 50.
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C
2 

C ,,~
= 1 (50)

C
1 

C~~

Equation 50 holds only if , for  any value of n ,

S c = (51)
- 2

= -s--- (52)
C
l

For simp lic ity ,  cz can be chosen to be unity. Equations 53 and 54 give
the dielectric constant changes used when it is desired to obtain the U
solution for plotting electric flux lines that are perpendicular to
electric potential lines for a given dielectric configuration.

= -
~~
-- (53)
E
l

= (54)

In addi tion to changing the dielectric constants , the boundary
conditions must also be chosen so as to give a solution of electric flux
lines tha t ar e perpendicular to equipotential lines. If a grid boundary
corresponds to what is known to be a flux line, tha t por tion of the grid
boundary may be assigned a constant value, U1. This condition often
applies to the section of the axis of symmetry between the electrodes of
an insulator . For boundaries that are distant from the insulator assembly ,
a curve tha t approx ima tes a known elec tric f l ux line can be estima ted as
described earlier for the equipotential solution. The points along this
curve may be assigned a second constant value , U2. Some portions of the
grid boundary may correspond to an equipotential line or an electrode or
other conductor . The electric flux lines must intersect these boundaries
in a perpendicular manner . This condition is met by describing the
reg ion beyond the equipo tential line or elec trode boundary as having a
dielectric constant of zero. The argument here is consistent with that
for the potential distribution problem where an electric flux line and
zero dielectric constant are used to satisfy certain boundary conditions .
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Figure 20 shows the boundary conditions for a potential distribu-
tion problem. The correspond ing boundary conditions for obtaining t h e
electric flux line solution are shown in Figure 21. The geometry of the
problem and the dielectrics involved are designed to give a simpl e
illustration of the concept and represent no actual device.

The enlarged equipotential plot is given in Figure 22 while both
the equipotential lines and the lines of disp lacement flux density are
shown in Figure 23. They must be referred to as lines of displacement
f lux  d e n s i t y ,  ~, since their density is continuous across the dielectric
boundaries. It is more practical to plot the flux as lines of ~ ra ther
than as lines of E, since E is not_continuous across the boundaries
between dielectrics. If lines of E were plotted , they would need to
have a density in the dielectrics that is inversely proportional to each
dielectric constant. Thus, there would be fewer lines in the higher
dielectrics than are shown in Figure 23.

In order to interpret the displacement flux density plot , it is
important to understand the meaning of the line spacing . In Figure 23
the line spacing is determined according to the displacement flux density
which flows in the plane of the figure. Therefore , it gives only a two—
dimensional representation of the flux distribution. The third dimension
must be visualized by rotation of Figure 23 about the axis of symmetry .
The significance of this rotation is that the lines nearer the axis
sweep out a smaller volume than do the lines that are far from the axis
of symmetry . A given amount of flux in a smaller volume has a higher
flux density . Therefore , the regions near the axis of symmetry have a
higher relative flux density than appears in Figure 23.

DISCUSSION

The computer program is designed to yield a plot of equipotential
lines. From the equipotential plot it is easy to visually determine the
regions of highest electric field . These regions are charac terized by
closely packed equipotential lines. In the equipotential plot there is
a fixed potential d i f f e rence  be tween any two adjacent equipoten tial
lines. A relatively short distance between lines indicates a high
voltage gradient . As discussed earlier , the voltage gradient is the
dominan t componen t of the electric f ield near the insula tor and elec trodes
at VLF and lower frequencies. The regions having highest voltage gra-
dients are , therefore , most susceptible to electrical breakdown.

Since the equations used in the developmen t of the compu ter program
are valid for all frequencies up to and including VLF, the progra m has a
wide range of application . Most notably , it is a powerful tool that can
be used in the analysis of most 60—Hertz power system insulators.
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Po isson ’s Equation

In determining the potential distribution , the program essentially
calculates the solution to Laplace ’s Equation 20. The program can
easily be adapted to solve Poisson ’s Eq ua tion 55 , which app lies to prob-
lems involving a free charge distribution.

v2v = (55)

In this case the charge density, p, must be integrated over each volume
element , and Equation 29 becomes:

~~~~~~~ 
dv = 

J

D.ds  = VV s ds = 
~[p dv (56)

Th is has the ef f e c t of rep lacing the zer o on the right—hand side of
Equations 31 and 34 with a term that represents the net charge distrib-
uted throughout the volume element. Otherwise, the method of solution
is the same as described earlier.

Other Applica tions

The program is suitable for solving many other types of problems
that involve Laplace ’s or Poisson ’s equation. For example, Equaticn 57
is Lap lace ’s equation as it app lies to steady—state conduction heat
transfer in regions where there is no heat generation.

V
2
u = 0 (57)

Here , u represents the heat energy or temperature as a function of
position in space.

In problems dealing wi th mechanical stress there sometimes arises
an equation of the form of Equation 58.

V
4A = 0 (58)

This can be solved by the computer program through a two—step process if
there can be found an X such that

V
2A = x (59)
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If the boundary conditions for X are known, the complete solut ion for X
can be fo und by solv ing

= 0 (60)

Equation 60, which is Lap lace ’s equation, is iden tical to Equation 58
with the substitution for A made as in Equation 59. Then A itself can
be found by solut ion of Equa tion 59, which is Poisson ’s equation , uti-
lizing the boundary conditions for A and the solution for X.

Two—Dimensional Geometries

If the geometry of a problem has only two dimensions, the equa tions
are much simpler than for three dimensions with one axis of symmetry .
The volume element of Figure 4 is reduced to a surface element as shown
in Figure 24 for a rectangular coord inate system. Instead of summing
the flux crossing surface areas, the sum of the f lux  which crosses the
boundaries of the surface in Figure 24 is taken. Equation 61 is the new
equation which corresponds to Equation 31.

~~
— (C

1 
h2 ÷ e8 h~ ) + ~— ( c 2 h1 + c 3 h~~)

114
3 44

+ -

~~

— (t ~~ h2 
+ c5 h~ ) ÷ ~~

— 

~~~ 
h3 + C

7 
h
1)

- 

~~ ~~ h2 + C
8 
h
4
) + 

~~ ~~2 
h
1 

+ 
~~ 

h3)

+ -
~~
_ (C

4 
h2 

+ C
5 
h
4

) + -
~~
-- (C

6 
h
3 

+ C
7 
hi)] 

= 0 (61)

Equa tion 61 is a numer ical form of Equa tion 29 where the surfaces  have
been reduced to straight—line boundaries , and a factor of one—half has
been removed from each term .
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V

App endix

FVSOLVR and FVPLOT

The computer  l i s t ing tha t  fol lows is g iven in the form of two main
programs. The first , FVSOLVR , reads input data , formula tes , and solves
the equations , giving the values of potentials at each grid intersection
point. The second program , FVPLOT , uses the potent ia l  d i s t r ibu t ion
solution from FVSOLVR to plot lines of equal potential. It is convenient
to separate the process into two programs so that the p lott ing is de tached
from the solution calculation . Thus, it is easy for the user to obtain
several d if f e r ent p lots f or a given problem b y specif ying various equi—
potent ia l  value spacings or various regions of the grid to be plotted .
FVPLOT can p lot equal value lines from up to two sets of data , such as
equipoten tial lines and f l ux lines, on one grid . If both equipotential
and flux lines are to be plotted , then two solutions from FVSOLVR are
required before  FVPLOT is used .

FVPLOT is designed to produce Calcomp pen plots on drum p lo t ters
having a wid th  of 11 inches . In the form listed , FVPLOT utilizes the
CDC 7600 computer at the Lawrence Berkeley Laboratory via remote ter-
minal access.

Comment sta temen ts given thr oughout the listings indicate the
general organization of the programs . A detailed users manual is in
preparation.
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C
C IN SUL ATOR FIELD VA LU E SOLV ER (AXIAL SYMME TRY)
C

DI MEN SION H * (lQO ),HY~ 200),MNI99) ,MMI2Q 0),ANt 99) ,
1EPS R (1 99 ,1O) ,EPSL( 99e10) ,ANEPS (99) .RPIN(99) , SY M ( 2 0 0 , 4 ) ,
2~ EPS1(99),VC 10O ,2UO ).~~(2 0O) ,AR (20O ,100)
DIME NSION Gp (200),VG(200)
INTEG t R BCk( 199 ,1~

)
~~i02(99,10)

INTEGER BLNIc 
S

COM M ON /bA p, ARG /ND PN ,NUfrB L Pc, B ,AR ,NN ,NN2 ,V ,NX ,NY ,LX,LY,M ,NC P(8
CQMM ON/M ORA l~G/~ 0R ,EPSR
CO MM O i~/VERA R G / 8OZ ,EPSZ
CO MMO N /SPARG/GH, Vl i,PIM
DATA ~LN~ /4h /
DATA AR/20 000eQ ,O/,SYPI/800*O .O/,d/20000 .Q/,V/200000.’1,O/

C
C FC W MA I STA TEM ENTS
C

1 FCR MA I ()O FS .0)
2 FCRMA T (2 014)
3 FOR MA H1 6F5 .O)
4 fCk M A1 (~3F1O .3)
5 FO R M A I (1H 1 ,4MN X ,14 .4X ,4HNY ~,I 4)
6 FCRM A ! (1H ,A1 ,3H$A( ,13 ,3H) ~,F 8 ,3 ,4(A4 ,6X ,3HMX( ,I3 .3M ) .F$.3))
7 FO M M A r C I M  ,A1 ,31-sHfl ,13 ,31-’) $,F8.3 ,4(44 ,6X ,3MHY (,13 .3P4) .F8.3))
8 FO MM A I (IH I. 9X, 1I-4.,1 4F8.3)
9 F0RMA H1 0Xg 1H + ,14~ 8.3)

10 FOR MA T (LOX, 1l-I..1 4 (8h —— +—— ))
11 FORM A I (IX ,F 8.3,2H •,14F8.3)
12 F O RM A I (LH Q ,1 5 HI N III A L VAL UE : ~,F 8.3)
13 FOM M A I(1M O ,6HN PTS z,17)
14 FO RMA l  ~~~~~~~~~~~~~~~~~~~~~~
15
16 FO RMA I( 1X ,6 h NT EST S,1 5 )
17 FO RMA I( 13 11 NO NSY MME! RIC )
18 F O R M A I ( 1 M I )
19 FORMAT UM )
20 F C R M A I ( 1 I-40)

~1 FO R M A I (I H — )
2 2 F O R M A l (1 P ~ ,27HREADY TO BEGIN CA LCULATIONS)
23 FO RMA ((218 ,4F1 2 .3 1

C
C INI T I a L IZA T IO N
C

PE AO 2 .NX , P. 1Y ,NE PR ,NEPZ ,IFBUY
PRINT 5 , N X, NY
PRINT 20
N XM l = 1, X—
NYM 1~~~Y~’1
NN NX
NP%2zN18*a

k EW IN I) 10
P(~~INQ 33 —BFSI’AVAILAB’E 12?V

C PEAD G RI D OATA - “ ~~~~~
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C
REAl) 1 ,(plx(I ), Ia l ,NX)
K 1 0
N C O L a N X P 4
6010 120

100
h O
130 K1 P’~1+1

I’2 K1. INK
PR INT 6 ,(~~L N K , K , H X ( K ) , K ~ K 1 , K 2 , 5 O )
IF (Kj.EQs5Ø.OR .K1.E~~.NX) GO !O 140
IF (K~ .EQ.NX ) 100 ,130

140 READ I
PRINT 18
K 1 0
N C OLXN YM I ~So6010 t b

15 0 NCOLZNCOL .j
170 IMcaNcOL*50
t~~0 1c1 K1.1

~2~ K 1+ INK
PRI NT 7 ,(~ LNK,K,HY (K ),K K1,K2,5O)
IF (Kt.~ Q.5Q.0R.K1.EU.NY) GOTO 200IF (K2 .E:Q.N~ ) 150,180

200 READ 2 , C ( d D R ( I , J ) , J a l , N E P R ) , I z 1 , NY M 1 )
READ 2 ,KQ,KN~ KK
READ 3 ,(EPSR(IcO,K ),K=1,KK)
IF (KU.EQ.KN ) GOb 260 5

~c I” O•1 S

DO 24 I~ K I , KN
DO 24~ cal,,c lc

240 EPSR(I,K)~~EPSR (KO,,c)
IF lKtc.E.Q.NEPR) GOiO 30o

DO 28 0 IZ~O,KN
DO 28~ ,.1~ KP ,NEPR

2b0 E P S R ( j , J ) . E P S R ( t , K K )
300 IF (KN.LT .NYM1 ) GOTO 220

READ 2 ,((80Z (I,J),.J*l,NEPZ),131,NXML)
320 READ 2 ,KO, KN,I~K

READ 3 ,(EPSZ (icO,K), Ks 1 ,KK )
IF (K u.EQ .ISN) GOT U 360
KI*KO. 1
DO 34~j  IZK I ,KN
00 34, ~~~~~~

340 E:PSi (I,K)SEPSZ (KO,lc)
360 IF (K,~.E:Q .N E: PZ ) GOP.) 4 00

KP KK . 1
DO 3S~ I.IcO, pc N
DO 38~ J$ KP ,NEPZ

3So EPSZ (I,J)~~EpSZ (I,PcP(
) S

400 IF (Kr~i.LT .NX M 1 ) GOTO 320
IF (IFBOY .E~ ,O) GOTO 550

C
C INT ERPOL A T E F I N E  ( ,RID B 0UND A I~Y POTENTIALS
C FRO M COARSE GRID POTENTIAL SOLUTION
C

48 

BEST_ AVAILABLE cc:-~

-5 -. —5---- .-—--~~~~~~~~~ ----5- - - —.— —--5- -- . 5------ , — —
~~~~— _ -— -, , S _ 5 _ _0_’---- _ ~~~~~~~~~~~~~~~~~~~~~



— - — —--5- - -

R EAD 2 ,N GX , NGY
READ 4 ,(GH (I),Iz1 ,N GX)
REA D 4 , (V G ( I ) , I a 1 . N GX )
CALL SPCOEF INGX )
DO 45~ 151,I.X

450 V (I,N Y) ZSPL IN E (NGX ,llX( I ))
RE AD 4 ,(Gp (I),Is1 ,NGY)
READ 4 ,(VG(I),IsI,NGY)
CA LL SPCO EF ( NGY )
DO 500 I~~1,l YM1

S uO V ( N X , ,L ) S P L I N E ( N G Y , h y ( I ) )
C
C READ dO UN OAR Y CONDI T IONS S

C
550 READ 2 ,NPQTS

PRINT 18
DO 600 N~ 1,NPOTSREAD I ,PQ~PRINT 12,POT
READ 2 •NLINES
PRINT 2 ,NLINES
DO 6O~ K.1,rLINES
R EAD 2 ,L1 ,L2,M1 , M 2
PRI NT 2 •L1,L2,M1,M2
00 6O~ I=L1,L2
IDO 6O~ .J.M 1, M2

6UO V(I,J) P01
C
C PARAM ETER IN ITIALI ZAT ION
C

NIJM8LPcIO
NCKSO

NCK4 NN
NC K 5a 

~NCr~Ta~
L Y 2
1: (P4 Y U) .hY (2) )/2.
~PHa(iiY( ~~),p.~Y(3))/~~.
NUN
IF (MAfl).NE: .O.O) NUMX 2NX—2
N PT S~ NUM X’ (r~Y— 2)
PRI NT 20
PRI NT t3,NPTS
NCK7~ r.PT5—NUMX
NDIAG ~ 1
NOPISND IAG , !
NDPN5NDLAG .NUMX
PRI NT 18
DO 65u K~~1,t, XM 1

650 2EPSI (K)$EPSZ (K.1)
C
C CA LC U L A ! E  D ISTANC ES ~ET w€ EN GRID LINES
C

DO 7Qj ~~~~~~~~
luO MN(J ) p4X (,J . 1). p.4X ( .J )

DO l2i,~ , jZ 1 , NY M 1

BEST AVAILABLE COPY S
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C
C CA LC L) LA I E A k E A S  OF PiURIZO NTAL FACES, SET ~hN ARRAY
C

kzI-i X I L )
AN ( 1 ) O. 5’i~s r ( 1 )  * (Pi.hN(1)/41)
PPN(1) N+MN (1)/2.
DO 75~ ) 2,r~XM 1

iSo AN (J)= (4hN(j)**2— .~MN(J—1)*.2),2.
C
C bCTT Ufr. EDGE AR EA — El’S L)ATA SET—UP
C

EPSPt.PSR 11,1)
R H X  ( 1)
L X I
,J=1
CALL rlOHI~~(1,,J,EPS1~~M,RNN (LX ),ANE PS (LX),At..(LX),L X ,MX( LX) )
DO dUtj LX~~~,NXM1

CALL ,-,0kI2(1,..J,EP~~1,RNN (LX~~1),RMN(LX ),ANEPS (LX),AN (LX ),LX ,HX (LX) )
BoO CCNTIMJE

PRINT 22
PRINT 20
0010 3o00

C
C S~..IFT BLOC K UP A NL) ZERO
C

~H.’O DO 10~~O cz L ,NN
N P N N a i~+ NN
DO 95v 1=1,4
5YM(K , I)zSYr~(PcPNN,I)

950 SYM ($cf?NN,I)=o.O
14 (KI’NN )~~O.Q
DO l U v O  1 1 , NN

1000 *RIKPNN,I)50,O
C
C C A L C U L A T E :  P~LOCK OF AR , B ARR A Y VALUE S
C

3000 DO 3 boO L~ NNP1,NNZ
IF (NCK.E(i~.~~) GOb 3010
L X3LX .1
R HX (LX)
IF (L~~.LT.c’sx) GOTU 3400
L Y L Y.1
IF (LY.EQ .NY) GOTU 4000

LPMMY (LY )+p.M (LY)/2 .
3010 .J1 S

NCJ’~*NCK’ 1EPS~~a~~PSR (~~y , ) )
IF (HX(1).NE,O .O) GOTO 32o0
L X I

S R=O.0
IF (V(L” ,LY).GE.O.O) GOTO 3300
SY M (L,1)50.O
SY M(L,3)ZANEPS (1)/P4M(LY 1)

BEST AVAILABLE COPY
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C A L L  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
S V M ( L , 4 ) * A N E P S ( 1 ) / P i M ( L Y )
CALL VE~~T(LX ,ZEPS1 (LX ),Z,ZPH,R1lN (LX ),ALE PS,LY,P4Y (LY))
SYM(L,2 )*AZEPS/HNILX)
AR( L ,~..DIAG) _SYM (L ,1)~~SYM(L,2)~~SY~~(L,3) SYM (L,4)
IF (V (L~~,LY~~1).LT.O !0) GOTO 3170
b (L) —V (LX,LY.1)*SYM(L .3)
SYM IL, 3) 0 .o

31 70 IF (V (LX+1,LY).LT .Q.O) GOTO 3ja~
~ (L)~~~(L)—V(LX’1,LY)’SYM (L,2)
SYM (L,2) zO .o

31s0 IF (V (LX ,LY.1).LT.OsO ) GUTO 3190
B ( L )  t~(L) V (LX  ,LY + 1)  * SY M C L ,4)
S r  l(L,4)=O .Q

3190 AR (L ,~ DP 1) SYM (L,2)
A Q ( L,,~D P N ) Z 5 Y M ( L ,4 )
t3CIO ~6 O

3200 L X 2
k~ iX (LX)
IF ( V ( L X , L y ) . G E . 0 . Ø )  G OTO 3330
SYM (L,3) AN EPS (2) /HM (LY 1)
C A LL ~0kIZ (L Y,J,EpS1, N (LX 1),RM~~(Lx),ANE

PS (Lx ),Ar . (LX ),LX ,MX(LX ))
SYMIL, 4) ANEPS(2)/MM (LY)
CALL VEM T (LX—l ,ZEPS1 (L * I),L~ ZPh~~~1N (LX 1) ,ALEPS,Ly,ply(LY ))
SYM CL , 1) =A~~ P5/MN (L X—1 )
CALL vE f ~T ( L X , Z E P S I ( LX ) , Z , Z P M~~RP1N ( L X ) , A L E P S I L Y , P 4 Y ( L Y ) )
SYM (L,2) AZEPS/~1N (LX)A R ( L , I N D IA G ) : _ S Y M ( L , 1 ) SY M ( L ,2 ) SY ~~

( L,3) SY M ( L~~4 )
b ( L )~~~ V ( 1 , L Y ) * S Y M ( L , 1 )
SYM CL ,  1) 0 .0
IF ( V ( L X , L Y ~~1 ) . L T . U . O )  Go lD 3270
e(L )=d(L )—v( LX .LY—1 )’cYMIL ,3)
SVM (L,3) u.Q

3270 IF (V(LX +l ,~~Y).LT.j.O) GOTO 3280
b (L)2~~(L)~~v (LX+ 1 ,L Y)*SYM (L,2)
S Y M CL , 2) 0 • 0

32Pi0 iF CV(LX,LY.1).LT ,C .0) GOTO 3290
b( L ) d ( L) v ( L X , L Y + 1 ) * S Y M ( L , 4 )
S Y M ( L , 4 ) = 0 . O

3290 A P ( L ,~~0P1) S Y M ( L , 2 )
A F~ (L,~~r)PN) :~ yp~ (L’4)
( iCTO 3600

3300 AP (L ,~~DL AG ) 1. 
S

b ( L ) v ( L X , L y )
C ALL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
CALL v E N T ( Lx , Z E P S 1( LX ) , Z , Z P H , P P 1 N ( LX ) ,A Z E P S , LY ,~~

Y ( L Y ) )
(,CT U j6~~O

3330 A R ( L , N D I A G ) : 1 .
b ( L ) = v ( LX , L y )
CALL r ,OMIZ ( L Y , J ,EPS 1,P ( L X _ l ) , k p i N ( L X ) , A N E P S ( L X ) , A N ( L X ) * L X , H X ( L * ) )
CA LL vE~~T ( L X , Z E P S 1 ( LX ) , Z ,Z P M . R P 1 r ’~( L X ) , A L E P S , L Y , H Y ( L Y ) )
0010 3é~J0

340 0  IF ( V ( L X , L Y ) . G E . O . u )  c3O T O 3330
SV . .l(L, 3) A N E P S ( LX ) / M M ( LY 1)
CALL ~ 0~~IZ ( L Y, J , E PS 1 , N ( L X _ 1 ) , ( LA ) , A N E P ’ S ( L X ) , A N ( L X ) , L X , MX ( L X ) )
S Y M ( L ,4 ) A N E P S ( LX ) / P I M ( L Y )
S’Y M (L, 1) AL E PS/PI N ( L X — ) )

51 
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CALL VEkTCLX ,ZEPSj(LX ),Z,ZPH~ RHN (LX ),ALEP 5,LY,HY(LY))
SYM(L,2) .AZ~ PS/~$N CLX )
AR (L,NDIA G ) 3— SYM IL’ 1) —SYM CL’2) —5 Yr4 CL’ 3) —SYM ~L’4)IF (V( LX—t, LY ).LT .0.O) GOTO 3460
13(L) =_ V ( LX . 1 , LY ) * ~,YM( L , 1)
SYM CL , 1) .0 .0

3460 IF (V (LX,LY—1 ).LT.O .O ) GOTO 3410
b (L) t3 (L) V(LX~ LY.l)*SYN(L,3)
SYM(L,3)*Q.~3410 IF V LX,1,LY .LT .O.u) GOTO 34$Q
13 (L) ~~ CL ) — v (LX*1 ,LYI*SIM(L,2)
S ‘V ~‘ CL . 2) 0 • 0

34b0 IF (V(LX,LY,1).LTsc.0) GOTO 349Q
B CL ) IL) V (LX ,LY•t Y’SYM IL ,4)
SY MCL ,4).O.c

34~’o AR (L,’~D~ 1 ) SYM (L,2)
AP(L,Nl)PN) SYMCL,4)

3600 CON T INU~
40o0 NTEST=3

C
C wRITE BLOC K OF AR, B A RRAY VALUE S ONTO TAPE
C

w RITE(34)(14 (N) , (A,CN,I~),M=1,NDPN),N .NNP1,V~.N2)
NTEST 4
NUMMLpcaNUM8~ K.I
NCNT~~ IUM 8LK*NN

S IF (NUMBLK.EL.1 )GOI0 4300
C
C CMECK MAT R IX SYMMETMY
C

4100 DC 42~jO LsN CK I ,NCK4
NCKS r.CK5+ 1
NCIc~~~L. I
NCK3*L.NLJfrX
IF (SY M (L ,2).NESSYMCNCK2,1)) GOb 4150
1F (NCKS.G1.NCPT )GQTO 4200
IF (SY MIL,4).EU.SYM (NCK3,3)) GOP) 4200

4150 PRINT 17
PR INT 23 ,NLMB LK, N CKS, SYM CNC K 2 ,1 ), SY M (L ,2) ,SYM (NCK3 ,3) , S’V M (L,4)

4200 CON TIr~1UEIF (NCicl .EG.NNPI)GOTU 4500
4300 IFCN CN T.LT. N PTS )GO TO 900

NCK1SN NP I
NCK4*NNP1 •NPTS—NCPS5— 1
6010 4100

4500 CONTIr~UE
PRI NT 15,NCIc5
NCK8S~ PTS (NU MB L K—1 ) NN
PRI NT 2 ,NCK8

C
C LE MO AR AND 9 ARRA YS
C

DO 4800 .J 1,NN2
B ( J ) .
DO 4800 L*1,NN

4800 AP (J,L)~~O.O

BEST AvAIL4BLE COpy
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C CALL BA NDED MA TRIX SOLVER
C

N.j
IF (HXI1).NE.O.O) M 2
CALL BANSOL
NTE ST 5
PRINT t6,N1E:ST
PRIMt 2 ,LX,LY

C
C MR ITE SOLU T ION ONTO TAPE
C

wR ITE (1Q,2) NX ,NY

~RITE(1O,4) (HX(J),Jz1,NX).(14Y (K),K~ 1,NY)
MPITE(1J,4) ((V (I,J),I.1,NX),J31,NY)
END FI LEI O

C
C PR INT SOLUT ION
C

5000 M 2 0
M1~ 5u5ioo MZ M2.5 0
IF (M2.LE.NY) GOT ’.) 5200
MI aNY. 50—M2
M2 N Y

520o N2 0
53u 0 N1~ N2.1

N2~ N2.14
IF (Ni.GT.NX) N25NX
PRINT 13 ,(p.~X (K),K*N1,N2)
PRINT 10
DO 5400 J 1 , Ml
I M?.) .)

54~ o PR INT L I ,M’r(I) , (V($c ,I),KaN 1 ,N 2 )
PRI NT 10
PRINT 9 ,(NXCK),K*N1,N2)
IF (N d.LT.NX) GOP) 5300
IF 1M2.LT.NY) 6010 5100
Slop
END
SUMROqjTINE 13ANSOL

C
C SOLVES BANOEO , SYMMETR iC MA TRIX
C

CCMMOr~ /HA NARG/ MM ,NUMI3LK
,13,A,NN,NN2 , V ,NX,NV ,LX,LY,LPIB.NCKP

S DIMEN~ ION d(200),ACZOO,100),V(100,200)
NLZNN.1
N~4 NN,NN
LX~~N X
LY NY—I
RE~~INo 34
NBs0
GO TO 150

C REDUCE EQUATIONS 13Y BLOCKS
C***.*****.*****.*..**.,*.********.***.*****..*.**.*..***********..**.**
C
C 1. SMt Ff BLOCK OF EUUA T ION S

8ES1 AVAILARLE Copy



C
100 N93r~B.1

DC i 2~ ~~ 1,t~N

t~(N) 13 (NM)
8C r~M)~~0.o
DO J 2~ fraj,pM
A(N,M ) A(NM ,M)

125 A ( N M , M ) O. Q
C
C 2. REMO NEXT BLOCK Of EQUATIONS INTO CORE
C

IF (NoMBLK—p ~9) i5~~’2O~~’I5j
ISO PEAL) ~34) (B (N),(A(r~t,r.’),Ma1,MM),N2NL,NM)IF ( N1 3)  203,lQ0,2u0

C
C 3. RE~)UCE bLOCK Of EQUATIONS
C

200 DC 33.) NX1,NN
IF (A (P-1,1)) 225’300’225

S 2c5 b(N )Z13CN )/A CN ,1 )
DC 27~ L$2,ivM
IF (A(N,L)) 23O,27S~ 23O

230 C A  CN ,L)/A( V~,l)IZN.L—1
3=0
00 25~ KaL,r’M
J~~J•l

250 A (I,J)aA (1, .j)~~C*A (N~ K)
13I1 )~~~(I) A (N,L)’13 1N)
A (N,L) C

275 CCNTI NUE
300 CCNTI~~UE

C
C 4. wI~LTE 8LOC K OF REDUCED EQUATIONS ON TAPE 2
C

S iF (NOMP3LK—NB ) 375.400.375
375 wRITE (33)(B C N ),CA CN.fr),Mz2,MM ).Nal,NN)

GO TO 1 u 0
C*.**..*..*.*.*~*...*.**.***.*.***** .***** .**.******* .***.****.****.*Q,**
C BACK— SU B STI TU TION

4u 0 DC 4S~j M .j,~ N
1izNN~ 1 M
DO 42~ K22,MM
LIN.PC—1

425 b (N)ar3( N) .A(N,K )*bCL )
NM SN ~. NB( NM) a B  (N)
IF (Nr3.EQ.NUP4BLK.AND.N .GT .NC)S8) (3010 450
LXaL X— 1
IF CLX. 0E.L~ B) GOJO 445LY~ L Y 1
LX*NX~~1

445 V (L*,LY)aB (N)
450 CONTI\~UE

NB NB— 1
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IF (N13) 475,500.475
475 BACKSPACE 33

READ (33) CB (N) ,( A (N,P~),M32 ,MM) ,P1 Z1 ,NN)
BAC KSPACE 33
GC TO 400

500 CCNTI’~iUE
C

RET URN
C

END
SUB ROUTINE NOR IZ (LY ,J ,E PS1 .RA ,RB ,ANE: PS,AREA ,LX,R)

C
C CALC ULATES OIELEC1RIc—A REA P~4ol)(.jCT
C OF MORILONTA L FACE: OF VOLUME ELEMENT
C

DIMENSION EPS (199,1U)
IN TEGE R BDk (1 99,1U )
COMMON /MORA RG/BDR,EPS
IF CBURCLY ,,j)—2* L A ) 1,2,3

1 .)~ ..l•1
E:PS1 tPS (LV .3)
IF (BUR(L Y,4)_2*LX) 1,2.3

2 JaJ .1
EPS2~ E~ 5 (LY,J)
A NEP S O .5 C (E:PS1~~ Ps2).Re.2,cPS2*kH..2~EPSl*Ra .*2)
EPS1 .~ PS2
RETUR N

5 3
RETUR N
END
SUBROUTINE VERT (LX,EPS1,Z,ZPMgR~ AZE PS~ LYIY )

C
C CAL CU LA 1ES UI EL E C IRI C A RE A PRODUCT
C OF VE.NTI~ AL FACE OF VOLUM E ELEMENT
C

DIMENSI ON EPS(99’10~
INTEGtR BCL(~~9~ 1O)
CCMMON/VERAPG/BDZ,EPS
ca~IF CBUZ (LX ,K —2*LY) 1.2,3

I SzK 1
EPS1ZEPS(LX,K)
IF (BOZ (L X ,K)—2 *LY ) 1.2.3

2 ~*K.1
EPS2 t PS(LX,K )

EPS I tPS2
RE I URN

3 AZEPSaEPSI*4~*(ZPPl Z)
RETURN
END
SUBROUTINE SPCOEF (~~)

C
C C A LCULA!E S COEF IC LE N T S OF CUBIC SPLINE USED IN INTERPOLA TION

C
DIMENSION XN(200),FN(200),S(200),RHO (200),TA U (200)
COMMON/SPA RG/XN,FN,S
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NM laN -i
Nfr2.N—2
RNO (2 )a~j.O
TAU(2 )~~u .0
00 1 1.2,1.111
IMI .I— 1
IP1 a1.1
14IM 1 aXN CI ) —X N C IM1 )
P4I .XN (IP1) XNCI )

RNO (I.l)s—1 ./TE:MP
056.0 ICFN (IPl ) FNII) )/NI (FNII).FV ~dIM1))/PIM1)/HI
TAU (I+1)S(D.NIM10 A~

JC I )/MI )/!EMP 
S

S C 1 )~~~.S(N).Q,
00 2 I.1,1.M2
IB~ N— I

2 S (I8) RNO (Ie .I)*SCIB .1) .TAU (IB .1)
RETUR N
END
FUNC T ION SPL INE C N,X )

C
C EV A LU AT ES SPL INE fUN C TION
C

DI MENSION XI (200 ) ,FNC200) ,S (200)
CO MM ON/ SPARG /XN ,FN ,S
IF CX .GE.XNU)) GOTO 1
)41 .XN (2)—X N (1)
SPL INE SFN (1) .CX—X N CL ))*(( FN (2 ) FN(1))/sW4 N1 S (2)/6.)
RETURN

1 IF IX.LE. XN CN) ) GOTO 2
NP 1.14—1
NI¼M 1S* N(P4).X NCN MI)
SPL INE SFN (N) , (X.XN CN ))*(CFN CN) .F N (NM I ))/f$IM 1*HNM 1e SCNM 1 )/ 6 .)
RETU RN

2 DC 3 152,1.
IF (X .LE.XNU )) GOTO 4

3 CCNTIr ~UE:
4 L~ I—1

LP 1.L.1
A SX N C L PL) X
B .X—XN (L )
HL~ XN( LP 1 ).XP4 CL )
SPLINE .AOS (L)0(A 0*2/I4L.Ill..)/6!,8*SCL ,1)*CB**2 /ML NL)/6.

.(A* FN( L ) .B* F N( LP 1) ) / P I L
RETU RN
END
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FVPLOT

C
C CO N TOUR LIN E PLOTT ER
C

DI M EN SION VC 100 ,200 ),N XC 1 00) ,l4Y(200),IBUF (60),GX (1001 ,GY (200),
/0 (100,200) ,LX(IS O ) ,LY (150)
CQMM ON /O RAWAPG/X (600) ,Y (600) ,XM A X ,YM AX,NQ LJA D, F IRST X ,DELTA X ,FIR STY ,

/DEL TA V
I FORMAT (8F10.3)
2 FOR M A l (2014)
3 FORMAT (614 , F5 .O)
4 FORM AT ( 14 .F 10 .O )
S FOR MA T C5h11. X a ,14,6X,4HNY 5.14)
6 FO RM AT (I14u ,113 ,I14 ,I24 ,I14)
7 FOR MA l C7ll~ X FROM ,F 1 0.3,4H TO ,F10.3 ,$X ,6NY F ROM,F1O ,3 ,4H TO ,

L F 1O .3)
C
C READ POTE N T IAL GR ID DA TA
C

REA D 4 , IV U ,UPOT
READ 3 ,IO,IN,JO,JN,NQUAD,KK,$Z
READ 3, NX,NY
READ 1. (HX (I) , Ial ,IIX) , NY (3 , ,Ja1,NY )
R EAD l~ ((VII,.)). Is1 ,NX ) , .J~ l ,NY )
ISCA Na 1
IF (I VU.EG .j) GOP) 150

C
C READ FLUX GRID DATA
C

REA D 3 ,Ml4,NH,KRA
REAL) 3~ MX,MY
REA D I, (GX (I), I j,MX) , (GY (J), ,js1,MY)
READ 1. ((U(j ,J), I=1 ,MX), Ja 1 ,M Y)

C
C SNIFT DATA FOR REGI ON TO BE PLOTTED
C

IF (IU.EQ.1) GOb 120
DO 10’.~ Ia IO, I N

( I ~ j—IO ) ZGX CI)
DO lou J=1 ,pY

10 0 U ( I . 1 — I O , 3 ) = U ( I , 3 )
lZo MXaIN .1— IO

IF C J O.EQ .1) GOTO 150
DO 14u .J~~JO,JNGY (.J• 1—J0 )~~GY (3)

S DO 14~ I.l,MX
140 U(I,J.1 .JOI UC I ,J)
150 IF (IU.E Q.1) GOTO 170

DO 160 laIO ,IN
MX C I •i—1 O ) ap4X C I)
DO 160 .J.l.NY

160 V (1 .1—IU,3 )aV (1 ,3)
170 NX~~IN .1 IQ

IF (JO.E0.1) GOTO 2u0
DO 180 .iR3Q,.j N
NY C J~ 1— 3O) aNY ( 3
DO 18u I.l,N X

180 VI I ,J .1 30) VC I ,J )
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2uo NYaJN .I—JO
PRI NT 5 ,NA ,NY
PRIM ? 6 , IC , IN,JO ,3N
PRINT 7 ‘MX Cl ) ,IIX (NX) ,MY (1) ,NY (NY)
XMA X MX (NX )— p 4X (1 )
‘vp ’AXaNY (NY)—P$Y Ii )
15~ 0NX M 1aN X— )
N YM 1 ZNY— 1

C
C INITI ALIZE PLOT AND DRAw AXES
C

CALL PLOTS (11,0,99)
CALL fACT OR( 0 .25)
CALL PLOT (o., 14.’ 3)
CALL PLUT (Q .,Q.5 ,—3) S

F I R S IXaHX (1 )
FI R STY aM Y
IF  IX M A X .GT.YMA * ) GOTO 220
IF (NQUAD.E:(~.2.ANO.C2. *XM A X ). GT ,YMAX ) GOTO 220
DEL T A X S A M A X / 1 O .
DEL TA V DEL TA X
OCTU 24~

220 DELTAYZYMAX, 1O .
DELT AA DELTAY
IF (N~ UAD .E(~.2) G~ TU 290

240 IF (NI~UAD. (jJ.~~) GOTU 2R 0
IF (XMA * .GT.YMA X ) GOIC 26u
Y A X S C Y M A X / X M A X ) * l Q.
CALL AX1S (Q.,IQ.,~ 7MZ A XiS AX IS OF SVMMETRY,427,YA X ,O.,FIRSTY ,

LD E L T A Y , u )
CALL A XIS Ia . ,10. ,bHR—AXI S ,~ 6,1O .,27O. ,FIRST X ,OELTAX ,0)
GOT O 290

2b 0 X A X a ( X M A X / Y f r A X ) * 1~~.
CALL AX IS (~~.,~~.,27Ii Z A X I S AXIS OF SYMME TR Y , +27 ,1O .,90.,FIRSTY,

1DELI A Y ,U )
CALL AXI SC O .,0.,6r~N AXI S,— 6 ,AA * .0.,F1RS1X ,DELT AX, 0)
GCTO 290

2B 0 DE LTAAa2. *..~~LTA X
DELTAYZ2. DE L TA Y

29o IF IIvU .EQ .~ GOlD 305
C
C DRA W EQUIPOTENTIAL LINES
C

S DO 30u K.1,lcK
C Z a K — c S
ZaCL ’ SZ

300 CALL DR AW CZ,1.X,Ny,NXMI,NYM1 ,I.lX,HY,V,ISCAV.)
IF IIv U.EC,3) 305,500

C
C CALC ULATE AND PLO1 FLUK LINE DIS !RIBUTION
C

305 MX M 1 ZMX— I
MvM laMY—1
Ial
P*~ V 11,1)

310 I ’!.)

58 
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PBZV( j ,1)
IF (UPOT,GE,pA .AND.LJPOT.LE,P8) GOTO 320
PASPB
0010 310

320 Ifr~~I t
PS M Y (IN ) • (U ROT— PA ) ~ (HY (I) — NY (IM ) )/ CPB—PA )
NZM Y ( N H ) — h y ( N H )
ISCA N 2
C=O.
P A a I4X ( K M A )

330 IcRBztcRA .1
IF C KNB !GT .WX ) GOTU 500
P9ZRX (KRB)
E A a C V ( K ~4A ,N , i ) .V ( KRA , MM) )/ H
EB CV (KRR,Np).V(KkB,MN))/M
A2a (( —EA), (RB—RA ))/2 .
A 1a EA~ RA*Z. øA2
CINC S,2* ( RB*02 RA* 2) 4A 1~ (RB MA )
IF (R.LT.Rd) CINC A2 ’ ( R0* 2— RA * 2 ) .A 1* C R RA )
C:C.CLNC
IF (R .LE:.RB) GOP) 340
KR A K  ,.. B
PA RB
0010 331)

340 ZVU (KMA,Mr) , (R—RA ) * CU (KRb,MM)—U (KRA, Ml4) )/ (RB—RA )
CALL OR AW (Z,NX ,NY,NXM1 ,NYM 1,GX ,GY .U,ISCAN )

350 R X R
CSUM~~ .

360 A 2 a C I t B~ EA ) / ( R 8 ~ R A ) ) / 2.
A1 ZE A~ RA*2..A2
CI NC u2 *IR t~**2~ RX** 2)+A 1*(RB R X )
IF (C—CSU P—CINC ) 380,390 ,370

370 CSUM CS,JM.CINC
IS P A B
KR Ba N A 1
IF C KR B. GT.M X) GurO 500

S PX~ RA
PBZNX(Kr (B)
EA a (V IK RA ,~~,.)~~V IKNA ,M P)) /M —

Ee: (V  C Kp4 R~ Np. ) —V C KkB.
GCTO j6~ S

380 A OZ CS U M.( C .A 2 * RX** 2 A 1* RX )  S

CALL N SOLVC R,R X ,Rb,A2,A 1.AQ )
6010 ‘.00

390 PaRS
400 2 :U(KNA ,MN) ,(R RA ) * (U (K R R ,MM )—U (KR A ,M M )) / C RB RA )

CALL URA W C1,NX ,NY,NXl~1,NY Mt,GX ,6Y,U,ISCAk )
IF CISC AN.EG .O) GOP) 500
IF C R .NE.’~~) G OTO 350

~ RA aK ~~B
K R13* K p. B + 3
IF (K.,R.GT.WX) GUTO 500
R~~a IX (KP 4B )
R A~ R
G CTO 350

C
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C DRA w ,~LECTRCDE AND DIELEcTRIC CONfIGU~ A TICN
C

SuO READ 3 ,ILjNES
DO 7O~ Laj ,NLINES

S 
READ ’ 3 ,NPTS
REA D 2 ,(LX(N ) ,LY(N ),M 1,NP!S)
IF (X~ 4A .GT .YM4X) 6010 6O~IF CN .~UAD.E~~.2.ANU.(2.*XMAX ).GT .YMAX) GOP) 600
DO 54u Na1,NPTS S

LXNNN*LX (I’.),l IO
LYNNN LY (1.1.1—JO
VI N ) PIYCLYNNN)
0010 (51O ,530 ,520 ,520),NQUAO

SlO X C N ) AM A X— rp~~(~~XNNN)
0010 b43

520 Y (N ) YMA X M Y (L YNN N ) 
5

530 X(N )ZXMAX+ pl X (LXNNN ) - 5

540 CONTINUE
X (N P l~~.1 ) a F L RS1X
X C t 4 P T S + 2 ) S Q EL T A X
Y(NP TS+ 1)*F IR STY
Y (NP T S+2 )sOE:L TAY
CALL LINE (y,X,NPIS,j,0,D) 3
GOT O (7J0,580 ,550,550) ,NUUAD

~~~ ~~ 56~ 
Ns1,NPTS

560 XCN) *2 .*Xfr4 X— X (N )
CALL LI NE Iy,X,NPTS,1,O,O )
DO Sb N.1,NPTS

570 Y (N)S2 .*YPAX ~~Y (P4)
CALL L INE ( y ,X , N PT S , 1 ,0 ,0 )

5130 DC S9~j N.I ,NPTS
590 X (N)z2.*XMAX _ X C N)

CALL LI NE (y,X,NPfS,1, ’),0)
6010 700

600 DO é4~ Nz1,NPTSLX NNNaLX (N), 1~~IO
S L Y NN Na LYC N )+ 1—J O

V C N) r,Y ( LYN NN)
6010 (610,630,620,620) ,NQUAD

610 X (N ) *p .X C L X NN N )
GCTO 640

620 Y ( N ) * Y M A X — M Y I L Y N N N )  S

630 X (N) z *M A X + R X CL X NN N)
640 CONTI NUE

X IN PI~.1)sF IRS TX 
S

A (NPTS .2)SDELTA *
V CNPIS.1 ) SF IR STY
Y (NPTS .2) .OELTAY
CALL LI’~E IA,V,NP S,l,0,O)
GCTO (730,680,650,650) ,NQUAD

650 DO 66~i Na i ,N PTS
660 XCN )52 .*XM A X _ X (N)

CALL LINE (X,Y ,NPTS ,1 ,O ,~~)
DO 67u Na 1 ,Np lS

670 Y (N)52 .*Y M A X _ Y (N )
CALL LINE C X,Y,NPTS,1,0,O)

680 00 69~ Naj,1.PTS
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690 A I N ) 2. * A M A X . X ( N )
CALL LINE ( X , Y,~~P IS , l , O , O )

700 CO NTINUE
CALL PL DT CI 2 . 0 , 0 . v .4 0 )
ST Oe~
END
SUBROu TI NE D RAW It, IL ,JL, II ,JJ ,XV ,YV ,V, ISCAN )

C
C SCA NS GR iD AND PLOTS LINES OF EQUAL VALUE
C

DI MENSION X V C IO Q), YV (200),V(100,200)
C O M M O N / D R A W A R G / X ( b O 0 ) , Y ( 6 0 0 ) , X M A X , Y M A X , N Q U A O , F I R S T X , D E L T A X ,F IRS T Y .

/O E LT AY

1 X 0

IA IL
00 3 JZ~~,JJ
JAaJ
A :V (IA ,JA)
O V (lA,JA •11
IF (A.EQ .D) GO TO 3
IF CA . L E . C . . O R . D . L E . O . )  GOTO 3
IF (A ,E 0.T) 1,2

1 T=A . (u— A ) 1.E— 6
2 CALL UACD ,A ,T,XV ,YV ,X,Y,IA, 3A , IX,NT,JJ,V)

IF CNT. N E .tfl GO TO 30
3 CCNTINUE

34 a JL
DO 6 I~~1,II141 IL— I
BZ V( IA .1 ,.JA )
A V (IM ,JA)
IF (B .EQ.A) GO TO 6
IF (A .LE.Q,.OR.B.LE.Q.) GOTO 6
IF (B.EQ.T) 4,5

4 TaB .(M 13)’1.E— 6
5 CALL A B I A , B , T , X V , Y V , X , Y , I A , J A , IX , NT , I I , V )

IF (NI.NE.o) GO TO 30
6 CONTINUE

1 4 0
DO 10 J 1,33
JA~~J L J
CSV (1 ,JA .1)
b~ V I1 ,J4)
IF IC.EQ.B) GO TO 10
IF (J M . E Q . 1 )  GOTO 7
IF C C . L E . 0 . . O R . B . L E . O . )  6010 10

7 IF C .LE.0..OR .B.LT .0.) (3010 10
IF (C.EQ.T) 8,9 -

8 TZC+Cd— C )* 1.E—6
9 CA LL bC(B,C, 1,X V , Y V , X ,Y, IA ,J A , IX, NT ,JJ, V)

IF (N l .NE .v ) GO To 30
10 C O N T I N U E

3*~ 000 14 I~~1 ,II
I4~~I
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r)av I 1*. 1)
C V  ( IA .  1,1)
IF (U,EU .C) GO TO 14
IF CIM.EO .1.AND .ISCAN .EU.2) (3OTO ii
IF iC.LE.0.,OP,D.LF.U.) 6010 14

11 IF C C . L i . U . . O R . D . L T . 0 . )  GUTO 14
IF C 0.E0.T) 12’13

1? 1 0.1C—D ) 1.E—6
13 CALL COI C ,O ,T,XV ,YV.X ,Y .IA ,JA ,IX , N T ,II, V )

IF INT . NE.o GO To 30
14 CCNT INUL

IF (I SCAN .i~~.l) 0010 22
DC 21 113 ,1 !
DC 21 J 1’.J.j
IAII
JA=J
C~ V CI•1’J~ 1)
8 V ( I . T .J)
IF (C. EQ .t ~) GO TO 18
IF (J.EU.1) GOTO 15
IF (C. LL.O..O R.t3 .LF.O.)  GOTO 18

15 IF CC.LE . .0 . .OR. B .LT .0 .)  GOT O 18
IF (C.EU. l ) 16,17

16 TaC.(d~ C)*1.E~ 6
17 CALL UC (8 ,C ,T,XV, Y V , X ,Y ,IA ,JA ,I X ,N T ,J J ,V )

IF CNI .NF.o) GO IC) 3o
18 O V (I,J+j)

IF (C.EQ.C) GO TO 21
IF (C .LL .Q . .O R.D.LE .0 .)  GOTO 21
IF (C. EU.1)  19,20

19 T :C .(U~~C ) * 1 . E— 6
20 CALL C D C C , D , T , X V , Y V , X , Y ,  IA , JA , IX , NT . I I, V)

IF (Nl, NF . Q )  GO TO 30
21 CCNTI ~ UE

ISCA NIO
GO TO 6

22 DC 29 J13,J3
DO 2~ I~~1,I1
1 4 1
3413

C V (I.1.J•1)
ti:V (I.1,J)
IF (C.E:Q.B) GO TO 25
IF (C.LE. 0..OR.B.LE.O.) GOTO 25
IF (C.EQ.T) 23.24

23 T=C+ (d—C )*1,E—6
24 CALL BC (R,C,T,XV ,YV.X,Y,IA ,JA ,IX ,NT,J,J,V)

IF I NI .NE.0) GO TO 30

~5 D~ V (I,J~ I)
IF (C.Et~I.D) GO TO 29
IF (I.EU.1) 6010 26
IF (C.LE.U..OR.O.LE.O.) 60T0 29

26 IF IC.LE.0..OR.D.LT.O.) GOTO 29
IF (C.EQ.I) 27~ 2B

27 t .C .(u—CJ~~1.E—6
28 CALL CD (C ,O,T ,XV, YV ,X,Y, IA ,JA ,I X ,NT, II ,V)

IF I N I .NE .O ) GO TO 30
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29 CON T 1~.U1ISC A NaO
GC TO 69

30 IST a IA
JST.J4

- 31 IF (IA.EQ .o .O R .IA .E U .IL.OR .JA .EC .O .OR .JA .EQ.JL) GO TO So
N IX . IX
IF (T ,EW .V (IA ,JA )) V C IA ,JA ) 5V(I A ,JA )* j,0001
IF (T .EU .V (IA .1,JA ) ) V (IA .1.JA) IV (IA .1 ,.JA )*1 .0001
IF (T ,E0 .V( IA .1 ,J A .1) I V CIA .1 ,JA .1 )aV IIA .1 ,JA + ))*1 .00 0I
IF T.E~d i.VIj A, JA ~~1) ) V (IA ,JA + 1 ) IVC IA ,J4 + 1) * 1.00 0 1
A~ V IIA ,3 A )
B5V(IA .1,.JA)
Cay (IA .) ,jA.1)
D a V ( I~~,JA .1)
IF ( IA.EQ. 1. A N D.ISCAN.EQ.2) G OTO 32
IF CJA .EQ.1 )  0010 33
IF (A .LE.0..OP.S.LE.O..OR .C.LE.0..O R.D.LE .O.) 6010 40 S

32 IF CA. LT. U ..OR.B .LE.O ..UR .C.LE.O..OR .D .LT.0.) GOb 50
S GO TO

33 IF (A.LT.0..OP.B.LT.Q..Ok .C.LE.Q..OR.0.LE.O.) GOb 50
34 IF (NI .EQ.1)  GO TI) 35

IF C N I . E Q .2 )  GO TO 36
IF ( N l . EQ . 3 )  GO To 37
IF INI’ .EQ.4) GO TO 38
GO TO 69

35 CALL A (D,A ,T,XV,YV ,X,Y,IA,,JA ,1X,NT,JJ,V )
IF (IA.(3T .NIX) GOlD 39
C A LL ~C (I4,C,T,XV,YV ,X,Y,IA, 3A ,IX,NT,JJ,V ) S

IF IIA .GT .NIX ) 0010 39
CALL MS (A ,8,T,Xv ,YV ,X ,Y,IA ,.JA ,IX,t.T, II,v )
GC TO 39

36 CALL 4B (A ,~~,T,XV ,YV ,X ,Y ,IA ,3A ,I X ,N T ,II,V )
IF (IA .GT.N IX ) 00(0 39
CALL CDCC,U,T,*V,Y V ,X ,Y, IA, .JA ,IX,NT, II ,V)
IF (IA .G1 .N 1 X ) 6010 39
CALL ~CCR,C,T,XV ,YV,X,Y, IA ,JA , IX,NT,JJ,V )

TO 39
37 CAL L ~C ( B , C ,T , X V ,Y V , X ,Y ,IA , 3A , IX ,N T ,J J , V )

IF (IA.GT .NIX) 0010 39
CALL .)A I1),A,T,XV,YV,X,Y, IA ,.JA ,IX,NT,JJ,V )
IF (IA .GT .N I X ) GU ll) 39
CALL CO (C,O,T,*V, YV ,X ,Y,I A ,JA ,IX ,NT,II, V)
GC TO 39

38 CALL CO (C,U,T,XV,YV,X,Y,I4,.JA ,IX,NT, II,v )
IF CIX.GT.NIX) 0010 39
CALL AI4 (A,t~,T,X V ,YV ,X,Y ,IA,JA, IX~ NT,II ,V)
IF CI* .GT .NI X) GOI O 39
C A LL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

S

39 IF (Lg,t.Q.IST.AND.JA.EQ.JST) ~O .3L4Q IF C X C I X ) . E L . X C I X I) )  0010 50
S . ( V ( LX ) ~~Y ( IX ~~l ) ) / ( X C IX ) X ( IX ~~1))
SB~ Y (IX ) — S•x ( IX )

41 SL Z (Yv( JA L ) Y V ( J A ) ) / ( X V (I A ) X V (IA I)
SR S (Yv (JA .1)— Y V I JA )) / (XV (IA .1 )—X V (IA ))
ORT.IL3AcIS (SL .1 ./S)
ORTNR IABS (Sp i .1 ./S1

63 
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IF (Or~T MR. LT .OR T M L )  OCTO 42
S8D~~Vv (34) SL*XV (14’l)

OCTO 43
‘.~~~ 

S5O IYV( J A )—SR 4X ’i( IA )

43 1 X1IX. 1

Y C IX) - S X (  Ix) Sb
50 CALL A P L O T Y ( X , Y , L , I X )

IF ( X . A X . 0 J . Y f r A * )  0010 6~IF (N~.UA D e E L ,2 .A NO . (2 , *XM A X ) s G T . V N A X )  ~ OTO 6~
00 54 1 1’ IX
OC it) (S1,53,S2,S2),NUt~A D

51 X(I )*XMA X— X (I )
GCT U

52 YII )~~YMA X Y(I)

~3 X(I) aAM ~ X+ X( j )
b4 CONTI N U E

A C IX ~~i )  IF IRSTX
XC IX.2) IDEL lAX
V I IX ~~1 ) ~F I R ST Y
V ( IX.2 ) DELT AV
CALL LI N E CV ,X,I X,j,O,Q)
ocbu (69 ,58,55,55),NOUA D

55 DO 56 I’R’Ix
56 XCI) ~~2.*XRA X— X (1 )

CALL LINE (Y ,X ,IX ,1,O,O)
DC 57 I21~~IX

57 Y (I)a2. *Y fr A X — Y (I )
CALL L I N E (Y ,X , IX , 1,O~~O )

58 DC 59 1 1 . Ix
~9 X(!)zc.*XNAX_X (I )

CALL LINE IY ,X,IX ,1,O~ O>
0010 69

60 (jOb (63,61,61,61),NUUAD
61 DC 62 Ia1,IX

X C I )  AMAX+X(j)
62 IF (Nt ~UA D.~~~.4)  Y (I)52.*YMAX .Y (I)
63 X (IX + 1 ) Z F I RS T X

X(IX+2)IOELTAX
Y(IX+1)3FIRSTY
Y(I*~ 2)~~DEL1AY
CALL LI NE CX ,Y,IX,1 .0.0)
GOb 169,67,64,64),NUUAD

64 DO 65 I~~1.Ix
65 X II)$2 .* X W A X — X ( I )

CALL LINE CX ,Y,I X,1,U,O)
00 66 111 ,1*

66 V(I ) 2.*Y$AX ~ Y (I)
CALL LINE (X,Y,IX .1,U,O)

67 00 68 I~~1 .L X
68 X C I )a2 .0X M A X — x C I )

CALL LI NE (X ,Y ,I* ,1,0 ,0)
69 CON TIN UE

RETURN
END

64 BEST AVAILABLE copy
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SLBRUuTINE RSOLV (k,RA,Rb,42,Ai ,A0)
C
C CALC ULA IES gOOTS or uuA oRATIc EG0ATI0N
C

— SokT (A1**2 — 4.*A 2*A 0)) ,(2.~~A2 )
PRI NT I , R , RA , R5 ,A 2 ,A 1 ,A o

1 F O R ~ A E (4h ~ =,6E16.8)
IF IR.GE.RA.AN D .R .L~~.R8) 6010 2PlC— A l • SURT (A1**2 — 4. A2’AO )) /(2.’42)
PRINT 1 ,N ,RA,RS,42,A1,AO

2 CO N T iNUE
PETURN
END
SLNROUTINE XPLOTY (X.Y,Z,IX)

C
C PRINTS COC RCINAT E$ OF EQUAL VALUE LINES
C

DIMEN SION X (1~~,Y(1)
PRI NT j
PRINT 2~ IX
PRINT 4, 1
PRINT 1’ (X (K). cIl,IX)
PRINT 3
PRINT 1’ (y( K), ~~1,IX)
PRINT 3

1 FC RMA I (IH .8E16.8)
2 FC PMA T (1H ,4I6,7M POINTS)
3 F O~ MA1 (1N 1
4 FORMAT (9H VAL UE 1 ,F 8,3)

RET UN r~
END
SU8ROuTINE AB(A ,B,T,XV ,YV,X ,V ,IA,0 A, IX .NT ,II .V)

C
C SEA NCNES bOTTO M SloE CF RECTANGLE FOR GIVEN VAL UE
C

DIME NSION X v (l ) ,Yv(1 ).X(1) ,Y(1).V(100’200)
IF (A .G1 .T.AND .8.LT.1 •0R.A .L!.T.AND.13.GT.T) 1.7

1 P1 XV (IA )
()1=XV ( IA. 1)
XX I(P1+Q1)/ e. 

S

l ilA
T 2 M  

S

IF (I4.EQ.1) 2~ 3
2 P1=XV (IA,2)

T 3~~V C I A ~~2 ,J4)
CALL S0L33 (XX,T,P1 ,til,R1,T 1,T 2 ,13)
OC T0 6

.3 IF (IA.EQ .II) 4.5

~+ P3 X V ( I A ~~1)
T3IV (1A 1,JA )
CALL sOL33 (xX, T,P 1 ,uI,R1,T1,12,13)
GC TO 6

S IF C V C I A 1 ,3 A) . LE . 0 .)  6010 2
IF (V (IA+2.j4).LE ~~3.) GOb 4
k3 XV (IA— i )
$3 XV(14 ,21
13~~~

( IA 1,JA )

65 
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T4~~V IjA .2 ,JA )
C A LL ~OL44 txX ,T,P1,U1 ,R1,S1 ,Ij,12,T 3,T4)

8 NT~~1
I XIIX .l
X C l X ) XX
Yl IX ) YV (ou
JA~ JA—1

7 PFTuRN
EM)
SUBR OUTINE SCCB,C,T ,XV ,YV,X ,Y ,IA ,OA, IX ,NT,J3,V)

C
C SEARCIIES R.i’ . SIDE OF RECTAN GLE FOR GIVEN VALU E
C

DIMENSION X y ( I )  ,Y V ( 1 )  ,X ( I )  ,Y C 1 )  ,V ( 100,200)
IF (B.Gi.1 .AND.C.LT .T . OR .R.L1 .b .ANO.C .GT .T )  i’7

I P 1 Y V (JA )
Q1= YV (JA .t)
XX (Pj +01)/2.
T I IR
T2=C
IF (JA .EQ .I) 2.3

2 R) YV (JA.2)
131v (LA+ J ,J*•2)
CALL S0L33 CXX,T,P i ,U1,R1 .Tl,i2,T3)
GC TO 6

3 IF (34.EO .J3) 4,5
4 P 1*YV (JA ~ 1)

T3~ V C IA ’I ‘34—1)
CALL 50L33 (XX,T,P1,U1,R1,T1,!2,13)
60 TO 6

5 IF (V (IA+1,.jA—1).LE .O .) 6010 2
IF (V C I A+j,3A+2).LE.Q.) 6010 4
R)aVV CJA—1 )
SI YV (34,2)
131V C IA’) ,JA—1 )
T 4 v  C IA ’l .34+2)
CALL SOL4A (XX ,T,P i,Q1,RI,S1,T1,T2,T3,T4)

8 1.712
IX1I*.1
X li x) =XV (1 4.1)
V (IX ) XX
I A IA. I

7 PfTURr~.
END
SUBROuTiNE CO (C,O,T,XV,YV,X,Y ,IA,3A, IX ,NT,I1,V)

C
C SE ARCPIES 1~ p SIDE OF RECTANGLE FOP GIVEN VALUE
C

DIMENSION Xytl),YVU),* (1),V(11,V (1001200)
IF IC.GT .1 IA ND.D.LT .T.O R.C ,L! .T .A f . D.O .GT.T )  1’7

I P1~~X V I I~~
)

Q 1 .XV C IA. 1 )
XX Z (Pj+U) )/2.
T 1~~D

IF (IA.EQ.j) 2.3
2 R 1 Z X V ( I A . 2 )

66 
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731v (IA +2 ,JA .1)
CALL SOL3 3IXX ,T,P l ,Q1,R1,T1,T2,13)
GO TO 6

.3 IF CIg .LQ .II) 4,5
4 ~~~~~~~~~~~

T3z V (LA — I ,3A’I)
CALL SOL33C XX ,T,P1,U1,Rl,T1 ,12.13)
(iC TO 6

5 IF (V(! A—1 ,,~A .1).LE.O.) GOTO 2
IF (VCIA ’2 ,~ A’1).LE.O.) 6010 4
R1~~XV CI 4—1 )
Sj ax V
73 1v (L A — l ~JA ’I)
141V (LA’2,JA’l)
CALL 50L44 CX X ,T,P 1,U1,R1,S1,11,T2,T3.14)

l~ N T 3
IX IX. I
A (IX ) XA
VUX ) Y V (.JA+I)
JA z JA .  1

7 R~~boN~
5 END

SUB ROuTINE UA (D,A,b ,XV,YV .*,T,IA,3A,IX,~~T,~
J3s

~
’)

C
C SEARCI.ES L.M . SIDE OF RECTANGLE FOR GIVEN VALUE

C
DIMENSION X VII ) ,YVC1 ) ,XIP ,Y(i) ,V(iOO,200)
IF (0.61.1 .AND .A,LTST .ORaD.LT .T .4N0.AsGT .1) 1.7

I P 1 Y VC JA )
Q1 V V (JA ,i )
X X C P L+ GI1 ) / 2.
711 4
1211)
I F CJA.E Q. 1) 2,3

2 R 1~~YV (J A.2)
13=v (jA , 34 ‘2)
CALL S0L33 (XX ,T .Pl ,U1,R1,b1,i2,13)
(iC TO 6

.3 IF (JA .EQ. .J3) 4,5
4 R1~ YV1J A —1 )

1 3 v  C j~~’J~ — i )
CALL 50L3 3 (XX ,T ,PA ,U 1 ,R1,T1,!2,b 3)
GC TO 6

5 IF (VC IA ,JA— l ).LE.O .) (3010 2
IF (V(IA,34.2).LE.0.) 0010 4
P I IVV (JA—1 )
S1* YV (JA +2 )
11*v l 1A ,JA—l )
14*V (IA .JA.2)
CALL SOL44 IX X ,1 ,P I  ,U1,R1,S1, I 1 ,T 2 , T3 . T4 )

6 NTSA
IXZIX,)
X l i x )  IXV (IA)
VI IX) I A?.

IA*IA I
7 RETURN

END

67 
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SU13RUuI LNE S0L33 (AX,1,Pl ,Q1,~~1,Ti,T2,T3)
C
C POL YN U M IA L INTE R POLATION w I TM 3 NCr~ES
C

XX ax A— P 1

A 210 1_ P 1
X 32 R) P)
PQ X2
XX 22 X~~&A2
XX 3.?. j*X3
T 1 T  i i
b T2~ T2— 1 1
bT31T i~~I 1
0l”X 2*X3 X?. 3*X2

S 
A * CTI2 *X3 ..TT3*112 )/U T
b8 (x?.2 1T3_ XX3 * T 1 2 ) /01
TXI.TJ
II TT c _ IT

I 1Y (AA* ~ X+ b d ) *XX 11
T L T A* TY
IF (hi) 2’5.3

2
TZ~~T Y
GC TO 4

.3 X~~~xX
IX I TY

4 XU (*I ,X2)/2 .
U A BSC ( A X — X L ) / P Q )
XX *U

F IF (U.LL,O(j5) 5.1
5 XX zXX. Pj

RETUR N
EM )
SLMROOT INE S O L 4 4 IA X , 1  ,P1,QI,R 1,S1,T l,12 ,13,T4 )

C
C PCLYNUMIAL LNTEHPULAIION WITM 4 NODES
C

X X a X A ~ Pl

X2~ Q I— P1
X 3~ R 1— P I
A 4~ S 1— P 1
PG~ X2
A X2a A2 *A2

S X X 3 aX J*X 3
XX4aX 4*A4

5 xXx 2 1A X2*A 2
XX X 3 I A X 3*A 3
X XX4IXX4 eX4
T1 1 11
172 .12— 11
1T3.T 3—t l
114at.—T)
DT .DT4 (AXX 2 , XX 2 ,At ,AXX 3 ,XX 3 ,A 3 ,XAX 4 ,XX4,X 4) 5

44a 0b3C 1T2 ,XX 2 ,X 2,b !3,XX 3 ,X3 ,TT4 ,XX 4 ,X4)/D T S
881013 IXXX 2 ,b T2 ,x 2 ,*AX 3 ,bT3 ,A 3 ,X*X 4 ,TT4 .X4)/DT

68 
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CC1OFJ (,X XA 2 ,XX2 ,TP2 ,A~ X3,XX3,TT3,XXX4 ,XA4 ,TT4)/0T
1X~ — T1
T Z~~TT~ — ) I

I TY I (AA ’XA.bB )*XX+CC )*XX TT
bU=T X.TY 

-

IF (To) 2.5,3

~
I y
(iC tO 4

3 X~~~XA
I XaTY

U A ~ St (AX— ~ t,~) /PU )5 
XX=x U
IF U.L!..i~ 5 5,1

~ XXaXX ,Pj

END
FU NcrioN 013 CA l ,Bj ,Cj ,A2,B2.C2,43,83,C3)

C
C CALC ULA1ES ~E1EMM iNANT OF ~ Bv 3 M A TRIX
C

DT32A!.8?*C3,A2 83 C1+A3* H1 c 2 _ 4 1 3 C 2 2*8I*C3 ’43*82 C1
RETURN
FM)

B~S1AVM~
B1E COPN

69



DISTRIBUTION LIST

AFB CESCH . Wrigh t ’Patterson; Stinfo Library. OffuU NE

ARMY AMS EL-GG~TD . Fort Monmouth NJ; BMDSC-RE (H. McClellan) Huntsville AL ; Tech. Ref. Div .. Fort

Huachuc a . AZ
ARMY BALLISTIC RSCH LABS AMXBR -XA ~LB . Aberdeen Proving Ground MD

ARMY CORPS OF ENGINEERS MRD-Eng. Div .. Omaha NE: Seattle 01st. Library. Seattle WA
ARMY ENVIRON. HYGIENE AGCY Water QuaI Div (Doner) . Aberdeen Prov Ground . MI)
ASST SECRETARY OF THE NAVY Spec. Assist Energy (P. Waterman) . Washington DC
CINCE.ANT Civil Engr. Supp . Plans. Ofr Norfolk . VA
CNM NMAT 08T246 (Dieter le) Wash . DC

• CNO Code NOP.964 . Was hington DC

S 
COMOCEANSYSPAC SCE. Pearl Harbor HI
DEFENSE DOCUMENTATION C’FR Alexandria . VA

FLTCOMBATTRACENLANT PWO. Virg inia Bch VA
HEDSUPPACT PWO , Taipei . Taiwan

• NAVFACENGCOM CONTRACT Roicc, Keflavik , Iceland
• MARINE CORPS BASE M & R Division , Camp Lejeune NC; PWO . Camp S. D. Butler . Kawasak i Japan

MARINE CORPS HQS Code LFF-2 . Washington DC
MCAS Fac il. Engr. Div. Cherry Point NC; Code PWE , Kaneohe Bay HI: Code S4 . Quant ico VA ; LTJ G J. Tay lor.

Iwakuni j apan; PWO Kaneohe Bay H)
NAF PWO Sigonel la Sicily ; PWO , Atsug i Japa n
NAS (~0. Guan ta namo Bay Cuba; Code 18700 . Brunswick ME; Dir. Uti l . Div ., Bermuda; ENS Buchho lz . Pensacola .

Fl. : PWD (M B. Trewit t ) .  Dallas TX; PWD Maim. Div. , New Orleans , Belle Chasse LA; PWO Belle Chasse . LA;
PWO Chase Field Beevil le. TX; PWO Key West FL; PWO. Dallas TX; PWO. Glenview IL; PWO. Miramar. San
Diego CA; PWO.. Moffe u Field CA; SCE Lant Fleet Norfolk . VA; SCE Norfolk . VA

NATE. RESEARCH COUNCIL Naval Studies Board. Washington DC
NAVA( ’ I  PWO , Lo ndon UK
NAVAE ROSPREGM E DCEN SCE . Pensaco la FL.
NAVAIRPAC CE.  NI . San Diego CA
NAVAl. FACII.ITY PWO . Barbados; PWO . Guam
NAV COASTSYS LA B Library Panama City. FL

• NAV( O MMAREAMSTRSTA General Foreman. NAVCAMS . EASTPAC; PWO. Norfolk VA;  PWO. Wah iawa HI:
SCI. Unit I Nap les I t a ly

NAVCO MMSTA CO . San M iguel . R.P.; Code 401 Nea Makri . Greece: PWO. Adak AK : PWO. Fort Amador Canal
Zone

NAVCOMMUNIT Cut ler/E . Macbias ME (PW Gen. For. )
NAV( ONSIRACEN CO )CDR C.L. Neugent), Port Hueneme . CA
NAV F.NVIRHLTHCEN CO . Cincinnati . OH
NAVEAC PWO . I.ew es 1W
NAVFA(’ ENGCOM Code 043 Alexandria . VA:  Code 044 Alexandria . VA;  Code 0451 Alexandria. VA; Code 04MB

Aks ,i n iJri a. Va : Code 04B 5 Alexandr i a, VA; Code 101 Alexandria , VA; Code 10133 Ii. Leiman is ) Alexandri a . VA;
(ode 102 3 IT. S tevens )  A lexandria . VA :  Code 104 Alexandria , VA

NAVFACL NGCOM . CHES DIV. Code 101 Wash. DC; Code 402 (R. Morony ) Was h. DC; Code 405 Wash. DC: Code
FPO-ISP (1)r. Lewis )  Wash . DC; Code FPO-IPI2 (Mr. Sco la). Washington DC

NAVFACFNGCOM ’ LANT DIV . Code b A . Norfolk VA ; RDT&ELO 09P2 . Norfolk VA
NAVFA (’ I NGCOM . N O R T H  DIV . Code 1028 . RDT&ELO . Phi ladelphia PA
NAVFACENGCOM - PAC DIV . Code 402 . RDT&E . Pearl Harbor HI; Commander . Pearl Harbor. HI
NAVFACENGCOM ‘ SOUTH DIV . Code 90. RDT&ELO . Charleston SC
NAVFACE NGCOM - WEST DIV . Code 04B; 09P120: RDT&ELO Code 201 1 San Bruno . CA
NAVFA(’F NGCOM CONTRACT AROICC. Point Mugu CA; I)ir. Eng. Div.. Ex mouth . Australia; Eng I)iv dir ,

So uthw esl Pac , Manila . P1; 01CC. Southwest Pac. Manila , P1; OICC/ROICC. Balboa Canal Zone: ROICC LANT
I)IV .. Norfolk VA;  ROICC Off Point Mugu , CA

NAVMIRO OIC. Philadelph ia PA
NAVOCEANSYSCEN Code 6700. San Diego . (‘A: Research Lib.. San Diego CA: SCE (Code 6600). San Diego CA
NAVPETOFF Code 30, A lesa ndr ia VA
NAVPGSCOL. Code 1424 Monterey. CA
NAV PHIBAS E CO. ACB 2 Norf o lk . VA
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NAVRADRECFAC PWO , Kami Seya Japan
NAVSEC Code 6034 (Library ). Washington DC
NAVSECGRUACT Facil. Of f . ,  Galeta Is. Canal Zone ; PWO, EdzeII Scotland; PWO . Puerto Rico; PWO . Tor n Sta ,

Okinawa; Security Off r . Winter Harbor ME
NAVSHIPREPFAC Library. G uam
NAVSHIPYD Code 202.4 . Long Beach CA; Code 202.5 (Library) Puget Sound. Bremerton WA; Code 404 (IT J.

Riccio), Norfolk , Portsmouth VA ; Code 410. Mare Is., Vallejo CA; Code 440 Portsmouth NH; Code 440. Puget
Sound , Bremerton WA; Code 440.4, Charleston SC; Library, Portsmouth NH; PWD (LT N.B. Hall). Long Beach
CA

NAVSTA CO Naval Station . Mayport FL; CO Roosevelt Roads P.R. Puerto Rico; Marnt. Con). Div.. Guantanamo
Bay Cuba: Maint. Div . Dir/Code 53 1 , Rodman Canal Zone; PWO Midway Island; PWO. Kefl av ik Iceland ; PWO .
Mayport FL; PWO. Puerto Rico; SCE. Guam; SCE. Subic Bay. R.P.

NAVSUPPACT LTJG McGarra h . Vallejo CA
- NAVSURFWPNCEN PWO , White Oak, Silver Spring. MD
-

- 
NAVTECHTRACEN SCE. Pensacola Ft.

S NAVWPNCEN Code 2636 (W . Bonner ), China Lake CA; ROICC (Code 702). China Lake CA
NAVWPNEVALFAC Technical Library. Albuquerque NM
NAVWPNST A PW Office (Code O9CI) Yorktown . VA
NAVWPNSUPPCEN Code 09 (Boennighaus efl) Crane IN

• NAVEDTRAPRODEVCEN Tech. Library
• NAVFACEI’4GCOM - LANT DIV . Eur. BR Deputy Dir . Naples Italy

NCBC CEL (CAPT N. W.  Petersen). Port Hueneme . CA; CEL AOIC Port Hueneme CA
NCR 20 Code R31
NMCB 5 . Operations Dept.

S NROTCU Univ Colorado (LI D R Burns). Boulder CO
NSD SCE. Subic Bay, R.P.
NTC Commander Orlando . FL

S NUSC Code 13 1 New London . CT; Code EA123 (R.S. Munn ). New London CT; Code TAI3 I (6. De Ia Cruz), New

London CT
OCEAN SYSLANT LT A.R. Giancola, Norfolk VA
NORDA Code 440 (Ocean Rsch , off) Bay St. Louis . Ms
ONR BROFF . CO Boston MA; Code 700F Arling ton VA

S PMTC Code 4253-3 . Point M ugu . CA; Pat. Counsel , Point Mugu CA
PWC CO. Great Lakes IL; Code 116 (LTJG. A. Eckhart j Great Lakes , IL; Code I2OC (Library ) San Diego . CA; Code

128 . Guam; Code 200, Oakland CA; Code 220 Oakland. CA; Code 220.1. Norfolk VA; Code 30C (Boettcher) San

Diego. CA; Code 680. San Diego CA; XO Oakland. CA
U.S. MERCHANT MARINE ACADEMY Kings Point. NY (Reprint Custodian)
USCG (G-ECV/61) (Burkhart) Washington , DC; G-EOE-4/6 I (T. Dowd ). Washington DC
USCG ACADEMY LT N. Stramandi , New London CT
USCG R&D CENTER Tech. Dir. Groton . Cl
USNA PWD Engr. Div . (C. Bradford ) Annapolis MD

S LEHIGH UNIVERSITY Bethlehem PA (Linderman Lib. No.30 , Flecksteiner )
LIBRARY OF CONGRESS WASHINGTON, DC (SCIENCES & TECH DIV)
MIT Cambridge MA; Cambridge MA (Rm 10-500, Tech. Reports . Engr. Lib.) S

PURDUE UNIVERSITY Lafayette. IN (CE Engr. Lib)
UNIVERSITY OF ILLINOIS URBANA , II (LIBRARY) S

UNIVERSITY OF MASSACHUSE1TS (Heronemus) . Amherst MA CE Dept
UNIVERSITY OF NEBRASKA-LINCOLN Lincoln, NE (Ross Ice Shelf Proj.)
AEROSPACE CORP. Acquisition Group, Los Angeles CA
BECHTE L CORP. SAN FRANCISCO . CA (PHELPS)
CF BRAUN CO Du Bouchet . Murray Hill . NJ 5

CONCRETE TECHNOLOGY CORP. TACOMA . WA (A NDERSON)
EVALUATION ASSOC . INC KING OF PRUSSIA . PA (FEDELE)
GLIDDEN CO. STRONGSVILLE. OH (RSCH LIB)
GOULD INC. Shady Side MD (Ches. Inst. Div.. W. Paul)
GRUMMAN AEROSPACE CORP. Bethpage NY (Tech. Info. Ctr)
HUGHE S AIRCRAFT Culver City CA (Tech. Doe . Ctr) 

S

NEWPORT NEWS SHIPBLDG & DRYDOCK CO. Newport News V? Tech. Lib.)
OCEAN DATA SYSTEMS , INC. SAN DIEGO. CA (SNODORASS)
RAND CORP. Santa Monica CA (A. Laupa) S
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RAYMONI) INTERNATIONAL INC. CHERRY HILL, NJ )SOILTECH DEFT)
SANDIA LABORATORIES Library Div.. Livermore CA
SEATECH CORP. MIAMI . FL (PERONI)
TRW SYSTEMS REDONDO BEACH. CA (DAlI
WESTINGHOUSE ELECTRIC CORP. Annapolis MD(Oceanic Div Lib. Bryan )
R.F. HESIEK Old Saybr ook CT
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